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THEORY OF THE FARADAIC ADMITTANCE. II. 
ANALYSIS OF THE CURRENT-INTERRUPTER METHOD

B y D avid  C . G rahame

Department of Chemistry, Amherst College, Amherst, Massachusetts
Received November 17, 1962

The theory of the current-interrupter method of studying the impedance of metal-solution interfaces is examined. It is 
found that an exact solution to the problem of predicting the results of an experiment, given all the determining parameters, 
is too complicated to be useful. The reverse problem, that of deducing the parameters from the results of experiment, is 
still more difficult. With the aid of certain simplifying assumptions it is possible to obtain approximate solutions which 
reveal the major characteristics of the problem. Four quantities can be evaluated in favorable cases. These are: (1) the 
iR drop through the solution before the current interruption, (2) the capacity of the electrical double layer, (3) a weighted 
average of the forward and backward components of the current, fav, and (4) a lower limit to w,ki, the product of the concen
tration of the major reactant and its specific reaction rate constant. A method is outlined which should make it possible 
to present the results of current-interrupter studies in compact form. The present practice of calculating the capacity 
from the initial current and a value of dE/dt not corresponding to the moment of interruption is shown to account for the 
belief that the interrupter method measures pseudo-capacity.

In  a p reviou s p a p er1 (hereafter referred to  as 
part I) it  was show n how  the results o f  im pedance 
m easurem ents on  a sm ooth  hom ogeneous electrode 
cou ld  be pred icted  from  a know ledge o f diffusion 
coefficients, reaction  rate constants, surface layer 
concentrations, transfer coefficients and  transfer
ence num bers o f  the ions m aking u p  the solution . 
T h e  reverse problem , th at o f deducing  certain  o f 
these param eters from  in dependent kn ow ledge o f 
som e o f  the others together w ith  the results o f  
su fficiently precise im pedan ce m easurem ents, was 
n ot discussed in detail, although  it was poin ted  out 
that n ot all o f  the param eters cou ld  be evaluated  
b y  im pedan ce m easurem ents alone.

A n  entirely  analogous problem  exists w ith  respect 
to  w hat we m a y  call the cu rren t-in terru pter m ethod  
o f m easuring the properties o f  a  m eta l-so lu tion  
interface. In  this m eth od  a con stan t current is 
passed across the interface to  be investigated  until a 
steady  state has been  attained , and the current is 
then in terrupted  as a b ru p tly  as possible. _ T h e 
poten tia l o f  the electrode is m easured relative to  
an y  con ven ien t secon dary  electrode, and this 
m easurem ent is m ade ju st prior to  the in terruption  
and also as soon  thereafter as possible. T h e p o -

(1) D. C. Grahame, J. Electrochem. Soc., 99, 370 C (1952).

tential is also m easured fo r  a further period, 
w h ich  m ay  be m ade as long as desired.

In  the present paper, equations w ill be  derived  
w hich  relate the potential, m easured as a fu n ction  
o f tim e a fter the in terruption , t o  som e o f the 
param eters enum erated above . I t  should  be  under
stood  th at our o b je c t  is n ot necessarily to  p rodu ce  
equations w ith  a practica l application , b u t rather 
to  exam ine the m athem atica l th eory , independent 
o f  a n y  o f  the v ery  specialized assum ptions w hich  
have heretofore been m ade im p licitly  in studies o f 
this problem . In  other w ords ou r p rim ary  o b je c 
tive  is that o f understanding clearly  w hat are the 
factors w h ich  influence the p oten tia l d eca y  and 
w hat m athem atical steps w ou ld  be necessary to  
evaluate it.

T h e  converse prob lem  o f evaluating  the para
m eters from  m easurem ents m ade b y  the cu rren t- 
interrupter m eth od  will be discussed on ly  in ci
dentally . T h is is a far m ore difficu lt prob lem  and is 
regarded b y  the present author as essentially in 
soluble, apart from  the m easurem ent o f  th e  iR  
drop  in the solution , the ca p a city  o f the electrical 
dou b le  layer in the absence o f p seu d o-cap acity , 
and perhaps the estim ation  o f  w h at w e shall call 
iav in  the treatm ent to  fo llow . T hese are also the
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quantities m ost readily  obta ined  b y  the im pedance 
m ethod , it  m a y  be rem arked. In  fa c t  it has been 
observed  th at any circum stance w h ich  renders a 
g iven  param eter m ore difficult to  observe b y  the 
im pedance m eth od  also renders the m easurem ent o f 
that sam e param eter m ore difficu lt in the cu rren t- 
in terrupter m ethod . T h is is certa in ly  n o  accident, 
since the cu rren t-in terru pter is, in  fact, a rather 
specialized to o l for  m easuring a fu n ction  o f the 
im pedance.

I t  w ill be  assum ed that the current density  at the 
electrode is everyw here the same. T h is requires 
th at the electrode be sm ooth  and hom ogeneous and 
th at the d isposition  o f the electrodes be  o f  an ap 
propriate sym m etry . T h e  current w hich  flows 
under steady-state con d itions w ill be called the 
faradaic current and will be assum ed to  be  a fu n c
tion  o f (am ong other things) the poten tia l d iffer
ence across the interface, E , m easured from  the 
interior o f  the m etallic phase to  a p o in t ju st beyon d  
the electrical dou b le  layer. T h e  absolu te va lue o f 
this poten tia l need n ot be know n, since on ly  rela
tive  values enter in to  the final calcu lation . T h u s E  
m ay be  regarded as the poten tia l o f the electrode 
w hen m easured relative to  the equilibrium  
poten tia l (potentia l o f  zero current), a fter correc
tion  has been m ade fo r  the iR  d rop  in the solution  
occasioned  b y  the flow  o f current in th at part o f the 
solution  through  w hich  the poten tia l E  happens 
to  be  m easured. T h e  param ount advantage o f the 
curren t-in terru pter m ethod  is that after in ter
ru ption  the poten tia l is m easured w ith  no external 
current flow ing, so th at th is correction  vanishes.

T h e current w hich  flows under steady-state  con d i
tions is assum ed to  be also a fu n ction  o f the con cen 
trations Wi o f  the substances present close to  the 
interface. B y  this we d o  not m ean their con cen 
trations w ithin  the electrical dou b le  layer. T his 
latter w ou ld  be a defensible definition , b u t it  w ou ld  
n ot be convenient. F or substances in solu tion  we 
shall m ean the con cen tration  at a p o in t ju st outside 
the double  layer or, m ore precisely, an extrapolated  
con cen tration  representing w hat the con cen tration  
at the interface w ou ld  be if  an y  con cen tration  
gradients existing ju st outside the dou b le  layer 
(and n o t caused b y  it) were extrapolated  to  the 
interface.

F or  m an y  purposes it  is con ven ien t to  regard 
som e o f the substances w hose concentrations 
determ ine the faradaic current as ions. T h is  can 
be done in  the absence o f  an excess o f  an inert 
e lectro ly te  on ly  if  diffusion  th eory  does n ot enter 
in to  the calcu lation . I f  it  is desired to  in trodu ce 
diffusion  th eory , neutral salt m olecules (e.g 
N a C l) m ust be taken  as the substances w hose 
con cen tration s con tro l the current. H o w  th is m ay  
be don e was discussed in part I, bu t concerns us 
less in  the present paper.

The Basic Equation for d i/d t

T h e  assum ptions ju st in trodu ced  m ay  be w ritten  
as

i = f (E, wt, vh, w3, etc.) (1)
w here i  is the steady-state  current. I t  w ill n ow  be 
assum ed further that this equ ation  gives the m agn i
tude o f the faradaic current even  in the absence o f

a steady  state. I t  does n ot g ive the m agn itude o f 
the non-faradaic or dou b le-layer current, since 
this latter depends also upon  d E /d t . Indeed , this 
is the m ost satisfactory  w ay  o f d istinguishing in 
princip le betw een  the tw o k inds o f current, and 
equation  (1) w ill n ow  be taken as the defin ition  o f 
a faradaic current. A  discussion o f this po in t 
and an alternative definition  are g iven  in part I.

T h e  flow  o f faradaic current is alw ays a cco m 
panied b y  the occurrence o f an electrochem ical 
reaction . F or  the sake o f generality  it  will be 
considered fo r  the m om en t th at m ore than  one 
faradaic process occurs or m a y  occu r at the in ter
face. T h e current corresponding to  each o f these 
processes w ill be distinguished w ith  a literal super
script, i a, ih, ia, etc., and thus the to ta l faradaic 
current will b e .

i =  ia +  ib +  i° +  . . .  (2)
and therefore

di/di = dia/d< +  dib/d£ +  di°/di +  . . . (3)
I t  is necessary at this p o in t to  in trodu ce  a  re

striction  u pon  the generality  o f the results to  be 
obta ined . I t  w ill be assum ed th at the substances 
w hose concentrations con tro l the partial current 
za d o  n ot affect the partial currents i° , ic, and so on. 
T h is  restriction  m eans that the equations w hich  
fo llow  d o  n o t a p p ly  to  the so-ca lled  “ e lectro 
chem ical m ech an ism ”  o f h ydrogen  ion  discharge, 
since b oth  the p rim ary  and secon dary  d ischarge 
reactions in vo lve  the h ydrogen  atom , the first 
as a p rod u ct and the second  as a  reactant.

A ccord in g  to  the a b ove  assum ption, each  partial 
current is a fu n ction  o f its ow n  set o f  variables, the 
poten tia l E  being the on ly  com m on  variable 

ia = fa(E, wia, uha, w3a, etc.) 
ih = fh{E, wf, v)2h, wf, etc.) 

etc.
T h e derivative  o f i a w ith respect to  tim e is g iven  

b y
di“/d£ = £adE/d£ +  h° duY'/di +

f2a dw2a/di +  f3a dw3“/di +  . . . (4)
where

£a = (di'l/dE) w,»; ,Aa = (c>ia/c>iyi“)Ea,w2»,wj»;
f2° = (0la/dt«2a)Ea,wIa,w3»; / 3a = (d!>/dw3a)Ea,^1a,w2a (5)

A n  entirely  sim ilar set o f  equations can be 
w ritten  fo r  d ih/d t , d ic/d t ,  e tc., the on ly  difference 
being in the superscripts. T hen
di'/di = (|a +  £b +  £c +  ;. . )dE/di +  fia dwia/d£ +  

fib dwib/d£ +  fi° dwi'/di +  f2a d«J2a/d£ +  
f2b dw2b/di +  f2c du!2yd£ +  f3a dio3a/d£ +  
f3b dw3b/d£ +  f3c diOsVdi +  . . . (6)

T his equation  m a y  be regarded as the fundam ental 
equ ation  govern in g  the rate o f change o f the current 
w ith  tim e after the current interruption . I t  w ill be 
show n b e low  how  one m ay  also obta in  the rate o f 
change o f potential w ith  tim e from  th is equation .

Outline of the Exact Method of Solution
In  this and the fo llow in g  sections the superscripts 

a, b , e tc., w ill be om itted , because on ly  a  single 
faradaic current w ill be under consideration . 
T h e  net current i  (really i>) can be th ou gh t o f  as
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com posed  o f tw o parts, a  forw ard  com p on en t i 

and a back w ard  com p on en t i.

i = i — i (7)
T he m inus sign is used because it is con ven ien t to  
th ink o f each  com p on en t o f  the current as a positive  
qu antity .

I t  is cu stom ary  and  essentially correct to  assert 
that each com p on en t o f  the current is g iven  b y  an 
exponential expression  o f the form

i = nSwiki exp [an^E/RT] (8)

i = n5w*k2exp [— (1 — a)n$E/RT] (9)
where a is the fraction  o f the poten tia l acting  to  
assist the forw ard  reaction  and 1 — a is the fraction  
o f the poten tia l acting  to  h inder the back  reaction. 
ki and k2 are reaction  rate constants w hose m agni
tudes depend upon  the ch oice  o f  reference potential 
w ith  respect to  w h ich  E  is m easured. U nder som e 
circum stances (bu t n otab ly  n ot in polarograph ic 
techniques) there is a  natural poten tia l o f  zero 
current, and if the poten tia l is com pu ted  relative 
to  this potentia l, E  will be  w hat is ord inarily  called 
the overvoltage  or  overpoten tia l. I t  will be 
assum ed th at this m eth od  o f reckon ing the potentia l 
has been  chosen  w henever it is possible to  d o  so. 
O therw ise an arbitrary poten tia l o f  reference m ust 
be chosen.

In  equations (8) and (9) n  is an integer repre
senting the num ber o f electrons transferred in one 
a ct o f  the faradaic process under consideration. 
T h e  process is n ot necessarily a slow  process in the 
ord inary sense, bu t it m ust n o t be so fast th a t k2 
and k2 m u st be reckon ed  infinite, in  w hich  case 
equations (8) and (9) w ou ld  have no m eaning and 
the com pon en ts to  w h ich  w x and w2 refer w ould  have 
to  be regarded as com pon en ts o f  the electrical 
double  layer.

T h e q u a n tity  n is necessarily the sam e in equ a
tions (8) and (9 ), since the sam e faradaic process is 
under consideration . It m u st be em phasized that 
the equations ap p ly  to  one and on ly  one such 
p rocess; it w ou ld  be an error to  ap p ly  them  to  a 
pair o f  con secu tive  faradaic processes.

Im p licit in equations (8) and (9) is the assum p

tion  th at the currents i  and  i are fu n ction s only 
o f the param eters in cluded  in the equations. T his

can not be rigorously  true. T h e  current i  depends 
upon  the potentia l energy o f the reduction  produ ct 
(w e are th inking n ow  o f the faradaic process as a 
reduction  process), w hich  is w h y In depends upon  
the chem ical nature o f  the surface u p on  w hich  the 
reaction  takes p lace fo r  instance. A  deposit o f  a 
foreign  substance (the p rod u ct o f  the reduction ) 
m ay  well change the poten tia l energy o f th at sub
stance on  the surface, w hich  is to  say  it changes the 
nature o f the surface and th ereby  changes k2. 
T herefore the use o f  equation  (8) assumes either 
that the deposited  substance is present in quanti
ties m u ch  less than  a m on olayer or  in sufficient 
thickness so ' th at further deposits d o  n ot change 
the nature o f  the surface. T h e  in term ediate case, 
nam ely th at in  w hich  th e  substance is present in

am ounts ranging from  perhaps a tenth  o f a m on o - 
layer to  three or  fou r m onolayers, is n o t considered 
here.

B ecause o f the large e ffect o f  the exponential 
term  relative to  the effect o f  con com itan t changes 
in the coefficient k, equations (8) and (9) are never
theless likely to  rem ain v ery  nearly va lid  over 
large ranges o f  potentia l, as is indeed rendered 
likely from  the fa ct  th at the T a fe l equ ation  seems 
to  a p p ly  in m ost instances from  m oderate  to  very  
large current densities, where th e  possib ility  o f  
experim ental errors u ltim ately  obscures the co m 
parison w ith  experim ent.

F rom  equations (5 ), (7 ), (8) and (9)

£ — (di/dE)wi = {n'5/RT){ai —f- [1 — « ] i) =

w here we h ave let
(jltS/Rl )iav (10)

lav = oii +  (1 — a)i (11)

A t the equilibrium  poten tia l (poten tia l o f  zero

current) i  =  i  and
âv = i-eq

where ieq is the exchange current at the equilibrium  
potential. F rom  equations (8) and (9) it  is possible 
(given  all the needed param eters) to  ca lcu late 
fav and  therefore £.

A t  the m om ent o f  current in terruption  all o f  the 
d t c /d / ’s equal zero (as will be p roved  in a  sequel 
to  this paper b y  W . T . S co tt) , so  th at equation
(6) provides a relation  betw een  the tw o unknow n 
rates {d i/d t)t= Q and {d E /d t)t= o. A  second  relation  
is fou n d  from  the differential ca p a city  o f the e lec
trical double  layer, assum ed k n ow n  like the other 
param eters o f  the problem . A t  the m om en t o f 
current interruption , t =  0, the electrical dou b le  
layer is charged to  a  certain  poten tia l E , and, a 
certain  faradaic current i0 flows. N eith er the p o 
tential nor the con cen tration s o f  the active  su b 
stances can change d iscon tinu ou sly  at the m om ent 
o f in terruption , so th at the current at the first 
instant after interruption  is the sam e as it  was in 
the steady  state before  in terruption . S ince the 
dou b le  layer behaves e lectrica lly  like a capacitor  
(non-linear w ith  respect to  poten tia l), its  rate o f 
d ischarge is g iven  b y  the equ ation

dE/dt =  - i / C  (12)

T his equation  is va lid  n ot on ly  at the m om en t o f 
discharge bu t any tim e thereafter. I t  p rov ides a 
m eans o f m easuring C  at the m om en t o f in terrup
tion, su b ject to  a practica l lim itation  to  be  d is
cussed below . D ifferen tiation  w ith  respect to  tim e 
gives
di/dt = — (d/df)(C dE/dt) =

- C ( d 2E/dt2) -  {dC/dE){dE/dty (13)

E lim ination  o f d i/d t  throu gh  equ ation  (6) gives 
(for one faradaic current)
— (d/di)(C dE/dt) =

— C(d2E/dl2) -  {dC/dE){dE/dt)2 =
£ dE/dt 4- fi dwjdt +  / 2 dir2/di +  . . . (13a)

A t the m om ent o f current interruption  all o f  the
d w /d i ’s are zero, as stated above . S ince (d E /  
d l) != o is k n ow n  from  equ ation  (12), equ ation  (13a)
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perm its :,he calcu lation  o f (■d2E /d t 2) t=o . A fter  the 
m om ent o f in terruption  the d w /d t ’s are no longer 
zero and their evaluation  can be done in principle 
through  the app lica tion  o f F ick ’s laws o f diffusion. 
T h e  b ou n dary  con d itions are fu n ction s o f  the cur
rent, w h ich  is in turn a fu n ction  o f the con cen tra 
tions o f  the reactants and o f the poten tia l E . 
T h erefore the b ou n dary  con d itions m ust be estab 
lished through  the sim ultaneous solu tion  o f equa
tion  13a and F ick ’s laws as applied  to  each co m 
ponent. T he f ’s in equ ation  13a are fu n ction s of 
the tv’s and o f the potential, thus m aking it neces
sary to  consider equations (5 ), (7 ), (8) and (9) 
sim ultaneously  w ith  the above . A s a  m athem a
tica l p roposition  the prob lem  is determ inate, b u t 
no serious a ttem pt has been m ade to  ach ieve an 
exp licit form ulation  o f the solu tion  because it  is 
clear th at it w ou ld  be to o  com plicated  to  be o f  any 
real use. T h e  purpose o f th is discussion  has been 
to  show  w h at an accurate solu tion  w ou ld  in volve  
and  also to  sh ow  th at the m u ch  sim pler solutions 
w h ich  have som etim es been  proposed  rest upon  
assum ptions w hich  have n ot alw ays been poin ted  
out.

It  is con clu ded  therefore th at the on ly  rigorously 
correct use w h ich  can be  m ade o f  th is form ulation  
o f  the p rob lem  at the present tim e is the evaluation  
o f the characteristics o f  the p oten tia l d eca y  at the 
m om en t o f interruption.

Alternative Approximate Method of Solution
There is an alternative procedure which is not rigorous 

because it cannot be carried to completion without the in
troduction of an inexact assumption, but which is neverthe
less of interest as the nearest approach to an exact solution 
which now seems possible for times later than t = 0.

From equations (12) and (7)

. / * - y >  ""
and from equations (8) and (9)

/ Wiki exp (a n lE / R i ’) — wzki exp [ — (1 — a)nS E /R T ]

~n* f h d t (15)

This equation cannot bo integrated further without assump
tion because the w’s arc functions not only of E but also of t 
and of the other w. Nevertheless it is at least worthwhile 
to consider the consequences of equation (15) when Wi and wz 
are constant after the interruption. In order to make the 
computations as simple as possible, and also because it is the 
most likely situation, we shall let a = ‘ / 2. Further we shall 
compute the potential E relative to the equilibrium poten
tial which would prevail if the concentrations W\ and Wi 
were the same ir. the interior of the phases as at the inter
face, just outside the double layer. This has the effect of 
giving somewhat fictitious values to ki and k2, but it is easy 
to translate one set of values to another if the actual con
centrations are known. With this understanding one can 
write ithki =  w-iic-i (from equations (7), (8) and (9)). For 
simplicity we shall assume C independent of potential. 
Then equation (15) becomes

ycsch (n$E/2RT) dE = - 2n!ywlk1t/C (16)
The hyperbolic cosecant can be integrated through the iden
tity

ycsch if d0 = lntanh|0/2| -|- constant (17)
so that

In tanh n\fE/4RT\ = —n̂ ShoJĉ t -+- t')/RTC (18)
where t' has been introduced as a constant of integration. 
The time t is measured from the moment of current inter

ruption. t' has the meaning that if equation (18) had been 
valid before the current interruption, the potential would 
have been infinite at t = —t'.

Because of the identity

tanh-1 x = Yi In ^  ^ (19)

equation (18) can be written
I pi -  2I{T i 1 +  exp [-n^Shihkdt +  l')/RTC]
I I  nff I -  exp [-n*5*wMt +  l')/RTC] ( ’
When t is large this becomes
\E\ = (2RT/nJ) exp [-n^hoM t +  t')/RTC} (21)

which is the equation for the decay of the potential of a con
denser of capacity C through a resistor of resistance RT/ 
n̂ iPwiki. This result applies only when t is so large that 
the forward and back reactions are of nearly equal magni
tude. It is also required that W\ and w-2 be constant, as 
stated above.

It has been observed experimentally by S. Schuldiner2 
that the decay curves of such substances as cadmium ion 
in the presence of an excess of an inert electrolyte and on a 
mercury surface are substantially flat for long periods after 
the current interruption. This would seem to mean that 
the effects of diffusion are negligible in the time intervals 
involved, beginning perhaps 10-6 second after current in
terruption and continuing for perhaps 10 ~3 second there
after. If diffusion caused any considerable changes in wi 
and w2, that fact should show up as a decay of the potential 
during the time of observation, because the electrode is es
sentially at equilibrium with respect to the reaction Cd + + 
+  2e *=? Cd during the whole period of observation. (If it 
were not, that fact would also cause the curve to have a de
tectable finite slope.) So it appears that changes in the 
w’s may turn out to be unimportant in the time intervals 
commonly used in the current-interrupter technique, i.e., 
greater than 10-6 and less than 10-3 sec. This conclusion 
must be regarded as tentative pending further experimental 
evidence.

In Fig. 1 there are shown a number of potential-time 
curves calculated from equation (20) and representing the 
expected behavior (in the absence of changes of wi and Wi) 
of substances with different rate constants k\. The signifi
cant parameter is kyW\n%i'1 /CRT, and this is marked on the 
various curves. For the lowermost curve the equilibrium 
potential is 0.118 v. below the steady-state potential, and 
for each curve going up that difference is half as much as for 
the curve beneath it. The steady-state current in is the 
same for all, 10~3 ampere. Thus the lowermost curve 
corresponds to the reaction which is intrinsically the slowest, 
and consecutive curves involve approximately successive 
doubling.of the quantity kiW\. Since wi is decreasing,3 k 
is more than doubling from curve to curve. The potential 
is arbitrarily set at zero corresponding to the moment of 
interruption. Actually E is larger, relative to the equilib
rium potential, the slower the reaction. All of the curves 
are computed to represent an initial current, in, of 10-3 amp. 
and a C of 20 microfarads. The area is immaterial. Thus 
the slope at t =  0 is the same for all, namely, 50 v./sec.

It needs to be borne in mind that the slope of the decay 
curve cannot be measured experimentally at t = 0 .  There 
is always a time interval t* during which readings of poten
tial are unreliable because of imperfections in the apparatus. 
If t* — 2.5 X 10-4 sec. in the example given, the earliest 
measured slope will be in error (if it is called the initial slope) 
by from 15% to a factor of 5, going from the slowest to the 
fastest reaction considered. If the current density is 100 
times as great., the value of t* will need to be 1/100 as 
much to maintain the same accuracy. Thus it appears, 
as one would expect, that the accuracy is greater the slower 
the reaction and the smaller the value of t*. For extremely 
fast reactions, such as the reduction of Cd + +, it is probably 
quite impossible even to estimate the initial value of the 
slope from the decay curve, even at low current densities. 
This fact has given rise to the mistaken idea that the initial 
slope is much less than it really is, and if the capacity C is 
calculated from that value of the slope, much too large a ca
pacity value is obtained. It is presumably in this way that

(2) S. Schuldiner, private communication.
(3) Since the initial current is by hypothesis constant, the initial 

concentration decreases as the rate constant increases
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too-large values of the capacity of the electrical double layer 
have been found in the presence of reversibly reducible ions. 
The error has led to the belief that the interrupter method 
measures pseudo-capacity, but in reality it is no more than 
the result of using non-corresponding values of i and dE/dt 
in the equation C = — i/{dE/dt).

When the current is limited by diffusion, as under polaro- 
graphic conditions above the half-wave potential, then 
equation (20) can no longer be valid since Wi and jo« must 
certainly change rapidly with time. The initial slope is 
still —io/C but the potential does not level off as fast as it 
otherwise would. Qualitatively the effect will be to make 
the reaction appear slower than it is, since each observed 
curve will be very nearly like one of those calculated for a 
lower value of kiwi. Thus it should be possible to set a lower 
limit to the value of w/kinH2 / CRT by finding which one of 
the appropriate curves it most nearly resembles. For that 
purpose it is necessary to compute a set of curves for each 
appropriate value of it,. This would appear to be one way, 
and perhaps the only way at present, to give quantitative 
significance to decay curves obtained by the interrupter 
method.

Regardless of the validity of the theory upon which the 
treatment rests, a plot of the apparent value of wikin2̂ 2/ 
CRT against potential, for instance, would provide an ac
ceptable way of reporting results of current-interrupter 
studies. This would take the place of the present practice 
of reporting a fictitious value of C obtained by dividing the 
initial current by a value of dE/dt which does not properly 
reflect the value of that slope at the moment of current 
interruption.

If i is negligible, as it will be at sufficiently large values of 
E, and if ivi is either held constant or assumed constant, then 
the integration of equation (15) gives
exp ( — an'SE/RT) — exp ( — an$E0/RT) =

(a tf& vh h / R T ) j\ \ / C )d t  (22)

If the capacity of the electrical double layer C is also con
stant or assumed so, equation (22) reduces to the more con
venient form

E o - E =  (RT/anZ) In ( l  +  2 ^ )  (23)

which is identical with a result derived in essentially the 
same manner by Frumkin in 1943.4 Busing and Kauz- 
mann5 have given a similar derivation, apparently without 
knowledge of Frumkin’s prior work. It is also possible to 
derive equation (23) from equation (13a), but the method is 
circuitous and not particularly helpful.

Although the above results cannot be applied indiscrim
inately to the hydrogen overvoltage problem, they may bo 
considered to be valid (subject to the stated limitations) 
provided the observed current is not a function of the con
centration of hydrogen atoms on the surface. This restric
tion is necessary in order that equation (8) may give the rate 
of the reaction correctly. If there is a slow secondary dis
charge reaction (sometimes called the electrochemical re
action) depending upon the concentration of hydrogen 
atoms on the interface, then the above treatment is not 
valid.

When all the w’s are constant, or more generally when all 
the f dw/dt terms in equation (13a) are zero or negligible,

(4) A. Frumkin. Ada Phy&icochim. U.S.S.R., 18, 30 (1943).
(5) W. R. Busing and W. Kauzmann, J. Chevi. Phys., 20, 1129 

(1952).

Fig. 1.—Calculated potential decay curves for reactions 
of several intrinsic speeds. Initial current 10~3 amp., C = 20 
microfarads, kiWin-A2/CRT as marked.

equation (13a) can be written
— C(d2E/dt2) -  (dC/dE)(dE/dty- = | dE/dt (2|) 

or when C is independent of E
-C{d2E/dt2) = £ dE/dt (25)

If one were now to assume, quite erroneously, that | is a 
constant, independent of potential, then equation (25) 
could be integrated to give

E = tfoexp (-£ f/C ) (26)
which is the equation for the decay of the potential of a con
denser of capacity C through a resistor of resistance l/£. 
According to this equation the slope of the decay curve is 
given by

d E  T h 3 E  Zav , —

dt = T T f c  U7)
whereas in fact it is given by i/C. These facts are mentioned 
because of the claim rather frequently made that one can 
represent the decay of the potential of an electrode by an 
“ equivalent circuit”  consisting of a capacitor equal to the 
capacity of the electrical double layer and a resistor of more 
or less vaguely specified magnitude. Equations (26) and 
(27) are approximately valid very close to the equilibrium 
potential, but not elsewhere. No equivalent circuit is 
known which possesses the properties of an electrode after 
current interruption, and it appears futile to attempt to 
consider the problem in this manner.

At the moment of interruption, the dw/dt terms are all 
zero and equation (24) is valid. Then since C, dE/dt, 
d2E/dl2 and dC/dE are all experimentally ascertainable 
quantities, that equation can be used to find £. This is 
tantamount to an evaluation of {cf. eq. (10)).

Therefore the quantities which can be measured by the 
interrupter method are (1) an iR drop before current in
terruption, (2) the capacity of the electrical double layer (if 
the faradaic current is not too large or if the intrinsic speed 
of the reaction is not too great), (3) tav, a weighed average 
of the forward and backward reactions, and (4) a lower limit 
to wiki before current interruption.

The author is grateful to the Office of Naval Research for 
financial support of this work.
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Anodic charging curves for titanium in neutral NaCl solutions show a linear potential increase to the oxygen evolution 
potential. Ths charge passed is sufficient to deposit three oxygens on each titanium surface atom based on area as deter
mined by measurement of polarization capacity. This corresponds to a monolayer if the oxygen is present as 
atoms having the same size as covalently bonded oxygen. Potential vs. log time curves for the decay of oxygen overvoltage 
show that discharge of the double layer capacitance occurs both by a continuation of the oxygen evolution reaction and by 
flow of current through a resistance. For the latter process, the resistance-capacitance product increases with increasing 
total time of oxygen evolution. This effect is attributed to the formation of a TiO» film. After several hours of continuous 
oxygen evolution at current densities greater than 10^3 amp./cm.2, oxygen evolution ceases and the potential rises to +10 
v. These effects are attributed to thickening of the T i02 film, which grows by outward migration of titanium ions. The 
space charge of these excess positive ions in the film can account for most of the measured electrode potential, so that the 
film-to-solution potential is not sufficient for oxygen evolution. At 10 v., the film breaks down and pitting occurs.
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Introduction
T h e  an od ic polarization  o f m etals has been  stud 

ied largely w ith  respect to  oxygen  overvo ltage  and 
the m echanism  o f oxygen  evolu tion . I t  is generally 
accep ted  th at a com plete  film  o f oxygen  is present 
on  an electrode from  w hich  oxygen  is being e v o lv e d ,1 
bu t there is no general agreem ent as to  w hether the 
film  is com posed  o f chem isorbed oxygen  or o f  m etal 
oxide. I t  is recognized, o f  course, th at the m ech a
nism  m ay  n ot be the sam e for  all m etals and fo r  all 
experim ental conditions.

B ow d en 2 m easured the charge required to  change 
a p latinum  electrode from  the reversible h ydrogen  
poten tia l to  the reversible oxygen  potentia l, and 
vice versa. T h e  p oten tia l-t im e  curves show ed 
arrests w hose length  depended  on  the duration  o f 
previous h ydrogen  or oxygen  evolu tion . E xcep t for 
the charge passed during the arrests, a definite 
q u an tity  o f  3 X  10~3 c o u lo m b /c m .2 was required 
for  the change. T h e  arrests during ca th od ic  po lar
ization  were considered to  represent rem oval o f an 
oxide o f p latinum . T h e  potentia ls o f  the arrests 
were the sam e as those m easured for  a P t 0 2-coated  
p latinum  w ire in the corresp on d in g  so lu tion s.

A rm strong, H im sw orth  and B u tler3 d o  n ot agree 
th at an oxide is form ed on  p latinum  during oxygen  
evolu tion . T h e y  attribute the arrest to  a  high lo 
cal con cen tration  o f oxygen , since th ey  fou n d  the 
poten tia l to  be affected  con siderably  b y  stirring. 
T h e y  say, how ever, th at an ox ide is form ed  on  gold.

Pearson and B u tler4 fou n d  th at the poten tia l
tim e curve for  the an od ic polarization  o f p latinum  
from  the hydrogen  evolu tion  poten tia l to  the o x y 
gen evolu tion  poten tia l conta ins tw o  linear regions, 
for  w hich  the charges passed are sufficient to  rem ove 
a m on olayer o f h ydrogen  atom s and to  dep osit a 
m on olayer o f oxygen  atom s.

H ick lin g  and co -w ork ers6 studied  the an od ic 
beh av ior o f  P t, A u , N i, A g, C u and C o  b y  an oscillo 
graph ic m ethod , and observed  p o ten tia l-t im e

(1) N. K. Adam, “ The Physics and Chemistry of Surfaces,” 3rd ed., 
John Wiley and Sons, Inc., New York, N. Y ., p. 326.

(2) F. P. Bowden, Proc. Roy. Soc. (London), A125, 446 (1929).
(3) G. Armstrong, F. R. Himsworth and J. A. V. Butler, ibid., A 143, 

89 (1933).
(4) J. D. Pearson and J. A. V. Butler, Trans. Faraday Soc., 34, 

1163 (1938).
(5) A. Hickling, ibid. , 41, 333 (1945); ibid., 42, 518 (1946); A. 

Hickling and J. E, Spice, ibid., 43, 762 (1947); A. Hickling and D. 
Taylor, Discussions Faraday Soc., 1, 277 (1947); Trans. Faraday 
Soc., 44, 262 (1948); S. E. S. El Wakkad and A. Hickling, ibid., 46, 
820 (1950).

curves h avin g  linear portions. H ick lin g  attributes 
rapid  increases o f  potentia l to  charging o f a dou b le  
layer, and the slow er linear increases to  form ation  
o f film s o f m etal oxides o f  definite com position . 
H e fou n d  th at changes o f  slope occu r at the revers
ib le potentia ls o f  m e ta l/o x id e  or low er o x id e /h ig h er  
oxide electrodes. E l W a k k a d  and E m a ra ,6 using 
H ick lin g ’s m eth od  and also a d irect m eth od  found 
ev iden ce for  the con secu tive form ation  o f P tO  and 
P t 0 2.

T itan iu m  offers an exam ple o f  a m etal qu ite a c 
tive  in the e.m .f. series w hich, nevertheless, exh ibits 
a m arked  degree o f  passiv ity  tow ard  d issolu tion  and 
tow ard  an od ic dissolution . T h e  present authors 
h ave m easured the cath od ic and an od ic polariza 
tion  o f titan iu m .7 F urther in vestigation s have 
n ow  prov id ed  add itional in form ation  on th e  p ro c 
esses in vo lved  in the an od ic polarization  o f t ita 
nium .

Experimental Procedure
Apparatus.—Polarization measurements wore made by 

the direct method, in a circular path apparatus, using sat
urated calomel half-cells as the reference electrodes. The 
titanium coupons were polished on No. 2/0 metallographic 
paper and cleaned by rubbing with filter paper moistened 
with ethyl alcohol, then with dry lens tissue. For most of 
the measurements, the coupons were 5.0 cm.2 in projected 
area and were cast in a plastic wafer which was inserted into 
a machined plastic holder so that the coupon was flush with 
the face of the holder. These are designated as “ flush 
coupons.”  One series of measurements was made with a 
coupon of 4.0 cm.2 projected area, mounted in a machined 
plastic holder in such a way that the exposed face of the 
coupon was recessed 3/ 32 inch behind the face of the holder. 
This is designated as a "recessed coupon.”  Further details 
of the apparatus are described elsewhere.7

Materials.—The titanium was made by the Reming
ton Arms Company. Spectrographic analysis showed that 
it contained over 99% Ti, with 0.725% C, 0.25% Fe, and 
traces of other elements. All measurements were made in
0.50 M NaCl solution, made up from analytical reagent 
grade NaCl and distilled water. The solutions were kept 
saturated with air and were held at 30°.

Surface Area.—The surface area of the titanium coupons 
was determined by a capacitance method based on that of 
Wagner.8 The roughness factor, or ratio of real to pro
jected area, was found to be 10 ±  3. A measurement of 
surface area by krypton adsorption, obtained quite recently, 
gives the roughness factor as 2.2 ±  0.2. It is not entirely 
clear at this time which of these values is correct. The in
terpretation of the results has been made on the basis of the 
earlier measurement.

(6) S. E. S. El Wakkad and S. H. Emara, J. ('him. Soc., 461 (1952).
(7) C. D. Hall, Jr., and N. Hackerman, to be published.
(8) C. Wagner, J. Electrochem. Soc., 97, 71 (1950).
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Quantities which involve area are 
given in terms of projected area unless 
designated otherwise. Where real 
area, based on a roughness factor of 
10, is meant, the abbreviation cm.2rCai 
is used.

R esu lts
All potentials are given on the 

saturated calomel electrode scale and 
are good to 0.01 v. in all cases unless 
otherwise noted.

Anodic Charging Curves.—Charg
ing curves for the anodic polarization 
of titanium at constant current densi
ties are shown in Fig. 1. Curve 1 is 
a potential-time curve for a coupon 
which was left on open circuit. Curve 
2 is referred to both the time and the 
charge density scales. Except at the 
lowest current density, the charge re
quired to reach a constant oxygen 
evolution potential is approximately 
the same at all current densities 
shown. The average is 1.45 X 10~2 
coulomb/cm.5. The potential in
crease is linear for current densities of 
2 X 10-7 amp./cm.2 and larger, and 
the rates of increase are about equal, 
as may be seen in curves 4 through 7. 
At the smaller current densities of 
curves 2 and 3, the initial rate of 
increase is greater than that of the 
later portions of the curves. 

Polarization at Higher Current

TIME (HOURS), CURVES I 8  2.
50 100 150

CHARGE DENSITY (MILLIC0UL /SO. CM.).
Fig. 1.—Anodic charging curves for titanium in aerated 0.5 M NaCl at 30°: 

1, 0.0 amp./cm.2; 2, 2.0 X 10“8 amp./cm.2; 3, 6.0 X 10~3 amp./cm.2; 4, 2.0 X 
10-7 amp./cm.2; 5, 6.0 X 10-7 amp./cm.2; 6, 6.0 X 10-6 amp./cm.2; 7, 2.0 X 
10“5 amp./cm.2.
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Fig. 3.—Time-pDtential curves for anodic polarization, depolarization and repolariza
tion of titanium in aerated 0.5 M NaCl at 30°. The odd numbers indicate time at 
which current was started and the even numbered points show times at which current 
stopped.

The rate of increase of potential for the original polariza
tion, curve 1 of Fig. 4, is the same as that for the polariza
tion at the same current density shown in curve 6 of Fig. 1. 
In each subsequent repolarization at 6 X 10~6 amp./cm.2, 
the potential reached the oxygen evolution potential, +1.23 
v., in less than the 30 seconds required to make the first 
reading. By repolarizing at 2 X 10~7 amp./cm.2, it was 
possible to follow the potential increase as shown in curves 
11 and 15. From curve 11, it is calculated that the capaci
tance of the titanium surface is 3 ¿¿fd./cm.2re»i, and the 
charge required to repolarize to the oxygen evolution poten
tial is 4 X 10~6 coulomb/cm.2reai.

Discussion
Anodic Charging Process.— T h e  increase o f 

poten tia l in the original polarization  o f a fresh ly  
prepared titan ium  cou pon  is p roportion a l to  the 
qu an tity  o f  e lectricity  th at has passed, and  there
fore  presu m ably  to  the am ou n t o f  oxygen  th at has 
been deposited  on  the surface. H ow ever, the 
m easurem ents on  polarization  d eca y  and repolari
zation  show  qu ite clearly  that the ph enom enon  is 
m ore com plex, and th at the poten tia l is not, under 
all cond itions, s im p ly  a fu n ction  o f the q u a n tity  o f 
oxygen  present on  the surface. T h e results ind i
cate that tw o d istin ct processes occu r  sim ultane
ou sly : an od ic deposition  o f oxygen  on  the tita 
n ium  surface, and charging o f an electrical double  
layer.

T h e  original polarization  to  the oxygen  evolu tion  
poten tia l requires a charge 360 tim es as great as 
th at required for  repolarization  after the polariza
tion  has been allow ed to  d e ca y  on  open  circu it. It  
is obv iou s  th at the original polarization  produ ces a 
change on  the surface w hich  is n ot reversed b y  
standing on  open  circu it. T h is irreversible change 
m a y  be  best explained as the d eposition  o f a layer 
o f  chem isorbed  oxygen . T h e  charge used in  d e 
positin g  oxygen  is essentially  equal to  the tota l 
charge o f the original polarization . It  is equal to
9 .0  X  10’ 6 e le c tro n s /cm .2. T h e  area Occupied b y  
each a tom  in the titan ium  surface m ay  be ca lcu lated  
to  be  7.4 X  10~ 16 c m .2. Thus, the polarizing 
charge is equ ivalent to  6.6 electrons for  each  tita 
n ium  atom  in the surface, and  can deposit, on  the

area occu p ied  b y  each  tita 
nium  atom , abou t 3.3 atom s 
or ions o f  oxygen .

It  is n ot possible to  deter
m ine w ith certa in ty  w hether 
the oxygen  in the ch em i
sorbed layer is present as O "  
ions, or w hether th e  ions 
have given  up  their e lectrons 
to  the m etal and rem ain as O 
atom s. H ow ever, th is ques
tion  m a y  be considered  from  
the stan dpoin t o f  the sizes o f 
the tw o  typ es  o f  particles. 
T h e radius o f  an oxide ion  in 
ion ic crystals is 1.40 X  10~ 8 
cm . T ak in g  th is as an a p 
proxim ation  o f the radius o f 
a chem isorbed ox ide ion , the 
area occu p ied  b y  each  ion  in 
a  h exagonally  c lose-packed  
layer is 6.8 X  10-16 cm .2, 
and there are 1.5 X  1015 
0 =/c m .2 in  a m onolayer. T h e 

charge passed in polarizing to  the oxygen  evolu tion  
poten tia l is equ iva len t to  4 .5  X  1015 0 ~ / c m .2reai, 
or three layers o f  oxide ions. I t  does n ot seem  
likely  th at the e lectrostatic repulsion  o f  these 
close ly  pack ed  negative particles w ou ld  perm it a 
film  three layers deep to  have the degree o f  stab ility  
observed  fo r  the chem isorbed  oxygen . In  the 
strong electric  field present at the oxygen  evo lu tion  
potentia l, d ipole  attraction  betw een  the h igh ly  p o lar
izable ox ide ions w ou ld  assist in stabilizing the film, 
b u t this e ffect w ou ld  largely disappear on  open  cir 
cuit, and repolarization  w ou ld  then require a  larger 
charge than  is observed.

T h e  radius o f cova len tly  b on ded  oxygen , 0 .74 X  
10~ 3 cm ., m a y  be used as an approx im ation  o f  the 
radius o f a chem isorbed  neutral oxygen  atom . T h e  
area for  each a tom  in a hexagonally  c losed -packed  
layer is then  1.9 X  10~ 16 cm .2, and there are 5.3 X  
1015 O /c m .2 in a m onolayer. T h e  original po lariz 
ing charge can thus deposit 4 .5 /5 .3 , or 8 5 % , o f  a 
m onolayer. T h e  difference betw een  this and a 
com plete  m on olayer m a y  be accou n ted  fo r  either b y  
the uncerta in ty  in the value for  the roughness fa c 
tor, or b y  assum ing th at som e h y d rox y l radicals are 
in cluded  in the layer. T h is  approxim ation  o f a 
m on olayer and the lack  o f repulsion betw een  the 
neutral particles, p rov ide  g ood  argum ents fo r  as
sum ing th at the chem isorbed oxygen  is p resen t as 
neutral atom s.

T h e increase o f  poten tia l w ith  tim e at zero a p 
plied  current den sity  is ob v iou s ly  caused b y  som e 
process w h ich  occurs spon tan eously  on  the tita 
nium  surface. T h is  process is assum ed to  be the 
ch em isorption  o f oxygen  from  the aerated solu tion . 
A ccord in g  to  the electron  configuration  th eory  o f 
p a ss iv ity ,9 such a chem isorbed  film  causes the p o 
tential o f the m etal to  becom e m ore n ob le  b y  satis
fy in g  the residual valence forces o f the m etal atom s 
in the surface. U h lig 10 considers th is “ ch em ical 
p a ssiv ity ”  to  be “ the im portan t fa ctor  in  expla in ing

(9) H, H. Uhlig and J. Wulff, Trans. Am. Inst. Mining Met. Engrs., 
135, 494 (1939); H. II. Uhlig, Trans. Electrochem. Soc., 85, 307 (1944).

(10) H. H. Uhlig, J. Electrochem. Soc., 97, 215C (1950).
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o +0.2

TIME (MINUTES).

Fig. 4.—Time-potential curves for anodic polarization and repolarization of 
titanium in aerated 0.5 M NaCl at 30°. (For explanation of curve numbers, see 
Fig. 3.) O, 6 X 10~6 amp./cm.2: 1 , 2  X 10-7 amp./cm.2

corrosion  resistance o f  m etals . . . such as . . . t i
tan ium  . . . ”  T h e  process o f  spontaneous pas
sivation  approaches its lim it as the poten tia l 
approaches + 0 .2  v . T h is potentia l, attained 
b y  a fresh  cou p on  w hen left on  open  circu it 
is a p prox im ately  th e  sam e as th at atta ined  in 
the d eca y  o f the oxygen  overvoltage . I t  appar
en tly  represents the zero-current 
potentia l o f  titan ium  on  w hich  
oxygen  is chem isorbed , either 
spontaneously  or . b y  anodic 
deposition .

T h e  adsorption  o f  oxygen , in 
creasing the p oten tia l in  p rop or
tion  to  the num ber o f atom s ad 
sorbed, can accou n t fo r  on ly  a 
part o f the poten tia l increase 
during the original polarization , 
since the poten tia l a fter op en - 
circu it d eca y  o f polarization  is 
on ly  + 0 .2  v ., even  th ou gh  all o f 
the adsorbed  oxygen  is k n ow n  
to  be still present. T h e  m a jor 
p ortion  o f the increase to  the 
oxygen  evolu tion  poten tia l m ust 
occu r in the diffuse dou ble  layer.
T h e capacitance o f  this dou ble  
layer, as determ ined  from  the 
in itia l rate o f  increase o f  p oten 
tial in repolarization , is abou t 
3 jufd./cm +eai- T h is  is sm aller 
than  the ca p a cita n ce  u su a lly  m easu red  on  an an ode 
or ca th ode  surface.

A t v ery  low  applied  current densities, the charg
ing curves (F ig. 1) are non-linear in their early  por
tions. T h is is because the in itia l rate o f  ch em isorp 
tion  o f d issolved  oxygen  is greater than  the rate o f 
deposition  o f oxygen  from  O H ~  b y  the applied  cur
rent. A t  potentia ls higher than  + 0 .2  v ., the spon 
taneous ch em isorption  does n o t occur, and the p o 
tential increase is then linear at the rate determ ined 
b y  the applied  current density . T h e  to ta l charge 
passed b y  the applied  current in reaching a constant 
poten tia l is less than  at higher current densities,

since a part o f  the oxygen  in  the 
adsorbed  layer originates as 0 2, 
and does n o t require current for  
its adsorption .

Decay of Anodic Polarization.—
W h en  the current to  an an ode is 
stopped  during oxygen  evolu tion , 
the reaction  m u st con tin u e a t a 
rate determ ined  b y  the potentia l. 
T h e  dou b le  layer is discharged, 
and the poten tia l decreases. A rm 
strong and B u tler11 show  that, for  
an electrode reaction  w hose rate is 
I  =  keaE, the poten tia l during 
d eca y  o f overvo lta ge  fo llow s the 
equ ation  E  =  K  — 0.12 lo g  t, 
w here i f  is a con stan t and t is tim e 
a fter stopp in g  o f the current. T h e 
present results fo r  titan ium  show  
partial agreem ent w ith  th is equa
tion , as m a y  be seen in Fig. 6. 
C urves 6, 8 and 10 have short 

arrests o f  slope abou t —0.12 in  th e  region  o f 
+ 0 .8  v. C urve 12 and curve 16 dow n  to  + 0 .6 5  
v ., are a lm ost linear, and have slopes o f  —0.10 and
— 0.12, respectively . A t  low er potentia ls, ail o f 
the curves except curve 12 have slopes o f  abou t
— 0.5, until th ey  level o ff a t + 0 .0 5  to  + 0 .1 6  v. 
T h e  length  o f the arrest h avin g  a slope o f — 0.12 is

3 0
TIME (MINUTES.

Fig. 5.—Time-potential curves for open-circuit depolarization of titanium, follow
ing anodic polarization, in aerated 0.5 M NaCl at 30°. (For explanation of curve 
numbers, see Fig. 3.) 0> following 6 X 10_6amp./cm.2; # , following 2 X 10-7 amp./ 
cm.2.

greater w ith  longer tim e o f previou s oxygen  evo lu 
tion . C om parison  o f curves 6 and 8 show s thac the 
arrest is shortened  slightly  b y  pro lon ged  stan d in g  on 
open  circu it during the step o f curve 6. T h e arrest 
is shortened  also b y  ca th od ic  treatm en t preceding 
an an od ic polarization  and polarization  decay , as 
show n b y  curves 12 and 16.

I f  a capacitance C  is charged to  a poten tia l EÓ, 
and discharged through  a resistance R, the poten tia l 
E '  during d ischarge is E ’ =  E ie ~ t,/RC, w here t' is 
in seconds, R  is in ohm s, and C  is in farads. T his

(11) G. Armstrong and J. 
1261 (1933).

A. V. Butler, Trans. Faraday Soz., 29,
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fu n ction  m a y  be w ritten
t' = —2.3RC log E'/Eo, or 

log V = 0.36 +  log RC +  log ( — log E'/Eo)
A  p lo t o f  E ' vs. log  t' is a sigm oid  curve asym ptotic  
to  E '  =  E o and to  E ' =  0. Its m iddle p ortion  is 
nearly  linear. T h e m axim um  slope, w h ich  occurs 
at E ' — E o /e  =  0.37 is

dE'/d log t' =  —2.3Eo'/e = -0.85FV
T h e  slope thus depends on ly  on  E i  A  change in 
R C  sh ifts the entire curve a long the log  t' axis. A  
fam ily  o f  such curves h avin g  different values o f  R C  
stron g ly  resem bles the curves o f  F ig. 6 at potentials 
be low  the arrest. T h is suggests th at the poten tia l 
be low  the arrest is con trolled  b y  the d ischarge o f the 
dou b le-layer cap acitance  th rou gh  a leakage resist
ance, and th at the effect o f increasing the tim e o f 
oxygen  evolu tion  is to  increase the va lue o f the p ro d 
u ct R C .

b ou n d a ry  at the m eta l surface. T h e  secon d  p ro c 
ess is leakage o f current around the d ou b le  layer 
b ou n d a ry  throu gh  an external resistance. T h e  
tw o d ischarge paths are electrica lly  in parallel, so 
th at the currents are add itive . In  the early  part 
o f  each  discharge, the oxygen  evo lu tion  current is 
the larger, and  the poten tia l fo llow s the logarith m ic 
equation , g iv ing  a linear E  vs. log  t p lot. A s E  a p 
proaches the reversible oxygen  poten tia l, the cu r
rent fo r  oxygen  evolu tion  approaches zero. W h en  it 
becom es sm aller than  the leakage current, the p o 
tential obeys  the expon entia l d eca y  law , g iv in g  a 
sigm oid  E  vs. log  t curve. In  successive steps o f 
polarization  decay , fo llow in g  longer oxygen  ev o lu 
tion , the am ount o f  T i0 2 on the surface becom es 
larger. T h u s R C  is larger and  the leakage current 
is smaller. T h e  arrest, i.e., the logarith m ic decay , 
is lengthened, since it continues so  lon g  as the o x y 
gen evolu tion  current is larger than  the leakage cu r

rent. In  curves 2 and 4, the arrest 
apparently  en ded  before  th e  first 
reading was m ade.

T h e  sigm oid  portion s o f  the ex
perim ental curves d o  n ot h ave ex
a ctly  the sam e shape and slope as 
the th eoretica l E ' vs. log  C curves, 
because the tim e scale is n ot based 
on  the start o f  th e  expon entia l d e 
cay. S ince the expon entia l equa
tion  applies on ly  a fter th e  oxygen  
evolu tion  current becom es negli
gible, the proper in itial values, i.e ., 
E '  =  E'o at t' =  0, are th ose  ex ist
ing at the tim e o f ch angeover o f 
con tro l from  logarithm ic to  ex
ponential. S ince the currents for  
the tw o types o f  discharge are co m 
parable near the ch angeover, it is 
n ot very  sharp, b u t it m a y  be taken 
to  be the end o f the linear arrest. 
I f  the poten tia l and tim e at this 
po in t are designated as E c and t0, 
and the final constant p oten tia l as 
Ei, then E 0' =  E c — E¡, and t' — t — 

t0. In  Fig. 6, the apparent ch angeover p o in t on  cu rve  
16 is m arked  w ith  an X , at <c =  1500 seconds, and 
E  vs. log  t' is p lo tted  as a broken  line. Sim ilar 
curves fo r  the earlier polarization  d eca y  steps w ou ld  
lie closer to  the log  t curves. A  value forFÓ m a y  be 
obta ined  from  each curve as — (d E /d  log  T )max/0 .8 5 .

T hese values p rob a b ly  are m ore reliable than  
those calcu lated as E c — Et, because o f the indefini
teness o f  the ch angeover poin t. T h e exponentia l 
d e ca y  equ ation  show s th at w hen t' =  R C , E '  =  E'0 
e -1 =  0 .37E¡¡. Thus, R C  m a y  be  obta ined  from  
the experim ental curves at t' w hen E  =  E ¡ +  0 .37 
Eó. F or  curve 16, this po in t is m arked  w ith  a +  
on the broken  curve. T h e  values o f  R C  are : curve 
2, 210 sec .; curve 4, 310 sec .; curve 6, 1200 sec .; 
curve 8 ,9 3 0  s e c .; curve 10 ,2400  s e c .; and  cu rve  16, 
4000  sec. F rom  curves 2 and  10 it  is seen th at R C  in 
creases m ore than  10 tim es in 2 hours o f  oxygen  
evolu tion .

Anodic Processes at High Current Densities.—
T h e  T i 0 2 film  w hich  form s on  the m eta l surface 
during oxygen  evolu tion  is considered  to  b e  d is

-o .

o.<
ui

+0.2CO
CÓ
> +0.4
COh-
o  +0.6>

< +0.8 
K
"  +1.0 
oCL

+ 1.2

+ 1.4

LOQ TIME (SECONDS)
Fig. 6.— Potential vs. log time for open-circuit depolarization of titanium, fol

lowing anodic polarization, in aerated 0.5 M NaCl at 30°: O, following 6 X 
10~6 amp./cm.2; • , following 2 X 10~7 amp./cm.2.

Since the length  o f the arrest in  F ig. 6 depends on 
the to ta l tim e o f previou s oxygen  evolu tion , rather 
than  on  the duration  o f  the im m ed iate ly  preceding 
polarization  step , it  is obv iou s  th at w hatever causes 
the lengthening o f the arrest is n ot substantially  
lost during polarization  decay . I t  is k n ow n  th at a 
v isib le T i0 2 film  is form ed  on  the surface after o x y 
gen evolu tion  ceases at h igh current densities, and 
it is likely  tha3 som e T i0 2 form s during oxygen  e v o 
lution . I t  is, therefore, p robab le  th at T i0 2 also 
form s, a lthough  v ery  slow ly, at low  current densi
ties. T h e  gradual a ccu m u lation  o f T i 0 2 cou ld  
qu ite con ce iv a b ly  cause an increase o f  R C , and 
th ereby  lengthen the arrest. C a th od ic  polarization  
w ou ld  be expected  to  rem ove som e T i 0 2 and 
shorten the arrest.

A ll o f  the curves o f  F ig. 6 are in a ccord  w ith  an 
assum ption  th at the d ou b le  layer is d ischarged b y  
tw o  processes, one a logarithm ic fu n ction , the 
other an exponentia l fu n ction  o f tim e. T h e  first 
process is oxygen  evolu tion , w h ich  requires the 
passage o f electrons throu gh  the d ou b le  layer
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tinct from  the layer o f  ch em isorbed  oxygen  w hich  
is deposited  during the linear poten tia l rise in the 
original polarization . T h e  basis fo r  the d istin ction  
is th at the titan ium  atom s on  w hich  oxygen  is 
ch em isorbed  are n ot rem oved  from  the m etal la t
tice, whereas th is rem oval is required fo r  the form a
tion  o f the m etal oxide. I t  is p robab le  th at tita 
nium  atom s are rem oved  from  the m etal lattice 
on ly  at the rather h igh  p ositive  p oten tia l w hich  ex
ists on  the electrode  during oxygen  evolu tion . T h e 
higher oxygen  overvoltage  at larger current densi
ties thus accelerates the form ation  o f T i0 2. H o w 
ever, even  at h igh  current densities on ly  a small 
fraction  o f the tota l current is used in form in g T i0 2 
during oxygen  evolu tion . T h is is show n n ot on ly  
b y  the active  evolu tion  o f oxygen  bubbles, bu t also 
b y  the lack  o f a  v isib le oxide film  until a fter oxygen  
evolu tion  has stopped .

T h e appearance o f a v isib le  surface film  sh ortly  
after th e  cessation  o f oxygen  evolu tion  suggests th at 
the cessation is caused b y  som e degree o f  com p letion  
o f a T i0 2 film. It is n ot likely that ju st a uniform  
m on olayer is form ed, since th is w ou ld  require that 
T i0 2 be form ed  m ore easily  where the m etal is c o v 
ered b y  ch em isorbed  oxygen  than where som e oxide 
is a lready present. A ccord in g  to  U h lig ’s th eory  o f 
passivity , the adsorption  o f  oxygen  on  a m etal a tom  
decreases the ten d en cy  fo r  th at a tom  to  react, 
whereas the rem oval o f  the a tom  from  the m etal 
lattice  to  fo rm  an oxide m olecu le  exposes the under
ly ing atom s and perm its it  to  react. T hu s there 
should be a preference fo r  further reaction  where 
som e oxide is already present. A fter  a sp ot be
com es several layers th ick , further th icken ing re
quires a h igher potential, and there is then an in 
creasing ten d en cy  fo r  spreading o f  the sp ot b y  
form ation  o f T i 0 2 at the edges. T hu s the spots o f  
oxide film  can grow  b o th  b y  th icken ing and b y  
spreading laterally  over the surface.

I t  is seen in  F ig. 2 th at there is n o  sharp break  in 
the curves at the beginning o f the second  potential 
rise. T h e cessation o f oxygen  evolu tion , w h ich  o c 
curs at abou t + 2  v ., m a y  be taken  as the d iv id in g  
p o in t betw een the con stan t or slow ly  rising p oten 
tial and  the rapid  poten tia l increase. F or  reasons 
presented later, it  is presum ed th at oxygen  ev o lu 
tion  is d im inished w here an ox ide film  is present, 
and is p reven ted  where the film  is sufficiently th ick . 
T hus, as the area o f the u ncoated  surface decreases, 
the current den sity  for  oxygen  evolu tion , and the 
oxygen  overvoltage , m ust increase. T h is can ac
cou n t for  t,he slow  increase o f  poten tia l during o x y 
gen evo lu tion  w hich  is seen in Fig. 2. A s the area 
o f the u ncoated  surface becom es smaller, a given  
increase in th e  coa ted  area constitutes a larger per
centage decrease in the u ncoated  area. A lso, as 
the p oten tia l becom es higher, the rate o f  form ation  
o f  T i0 2 increases, until, ju st before  the film  is co m 
pleted, this process uses alm ost all o f  the applied  
current. B o th  o f these effects tend  to  cause the 
acceleration  in  the potentia l increase w hich  occurs 
sh ortly  before  oxygen  evo lu tion  stops.

A fter  the cessation  o f oxygen  evolu tion , all o f  the 
current is available to  form  T i0 2, and the film  th ick 
ens rapid ly. T h e  form ation  o f T i0 2 requires the 
m ovem en t o f  either titan iu m  or ox ide ions through

the T i0 2 film. T h e  p ositive  titan iu m  ions are m uch  
sm aller than  the ox ide  ions, and, therefore, are al
m ost certa in ly  the ones in v o lv e d  in  th e  m igration . 
T h e y  leave the surface as a result o f  th e  applied  
potential, pass through  interstitia l positions in  the 
T i0 2 film , and com bine w ith  ox ide ions at the fi lm - 
solu tion  interface.

In  a recent p a p er ,12 H aring  has p roposed  a m ech 
anism  fo r  the form ation  o f an ox ide film  on  a tanta
lum  anode, and for  the rectify in g  properties exhi
b ited  b y  this film . A lth ou gh  there are m arked  d if
ferences betw een the beh av ior o f  tantalum  and that 
o f  titan ium , H arin g ’s m echan ism  fo r  film  grow th  
and film  breakdow n seem  to  a p p ly  to  the beh avior 
o f  titanium  during the secon d  an od ic poten tia l rise. 
H aring proposes th at the positive  m etal ions in 
transit through  the ox ide film  con stitu te  a  space 
charge w hich  is ba lan ced  b y  ox ide ions adsorbed  on 
th e  ou ter surface o f  the film . T h e  con cen tra tion  o f 
excess p ositive  ions is greatest near th e  m eta l surface 
and falls off tow ard  the solution . T h is  u nsym m et- 
rical charge d istribution  constitutes a potential 
gradient w hich  is m aintained b y  the applied  p oten 
tial. A  certain  m inim um  poten tia l gradient is re
quired for  m ovem en t o f  the m etal ions th rou gh  the 
oxide. A n  applied  poten tia l gradient in  excess o f 
the m inim um  accelerates the rem oval o f  m etal ions 
from  the m etal surface and  their m igration  through  
the ox ide film , so that the actu al p oten tia l gradient 
during film  grow th  is m aintained  a t a va lue on ly  a 
little a b ove  the m inim um . T h e  to ta l potentia l 
difference through  the film  thus is p roportion a l to  
the thickness o f the film. T h e  m easured potentia l 
o f  the electrode consists o f th is p oten tia l difference 
plus the potentials across the m e ta l/o x id e  and  the 
o x id e /so lu tion  interfaces. T h e  o x id e /so lu tio n  p o 
tentia l is the on ly  part o f the to ta l p oten tia l w hich  
is available for  the ox idation  o f O H  to  0 2, and  du r
ing film  grow th, prior to  film  breakdow n, this p o 
tential is n ot large enough  to  cause oxygen  ev o lu 
tion. T h is can  explain  the lack  o f oxygen  ev o lu 
tion  on  titan ium  during the second  p oten tia l rise. 
T h e  sam e considerations ap p ly  to  the ox ide-coated  
spots during oxygen  evolu tion . A t  these sites, 
m ost o f  th e  electrode p oten tia l lies w ith in  th e  field 
o f  the space charge in  the oxide, w hile on  the un
coa ted  areas the fu ll poten tia l is available to  p ro 
du ce oxygen  evolu tion .

H arin g ’s m echanism  fo r  film  grow th  requires an 
approx im ately  linear increase o f p oten tia l at co n 
stant current, at a  rate p rop ortion a l to  current 
density. F igure 2 show s that the rate o f  increase 
on  titan ium  increases w ith  tim e an d  is n ot p rop or
tional to  current density. T h e  d iscrepan cy  p rob 
a b ly  is caused b y  the necessity  fo r  com p letin g  the 
coverage o f the surface and  b y  film  de fects  where 
im purities are present in  th e  m etal surface. A lso, 
n on-un iform  current d istribu tion  on  the cou p on  
surface m ay  p la y  a part. T h is  e ffect show s up  in 
the different beh av ior o f the flush -m ounted  and 
the recessed cou pon s at the sam e current density. 
T h e  sharp edge o f the flush cou p on  was no" in  close 
con ta ct vdth  the p lastic m ou n tin g  and so  w as ex
posed  to  the solution . T here  was thus a con cen 
tration  o f current at and near th is edge. T h e  re-

(12) H. E. Haring, J. Electrochem. Soc., 99, 30 (1952).
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cessed cou p on  w as bou n d ed  b y  a p lastic gasket 
pressed against its face, so th at on ly  a plane surface 
w as exposed , g iv in g  a m ore un iform  current d istri
bution .

A cco rd in g  to  H aring, the tota l charge carried b y  
the excess positive  ions w ith in  the film  increases as 
the ox ide film  thickens. T h is requires a corre
spon d in g  increase in  the num ber o f ox ide ions ad 
sorbed  on  the outer surface o f  the ox ide film , and 
causes an increase in  the poten tia l across the o x id e / 
solu tion  interface. W h en  th is latter poten tia l 
becom es large enough, oxygen  evolu tion  begins 
again. T h is reaction , unlike the reaction  o f m etal 
ions w ith  ox ide ions in v o lv ed  in film  grow th , y ields 
electrons at the solu tion  side o f  the film . T hese 
electrons, in m ov in g  through  the film  tow ard  the 
m etal, neutralize som e o f the positive  m eta l ions, 
th ereby  decreasing the space charge and perm itting 
the m ovem en t o f m ore positive  ions from  the m etal 
in to  th e  film. T hese ions tend to  fo llo w  the path  o f 
best con du ctan ce  established b y  the in w ard -m ovin g  
electrons. T h e  result is a sporad ic pattern  o f film  
grow th  and loca l breakdow n  o f the film .

T h e  loca l film  breakdow n  w ou ld  be  expected  to  
occu r  at the areas o f  highest current density , he., 
a t the edges o f the flush coupons. T h is  is where pits 
were fou n d  a fter the poten tia l had been at + 1 0  v. 
fo r  a while. F ilm  breakdow n  at po in ts  a long the 
sharp edge w ou ld  cause further con cen tration  o f the 
current at these points. In  these pits, titan ium  
ions are rem oved  from  the m etal so rap id ly  that

th ey  m ov e  som e distance aw ay from  the surface 
before  com bin in g  w ith  oxide or h y d rox y l ions, so 
th at a h ydrous ox ide precip ita te  form s, instead  o f 
an adherent oxide film. I t  should  be n oted  th at 
w hile the pits are enlarging, the grow th  o f the co m 
p a ct film  continues on  the rest o f  the surface, a t a 
poten tia l o f a b ou t 10 v . T h is  v ery  h igh poten tia l 
at the pits p rob a b ly  can not be attribu ted  to  a p o 
tential through  a rem aining oxide film , b u t instead 
is p rob a b ly  caused b y  large oh m ic resistance and 
con cen tration  polarization  effects in the e lectro ly te  
w ith in  the pits, w here the current den sity  is v ery  
high.

T here is n o  experim ental ev iden ce th at oxygen  
evolu tion  begins on  titan ium  at the end o f the second  
poten tia l rise, he., at 10 v. Som e bu bb les were o b 
served at the edges o f the coupons, b u t these cou ld  
be due to  the aeration  o f the solution , or to  the ear
lier oxygen  evolu tion . H ow ever, the evolu tion  o f 
a v isib le q u a n tity  o f  oxygen  p ro b a b ly  w ou ld  n ot be 
required to  in itiate film  breakdow n  b y  H a rin g ’s 
m echanism . A fter  breakdow n has occu rred  at a 
few  poin ts, the electrode reaction  at these poin ts 
m a y  change to  the d irect an od ic ox ida tion  o f tita 
nium , fo llow ed  b y  precip ita tion  o f th e  ions as a 
h ydrous oxide.

A ck n ow ledgm en t.— T h e  authors are p leased to  
ackn ow ledge som e financial assistance under Office 
o f  N ava l R esearch  C on tract 3 75 (02 ). T h is  re
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The effects of ultrasonic waves on hydrogen overvoltage have been investigated at 300 kc./sec. in terms of a bright plati
num surface. Polarization measurements have been made by the indirect method with an electronic commutator and 
gated potentiometer. The acoustical amplitude has been determined with a calibrated barium titanate hydrophone. 
In the absence of ultrasonic waves, the overvoltage has been found to follow the Tafel equation in both sulfuric and hydro
chloric acid solutions at current densities from 0.2 to 30 ma./cm.2 with a Tafel slope of 0.03 and an intercept constant of 0.12. 
The decay of the overvoltage with time has been observed to be as low as 1 mv. during a period of 0.001 sec. following the 
interruption of the polarizing current. These results support the theory that the atomic combination step is responsible 
for hydrogen overvcltage on platinum. The Tafel slope has been found to depend to a minor extent on the type and the 
concentration of electrolyte. Ultrasonic waves at cavitation levels produce a decrease in the overvoltage without modifying 
the Tafel slope. Approximately two-thirds of this depolarization persists after the radiations have ceased. The initial 
values for the polarization before irradiation are recovered if the polarizing current is turned off for a matter of minutes. 
The instantaneous component of the depolarization is explained on the basis that the ultrasonic waves greatly reduce the 
concentration gradient with respect to dissolved molecular hydrogen at the electrode surface. The residual depolarization 
is interpreted in terms of the stripping off of irreversibly adsorbed species on the surface. The latter probably are adsorbed 
at the lower potential of the electrode prior to passage of polarizing current and are not readily readsorbed at the more 
cathodic potential of the polarized electrode.

Introduction
U ltrason ic,w aves are capable o f p rodu cin g  a.c. as 

well as d .c. changes in the poten tia l o f  a polarized 
gas electrode such as the h ydrogen  electrode. T h e 
form er e ffe ct3 appears to  depend prim arily  on  the

(1) Presented at the symposium on Electrode Processes at the 
national meeting of the American Chemical Society in Atlantic City 
in September, 1952.

(2) Work partially supported by the Office of Naval Research under 
Contract No. N7 onr 47002, Project No. NR 051 162.

(3) E.g., E. Yeager and F. Hovorka, J. Electrochem. Soc., 98, 14

m odu lation  o f the I R  d rop  in the im m ediate v ic in 
ity  o f  the electrode as a result o f  the p eriod ic varia 
tions p rodu ced  in the bu bb le  size b y  the ultrasonic 
w aves. T h e  d .c . e ffect is m ore interesting in  term s 
o f fundam ental in form ation  concern in g  polariza 
tion . U ltrason ic w aves w ou ld  be  expected  to  p ro 
du ce a decrease in  the polarization  associated w ith  a 
h ydrogen  electrode fo r  the fo llow in g  tw o  reasons.
(1951); E. Yeager, J. Bugosh, H. Dietrick and F. Hovorka, J. Acoust. 
Soc. Am., 22, 686 (1950).
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First, the cav ita tion  associated w ith  the ultrasonic 
w aves is capable o f  stripping off adsorbed  m aterials 
on  the electrode surface. Such a stripping action  
is reasonable in v iew  o f the ab ility  o f high in tensity  
ultrasonic w aves to  erode a m etal surface in a liq 
uid. T h e  second basis upon  w hich  depolarization  
is to  be expected  in volves the m icro-agita tion  asso
ciated w ith the im pingem ent o f u ltrasonic w aves on 
a phase d iscon tinu ity . U ltrasonic w aves o f  even  
m oderate in ten sity  are v ery  effective  in reducing 
an y  con cen tration  gradients at the electrode in ter
faces.

T h e  e ffect o f  u ltrasonic w aves on  h ydrogen  over
voltage was n oted  in 1934 b y  M o rig u ch i4 5 in Japan. 
In  1937 S ch m id  and E hret in Germ any* and P ion - 
te lli6 in Ita ly  studied the effects o f  u ltrasonic w aves 
on  h ydrogen  overvoltage  fo r  several m etal surfaces. 
T hese w orkers reported  th at m arked  decreases in 
hydrogen  overvo ltage  were p rodu ced  b y  m oder
ately  intense u ltrasonic w aves, i.e ., a b ove  ca v ita 
tion  levels. Q u an titative in form ation  concern ing 
the acou stica l am plitude was n ot obta ined . F u r
therm ore, the circum stances under w hich  these ex
perim ents were con du cted  were far short o f  the re
quirem ents generally  acknow ledged  to  be a pre
requisite ■ fo r  h yd rogen  overvoltage  m easurem ents. 
T h e overvo ltage  data  obta in ed  b y  these w orkers 
w ith ou t u ltrasonic w aves are at som e variance w ith 
the values n ow  generally  accepted .

It  is in teresting to  note th at P olotsk ii and F ilip 
p o v 7 8 9 10 have been  able to  p rodu ce  decreases in  h y d ro 
gen overvoltage  b y  in du cin g  cav ita tion  in  the v icin 
ity  o f  the electrode w ith  superheated steam .

In  the present investigation  an a ttem pt has been 
m ade to  s tu d y  the e ffect o f u ltrasonic w aves on  h y 
drogen overvo ltage  under con trolled  e lectrochem i
cal and acoustica l conditions. S m ooth  platinum  
has been chosen as the surface upon  w hich  to  in iti
ate this stu dy  since there is som e agreem ent8-10 as 
to  the nature o f  h ydrogen  overvoltage  on this sur
face. F or p latin um  in acid  m edium  the discharge 
o f the h ydrogen  ion  to  y ie ld  adsorbed  atom ic h y 
drogen  is believed  to  be essentially  reversible at 
m oderate current densities w hile the com bin ation  
o f a tom ic h yd rogen  to  form  m olecu lar h ydrogen  is 
rate determ ining.

Experimental Procedure
Of the various techniques for the measurement of polari

zation, the commutator or indirect method is particularly 
promising because it affords infomlation concerning the 
build-up and decay of overvoltage as well as the steady- 
state polarization when adequate electronic instrumentation 
is used. With this technique the polarizing current is 
periodically interrupted and the potential of the polarized 
electrode determined relative to a reference electrode as a 
function of time following either the initiation or interrup
tion of the current. In electrochemical studies involving 
ultrasonic waves the commutator method has additional 
advantages for it permits the use of small electrodes without

(4) N. Moriguchi, J. Chem. Soc. Japan., 55, 751 (1934).
(5) G. Schmid and L. Ehret, Z. Elektrochem., 43, 597 (1937).
(6) R. Pionteili, Alii accad. Lincei, Classe sci. fiz.«mat. nat., 27, 357, 

581 (1938).
(7) I . Polotskii and T . Filippov, J. Gen. Chem. ( U .S .S .R . ) ,  17, 193 

(1947).
(8) L. Hammett, Trans.'’Faraday Soc., 29, 770 (1933).
(9) P. Dolin, B. Ershlcr and A. Frumkin, Acta Physicochim. ( U.R. 

S.S.), 13, 779 (1940).
(10) J. O’M. Bockris and A. Azzam, Trans. Faraday Soc., 48, 145

(1952).

complicated solution bridge arrangements in the immediate 
vicinity of the electrode. The latter would scatter the sound 
waves and greatly restrict quantitative acoustical measure
ments.

A special electronic commutator and gated potenriometer 
unit has been developed for these measurements. This 
apparatus is similar to that described previously11 with the 
exception that a double potentiometer arrangement12 is 
used with the gated bridge detector. With this unit the 
potential of a polarized electrode can be determined relative 
to a reference electrode with an accuracy of ±1  mv. during 
any 2-microsec. period following either the interruption or 
initiation of the polarizing current. The polarizing current 
can be varied from 10-5 through 0.4 amp. with interruption 
frequencies variable from 2 through 5000 per sec. and inter
ruption periods from 3 microsec. through 0.1 sec. or one-half 
the repetition period depending on whichever is shorter.

The hydrogen overvoltage measurements have been car
ried out in an all-glass cell of the type shown in Fig. 1.

H» — -

This cell, referred to as the acousto-electrochemical cell, is 
positioned within a largo glass tank in such a fashion that 
ultrasonic waves are propagated directly through the ex
tremely thin walls (0.002 in.) of the glass bulb (Fig. 2). 
The outside wall of the cell is coated with a thin film of silver 
conducting paint in order to minimize any electromagnetic 
pick-up which might interfere with the potential measure
ments. The tank is 2 ft. in width, 2 ft. in depth and 2.5 ft. 
in length. The temperature of the w'ater in the rank has 
been maintained af, 25 ±  0.05°. The source of the ultra
sonic waves is a circular, x-cut, quartz transducer with a 
diameter of 2.5 in. A 800-watt, radio-frequency generator 
has been used to drive this transducer at its fundamental 
frequency of 300 kc./sec. Acoustical intensities of the 
order of 15 watt.s/cm.2 are available directly in front of the 
transducer provided the d.c. flow of water associated with

(11) D. Staicopoulos, E. Yeager and F. Hovorka, J. E ’.ectrochem. 
Soc., 98, 68 (1951).

(12) ONR Technical Report No. 6, “ An Improved Electronic Com
mutator for Polarization Measurements,” Ultrasonic Research 
Laboratory, Western Reserve University, Contract No. N7 onr 
47002, Project No. NR 051 162, December, 1951.
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the sound field is not impeded and the water is relatively air 
free.

Fig. 2.—Arrangement for ultrasonic irradiation.
Acoustical pressure amplitudes have been determined with 

an accuracy of the order of ±10%  by means of a hydro
phone13 in which the acoustically sensitive element is a po
larized barium titanate cylinder with a diameter of Vs in., 
a length of-'/s in., and a wall thickness of 0.01 in. The 
calibration of this hydrophone has been accomplished at 300 
kc./sec. by comparison with a primary laboratory standard 
which had been previously calibrated by radiation pressure 
measurements and also checked by the U. S. Navy Under
water Sound Reference Laboratory at Orlando, Florida. 
The barium titanate hydrophone could not be introduced 
directly into the acousto-electrochemical cell during the over
voltage measurements without contaminating the solutions. 
Hence, it was necessary to determine the transmission char
acteristics of the glass cell and then to estimate the pressure 
amplitude within the cell from amplitude measurements in 
the water outside of the cell. For 
most of the research, the platinum 
cathode was located approximateljr 
5 in. from the quartz transducer.
At this distance diffraction effects 
associated with the finite dimen
sions of the transducer were evi
dent. The diffraction effects as 
well as the formation of cavitation 
bubbles in the hydrogen-gas-satu- 
rated solution within the cell and 
the acoustical mismatch between 
the solution inside the cell and the 
water'in the outer tank limited the 
accuracy of the estimated value of 
the acoustical pressure amplitude 
at the cathode to approximately 
30%. The relative accuracy for a 
given solution, however, was prob
ably ±10% . The sound field 
within the cell in the vicinity of 
the cathode was essentially pro
gressive. Gas-type cavitation in 
the gas-saturated ■ solution within 
the cell made it difficult to obtain 
acoustical intensities much greater 
than a few watts per cm.2 at the 
cathode surface.

Provisions have been incorpo
rated in the cell (Fig. 1) for con
tinuously saturating the solution 
with hydrogen gas and for ex
cluding oxygen gas which would otherwise act as a de
polarizing agent. The hydrogen gas from a cylinder was 
purified by passing ;t through a conventional purification 
train (platinum at 460°) to remove primarily oxygen and 
then through an adsorption trap filled with activated carbon 
at liquid nitrogen temperature to remove any remaining 
trace impurities. Tire fritted-glass plug at the bottom of 
the cell permitted hydrogen gas to be bubbled over the sur
face of the w'orking cathode during the polarization measure
ments if desired.

(13) ONR Technical Report No. 2, “ Apparatus for Acoustical
Measurements with Pulse-Modulated Ultrasonic Waves,”  ib id .,
December, 1949.

A platinized-platinum wrire with hydrogen gas bubbling 
around it was usedas the reference electrode (Fig. 1). A 
reversible hydrogen electrode was also used as the anode. 
The latter consisted of a platinized-platinum foil, 10 cm.2 in 
area, with hydrogen gas bubbling over the surface. At the 
anode molecular hydrogen was oxidized to hydrogen ions, 
and hence, free oxygen was not produced. The success of 
this technique, i.e., a reversible hydrogen anode, is re
flected by the fact that the potential of the anode differed 
by less than 5 mv. from the potential of the reversible hy
drogen reference electrode for polarizing currents as high as 
20 ma. The surfaces of both the reference electrode and 
the anode were prepared according to standard platinizing 
procedures.

An auxiliary cathode and a wmrking cathode ŵ ere incor
porated in the cell as shown in Fig. 1. The auxiliary cath
ode was used for electrolytically purifying the solutions. 
In each case the platinum wire was sealed into soft glass 
tubing and electrical connection made through a copper wire 
which was joined to the platinum wire with silver solder. 
The working cathode was 14-gage (B and S) platinum wire 
with an exposed area of 0.4 cm.2. In order to minimize the 
abnormally high current densities associated with sharp 
edges, the end of each cathode was fused to form a sphere 
of curvature comparable to that of the bulk of the wire.

The cathode surfaces were pretreated in the following 
fashion. First, the electrodes were exposed for five minutes 
to a solution consisting of equal volumes of concentrated 
nitric acid and concentrated sulfuric acid. After a rinse 
with distilled water, the electrodes were placed in boiling 
nitric acid for five minutes. The electrodes w-ere then 
rinsed t horoughly with conductivity water and annealed for 10 
minutes in a hydrogen flame. After preparation the cathodes 
were stored in a hydrogen-gas-saturated solution which was of 
the same composition as that involved in the subsequent 
overvoltage measurements. The active area of the platinum 
surface prepared by this procedure was very small compared

to that associated with platinized-platinum electrodes of com
parable apparent surface area.

Reasonably extensive precautions have been taken to 
minimize impurities in the solutions used for the overvoltage 
measurements. Conductivity water wras prepared from or
dinary distilled water by two redistillations, the first of which 
was from an alkaline permanganate solution. Sulfuric acid 
(C .p . du Pont) was used in preparing the decinormal and 
normal sulfuric acid solutions. The hydrochloric acid solu
tions were obtained by diluting azeotrepic solutions of hydro
chloric acid which were in turn prepared by distillation. In 
the study of the effect of salt concentration on hydrogen over
voltage in sulfuric and hydrochloric acid solutions, reagent 
grade crystals of potassium sulfate or chloride were used.

Log i, i = average current in amperes/cm.2 
Fig. 3.—Hydrogen overvoltage on platinum: temp., 25°; electrolyte, 0.107N H2S04; 

current-on, 1800 microsec.; current-off, 200 microsec.
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Log i, i = average current in amperes/cm. 2

Fig. 4.—The effect of ultrasonic waves on hydrogen overvoltage on platinum in 
sulfuric acid: temp., 25°; electrolyte, 1.07 N H2SO4; current-on, 1800 microsec.; 
current-off, 2 0 0  microsec. —O —O —, before irradiation; —©— ©— , after irradiation; 
— • — • —, during irradiation.

Prior to the actual measurements, pre-electrolysis tech
niques were used to eliminate or at least to minimize minute 
traces of impurities in the solution which might otherwise be 
deposited on the working cathode during the measurements.
During pre-electrolysis, the potential of the auxiliary elec
trode was maintained more negative than the most negative 
value reached by the working cathode during the overvoltage 
measurements. Pre-electrolysis times ranged from 10 to 20 
hours.

Experimental Results without Ultrasonic Waves
The curve in Fig. 3 indicates the dependence of the hy

drogen overvoltage on current density in the absence of ul
trasonic waves for decinormal sul
furic acid while the upper curves 
in Figs. 4 and 5 represent similar 
data for normal sulfuric and hydro
chloric acid solutions, respectively.
These potential measurements were 
made during a period of 3 microsec. 
following the interruption of the 
polarizing current with a current-on 
period of 1800 microsec. and a cur
rent-off period o:' 200 microsec. In 
each graph the abscissa represents 
the logarithm of the time-average 
values for the polarizing current.
Data were usually recorded with in
creasing current density although 
the results obtained by subsequently 
decreasing the current deviated by 
less than 2  mv. and in many cases 
1  mv. from those obtained with in
creasing current provided the polar
izing current was never increased 
above 50 ma./em . 2 during the run.
The total time required for a run 
ranged from 20 to 60 min. The 
solutions were quiescent during 
these determinations.

According to Figs. 3-5, the hydro
gen overvoltage on smooth or low- 
surface-area platinqm is linearly 
dependent on the current density 
for polarizing currents from approxi
mately 0.2 through 50 ma./cm.’ .
For this range the hydrogen over
voltage may be represented by the Tafel equation

(1)

where v is the overvoltage, i is the 
current density and a and b are con
stants characteristic of the rate-de
termining processes and the surface. 
Values for the intercept constant a 
and the slope constant b are tabulated 
for various solutions in the columns 
marked “ before irradiation”  in Table 
I. These data have been obtained 
from graphs similar to those in Figs. 
3-5. On the basis of duplicate deter
minations, the precision for the o con
stants before ultrasonic irradiation is 
estimated to be ± 0 . 0 1  and for the 6 
constants ±0.001. The values for 
the slope constant b are generally 0.03 
which is in agreement with the work 
of Hammett, 8 Dolin and his co-work
ers, 9 and Bockris and Azzam. 10

It is noteworthy that there are sig
nificant differences in the slope con
stants for the various electrolytic solu
tions according to the present meas
urements. The variations in the a 
constants, however, are less signifi
cant since they may represent changes 
in the true surface area which may 
be attributable to impurities specific 
to the electrolytes.

In Fig. 6  are shown graphs of the 
overvoltage in decinormal sulfuric 
acid as a function of current density 
in quiescent solution and in agitated 

solution. Agitation was accomplished through the passage 
of hydrogen bubbles over the electrode surface from a fritted 
glass member below the electrode as shown in Fig. 2. The 
polarization was depressed by approximately 6  mv., an 
amount which was independent of the polarizing current in 
the range for which eq. (1) is applicable. Similar results 
have been noted in normal sulfuric acid with an average 
value for the decrease of 5 mv.

The decay of the hydrogen overvoltage with time has been 
examined both with the gated potentiometers as well as with 
the oscillograph. On a clean platinum surface the decay has 
been found to be less than 1  mv. during a period as lcng as 
0 . 0 0 1  sec. following the interruption of the polarizing current14 14
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Fig. 5.—The effect of ultrasonic waves on hydrogen overvoltage on platinum in 
hydrochloric acid; temp., 25°; electrolyte, 1.00 N HC1; current-on, 1800 microsec.; 
current-off, 2 0 0  microsec.; —O —O — before irradiation; —©— ©—, after irradiation; 
— • — • —, during irradiation.

■t) = a + b log i
(14) Similar results were reported by S. Schuldiner at the Philadel

phia meeting of the Electrochemical Society, May, 1952.
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T a b l e  I
A v e r a g e  V a l u e s  fo r  t h e  C o n s t a n t s  o f  t h e  T a f e l  E q u a t io n  w it h  a n d  w it h o u t  U l t r a s o n ic  W a v e s

Electrolyte Before irradiation 

aj b ai

During irradiation 

b
A7J1 =
<22 — ai 

mv. ai

After irradiation 

b
A772 = 

0 3 — d\ 
mv.

0.107 N H2SO, 0 . 1 2 0.028 0.097 0.03 - 2 3 O.IO5 0.03 — Is
1.07 1VH2S04 . 1 0 . 0 2 1 .06s . 0 2 - 3 2 .07s . 0 2 —2 2

0.107 N H2S04 +  
0.010 N K 2SO, . 1 1 .028 .O83 .03 —2 7 - .093 .03 - U
0.107 N H2S04 +  
1.0 V K 2S04 .15 .035 . 1 1 2 .035 — 3s , 1 2 6 .035 - 2 4

0.100 N HC1 . 1 2 .029 .09, .03 - 2 3 , 1 0 6 .03 - U
1.00 Ar HC1 . 1 1 .026 .08o .03 — 3o .09» .03 —2 o
5.00 N HC1 . 1 2 .031 .O83 .03 - 3 , ,09s .03 - 2 6

current densities below 1 0  ma./cm.2. The build--up When the ultrasonic waves were stopped, only part of the
portion of the polarization curve is also flat within these 
limits.

In most cases when the polarizing current was increased 
about 1 0 0  ma./cm.2, the results were no longer reproducible

Log i, i =  average current in amperes/cm. 2

Fig. 6 .—The effect of agitation on hydrogen overvoltage on platinum: temp., 25° 
electrolyte, 0.107 N H2SO4; current-on, 1800 microsec.; current-off, 200 microsec. 
—©—©—, without agitation; —O —O —, with agitation.

and the decay curve for the polarization showed appreciable 
slope (>  10 mv. in 0.001 sec.). Furthermore, when the 
current density was subsequently lowered, the polarization 
measurements were higher than before and erratic from run 
to run. The decay curves also retained appreciable slope.
This phenomenon may be similar to the hysteresis found by 
Bockris and Azzam10 in their hydrogen overvoltage measure
ments on platinum at current densities above 1  amp./cm.2.

Experimental Results with Ultrasonic Waves
The graphs in Figs. 4 and 5 represent the effect of ultra

sonic waves on hydrogen overvoltage in normal sulfuric 
acid and hydrochloric acid solutions. The upper curve in 
each figure indicates the dependence of the overvoltage on 
the current density prior to irradiation while the lowest 
curve represents the overvoltage during irradiation. Each 
point on the latter was obtained within 2  min. after the ul
trasonic generator was turned on. The intensity of the 
acoustical waves was of the order of 1  watt/em . 2 and the 
frequency 300 kc./sec. Changes of as much as 30% may 
have occurred in the acoustical amplitude between measure
ments in the various electrolytes because of differences in 
the acoustical impedances of the solutions. From these 
curves it is apparent that ultrasonic waves produce a marked 
decrease in the overvoltage without substantially modifying 
the Tafel slope.

initial decrease in polarization was recovered as is shown 
by the middle curves in Figs. 4 and 5. If the polarizing 
current was turned off for a substantial time, e.g., two 
minutes, the polarization increased to the original values as 

represented by the upper curves in 
each figure. Similar results have been 
obtained in other electrolytic solu
tions and are summarized in Table I. 
The values fisted under the heading 
At;i represent the initial depolarizing 
action of the acoustical waves and 
are associated with changes in the 
Tafel a constant while the values 
under the heading Ar;2 represent the 
residual depolarization after the ultra
sonic radiations have ceased. The 
variations in the values for A?n can 
be partially accounted for in terms 
of variations in acoustical intensity 
with various electrolytes. The ratio 
of At12 to Aiji is approximately 2/ 3 in 
every case.

No change has been noted in the 
decay or build-up curve for the polari
zation in the presence of ultrasonic 
waves at current densities for which 
the Tafel equation has been found 
applicable.

In Fig. 7 is a graph which repre
sents the dependence of overvoltage 
on acoustical pressure amplitude 
(r.m.s.) with 1.07 N sulfuric acid as 
the electrolyte at a time-average cur
rent density of 12.8 ma./cm.2. The 
effect of the acoustical waves was 
only minor until a pressure amplitude 
of approximately 0.35 atm. was 

reached. The latter corresponded to approximately 0.08 
watt/cm.2. At such intensities gas-type cavitation became 
evident visually.

Pressure amplitude in atm. (r.m.s.).
Fig. 7.—The dependence of the depolarizing effect of 

ultrasonic waves on acoustical pressure amplitude: temp., 
25°; electrolyte, 1.066 N II2SO4; current density (av.), 12.8 
ma./cm.2; current-on, 1800 microsec.; current-off, 2 0 0  
microsec.
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When the cathode was exposed to ultrasonic waves of 
even moderate intensities (0.1 watt/cm.2), a marked change 
occurred in the nature of the gas evolution. For a given 
current density, the bubble size was greatly increased. This 
phenomenon is not unique for electrolysis. If a liquid 
filled with suspended gas bubbles is placed in an ultrasonic 
field, the bubbles also grow larger in size and rise rapidly 
to the surface.

Interpretation of Results
B oth  the T a fe l con stan t b va lue o f 0.03 as w ell as 

the relatively  flat d eca y  curves su pport the a tom ic 
com bin ation  th eory  o f h ydrogen  overvoltage  w hich  
m ay  be represented b y  the fo llow in g  steps

(H-xHjO)+ +  (e--Pt) ^ ± 1  (H-Pt) +  a;H20  (1) 
2(H-Pt) H2 +  2Pt (2)

w ith  step 1 essentially  reversible and  step 2 irre
versible.

T h e small variations o f the T a fe l slope con stan t 
b w ith  the ty p e  and con cen tration  o f e lectrolyte  
m ay  be rationalized in  term s o f the effects o f vari
ous species present at the so lu tion -e lectrode  in ter
face or the reaction  rates. O rdinarily  in the deriva
tion  o f the sim ple T a fe l equ ation  b y  a  k in etic or 
quasi-k inetic treatm ent, the various reactions asso
ciated  w ith  steps 1 and 2 are assum ed to  be either 
sim ply  first or second  order w ith  respect to  the 
various reactants. In  the m ore general case, 
how ever, the forw ard  and reverse reactions asso
ciated  w ith  step 1 m a y  be represented as

[i[] = [*i](N -  n)«(o+) exp [~a(E -  W/RT) (2)
[*U = [M] {n)s exp [<3{E -  *)f/RT] (3)

where [?'*] and  [i\\ represent the ca th od ic  and the 
anodic currents, respectively , associated w ith  step 1, 
[k{] and [k{] are constants w hich  are dependen t on 
the tem perature, n  is the surface con cen tration  o f 
adsorbed  h ydrogen  in  m oles per unit area, N  is the 
tota l num ber o f a ctive  sites available for  the adsorp 
tion  o f a tom ic h ydrogen  in term s o f m oles per unit 
area, (a+) is the reaction  or k inetic a c t iv ity 16 o f the 
h ydrogen  ions in  som e ill-defined portion  o f the solu 
tion  ad jacen t to  the electrode surface (perhaps the 
double  layer), E  is the poten tia l o f the electrode rel
a tive  to  the bu lk  o f the solu tion , and \p is the p oten 
tial o f  the p o in t at w h ich  (o + ) is specified  relative to  
the bu lk  o f th e  solution . In  a sense the qu an tity  
(.N  — n ) represents the surface con cen tration  o f the 
species (e _  — P t), i.e., the unoccup ied  active  sites. 
T h e  quantities a  and j3 in equations (2) and (3) are 
constants relating the p oten tia l d ifference at the 
so lu tion -m eta l in terface (E  — to  the free ener
gies o f  a ctiva tion  associated  w ith  the forw ard  and 
reverse reactions fo r  step  1. T h e  quantities Q and 
S  are constants w hich  are close to  u n ity  and w hich  
are in tended  to  represent the effects o f  various par
ticles such as ions and solven t m olecules at the e lec
trod e -so lu tion  interface. T hus, (■n)s  is analogous 
to  a reaction  a ctiv ity . T h e  use o f  the exponents Q 
and ¿1 is partia lly  su pported  b y  the F reundlich  iso
therm  particu larly  w hen  the latter is expressed in 
the form  (n )p =  kc w here n  is the surface con cen 
tration , o f  th e  a dsorbed  species, c is the bu lk

(15) The reaction activity of the hydrogen ions may be related to 
the concentration by an expression of the form a+ =  (t+ ) ( c+) where 
(*y+ ) takes into account such effects as ionic interaction and changes 
in ionic solvation. The similarity to thermodynamic activity is 
apparent.

con cen tra tion , and p and k are constants w ith  p close 
to  u n ity  in  m an y  cases.

F or  step 2, the rates o f the forw ard  and reverse re
actions m a y  be expressed as

and
IÜ] = [k’2)(n)ir (4)

K] = [fca](V -  n)2W(P)Y (5)

w here [i{\ and [i\\ are the current densities to  w hich  
the forw ard  and the reverse reactions are equ iv 
alent. T h e term  P  represents the effective  con 
centration  o f m olecu lar h ydrogen  d issolved  in  the 
solu tion  in  term s o f the partial pressure it w ou ld  ex
ert if  in  equilibrium  w ith  the gas phase. T h e 
term s V , W  and F  are close to  u n ity  and are in tro 
du ced  fo r  purposes sim ilar to  those in vo lv in g  Q and 
S  in equations (2) and  (3 ). I f  equations 2 -5  are 
app lied  to  a  reversible system  and com pared  w ith  
the th erm odyn am ic results, it  can  be show n that 
a  +  =  1, Y S  =  V , Y Q  =  W  and the a c t iv ity  o f
the h ydrogen  ions in  the bulk  o f the solu tion  (a '+ ) 
is assum ed to  be related to  (a+ ) b y  a con stan t fa c 
tor  w h ich  is a fu n ction  o f \p.

I f  equations 2 -5  are used to  derive a m od ified  
T a fe l equation , the overvo ltage  ?? is g iven  b y  the 
equation

v = A +  B log ( /  +  m (P )Y(Nyw) (6)
w here
A = (2.3RT/2Yf) log [{P)Y/[H]] +  (2.3QRT/f) log N

(7)
B =  — (2.3RT/2Î) (S/V) (8)

T h e assum ptions in v o lv ed  in  th is developm en t are 
th at step 1 is reversible, step 2 is irreversible, and 
n  < <  N . T h e  form  o f equ ation  (6) sim plifies to  
th at o f  equation  (1) if  the reverse reaction  associ
ated  w ith  step 2 is neglected. T h e  fa ctor B  in equ a
tion  (6) differs from  th at o f  the sim ple T a fe l equ a
tion  b y  the fa ctor  ( $ / F )  or Y . V ariations in  the 
T a fe l slope as reported  in  T a b le  I  fo r  various solu 
tions can be considered to  reflect the dependen ce o f 
th is fa ctor  on  the ty p e  and con cen tration  o f the 
electrolyte.

I f  equations 2 -5  are applied  to  transient con d i
tions and Q, S , V , W  and Y  are assum ed to  be unity , 
the overvoltage  j?t at tim e t fo llow in g  the in terru p 
tion  o f the polarizing current is g iven  by. the equ a
tion

m = m — {2.3RT/S) log (nt/re0) (9)
w here

and

(1M )
- 1  +  [t +  {2CRT/p){G)yC 

CRT ¡P

G = (1/no) +  {CRT /2pnp) +  ([k[\t/f)

(10)

(ID
w here n0 and n t represent the con cen tra tion  o f ad
sorbed  h ydrogen  at the instant o f  in terru ption  and 
tim e t, respectively , and C  is the ca p a city  associated 
w ith  the d ou b le  layer. E qu ation s 9 -1 1  are app li
cable on ly  w hen n « N  and [?'£] is negligible co m 
pared to  [i'| ] or w hen the overvoltage  i?t at tim e t is 
at a value correspon d in g  to  a v o lta g e  w ith in  the 
linear region o f  the T a fe l p lot. T h is  e ffective ly  
lim its the app lica tion  o f equations 9 -1 1  to  rela tive ly  
sm all values o f t.
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Unfortunately specific information is not avail
able as to the values for the quantities N and C. 
In the present work experimental results at current 
densities above 100 ma./cm.2 seem to indicate that 
the limiting current density associated with the re
action mechanism represented by steps 1 and 2 is 
of the order of 1 amp./cm.2. If the number of 
available active sites is assumed to be 1016 per cm.2 
or N =  10_9 moles/cm.2, the reaction constant 
[kl\ from equation (4) is then 1018 amp./mole. If 
the capacity term is assumed to be 10-5 to 10~4 /if./ 
cm.2, the decay of the overvoltage in 1 millisec. 
following the interruption of a polarizing current of 
10-3 amp./cm.2 is of the order of 1(U3 volt or less 
according to equations 9-11. This is in agreement 
with the experimental results. If the polarizing 
current is of the order of 10_l amp./cm.2, however, 
the decay in 1 millisec. is of the order of 10~2 volt. 
Appreciable slope has been noted in the oscillo
grams representing the decay curves at current 
densities of the order of 10 ~2 amp./cm.2 or greater. 
Further quantitative measurements concerning the 
rates of decay at high current densities will be made 
in the near future in order to provide more accurate 
information concerning the number of available 
sites or N.

The depolarizing effect associated with the agita
tion of the solution surrounding the cathode (Fig. 6) 
can be explained in terms of a concentration gradi
ent with respect to dissolved molecular hydrogen. 
If gas bubbles were not formed at the electrode, the 
concentration of dissolved molecular hydrogen 
would attain a very large value compared to that 
in the bulk of the solution. When diffusion is the 
only process by which molecular hydrogen is re
moved from the electrode interface,

I  =  (2Df/6){c -  ct) (12)

where D is the diffusion coefficient, 8 is the effective 
thickness of the diffusion layer,16 and (c — cr) is 
the difference in the concentration of dissolved 
molecular hydrogen at the electrode surface and in 
the bulk of the solution. If D is assumed to be of 
the order of 10-5 cm.2/sec. and 8 is assumed to be 
10^2 cm. in an unstirred solution, (c — cr) is of the 
order of 10“ 6 mole/cm.3 for a current density of 
10-3 amp./cm.2 as compared with a value of 10~7 
moles/cm,3 for cr when the equilibrium pressure is 
1 atm. The concentration of molecular hydrogen 
at the interface would be 10“ s mole/cm.3 or P 
would equal 102 atm. for a current density of 10-3 
amp./cm.2 This situation is not fully realized be
cause of the formation of bubbles.

Bubble formation at an electrode surface, how
ever, is not a continuous process; hence, marked 
concentration gradients with respect to dissolved 
molecular hydrogen are to be expected locally. 
Furthermore, the pressure within these bubbles is 
much greater than the hydrostatic pressure because 
of the surface tension. In practice nucleation the
ory is required to evaluate the probability of bubble 
formation at the electrode surface. All things 
considered, it seems reasonable to assume that the 
effective concentration c of molecular hydrogen in

(16) See, for example, G. Kortum and J. Bockris, “ Textbook of
Electrochemistry,”  Vcl. II, Elsevier Publishing Co., New York, N. Y.,
1951, pp. 400-405.

the solution adjacent to the electrode surface is 
proportional to the current density for moderate 
values of the latter. Thus, over a limited range of 
current densities, P  =  o7 where the proportionality 
constant a is a function of D and 8. If this approxi
mation is applied to equation (6) and [i\] is assumed 
to be small compared to [i{\, then

where
ri =  A  +  B  log I  +  H

H  ^  (2.3RT/2f)[kl]<rN*

(13)

(14)

The term H is independent of current density over a 
limited range of current densities.

Equations (13) and (14) can be used to explain 
the effects of stirring on a polarized hydrogen cath
ode. With agitation the effective thickness of the 
diffusion layer 8 would be greatly decreased. 
This in turn would reduce the value of a and hence, 
the term H in equation (14). The slope of the lin
ear section of the overvoltage-log I curve, however, 
would be unaffected although the polarization 
would be decreased. This is the case experimen
tally (Fig. 6).

Overvoltage, more specifically activation over
voltage, is generally defined in such a manner as to 
be exclusive of concentration polarization effects 
and concentration gradients. From the above dis
cussion it is apparent that agitation is necessary if 
true values for hydrogen overvoltage are to be ob
tained even in concentrated electrolytic solutions 
where ionic concentration polarization is negligible. 
Agitation is provided to some extent by the evolu
tion of the hydrogen gas itself but this agitation is 
apparently insufficient.

The explanation of the depolarizing effect of ul
trasonic waves is probably at least twofold. First, 
ultrasonic waves are capable of reducing any con
centration gradients with respect to dissolved 
molecular hydrogen. Ultrasonic waves are particu
larly effective because of the degassing action as 
well as micro-agitation associated with acoustical 
waves at intensities above cavitation level. Such 
waves might readily decrease the factor H in equa
tion (14) to an even greater extent than was at
tained when hydrogen gas bubbles were passed 
over the electrode surface.

A second factor to be considered in accounting 
for the depolarizing action of ultrasonic waves in
volves the effect of cavitation on the number of 
available active sites for the adsorption of hydrogen 
atoms on the electrode surface. During cavitation 
various adsorbed materials on the cathode surface 
may be stripped off to provide these new sites. An 
increase in the quantity N would decrease the over
voltage numerically without affecting the Tafel 
slope constant as is evident from equations 6-8.

Cavitation might also be expected to decrease 
the concentration ' of atomic hydrogen locally. 
This problem does occur to some extent but is in
sufficient in terms of the over-all rate of desorption 
associated with step 2. The generation of new ac
tive sites, however, is somewhat accumulative in 
the sense that the number of available active sites 
probably increases as a result of acoustical cavita
tion until the rate of generation of new sites is offset
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by the loss of active sites by the readsorption of im
purities and other species.

When the ultrasonic waves were turned off, the 
overvoltage did not recover its original value. This 
can be explained on the basis that impurities and 
other particles adsorbed irreversibly on the elec
trode surface prior to the overvoltage measure
ments were not readily readsorbed at the more 
cathodic potential of the electrode when polarizing 
current was being passed. This hypothesis is sup
ported by the fact that the overvoltage regained 
its original value when the polarizing current was 
turned off for a short time. Under these circum
stances the potential of the electrode decayed to a 
voltage approaching the original value before pass
age of polarizing current.

The ability of ultrasonic waves to strip off ad
sorbed materials on the electrode surface can be 
readily appreciated if consideration is given to the 
fact that high intensity ultrasonic waves (10 watts/ 
cm.*) have been used (in this Laboratory) to pro
duce suspensions of metals such as copper and alu
minum by direct irradiation of these metals as 
foils in liquids. An increase in the surface area 
through the erosion of the electrode surface might 
have been considered as a direct explanation for the 
decrease in polarization produced by ultrasonic 
waves if it were not that the original values for the 
polarization are obtained after the current has been 
interrupted for a short period.

Further attention would have also been given to 
the “ stripping off” of adsorbed hydrogen through 
cavitation except that such an effect would modify 
the slope of the overvoltage-log /  plot. The only 
apparent way such a mechanism could be a major 
factor without influencing the Tafel slope would be 
for the stripping action to be proportional to the 
square of the surface concentration which is un
likely. Explanations involving the formation of 
electroactive materials such as free radicals through 
cavitation have been given little consideration 
since the effect of such depolarizers would be de
pendent on current density. Likewise, it does not 
seem feasible to explain the effect in terms of 
changes in the average temperature at the electrode 
because such effects would be very small in a well 
thermostated system and would not persist after 
the radiations have ceased.

Thus, the two explanations involving the factor 
H in equation (14) and N in equations (6) and (7) 
seem most feasible in terms of the experimental re
sults. Experimental work is in progress at the 
present time in an attempt to further substantiate 
these hypotheses.
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The thermodynamics of irreversible processes developed by De Donder, Prigogine, de Groot and others makes possible a 
systematic presentation of electrochemical thermodynamics in which reversible electrode processes, reversible cells, states 
of electrochemical equilibrium, etc., appear as limiting cases in a more general treatment. A rational thermodynamic 
theory of polarization can thus be constructed. The concepts of uncompensated heat, power of irreversibility, entropy 
production and affinity of irreversible chemical reactions are now extended to irreversible electrochemical processes. The 
concept of power of polarization is introduced and its connection with electrochemical affinity and overvoltage is developed 
and discussed. In addition to complete cells one treats single electrodes which are the seats of one or of several half-reactions. 
In the case of mixed electrode processes occurring not too far from reversibility, linear relations between reaction velocities 
(or currents) and electrochemical affinities (or overvoltages), with application of Onsager’s reciprocity principle between 
“ drag coefficients,”  are used. Prigogine’s theorem concerning stationary states of minimum entropy production is extended 
to electrochemical processes. These theoretical considerations suggest experimental investigations, in particular in the 
field of corrosion.

Introduction
A rational thermodynamic treatment of electro

chemical systems (galvanic and electrolytic cells, 
single electrodes) requires the use of the thermody
namics of irreversible processes. Although by no 
means new this discipline is still unfamiliar to the 
majority of physical chemists and electrochemists. 
Moreover, electrochemistry has not yet been given 
more than scant attention by the main contributors 
to the field of irreversible thermodynamics. Among 
these we should distinguish between the authors

(1) Paper presented at the Symposium on Electrode Processes held 
by the Division of Physical and Inorganic Chemistry of the American 
Chemical Society at the Atlantic City, N. J., meeting, September 14 
to 19, 1952.

who are concerned with the whole range of degrees 
of irreversibility of chemical reactions (pressure and 
temperature being uniform and chemical potentials 
corresponding to the ordinary statistical distribu
tion functions of the various components) and the 
authors who are mainly concerned with the neigh
borhood of equilibrium and with the linear relations 
between reaction velocities and affinities (or more 
generally between flows and forces), the phenomeno
logical coefficients obeying Onsager’s reciprocal 
relations.2 The first group of authors consists 
chiefly of De Donder and his collaborators, often 
designated as constituting the “ Brussels or Belgian

(2) L. Onsager, Phys. Rev., 37, 405, 2265 (1931).
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school.’ ’' A first presentation of electrochemical 
thermodynamics was included in the 1936 mono
graph on affinity.3 Prigogine4 also devoted a chap
ter to electrochemistry in his monograph of 1947 in 
which the Onsager relations and their implications 
are systematically added to the De Donder type of 

-presentation of chemical thermodynamics. In de 
Groot’s recent book6 will be found a very brief dis
cussion of electrochemistry which does not go be
yond the scope of Prigogine’s presentation. Sev
eral other authors have made some use of irreversi
ble thermodynamics in their electrochemical stud
ies. Among these we wish to mention particularly 
Piontelli6 and Pourbaix.7 In a monograph now 
nearly completed8 we present a detailed and system
atic treatment of electrochemical systems and 
electrode processes by the methods of the theory of 
affinity of De Donder and taking into account the 
later developments contributed by Prigogine and 
others. In the present communication we wish to 
outline the essential steps of this treatment which 
we believe to be of fundamental importance to the 
progress of our understanding of electrode processes. 
Time and space limitations force us to postpone to 
later communications certain important aspects of 
the subject and in particular the discussion of 
thermo-electrochemistry, Peltier heats, etc.

The systems we shall be considering are cells, 
galvanic or electrolytic, and half-cells or single 
electrodes. In addition to heat and work against 
the external pressure a cell exchanges electrical work 
with its surroundings through the passage of an elec
trical current from one terminal to the other in an 
external circuit. Inside the cell this current causes 
electrode reactions to occur in accordance with 
Faraday’s laws of electrolysis. At the same time 
electrolytic migration and various polarization 
phenomena will occur in the system, diffusion 
phenomena will occur at liquid junctions, etc. All 
these phenomena are irreversible. Perfect reversi
ble behavior is exceptional and is theoretically pos
sible only for zero current. Independently of po
larization, diffusion, etc., the passage of current will 
result in the production of the Joule heat RP which 
is an ever-present item in the various contributions 
to the total uncompensated heat. It is clear that, 
beyond the inequalities and qualitative statements

(3) Th. De Donder, “ L’Affinité,” new presentation by P. Van 
Rysselberghe, Gauthier-Villars, Paris, 1936, see Chapter X V I, pp. 
123-137. Th. De Donder and P. Van Rysselberghe, “ Thermo
dynamic Theory of Affinity.” Stanford University Press, 1936, see 
Chapter XVI, pp. 123-137.

(4) I. Prigogine, “Etude Thermodynamique des Phénomènes 
Irréversibles,” Dunod, Paris, and Dcsoer, Liège, 1947, see Chapter 
III, pp. 29-47.

(5) S. R. de Groot, “ Thermodynamics of Irreversible Processes,” 
Interscience Publishers, Inc., New York. N. Y ., 1951, see Chapter 
IX , pp. 181-184.

(6) R. Piontelli, see various articles and further references in 
“ Proceedings of the Second and of the Third Meetings of the Inter
national Committee of Electrochemical Thermodynamics and 
Kinetics,” Tamburini, Milan, 1951; Manfredi, Milan, 1952.

(7) M. Pourbaix, “ Thermodynamique des Solutions Aqueuses 
Diluées— Rôle du pH et du Potentiel,” Meinema, Delft, and Béranger, 
Paris, 1946. “ Thermodynamics of Dilute Aqueous Solutions—  
with Applications to Electrochemistry and Corrosion,” Longmans- 
Green, New York, 1949, Articles and further references in “ Pro
ceedings, etc.” 6

(8) P. Van Rysselberghe, “ Electrochemical Affinity— Studies in 
Electrochemical Thermodynamics and Kinetics,” a monograph in 
preparation.

usually found in the discussions of these irreversible 
phenomena, a quantitative treatment such as that 
available through irreversible thermodynamics 
appears highly desirable.

The electrical potentials we shall be dealing with 
are the internal ones which have been clearly de
fined by Lange.9 We shall designate them by the 
Greek letter <p. The differences of internal poten
tials between two phases are Galvani potential 
differences. The external electrical potentials f  are 
those taken at a distance of the order of 10 ~4 cm. 
of the external geometrical surface of the phase. 
Differences of $ potentials are Volta potential 
differences. Between the <p and ip potentials per
taining to the same phase we have the relationship

<p = i  +  x (1)
in which x designates the surface potential differ
ence.

Our electrochemical systems will be of one or an
other of the types represented on Figs. 1 to 4 : ' an 
electrode of metal a and one of metal a' dip in the 
same solution ¡3 -/3' (Fig. 1) or in separate solu
tions (3 and (3' connected by means of a siphon con
stituted in such a manner as to minimize liquid 
junction potential differences (Fig. 2). To metal 
a we attach a piece of metal a" identical with a'. 
This precaution does away with several complica
tions to be discussed later. One may also attach 
pieces of a common metal to a and a ’ (Fig. 3). 
The external circuit may consist of a simple resist
ance or it may include one or several generators of 
current (Fig. 4). Our thermodynamic “ closed”  
system is (a"af3(3'ar), the external circuit being a 
portion of the surroundings. During the lapse of 
time d£ we have dne- moles of electrons transported 
from terminal a" to terminal a'. The positive cur
rent /  flows in the opposite direction and we have

T - Pd- W  (2)

in which F represents the Faraday. The layers of 
solution (3 and (3' are taken at sufficient distances 
from a and a' to maintain from ¡3 to 13' a composi
tion identical with that before the passage of the 
current. The various phenomena resulting from 
the passage of the current (polarization, migration, 
diffusion) involve the layers between a and /3 or a' 
and ¡3'.

If we consider dn0- as positive we have at elec
trode a the anodic reaction

X ~  =  X  +  e~(a) (3)

and at electrode a’ the cathodic reaction
Y  +  e - ( a ')  =  Y -  (4)

The symbols X  and Y represent one or several spe
cies corresponding to the oxidized forms, the sym
bols X “  and Y~ one or several species correspond
ing to the reduced forms of the couples (X, X - ) and 
(Y, Y _). It is convenient to write all electrochem
ical half-reactions in terms of one single electron. 
In addition to the electrode processes (3) and (4) 
we have the transfer of electrons from a to a" 
________________ e~(a) =  e~ {a ")  (5)

(9) E. Lange, “ Elektrochemie des Phasengrenzen” in “ Handbuch 
des Experimentalphysik,” Vol. X II, Part 2; also, ref. 6, 1951, see pp. 
317-343.
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Adding processes (3), (4) and (5) we get the cell re
action

X -  +  Y  =  X  +  Y -  (6)

which, through addition on either side of ionic spe
cies not involved in the reaction, can always be 
written as a reaction between neutral species. This 
will of course be possible only if process (5) is 
added to (3) and (4). We have here one of the 
several reasons for making the terminals of the cell 
chemically identical. Another reason which will 
be immediately apparent is that in this manner 
there is no work of chemical extraction of the elec
trons to be considered in the total work done by the 
system.

First Law of Thermodynamics for Electro
chemical Systems.— During the time dt the energy 
of the system is increased by dE, the heat received 
is dQ, the work done is dw. We have

dE  =  dQ -  dw (7)

The work against the external pressure is p dF and 
the work corresponding to the transfer of dne- 
moles of electrons from a" to a is

dwei =  F(ipa' — <pa")dne-  (8)

The energy balance of our system is thus
dE — dQ — p dV  — F(ipa' — <pa")dn0-  (9)

In the particular case of a short-circuit being es
tablished between the terminals, making <pa' =  
¡pa\ we have the physical chemical change of 
state of the system remaining the same as in (9)

dE  =  dQs -  p  dF  (10)

in which the subscript s designates the condition of 
short-circuit. We have also

dQ„ =  d Q — F(ipa' — <p°<")dn0-  (11)

Second Law of Thermodynamics for 
Electrochemical Systems

Introducing, in accordance with De Donder’s 
method,2 the uncompensated heat dQ', the entropy 
increase d<S, the affinity of the reaction A and its 
progress d£ during the time df, we have in the ab
sence of electrical work, i.e., for the condition of 
short-circuit in the case of our electrochemical sys
tem

dQ.' =  T dS  -  dQn =  A  d t >  0 (12)

The affinity A is that of reaction (6) and is related 
to the free enthalpy G = E — TS +  pV of the sys
tem by the relation3'10

Here we have d£ =  dne-. The ratio dQ'Jdt has 
been called the power of irreversibility,3 while the 
ratio of this quantity over the temperature T is the 
entropy production (see particularly Prigogine4). 
We have

p  =  d ^ /  =  A d| =  7, d ^ > 0 (14)
dt cu at ~

The total change in entropy of the system is such 
that

dS deS . diS 1 ^  dQB , di.S .
dt =  dT +  d i  -  T  X  dt + AT {l0)

(10) P. Van Rys3elberghe, C h em . 7?e»s., 16, 29, 37 (1935); J . C h em .
E d u c  . 16, 476 (1939).

Fig. 1. Fig. 2.

dn

Fig. 3. Fig. 4.

All this applies to the case of short-circuit. With 
performance of electrical work by the system the 
entropy production is decreased. The uncompen
sated heat, instead of being given by (12) is now 
given by (see (11) and (12))

dQ' =  A  dt -  F W “ ' -  *>“ ") dwe— >  0 (16)

or, in terms of the current defined in (2)
dQ' =  [A/F  -  (*>«' -  di >  0 (17)

Introducing the corresponding value of dQ in (9) 
we obtain
dE =  T  dS -  v  d F  -  dQ' -  -  * > « " ) d (18)

or also
dE  =  T  dS — p dV  — A  di (19)

a formula which is identical with that holding in the 
absence of electrical work.3 Our reasoning is thus 
seen to be equivalent to that of Prigogine4 and of de 
Groot5 which is based upon the hypothesis of the 
validity of Gibbs’ fundamental formula for the dif
ferential of entropy outside of equilibrium. Intro
ducing the electrical power produced by the system 
Pei we see that the power of irreversibility is given 
by the formula

P =  Av  -  Pel (20)

in which v is the reaction velocity d£/dt or dne-/df.
Entropy Production Near Electrochemical 

Equilibrium and Entropy Production Due to the 
Joule Effect.— The difference A — F(<pa' — <pa") be
ing such that its product by the current is positive
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can be regarded as the cause of this current and, in 
the range of small values of this difference, the cur
rent will be correspondingly small. The two quan
tities can then be regarded as proportional to each 
other. Representing the difference A — F{<pa' — 
<pa") by A we have

v =  LA  or I  =  Fv =  FLA  (21)

in which L is the phenomenological coefficient2'5 
connecting reaction velocity and affinity. • The 
power of irreversibility and the entropy production 
are then such that

P  =
diS
At F 2L X  I 2 (22)

The quantity 1/F2L can be considered as a general
ized resistance r and we have

P  =  r l2 (23)

Let us now consider the case in which the only 
cause of irreversibility is the internal ohmic re
sistance of the cell. More precisely the only re
sistance to be taken into account is that between 
layers j8 and ,3'. We have then

A
— <pl3' =  R I and <pa' — <pa" =  ^  — R I  (24)

and
p  =  T  ^  =  R I 2 (25)

The net amount of heat received during the time di 
is

d<2 =  T  dS — R I2 At (26)

while the uncompensated heat is
AQ' =  R I2 At (27)

D ecom position of a Cell into P airs of P h ases in Contact 
Case of R eversib le  E lectrodes.— On the basis of formulas 
(24) we have

(<Pa ' — tpP') T  — (pa) -f- (<pa — =  A / F  (28)

when the only cause of irreversibility is the Joule effect. 
Decomposing A  into a sum of three terms corresponding to 
the three processes (3), (4) and (5) and introducing the 
chemical potentials or sums of chemical potentials for the 
X ,  X ~ , Y , Y ~  species and for the electrons, we find

tials or sums of electrochemical potentials. Intermotallic 
contacts are known to be unpolarizable and therefore equa
tion (35) will always hold. On the other hand the electro
chemical affinities of the cathodic and anodic processes will be 
different from zero whenever there is polarization.

C auses of Irreversibility O ther than the Joule E ffe c t-P o 
larization— O vervoltages.— When the electrodes are po
larized the power of irreversibility includes, besides the R I 2 
of formula (25), a term P T which we shall call ’power of po
larization and we have

P  =  [ A ° + - -̂ ,a ^  A °- -  (<?<*' -  *>“ " ) ]  /  =  R I2 +  P -

(36)

From (24) and (31) we deduce

[_A ° +  ^  -  (*>“ ' -  <pf>') ~  ~  *“)]  / = Pr > 0
(37)

or, introducing separate cathodic and anodic powers of 
polarization

v a ' -  4?  =  - P p  (38)

fP -  v* = y  -  - p  (39)
The ratios A c/F and A a/F also appear in formulas (29) and 
(30) which show them to be equal to the reversible values of 
the corresponding potential differences, introducing again 
the electrochemical affinities one finds that formulas (38) 
and (39) can be written

=  y  =  (« * ' -  ?<*') -  W  -  V>“ ')rev =  , c  >  o (40) 

—  =  y  =  (v*  -  <pS) -  ( * »  -  p/3)rov =  „a >  0 (41)

in which the familiar overvoltages and are related with 
the thermodynamic concepts of power of polarization and 
electrochemical affinity.

Single Electrodes— Anodic and Cathodic Currents—  
R elative Electrical Potential D ifferences.— The overvolt
ages defined in (40) and (41) are necessarily positive be
cause thermodynamics requires the corresponding powers 
of polarization or uncompensated heats or entropy pro
ductions to be positive. It is, however, convenient, when
ever one studies a single electrode whose operating potential 
difference from metal to solution is measured by means of 
the method of the Haber-Luggin capillary, i.e .,  relatively 
to a standard reference electrode, to give a sign to the over
voltage and to the corresponding current. Calling e the 
metal and 5 the solution one would always write, whether 
the electrode functions as anode or cathode

(29) or
V t  =  (p e — <P 5)  —  (<P e — V>S)rcv (42)

- MX — MX — Mf- 
F (30)

(pa (31)

These equations are the equilibrium conditions for the corre
sponding processes. Let us introduce the electrochemical 
potentials by adding to each chemical potential the product 
ZiFip corresponding to the molar charge z,F of reactant or 
product i and the electrical potential of the phase where this 
species i is reacting or produced. Let

Mi — Mi +  2i F <p (32)
One easily finds that the equilibrium conditions (29) to (31) 
can then be written

A t  =  my +  Mf- — MY- =  0 (33)

A a  — MX- — MX — M -̂ - 0 (34)

¿a =  M“  -  =  0 (35)

V ‘  =  E f  -  E € (43)
in which E e' designates the relative potential difference 
under current and Ee the reversible values of this relative 
difference. Both E J  and E e are so-callee “ reduction po
tentials.”  If one were to prefer to use "oxidation poten
tials”  E ¡' and Es one would write

r¡ e =  Es — E ¡' (44)

with
Es =  — Ee and Es' =  - E . ’ (45)

W e have discussed elsewhere11 the problem of nomenclature 
and conventions for these potentials. It appears preferable 
always to use potential differences from electrode to solu
tion and to speak of reduction or of oxidation potentials 
according to whether the particular reaction under consid
eration occurs as a reduction or as an oxidation.

Since the second law requires that the power of polariza
tion be positive we have

Pre =  TJeL >  0 (46)

In the case of an anodic reaction both t/£ and I t  are positive,

in which A t, and_Te are the electrochemical affinities of (ll)  P. Van Rysselberghe, ref. 6, 1951, see pp. 315-316; also, 
the three processes, mx~, etc., single electrochemical poten- ref. 6, 1952, see pp. 409-415.
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in the case of a cathodic reaction they are both negative. 
Introducing E e' and E e in (46) we obtain Pourbaix’s for
mula6

(Et -  E e)L  >  0 (47)

Plots of EJ  against l e are polarization curves. It is par
ticularly convenient to use the following system of coordi
nates: E J  is plotted vertically with the nobility, measured 
by increasing E e' values, augmenting upwards; anodic 
currents are plotted horizontally toward the right and 
cathodic currents horizontally toward the left.

Simultaneous Half-reactions at the Same Electrode.—  
So far we have considered the case of a single half-reaction 
occurring in the anodic or in the cathodic direction at the 
electrode « or at each of the electrodes a and a  of the cells 
represented on Figs. 1 to 4. If several half-reactions

X p -  =  Xp +  e~ (p — 1, 2, . . .) (48)

occur simultaneously at the same electrode (all in the same 
direction or some in the anodic direction and the others in 
the cathodic direction) the net current carried by the elec
trode will be

Ie =  F  =  F x  %  (49)
d< at

The power of polarization is now given by

Pire — Xy)pelpe =  Ee'Ie —■ XEpelpe P  0 (50)

in which ripe is the overvoltage of reaction p, I Pe the partial 
current of that reaction, Ee the common reaction potential 
difference for all reactions and Epe the reversible potential 
difference of reaction p . Interesting developments into 
which we shall not enter here involve the introduction of 
mixed overvoltages for the various anodic and cathodic re
actions, of average reversible potential differences, etc. 
Let us consider only the simple case of one anodic and one 
cathodic reaction. Formula (50) becomes then

Free =  Ee'Ie ~  (E J a +  E J C) (51)
with

Ii =  la I  h  (52)

la being positive and l c negative.
In the particular case of an isolated electrode carrying 

no net current we have l c =  — l a and hence

Pire =  {Ee ~  E J h  (53)
The difference E c — I?a is equal to the affinity of the re
sultant purely chemical reaction divided by F  and we are 
thus led back to the non-electrochemical power of irreversi
bility

P  =  |  X  la =  Av >  0 (54)

Further considerations of this type can be shown to bring 
a great deal of order in the electrochemical theory of corro
sion phenomena.

The Neighborhood of Equilibrium— Use of Onsager’s 
Reciprocal Relations.— Although the introduction in this 
thermodynamic theory of kinetic information such as that 
provided by Tafel’s equation connecting overvoltage and 
current density is of very great interest we shall limit our
selves here to the neighborhood of equilibrium, i.e ., to the 
range of validity of the linear relations connecting reaction 
velocities and affinities. Let us consider two half-reactions 
1 and 2 occurring in the same direction or in opposite direc
tions at the same electrode. Their velocities will be linear 
functions of both electrochemical affinities provided the re
versible potential differences of these reactions are sufficiently 
close to each other to allow the system to function in the 
close neighborhood of equilibrium. W e then have

V\ — L i A i  -j- L 12A .2 (55)
v% =  E n Â i  +  L 2À 2 (56)

or, in terms of currents and overvoltages

I i  =  F 2{ L li)i +  L 12IÎ2) (57)
h  — F 2(Li;iji +  ¿ 212) (58)

formulas in which the Onsager reciprocal relation Lyi =  Ln has 
been taken into account. The power of polarization is then

or, in terms of the total current 1

Pire =
_________ P __________
F'HLi +  1/2 +  2L i2)

F-

+

L1L2 — L 122
/.j T  L2 h  2I /12

{ E i  -  E 2y  (60)

The existence of drag coefficients Lu  different from zero 
would mean that polarization curves of single half-reactions 
are not additive when these reactions occur simultaneously 
at the same electrode. This additivity is often assumed in 
spite of considerable experimental evidence again^ its 
validity. Not only is the mutual influence corresponding 
to the Ln  coefficients a theoretical possibility but its magni
tude and direction might be such as to make one of the re
actions occur in its otherwise non-spontaneous direction. 
In other words the coupling of an electrochemical half
reaction by one or several others is possible and should be 
looked for experimentally. Its existence could have con
sequences of very great practical interest.

States of Minimum Entropy Production.— A single elec
trode carrying a current I  at a certain relative potential dif
ference E ' constitutes an open system in which several elec
trochemical affinities could be kept constant by means of 
suitable additions or removals of the various reactant and 
product species. Let us still consider the case of two si
multaneous reactions and let us maintain the electrochemical 
affinity of reaction 1 constant by maintaining E ' constant 
and the chemical affinity A 1 constant. There will then be a 
possible state of the system for which the power of polariza
tion or the entropy production will be a minimum. On the 
basis of Prigogine’s theorem12 on steady states of minimum  
entropy production, which we are here extending to electro
chemical systems, the reasoning is as follows: we differen
tiate Pne given by formula (59) with respect to Et at E ' 
and Ei =  Ai/F  constant and obtain

( W ) r . .  ‘  - 2' " 1« * '  -  «  + LAB' -  6)1
(61)

Setting this derivative equal to zero we see that Pne will be 
an extremum when

Et =
E '{L Z -f- Lit) ~b E\L\t

Lt
(62)

This extremum is a minimum since

( n u ? )  = 2/',2U  >  0 (63)\  à E Ï  }  E ' , E i

The value of the minimum is

P Jremin =  F 2(L l  -  j f )  {E 1 -  E i)2 (64) 

For this particular state of the system the currents are 

h  =  F 2( j n  -  j ^ ) { E '  — Ei) h  =  0 (65)

During the transition of the system from its original state 
to that of minimum entropy production the electrochemical 
affinity of reaction 1 remains constant. That of reaction 2, 
however, wall vary until the value

A t  =  F { E '  -  E t )  =  - F  LjP { E '  -  Ei) (66)
L 2

is reached.
Prigogine’s theorem is easily generalized to the case of sev

eral simultaneous reactions. If, out of a total of n reac
tions, the affinities (or here electrochemical affinities) of k 
reactions, are kept constant the system may reach in the 
course of time a state of minimum entropy production in 
which the velocities of the n-k reactions which are not con
trolled become equal to zero (see de Groot13). These sta
tionary states of minimum entropy production can be shown 
to follow a principle analogous to that of Le Chatelier con
cerning the “ moderation”  of disturbances.

It would be highly interesting to explore experimentally 
the possible applications of these theoretical considerations 
in the field of electrochemistry. In corrosion, for instance, 
the establishment of stationary states of minimum entropy

P™ =  F 2[Li{E' -  E i)2 +  LA E ' -  E t)2 +
2Lit{E' -  E i){E ' -  Et)] (59)

(12) I. Prigogine, Ref. 3, pp. 55-59.
(13) S. R. de Groot, ref. 4, pp. 195-207.
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production might lead to the blocking of destructive reac
tions through the device of maintaining other reactions at 
constant electrochemical affinities. It seems likely that new 
light could thus be thrown on the problem of corrosion in
hibition. For example, the electrochemical mechanism 
which we have proposed with Pourbaix14 for the inhibition

(14) M . Pourbaix and P. Van Rysselberghe, Corrosion, 6, 313 
(1950).

of the corrosion of iron by nitrites, chromates or even oxy
gen when present in sufficient amount lends itself to interest
ing further study on the basis of irreversible thermody
namics. Let us note in this connection that., through the 
approximate procedure of linearization of polarization 
curves, the practical range of usefulness of the above con
siderations can be considerably enlarged. W e hope to re
turn to this and other topics of theoretical and applied elec
trochemical thermodynamics in later communications.

ANODIC POLARIZATION OF PASSIVE AND NON-PASSIVE 
CHROMIUM-IRON ALLOYS

By H erbert  H . Uhlig  and G lenn  E. W oodside

Corrosion Laboratory, Department of Metallurgy,
Massachusetts Institute of Technology, Cambridge, Massachusetts 
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Anodic polarization data for 0 -1 6 .7 %  C r-F e alloys in 3 %  N a2S 0 4 are reported. Critical current densities for passivity 
accompanied by sudden reduction of anodic dissolution and a pronounced noble potential range from 150 m a ./cm .2 for 
iron to 0.05 m a ./cm .2 for 11 .6%  Cr. A t 1 2%  Cr and above, a critical current no longer exists; instead any small polarizing 
current produces a marked shift of potential in a noble direction. Small corrosion currents, therefore, can equipotentialize 
the surface and stifle the corrosion process in accord with the electrochemical mechanism of corrosion. Since 1 2 %  Cr and 
above mark the stable passive compositions (stainless steels) in solutions like N a2S 0 4, it appears that the property of so- 
called passive alloys to equipotentialize themselves is an important characteristic of passivity, and perhaps an essential 
condition to their remarkable resistance to corrosion. Coulometric measurements show that about 0.014 coulom b/cm .2 or 
less is concerned with the passivation process for the 9 .2 -1 6 .7 %  Cr alloys and probably for other compositions as well. This 
corresponds at most to a few monolayers of substance on the passive surface. Thick oxide films, therefore, cannot possibly 
be the primary cause of passivity.

When iron is polarized as anode at moderate 
current densities in dilute sodium sulfate or sulfuric 
acid, the major reaction is Fe —► Fe++ +  2e. As 
the current is increased, a critical value is reached 
at which the potential suddenly changes to a value 
more noble by about 2 v., and the anodic reaction 
changes to

2 0 H -  — >- 7 j0 2 +  ILO +  2e 

accompanied by the reaction
Fe — >  F e+++ +  3e

Iron is said to become passive, both because it as
sumes a more noble potential and because oxygen 
evolving at its surface resembles the behavior of a 
noble metal electrode. Also, the dissolution rate is 
appreciably less than that of an active iron anode.

Soon after the polarizing current is stopped, the 
electrode again assumes the active state. If the 
current is gradually decreased, the active state is 
achieved at a current density somewhat lower than 
is necessary to achieve the passive state when ap
plying progressively higher currents.

Conditions that apply for achieving anodic pass
ivity of iron-chromium alloys substituted for iron 
have not yet been studied. Information of this 
kind should be of value to a better understanding of 
passivity, particularly since passivity is established 
in a more stable form when the chromium content 
reaches 12% or more. This composition estab
lishes the basis for the modern stainless steels.

Experimental Arrangement
Polarization data "or the Cr-Fe alloys were obtained using 

the cell shown in Fig. 1. This was placed in an air thermo
stat maintained at 25 ±  1 ° . Two circular platinum cath
odes 3.1 cm. in diameter are located 1 cm. from either side 
of the alloy anode. The latter measures approximately 1 
cm. square by 2 m m . thick. The electrolyte is 3 %  N a2S 0 4.

A tubulus, sealed at each end with asbestos fibers and filled 
with the same solution is mounted on one side of the anode 
close to the metal surface. The opposite end is immersed 
in a 0.1 N  KC1 solution into which an A g-A gC l electrode 
also in 0.1 N  KC1 is immersed.

Potentials were measured using a vacuum tube potenti
ometer. N o correction was made for liquid junction po
tentials, since these were assumed to be approximately con
stant throughout the measurements and, in any case, were 
small. Current was supplied usually by a high-voltage B 
battery through a high resistance, thereby maintaining con
stant current, actual values of which were read using a pre
cision ( ±  y 4% )  milliammetcr and also, for very small cur
rents, by the potential drop across a precision 100-ohm re
sistance.

For many measurements, the sodium sulfate solution was 
first freed of chlorides by adding silver sulfate and removing 
excess silver by electrolysis for several hours between plati
num electrodes. Contaminating heavy metals were re
moved simultaneously. The pH was then adjusted to 7 
by adding sodium hydroxide. This purification procedure 
did not appear to be critical, since values of potentials were 
the same within the experimental error whether or not pre
electrolysis was carried out.

Electrode materials consisted of electrolytic iron, and of 
laboratory melts of chromium-iron alloys. Alloys col
lected from three sources gave consistent results indicating 
that small differences in impurities are not important. Ther
mal history, however, was felt to be a significant factor, 
and, hence, all the alloys were heated in helium at 1000° 
and water quenched. Analyses arc given in Table I .

Before measurements were made, the solutions were de
aerated about one hour by bubbling nitrogen through them. 
Nitrogen was previously purified by passing it over copper 
turnings maintained at 400 °. The gas entered the cell 
through a sintered glass disc providing a fine dispersion of 
gas bubbles, but during measurements the gas was by
passed through a glass tube at the side of the cell, so that 
bubbles did not impinge on the anode. This was necessary 
because stirring had some effect on the critical current for 
passivity, greater current being necessary the higher the 
stirring rate.

Preparation of Electrodes and Procedure.— The anode 
was attached to a nickel wire by spot-welding and then 
sealed into a glass tube using de Khotinsky Cement to cover 
the exposed wire and the spot-welded area. The electrode
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T a b l e  I

A n a l y s e s  of  A llo ys

Alloys A , D , E , J were supplied by courtesy of the Electro 
Metallurgical Corporation. Alloys B , F , G , H , I were pre
pared in this Laboratory from ferrochrome and low metalloid 
iron with additions of manganese and silicon. Alloy C was 
supplied by courtesy of Armco Steel Corporation. All 
alloys were forged, followed by rolling or swaging, then 
water quenched from 1000°.

Cr, C, Mn, s:,
% % % %

A 2 .8 4 0 .00 7
B 3 .5 4 .03 0 .2 2 0 .003
C 5 .43 .099
D 6 .93 .016
E 8 .3 2 .018
F 9 .2 2 .09 0 .3 4 .18
G 11.59 .07 .34 .17
H 12.22 .07 .30 .19
I 13.84 .06 .34 .25
J 16.70 .007

was next pickled for a minute or less in hot 15 vol. %  H N 0 3-  
5 %  vol. H F , washed successively in three vessels of nitrogen- 
saturated water and quickly placed in the cell. The nitro
gen was bubbled through the Na23 0 4 solution for an addi
tional 30 minutes in order to supplement the deaeration pro
cedure carried out previously. Within this time, the open- 
circuit potential of the anode achieved a reasonably steady 
value. A  small current was then impressed below the criti
cal value for passivity until a constant measured potential 
was achieved, the corresponding potential was recorded and 
the current stopped. After the original open-circuit poten
tial was regained, the measurement was repeated using a 
higher current. Eventually a current was reached at which 
the potential became considerably more noble and remained 
noble. This was designated as the critical minimum cur
rent for passivity.

A  preconditioning treatment of the anode using a small 
current below the critical appeared necessary for reproduci
bility of measurements, perhaps in order to clean off the 
metal surface of adsorbed gas, ions, oxide, etc.; otherwise 
observed critical currents -were erratically lower. The 
preconditioning usually gave an open-circuit potential 
slightly more active than before, confirming that the anode 
was cleaned by this treatment. Cathodic treatment of the 
electrode was less satisfactory, probably because of hydro
gen entering the metal lattice where it could later escape and 
affect anodic polarization.

Reproducibility was no better than the scatter obtained 
in usual measurements of passivity. The critical current 
was established to ±  3 %  for iron, but could be determined 
with progressively less precision as chromium content of the 
alloy increased. One factor entering the larger percentage 
scatter for higher chromium alloys was the very small current 
necessary for passivity.

Electrodes polarized at currents below the critical quickly 
achieved the original open circuit value when the polarizing 
current was cut off, or reached a few hundredths volt more 
active, as mentioned previously. When the electrodes were 
polarized above the critical value for passivity, particularly 
for higher chromium-iron alloys, the original potentials 
were not regained, but instead some value more noble than 
the original. The critical currents on immediate repetition 
of the polarizing experiments were then always less. It was 
necessary to re-pickle the alloys in order to reproduce the 
original potentials and currents, especially for alloys of 
greater than 5 %  chromium.

Results
A  plot of potential versus logarithm of polarizing current 

for iron and all the alloys is given in Fig. 2. Open-circuit 
potentials of the alloys are placed for convenience on the 
ordinate corresponding tto 0.0001 m a ./cm .! . These poten
tials are slightly more noble as the chromium content in
creases. N o particular pattern seems to be followed by po
larizing potentials below the critical current density, but 
above the critical value, data fall on a typical Tafel over
voltage plot corresponding to oxygen evolution. The

Fig. 1.— Sketch of polarization cell and auxiliary equipment-

equation for excess potential over the reversible oxygen 
potential, or in other words the Tafel equation for oxygen 
overvoltage r) is given by

r] — 0.83 +  0.10 log i

where i  is in milliamperes/cm.2.
It is notable that a critical current density is no longer 

detected for alloys above 11 .6%  chromium. W ith the 
1 2 .2 %  chromium alloy or above, any applied current pro
duces a potential more noble than before and as the current 
is increased the potentials become progressively more noble. 
At no time is there a sudden break in potential as is observed 
for the 11 .6%  or lower chromium alloys. This difference of 
behavior was carefully checked by repeated measurements 
on alloys containing 9 to 1 4%  chromium.

These results imply that any small polarizing current will 
sensitively shift potentials of alloys containing more than 
1 2%  chromium in a noble direction, but for alloys of less 
than 1 2%  chromium, appreciably more noble potentials 
are achieved only at current densities equal to or greater 
than the critical. However, critical current densities, when 
they exist, correspond to a substantial corrosion rate, so that 
such currents are not reached naturally in NajSCh solution. 
A t 0.1 m a ./cm .2, for example, which is the critical current 
density for 9 .2 %  Cr alloys, the corresponding corrosion rate 
is 250 m .d.d . (milligrams/sq. decimeter/day) or 0.045 i.p .y . 
(inches penetration/year), a value which exceeds the normal 
corrosion rate of iron (approximately 25-50  m .d .d .).

The relation of critical current density for passivity to 
chromium content is given in Fig. 3. Obviously, as the 
chromium content approaches 1 2 % , the current necessary 
for passivity falls to very small values. Any corrosion 
process, therefore, accompanied by electric current in the 
neighborhood of 0.05 m a ./cm .2 is expected to passivate the 
1 1 .6 %  chromium-iron alloy, and, hence, equivalent corro
sion rates (in NasSO-i) are never greater than this value. 
But alloys above 12%, chromium become progressively more 
noble for much smaller currents. It is obvious, therefore, 
that any corrosion process will quickly tend to equipoten- 
tialize the 12%  Cr alloy surface, a tendency which in itself 
stifles the corrosion process in accord with the well known 
electrochemical theory of corrosion. Moreover, these alloys 
also tend to assume a noble potential in part because of the 
equipotentialization process.

The property of passive alloys to equipotent.ialize them
selves through anodic polarization at low current densities 
appears to be an important characteristic of passivity and
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Fig. 2.— Anodic polarization characteristics of C r-Fe alloys in 3 %  N a2S 0 4: potentials vs. A g-A gC l in 0.1 N  KC1, 25°.

perhaps an essential condition to their remarkable resist
ance to corrosion. The relation of passivity to polarization 
has been discussed previously by Mears and Brown.1-2

Amount of Substance on the Passive Alloy Sur
face.— Some measure of the number of equivalents 
concerned with change from active to passive state 
was obtainec by coulometry. Preliminary data 
were obtained by recording the time, using a stop
watch, for the potential to progress from open- 
circuit values to an arbitrary value in the passive 
range. This could not be accomplished so simply 
for iron or the low chromium alloys because critical 
current densities for passivity are high and the cor
responding times for passivation very brief. How
ever, for alloys of greater than 9% chromium, the 
currents are small and, hence, several minutes are 
required to achieve passivity. From time-current 
measurements, the number of coulombs accom
panying the passivation process can be calculated.

Information of this kind is assembled in Table II. 
In cases where the potentials did not reach 1.2 v., 
which was taken as the arbitrary passive potential,

(1) R. B. Mears. Trans. Electrochem. Soc., 95, 1 (1949).
(2) R. B. Mears and R. H. Brown, J. Electrochem. Soc., 97, 75 

(1950).

the time was extrapolated to this value of poten
tial. The uncertainty of extrapolation was ap
parently less than the uncertainty of true surface 
area of the electrode, which may well have varied 
by a factor of two from a surface pickled once to 
another pickled several times. In addition, the 
values of coulombs/cm.2 are high to the extent that 
the anode reactions continue throughout the time

T a b l e  I I

M e a s u r e  of E q u iv a l e n t s N e c e s s a r y t o  P a s s iv a t e

C h r o m iu m - I ron  A llo ys

Cr,
% Ma./cm .2

Time to reach 
1.2 v. vs. Ag- 

AgCl in 0 .1 N  
KC1 
(sec)

Coulombs/
cm.2

9 .2 0 .1 8 70 0 .013
.18 57 .010

11.6 .18 125 .023
12 .2 .18 100 .018

.012 1350“ .016
13 .8 .18 60 .011

.006 1700“ .010
16.7 .007 1920“ .013

“ Extrapolated.
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of measurement; hence, some current goes toward 
reactions other than those necessary to passivity. 
The data probably deserve repetition, therefore, at 
such time as the true current density can be deter
mined parallel with true surface area measure
ments for each electrode and with corrections for 
extraneous reactions.

The average value of coulombs/cm.2 required 
for passivation of alloys listed in Table II is 0.014. 
This value can be compared with 0.08 coulomb/cm.2 
necessary to passivate iron in 2 N NaOH at a cur
rent density of 0.01 ma./cm.2, as reported by Kaba
nov, Burstein and Frumkin.3 The passivation 
process in NaOH, of course, need not be the same.

Within the present experimental error of such de
terminations, there is no difference in the equiva
lents of substance necessary to passivate alloys be
low as compared with alloys above 12% chro
mium. The break in the potential versus current 
density curve for low Cr alloys and its absence for 
greater than 12% Cr alloys, therefore, is not re
lated to any large difference in the equivalents of 
anodic reaction accompanying passivation.

The value 0.014 coulomb/cm.2 corresponds to
1.2 X 10~6 gram of oxygen/cm.2 of apparent alloy 
surface. A monolayer of close packed oxygen 
atoms corresponds to 0.15 X 10“ 6 g./cm .2 true sur
face, so that a roughness factor of 8 would be re
quired if one assumes an adsorbed monolayer of 
oxygen atoms as primary cause of passivity. In 
this connection, it was recently determined that the 
amount of oxygen adsorbed on passive 18-8 stain
less steel previously pickled corresponds to about
1.8 atomic oxygen layers (or 1 atom plus 1 molecule 
layer equivalent in either instance to 0.27 X 10~~6 
gram oxygen/cm.2 true surface),4 so that the rough
ness factor assuming this situation need be only 4.5.

It can be concluded, therefore, that the amounts 
of oxygen required to anodically passivate chro
mium-iron alloys in sodium sulfate are not large, and,

(3) B. Kabanov, R. Burstein and A. Frumkin, Discussions o f  the 
Faraday Soc., 259 (1947).

(4) S. S. Lord, Jr., and H. H. Uhlig, submitted to J. Electrochem. 
Soc.

Fig. 3.— Critical current densities for passivity of the 
Cr-Fe alloys in 3 %  N a2SC>4, 25°.

hence, thick oxide films cannot possibly be the pri
mary cause of passivity. This is true of alloys 
just below as wellasabove 12% Cr. The viewprevi- 
ously expressed at various times6 that passivity is pri
marily accompanied by chemisorbed films in the 
order of monolayers of atoms or molecules is con
sistent with the presently reported facts.
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THE ADSORPTION OF IONS FROM BUFFER SOLUTIONS1 BY 
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The acidity of silica-alumina gel cracking catalysts apparently results from a residual ionic surface structure. Such 
a structure should possess considerably greater cation exchange capacity than silica or alumina gels, which are not good crack
ing catalysts. To compare the ionic adsorption properties of these three types of gels, measurements have been made with 
solutions of ammonium salts. The three gels were found to differ very widely in their adsorption characteristics. Primarily 
silica and silica-alumina gels are cation adsorbers. Alumina gel, on the other hand, is primarily an anion adsorber with 
some attendant ability to adsorb cations. Silica gel adsorbs ammonium ions from ammonium acetate and (NHffsHPCfi 
solutions, giving a slightly negative adsorption of the anions. It does not adsorb cations selectively from ammonium sulfate 
solutions. Alumina gel shows both anion and cation adsorption. The former is apparently due to a chemical exchange 
with -O H  groups in the gel structure rather than a true anion exchange. The cation adsorption then is largely associated 
with the anion uptake, as required by electro-neutrality considerations. Silica-alumina gel exhibits the properties of a 
polybasic acid in which the acid sites vary over a wide pK* range. It adsorbs only N H 4 + ions from acetate and sulfate solu
tions. With ammonium sulfate solutions the equilibrium distribution of N H 4+ and I I + between gel and solution is similar 
to that shown by a true strong acid exchanger. However, with both acetate and sulfate solutions the total adsorption 
capacity of silica-alumina gel increases rapidly with increasing ionic strength of the solution, showing increased ionization 
of the weak acid sites on the catalyst. While the adsorption of N H 4 + ions from ammonium acetate solutions by silica gel 
does not change much as the temperature is increased from 15 to 150°, the adsorption by silica-alumina gel quadruples 
within that temperature range. Silica-alumina gel adsorbs both N H 4+ and H P 0 4"  ions from (N H 4)2H P 0 4 solutions. 
Apparently the acid centers are responsible for much of the N H 4+ adsorption with the remainder, and all of the H P 0 4”  
adsorption, being due to a chemical exchange of the H P 0 4“ for -O H  groups attached structurally to the A1 atoms.

The importance of synthetic silica-alumina gels 
as cracking catalysts has occasioned a considerable 
amount of research into the physical and chemical 
properties of these gels. One of the significant 
facts is that neither pure silica gel nor pure alumina 
gel is at all comparable to silica-alumina gel in 
cracking activity. In fact, the former is essentially 
inactive, while alumina is only slightly active. It is 
generally believed at present2-4 that silica-alumina 
gel is acidic in nature, and that it is this acidic 
character which is responsible for the catalytic 
cracking activity of the gel.

Of course, it has long been known that synthetic 
alumino-silicate gels made at high pH have ex
cellent zeolitic properties, if dried at temperatures 
no higher than about 200°. Thus, it is clear that 
as the sodium gel the gel structure has a very pro
nounced anionic character. It has been shown 
by the author in previous work5'6 that this anionic 
character of silica-alumina hydrogel persists even 
when made at pH 7 or below and also after cation 
exchange with A l+++, NH4+ or even H h. Silica 
gel, of course, shows no such ionic character.

If silica-alumina gels do owe their cracking 
activity to surface acidity, they must preserve their 
ionic character, to some extent, even when cal
cined at high temperatures. Commercial catalysts 
are calcined at temperatures as high as 760° for 
several hours. Some early experiments made by 
the author, using pH color indicators along the lines 
indicated by Hartley and Roe,7 showed that silica- 
alumina gels reacted to these indicators like very 
strong acids. Silica gel in similar experiments

(1) Presented before the Colloid Division of the American Chemical 
Society at the Diamond Jubilee Meeting on September 7, 1951.

(2) R. C. Hansford, Ind. Eng. Chem., 39, 849 (1947).
(3) M. W. Tamele, Discussions Farad. Soc., No. 8, 270 (1950).
(4) C. L. Thomas, Ind. Eng. Chem., 41, 2564 (1949).
(5) C. J. Plank, J. Colloid Set., 2, 413 (1947).
(6) C. J. Plank and L. C. Drake, ibid., 2, 399 (1947).
(7) G. S. Hartley and J. W. Roe, Trans, Faraday Soc., 36, 101 

(1940).

showed only a weakly acidic character. While 
silica-alumina adsorbed the acid form of indica
tors with pK as low as 1-2 {e.g., metanil yellow), 
silica gel adsorbed the acid form only of those with 
pK  above the range 3-4 (e.g., methyl orange). 
It appeared, however, that quantitative data 
would be extremely difficult to obtain by this 
technique, so that another method was chosen to 
secure information as to quantitative differences 
among the three types of gels.

It was decided to use the adsorption of ions from 
ammonium salt solutions as a measure of the rela
tive ionic character of the gels. The buffer solu
tions were chosen in order that the pH might be 
held within the limits where gel solubility is negli
gible. The greatest part of the work was done with 
ammonium acetate solutions since the ionization 
constants for ammonium hydroxide and acetic acid 
are so well known that pH measurements on the 
solutions serve as good checks on the ion analysis. 
The closeness of the checks was excellent as in
dicated in Table IV.

Experimental
A . Gels. Silica G el.— Commercial silica gel of the de

siccant type (i.e .,  prepared at pH <  0) was used. Since this 
gel had been prepared under exceedingly acid conditions it. 
was washed for weeks with redistilled water until the pH of 
the water showed no change after overnight contact with 
the gel. The samples were either dried before the tests to 
125° for 16 hours or calcined overnight at 54C°. Except 
where otherwise noted all gels were sized to 6 -16  mesh.

Silica-Alumina G el.— The Socony-Vacuum commercial 
silica-alumina bead cracking catalyst8 was chosen as the gel 
to be tested. This particular sample was taken directly 
from the commercial drier (about 180°) instead of being 
tempered (at about 700°) so that the heat treating conditions 
could be controlled directly. The individual samples were 
dried at 125° or calcined at 540° before the tests. It was 
found unnecessary to wash this gel to eliminate excess hy
drogen ion, since redistilled water placed on a sample of the 
gel for 24 hours showed no change in pH . However, as an 
added precaution the gel was washed about 5 times before use.

(8) M. M. Marisir, U. 8. Patent 2,384,217 (1045).
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Alum ina G e l.— The gel was prepared by making a sol by 
the Patrick9 method from aluminum amalgam and acetic 
acid then gelling the sol with ammonia. The product was 
washed thoroughly and calcined at 540°.

The physical properties of the gels are shown in Table I.

T a b l e  I

P h y s ic a l  P r o p e r t ie s  o f  t h e  G e l  S a m p l e s

Sur
face

Par
ticle Real Pore

Pore
diam

area, density, density, volume. eter,"
Gel ni.2/g. g./'cc. g./cc. cc./g. â .

Silica-alumina6
Oven dried 559 1.016 2 .177 0 .525 37
Calcined at 540° 510 1.057 2 .318 0 .510 40

Alumina
Calcined at 540° 246 1.194 3 .417 0 .545 89

Silica
Oven dried 098 1.211 2 .143 0 .359 22

(180°)
Calcined at 540° 720 1.310 2 .20 4 0.321 17

“ Calcd. by method of Emmett and D eW itt (J . Am. 
Chem. Soc., 65, 1253 (1945)). 6 9 1 %  SiOa-9% A120 3 by wt.

B . Solutions.— All solutions were made directly from 
commercial reagent grade chemicals. However, in the case 
of the ammonium acetate solutions it was found that the 
pH obtained (25 °) was 6 .95, or slightly lower, instead of the 
desired 7.00 value. Therefore, the pH was adjusted to 7.00  
by addition of aqueous N H 3 before the final dilution to the 
desired normality. The pH (25°) given by the (N H 4)2H P 0 4 
solutions was 7 .85 -7 .90  while that given by the ammonium  
sulfate solutions was 5 .70 -5 .7 5 . Although the normalities 
of the cation and anion were not exactly in stoichiometric 
proportions in the case of the phosphate and sulfate solu
tions, they were so near to equivalence that no adjustment 
was made and adsorption values were all based on analyzed 
values for the solution normalities. In the case of these two 
solutions the pH of the equilibrium solution did not serve 
as a very accurate check on the analyses.

C . Adsorption Experim ents.— The technique used was 
extremely simple. Except where kinetic data were de
sired (which are not described here) the procedure was as 
follows.

A  100-mi. portion of the standard solution was pipetted 
into a 250-ml. erlenmeyer flask, the dried or calcined gel 
was added and the flask tightly stoppered. The flask was 
then placed in the water-bath held at 15 ±  0 .2 ° and allowed 
to stand for 24 hours with occasional shaking. A t the end 
of the 24-hour period, when equilibrium was shown to have 
been reached, the flask and mixture were shaken thoroughly 
for about 10 minutes and the gel was quickly filtered off. 
After warming to 25° the pH of the solution was taken 
(any calculations involving equilibrium pH were made using 
the value at 2 5 °) . Analyses of the equilibrium concentra
tions of the ions in solutions wore made on the filtrate.

In the case of ammonium acetate some experiments were 
made at 85, 150 and 200°, as well as at 15°. For the two 
highest temperatures an entirely different technique had to 
be used, of course. For the sake of making direct com
parison with the 15° runs, both methods were used at 85°. 
The method used at 15° was modified for the 85° runs only 
in that a round bottom flask equipped with a condenser 
stoppered at the top was used instead of a stoppered erlen
meyer flask.

The high temperature (150° and 200°) runs were made 
using the apparatus illustrated in Fig. 1. Here the gel 
sample was sealed in one end of the U-tube (A ) and held 
there by a monel screen (S). The standardized solution 
was introduced into the tube through side arm (B ) while the 
apparatus was in the position illustrated and the side arm 
was scaled off short. The U-tube was clamped (C — C) to a 
circular steel plate whose shaft (D ) was activated by a cam 
in such a way that the tube turned first clockwise then 
counterclockwise through almost 180°. Thus the solution 
was stirred by flowing first toward one end then toward the 
other. Furthermore, since the gel sample did not fill its 
section of the bulb the gel was also stirred.

(9) W. A. Patrick, U. S. Patent 2,258,099 (1942),

Fig. 1.— Apparatus for adsorption experiments at ele
vated temperatures: A, entrance for gel; B, entrance for 
soln.; C, clamps; D , shaft connected to circular plate; S, 
monel screen (20 mesh).

In these experiments only a 6-hour reaction period was 
taken to minimize the peptizing effect of the ammonium 
acetate solution on the gel. A  gel of 12/is mesh was used so 
that equilibrium would be achieved more quickly than with 
the 6/ic mesh samples usually used at 15°. Smaller mesh 
material could not be used since the monel screen which 
contained the gel was 20 mesh and it was found that any 
smaller size opening prevented free flow of the solution 
through the screen during the period of oscillation of the U - 
tube container. A t the end of the 6-hour reaction period 
the U-tube was stopped in the position shown in Fig. 1 so 
that no excess solution would be in contact with the gel 
during the cooling period. After cooling the tube was 
opened at point (B ), the solution drained off and filtered 
and pH measurement (25 °) and analyses were made on the 
filtrate.

D . Analytical M ethods. N H 4+ A n alysis.— A  modified 
Kjeldahl technique was used for about half of the solutions. 
Excellent results ( ± 0 .5 %  of the actual value) were obtained 
by this method so long as the N aO H  solution was standard
ized against the standard HC1 solution under the same dilu
tion condition as encountered in the analysis. Tne last 
half of the analyses for N H 4+ were performed by the cal
cium hypochlorite method as described by Kolthoff and 
Stenger.10 Results were comparable by both methods, with 
the latter being much more rapid. The results appeared 
to be accurate to at least ± 0 .5 %  of the actual concentration.

Anion A n alyses.— The H P 0 4"  solutions were analyzed 
by the colorimetric method described by Woods and Mellon11 
which utilized the molybdenum blue reaction.

The S 0 4“ was generally determined by the gravimetric 
method of precipitation as B a S 04.12 However, during the 
latter stages of the investigation it was found that a fast 
accurate method was available utilizing ion exchange 
resins. This method was used especially in analyzing solu
tions equilibrated with the alumina gels where considerable 
adsorption occurred. The procedure is that of Samnelson13 
and is applicable to pure solutions such as were encountered 
in the present investigation. The solution was passed 
through a column containing a hydrogen-exchange resin 
(Dowex-50) wherein the ammonium ion was replaced by 
H + and the eluent was titrated for free H-2S 0 4. The ac
curacy was apparently at least, to ± 0 .5 % .

The acetate ion was generally not adsorbed and only spot 
checks were made during the use of silica gel and silica- 
alumina gel to corroborate this fact. For these checks 
a distillation method analogous to the Kjeldahl method

(10) I. M. Kolthoff and V. A. »Stenger, Ind. Eng. Chem., Anal. Ed., 
7, 79 (1935).

(11) J. T. Woods and M. G. Mellon, ibid., 13, 760 (1941).
(12) J. H. Hildebrand and G. E. F. Lundell, “Applied Inorganic 

Analysis,” John Wiley and Sons, Inc., New York, N. Y ., 1929, p. 580.
(13) O. Samuelson, Svensk Kem. Tid., 51, 195 (1939); C. A., 34, 

12712 (1940).
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for the N H 4+ was used. In these eases the solution 
was heated with H 3P 0 4, the acetic acid vapors collected 
in standard N aO H  solution and the mixture back titrated. 
It was found that 9 8 .5 %  of the original acetate content was 
regularly recovered in the experiments utilizing the siliceous 
gels, as indicated by analysis using the above method.

In the experiments utilizing the alumina gels, acetate ion 
was positively adsorbed and it was found that the H +-ion 
exchange method described for sulfate ion was equally ap
plicable to the acetate analysis.

pH  Measurement.— All pH measurements were made on a 
Beckman Model G pH meter using a glass electrode against 
a calomel (saturated KC1) electrode. W ith frequent 
standardization of the electrodes against standard buffer 
solutions, it was found that the accuracy of the pH deter
minations was abcut ± 0 .0 2  pH unit.

T a b l e  II

A d so rptio n  op  N H + b y  C a l c in e d  S il ic a  G e l  fr o m  
(N H 4)2S 0 4 S o l u t io n  a t  15°

No, original solution normality; g, g. gel per 100 ml. soln. 
N , equilibrium normality; x, milliequivalents N H 4+ ad
sorbed.

Vo 0
pH,
25° VNH4 ^ XNH4 +b

8 .0 0 4 .00 0.0501 0 .1 2
0 .0502 16.00 3 .88 .0504 .24

32 .00 3 .83 .0514“ .39
Final S 0 4" normality for this run =  0.0521 . b M

N H 4+ adsorbed calcd. from equation x =  F 0(Ao — N )  +  
VgN.

Results and Discussion
In connection with the presentation of the data 

the following should be pointed out. The amount 
of ion in milliequivalents, x, adsorbed by the gel 
is defined by the total amount of cation (or anion) 
held within the pores of the gel. On this basis

i  =  ToOVo — N ) +  VeN  (1)

where x =  milliequivalents of ion adsorbed, V0 = 
total volume of solution (=  100 cc.), ./Vo =  original 
ionic normality, N =  equilibrium ionic normality, 
and Vg =  pore volume of the gel sample used. 
This definition follows from the fact that dried or 
calcined gel was placed in the solution so that a 
certain portion, Vg, of the volume, V0, penetrated
into th
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Fig. 2.— The variation of (x/m)/N  with pH for silica gel: 
▲, 0.05 A  (N H 4)2H P 0 4 with calcined silica gel; • ,  0.05 A  
N H 4O A c with calcined silica gel; O , 0.05 A  N H 4OAc with 
dried silica gel; □ ,  0.10 A  N H 4O A c with dried silica gel; 
A, 0.20 A  N H 4O A c with dried silica gel.

A. Silica Gel.—First of all, it is of primary 
interest that NH4+ adsorption by silica gel is small 
and highly dependent on the solution pH. As seen 
from the data of Table II, the NH4+ adsorption 
from 0.05 N  (NH4)2S04 solution is such that the 
normality of the solution in equilibrium with the 
gel is greater than that of the initial solution. 
Apparently the silica gel is so weakly acidic that 
it adsorbs water preferentially to NH4+ from a solu
tion of the )iH range 3.8-4.0.

With ammonium acetate solutions and (NH4)2- 
H P04 solutions (Fig. 3) the NH4+ adsorption is 
small but measurable and in both cases it is quite 
dependent on pH.

(0 .050  N SOLUTIONS).

Fig. 3.— Adsorption by silica gel (0.050 A  solutions).

The ratio of the milliequivalents of ion adsorbed 
per g. of gel to the normality of the same ion in 
solution was called R.

where g =  wt. of gel in g. This ratio is seen to be 
quite dependent on the pH of the solution at equilib
rium. A plot of the pH vs. R on a semi-log scale, 
as in Fig. 2, shows a fair straight line relationship for 
ammonium acetate on oven dried silica gel and for 
both ammonium acetate and (NH4)2H P04 solutions 
on calcined silica gel. From the graph the follow
ing relationship holds for these systems

(x/g)/N  =  X [H + ] -»  (3)

The value of p for each of the systems can be cal
culated from the graph. For oven dried silica gel 
with 0.05 to 0.20 N NH4OAc solutions p =  0.50, 
for calcined silica gel with 0.05 N NH4OAc p = 
0.40 while for calcined silica gel with 0.05 N 
(NH4)2H P04 p =  0.33.

It is also of interest to note that silica gel has a 
definite tendency toward negative adsorption for 
anions. At least this is true for H P04“  and S04“  
ions due possibly to the very small pore size of 
the silica gel.

The data presented here for silica gel are not 
inconsistent with the theory expressed earlier by 
Kolthoff and Stenger14 that cationic adsorption by 
silica gel is a secondary adsorption due to OH~ 
ion adsorption which is necessarily balanced by ca
tion adsorption. Such a mechanism would explain 
the great dependence of the NH4+ ion adsorption

(14) I. M. Kolthoff and V. A. Stenger, T h is  Journal, 36, 2113 
(1932).
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in the present experiments on the equilibrium pH 
of the solution.

B. Alumina Gel.— It would appear from the 
results of the alumina gel adsorption experiments 
(Fig. 4) that the adsorption is due primarily to 
an exchange of the anions in solution for structural 
OH groups which probably comprise much of the 
gel surface. That is, the gel does not behave at 
all as though it were an anion exchanger. The 
order of increasing adsorption for the ions (CH3- 
C0 2= <  SO4” <  HPO4”) is the same as the order 
of increasing ability to complex with alumina.16 
If alumina were acting as a weakly basic anion 
exchanger, on the other hand, one would expect 
the order of increasing exchange to the IT ITT” , 
CH3CO2“ , S0 4“ to correspond with the decrease of 
pH.

The reactions involved are apparently of the 
type
\ / H \ /  \  / A c  \  /

— A1— 0 — A1-----b O A c - — >  —  Al— 0 — AI------- h O il -
/  \  /  \  /  \  /  \  (4)
As would be expected from this equation and 
analogous ones for the other anions, the anion 
adsorption per gram decreases with increasing pH. 
All three of the anions tested show such a decreased 
adsorption with increasing pH.

It is assumed that in the experiments with 
sulfate and phosphate ions the reactions involved 
are strictly analogous to equation (4) in that one 
-OH group is replaced by one S04= or H P04= ion. 
That is, the resulting site on the gel surface would 
have an excess negative charge requiring cation 
adsorption for electroneutrality. The fact that 
NH4+ ion adsorption does occur with the sulfate 
and phosphate solutions to the extent, initially, 
of approximately one-half the anion adsorption 
(in meq./g.) is further evidence that a chemical 
exchange of the type indicated above is occurring. 
The fact that the NH4+ adsorption exceeds the 
value of 0.5 meq./meq. of anion adsorbed as the 
pH increases is due, probably, to OH-  adsorption 
which results in additional uptake of N H /.  
With the acetate solution practically all the am
monium adsorption must be due to hydroxyl ad
sorption.

The data for the (NH4)2HP04 experiments are 
particularly interesting. The NH4+ adsorption in 
this case follows approximately the equation

(«/«)
(N ) nhi+

K {  A h po “ ) (5)

C. Silica-Alumina Gel.—The data obtained 
from the adsorption experiments with silica- 
alumina gel are interpreted to show one primary 
fact, namely, that the gel is a polybasic acid with 
a moderately high ionization constant. In this 
respect silica-alumina gel differs decidedly from 
silica gel, which is very weakly acidic, and alumina 
gel, which is basic (being primarily an anion ad
sorber). The acid centers on the gel are not con
stant in their acidity, but vary over a wide range of 
p K a.

As with silica gel, ammonium acetate adsorption
(15) H. B. Weiser and E. B. Middleton, T his Journal, 24, 53, 72

(1920); A. W. Thomas and R. D. Vartanian, J . A m . Chem . S oc ., 57, 4
(1935).
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Fig. 4.— Adsorption by alumina gel (0.050 N  solutions).

experiments were carried out with both calcined 
gel and gel which had been dried below 200°. 
From the results it was seen that the calcined gel 
possessed a more stable structure, as was expected, 
so that most of the experiments with ammonium 
sulfate and diammonium hydrogen phosphate were 
performed only with the calcined gel. As a result 
it seems most profitable to discuss primarily the 
properties of the calcined silica-alumina gel and 
include brief mention of the differences displayed 
by the oven-dried gel.

For a true strong acid exchanger it has frequently 
been found that an adsorption equation of the 
following type would express the conditions existing 
at equilibrium with a solution of ion A+.

(A /ada A (A /aolii mSCJ. Aads/g-
(H+hds ~  ( H "  m e q J W g ;  W

Furthermore, the total exchange capacity, C, 
is essentially constant for a strong acid exchanger 
so that the equation (6) becomes

_____/ Q____  _  X _  A  (A +)soln
CCg — x)/m Cg — x  (H +),d n

Measurements were made to determine the total 
exchange capacity, C, of silica-alumina gel. The 
experiments were performed as follows. A weighed 
quantity of silica-alumina gel was placed in contact 
with exactly 100 ml. of ammonium acetate solu
tion. After several hours the solution was drained 
off and replaced by a fresh 100-ml. batch. The 
pH of the solution was measured at 25° and the 
amount of NH4+ ion adsorbed was calculated. . The 
process was repeated until no change in the pH 
of original ammonium acetate solution (7.00) was 
noted. Check runs were made in each case and 
the resulting checks were excellent. The results 
of these experiments are shown in Table III. 
For the calcined silica-alumina gel the total 
exchange capacity is a straight line function of the 
concentration of the solution used to measure it. 
That is

C =  Cc +  aN  (8)

so that the gel is a weak acid exchanger.
A distinction is noted between the oven dried 

and calcined silica-alumina gel in the total adsorp
tion capacity. The total adsorption capacity, 
C, for NH4+ in the presence of 0.05 N ammonium
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T a b l e  III

T o t a l  A dso rptio n  C a p a c it y  op  S ilic a - A l u m in a  G e l

t o w a r d  N H 4OAe a t  p H  7.00
Wt. gel, 

g-
NIRO Ac, 

N
Meq. NEU 

ads./g.

Calcined at 540°

0 .5 0 .050 0 .8 4
0 .5 .050 0 .9 0
0 .5 .100 1 .2 0
0 .5 .1 0 0 1.17
0 .5 .200 1.85
0 .5 .2 0 0 1 .85

Dried at 180°

1 .0 .050 1 .32
8 .0 .050 1 .30
1 .0 .200 2 .0 0
8 .0 .200 1 .89

Av.

0 .88

1 .19

1 .85

1.31

1 .97

acetate is very considerably greater (approx. 50%) 
for the oven dried gel than for the calcined gel. 
On the other hand the adsorption capacity is not 
very greatly different for the same two materials 
with 0.20 N ammonium acetate (Table III). From 
these results it seems necessary to conclude that 
while the total concentration of acid centers present 
in the calcined gel may be almost as great as for the 
oven-dried gel, the strength of the acid centers 
are quite different.

T a b l e  IV

A d so r p tio n  o f  N H 4+ b y  C a l c in e d  S il ic a - A l u m in a  G e l  
fr o m  N H 4O A c So l u t io n s  a t  15°

g
pH

(25°) -Vcalcd. X R

0 .4 0 G.28

No, 0 .0502  
0 .0487 0 .1 6 8 .2

1 .00 5 .8 8 .0465 0 .3 9 8 .4
2 .0 0 5 .5 7 .0435 0 .71 8 .2
4 .0 0 5 .26 .0383 1 .27 8 .3
8 .0 0 4 .96 .0307 2 .0 4 8 .3

16.00 4 .7 0 .0234 2 .95 7 .8
32 .00 4 .4 4 .0164 3 .7 6 “ 7 .9

0 .2 5 6 .63

No, 0 .10 0  

.0987 0 .1 4 5 .7
0 .5 0 6 .3 6 .0976 .26 5 .3
1 .00 6 .05 .0953 .52 5 .35
2 .0 0 5 .75 .0907 .98 5 .4
4 .0 0 5 .4 7 .0837 1.79 5 .35
8 .0 0 5 .17 .0720 3 .0 7 5 .3

0 .5 0 6.51
No, 0 .200  

.1965 0 .4 0 4 .1
1 .00 6 .24 . 1936 0 .7 4 3 .8
2 .0 0 5 97 .1884 1 .35 3 .6
4 .0 0 5 67 .1782 2 .53 3 .55
8 .00 5 39 .1622 4 .42 3 .4

“ Calculated from V„i,». = 0 .0 1 5 0 . All the other observed 
values checked the calculated values of N  within ±  0.0003 N .

Of course, this exchange capacity was measured 
at a pH =  7 and it would certainly change with the 
pH. For example, in the case of ammonium ion 
absorption from ammonium sulfate solutions the 
adsorption equilibrium is represented by equation
(7), if C is defined as in equation (8). From the 
calculated values of C it is seen that at pH of about 
4 the exchange capacity of calcined silica-alumina

gel is about one-fourth that which it possesses at 
pH 7. Thus, there appears to be a substantial 
proportion (i.e., 0.10 to 0.25 meq./'g.) of the acid 
centers on the catalyst having a pita sufficiently low 
that they are highly ionized at pH 4. This is in 
decided contrast, of course, with silica gel which 
shows zero adsorption toward ammonium sulfate. 
Again, as with the ammonium acetate solutions, 
no anion adsorption occurs.

Merely for the sake of giving a rough indication 
of the acid strength of these centers the equation 
of Bradfield16 was applied

pH =  p K  +  log (salt)/(acid) (9)

to compute the values indicated in Table V.
The adsorption of NH4+ ions from ammonium 

acetate solutions by calcined silica-alumina gel 
(Table IV) does not follow equation (7). Rather 
the adsorption equation is much simpler, namely 

x/g =  R N  (10)

where R is essentially a constant for a given No. 
Or, more generally the equation becomes

x/g =  (ki/N0 +  k2)N  (11)

Equation (10) would follow from equation (6) if

(H+)ad. =  ^ P s o l n  (12)

a result not at all surprising on the basis that the 
gel acid is a weak acid. It is interesting to note 
that the adsorption of ammonium ion by silica- 
alumina gel from ammonium sulfate solution 
follows not only equation (7) but also equations
(10) and (11).

Adsorption experiments carried out with di
ammonium hydrogen phosphate solutions and cal
cined silica-alumina gel (Table VI) showed a new 
phenomenon for this gel. This was anion adsorp
tion in addition to cation adsorption. If the data 
for silica-alumina gel with (NH4)2H P04 solutions 
are considered along with those for alumina gel 
with (NH4)2H P04, it is concluded that the silica- 
alumina gel is showing a definitely dual function 
in this case. Apparently the acid spots are re
sponsible for a portion of the NH4+ exchange while 

\  /  H  \  /
the —A1— ,-s—A1— groups are responsible for the

/  \  0  /  \ .
phosphate adsorption according to a chemical 
exchange reaction analogous to equation (4). 
In addition, further NH4+ exchange is caused by 
the phosphate adsorption, in a manner similar to 
that already discussed for alumina gel.

D. Experiments at Elevated Temperatures.—  
A few experiments were carried out to determine 
the change with temperature of NH4+ adsorption 
from ammonium acetate solutions by silica and 
silica-alumina gels. In order to make the proper 
comparisons in the change of adsorption with tem
peratures for the two different gels it was necessary 
to start with a batch of each gel which had been 
treated with ammonium acetate solution at the 
highest temperature to be encountered in the tests. 
This was 200° for the silica-alumina gel and 150° 
for the silica gel. It was found that after such a 
treatment followed by calcination to 540° subse-

(16) R. Bradfield, T h is  Journal, 35, 360 (1931).
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T a b l e  V

A d so r p tio n  of  N H 4+ b y  C a l c in e d  Sil ic a - A l u m in a  G e l  fr o m  (N H 4)2S 0 4 S o l u t io n s  a t  15°

Ao g
pH

(25°) Anh4+ NgOi" XNHp ÄNH4+ C» pKn
0.0501 N  N I I 3 + 4 .00 4.11 0.0466 0.0500 0.445 2 .4 0 .148 3.63

. 0500 N  S 0 4" 8 .00 4.02 .0437 0.82 2.35 .147 3.66
16.00 3.90 .0386 1.46 2.35 .150 3.71
32.00 3 .80 .0316 2.37 2.35 .141 3 .80

.1003 N  NIÎ3 + 2.00 4.23 .0982 0.31 1.6 .174 3.31

. 1001 N  S 0 4" 4.00 4.10 .0964 0.59 1.55 .171 3.32
8.00 4.00 .0918 1.22 1.65 .186 3.39

12.00 3.95 .0888 1.69 1.6 .176 3.35
16.00 3.89 .0846 2.23 1.65 .184 3.41

.2006 N  N I I 3 + 2 .00 4.14 .1978 .2015 0 .48 1.2 .257 3 .00

. 2004 N  S 04- 4 .00 4.03 .1956 .2028 0.89 1.15 .245 3.01
8 .00 3.95 .1911 .2043 1.73 1.15 .242 3.02

“ Calcd. from equation 

this pH  range (m cq ./g .).

X NK  rTT . if K  is a true constant and 
l-ti J

=  5.0 (10) -3 . G =  total exchange capacity
C g - x  ~

T a b l e  V I

A dsorption  of N H 4 + a n d  (IPO ,-  I ons b y  Ca lc in e d  Sil ic a - A l u m in a  G e l

FROM ( N I I 4) J IP 0 4 So lu tio n s  a t  15°

No Q
pH

(25°) JVn iiP ^ hpoP snh4+ *HPor Knh4+ ÄHPor
0.0502 N  N I I 4 + 2 .00 7.21 0.0409 0.0468 0.97 0.36 11.8 3 .8

4 .00 6.91 .0338 .0440 1.69 0 .65 12.5 3 .7
8 .00 6.38 .0219 .0362 2.92 1.47 16.7 5 .1

.0500 N  I IP 0 4- 16.00 5.55 .0112 .0216 3.99 2 .93 22.3 8 .5
32.00 5.40 .0040 .0084 4.66 4 .20 36.5 15.6

.0989 N  N II4 + 1.00 7.57 .0932 .0968 0.62 0 .17 6.65 1.75
2 .00 7.39 .0884 .0943 1.14 0.465 6.1 2 .45

.0980 N  I l l ’O r 4 .00 7.15 .0792 .0894 2.13 1.04 6 .7 2 .9
8.00 6.84 .0637 .0801 3.78 2.12 7 .4 3 .35

.1987 N  N I I 4 + 1.00 7.60 .1919 .1931 0.78 0 .40 4.05 2.05
2.00 7.48 . 1853 .1899 1.53 0.815 4.15 2 .15

. 1961 N  I lP O r 4.00 7 .27 . 1723 .1850 2.99 1.49 4.35 2 .0

8.00 7.05 .1481 .1739 5.67 2.93 4 .75 2 .1

quent exposure of the gel to ammonium acetate 
solution at lower temperatures had no further 
effect on the surface area, as shown in Table VII. 
Furthermore, check experiments carried out on the 
same batch of catalyst (with intermediate calcina
tion) proved quite reproducible.

T a b l e  V I I

T r e a t m e n t  o f  G e ls  a t  E l e v a t e d  T e m p e r a t u r e s  w it h  
0 .0 5  N  A m m o n iu m  A c e t a t e — E ff e c t  on  S u r f a c e  A r e a

Surface 
area 

(m.2/g-)
Silica-Alumina gel

A , Original gel 510
B, A  +  G hr. in 0 .0 5  N  N1I4()A o at 200° 174
C, B +  6 hr. in 0 .0 5  N  N II4O A c at 150° 184

Silica gel

D , Original gel 720
E , D  + 6  hr. inO .05 A  N IE O A cat 150° 110
F, E  +  6 hr. in 0 .0 5  N  N II4OAc at 85° 106

The results of the tests are shown in Figs. 5 and
6. From these data it is seen that the acidity of 
silica-alumina gel continues to increase rapidly 
with increasing temperature, at least up to 200°. 
Silica gel also shows a slight increase in adsorption 
with temperature. -However, the adsorption is still 
very small so that the discrepancy between the

acidities of the two gels becomes much greater as the 
temperature increases.

Since the adsorption of NH4+ by silica-alumina 
gel from ammonium acetate solutions increases 
quite rapidly with temperature, it is not surprising 
that the acidity of some of the active sites is great 
enough at cracking temperatures (>430°) that they

0.2 0.4 0.6 0.8 1.0
WT. OF g e l  (g / io o c c  s o l n .).

Fig. 5.— Effect of temperature on the N H 4+ adsorption from 
0.05 N  N H 4O A c by calcined silica-alumina gel.
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Fig. 6.— Effect of temperature on the adsorption of N H 4+ by 
calcined silic i gel from 0.05 N  NIRO Ac solution.

can chemisorb bases as weak as quinoline quite 
strongly, as shown by Mills, Boedeker and Oblad.17

(17) G. A. Mills, E. R. Boedeker and A. G, Oblad, J. Am. Chem. 
Soc., 72, 1554 (1950).

It is apparent from the wide variation in acid 
strength of the different acid centers that the AI 
atoms are not all disposed in the structure in the 
same way. The most acidic spots are undoubtedly 
those intimately associated with silica in such a 
way that the Al atoms acquire a coordination 
number of 4 (cf. ref.4). However, it is not possible 
to say on the basis of the present data whether the 
acid centers showing low acid strength in the low 
temperature adsorption experiments do or do not 
acquire sufficient acidity at cracking temperatures 
to be important to the cracking reaction.
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KINETICS AND THERMODYNAMICS OF THE STEADY STATE 
SYSTEM OE CATALASE WITH HYDROGEN PEROXIDE

B y R oland F. B eers , Jr ., 1-3 and I rw in  W. Sizer

Department of Biology, Massachusetts Instituts of Technology, Cambridge, Massachusetts
Received April 4, 1952

Equations for calculating the velocity constants of the two consecutive reactions between catalase and hydrogen peroxide 
from values of the over-all velocity constant and the concentration of the intermediate complex have been derived from 
steady state theory. The thermodynamic constants A H, A F and AS, of the consecutive reactions have been found to be 
the same and indicate that the rate determining steps are the same.

Introduction
Models of the kinetics of catalytic systems based 

on mathematical and chemical equations are es
sential for interpreting any theory for the mecha
nism of the action of a catalyst aiid for explaining the 
effects of inhibitors and accelerators on the cata
lyst-substrate system. On the basis of the mech
anism of the catalase-hydrogen peroxide reaction 
proposed by several investigators,4“ 6 catalase pre
sents the unique feature of having a single substrate 
species which acts as both the acceptor (reduetant) 
and donor (oxidant) molecule. In view of the fact 
that the hemes of catalase show no evidence of 
heme-heme interaction,7 the reactions between 
catalase and peroxide are written thus by Chance8

(1) This work was :lone under an American Cancer Society, Inc,, 
Fellowship recommended by the Committee on Growth of the Na
tional Research Council.

(2) The steady state analysis of this paper is from a thesis sub
mitted by R. F. Beers, Jr., to the Massachusetts Institute of Tech
nology in June 1951 in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy.

(3) Naval Medical Research Institute, National Naval Medical 
Center, Bethesda 14, Maryland.

(4) B. Chance, Biochem. J., 46, 387 (1950).
(5) J. B. Sumner, A. L. Dounce and V. L. Frampton, J. Biol. 

Chem., 136, 343 (1940).
(6) B. Chance, ibid., 180, 947 (1949).
(7) B. Chance, ibid., 179, 1299 (1949).
(8) A recent paper by Chance9 indicates that the active form of the 

substrate molecule is the undissociated acid, HOOIT, and of the 
enzyme is the hydrated form, FeOH2. Should this prove to be correct 
it does not alter the steady state theory discussed below. The re-

ki
FoOH +  H 20 2 FeOOH +  HU) (a) 

fa

k ,
FeOOH +  H 2C)2 FeOH +  H 20  +  0 2 (b)

k i

where FeOH represents one heme of catalase. In 
the lowest range of hydrogen peroxide employed, 
the specific reaction rate (velocity constant, ks) of 
the over-all reaction does not change in magnitude or 
order with variations in concentration of hydrogen 
peroxide.10-11

Theory.—The rate expressions for the substrate 
concentration, s, and the primary complex concen
tration, p, based upon the consecutive reactions (a) 
and (b) are

ds/dt =  — fa(e — p )s  +  fap — kips (1)

and
dp/dt =  fa(e — p)s — k2(p) — faps (2) 

actions (a) and (b) become
h

FeOH, +  H 20 2 FeH20 2 +  H ,0  
fa

fa
FeTFO, -)- H 20 2 -<—>- FeOH2 -f- 0 2 4- H 20

k.̂  4
(9) B. Chance, J. Biol. Chem., 194, 471 (1952).
(10) R. K. Bonnichsen, B. Chance and H. Theoreli, Acta Chem. 

Scand., 1, 685 (1947).
(11) R. F. Beers, Jr., and I. W. Sizer, J. Biol. Chem., 195, 133 

(1952).
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where e is the total molar heme concentration. 
Adding (1) and (2) gives (c/. 12).

dp/dt +  2 ktps — — ds/di (3)

The empirical rate formula for the substrate con
centration after an induction period of a few mi
cro-seconds as a function of the total heme concen
tration is

ds/di =  — kees (4)

If we substitute (4) into (3) then
dp/dt +  2 kips =  kses (5)

But (4) is readily integrated to give
s =  s ° e - i 'set (6)

where s° is the initial substrate concentration after 
the induction period. Substituting (6) into (5) and 
solving for p yields

V- = -  ^ ] e[2te7M[r“ -l) (7)
6 2 /l4 L 2 /m 6 J

where p° is the initial primary complex concentra
tion after the induction period. ks has a value of 
approximately 1071. m ole"1 sec.-1, while e is 10-9 
M, and s° is 10-3 M  for most experimental studies.11 
Substituting these values into (7) gives

P = [iT _ ST] e;(2ivfa)io«]u-10“2'-n (7Q
e 2h  \_2kA e J

We observe that in less than a second the exponen
tial term drops off to an insignificant value, since 
the magnitude of 2kA/ks is never less than unity. 
Equation (7), therefore, reduces to the approxi
mation

p/e =  ks/2ki (8)

Since e  is constant p must be constant. Therefore 
dp/dt ~  0 (9)

If, now, (1) is subtracted from (2) we have
ds/di =  — 2/ci(e — p)s  +  2 k2p (10)

Substituting the value for p from (8) into (10) 
yields

ds/di S  -  [ a ,  ( l  -  | r )  -  ^ ] e s  (11)

But comparing (11) with (4) we observe that

2ki ( l
kJn
k,s =  ks, or

It

(12)

(13)

Therefore, if (6) and (13) are to be consistent, fc2/s 
must be small compared to fci (c/. 13). Equation
(13) simplifies to the general equation for the over
all velocity constant13

h
2I 1I 4

h  +  kt
(14)

It should be pointed out that p/e and ka are
(12) K. J. Laidler and J. M. Socquet, T h is  J o u r n a l , 54, 519 

(1950).
(13) Several authors have considered the second step, fa, to be the 

rate determining process6 in which case ka and fa are assumed so be 
equal.14 Part of this misinterpretation arose from a failure to realize 
that fa is determined as a function of e while fa is determined as a 
function of p only. The same argument may be applied to fa, which 
is a function of (e — p).

(14) B. Chance and D. Herbert, Biochem. J., 46, 402 (1950); B. 
Chance, J. Biol. Chem., 179, 1341 (1949).

dependent variables (c/. 14). From (8) and (14) it 
can be shown that

1 — p/e == ks/2ki (15)

ka, p and e are readily measured experimentally. 
Therefore, equations (8) and (15) can be used to 
calculate the values of fci and fc4.

The experimental activation energy (Ea) of the 
over-all reaction can now be resolved by equation
(14) into the separate contributions of fci and fc4. 
Using the relation, k =  f  exp ( —E/RT), where E is 
the “ experimental energy of activation”  and /  is 
the temperature-independent “ frequency factor” 15 
equation (14) becomes when simplified

8 =  exp cEi/RT) exp (Et/RT)
fi  U

Experimentally, it has been shown11’13 that d2(ln 
frs)/(l/T )2 =  6. This implies (as can be shown by 
requiring that in equation (16) the second deriva
tive of In ks with respect to 1 /T vanish) that

E1 S  E , (17)

Moreover, if one substitutes/s exp ( — ES/RT) for kB 
in equation (16) and differentiates with respect to 
RT, it can be shown that

E s ^ E r ^  Ei (18)

The conclusion, (17), can be reached in another way. 
From (8) and (15) can be derived

(e — p)/p =  h/k i =  Ti’k, or (19)
Rk S M , exp (Et -  E t)/R T  (20)

Therefore, unless E4 =  Eh Ft (as measured by (e — 
p)/p) will vary as a function of temperature.16

Confirmation of the validity of this model can be 
established by determining whether p/e is a con
stant. Additional supporting data can be used to 
check equation (15) since all the variables of that 
equation have been published.16'17 Chance13 has 
shown with his rapid flow technique that p/e re
mains constant over a wide range of substrate con
centration. The constancy of this ratio has also 
been confirmed when the notatin glucose system is 
used as a continuous source of hydrogen peroxide.4 
We have repeated Chance’s experiments with cat
alase coupled with a crude preparation of notatin 
plus glucose and have also found that p/e is con
stant. We have in addition established the fact 
that (e — p)/p or Kk does not change within experi
mental error (5%) over the temperature range of
0-50°.18

Experimental
Apparatus.— For optical density measurements a Beck

man spectrophotometer with 1 cm. path length quartz 
cuvettes and a hydrogen discharge lamp for a light source 
has been used. The cell compartment is temperature con
trolled with cooling coils.11 Because the primary complex 
of catalase is unstable at high temperatures, it> has been 
found necessary to construct a temperature controlled mix
ing apparatus which permits determinations of optical den
sity immediately after mixing. Two 1-ml. tuberculin 
syringes (one for catalase, the other for the notatin system), 
encased in a water jacket connected in series with the cool-

(15) J. A. Christiansen, J. Colloid Sci., 6, 213 (1951).
(16) A. C. Burton, J. Cell. Comp. Physiol., 9, 1 (1936).
(17) B. Chance, J. Biol. Chem., 179, 1311 (1949).
(18) R. F. Beers, Jr., and I. W. Sizer, Federation Proc., 11, 11 

(1952).
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ing coils of the spectrophotometer, are clamped in a horizon
tal position over the phototube housing unit.18“

Procedure.— Temperature equilibrium in the syringes is 
reached in less than a minute. During this time the opera
tor adjusts the dark current and slit width of the spectro
photometer for use at 4050 A . The plunger is pushed 
rapidly, emptying both syringes into the cuvette. A  few 
bubbles of air are then forced from the air syringe through 
the solution in the cuvette and an optical density reading is 
taken. For active preparations of glucose oxidase the con
centration of the primary complex of catalase remains con
stant for only a few seconds unless more air is bubbled 
through the solution. Each sample is checked three or 
four times by bubbling air into the system and taking den
sity readings. The same solution is used for successive 
measurements of the absorption curve, ountil there is evi
dence that the optical density at 4050 A . does not return 
to the initial value after aeration.

Results
The absorption curve of the primary complex is 

similar to that previously published by Chance.19 
The extinction coefficient reported for horse liver 
catalase =  340) has been used to calculate
extinction coefficients of the primary complex. 
The deflection in the extinction coefficient at 4050o
A. produced by complex formation has been found 
to be between 45 and 50, the same as that reported 
by Chance. We have also observed that under ana
erobic conditions the primary complex rapidly reverts 
to the uncombined form. The addition of a few 
bubbles of air makes possible the rapid restoration 
of the primary complex. At low concentrations of 
notatin, however, the primary complex is stable 
for periods up to 30 minutes, depending upon 
the temperature.

Since the rate of oxidation by glucose oxidase 
is zero order at high concentrations of glucose the 
steady state concentration of hydrogen peroxide 
under the experimental conditions specified may be 
assumed to be proportional to the concentration of 
the glucose oxidase. A hundred-fold dilution of 
the notatin (glucose constant) produced no change 
in the concentration of the primary complex (p/e 
is constant) in confirmation of Chance.13

Table I presents three typical sets of values of 
Rk at 2 and 45c. Since values at intermediate 
temperatures show no deviation, it is apparent 
that within experimental error there is no detect
able change in concentration of the primary complex 
over this temperature range.

T a b l e  I
Con
trol Sample

Temp., 
Exp. ± 0 .5 °

den
sity

den
sity

No.
samp.

± %
dev. V e — p Rk

A 3 681 582 4 0 .5 99 201 2.03
41 681 580 6 1.5 101 199 1.97

B 2 483 414 3 0.0 69 144 2.09
43 483 4)8 4 0 .0 65 148 2.27

C 2 620 534 6 1.5 86 191 2.22
45 620 5c 5 2 0 .0 85 192 2.25

Average 2.14 zfc 5%  dev.

However, the concentration of the primary 
complex appears to fall with the age of the catalase 
preparation, although two separate shipments of 
catalase from the supplier had the same value. 
At higher temperatures in the presence of glucose 
and in the absence of any glucose oxidase, the

(18a) R. F. Beers, Jr., and I. /V. Sizer, Anal. Chem., in press.
(19) B. Chance, Acta Chem. S^'and., 1, 236 (1947).

optical density of the Soret band of catalase drops 
rapidly during the first 30 minutes. This does not 
appear to be related in any way to the formation 
of the secondary complex between catalase and 
hydrogen peroxide reported by Chance4 and also 
observed by us.

Discussion
The validity of the proposed kinetic model of the 

catalase-hydrogen peroxide system has been veri
fied by the agreement between the predicted and 
observed constancy of p/e over a wide concentra
tion range of substrate. Additional confirmation 
should be obtained from the published values of 
/ia, ki and p/e. Table II quotes experimental 
values of A:,, k\ and p/e for horse fiver,17 beef liver11 
and bacterial13 catalase and calculated values of 
fci, ki and Rk based on the given values for ka and 
p/e.

T a b l e  II

S pe c ific  R eactio n  R a te s  X  10~6
Horse
eryth.

(4 hemes)

Horse
Bacterial liver 
(4 hemes) (3 hemes)

Beef
liver

(3 hemes)

ks (exp.) 8 .75 13 3 10 .0 6 .7
ki (exp.) 7 .5 15 .0
ki(theory) 5 .83 11.0 7 .6 5 .0
ki (theory) 17.5 16.5 15.0 10.0
e — p/e 0 .25 0 .4 0 0 .3 3 0 .3 3
Rk 3 .0 1 .5 2 .0 2 .0
Ref. 17 13 17 11

The large discrepancy between the theoretical
and experimental values of ki in Table II is con
siderably in excess of any experimental error. 
Two compensatory errors have been made by 
previous workers in determining the value of fcj 
from kinetic data.13 The maximum reduction of 
the extinction coefficient at 4050 A. has been taken 
as an indication of completion of the reaction be
tween free catalase and hydrogen peroxide (treated 
essentially as an irreversible second-order process), 
while it actually represents a saturation of only 25% 
for horse erythrocyte and 40% for bacterial cat
alase. Correcting this error gives a value of /p 
too small because the rate of change of p is also a 
function of k4. In calculating /ci the assumption 
had been made that at sufficiently low concentra
tions the ki reaction could be neglected. How
ever, as indicated from equation (10), /c( exceeds 

for all catalase systems in which p/e is less than 
0.5 (Rk =  1). Since the maximum value reported 
so far is only 0.4, ki cannot be neglected. There
fore, the published values of ki are in error and their 
similarity to the theoretical values cannot be used 
as an additional proof of the kinetic model.

In order to test quantitatively the validity of this 
kinetic model, either ki or ki should be known from 
experimental data. The simplest differential equa
tion which may be integrated to solve for ki is 
obtained by eliminating k4 by subtracting equation
(4) from (2)

ds/di — dp/df =  —2ki(e — p)s (21)

A similar equation has been discussed by Chance.13 
However, a rigorous solution of (21) is not possible 
at the present time because adequate rate curves
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for ds/di and dp /d t for the initial pre-steady state 
period of the catalytic process have not been pub
lished. Solutions utilizing a differential analyzer 
have been discussed by Chance20 in reference to 
unpublished data. It is not quite clear whether 
his theoretical values of kx calculated from equa
tion (15)20 are compared with published experi
mental values.13 For the present the most accurate 
values of kx and fc4 can be determined only with 
steady state data.

The observation that Rk and the observed activa
tion energy of ks do not change with tempera- 
ture10'11,14 justifies the conclusion that ks, kx and /c4 
have the same activation energies.

From the statistical theory of reaction rates we 
may estimate the differences in the values of the 
two entropies and free energies of activation 
k(!,4) =  (kT/h)e~^Fb>ti/RT =  (kT

(22)

where k  is Boltzmann’s constant, h  Planck’s constant, 
T the absolute temperature, R the gas constant, 
and AH is Ehi — RT. The transmission co
efficient is assumed to be unity.

Table III presents calculations of the various 
thermodynamic constants of three sources of 
catalase based on data reported in the literature 
and on the assumption that all three catalases are 
characterized by the fact that Ei =  Ex. Despite the 
wide variations in experimental activation energies, 
the entropies and free energies of activation are 
approximately the same.

T a b l e  III

E x p e r im e n t a l  E n e r g y , F r e e  E n e r g y  a n d  E n tr o p y  op  
A c t iv a t io n  o p  t h e  T w o  R e a c t io n s , h  a n d  k4, fo r  a  

M o l a r  C o n c e n t r a t io n  o p  H e m e  a t  2 5 °
Source of 
catalase

Reac
tion

JC'Xp,
kcal.

A F, 
kcal.

AS,
e.u.

Horse erythro h 1 .7 7 .5 4 - 2 1 . 5
cyte (4 hemes) ki 1 .7 6 .9 4 - 1 9 . 5

Bacterial h 1 .4 7 .2 - 2 1 . 5
(4 hemes) k4 1 .4 6 .96 - 2 0 . 7

Beef liver h 0 .6 7 .6 0 - 2 5 . 5
(3 hemes) ki 0 .6 7 .23 - 2 4 . 2

(20) B. Chance, “ Modern Trends in Physiology and Biochemistry,” 
E. S. G. Barron, Editor, Academic Press, Inc., New York, N. Y., 1951, 
p. 25.

Certain conclusions concerning the rate deter
mining step may be made. The similarities of the 
heat, free energy and entropy of activation for kx 
and fc4 and the fact that the same substrate species 
is involved in both reactions indicate that the rate 
determining steps are the same in the two reactions. 
Diffusion of the substrate is the common denomi
nator of both reactions, but the thermodynamic 
constants are not typical of a diffusion process. 
The decrease in randomness of the system en
countered with each reaction process is no doubt 
related to the structural characteristics of the 
protein which set special steric requirements which 
must be fulfilled in the formation of the complex.

Non-linearity of the Arrhenius equation plot 
associated with many enzymatic processes has been 
attributed by various authors to a temperature 
sensitive equilibrium between active and inactive 
forms of the enzyme (see Kistiakowsky, et al.21). 
A possible explanation based on the requirement of 
two partial irreversible rate determining steps 
in an enzyme system has not been given serious 
consideration heretofore. The authors have ex
tended Christiansen’s treatment of non-catalytic 
systems to include the unique kinetics of catalase. 
From a theoretical standpoint it is important to 
note the possibility of a deviation from the Ar
rhenius equation on the basis of these two inter
pretations for the special case of catalase.
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Professors David F. Waugh and Charles D. 
Coryell for their helpful discussions on several 
aspects of this paper, and Mrs. June Rosenberg 
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Note Added September 17, 1952.— W e are pleased to note 
that Chance, et al.,22 have reached independently some of the 
general results (eq. (8) and (15) above) previously obtained 
by one of us.2 Our present derivation, however, is some
what more rigorous than our earlier, or than Chance’s. 
On the subject of rigor, we should like to remark that in the 
current paper by Chance, et al.,22 their attempt (pp. 308 ff.) 
to integrate d p /d t analytically is based on two contradictory 
requirements, viz., that s =  s° (p. 308) and that e =  s° (p. 
309). Also, in this integration, the appeal to “ correction 
factors”  from computer studies seems a further admission 
that the analysis has only descriptive value.

(21) G. B. Kistiakowsky and R. Lumry, Am. Chem. Soc., 71, 
2006 (1949).

(22) B. Chance, D. S. Greenstein and F. J. W . Roughton, Arch. 
Biochem. Biophys., 37, 301 (1952).
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The extractability of the lanthanides into tributyl phosphate from an aqueous hydrochloric acid phase and from an 
aqueous phase 8 to 15.6 M  in nitric acid increases with increasing atomic number, paralleling the theoretical order of de
creasing basicity. This order is inverted for the system TB P  and a 0.3 M  nitric acid aqueous phase. Yttrium  falls in the 
position predicted from consideration of ionic radii. The logarithms of the distribution ratios of a given pair of lanthanides 
diverge with increasing acidity for relatively concentrated nitric acid solutions, so that the theoretical maximum mutual 
separation of the pair reguires the use of concentrated nitric acid. Use of an inert diluent for the TB P  decreases the extract- 
ability of the rare earths rby a factor much larger than that predicted on the assumption of simple dilution. The lanthanides 
may be divided into two groups, the split occurring at any predetermined point, by control of certain variables in counter- 
current fractionation. In this way a valuable thulium-lutecium fraction has been obtained from a mixed rare earth source. 
Consequently, by means of two successive divisions any individual lanthanide may, in principle, be isolated from its neigh
bors on both sides. The lanthanides, yttrium and scandium may be purified with respect to many common impurities by 
extraction from a salted phase. Scandium may be separated from the lanthanides and yttrium by extraction from hydro
chloric acid.

Introduction
Studies of the fractionation of lanthanides by a 

liquid-liquid extractive technique have extended 
over the past fifteen-year period, the first work 
reported being that of Fischer, Dietz and Juber- 
mann.1 The reviews by Bock,2 Quill3 and Wylie4 
stress the importance of a continuous liquid-liquid 
extractive technique applicable to the fractionation 
of lanthanides. The present paper describes the 
study of tri-n-butyl orthophosphate, (n-CiHgO^PO, 
hereinafter referred to as TBP, as the organic phase 
using a solution of trivalent rare earth chlorides or 
nitrates as the aqueous phase, and reports the de
velopment of chemical techniques held applicable 
to the continuous fractionation of rare earths by 
means of countercurrent liquid-liquid extraction.

It is felt thay the novelty of the TBP-nitric acid 
system, in comparison with previously reported 
systems, lies in the combination of the large dis
tribution ratio for a given lanthanide under prop
erly chosen conditions and the relatively sharp 
differentiation between adjacent lanthanides.

Experimental
General.— TB P  was washed with two one-fifth volumes 

of aqueous 5 %  sodium carbonate before use in any of the 
experiments described. (The purpose of the sodium car
bonate washes is to ensure the absence of trace quantities 
of phosphoric acid, monobutyl phosphoric acid and dibutyl 
phosphoric acid.) In all experiments, washed TB P  was 
pre-equilibrated with respect to an aqueous phase identical 
to that under study except that it contained none of the ele
ment whose extraction was being investigated. In radio
active tracer studies, a quantity of tracer was added such 
that each milliliter of the feed solution corresponded to ap
proximately 105 counts per minute under the counting con
ditions employed Equilibration periods of five minutes 
were found to be adequate. For radioactive assay, ali
quots of the liquid were evaporated on a five-mil platinum 
disc. The number of counts per minute associated with 
such an aliquot was then determined by the usual means.6

(1) W. Fischer, W . Dietz and O. Jubermann, Natunvissenschaften, 
25, 348 (1937).

(2) R. Bock, Angev. Chern., 62, 375 (1950).
(3) L. L. Quill, Record Chem. Progress, 11, 151 (1950).
(4) A. W. Wylie, Roy. Australian Chem. Inst. J. Proc., 17, 377 

(1950).
(5) Beta counting was done on the first shelf of a Geiger-Mliller

counter filled with neon-amyl acetate gas with a window thickness of
approximately 2 mg./cm.2, using an aluminum absorber (12.5 m g./
cm.2) to cut out stray alpha particles.

In the determination of K , the distribution ratio (concen
tration in the organic phase divided by the concentration in 
the aqueous phase at equilibrium), for tracer elements two 
sets of measurements were made for which the quantity of 
tracer used in one set differed from that used in the other 
by a factor of 25 or more.

In the study of lanthanide mixtures two methods of opera
tion were employed. In the technique entitled “ counter- 
current distribution’ ’ by Craig6 each separate portion of 
phase I remains in its given contactor in which it is con
tacted successively with separate portions of phase II. In 
the method of operation referred to as “ pseudo counter- 
current extraction”  by Hunter and Nash7 and discussed by 
them in some detail the phases are moved, batchwise, coun- 
tercurrently, so that the batch analog of continuous column 
extraction results.

In the present work the pseudo-countercurrent extraction 
system was operated with both an extraction and a scrub
bing section, the effluent aqueous scrub joining the influent 
aqueous feed and thus effecting reflux.

Spectrographic Assays.— The rare earth content of each 
organic phase was extracted into water. Each water re
extract, as well as each aqueous phase to be assayed, was 
washed with benzene or some similar solvent to remove traces 
of T B P . Aliquots were then converted to chlorides by re
peated evaporation with hydrochloric acid. The resulting 
chloride solutions were assayed for rare earth content by 
the copper spark technique of Fred, Nachtrieb and Tom 
kins.8

Other Assays.— Total rare earth content was determined 
by the usual procedure of precipitation of an oxalate, from 
an aqueous solution, followed by ignition of the oxalate to 
an oxide. Prior to the oxalate precipitation the aqueous 
phases, or aqueous re-extracts of organic phases, were 
scrubbed as above to remove traces of T B P  and evaporated 
to remove excess acid. From the total rare earth content 
and the relative values obtained by spectrographic assay 
the content of specific rare earths was calculated.

Acid content of aqueous phases (containing no salt) was 
determined by titration of a suitably diluted aliquot with 
aqueous sodium hydroxide, approximately 0.2 M , using 
phenolphthalein as indicator. Acid content of organic 
phases (containing no salt) was determined by the same 
technique except that the aliquot was diluted with absolute 
ethyl alcohol and the standard base was an ethyl alcohol 
solution. Acid content of feed (an aqueous phase contain
ing salt) was determined in an approximate manner by elec
trometric titration of a diluted aliquot.

Sources of Materials.— T B P  and Gulf Solvent B T  were 
obtained from Commercial Solvents Corporation and Gulf 
Refining Company, respectively. The rare earths were ob-

(6) L. C. Craig, Anal. Chem., 21, 85 (1949).
(7) T. G. Hunter and A. W. Nash, Ind. Eng. Chem., 27, 836 

(1935).
(8) M. Fred, N. H. Nachtrieb and F. S. Tomkins, J. Optical Soc. 

Am., 37, 279 (1947).
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tained as oxides and carbonates from Lindsay Light and 
Chemical C o.9

Results
It has been found that scandium may be separated from 

many of the elements frequently associated with it by ex
traction from a hydrochloric acid medium. Pertinent 
tracer data are given in Table I .

T a b l e  I

E x t r a c t io n  o f  T r a c e r “ S c a n d iu m , Y t t r iu m  a n d  P ro
m e t h iu m  in t o  T B P  fr o m  A q u e o u s  H yd r o c h lo r ic  A cid

Element

Sc
Y
Pm

K  for aq. -ICI of indicated concn.
3.0 M  6.4 M  8.0 M

0 .0 4  32 50
<  .001 0 .001  0 .0 5
<  .001 < 0 .0 0 1  0 .01

a Tracers used were 85-d Sc4B, 61-d Y 91 and 3.7-y  Pm147.

The separation of a macro amount of Sc from macro 
amounts of Y  and the rare earths is shown in Table I I . A  
250-m l. portion of feed, 6.0 M  in HC1, containing 0.1 g. each 
of Sc and Y , approximately 0.3 g. each of La, Pr, N d , Sm, 
Gd and D y , and approximately 5 g. each of A l, Ca, M g and 
Na was used as a feed to a system of two contactors each 
containing 100 m l. of pre-equilibrated T B P . The feed 
was followed by four 50-m l. portions of 6 .0  M  HC1 and four 
50-m l. portions of water.

T a b l e  II

S e p a r a t io n  o f  M acro  S c a n d iu m  fr o m  M acro  Y t t r iu m . 
R a r e  E a r t h s  a n d  C e r t a in  Ot h e r  C o n t a m in a n t s

Recovery of added element, %
Aq. phase Al, Ca, Mg,no. Sc Y R.E. Na

1 <0.1 98.7 99.2 >99
2 0.5 1 .0 0.6 <1
3 2.1 ' 0.3 0.2 <0.05
4 8.2 <0.1 <0.1 <0.01
5 13.1
6 70.0
7 6.0
8 0 .1
9 <  .1

Although it is evident from Table II  that the rare earths do 
not extract appreciably from 6.0 M  HC1, further investiga
tion showed that at high concentrations of HC1 the extrac
tion is much more efficient. The fractionation of the rare 
earths was demonstrated by the countercurrent distribu
tion technique employing four contactors each containing 
150 m l. of pre-equilibrated T B P  and using a 50-m l. portion 
of feed 12 M  in HC1. (In the terminology adopted R  is the 
volume ratio of organic phase to aqueous phase in a given 
equilibration and E  is the total number of contactors.) 
The feed containing approximately 0 .4  g. of rare earths con
taining comparable quantities of N d , Sm, Gd and D y  and 
quantities of Eu, T b , H o , Er and Y b  about one order of 
magnitude smaller and a much smaller quantity of Lu, was 
followed by several 50-m l. portions of HC1 scrubs of dif
ferent concentrations. The results are shown in F ig. 1. For 
the sake of clarity only a few of the elements are included. 
For all experiments of this type reported the data have a 
probable error of less than one part in ten.

In order to demonstrate the fractionation among the 
lanthanides of higher atomic number more fully, scrubs 6 -  
10 of Fig. 1 were combined, evaporated and converted to 
13-ml. of feed 10 M  in HC1. This feed was cycled through 
four 39-m l. portions of pre-equilibrated T B P  and was fol
lowed by seven 13-ml. portions of 10 M  HC1 and six 13-ml. 
portions of water. The water scrubs were combined as 
scrub S X . The results are shown in Fig. 2. The D y  data 
nearly coincide with the T b  data and so are not reported, 
in the interest of clarity.

The following figures indicate the over-all fractionation 
achieved in the experiments represented by Figs. 1 and 2 .

(9) The authors are indebted to Lindsay Light and Chemical Co. for
supplying several rare samples gratis

Fig. 1.— Distribution of rare earths in aqueous scrubs of 
tributyl phosphate; E  =  4, R  =  3 ; scrubs: 1 -4 , 12 M  
HC1; 5 -8 , 6 M  HC1; 9 -10 , 1 M  HC1; 11-12, water.

SCRUB NUMBER.

Fig. 2.— Distribution of rare earths in aqueous scrubs 
and aqueous re-extract o: tributyl phosphate; E =  4, 
R  =  3, scrubs 1 -8 , 10 M  HC1; S X , combined aqueous re
extract.

From approximately 0 .4  g. of feed rare earths containing 
approximately 1 %  T m , 4 %  Y b  and less than 0 .5 %  Lu there 
was obtained approximately 8 m g. of product assaying 8 %  
T m , 6 6 %  Y b  and 1 1 %  Lu. The respective percentage 
yields of T m , Y b  and Lu were 16, 33 and greater than 45. 
W ith respect to Y b , the approximate decontamination from 
various rare earths, expressed as the ratio of per cent, com
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tamination before fractionation to the per cent, contamina
tion after fractionation, is: Eu, >  3000; G d, 2000; T b , 
900; D y , 600; H o, 40; Er, 10; T m , 2 ; and Lu, 0 .7 . 
Neodymium was obtained in 9 0 %  yield with the following 
approximate decontaminations from various rare earths; 
Sm , 2 ; Eu, 3 ; Gd, 4 ; T b ,7 ;  D y , 15; and Y b , 200.

This series of experiments was extended, using feeds of 
various relative rare earth compositions, in order to estab
lish that increasing extractability parallels increasing atomic 
number for all of the lanthanides. Consistently, Y  frac
tionated between D y  and H o, extracting only slightly less 
well than the latter. N o inversions were found in a study 
involving HC1 of concentrations ranging from 6 to 12 M .

Since one very important disadvantage associated with 
the system described is the necessity for using relatively di
lute solutions of rare earths owing to the limited solubility 
of their chlorides in concentrated hydrochloric acid, an in
vestigation of nitric acid-TB P systems was undertaken. 
The data of a preliminary survey are listed in Table III .

T B P  and was followed by six 25-m l. portions of aqueous 
scrub 10 N in N H 4N 0 3 and 0.2 N in H N 0 3. The scrubs were 
assayed for La, Y  and Sc by cycling them through two more 
portions of T B P  and analyzing these T B P  phases. Analo
gously the solvent phases were analyzed for A l, M g and Ca 
by cycling three more 50-m l. portions of ammonium ni
trate scrub through them and assaying the composite of these 
aqueous phases. The results are shown in Table IV .

T a b l e  IV

E x t r a c t io n  op  M acro  R a r e  E a r t h s  prom  C o m m o n  
C o n t a m in a n t s  b y  E x t r a c t io n  in t o  T B P  fr o m  A m m o n iu m  

N it r a t e

Added element in phase, %
Phase La Gd Y Sc Al Mg Ca

Combined scrubs 
Combined

1 < 0 .1 < 0 .1 < 0 .0 2  '^100 --^100 ' ~100

solvents 99 99.9 99.9 99.9 < 0 .1 <0 .01 < 0 .1

T a b l e  III
E x t r a c t io n  o f  L a, Pm, Y  a n d  Sc in t o  P rf. -e q u ii .ib r a t e d  

T B P  prom  V a r io u s  A q u e o u s  N it r a t e  Ph a s e s “

Aqueous phase La
7 .2 N  A 1(N 03)3, 

0 .2 J V H N O , > 10 0  
10 N  N H 4N 0 3,

0 .2  V  H N O j 
6 V  N H 4N 03,

0 .2 V H N O ,
1 5 .6  V  H N 0 3 0 .33

0 The data pertain to 40-1 
85-d S c«.

K  for:
Pm Y Sc

> 50 0 > 1 ,0 0 0 > 1 ,0 0 0

~ 2 0 0 ~ 2 0 0 >300

15 20
3 .6 125 > 1 ,0 0 0

La140, 3.7-y- Pm 147, 61 -d Y 91 and

From these data it may be concluded that the rare earths 
may be extracted very efficiently from a highly salted nitrate 
solution thereby purifying them from many commonly oc
curring contaminants. Only a trace of aluminum or am
monium ion extracts.

To demonstrate a purification of rare earths, an aqueous 
mixture of the respective nitrates containing approximately 
one gram each of La, G d, Y , Sc, A l, M g and Ca was con
verted to 100 ml. of solution saturated with respect to am
monium nitrate and approximately 0.2 V  in H N 0 3. This 
was cycled through four 100-ml. portions of pre-equilibrated

( Z-57).

Fig. 3.— Variation of distribution ratio with atomic 
number for the system; 100%  tributyl phosphate and 15.6 
M  H N O ,.

Although the use of a metallic nitrate as a salting agent is 
advantageous in the separation of rare earths from accom
panying impurities, it may be concluded, on the basis of the 
Pm and Y  data of Table I II , that for mutual fractionation 
of the rare earths a concentrated nitric acid phase is superior 
to a mixed nitrate-nitric acid phase. The data for the ex
traction of 40-h La140, 275-d Ce144(III ) , 3 .7-y  Pm147, ca. 
5.4-y Eu1M'154(III)  and 61-d Y 91 are shown in Fig. 3 , the 
artificial atomic number 66.5 having been assigned to Y  
empirically, following the practice of Schubert,10 since it has 
been found that in such a system Y  fractionates in the D y  and 
Ho region.

Assuming the validity of the straight line of Fig. 3 the 
following expression results

log K z  =  0.28Z  -  16.5
From the expression the ratio of the respective distribution 
ratios of successive rare earths is given as

{K z +  i)/ (K z) =  1.9
It must bo emphasized that this relationship is not neces
sarily valid for values of Z  greater than 67. I t  is to be 
noted, further, that this expression applies to the extraction 
from 15.6 M  H N 0 3. When 12 M  H N 0 3 is used as the aque
ous phase the ratio of the respective distribution ratios of 
successive rare earths is approximately 1.6.

The mutual separation of Y  and Pm is shown in Fig. 4 , 
the technique being countercurrent distribution. A  sample 
of Y -P m  mixture totaling 3 X  106 counts per minute was 
processed as follows: the feed (2 m l., 12 M  nitric acid) was 
contacted with six 3 .6-m l. portions of a pre-equilibrated 
5 0 %  washed T B P -5 0 %  dibutyl ether mixture. The re
sultant aqueous was labeled A . Five additional 2-m l. por
tions of 12 M  nitric acid were cycled through the system of 
six contactors each containing 3.6 m l. of the solvent mix
ture. These scrubs were designated as B , C , D , E and F  
successively and the solvents in each contactor were labeled 
1, 2 , 3 , 4 , 5 and 6 successively, beginning with the first con
tactor. Aliquot portions of each phase were evaporated on 
two-mil platinum discs and beta counted.

The data of the foregoing experiment are indicated by the 
solid fine of Fig. 4 . The data of analogous experiments, 
identical to this except that Y  and Pm tracers were used 
separately, are identified by the dotted lines of Fig. 4 . The 
left tail of the dotted Y  curve has been shown to be due to 
impurity in the tracer.

In order to approximate the conditions of maximum sepa
rability of a given pair of rare earths the variation of distribu
tion ratio with nitric acid concentration was investigated. 
The results for Y  and Pm , using T B P  with and without dilu
ent, are shown in Fig. 5 . It is apparent that maximum  
separability between Pm and Y  occurs at high nitric acid 
concentrations and that for concentrations to the left of the 
point of crossing of the curves the order of extraction is the 
reverse of that for concentrations to the right.

That the crossing of the corresponding curves for other 
rare earths also occurs is demonstrated in Figs. 6 and 7.

(10) J. C. Schubert in “ Ion Exchange, Theory and Application," 
by F. C. Nachod, Academic Press, Ino., New York, N. Y., 1949, assigns the arbitrary “ atomic numbers" of 56.6, 66.6 and 71.6 to Ac, Y  and Sc, 
respectively, in order to fit theBe elements, as quasi rare earths, into the observed order of elution from a oation exchange resin.
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T a b l e  V

P s e u d o - c o u n t e r c u r r e n t  F r a c t io n a t io n  op  L a n t h a n id e s

12.00 ±  0.05 M  HNO;3 scrub a n d  f e e d ,  q = 7, n =  4, R =  1 .00, G/B =  1.33

z
1 0 0 %  T B P  

2 1 P  2 1 A

Mg. of element per phase“
6 0 %  T B P  5 0 %  T B P  

2 1 P  2 1 A  2 1 P  2 1 A
3 3 %  T B P  

2 1 P  2 1 A

57 < 0 .0 4 0 .6 < 0.2 40 < 0 .2 40 < 0 .1 0.8
58 <  .2 4 < 1 80 < 1 80 <  .1 3
59 <  .4 2 < 2 8 < 2 8 <  .1 2
60 <  .6 10 < 1 40 < 1 50 <  .1 15
61 . . . .
62 6 1 < 2 12 < 2 16 <  .1 6
63 4 0 .0 8 < 0.2 < 0 .1 < 0.2 < 0 .1 <  .05 5
64 20 <  .2 8 35 2 50 <  .1 22
65 10 <  .2 4 5 (2 )? 10 <  .05 11
66 60 <  .2 150 40 70 100 2 60
39 40 .02 1800 60 1600 300 3 40
67 4 <  .2 20 1 15 10 0 . 1 4
68 6 <  . 1 80 1 80 15 1 5
69 2 <  .2 15 < 0.2 15 1 0 .5 2
70 6 <  .04 40 0 .1 40 1 2 4
71 . , . , 5 < 0 .5 5 < 0 .5 3 . .

“ The symbols 21P and 21A  refer, respectively, to the 40 ml. solvent and aqueous phases effluent from the twenty-first 
cycle. The T B P  was diluted with Gulf Solvent B T . The feeds for the 100%  and 3 3 %  T B P  experiments were identical 
as were those for the 6 0 %  and 5 0 %  TB P  experiments.

The feed, 200 m l. of a rare earth solution 12 M  in H N 0 3, 
was cycled through four 200-m l. portions of pre-equilibrated 
solvent (5 0 %  T B P -5 0 %  Gulf Solvent B T , by volume) and 
was followed by five 200-m l. portions of 12 M  H N 0 3. The 
effluent aqueous phases are labeled A -F , respectively, be
ginning with the effluent feed; and the water re-extracts of 
the individual solvent phases are identified as S1-S4, corre
sponding to the extractor numbers, in Fig. 6 . Analogous 
results were obtained in an experiment identical to this ex
cept that the aqueous phase was 15.6 M  in H N 0 3 and the 
pre-equilibrated solvent was 2 5 %  T B P -7 5 %  Gulf Solvent 
B T . In this experiment Lu was detected in the S samples, 
since the absolute extractabilities were lower and therefore

Fig. 4.— Separationfof Y fandJPm  in the system; 50%  
tributyl phosphate-50% dibutyl ether and 12.0 M  H NO j.

the quantities of Gd, D y  and Y  in the S samples were not 
sufficiently high to mask the Lu in the assay procedure.

An extension of this series of experiments showed increas
ing extractability to parallel increasing atomic number for 
all of the lanthanides, using nitric acid of concentrations 
ranging from 8 to 15.6 M  as the aqueous phase. The exact 
position of Y  is somewhat doubtful, being nearly coincident 
with that of H o.

In Fig. 7 the order of increasing extractability is seen to 
be inverted. These data were obtained by the preceding 
technique using four 300-m l. portions of pre-equilibrated 
1 00%  T B P  and six 75-m l. portions of 0 .3  M  H N O 3, consid
ering the feed as the first portion. The phases are identi-

Fig. 5.— Variation of distribution ratio with aqueous H N O j  
concentration using 50% and 100% tributyl phosphate.
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Fig. 6.— Fractionation of rare earths in the system: 50% tributyl phosphate- 
50% diluent and 12.0 M  HN03.

phase number.
Fig. 7.— Fractionation of rare earths in the system: undiluted tributyl phos

phate and 0.3 M  HN03.

fied as in Fig. 6 . The data of Fig. 8 , in which the lines are 
drawn with an arbitrary slope of three, show the distribution 
ratio to approximate a third-power dependence on the con
centration of TBP in dibutyl ether as diluent, using 11.5 M  
HNO3 as the aqueous phase. The third-power dependence 
is approximately true also when 4 M  HNO3 is the aqueous 
phase, but in systems involving a 1 M  HNO3 aqueous phase 
the TBP dependence is approximately second power.

It is characteristic of the countercurrent distribution 
technique that certain of the product phases are quite dilute, 
with respect to lanthanide content, as compared with the 
feed. In order to establish whether there exists a large 
concentration effect on the separability of the lanthanides a 
series of pseudo-countercurrent experiments was performed. 
It was concluded that no large concentration effect exists.

Somewhat arbitrarily 12.00 M  HNO3 was chosen as the 
aqueous phase for the pseudo-countercurrent experiments, 
since it appeared to represent approximately the optimum 
HNO3 concentration consistent with efficient rare earth 
fractionation and stability of solvent and diluent. Gulf 
Solvent BT, an inert liquid hydrocarbon, was adopted as a 
diluent on the basis of being more resistant than dibutyl 
ether to attack by nitric acid.

In the first pseudo-countercurrent experiments a center-

feed, seven-stage, manually-operated 
system was used. (In the terminology 
adopted R  is the volume ratio of the 
organic phase to the aqueous phase in 
a contactor in the extraction section, 
G is the corresponding ratio in a con
tactor in the scrubbing section, n is 
the number of the contactor into which 
the aqueous feed enters and q is the 
number of the contactor into which 
fresh organic extractant enters.) In 
this series of experiments the respective 
values of R  and G were kept constant 
at 1.00 and 1.33, the concentration of 
HNO3 in the aqueous phase was kept 
at 12.00 ±  0.05 M  and the concentra
tion of TBP in the solvent phase was 
varied, using Gulf Solvent Bt  as the 
diluent. Respective separate volumes 
of feed, scrub and solvent were 10, 30 
and 40 ml.

In the later pseudo-countercurrent 
experiments a ten-stage, semiauto
matic, mechanically-operated system 
with feed entry at the sixth stage was 
used. In this series of experiments the 
values of R  and G were varied (keeping 
their ratio constant), the concentration, 
of H N O 3 in the aqueous phase was kept 
at 12.00 ±  0.05 M  and undiluted TBP 
was used as the solvent phase. Re
spective separate volumes of feed and 
scrub were 50 and 500 ml. The vol
ume of solvent was either 125 or 500 
ml.

The data for the seven-stage system 
are given in Table V and those for the 
ten-stage system in Table VI. It is 
apparent from these data that the 
position of the partitioning element is 
shifted toward the lower atomic num
bers by increasing the concentration of 
TBP and by increasing the value of R, 
keeping other variables constant. The 
sharpness of fractionation increases 
with increasing q using approximate 
center feed, as predicted by theory11 
(see Fig. 9).

By use of an expression derived by 
Scheibel12 it may be calculated that for 
a center-feed seven-stage system in 
which R  = G, at the twenty-first cycle 
the effluent phases have attained 77% 
of the steady-state content of a sub
stance corresponding to R K  = 1 and 
greater than 77% of the steady-state 
content of all other substances extract
ing. For an analogous center-feed 
eleven-stage system the value is 47%. 

It is assumed that these approaches to steady-snate operation 
were approximated in the experiments represented by the 
data of Tables V, VI and VII.

From the data of Tables V and VI, using the methods de
scribed in the Discussion Section, an experiment was de
signed for the purpose of fractionating a mixture of rare 
earth oxides (as obtained from Brazilian monazite) so that 
the effluent TBP phase would contain respectively 2, 8, 90,

(11) If F a and Fv  define the respective fractions of the element in 
question influent to the pseudo-countercurrent system which appear 
in the aqueous and organic phases effluent from the system at steady 
state then:

F a =  [So"*-» ((?F')i] /[2 o (', - 1> (GKY  +  (<7R)(’*-1) 2 ,(9 -” +»

the assumptions being: the phases are completely immiscible, the
volume of the composite aqueous phases is additive, and K  is a true 
constant independent of concentration of the element considered and 
has the same value in both scrub and extraction secticns. The scrub 
enters at number one contactor, the aqueous feed at the “ nth” con
tactor, and the organic phase at the “ gth” contactor.

(12) E. G, Scheibel, Tnd. Eng. C h e m 43, 242 (1951),



Mar., 1953 O r d e r  a n d  D e g r e e  op  F r a c t io n a t io n  op T r iv a l e n t  R a r e  E a r t h s 299

T a b l e  V I

P se u d o - c o u n t e r c u r r e n t  F r a c t io n a t io n  o f  L a n t h a n id e s

12.00 ±  0.05 M  H N 0 3 scrub, approx. 9 M  H N O 3 feed, q =  
10, n =  6 , G/B =  1.11, undiluted TBP

G. of element per phase“
R =  1.00 R =  0.25

z Element 40P 40A 40P 40A

57 La < 0 .0 1 0 .3 < 0 .0 1 0 3
58 Ce
59 Pr <  .04 .07 <  .02 .06
60 Nd <  .01 .4 <  .01 .4
61 Pm
62 Sm 1 .7 .3 <  .02 2 .4
63 Eu 0 .0 5 .005 .005 0 .08
64 Gd 1 .8 < .02 .4 1 .0
65 Tb 0 .2 < .01 .2 0 .02
66 D y 0 .6 < .01 .7 .02
39 Y 1 .5 < .01 1 .4 < .01
67 Ho 0 .0 3 < .01 0 .0 4 < .02
68 Er .1 < .01 .08 < .01
69 Tm .01 < .005 .01 < .035
70 Yb .02 < .005 .02 < .002

“ The symbols 40P and 40A  refer, respectively, to the 
effluent solvent and aqueous phases corresponding to the 
equilibration of the forty-fourth portion of feed.

T a b l e  V II

P se u d o - c o u n t e r c u r r e n t  F r a c t io n a t io n  of  
L a n t h a n id e s “

Z Element

Composition (wt. % )
Feed Product^ 

7.0 kg. oxide 72 g. oxide

57 La 16.1 < 0 .1
58 Ce 3 1 .8 <  .4
59 Pr 3 .0 <  .4
60 N d 15 .7 <  .2
61 Pm
62 Sm 8 .0 <  .4
63 Eu 0 .8 <  .1
64 Gd 12.7 <  .2
65 Tb 0 .4 .4
66 D y 3 .2 5 .1
39 Y 8 .3 8 3 .2
67 Ho < 0 .2 1 .2
68 Er <  .2 4 .2
69 Tm <  .4 1 .1
70 Y b <  .1 4 .3
71 Lu <  .2 0 .5

Conditions : 12.00 ±  0 .05 M  H NO ;1 scrub and feed
=  10, n  =  6, G/R =  2 .00 , R  =  4 .00, 6 0 %  T B P  in Gulf 
Solvent B T . b The product is the lanthanide content o: the 
composite T B P  phase of 80 throughputs. The respective 
approximate fractional extractions of G d, D y  and Y  were 
0.02 , 2 and 1 0 % . Probable approximate percentage yields 
of H o, Er, T m , Y b  and Lu are 15, 60, 90, >  95 and >  99.

>  98 and >  9 9 %  of the D y , Y ,  T m , Y b  and Lu contained 
in the feed. Each portion of feed (750 m l.) contained 87.5  
g. of lanthanides expressed as oxide, all cerium being re
duced to cerium(III) by hydrogen peroxide. Following 40 
throughputs to permit a close approach to steady-state 
operation 80 successive T B P  extracts were composited and 
the product lanthanides removed by re-extraction into an 
aqueous phase.

The data for the 72 g. of product oxide obtained from 7.0  
kg. of feed oxide are given in Table V II . The fractional 
extractions of D y  and Y  agree very closely with the pre
dicted values. I t  may be noted that on the basis of prob
able yields a T m -Y b -L u  fraction in a yield in excess of 9 0 %  
with an accompanying relative mass reduction of 90 was ob
tained.

Fig. 8.— Variation of distribution ratio with concentration 
of tributyl phosphate in a tributyl phosphate-dibutyl ether 
solvent using 11.5 M  H N 0 3.

Discussion
In the extraction from hydrochloric acid and 

from nitric acid of moderate to high concentration, 
the extractability of the lanthanides into TBP 
increases with increasing atomic number, the order 
of increasing extractability paralleling the theoret
ical order of decreasing basicity as deduced by von 
Hevesy.13 This order of increasing extractability 
is inverted for the case of dilute nitric acid.

In each of the systems investigated the extract- 
ability of Sc exceeds that of Y  or any rare earths. 
Therefore, Sc may be purified quite efficiently with 
respect to Y  and rare earth contamination by 
extraction into TBP from a hydrochloric acid solu
tion.

In all of the present studies Y  has been found to 
fractionate in the region of Ho, the position oc
cupied in von Hevesy’s basicity scale. According 
to the reasoning of Marsh,14 fractionation of Y 
at this position implies ionic character of the Y 
and rare earth extracting species as opposed to 
covalent character which should result in frac
tionation of Y  between Nd and Sm. The varia
tion of fractionation position of Y  has been re
viewed by Moeller and Kremers.15

Assuming that equations of the following form 
adequately express the variation of K, at constant 
HNO3 concentration, with respect to Z and with 
respect to the concentration of tributyl phosphate, 
respectively

log K , =  aZ — b
K  =  K ^ C tbvY

(13) G. von Hevesy, “ Die seltenen Erden vom Standpunkte des 
Atombaues,” Veriag von Julius Springer, Berlin, 1927.

(14) J. K. Marsh, J. Chem. Soc., 118 (1947).
(15) T. Moeller and H. E. Kremers, Chem. Revs., 37, 97 (1945).
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Fig. 9.— Theoretical steady state extraction in a system of an odd num
ber of contractors with center feed, G/R =1 .333 .

it follows that fcr constant K, Zp is related to Ctbp 
as

dZp/d [log Ctbp] = -f/a
where Zp is the atomic number of the “ partitioning 
element,”  i.e., the element dividing approximately 
equally into the two effluent phases. Therefore, 
in the fractionation of the rare earths in a given 
system using nitric acid of a fixed concentration and 
TBP of various concentrations, a plot of the atomic 
number of the partitioning element against the 
logarithm of the per cent, concentration of TBP 
should be a straight line of slope —f/a.

For the system 12 M  H N 03-TB P (with Gulf 
solvent BT diluent) the respective approximate 
values of /  and a are 3 and 0.2. Consequently for 
this system the slope should approximate —15. 
In the experiments reported in Table Y the atomic 
numbers of the partitioning elements are 61, 65, 
66 and 70. The plot of these numbers against the 
logarithm of the per cent, concentration of TBP 
is a straight line of slope —18. From such an 
experimental plot the concentration of TBP 
required, using the same system, to divide the rare 
earths at any atomic number between 61 and 71 
may be obtained.

It is apparent ~hat in order to place the point of 
division to the left of 61 some other variable must 
be changed. One of the simplest ways to accom
plish such an end is to increase the value of R.

On the assumption that the ratio of the distribu
tion ratios of successive rare earths in the 12 M 
HNO3-TBP system is 1.6 the expression 

(1.6)az =  Rl/Ri

may be set up. Consequently, for a given system 
in which R is the only variable, the ratio of G to R 
being constant, the plot of the atomic number of 
the partitioning element against the logarithm of 
R should be a straight line of slope —5.

In the experiments reported in Table VI the 
partitioning elements have atomic numbers of 61 
and 64. When plotted against the logarithms of 
the corresponding R values the points lie on a 
straight line of slope —5. From such an experi

mental plot the value of R required, 
using the same system, to divide the rare 
earths at any predetermined point may 
be obtained.

It is apparent that for the system 
12 M  IINO3 TBP the partitioning point 
is far to the left for large values of R and 
far to the right for small values of R. 
Unduly large values of R may be avoided 
by use of a more concentrated H N 03 
phase, and inconveniently small values 
of R may be avoided by dilution of the 
TBP.

The increasing sharpness of the cut 
with increasing qu is shown graphically 
in. the theoretical curves of Fig. 9. If 
the ratio of the K ’s for successive rare 
earths is a constant, then a definite in
crement in the abscissa of Fig. 9 corre
sponds to the difference between adja
cent rare earths. Consequently, in prin
ciple, a vertical grid, with such a spacing, 

placed on Fig. 9 so as to cross a theoretical curve 
at a point corresponding to the extraction of one 
specific rare earth will also cut the same curve at 
points corresponding to the extraction of all of the 
other rare earths. In practice, this is very nearly 
true in the region in which the experimental value 
of Fp can be determined with sufficient accuracy to 
make such a determination valid, as may be shown 
by use of the data of Tables V and YI. Conse
quently, such a plot may be used to calculate the 
experimental K  values of certain specific rare 
earths using a given combination of q, n, R and G 
in order to predict the behavior of the same chemi
cal system using a different combination of q, 
n, R and G.

By such a process of reasoning it is concluded 
that Gd, differing from La by an increment of 
seven in atomic number, should have been sepa
rated from La with a decontamination factor of 
approximately 108 in the experiment reported in 
Table VI, R =  0.25, if the assumptions that K^z+d 
= 1.59Kz and that the K  values are independent of 
concentration in the ranges considered are valid. 
Since these assumptions are known to be approxi
mated in fact, it seems safe to assume that the 
decontamination factor achieved was at least 105 
-106 as compared with the demonstrated de
contamination factor of greater than 8. It may 
be noted that Gd was demonstrated to be decon
taminated from Sm by a factor of approximately 30 
in the same experiment.

By use of the continuous countercurrent extrac
tion technique it seems likely, on the basis of the 
foregoing data, that the rare earths may be sepa
rated from non-rare earth impurities and fraction
ated into subgroups on an industrial scale. Large 
scale isolation of specific single rare earths in high 
purify also appears economically feasible.

Preliminary fractionation of the less abundant 
rare earths preparatory to final purification by an 
ion-exchange technique is another attractive possi
bility. For example (Table VII) a mass reduction 
of 90 for a Tm -Yb-Lu fraction has been obtained. 
Such a technique would permit the loading of a
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larger quantity of the desired lanthanide on a given 
bed of exchanger.

The results of several experiments demonstrate 
the feasibility of using a TBP solution of the 
rare earths as the feed. Such an approach is 
especially promising, since the TBP feed may be 
prepared by contacting a solution of rare earth 
nitrates with TBP under conditions such that 
common contaminates such as Al, Mg, Ca, Na, 
etc., are removed before fractionation of the rare 
earths is undertaken. An equally important effect 
is the removal, by use of this procedure, of inter
fering ions such as phosphate and sulfate which

lower the K ’s of the rare earths thereby shifting the 
position of the partitioning element to an atomic 
number higher than that calculated on the basis 
of data obtained using rare earths free from such 
ions.

It is felt that the major points of interest of this 
study, from the point of view of complex-forming 
tendencies of the lanthanides, are the remarkable 
constancy of the ratio of K^z+ n to Kz for a given 
TBP-nitric acid system and the inversion o; the 
order of increasing extract-ability noted at approxi
mately 3 M  (in the aqueous phase) nitric acid. 
The explanation of the inversion is not known.

THE MECHANISM OF COAGULATION OE LYOPHOBIC SOLS AS 
REVEALED THROUGH INVESTIGATIONS OE SILVER HALIDE SOLS

IN S T A T U  N A S C E N D !1

B y B ozo T ezak
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The coagulation values of several neutral electrolytes were determined for systems of silver halide sols ill stain nascendi 
with various concentrations of stabilizing ions. The coagulations were observed tyndallomctrically. The following electro
lytes were tested: lithium, sodium, potassium, rubidium cesium, calcium, uranyl, aluminum, thorium, and strychnine
nitrate (sometimes of sulfate) in the cases of negative sols, and sodium nitrate, sulfate, dichromate, phosphate, acetate, 
propionate, butyrate, valerate and citrate in the cases of positive sols. In some systems the effect of hydrogen ion concentra
tion was also systematically followed. Further, the coagulation values of potassium, barium, lanthanum and thorium nitrate 
in water-ethanol solutions were determined for negative sols of silver bromide. The development of some typical systems was 
observed also in water solutions of gelatin. It was shown that, the systems with gelatin may be used for differentiation of the 
coagulation processes from the processes of growth of primary particles. In respect to the interpretation of the results it 
was pointed out that there is nearly linear relationship between the logarithm of the coagulation value and Bjerrum’s critical 
distance for formation of stabilizing-eoagulating ion-pairs. The similar relationship may be applied to systems with a 
changed dielectric constant (water-ethanol media).

In the process of precipitation of salts of small 
solubility from a solution of reacting electrolytes 
three stages may be distinguished: (1) nucleation,
(2) regular or irregular growth, and (3) coagulation. 
All three stages are very dependent on the concen- 
trational and other conditions of the precipitating 
system. By a systematical variation of the condi
tions, it may be possible to guide the precipitation 
in such a way that the stages (1) and (2) are very 
little affected thus allowing the examination of the 
practically isolated stage (3).

Actually, in a number of' investigations we have 
been able to use the formation of heteropolar pre
cipitates, especially, the precipitation of silver 
halides, as a very sensitive indicator for the coagu
lating effects of the neutral electrolytes.2 The 
coagulation of such sols in statu nascendi should not 
be necessarily more complex than that of usual 
sols, while the simplicity of preparation of such 
systems, the definite ionic character of the colloidal

(1) Presented at the International Congress of Pure and Applied 
Chemistry, New York, September, 1931.

(2) B. Teiak, Z. physik. Chem., 191A, 270 (1942); 192, 101 (1943); 
Arhiv hem., 19, 19 (1947); B. Te2ak and E. Matijevic, ibid., 19, 29 
(1947); B. Teiak, E. Matijevi6 and K. Schulz, ibid., 20, 1 (1948); 
B. TeSak, ibid., 22, 26 (1950); J. Herak and B. Tezak, ibid., 22, c9 
(1950); B. Te2ak, E. Matijevic and K. Schulz, J. Am. Chem. Soc., 73, 
1602, 1605 (1951); T his Journal, 55, 1558, 1567 (1951).

particles, and the regularities of the phenomena 
observed, may be a valuable tool for clearing up not 
only the questions of the coagulating mechanism 
itself, but also its dependence on both controlling 
factors: that of the crystalline solid, and that of 
electrolytic solution, by which the composition of 
the ci'itical transition layer on the surface of the 
precipitating particles, the so called methoric 
space,3 is conditioned.

Tn this respect we are presenting a glimpse of 
several series of experimental results which may be 
taken as representative for the work done in our 
laboratory. For the experimental details and the 
potentialities of the method and technique used, our 
recent communications'4 may give the necessary 
information.

The Typical Precipitation Curve.—The starting 
point should be to ascertain the stability and in
stability regions of the typical precipitation curve6 
which may be obtained by taking the concentrations 
of the precipitation components reasonably small 
and constant, and varying systematically the excess

(3) Wo. Ostwald, Kolloid-Z., 100, 2 (1942); B. Teiak, Arhiv kem., 
21, 93, 96 (1949).

(4) B. Teiak, E. Matijevit and K. Schulz, J. Am. Chem. Soc., 73, 
1602, 1605 (1951); This Journal, 55, 1558, 1567 (1951).

(5) B. Teiak, Z. physik. Chem. 175A, 219 (1935).
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of the one of the ions from which the heteropolar 
crystal is composed.

On Fig. 1 the general feature of a typical precipi
tation curve (concentration tyndallogram) for the 
system 0.0001 M  silver iodide in statu nascendi 
in aqueous solutions of various iodide (Nal) and 
silver (AgNOg) ion activity, respectively, is given. 
The stabilization regions of the negative and 
positive systems show in longer periods of time char
acteristic changes, which are illustrated by the 
curves of Fig. 1. In recording such precipitation 
phenomena it is possible to make a rough distinc
tion between very rapid, rapid, moderately rapid, 
slow and very slow processes of “ development” 
or “ aging.”  It may be assumed that the rapid 
processes are accomplished in time intervals varying 
from some fractions of a second to about 1 minute, 
the moderate in the course of 1 to 100 minutes, and 
the slow ones from about 2 hours to one week (100 
to 10,000 minutes). For our purposes of primary 
importance are the transitional systems of rapid, 
moderately rapid and slow rate of change. The 
analysis of the kinetics of such precipitation proc
esses was done elsewhere; as the critical time limit 
we chose 10 minutes for the systems of silver 
halides. The typical precipitation curve giving the 
turbidities of silver iodide 10 minutes after the 
preparation of the systems shows many different 
regions: (1) the complex solubility regions ( — A 
and + A ) ; (2) the so-called concentration maxima 
regions ( —B and + B ); (3) the stability regions 
( —C and + C ); and (4) the so-called isoelectric or 
equivalency region (± D ) .

pi pkg+
( log I —) ( —log A g +)

Fig. 1.— Typical precipitation curve of silver iodide for 
various excess of sodium iodide and silver nitrate, respec
tively.

The mode of action of neutral electrolytes on 
similar systems may be taken as decisive for dis
tinction between the processes of crystalline 
growth and the agglomeration through coagulation. 
Figure 2 illustrates such effects. On the negative 
side there are the effects of sodium, barium and 
lanthanum nitrate, while on the positive side the 
corresponding influences are shown for sodium 
nitrate, sulfate and phosphate. The abscissas 
give, as in Fig. 1, the logarithm of activities of 
potential determining ions, and on the ordinates 
the logarithms of the critical concentrations for 
coagulation (coagulation values) are plotted. The 
situations given are those for 0.0001 M  silver iodide 
10 minutes after mixing of the components in water

solution at 20° (the same conditions as for systems 
shown by the full line in Fig. 1). The upper portion 
shaded with slant lines illustrates the well ad
vanced precipitation when sodium nitrate in critical 
concentrations was present in solution. The hori 
zontal shading gives the growing portion of the 
precipitation region as a result of the effect of 
bivalent ions (barium nitrate and sodium sulfate, 
respectively), and the areas of vertical shading 
represent analogous effect of trivalent dominating 
ions (lanthanum nitrate and sodium phosphate). 
Similar relations were found with systems of silver 
chloride and silver bromide.

p i -  pAg+
( - l o g l - )  ( — log A g +)

Fig 2.— Schematic presentation of critical coagulating 
concentrations of neutral electrolytes on systems of silver 
iodide given in Fig. 1.

The Gelatin Effect.—As an additional criterion 
for differentiation of the processes of coagulation 
from those of crystal growth, the gelatin effect on 
the precipitating system may be used. By observ
ing the systems in the absence and in the presence 
of gelatin, it was possible to distinguish the crys
tallization from coagulation very sharply also in 
the cases where there are processes of mixed char
acter. Thus, the region of isoelectric maxima, 
which by itself indicate the interaction of coagula
ting processes, may be examined with respect to its 
crystalline character. For example, with 0.5% 
gelatin it can be seen that the role of crystallization 
for the development of this isoelectric maximum 
is very different in cases of silver chloride, bromide 
and iodide (Fig. 3); the silver chloride and bromide

40 20 10 8 0 4 2
log concn. A g N 0 3, X  10~4 N.

Fig. 3.— Effect of gelatin on precipitations of silver chloride, 
silver bromide and silver iodide in the equivalency region.
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Fig. 4.— Effect of gelatin 
on coagulating action of 
magnesium nitrate.

systems show, by application of gelatin, the re
tardation of the precipitation only, while in the 
case of silver iodide there is nearly complete in
hibition. A similar effect is shown in Fig. 4 giving 
the concentration-tyndallograms for the systems: 
silver nitrate-potassium bromide-magnesium ni
trate, without and with 0.001% gelatin, 10 and 60 
minutes after mixing of the components.

In these, as in all other 
experimental systems re
ferred to, the concentra
tion data are given for 
whole volume of the solu
tion, and the coagulation 
values are expressed as 
normalities of critical con
centrations for coagulation 
10 minutes after the prep
aration of the systems; the 
experimental temperature 
was 20°.

Coagulation of Negative 
Sols.— Generally, the ef
fect of neutral electrolytes 
on silver chloride, bromide 
and iodide sols in statu 
nascendi are completely in 
accord with the old ex
periences of colloid science 
concerning the coagula
tion of lyophobic sols. For 

comparison, especially, may be taken the results 
from Kruyt’s school.6 As we are dealing with 
sols of very small concentrations (about 0.02 g./L), 
in contrast to the usual coagulation experiments 
where much more concentrated sols were used, the 
results obtained are practically free from adsorption 
and other confusing effects. The relatively high 
precision and rapidity by which the coagulation 
values are determined, may give some preference 
to our method and technique in accumulation of 
data on which the theory of the coagulation could 
be built.

Figures 5 and 6 show the concentration tyndallo- 
grams illustrating the coagulation effects according 
to the rule of Schulze and Hardy, for sodium, cal
cium, aluminum and thorium nitrate and sulfate 
(Fig. 5), and according to the ionic sizes, for hy
drogen, lithium, sodium, potassium, rubidium and 
cesium sulfate (Fig. 6), respectively; the concen
tration of silver bromide in statu nascendi amounted 
1 X  10 M. On the abscissas there are the log
arithms of concentration of the neutral electrolyte, 
and on the ordinates the tyndallometrical values, 
expressed in Sauer’s units, 10 minutes after mixing 
of reacting components. The continuation of the 
linear trend of that part of the curve, which shows 
the greatest change in the rate of coagulation, in
dicates in its section with the axis of abscissas the 
critical concentration for coagulation (coagulation 
value).. For the sake of brevity the majority of 
results presented here are such coagulation values.

Figure 7 gives a series of coagulation values for 
hydrogen, lithium, sodium, potassium, rubidium

(6) H. R. Kruyt and M. A. M. Klompé, Kolloid-Beihefte, 64, 484 
(1943).

Log concn. M e nitrate or M e sulfate, N.
Fig. 5.— Critical coagulating concentrations of 1 -1 , 1-2, 

2 -1 , 2 -2 , 3 -1 , 3 -2 , 4 -1  and 4 -2  neutral electrolytes for 
silver bromide sol in statu nascendi.

- 0 . 5  - 1  - 1 . 5  - 2
Log concn. M e2S 0 4, N.

Fig. 6.— Critical coagulating concentrations of H , Li, Na, 
K , Rb and Cs sulfate for silver bromide sol in statu nascendi.

and cesium sulfate in a plot of the logarithm .of 
coagulation value against logarithm of the concen
tration of the stabilizing bromide ion. Similar 
curves for nitrates are given in Fig. 8. The differ
ence in the behavior between sulfates and nitrates 
should be noticed. The order of coagulation values 
is influenced also by the concentration region of the 
stabilizing ion.

1

1.5

2

- 2  - 2 .5  - 3  - 3 . 5  - 4
Log concn. HBr, N.

Fig. 7.— Coagulation values of H , Li, N a, K , Rb and Cs 
sulfate for silver bromide sols in presence of various con
centrations of hydrobromic acid.

In Fig. 9 there are concentration tyndallograms 
once more, but showing the coagulation effects 
of various cations; aluminum and thorium nitrate 
change their coagulation values with “ aging”  of 
their water solutions; this effect can be explained 
by assuming the formation of various complex 
ions.
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Log concn. HBr, N.
Fig. 8.'— Coagulation values of H , Li, Na, K  and Cs nitrate 

for silver bromide sols in presence of various concentrations 
of hydrobromic acid.

0 - 1  - 2  - 3  - 4  - 5  - 6
Log concn. cation, N .

Fig. 9.— Critical coagulating concentrations of K , U 0 2, 
Al, Th and strychnine nitrate for silver bromide sols in statu 
nascendi.

Coagulation of Positive Sols.— Similar coagula
tion effects are found with systems of silver halides 
with an excess of silver ions, but this time for the 
dominating anion of the electrolytic solution.

Since the hydrogen ion concentration may in
fluence the coagulation values of the anions very 
greatly, systematic investigations were made of the 
systems where various amount of nitric acid was 
added. Figure 10 represents the variation of 
coagulation values of the salts of lower fatty acids 
with hydrogen ion concentration; ordinates give 
pH values as determined by glass electrode and the 
abscissas the logarithm of corresponding coagula-

A ________ i ii ' l l  ____

- 1 . 5  - 2
Leg coagulation value.

Fig. 10.— Plot of log of coagulation values of sodium ace
tate, propionate, butyrate and valerate vs. pH (nitric acid) 
for silver bromide sols in statu nascendi.

The coagulation values of sodium citrate in 
systems with various hydrogen ion concentration 
also were determined. Figure 11 gives change of 
the coagulation values of sodium citrate with pH 
value for systems where the concentration of silver 
nitrate was varied. If the logarithm of coagulation

Fig. 11.— Plot of log of coagulation values of sodium ci
trate vs. pH  (nitric acid) for the systems of silver bromide 
in presence of various concentrations of silver nitrate.

values corresponding to the same pH value and 
various concentrations of potential determining 
silver ion are taken, and plotted against the log
arithm of the concentration of the stabilizing ion 
(abscissas), curves shown on Fig. 12 are obtained.

Log concn. A g N 0 3, N.
Fig. 12.'— Coagulation values of sodium citrate for silver 

bromide sols in medium of various pH  (nitric acid).

In Fig. 13 the tyndallograms are given for sodium 
nitrate, sulfate, dichromate, phosphate and citrate 
as an illustration of the rule of Schulze and Hardy.

Log concn. anion, N.
Fig. 13.— Critical coagulating concentrations of sodium 

nitrate, sulfate, dichromate, phosphate and citrate for silver 
bromide sols in statu nascendi.

Effect of Water-Ethanol Media.— For investiga
tion of the influence of dielectric constant on coagu
lation value, water-ethanol mixtures were used, and
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the coagulation values determined for various con
centrations of the stabilizing ion.

On Fig. 14 the logarithms of coagulation values 
for potassium nitrate are plotted against the log
arithm of the concentration of hydrobromic acid 
for various wt. %  ethanol. Similar relations for

- 2 . 5  - 3  - 3 . 5
Log concn. HBr, N.

Fig. 14.— Effect of ethanol on the coagulation values of 
potassium nitrate for silver bromide sols in presence of vari
ous concentrations of hydrobromic acid.

barium and lanthanum nitrate are represented in 
Figs. 15 and 16, respectively. In all these cases 
the coagulation value systematically decreases as 
the content of ethanol is increased* This effect 
could be predicted from data on solubility and con
ductivity measurements. The electrical effects 
of interionic interactions are more pronounced in a 
medium with lower dielectric constant. But there 
are cases also where the opposite effect can be 
found.

Discussion
There are many theories of coagulation of hydro- 

phobic sols. Some of them concentrate on the 
situation on the wall or in the double layer, the 
other stress the decisive influence of the electrolytic 
solution. All simple conceptions of the role of 
neutralization of particle charges (Linder and 
Picton), of the exchange of ions (Duclaux), of the 
critical electrokinetic potential (Powis), of the 
adsorption effects (Freundlich), have proved in
adequate. The same may be said for Ostwald’s7 
theory of the role of activity coefficient of the 
dominating ion in solution. In this respect the 
efforts of Verwey and Overbeek8 cannot be taken 
as successful; on the contrary, they try, on the 
same line as Hamaker and others did, to solve the 
problem of colloidal stability by introducing the 
new undetermined factor, that of the attraction 
resulting from van der Waals-London forces.

In our attempt to interpret the coagulating 
mechanism we tried to find the relation between the 
role of the crystal, the composition of the transition 
layer (methoric layer) and the solution. The 
coagulation phenomenon itself is an abrupt, very 
sensitive, and characteristic process, that may be 
taken as an “ internal signal”  of correspondence

(7) Wo. Ostwald, Kolloid-Z., 73, 301 (1 935 ); T h is  J o u r n a l , 42, 
981 (1939 ); Kolloid-Z., 94, 168 (1941).

(8) E. J. W. Verwey and J. Th. Overbeek, “ Theory of the Stability 
of Lyophobic Colloids,” Elsevier, New York, N. Y ., 1948.
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between the states of systems under observation.
The significant effects of neutral electrolytes were 

studied on systems where it could be reasonably 
supposed that the process of the formation of 
primary particles was very little affected by such 
electrolytes. It may be that the sensibility of the 
systems is very much influenced by the dispersity of 
the particles, but as we always observed tyndallo- 
metrically the abrupt changes in the process of 
agglomeration of the primary particles of about 
30 m/r to secondary structures of about 300 m^, 
the results obtained may be taken as comparable. 
Therefore, as the factors in our experiments may 
be mentioned: (1) the character of the solid as 
reflected in the crystal lattice, the solubility of the 
crystalline phase and the specificity of the ions 
from which the colloidal particles are composed;
(2) the characteristics and concentration of the 
lattice ion in excess; (3) the electrolytic composition 
of the media; (4) the dielectric properties of the 
media; and (5) the concentration of the precipi-
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tated mass influencing the number and size of 
primary particles.

The experimental results already presented show 
some regularities which cannot be neglected. The 
behavior according to the Schulze-Hardy rule gives 
very expressively the valency effects, while the 
influence of ionic size is also very marked. Both 
groups of effects must be taken as dependent on the 
distribution of ions on the wall, in the methoric 
space, and in the solution. Within certain limits 
the joint regulating factor for the stability of the 
system is the distribution of the stabilizing ion, in 
the majority of cases of the lattice ion in excess. 
With respect to the amount of adsorbed stabilizing 
ions there are the results of Kruyt’s9 school. It 
may be taken for our systems that the adsorbed 
amount of the stabilizing ion corresponds to about 
0.5% of the free surface of the colloid particles. 
Further, it is assumed that the stabilizing ions are 
distributed in a nearly uniform manner throughout 
the exposed surface. Thus the distances between 
neighboring stabilizing ions are about 30 A. (one 
ion on 1000 A.2). For such a distribution it is 
possible to consider the interaction between the 
stabilizing ion and the ion in solution (counter ion) 
as a separate elementary process uninfluenced by 
the similar interactions in the neighborhood. Thus, 
many of the coulombic interactions of the associa
tion-dissociation equilibria related to the ion-pair 
formation in the solution must be fully reflected in

Bjerrum’s distance in A.
Fig. 17.— Plot of Bjerrum’s distance in A . vs. log of coagu

lation of K , Ba, I.a and Th nitrate for silver bromide sols for 
water, 30 and 50 wt. %  ethanol media.
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Fig. 18.— Plot of Bjerrum’s distance in A . vs. log of coagu

lation values of K , Ba, La and Th nitrate for silver bromide 
sols for water, 30. 40, 50, 60, 70. 78 and 87 w t.%  ethanol 
media.
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(9) E. J. W. Verwey and H. R. Kruyt, Z . p h y s ik . C h em ., 167A, 137
(1933); A. BasMski, R ec. trav. ch im ., 59, 331 (1940).

the slightly modified circumstances where one of the 
partners of the ion-pair is fixed on the wall. This 
is our basic conception about the configuration 
of the boundary region.

The first impulse for coagulation is certainly given 
by the disturbance of the dynamical equilibria 
maintained between the ionic charges distributed 
on the surfaces of the particles and the ions of the 
quasi-crystalline structure of the electrolytic solu
tion. Thus the common elementary process which 
must be considered first is the formation of ionic 
pairs between the ions of opposite sign. We are 
dealing here primarily with systems of strong 
electrolytes where the ions are specially distributed. 
On the one side there are stabilizing ions fixed on 
the wall, and on the other side the statistical- 
kinetical distribution of the ions in solution. All 
these ions interact with each other but for us of 
special interest are possibilities of interaction of 
counter ions with ions of opposite sign. When 
interpreting such interactions we found especially 
valuable to use the concept of Bjerrum’s critical 
distances10 for the formation of ion-pairs 

„ d = zV /2D kT

Figures 17 and 18 give such relationship between 
the logarithm of coagulation values and the Bjer- 
rum distance corresponding to the stabilizing- 
coagulating ion interaction. Figure 17 gives these 
relationships for some of our systems of Figs. 14, 
15 and 16. The linear course for water and 30 and 
50 wt. %  ethanol systems through the concentra- 
tional range from 0.1 to 0.00001 N is quite striking. 
Of course, there are special features for various 
systems; discrepancies are found quite often, but 
this relationship is worthwhile considering.

Generally, as to the character of the interaction 
between the stabilizing and the coagulating ion two 
cases may be distinguished: (1) when pure electro
static associations prevail, (2) when associations 
are due to the combined electrostatic and chemical 
effects.

For a more general presentation of these relations 
based on the statistical distribution of the ions in 
solution, Fig. 19 may be used, where the legends are 
self explanatory.

Accordingly, it seems that the principal condi
tion for coagulation of hydrophobic sols is the rela
tion between the concentration of the associating 
and dissociating ions in the close neighborhood of 
the sol particles and in the solution in bulk. As the 
first named concentration is governed by the 
density of distribution« of the stabilizing ions fixed 
on the wall, the critical stability-instability stage 
is reached when the distribution of the ions in solu
tion is of greater density than that corresponding 
to the ions in the methoric space. The higher 
osmotic pressure of the ionic system in the interior 
of the solution may be taken in such circumstances 
as a cause for the diffusion of the solvent molecules 
from the methoric layer into solution, and thus— 
as a consequence—as working toward the diminu
tion of the exposed surface. On the ground of such 
qualitative explanation also the quantitative ex
pressions could be worked out which may follow

(10) N. Bjerrum, Kgl. Danske Videnskab. Selskab. Math.-fys. Medd.. 
7, 9 (1926); “ Selected Papers,” Copenhagen, 1949, p. 108.



Distance in A.
0 50 100 150 200 250

Mar., 1953 D iffusion in a Central Field D ue to van der W aals Attraction 307

, Fig. 19.— Schematic presentation of the relationship between critical distances (----------—  line), thicknesses of ionic
atmosphere (----------- curve), and distances between ions when uniformly distributed in solution ( ..................curve) rs. loga
rithm of coagulation value for ions of various valencies. The circles represent the ionic distribution spheres, while the par
tially shaded shells give probabilities of association of the stabilizing-coagulating ion-pairs.

the interpretation forwarded by Langmuir11 con- cerning the role of attractive and repulsive forces in 
d p  i .  L a n g m u ir , j . chem. phys., 6 , 8 7 3  ( 1 9 3 8 ) .  the formation of colloidal systems.

DIFFUSION IN A CENTRAL FIELD DUE TO VAN DER WAALS
ATTRACTION
By R. S. B r a d l e y

Department of Inorganic and Physical Chemistry, University of Leeds, Leeds, England
Received June 19, 1952

The influence of intermolecular attraction on the rate of diffusion has been studied for the evaporation of a drop at the 
center of a spherical enclosure and for diffusion of solute molecules up to another solute molecule. For the first example the 
effect is very small and no correction is necessary for diffusion coefficients deduced from observations on evaporating drops. 
For diffusion in solution the rate for a typical example may be increased by 2 8% .

Introduction
Several problems in physical chemistry depend 

on the theory of diffusion up to or away from a 
sphere, for instance the rate of coagulation of 
colloids, treated by Smoluchowski,1 the evaporation 
kinetics for liquid drops and the collision frequency 
of molecules in solution.2 It is usually assumed in 
these problems that the sole driving force for 
diffusion arises from the concentration gradient, 
whereas in fact there will be an additional force due 
to intermolecular attraction. This paper deals 
with the modification of the diffusion equations for 
spherical symmetry due to the presence of such 
intermolecular forces.

The problem of the kinetics of the coagulation of 
colloids has already been treated by Fuchs3 and

(1) M . von Smoluchowski, Z. physik. Chem., 92, 129 (1918).
(2) R. S. Bradley, M . G. Evans.and R. W. Whytlaw-Gray, Proc. 

Roy. Soc. {London), A186, 368 (1946); J. Birks and R. S. Bradley, i b i d . ,  

A198, 226 (1949); R. S. Bradley and A. D. Shellard, ibid., A198, 239 
(1949); R. S. Bradley, J. Chem. Soc., 1910 (1934); Trans. Faraday 
Soc., 33, 1185 (1937).

(3) N. Fuchs, Z. Physik, 89, 736 (1934).

also by Tikhomirov, Tunitzky and Petrjanov.4 
The latter authors based their theory on the cal
culations of the writer on the interaction energy of 
spheres6 and found at room temperature that the 
influence of interparticle forces might be expected to 
increase the coagulation constant by approximately 
20% in comparison with their experimental in
creases of 25, 22 and 30% for mineral oil, tricresyl 
phosphate and sulfuric acid aerosols, respectively. 
It is the purpose of this paper to examine the prob
lem for evaporation kinetics and for collision fre
quencies in solution (of importance in reaction 
kinetics in solution).

Diffusion Theory for Drops of Liquid Evaporating 
in a Gas.—A drop of liquid evaporates in a spherical 
enclosure which contains the gas and has absorbent 
walls. For spherical symmetry the diffusion equa
tion may be written in the form

D  d2(cr)/dr2 = rdc/di (1)

(4 ) M .  V . T ik h o m ir o v ,  N . N . T u n it z k y  a n d  J. B . P e t r ja n o v ,  Acta 
Physicochim. U. R. S. S., 17, 185 (1 9 4 2 ).

(5 ) R .  S. B r a d le y , Phil. Mag. 13 , 853  (1 9 3 2 ) ;  Trans. Faraday Soc., 
3 2 , 1088  (1 9 3 6 ).
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where D is the diffusion coefficient appropriate to 
the gas pressure, c the concentration of vapor 
molecules per cc., r the distance from the drop 
center, which is also the center of the sphere, and 
t the time. The evaporation will first be considered 
in the absence of a force field. Suppose that the 
enclosure is so large as to have virtually infinite 
radius and that the absorbent is such that the vapor 
pressure at the walls is virtually zero (if these con
ditions do not hold, corrections are easily made). 
A drop placed in such an enclosure will build up a 
vapor atmosphere which is graded in concentration 
from the drop surface to the wall, c being a function 
of the radius and of the time. The general solution 
is complicated, involving terms proportional to the 
time and others to the square root of the time, but 
if the time is sufficient the latter become negligible 
and an almost stationary state is reached. In 
experimental practice such a state is very quickly 
set up, with Ac/it virtually zero. The calculations 
of Luchak and Langstroth,6 in which the approach 
to the stationary state is studied by successive 
approximations, support the view that little error 
is introduced by assuming such a state to be rapidly 
achieved.

In the stationary state the flux per spherical 
shell (X0 molecules per second outwards) is inde
pendent of the radius of the shell, i.e.

X0 = —4irr2D dc/dl = constant (2)
in agreement with (1) with Ac/At =  0. In the 
proximity of the drop we take the vapor molecular 

concentration to be Co, i.e., the 
value appropriate to the satura
tion pressure, it being assumed 
that c =  Co at r =  R +  d, where 
R is the radius of the drop and d 
the molecular diameter (c/. Fig. 1). 
Refinements in the theory accord
ing to which a vapor envelope of 
concentration <co is built up at 

some distance from the drop are neglected (c/. 
Bradley2). We also assume c —► 0 at r —► co. 
Hence

Xo = 4 tt (R + d)Dco (3)

F ig. 1.

If may be noted that c =  Xn/($.vDr), and hence 
the vapor concentration does not drop linearly with 
radius.

In the presence of a force field the equation of 
diffusion becomes

—X  =  iirr2[D dc/dr +  cl)/ (kT ) X  dE(r)/dr] (-1)

in place of equation (2), where X  is the flux per spher
ical shell and where the second term on the right 
arises from the van der Waals force, which imparts 
a drift velocity according to Einstein’s theory; 
E(r) is the potential energy of a vapor molecule due 
to the presence of the liquid drop when the center of 
the latter is a distance r from the center of the 
molecule; k is the Boltzmann constant and T 
the absolute temperature.

Equation (4) may be integrated by multiplying 
throughout by

i"dE(r) dr_
eJ dr kT  =  E M /kT

(6) G. Luchak and G. O. Langstroth, Can. J. Research, A28, 574
(1950).

Taking c -*■ 0, E(r) -*■ 0 when r -*  °°, and c = c0' 
at r = R +  d, we have

Hence

X
4irO

x _  = C j¿  

X q Co

c ,,'e £ («  +  d)/kT

r °>  eE (r ),k T  

J R  +  D r
dr

c E (R +d )/ (kT )

Ut +  d)X
e E(r)/kT

R +  d
dr

Putting
C o '  =  C o C ~ E ( R + d ) / k T

according to Boltzmann’s theory, we have
Xo =  ( R + d ) X

“  e E(r)/(kT) 

R + d  r2
dr

(5)

(6)

(7)

The value of E(r) may be calculated using the 
method of the writer,6 taking the energy between 
two molecules the centers of which are a distance r 
apart to be A/r6, i.e., London7 quantum mechanical 
forces of attraction are assumed and repulsion is . 
neglected for simplicity. If the liquid drop con
tains q molecules per cc. the potential at P  (Fig. 2)

due to a polar element of volume p2sin9d0d0dp at 
A, this element being inside the sphere and distant • 
p from the center, will be

— q\p2 sin 0 d6d<t>dp/ys

where AO =  p, PA =  y. Hence the potential at 
P  due to a spherical shell of radius p and thickness 
dp is

— \qp2 d p y y ’sinfl ddd<t>/y6

Since PA2 = y- =  r2 +  p2 — 2rp cos 9, the potential 
at P  due to the spherical shell is

The potential of the whole sphere at P itf
rrXfjdp 

’ =  ~ 2 r

2(r +  H Y  ^  3(r +  ^  2 { r  -  R ) *

or

E (r) -  - L x ?  l t3/(r2 -  W Y
O (8)

Hence

1----------- — i ------------------- dr (9)
K+d r2

When the index of the exponential is sufficiently 
small the integral may be evaluated by expanding 
the exponential, giving as a first approximation

(7) F. London, Trans. Faraday Soc., 33, 8 (1937).
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X „ , ■ 4 tX([ . r> , F l  , 45 .
X -  1 + 3 I T  (R  + Lb* (R +  d) + iq r * og

d , 14 (fl +  d) _  (R+d) 1
R +  d "r 16 R3d 4Rd‘ (2R +  d)2J ( 1

If this method of expansion is not allowed (9) may 
be evaluated by graphical integration. As a typical 
example evaporative diffusion from n-CiCH34 may 
be considered, using the data of the writer and 
Shellard2; X may be calculated from the approxi
mate formula due to London,7 namely

L V *  x  1 .6 0 2  x  1 0 ~ 12
3.04 X  10*2  ̂ ;

where L is the latent heat of vaporization in cal. 
per mole, V is the molar volume, and X is expressed 
in erg. cm.6. For L =  19,170 cal. per
mole, V =  292 cc., q =  2.06 X 1021 molecules per 
cc., d =  9 X  10~8 cm. We may assume Ii =  
0.1 cm., T =  293°K., which gives by graphical in
tegration that Xo/X differs from unity by only 2.5 
X  10-6. It follows that the correction is negligible 
and that diffusion coefficients calculated by this 
method may be accepted with confidence.

The Rate of Diffusion of Solute Molecules up to 
Another Solute Molecule.— (Cf. (2), last two refer
ences.) In this instance, assuming a steady state, 
with c —*► Co at r -*■ m, we have

C =  Coe -E (r )/ k T  +  x  •
e ~E(r)/kT f  r e E (r)/kT

4 xD
dr (12)

tak in g  X  as representing th e  flux inw ards. D  is an 
e ffective  d iffusion  coefficient, i.e ., th e  sum  o f  the 
d iffusion  coefficients o f  tw o  m olecu les (cf. S m ol- 
u ch ow sk i1). S ince c =  0 at r  =  2 d  (annih ilation  b y  
reaction )

X  =
4 ttZ)co
e E (r)/kT  
-------;—  dr

(13)

I t  fo llow s th at
eE(.r)/kT

Xo/X =  2d | - ....-  -dr (14)

w here X0 refers to  th e  flux w hen E (r)  =  0 fo r  all 
values o f  r. I f  w e w rite E (r) — — Xi2/ r 6, w e h ave

Xo/X =  2d ] e -W ( r 'kT) dr /r 2 =  1 -  Xi2/(4 4 8 d % r)
J  2d

(15)

if  the index o f th e  expon entia l is su fficiently  sm all. 
W e  m a y  consider a  h y p oth etica l exam ple fo r  w h ich  
X12 =  5 X  10~67 erg cm .,6 d  =  3 X  10~ 8 cm . T h e n  
b y  graph ical in tegration  w e  find X/X0 =  1.28 
at 293 °I\.. i.e ., the inclusion  o f  th e  va n  der W aals 
fo rce  m akes a  considerable d ifference to  the rate o f  
d iffusion .

THE EXCHANGE REACTION BETWEEN DEUTERIUM AND AMMONIA 
ON THE SURFACE OF METAL POWDERS 

B y  J o e l  R . G u t m a n n

Scientific Department, Israeli M in istry  o f  Defence, Jerusalem
Received July 9, 1952

The isotopic exchange between ammonia and deuterium has been investigated on pure iron and nickel powders at tem 
peratures between 210 and 319°. The exchange law has been calculated; it differs slightly from a first-order law. The ex
perimental rate of exchange on iron is independent of the ammonia pressure and of the first order with regard to deuterium. 
The activation energy is 17.5 kcal/mole. A  peculiar reversible poisoning effect has been found on the nickel catalyst.

I t  has been  k n ow n  fo r  som e tim e th at on  m etal 
surfaces am m onia  decom poses even  at room  tem 
perature read ily  a ccord in g  t o  th e  fo llow in g  se
qu ence  o f reaction s1-2

N H , — N H 2 +  H  
N H 2 — >  N H  + H  
N H  — N  +  H

T h e  subsequent s tu d y  o f  this process in  the form  o f 
a m m on ia -deu teriu m  exchange on  an evap orated  
iron  film ,3 led  to  th e  con clu sion  th at this exchange is 
o f  zero order w ith  regard to  am m onia  and o f the 
order 0 .5  regarding th e  deu teriu m ; this was inter
preted  to  m ean th at th e  rate determ ining step  in 
th e  exchange is th e  com bin ation  o f adsorbed  N H 2 
radicals w ith  deuterium  atom s. T h is  sim ple p ic 
ture o f  the situation  has recen tly  been  obscu red  b y  
the results o f  W eb er  and  L a id ler4 and  o f S ingleton,

(1) H. S. Taylor and J. C. Jungers, J. Am. Chem. Soc., 57, 660 
(1935).

(2) W. Frankenburger and A. Hodler, Trans. Faraday Soc., 28, 229 
(1932).

(3) A. Farkas, ibid., 32, 416 (1936).
(4) G. Weber and K. J. Laidler, J. Chem. Phy»., 1», 1090 (1951).

R ob erts  and  W in ter.6 T h e  form er d edu ced  from  
their experim ents on  a p rom oted  iron  p ow d er 
(static system , higher pressures, tem peratures b e 
low  2 0 0 °) fo r  the reaction  rate  a  co m p lic a te ! d e 
pen den ce on  the pressure o f  am m onia  and  on  the 
0 .5 th  pow er o f th e  deuterium  pressure, w h ilst th e  
latter on  evaporated  m etal film s and  at som ew hat 
higher tem peratures (sem i-flow  system ) observed  
th e  reaction  to  b e  o f  th e  first order w ith  regard to  
deuterium , and  w ith  regard to  am m onia  either o f 
zero order or even  in h ib ited  b y  this com p ou n d .3

T h e  results o f th e  present in vestigation  w h ich  h ad  
been  undertaken  b e fore  th e  p u b lica tion s o f  W eb er  
and L aid ler4 and  o f S ingleton  and  co -w ork ers,6 are 
be lieved  to  con tribu te  som ew hat to  th e  clarifica
tion  o f th e  situation . T h e  experim ents w ere car
ried ou t in  a static system  and at interm ediate tem 
perature, using b o th  pure iron  and nickel pow d ers ;

(5) J. Singleton, E. Roberts and E. Winter, Trans. Faraday Soc., 
47, 1318 (1951).

(6) The important publication by Ch. Kemball, ibid., 48,254 (1952), 
came into our hands only after the present paper had been submitted 
for publication. Kemball’s results do not affect the aspects of th® 
problems to which this investigation is devoted.
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they appear to be in satisfactory accord with the re
sults of Singleton, Roberts and Winter.6

Apparatus and Methods.— The apparatus used in the 
work, which could be evacuated to 10 -6 m m . of mercury, is 
schematically reproduced in Fig. 1. The catalyst container 
R  (60 cc .), made of Pyrex, is heated by an automatically 
regulated electric furnace of large heat capacity. W ith  the 
thermocouple T , it was ascertained that during a run the 
temperature did not change by more than 1 °. W ith the 
combined gas buret and Toeplerpump P, first deuterium was 
transferred from the storage vessel into A  and from there 
compressed into B , a vessel of known volume, in which the 
D 2 pressure was determined by means of the manometer C . 
In the same way, ammonia was then transferred into A  and
B . From the pressure of the mixture, read off the manome
ter 0 ,  its composition was determined with an accuracy of 
1 % . The mixture was then introduced into R  and the pres
sure read off the manometer M . The whole system (out
side the reaction vessel R ) was evacuated, the trap Ti 
cooled with liquid air and, from time to time, samples were 
withdrawn by a fine capillary (which extended into the cen
ter of R ) into the sampling tube S (volume about 1 cc.). 
The dead volume of the capillary and the loss of material 
through sampling could be neglected.

Fig. 1.— The apparatus.

The temperature range investigated was between 240 and 
320°, the pressure range between 20 and 250 m m ., for both 
deuterium and ammonia.

Materials.— Ammonia was dried by passage through cal
cium oxide, purified by fractional distillation in vacuo and 
stored over distilled sodium metal.

Deuterium was prepared by electrolysis of heavy water 
(d204 1.10487), using anhydrous potassium sulfate as electro
lyte and platinum electrodes, and was purified by passage 
through a palladium tube.

Hydrogen was obtained by electrolysis of a 3 0 %  sodium 
hydroxide solution and purified in the same manner.

As catalysts, one sample of nickel powder and two of iron 
powder were used; one was a commercial (M ay & Baker) 
reduced iron, the other had been prepared according to 
Vanino.7

They were reduced in situ by a stream of hydrogen for 
about 10 hours at 350° and outgassed at the same tempera
ture until the pressure remained constant for some time. 
After this operation, the catalyst was only in communica
tion with the remainder of the apparatus when hot; it was 
outgassed at 350° before and after each run. The cata
lysts did not change the deuterium content of 35 cc. D 2 by  
more than 0 .5 % , when kept in contact with the gas at 275° 
for one hour.

Analytical.— The exchange reaction was followed by 
measuring the decrease in the D  content of the hydrogen 
by means of a thermal conductivity gage.8 The samples in

(7) Vanino, “ Handbuch der praeparativen Chemie,”  3rd edition, 
Stuttgart, 1925, p. 626.

(8) H. W» Melville J* L, Holland, Trans. Faraday S o c 33, 1316 
(1937);

tube S were freed from ammonia by passage through the 
cold traps Ti and T2 and pumped into the gage Q by a one- 
stage mercury diffusion pump of small volume.9 The 
pressure in the gage (tungsten spiral cf 110 ohm re
sistance) was adjusted to about 50 mm. and measured by 
means of a cathetometer to 0.1 mm., sticking of the mercury 
being prevented by a drop of Apiezon oil. The gage head 
dipped into an oil thermostat, kept at about 32°, constant 
to ± 0.02°. Measurements were made by the “constant 
resistance” method, the whole bridge circuit also being 
thermostated. When the gage head dipped directly into 
the oil thermostat, the bridge could not be accurately set to 
zero, but fluctuated erratically. This was found to be due 
to the fact that the glass wall was a little hotter than the 
thermostat and was unequally cooled through unequal 
streaming of the liquid. The gage head was therefore en
cased in a small copper block, thermal contact being pro
vided by mercury. The block itself served as one of the 
electrical leads to the gage. This eliminated the fluctua
tions entirely.

The gage readings were checked by standard gas mixtures 
(storage flasks F). The D content of the samples could be 
determined to ± 0 .2%, but was usually measured to within 
0.5%. The whole system outside the catalyst chamber did 
not cause any exchange between ammonia and deuterium to 
occur.

Results and Discussion
Whilst Singleton and co-workers5 calculated the 

rate of the exchange reactions empirically as
K  = K ex  to

where K e was obtained from the first-order plot of 
— log (1 — y )  against the time t, a different, more 
theoretical, method was employed in the present in
vestigation, following the lines suggested by Har
ris10 for the kinetics of isotopic exchanges.

The equilibrium which in fact includes in addi
tion to the starting materials all the species NH2D, 
NHD2, ND3, HD and H2, is treated by substituting 
the idealized equation: “light ammonia” +  “heavy 
hydrogen” “heavy ammonia” +  “light hydro
gen.” The term “light (heavy) ammonia” includes 
all ammonia molecules that can exchange an H 
atom (D atom) for a D atom (H atom), the mole
cule NH2D, for example, being counted twice as 
light and once as heavy ammonia.

Let us assume the forward and back reaction to 
have the same dependence on ammonia and hydro
gen pressures, but the rate to differ by a factor e = —►  ■<—
R /R  due to the isotope effect. In practice, e is 
1.675 at 245° as calculated from the equilibrium 
composition. This treatment disregards the dif
ferent reactivities of the isotopic species NH3, 
NH2D and NHD2 in the forward reaction and of 
NH2D, NHD2 and ND3 in the back reaction.

Starting from pure NH3 and D2, the observable 
rate of exchange can then be expressed as
dx a — x  b — x -*■ s 2 e — 1 
dl a b K  ab K W  K

(z*  -  *  +  J ^ _ )  (1 )

where a  SOammoma? b —- 2Chydrogen, R  is the true 
rate of exchange and the D content of the hydro
gen is given by (b — x)/b.

Equation (1) presupposes tacitly that there is no marked 
difference in isotopic composition on the catalyst and in the 
gas phase. To check this point, pure NHS was made to 
react with mixtures of light and heavy hydrogen. The

(9) H. P. Waran, J. Set. Instruments, 1, 53 (1923).
(10) G. M. Harris, Trans. Faraday Soc., 47, 716 (1951).
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following table summarizes the results; it shows that the 
assumption made is reasonable.

Initial % D 
in hydrogen

Initial
rate, yo m /% D

3 8 .5 19 49
54 24 45

1 mean 44
59 24 42

100 46 46

The solution of the differential equation (1) is 
-  log (1 -  y )  +

-  ^ ( a  -  b)2 +a +  b
4ab '

log

o +  b +

V
b)2 +

4ab

lit
2.3 ab (a -  b)2 +  —  (2)

where y =  x/x „ ; xm — the value of x at equilib
rium =  +  b — ^l(a -  b)2 +

The experimental results give good straight lines 
on plotting
-  log (1 -  y) +

( a +  b —
1 -  7 ---------------

u  +  b  +

against time. From the slope, R—the true reac
tion rate— could be evaluated and plotted against 
the ammonia and the hydrogen pressure.

As the isotopic correction term loga +  b -  {a b)2 +
4ob'

® +  b +  (a — b)2 +
4ab

is only about 10% of the first-order term log (1 — 
7), the experimental results are not accurate enough 
to show a marked difference between Singleton’s 
and the present method of calculating the results. 
For the concentration range involved, furthermore, 
the numerical value of k (disregarding the isotope 
effect) differs from the value of R only by 3 to 7%. 
Both methods, however, are very sensitive to the 
equilibrium D content; reliance was, therefore, 
placed in the present study on the initial stages of 
the exchange, in which the reaction NH3 +  D2 —» 
NH2D -)- HD predominates. The initial rate of 
the decrease of the D content at one single tempera
ture was the same within about 10% for the whole 
range of pressure and composition.

Figure 2 summarizes the experimental results 
obtained with the first iron catalyst.

The partial pressures in the reaction vessel cov
ered a range from 20 to 180 mm. for ammonia and 
from 25 to 220 mm. for deuterium, the composition 
varying from 25 to 87 volume per cent, of deute
rium. Most runs were made at 245°, at which 
temperature the D content of the hydrogen dropped 
from 100 to about 90 in 10 minutes. Other runs 
were made at 210, 221, 271, 295 and 319°.

The solid lines represent the mean initial slope 
for every temperature, while the shaded area cov
ers the deviations recorded from this value.

Fig. 2.— Change of D  content of hydrogen interacting 
with N H 3 on reduced iron powder at different temperatures: 
dotted lines, actual reaction curve; solid lines, mean initial 
slope; shaded area, zone of deviations from mean.

These results show the exchange reaction to 
be independent (within 10%) of ammonia pressure 
and to be of first order in respect to deuterium. The 
catalyst appears to be almost completely covered by 
ammonia. From the plot of the logarithm of the 
initial velocity against the reciprocal of the tem
perature, an apparent energy of activation cf 17.5 
kcal./mole is calculated, which, of course, is inde
pendent of the reaction mechanism.

The results summarized in Fig. 2 for an iron 
catalyst give about the same picture as obtained by 
Singleton, et al., for their tungsten catalyst at 
697 °K. The inhibitory effect of ammonia ob
served on their iron preparation, which could not

Fig. 3.— Change of D  content of hydrogen interacting 
with N H S on nickel powder at 125°: x, normal near-first- 
order curve; o, poisoned S-shaped curve,
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be detected in the present investigation, may be 
due to incomplete coverage of the surface by am
monia at their higher temperature.

The second iron catalyst studied decreased in 
activity from run to run, but the activity was re
stored by heating the powder with pure deuterium 
at 350°. The activation energy is slightly higher 
(19.8 kcal./mo'e). The restoration of the activity 
by reduction alone may point to a tenaciously held 
surface amide or nitride, as has been suggested. 
With nickel powder some similar phenomenon seems 
to occur: the runs were not well reproducible, and

in some cases the rate of the exchange was slow in 
the beginning, but increased as the reaction pro
ceeded. This increase in the activity during the 
run resulted in an S-shaped reaction curve, instead 
of the usual near-first-order curve (Fig. 3). Com
parison of adjacent runs in which no such poison
ing was observed, indicated an increase in the re
action rate with ammonia pressure.

Acknowledgment.—This investigation was car
ried out under the auspices of the Scientific Depart
ment, Israeli Ministry of Defence, and is published 
with its permission.

TRANSIENT SOLUTE DISTRIBUTIONS FROM THE 
BASIC EQUATION OF THE ULTRACENTRIFUGE

By David F. W augh1 and David A. Y phantis
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Received July 11, 1952

The behavior of small molecules in the ultracentrifuge has been examined by integrating, according to the method of 
Archibald, the basic centrifuge equation. Results for M  =  1,000, 2,000 and 3,000 are given as concentration versus radial 
distance for centrifugation times of 2, 4, 5, 8 and 12 hours. The data were obtained by using a differential analyzer; indi
vidual values being accurate in general to 0 .2 % . In these calculations the molecules are assumed to be spheres of density 
1.414 carrying a volume fractional kinetic water of v =  0.5. Calculations m ay be compared and molecular weights derived 
from the determination of R „  the ratio of average solute concentration on the centrifugal side of a chosen boundary to the 
average solute concentration on the centripetal side. Values of 7J„ obtained from differential analyzer data have been used 
to determine the molecular weight range corresponding to a variation in v from 0 to 1.0. Over the range 0.32 <  v <  0.71  
deviations of ± 5 %  in M  are expected. Approximations to the calculation of solute distribution have been examined. 
Results obtained by approximation are compared to those obtained by the differential analyzer by means of the ratio R „  
The approximate method has been used to calculate the effects of small physical errors on solute distribution and, through 
the ratio R „  on the molecular weights calculated from solute distribution. The physical errors examined have been the 
positions of the meniscus and cell base and the position of an arbitrary fractionating plane near the center of the cell. The 
exact calculations have been extended to include other molecular weight ranges by choice of rotor angular velocity and 
centrifugation time. Under appropriate conditions the same calculations m ay be applied to new combinations of the 
parameters: partial specific volume, fractional kinetic water, particle density, solvent density and viscosity, and temperature 
as well as molecular weight and shape. Where a diffusion constant is known a molecular weight independent of shape or 
hydration may be determined.

The present discussion considers the behavior 
of small molecules (M <  3,000) in a centrifugal 
field. It is based primarily on the general ultra
centrifuge equation deduced by Lamm2 and the 
method for obtaining exact solutions as found by 
Archibald.33 To these exact solutions are com
pared the methods for obtaining approximate 
solutions, (Archibald3*5), and the effects produced by 
changing parameters. The calculations are ex
tended to include any near-spherical molecule 
having a density greater than the solvent density.

It has been clear for some time that many sub
stances, and particularly those of biological im
portance, (a) have molecular weights in the range 
classified here as low, and (b) have not been pre
pared in chemically pure form. The over-all 
technique for treating small molecules has in
volved, in addition to a consideration of the Lamm 
equation, development of a method by which rotor 
temperature can be accurately measured and con
trolled4 and a separation cell which fractionates its

(1 )  T h e  a u th o r s  w is h  t o  t h a n k  th e  A r m o u r  L a b o r a to r ie s  fo r  s u p 
p o r t in g  th is  resea rch .

(2 )  O . L a m m , Ark. Mat. Aatron. Fyaik, 2 I B ,  N o .  2  (1 9 2 9 ).
(3 )  (a ) W .  J . A r c h ib a ld ,  Ann. N. Y. Acad. Sci., 4 3 , 211  (1 9 4 2 ) ;

( b )  J. Applied Phys., 1 8 , 3 0 2  (1 9 4 7 ) .
(4 )  D .  F . W a u g h  a n i  D , A . Y p h a n t is ,  Rev. Sci. Instruments, *8, 6 0 9

(1 9 5 3 ) .

contents only after the normal sedimentation 
pattern has been established during a run.6 Since 
the separation cell will handle low solute concen
trations it is useful for examining the sedimentation 
patterns of pure materials as well as those of 
doubtful purity.

Certain techniques for handling ultracentrifuge 
data have been devised for cases where there is no 
formal boundary. Svedberg and Pedersen,6 have 
suggested and Gutfreund and Ogston7 have ex
tended a procedure whereby sedimentation con
stants may be obtained for rapidly diffusing, slowly 
sedimenting molecules in the case where, in some 
region of the cell, the solute concentration is in
dependent of position. Archibald8 presents several 
noteworthy methods applicable to low molecular 
weight systems.

Other than the two specific considerations of 
Archibald,3 we have been unable to find exact 
solutions of the Lamm equation applicable to the 
transient events taking place during sedimentation. 
Of particular interest are cases where a moving

(5 )  D .  F . W a u g h  a n d  D . A .  Y p h a n t is ,  t o  b e  p u b lis h e d .
(6 ) T .  S v e d b e r g  a n d  K . O . P e d e rse n , “ T h e  T J Itra ce n tr ifu g e ,”  

C la r e n d o n  P re ss , O x fo r d ,  1 9 4 0 , p . 23 .
(7 ) H . G u t fr e u n d  a n d  A . G . O g s to n , Biochem. J., 4 4 ,1 6 3 - 1 6 6  (1 9 4 9 ) .
(8 ) W .  J. A r c h ib a ld , T h i s  J o u b n a l , 8 1 , 1 20 4  (1 9 4 7 ) .
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boundary cannot accurately be observed. In 
view of the above, and since these solutions have 
been extended to include other molecular weight 
ranges, the exact solutions obtained by the differ
ential analyzer are given in detail.

The Centrifuge Equation.—Where the sediment
ing properties of a solute are determined only by its 
sedimentation and diffusion constants (s and D), 
the transient distributions of solute within the 
cell can be predicted by the general centrifuge 
equation given by eq. (1)

Here c is the solute concentration at a distance r 
cm. from the center of rotation and w is the angular 
velocity (radians per sec.). It has been shown 
in several ways (see Archibald,9 Svedberg and 
Pedersen6) that in dilute solutions the physical 
properties of the sedimenting molecule are related 
by eq. (2)

M (l  -  V P.)  =  BTs/D  (2)

where M  is the molecular weight, D is the diffusion 
constant (cm.2/sec.), F is the partial specific volume 
(cc./g.), ps is the solvent density, and s the sedi
mentation constant (sec.). Equation (2) is gener
ally used when the observation of a concentration 
gradient leads to measurements of s and D. The 
centrifuge has been used most often to examine 
molecular weights in excess of 5,000. For smaller 
molecules the unfavorable ratio of s to D precludes 
the formation of a sharp refractive index gradient 
with present equipment. For low values of s/D 
and dilute solutions refined optical methods may 
be unable to detect concentration distributions with 
sufficient accuracy.

Exact Solutions.—A closed solution for eq. (1)
has not been obtained, for which reason it is not 
generally used. The mathematical procedure for 
obtaining exact solutions (Archibald33) requires 
selection of physical parameters: the radii to the me
niscus and cell base and appropriate values of s, D 
and co. The meniscus and cell base used here are 
those which occur in the separation cell to be de
scribed elsewhere. It should be noted that the cell 
base is not that which exists normally in the Spinco 
Ultracentrifuge (Specialized Instruments Corpora
tion, Belmont, California). Conformity with the 
conditions described here may be obtained by in
serting a plastic base piece.

Table I lists a set of values of s and D correspond
ing to chosen values of M. The values of 1) were 
obtained using, in eq. (13), a solute partial specific 
volume of 0.707 and a fractional kinetic water of 
0.50 cc. of water per cc. of solute (for other con-

T a b l e  I

S e l e c t e d  V a l u e s  o f  s  a n d  D
(calculated from eq. 13)

Meniscus at r, =  6.067 cm ., base at n, =  7.003 cm ., w2 =  
3.919 X  10+7 (rad ./sec.)2.

M o l .  w t .  D (cm.Vsec.) 8 (sec.+I)
1,000
2 ,000
3 ,000

2 .98 7  X  10~6
2 .37 2
2 .073

0 .35 6  X  1 0 " IS 
.565  
.740

(9) W. J. Archibald, Phyt. Ret., 53, 748 (1938).

stants see eq. (13)). From these values of D 
corresponding values of s were calculated using 
eq. (2). Exact integrations of eq. (1) were ob
tained with the aid of a differential analyzer.10

The variable r, the radius to a point within the 
cell, varies from ra (meniscus) to n, (cell base). 
At the same time

2 (3)

varies from za to zi3. Archibald finds that 
c(z,t) _  Zb —  Za 

Co e2b — e2a
e* +

EJ 'zb
e

Za,

e *A /(an,l,z)dz
-------¿-H U acM F  (<»-l)r (4)

'IA /(«,1,1 ,z) ) dz

where r =  2œ2st and t is time in seconds. In eq. 
(4) M (an,l,z), the eigenfunctions, are solutions to the 
equation

d KM ( 1  _  \dM _  an
dz2 +  Vz V  dz z (5)

the <xn values (eigenvalues) are determined by the 
condition that, for z =  za and z =  Zb

d
dz

M {a n, 1, z) = M{a,,, 1, z) (6)

The differential analyzer was used to determine 
values of an and M(an, 1, z) by integration of eq. 
(5) subject to eq. (6). Three eigenfunctions (n = 
1, 2, 3) were used in evaluating eq. (4).

The results are given in Tables II, III and IV. 
In each the first column gives the radial distance r, 
and the second the corresponding value of z. 
The latter is of use in calculating average concen
trations since the volume increment, dF, is propor
tional to dz (dF rdr). The fraction of the total 
solute to be found in a chosen sub-volume bounded 
by ri and r2 will be given by

Ql,2
2 a  —  Z b

(7)

Consequently, if a boundary rp be chosen within 
the cell, the ratio of the average concentration on 
the centrifugal side to that on the centripetal side 
is given by

Cl 2b Z p  j  2p 2a

or, noting that

f 2bc i,I -  at =  Zb — z»
JZfL Co

^ Z b  —z,- J f P-  dzi (zP — z.)Za 0̂ /

1(JO ) l ( Z b  -  2p)

Equation (8a) is useful when errors on the centrif
ugal side of the boundary are objectionable.

As indicated in the introduction, an experimental 
technique has been devised by which the ratio Rs

(1 0 )  T h e  d iffe re n t ia l a n a ly z e r  N o .  2 a t  th e  M a s s a c h u s e t ts  In s t itu te  
o f  T e c h n o lo g y  w as m a d e  a v a ila b le  f o r  th is  p u rp o se .
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T a b l e  II

D if f e r e n t ia l  A n a l y z e r  S o l u t io n s  G iv in g  S o lu t e  C o n c e n t r a t io n  R a t io s  c/cd vs. R a d ia l  D is t a n c e  fo r  M  =  1 ,000

(see Table I)
Values of c/co for centrifugation times in hours

r , cm . Z 0 2 4 5 8 12 CO

6 .067 8 .590 0 .854 0 .601 0 .475 0.431 0 .337 0 .26 4 0 .17 4
6 .102 8 .69 .932 0 .659 .522 .474 .370 .291 .193
6 .137 8 .79 .992 .713 .568 .516 .405 .319 .213
6 .172 8 .8 9 1.033 .761 .611 .557 .439 .348 .235
6 .207 8 .99 1 .055 .804 .653 .596 .474 .379 .260
6.241 9 .09 1.061 .841 .692 .634 .509 .410 .288
6 .275 9 .1 9 1 .054 .872 .728 .671 .544 .443 .318
6 .309 9 .2 9 1 .036 .898 .761 .705 .579 .478 .351
6 .343 9 .39 1 .014 .919 .792 .738 .614 .514 .388
6 .377 9 .49 0 .991 .935 .820 .769 .649 .552 .429
6 .410 9 .59 .971 .948 .846 .798 .685 .592 .474
6 .444 9 .69 .958 .957 .869 .826 .722 .635 .524
6 .477 9 .79 952 .965 .891 .853 .760 .681 .579
6 .510 9 .89 .957 .970 .911 .880 .800 .730 .640
6 .543 9 .99 .968 .975 .932 .907 .842 .783 .707
6 .575 10.09 .986 .980 .952 .935 .887 .841 .782
6 .608 10.19 1 .006 .985 .974 .965 .935 .905 .864
6 .640 10.29 1 .025 .992 .998 .997 .988 .974 .955
6 .673 10.39 1 .040 1.000 1 .025 1 .034 1.046 1.051 1 .055
6 .705 10.49 1.047 1.012 1.057 1.076 1.112 1.137 1 .166
6 .736 10.59 1 .045 1 .028 1.095 1.124 1.185 1.232 1 .288
6 .768 10.69 1 .034 1.049 1.141 1.181 1.269 1.338 1 .424
6 .800 10.79 1 .014 1 .078 1 .196 1.247 1.363 1.457 1 .574
6.931 10.89 0 .990 1.117 1.263 1.326 1.471 1 .590 1 .739
6 .862 10.99 .967 1 .168 1 .344 1.419 1.595 1.739 1 .922
6 .894 11.09 .952 1 .233 1 .442 1.529 1.736 1.907 2 .12 4
6 .825 11.19 .953 1 .318 1 .559 1.659 1.897 2 .09 5 2 .34 8
6 .956 11.29 .981 1 .424 1 .698 1.812 2 .082 2 .307 2 .59 5
6 .986 11.39 1 .044 1 .556 1.863 1.991 2 .29 3 2 .545 2 .86 7
7 .003 11.445 1.097 1.641 1.967 2 .101 2 .421 2 .688 3 .02 9

may be determined. Under given experimental 
conditions and the assumptions outlined at the 
start of this section, a ratio Rs corresponds to a 
particular molecular weight. The ratios Rs are 
used extensively below to compare solutions for the 
ultracentrifuge equation and to examine differ
ences arising from changes in the various para
meters.

Returning to Tables II, III and IV. The third

Fig. 1.— Concentration distribution curves for M  =  2,000. 
The ordinate gives the ratio of concentration at time t to 
the initial concentration. The abscissa gives the radial 
position in cm.

and subsequent columns give the values of c/co 
for centrifugation times of 0, 2, 4, 5, 8 and 12 hr. 
Figure 1 plots part of the data of Table III (M 
assumed to be 2,000).

Neglecting the higher eigenfunctions (n )> 4) 
leads to large zero time errors. These decrease

Fig. 2.— The concentration ratio R ,  =  average concentra
tion on centrifugal side of rp =  6.6 cm. to that on centripetal 
side. The ratio R „ is plotted against M  for 5 and 8 hour 
centrifugation times. For further information see Table V .
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T a b l e  III

D if f e r e n t i a l  A n a l y z e b  S o l u t io n s  G i v i n g  S o l u t e  C o n c e n t r a t io n  R a t io s  c / c 0 v s . R a d ia l  D is t a n c e  f o r  M  =  2 ,00 0
(see Table I)

Values of c/ co  f
r, cm. Z 0 2 4 5 8 12 CO

6.067 17.179 0 .70 8 0 .388 0 .24 7 0 .20 4 0 .122 0 .06 8 0 .019
6 .102 17.379 .830 .456 .291 .240 .144 .081 .023
6 .137 17.579 .949 .533 .344 .284 .171 .097 .028
6 .172 17.779 1.043 .607 .398 .330 .200 .115 .035
6 .207 17.979 1.106 .686 .451 .376 .231 .134 .042
6 .241 18.179 1 .138 .735 .503 .423 .263 .154 .052
6 .275 18.379 1 .137 .788 .554 .469 .297 .177 .063
6 .309 18.579 1 .108 .831 .602 .515 .332 .202 .077
6 .343 18.779 1.056 .866 .648 .559 .368 .229 .094
6 .377 18.979 0 .991 .892 .690 .601 .405 .259 .115
6 .410 19.179 .924 .911 .728 .642 .444 .292 .140
6 .444 19.379 .864 .924 .764 .681 .484 .329 .171
6 .477 19.579 .823 .933 .796 .719 .526 .370 .209
6 .510 19.779 .307 .939 .825 .755 .571 .416 .256
6 .543 *19.979 .822 .945 .853 .790 .619 .470 .312
6 .575 20.179 .368 .951 .879 .826 .671 .532 .381
6 .608 20.379 .940 .958 .906 .863 .730 .604 .466
6 .640 20.579 1 .030 .968 .935 .904 .798 .690 .569
6 .673 20.779 1.126 .981 .968 .951 .876 .793 .695
6 .705 20.979 1.212 .998 1.009 1.006 .970 .916 .849
6 .736 21.179 1 .274 1 .020 1.059 1.075 1.083 1.066 1.037
6 .768 21.379 1 .298 1.050 1.126 1.161 1.221 1.249 1.266
6 .80 0 21.579 1.275 1.090 1.213 1.272 1.393 1.473 1.546
6.831 21.779 1.206 1.149 1.331 1.417 1.609 1.750 1.889
6 .862 21.979 1 .097 1 .235 1.490 1.607 1.880 2 .092 2 .307
6 .894 22.179 0 .95 4 1.350 1.696 1.850 2 .218 2 .51 4 2 .81 8
6 .925 22.379 .810 1 .514 1 .968 2 .166 2 .644 3 .035 3.441
6 .956 22.579 .706 1.747 2 .327 2 .575 3 .182 3.681 4 .203
6 .986 22.779 .692 2 .074 2 .798 3 .106 3 .859 4 .48 2 5 .13 4
7 .003 22.889 .742 2 .303 3 .115 3 .459 4 .302 4 .99 9 5 .72 9

p o n e n tia lly  w ith  cen trifu gation  tim e. F o r  e x - _  
ip le , a t  tw o  hr. th e  m a x im u m  estim a te d  errors in

nir +  tan-1 i f % r
V A  (1  +  zA  ( 

) V Za‘A )  \
c/c0 are, for M  =  1,000, 2,000, and 3,000, 0.003, 
0.012, 0.1 (about 0.5, 5 and 8%). At four hours 
centrifugation the deviations are in the third 
decimal place except for M  =  3,000 where they are 
less than 0.005. At five hours centrifugation all 
deviations are negligible. The accuracy of the 
differential analyzer itself is such that the errors in 
all final values are less than 0.2%.

By means of eq. (8a) the average solute concen
trations on either side of a boundary may be com
puted. The values of Rs obtained from Tables II, 
III and IV for a boundary at rp =  6.60 cm., are 
plotted against M  in Fig. 2. The centrifugation 
times are five and eight hours (see also Table V).

Approximations.—Archibald3*5 has developed ap
proximations to the eigenfunctions and eigenvalues 
for the case where zb — za «  1. It is important 
to see whether these approximations can be ex
tended to present cases where zb — za ranges from 
3 to 9, and where an’s are not necessarily large 
compared to z. Approximations to an values are 
obtained from

1 Za +  Zb

4 2 -  (“" -  ï )  !
where

2(*b'f2 — Za'/s)

(9)

(10)

Equation (10a) was further approximated by Archi
bald as

, Zb1/ 2 -  Za‘% 1  +  Za 1 + Z b /  , 1nv̂x n =  n t -i---------------------i — w--------------- r r  r (10b)m r / za ' 2 Zb 22 \

The approximation (l 0b), valid for zb — za ~ 1, 
is not strictly applicable when zb — za is in our range 
of ~ 3  to 9. For our computation, therefore, eq. 
(10a) was used and was solved by successive ap
proximations for xn. It should be pointed out that 
eq. (10a) was not always superior to eq. (10b), 
the latter frequently giving eigenvalues closer to 
those obtained by the differential analyzer. In 
any case, the an obtained through eq. (9), (10), 
and (10a), or (10b) are in good agreement with 
differential analyzer values.

The approximations to M(an, 1, z) are given by 
Archibald315 as

M(an, z) = ez/2z~\ jcos 2̂<7qzV2 — +

Kn sin ^2OnZ1/ 2 — y )  | (11)

where

K° = - ° ot K f e f e  + Z“'A) ]  + "  i f
(11a)and Xn is given by
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T a b l e  IV

D if f e r e n t ia l  A n a l y z e r  So lu tio n s  G iv in g  So lu te  C o n c e n tr a t io n  R a tio s  e/co vs. R a d ia l  D ista n c e  f o r  M  =  3 ,00 0
(see Table I)

Values of c/co for centrifugation times in hours
r, cm. 2 0 2 4 5 8 12 »

6 .067 25.758 0 .575 0 .25 0 0 .12 8 0 .09 5 0 .042 0 .016 0 .00 2
6 .102 26.058 .749 .328 .169 .125 .056 .022 .002
6 .137 26.358 .916 .411 .214 .159 .072 .028 .003
6 .172 26.658 1.066 .495 .262 .197 .089 .036 .004
6 .207 26.958 1.182 .578 .314 .238 .109 .043 .005
6.241 27.258 1.258 .657 .369 .280 .132 .053 .007
6 .275 27.558 1.281 .727 .423 .326 .156 .064 .010
6 .309 27.858 1.254 .787 .477 .373 .182 .076 .013
6 .343 • 23 .158 1.173 .836 .531 .420 .211 .091 .018
6 .377 23.458 1.051 .873 .582 .467 .241 .108 .024
6 .410 23.758 0 .90 8 .898 .630 .514 .274 .120 .033
6 .444 23.058 .759 .913 .675 .560 .309 .148 .044
6 .477 23.358 .033 .920 .717 .004 .346 .174 .060
6 .510 29.658 .557 .926 .756 .647 .386 .203 .081
6 .543 29.958 . 545 .929 .791 .689 .429 .240* .109
6 .575 30.258 .620 .935 .824 .730 .477 .283 .149
6 .60 8 30.558 .788 .949 .856 .773 .532 .338 .199
6 .640 30.858 1.030 .968 .889 .818 .595 .406 .269
6 .673 31.158 1.347 .999 .927 .868 .671 .496 .363
6 .70 5 31.458 1.683 1 .037 .970 .928 .767 .610 .490
6 .736 31.758 1.989 1.083 1.028 1.003 .888 .763 .662
6 .768 32.058 2 .20 9 1.136 1.103 1.105 1 .046 .965 .893
6 .80 0 32.358 2 .283 1.198 1.211 1.238 1.259 1.236 1.205
6 .831 32.658 2 .16 0 1.273 1.364 1.427 1.547 1 .600 1.627
6 .862 32.958 1.813 1.373 1.579 1.692 1.940 2 .097 2 .196
6 .89 4 33.258 1.235 1.518 1.891 2 .008 2 .480 2 .76 9 2 .965
6 .925 33.558 0 .489 1.743 2 .344 2 .605 3 .228 3 .68 4 4 .00 2
6 .956 33.858 -  .327 2 .103 2 .996 3 .369 4 .262 4 .93 0 5 .40 2
6 .986 34.158 - 1 .0 4 2 2 .673 3 .937 4 .450 5 .694 6 .63 0 7 .293
7 .003 34.318 - 1 .3 0 6 3 .099 4 .596  

T a b l e  V

5 .204 0 .675 7 .78 0 8 .562

A  T a b u l a t io n  o f  r V a lu e s , C e n t r if u g a l  to  C e n t r ip e t a l  So lu te  C o n c e n tr a t io n  R a tio s  O b t a in e d  from  
D if f e r e n t ia l  A n a l y ze r  D a t a  ( A d.a .), an d  a  C o m pa riso n  to  T hose  o f  So lu te  C o n c e n tr a t io n  R a t io s

O b t a in e d  b y  A p p r o x im a t io n
T i m e ,

h r . r
M  =  1 , 0 0 0  

R d . a . 1 2 a p p r o x . T
M  «  2 , 0 0 0  

¿ 2 d . A. - S a p p r o x . T -
M  =» 3 , 0 0 0  

¿ 2 d . A* i 2 a p p r o x .
2 0 . 0 2 0 1 1 . 3 2 2 1 . 3 2 1 0 . 0 3 1 9 1 . 5 9 8 1 . 6 8 1 0 . 0 4 1 8 1 . 8 0 7 2 . 0 8 2
4 . 0 4 0 2 1 . 6 8 7 1 . 6 9 6 . 0 6 3 8 2 . 4 0 1 2 . 5 3 1 . 0 8 3 5 3 . 1 5 5 3 . 6 1 7
5 . 0 5 0 2 1 . 8 7 1 1 . 8 8 4 . 0 7 9 7 2 . 8 9 0 3 . 0 4 8 . 1 0 4 4 4 . 1 1 8 4 . 7 1
8 . 0 8 0 4 2 . 3 9 6 2 . 4 2 4 . 1 2 7 5 4 . 6 6 1 4 . 9 1 . 1 6 7 0 8 . 4 7 9 . 6 9

1 2 . 1 2 0 5 2 . 9 7 4 2 . 9 9 2 . 1 9 1 3 7 . 4 7 0 7 . 8 1 . 2 5 0 6 1 8 . 4 5 2 0 . 8 1

_ Closest agreement between approximate and 
differential analyzer calculations is expected when 
za and Zb are small compared to a?i (10 to 14 in 
this case); therefore when M  is small. We have 
found best agreement for low M  to occur if, instead 
of evaluating by numerical integration the integralr. ' 2ft e * [M (an, 1, z)]2dz

which occurs in eq. (4), it was taken as
Zb e-a>M n(zb) -

Cin (12)

Equation (12) was derived by Archibald3* in his 
treatment of exact solutions. We have used eq.
(12) throughout in approximations.

In Fig. 1 the dotted line compares the approxi
mation data with differential analyzer data for M  =
2,000 and t =  5 hours. The agreement is better 
for M  — 1.000 and worse for M  =  3,000 as indicated

in Table V which compares calculations by means 
of R s values for rp =  6.60 cm. In view of the 
extension which follows, we have included in Table 
V the values of r corresponding to each molecular 
weight and time. Deviations in c/co are smallest 
in the centripetal part of the centrifuge cell. Equa
tion (8a), which has been generally used, integrates 
only through the centripetal region and is therefore 
preferable to eq. (8).

Analysis of Assumptions.—It is well known that 
spheres of radius r(cm.) in a medium of viscosity tj 
(poise) have a diffusion constant D (cm.2/sec.) 
given by

D - « 107rrjr
which, on appropriate substitution, becomes .

(13)

where pp is the density of the anhydrous solute
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(g./cc.) and v is the fractional volume of kinetic 
water (cc. water which effectively moves with the 
particle per cc. particles). The data of Table I 
were calculated using T =  295.6°, ?? =  0.0967, 
pp =  1.414, ps =  1.0058 and v =  0.50; the latter 
is approximately 0.35 g. of water per g. of molecules. 
It should be noted that a shape factor can be 
treated in a manner analogous to the treatment of 
the hydration effects discussed here.

The effect of varying v from 0 to 1.0 has been 
examined by calculating values of Ra for a bound
ary at rp =  6.60 cm. and a centrifugation time of 
five hours. The ratio s/D was held constant; 
equivalent to assuming constant values for M, 
ri, T, pp and Fps. Specific values of D were cal
culated from eq. (13). These were used in eq. (2) 
to obtain corresponding values of s, from which 
were obtained new values of r. The latter were 
introduced into eq. (4) and values of Rs calculated 
from the resulting solute distribution. The re
sults are shown in Fig. 3 for an assumed M  =
2,000 arid five hours centrifugation. The ratio 
Ra varies from 3.28 (i> =  0) to 2.66 (v =  1.0). 
For a molecule having a fixed v =  0.5 this same 
range of Ra corresponds to a range of M  from 1800 
to 2300 as indicated by the right-hand ordinate. 
It should be noted that the range of v from 0 to 1.0 
is considerably greater than that which would 
normally be encountered experimentally for small 
molecules. Over the range v =  0.4 to 0.7, M  
varies from 2050 to 1910. The percentage changes 
have been found to be approximately the same for 
M =  1,000 and M =  3,000 and for other centrif
ugation times.

Partial specific volume plays an important role 
in interpreting data obtained by centrifuga
tion. For a constant ratio of s/D, the relation
ship between M  and (1 — Fps) is predicted by 
eq. (2)

M , ( l  -  V iP s )  =  M i ( l  -  F jp a)

Assuming F  to be of the order of 0.71, a 1% error 
in estimating F  will lead to a 2.4% error in M. 
For a further discussion of parameters see Extension 
of Method.

Physical Errors.— Exact positions for the menis
cus, fractionating plate (rp) and cell base have been 
assumed. Experimentally deviations are expected, 
particularly in the position of the cell base. Such 
physical errors lead to deviations in Rs and to 
errors in M.

Plate Position.—Ratios Ra were computed for 
rp =  6.58 cm. and compared with those for rp =  
6.60 cm., a relatively large Arp. Expressing errors 
up to 12 hr. centrifugation in terms of M; the 
maximum error is 1.8% and occurs at M — 3,000 
and t — 12 hours (Ra =  18.45). For the experi
mentally useful range of 1.5 <  Rs <  5.0, the error in 
M  is always less than 0.8%.

Meniscus Position.— Utilizing the approximate 
method, ratios Rs were calculated for ra =  6.017 
cm. (normally 6.067). The deviation, Ara =  0.05 
cm., is well beyond any experimental error. For 2, 
4, 5,8 and 12 hours centrifugation the errors in M for 
M =  1,000 and M  =  3,000 are, in per cent., —2.2, 
0; - 3 .7 , - 4 .3 ;  - 3 .7 , - 4 .7 ;  - 3 .3 , - 4 .4 ;  -0 .6 , 
-3 .1 .

v.
Fig. 3.— The effects of kinetic water, v (cc. water per cc. 

molecules), on the concentration ratio RB for M  =  2,000 
and a centrifugation time of 5 hours. The right ordinate 
gives the corresponding molecular weight range for a mole
cule having v =  0.5.

Base Position.— Similarly ratios Ra were cal
culated for r =  7.061 cm. to be compared with 
those for the normal value 7.003 cm. Again the 
deviation, Arb =  0.058 cm., is large. For 2, 4, 5, 
8, 12 hours centrifugation, the errors in M  for M  =
1,000 and M  =  3,000 are in per cent., —1.6, —6.7; 
-2 .8 , -4 .3 ; -2 .4 , -3 .3 ;  -1 .1 , -1 .2 ;  +2.8, 
+3.3.

Extension of Calculations.—The values 1M  =
1,000, 2M  =  2,000 and 3M  =  3,000 have been 
treated thus far. We have found it convenient 
and instructive to examine the procedures by 
which these calculations can be applied to other 
values of molecular weight either by a technique 
involving a measurement of Rs or by any more 
general technique involving a determination of 
c(r, t)/co.

In eq. (4) the eigenvalues an and the eigenfunc
tions M(an,z) are dependent eventually only upon 
za and Zb. When any set of experimental conditions 
leads to values of za, Zb and r identical with those 
used in present calculations (condition I), the dis
tribution of solute throughout the cell will be as 
calculated for these values. Let us examine the 
conditions under which the sedimentation pattern 
of a chosen molecular weight JIM may, at wx2 
and ¿x, be made equivalent to that for IM  at coff 
and U. A value of tim,x corresponds to k. Cor
respondingly we have za,iM and Zb,iM- Values of 
o>x2 and tx may be chosen for JIM through condition 
I as follows. A value of wx2 is given by values of za 
or Zb (for 1M) using

Za.IM 

2b, 1M

/ 1 M ( 1  -  V p . )

2R T

r.2

m2
(14)

A value of the sedimentation constant sx for JIM 
is now calculated according to an assumed model; 
for example as is done for our model via eq. 2 and 13.

Upon substituting in eq. (15) values for nM,i, 
and sx a new value, tx, is obtained which is the 
centrifugation time for JIM. Condition I is satis
fied and the new values uK‘ and tx will yield fo r /lM  
the same solute distribution as the values coi2 
and U gave for 1M.

r =  2 u2st (15)
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Since, very closely, z2m W =  2zim(t) and z3m (V) =  
3zim0), and o2M =  (2)2/,Sim and s3m =  (3) VsSiM, 
the values wx2 and t* for flM  will satisfy condition 
I for/2M  and/3M ; providing that the model does 
not change in shape or hydration. In this event the 
abscissa (M) of Fig. 2 relating Rs to M  for five and 
eight hours centrifugation can be multiplied by a 
constant factor /  by choosing appropriate values of 
cox and tx . For example, the range shown in Fig. 2 
may be extended by /  =  3 (3,000 to 9,000) by using 
co =  3.61 X 10s radians per second and t =  7.21 
hours (curve 1) and t  =  11.54 hours (curve 2) 
and by /  =  4 (4,000 to 12,000) by using co =  3.13 
X 103 and t =  7.94 hours (curve 1) and t =  12.70 
hours (curve 2).

In a similar manner the calculations may be 
made to apply to any new combination of the 
parameters V, v, p, rj, etc., as well as M. It should 
be noted that a change in shape can be treated in 
a like manner to a change in u. In this respect it 
should also be noted that a change in v alone may 
be compensated for largely by a change in viscosity 
(therefore temperature) and that new values of 
co and t  need not be sought (see eq. 13).

When an accurate independent measurement of 
D (Dm) is available, the calculations and a measure
ment of Rs may be used to obtain an anhydrous 
molecular weight not subject to assumptions of 
shape or hydration. From this value a shape- 
hydration factor D0/D m may be obtained in the 
usual way.

Dm is used in eq. (2) along with M  =  1,000, M =
2,000 and M  =  3,000 to obtain values of s (si, s2, 
s3). The ratios s/Dm so obtained will give, for each 
M, the correct values of za and Zb. Equation (15) 
is now employed using these values of s, the value 
of co used in calculations and experiments, and the 
experimental value of t , to obtain values of r(n , 
t2, t3). Through the assumed values of M, each 
r value corresponds to a value of Rs which can be 
obtained by interpolation in Table V. The paired 
values of Ra and M  have been calculated for the 
experimental condition used and the assumption 
that D =  Dm. The value of M  corresponding to 
the measured value of Ra may now be determined. 
The extension of calculations given at the start of 
this section likewise applies to the situation where a 
value Dm is available.

KINETICS OF SURFACE REACTIONS IN THE CASE OF INTERACTIONS
BETWEEN ADSORBED MOLECULES

By Keith J. Laidler

Department of Chemistry, The Catholic University of America, Washington, D. C.
Received July 14» 1952

The influence of interactions between adsorbed molecules on the absolute rates of surface reactions, with special reference 
to the parahydrogen conversion, is considered. It is shown that these interactions enter in two ways: they affect the num
ber of dual surface sites and also the partition function for the surface sites. The rate equations are developed for the Bon
hoeffer-Farkas mechanism for the parahydrogen conversion on tungsten and the two effects are shown to cancel exactly for 
a fully covered surface. In calculating absolute rates it is therefore correct to omit interaction terms.

Introduction
Recent work on adsorption1-3 has indicated that 

there may frequently be strong repulsive interac
tions between atoms or molecules adsorbed on 
neighboring surface sites. It is therefore important 
to consider the effect of these interactions on 
the kinetics of surface reactions. Most treatments 
of surface reactions4-8 neglect these effects: for 
example, in the calculations of the absolute rates 
of surface reactions interactions have usually not 
been considered, without any particular justifica
tion. In spite of this omission calculations of 
absolute rates have for the most part been remark
ably successful and an explanation for this success 
is given in the present paper.

(1) J. K. Roberts, Proc. Roy. Soc. (London), A152, 445 (1935).
(2) E. K. Rideal and B. M . W. Trapnell, J. chim. phys., 47, 126 

(1950); Faraday Soc. Discussion, 8, 114 (1950); B. M. W. Trapnell, 
Proc. Roy. Soc. (London), A206, 39 (1951).

(3) J. Weber and K. J. Laidler, J. Chem. Phys., 18, 1418 (1950); 
19, 1089 (1951).

(4) K . J. Laidler, S. Glasstone and H. Eyring, i b i d . ,  8, 659, 667 
(1940).

(5) S. Glasstone, K. J. Laidler and H. Eyring, “ The Theory of Rate 
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y ., 1941.

(6) K. E. Shuler and K. J. Laidler, J. Chem. Phys., 17, 1212 (1949).
(7) K. J. Laidler, T h is  J o u r n a l , 57, 320 (1953).
(8) M C. Markham, M . C. Wall and K. J. Laidler, ibid., 57, 321

(1953).

In two recent papers9-10 absolute rate calculations 
have been made in which explicit account has been 
taken of the repulsive interactions. These cal
culations have been made for the Bonhoeffer- 
Farkas mechanism11 for the parahydrogen con
version on tungsten. The equation employed for 
calculating the rates involves the application of 
collision theory and employs the expression derived 
by Peierls12 for the number of bare neighboring sites 
on a surface. Employing an interaction energy of
4.4 kcal. derived from Trapnell’s isotherm Eley10 
calculates that the number of bare dual sites is 
about 10-6 of the number that would be present if 
there were no repulsive forces. His absolute rates 
moreover are about 10-6 of the observed ones and 
on this basis Eley rejects the Bonhoeffer-Farkas 
mechanism. Laidler7 on the other hand has 
neglected the repulsive forces, obtains good agree
ment and concludes that the Bonhoeffer-Farkas 
mechanism is acceptable.

At first sight, neglect of the repulsive forces of 
this magnitude would not appear to be correct.

(9) B. M . W . Trapnell, Proc, Roy. Soc. (London), A206, 39 (1951).
(10) A. Couper and D. D. Eley, ibid., A211, 536 (1952).
(11) K. F. Bonhoeffer and A. Farkas, Z. physik. Chem., B12, 231 

(1931).
(12) R. Peierls, Proc. Camb. Phil. Soc., 32, 471 (1936).
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Further consideration, however, reveals a serious 
objection to the rate equation employed by Trap- 
nell and by Eley. The only way in which the 
repulsive forces appear in this equation is to di
minish, by 10 ~6 or so, the concentration of bare dual 
sites. It is clear, however, that they should also 
enter in another way: by making the dual sites 
intrinsically improbable they shoidd increase the 
rate of reaction per dual site. Expressed differ
ently, the rate equation contained in its denomina
tor the partition function for the dual site and this 
will be diminished by the repulsive interactions. 
There will clearly be some compensation between 
these two effects. On intuitive grounds the writer 
has previously assumed the compensation to be 
complete and has therefore neglected the inter
actions. The formal justification of this is now 
given. The proof will be given for the special case 
of the parahydrogen conversion on a well-covered 
surface, the rate of which is assumed to be con
trolled by the rate of adsorption of hydrogen. 
This case of the well-covered surface is the one of 
chief interest; when the surface is sparsely covered 
the interactions are of course unimportant owing to 
the small number of neighboring adsorbed species.

The statistical treatment of the adsorption is 
equivalent to that of Peierls12 and Roberts.13 
Consider a central site So surrounded by four 
neighboring sites Si, S2, S3 and S4. The isotherm 
for dissociative adsorption without interaction 
is

0/(1 -  e) = K p 'A (l)
Suppose that So is bare: then the probability P  that 
Si is covered is given by

P /( l  -  P) = Krp1/» = “P1/* (2)
Here f  is a term that takes into account the inter
actions due to molecules surrounding the colony of 
five under consideration. If S0 is occupied the 
probability P ’ that St is occupied is given by

P ' / ( l  -  P ')  =  K$e~v ' kTp'h  =  Krip'/t (3)

where V  is the interaction energy and r) is equal to 
e-v/kT_ Equations (2) and (3) give, for the prob-

(13) J. K . Roberts, “ Some Problems in Adsorption,” Cambridge 
Univ. Press, London, 1939, p. 25; cf. A. R. Miller, “ The Adsorption 
of Gases on Solids,” Cambridge Univ. Press, 1949, p. 24.

ability that Si is bare when the surface is well 
covered (P —> 1 and P ’ —»1)

1 — P  =  1 /kp‘A  if So is bare (A

1 — P ' =  1 /k?jp'A if So is occupied (5)

If the total number of sites per sq. cm. when the 
surface is bare is L, the concentration of bare single 
sites is

cs = L(1 ~ P ’ ) (0)

The concentration of bare dual sites is given by

Cs2 =  \ scs (1 -  P ) (7)

where s is the coordination number, assumed to be 4 
in this case. Equations (4)-(7) give rise to

fSi S 1 — P  Sr)
k f  “  2L T ^ T '  ~  2L (8)

The ratio of the partition function for a dual 
site, /s„  to that for two individual single sites, 
/I, is e~r/kT/2 = t]/2; the numerator arises from the 
fact that the dual site has an energy V higher than 
that of two separate sites, while the denominator is 
the symmetry number of the dual sites.

The rate of adsorption, i.e., the rate of reaction 
between gas molecules and bare dual sites, is equal 
to

V =  CgCSl
kT f ± _  
h PgfW

O )

In terms of single sites instead of dual sites
v _  SC8C= KL / A  - E„jr-c 

L h F j ; (13)

Since the 17 cancel, it is clear that the interaction 
terms have no effect on the rate.14 Equation (10) 
is the equation used in the following paper7 to 
calculate the rate of reaction by the Bonhoeffer- 
Farkas mechanism.

It appears, therefore, that in this case of a well- 
covered surface the interaction terms exactly cancel 
out of the rate expression, and that serious error 
arises from introducing the interaction term into 
the expression for cg2 but neglecting its effect on 
fSi-

(14) It should be noted that this conclusion involves the assumption, 
probably valid in most cases, that the partition function /+  fcr the 
activated complex (which does not include the Boltzmann factor) is 
not affected by the repulsive interactions.
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MECHANISMS OF SURFACE-CATALYZED REACTIONS. I. THE 
PARAHYDROGEN CONVERSION ON TUNGSTEN

By Keith J. Laidler
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The kinetic results of Farkas and of Eley and Rideal on the conversion of parahydrogen into orthohydrogen are discussed 
with reference to the adsorption data of Frankenburg and of Rideal and Trapnell. Various mechanisms for the reaction 
are considered and it is concluded that the only one that satisfactorily fits all of the data is the Bonhoeffer-Farkas mechanism 
in which the rate is controlled by adsorption of a hydrogen molecule on a bare dual surface site. According to this mecha
nism the rate is proportional to (1 —0)2kp and if the variation of k with p is taken into account the mechanism explains the 
low reaction orders of close to zero; it also is consistent with the observed absolute rates. The Rideal mechanism, involving 
reaction between an adsorbed atom and a gaseous molecule or a van der Waals adsorbed molecule, is shown to be incapable 
of explaining either the order or the absolute rate.

Introduction
The conversion of parahydrogen into orthohydro

gen at a tungsten surface has been the subject of 
careful experimental study1-3 and of much theor
etical discussion.2’4-12 It was originally supposed 
that since adsorption involves dissociation into 
atoms the conversion proceeds via adsorption and 
evaporation

p-H2 +  W 2WH Z £ ± .  2W +  o-II2 (1)

However the work of Roberts13 appeared to indicate 
that desorption occurs too slowly for such a me
chanism to be possible and as a result Rideal5 
proposed that reaction proceeds through inter
action of a chemisorbed atom and a gaseous mole
cule or one held in a van der Waals layer

P-IL +  WH HW  +  0 -II2 (2)

Later adsorption studies by Frankenburg14 and by 
Rideal and Trapnell8’10 indicated, however, that 
Roberts’ surfaces were not as fully covered as he 
believed them to be and that at higher pressures 
than those used by Roberts the heats of adsorption 
fall to such low values that desorption can occur 
rapidly. In view of this there is no valid objection 
to the Bonhoeffer-Farkas mechanism on the basis 
of rates of desorption.

There still remain some problems in connection 
with the reaction and in particular the interpreta
tion of the low order of reaction has given some 
difficulty.11 In the present paper the reaction is 
discussed theoretically in a simple manner and it is 
shown that the low order and the absolute rate of 
the reaction can be satisfactorily interpreted on the

(1) A. Farkas, Z. physik. Chem., B14, 371 (1931).
(2) D. D. Eley and E, K. Rideal, Proc. Roy. Soc. (London), A178, 

429 (1941).
(3) D. D. Eley, ibid., A178, 429 (1941).
(4) K. F. Bonhoeffer and A. Farkas, Z. physik. Chem., B12, 231 

(1931).
(5) K. F. Bonhoeffer, A. Farkas and Iv. W. Rummel, ibid., B21, 225 

(1933).
(6) E. K. Rideal, Proc. Camb. Phil. Soc., 35, 130 (1939).
(7) D. D. Eley, Trans. Faraday Soc., 44, 216 (1948).
(8) E. K. Rideal and B. M. W. Trapnell, J. chim. phys., 47, 126 

(1950).
(9) E. K. Rideal and B. M. W . Trapnell, Faraday Soc. Disc., 8, 114 

(1950).
(10) B. M. W . Trapnell, Proc. Roy. Soc. (London), A206, 39 (1951).
(11) G. D. Halsey, Trans. Faraday Soc., 47, 649 (1951).
(12) A. Couper and D. D. Eley, Proc. Roy. Soc. (London), A211, 

536 (1952).
(13) J. K. Roberts, ibid., A152, 445 (1935).
(14) W . G. Frankenburg, J. Am. Chem. Soc., 66, 1827 (1944).

basis of the Bonhoeffer-Farkas mechanism, but not 
on the basis of the Rideal mechanism. This con
clusion is in agreement with that reached by 
Trapnell10 on somewhat different grounds. It is to 
be emphasized that the present paper is concerned 
with the correlation of the experimental adsorption 
and kinetic data. Its conclusions are entirely in
dependent of whether the data are to be interpreted 
in terms of surface heterogeneity or of repulsive 
interactions between adsorbed molecules.

Kinetics of the Conversion.—The salient facts 
regarding the conversion are as follows. The ki
netics are strictly first order if the total pressure,
i.c., 9, is maintained constant. If, however, experi
ments are done using various initial pressures po 
of pure parahydrogen, the rate is found to vary as 
pun, where n is now much less than unity. Thus at 
temperatures between —78 and —100° and with 
pressures between 1 and 20 mm. Eley and Rideal2 
obtained values of n varying between very close to 
zero and 0.5. There is a tendency for the order to 
be greater the lower the temperature; thus in one 
run at —78° the order was 0.04 and in a comparable 
one at —159° it was 0.16. Farkas1 also found low 
orders, his values lying between 0.25 and 0.33. 
Farkas obtained an activation energy of 3.8 kcal.; 
while the values of Eley and Rideal varied from 1.0 
to 3.8 kcal.; however, as emphasized by Rideal and 
Trapnell,8 these values have no simple significance 
owing to the variation of 9 with the temperature. 
The absolute rate of the conversion was found by 
Eley and Rideal to be 2.1 X 1018 molecules per sq. 
cm. per sec. at —100°, at a pressure of 1 mm.

The Bonhoeffer-Farkas Mechanism.—According 
to the mechanism of Bonhoeffer and Farkas4’6 the 
rate of conversion is simply the rate of adsorption 
of parahydrogen and is therefore given by

v =  k (i  — e )2p ( l )

It will first be shown that this expression for the 
rate is consistent with the low kinetic orders that 
are obtained experimentally.

At the temperatures and pressures used in the 
conversion experiments 1 — 9 is found8’14 to vary 
approximately as p -0-2 so that (1 — 0)2 varies as 
p —°.4 . ra£e constant k depends on pressure
through AH*. In the pressure region of the experi
ments it may be seen from the data of Rideal and 
Trapnell8 that a tenfold increase in pressure changes 
9 by about 0.02 unit, and this changes AH for
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adsorption by not more than about 1.0 kcal. 
Assuming a symmetrical potential energy barrier, 
this means that AH* for adsorption will increase 
by about 0.5 kcal. when the pressure increases 
tenfold, and at —100° the value of k is reduced by 
10°-6. Under these conditions (1 — 6)~ k therefore 
varies as p~0-4 X  p -0-6, i.e., as p~l. The rate is 
therefore independent of p, i.e., the kinetics are 
zero order.

A consideration of the reaction along these lines, 
taking into account the pressure variations of 1 — 6 
and Ic, therefore leaves no difficulty in connection 
with the orders of reaction of close to zero that were 
observed experimentally. The variation in (1 — 0)2 
k that was deduced above represents the highest 
that is to be expected, so that under certain condi
tions the order will be higher. Smaller variations 
in (1 — dyk are to be expected the higher is 6.
i.e., at lower temperatures or higher pressures. 
It would therefore be predicted that the order will 
tend to increase at lower temperatures or higher 
pressures and this appears to be the case.

The plausibility of this interpretation of the 
reaction may be checked by an order of magnitude 
calculation of the rate at —100° and a pressure of 1 
mm. The rate is given by eq. (10) of the previous 
paper16 and it will be assumed that = / a. The 
partition function for parahydrogen is 3.4 X 102E 
at this temperature. The surface is about 90% 
covered, so that the concentration of bare single 
sites, c„ is equal to L(1 — 0) =  1014 sites per sq. 
cm.; the coordination number s is assumed to be 4. 
Using these values the rate of the conversion is 
calculated to be

v =  6.0 X  1018 e~E'/RT molecules cm .-2 sec.-1

This is consistent with the experimental value of
2.1 X  1018 if there is a small activation energy.

(15) K. J. Laidler, T h is  J o u r n a l , 57, 318 (1953).

This conclusion is to be contrasted with that of 
Couper and Eley11 who, as discussed in the preced
ing paper,16 employ an incorrect equation for calcu
lating the absolute rate.

It may be concluded from the above that there is 
no major difficulty in interpreting the conversion 
on the basis of the Bonhoeffer-Farkas mechanism.

The Rideal Mechanism.— It does not seem pos
sible to account for the results on the basis of the 
Rideal mechanism, as has also been concluded by 
Trapnell. If the reaction occurred between an 
adsorbed atom and a molecule in the gas phase the 
rate would be proportional to dkp. Now since the 
surface is fairly fully covered 0 varies only very 
slightly with p, so that dkp varies approximately as 
p-o.6 x  p — p0.4_ 11 therefore is not possible to
interpret on this basis the experimental orders 
which are close to zero. A lower pressure depend
ence may be obtained by assuming the hydrogen 
molecule to be adsorbed in a van der Waals layer, 
but the coverage in the second layer has to be quite 
considerable. Such a high coverage is not reason
able in view of the low adsorption heats for a van 
der Waals layer.

Absolute rate calculations also render this type 
of mechanism unlikely. The rate is now found to 
be l02° e - ^ a n d  this requires an activation energy 
of about 1.5 kcal. for agreement with the data. 
This is too low for this type of mechanism, involving 
the dissociation of a hydrogen molecule by inter
action with an adsorbed hydrogen atom; a value of 
7 kcal. applies to the reaction H +  p-H2 —> o-H2 +  H 
even when the reacting atom is free and the Rideal 
mechanism should require a value at least as great 
as this.

The author is much indebted to Dr. B. M. W. 
Trapnell for valuable discussions and suggestions 
in connection with this paper.
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The data of Kemball on the methane-deuterium exchange on evaporated nickel are discussed, mechanisms are formulated, 
and absolute rate equations derived. C H 3D  is considered to be formed from adsorbed C H 3 and D , and the rate of production 
of C H SD  is shown to be approximately equal to the rate of adsorption of methane as methyl radicals. C H 2D 2, C H D 3 and 
C D , are considered to be formed bv reaction between adsorbed methylene radicals and adsorbed deuterium atoms, and a 
treatment is given for the relevant statistical factors. Calculated rates for all four processes axe in excellent agreement with 
the experimental ones.

Introduction
The object of the present paper is to consider 

recent data on the surface-catalyzed exchange re
actions between methane and deuterium, to propose 
definite mechanisms, to formulate expressions for 
absolute rates, and to check the mechanisms by 
means of rate calculations.

The exchange reactions between methane and 
deuterium have recently been the object of careful 
experimental study by Kemball,1 who used evapo-

(1) C. Kemball, Proc. Roy. Soc. (London), B207, 539 (1951).

rated nickel surfaces. He measured the rates of 
formation of CH3D, CH2D2, CHD3 and CD,, and 
determined an activation energy for each process. 
All of the rates were found to be proportional to 
the first power of the methane pressure. The rate 
of formation of CH;iD is inversely proportional to 
the square root of the deuterium pressure, while the 
rates of formation of CH2D2, CHD3 and CD., are 
inversely proportional to the first power of the 
deuterium pressure. As suggested by Kemball, 
this result implies that the methyl radicals do not
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T a b l e  I
R a t e s  op F o r m a t io n  o f  C H 2D 2, C H D 3 a n d  C D 4 a t  500 °K .

'--------------------------------------------------------Rate (molecules m g .'1 sec. 1 X 10 _I2-------------------------------------------
/-----------------------CH2C2----------------------- > ,--------------------- CHDs--------------------- , ,-----------------------CD4------

PD2 P chí Caled. Caled. Caled. Caled. Caled. Caled.
(mm. 0°) (E =  32.0) (E  =  33.0) Obsd. (E =  32.0) (E =  33.0) Obsd. (E =  32.0) (E = 33.0) Obsd.

2 .4 9 12.4 220 88 96 1260 380 340 2380 700 780
4 .85 3 .26 6 2 .4 1 .7 82 25 30 440 130 130
4 .8 5 9 .69 58 23 22 340 100 130 1100 440 460

14 .4 3 .2 0 0 .8 0 .3 0 .4 18 5 5 140 40 36

rapidly undergo exchange with adsorbed deuterium 
atoms, but merely add on atoms to form CH3D. 
The other deuterated methanes must then be 
formed in another manner, and the simplest hypoth
esis is that they are produced from adsorbed 
CH2 radicals. Kemball has in fact produced evi
dence for two kinds of equilibria, one probably 
involving adsorbed CH3 and the other adsorbed 
CH2.

The exchange mechanisms formulated in the 
present paper are considerably more explicit than 
those of Kemball, but our discussion is, except in a 
few details, consistent with his. The general 
approach to the problem is similar to that given for 
the parahydrogen conversion.2 The exchange proc
esses occurring on the surface, i.e., the production 
of absorbed CH3D from adsorbed CH3 and D and of 
adsorbed CH2D2, CHD3 and CD4 from adsorbed 
CH2 and D, are considered to occur rapidly, the 
slow process in each case being the desorption 
of the products from the surface. Adsorption 
equilibrium, apart from exchange, is assumed to 
be established rapidly, and the concentrations of 
adsorbed CH3 and CH2 will therefore be calculated 
from the equilibrium expressions. The rate of 
removal of CH3 from the surface, equal to the rate 
of adsorption of methane as CH3, controls the rate 
of production of CH3D, the proportionality factor 
being the statistical weight expressing the prob
ability that an adsorbed CH3 will pick up a D 
rather than an H. Similarly the rates of produc
tion of CH2D2, CHD3 and CD4 are controlled by the 
over-all rate of desorption of CH2, which is initially 
equal to the rate of adsorption of methane as CH2; 
the proportionality factors are now the statistical 
factors for the uptake of two, three and four deu
terium atoms, respectively.

In the present formulation of the kinetic expres
sions the notation is the same as in previous pub
lications.2-6

Formation of CH3D.— Methyl radicals, hydrogen 
atoms and deuterium atoms are assumed to be ad
sorbed on single surface sites, and the rate of forma
tion of CH3D is the rate with which adsorbed CH3 
and D are desorbed together from the surface. The 
equilibria for deuterium adsorption may be written 
as

^ D j  +  S ^ S - D  (I)

The equilibria involving H2 and HD may be neg
lected since initially D2 predominates. The surface

(2) K. J. Laidler, T h is  J o u r n a l , 57, 320 (1953).
(3) K. J. Laidler, Disc. Faraday Soc., 8, 47 (1950).
(4) K. J. Laidler, T h is  J o u r n a l , 55, 1067 (1951).
(5) K. J. Laidler, S. Glasstone and H. Eyring, J. Chem. Phys., 8, 667 

(1940).
(6) S. Glasstone, K. J. Laidler and H. Eyring, “ The Theory of Rate 

Processes,” McGraw-Hill Book Co., Inc., New York, N. Y ., 1941.

is sparsely covered by methane and well covered 
by deuterium, so that the concentration of bare 
sites is given by the equations

L — Cg + Car (1)
and

Ca'As = K'c£ (2)
where the prime indicates deuterium. These equa
tions give rise to

L
Cs ~ 1 +  K'cg/2 (3)

-  L/K' ¿1? (4)
for full coverage.

The rate of adsorption of methane as 
radicals is

methyl

v = ĉ ' i r F j ae~(°lkT (5)

= kTf±_ /kT 
c$K ' h FJse (6)

ce T kTf± f '/? 
l/j-b , e e («+ *)/kT cl, h F f /g 1 gj a (7)

since K' = (f„.'/F'^fs)et/kT where t is the energy 
of adsorption at 0°K. per deuterium atom. The 
treatment is seen to account correctly for the 
pressure dependence of the rate. This equation 
essentially gives the rate of desorption of CH3D, 
since the probability that an adsorbed CH3 will 
pick up a deuterium atom is close to unity on 
account of the high surface coverage by deuterium 
atoms.

Equation (7) has been applied to Kemball’s 
data, taking and / a- as unity, and L as 13.6 X 
1016 sites per milligram of catalyst, this value having 
been determined directly by Kemball. The par
tition functions were calculated from the free energy 
values given in the National Bureau of Standards 
tables. The value of 24.75 keal. was used for E0 
[ =  Y(e0 +  e)], being obtained from the experi
mental value of 24.0 keal. by the addition of 3/4 
RT. At 500°K. and deuterium and methane 
pressures of 2.49 mm. and 12.4 mm. the calculated 
rate is found to be 1.3 X 1014 molecules mg.-1 
sec.-1, as compared with an experimental rate of
1.9 X 1014. At pressures of 14.4 and 3.20, respec
tively, the calculated rate is 1.3 X 1013, the ob
served 1.5 X 1013 molecules mg.-1 sec.-1. The 
agreement is seen to be very satisfactory.

Formation of CH2D2, CHD3, CD4.— In addition 
to being adsorbed as methyl radicals it must be 
assumed that methane is also adsorbed as methylene 
radicals, which are presumably attached to two 
surface sites
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Whereas adsorbed methyl radicals can only add 
deuterium atoms, methylene radicals can undergo 
rapid surface exchange and be desorbed as CHD3 
and CD4 as well as CH2D2.

The initial equilibria are
H  H

3 / \
c h 4 +  S2 — S--------S—  +  H 2 (II)

and
± D 2 +  S S -D  (III)

The methylenes only sparsely cover the surface, 
so that eq. '4) again gives the concentration of 
single sites. The concentration of dual sites is 
equal to '/■• scl/L, where s is the coordination 
number, so that

cs2 =  \sL/K'^Cg’ (8)

The rate of adsorption of methane in the form of 
methylene is given by 23D23/*/pcH4'/<.

V CgC$2
kT  / *
h Fgfs.

L kT  /4=

g — eo/kT

2\ ’ K '* h Fg/g.
——  --------g  — eo/kT

TkTÍMÉl¿
■L - h f i , F j sr u°+ t ) m

(9)

(10)

(ID

Fig. 1.— Plot of g(l -  q) 1 vs. Pw 'A /P chW *; cf. eq. (18).

marily to calculate the concentration of adsorbed hydrogen 
atoms (ca») in terms of the concentrations of gaseous meth
ane and deuterium. These hydrogen atoms arise frcm the 
adsorption of methane as methylene radicals, so tnat in 
addition to reactions (II) and (III )  above the adsorption 
process

Equation (11) also gives the total rate of desorp
tion of CH2 in the form of the various methanes, 
and is seen to give the correct pressure dependence 
for the formation of CH2D2, CHD3 and CD4. To 
obtain the rates of formation of these, eq. (11) 
must be multiplied by suitable statistical factors, 
as follows. It is assumed that surface equilibra
tion is established rapidly compared with the 
rates of desorption. Let q be the probability of a 
deuterium atom being picked up, and 1 — q the 
probability of a hydrogen atom being picked up. 
Then the relative probabilities that an adsorbed 
CH2 will form CH2D2, CHD3 and CD4 are 6(1 — 
q)2q2, 4g3(l — q) and qi. Kemball has listed experi
mental values of q/{\ — q) and these are used in the 
following calculations; the theoretical interpretation 
of q is given in the Appendix.

Calculations were made by eq. (11) and using 
Arrhenius activation energies of 32 and 33 kcal.; 
Kemball actually obtained values of 34, 31 and 31 
kcal. for the three reactions but it seems highly 
probable that the same value should apply to each. 
The Eq values used were obtained by subtracting 
1/2 R T  from the Arrhenius values. The partition 
functions fs, / a  and fa, were taken as unity, L 
as 13.6 X 1016 per mg. (as determined by Kemball) 
and s as 4. The agreement between calculated and 
observed values is seen from Table I to be extremely 
good when the value of 33 kcal. is used.

A P P E N D IX
T heory of the Statistical F actors.— The problem is pri-

r¡H2 +  S; IS -  H (IV )

must be considered. The equilibrium expressions corre
sponding to reactions (II) and (IV ) are

and
CaCgtf/CgCg, K :i2 )

<W#'CB = K" (13)
cg2 is given by eq. (8) above. Since an adsorbed met iylene 
corresponds either to two adsorbed hydrogen atoms or to 
one gaseous hydrogen molecule it follows that

1 v
Ca ~  q Ch"  4 “ ~£t Cgff v.14)

where V  is the gas volume and S  the surface area, 
tions (12), (13) and (14) give rise to

, SK"*L  3 
+  - T f - Cb‘V

4S K ’ W K  . 3
g2y  CgCg, =  0

Equa-

(15)

Consideration of the magnitudes of the quantities in this 
equation reveals that the second term can be neglected; 
hence

F A S K K ^ L 2 3 "
Ca" — L s2V  CgCS2 r

(16)

f  sS K K '^ L ^  V. <-gv<
~ L V K 'e J cp (17)

Since ca, is essentially L, it follows that

q ca, r  V K '& I
(18)

1 -  q Ca* U s / i / v " 4L j Cg1/«

According to this a plot of q{ 1 — q)~ l vs. < v 3/*/cgVi should 
be linear; such a plot is shown in Fig. 1, and it is seen that 
eq. (18) is consistent with the data.
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ADSORPTION ON PROTEINS, THE GRAND PARTITION FUNCTION AND 
FIRST-ORDER PHASE CHANGES, ACCORDING TO APPROXIMATE 
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Adsorption on protein molecules in solution is an actual illustration of Gibbs’ grand canonical ensemble. The transition 
in properties that occurs as the number of adsorption sites per protein molecule, B, gets very large is examined using the 
Bragg-Williams approximation. With sufficiently large attractive interactions between adsorbed molecules, the usual parti
tion function, Q, based on an approximate theory (e.g., Bragg-Williams), predicts a loop and first-order phase change for 
B —*■ a>. A  rigorous theory would give the thermodynamically stable equilibrium path instead of a loop in the two-phase 
region. Employment of the complete grand partition function, 3 , instead of Q eliminates the loop and gives the stable 
equilibrium path even with an approximate theory. However, in this case a related deficiency in the theory replaces the 
loop difficulty, as must be expected. Fluctuations and the critical point are discussed. The above considerations apply to 
the Bragg-Williams approximation, the van der Waals equation, the Lennard-Jones and Devonshire theory of liquids, the 
quasi-chemical approximation for regular solutions, etc.

I. Introduction
Adsorption (or “ binding” ) on protein molecules 

in solution is not only an important problem in its 
own right but is also an interesting actual illustra
tion of Gibbs’ grand canonical ensemble.1 We 
examine in this paper the relations between protein 
adsorption with attractive interactions,2 the grand 
partition function and first-order phase changes, 
using approximate statistical mechanical theories. 
Approximate theories of condensation of the van 
der Waals and Lennard-Jones and Devonshire 
type, phase splitting in “ regular” solutions, etc., 
are related systems to which essentially the same 
considerations apply. However, it should be under
stood throughout the paper that while individual 
systems of the grand ensemble happen to have a 
physical significance in the protein adsorption 
problem, in referring to liquids, solutions, etc., the 
systems of the grand ensemble have only the usual 
abstract meaning of mental replicas of the single 
physical system.

While the language of this paper is that appropri
ate to adsorption on proteins, most of the discussion 
is in fact concerned with certain properties of ap
proximate partition functions in relation to phase 
changes. In this connection, the partition func
tions written below do not include explicit con
tributions associated with the protein molecules 
themselves (e.g., translation and rotation)—that 
is, the protein molecules are viewed as independent 
of each other and simply as furnishing sites for 
adsorption of solute molecules. We shall reserve 
for the future a more detailed discussion of protein 
binding, including interactions between protein 
molecules xvhich depend on the amount of solute 
bound.

For recent papers using the grand canonical 
ensemble, see for example the work of Mayer, 
Kirkwood and others.3-6

(1) T. L. Hill, J. Chem. Phys., 18, 988 (1950).
(2) Adsorption of a gas onto very small particles (e.g,, dust in the 

atmosphere) is an equivalent system.
(3) W . G. McMillan and J. E. Mayer, J. Chem. Phys., 13, 2 76

(1945); J. E. Mayer, ibid., 10, 629 (1942); 19, 1024 (1951); B. H. 
Zimm, ibid., 19, 1019 (1951).

(4) J. G. Kirkwood and R. J. Goldberg, ibid., 18, 54 (1950); J. G. 
Kirkwood and F. P. Buff, ibid., 19, 774 (1951),

(5) W. H. Stockmayer, ibid., 18, 58 (1950).
(6) H. C. Brinkman and J. J. Hermans, ibid., 17, 574 (1949).

II. Adsorption on Proteins and the Grand Partition 
Function

Consider a solution containing a very large 
number of protein molecules. Each protein mole
cule contains B ^ 1 equivalent sites for the localized 
adsorption of a solute from the solution. The 
chemical potential of the solute in solution is n, 
its activity is a and its absolute activity is A

y. =  ti\T) +  kT  In a (1)

=  kT  In X

H°(T), a standard free energy, is a function of 
temperature only (the hydrostatic pressure on the 
solution is kept constant). We may consider each 
protein molecule as presenting an area a  (propor
tional to B). Then in this case the grand canonical 
ensemble consists of a large number of open 
“ systems” (“ system” =  a protein molecule of area 
a, at temperature T, and with N adsorbed mole
cules) in equilibrium with a reservoir of adsorbate 
molecules at T and ¡x (solute molecules in solution). 
Let Q(B,N,T) be the partition function for N 
molecules adsorbed on B sites, at T. Then the 
grand partition function7 is

B
H =  £  Q (B ,N ,T)\k (2)

JV =  0

The average number of adsorbed molecules per 
protein molecule is then7

Equation (3) is the adsorption isotherm, as it gives 
N(B,X,T).

Special cases of eq. (3), derived from step-by- 
step equilibrium constants, have in fact been used 
for a long time8-10 in treating the acid and base 
dissociation of, for example, polybasic acids and 
proteins, binding of ions and molecules on proteins, 
etc. To verify this connection we can write eq.

(7) R. H. Fowler and E. A. Guggenheim, “ Statistical Thermody
namics,” Cambridge University Press, 1939; G. S. Rushbrooke, “ In
troduction to Statistical Mechanics,” Oxford University Press, 1949.

(8) E. J. Cohn and J. T. Edsall, “ Proteins, Amino Acids and Pep
tides,”  Reinhold Publ. Corp., New York, N. Y ., 1943, Chapter 20.

(9) G. Scatchard, Ann. N. Y. Acad. Sci., 51, 660 (1949).
(10) I. M. Klotz in “ Modern Trends in Physiology and Biochem

istry,” Academic Press, New York, N Y., 1952, edited by E. S. G. 
Barron.
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(3) in conventional equilibrium constant form. 
Let us define P ( N )  as QXjV. Then P  is proportional 
to the probability that a given protein molecule will 
have N  adsorbed molecules, or to the fraction or 
number of protein molecules with N  adsorbed 
molecules. Then one finds, for example

P ( N ) a Q ( N ) [ e x p  ( —/j.°/kT)]N'~N 
P (N ')  Q (N ') W

Equation (4) has the usual equilibrium constant 
form with the proper relation to partition functions.

In the absence of interactions
B'iN

Q =  N !(B  -  N )l (5)

where j(T) is the “ intrinsic”  partition function for 
adsorption on a particular site. Equations (3) 
and (5) give, of course, the Langmuir equation7 
for any B y I ,

W/B - jX /( l  +JX) (6)

III. Adsorption on Proteins Using the Bragg- 
Williams Approximation

Even when there are strong attractive inter
actions between adsorbed molecules, it is easy to 
see that critical phenomena cannot occur if each 
protein molecule has only a few sites B. However, 
they can occur for B of the order of, say, 1023, 
as is well kncwn.7 In this section we examine this 
rather instructive transition, using the grand 
partition function and the Bragg-Williams (B-W ) 
approximation. As will be clear below, other 
approximate but more refined and complicated 
theories (e.g., the quasi-chemical or Bethe approxi
mation7) will lead to the same general results.

Experimental examples of protein binding with 
attractive interactions have been relatively rare; 
however, Colvin11 has recently encountered a 
number of excellent examples of this type of be
havior, with adsorption isotherms of the same form 
as those shown below.

We must mention first the essential features in 
the B -W  approximation. Suppose each site has z 
nearest neighbor sites and the interaction free 
energy12 between two adsorbed molecules on nearest 
neighbor sites is w. Then in this approximation7

q = m B - - m exv ( ~ aN2/B) (7)
a =  zw/2kT

There will be appreciable geometrical difficulties13 
in arranging each site with z nearest neighbors for 
B too small (say A? <  10). A partition function of 
this same form may also represent, approximately, 
electrostatic interactions8-10 (a positive), interact
ing hydration effects,11 etc.

The conventional treatment7 of eq. (7) for B 
very large is to write

ix/kT =  In X =  -  (P In Q / M )b,t (8)

(11) J. R. Colvin, Canadian J. Chem., SO, 320 (1952).
(12) E. A. Guggenheim, Trans. Faraday Soc., 44, 1007 (1948).
(13) The exact partition function for certain cases with B  ^  12 has 

been discussed by Seatchard,9 M. F. Morales and J. Botts, J . Chem. 
Phys., 16, 587 (1948) and R. Peierls, Proc. Roy. Soc. (London), 
A154, 207 (1936).

or
j'x =  — —  exp (2a9) (9)

where d =  N/B. Equation (9) may also be found 
by “ picking out the maximum term” in E; that is, 
from

(d  In QXN/d iV )b .t .x =  0 (10)

Equations (10) and (8) are identical. For suffi
ciently negative a, eq. (9) predicts a first-order 
phase change.7 For example, eq. (9) gives the 
characteristic loop ACDEFG in Fig. 1 for a =  —3 
and the critical curve in Fig. 2 for a =  —2.

Fig. 1.— Adsorption isotherms in the form In j\  versus e.

Fig. 2.— Adsorption isotherms in the form In j\  versus g.

Phase Changes According to the Partition Func
tion and the Grand Partition Function.— If we
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differentiate eq. (3) with respect to lnX, we get the 
well-known result of Gibbs

_ 1 r b^d/BkTU
e3 L d(i/0) Jt

where'eq. (12) follows from thermodynamics.13® <p 
is the so-called surface or spreading pressure.7 
As the right hand side of eq. (11) cannot be nega
tive, d In X/c)0 is never negative and d(<p&/BkT)/ 
d(l/0) is never positive. That is, the complete 
grand partition function, in agreement with experi
ment and thermodynamics, cannot lead to a loop 
(even in an approximate theory) as encountered, for 
example, in Fig. 1 or with the van der Waals equa
tion of state.

We now restrict ourselves temporarily to the case 
to N and B very large (of the order of 1023) . At an 
ordinary point (i.e., not in a two-phase or critical 
region), experimentally and theoretically (e.g., 
Figs. 1-3) the derivatives in eq. (11) and (12) are of
the order of B°. Then (0 — 0)2 is of the order of 2?-1, 
a very small quantity. Because of these extremely 
small fluctuations it is certainly legitimate, for an 
ordinary point, to pick out only the maximum term

(13a) <p is the spreading pressure associated with an increase in B, 
but has this thermodynamic significance only when B  is very large. 
When B  is small, <p is defined by Eq. (13), and Eqs. (11) and (12) still 
hold provided B is held constant in the differentiations as well as T. 
For small (or large) B one can show that <p has the thermodynamic 
significance of a “spreading pressure” associated with an increase in 
the total surface area of all the protein molecules (considered distin
guishable) by increasing their number at constant B. The number of 
protein molecules is assumed very large.

in S (even in an approximate theory). Thus, for 
example, the branches AC and FG in Fig. 1 will 
be the same whether obtained from eq. (9) and (10) 
or from the complete S. Let Xo be the value of _X 
at which two phases are in equilibrium, and let 0i 
and 02 be the values of 0 in the two phases (e.g., 
Fig. 1). Then if we approach X =  X0 from two 
sides (A —» C, G —» F), at C the maximum term in 
S is at 0 =  0i while at F the maximum term in S 
is at 0 = 02. There are now two possibilities. (1) 
Consider a rigorous theory (e. g., Mayer’s theory of 
condensation or the Kramers-Wannier-Onsager- 
Kaufmann extension of the Ising model). It is 
generally accepted that, since a rigorous Q includes 
all possible configurations (even those configura
tions with two phases present simultaneously), 
Q and eq. (8) will in this case give the true equili- 

> brium path CF rather than the loop CDEF. That 
is, eq. (8) has only one root for X near and at Xo. 
Then eq. (10), also, has only one root and S only 
a single maximum term. As 0 passes from 0i to 
02, the location of the maximum term in S moves 
from 0 =  0i to 0 =  02 (see below also). Here, 
employment of this maximum term in S (eq. (10)) 
is equivalent to the use of Q (eq. (8)). A loop is not 
encountered in either case. Also, of course, no 
loop is obtained from the complete S (eq. (11)).
(2) On the other hand, an approximate Q (e.g., 
B-W , quasi-chemical, Lennard-Jones and Devon
shire, van der Waals, etc.) which leads to a loop 
(eq. (8)) gives three roots in eq. (8) for Xi <  X <  
X2—  and also in eq. (10).. At X =  Xo, P  therefore 
has maxima at both C and F and a minimum in 
between. The loop in Fig. 1 is in fact the locus of
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Fig. 4.— Transition from one phase to another in two-phase 
region, corresponding to Fig. 1.

the maxima and minimum in P (the thermo
dynamically impossible path DE locates the mini
mum; AD and EG the maxima). When d =  9h 
there is a large maximum in P  at 6 = 6i and an 
extremely small maximum at 6 =  dì. This situa
tion is reversed for 6 =  dì. In the transition, the 
d — dì maximum is increased at the expense of the 
d =  di maximum. In summary for an approximate 
Q: if Q (eq. (8)) gives ACDEFG, the complete E 
gives ACFG; picking the absolute maximum term 
for each X gives AC and FG; the indiscriminate 
use of eq. (10) gives ACDEFG.

Returning now to the situation with B not neces
sarily large, some of the points above, as well as

the transition in behavior as B —> oo, are illustrated 
in Figs. 1-6. Calculations for B =  10 and 20 were 
carried out by actual summation; for B =  100 and 
200, intervals of AN =  5 and numerical integration 
were used. Equations (2), (3), (7), and, in addi
tion 7’13a

<pd =  kT  In S (13)

were employed in the calculations.14
Figure 1 shows (B =  20, 200, oo; a =  — 3) 

that the adsorption isotherm computed from the 
complete E gradually approaches ACFG rather 
than ACDEFG as R —> °°. Analogous curves are 
given in Fig. 2 at the critical (B =  co) temperature, 
a =  — 2. The B =  200 and oo curves of Fig. 1 
are put in the alternative but thermodynamically 
equivalent form of an equation of state (eq. (13)) in 
Fig. 3.13a Figure 4 illustrates the transition, men-

Fig. 5.— P{6) for critical temperature and 0, corresponding 
to Fig. 2.

Fig. 6.— P(d) for critical temperature and different values of 
B, corresponding to Fig. 2.

(14) It is easy to prove that the symmetry apparent, for example, 
in Figs. 1 and 2 exists. This reduces the computations by a factor of 
about two.
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tioned above, between the two maxima in P(6) 
in the two-phase region (Fig. 1) for a =  — 3, B  = 
200 and 8 =  0.50, 0.80 and 0.90. The curves shown 
are normalized to unity. The 6 =  0.50 case in
cludes P for B  =  20. Figure 5 gives P(8), nor
malized to unity, at the critical temperature (a = 
— 2) and critical 6 (0 =  0.50), for B  =  10, 20, 100 
and 200. Figure 6 also refers to a =  — 2, and shows 
P(0) for B  =  20 and several different values of 9.

For practical purposes, Fig. 4 shows “phase 
separation”  even with B  only 200. As B  —* °°, 
the behavior of P(8) is the same except that the 
peaks get extremely sharp. Any approximate 
theory with a Q leading to loops will give P(6) 
curves of this type— for reasons already discussed. 
As is well-known, the reason the loops (from Q) 
are obtained is that such theories restrict themselves 
implicitly to configurations with uniform macro
scopic density throughout the system.15 A rigorous 
Q will contain all possible configurations, including 
those representing two phases present simulta
neously (non-uniform macroscopic density). Now, 
as is apparent in Fig. 1, the grand partition function 
eliminates the loops discussed above but the im
plicit restriction mentioned persists in P{B) (Fig.
4), as must be expected. That is, according to 
Fig. 4, in the two-phase region with B  =  co (^ 
and 02—see above), a single protein molecule (a 
system in the grand ensemble) must have 0 =  0! 
or 0 =  02, but no intermediate value is possible 
except for extremely small fluctuations about 0! 
and 02. This is obviously unsatisfactory. This 
effect, which appears when the grand partition 
function is used with approximate theories of this 
type, replaces and is equivalent to the loop defect 
found when Q is employed in treating such theories. 
A rigorous theory will give a single maximum in 
P(0) in the two-phase region, as discussed above, 
corresponding to the (experimental) fact that within 
a single system of the grand ensemble both phases 
can be present simultaneously.

Fluctuations in the Bragg-Williams Approxima
tion. (a). Ordinary Point. B  and A  Large.—  
There is a single maximum in P(N) (except for a 
second very small “ embryonic”  maximum16 for 
X0 <  X ^ X2 and Xx i) X <  X0, associated with the 
loop in Fig. 1—see above and also below). From 
eq. (7), ail expansion of In (P/Pmm) about A  =  
Y max =  A  gives

Hence

ln(P/PJ = -/3(A -  A)2
0  =  “  +  - 1  +  _____

B  2N  2(B  -  N )

(14)

0 5 )

(A  -  A ) 2 =  1/2/3 (16)

in agreement with eq. (9) and (11). /3 is of the 
order of P -1 and hence d In X/£>0 (eq. (11)) is of the 
order of B°, as observed experimentally (for an 
ordinary point).

With regard to the relative height of the “ em-
(15) Although this restriction is unsatisfactory for a complete 

equilibrium theory, it happens to be of some physical interest because 
just this feature is involved in metastable states, nucleation, hysteresis, 
etc.

bryonic” maximum15 mentioned above: suppose we 
consider In X =  In X0 +  A In X in Fig. 1, where A In X 
is small. Let P2 be the value of P at the maximum 
in P just above (Le., by A In X) F and let Pi be the 
value of P at the “ embryonic” maximum in P 
just above C. Then on expanding In P 2/P i 
in powers of A In X, one finds

Pi/Pi =  exp[(AlnX)(A2 -  A ,) ]  (17)

where A i and A 2 are the values of A  at C and F, 
respectively. For example, if A In X =  A In j'X =  
10~2 (compare Fig. 1) and A 2 — A / =  B =  105, 
then P2/P i =exp (103).

(b). Two Phase Point. B and A  Large.— In the
two-phase region, there are two comparable max
ima as in Fig. 4. Then obviously (A  — A )2 is of 
the order of B2, and ô In X/Ô0 (eq. (11)) is of the 
order of B~l (compare, for example, B =  20 and 
200 in Fig. 1 at 0 =  1/2).

As a rough illustration of the corresponding 
situation for a rigorous theory, suppose In X varies 
linearly with A  (i.e., no loop) from Ni (and Xi) 
to At2, with slope A In X/AA. Then we can obtain 
an expression for Q(N) and hence P(N) =  Q\N 
by integration of d In Q =  —In X dA. We find 
that P(A) has a single maximum at

A „  =  (In X -  In X.) +  A ,

which travels from Ai to A 2, and that (in agree
ment with eq. (11), (14) and (16))

P /P m =  exp [ -  \ A^ . X (A  -  A m)2]  (18)

If A In X/A0 is of the order of P _1, then [ ] in eq. (18) 
is of the order of —(0 — 0m)2. Thus a single ex
tremely broad maximum replaces the two sharp 
maxima above—but in both cases (A  — jy )2 is of
the order of B2. _

(c). Critical Point. B and A  Large.— If we ex
pand In P /P m about A  =  A  = B/ 2 at the critical 
temperature and critical X, the result is

ln (P /P m) =
4 (A  -  A ) 4 

3 B 3
32 ( A  -  A ) 6 
15 B 5

-  . . .  (19)

The “ flat top” in Fig. 5 is of course due to the 
missing term in (A  — A )2. The leading term of the
series gives (A  — A )2 of the order of Bs/t [inter
mediate between B (ordinary point) and B2 (two- 
phase point)] and d In X/d0 of the order of B~l/l. 
B2 is of course the upper limit for the order of
(A  — A )2 and Zimm3 believes that a rigorous theory 
of gas condensation may give this order of magni
tude for (A  — A )2 at the critical point. Inciden
tally, if the leading term in eq. (19) involves (A  —
A )2", then (A  — A )2 is of the order of f i2-0/n)_ .

By repeated differentiation of eq. (3), one finds in 
addition to eq. (11)

O2 In X _  B 2x 3

d<h -  (T2)3

Bq.T4 -  3Q/2)2] +  3B3(T3)2
( i 2)4 (T2)3

d3 In X 
dfl3 (21)
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where x =  N — Ah One can then deduce the 
orders of magnitude given in Table I. In par
ticular, d3 In \/bd3 is of order unity at the critical 
point—the same conclusion obtained simply from 
eq. (9).

T able I

B ragg- W illiams T heory

Point din A/aii d În X/3S2 d^lnA/a«»

Ordinary B° B a B 0
Critical B ~ ^ 2 0 (by symmetry) B°
Two-phase Z?_1 B _1 B ~ l

The discussion of the first (eq. (12)) and higher 
derivatives associated with the equation of state is 
essentially equivalent and will be omitted.

(d). Energy Fluctuations.—The connection be
tween energy fluctuations and heat capacity is 
well known. We consider this point briefly here in 
relation to the above discussion. Consider a Q of 
the form7

Q =  X T )1* J2 9(Vl,N ,B) exp ( -  Vlw/kT) (22)
31

where g is the number of configurations with 
exactly 31 nearest neighbor pairs. The rigorous 
partition function in the gas condensation problem 
can be put in essentially equivalent form— so eq. 
(22) is actually rather general. Differentiating16 
eq. (22) twice with respect to —w/kT (compare eq.
(11)) we find

{kT 2/w2) (Ca -  C;) =  (31 -  3 I)2 (23)

where Ca is the heat capacity at constant area 
(volume, in a three dimensional problem), C\ is the 
“ internal”  heat capacity associated with j(T), and 
3%w is the average potential energy of the system. 
Now experimentally and theoretically, Ca — C\ 
is of the order of Bk, even in a critical or two-phase
region,16 17 18 and hence (31 — 31)2 is of the order of B. 
For large B, there is thus a sharp maximum in the 
terms of the sum in eq. (22) and it is legitimate to 
use the maximum term only, even in a two-phase 
region and with an approximate theory (unlike 
the situation with the grand partition function— 
see above).

As an example, consider the quasi-chemical

( — 3Iw/kT). Then on expanding about 31 
31max (B and N large)

In ( R / R m) =  (31 -  3 Ï)2

ß' i

(31 -  31)2 = 1/2/3'

4B L(31/271) 20 +  (31/2/1)

(26)0 -  (31/2B)_

where (31/25) is determined by the familiar relation

(31/2/?) [1 -  +  (31/2/?)] _  ( tr ) (27)
[0 -  (31/2/?) I2

IV. van der Waals’ Equation
Van der Waals’ equation is based on a partition 

function very similar to the B -W  partition function. 
A completely analogous discussion can be given 
replacing <p by p and ft by V. However, we merely 
indicate that

Q = ¿ft ( B  -  [ ( ^ ÿ ^ y /2b j e x p  (a ' N V B ) (28)
a '  =  a/bkT, B  =  V/b 

Also, in place of eq. (19), we find
3( N  -  N f  

5B 4 +

(29)
Hence the general remarks about the B -W  critical 
point apply here also.

V. Two Component Solution—Bragg-Williams 
Approximation

In this section we put the usual B -W  treatment7 
of a condensed binary solution in the same language 
as the earlier adsorption discussion, so that the 
same results will apply. Suppose we have Ah 
molecules of I and Nu of II. Then
0  =  /Nr/Nn W  +  -Wit)? [ _  7 7  x  
y  1 , h l  A T J V n ! P L 2/tJ7 X

N i N i ,

( N , +  N  n)_
(30)

w = 2wi,u — wi.i Wn.n

where Wi,n is the nearest neighbor interaction free 
energy12 between a molecule of type I and one of 
type II, etc. The partition function of pure liquid 
I is f i 1, where/i is a function of T only (for present 
purposes). Now put Ah +  Nu = B =  constant,

g  exp 
=  31 =

and Ah =  Ah Then P
n  B\
P  -  const. N] B̂ _

=  QAf'Aff1
(  Z W

exp \ 2 k T  X

becomes

(24)
N 2'\ r AN /' zw AT

(25) B , )L 7U hexp(U  2kr)j
(16) Here we take w independent12 of T.
(17) Using three dimensional language, in a two-phase region Cp is 

(virtually) infinite because dT  =  0 when heat is absorbed by the two- 
phase system at constant pressure. But if the same system absorbs heat 
at constant volume, in general dp ^  0 and dT 7̂  0, so Cv is finite.

(18) We use the g, due to Chang, given on p. 310 of Rushbrooke.7

(31)

This is formally identical with eq. (2) and (7). 
Equation (31) gives N (Ai/An). This result and the 
Gibbs-Duhem equation determine the vapor pres
sure curves Ai(A?) and Au(N).
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SURFACE AREA ANALYSIS BY MEANS OF GAS FLOW METHODS.
I. STEADY STATE FLOW IN POROUS MEDIA1

By Gerard Kraus, John W. Ross and L. A. Girifalco

Applied Science Research Laboratory, University of Cincinnati, Cincinnati 21, Ohio
Received July 29, 1952

Steady state flow rates have been measured on packed columns of powders ranging in B E T  surface area from 0.30 to 
8.0 square meters per gram. By treating the Poiseuille and Knudsen flow contributions to the total permeability independ
ently it is possible to calculate two surface areas from the flow data. The experimental evidence suggests that the surface 
area deduced from the Poiseuille flow contribution represents the geometric area of the particles, while the Knudsen flow 
area is to be identified with the total surface of the continuous pore space. In no case do steady state flow areas include the 
surface of blind pores.

Introduction
Several years ago Rigden,2 and independently 

Arnell3 showed how the well known Kozeny-Car- 
man law4 5'6 for the flow of fluids through porous me
dia must be modified for gases in order to include 
the contribution due to Knudsen flow. The re-

Fig. 1.— Schematic diagram of steady state flow apparatus.

suiting permeability equation has, in various forms, 
been used by a number of authors2'3'6'7 to measure 
the internal surface area of porous media and of 
packed beds of particles. It is readily shown that 
all forms of the equation reported may be reduced 
to the expression

0  =  ±  x -  X  -  =  ________ e3 X P  +V — AP A  At A  A k( 1 -  e)2 SS yR T  A +

(1 -  e)Sy V2 t MRT
where
An/At is the flow rate in moles/sec.
AP  is the pressure drop across the porous medium, dynes/ 

cm .2
Z is the length of porous medium in cm.

(1) Presented before the Division of Colloid Chemistry of the 
American Chemical Society, Atlantic City, New Jersey, September, 
1952.

(2) P. J. Rigden, J. Soc. Chem. Jed ., 66, 130 (1947).
(3) J. C. Arnell, Can. J. Research, 24A, 103 (1946); 25A, 191

(1947).
(4) J. Kozeny, Ber. Wien. Akad., 136 (Ha), 271 (1927).
(5) P. C, Carman, Disc. Faraday Soc., 3, 72 (1948).
(6) R .  M. Barrer and D. M. Grove, Trans. Faraday Soc., 47, 826 

(1951).
(7) F, A. Schwertz, J. Applied Phys., 20, 1070 (1949).

A is the cross-sectional area of porous medium in cm .2 
e is the porosity =  void volUme/total volume 
k is a constant dependent on the geometry of the porous 

medium
Sv is the specific surface area of the porous medium in cm .2/  

cm .3 of solid
t) is the viscosity of the gas in poises 
R  is the gas constant 
T  is the absolute temperature, °K .
P  is the mean pressure in the porous medium, dynes/cm .2 
M  is the molecular weight of the gas 
Z  is a constant

The constant k in the first (Poiseuille flow) term 
is known to be very close to 5.0 for random pored 
media6 and attempts have been made to establish

Fig. 2.— Specific flow rates for seven fractions of glass micro- 
spheres, hydrogen.
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P  X  10 5 (dynes/cm .2).
Fig. 3.— Specific flow rates for seven fractions of glass micro

spheres, helium.

certain generalizations8'9 regarding the constant Z 
in the second (Knudsen flow) term of equation (1). 
Unfortunately, virtually all such deductions have 
been based on values of Z computed from equation
(1) on the assumption that the surface areas govern
ing the Poiseuille and Knudsen contributions to the 
total flow rate are identical, so that effectively the 
Knudsen term is discarded as a possible source of 
new information.

In a recent theory of Knudsen flow in porous 
media Derjaguin10 derived an expression for the 
flow rate which is easily shown to be identical with 
the second term of equation (1) provided Z = 48/ 
137T. Measurements performed in this Laboratory 
have yielded consistently larger surface areas de
duced from the Knudsen flow term—with Z =  48 
137i— than from the Poiseuille term. Since per
meability surface areas have long been suspected 
of representing a “ rounded off”  surface6'7 it was 
decided to undertake a detailed investigation as to 
the physical significance of both the Poiseuille and 
Knudsen flow areas. The results of this study are 
reported in two papers, of which the present article 
is confined to steady state measurements, while the 
companion paper11 deals with-transient state ex
periments.

(8) P. C. Carman, Nature, 160, 301 /I»47).
(9) P. C. Carman an! .1. C. Arnell, Can, ■/. Research, 26A, 128 

(1948).
(10) B. Derjaguin, Compt. rend. arad. sci. U.R.S.S., 53, 623

(1946).
(11) G. Kraus and J. W. Ross, T h is J o u r n a l , 57, 334 (1953)

P X  10 6 (dynes/cm .2).
Fig. 4. Specific flow rates for seven fractions of glass micro

spheres, nitrogen.

Experimental
Permeability measurements were made on seven fractions 

of glass microspheres, BaSOi, P bC r04, TiO . and CuO. 
The glass microspheres were furnished by the Minnesota 
Mining and Manufacturing Co. as “ Pavement Marking 
Beads’ ’ and were fractionated by sedimentation. The re
maining four powders were either C.p . or reagent grade.

The gas flow apparatus is shown in Fig. 1 . The in-going 
gas was passed over PiOa into a reservoir maintained at 
approximately atmospheric pressure by means of a mercury 
check valve. Two Hoke High Vacuum valves (Schaar & 
C o.), A  and B, were used to adjust the pressure on the in
going side of the porous medium cell C and the pressure dif
ference across the cell to the desired levels. After running 
through the pump D  the gas was collected in a gas buret. 
B 3' keeping the volume between A and B small, steady state is 
reached quite rapidly. Flow rates were measured by timing 
the outflow of 60 cc. of gas at atmospheric pressure. Several 
readings were taken until the observed rate was found to be 
constant. All experiments were conducted at 27 ± 2 ° .

The densities of the powders were determined pycno- 
metrically using dicyclohexyl as the displacement fluid.12 
Where available, literature values were used ( I .C .T .) .  
Gas viscosities were taken from a recent tabulation of Hirsch- 
felder, Bird and Spotz.13

The nitrogen adsorption data were obtained on a standard 
volumetric adsorption apparatus.14 15 The nitrogen adsorp
tion areas were calculated by means of the simple Brunauer, 
Emmett and Teller equation16 and also by the relative 
method of Harkins and Jura.16

The geometric surface areas of the glass microspheres were

(12) W. R. Ruby and R. P. Loveland, ibid., 50, 345 (1946).
(13) J. O. Hirschfelder, R. B. Bird and E. L. Spotz, Chem. Revs., 44, 

205 (1949).
(14) P. H. Emmett, Advances in Colloid Sci., 1, 1 (1942).
(15) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 

60, 309 (1938).
(16) W. D. Harkins and G. Jura, ibid., 66, 1366 (1944).
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Fig. 5.— B E T  plots of adsorption data used in calculating surface areas: A, 
CuO; B, glass spheres IV ; C, glass spheres I I ; D , BaSOq E , PbCrOq F, T i0 2.

obtained by preparing photomicrographs 
of each fraction and measuring the par
ticle diameters. Three to six hundred 
particles were measured^on each fraction 
and the mean diameter D, standard devia
tion a and skewness <*3 of the distribution 
computed. The specific surface area per 
gram is then

S =
1 6(£>3 +  <r2)

P Z)2 -f- 3ZZ<72 4- <73(X3

where p is the density of the particles.

Results and Discussion
Figures 2 to 4 show the specific 

flow rates Q plotted against the 
mean pressure P  for the seven frac
tions of glass microspheres. The 
slopes and intercepts were deter
mined by the method of least 
squares and the surface areas cal
culated from the slopes using k =
5.0. These areas are compared with 
the photomicrographic areas in 
Table I. It is readily seen that the 
agreement between data obtained 
with different gases is excellent and 
that there is generally good correla
tion with the photomicrographic 
areas.

Figure 5 shows BET plots for 
fractions II and IV and the four 
powders of non-spherical particle 
shape. Flow rates for these pow
ders are given in Figs. 6 and 7. 
The BET surface areas are com
pared with flow areas deduced from 
both the slopes and intercepts (with 
Z =  48/13 7r) in Table II.

T a b l e  I
C o m p a r iso n  op P h o to m ic k o g r a ph ic  A r e a s  w it h  

P o is e u il l e  F l o w  A r e a s  fo r  G la ss  M ic r o s ph e r e s
Fraction

Gas
Flow area, Photomicrographic

no. m. V g. area, m.2/g .
H , 0 .40 9

I H b .401 0 .410
No .415
IB .290

II He .286 .258
n 2 .285
Ho .201

III He .179 .182
N j .191
h 2 .174

IV He .174 .151
n 2 .174
h 2 .104

V He .105 .1 1 2
n 2 .104
h 2 .0810

VI He .0804 .0904
n 2 .0804
h 2 .0622

V II He .0627 .0607
N , .0613

T a b l e  II

C o m p a r iso n  o f  F l o w  A r e a s  w it h  N it r o g e n  A d so r p tio n  
A r e a s

Nitrogen
Flow areas, m.2/g . adsorption areas, 

Poiseuille Knudsen m.2/g .
Powder Gas term term BET HJ

CuO h 2 0 .0 7 3 0 .1 7 0 .3 0 0 .31
He .067 .19

Glass spheres h 2 .17 .29 .37 .3 8
IV He .17 .28

Glass spheres h 2 .29 .47 .55 .59
II He .29 .47

P bC rO , h 2 2 .1 3 .7 3 3 .7 5 4 .0 1
He 1 .9 3 .6 3

B aSO , h 2 1 .9 4 .4 6 4 .6 8 4 .9 7
He 1 .9 4 .0 4

T i 0 2 h 2 6 .0 8 .3 7 7 .9 7 8 .2 6
He 4 .8 8 .0 2

It is apparent that the surface areas deduced 
from the Knudsen flow term are in all cases larger 
than the Poiseuille flow areas. For T i02 and Pb- 
CrOi the Knudsen flow and nitrogen adsorption 
areas are equal within experimental error, while for 
the remaining powders the Knudsen areas are 
smaller.
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Fig. 6.— Specific flow rates (hydrogen) for powders of 
non-spherical particle shape: A, P b 0 r0 4; B, TiCb; C, 
B a S 04; D , CuO. Right hand scale for CuO only.

An interpretation of these results may be ob
tained upon consideration of some of the charac
teristic features of the flow mechanisms involved. 
In Poiseuille flow the velocity is zero at the pore 
wall and hence most of the flow takes place through 
regions closer to the center of the pores. One 
might expect therefore that roughness on a molec
ular scale would have very little effect on the 
Poiseuille permeability and that the surface areas 
deduced from the slopes of the flow rate curves are 
essentially geometric areas, as is indeed the case 
with the glass microspheres of Table I. The situa
tion is quite different with regard to Knudsen flow. 
In this case the flow rate is governed by collisions 
of the gas molecules with the pore walls and it ap
pears plausible that the controlling surface area 
should be nearer to the total internal surface of the 
porous medium. This would lead us to expect 
agreement of the Knudsen flow areas with the ad-

P  X  10 6 (dynes/cm .a).
Fig. 7.— Specific flow rates (helium) for powders of non- 

spherical particle shape: A , P bC r04; B , T i0 2; C, B a S 0 4; 
D , CuO. Right hand scale for CuO only.

sorption areas, were it not for the possibility of the 
occurrence of blind pores in the particles proper.

It is clear that no steady state flow method can 
be capable of picking up the surface area of “ blind” 
pores, for gas in such pores would simply be im
mobilized, contributing nothing to the steady state 
flow rate. Consequently the Knudsen flow areas 
would be expected to be smaller than the BET sur
face areas in such cases. It may be concluded 
therefore that the steady state Knudsen flow area 
represents the total surface area of the continuous 
pore space and that glass, copper oxide and, to a 
much lesser extent, barium sulfate contain blind 
pores. Further evidence for this interpretation is 
given in Paper II of this series,11 in which the ques
tion of blind pore space is considered in some detail.

Acknowledgment.— This investigation was sup
ported by the Office of Ordnance Research, U. S. 
Army, under Contract No. DA33-008 ord 123.
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SURFACE AREA ANALYSIS BY MEANS OF GAS FLOW METHODS. 
II. TRANSIENT STATE FLOW IN POROUS MEDIA1

B y  Gerard Kraus and John W . Ross

Applied Science Research Laboratory, University of Cincinnati, Cincinnati 21, Ohio
Received July 29, 1952

Transient state flow rates in the Knudsen flow region have been measured on a series of powders previously investigated 
by steady state flow methods. Surface areas calculated from the transient flow data using nitrogen were found to agree ex
ceedingly well with nitrogen adsorption areas, even in cases where steady state measurements yield too small a surface area. 
Helium flow measurements result in somewhat larger areas suggesting that more surface is accessible to the smaller helium 
molecules than is to nitrogen.

Introduction
It has been shown in the preceding paper2 that 

steady state flow rates of gases in porous media in 
the region of Knudsen flow may be used to evaluate 
a surface area which in some instances agrees very 
closely with the Brunauer-Emmett-Teller3 nitro
gen adsorption area. In other cases, however, the 
flow area is found to be definitely less, a behavior 
indicating the presence of blind pores. Barrer and 
Grove,4 in a recent publication, suggest the possi
bility of obtaining a total surface, including blind 
pores, by conducting the flow measurements in the 
transient state. The present investigation repre
sents a test of this hypothesis based on comparison 
with nitrogen adsorption surface areas.

Theoretical
In the theory of Barrer and Grove4 the surface 

area of the porous medium is introduced as follows. 
The specific flow rate for Knudsen flow (written as 
a diffusion coefficient) for a straight cylindrical cap
illary is

n 4r ¡2R T  . . .
ü = -3 N u t  ■ (1)

where r is the capillary radius, R is the gas con
stant, T is the absolute temperature and M  is the 
molecular weight of the gas. The diffusion con
stant is measured by the time-lag method4-5 giving

D  =  kV/6L  (2)

where L is the “ time lag” necessary for establish
ment of steady state extrapolated to zero flow, l is 
the length of the porous medium, and k  is a tortu
osity factor (taken as equal to V 2 )  allowing for the 
fact that the capillaries are not straight. Finally 
the expression

is used to introduce the specific surface area Sv (per 
unit volume of solid), e being the porosity. By

(1) Presented before the Division of Colloid Chemistry of the 
American Chemical Society, Atlantic City, New Jersey, September, 
1952.

(2) G. Kraus, J. W . Ross and L. A. Girifaleo, T h is  J o u r n a l , 57, 
330 (1953).

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

(4) R. M . Barrer and D. M. Grove, Trans. Faraday Soc., 47, 826, 
837 (1951).

(5) R. M . Barrer, “ Diffusion in and Through Solids,” Cambridge 
Press, 1951, p. 19.

combining equations (1) to (3) and setting k = v /2, 
it is found that

Sv
8e L ¡2R.T 

1 — e x  l2 \  tM (4 )

It is readily shown that this equation is not consist
ent with the specific flow rate deduced from Derja- 
guin’s theory6 as used in the present study2

1 s , dn 48 e2A  w 1
AP  X  di 13 (1 -  e)SA  X  V 2 Ï M R T

(5 )

where dn/dt is the flow rate in moles per second, 
AP is the pressure drop across the porous medium, 
and A is the cross-section of the porous medium. 
By definition

L w R T  w dn 24 e ¡2 RT  
e A X  A P X  dt 13 (1 -  e)Sv \  i r M

(6)

It will be noted that the total cross-sectional area of 
the pores appears as eA, for clearly the diffusion co
efficient must be based on the open cross-section of 
the porous medium. In the flow experiment D is 
simply

D  =  l2/6  L  (7)

without the use of a tortuosity factor, as the inter
nal pore structure is already accounted for in equa
tion (5). It follows from equations (6) and (7) that

144 e 
~  13 1 -  e

X k
¡2

¡ 2 R T  
\  i t f

(8)

which is exactly 18/13 times the surface calculated 
by the method of Barrer and Grove.4

In view of the experimental results to follow, it 
is important to note here that both equations (1) 
and (5) are based on the assumption of inelastic 
collisions of the gas molecules with the pore walls.

Experimental
The apparatus used (Fig. 1) consisted essentially of two 

4-liter reservoirs connected through the cell holding the 
powder. A  mercury manometer D  was used to measure 
the pressure on the high pressure side and a calibrated ther
mocouple vacuum gage was used to determine the pressure 
on the discharge side. The actual quantity of gas flowing 
through the porous medium during an experiment was 
found to be always quite small, making the use of a mano- 
stat on the high pressure side unnecessary. The inlet pres
sure must, of course, be at all times much larger than the 
pressure on the outgoing side so that the pressure gradient 
may be regarded as constant. In operation the entire 
system was evacuated and flushed twice with the appropriate 
gas. The system was then pumped down to approximately 
1 to 2 microns of mercury and shut off from the pumps by

(6) B. Derjaguin, Compl. rend. acad. sci. U.R.S.S., 63, 623 (1946).
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T a b l e  I

T r a n s ie n t  F l o w  a n d  N it r o g e n  A d so r p tio n  A r e a s

Powder
l,

cm. e

,-----------------------Transient Kn
Helium

L, min.a S, m.2/g .

udsen flow-----------
Nitrogen 

L, min.a S, m.2/g .

Nitrogen adsorption 
BET HJ 

S, m.2/g . S, m.2/g .

CuO 60.32 0 .420 2 .12 0 .3 7 4 .8 0 .31 0 .3 0 0 .31
Glass spheres, II 42 .1 0 .388 0 .895 0 .64 2 .04 0 .55 .55 .59
PbCrO, 15.31 .652 .86 4 .6 0 1 .92 3 .8 9 3 .75 4 .01
B aS04 26 .94 .377 7 .0 5 .45 16.0 4 .7 5 4 .6 8 4 .9 7
TiO, 15.31 .724 0 .8 0 8 .85 1 .89 7 .9 0 7 .9 7 8 .26

“ Tim e lags L  based on at least three experiments.

closing stopcock G . Stopcocks E  and F were closed and 
the desired inlet pressure established by bleeding gas into 
reservoir A through H . A t zero time stopcock F was opened 
and the gas allowed to diffuse through the cell C into reser
voir B . Figure 2 shows a typical flow rate curve. The 
time lag L  is obtained by extrapolation of the straight line, 
steady state portion of the curve to the initial pressure in 
the cell and discharge reservoir. It is not necessary that 
this pressure be zero.5 Several runs were made in each de
termination, using various inlet pressures. In order to en
sure essentially pure Knudsen flow, it is important that these 
pressures be sufficiently small to cause the mean free path 
of the molecules to exceed the pore dimensions. With pow
ders of unknown particle size the pore dimensions are, of 
course, also unknown. In such cases it is best to take time 
lag measurements over a range of inlet pressures and to ex
trapolate to zero pressure. Both procedures were found to 
give the same limiting time lag within experimental error.

Fig. 1.— Schematic diagram of transient state flow apparatus.

The powders investigated were the same as in paper I, 
and all flow measurements were carried out at 30 ±  2 ° . 
Surface areas from nitrogen adsorption isotherms were cal
culated by the Harkins-Jura7 relative method as well as 
by the B E T  method. The cross-sectional molecular area 
for nitrogen was taken as 16.2 square Angstroms.8

Results and Discussion
In Table I are given the flow data for the six pow

ders investigated along with the surface areas cal
culated by equation (8) and the BET and HJ areas. 
The agreement between nitrogen flow and nitrogen 
adsorption areas is easily within the experimental

(7) W. D. Harkins and G. Jura, J. Am. Chem. Soc., 66, 1366 (1944).
(8) R. T. Davis, T. W. DeWitt and P. H. Emmett, T his Journal, 

51, 1232 (194*7).

accuracy of either method, and it is apparent that 
the method of calculation of Barrer and Grove4 
(equation 4) leads to results which are some 28% 
too low.

t (minutes).
Fig. 2.— Typical flow rate curve, helium through T i0 2.

Transient flow areas obtained with helium are 
from 12 to 19% higher than the nitrogen flow or ad
sorption areas. A possible explanation of this be
havior may lie in the smaller size of the helium mole
cule, for it is conceivable that helium could pene
trate into extremely minute crevices and channels 
inaccessible to nitrogen. In this case neither the 
nitrogen flow nor the adsorption methods could be 
expected to include the surface area of these pores. 
This interpretation does not appear unreasonable in 
view of the knowm fact that densities of powders 
determined by helium displacement are invariably 
larger than liquid displacement densities.9-10

There are two other phenomena which could 
cause deviations from equation (6) and hence lead 
to erroneous surface areas. The first of these is ad -

(9) R. C. Smith and H. C. Howard, Ind. Eng. Chem., 34, 938 (1942).
(10) R. P. Rossman and W. R. Smith, ibid., 35, 973 (1943).
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sorption of the gas on the surface, leading to a larger 
time lag and an apparently higher surface area. 
It is clear, however, that in the case of helium this 
is extremely improbable. The other alternative is 
the possibility of specular reflection of molecules at 
the walls of the capillaries. Derjaguin6 has shown 
that for 100% specular reflection the coefficient 24/ 
13 in equation (6) becomes equal to 8 /3 ; in inter
mediate cases the value of this coefficient may be 
assumed to lie somewhere between the two ex
tremes. It follows that if specular reflections were 
involved, D would be larger than indicated by equa
tion (6) and hence the use of equation (8) would lead 
to surface areas which are too small. Exactly op
posite results were observed with helium. Thus, 
the mechanism advanced in the preceding para
graph appears to be the most plausible explana
tion for the larger helium flow areas.

Despite the success of the transient state flow 
method in predicting surface areas, it should be 
mentioned that the use of the time lag method is 
not always free from objection. The time lag 
method for measuring diffusion coefficients can only 
be exact as long as Fick’s second law is valid and 
the diffusion coefficient is a constant. While this is 
true for transient Knudsen flow through packed 
particles containing no blind pores, the presence of 
blind channels must introduce deviations from 
Fick’s second law and produce a time dependent 
diffusion coefficient. Furthermore, the time lag

must be a function of blind pore volume as well as 
area. This objection is probably not a serious one 
as long as the blind pore volume is small compared 
to its area, as must be the case with the rather fine 
powders used in the present study. We may, how
ever, visualize a situation in which there are a few 
large blind pores such as might occur in some con
solidated porous media. Because of the immobili
zation of gas in the blind pores, the time lag will now 
be larger than it would be if no blind pores were 
present. At the same time, however, the internal 
surface of the medium is hardly affected by the few 
large blind pores, so that the use of the time lag 
method will result in too large a value for the sur
face area.

The various physically distinct surface areas 
which may be derived from gas flow experiments 
offer an interesting method for the study of surfaces. 
By combining steady state and transient experi
ments it is possible to obtain a fairly complete pic
ture of the structure of a porous medium, giving 
such information as total surface, surface area of 
blind pores (by subtraction of the steady state from 
the transient state Knudsen area), and at least in 
some cases geometric surface.2 From these, such 
quantities as mean particle size, mean pore diameter 
and surface roughness factor are readily calculated.
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It is shown that, contrary to the results of earlier studies, an excellent fit to the data on the viscosity on mercury vapor 
can be obtained using a Lennard-Jones 6 -12  potential, in spite of the fact that X -ray scattering measurements indicate that 
this substance is more nearly represented by a 6 -9  potential. Viscosity measurements, like second virial coefficient studies, 
do not appear to be sufficient by themselves to determine the repulsive power uniquely. In this study, the 6 -1 2  parameters 
e/k =  851 ±  3 2 °K . and ro =  3.25.1 ±  0 .044 A . are obtained. A  detailed survey of the previous studies of the potential 
function for mercury indicates that the values obtained from the viscosity are quite consistent with the other data. Certain 
difficulties in the determination of r0 and related quantities from X -ray scattering data are pointed out.

Introduction
The viscosity of a gas which satisfies a Lennard- 

Jones 6-12 potential
Ua(r) = <=[(n>/r)la -  2(r0/r)«] (1)

(in which e is the depth of the potential energy 
curve, occurring at r0) has been shown by Hirscli- 
felder, Bird and Spotz2 in a brilliant study of the 
transport properties of gases, to be given by

■n =  (C/^XM D'A [V /W 2(2 )] (2)

where the constant
_______________  C =  266.93 X  lO "1 (3)

(1) The Knolls Atomic Power Laboratory is operated for the United 
States Atomic Energy Commission by the General Electric Company 
under Contract No. W-31-109 Eng-52.

(2) (a) J. O. Hirschfelder, R. B. Bird and E. L. Spotz, J. Chem. 
Phys., 16, 968 (1948); (b) J. O. Hirschfelder, R. B. Bird and E. L. 
Spotz, Trans. Am. Soc. Mech. Enyrs., 71, 921 (1949).

if 7] is in poises, o in A., and e/k in °K. is defined by 
1/12(0) = 0, and is given by

<7 =  ro/2'A =  0.8909r„ (4)

M  is the molecular weight of the gas. The quan
tities V and IF2(2) are quite complicated functions 
of e/kT which have fortunately been calculated 
and tabulated over a wide range of the independent 
variable.2

In attempting to apply eq. 2 to mercury vapor, 
Hirschfelder and his associates were at once con
fronted by the fact that the experimental evidence 
seemed to indicate that Hg did not in fact satisfy 
a 6-12 potential. The liquid mercury X-ray 
scattering data of Hildebrand, Wakeham and Boyd3 
lead to a 6-9 rather than a 6-12 potential function.

(3) J. H. Hildebrand, H. R. R. Wakeham and R. N. Boyd, J. Chem. 
Phys., 7, 1094 (1939).
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However, if the TJ{r) function defined by eq. 1 
is fitted to the X-ray data, the 6-12 parameters

e/k =  1522°K .; <7 =  2.5 i .  (5)

are obtained. With these parameters, Hirsch- 
felder, et al., computed the viscosity of Hg vapor 
over the range 491 to 883 °K., with somewhat 
disappointing results: the calculated and observed 
values found in this way differed by —5.0% at 
491 °K. and +2 .9%  at 883 °K. This poor agree
ment was attributed to the crudeness of the ap
proximation in fitting a 6-9 U(r) curve to a 6-12 
equation and to the fact that mercury vapor is not, 
in fact, adequately represented by a 6-12 potential.

The implications of this conclusion are most 
important, if true. It is well known that it is not 
possible to unequivocally establish the exponent 
of r occurring in the repulsive part of the potential 
function from the second virial coefficient and 
similar measurements; so that if it could be shown 
that the transport properties such as the viscosity 
are much more dependent upon the repulsive power, 
so that differentiation between a 6-12 and a 6-9 
potential can be effected, it is clear that a powerful 
tool for determining the repulsive parameters would 
be available. It is, therefore, somewhat dis
appointing to find that this conclusion does not 
appear to be supported by the data on mercury 
vapor.

By altering the parameters used, rather con
siderably perhaps, but within entirely acceptable 
limits, eq. 2 may be made to fit the available data 
quite well even when a 6-12 potential is used. It, 
therefore, does not follow, in this case at least, that 
the viscosity data can be used to distinguish be
tween a 6-12 and a 6-9 potential.

Experimental Data and Least Square Analysis 
of Viscosity.—The available experimental data on 
the viscosity of mercury vapor4 are listed in Table I.

T a b l e  I

V is c o s it y  o f  M e r c u r y  V a p o r  (P o is e s )

t,
°c.

Ob
server

v X 10+* 
exptl.

v X 10 +». 
empirical 

(eq. 7)

Devia
tion,

%

7) X 10 +», 
theor. 

(eq. 2, 5, 8)

Devia
tion,

%

218 3 4709 4637 + 1 . 5 4739 - 0 . 6
219 .5 3 4672 4653 + 0 . 4 4753 - 1 . 7
223 .5 3 4689 4694 - 0 . 1 4793 - 2 . 2
273 4 4940 5203 - 5 . 3 5277 - 6 . 8
281 3 5310 5226 + 1 . 6 5355 - 0 . 8
300 .5 3 5501 5489 + 0 . 2 5546 - 0 . 8
301 4 5320 5494 - 3 . 3 5551 - 4 . 3
330 3 5831 5798 + 0 . 6 5835 - 0 . 1
352 4 6078 6030 + 0 . 8 6051 + 0 . 4
380 4 6540 6329 + 1 . 7 6326 + 3 .3
421 3 6856 6770 + 1 . 2 6730 +  1 .8
439 .5 3 7029 6970 + 0 . 8 6912 +  1 .7
496 3 7610 7589 + 0 .3 7471 + 1 . 8
565 3 8343 8358 - 0 . 2 8154 + 2 . 3
588 .5 3 8632 8623 + 0 .1 8387 + 2 . 8
607 3 8766 8833 - 0 . 8 8571 + 2 . 2
610 3 8802 8867 - 0 . 7 8601 + 2 .3

± 1 . 7  ± 2 . 6

A plot of i) against T is nearly linear, and passes 
through the origin, suggesting an equation of the 
form

r, =  A T  +  B T 2 (6)

Determining the constants A and B by the method 
of least squares, weighing all points equally, the 
equation obtained is

10V Z 7 =  8.692 +  1.5265 X  10~*T (7)

Values of the viscosity computed using this equation 
are given in Table I and plotted in Fig. 1. The 
root mean square per cent, deviation

deviation)2
of measurements  ̂ '

of the 17 experimental points may be taken as a 
measure of the fit of the equation to the experi
mental data. For eq. 7, this quantity is ±1.7% .

200 300 400 500 600 700
Temperature, t (°C .)

Fig. 1.— The viscosity of H g vapor: O , Braune, Basch
and Wentzel (1928); + ,  Koch (1885, 1887); ------- , least
squares ± 1 .7 % ;  theoretical--------, ± 2 .6 % .

Theoretical Computation of Viscosity of Mercury 
Vapor.—Equation 2 can be rewritten as

where
7] =  (CM'/*/<r*)(t/ky/*f(kT/t) 

f{kT/t) =  (kT/t)'/’ [V/W 2(2)]

(9)

(10)

f {kT/t) is nearly linear in {kT/t), and a plot of 
(■t/kT) f {kT/t) using the Hirschfelder, Bird and 
Spotz tables2b reveals a striking peculiarity: the 
slope of this function, plotted against {kT/t), is 
positive only in the relatively short region from

0.6 <  (kT/t) <  1.0 ( l l )

In this range, by the method of least squares, it is 
found that

(4) (a) s. Koch, Wied. Arm., 25, 618 (1885); 32, 194 (1887); (b) 
H. Braune, R. Basch and W. Wentzel, Z. physik. Chem., A137, 176, 
447 (1928).

i(kT /t) =  + 0 .6 1 7 7 + 7 V e ) +  0 .0 1 2 7 0 + 2 % )2 (12) 

with a maximum deviation from this equation of
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less than 0.06%.5 From eq. 9 and 12

v  =  ( C M ' / * / o 2) ( e / k y / t  [0.6177 ( k / e ) T  +  0 .0 1 2 7 0 (* /e )22T2]
(13 )

Now over the whole experimental range from 491 
to 883 °K., r\/T is positive according to eq. 7. 
From the inequality (1 1 ), it follows that (k T / e ) 
can vary only from 0.6 to 1.0 for these limits in the 
temperature and so e/k can be uniquely determined 
to fall within the limits

818.6 <  e/k (°K .) <  883.2 (14 )

These values are fairly close together, so that the 
mean value may be taken, and it may be concluded 
that these data yield

e/k = 851 ±  3 2°K. (15 )

e/k is thus uncertain by about ±3.8% . Substi
tuting this value of e/k in eq. 13, and equating the 
result to the experimental viscosity points, a series 
of cr values is obtained, one for each observation, 
ranging from 2.856 to 2.995 A. Again, these limits 
are fairly close together and determining the mean 
and the standard deviation from the mean

cr =  2 .89g ±  0 .039 A. (16 )

The corresponding value of r0, from eq. 4, is then 
r„ =  3.253 ±  0 .044 A. (17 )

Using these parameters, the viscosity can be com
puted and the resulting values are given in the 
penultimate column of Table I. The root mean 
square per cent, deviation of the theoretical equa
tion is ± 2 .6% . i .e ., the fit to the theoretical equa
tion is only slightly inferior to that using an em
pirical least square formulation. The data are also 
plotted in Fig. 1 for ready visualization.

The method of determining the Lennard-Jones 
parameters given here may appear to be somewhat 
involved. A more direct procedure for determining 
e/k and r0 is to be preferred, but no such technique 
was found; a straight-forward least-square analysis, 
for example, did not lead to credible results. It 
has been pointed out to the authors6 that “ The 
e/k limits depend on the temperature range covered. 
It is conceivable that, i)/T  would be positive over a 
wider range of temperatures, and thus a wider 
variation in e/k would result.”  The validity of 
this argument is unquestionable, but in the absence 
of Hg vapor viscosity data outside the range con
sidered here, the relatively narrow limits given in 
eq. 14 appear to be the best that can be obtained 
at the present time. When data on Hg vapor are 
obtained which are more accurate, or cover a wider 
range of temperatures, the methods as well as the 
results of this analysis may require amendment.

The difference between the values of the param-
(5 ) F . G . K e y e s  in  Trans. Am. S o c . M e c h . Engrs., 7 3 , 589 (1 9 5 1 ), p re 

se n ts  a n  e m p ir ic a l  e q u a t io n  f o r  i(kT/t) c o v e r in g  th e  w id e r  ra n g e  0 .3 5  <  
x <  3 0 0  w h e re  x =  kT/e. T h is  e q u a t io n

f (x )  =  0 .629s -  1.3445x1/y i 0 3-1428/ 1 -
16 .271 'A /IO 6-90“ / « 1/ 2

y ie ld s  a n  a v e ra g e  d e v ia t io n  in  o f  0 .0 0 5 5 . E q u a t io n  12 a b o v e ,
w h ile  l im ite d  in  a p p lic a b i l i t y  t o  th e  n a rro w e r  ra n g e  0 . 6  <  x <  1 . 0  is 
m u ch  m o re  a c c u r a te  w ith in  th o se  l im its : th e  m a x im u m  d e v ia t io n  in  
a ; - 1/*  f ( s )  is 0 .0 0 0 3 .

( 6 ) J . H . H ild e b r a n d  a n d  B . A ld e r , p r iv a te  c o m m u n ic a t io n , F e b . 14, 
1952.

eters obtained from the X-ray data (eq. 5) 
and those derived from the viscosity measurements 
(eq. 15 and 16) should not be alarming. There is, 
as will be shown below, considerable doubt about 
the position and depth of the potential minimum 
for Hg (j'o and e) as well as the value of the cross
over point a  which is related to the repulsive po
tential power. It appears from the available 
evidence that the latter may in fact be closer to 
9 than it is to 12; but the value of e/k seems to be 
much less than the older one obtained by Hilde
brand, Wakeham and Boyd. At this stage of 
knowledge of the potential function for mercury, 
the skeptical chemist will find it difficult to reject 
the parameters (eq. 15 and 17) on the basis of dis
agreement with experiment.

It would be extremely interesting, of course, to 
compute the function equivalent to [V /IF 2 (2)] for 
the 6-9 potential

U,(r) = e[2(r0/rf -  3(r„/r)«l (18)
This has not as yet been done, although it is hoped 
that with the availability of high speed mechanical 
computing equipment, such tables may be forth
coming in the future. With these tables, the 
depth and position of the minimum in the potential 
curve which gives the best fit to the viscosity data 
might be significantly different from those found 
above. It is to be expected that the transport 
properties of gases (viscosity, thermal conductivity, 
self-diffusion, etc.) will be much more strongly 
dependent upon the repulsive power than the 
properties derived from equilibrium measurements, 
the second virial coefficient for example.

The Potential Function for Mercury.— Over the 
last twenty odd years, there have been many at
tempts to determine the potential function for mer
cury. The earliest is that of Hasse and Cook7 
who tried to derive it from a study of the viscosity 
of mercury vapor. Since they used a Lennard- 
Jones 4-8 potential, instead of the theoretically 
demanded8 inverse sixth power attraction, their 
results

e/k = 2564°K„ r„ = 2.05 A., <r = 1.72 A. (19)
are of little more than historical interest.

Hildebrand, Wakeham and Boyd,3 working with 
the X-ray scattering data of Boyd and Wakeham,9 
concluded that the data were best satisfied by a
6-9 potential with

e/k = 1553°K., ro = 2.86 A., <r = 2.50 A. (20)
Recently, Kerr and Lund10 carried out an analysis 
of the X-ray scattering measurements of Campbell 
and Hildebrand. 11 They obtained their best fit to 
the data with the repulsive power s = 8.3 and the 
parameters

e/k = 985°K., r„ = 2.97 A., <r = 2.58 A. (21)
The most ambitious attempt to derive a theoreti

cal expression for the potential function is prob-
(7) H. R . Hassd and W. R . Cook, P r o c . R o y .  Soc. ( L o n d o n ) ,  125A, 

196 (1929).
(8) (a) F. London, Z. p h y s i k .  C h e m .,  B l l ,  222 (1930); (b) H. Ek- 

stein and M. Magat, C o m p t .  r e n d . ,  199, 264 (1934).
(9) R . N . Boyd and H. R . R . Wakeham, J. C h e m . P h y s . ,  7, 958 

(1939).
(10) R . H. Kerr and L. H. Lund, i b id . ,  19, 50 (1951).
(11) J. A . Campbell and J. H. Hildebrand, ib id . ,  11, 330 (1943)-
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r, A.
Fig. 2.—The potential function of mercury.

ably that of Heller. 12 For the repulsive term, he 
used the form A  exp ( — r/p ) derived theoretically 
for He by Slater and Kirkwood13 and successfully 
applied by Born and Mayer14 in representing the 
repulsive term in alkali halide crystals. Hellers 
treatment is concerned, strictly speaking, with the 
theoretical computation of the attractive part of the 
potential function, and this was carried out to terms 
in r -12  to take higher multipoles into account. 
This analysis does not predict the value of r y  
for this Heller used 3.20 A., which was previously 
chosen by Kuhn. 15 r a should be slightly larger 
than the measured value of the distance of closest 
approach in solid Hg, 16 3.00 A. at —46°,17 and the 
value used is an average obtained from (a) the 
density of liquid Hg assuming it to be made up of 
close-packed spheres (3.25 A.) and (b) from the 
data on Ag amalgams (3.09 A.) and Pb-Hg mix
tures (3.24-3.28 A.). Heller’s complete equation is

(12) R. Heller, J. Chem. Phys. 9 , 154 (1941).
(13) J . C. Slater and J. G. Kirkwood, Phys. Rev., 3 7 , 682 (1931).
(14) M. Born and J. E. Mayer, Z. Physik, 7 5 , 1 (1932).
(15) H. Kuhn, Proc. Roy. Soc. (London), A 1 5 8 , 230 (1937).
(16) The structure of solid Hg can be considered to be derived from 

face-centered cubic packing by shortening of a body diagonal. This 
leads to a structure in which each mercury atom has six coplanar neigh
bors at a distance of 3.47 A. and six other neighbors, three in each of 
the adjacent planes, at a much smaller distance of 3.00 A. Cf. R. W. G. 
Wyckoff, “ Crystal Structures,”  Vol. I, Interscience Publishers, Inc., 
New York, N. Y., 1948.

(17) M. C. Ncuberger, Z. anorg. u .  allgetn. Chem., 2 1 2 , 40 (1933).

U(r) (ergs) =  +2.5846 X 10~ 8 exp (-2.8473 X 10+8r) 
-2.296 X 10~58r -6  

-1.252 X I0~73r_8 

-6.487 X 10“ 89r_1°
-4.234 X 10_ 101r“ 12 (22)

where r is in cm. From this
t/k = 998°K., r„ = 3.20 A., a = 2.77 A. (23)

Douglas, Ball and Ginnings18 computed a table of 
second virial coefficients for Hg for temperatures 
up to 500°. To fit these data, they concluded 
that, from the spectroscopic data, the best fit could 
be obtained by using the Morse function

U(r) =  e[|l -  e~a(r - r°M2 -  1] (24)
where

a = 7rcjcVVi/i (25)
and

i'o = 3.2 A., o> = 36 cm.-1, e/ k  = 755°K. (26)

This equation gives a = 2.84 A. Because no an
alytical method is known for determining the 
second virial coefficient B { T )  from a Morse po
tential function, these authors resorted to numerical 
integration. The resulting data were found to fit 
the equation

B{T) = 56.4 -  43.82 exp (+655/T ) (27)
(18) T. B. Douglas, A. F. Ball and D. C. Ginnings, J. Research 

Nall. Bur. Standards, 4 6 , 334 (1951).
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But this expression corresponds not to the original 
Morse function used, but rather to the form19 20

B{T) =  (27T2V/3V -  (2irN/3)(p3 -  <r3)[exp (+e/kT) -  1]
(28 )

which is derived from the “ box”  potential 
) +  for r < <7

TJ{r) =  ) — e for p >  r > ct (29)
J 0 for r > p

with
e/k =  655 °K ., p =  3.55 A ., a  =  2 .14  A . (30 )

The fact that this potential reproduces the data on 
the second virial coefficient derived from a Morse 
function must be due to the basic insensitivity of 
B { T )  to the form of the potential function.

Recently, Moelwyn-Hughes20 has evaluated the 
potential function of Hg entirely from the proper
ties of the liquid—vapor pressure, density, com
pressibility, thermal expansion, etc. His results 
lead directly to the Lennard-Jones 6-9 type of 
potential (eq. 18) with a relatively small uncer
tainty in the value of the repulsive exponent. His 
parameters are

e/k =  7 9 5 °K ., r„ =  3.38 A ., <r =  2.95 A . (31 )

in quite good agreement with the results obtained 
from vapor viscosity data (eq. 15 and 17).

These functions are plotted in Fig. 2. It will be 
seen that the U (r ) curve derived above (eq. 1, 15

0 (normal b.p. 356.58°). 500
t, °C.

Fig. 3,—Second virial coefficient for mercury vapor, based 
on a Lermard-Jones 6-9 potential with r0 = 3.25 A. and e/k 
= 775°K.

(19) J. A. Beattie and W. H. Stockmayer, “ Reports on Progress in 
Physics,”  Vol. VII, The Physical Society (London), 1940, p. 195.

(20) E. A. Moelwyn-Hughes, T h is  J o u r n a l , 5 5 , 1246 (1951).

and 17) from viscosity data agrees quite well with 
the other curves for mercury.

There have been a large number of attempts to 
determine the energy of dissociation of Hg2 from 
spectroscopic data. 16,21 Most of the more recent 
values of this constant come out around 1.4 to 1.6 
kcal./mole (e/k =  704 to 805°K.) although a feAv 
determinations2 le'f have led to considerably higher 
values. Gaydon22 prefers the value 1.38 ±  0.07 
kcal./mole (e/k =  694 ±  35°K.) found by Winans 
and Heitz.21g Herzberg23 in the first edition of his 
book gives a value corresponding to e/k =  926 °K .; 
while in the second edition, he lists the value e/k — 
696 °K. There is thus a wide margin of disagree
ment among authorities on the proper value for 
this constant, and the value of 851 °K. obtained in 
eq. 15 falls well within the limits of uncertainty.

There appears to be some basis for concern with 
the ?o values obtained from X-ray scattering: 
both the Hildebrand, Wakeham and Boyd value 
(2.86 A.) and that of Kerr and Lund (2.97 A.) 
are less than the shortest observed value in solid 
Hg (3.00 A.). It would be most surprising if the 
value in the expanded liquid phase is smaller than 
that in the solid, and it seems most probable that 
r0 falls in the range 3.2 to 3.3 A. This anomaly 
has also been pointed out by Moelwyn-Hughes.20 
The reasons for this discrepancy are obscure, but 
thought-provoking. That the X-ray scattering 
technique is fundamentally capable of yielding 
results in good agreement with the gas viscosity 
data is apparent from the table below, for argon.

Workers Reference Method
t/k,
°K. o°*

A.
Eisenstein and 

Gingrich
28, 10 X-Ray (Hildebrand’s) 117 3.76

Eisenstein and 
Gingrich

10 X-Ray (Kerr and 
Lund’s)

104 3.80

Hirschfelder, Bird 2b, 29, 30 Viscosity 124.0 3.827
and Spotz

Measurements of X-ray scattering in liquids are 
subject to a great deal of error, in the experimental 
details and in interpretation, as has been pointed 
out by Campbell and Hildebrand11 and by Gregg 
and Gingrich24; and mercury is a particularly 
difficult liquid to handle because of the high absorp
tion correction needed, the ready formation of oxide 
films, and fluorescent radiation emitted by the 
sample.25

While there have been a great many investiga-
(21) (a) W. Finkelnburg, Physik. Z„  3 4 , 551 (1933). (b) E. Koer-

nicke, Z. Physik, 3 3 , 219 (1925). (c) H. Kuhn and K, Freudenberg,
ibid., 7 6 , 38 (1932). (d) T. Mrozowski, ibid., 1 04 , 230 (1936); Acta

139 Physica Polonica, 2 , 81 (1933); 3 , 215 (1934). (e) J. G. Winans,
Phys. Rev., 3 7 , 101, 897 (1931). (f) T. Subbaraya, Proc. Indian Acad. 
Sci., 1, 166 (1934). (g) J. G. Winans and M. P. Heitz, Phys. Rev., 65 , 
65 (1944).

(22) A. G. Gaydon, “ Dissociation Energies,”  Chapman and Hall, 
London, 1947, p. 209.

(23) G. Herzberg, “ Molecular Spectra and Molecular Structure. 
I. Diatomic Molecules,”  1st Ed., Prentice-Hall, Inc., New York, 
N. \ ., 1939, p. 488; ibid., 2nd Ed., D. Van Nostrand Co., Inc., New 
York, N. Y., 1950, p. 537.

(24) R. Q. Gregg and N. S. Gingrich, Rev. Sci. Instruments, 1 1 , 305 
(1940).

(25) C. A. Barrett, “ Structure of Metals,”  McGraw-Hill Book Co., 
Inc., New York, N. Y., 1943, p. 227.
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lions of X-ray scattering by liquid Hg,9'11'26 of 
these only two3'9-11 have been thoroughy analyzed 
to date. There are wide discrepancies in the 
position reported for the peaks in (sin 6)/\  (c f . 
ref. 11). Gingrich27 in a critical review of X-ray 
scattering in liquid elements gives most weight to 
the Debye and Menke values which lead to an r0 
of 3.23 A., in much better agreement with the 
result obtained from viscosity measurements (eq. 
17) than it is with other X-ray data. It is to be 
hoped that a definitive study of this point will be 
forthcoming in the near future, and studies of this 
kind have been initiated here.28“ 30

(26) (a) R. W. G. Wyckoff, Am. J. Sci., 5 , 455 (1923). (b) C. V. 
Raman and C. M. Sagani, Nature, 120,514 (1927); Ind. J. Physics, 2 , 
97 (1927-1928). (c) J. A. Prins, Physica, 6 , 315 (1926). (d) M. Wolf, 
Nature, 12 2 , 314 (1928); Z. Physik, 5 3 , 72 (1929). (e) P. Debye and 
H. Menke, Physik. Z., 3 1 , 348 (1930). (f) F. Sauerwald and W. Teske. 
Z. anorg. allgem. Chem., 210, 247 (1933). (g) V. I. Danilow and V. E. 
Neimark, J. Exptl. Theoret. Phys. ( U . S .  S. R), 5, 724 (1935).

(27) N. S. Gingrich, Rev. Modern Phys., 15 , 90 (1943).
(28) A. S. Eisenstein and N. S. Gingrich, Phys. Rev., 6 2 , 261 (1942).

At the present time, it appears that the best 
U (r ) curve that can be drawn for Hg is probably a
6-9 function (c f. eq. 18) with r0 =  3.25 ±  0.04 Â. 
and t/k  =  775 ±  20°K., the mean of the spectro
scopic value (eq. 26) and Moelwyn-Hughes’ value 
(eq. 31). Using these parameters and the recently 
published tables for a 6-9 gas,31 the second virial 
coefficient of Hg vapor has been computed. This is 
presented in graphical form in Fig. 3. The devia
tion from ideality at the normal boiling point,32 
356.58°, amounts to 0.27% in exact agreement with 
the value recently deduced from experimental data 
by Busey and Giauque.33

(2 9 ) I I .  L . J o h n s to n  a n d  E . R .  G r il ly , T h is J o u r n a l , 4 6 , 9 4 8  
(1 9 4 2 ).

(3 0 ) V . V a s ile s co , Ann. Phys. (Paris), Ser. I I ,  2 0 , 2 9 2  (1 9 4 5 ) .
(3 1 ) L . F . E p s te in  a n d  C . J . H ib b e r t , J. Chem. Phys., 2 0 , 752

(1 9 5 2 )  .
(3 2 ) J. A .  B e a tt ie , B . E . B la isd e ll, a n d  J. K a m in s k y , Proc. Am. Acad. 

Sci., 71, 3 7 5  (1 9 3 7 ).
(3 3 )  R . H . B u s e y  a n d  W . F . G ia u q u e , J. Am. Chem. Soc., 75, 8 0 6

( 1 9 5 3 )  ; p r iv a te  c o m m u n ic a t io n  f r o m  P ro fe s s o r  G ia u q u e , S e p t . 9 , 1952 .

ELECTROKINETIC PROCESSES IN PARALLEL AND SERIES
COMBINATIONS
B y  P h ilip  B. L orenz

Petroleum Experiment Station, U. S. Bureau of Mines, Bartlesville, Oklahoma 
Received August 4, 1952

When two porous media exhibiting electrokinetic effects are combined in parallel or in series, the ordinary laws of combina
tion of electrical resistance are slightly altered. The exact laws are derived by a general treatment, which also gives combina
tion laws for permeability, streaming effects, electro osmotic effects and cell constant. The law of combination for cell con
stant is different according to the type of process being considered.

The familiar laws of combination of electrical re
sistances R  are derived from Ohm’s law and from 
the conditions imposed by Kirchhoff’s laws on the 
current I  and potential drop E  across conductors 
when they are connected in parallel or in series. 
These conditions for a series combination of two 
conductors are E , +  E 2 — E, and Zi =  72 = 7, 
where the subscripts refer to the individual conduc
tors and no subscript is used for the combination. 
For this case, it is convenient to use Ohm’s law in 
the usual form E  =  R I . For a parallel combina
tion E ,  =  E 2 =  E, and 7i +  Z2 = 7, and it is con
venient to write Ohm’s law as 7 = GE, where G =  
1/72 is the conductance.

Similarly, laws of combination of hydrodynamic 
resistance, IF, of a porous solid can be derived 
from Darcy’s law1 and the conditions imposed on 
volume flow rate V  and pressure differential P .  
The usual form of Darcy’s law is V  — K P ,  where K  
= 1 / W  is the permeability. However, when a 
porous solid is permeated by a conducting liquid, 
the laws of combination of both permeability and 
electrical resistance are somewhat altered if electro
kinetic effects also take place. In this paper the 
correct combination laws are developed, not only 
for resistance and permeability, but also for stream
ing and electroosmotic quantities. Such laws are 
important in interpreting measurements on geologi-

(1) M. Muskat, “ The Flow of Homogeneous Fluids through Porous 
Media,”  McGraw-Hill Book Co., Inc., New York, N. Y., 1937, p. 71.

cal formations whose permeability, electrical resist
ance and electrokinetic properties are not uniform; 
and in the laboratory in measuring these properties 
on packed beds of particles or fibers that must be 
supported in a measuring cell by a rigid porous 
medium with different properties.

Overbeek and Wijga2 have derived combination 
laws for some of these properties, but their results 
are only approximately correct because their as
sumed conditions were not completely valid, and 
their quantities R  and IF were not defined exactly.

Development of the Basic Equations.—We now 
have four variables, E , I ,  P ,  V , which are governed 
by tw o equations3 4

7 =  LnE +  LnP
V  =  U .E  +  U iP

As in the case of Ohm’s law, it is convenient to 
have various forms of these equations. Four dif
ferent forms arc possible in which the independent 
variables are, in turn, E  and P , E  and V , I  and V , 
and 7 and P .  The notation becomes less cumber
some if we use the symbols R , G, W  and K ,  where 
they are appropriate, with M  =  L a  =  L 2l for the 
“ electropermeability.”4 Another convenient sym
bol, B , was introduced by Mazur and Overbeek3

(2 )  J . T h . G . O v e rb e e k  a n d  P . W . O . W ijg a ,  Rec. tr a v . chim., 6 5 , 556  
(1946).

(3 )  P . M a z u r  a n d  J. T h . G . O v e rb e e k , ibid., 7 0 , 8 3  (1 9 5 1 ) .
(4) P . B . L o re n z , T his Jo u r n a l , 5 6 , 775 (1952).
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in equations analogous to 3 below. It is an elec- 
trokinetic resistance coefficient. The four pairs of 
equations are

I = G E  + M P  (la)
V  =  M E  +  ( a K ) P  (lb)
E  =  R I  +  (.B K ) P  (2a)
V  =  ( M R ) I  +  K P  (2b)
E  =  ( a R ) l  +  B V  (3a)
P = Bl + WV (3b)
I  =  ( 1 /  a R ) E  +  ( M / a K ) V  (4a)

P  =  ( B / a R ) E  +  (1 / c c K ) V  (4b)

where a = 1 +  M * / K G  =  1 +  B ^ / R W . (The 
factor 1 — Q of a previous paper4 is equal to 1 /a .)  
It should be emphasized that R  is the resistance 
when P  =  0 and K  is the permeability when 1  =  0. 
The coefficients are distributed so that R G  =  W K  =
1. It is also found that B M  =  1 — a . It is worth 
noting that

From 7 and 8

( M J i ,  -  M R )  =  (.R / R t X M t R t  -  M 2R 2)
( M i R i  -  M R )  =  - ( S / f t X M I K i  -  M 2R 2)

Combining 12 and 13 and substituting into 10
M i R I  +  ( M lR / R 2) ( . M 1R , -  M 2R 2) P  +  M J t l  -  

( M 2R / R l ) ( M 1R 1 -  M 2R 2) P  +  ( K ,  +  K 2) P  =  M R I  +  K P

Equating coefficients of P

K  =  K ,  +  K 2 +  R ( M , / R 2 -  M i / R i K M y R i  -  M 2R 2) 

or A  =  K ,  +  K 2 +  ( R / R i R i )  ( M J i ,  -  M 2R 2Y  (14 )

The last term is a correction term to the usual law 
of combination for permeability (at 7 =  0). This 
correction term for a parallel combination of n  
components is

n

-  M R )
t = l

W / G  =  R / K  =  — B / M (5)
The total electrical resistance, permeability, 

electropermeability, etc., of a parallel or series 
combination are defined as R , K ,  M ,  etc., in the 
above equations. The individual quantities for 
each member of a combination are defined by simi
lar equations with appropriate subscripts. Taking 
equations 1 as an example, it is important to remem
ber that, although E  and P  are independent, E\ and 
P i are not independent in a combination, and the 
same is true of individual equations for other 
members of the combination. We use these indi
vidual equations and the conditions for parallel or 
series combinations to eliminate the dependent 
variables, which for two members are I ,  I h h ,  V , 
Fi, V 2, E i, E 2, P i and P 2. In the resulting equa-

Combination Laws for R , K  and M .  
Combinations.—The conditions are

h + h -  I 
F i +  V i  =  V  
E ,  =  E 2 =  E  
P i  =  P i  =  P

lions having the form of (1 ), we get
(Gì +  G ì  -  G ) E  +  { M i  +  M i  -  M ) P  =  0 

( M i  +  M 2 -  M ) E  +  ( « , A', +  a i K i  -  u K ) P  =  0

Hence
G, +  G2 or I  =  ¿

M  =  M i  +  M t  
a K  =  a i K  +  a 2K 2

Ri

a R
(1 5 )

In a similar way, equations 4 lead to the relation
1 . 1 . onKia2Ki / Mi

(x\R[ OiiR2 a K  \(X K  i

where the last term is a correction term to the ordi
nary law of combination in dealing with resistance at 
V  =  0. The correction term for n  components is

4L y
a 2K 2)

i —1

(M i  _  i £ '
\ aiA j a K  )

Series Combinations.—The conditions are
E, +  E, 
P i  +  P i  
h = I i  

V i  =  V i

■■ E  
-■ P  
1

■■ V

(16)

In the same manner as before, we find
. to zero. (xR  == a i R i ~h « 2^ 2, or (17 )
Parallel R  =-- R i  + r 2 +  ( K / K i K i ) ( M i R i -  M n R i Y (18)

M R M i R 1 +
M i R , (19)

K A , K i

(6) 1 /A  =-  1 /A , + 1 /A , (20)
1 1

+
1 (X1R 1OÍ2R 2 ( M i  M i  '

olK a j i i a 2K 2 + a R  1 a i K i  a 2K 2l)  (21)

For a series combination of n components, 18 and 21 
become

(7)
(8) 
(9)

Equations 7, 8 and 9 can be derived, less conven
iently, from equations 2 or 4. Equation 9 shows 
that the “ permeability at E  =  0,”  a K ,  follows the 
law of combination usually used for the permeabil
ity K .  Another form of equation 9 can be derived 
from 6 and equations with the form of 2 , as

M i R J i  +  K i P  +  M t R i l t  +  K 2P  =  M R I  +  K P  (10 ) 
R J i  +  B i K i P  =  B i l l  +  B i K 2P  =  R I  +  B K P  (11 )

R =

aK.

¿ 4i= i L

. = i“ >A¡L

1 +  jl'iMiRi 4fß)J (18a)

1 +  a,M,Ri(MM M
k) ]  <2'«'

Combination Laws for Electrokinetic Properties. 
Streaming Potential.—We define

S - (E/P), _ o = BK = —MR 
In parallel, using 8

S / R  =  S i / R ,  +  S i / R i  

In series, using 19
S / K  =  5 i /A ,  +  S i / K i  

Streaming Current.—We define

(22)

From equation 11 and making use of 5
Rih = RI +  (MiRi -  MR)P n o . In parallel
Rih =  RI +  (M ^  -  MR)P UZj

i  =  (I/P)K_ o = M

i = ii +  i
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iR _¿1 Ri , 12R2
K ~~KX + ~K,

Electroosmotic Flow.— The quantity ( V / I )p = c 
= M R  follows the same laws as S . The quantity 
(V / E )p = 0 =  M  follows the same laws as i. 

Electroosmotic Pressure.—We define
V =  (P /E )v  _ [, = B/aR = -M /aK  (23) 

In parallel
aKp = a\KiPi +  a2K2p2

In series
aRp — aiRiPi T  012R2P2

Cell Constant.—A porous medium can be re
garded as a sort of conductivity cell with an appar
ent cell constant

J  =  k«R
where k° is the specific conductivity of the liquid in 
bulk.

Actually J  will vary with electrolyte concentra
tion because of surface conductance. Using the 
laws of combination of R , we find, for parallel com
binations

1/J =  1 / / ,  + l/J-2 (24)

and, for series combinations
aJ = otiJ i +  a2J 2 (25)

or, from 18
J =  Ji +  Ji +  ( K /K lK i)(iM 1Rl -  M A Y  (26)

At high concentrations of electrolyte, surface 
conductance disappears along with other electro- 
kinetic effects. The cell constant determined in 
this range is the true cell constant, J ° .  In parallel 
combinations, from 24

1/J° = 1 /J° 1 +  1 /J0* (27)

In series combinations, from 25 or 26
J° =  J°t +  J°2 (28)

Instead of dealing with an apparent cell constant, 
we can deal with an apparent conductivity, k, 
defined by

J° e= kR (29)

For parallel combinations, then
—  = —i— |—
kR KtRi K2R2

and for series combinations

which agrees with 27. However, for a series com
bination, 19 gives

R _  Ri R2 
J °K  .l ° lK l +  J °2K 2 (31 )

Equation 31 can also be written
WiRiCi +  W 2R2C, 

R{W , +  W 2) (31a)

where C  =  \ / J° is the “ conductance capacity” of 
the porous medium. In this notation 28 becomes

1/C  =  l /C\ +  1 /C 2 (28a)

Equations 31a and 28a were given by Overbeek and 
Wijga,2 who showed that, with circular capillaries, 
the two formulas give different results when ki is 
different from k2. This occurs when two capillaries 
in series have different surface conductances.

If R  had been defined as the resistance at V  =  0,6 
formulas 27-31 for J° and C  would be the same, but 
24-26 would become

parallel: 

series:

aJ
_ L  + _ L
aiJ i aiJ2

J  =  J1 T 1/2
(24a) 

(25a, 26a)

Thus the combination law for apparent cell con
stant depends on the exact nature of the conduc
tive process. The reason that the law of series com
bination for J ° is different for electrokinetic proc
esses from those for purely conductive processes is 
related to the fact that the law of combination for 
l/ R  differs from the law of combination for M . Be
cause of this, when electrokinetic and conductive 
processes occur simultaneously in combinations, 
charges tend to be accumulated or depleted at the 
junction points, which produces a non-uniform elec
tric field in the combination. In this way, the con
tribution of each member is influenced by its rela
tive properties (K i/ K  and R i/ R ).

An equation similar to 31a can be derived for the 
“ permeability capacity,” defined by Manegold6 
for circular capillaries as

Cd =  K/(r*/Sv )

Substitution into formulas 9 or 20 is of no value, 
since r2 generally does not have an independent 
meaning for a combination. However, when we 
combine with 23 and with the standard expression 
for electroosmotic pressure in circular capillaries

V tv r2
kR =  KlRl +  K2R2 these results

Cell Constant in Electrokinetic Formulas.—The
standard expression for streaming potential and 
electroosmosis in circular capillaries is

For an arbitrary porous medium, this equation 
amounts to a definition of the ratio fe /77. Combin
ing it with 22 and 29

M  =
fe

4x77«:
When the rario f  e/17 is the same for each member of 
a combination, we find from 8 that, in parallel

1 /J° -  1 IJ \  +  1 /J°t (3 0 )

M  = «Cd4x7?
As before, when He/p is the same for each member of 
a combination, we find from 19

C D = Ä iTF,<*.(Cd ). +  ß 2X 2«.,((7D)2 
R W a

Acknowledgment.—The author is grateful to 
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spondence on the matters discussed herein.

(5 )  F o rm u la s  9  a n d  12  o f  O v e rb e e k  a n d  W i jg a  are  p r e c is e ly  c o r r e c t  
o n ly  fo r  th is  d e f in it io n  o f  R ,  w h ile  th e ir  fo rm u la s  8  are  c o r r e c t  o n ly  f o r  
o u r  o r ig in a l  d e fin it io n . S im ila r  s ta te m e n ts  a p p ly  in  re v e rse  o r d e r  t o  
th e ir  s y m b o l  W .

(6 ) E ,  M a n e g o ld  a n d  E ,  SqU, Kvlloid-Z,, 55, 2 7 3  (1 9 3 1 ) ,
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MOLAR POLARIZATIONS OF ISOMERIC PROPYL AND 
BUTYL MERCAPTANS 

B y  Sim ào  M athias

Departamento de Química, Faculdade de Filosofia, Ciencias e Letras,
Universidade de Sào Paulo, S&o Paulo, Brazil 

R ece iv ed  A u g u s t  14, 1 95 2

The dielectric constant and density of benzene solutions of isomeric propyl and butyl mercaptans have been measured 
at 25°. The molar polarizations of these compounds have been calculated and the results compared with the ones cor
responding to analogous isomeric halides. It is shown that the sum of the atomic plus orientation polarization is much more 
sensitive to structural influences than the electronic polarization.

In a previous study carried out by the present 
author1 with the purpose to investigate the relation 
between the refractivity and the molecular struc
ture of isomeric propyl and butyl mercaptans, it 
was found of interest to compare the refractivity 
results with the electric dipole moments and 
Raman frequencies of these compounds available 
in the literature. This comparison was extended 
to the corresponding propyl and butyl halides. 
As very few data were found for the dipole moments 
of these mercaptans, it seemed desirable to measure 
the dielectric constant of these compounds, both 
in the vapor phase and in solution, with the purpose 
of supplying further material for the comparative 
study of their physical properties. In the present 
paper the results of the measurements in benzene 
solution will be reported.

Experimental Part
Substances.—The preparation and purification of the 

mercaptans used in the present work have been described 
before.1 The benzene used as a solvent (thiophene-free 
from Eastman Kodak Company) was purified by washing 
with concentrated sulfuric acid followed by dilute sodium 
hydroxide solution. It was dried over phosphorus pentoxide 
for a few days and distilled through a fractionating column. 
The fraction of constant boiling point 77.4° (699.2 mm.) 
had the values d254 0.8736 and w!5d  1.4978. Measurements 
of the boiling point, refractive index and density of the ben
zene were frequently made in order to test its purity.

Physical Measurements.—Density measurements were 
carried out by the pycnometric method previously de
scribed.1

For the determination of the dielectric constants of the 
solutions a resonance apparatus similar to the one described by 
Kalderbank and Le Fevre2 was used. A quartz crystal 
having a frequency of about 1000 kc./sec. and a 1LB4 radio 
tube were employed. The milliammeter had its shunt re
moved in order to increase the sensitivity of the point of 
initial resonance, which was taken as the null point. The 
precision condenser was of the type 722N from General 
Radio Company. The dielectric cell differed from the one 
described by Le Ffrvre3 by having three4 concentrical cylin
ders instead of two, thus improving the shielding of the high 
potential. The cylinders, made of brass, were chrome- 
plated and fixed rigidly by means of mica spacers. The 
temperature of the cell was kept constant at 25° to within 
±0.01°. The temperature of the room was maintained at 
25.0 ±  0.1°. The cell had in air at 25° a replaceable ca
pacity of 84.6 ^mF. This value was calculated by the 
equation

where Co is the replaceable capacity of the cell, Ca¡r its ca-
(1 ) S . M a th ia s , J . A m . C h em . S o c ., 72, 1 89 7  (1 9 5 0 ).
(2 ) K . E . K a ld e r b a n k  a n d  R .  J . W . L e  F è v r e , J . C h em . S o c .,  1951 

(1 9 4 8 ) .
(3 ) R .  J . W .  L e  F è v r e , T ra n s. F a ra d a y  S o c ., 34, 1 12 7  (1 9 3 8 ).
(4 ) S ee  F .  F a ir b r o th e r , P r o c . R o y . S oc . (L o n d o n ),  A142, 173  (1 9 3 3 ).

parity when filled with air, and Cbenz its capacity when 
filled with benzene. The dielectric constant of benzene e = 
( Cbena — C ')/(C air — C') was taken as 2.2725 at 25°, C' is 
the fixed non-replaceable capacity associated with the leads.4

Results and Discussion
Table I summarizes the results of the measure

ments in benzene solution. The three columns 
show, respectively, the weight fraction of the mer
captan w2, the dielectric constant of the solution 
€12, and the specific volume of the solution y12. 
The numbers in parentheses are extrapolated 
values. The molar polarization of the mercaptan 
at infinite dilution P 2 was calculated by the method 
of Halverstadt and Kumler.6 The €12 vs. w 2 and 
Vi2 vs. w2 curves were plotted and found to be 
straight lines, but the actual results were obtained 
by the usual statistical method of least squares. 
The molar refractivity for infinite wave length P„,, 
which has been previously reported,1 was taken as 
equal to the electronic polarization P e , the differ
ence P 2 — P e being the sum of the atomic plus 
orientation polarization P a+ o- Table II gives the 
different types of molar polarization which can be 
obtained under the present conditions. The esti
mated accuracy of the values for P2 is about 0.2%.

The electric dipole moment was not calculated, 
as this would require the introduction of an arbi
trary value for the atomic polarization. The 
approximation suggested by Groves and Sugden6 
that P e +  P a could be considered as 1.05Pe or, 
as done by many authors, the inclusion of the 
atomic polarization in the value of the electronic 
polarization calculated from the refractive index for 
the sodium d line may involve considerable error, 
particularly in the present case, when we are con
sidering closely related isomeric compounds.

Relatively few measurements of dielectric con
stants of mercaptans have been performed. The 
first work reported on such compounds is that of 
Hunter and Partington7 in 1931. These authors 
measured the dielectric constant and density of 
ethyl, n-propyl and w-butyl mercaptan in benzene 
solution at 20°. Walls and Smyth8 published in 
1933 the results of an investigation undertaken 
with the object of comparing mercaptans and 
sulfides with the corresponding oxygen com
pounds. Two mercaptans, n-butyl and n-amyl,

(5 ) I .  F . H a lv e r s t a d t  a n d  W . D . K u m le r , J . A m . C h em . S o c ., 64, 
2 9 8 8  (1 9 4 2 ).

(6 ) L . G . G r o v e s  a n d  S. S u g d e n , ib id ., 971  (1 9 3 5 ) ;  1 77 9  (1 9 3 7 ).
(7 ) E . C . E . H u n te r  a n d  J . R .  P a r t in g to n , ib id .,  2 0 6 2  (1 9 3 1 ) ;  

2 8 1 2  (1 9 3 2 ).
(8 )  W . S. W a lls  a n d  C . P . S m y th , J . C h em . P h y s . ,  1 , 3 3 7  (1 9 3 3 ) .
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T able I
D ielectric C onstant and Specific V olume of B enzene 

Solutions of P ropyl and B utyl M ercaptans at 25°
W J €12

P rop y l m ercaptan
VIZ

0.000000 (2 .2 7 4 ) (1 .1 4 4 7 )
.009703 2 .3 0 4 1.1451
.014396 2 .3 1 8 1 .1454
.022207 2 .3 41 1.1458
.033506 2 .3 7 7 1.1463
.043125 2 .4 0 5

Isop rop y l m ercaptan

1.1467

0 .0 000 00 (2 .2 7 5 ) (1 .1 4 4 6 )
.008444 2 .3 01 1 .1454
.015244 2 .3 2 4 1.1459
.030337 2 .3 7 0 1 .1472
.046875 2 .4 2 2

B u ty l m ercaptan

1.1486

0.000000 (2 .2 7 6 ) (1 .1 4 4 5 )
.011606 2 .3 0 6 1.1451
.020364 2 .3 2 9 1 .1 455
.028944 2 .3 5 2 1.1459
.044952 2 .3 9 5 1.1468
.053629 2 .4 1 5

Isob u ty l m ercaptan

1.1472

0 .0 000 00 (2 .2 7 3 ) (1 .1 4 4 8 )
.023053 2 .3 3 3 1.1460
.037097 2 .3 6 7 1 .1468
.041352 2 .3 79 1.1470
.043063 2 .3 8 3 1 .1472
.049199 2 .4 01

s-B u ty l m ercaptan

1.1474

0 .0 000 00 (2 .2 7 4 ) (1 .1 4 4 6 )
.017815 2 .3 2 2 1 .1458
.021865 2 .3 3 4 1.1460
.029577 2 .3 5 6 1.1465
.040407 2 .3 8 6 1.1472
.054172 2 .4 21

/-B u ty l m ercaptan

1.1481

0 .0 000 00 (2 .2 7 2 ) (1 .1 4 4 6 )
.010148 2 .3 0 0 1.1456
.021474 2 .3 31 1 .1468
.031334 2 .3 5 7 1 .1 478
.038810 2 .3 7 9 1.1486
.050676 2.411 

T a b l e  II

1.1498

M o l a r  P o l a r iza t io n s  ( in  cc .) o f  P r o p y l  an d  B u ty l  
M e r c a p t a n s  a t  25°

Mer-
captan Pa AP2 P e APe Pa+ o APa+ o

Propyl 70.58 0.00 23.10 0.00 47.48 0.00
Iso-

propyl 72.70 +2.12 23.20 +  .10 49.50 +2.02
Butyl 76.47 0.00 27.63 .00 48.84 0.00
Isobutyl 75.97 -0 .5 0  27.66 +  .03 48.31 -0 .5 3
s-Butyl 78.69 +2.22 27.69 +  .06 51.00 +2.16
/-Butyl 80.05 +3.58 27.90 +  .27 52.15 +3.31

were measured in benzene solution at 25 and 50°. 
Ethyl mercaptan in the same solvent was also 
measured at 15° by Wang9 in 1940.

(9) Y. L. Wang, Z. physik. ChemB 4 5 , 323 (1940).

In order to compare the literature data with the 
results reported in the present work the total 
molar polarizations at infinite dilution of ra-propyl 
and M-butyl mercaptan were calculated by exactly 
the same method referred to above, starting from 
the original values reported in the literature. 
From the data of Hunter and Partington one ob
tains for P i  at 20°, 66.69 cc. for the n-propyl, and 
68.43 cc. for the w-butyl mercaptan. Though 
these values are not strictly comparable with the 
ones listed in Table II, they are presumably too 
low, as the value of the molar polarization at infinite 
dilution, for polar molecules in a non-polar solvent, 
usually increases with a decrease in temperature. 
From the data of Walls and Smyth10 the value
75.14 cc. is obtained, which is slightly lower than 
ours.

Table II shows that both P2 and Pa+ o vary in a 
much more pronounced way than the electronic 
polarization, in relation to the branching of the 
carbon chain. With the exception of isobutyl 
mercaptan, which shows a slight diminution in the 
value of these properties, P2 and P a + o increase 
with departure from the normal chain, in the same 
order as the molar refractivity and dispersivity, 1 
i .e . , from propyl to isopropyl and from butyl to 
secondary and to tertiary butyl mercaptan.

Valuable information is obtained when these 
results are compared with the ones for the corre
sponding alkyl halides. The dielectric constants 
and densities of these compounds have been meas
ured by many authors, in various solvents, and in 
the vapor phase. Most appropriate for the present

T able  III
M olar Polarizations (in cc.) of P ropyl and B utyl 

H alides at 20°
Chloride f t A ft P e A P e P a + o A P a +O

Propyl 101.6 0.0 20.3 0.0 81.3 0.0
Isopropyl 109.5 +  7.9 20.5 +  .2 89.0 +  7.7
Butyl 107.3 0.0 24.8 .0 82.5 0.0
Isobutyl 105.4 -  1.9 24.9 +  .1 80.5 -  2.0
s-Butyl 117.2 +  9.9 24.9 +  .1 92.3 +  9.8
/-Butyl 123.2 +  15.9 25.1 +  .3 98.1 +  15.6

Bromide
Propyl 104.6 0.0 23.1 0.0 81.5 0.0
Isopropyl 117.5 +  12.9 23.3 +  .2 94.2 +  12.7
Butyl 111.9 0.0 27.5 .0 84.4 0.0
Isobutyl 110.7 -  1.2 27.6 +  -1 83.1 -  1.3
s-Butyl 127.0 +  15.1 27.7 +  .2 99.3 +  14.9
/-butyl 136.5 +24.6 28.0 +  .5 108.5 +24.1

Iodide
Propyl 101.8 0.0 27.8 0.0 74.0 0.0
Isopropyl 114.4 +  12.6 28.2 +  .4 86.2 +  12.2
Butyl 107.8 0.0 32.3 .0 75.5 0.0
Isobutyl 108.0 +  0.2 32.4 +  .1 75.6 +  .1
s-Butyl 121.3 +  13.5 32.7 +  .4 88.6 +  13.1
/-Butyl 129.8 +22.0

(10) The dielectric constant and density values reported by Walls 
and Smyth for n-butyl mercaptan show a considerable deviation from 
linearity when plotted against concentration; four of the seven solu
tions measured by them had a molar concentration higher than 10%. 
In the calculation from their data by the method of Halverstadt and 
Kumler only the three more dilute solutions were taken into considera
tion. In this case, the curves obtained could be considered as linear.
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purpose are the measurements of Parts11 made in 
benzene solution at 20°. The total molar polariza
tion at infinite dilution of the isomeric propyl and 
butyl halides were calculated, from his original 
values, by the same method of Halverstadt and 
Kumler using the graphical modification. The 
electronic polarizations were obtained by calcula
ting the molar refractivity for infinite wave length 
by the method of Wulff12 from data selected by 
Timmermans. 13 The results are listed in Table
III.

It is seen that in every series of halides, the same 
general gradation is observed as in the case of the 
corresponding mercaptans. The deviations are, 
however, much more pronounced. For instance, 
while ¿-butyl mercaptan shows for P 2, in relation 
to the normal compound, a positive deviation of 
about 4.5%, ¿-butyl chloride and bromide are, 
respectively, 18.9 and 28.5% higher than the corre
sponding normal halide.

(1 1 ) A . P a rts , Z. physik. Chem., B 7 , 327  (1 9 3 0 ) ;  B 1 2 , 312  (1 9 3 1 ) .
(1 2 ) P . W u lff ,  ibid., B 2 1 , 3 6 8  (1 9 3 3 ).
(1 3 ) J . T im m e rm a n s , “ P h y s ic o -C h e m ic a l  C o n s ta n ts  o f  P u re  

O rg a n ic  C o m p o u n d s ,”  E lse v ie r  P u b l. C o . ,  I n c .,  N e w  Y o r k , N . Y . ,  
1950 .

In the case of the isobutyl compounds, where the 
deviations are relatively small (Tables II and III), 
it is of interest to point out that, from the four 
butyl isomers, the isobutyl is the only one to which 
it has not been possible to ascribe a definite value 
for the C -X  (X  =  SH, Cl, Br, or I) stretching fre
quency on the basis of Raman and infrared in
vestigations.14

The above results show that in the case of the 
isomers under consideration the sum of the atomic 
plus orientation polarization is much more sensitive 
to structural influences than the electronic polariza
tion. An exact information about the atomic polariza
tion in the present case is of considerable impor
tance in clarifying the results obtained by Raman 
and infrared studies referred to above. In order 
to obtain this information unambiguously measure
ments in the vapor phase are being carried out in 
this Laboratory.

Acknowledgment.—The author gratefully ac
knowledges the financial assistance given by the 
Rockefeller Foundation to this Laboratory.

(1 4 ) I. F . T r o t t e r  a n d  IT. W . T h o m p s o n , J. Chem. Soc., 4 8 5  (1 9 4 6 ) . 
See a lso  re f. 1.

THE COPOLYMERIZATION OF BUTADIENE AND ALPHA
METHYLSTYRENE IN EMULSION AT 12.8°1
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Several monomer ratios of »-methylstyrene and butadiene have been copolymerized in a low temperature emulsion co
polymerization recipe at 12.8°. As the content of the former in the monomers increased, the initial rate of conversion went 
through a maximum (when about one-half of the monomers was a-methylstyrene), and the ultimate conversion decreased. 
Simultaneously the regulating index for the mixed tertiary mercaptans increased and the intrinsic flow time of the polymer 
in solution decreased. The value of ri where a-methylstyrene is monomer-1 was 0.010. The value of r2 was 1.55. The values 
of Q and e (0.71 and —0.1, respectively) for the substituted styrene based on butadiene as the reference monomer were com
parable with reported values based on other reference monomers. A twofold increase in the regulator with an »-methyl
styrene content equal to 30% of the monomers resulted in an increase in the initial rate of conversion and a decrease in the 
regulating index.

Introduction
An increasingly extensive adoption of the process 

for the manufacture of phenol and acetone from 
cumene through the hydroperoxide intermediate 
may result in the production of large quantities of 
the monomer «-methylstyrene as a by-product. 
Presumably this monomer arises as a result of the 
dehydration of the intermediate carbinol formed in 
conjunction with the hydroperoxide. It was of 
interest to investigate the copolymerization of a - 
methylstyrene with butadiene and to compare the 
results with those obtained when styrene was used 
with butadiene. The experimental data obtained 
with various monomer ratios and amounts of regu
lators in a low temperature emulsion copolymeriza
tion recipe and a discussion of these data are 
presented in this report.

Results and Discussion
The experimental data with varying monomer
(I ) Presented before the Division of Polymer Chemistry, American

Chemical Society, Atlantic City, N. J., September, 1952.

ratios and varying amounts of regulator are in 
Table I.

The time conversion data show that the ultimate 
conversion decreased as the «-methylstyrene con
tent of the monomers increased. This decrease in 
ultimate conversion, observed also in the prepara
tion of the copolymers for calibration of the re- 
fractometric method of analysis for bound «- 
methylstyrene gives some indication of the difficulty 
with which a-methylstyrene homopolymerizes by a 
free radical mechanism. The initial rate of con
version went through a maximum when about one- 
half of the monomer was «-methylstyrene with a 
decrease in rate as the a-methylstyrene content 
increased still more. A twofold increase in the 
weight of the regulating mercaptans resulted in an 
increase in the initial conversion rate. The rate 
of copolymerization of a-methylstyrene and buta
diene is somewhat slower than that of styrene and 
butadiene. In the synthetic rubber range (about 
70% butadiene in the charge) the rate at 12.8 C 
is quite comparable with the rate in the same type
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T a b l e  I

E f f e c t  o f  M o n o m e r  R a t i o  a n d  W e i g h t  o f  R e g u l a t o r  

o n  P o l y m e r i z a t i o n  D a t a

R e a c t io n B o u n d R e s id u a l
t im e , C o n v ., a -m e th y l- m e rca p ta n ,

hr. % s ty r e n e , % % in
a-Methylstyrene/butadiene 10.0/90.0, MTM 0.240

2.0 14.3 6.5 69.5 1.27
3.0 23.0 6.5 48.5 1.65
4.0 26.7 6.5 47.0 1 .70
6.0 42.4 6.6 33.0 1.96
7.5 51.6 6.6 21.5 2.49
9.0 55.3 6.5 19.0 2.58

11.5 67.4 7.0 20.0 3.65
16.0 84.9 7.8 2.0 3.29
24.0 91.5 8.3 1.0 2.79

a-Methylstyrene/butadiene 30.0/70.0, MTM 0.240
1.5 6.7 19.0 82.5 0.70
3.5 14.3 19.1 86.0 0.56
6.0 29.8 19.4 41.5 1.08
7,5 41.4 20 0 29.0 1.55
9.5 49.4 20.3 16.0 1.67

16.0 63.1 21.4 8.5 2.01
24.0 82.0 22.7 1.5 2.65
48.0 75.8 22.4 6.0 2.39

a-Methylstyrene/butadiene 50.0/50.0, MTM 0.240
2.0 11.6 33.2 67.5 0.98
3.0 18.7 33.5 50.5 1.30
4.0 25.2 34.0 42.5 1.34
5.5 42.3 35.5 21.5 1.59
7.0 54.1 36.7 18.5 1.55
8.0 60.1 37.4 16.5 1.71

12.0 67.6 38.5 12.0 1.92
48.0 76.5 39.8 9.0 2.23

a-Methvlst vrene/hutadiene 70 0/30.0, MTM 0.240
3.0 6.3 47.7 79.0 0.99
4.0 24 0 49.4 40.0 0.77
6.0 33.1 50.7 29.0 1.03
8.0 39.0 51.7 23.5 1.09

16.0 50.3 53.1 15.5 1.12
144.0 57 1 54.9 13.0 1.13

a-Methylstyrene/butadiene 90.0/10.0, MTM 0.240
4.7 7.5 64.7 76.0 0 50
8.0 10.9 65.6 65.5 .52

12.0 16.6 67.7 51.5 .53
16.0 22 0 70.1 42.5 .53
19.0 26.0 70 7 36.0 .55
97.0 28.4 72.0 35.0 .65

a-Methylstyrene/butadiene 30.0/70.0, MTM 0.480
1.5 14.9 19.3 75.5 0 60
2.5 23.1 19.3 68.5 .77
4.0 33.8 19.7 58.5 .99
5.0 41.5 20.0 40.0 1.09
6.5 48.8 20.3 26.5 1.17
8.0 55.1 25.4 27.0 1.08

11.5 68.4 21.9 10.5 1.58
16.0 81.5 21.9 4.5 1.97
24.0 88.2 24.0 2.5 1.77

of recipe at 5.1° when butadiene and styrene are
used.2

(2 )  J . M .  M it c h e l l ,  R .  S p o ls k y  a n d  H . L . W illia m s , Ind. Eng. Chem.,
41, 1592 (1 9 4 9 ).

Values of rt and r2 were calculated by extrapolat
ing bound a-methylstyre.ne-con version curves to 
0%  conversion to obtain the compositions of the 
copolymers formed initially from monomers of 
definite compositions and then utilizing the linear 
method of calculation.3 The values of rh r2 and 
rjr2 obtained from the slopes of these plots are in 
Table II along with values obtained at 4504 and 
calculated for 60° from the results obtained at the 
other two temperatures.

T a b l e  II
C o p o l y m e r i z a t i o n  D a t a

Polymn. temp., °C. n Constants
n rirz

Butadiene--styrene
—185 0.38 1.37 0.52

56 .64 1.38 0.89
457 .65 1.83 1.19

Butadiene-a-methylstyrene
12.8 0.010 1.55 0.016
45.0 .18 1.20 .22
60 0 .57 1.08 .62

From the values of ri it is evident that
tendency of a-methylstvrene to homopolymerize in 
this system decreases as the temperature decreases. 
For comparison the corresponding values of rx 
and r2 for styrene and butadiene are included. 
For styrene the decrease in rL with a decrease in 
temperature is not nearly as pronounced as with 
«-methylstyrene and there is less change in r2.

Based on the arbitrary choice of 1.00 and —0.8 
as the values of Q  and e, respectively, for styrene 
at 60° the corresponding values for butadiene at 
the same temperature are 1.33 and —0.8.8 The 
values of Q  and c for «-methylstyrene with buta
diene as the reference monomer are 0.71 and —0.1, 
respectively. The value of Q  is in good agreement 
with those reported in the literature with other 
reference monomers, particularly methyl meth
acrylate. The value of e is negative in agreement 
with reported values but its magnitude is smaller 
as would be expected from the lower polymeriza
tion temperature.7

When the residual mercaptan results are plotted 
values of the regulating index of the mixed tertiary

T a b l e  III
R e g u l a t i n g  I n d e x  o f  M e r c a p t a n

« - M e t h y l 
s ty r e n e  in 
ch a rg e , %

M e r ca p ta n  
p a r ts / 1 0 0  parts  

m o n o m e r
R e g u la t in g

in d e x

10 0.24 3.0
30 .24 3.3
50 .24 3.4
70 .24 4.0
90 .24 4.2
30 .48 1.7

(3 ) M .  F in e m a n  a n d  S. D. R o s s , J. Polymer. Sei., 5, 2 5 9  (1 9 5 0 ).
(4 ) G . U . G la s g o w  a n d  J. A . R e y n o ld s ,  R e p o r t  t o  O ffice  o f  R u b b e r  

R e s e rv e , O ct . 9, 1946.
(5 ) R .  J . O rr  a n d  H . L . W ill ia m s , Can. J. Chem., 29, 2 7 0  (1 9 5 1 ) .
(6 ) R .  D . G ilb e r t  an d  H . L . W ill ia m s , J. Am. Chem. Soc., 7 4 , 4 1 1 4 - 

(1 9 5 2 ).
(7 ) J . M ,  M it c h e l l  a n d  H . L . W illia m s , Can. J. Research, 2 7 F , 35  

(1 9 4 9 ).
( 8 ) C .  C . P r ic e , J. Polymer Sei., 3 , 7 7 2  (1 9 4 8 ).
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mercaptans, defined as r  =  — d In R / d P  where R  =  
the residual regulator and P  =  fractional conver
sion, can he calculated from the slopes of the 
initial linear portions of the curves. The results 
are in Table III.

As the a-methylstyrene content of the monomers 
increased, the regulating index increased. This 
indicates that a copolymer radical with a terminal 
a-methylstyrene group tends to react with the 
regulator more easily than the butadiene-termi
nated radical and under similar conditions the 
number average molecular weight of the copolymer 
with a high a-methylstyrene content should be 
lower than that with a low «-methylstyrene con
tent. This dependence of regulating index on 
monomer content is not observed whh MTM 
and styrene at —1806 or with n-dodecyl mercaptan 
and styrene at 45° . 6 In general the value of the 
regulating index obtained with 0.240 pt. of MTM 
and 30 pt. of «-methylstyrene at 12.8° was slightly 
lower than the value obtained with styrene under 
similar conditions at 5 ° .9 With 30 pt. of alpha- 
methylstyrene the regulating index decreased when 
the amount of mercaptans was doubled. The ini
tial regulation would be relatively poor at higher 
concentrations of these mercaptans. At —18° 
with the a-methylstyrene replaced by styrene a 
similar increase in amount of regulator present 
results in an increase in the value of the regulating 
index.6

The intrinsic flow time-conversion data show that 
the intrinsic flow time decreased appreciably as the 
a-methylstyrene content of the monomers in
creased. This decrease may be related to the de
crease in number average molecular weight in
dicated by the regulator disappearance data but is 
largely due to the effect of the bound «-methyl
styrene content of the copolymer on the relationship 
between intrinsic viscosity and number average 
molecular weight. As the styrene content of a 
styrene-butadiene copolymer is increased, the 
intrinsic viscosity of the copolymer of fixed molec
ular weight is decreased. Presumably the same 
phenomenon will be present for «-methylstyrene- 
butadiene copolymers. This decrease in intrinsic 
flow time with a decrease in the butadiene content 
of the monomer is also observed with butadiene and 
styrene copolymerized under varied conditions.6’8

Experimental
Standard polymerization technique was used throughout 

these experiments. The copolymerization (50 g. of mono
mer) were conducted in 8-oz. peroxide bottles each of which 
was provided with a polyvinyl chloride-butyl rubber self
sealing gasket system to permit syringe injection. Agita
tion was provided by end-over-end rotation of the bottles 
in a constant temperature bath thermostated at 12.8°. 
The solution of dextrose digested for 10 min. at reflux tem
perature was added to the emulsifier solution and this com
bined solution was added to the bottles followed by the regu
lator solution and the butadiene in that order. Evaporation 
of a slight excess of butadiene was used to expel air from 
the bottles and nitrogen pressure was used with the low 
butadiene ratios to ensure a positive pressure inside the 
bottles throughout polymerization. After a pre-emulsifica
tion time of 20 min. the activator solution, which had pre
viously been aged under nitrogen for 30 min. at 00°, was 
injected, and after further rotation for 10 min. the initiator 
solution was injected to start the reaction. Injection of a

(9 ) H . F .  W in d s o r ,  c ite d  in  re f. 6 .

dispersion containing 0.305 pt. per 100 pt.. of monomers of 
the shortstop 2,5-di-i-butyihydroquinono (Tennessee East
man Corporation) was used to stop polymerization at the 
desired time.

The composition of the various solutions mentioned in 
the previous paragraph based on 1 0 0  pt. of total monomers 
is as follows: dextrose solution, dextrose 1.00, KOH 0.040 
and water 40.0; emulsifier solution, Drcsinate 214 (solids) 
4.70, Daxad 11 0.100, KOH 0.090, KC1 0.500 and water 
130.0; regulator solution, MTM variable and a-methyl
styrene 91.0-but,adiene ( 1 0 0 %); activator solution, FeS04- 
7 H2O 0.140, K1P2O7 0.177 and water 10.0; initiator solution, 
cumene hydroperoxide ( 1 0 0 %) 0 . 1 0 0  and a-methylstyrene 
9.0.

All materials used were of commercial grade with the ex
ception of the electrolytes which were laboratory chemicals 
and the a-methylstyrene which was Eastman Research 
grade and was used as received. The butadiene was 97.5% 
material manufactured at Polymer Corporation, Limited. 
Dresinate 214, a potassium disproportionated rosinate sup
plied by the Hercules Powder Company, contained 80% 
solids. Daxad 11, a product of the Dewey and Almy 
Chemical Company, contained at least 77% poly
merized sodium alkyl naphthalene sulfonates and no more 
than 15% inert ingredients. The regulator MTM consist
ing of 60% t C12 SH, 20% t Ch SH and 20% t Ci6 SH was 
manufactured by the Phillips Petroleum Company. Cu
mene hydroperoxide, a product of the Hercules Powder 
Company, was 68% pure.

For each bottle the following determinations were made: 
conversion, bound a-methylstyrene, residual regulator and 
intrinsic flow time. The bound a-methylstyrene and re
sidual regulator were determined using unstopped latex 
removed by syringe immediately prior to stopping; the 
other two determinations were made on stopped latex. 
Conversion of monomer to polymer was determined by the 
unvented solids technique, and the bound a-methylstyrene 
content of the copolymer by measurement at 60.2° of the 
refractive index of a dry thin film of copolymer obtained on 
coagulation of the latex in ethanol with two subsequent 
ethanol washes. Residual regulator in the latex was de
termined by amperometric titration.10 The intrinsic flow 
time, defined as [f] =  lim (In t,/e) where t, = relative

£—>•0
flow time and c = concentration of the copolymer in 
g./lOO ml. of solution, was determined at 31.3° by the vistex 
method11 with 80:20 benzene-isopropyl alcohol as the origi
nal solvent and benzene the diluting solvent in an Ubbelohde 
viscometer in which the flow time for the original solvent 
was 104.6 seconds.

In order to calibrate the refractometric method of deter
mining bound a-methylstyrene samples were prepared by 
copolymerizing for 240 hours at 50.3° various ratios of a- 
methylstyrene to total monomers in the recipe: a-methyl
styrene 100.0-butadiene, water 180.0, MTM 0.500, sodium 
soap flakes 5.00 and K2S2O8 0.300 parts by weight.

All ingredients were added to the bottles before these were 
capped in order to avoid syringe injections and hence to 
minimize losses during polymerization. For a reason that 
will be apparent from the report copolymers of 100% con
version could not be obtained. Consequently the bound 
a-methylstyrene content of each of the two copolymers con-

T a b l e  IV
P o l y m e r i z a t i o n  D a t a  f o r  C o p o l y m e r s  f o p .  C a l i b r a t i o n

« -M e t h y l s t y r e n e /  
t o ta l  m o n o m e rs  

X  1 0 !
C o n v .,

% n 60D

B o u n d  
a -m e th y l 

s ty r e n e , %

10.0 98.9 1.5121 1 0 . 1

20.0 98.1 1.5207 19.3
30.0 97.0 1.5283 27.8
40.0 94.5 1.5355 36.5
60.0 85.7 1.5531 53.4
70.0 77.9 1.5620 61.5
80.0 65.9 1.5714 69.7
90.0 47.6 1.5810 79.0

(1 0 ) I .  M .  K o lt h o f f  a n d  W . E . H a rris , Ind. Eng. Chem., Anal. Ed.. 
18 , 161 (1 9 4 6 ).

(1 1 ) D . A . H e n d e rso n  a n d  N . R .  L e g g e , Can. J. Research, B 2 7 , 6 6 6  
(1 9 4 9 ).
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taining the lowest percentages of substituted styrene was 
calculated on the assumption that the unreacted «-methyl- 
styrene was recovered quantitatively by a careful steam dis
tillation. For the copolymers with higher «-methylstyrene 
content the assumption was made that all the butadiene had 
reacted.

The exporimen:al data for the calibration copolymers are 
in Table IV. The relationship between refractive index 
and bound «-methylstyrene content for these copolymers 
is not as linear as is that for styrene-butadiene copolymers

and the refractive indices are higher for the same per cent, 
bound monomer. The results obtained at high bound «- 
methylstyrene contents are subject to error because of the 
difficulty of determining the refractive index of a copolymer 
with a high a-methylstyrene content.
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ANALYSIS OF MULTILAYER GAS ADSORPTION ISOTHERMS USING THE 
CONCEPT OF SURFACE HETEROGENEITY
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The heterogeneous surface model discussed in the literature has been extended to cover the case of multilayer gas adsorp
tion. The applicability of the theory to the adsorption of nitrogen on rutile at 77 °K. is discussed.

The interpretation of gas adsorption isotherms in 
terms of a heterogeneous surface model has been 
discussed extensively in the recent literature.2_s 
These discussions are all based on the assumption 
that surface sites associated with the same adsorp
tion energy are covered in accordance with the 
Langmuir law.6 7 8'9 The use of such a model ought 
therefore to be limited to cases where only a mono- 
layer of adsorbate is formed on the surface.

In this paper a very simple extension of the 
theory is presented which permits application of 
the heterogeneous surface model to multilayer 
adsorption systems. The significance of the results 
obtained with this theory is also discussed.

Previous attempts to apply the concepts of 
surface heterogeneity to multilayer adsorption 
systems have oeen limited. McMillan10 as well as 
Walker and Zettlemoyer11 have assumed the exist
ence of surface sites associated with two different 
adsorption energies. The resulting isotherm equa
tions fit experimental data over a surprisingly wide 
range of surface coverage.

The present discussion is an extension of the work 
just cited. It rests on the assumption that all sites 
of equal adsorption energy are filled according to 
the BET isotherm equation5'12

(  1 Ï (  1 A
VI -  x ) \1 +  [(1 — x)/x]ße~C-*i. )/kT)

where the variable parameter (l//3)e(e eL)/kT is
(1 )  T h e  J a m es  F o rre s ta l R e se a rch  C e n te r , P r in c e t o n  U n iv e rs ity , 

P r in c e to n , N . J.
(2 ) T .  L . H il l ,  J. Chem. Phys., 17, 7 6 2  (1 9 4 9 ).
(3 )  (a ) R . S ip s , i b i d . , 16, 4 9 0  (1 9 4 8 ) ;  (b )  i b i d . , 18, 1024 (1 9 5 0 ).
(4 ) G . H a ls e y  a n d  H . T a y lo r ,  i b i d . , 15, 6 2 4  (1 9 4 7 ).
(5 )  S . B r u n a u e r , “ T h e  A d s o r p t io n  o f  G a se s  a n d  V a p o r s ,”  V o l .  I, 

P r in c e t o n  U n iv e r s it y  P ress , P r in c e to n , N . J ., 1943.
( 6 )  E .  C re m e r , J. chim. -phys., 46, 411  (1 9 4 9 ).
(7 ) V . A .  C r a w fo r d  a n d  F . C .  T o m p k in s ,  Trans. Faraday Soc., 4 6 , 

5 0 4  (1 9 5 0 ) .
( 8 ) J . Z e ld o v it s h ,  Acta Physiochim. U. R. S. S., 1 , 9 6 1  (1 9 3 4 ).
(9 ) I .  L a n g m u ir , J. Am. Chem. Soc., 40, 1361 (1 9 1 8 ).
(1 0 )  W . G . M c M il la n ,  J. Chem. Phijs., 15, 3 9 0  (1 9 4 7 ).
(1 1 )  W . C . W a lk e r  a n d  A . C . Z e t t le m o y e r ,  T h i s  J o u r n a l , 5 2 , 47 

(1 9 4 8 ).
(1 2 ) S. B ru n a u e r , P . E m m e t t  a n d  E . T e lle r ,  J. Am. Chem. Soc., 60,

3 9 0  (1 9 3 8 )

analogous to the fixed parameter c of the BET 
theory.5'13 6c represents the fraction of the surface 
sites associated with energy e which are covered, 
x  =  p / p o is the relative pressure, e and tL represent, 
respectively, the energy of adsorption and of lique
faction of the gas. From statistical considerations 
one finds13 that /3 is related to the ratio of the 
internal partition functions for the adsorbed and 
liquid phases, respectively.

Now let dF(e) represent the fraction of all sites 
whose associated energy is in the range e to e +  
de; the total surface coverage is then given by 
(compare refs. 3 and 4)

6(x ) =  £  0edF(e)

=  _ J _  f  ”  __________ " U ___________  (2)
1 -  x j tm 1 +  1(1 -  x)/x]0e-(‘ -'D/kT)

1 F ” dF(Ae)________
1 -  X Jo 1 +  [(1 -  x)/x]ne~ /̂kT

In equation (2) em represents the lowest adsorp
tion energy encountered on the surface. The sub
stitutions Ae =  e — em and p. =  /3e'L/kT were used 
to obtain the integral at the bottom. This equation 
is a generalization of those cited in references 10 
and 1 1 .

Using equation (2) the distribution of adsorption 
energies among surface sites may now be calculated 
in one of two ways. One may select a p r io r i  a 
number of different functions for substitution in 
place of F(e) in (2), carry out the integration, 
compare the experimental data with the calculated 
isotherm equations, and then decide which of the 
selected functions gives the best fit. Alternatively, 
one may use the inversion procedure suggested by 
Sips3a'b with minor modifications. Let

dF( Ae) = f( Ae)dAe (3)
z = eA*/kT — i  x  =  n / (y  — 1 +  y )

o (  —  ?  , - )  =  H i l ) h(.) = { ( k T  In O +  1))\y — l +  m/
_____________ g(z) =  kT h (z)

(1 3 ) T .  L . H il l ,  J. Chem. Phys., 14, 263  (1 9 4 6 ).
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D e s ig n a 
t io n

A

B

C

D

Table I
T h e o r e t i c a l  I s o t h e r m  E q u a t i o n s  R e p r e s e n t i n g  t h e  A d s o r p t i o n  o f  N a  o n  R u t i l e  a t  77.78°K.

Distribution density function, 
kt f(c)

Adsorption isotherm, 
n =

Nm.,
m mole/g. ß — ßetvfkt

5(e — n ) “
JI». cx b 

1 — X 1 — X +  cx 0 .1 7 9 c =  308 5

[Ih t U 1
rim 1 , (y — ß) x +  ß 

1 — x ln 5 11 (1  — ß ) x 4- ß .183 y = 7 .5 2  X  105 0.120
sin 7T d _rl r nm /  x V

.180 d = 0 .1 0 4 .0561
7r 1 -  x \ ( l  -  ß)x +  ß)

1 .sill 7T d z~d n,„ 2 .181 d = 0 .1 61 .08482 ird 1 +  (2c,Osird)z~d +  z -M 1 -  X 1 +  [1 + 0 ( 1  -  x)/x)]d

“ Dirac delta function. b c = 1
0

c ( ‘ i - ‘ L )/kT. '■ z =  e&e/kT — 1, Ae = e — em.

with which (2 ) becomes

m i)  = U y )  x u -  1 
y 1 T  m

(4)

which is the Stieltjes transform of g(z). The in
tegral may be inverted according to the standard 
procedure2'3'14 by use of the relation

g(z) = [M(ze_ir‘ ) — M(ze™)] /2iri (5)

which yields F(e) via  (3).
In what follows the theory will be applied to 

adsorption data of nitrogen on rutile.15 Since it 
was the easier to use, the first of the two methods 
was employed to correlate the adsorption data with 
an energy distribution. The four functions listed 
in Table I and illustrated in Fig. 1 were substituted 
in (2 ); the resulting isotherm equations are also 
listed in Table I. They were fitted to the data 
using the constants shown in the third column of 
the table. A comparison of the theoretical and 
experimental data is shown in Fig. 2. The solid 
curve represents the smoothed out isotherm drawn 
through the experimental points; the various types 
of circles represent points on the isotherm com
puted from the four isotherm equations listed in the

0 5 10 15 0 5 10 15
Ae/kT. A t/kT.

Fig. 1.—Possible distributions of adsorption energies among
surface sites.

Figure 2 shows that the BET isotherm equation 
(equation A of Table I corresponding to the energy 
density distribution A, in which all sites have the 
same adsorption energy ed represents the data

(1 4 )  D . V . W id d e r ,  “ T h e  L a p la ce  T r a n s fo r m ,”  P r in c e to n  U n iv e rs ity  
P ress , P r in c e to n , N . J ., 1941 , C h a p . V I I I .

(1 5 )  J. M .  H o n ig  a n d  L . 11. R eyer-son , T h is  .Jo u r n a l , 56. 140  
(1 9 5 2 ).

only in the very limited region 0.90 Z  6 Z  1.4. 
The equation fails very badly in the region of low 
surface coverage, where the effects of surface hetero
geneity become of great importance. By contrast, 
the isotherm equations corresponding to the energy 
density distributions B, C or D coincide with the 
experimental data from the lowest measured sur
face coverages up to 6 =  1.4.

In addition to the calculations made in connec
tion with Fig. 2 it was attempted to fit the data to 
other types of equations. These were based on 
models involving localized16-20 or mobile21-23 ad
sorption in the presence or absence of lateral inter
actions on smooth surfaces. All such attempts 
met with failure. From this evidence and from Fig. 
2 it is to be concluded that the concept of surface 
heterogeneity is essential to account for the nitrogen 
adsorption on rutile at 77.7°K.

Unfortunately, it is also evident from Fig. 2 
that the theoretical isotherm equations d (x ) are 
not very sensitive to the particular distribution 
functions selected for substitution in eq. (2). 
The three distribution functions fit the data equally 
well. Similarly, good agreement with experimental 
results can be obtained by use of a two-step dis
tribution function for F(e) (corresponding to the 
use of a linear combination of two Dirac delta 
functions for f(e)), as has been shown previously. 10,11 
It follows that a mere comparison of theoretical 
and experimental data is not sufficient for the 
determination of the “ correct” distribution of ad
sorption energies among surface sites.

On the other hand, the theory is able to exclude 
certain distribution functions from consideration. 
Thus, distribution A of Table I is clearly unsatis
factory; also, any function f(e) which stays 
bounded away from zero as e approaches infinity 
will render the integral (2) divergent and is thus 
unsuitable. The best that can be done in this 
adsorption system is to distinguish between dis
tribution functions compatible and incompatible 
with the data.

(1 6 ) R . F o w le r  a n d  E . G u g g e n h e im , “ S ta t is t ic a l  T h e r m o d y n a m ic s ,”  
C a m b r id g e  U n iv e r s it y  P ress , 1939 , C h a p . X .

(1 7 ) A . M .  M ille r , “ A d s o r p t io n  o f  G a ses  o n  S o lid s ,”  C a m b r id g e  
U n iv e rs ity  P ress , 1949 , C h a p . I I .

(1 8 ) J . K . R o b e r t s ,  “ S o m e  P r o b le m s  in  A d s o r p t io n ,”  C a m b r id g e  
U n iv e r s it y  P re ss , 1939, C h a p . I I .

(1 9 )  F . V o lk e n s h te in , Zhur. Fizicheskoi Khimii, 2 1 , 163 (1 9 4 7 )
(2 0 )  M .  D o le ,  J. Chem. Phys., 16 , 25  (1 9 4 8 ).
(2 1 )  T .  L . H il l ,  ibid., 14, 441 (1 9 4 6 ).
(2 2 ) T .  L . H il l ,  ibid., 15 , 767  (1 9 4 7 ).
(2 3 )  A . B . D . C a ssie , Trans. Faraday Soc., 4 1 , 4 5 0  (1 9 4 5 ) .
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The failure of equation (2 ) 
above d — 1.4 is not surprising, 
since in its derivation it was 
assumed that adsorption in the 
second and higher layers occurs 
with the heat of liquefaction.
In more refined derivations such 
an assumption must be elimi
nated along the lines indicated 
in recent publications.24-28 
Even without this refinement, 
however, the present theory 
gives a fit over wider ranges 
of surface coverage than the 
corresponding theory, men
tioned in the introduction, 
which is based on the Langmuir 
equation.16 For x  C  1 adsorp
tion isotherms A, B and C of 
Table I reduce, respectively, to 
the Langmuir isotherm and to 
two other isotherms discussed 
recently by Sips.3

Column 3 of Table I is of 
interest, for it shows that n m, 
the quantity of adsorbate re
quired for monolayer coverage of the surface, is prac
tically independent of the four distribution functions 
used in eq. (2). This is obviously related to the well 
known fact that the BET isotherm equation, de
spite its failings, generally yields correct n m values. 
Secondly, it is seen from the table that the para
meter /3 varies with the type of function substituted 
for f(e), although in the derivation of eq. (2) it is 
assumed to be independent of e. This tends to 
confirm the hypothesis made by Hill2 that the 
partition function of the adsorbed phase is itself a 
function of the adsorption energy.

(2 4 )  G . H a ls e y , J. Chem. Phys., 16 , 931  (1 9 4 8 ).
(2 5 )  T .  L . H i l l ,  ib id .,  1 7 , 5 9 0  (1 9 4 9 ).
(2 6 )  T .  L . H il l ,  ibid., IT , 6 6 8  (1 9 4 9 ).
(2 7 )  W .  G . M c M i l la n  a n d  E . T e lle r , T h is  J o u r n a l , 55, 17 (1 9 5 1 ).
(2 8 )  W . G . M c M i l la n  a n d  E . T e lle r ,  J. Chem. Phys., 19 , 25  (1 9 5 1 ).

It is of interest that the uniform energy density 
distribution B covers a range of energy A e/ k T  =
13.5, which at liquid nitrogen temperatures corre
sponds to Ae =  2100 cal./mole. Since the heat of 
liquefaction of N2 at its boiling point is roughly 
A = 1330 cal./mole29'30 we obtain approximately31 
€L =  (1/2 ) k T  +  A =  1410 cal./mole. Assuming 
for averaging purposes that the lowest e value is 
effectively cl it is seen that the range of adsorption 
energies covered by the distribution B lies between 
1410 and 3510 cal./mole with an average value of 
e =  2460 cal./mole.

(2 9 ) L . I .  D a n a , Proc. Am. Acad. Arts Sci., 60 , 241 (1 9 2 5 ) .
(3 0 )  W . F . G ia u q u e  a n d  J . O . C la y t o n ,  J. Am. Chem. Soc., 55 , 4 87 9  

(1 9 3 3 ).
(3 1 ) T .  L . H il l ,  J. Chem. Phys., 17 , 106 (1 9 4 9 ).
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A COMPARISON OF THE EFFECTS OF SEVERAL SOLUBILIZED 
C6-HYDROCARBONS ON THE VISCOSITY OF A POLYSOAP SOLUTION1

By Ulrich P. Strauss and Lionel H. Layton2
School of Chemistry, Rutgers University, New Brunswick, New Jersey 
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The effects of solubilized hexane, hexene, cyclohexane, cyclohexene and benzene on the viscosity of a 2% solution of a 
polysoap, prepared by the partial quaternization of polyvinylpyridine with n-dodecvl bromide, were compared in order to 
find out what structural features of benzene are responsible for its anomalous viscosity behavior. It was found that none 
of the aliphatic hydrocarbons showed the viscosity maximum which was observed when increasing amounts of benzene were 
solubilized in the polysoap solution. A new method for measuring the solubilities of the hydrocarbons in the solution gave 
results in close agreement with values determined by a previously described technique. The solubilities of the hydrocarbon 
increased in the order in which they are listed above. These results indicate that both cyclization and the introduction 
of a double bond increase the solubility of a hydrocarbon, but that neither of these factors is responsible for the viscosity 
anomaly shown by benzene. The anomaly is most likely due to some property connected with the aromatic nature of ben
zene. Perhaps the ease with which electronic displacements may be induced in benzene molecules makes possible their 
solubilization not only in the lipophilic but also in the polar regions of the polysoap molecules.

Introduction
It has recently been shown that polysoaps, 

which are polymers to whose chain structure soap 
molecules are chemically attached, solubilize hydro
carbons in water just as simple soaps do.3 Each 
polysoap molecule acts as a prefabricated soap 
micelle. By means of viscosity measurements we 
have found polysoap molecules to undergo con
siderable changes in their structure upon solu
bilization. Depending on the solubilizate, two 
distinct types of behavior have been observed. 
On the addition of isooctane or n-dodecane and 
other straight chain aliphatic hydrocarbons to a 
polysoap solution, the viscosity decreases uni
formly until hydrocarbon saturation is reached.4 
With benzene and other aromatic hydrocarbons or 
heptyl alcohol, on the other hand, the viscosity 
goes first through a maximum.5’6 While in the 
case of ordinary soaps a difference in solubilization 
behavior toward non-polar and polar compounds has 
long been recognized,7 benzene has customarily been 
considered as belonging to the “ non-polar”  variety. 
It is therefore of special interest to find out what in 
our case causes it to behave like heptyl alcohol 
rather than like isooctane. In order to get an 
idea as to what feature in the benzene structure is 
responsible for this “ anomalous” behavior, we 
have made a solubilization study comparing benz
ene with other C6-hydrocarbons which have some 
structural features in common with benzene while 
differing in others. The results of this study which 
includes n-hexane, hexene-1 , cyclohexane, cyclo
hexene and benzene are presented in this paper.

Experimental
Materials.—Polysoap No. L 1153 was prepared by the 

partial quaternization of poly-2-vinylpyridine (our sample 
No. J 32 586) with n-dodecyl bromide employing essentially

(1 )  P a p e r  p re se n te d  a t  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  M e e t in g , 
D iv is io n  o f  C o l lo id  C h e m is tr y , A t la n t ic  C it y ,  N . J . ,  S e p te m b e r  16, 
1952 .

(2 ) T h e s e  resu lts  w il l  b e  c o n ta in e d  in a  th e s is  t o  b e  s u b m it te d  b y  
L . I I .  L a y to n  t o  th e  G ra d u a te  S c h o o l  o f  R u tg e rs  U n iv e rs ity  in  p a r t ia l  
fu lf i llm e n t  o f  th e  r e q u ire m e n ts  f o r  th e  d e g re e  o f  D o c t o r  o f  P h ilo s o p h y .

(3 ) U . P . S tra u ss  a n d  E . G . J a c k s o n , J. Polymer Sci., 6 , 6 4 9  (1 9 5 1 ).
(4 ) E . G . J a c k s o n  a n d  U . P . S tra u ss , ibid., 7 , 4 7 3  (1 9 5 1 ).
(5 ) L . I I .  L a y to n , E . G . J a c k s o n  a n d  U . P .  S tra u ss , ibid., 9, 295  

(1 9 5 2 ).
( 6 )  U . P . S tra u ss  a n d  L . I I .  L a y to n , u n p u b lis h e d  resu lts .
(7 )  S ee , f o r  in s ta n ce , H . B . E le v e n s ,  Chern. Revs., 4 7 ,  1 (1 9 5 0 ).

the method of preparation described previously.3 The 
polysoap contained 7.16% nitrogen, 15.72% bromine and 
0.45 meq. of hydrogen ion per gram.8 From these analyti
cal data it follows that 29.7% of the nitrogens were quater- 
nized with «-dodecyl bromide while 8.7% carried hydrogen 
bromide.

The aliphatic hydrocarbons, «-hexane, hexene-1, cyclo
hexane and cyclohexene were “ pure grade, minimum purity 
99 mole per cent.”  Phillips Petroleum Company products. 
They were redistilled before use.

Eastman Kodak (777) benzene, thiophene-free, was re
distilled.

Procedure.—Sealed glass ampules containing the polysoap 
solution and the desired quantity of hydrocarbon were 
tumbled end over end in a water-bath thermostated at 25° 
for at least four days to attain equilibrium. The solutions 
were then transferred into a Bingham viscometer9 whose con
stant (pt)0 for water was 13,210 gram seconds per square 
centimeter. The viscosity was then measured at 25°.

The method of preparing the ampules has already been 
described.4 Because of the high volatility of the 06-hydro
carbons, all the special precautions which had been found 
necessary for benzene5 had to be observed in this study, too. 
Moreover, for samples containing less than 20 mg. of hydro
carbon, the special stock dilution method used previously 
for isooctane4 was employed.

The method by which the hydrocarbon solubility is de
termined from the viscosity results has been described pre
viously.4 This method has also been used in this study, 
but, in addition, a new technique for the determination of 
the solubility in polysoap solutions has been applied and 
tested. This technique is more cumbersome than the old 
method, but it is useful in cases where the old method lacks 
in precision. The new method is applied as follows: Hy
drocarbon in excess of saturation is added to the polysoap 
solution contained in an ampule. Equilibrium is reached by 
tumbling which must be slow enough to avoid emulsification. 
After the ampule is allowed to stand in the bath for 24 hours 
to let the excess hydrocarbon rise to the top, the saturated 
solution is drawn into a hypodermic syringe, care being 
taken to avoid picking up excess hydrocarbon. Portions of 
the saturated solutions are then introduced into smaller 
ampules where they are subdiluted in known proportions. 
These solutions are then tumbled to equilibrium, and from 
their measured viscosities their hydrocarbon concentrations 
are calculated by means of the previously determined vis
cosity-concentration relationship. Since the ratio by which 
the saturated solution was subdiluted is known, the value of 
the hydrocarbon concentration in the saturated solution 
can be calculated. In this manner a value for the solu
bility is obtained from each subdilution. The values ob
tained from the subdilutions of at least two independently 
prepared saturated solutions are then averaged to give the 
best representative value for the hydrocarbon solubility. 
All the care necessary to avoid losing the volatile hydrocar-

( 8 )  T h e  n it ro g e n  a n d  b r o m in e  a n a ly s e s  w e re  p e r fo r m e d  b y  W . 
M a n s e r , M ik r o la b o r  d e r  E . T .  H .,  Z u r ic h , S w itze r la n d .

(9 ) E . C . B in g h a m , “ F lu id i ty  a n d  P la s t i c i t y ,”  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 . ,  1922 .
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bons during transfer, and all corrections for the presence of 
hydrocarbon in the vapor spaces above the solutions, must, 
of course, be applied in this technique, too.

Results and Discussion
The experimental results are given in Fig. 1 

where the reduced viscosity, risp/ C  (C  =  polysoap 
concentration in grams per 100 ml., and 7isp =  
specific viscosity with respect to water as the sol
vent), is plotted against the hydrocarbon concen
tration, K .  The contrast between the two types 
of behavior which we have discussed in the Intro
duction is evident. The results show that regard
less of structure, none of the aliphatic hydrocarbons 
investigated follows the complex behavior of ben
zene. On addition of an aliphatic hydrocarbon, the 
reduced viscosity decreases almost linearly, with a 
slight upward curvature, 10 until saturation is 
reached; addition of more hydrocarbon does noj 
affect the viscosity any further so that at the 
saturation point the curve experiences a sharp 
break and continues as a horizontal straight line. 11 
The break indicates the solubility limit of the 
solubilizate. The solubilities of the aliphatic 
hydrocarbons, K a, obtained in this way, are given 
in the first column of Table I. The more com
plicated benzene curve also experiences a break at 
saturation, but the break is not sharp enough to 
allow the determination of the solubility with 
much precision.6 We have therefore used the new 
method involving the subdilution of saturated 
solutions which has been described under Pro
cedure. The method has not only been applied to 
benzene, but to all the hydrocarbons studied, and 
the results are given in the second column of Table 
I. The agreement with the values in the first 
column is satisfactory, and indicates that we may 
have confidence in the new method. As a test 
of the precision of the new method in the case of 
benzene, the Ai-values of the sub-diluted solutions 
have been calculated from the If,-value determined 
by the new method, and the corresponding points 
(represented by squares in Fig. 1) are shown to 
fall on the established benzene curve within the 
experimental error.

T a b l e  I
S o l u b i l i t i e s  o f  C 6- H y d r o c a r b o n s  

K

H y d r o 
c a r b o n

(g ./lO O  
B y  o ld  

m e t h o d '1

m l.)
B y  n ew  

m e t h o d *

S o lu b i l it y  
in  w a te r , 

g . /lO O  m l.

s.
g ./lO O

m l.
S/C
e-/e-

ra-Hexane 0.157 0.157 0.0126 0.145 0.0725
Hexene-1 .203 .213 ( .02)' .19 .095
Cyclohexane .284 .293 .0086 .280 .140
Cyclohexene .382 .393 ,013!' .375 00 M Cn

Benzene .970 . 179̂ .791 .396
“ For explanation sec text. 6 J. W. McBain and K. J.

Lissant, T his J o u r n a l ,  55, 655 (1951). c Estimated value. 
d R. L. Bohon and W. F. Claussen, ./. Am. Chem. Soc., 
73, 1571 (1951).

(1 0 ) I n  th e  first in v e s t ig a t io n  o f  th is  k in d , 4 th is  cu r v a tu r e  w a s  t o o  
s m a ll  t o  b e  n o t ice a b le , b u t  i t  h a s  s in c e  b e e n  o b s e r v e d  in  se v e r a l  o th e r  
s tu d ie s . T h e  c u r v a tu r e  in d ica te s  t h a t  th e  m o r e  c o m p a c t  th e  p o ly s o a p  
m o le c u le s  b e c o m e  th e  less  e ffic ie n t  a  g iv e n  a m o u n t  o f  h y d r o c a r b o n  is 
a t  c o n t r a c t in g  th e m  fu r th e r .

(1 1 )  F o r  b e t t e r  le g ib il it y ,  th e  e x p e r im e n ta l  p o in ts  c o r re s p o n d in g  t o  
ex ce ss  h y d r o c a r b o n  a re  o m it t e d  in  F ig .  1. H o w e v e r ,  in  e a c h  ca se  th e  
h o r iz o n ta l  l in e  w h ic h  is  d e te r m in e d  b y  th e s e  p o in ts  is  in d ic a te d  b y  a  
d a sh e d  l in e  la b e le d  w it h  th e  n a m e  o f  th e  a p p r o p r ia t e  h y d r o c a r b o n

Fig. 1.—The effect of Co-hydrocarbons on the reduced vis
cosity of a 2.00% polysoap solution: O, hexane; 4 , hexene; 
A, cyclohexane; 3, cyclohexene; C, benzene. Test of 
new subdilution method for benzene: □, subdilutions from 
solutions saturated with benzene, using 0.970 g./lOO ml. 
as the benzene concentration of the saturated solution (see 
text).

To obtain the true solubilization limits, i .e .,  
the solubilities of the hydrocarbons due to the pres
ence of the polysoap alone, we must subtract the 
solubilities of the hydrocarbons in water from the 
average if,-values. The results, denoted by S, 
are given in the fourth column of Table I. Fi
nally in column 5, we have given S / C  which repre
sents the solubility of hydrocarbon per gram of 
polysoap. A comparison of these solubilities 
indicates that ring formation, i .e ., going from 
hexane to cyclohexane or from hexene to cyclo
hexene, approximately doubles the solubility, 
whereas the introduction of a double bond, both 
with hexane and cyclohexane, increases the solu
bility by about one-third of its value. While 
this is hardly enough evidence to prove the general 
validity of these “ rules,”  it is nevertheless tempting 
to apply them to the calculation of the expected 
solubility of benzene. Starting with the S / C  
value of cyclohexene, the expected S / C  value of 
benzene would be 0.33, which is at least of the 
right order of magnitude. It is quite conceivable 
that the aromatic nature of benzene is responsible 
for the difference between the “ calculated”  and the 
experimental values.

If we compare the effect of the hydrocarbons on 
the reduced viscosity of the polysoap solution, we 
find that, gram for gram, hexane, hexene and 
cyclohexane depress the reduced viscosity by about 
the same amount while cyclohexene depresses it 
by less. The reason for this is not clear. Chang
ing the concentrations to volume or mole units does 
not appreciably affect the situation. However, all 
four aliphatic hydrocarbons follow the same simple 
type of behavior. In the case of isooctane and n -  
dodecane this behavior was previously found to be 
independent of polysoap concentration and de
pendent only on the hydrocarbon to polysoap 
ratio, and was therefore interpreted as a simple 
contraction of the polysoap molecules induced by 
the solubilized hydrocarbon.4 With benzene, on 
the other hand, the viscosity goes through a maxi
mum and, as has been shown in a previous paper,6
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the height of the maximum increases sharply with 
the polysoap concentration of the solution to which 
the benzene is added. This indicates that the 
solubilized benzene affects not only the size, but 
even more the interaction potential of the polysoap 
molecules, so that, depending on the amount of 
benzene solubilized, the polysoap molecules be
come more or less prone to form aggregates.

To come back to our question as to what struc
tural feature of benzene causes this behavior, the 
results obtained with cyclohexane, which, incident
ally, resembles benzene also in most physical 
properties, 12 hexene and cyclohexene show that 
neither cyclic structure nor a double bond nor the 
combination of the two is responsible. The most 
important remaining feature in which benzene 
differs from the other hydrocarbons investigated is 
its aromatic character. It is quite conceivable 
that the ease with which electronic displacements 
may be induced in the aromatic nucleus by electric 
fields may cause the benzene molecules, when they 
happen to be in the polar region of a polysoap 
molecule, to become highly polarized and as a con
sequence to be held there by strong attractive 
forces. It- has been shown previously5 that with

(1 2 )  C o m p a re , f o r  in s ta n ce , th e  fo l lo w in g  p h y s ic a l  p r o p e r t ie s  o f  
b e n z e n e  a n d  c y c lo h e x a n e  (g iv e n  in  t h a t  o r d e r ) ; v a p o r  p ressu res  a t  
2 5 °  =  9 5 .1  a n d  97.8* m m .;  c r it ic a l  t e m p e ra tu re s  =  5 6 2  a n d  5 5 4 ° K . ;  
c r it ic a l  p ressu res  =  4 7 .1  a n d  4 0 .4  a t m .;  n o r m a l b o i l in g  p o in t s  =  
80 .1  a n d  8 0 .7 ° ;  f r e e z in g  p o in ts  =  5 .5  a n d  6 .6 ° ;  d e n s it ie s  a t  2 5 °  =  
0 .8 7 4  a n d  0 .7 7 4  g . /m l .

such an assumption, namely, that the benzene is 
solubilized not only in the hydrocarbon portion 
but also in the polar region of the polysoap molecule, 
the observed viscosity maxima can be explained, 
and, furthermore, that the similarity in the effects 
produced by benzene and heptyl alcohol can be 
understood.

It is of interest that viscosity maxima as a result 
of benzene solubilization have also been observed 
in 10% sodium oleate solutions. 13'14 It is evident 
that our explanation for polvsoaps also fits the 
sodium oleate case.

One feels tempted to compare the induced 
aggregation of polysoap molecules by benzene with 
the aggregation of the protein, fibrinogen, brought 
about by the enzyme, thrombin. This phe
nomenon is of biological importance because it is 
responsible for the clotting of blood. While the 
mechanism in this latter case is believed to be quite 
different from ours, involving a chemical change 
of the fibrinogen molecule, 15 we nevertheless feel 
that the analogy is worthy of attention.
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Electron microscopic investigations of the crystalline structures formed by the paraffinic sodium soaps, from sodium 
butyrate (NaCbibCb) through sodium stearate (NaCuHstCb), show these to consist, primarily, of ribbon-like fibers, which in 
the higher molecular weight soaps occasionally form closed rings. The maximum widths of these fibers decrease as the mo
lecular weights of the soaps increase. As is known from previous diffraction studies, sodium soap molecules align themselves 
with the long axes of their hydrocarbon chains parallel and with their ionic ends adjacent, to each other, thus forming bi- 
molecular laminae. On the basis of the above and a realization of the layer lattice nature of these soaps a model is proposed 
in which the long axes of the hydrocarbon chains are oriented essentially normal to the planes of the above noted ribbon-like 
fibers. Use of this model plus analysis of the van der Waals forces acting between the adjacent hydrocarbon chains and the 
forces prevailing in the ionic layer, lead to a direct explanation of the structures and structural changes observed electron 
microscopically.

I. Introduction
The general purpose of this investigation was to 

study the effect of regular variations in molecular 
weight and structure on the gross morphologies 
of a set of crystalline compounds characterized by 
such variations. This work includes both experi
mental electron microscopic studies of an appropri
ate set of compounds and an explanation of the mor
phologies and morphological changes observed 
therein based on analysis of the prevailing molec
ular structures and forces.

The straight chain paraffinic sodium soaps, 
ranging from sodium butyrate (NaCffiRCh) to

( 1 )  M a te r ia ls  a n d  e q u ip m e n t  ( R C A )  w ere  p r o v id e d  b y  S o c o n y -  
V a cu u m  L a b o ra to r ie s .

(2 )  F r a n k fo r d  A rse n a l, P h ila d e lp h ia , P e n n a .

sodium stearate (NaCigtUOo) offer an ideal array of 
such compounds. The ŷ differ regularly from each 
other, in molecular weight, by an integral multiple 
of the molecular weight of two CH2 groups. Their 
molecular structures are that of essentially ionic 
crystals attached to one end of long hydrocarbon 
chains differing from each other only in integral 
multiples of the length associated with two CH2 
groups.

In the following the essentially fibrous morpholo
gies of the various soaps, as revealed by the 
electron microscope, will be discussed first. These 
structures and the variations therein will then be 
explained in terms of the molecular orientations 
within the soap fibers as inferred from diffraction 
studies, and on the basis of a theory which accounts
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for both the van tier Waals forces operating be
tween the hydrocarbon chain portions of adjacent 
soap molecules, and the ionic forces prevailing 
between the ionic portions of these molecules.

II. Electron Microscopy. Experimental
The morphologies of all the straight chain paraffinic so

dium soaps, ranging from sodium butyrate through sodium 
stearate were investigated electron microscopically. The 
soaps were prepared in each case by the saponification of 
Eastman Kodak high purity grade fatty acids. These acids 
(butyric through stearic) were additionally purified by once 
recrystallizing from U.S.P. ethanol. The saponification o: 
each acid was carried out by adding a carbonate-free solu
tion of sodium hydroxide in U.S.P. ethanol and water, to 
an ethanol solution of the acid. The water and ethanol 
were then evaporated and the solid soaps were dried in 
vacuum at 80°.

The soaps were all prepared and analyzed at the Socony- 
Vacuum Laboratories under the supervision of Dr. J. It. 
White whose generous supply of these, for the purpose of 
this investigation, is acknowledged. Chemical analysis 
showed the impurity content due to elements not present in 
the sodium soaps to be negligible. Acidimetric determina
tions showed that each sodium soap was contaminated by 
similar soaps of different molecular weights by less than 5%.

The electron microscopic investigations were all carried 
out with the standard RCA-EMU electron microscope. 
The resolving power was determined to be between 50 and 
100 A. during these investigations. The micrographs 
were taken at a magnification of twelve thousand diameters 
at which best resolutions were attained with the instrument 
used.

For this investigation, specimens were prepared as the 
residues of 0.02% distilled water solutions of the soaps. 
For the most part formvar substrates were used. When 
not, the conventional supporting screens were merely dipped 
into the solutions and then allowed to dry in either air or

Fig. 2.—Na caprylate.

vacuum. Drying of the specimen could proceed in either 
air or vacuum without perceptibly affecting the morphology 
of the material.

In order to increase contrast the specimens which were 
produced on formvar substrates were shadowcast3 with 
gold. The thickness of the shadowcasting layer was ap
proximately 1000 A. The shadowcasting beam of gold was 
directed at an angle of approximately 60° to the normal to 
the surface of the specimen. The gold was evaporated 
Irom tantalum ribbon filaments shaped to provide a small 
source of the metal beam.

In order to minimize sampling and observation errors, 
two precautions were taken. A minimum of twenty-four 
specimens of each soap were investigated and these investi
gations extended over a two-month period. Of much 
greater importance was the choice of a wide molecular 
weight range of soaps for investigation. The differences 
observed between the characteristic structures of the soaps 
at the extremes of the molecular weight range and, generally, 
between soaps varying significantly in molecular weight were 
so great as to ensure confidence in the conclusions drawn. 
Before proceeding with this discussion a terminology which 
will remain consistent throughout will be adopted. The 
primary structure characteristic of all the soaps is a ribbon
like (length > width > thickness) fiber. The term thick
ness will be used to denote the minimum fiber dimension, 
the term length the maximum fiber dimension and the term 
width the remaining fiber dimension.

As just noted the paraffin sodium soaps are characterized 
primarily, by a ribbon-like fibrous structure. In the higher 
molecular weight soaps these fibers occasionally form closed 
rings. Further,.the characteristic soap fibrous structures 
decrease in width with increasing molecular weight of the 
soap. All the above is illustrated in Figs. 1, 2, 3 and 4.

Fig. 4.—Na stearate fiber and closed structure.
(3 ) R .  C . W ill ia m s  a n d  R .  W . G . W y c k o f f ,  J. Applied Phys., 1 7 , 23 

(1 9 4 6 ).
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III. Theory of the Structures and Structural 
Changes Observed Electron Microscopically

The paraffinic sodium soaps are the sodium salts 
of molecularly linear (completely saturated hydro
carbon chains) fatty acids. X-Ray diffraction 
investigations4'5 of such materials reveal unit cells 
having two relatively short axes whose lengths are 
simply related to the packing diameters and inter
atomic spacings of saturated hydrocarbon chains. 
The remaining axis of the unit cell is much longer 
than the other two and is directly related to twice 
the length of the fatty acid chain. As would be 
expected, this type of structure is characterized by 
X-ray powder patterns consisting of many short 
spacings associated with the distances between 
adjacent hydrocarbon chains and one long spacing 
directly associated with the lengths of the molecular 
chains. It also has long been known6 that the 
carbon atoms in saturated long chain hydrocarbon 
molecules lie in the same plane and in two parallel 
rows, that is; the CH2 groups in the chains form 
zigzag configurations. Molecules of this kind have 
the approximate form of a flattened cylinder as 
indicated in Fig. 5.

The next point to be considered is the type of 
crystalline lattice which would be formed by long 
chain molecules such as those of the paraffinic so
dium soaps. Mere consideration of the rod-like 
shape of these molecules leads to the proposal

(4 )  M .  J . B u e rg e r , Am. Mineral, 3 0 ,  551 (1 9 4 5 ).
(5 )  J . E .  M in e r  a n d  E . C . L in g a fe lte r , J. Am. Chem. Soc., 7 1 , 1145  

(1 9 4 9 ) .
( 6 )  A .  M u lle r , Proc. Roy. Soc. {London), A 12 0 , 4 3 7  (1 9 3 8 ).

that any lattice, other than the layer lattice, with 
the long axis of the hydrocarbon chains parallel 
to each other, would be highly improbable. In 
view of the fact that the long X-ray spacings of the 
sodium soaps are directly associated with twice the 
hydrocarbon chain lengths it is logical to assume 
that the elemental layer consists of a central ionic 
lamella from both sides of which the hydrocarbon 
chains protrude. This lattice model is well 
grounded on the basis of diffraction investigations7-9 
of similar long chain organic materials and is sup
ported by diffraction studies on the specific ma
terials considered here which will be reported at a 
later date.

The question now arises as to the relationship 
between the above crystalline lattice and the 
elemental fibrous structure, characteristic of the 
sodium soaps, demonstrated electron microscopi
cally. A model consistent with these is proposed 
in which the long axes of the hydrocarbon chains 
lie essentially perpendicular to or at least make 
steep angles with the length-width planes of the 
fibers.

The above is in accordance with the model of 
soaps as layer lattice materials. Such materials 
usually grow in thin sheets or flakes with the long 
axes of the molecules essentially perpendicular to 
the planes of the sheets or flakes. The sodium 
soaps grow in thin fibers10 and the long axes of 
their molecules make steep angles with the “ planes”  
of these fibers or, more specifically, the long axes of 
the soap molecules are directed along the thickness 
of the fibers as defined previously. Indeed, it is 
noted that the electron micrographs of the lower 
molecular weight sodium soap fibers constitute 
vivid representations of these fibers as sections or 
strips of layer lattice sheets.

Finally, it is concluded from the preceding dis
cussion that the molecular arrangements in the 
typical sodium soap fibers are essentially as illus
trated in Fig. 5 and a consideration of the inter- 
molecular forces prevailing in this model is now in 
order.

The attractive forces operating between adjacent 
soap molecules are of two kinds. Along the paraf
finic chains van der Waals forces prevail and the 
total attractive force here consists of the sum of 
the van der Waals forces operating between ad
jacent GIF groups. In the ionic layer, of course, 
coulombic forces prevail. In both regions repulsive. 
forces arise due to the interpenetration of electronic 
shells.

Vand and de Boer11 have considered these forces 
in detail in deriving a theory of the intermolecular 
forces present in soap crystals. The following is 
based on their theory.

The total energy of interaction of two soap-like 
molecules in a layer lattice structure as proposed 
is given by

(7 ) C . A . M u r is o n , Phil. Mag., S cr . 7 , 17 , 111 , 201 (1 9 3 4 ).
(8 ) K .  H . S to r k s  a n d  L . I i .  G e rm e r , J. Chem. Phys., 5 , 131 

(1 9 3 7 ).
(9 ) L . H . G e rm e r  a n d  K . H . S tork s , ibid., 6 , 2 8 0  (1 9 3 8 ).
(1 0 ) A  fe w  p la te -l ik e  s tru c tu re s  w e re  a ls o  o b s e r v e d  in  th e  s o a p s . 

T h e se  d id  n o t  o c c u r  w ith  s u ffic ie n t  f r e q u e n c y  t o  b e  c o n s id e r e d  c h a r a c 
te r is t ic  a n d  a n a ly z e d  h ere .

(1 1 ) V . V a n d  a n d  J. H . d e  B o e r , Koninkl. AJcad. Wetenschap. Am
sterdam, 5 0 , 9, 991 (1 9 4 7 ).
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where the first bracketed term and its coefficient 
on the right side of the expression represent the 
resultant binding energy at the ionic ends of the 
molecules and the remaining terms, the van der 
Waals binding energy between the hydrocarbon 
chains. In this expression e is the electronic charge, 
n  the exponent of the Born repulsive term, r0 
the equilibrium distance in the ionic lattice, rm 
the intermolecular equilibrium distance along the 
hydrocarbon chains where van der Waals forces 
prevail, b the distance between next nearest neigh
boring CH2 groups of adjacent molecules, K  the 
number of CH2 groups present in the soap under 
consideration, D  the energy of dissociation of two 
CH2 groups and r the actual intermolecular dis
tance.

Analysis of the above expression demonstrates 
the binding energies associated with the ionic 
portion of the lattice to be at least 350 times 
greater than those present along the hydrocarbon 
chains where van der Waals forces prevail. The 
ionic radii of sodium and oxygen are given12 as 
0.95 and 1.4 A., respectively; and therefore it 
would be expected that the equilibrium distance 
(r0) between the ionic ends of adjacent soap mole
cules would be approximately 2.35 A. But even if 
it is assumed that r0 is as great as 3.6 A. the ionic 
interaction energy is found to be 84 kcal. per gram 
molecular weight. On the other hand evaluation 
of the van der Waals interaction energy for two 
CH2 groups at an equilibrium distance of 4.0 A. 
gives 0.25 kcal. per gram molecular wreight. This 
shows the elemental layer lattice to be much more 
tightly bound throughout its central ionic lamella 
than throughout the region formed by the hydro
carbon chains.

This distribution of forces has the effect of in
creasing the intermolecular spacings in the soap 
crystalline lattices with increasing molecular weight. 
This is demonstrated in Fig. 6 where the binding 
energy is plotted for different values of K .  Vand 
and de Boer11 have shown that X-ray studies verify 
this theoretical prediction.

Further consideration of the expression for the 
total binding energy of two soap molecules indi
cates that while the total binding energy between 
adjacent soap molecules increases wnth increasing 
molecular weight or length of molecule, the binding 
energy per unit length of molecular chain (per 
adjacent pair of CH2 groups) decreases with in
creasing molecular weight. This becomes apparent 
when the expression given for the binding energy 
is divided by K .

The structures and structural changes, revealed 
in the sodium soap fibers by the electron microscope 
may now be explained on the basis of the above. 
The observed phenomenon of the decrease of soap

(12) L. Pauling, “ The Nature of the Chemical Bond," Cornell Uni
versity Press, Ithaca, N. Y., 1940, pp. 187 £f., pp. 343 and ff,

fiber width with increasing molecular weight will be 
considered first. The theory predicts that adjacent 
molecules of the higher molecular weight soaps 
would separate more easily (because their corre
sponding CH2 groups are less tightly bound) than 
those of the lower molecular weight soaps. It 
would therefore be expected that the higher molec
ular weight soaps would exhibit narrower fibrous 
structures than the lower molecular weight soaps. 
Perhaps this might be stated better, in that cracks, 
originating randomly as the separation of CH2 
groups of adjacent sodium soap molecules develop 
more readily in the higher molecular weight sodium 
soaps leading to finer shredding of a basically sheet
like material.

Fig. 6.—Potential functions: two soap molecule chains 
of 2, 4, 6 and 8 CH2 groups, according to Vand and 
De Boer. D = energy of dissociation of adjacent 
CH2 groups.

A somewhat more quantitative explanation of 
this phenomenon of the decrease of fiber width with 
increase of molecular weight is also offered by the 
theory developed above. Examination of the 
electron micrographs of Figs. 1 to 4 demonstrates 
that the fiber widths of the loŵ er molecular weight 
soaps show greater decreases in width with increas
ing molecular weight than do those of the higher 
molecular weight soaps. Indeed, the latter show 
only slight changes of this kind. Consideration 
of Fig. 6, demonstrates the theoretical prediction 
that the spacings between adjacent molecules of the 
lower molecular weight soaps increase more with 
increasing molecular weight, than do these between 
adjacent molecules of the higher molecular weight 
soaps. This signifies that the energy per CH2 
pair of adjacent molecules decreases more rapidly 
with increasing molecular weight for the lower 
molecular weight soaps. Applying the reasoning 
of the preceding paragraph the theory is also seen 
to explain the experimentally observed phe
nomenon just noted.
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The actual soap fibrous structures themselves 
will now be considered, particularly the question 
of why they are fibrous or why their lengths are so 
much greater than their widths. Otherwise stated, 
why do not CH2 separations develop, equally 
limiting the lengths and widths of the observed 
structures. The answer to the above is found in a 
consideration of the shapes and packing of the 
sodium soap molecules and their hydrocarbon 
chains. As has been noted previously, the carbon 
atoms in the hydrocarbon chain lie in the same 
plane but in two parallel rows and such molecular 
chains are most accurately approximated by 
flattened or elliptical cylinders. This implies that 
the van der Waals force fields of these molecules do 
not exhibit cylindrical symmetry and since such 
forces add algebraically it would be expected that 
the greatest total van der Waals forces existing 
between molecules are those along the greatest 
areas of contact. This points to association of the 
length of the fiber with “ broadside”  to “ broadside” 
molecular packing, that is, the length of the fiber 
is along a line passing normally through the major- 
axes of the flattened cylindrical molecular approxi
mations. The width of the fibers, on the other 
hand, is along a line passing normally through the 
minor axes of the flattened cylindrical molecular 
approximations. This explanation of the basic 
nature of the fibrous structure of the sodium soaps 
requires that the molecules be oriented consistently 
the same with respect to each other throughout the 
soap fiber. Such a consistent molecular arrange
ment is substantiated by the electron reflection 
diffraction patterns shown by the sodium soaps.

The observed closed structures are explained 
merely as fibers joined at their ends. The fact 
that these structures occur more frequently in the 
higher molecular weight soaps indicates the ratio 
of the binding forces between molecules “ packed 
broad side”  to “ broad side”  to those of the same 
molecules “ packed narrow side”  to “ narrow side” 
to be greater in the higher than in the lower molec
ular weight soaps.

As already noted the thickness of the soap 
fibers is associated with the thickness of the bi- 
molecular lamina, or twice the long spacings of the 
soaps. As previously mentioned layer lattice 
materials form thin macro structures, as the plates

characteristic of graphite or clays, because the 
forces between layers of the lattice are so much 
weaker than those between the constituents of a 
given layer. This is also illustrated in the soap 
crystalline fibers where the force between succeed
ing bimolecular layers is less than between the 
molecules of a given layer, accounting therefore 
for the extreme thinness of the soap fibers.

This association of the thickness of the soap 
fibers with the thickness of the bimolecular lamina 
is substantiated by the work of Marton, McBain 
and Void13 on sodium laurate. This group found 
that “ electron microscope photographs of a curd of 
sodium laurate show that it consists of a mass of 
fibers whose widths tend to be integral multiples 
of approximately twice the length of the sodium 
laurate molecule.”  Now Marton, et a l., confined 
their measurements “ chiefly to the narrowest fibers 
since the absolute error increases with width of 
fiber.”  Further, in their technique of specimen 
preparation (dipping a 400-mesh screen into a 5.6% 
solution of this soap in water and vacuum drying) 
the fibers were not deposited onto a supporting 
film and were not shadowcast. This would make 
the distinction between width and thickness ex
tremely difficult. In view of the above it seems 
quite definite that the term width used by Marton, 
McBain and Void is equivalent to the term thick
ness used here. This, then, gives further evidence 
of the association of soap fiber thickness with the 
bimolecular lamina as loosely bound stacks of such 
laminae.

With the above a complete analysis of the 
elemental gross structures of the paraffinic sodium 
soaps, as revealed by the electron microscope, 
has been given. The structural changes with 
changes in molecular weight, observed electron 
microscopically have also been accounted for on the 
basis of a theory involving the forces operating 
between the soap molecules as they are aligned in 
the characteristic fibrous structures of these ma
terials.

Acknowledgments.—The author wishes to ex
press his appreciation to Drs. J. Lloyd Bohn and
L. Muldawer of Temple University for their stimu
lating discussion and review of this work.
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SURFACE TENSION AT ELEVATED TEMPERATURES. I. FURNACE 
AND METHOD FOR USE OF THE SESSILE DROP METHOD; SURFACE 

TENSION OF SILICON, IRON AND NICKEL
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Difficulties in the experimental determination of surface tension at elevated temperatures have been overcome by use of 
the sessile drop method with precise methods of measurement. A description of the sessile drop method of surface tension 
determination is included with a description of an induction furnace suitable for determining the shape of sessile drops 
in vacuo or in pure atmospheres up to temperatures of at least 2000 °. Methods of obtaining precise measurements capable 
of yielding surface tensions within ± 2 -3 %  are described. Calculations of the surface tension of water and molten silver 
by the sessile crop method gave values in good agreement with determinations by other methods. Surface tensions of 
liquid silicon, iron and nickel have been measured.

The difficulty of experimental measurement of 
surface tension at elevated temperatures is demon
strated by the almost total lack of reliable values 
for surface tension above 1400° available in the 
literature. The variation in values reported and 
the limited number of values reported has been 
caused primarily by difficulties in design of equip
ment for high temperatures and difficulties in main
taining an uncontaminated surface at high tem
peratures. For various applications the contact 
angle or “ wettability”  of high temperature ma
terials is of importance as well as the surface tension. 
Consequently, it was felt desirable to develop 
equipment that would be suitable for determina
tion of contact angles as well as surface tension.

A number of methods of determining surface 
tension and contact angles were considered. Some 
preliminary experiments made with pure iron and 
sintered alumina capillaries indicated that contact 
angles and surface contours after solidification were 
extremely variable. These variations occurred at 
different points around the capillary and between 
the inside and outside surface of the capillary. 
These experiments seemed to confirm that measure
ments at temperature were required.

Methods for measuring surface tension have been 
summarized by Dorsey,2 Bikerman3 and others. A 
number of methods have been employed at ele
vated temperatures. Considerations of theoretical 
soundness, precision and adaptability to use at 
high temperatures led to the development of equip
ment and methods for employing the sessile drop 
method at temperatures up to 2000°. The sessile 
drop method is advantageous in that it allows the 
determination of contact angles coincidentally with 
the determination of surface tension.

Of the materials studied here, only iron has pre
viously been investigated. Values reported by 
various investigations for iron and iron alloys are 
shown in Fig. 1 . These values were obtained by a 
maximum bubble pressure method,4 a sessile drop

(1 )  W i t h  fu n d s  f r o m  N E P A  D iv is io n ,  F a ir c h i ld  E n g in e  a n d  A ir p la n e  
C o r p o r a t io n  a n d  t h e  U . S . A t o m ic  E n e r g y  C o m m is s io n .

(2 )  N . E . D o r s e y ,  Natl. Bur. Standards Sci.Papers 21 , N o .  54 0 , 563 
(1 9 2 6 ).

(3 ) J . J . B ik e r m a n , “ S u r fa c e  C h e m is t r y  f o r  In d u s tr ia l  R e s e a r c h ,”  
A c a d e m ic  P re ss , I n c . ,  N e w  Y o r k ,  N . Y . ,  p p .  4 -1 9 .

(4 ) F .  S a u e rw a ld , B . S c h m id t  a n d  F . P e lk a , Z. anorg. Chem., 2 2 3 , 
84  (1 9 3 5 ).

Fig. 1.—Surface tension of iron reported in literature: 
A8, 3.32 C, 0.56 Mn, 2.76 Si, 0.49 P, 0.13 S; B3, cast iron; 
C3, 1.40 C, 0.29 Mn, 1.27 Si, 7.44 P; D 3, 2.0 C, 6.8 P; E3, 
3.52 C, 2.10 Mn, 0.65 Si, 0.11 S; F4, pig iron; G4, electrolytic 
iron; H5, electrolytic iron.

method5 6 and a pendant drop method.6 Values 
reported range from 820 to 1370 dyne cm .- 1

T a b l e  o f  S y m b o l s

b, drop size factor = radius of curvature at origin, cm.
/5, drop shape factor = gdb2/T
c, constant, dyne cm. “ 2
а, density, g. cm.-3 
/ ,  Dorsey factor
g, gravitational acceleration, cm. sec. ~2 
P, pressure, dyne cm.
<f>, angle between p and z axis, deg.
R, R', principal radii of curvature, cm. 
p , meridional radius of curvature, cm.
T, surface tension, erg cm._2
б, contact angle, deg.
V, volume, cm.3

Sessile Drop Method
The method employed consists of calculating surface ten

sion from the dimensions of a sessile drop. As illustrated
(5 )  G . B e c k e r ,  F . H a r d u s  a n d  H . K o r n fe ld ,  Arch. Eisenhuttenw., 20 , 

3 6 3  (1 9 4 9 ) .
( 6 )  J . K .  D a v is  a n d  F» E . B a r te ll ,  Anal. Chem,, 2 0 , 1182  (1 9 4 8 ) .
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o X

in Fig. 2, the shape of a sessile drop depends on an equilib
rium between forces of surface tension and of gravity. The 
relations employed were developed by Bashforth and Adams7 
and calculations utilize tables prepared by them. The 
fundamental equation of surface tension at any point re
quires

T ( i  +  i ) - p - ° d* + e (1)
If p is the radius of curvature of a meridional section and <t> is 
the angle between p and the axis of revolution, z

R  =  p ;  R 1 — sin 4> (2)

(3)

If 6 is defined as the radius of curvature at the origin, at the 
origin p — b, x/sm <P —>■ b, and z = 0. From equation (3)

c 2T 
b (4)

substituting in (3) and multiplying by b gives
1  , sin </> gdb2 (z\

(p/b) ^  (x/6) +  T \b)

If we define 0 equal to

1  sin 0

UJb)(xJb) = 2 + ^

(5)

(6)

Differentiation leads to a general differential relation be
tween x and z. By developing differential increments of 
this relation, Bashforth and Adams7 prepared tables of 0 and 
x/z for <j> = 90°, and x/b for various values of 0 and <b. Re
ferring to Fig. 3, from a measurement of x" and z", 0 and 6 
can be determined from tables and the surface tension cal
culated

(7)

From 0, x'/b, z'/b, 0, the contact angle can be determined. 
Drop volume can be calculated from the relation

v irWjx'Y f~2 _  2 sin 0 0zH
b L& x" b2 J W

Density may be calculated from drop weight and from 
volume.

A second method of calculation was suggested by Dorsey8 
and is based on the same fundamental relations. It de
pends on measurements from the top of the drop to the in
tersection of the axis with a 45° tangent to the drop (y in 
Fig. 3). The factor, / ,  is determined

f  =  J  -  0.4142 (9)

(7 )  F , B a s h fo r th  a n d  S. C . A d a m s , “ A n  A t t e m p t  t o  T e s t  th e  T h e o r ie s  
o f  C a p il la r ity ,”  C a m b r id g e  U n iv . P ress , 1883.

( 8 )  N . E . D o r s e y ,  J. Wash. Acad. Set., 18, 5 0 5  (1 9 2 8 ).

Then the surface tension is calculated from the empirical 
relation

T =  gd(x"Y -  0.1227 +  0.0481/] (10)

Since these equations all involve x", the drop diameter at 
0  =  90°, they must be used for drops having obtuse con
tact angles. In cases where the contact angle is acute, 
surface tension can be determined by determining x and z 
at any measured value of 4>. Errors arising from estimation 
of the angle and the exact point of tangency make this 
method much less precise than the measurement with an 
obtuse angle.

Fig. 3.—Measurements of sessile drop for surface tension 
calculations.

Surface tension is calculated by two methods and the con
tact angle is measured and calculated. Agreement of the 
results obtained serves as a check on drop equilibrium and 
on accuracy of the calculations.

Experimental
Equipment was designed to fulfill the following objec

tives, (a) allow the use of vacuum and purified gases so that 
uncontaminated surfaces could be studied; (b) allow the 
attainment of temperatures up to 2 0 0 0 °; and (c) allow meas
urements of sessile drops from which surface tension could 
be determined. Furnace design is shown in Fig. 4.

f?̂ 50 5 jo«rPyrex
Optical Wafer Cooling Bat*

Fig. 4.—Induction furnace for sessile drop surface tension 
determination.

The furnace heating element consists of a 1.25" i.d. X 12" 
horizontal susceptor cylinder constructed of 0.050" molyb
denum. The susceptor is supported at each end by molyb
denum supports resting directly on the Pyrex furnace tube. 
Open turns of 0.010" molybdenum surround the susceptor 
and act as radiation shields. Radiation shield discs are in
serted in the susceptor cylinder to prevent excessive heat 
loss from the ends. Each of these discs contains a */,* D 
sighting hole so that the four-inch heating zone may be ob
served from_either end of the assembly. The entire molyb
denum furniture is enclosed in a water-cooled Pyrex furnace 
tube with Pyrex optical flats sealing both ends by full-length 
standard taper joints. A silicone high vacuum grease has 
been used for sealing these ground glass joints.

Power is supplied to the susceptor by an inductor coil 
inserted directly in the water-bath. A high frequency 
motor generator set supplied 1 0 , 0 0 0  cycle power for the coil. 
At one end of the furnace tube a L & N optical pyrometer is
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mounted to sight directly on the sample. The heating 
zone of the susceptor extends beyond the first radiation 
disc and the center of the heating zone gives an effective 
cmissivity of about 0.99 for metal samples. A temperature 
correction of 23° is required for the Pyrex optical flat. At 
the other end of the furnace tube an optical system is mount
ed to obtain photographs of the sessile drop. A magnifica
tion factor of about 10 is obtained with the camera system.

The optical system consists of a Zeiss Tessar anastigmatic 
objective lens with focal length of 8". The object distance 
is twice the focal distance; an image is formed on the photo
graphic film with a Huggens ocular. The optical system has 
a fixed focus so that a constant magnification is obtained 
(Fig. 5). The entire furnace assembly is mounted on 
rubber suspension and rubber pad shock mounts to prevent 
vibrations. In addition the furnace supports and camera 
assembly are mounted with rubber pads separating them 
from the furnace table.

Fig. 5.—Optical system.

Provision is made for use of either vacuum or purified 
atmospheres. A D.P.I. Model GW 25 oil diffusion pump 
in conjunction with a Cenco Megavac forepump gives a 
working pressure of about 5 X 10~6 mm. This low pressure 
can be obtained since the entire furnace tube is water- 
cooled. Water cooling also allows the use of Pyrex rather 
than quartz. Purified gas atmospheres are obtained by 
evacuating the system and then employing bottle gas 
purified with an alcohol-Dry Ice trap, heated magnesium 
chips, CaS04 and P2O5. Atmospheres of hydrogen, helium 
and nitrogen have been employed.

In operation, furnace temperature is controlled manu
ally by controlling the field voltage of the motor generator 
with both coarse and fine controls. Field voltage is meas
ured directly for calibration of power vs. temperature. 
Control circuits are interlocked for safety purposes so that 
power cannot remain on if the water supply or pressure fails, 
if motor or generator bearings overheat, etc. Temperature 
limitations of the furnace with the Pyrex tube have not been 
determined. The maximum temperature thus far obtained 
is 2050°. For this temperature the power output of the 
motor generator is approximately 3 kilowatts.

In order to obtain data for surface tension calculation, 
precise measurements of sessile drop dimensions are re
quired. Such were obtained by a photographic method. 
Samples to be measured are placed on a refractory plaque 
which is supported on a molybdenum stand. Refractory 
plaques were formed from various chemically pure oxide 
materials by dry pressing and firing to a dense condition. 
The plaques are leveled and carefully inserted in the fur
nace (illustrated in Fig. 4). In the furnace the plaque is 
finally leveled, radiation shields inserted and the furnace 
closed. After evacaution, a purified atmosphere may be 
admitted if desired and heating is commenced. After melt
ing and formation of a sessile drop, the camera assembly is 
adjusted and photographs taken over an interval of time to 
ensure equilibrium being reached and to determine any ef
fects such as interfacial changes with time. The camera 
system has a fixed focus and the degree of magnification ob
tained is constant. Therefore, a standard calibration can 
be employed. An entire run can be completed in about 
two hours. The solid sessile drop is weighed for density 
determination.

At temperatures greater than about 1100°, photographic 
negatives are obtained directly from emitted light against a 
dark background. At lower temperatures, shadow photo
graphs are obtained with a light source at the opposite end 
of the furnace from the camera assembly. In either case 
the negatives are enlarged on Kodalith film. This high 
contrast film gives a sharp definition of the drop edges.

Differential shrinkage of paper precludes its use; dimensional 
changes in film on processing are negligible.

Measurements of x", x', z", y and 6 are made directly on 
the film enlargements (see Fig. 3). The plane of the maxi
mum radius, x", is determined by bisecting lines parallel 
to the z axis which intercept the drop surface above and be
low x". A line through these points intercepts the drop sur
face at the plane of x". Measurements are made to four 
significant figures and are consistent within ±0 .5% . Sur
face tension and density values are calculated with the tables 
and formulas previously discussed. The precision obtained 
depends on drop size, drop density and drop surface tension. 
As the drop shape approaches a sphere due to small size, low 
density and/or high surface tension precision decreases. 
With metals and ionic materials and drops about 0.8 cm. in 
diameter, a precision of better than ± 5 %  is obtained, with 
deviations generally being within ± 2 -3 %  for the Bashforth 
and Adams method. Deviations within ± 5 %  are usually 
obtained with the Dorsey method. The same mean values 
are obtained by both methods.

Results
In order to check the experimental procedure employed, 

the surface tensions of water and of molten silver have been 
determined by the sessile drop method. The surface ten
sion of water was found equal to 72.6 erg cm.-2 at 24°. 
The value generally reported for the surface tension of water 
is 72.1 erg cm.-2at 24°.

The surface tension of silver was found to be 920 erg cm.-2 
at 1025° and 940 erg cm.-2 at 975°. These values are in 
good agreement with values previously determined by the 
capillary rise method9 and by the maximum bubble pressure 
method10 as shown in Fig. 6. Surface tension values calcu
lated from measurements on a solidified drop were variable 
and in general gave values from 50-70% low indicating that 
measurements must be made on the drop in its molten state 
at temperature. Equilibrium of shape for silver was es
tablished within the first minute after melting as is to be 
expected for metals which have high surface tension and low 
viscosity.

1 0 0 0

□¡>5T5

O  S e ss ile  D rop  
A  C a p illa ry 8
•  M ax. B u b b le  P ressu re9

3U1
8 0 0 lOOO 1200

Temperature, °C.
Fig. 6.—Surface tension of silver.

(a). Nickel.—Samples of nickel were melted on various 
plaque materials and surface tension values were obtained 
in vacuo, helium and hydrogen, as given in Table I. Evi
dence of slight reaction between metal and plaque were ob
served in the case of MgO and TiO». A discoloration at the 
interface of the Ni-MgO system -was observed. The melt
ing point of Ni was lowered by about 50° on the titania 
plaque and in the neutral and reducing atmospheres em
ployed the titania turned the characteristic black color in
dicating dissociation to a lower oxygen content. The low 
values of surface tensions of nickel in contact with titania 
are ascribed to oxygen solubility.

The particularly low results on titania plaques, where oxy
gen is known to be available led to the use of “ black”  zir- 
conia prepared by heating Z1O2 at 2200° in vacuo. This 
black zirconia is probably a solid solution of Zr in ZrCh11 and 
should act as an oxygen “ getter.”  The value obtained in

(9 )  E . E . L ib m a n , U n iv . 111. E n g . E x p t .  S ta . B u ll . ,  187 (1 9 2 8 ) .
(1 0 )  W . K ra u s e , F . S a u e rw a ld  a n d  M . M ic h a lk e ,  Z, anorg. Chem., 

1 8 1 , 3 5 3  (1 9 2 9 ) .
(1 1 )  D .  C u b ic c io t t i ,  J. Am. Chem. Soc., 7 3 ,  2 0 3 2  (1 9 5 1 ) .
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T a b l e  I

S u b f a c e  T e n s i o n  o f  N i c k e l  a t  1470° (dyne/cm.)
P la q u e ---------A tm o s p h e r e -----------

H e liu mm a te r ia l V a cu u m H y d r o g e n

Th02 1540 1520
Zr02 1730 1555 1500
A120 3 1760 1590 1505
BeO 1680 1595 1370
MgO 1600 1730 1625
Ti02 1165 1320 1110
ZrOa-Zr'1

Prepared by heating Zr02at 2200° in vacuo.
1615

helium on “ black”  zirconia was considerably higher than 
values on other oxides. Oxygen in small amounts may be 
initially present in the plaque materials, original metal or 
atmosphere for the materials tested. In no case was any 
difference in the appearance of the bright metal surface ob
served.

Surface tension values for nickel which are believed most 
satisfactory are 1735 dyne cm.“1 in vacuo, 1570 in hydrogen 
and 1615 in helium.

(b). Iron.—Samples of “ armco”  iron and electrolytic 
iron were melted on various plaque materials and surface 
tension values determined in hydrogen and helium atmos
pheres. Values obtained are given in Table II. Volatili
zation was rapid in vacuo and precluded measurements. 
Considerable reaction occurred on Ti02 plaques and pre
vented measurement of surface tension. A discoloration 
of the MgO plaques at the interface was noted.

T a b l e  II
S u r f a c e  T e n s i o n  o f  I r o n  a t  1550° ( d y n e s / c m . )

P la q u e  A tm o s p h e r e
Ir o n m a te r ia l H y d r o g e n H e liu m

Armco Zr02 1395 1395
Armco Th02 1430 1320
Armco BeO 1230 1280
Armco MgO . . 1240
Electrolytic Zr02 . . 1440
Electrolytic Zr02-Zr° , . 1560
Electrolytic ( + 0 .1 %  Ti) Zr02-Zr° . . 1565
Electrolytic A120 3 1450 1440

“  Prepared by heating Zr02 at 2200° in vacuo.

The surface tension values obtained for armco iron were
lower than those for the electrolytic iron in helium (1285 and 
1440 dynes cm.“ 1) and slightly lower in hydrogen (1420 and 
1450 dyne cm.“ 1). This is probably due to the minor con
stituents in the armco iron. The more nearly equal values 
in hydrogen may be due to removal of some impurities in 
that atmosphere. Low values were obtained in contact 
with BeO and MgO. As with nickel a higher value in he
lium was obtained with “ black”  zirconia (1560 dyne cm.“ 1), 
hnd this is probably due to lower oxygen availability. A 
sample melted with 0.1% Ti as a de-oxidizing agent showed 
a value of 1565 dyne cm.“ 1.

Fig, 7.—Surface tension of iron-nickei alloys.

Surface tension values for pure iron which are believed 
most satisfactory are 1450 dyne cm.“ 1 in hydrogen and 1560 
in helium.

(c) Iron-Nickel Alloys.—A series of mixtures of armco iron 
and nickel were prepared and melted in helium on Zr02 
plaques. Within experimental error surface tension values 
varied linearly with composition as shown in Fig. 7.

(d) . Silicon.—Silicon was melted on various plaque 
materials, and zirconia, titania and magnesia were found 
to give obtuse contact angles which allow the maximum 
precision. In vacuo vaporization was rapid and precluded 
measurements. Results in hydrogen and helium are given 
in Table III and Fig. 8. Uniform results of 730 ±  10 dyne 
cm.“ 1 were obtained in helium, with the equilibrium value 
being established almost immediately on melting. In a 
hydrogen atmosphere the value of surface tension increased 
from an initial value of 730 to a value of 860 dyne cm.“ 1 
after about 15 minutes at constant temperature. The in
crease is probably due to the decrease in oxygen activity on 
melting in a hydrogen atmosphere.

T a b l e  III
S u r f a c e  T e n s i o n  o f  S i l i c o n  a t  1450°

P la q u e
m a te r ia l A tm o s p h e r e

S u r fa ce  te n s io n  
(d y n e  c m . -1 )

Zr02 He 725
Ti02 He 730
MgO He 740
MgO h 2 860

Fig. 8.—Variation of surface tension of silicon with time 
after melting in a hydrogen atmosphere.

Discussion of Results
The only material whose surface tension was 

measured here for which previous values are re
ported is iron. The values obtained in this investi
gation are universally higher than previous values 
for iron. This may be due to alloying constituents 
in previous compositions or to errors in method.

The only directly comparable values are those 
for electrolytic iron. The value of 1440 dyne cm.“ 1 
in helium found here on an A120 3 plaque is in quite 
good agreement with the value of 1370 dyne cm. - 1  
which has been reported for electrolytic iron in an 
argon atmosphere.6 The value of 830 dyne cm. - 1  
reported from measurements on a solidified pendant 
drop of electrolytic iron6 is apparently much too 
low. Values obtained on solidified sessile drops in 
this investigation were 50-70% lower than values 
for liquid drops. The low value reported for a 
solidified pendant drop is believed due to changes 
in drop shape on solidification. Consequently, 
measurements of surface tension on solidified 
metals are considered unsatisfactory.

One significant result of this investigation is that
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minor impurities and alloying constituents must 
have a considerable effect in surface tension of these 
metals. Values of armco iron were significantly 
lower than values of electrolytic iron in a neutral 
atmosphere. Also various plaque materials gave 
values more different from the mean value than can 
be accounted for by experimental error. Deter
minations of the surface tension of other metals, 
notably mercury, 12 at low temperatures have shown 
similar large effects for minor contaminants.

The largest effect noted was the effect of oxygen 
content which was qualitatively observed. Nickel 
melted on T i0 2 in helium gave a value lower by 
about 500 dyne cm ._1 than nickel melted on a Zr02-  
Zr plaque having low oxygen availability. The 
surface tension of silicon increased from 730 dyne 
cm. - 1  at melting to an equilibrium value of 860 
dyne cm . - 1  in hydrogen. The initial value was the 
equilibrium value in a non-reducing atmosphere. 
Both nickel and iron showed a significantly higher 
value of surface tension in helium when melted on a 
Zr-Zr02 plaque having low oxygen availability

(1 2 ) C , K e m b a ll ,  Trans. Faraday Soc., 4 2 , 526  (1 9 4 6 ).

than when melted on a regular oxide plaque. These 
effects can be attributed to the oxygen contents of 
the molten metal, even though all samples had 
bright surfaces and showed no surface oxidation.

The effect of atmosphere also was found to have a 
significant effect on the surface tension values 
found. Nickel, the only metal measured in  vacuo, 
had surface tension values of 1735 dyne cm. - 1  in  
vacuo, 1615 in helium and 1570 in hydrogen. Iron 
also showed a lower value in hydrogen than helium. 
These effects are not unexpected.

The large effects of minor constituents and atmos
phere on the surface tension of these metals indi
cates the difficulty of employing accurate surface 
tension data for these metals unless previous 
measurements have been carried out under the 
exact conditions employed. Under various condi
tions and in contact with various materials values 
of 1110 and 1760 dyne cm . - 1  were obtained for 
nickel with an experimental error of less than about 
50 dyne cm. ; that, is, almost a factor of 2 differ
ence was obtained for the same metal having the 
same outward appearance.

A KINETIC STUDY OF PHOTO-OXIDATIONS ON THE SURFACE OF ZINC
OXIDE IN AQUEOUS SUSPENSIONS1

By Maria C. Markham and Keith J. Laidler

Department of Chemistry, The Catholic University of America, Washington, D. C.
Received September SO, 1952

The kinetics of the formation of hydrogen peroxide in aqueous suspensions of zinc oxide in near ultraviolet light have been 
studied under carefully controlled conditions. The initial quantum yield for hydrogen peroxide formation was found to be 
0.25 in absence of organic materials and 0.4 and 0.5, respectively, when small amounts of acetanilide and phenol were added 
to the system. The ratio of oxygen taken up to peroxide formed has also been measured with the Warburg apparatus, and 
found to be 1:1 in the absence of organic compounds and 2:1 and 1:1 in the presence of acetanilide and phenol, respectively. 
Oxidation products of these and other organic compounds have been investigated; small activation energies of 3-4 kcal. 
are associated with these oxidations. Inhibition by chloride and hydroxide ions has been found in some cases. Experiments 
on the photopolymerization of vinyl compounds are described. The results are interpreted in the light of our present knowl
edge of the electrical and optical properties of zinc oxide and shown to be consistent with the theory that electron transfer 
to adsorbed water leads to the formation of radicals.

Introduction
It has been known for many years that a small 

but easily measurable concentration of hydrogen 
peroxide accumulates in a suspension of zinc oxide 
in water on exposure to sunlight or near ultraviolet 
light. Some investigators have asserted that oxy
gen was necessary for the formation2'3 while others 
have claimed the contrary.4 Rabinowitch5 has 
discussed the problem of the energy changes in
volved. It has also been noted that very small 
amounts of organic materials, generally regarded as 
stabilizers for the hydrogen peroxide, would greatly

(1 )  A b s tr a c t e d  f r o m  a  d is s e r ta t io n  s u b m it te d  b y  S is te r  M a r ia  C la re
M a r k h a m , C .S .M .  (p r e s e n t  a d d re s s :  S a in t  J o s e p h  C o lle g e , W e s t
H a r t fo r d ,  C o n n e c t i c u t )  t o  t h e  G ra d u a te  S c h o o l  o f  th e  C a th o li c  U n iv e r 
s i t y  o f  A m e r ic a  in  p a r t ia l  fu lf i llm e n t  o f  th e  r e q u ire m e n ts  f o r  th e  d e g re e  
o f  D o c t o r  o f  P h ilo s o p h y .

(2 )  E . B a u r , Helv. Chim. Acta, 1 , 186 (1 9 1 7 ) .
(3) C .  N . C h a r i  a n d  M .  Q u re sh i, J. Indian Chem. Soc., 21, 97  

(1 9 4 4 ).
(4 ) K .  Y a m a g u d i ,  M .  N is h io e d a  a n d  H. Imagawa, Biochem. J., 301,

4 0 4  (1 9 3 9 ).
(5 ) E . R a b in o w it c h ,  “ P h o to s y n th e s is  I , ”  In te r s c ie n c e  P u b lish e rs ,

Inc.. N e w  Y o r k ,  N . Y . ,  194 5 , p . 73

increase the concentration of peroxide formed. 
However, no careful investigation of the kinetics or 
of the quantum yield has ever been reported in the 
literature.6 Acetanilide and phenol were selected 
for special study: the former because Richardson6 
had used it in his determination of the quantum 
yield, the latter because Chari and Qureshi3 had 
found it to be the most effective stabilizer. The 
principal objectives of the research reported in this 
paper were therefore as follows: ( 1 ) to determine 
under reproducible conditions the rate of formation 
of hydrogen peroxide, the effect of temperature and 
the quantum yield; (2) to settle definitely the 
question of the necessity of oxygen and to measure 
the rate of oxygen consumption; (3) to investigate 
the role of organic materials in the system; (4) to 
use the photopolymerization of vinyl monomers in 
the system to try to obtain an estimate of the initial 
rate of radical formation; (5) to correlate the ex
perimental results with the present state of our

( 6 )  D r .  F . D .  R ic h a r d s o n  s ta te d  in  a  p r iv a t e  c o m m u n ic a t io n  t h a t  he
fo u n d  th e  q u a n tu m  y ie ld  t o  b e  0.1 (m a x .)  in  w e a k  l ig h t  in te n s ity .  Cf 
E . R a b in o w it c h ,  re f. 5 , p .  75.
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knowledge of the electrical and optical properties 
of zinc oxide in order to formidate a probable mech
anism for these oxidations.

Experimental Procedure
Materials and Arrangement of Apparatus.—The zinc 

oxide used was spectroscopically pure unsintered material 
supplied to us through the courtesy of Dr. P. H. Miller of 
the University of Pennsylvania. The water was triply 
distilled from alkaline permanganate and sulfuric acid in 
the last two distillations. C .p . “ Dry Process”  zinc oxide, 
Merck and Co., was also used and the results were not found 
to be significantly different. The specific surface areas of 
both zinc oxide samples were estimated by the amount of 
Alizarin Yellow-R adsorbed from solution, a unimolecular 
layer on 0.1 g. of zinc oxide corresponding to about 8 X 1017 
molecules. According to similar measurements of dye ad
sorption on ionic crystals by Paneth7 this can be expected 
to represent one-fifth to one-half of the actual surface.

The light source was a Hanovia high pressure quartz 
mercury arc, used in all the experiments with a Pyrex en
velope to retain all radiation below about 3300 A. A Han
ovia filter #SC 5022 for the 3650 A. line was used in the de
termination of the quantum yield. The apparatus for the 
measurement of the quantum yield was arranged as follows: 
the suspensions containing 0.1 g. of zinc oxide in 25 ml. of 
triply distilled water were placed in vertical Pyrex tubes, 30 
mm. in diameter, silvered on the outside to prevent loss of 
light by scattering, with quartz windows sealed to the bot
tom; the zinc oxide was kept in uniform suspension by en
training air previously filtered through triply distilled water; 
the tubes were immersed in a constant temperature bath 
having circular quartz windows 1 cm. in diameter sealed in 
the base directly below the windows of the tubes containing 
the suspension; the light from the horizontal 4.5" mercury 
arc was passed through the filter, then through collimating 
holes 1 cm. in diameter before entering the windows in the 
base of the constant temperature bath. The intensity 
was measured by the decomposition of uranyl oxalate8 sub
sequently illuminated in the same reaction tubes.

For the effect of temperature on the rate of peroxide for
mation a simplified arrangement of the apparatus was used. 
The mercury arc was in a vertical position and placed 
about 8" from the reaction vessel, which consisted in this 
case of a 30-ml. quartz test-tube containing 0.1 g. of zinc 
oxide in 25 ml. of triply distilled water as above. The tube 
was surrounded by a Pyrex jacket through which distilled 
water could be circulated at any desired temperature. 
Here also stirring was effected and oxygen supplied by draw
ing air through the suspension. In this case no filter was 
used but the Pyrex envelope transmitted only the visible 
and the 3650 A. line in the ultraviolet. The absorption of 
zinc oxide has been investigated by Goodeve9; there is a 
slight tail at the end of the visible around 4000 A.; the ab
sorption coefficient increases sharply just below 3900 A. 
and absorption is practically complete at 3800 A., extending 
on back into the ultraviolet, so that zinc oxide would be 
“ black”  in practically the whole ultraviolet region.

The experiments on the uptake of oxygen were carried out 
by placing the suspensions in the Pyrex flasks of the Warburg 
apparatus. These were then shaken at constant tempera
ture in the light of the mercury arc lamp. The system was 
kept at constant volume and the decrease in pressure due 
to the uptake of oxygen read on the attached micromanome
ters. Brodie solution was used as the manometric fluid, 
and pressure readings were converted to microliters of oxy
gen at S.T.P.,10 and finally to millimoles.

All organic materials used were either C.p . or recrystal
lized, or in the case of liquids redistilled at constant boiling 
point. The acrylonitrile and the methyl methacrylate 
were free from stabilizers.

Analysis for Hydrogen Peroxide.—The method usually 
employed for analyzing the .suspensions for hydrogen per

(7 ) F . P a n e th , Ber., 5 7 B , 1221 (1 9 2 4 ).
( 8 ) W . G . L e ig h t o n  a n d  G . S . F o r b e s , J. Am. Chem. Soc., 52 , 3 13 9  

(1 9 3 0 ).
(9 )  C . F . G o o d e v e  a n d  J. A . K it c h e n e r , Trans. Faraday Soc., G e n e ra l 

d iscu B sion , 9 0 2  (1 9 3 8 ).
(1 0 )  J . S u m n e r  a n d  G . F . S o m e rs , “ L a b o r a t o r y  E x p e r im e n ts  in  B io 

c h e m is t r y , "  A c a d e m ic  P ress , I n c .,  N e w  Y o r k ,  N . Y . ,  1949 , p . 138 .

oxide was the same as that used by Chari and Qureshi.8 
The reduction of the peroxide by iodide ions was carried out 
in approximately I N sulfuric acid solution and catalyzed 
by adding a few drops of a saturated solution of ammonium 
molybdate. The reaction was allowed to go to completion 
for 10 min. in the dark; the liberated iodine was then ti
trated using a microburet against a standardized solution 
of sodium thiosulfate, usually 5 X 10-3 N, freshly prepared 
from 10-1 N stock solution; the latter was kept on ice with
out decomposition for about a month at a time, the con
centration being checked at intervals. Starch indicator 
was used to determine the end-point. Under these condi
tions there was no correction for a blank.

Since oxidizing agents other than hydrogen peroxide would 
also liberate iodine under similar conditions it was desirable 
to use other confirmatory tests. Titanium sulfate11 is often 
used as a specific test for hydrogen peroxide, but at the low 
concentrations found in the absence of organic materials the 
yellow color developed by this reagent was too weak to use 
for colorimetric estimation; it was used as a check however 
when organic materials were present and in these cases gave 
identical results with the iodide determination. Catalase 
is an enzyme which is specific for the decomposition of hy
drogen peroxide. When a trace of this was added to,the 
irradiated suspension the peroxide was completely de
stroyed, no iodine being liberated on subsequent addition of 
iodide and acid. Further evidence that it is peroxide that 
is formed, and not ozone for example, is provided by the 
fact that it shows reducing as well as oxidizing action. 
When a brownish mixture of ferric chloride and potassium 
ferricyanide is added to the suspension after irradiation 
Prussian blue is precipitated.

Identification of Oxidation Products of Organic Com
pounds.—Recent work of Weiss12-15 on the oxidation of or
ganic materials in very dilute aqueous solutions irradiated 
by ionizing radiation suggested suitable procedures for iden
tifying possible oxidation products and estimating their 
concentration.

Tests for phenolic compounds were made with Folin re
agent16 using a Fisher Electrophotometer at 625 npi. Cali
bration curves were made both for catechol and hydroqui- 
none. Hydrogen peroxide does not interfere in acid solution. 
In alkaline solution, as used in the test for phenolic com
pounds from acetanilide and toluene, catalase was used to 
destroy the hydrogen peroxide and the zinc oxide was fil
tered off before adding the Folin reagent. Disappearance 
of salicylic acid was followed by similarly destroying per
oxide and filtering off the zinc oxide, and then estimating 
colorimetrically at 525 m/i the purple color developed on 
adding dilute ferric chloride solution.

In the experiments with chlorobenzene, chloride ion was 
determined by turbidity measurements with silver nitrate.

Photopolymerization of Vinyl Monom ers.—The zinc 
oxide was heated strongly for several minutes and allowed 
to cool under purified nitrogen. The aqueous solution of 
the monomer, through which the nitrogen had been bubbled 
for 0.5 hour, was then admitted without exposing the zinc 
oxide to the air again. The tube was then sealed and ex
posed to the light. It was shaken at 5-minute intervals. 
The nitrogen was Seaford grade, further purified by bub
bling through pyrogallol and then passing over copper 
turnings at 250°. The molecular weight of the methyl 
methacrylate polymer was determined by intrinsic viscosity 
measurements in benzene solution.17

Results
In the Absence of Organic Matter.—Figure 1 

shows the rates of formation of peroxide at different 
temperatures. The initial rates differ only slightly 
but the steady state concentrations are higher at 
lower temperatures. At 14°, the thermal decom
position of the peroxide is eliminated; at this tem-

(1 1 ) G . M .  E is e n b e r g , Ind. Eng. Chem., Anal. Ed., 15 , 3 2 7  (1 9 4 3 ).
(1 2 ) J . W e iss , Nature, 1 6 1 , 6 5 0  (1 9 4 8 ).
(1 3 ) J . W e iss , H .  L o e b l  a n d  G . S te in , J. Chem. Soc., 2 0 7 4  (1 9 4 9 ) .
(1 4 ) J . W e iss  a n d  G . S te in , ibid., 3 2 6 5  (1 9 5 1 ) .
(1 5 ) J . W e iss  a n d  G . S te in , ibid., 3 2 7 5  (1 9 5 1 ) .
(1 6 )  R e fe r e n c e  10, p .  85.
(1 7 )  H .  B a x e n d a le , S . B y  w a te rs  a n d  M .  G . E v a n s , J. Polymer Sci., 1 , 

2 3 7  (1 9 4 6 ).
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Time, hr.
Fig. 1.— 1, rate of decomposition of H20 2 on 0.1 g. of ZnO 

in 25 ml. of solution in the dark at 14°; 2, rate of decomposi
tion of H2O2 at 14° (4000-3300 A.), in absence of ZnO; 3, 
4, 5 and 6, rate of formation of H20 2 on 0.1 g. of ZnO in 25 
ml. of triply distilled water (4000-3300 A.), at 14, 27, 33 and 
45°, respectively.

perature hydrogen peroxide added initially does not 
decompose to a measurable extent in two hours in 
the dark, nor in light in absence of zinc oxide as the 
top curve shows. Zinc oxide in the light however 
catalyzes the decomposition and the same steady 
state concentration is approached as is found on 
the irradiation of a suspension without added hy
drogen peroxide. The fact that under these con
ditions at 14° the initial rate of decomposition is 
about twice the initial rate of formation suggests that 
there are two oxidizing radicals on the surface 
that cause decomposition for every one that leads to 
its formation.

The initial quantum yield is about 0.25 at 25°. 
The reaction shows an “ initial burst.”  The ratio 
of oxygen taken up to peroxide formed is independ
ent of temperature from 15 to 30° and approxi
mately 1:1. The actual experimental values vary 
tween 0.9 :1  and 1 .2 : 1 , but not systematically with 
temperature.

If the zinc oxide were a true photosensitizer the 
over-all reaction should be

H2O T  V2O2 — ^ FI2O2

The fact that one molecule of oxygen disappears for 
each molecule of hydrogen peroxide formed indi
cates however that zinc oxide is being partially 
oxidized also, perhaps as

.OH
ZnO +  2H20  +  0 2 — > H20 2 +  Zn<

x OOH
The possibility that only zinc peroxide is being 
formed is excluded by the fact that the solid can be 
filtered out of the suspension after irradiation and 
the peroxide is found almost entirely in the solu
tion, only a trace being associated with the solid 
residue.

Addition of chloride ion which might be expected 
to exchange electrons with free OH radicals 

C l- +  OH — s- Cl +  OH-
has no effect on the uptake of oxygen nor on the 
formation of peroxide. Addition of small amounts 
(10 _3,Af) of sodium hydroxide likewise has no meas
urable effect on the initial rate of formation of

peroxide. 10_1 M ,  however, completely prevents 
the accumulation of peroxide. The pH of the ini
tial suspension is about 7.4; after continued irra
diation this drops to 6.8 or 7.0.

In the Presence of Organic Matter.— Figure 2 
shows the relative rates of formation of hydrogen 
peroxide in suspensions containing 0.1 g. of C.p. 
zinc oxide in 25 ml. of 10-3  M  solutions of various 
organic compounds. At the end of one hour the

45 90
Time, min.

Fig. 2.—Rate of formation of H20 2 on 0.1 g. of ZnO in 25 
ml. of solution (4000-3300 A.) at 14° in presence of organic 
compounds: 1, resorcinol, phloroglucinol; 2, phenol, cate
chol, toluene; 3, benzene, chlorobenzene; 4, acetanilide, 
aniline, quinone, hydroquinone; 5, triply distilled water. 
All solutions of organic compounds are 10 ~3 M except ben
zene, chlorobenzene and toluene which are saturated.

total amounts of peroxide formed range from 5.0 X 
10 ~2 mmole in the case of phloroglucinol and re
sorcinol to 0.62 X 10- 2 mmole in triply distilled 
water. The temperature was kept at 14° where 
the thermal decomposition of hydrogen peroxide 
is negligible. Two tests were used for peroxide, 
since organic peroxides might react with the iodide 
ion, but not with titanium sulfate reagent. The 
results of the two analyses were identical in all 
cases except chlorobenzene where there was a small 
discrepancy probably due to the formation of some 
HOC1. The high efficiency of toluene is to be 
noted. Anderson and Taylor18 and Kichter19 have 
studied the effect of organic compounds in inhibit
ing the photochemical decomposition of hydrogen 
peroxide; the results in these experiments agree 
fairly well with the order observed by Richter in 
particular. The organic compounds are generally 
supposed to interfere with the chain decomposition 
of hydrogen peroxide by reacting with free hydroxyl 
radicals and oxygen atoms produced in the photoly-

(1 8 ) W . T .  A n d e r s o n  a n d  H . S. T a y lo r ,  T h is  J o u r n a l , 6 2 , 479  
(1 9 4 8 ).

(1 9 )  D . R ic h te r ,  J. Chem. Soc., 1 21 9  (1 9 3 4 ).
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sis. The order observed in Fig. 2 does not corre
spond in some cases with that of Chari and Qureshi.3

Preliminary experiments showed that a sig
nificant difference between the kinetics in the pres
ence of phenol and acetanilide was a marked inhi
bition of peroxide formation in the presence of 
excess phenol. Figure 3 shows the variation in the 
initial rates with phenol concentration. The rate 
with acetanilide concentration reaches a maximum 
and does not show inhibition before saturation is 
reached, about 0.05 M .  Another significant dif
ference is the quantity of oxygen absorbed. The re-

6 5 4 3 2 1
— Log phenol concentration.

Fig. 3.—Variation in initial rate of formation of H2O2 with 
phenol concentration at 14°; 0.1 g. of ZnO in 25 ml. of solu
tion (4000-3300 A .).

suits are summarized in Table I. Since Fig. 3 
shows that 10~3 M  phenol is near the maximum it 
was a convenient concentration to use in these 
comparisons.

T a b l e  I

Quantum yield

A ce ta n ilid e , 
10 -» M
0.4

P h e n o l, 
10 "3 M

0.5
Ratio of oxygen taken up to per

oxide formed 2 : 1 1 : 1

Activation energies, kcal./mole 4.6 3.7

With 10~ 3 M  solutions of acetanilide or phenol 
the rate of peroxide formation gradually falls off 
and under the experimental conditions reaches a 
limiting value after several hours. This limiting 
value is directly proportional to the initial concen
tration of the organic compound; continued irra
diation beyond this point produces a slow decom
position of the peroxide.

Addition of chloride ions had no effect on the 
peroxide formation nor on the oxygen uptake in the 
case of phenol. When chloride ions, in the form of 
zinc chloride, were added to suspensions containing 
acetanilide a marked depression of both the oxygen 
uptake and the peroxide formation was observed. 
A powerful reducing agent was formed on the sur
face of the zinc oxide which reduced dilute sulfuric 
acid (about 3 N )  to hydrogen sulfide.

Since the variation of the limiting concentration 
of peroxide with the initial concentration of organic 
material suggests the destructive oxidation of the 
original substance, it was desirable to try to follow 
the rate of formation of oxidation products. In 
agreement with Weiss’s results it was found that 
irradiated suspensions containing phenol gave a posi

tive test for catechol and/or hydroquinone with 
Folin reagent14 in acid solution. That the larger 
part of the initial product was catechol was indi
cated by the fact that the green color with Folin re
agent was intensified on warming. The results are 
shown in Fig. 4 both in the presence and absence of 
added hydrogen peroxide. Both curves for the 
formation of the dihydroxy compounds would start 
out more steeply if an appreciable amount could 
be shown to be hydroquinone, since the green color 
which it develops with Folin reagent is not so deep 
as that of catechol. Phenol in such dilute solution 
is not oxidized to an appreciable extent by hydrogen 
peroxide at 14° either on zinc oxide in the dark, or 
in the absence of zinc oxide in the light. The auto
oxidation of catechol is also negligible under similar 
conditions. Weiss also described as an ultimate 
product of the irradiation of phenol solutions in his 
experiments14 a substance which condensed with
2,4-dinitrophenylhydrazine to give a product melting 
around 300° which “ appeared to be a derivative of an 
aliphatic dialdehyde.”  The oxidation of phenol in 
these experiments leads also to something which con
denses with 2,4-dinitrophenylhydrazine to give a 
product that melts around 1 1 2 ° with decomposition. 
Oxidized pyrogallol solutions, whether oxidized by 
air or by Fenton’s reagent, give a similar derivative 
but of a darker color and indefinite melting point. 
This points to destruction of the aromatic ring. 
However, these solutions do not give any other 
tests for aldehydes such as Fehling or Schiff tests. 
It seems more likely that they are cyclic ketones. 
More concentrated solutions of phenol, and also of 
catechol, acetanilide and salicylic acid, show con
siderable yellowing on prolonged exposures with 
probable formation of humic acid types of com
pounds. After several hours no further test for 
any type of phenolic compound (including phenol 
itself) can be obtained by Folin reagent either in 
acid or basic solution.

The most significant feature of Fig. 4 is that the 
formation of the dihydroxy compound begins 
abruptly and rises concomitantly with the peroxide 
formation in the initial stages of the reaction, jf  
the phenol were merely being oxidized by the hy
drogen peroxide formed, an induction period in the 
catechol formation would be expected. The fact 
that when hydrogen peroxide is added initially it 
begins to decompose at first, and this period is 
characterized by the formation of less catechol 
than in the absence of initial hydrogen peroxide, 
indicates further that the function of the organic 
material is to remove from the surface active oxi
dizing radicals which would otherwise cause reverse 
reactions. The stoichiometry is less clear-cut in the 
presence of the organic compounds, because of the 
difficulty of identifying more definitely the initial 
oxidation products. The zinc oxide does not ap
pear to be oxidized here, however, since the irradi
ated solution can be decanted and the same zinc 
oxide used over again with undiminished initial 
rate of peroxide formation. Inhibition by excess 
phenol suggests displacement of water from the 
surface.

Irradiated suspensions containing acetanilide 
give positive tests for phenolic compounds in the
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Time, min.
Fig. 4.—1, Rate of disappearance of H2O2 added initially 

to 0.1 g. of ZnO in 25 ml. of solution (10-3 M phenol); 2, 
rate of formation of H202 on 0.1 g. of ZnO in 25 ml. of 10 ~3 M 
phenol; 3, ra*,e of formation of catechol in 2; 4, rate of for
mation of ca'echol in 1. All experiments at 14° (4000- 
3300 A.).

initial stages. The course of their appearance and 
disappearance follows the same pattern as that of 
the catechol in the experiments just described on 
phenol.

With benzene the products are more diverse; 
phenols, polyphenols and diphenyl are found in 
only trace amounts. The main product is prob
ably an organic peroxide. Chlorobenzene gives 
similar products, along with somewhat larger 
amounts of chloride ion. This must come from 
dechlorination of the ring, perhaps via  HOC1, and it 
is also in agreement with observations of Weiss on 
chlorobenzene.9 The products in these two cases 
cannot be followed very far because benzene and 
chlorobenzene evaporate under the experimental 
conditions (entraining air).

It has also been possible to follow the rate of dis
appearance of salicylic acid, since it is non-volatile 
and can conveniently be detected by means of its 
strongly colored chelate compound with Fe+~+. 
The results are shown in Fig. 5. Complete disap
pearance of dextrose in a similar length of time can 
also be demonstrated by Benedict or Fehling tests.

Photopolymerization of Vinyl Monomers
In Absence of Oxygen.— Dainton20 demonstrated 

that hydroxyl radicals from the photolysis of hydro
gen peroxide would cause the polymerization of 
monomers such as acrylonitrile and methyl metha
crylate which are known to polymerize by a free 
radical rather than ionic mechanism; these poly
merizations are also induced by the free radicals 
formed on irradiation of water by ionizing radia
tion. It has proved possible in this Laboratory to 
initiate the polymerization of both acrylonitrile 
and methyl methacrylate by irradiating air-free 
suspensions of zinc oxide in dilute aqueous solutions 
of the monomers; these dilute solutions are other-

(2 0 ) F . S. D a in to n , T h is  J o u r n a l , 5 2 , 4 9 0  (1 9 4 8 ).

Fig. 5.—Comparison of rates of formation of H20 2 (upper 
curve) with rate of disappearance of salicylic acid (lower 
curve); 0.1 g. of ZnO in 25 ml. of 10-3 M salicylic acid, 14° 
(4000-3300 A.). Amounts indicated are for 10 ml. of sus
pension analyzed.

wise stable over indefinitely long periods at 20° in 
ultraviolet light at 3650 A. Acrylonitrile failed to 
polymerize on zinc oxide under these conditions in 
benzene or absolute alcohol, although the polymer 
would have been insoluble in both of these solvents. 
The polymers were easily separated from the zinc 
oxide by dissolving the latter in dilute sulfuric acid. 
Acrylonitrile polymer does not lend itself to mol. 
wt. determinations by any convenient method be
cause it is insoluble in all common organic sol
vents. In case of methyl methacrylate, however, 
the mol. wt. as determined by intrinsic viscosity 
measurement in benzene was 500,000. The maxi
mum amount was formed in a few hours and cor
responded to what would be sufficient to cover 
about 1 / 1 0  of the surface; however the large poly
mer molecules probably cut off the light and pre
vent further action. Since there is also a short in
duction period, probably due to failure to eliminate 
all oxygen, the initial rate of polymerization cannot 
be taken as a reliable measure of the initial rate of 
formation of radicals.

Discussion
The Problem of the Energy Transfer.— Since 

neither water nor oxygen absorbs light at 3650 A., 
the first question to be discussed is the mecnanism 
of the transfer of the energy absorbed by the zinc 
oxide to the water or oxygen resulting in the forma
tion of the active intermediate species. Water 
must either participate in the direct transfer, or 
provide part of the energy by solvation of interme
diate radicals or ions. The first alternative seems 
preferable in view of the photopolymerization in 
absence of oxygen.

It has been suggested6 that the energy may be 
transferred to adsorbed water leading to dissocia
tion into hydrogen atoms and hydroxyl radicals 
on the surface of the zinc oxide. The 80 kcal. 
available in a quantum of light at 3650 A. would 
not be sufficient since H20  H +  OH requires 
118 kcal., unless the difference in heats of adsorption 
of radicals and water molecules were about 35-40
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kcal. This mechanism may be possible, since an 
activated adsorption of water on zinc oxide with an 
estimated heat of adsorption of 30-32 kcal. has 
been reported in the literature21; the rest could 
possibly be made up by the heats of solvation of the 
radicals. However, our qualitative finding that 
comparable amounts of peroxide are formed on 
bubbling air through irradiated suspensions of zinc 
sulfide and antimony trioxide,22 makes the idea that 
the specific heat of adsorption of water on zinc ox
ide is the determining factor, seem less likely.

Careful work of several recent investigations23-27 
has done much to clarify the effect of the absorption 
of light by zinc oxide, which is well known as a 
semi-conductor whose conductivity is increased by 
absorption in the ultraviolet. As a result the fol
lowing interpretation of its electrical and optical 
properties emerges. The thermal excitation of an 
electron from the' oxide band to the conduction 
(Zn+) band requires at least 2.0 e.v.; therefore it 
does not occur at low temperatures. In accordance 
with the Franck-Condon principle the energy re
quired for optical excitation is greater than the 
thermal band width. Goodeve has shown9othat a 
strong absorption begins at about 3850 A. (3.1 
e.v.) and this is also believed to give rise to intrinsic 
conduction. If excess interstitial zinc is missing 
the energy absorbed in the absence of an electric 
field is scattered with a slight shift in frequency. If 
the zinc oxide has been heated at 1000° for one 
hour in a reducing atmosphere of carbon monoxide28 
a large number of excess zinc atoms are left in the 
lattice. Excitation by cathode rays or ultraviolet 
light now produces a bright luminescence in the 
visible (green). We have found that a ZnO[Zn] 
phosphor so prepared produces one-fourth to one- 
fifth as much peroxide while luminescing, although 
surface area measurements by dye adsorption indi
cate that the surface has been reduced to only one- 
half. There are difficulties in trying to correlate 
conductivity data with surface reactions in a quan
titative manner, since there is evidence that elec
trons may be trapped in surface states, hindering 
free passage across grain boundaries, and thus lead
ing to spurious conductivity measurements. Sur
face area is extremely important.

In some oxides the absorption of energy may re
sult in the photolysis of the crystal. This has been 
shown conclusively to occur in titanium dioxide29

l i 0 2 ----->■ -j- !/ 2O2

Weyl and Forland30 have described the conditions 
under which this may be expected to occur; one of 
the most important is that the next lower valence

(2 1 ) H .  S . T a y lo r  a n d  D . V . S ick m a n , J. Am. Chem. Soc., 6 2 , 3 3 5 7  
(1 9 4 0 ).

(2 2 )  F u r th e r  in v e s t ig a t io n  is c u r r e n t ly  b e in g  c o n d u c t e d  b y  M .  C . 
M a r k h a m  a t  S a in t  J o s e p h  C o lle g e , W e s t  H a r t fo r d ,  C o n n .

(2 3 )  P . H . M ille r , Phys. Rev., 6 0 , 8 9 0  (1 9 4 1 ).
(2 4 ) E . E .  H a h n , “ R e p o r t  o n  S o m e  E le c t r ic a l  P r o p e r t ie s  o f  Z in c  

O x id e ,”  U n iv e rs ity  o f  P e n n s y lv a n ia , P h ila d e lp h ia , P e n n .,
(2 5 )  D . A . W r ig h t ,  Proc. Phys. Soc., 6 0 , 13 (1 9 4 8 ).
(2 6 ) E . S ch w a rz , ibid., A 6 2 , 5 3 0  (1 9 4 9 ).
(2 7 ) J . M .  B e v a n  a n d  J. S . A n d e r s o n , Faraday Soc. Discussions, 8 , 

2 3 8  (1 9 5 0 ).
(2 8 )  H . W . L e v e r e n z , “ L u m in e s c e n c e  o f  S o lid s ,”  J o h n  W ile y  a n d  

S o n s , I n c .,  N e w  Y o r k ,  N . Y . ,  195 0 , p . 67 .
(2 9 ) A . E . J a co b s e n , Jnd. Eng. Chem., 4 1 , 523  (1 9 4 9 ).
(3 0 ) W . A .  W e y l  a n d  T .  F o r la n d , ibid., 4 2 , 257  (1 9 5 0 ).

state of the metallic element must be relatively 
stable. Under the conditions described in this 
paper no peroxide can be found in irradiated sus
pensions of titanium dioxide either in presence or 
absence of phenolic compounds.

Since Zn+ would not be expected to be stable in 
water, an alternative mechanism leading to the pro
duction of radicals is suggested. In many reac
tions it has been demonstrated that water is ca
pable of accepting an electron in a transfer of this 
type.31-36 The resulting dissociation

H20 - — > H  +  OH- (1)
leads to the formation of free H atoms. If oxygen 
is present

H +  0 2 — >- II02 (2)
may follow. It is then possible that OH -  will re
main adsorbed on the now positively charged 
(ZnO) +

(ZnO)+ O H -— >- ZnO-OH (3)
The photogalvanic effect reported by Veselovski36 
has been interpreted in a similar manner.

Wagner37 interprets the catalytic decomposition 
of nitrous oxide on zinc oxide as an electron trans
fer from catalyst to substrate.

It must also be considered possible that an elec
tron could be transferred to oxygen adsorbed on the 
surface leading to the formation of O2- ; however 
this ion probably would not be very stable in aque
ous solution. Evans and Uri38 have made approxi
mate calculations of the combined electron affin
ity and solvation energy of some possible interme
diates in reactions involving similar oxidizing spe
cies, and it appears from their calculations that 
equation (1 ) would be favored in liquid water. 
If the peroxide formed in our experiments resulted 
from O +  OH -  H 02- , it would be hard to under
stand why it does not do so in irradiated suspen
sions of titanium dioxide buffered to pH 7 where 
oxygen atoms are known to be formed. This cer
tainly could not be the mechanism in the case of 
zinc sulfide.

Mechanisms Proposed for Peroxide Formation.
— On the assumption that the above evidence 
favors the interpretation that an electron is trans
ferred to adsorbed water leading to dissociation and 
formation of free radicals, reaction mechanisms 
consistent with our experimental results can be 
formulated.

In the absence of organic matter the over-all 
process can be represented as

H20  +  0 2 +  ZnO — H20 2 +  ZnO O
The first two steps would probably be as given in
(1) and (2) above, followed by 2H02 -*■ H 20 2 +  0 2, 
which is possible in presence of a third body and so 
could easily occur in liquid water.

This leaves OH radicals not free, but bound to the 
surface. Since one 0 2 yields one H20 2, OH +  OH

(3 1 )  M .  B u r to n , Ann. Ret. Phys. Chem., I ,  113 (1 9 5 0 ) .
(3 2 ) J . L . M a g e e  a n d  M .  B u r to n , J. Am. Chem. Soc., 7 3 , 5 2 3  (1 9 5 1 ) .
(3 3 ) A . F a rk a s  a n d  L . F a rk a s , Trans. Faraday Soc., 3 4 , 113  (1 9 3 8 ).
(3 4 ) F . S. D a in to n , T h is  J o u r n a l , 5 2 , 4 9 0  (1 9 4 8 ).
(3 5 )  J . W e iss , Nature, 1 6 1 , 6 5 0  (1 9 4 8 ).
(3 6 ) V . I .  V e s e lo v s k i, Zhur. Fiz. Khim., 2 2 , 1 42 7  (1 9 4 8 ) ;  C. A., 5 2 , 

2 5 2 2 d  (1 9 4 8 ).
(3 7 ) C . W a g n e r , J. Chem. Phys., 18 , 69  (1 9 5 0 ).
(3 8 ) M .  G . E v a n s  a n d  N . U ri, Trans. Faraday Soc., 4 5 , 2 2 4  (1 9 4 9 ) .
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H20 2 probably contributes little to the peroxide 
formation. However the oxidation of the surface 
would bring the reaction to a stop, and the radicals 
on the surface may cause reverse reaction

OH +  H02 — > H,0 +  0 2 
OH +  H — >  H20  

OH +  H20 2 — >  H20  +  H02
and perhaps

OH +  OH — >  H20  +  ‘ / 2O2

The maximum quantum yield in such a scheme 
would be 0.5: 0.2-0.3 is the observed yield. The 
initial rate of decomposition of added hydrogen 
peroxide is about twice the rate of formation (Fig.
1) suggesting again that there are two OH radicals 
causing the decomposition while two H 02 radicals 
produce one H20 2.

Organic matter must not only stabilize the per
oxide once it is formed, but also aid in the rate of 
formation by providing H atoms to the initial radi
cals formed on the surface. (Figure 2: the graphs 
start more steeply if organic matter is present.)

If the initial rate of formation of catechol (or 
hydroquinone) from phenol were equal to the rate 
of formation of peroxide, the over-all equation 
should be
RHOH +  H20  +  0 2 — >- H20 2 +  R(OH)2; (R = C6H4)
The stoichiometric ratio of 0 2:H20 2 is 1:1. 
But if the initial rate of formation of catechol is 
really half the rate of peroxide formation, as it 
appears from Fig. 4, and also from Fig. 3 where 
the rate is roughly proportional to the square root 
of the phenol concentration, the over-all reaction 
must be

RHOH +  2H20  +  202 — 2H20 2 +  R(OH)(OOH)
This can only be true if R(OH)(OOH) does not 
react as peroxide with iodide at ordinary tempera
tures, and yet behaves like catechol on heating with 
Folin reagent. We note that the initial rate of dis
appearance of salicylic acid in Fig. 5 is also only 
half the rate of peroxide formation. The maximum 
concentration of catechol in Fig. 4 corresponds to 
the amount necessary to cover the surface, which

suggests that it stays on the surface until the oxida
tion is far advanced. The maximum concentration 
of peroxide is 4-5 times the initial concentration 
of phenol, which indicates that each organic mole
cule is oxidized to a considerable degree. A se
quence of reactions leading to the preceding equation 
might be as

OH +  RHOH — 1I20  +  RHO- (on the surface) 
RHO- +  OH — >- RIIOOII 

RHOOH +  H02 — > ROOH +  H20 2
/O H

ROOII +  OH — R<
x OOH

Meanwhile 2H02 -*■ H20 2 +  0 2, and two 0 2 yield 
2H20 2; giving the observed 1:1 ratio. The maxi
mum quantum yield for peroxide formation would 
be 0.67; the observed yield of 0.5 indicates that 
nearly every quantum must be effective.

In the case of acetanilide an extra molecule of 
0 2 is absorbed for each molecule of peroxide formed. 
Perhaps peracetic acid is split off, or the nitrogen 
may be oxidized as well as the ring. Alternatively, 
since the acetanilide is not adsorbed on the surface 
initially (excess acetanilide does not inhibit), chain 
reactions may occur among the organic radicals 
leading to the consumption of more oxygen.

OH +  RH — >  H20  +  R- 
R- +  0 2 — >- R 02'

R 02- +  RII — >- R- +  ROOII 
R- +  0 2 — >  R 02-, etc.

Further work is necessary to establish the proposed 
mechanisms with certainty, but electron transfer 
leading to the formation of radicals appears to be 
most consistent with the facts so far available.
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The absorption of sodium hydroxide by nylon fibers has been measured at three different temperatures and equilibrium 
constants have been established for the absorption, which occurs in two stages. Using the van’t Hoff equation the heats of 
reaction have been determined from the temperature coefficients of the equilibrium constants. A useful theoretical equation 
has been developed relating the values of the two equilibrium constants to the hydroxide ion concentrations at characteristic 
midpoints of the titration curves. Since the amount of base absorbed in the first stage can be measured much more accurately 
then that in the second stage of the absorption, this equation was employed to calculate values of the second equilibrium 
constant and to provide an estimate of the corresponding heat of reaction. An equation was also developed to connect the 
heat of absorption with the change in hydroxyl ion concentration necessary to keep constant the amount of absorbed base 
at different temperatures. Data to be used in this equation could be directly obtained from the most reliable portions of the 
titration curves. The values for the heats of reaction are in good agreement with those obtained from use of the equilibrium 
constants.

Introduction
It is generally recognized that fibrous polymeric 

electrolytes such as wool or nylon, which contain 
both carboxyl and amine groups, can absorb and 
react with appreciable quantities of acids and bases. 
If such a fiber is suspended in an aqueous environ
ment and an acid or base is added to the solution, 
the cations or anions of the added electrolyte may 
become attached by salt linkages to definite sites 
on the fiber, or they may be taken up by the fiber 
according to the laws of a Donnan Membrane 
Equilibrium.1 Although both of these points of 
view are useful, we shall here consider only the site 
hypothesis since it appears to provide the better 
quantitative description.

The earliest theory on this subject was developed 
for protein fibers by Steinhardt and Harris,2 who 
based their work simply on the law of mass action. 
This theory was followed shortly thereafter by the 
more extensive work of Gilbert and Rideal,3 who 
recognized the important role of the fiber potential 
in requiring that substantially equivalent amounts 
of cations and anions be absorbed by the fiber. 
Wool was used for these earlier absorption studies, 
but because of its complexity it has many dis
advantages both from experimental and theoretical 
points of view. A much simpler problem is pre
sented by a synthetic polyamide fiber like nylon, for 
which only the carboxyl and amine end groups are 
of prime significance.

The absorption of acids on nylon fibers was first 
studied by Remington and Gladding,4 who applied a 
modified form of the equations of Gilbert and Rideal 
to their special case and found that the theoretical 
equations gave good agreement with their experi
mental data. Recently Wall and Swoboda,5 using 
thermodynamic methods, have extended the theory 
of Gilbert and Rideal to the absorption of either 
acids or bases on nylons having either equal or un
equal numbers of carboxyl and amine end groups. 
By experimentally studying the absorption of

(1 ) E . H . P e te rs  a n d  J. B . S p e a k m a n , J. Soc. Dyers and Colourists, 
65, 63 (1 9 4 9 ).

(2 ) J. S te in h a rd t  a n d  M .  H a rris , Bur. Standards J. Research, 24, 335  
(1 9 4 0 ).

(3 )  G . A .  G ilb e r t  a n d  E . K .  R id e a l ,  Proc. Roy. Soc. {London), 182A ,  
3 3 5  (1 9 4 4 ).

(4) W .  R .  R e m in g t o n  a n d  E .  K .  G la d d in g , J. Am. Chem. Soc., 72, 
2 5 5 3  (1 9 5 0 ).

(5 )  F. T . W a ll  a n d  T . J. S w o b o d a , T h is  J o u r n a l , 56, 50  (1 9 5 2 ) .

s o d iu m  h y d r o x id e  o n  n y lo n  c o n t a in in g  a n  excess o f  
c a r b o x y l  g ro u p s , W a l l  a n d  S w o b o d a  w e r e  a b le  t o  
c o n f ir m  t h e i r  t h e o r y  f o r  t h a t  s p e c ia l case.

F r o m  a n  a n a ly s is  o f a b s o r p t io n  d a t a  a t  d if fe re n t  
te m p e r a tu r e s , th e  t e m p e r a t u r e  co e ffic ie n ts , a n d  
h e n c e  t h e  h e a ts  o f  re a c t io n , c a n  b e  o b t a in e d . R e 
c e n t ly ,  G i l b e r t 6 t re a te d  t h e  h e a t  o f in t e r a c t io n  o f  
a c id s  w i t h  w o o l  fib e rs , t a k in g  in t o  a c c o u n t  th e  
u n k n o w n  t e m p e r a t u r e  co e ffic ie n t o f t h e  f ib e r  p o 
t e n t ia l .  H i s  e q u a tio n s  re la t  e t h e  h e a t  o f  in t e r a c t io n  
o f t h e  a c id  w i t h  t h e  f ib e r  t o  t h e  c h a n g e  i n  p H  t h a t  
is r e q u ir e d  t o  m a i n t a in  a t  a  c o n s t a n t  v a lu e  th e  
a m o u n t  o f  a c id  a b s o r b e d  a t  d if fe re n t  te m p e r a tu r e s .

I n  t h e  s t u d y  h e re  r e p o r t e d , t h e  a b s o r p t io n  o f 
s o d iu m  h y d r o x id e  b y  n y lo n  f ib e r  c o n t a in in g  a n  
excess o f c a r b o x y l  g r o u p s  w a s  m e a s u re d  a t  s e v e ra l 
te m p e r a tu r e s . A p p r o p r ia t e  t h e r m o d y n a m ic  e q u a 
t io n s  a re  d e r iv e d  a n d  u s e d  t o  in t e r p r e t  t h e  d a t a  a n d  
to  d e t e r m in e  t h e  h e a ts  o f  a b s o r p t io n  o f  b a s e  b y  th e  
fib e r.

Theory
T h e  s y n t h e t ic  p o ly a m id e  f ib e r  u s e d  in  t h is  w o r k  

w a s  p o ly h e x a m e t h y le n e  a d ip a m id e , b e t t e r  k n o w n  
as n y lo n  6 6 . T h i s  n y l o n  f ib e r  h a s  a  la r g e  excess o f 
c a r b o x y l  g r o u p s  so t h a t  i n  a  n e u t r a l  e n v ir o n m e n t  
t h e  e n d  g r o u p s  o f t h e  f ib e r  c o n s is t  o f a n  e q u a l 
n u m b e r  o f  c h a rg e d  c a r b o x y l  a n d  a lk y l  a m m o n iu m  
io n s , in  a d d i t io n  to  fre e  c a r b o x y l  g ro u p s  e q u a l in  
n u m b e r  t o  t h e  d iffe re n c e  b e tw e e n  t h e  o r ig in a l  
n u m b e r s  o f c a r b o x y l  a n d  a m in e  g ro u p s . S in c e  t h e  
c a r b o x y l  g r o u p s  a re  m o r e  a c id ic  t h a n  t h e  a l k y l  
a m m o n iu m  io n s , t h e  f irs t  in t e r a c t io n  b e tw e e n  th e  
f ib e r  a n d  a d d e d  b a s e  w i l l  b e  e q u iv a le n t  to  a  t i t r a 
t io n  o f t h e  c a r b o x y l  g ro u p s  a c c o m p a n ie d  b y  th e  
a d d it io n  o f a n  e q u iv a le n t  n u m b e r  o f  c a t io n s  t o  
c h a rg e d  c a r b o x y l  io n s  to  k e e p  t h e  f ib e r  e le c t r ic a l ly  
n e u t r a l .  W h e n  th e  c a r b o x y l  g r o u p s  a re  v i r t u a l l y  
g o n e , t h e  a d d it io n  o f s t i l l  m o r e  b a s e  w i l l  le a d  to  
re a c t io n  w i t h  t h e  a lk y l  a m m o n iu m  io n s , a n  e q u i v 
a le n t  n u m b e r  o f  c a tio n s  a g a in  b e in g  s im u l 
t a n e o u s ly  a d s o r b e d  b y  c a r b o x y l  io n s .

Graphical Determination of the Equilibrium Con
stants.— T h e  th e o re t ic a l d e v e lo p m e n t  o f W a l l  a n d  
S w o b o d a ,5 le a d in g  t o  e q u a tio n s  f r o m  w h ic h  t h e  
e q u i l ib r iu m  c o n s ta n ts  o f t h e  t w o  re a c t io n s  m e n 
t io n e d  a b o v e  c a n  b e  d e te r m in e d , w i l l  b e  s u m m a r iz e d  
h e re  f o r  t h e  s p e c ia l case o f t h e  a d d it io n  o f a  m o n o -

(6 ) G . A . G ilb e r t , Proc. Roy. Soc. {London), 1 8 3 A , 167  (1 9 4 4 ).
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v a le n t  b a se , s o d iu m  h y d r o x id e ,  to  a  n y lo n  f ib e r 
w i t h  a n  excess o f c a r b o x y l  e n d  g ro u p s . T h e  re 
a c t io n s  w h ic h  m ig h t  o c c u r  b e tw e e n  t h e  e n d  g ro u p s  
o f th e  f ib e r  a n d  th e  io n s  in  s o lu t io n  a re  g iv e n  as

COOH ± 5 : COO“ +  H + (I)
OOONa ± 5 : COO- +  Na + (2)

N H d l ^ :  NH2 +  H+ (3)
H,0 H+ +  OH- (4)

T h e  o n ly  c h a r g e d  io n s  in  t h e  f ib e r  w i l l  be  c a r b o x y l  
io n s  a n d  a lk y l  a m m o n iu m  io n s , so to  p re s e rv e  
e le c tr ic a l n e u t r a l i t y  o f th e  f ib e r  w e  c a n  a s s e rt t h a t  
( C O O - ) =  ( N H S+ ) .  S in c e  s o d iu m  h y d r o x id e  is a 
s t r o n g  b a s e  w e  c a n  a ls o  s a y  t h a t  a t  a ll  c o n c e n tra 
t io n s  o f b a se , ( N a + ) =  ( O H - ). L e t  u s  d e fin e  th e  
o r ig in a l  n u m b e r  o f c a r b o x y l  e n d  g ro u p s  as A 0 
a n d  o f  a m in e  g r o u p s  as B0, so t h a t  a t  a ll  s tag es o f 
th e  in t e r a c t io n  o f b a s e  w i t h  f ib e r  w e  c a n  w r i t e

A 0 = [COOH] +  [COO“ ] +  [COONaJ (5)
B„ = [NH,+] +  [NH2] (6)

w h e r e  A0, B0 a n d  a ll  e n d  g r o u p  s y m b o ls  e n clo s e d  
b y  p a re n th e s e s  re p re s e n t  t h e  c o n c e n tra t io n s  o f th e se  
g r o u p s  e x p re s se d  i n  m o le s  p e r  g r a m  o f f ib e r.

W h e n  a n  a q u e o u s  s o lu t io n  o f  b a se  is a d d e d  to  th e  
f ib e r, t h e  f irs t  re a c t io n  w i l l  b e  t h e  t i t r a t io n  o f th e  
fre e  c a r b o x y l  g ro u p s . T h i s  c a n  b e  re p re s e n te d  as

COOH +  Na+ +  OH“ COONa +  H20 (7)

F r o m  a p p r o p r ia t e  t h e r m o d y n a m ic  c o n s id e ra tio n s , 
i t  c a n  b e  s h o w n  t h a t

_________________________________________________  r -  / on

{ (A0 -  Bo) -  [COONa] j [O H “ ]2 1 W

w h e r e  K x is  e q u iv a le n t  t o  th e  e q u i l ib r iu m  c o n s ta n t  
f o r  t h e  a b s o r p t io n  o f b a se  o n  a  f ib e r c o n t a in in g  
fre e  c a r b o x y l  g ro u p s .

T o  te s t t h e  v a l i d i t y  o f  e q u a t io n  ( 8 )  a n d  to  d e te r 
m in e  K h w e  f in d  i t  c o n v e n ie n t  t o  d e fin e  a  q u a n t i t y  
a as

= -Ah [COONa] +  (d„ -  B 0)K i (9)

B y  p lo t t in g  a a g a in s t  [ C O O N a ] ,  w e  s h o u ld  o b t a in  a 
s t r a ig h t  l in e  w i t h  o n e  o f t h e  in te r c e p ts  e q u a l to  
( T o  —  B0) a n d  t h e  s lo p e  e q u a l t o  — K\.

T h i s  in i t ia l  t y p e  o f a b s o r p t io n , in v o l v i n g  fre e  
c a r b o x y l  g r o u p s , w i l l  c o n t in u e  u n t i l  th e r e  a re  v i r 
t u a l ly  n o  c a r b o x y l  g r o u p s  le ft, o r  u n t i l  [ C O O N a ]  
=  Ao —  B0. T h i s  p o in t  c a n  b e  c o n s id e re d  as a  
c h a r a c te r is t ic  “ m i d p o i n t ”  o f t h e  t i t r a t io n  c u r v e . 
F u r t h e r  a d d it io n  o f b a s e  w i l l  re s u lt  in  re a c t io n  w it h  
t h e  a l k y l  a m m o n iu m  io n s , a c c o m p a n ie d  b y  a d d i 
t io n  o f a n  e q u iv a le n t  n u m b e r  o f c a tio n s  t o  c h a r g e d  
c a r b o x y l  io n s . T h i s  s e c o n d  s ta g e  o f th e  a b s o r p t io n  
c a n  b e  w r i t t e n  as
NH3+ +  COO- +  Na + +  OH“

COONa -f NH2 +  H20 (10)

T h e  e q u i l ib r iu m  c o n s ta n t  f o r  re a c t io n  (1 0 )  c a n  b e  
s h o w n  t o  b e  g iv e n  b y

j [COON»] -  (dp -  Bp) | [COONa]
[d„ -  [COONa]p[OH“ p 2 U j

w h e r e  X 2 is  e q u iv a le n t  to  t h e  e q u i l ib r iu m  c o n s ta n t  
f o r  t h e  a b s o r p t io n  o f b a s e  o n  n y l o n  f ib e rs  c o n t a in in g  
a n  e q u a l n u m b e r  o f c a r b o x y l  a n d  a m in e  e n d  g ro u p s .

F r o m  e q u a t io n  (1 1 )  w e  c a n  o b t a in  r e la t io n s  f o r  
g r a p h ic a l  t e s t in g  o f t h is  d e v e lo p m e n t  a n d  f o r  f in d in g  
a  v a lu e  f o r  K». T o  d o  so, w e  d e fin e  a q u a n t i t y  
t s u c h  t h a t

r V[ [COONa] -  (do -  B„)| [COONa] 
[OH“ ]2

V A , [COONa] +  d 0VÌA. (12)
B y  p lo t t in g  r  a g a in s t  [ C O O N a ]  w e  s h o u ld  o b t a in  a 
s tra ig h t, l in e  w i t h  in t e r c e p t  A0 V K 2 a n d  s lo p e  
-  V a c . F r o m  g r a p h ic a l  a n a ly s e s  o f e q u a tio n s  (9 )  
a n d  (1 2 )  w e  o b t a in  t h e  e n d  g r o u p  c o n s ta n ts , A 0 
a n d  Bo, as w e ll  as th e  e q u i l ib r iu m  c o n s ta n ts  f o r  
th e  t w o  stag es o f a b s o r p t io n , A i  a n d  K ».

Alternative Calculation of K ,:.— I t  s o m e tim e s  
h a p p e n s  t h a t  th e  e x p e r im e n t a l  m e a s u re m e n ts  in 
v o lv e d  in  th e  s e c o n d  p a r t  o f th e  t i t r a t io n ,  n a m e ly ,  
t h a t  p a r t  n e c e s s a ry  f o r  d e t e r m in in g  A 2, a re  d if f ic u lt  
to  c a r r y  o u t  a c c u r a t e ly , e s p e c ia lly  a t  e le v a te d  
t e m p e r a tu r e s . A s s u m in g  t h a t  a t  le a s t o n e  a c c u ra t e  
d e t e r m in a t io n  c a n  b e  m a d e  a t  s o m e  c o n v e n ie n t  
t e m p e r a t u r e  to  e s ta b lis h  v a lu e s  f o r  A 0 a n d  B0, 
i t  t h e n  b e c o m e s  p o s s ib le  to  d e t e r m in e  X 2 a t  o th e r  
te m p e r a tu r e s  b y  a n  a l t e r n a t iv e  m e t h o d . T h i s  
m e t h o d  re q u ire s , in  a d d i t io n  t o  a  k n o w le d g e  o f  A 0 
a n d  Bo, v a lu e s  f o r  K i  a n d  f o r  [ H + ] m, t h e  h y d r o g e n  
io n  c o n c e n tr a t io n  a t  t h e  “ m i d p o i n t ”  o f t h e  t i t r a 
t io n , n a m e ly ,  w h e n  [ C O O N a ]  =  Ac, —  Ba. A l 
t h o u g h  t h e  d e r iv a t io n  is  a  l i t t le  lo n g , i t  c a n  b e  
s h o w n  b y  d ir e c t  m e a n s  t h a t

[H + ]2m
BpK^ V a æ  

(A „  -  B0) (1 +  V W )
(1 3 )

U s in g  t h is  e q u a t io n , w e  c a n  c a lc u la te  X 2, th e  
e q u i l ib r iu m  c o n s ta n t  f o r  th e  s e c o n d  s ta g e  o f th e  
a b s o r p t io n , f r o m  a  k n o w le d g e  o f Ki, A0, B0 a n d
[H + ]m.

Determination of Heats of Absorption Reactions.
— T h e  h e a ts  o f r e a c t io n  ( A Hi a n d  A H/) a s s o c ia te d  
w i t h  th e  in t e r a c t io n  o f n y l o n  f ib e r  w i t h  a  m o n o 
v a le n t  b a s e  in  e a c h  o f th e  t w o  s ta g e s  o f a b s o r p t io n , 
c a n  b e  d e te r m in e d  f r o m  a b s o r p t io n  m e a s u re m e n ts  
a t  d if fe re n t  te m p e r a tu r e s . I f  t h e  v a lu e s  o f X i  
a n d  K 2 a t  d if fe re n t  te m p e r a tu r e s  a re  k n o w n , th e  
h e a ts  o f re a c t io n  c a n  b e  d i r e c t ly  d e t e r m in e d  b y  
m e a n s  o f t h e  v a n ’t  H o f f  e q u a t io n . M o r e o v e r ,  
a s s u m in g  t h e  h e a ts  t o  b e  c o n s ta n t , i t  is seen t h a t  
lo g  K i  a n d  lo g  X 2 s h o u ld  b e  l in e a r  f u n c t io n s  o f l / T  
w i t h  s lop es e q u a l t o  —  A H ) / (2 .3 1 ?) a n d  — AH»/ 
(2 .3  R).

I f  th e  a b s o r p t io n  d a t a  d o  n o t  c o v e r  a  w id e  
e n o u g h  ra n g e  to  p e r m it  t h e  a c c u ra t e  d e t e r m in a t io n  
o f K i  a n d  X 2, t h e  h e a ts  o f a b s o r p t io n  c a n  s t il l  be  
d e t e r m in e d  f r o m  t h e  c h a n g e s  in  ( O H - )  n e c e s s a ry  
t o  m a i n t a in  a t  c o n s ta n t  v a lu e s  t h e  t o t a l  a m o u n t  of 
b a s e  a b s o rb e d  a t  d if fe re n t  te m p e r a tu r e s . R e 
w r i t i n g  e q u a t io n  (8 )  in  lo g a r it h m i c  f o r m  a n d  
d if fe r e n t ia t in g  p a r t ia l ly  w i t h  re s p e c t to  T  (h o ld in g  
th e  a m o u n t  o f a b s o rb e d  s o d iu m  c o n s t a n t ) ,  w e  o b 
t a in  u p o n  r e a r r a n g e m e n t

o/dp0H\ _  d log Ai A H i .
V £>T / [cooNa] A T  2.3R T *  u  J

W o r k i n g  s im i la r ly  w i t h  e q u a t io n  (1 1 ) ,  w e  o b t a in  
a n o t h e r  e q u a t io n  id e n t ic a l  in  f o r m  w i t h  (1 4 )  e x c e p t 
t h a t  A  H i re p la c e s  A  Hi. A s s u m in g  t h e  AH’s
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to be constant, we observe that plots of pOT I against 1 /T , for constant amounts of absorbed base, should give straight lines with slopes equal to — A77i/4.672 and — A H i/A .G R , depending upon whether the amount of base absorbed is in the first or in the second stage of the absorption reaction.Furthermore, the arithmetic mean of A H i and 
A H 2 can be obtained independently by the use of equation (13) developed for the calculation of K 2 from K\ and midpoint data. It will be shown from 
the experimental data that \/JC ,/K ] is of a lower order of magnitude than unity, and therefore as an excellent approximation to equation (13) we can write

1 _  Bpv  K i/v; (15)
[OH-pm (A„ ~ Bo)

Taking logarithms of both sides and differentiating we obtain
d[pOlI]m _  1 /d log Kj d log K2\ 

dT 4 \ AT ‘ d r  /
= 1 (  A//i +  A H2\ , 1..

4.6RT2 \ 2 )  y
Thus from values of [Oil“],,, at different temperatures we can obtain the mean of A H i and A//2, or either quantity separately if the other is known.

E x p e r im e n t a l
The absorption of sodium hydroxide by nylon fibers was 

measured at three different temperatures at a number of 
different concentrations of base. The nylon used for these 
measurements was furnished by E. I. du Pont do Nemours 
and Company. The fiber was an undrawn, 127 denier, 13 
filament thread. An estimate of the end group constants, 
presumably determined by the method of Waltz and Tay
lor,7 was given as A0 =  75 X 10"6 and -Bo = 43 X 10“ " 
moles per gram of fiber.

As a result of extensive trials at 25°, it was found best to 
prepare the nylon for the experiments by cutting it into 
pieces about two to three inches long, and then washing 
thoroughly with redistilled water without subsequent dry
ing. Unwashed nylon gave erratic and consistently low 
results when small amounts of absorption were measured, 
probably because of the interference of a film of material 
found to be on the nylon. On the other hand, washed and 
dried nylon gave erratic and consistently high results when 
larger amounts of absorption were measured, possibly due 
to breaking up of the nylon fibers during the drying process.

Two general procedures, one dynamic and one static, 
were used for determining the amount of absorption at dif
ferent concentrations of base. The static method con
sisted of measuring the change in concentration of a sodium 
hydroxide solution that had been allowed to come to 
equilibrium with a known weight of nylon. The dynamic 
method, on the other hand, consisted of measuring, t»y 
means of radiotracer techniques, the amount of base ab
sorbed from a large quantity of solution of known concen
tration which was slowly passed through a known weight 
of nylon until equilibrium was established. In this case, 
the solution in contact with the fiber after attainment of 
equilibrium would be at the original concentration. The 
principle of the dynamic method of absorption measurements 
was originated by Swoboda,8 but had not actually been 
carried out prior to this work.

Static Method.—All of the absorption measurements at 
higher temperatures and most of those at 25° were made by 
the static method according to the following procedure. 
Two to three grams of unwashed nylon in equilibrium with 
the atmosphere was weighed into 100-ml. weighing bottles. 
Samples of nylon were also dried at 90° for 12 hours to de
termine the weight of water absorbed by nylon in equilib

(7 )  J . E . W a ltz  a n d  G . B . T a y lo r ,  Anal. Chern., 19 , 448 (1947).
(8 )  T .  J . S w o b o d a , p r iv a te  c o m m u n ic a t io n .

rium with the atmosphere. The nylon in the bottles was 
then washed several times with redistilled water and finally 
weighed again to determine the weight of water retained. 
An atmosphere of nitrogen was introduced into the bottles, 
and 75 ml. of sodium hydroxide solutions of known concen
trations were pipetted over the nylon. The bottles were 
tightly capped and placed in constant temperature baths, 
which maintained the temperature within a range of 0.1°.

The weighing bottles were shaken every 12 to 24 hours 
and after seven days were removed from the constant tem
perature baths. The concentrated solutions were titrated 
with potassium biphthalate, but radiotracer techniques were 
used for analyzing the more dilute solutions.

The radiotracer used was Na22, which was obtained from 
Washington University in St. Louis as a carrier-free salt 
solution. A few drops of this radioactive material were 
added to the dilute sodium hydroxide solutions as they were 
made up. From these original solutions and from the final 
solutions in the reactors, 25-ml. samples were pipetted into 
an annular glass cell and counted by Geiger-Muellcr tubes. 
The initial anti final counts of the solutions were between 
1,000 and 3,000 counts per minute. Background correc
tions of 40 to 60 counts per minute were applied to each 
sample, but coincidence corrections were found unnecessary. 
The statistical error was less than 1% in each case since a 
total of 10,000 counts or more were taken for each sample.

Dynamic Method.—The dynamic method was used to 
obtain several points on the titration curve for the lower 
stage of absorption at 25°. Because the data it yields are 
more reliable than those from the static method, the pro
cedure used will be explained in detail.

The cell used for the dynamic method was constructed of 
two concentric glass tubes held rigidly in place between 
brass end plates, thus enclosing an annular space of known 
volume. Solution entered this space through two inlet 
tubes at the bottom of the cell, flowed upwards through the 
firmly packed nylon fiber, and left through two outlet tubes 
sealed into the end plates. The cell could be placed over a 
Geiger-Mueller tube in the same manner as an annular 
glass sample cell and a radioactive count of its contents 
readily obtained. Before starting a measurement of the 
absorption of sodium hydroxide by the nylon, the cell was 
filled with redistilled water and the nylon degassed by at
taching the cell to a vacuum pump. This procedure re
moved small air bubbles surrounding the nylon fibers and 
thus markedly increased the. rate of attainment of equilib
rium within the cell.

Approximately 200 ml. of a radioactive sodium hydroxide 
solution was then allowed to siphon through the cell which 
was immersed in a constant temperature bath. As the 
radioactive solution slowly passed through the nylon, a cer
tain amount of base was absorbed, thus giving to the cell 
contents a larger radioactive count than that of the solution 
alone. After 200 ml. of the solution had passed through 
the cell, the flow of the solution was stopped for several 
hours while the nylon came to equilibrium with this solution. 
The cell was then disconnected from the flow system and 
counted, replaced and another portion of the same solution 
was run through the cell. The radioactive count of the 
cell slowly increased until it reached a constant value, at 
which point the nylon was presumed to be in equilibrium 
with this particular solution. From this final count, the 
normality of the solution, the count of a sample of the solu
tion and certain constants of the apparatus, the amount of 
base absorbed at that concentration of sodium hydroxide 
could be calculated. A new solution was then made up, 
and likewise siphoned slowly through the cell.

The greater accuracy of the dynamic method can be at
tributed to the fact that the concentration of the sodium 
hydroxide is held constant for each absorption measurement, 
whereas in the static method a small change in concentration 
of base is used to determine the amount of absorption. The 
dynamic method has the added advantage of being carried 
on in a closed system, so that contamination with carbonate 
can be avoided more easily than in the static method, which 
involves much more handling of the solution. It has, how
ever, the disadvantage of making possible only one absorp
tion measurement at a time with one cell*, and with a cell as 
large as the one used in these experiments it takes several 
days for each solution to come to equilibrium with the nylon. 
This disadvantage is partially compensated for by the possi
bility of degassing the nylon in the dynamic method, which 
increases considerably the rate of attainment of equilibrium.
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The static method was used for most of this study only be
cause of its rapidity; it is felt that the dynamic procedure 
is the more accurate.

R e s u lt s  a n d  C o n c lu s io n s
A series of absorption measurements were carried out at three temperatures, 25.0, 36.4 and 49.7°, and the.data for each of these temperatures were subjected to graphical analysis using equations (9) and (12). The experimental and calculated data necessary for this graphical analysis are collected in Tables I, II and III. The first column gives the concentration of [COONa] groups in moles per gram of fiber, calculated directly, from the data obtained as described in the experimental section. The second column gives the hydroxyl ion concentration of the solution in equilibrium with the fiber and the third column indicates the pOH calculated from these normalities. The pOH will be used

T able  I
A bsorption op NaOH at 25°

[COONa) X 10s [OH“ ] X 10» pOH tr t  X 10»
7.62“ 0.3934 3.405 49.4

10.3 .4719 3.33 46.1
16.5“ .6533 3.185 38.8
17.7 .7154 3.145 34.6
22.9 1.018 2.99 22.1
23.65 1.111 2.95 19.15
24.7“ 1.375 2.86 13.1
30.0 2.103 2.68 6.78
31.5 2.368 2.63 5.61
33.1 2.486 2.605 5.35
34.1“ 2.430 2.61 5.78
36.6 4.165 2.34 2.10 2.68
38.2 4.201 2.38 3.29
38.8 4.607 2.34 3.20
44.8 7.572 2.12 3.01
45.4 7.774 2.11 3.03
47.0 7.90 2.11 3.23
47.4 6.929 2.16 3.74
62.5 16.93 1.77 2.52
64.4 22.38 1.65 2.01
76.2 36.37 1.44 1.58
80.7 55.33 1.26 1.12
80.9 56.12 1.25 1.10
81.0 50.01 1.30 1.24

° Measured by dynamic method.

T able II
A bsorption  op NaOH at 36.4°

[COONa] X 10s [OH- ] X 10» pOH <T r X 10»
3.7 0.4004 3.40 23.1
5.82 .5071 3.29 22.7

10.80 .7562 3.12 18.9
17.4 1.121 2.95 13.8
20.5 1.452 2.84 9.70
28.2 2.526 2.60 4.42
33.5 3.366 2.47 2.95
35.4 5.345 2.27 1.24
39.8 7.545 2.12 0.70 2.03
42.8 10.34 1.99 1.87
62.0 22.20 1.65 1.88
71.1 53.29 1.27 0.96
82.9 66.70 1.18 .96
84.5 93.38 1.03 .70
85.5 93. OS 1.03 .71
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T able III
A bsorption of NaOH at  49.7°

[COONa] X 10« [OH- ] X 10» pOH (T r X 10»
2.8 0.4305 3.36 15.05
4.95 .5643 3.25 15.6
8.0 .8108 3.09 12.1

14.4 1.353 2.87 7.85
16.4 1.648 2.78 6.04
22.8 2.442 2.61 3.82
28.1 3.565 2.45 2.21
30.0 3.474 2.46 2.49
31.9 5.440 2.26 1.08
36.8 7.522 2.12 0.65 1.25
38.7 7.608 2.12 0.67 1.88
43.9 10.69 1.97 2.01
61.8 21.04 1.68 1.99
76.4 76.99 1.11 0.745
77.4 93.06 1.03 0.63

instead of pH throughout this treatment to avoid the complication which would be introduced by the large temperature coefficient of the ionization constant for water. The fourth column gives the values of <j calculated by equation (9) and the fifth column the values of r calculated by equation 
(12).The titration curves for the three sets of data are plotted in Fig. 1, which shows the characteristic break between the two stages of absorption at approximately [COONa] =  34 X 10-6. The qualitative effect of temperature is seen to be a lowering of the amount of absorption of base at a given pOH as the temperature is increased. Plots of the three sets of data according to equation (9) deter-

Fig. 1.—Amount of absorbed sodium ions plotted against 
pOH of solution.
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m in e  s t r a ig h t  lin e s , e a ch  h a v in g  t h e  s a m e  a b s c is s a  
in t e r c e p t  a t  [ C O O N a ]  =  3 3 .9  X  1 0 ~ 6. A c c o r d 
in g  to  e q u a t io n  (9 )  t h is  s h o u ld  b e  t h e  v a lu e  o f (d o  
—  Bo) a n d  i t  is  t o  b e  c o m p a r e d  w i t h  t h e  a n a ly t ic a l  
e s t im a te  o f 33  X  1 0 ~ 6 w h ic h  w a s  f u r n is h e d  b y  th e  
m a n u f a c t u r e r .  T h e  s lo p e  o f e a c h  s t r a ig h t  lin e  
s h o u ld  b e  — K h a n d  th e  v a lu e s  so o b t a in e d  a re  
g iv e n  as

T, °C. 25.0 36.4 49.7
K, X 10 6 1.96 0.80 0.40

T h e  d a t a  f o r  t h e  s e c o n d  s ta g e  o f t h e  a b s o r p t io n  
w e re  s im i la r ly  p lo t t e d  a c c o r d in g  t o  e q u a t io n  (1 2 ).  
T h e  n o r m a lit ie s  o f t h e  s o lu t io n s  f o r  th e s e  m e a s u re 
m e n t s  w e r e  o b t a in e d  b y  a n a ly t ic a l  t i t r a t io n  a n d  
w e r e  f o u n d  to  b e  less a c c u ra t e  t h a n  t h e  c o rre 
s p o n d in g  v a lu e s  f o r  th e  f irs t  s ta g e  o f t h e  a b s o r p t io n , 
w h ic h  w e r e  o b t a in e d  b y  r a d io t r a c e r  m e a s u re m e n ts . 
T h e  p o in t s  p r o v e d  to  b e  q u it e  s c a tte re d , e s p e c ia lly  
a t  th e  h ig h e r  te m p e r a tu r e s , b u t  th o s e  a t  2 5 °  d id  
d e t e r m in e  a  d e f in ite  s t r a ig h t  lin e . T h e  s t r a ig h t  
lin e s  a s s u m e d  f o r  t h e  h ig h e r  t e m p e r a t u r e s  w e r e  th e  
b e s t o n e s t h a t  c o u ld  b e  d r a w n  w i t h  t h e  s a m e  
a b s c is s a  in t e r c e p t ,  w h ic h  a c c o r d in g  t o  e q u a tio n
(1 2 )  s h o u ld  b e  e q u a l t o  A 0. T h e  v a lu e  o f  10 2 X  
1 0 -6  o b t a in e d  f r o m  t h e  g r a p h ic a l  a n a ly s is  d iffe rs  
m a r k e d ly  f r o m  t h e  e s t im a te  o f 7 5  X  1 0 ~ 6 f r o m  th e  
m a n u f a c t u r e r ’s a n a ly s is . A s  w i l l  b e  s h o w n  la te r , 
h o w e v e r ,  th e  c o m p u t e d  v a lu e s  o f AH\ a n d  A H 2 
a re  r e la t iv e ly  in s e n s it iv e  t o  t h e  v a lu e s  a s s u m e d  f o r  
A o o r  Bo, so th e  a b o v e  d is c r e p a n c y  w i l l  n o t  b e  in 
v e s t ig a t e d  f u r t h e r .  T h e  s lo p e  o f  the. s t r a ig h t  lin e s  
s h o u ld  b e  —  a/K~2, a n d  th e  v a lu e s  o f K 2 so o b ta in e d  
a re

T, °C. 25.0 36.4 49.7
K2 X 10~2 35.4 16.0 9.9

F r o m  a  c o m p a r is o n  o f K 2 w i t h  K h i t  is  o b v io u s  t h a t  
t h e  f irs t  s ta g e  o f t h e  a b s o r p t io n  s h o u ld  in d e e d  
p ro c e e d  v i r t u a l l y  t o  c o m p le t io n  b e fo re  t h e  s e co n d  
s ta g e  b e g in s , as a s s u m e d  in  t h e  t h e o re t ic a l  d e v e lo p 
m e n t .

S in c e  th e s e  v a lu e s  o f  K 2 a re  q u it e  u n c e r t a in  b y  
re a s o n  o f  t h e  e r r a t ic  n a t u r e  o f  t h e  e x p e r im e n t a l  
d a t a  f o r  t h e  s e c o n d  s ta g e  o f t h e  a b s o r p t io n , K 2 
h a s  a ls o  b e e n  c a lc u la te d  f r o m  K i  a n d  t h e  m id p o in t  
d a t a  a c c o r d in g  t o  e q u a t io n  (1 3 ) ,  s l ig h t ly  m o d if ie d

= _____ ( 4 q — B,,) a/ A  i_____
S 0Ah[OH-]m2 -  (A 0 -  B o )

(17)

T h e  n e c e s s a ry  d a t a  a n d  t h e  c a lc u la te d  v a lu e s  a re  
g iv e n  in  T a b l e  I V .  T h e  v a lu e s  o f [ O H “ ] m w e re  
d e t e r m in e d  g r a p h i c a l ly  f r o m  a n  e n la r g e d  p lo t  o f th e  
t i t r a t io n  c u r v e s  a n d  K i  w a s  d e t e r m in e d  as d e s c rib e d  
a b o v e . T h e  f irs t  v a lu e s  o f K 2 a re  th o s e  c a lc u la te d  
u s in g  B0 =  4 3  X  1 0 ~ 6 as e s t im a te d  b y  e n d  g r o u p  
a n a ly s is , a n d  t h e  s e c o n d  v a lu e s  o f  K 2 a re  th o s e  
c a lc u la te d  u s in g  B 0 =  6 8 .5  X  1 0 ~ 6, as  o b t a in e d  f r o m  
o u r  g r a p h ic a l  m e t h o d .  T h e s e  la t t e r  c a lc u la te d  
v a lu e s  o f K 2 a re  q u it e  c lo se  t o  th o s e  e s t im a te d  
d i r e c t ly  f r o m  p lo ts  m a d e  a c c o r d in g  to  e q u a t io n  
(12).

B y  p l o t t in g  lo g  i f )  a n d  lo g  K 2 a g a in s t  1/T, w e  
c a n  d e t e r m in e  v a lu e s  o f A B i  a n d  AIL,. B y  th is  
m e t h o d  w e  f in d  t h a t  AIL  =  — 1 2 ,9 0 0  c a l. S in c e  
W e h a v e  th re e  d if fe re n t  sets o f v a lu e s  f o r  K 2, i t  
m ig h t , b e  a s s u m e d  th a t, th re e  d if fe re n t  v a lu e s  f o r

AH2 w o u ld  b e  o b ta in e d . F o r t u n a t e l y  e a c h  o f th e  
th r e e  lo g  K 2 p lo ts  h a d  t h e  s a m e  s lo p e , w i t h i n  
e x p e r im e n t a l  e r ro r , a n d  f r o m  t h a t  c o m m o n  s lo p e  
w e  f in d  t h a t  A H2 =  —  9 ,9 0 0  c a l.

T h e  v a lu e s  o f AHh A H 2 a n d  t h e i r  m e a n  (AHX 
+  A H2) / 2 , c a n  a lso  b e  c o m p u t e d  d i r e c t ly  f r o m  th e  
t i t r a t io n  c u r v e s  o f F i g .  1 b y  u s e  o f e q u a t io n s  (1 4 )  
a n d  (1 6 ) .  T a b l e  V  g iv e s  t h e  p O H  a t  d if fe re n t  
te m p e r a tu r e s  f o r  th re e  d if fe re n t  v a lu e s  o f [ C O O N a ]  
f o r  e a ch  o f  t h e  t w o  s ta g e s  o f t h e  a b s o r p t io n , as w e ll  
as f o r  t h e  m id p o in t ,  w h e r e  [ C O O N a ]  =  3 3 .9  X  
1 0 _6. T h e  v a lu e s  c h o s e n  f o r  t h e  s e c o n d  s ta g e  of 
t h e  a b s o r p t io n  w e r e  t a k e n  f r o m  t h e  m o s t  re lia b le  
p o r t io n s  o f th e  c u rv e s .

T able  TV
V alues of K 2 C alculated Using E quation (17)

T , °C. [OH -]m X 10! K i  X 10-"“ OX*5

25.0 2.69 0.70 0.26
36.4 3.80 .43 .16
49.7 5.50 .19 .07
Assuming B0 = 43 X 10-6. 6 Assuming B0 = 68.5

10“ 6.
T able V

Change in pOH with  T emperature
T , °C. [COONa] X 106 pOH

25.0
First, stage of the absorption 

10.0 3.34
36.4 10.0 3.14
49.7 10.0 3.01
25.0 20.0 3.07
36.4 20.0 2.87
49.7 20.0 2.72
25.0 30.0 2.70
36.4 30.0 2.52
49.7 30.0 2.37

25.0
Second stage of the absorption 

40.0 2.28
36.4 40.0 2.13
49.7 40.0 2.04
25.0 50.0 2.01
36.4 50.0 1.85
49.7 50.0 1.76
25.0 60.0 1.80
36.4 60.0 1.63
49.7 60.0 1.55

25.0
Midpoint of the absorption 

33.9 2.57
36.4 33.9 2.42
49.7 33.9 2.26

T h e  d a t a  o f T a b l e  V  h a v e  b e e n  p lo t t e d  as s u g 
g e s te d  b y  e q u a tio n s  (1 4 )  a n d  (1 6 ) .  F r o m  t h e  
a v e ra g e  slo p es, i t  is  f o u n d  t h a t  A H x a n d  A H2 a r e  
e q u a l, r e s p e c t iv e ly , to  — 1 2 ,6 0 0  a n d  — 9 ,4 0 0  c a l., 
w h ic h  f ig u re s  a re  in  g o o d  a g re e m e n t  w i t h  th o s e  
o b t a in e d  f r o m  t h e  t e m p e r a t u r e  c o e ffic ie n ts  o f  K, 
a n d  K 2. F r o m  t h e  s t r a ig h t  lin e  o b t a in e d  f r o m  t h e  
m id p o in t  d a t a , i t  is f o u n d  t h a t  t h e  m e a n  ( A H i +  
AH2)/2, e q u a ls  — 1 1 ,0 0 0  c a l., in  p e rfe c t  a g re e m e n t  
w i t h  t h e  in d i v i d u a l  f ig u re s  g iv e n  a b o v e .

T h e  a n a ly s is  o f  t h e  d a t a  b y  m e a n s  o f  e q u a t io n
(1 4 )  h a s  t h e  a d v a n t a g e  t h a t  o n ly  a  s m a ll  p o r t io n  o f 
t h e  t i t r a t io n  c u r v e  in  e a c h  a b s o r p t io n  s ta g e  n e e d  b e
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k n o w n  to  d e t e r m in e  A 7 7x a n d  A H2. T h i s  v e r y  fa c t  
m a k e s  i t  less a c c u ra te , h o w e v e r ,  t h a n  a n  a n a ly s is  
b y  th e  v a n ’t  H o f f  e q u a t io n , w h ic h  re q u ire s  a  k n o w l 
e d g e  o f K i  o r  K 2 d e t e r m in e d  f r o m  t h e  w h o le

t i t r a t io n  c u r v e . T h e  a g re e m e n t  b e tw e e n  th e  
v a lu e s  o f A f f i  a n d  A H2 o b t a in e d  b y  th e s e  t w o  
d if fe re n t  a p p ro a c h e s  g iv e s  g o o d  e v id e n c e  f o r  th e  
g e n e ra l v a l i d i t y  o f t h e  t h e o re t ic a l  p r e s e n ta t io n .

THE EFFECT OF DIPOLAR IONS UPON THE ACTIVITY COEFFICIENTS
OF NEUTRAL MOLECULES

By A. P . Altshuller1
Contribution from the Department of Chemistry of the University of Cincinnati, Cincinnati, Ohio
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The Kirkwood treatment of dipolar ions is extended to cover the effects of dipolar ions upon the activity coefficients of 
neutral molecules. Non-electrostatic deviations from ideality are discussed. Justification is given for the assumption 
of spherical shape for the simpler amino acids. The comparison of theory and experiment indicates that the theory as 
developed may serve as a satisfactory approximate treatment.

T h e  e ffect o f s im p le  io n s  u p o n  t h e  a c t i v i t y  co
e ffic ie n ts  o f n e u t r a l  m o le c u le s  h a s  re c e iv e d  c o n s id e r 
a b le  t h e o re t ic a l  a n d  e x p e r im e n t a l  a t t e n t io n .2 T h e  
effects o f  d ip o la r  io n s  u p o n  t h e  a c t i v i t y  co e ffic ie n ts  
o f  n e u t r a l  m o le c u le s  d o  n o t  se e m  t o  h a v e  b e e n  
c o n s id e re d . A  m a t h e m a t ic a l  t r e a t m e n t  is r e a d ily  
a v a ila b le  t h r o u g h  a n  e x te n s io n  o f K i r k w o o d ’s 
t r e a t m e n t  o f d ip o la r  io n s .3’4

K i r k w o o d 3 h a s  s h o w n  t h a t  t h e  w o r k  o f c h a r g in g  a 
s p h e ric a l m o le c u le  w i t h  a n  a r b i t r a r y  c h a rg e  d is 
t r i b u t i o n  i n  t h e  a b s e n c e  o f s im p le  io n s  is  g iv e n  b y  
t h e  e x p re s s io n

W = 1 / 9  V 1 (m  +  l ) Q m (A  —  D)
oDib2"‘ + 'K™ +  DP +  Dm]

w h e r e
M N

e*  =  E S  ete\r\mrimPm (cos 9u)
4=11=1

(D

Di is  th e  d ie le c tr ic  c o n s t a n t  w i t h i n  t h e  c o m p le x  
m o le c u le ; D  is  t h e  d ie le c tr ic  c o n s ta n t  o f th e  
m e d iu m , b  is t h e  r a d iu s  o f t h e  s p h e ric a l m o le c u le ; 
ek a n d  ei a re  th e  & th  a n d  th e  f th  c h a rg e s , a n d  rk 
a n d  n  a re  t h e  d is ta n c e s  f r o m  th e  fcth a n d  f th  c h a rg e s  
t o  t h e  c e n te r  o f t h e  s p h e ric a l m o le c u le .

T h e  re v e rs ib le  w o r k  in v o lv e d  i n  t h e  t r a n s f e r  of 
a  c o m p le x  m o le c u le  f r o m  a m e d iu m  o f d ie le c tr ic  
c o n s ta n t  D0 t o  o n e  o f d ie le c tr ic  c o n s ta n t  D, w h e r e  
Di is a s s u m e d  t o  e q u a l o n e , is g iv e n  b y  t h e  e q u a t io n
A p  =  1  A  ( m  +  1 ) ( 2 m  +  l ) Q m( P o  —  D )

2 o2" +1[(m +  1 )D + m)\[(m +  1)D0 +  m]
(2)

T h e  fre e  e n e r g y  o f a  s o lu t io n  c o n t a in in g  n ' 
m o le c u le s  of c o m p le x  m o le c u le s  p e r  m i l l i l i t e r ,  s in c e  
c =  1 0 0 0 n '/ IV , is  g iv e n  b y

Nc_ A  (to +  l)(2m +  1 )Qm(P» -  D)
* 2000 -U, 62“ +i[(m +  1)0 +  m)][(m + 1)0» +  to]

(3 )
T h e  d ie le c tr ic  c o n s t a n t  o f a s o lu t io n  c o n t a in in g  a

(1 )  N a t io n a l A d v is o r y  C o m m it te e  fo r  A e r o n a u t ic s ,  L e w is  F lig h t  
P r o p u ls io n  L a b o r a t o r y ,  C le v e la n d , O h io .

(2 ) F . A . L o n g  a n d  W . F . M c D e v i t ,  Chem. Revs., 5 1 , 119 (1 9 5 2 ).
(3 )  J . G . K ir k w o o d , J. Chem. Phys.. 2, 351 (1 9 3 4 ).
(4 )  E . J . C o h n  a n d  J . T .  E d s a ll ,  “ P r o te in s , A m in o  A c id s  a n d  P e p 

t id e s /*  R e in h o îd  P u b h  d o r p 4f N e w  Y o r k »  N* Y i( 1943 , c h a p t e r  IS .

s o lv e n t  o f d ie le c tr ic  c o n s ta n t  Do, n o n -e le c t r o ly t e  
a n d  c o m p le x  m o le c u le s  m a y  b e  w r i t t e n  as

D = Do(l ±  gn +  rn') (4)
w h e r e  q a n d  r  a re  p o s it iv e  c o n s ta n ts  a t  a  g iv e n  
t e m p e r a t u r e , n is  t h e  n u m b e r  o f m o le c u le s  o f s im p le  
n o n -e le c t r o ly t e  (n e u t r a l  m o le c u le )  a n d  n' is  th e  
n u m b e r  o f c o m p le x  m o le c u le s  p e r  m i l l i l i t e r .  I f  w e  
d if fe re n tia te  D  w i t h  re s p e c t t o  n w e  h a v e  f r o m  
e q u a t io n  (4 )

bD/bn = ±?Do (5)
w e  t h e n  h a v e

bAFt/bn ±lVc A  (to +  1)(2to +  l)Qm
2000 L  f ,2 > n + lm — 0

----------— ----------  (6)[(to +  1 )D +  to]2 y ’
s in c e  Ô A  F [O n  =  kT  In  /, w h e r e  /  is t h e  a c t i v i t y  
c o e ffic ie n t o f t h e  s im p le  n o n -e le c t r o ly t e  (n e u t r a l  
m o le c u le )

. _  dhqDoNc A  (to +  1)(2to +  1)Qto
;  _  2000/cT b2m+1[(m +  1)D + m ]2 '

e x p a n d in g  i n  series,
±qD<sNc r  e2 6/a2cos0 15Q2 ,0.

■' _  2000kT LD*b +  (2D  +  1)263 +  (3D +  2)6S" 'V ’
I f  t h e  c o m p le x  m o le c u le  is a  d ip o la r  io n  t h e  f irs t  
t e r m  in  t h e  series d is a p p e a rs  a n d  f o r  t h e  s im p le r  
a -a m in o  a c id s  s u c h  as g ly c in e , w e  m a y  e m p lo y  
o n ly  t h e  s e c o n d  t e r m  in  th e  series, so  w e  h a v e

±3qDay2Nc
n J ~ 1000kT(2D +  l )2ò3 (9 )

I f  t h e  d ie le c tr ic  c o n s ta n t  o f th e  n e u t r a l  m o le c u le  
is less t h a n  t h a t  o f th e  s o lv e n t , t h e n  In  /  is p o s it iv e  
a n d  th e  s o lu b i l i t y  o f t h e  n e u t r a l  m o le c u le  w i l l  b e  
d e c re a s e d  b y  t h e  a d d it io n  o f t h e  d ip o la r  io n . O n  
th e  o t h e r  h a n d , if  t h e  d ie le c tr ic  c o n s ta n t  o f th e  
n e u t r a l  m o le c u le  is g re a te r  t h a n  t h a t  o f t h e  s o lv e n t , 
In  f  w i l l  b e  n e g a t iv e  a n d  t h e  s o lu b i l i t y  o f t h e  
n e u t r a l  m o le c u le  w i l l  b e  in c re a s e d  b y  t h e  a d d it io n  
o f t h e  d ip o la r  io n .

T h e  a s s u m p tio n s  a n d  a p p r o x im a t io n s  u n d e r ly in g  
t h e  t h e o r y  h a v e  a lr e a d y  b e e n  d is c u s s e d  b jr  K i r k -  
Wood,8 T w o  o f th e s e  a p p r o x im a t io n s  w h ic h  a re
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m o s t  p e r t in e n t  t o  t h e  p r e s e n t  in v e s t ig a t io n  n e e d  
f u r t h e r  d is c u s s io n .

T h e  f irs t  o f th e s e  a s s u m p tio n s  c o n c e rn s  t h e  d e v ia 
t io n  o f t h e  s o lu t io n s  f r o m  id e a li t y .  T h e  m a t h e 
m a t ic a l  t r e a t m e n t  g iv e n  o n ly  c o n s id e rs  p u r e ly  
e le c tro s t a t ic  d e v ia t io n s  f r o m  id e a l b e h a v io r .  N o n -  
e le c tro s t a t ic  d e v ia t io n s  a re  a ls o  o f  im p o r t a n c e , 
e s p e c ia lly  w i t h  in c re a s in g  le n g t h  o f th e  h y d r o c a r b o n  
c h a in . I t  m a y  b e  h o p e d  t h a t  f o r  g ly c in e  a n d  p e r 
h a p s  s o m e  o f t h e  o t h e r  s h o r t  c h a in  a m i n o  a c id s  
n e g le c t  o f th e s e  n o n -e le c t r o s t a t ic  d e v ia t io n s  w i l l  
n o t  b e  to o  s e rio u s  a n  a p p r o x im a t io n .

T h e  s e c o n d  a s s u m p tio n  h a s  t o  d o  w i t h  t h e  s h a p e  
o f t h e  d ip o la r  io n . K i r k w o o d 3' 4 h a s  a s s u m e d  t h a t  
g ly c in e  m a y  b e  re p re s e n te d  b y  a  s p h e re , b u t  f o r  t h e  
o t h e r  a -a m in o  a c id s  h e  h a s  a s s u m e d  a n  e llip s o id a l 
s h a p e . I n  t h e  p ro ce s s  o f t r e a t in g  t h e  e llip s o id a l 
case m a t h e m a t ic a l ly ,  t h e  io n  s ize  w a s  ig n o r e d  to  
r e n d e r  t h e  p r o b le m  m o r e  s u s c e p tib le  t o  s o lu t io n . 
I n  T a b l e  I  b e lo w  t h e  d ip o le  m o m e n t s  o f d ip o la r  
io n s  a re  c o m p u t e d  f o r  s e v e ra l a m in o  a c id s  a n d  
p e p t id e s  b y  th r e e  d if fe re n t  p ro c e d u re s . I n  t h e  
f ir s t  m e t h o d , a ll  o f t h e  d ip o la r  io n s  a re  c o n s id e re d  
as b e in g  re p re s e n ta b le  as s p h e re s . T h e  v a lu e s  o f 
K r ,4-5 t h e  s o lu b i l i t y  c o e ffic ie n t, a n d  a ,4"5 th e  
s u m  o f t h e  r a d i i  o f t h e  d ip o la r  io n  a n d  t h e  re a l io n , 
a re  u s e d  t o  c a lc u la te  n, t h e  d ip o le  m o m e n t ,  f r o m  t h e  
e q u a t io n  ¡± =  [1 8 3 K r <2)1/!. T h e  s e c o n d  m e t h o d  
c o n s id e rs  t h e  d ip o la r  io n s , e x c e p t in g  g ly c in e , as 
e llip s o id s , b u t  ig n o re s  t h e  e le c t r o ly t e  io n  s ize . T h e  
v a lu e s  u s e d  a re  th o s e  c a lc u la te d  b y  K i r k w o o d . 4 
B o t h  o f th e s e  m e t h o d s  u s e  e q u a t io n s  a r is in g  f r o m  a 
c o n s id e ra t io n  o f t h e  e ffe c t o f re a l io n s  u p o n  t h e  
s o lu b i l i t y  o f d ip o la r  io n s . T h e  t h i r d  m e t h o d  m a k e s  
u s e  o f a  d e r iv e d  r e la t io n s h ip 4 b e tw e e n  t h e  d ie le c tr ic  
in c r e m e n t ,  80, a n d  t h e  d ip o le  m o m e n t ,  n a m e ly ,  
M =  3 .3 0  T h e  d ie le c tr ic  in c r e m e n t s  a re  th o s e  
g iv e n  b y  W y m a n . 6 T h e  d ip o le  m o m e n t s  a re  in  
D e b y e  u n it s .

T a b l e  I

Dipolar ion
Spherical

model
Ellipsoidal

model
Dielectric

model
Glycine 15.1 13 15.7
«-Alanine 15.6 13 15.9
/3-Alanine 19.4 19.4
tt-Aminobutyric acid 16.0 13 15.9
a-Aminocaproic acid 17.1 13 16.5
Diglycine 25 .0 . . 27 .7
Triglycine 33 .4 35 .0

T h e  a g re e m e n t  b e tw e e n  t h e  m o m e n t s  c a lc u la te d  
b y  t h e  s o lu b i l i t y  m e t h o d  f o r  a  s p h e r ic a l m o d e l  a n d  
t h e  d ie le c tr ic  p o la r iz a t io n  m e t h o d  is  q u it e  g o o d . 
T h e  a g re e m e n t  b e tw e e n  t h e  t w o  m e t h o d s  f o r  t h e  
t w o  p e p tid e s  is p e rh a p s  s o m e w h a t  f o r t u it o u s . T h e  
re a s o n a b le  in c re a s e s  i n  m a g n it u d e  o f t h e  d ip o le  
m o m e n t s  w i t h  c h a n g e s  i n  s t r u c t u r e  a lo n g  w i t h  th is

(5 ) R e fe r e n c e  4 , c h a p t e r  11.
(6 )  R e fe r e n c e  4, c h a p t e r  C.

a g re e m e n t  b e tw e e n  t h e  re s u lts  c a lc u la te d  b y  t w o  
d if fe re n t  m e th o d s  w o u ld  le n d  s o m e  s u p p o r t  t o  t h e  
b e lie f  t h a t  t h e  a s s u m p t io n  o f s p h e r ic a l s h a p e  f o r  a t  
le a s t t h e  s im p le r  a m in o  a c id s  is  n o t  t o o  u n s a t is 
f a c t o r y  a n  a p p r o x im a t io n . F u r t h e r m o r e ,  t h e  as
s u m p t io n  o f  s p h e r ic a l s h a p e  f o r  a m in o  a c id s  w o u ld  
a p p e a r  t o  b e  less s e v e re  a  r e s t r ic t io n  t h a n  is t h e  
a p p r o x im a t io n  d is r e g a r d in g  t h e  io n  s ize  i n  t h e  m o r e  
d e ta ile d  c o n s id e ra t io n  o f d ip o la r  io n  s h a p e .

O n  t h e  b a s is  o f t h e  a b o v e  d is c u s s io n  o n e  w o u ld  
b e  le d  t o  b e lie v e  t h a t  t h e  e x te n s io n  o f t h e  t h e o r y  t o  
t h e  in t e r a c t io n  o f d ip o la r  io n s  w i t h  n e u t r a l  m o le 
c u le s  m a y  p o s s ib ly  b e  a p p lic a b le  t o  t h e  s im p le r  
a m in o  a c id s  a n d  e s p e c ia lly  g ly c in e .

T h e  a u t h o r  w a s  u n a b le  t o  f in d  p e r t in e n t  e x p e r i
m e n t a l  d a t a  in  t h e  m o n o g r a p h  c ite d  a b o v e 4-6  
o r  in  S e id e ll ’s s o lu b i l i t y  ta b le s .7

T h e  a u t h o r  h a s  m e a s u re d  t h e  e ffe c t o f  th e  a d d i
t io n  o f 0 .1 0 0  M  g ly c in e  u p o n  t h e  s o lu b i l i t y  o f e t h y l  
a c e ta te  i n  w a t e r  a t  2 5 ° . T h e  s o lu b i l i t y  o f e t h y l  
a c e ta te  in  w a t e r  a t  2 5 °  is  8 .0 1  g ./ lO O  g . o f w a t e r .8 
U p o n  t h e  a d d it io n  o f t h e  0 .1 0 0  M  g ly c in e  t h e  s o lu 
b i l i t y  o f t h e  e t h y l  a c e ta te  in  w a t e r  is  r e d u c e d  t o  
7 .7 8  g ./ lO O  g . o f w a t e r .  T h u s  th e  e x p e r im e n t a l  lo g  
/  e q u a ls  0 .0 1 2 6  a n d  t h e  d e cre a se  in  s o lu b i l i t y  is 
2 . 9 % .  E m p l o y i n g  a  m =  15.1 X  1 0 -18 e .s .u . ,4 
a  b =  2 .7  X  1 0 -8  c m . ,4 a  q =  1 .2 6  X  1 0 -2 2  a n d  a  
D =  7 5 .8  u n i t s ,8'9 t h e  l o g /  c a lc u la te d  f r o m  e q u a t io n
(9 )  e q u a ls  0 .0 0 9 4  a n d  t h e  d e c re a s e  i n  s o lu b i l i t y  
p r e d ic t e d  is  2 . 1 % .  I f  a  n =  1 5 .7  X  1 0 -18 e .s .u .3'6 
is  u s e d , lo g  /  =  0 .0 1 0 2  a n d  t h e  r e d u c t io n  in  s o lu 
b i l i t y  a m o u n t s  t o  2 . 3 % .

T h e  a g re e m e n t  b e tw e e n  t h e  e x p e r im e n t a l  a n d  
th e o r e t ic a l  re s u lts  is  f a i r ly  g o o d , s in c e  e v e n  f o r  a  
c ru d e  m o d e l a g re e m e n t  in  s ig n  a n d  m a g n it u d e  is 
a c h ie v e d . T h e  d is c r e p a n c y  b e tw e e n  e x p e r im e n t a l  
a n d  th e o r e t ic a l  re s u lts  m a y  in  la r g e  p a r t  b e  d u e  t o  
t h e  ig n o r in g  o f h ig h e r  te r m s  in  t h e  series  e x p a n s io n  
o f  e q u a t io n  ( 8 ) .  T h e  e x p e r im e n ta l  r e s u lt  g iv e n  is 
c e r t a in ly  in s u ff ic ie n t  t o  f u l l y  s u b s t a n t ia t e  t h e  
t h e o r y .  E x p e r im e n t a l  w o r k  w o u ld  b e  a d v is a b le  
u s in g  s e v e ra l d if fe re n t  a m in o  a c id s  s u c h  as g ly c in e , 
/3 -a la nine , 7 -a m i n o b u t y r i c  a c id  a n d  o -a m in o c a p r o ic  
a c id , s in c e  in  t h is  series n2 v a r ie s  b y  a  f a c t o r  o f 
th re e . T h e  u s e  o f  n o n -p o la r  n e u t r a l  m o le c u le s  
w o u ld  a lso  p r o b a b ly  b e  a  d e s ira b le  a p p r o a c h .

A  m o r e  r i g id  m a t h e m a t ic a l  a p p r o a c h  t o  th e  
p r o b le m  d is c u s s e d  in  t h is  p a p e r  w o u ld  n o  d o u b t  b e  
d e s ira b le . T h i s  w o u ld  n e c e s s ita te  a  n e w  a t t a c k  
o n  t h e  w h o le  p r o b le m  o f  t h e  in t e r a c t io n s  o f  d ip o la r  
io n s  w i t h  e le c tro ly te s  a n d  n o n -e le c t r o ly t e s . I t  
w o u ld  a p p e a r  t h a t  t h e  p r e s e n t  a t t a c k  o n  t h e  
s p e c ia liz e d  p r o b le m  t re a te d  is  l ik e ly  t o  b e  a  f a i r ly  
s a t is fa c t o r y  f irs t  a p p r o x im a t io n .

(7 )  A . S e id e ll, " S o lu b i l i t ie s  o f  O rg a n ic  C o m p o u n d s ,"  T h ir d  E d it io n  
(a n d  s u p p le m e n t ) ,  D . V a n  N o s tr a n d  C o . ,  N e w  Y o r k ,  N . Y . ,  1941 (a n d  
1 9 5 2 ).

( 8 ) A .  P . A lt s h u lle r  a n d  H . E . E v e r s o n , J. Am. Ckem. Soc., 7 5 ,  in  
press (1 9 5 3 ).

(9 )  A .  P . A lts h u lle r , J .  Chem. Phys., M a r c h  (1 9 5 3 ).
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The kinetics of the interaction of fibrinogen and thrombin have been examined in systems in which the ionic strength is 
varied from 0.05 to 0.6. From the straight line plot of reciprocal rate versus reciprocal fibrinogen concentration may be 
calculated the rate constant (k) of the bimolecular activation reaction and an equilibrium constant (K) which describes 
the dissociation of an inactive complex between thrombin and fibrinogen plus fibrin. Both k and K are affected by ionic 
strength (r /2 ) changes: k having a maximum at F/2 ~ 0.15 and K having a minimum at F/2 «  0.12. Below these critical 
ionic strengths inactive and active complex formation are retarded probably due to repulsion effects; above the critical 
ionic strengths the ion atmospheres are assumed to shield the molecules from close approach. As the ionic strength increases 
there is an increasing tendency for the activated fibrinogen to appear as non-compactable fibrin: i.e., fibrin which is free in 
suspension and not a part of the structural framework. Dilution to lower ionic strengths causes a rapid shift of non-com
pactable to compaetable fibrin, which is the basis for the analytical procedure used. At ionic strengths of 0.3 or above 
there is a retention of non-compactable fibrin under circumstances which suggest that micelles of limited size are being 
formed. This phenomenon is attributed to imperfections in packing which lead to inactive micelle ends.
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T h e r e  c a n  b e  l i t t le  d o u b t  t h a t  t h r o m b i n  c a ta ly z e s  
th e  t r a n s f o r m a t io n  o f  f ib r in o g e n  in t o  a  p r o d u c t  
w h ic h  c a n  u n d e r g o  a  series  o f  a g g re g a t io n  re a c t io n s  
(see 2 - 4  f o r  e x a m p le ) .  T h e  p ro c e s s  o f  g e la t io n  in  a  
s o lu t io n  o f f ib r in o g e n  a n d  t h r o m b i n  m a y  th e re fo re  
b e  d iv id e d  in t o  ste p s  s u c h  a s : t h e  a c t iv a t io n  o f 
f ib r in o g e n  b y  t h r o m b i n ;  t h e  p o ly m e r iz a t io n  o f 
a c t iv a t e d  f ib r in o g e n  m o le c u le s  in t o  m ic e lle s  m o r e  
a s y m m e t r ic  t h a n  t h e  f ib r in o g e n  m o le c u le s  t h e m 
s e lv e s ; a n d  t h e  c r o s s -l in k in g  o f  s u c h  t h r e a d -l ik e  
a g g re g a te s  t o  e s ta b lis h  a  c o n t in u o u s  n e t w o r k  
t h r o u g h o u t  t h e  s o lu t io n . T h e  la t t e r  is  re s p o n s ib le  
f o r  r i g i d i t y .  T h e  p h y s ic a l  s t r u c t u r e  o f  t h e  f in a l 
c lo t  w i l l  d e p e n d  u p o n  t h e  in t e r r e la t io n s h ip s  b e tw e e n  
a ll  o f  th e  p r e c e d in g  step s.

A n  e x a m in a t io n  o f t h e  k in e t ic s  o f a c t iv a t io n  o f  
f ib r in o g e n  b y  t h r o m b i n  ( t h e  f irs t  s te p ) a t  p H  6 .8 5  
a n d  a d d e d  io n ic  s t r e n g t h  0 .1 5  h a s  b e e n  m a d e .4 
F e r r y  a n d  M o r r i s o n 3 h a v e  o u t l in e d  t h e  effects w h ic h  
c h a n g e s  i n  io n ic  s t r e n g t h  p r o d u c e  o n  th e  p h y s ic a l  
s t r u c t u r e  ( f o r  e x a m p le , co a rse ne ss o r  f in e n e ss) o f 
t h e  c lo t. A  d ir e c t  e x a m in a t io n  o f  th e  effects o f 
io n ic  s t r e n g t h  o n  th e  c lo t t in g  s y s t e m  h a s  r e c e n t ly  
b e e n  m a d e  b y  E d s a l l  a n d  L e v e r ,6 w h o  f in d  t h a t  
u n d e r  s t a n d a r d  c o n d it io n s  a n d  a t  c o n s ta n t  io n ic  
s t r e n g th , th e  n a t u r e  o f t h e  io n s  (c a lc iu m  vs. s o d iu m ) 
is o f d e f in it iv e  im p o r t a n c e  i n  d e t e r m in in g  th e  
co u rs e  o f  t h e  d e v e lo p m e n t  o f f ib r in  a n d  o f  t u r b i d i t y .  
B o y le s , F e r g u s o n  a n d  M u e h l k e 6 h a v e  e x a m in e d  
th e  effects o f io n ic  s t r e n g t h  o n  c lo t t in g  t im e  a n d  
th e  y ie ld  o f f ib r in ,  a n d  h a v e  re -e x a m in e d  t h e  s a lt  
in h ib i t io n  o f  c lo t t in g .

A  q u a n t it a t iv e  a n a ly s is  o f th e  effects o f io n ic  
s t r e n g t h  o n  t h e  v a r io u s  s te p s  in  t h e  o v e r -a l l  c lo t t in g  
r e a c t io n  h a s  n o t  p r e v io u s ly  b e e n  m a d e . A  t e c h 
n iq u e  h a s  b e e n  d e s c r ib e d 4 b y  w h ic h  th e  c lo t t in g

(1 ) F o r  s u p p o r t in g  th is  r e s e a rch , t h e  a u th o r s  are  in d e b te d  t o  th e  
M e d ic a l  R e s e a rc h  a n d  D e v e lo p m e n t  B o a rd , O ffice  o f  th e  S u rg e o n  
G e n e ra l, D e p a r t m e n t  o f  th e  A r m y ,  W a s h in g to n , D .  C . (C o n t r a c t  
N o .  D A -4 9 -0 0 7 -M D -1 9 8 )  a n d  t o  th e  A r m o u r  L a b o r a to r ie s , C h ic a g o , 
I llin o is .

(2 )  (a )  K .  L a k i a n d  W .  F . H .  M .  M o m m a e r t s ,  Nature, 156, 6 6 4  
(1 9 4 5 ) ;  (b )  K .  L a k i, Arch. Biochem. Biophys., 32, 3 1 7  (1 9 5 1 ).

(3 )  J . D . F e r r y  a n d  P . R .  M o r r is o n , J. Am. Chem. Soc., 69, 3 8 8
(1 9 4 7 ).

(4 )  D . F . W a u g h  a n d  B . J'. L iv in g s to n e ,  T h i s  J o u r n a l , 5 5 , 1 2 0 6  
(1 9 5 1 ).

(5 )  J . T .  E d s a ll  a n d  W . F . L e v e r , J. Biol. Chem., 191, 7 3 5  (1 9 5 1 ) .
( 6 )  P . W . B o y le s , J . H . F e rg u so n  a n d  P . M u e h lk e , J. Gen. Phye., 

U , 493 (1951).

re a c t io n  m a y  b e  s to p p e d  q u a n t i t a t iv e ly  d u r in g  its  
co u rs e  a n d  th e  re s u lt in g  c o m p le x  o f  n o n -c lo t t a b le  
p r o t e in ,  f ib r in o g e n  a n d  f ib r in  a n a ly z e d . I n  th e  
p re s e n t a n a ly s is  th is  t e c h n iq u e  h a s  b e e n  m o d if ie d  
w h e r e  n e c e s s a ry  so t h a t  t h e  r e la t iv e ly  la rg e  ch a n g e s  
in  c lo t  s t r u c t u r e  w h ic h  ta k e  p la c e  o n  m a t e r ia l ly  
in c re a s in g  t h e  io n ic  s t r e n g t h  c o u ld  b e  a c c o m m o 
d a t e d  a n d  k in e t ic  d a t a  o b ta in e d . T h i s  p a p e r  c o n 
s id e rs  th e  effects o f io n ic  s t r e n g t h  u p o n  t h e  k in e t ic s  
o f t h e  in t e r a c t io n  o f t h r o m b i n  a n d  f ib r in o g e n  a n d , 
in  p r e l im in a r y  f o r m , t h e  e ffe cts  o f io n ic  s t r e n g t h  o n  
th e  p o ly m e r iz a t io n  o f a c t iv a t e d  f ib r in o g e n  in t o  
f ib r in  s tra n d s  a n d  a c r o s s -lin k e d  n e t w o r k .

The General Reaction Curve.—Ultimately it is desired 
that we determine the conversion of fibrinogen into the 
various forms of fibrin at any time, t. A complete analysis 
of the distribution of fibrin amongst its polymers was felt 
to be beyond a general technical procedure.4 It was de
cided therefore to follow only that fibrin which appeared as 
compaetable fibrin. The individual points on a reaction 
curve were obtained as follows. Appropriate aliquots of 
thrombin and fibrinogen are mixed in a series of paraffined 
12-ml. celluloid tubes and held at constant temperature 
(22.3°). At a chosen time, t, the clot is compacted in one 
of the tubes by forcing the contents through the annular 
clearance between a plunger and the wall of the reaction 
tube. At the same time the entire reaction was stopped by 
adding sufficient 20% formaldehyde to give a final concen
tration of 1.7%. The compacted clot was removed by 
centrifuging for 2 minutes at 400 X gi The ultraviolet ab
sorptions of supernatants at X 2800 A. were used to calcu
late the residual fibrinogen and non-compactable fibrin.

At a pH of 6.85 and an ionic strength of 0.15 all of the re
action curves previously obtained fit into a single type. 
This is shown as a solid line OABC in Fig. 1. The reaction 
is treated as though it were first order and the natural loga
rithm of the ratio of the initial concentration of fibrinogen 
to the residual fibrinogen and non-compactable fibrin is 
plotted as ordinate against time as abscissa. The general 
curve has a non-linear portion OAB and linear portion BC. 
The extent of the non-linear portion depends upon pH and 
ionic strength and the relative concentrations of fibrinogen 
and thrombin. The linear portions (B-C) of all curves ob
tained at a pH of 6.85 and an ionic strength of 0.15 extrapo
late through the origin. These reaction curves were inter
preted as follows. Linearity is established when the com- 
pactable fibrin represents a structural framework whose in
dividual strands are sufficiently close together to make 
negligible the diffusion time elapsing between the appearance 
of an activated fibrinogen molecule and its incorporation 
into the structural framework. Thus, over the linear por
tion the concentration of activated fibrinogen and interme
diate polymers (non-compactable fibrin) is negligible and 
the curve actually measures the rate of appearance of 
activated fibrinogen. On this basis an extrapolation of the 
linear portion indicates the appearance of activated fibrino-
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Fig. 1.—Reaction curves representative of the types observed: 
curve 1, at r /2  =  0.15, <j>o =  0.176, Th0 =  0.046; curve 2, at r /2  =  
0.3, without the dilution technique, <fio =  0.134 and Th0 =  0.091; and 
curve 3, at r /2  =  0.3, using the dilution technique, and 4>0 = 0.141, 
and Tho = 0.091.

gen during the non-linear phase. From the difference be
tween corresponding points on the non-linear portion of the 
reaction curve (OAB) and the linear extrapolation (OB) 
can be calculated the quantity of non-compactable fibrin. 
An analysis of clotting time and reaction velocity7 has shown 
that, at the moment of clotting, only a small portion of the 
total quantity of activated fibrinogen has found its way into 
the structural (compactable) framework. This is corrobo
rated by the fact that clotting occurs when the In 1/6 
curve just leaves the time axis.

The same type of curve as OABC is obtained when the 
ionic strength is decreased below 0.15 at pH 6.85 except 
that the non-linear phase may be somewhat shortened. 
As the ionic strength is increased above 0.15 the non
linear phase is attenuated and tho reaction curve may 
lack completely a linear portion. Such a curve is 
shown as curve 2 in Fig. 1 which is similar to curve 1 
but at an ionic strength of 0.30. The gradual decrease 
in slope of curve 2 beyond the non-linear phase could 
be attributed to several sources the most obvious 
being first, a gradual decrease in fibrinogen or throm
bin potency during the course of the reaction or, sec
ond, a failure of the activated fibrinogen to polymerize 
and/or the non-compactable fibrin strands to enter the 
compactable clot structure (i.e., a failure of polymer
ization and cross-linking). The first alternative was Ln 
checked; thrombin and fibrinogen were found to be 
stable at an ionic strength of 0.3 and at considerably 
higher ionic strengths. The ionic strength used by 
Seegers to activate prothrombin is much in excess of
1.0 .* It had been found by Laki and Mommaerts2 and 
Boyles, et al.,6 that at very low pH values and high 
ionic strengths thrombin will not clot fibrinogen but 
that instantaneous clotting is obtained if the pH is 
increased to normal values or if the system is diluted.
Thus the alternative that higher ionic strengths block 
the activation of fibrinogen was unlikely. The second 
alternative was accepted. By dilution it was readily 
shown that systems which were greatly retarded at 
higher ionic strengths could be made to clot within a 
few seconds if the ionic strength was returned to 0.15.
_ The following technique by which the rate of activa

tion of fibrinogen at the higher ionic strengths could 
be quantitatively determined was devised. The 
thrombin-fibrinogen aliquot was reduced from the 
usual 7.7 to 4.4 ml. for ionic strength experiments be
tween r /2  = 0.22 and r /2  = 0.3. It was 3.3 ml. for 
r /2  = 0.45 and 2.2 ml. for r /2  = 0.6. At the time 
when a sample was to be compacted the end result was 
arrived at in two stages. First, a 4.4-ml. or 6.6-ml. vol
ume of salt solution, adjusted to return the ionic strength 
to 0.15, was dispersed through the aliquot volume. Second, 
after the lapse of a 40-second time interval during which clot

(7 ) D . F . W a u g h  a n d  B . J . L iv in g s to n e , Science, 113, 121 (1 9 5 1 ).
(S ) W . H . S eegers , Proc. Soc. Exptl, Biol, and Med., 73, 677  (1 9 4 9 ).

structure was allowed to develop, compaction was 
performed in the customary way by plunger action 
and the addition of formaldehyde (see above).

In all cases it was found that the dilution tech
nique returned the reaction curves obtained at high 
ionic strengths to the type shown as curve 1 of Fig. 1, 
i.e., a non-linear lag period followed by a linear rise. 
Such a curve is shown as curve 3 of Fig. 1 which is 
identical with curve 2 except for the dilution step. 
In almost all cases extrapolations passed through the 
origin within the experimental error. A set of repre
sentative curves covering most of the ionic strength 
range used is shown in Fig. 2. As in previous work 
the linear portion of the reaction curves and linear 
extrapolations were taken to represent the appear
ance of activated fibrinogen.

The 40-second time interval was arrived at as 
follows. The clot structure compactable directly at 
the higher ionic strengths does not give rise to a 
linear reaction curve and therefore cannot be used. 
Dilution allows the rapid development of compact- 
able clot, but during the time interval between dilu
tion and compaction additional activated fibrinogen 
appears at some new rate which is difficult to pre
dict. It was felt that a time interval after dilution 
could be chosen at the end of which the compact- 
able fibrin present would approximate the potential 

compactable fibrin occurring just before dilution. The cor
rect time interval was determined as follows. Dilutions were 
made at selected times during the course of a reaction. 
Thereafter the appearance of compactable fibrin in the di
luted samples was determined in the usual way by compact
ing by plunger action and addition of formaldehyde. The 
results of one experiment are shown in Fig. 3 for a reac
tion at r /2  = 0.3, Th0 = 0.091 /z per ml., and 4>a = 0.137 
mg. clottable nitrogen per ml. Dilutions were made at 6, 
9, 12 and 15 minutes after the start of the reaction. Zero 
time in Fig. 3 corresponds to the moment of dilution for 
each set of samples. After dilution there is a rapid ap
pearance of compactable fibrin followed by a slow linear

Fig. 2.—Representative reaction curves at various ionic strengths 
using the dilution technique described.

Curve r/ 2 <t> 0 Tho
1 0 .2 5 0 .1 3 9 0 .1 8 2
2 .10 .136 .136
3 .22 .138 .091
4 .3 .279 .091
5 .20 .139 .091
6 .45 .141 .091
7 .60 .279 .091

Each point on curve 3 is an average of four determinations.

rise thereafter, the reaction being plotted as first order.
When dilution is performed after the lag period of the 

final reaction curve (curve 3, Fig. 1) the initial rise shown in 
any selected curve of Fig. 3 is considered to represent the 
rapid conversion of non-compactable to compactable fibrin 
and the slow linear rise thereafter to the incorporation of 
activated fibrinogen as it appears in solution. On this basis, 
extrapolation of the linear portions of the curves of Fig. 3
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to zero time gives the logarithmic value corresponding 
to the time of dilution. This same logarithmic value 
is found on the reaction curves uniformly at a time 
near 40 seconds after dilution.

Materials and Methods.—Fibrinogen.—-Armour Frac- 
tion-I lot 128-163 contained approximately 65% protein 
of which 71.5% was clottable. The non-protein mate
rial was mainly sodium citrate. Fraction-I was used 
without further purification since it had been found 
that non-clottable protein did not materially affect.the 
reaction.4

Thrombin.—Parke-Davis, topical, contained 25 units 
per milligram.

Formaldehyde.—Merck U.S.P. was diluted to 20% 
formaldehyde with appropriate buffer and used as such.
For the varied effects of formaldehyde see (9) and (10).

Buffer Solutions.—In all buffer solutions the phos
phate contribution was kept at ionic strength 0.05 and 
changes in ionic strength (T/2) were produced by vary
ing the content of sodium chloride. Runs were made 
at 22.3°.

Edsall and Lever5 find that at constant r /2  the nature 
of the cation is of considerable importance. We have 
found that at pH 6.85 and F/2 = 0.15, the same reac
tion curve is obtained when the contribution of phos
phate to the total ionic strength is varied from 0.025 to 
0.15.

Symbols.—As in a previous publication4 0 will refer 
to the fibrinogen concentration in mg. clottable nitro
gen per ml.; Th the thrombin concentration in N.I.H. units 
per ml., and 0' will refer to activated fibrinogen. Th0 and 
0o refer to total initial values.

Spectrophotometry.—Residual fibrinogen and non-com- 
pactable fibrin were determined as previously by ultraviolet 
absorption analysis at X 2800 A. Non-clottable protein 
was determined in each run after clotting a control for 1.5 
hours.

Reaction Kinetics.—In a previous analysis4 10 at r /2  = 
0.15 and pH 6.85 it was found that the activation reaction

0 +  Th: : Th0* Th +  0'
in which Th0* is an active complex, behaves as a bimolecular 
reaction described by eq. (1)

= *(Th)(0) (1)

where A: is a rate constant and Th is the free thrombin con
centration. Fibrinogen and fibrin were found to combine 
equally with thrombin to form an inactive complex accord
ing to

Th0  ̂  ̂ Th -j- 0
Applying the law of mass action led to

Th = KTho/K -f 0„ (2)

I 2
Minutes.

Fig. 3.—Determination of the appropriate time after dilution 
at which compaction will yield a logarithmic reaction curve value 
consistent with the extent to which the activation reaction has 
progressed at the time of dilution. Dilutions (0 time) were made 
at 6 minutes (curve 1), 9 minutes (curve 2), 12 minutes (curve 
3), and 15 minutes (curve 4). The reaction was carried out at 
r /2  = 0.3, 0O = 0.137, and Th0 = 0.091.

According to eq. (5) a plot of R~l vs. 0)_1 will yield a straight 
line of slope (fcTho)-1 and intercept (fcKTh0)-1. Knowing 
the thrombin concentration, values of k and K may be ob
tained. At r /2  = 0.15 and pH 6.85, k = 9.5 and K = 
0.051.4

The data for reaction curves obtained at pH 6.85 and 
varying ionic strength are shown in Table I. The data of 
Table I have been analyzed using eq. (5). Table II gives 
the results of such an analysis. In Table II the first column 
gives the ionic strength. The second and third headed Int. 
and slope refer to the values for the plot of eq. (5). The 
fourth column gives k, the rate constant, and the fifth K, 
the equilibrium constant of the inactive complex. When 
the thrombin concentration alone is varied at constant 0O 
a plot of S vs. Tho will be a line having a slope predicted 
by kK/(K +  0o) as indicated by eq. (3a) and (4). The pre
dicted slope is given in column 6 of Table II and the experi
mentally determined slope in column 7, the comparison 
being made at 0o = 0.13 to 0.14. The deviations between 
columns 6 and 7 are shown in column 8. The data for r /2  
= 0.15 and higher represent average values. The fraction 
of thrombin free in solution, f  = Th/Th0, is sensitive to 0O 
as well as K (see eq. (2)). For illustration purposes the 
values o f /  corresponding to 0» = 0.15 are given in the last 
column of Table II.

Discussion
The symbol 0o appears in the denominator because, at ar_y 
time during the reaction, it represents the sum of fibrinogen 
plus fibrin. Inactive combination of thrombin with fibrino
gen and fibrin reduces the amount of thrombin free in solu
tion. Substituting in eq. (1) gives

d0 _  (KThp) ,
di (K +  0o) 0

the integrated form of which is

In — = In 1/0 = 
0

m )
(K +  0 o) Th0i

(3)

(3a)

The initial rate of a reaction is given by
R = —d0o/di =  $0o (4)

where S is the slope of the linear portion of the reaction 
curve when plotted as In 1/6 vs. t in minutes. On inverting 
eq. (3) according to Lineweaver and Burk11 we obtain

1/R  =  yfeTh^ X  0 o +  klCTho

(9 ) D .  F . W a u g h  a n d  B . J . L iv in g s to n e ,  T h i s  J o u b n a l , 55, 4 6 4  
(1 9 5 1 ).

(1 0 ) E . M ih a ly i  a n d  L . L o r a n d , Hung. Acta Physiol., 1 , 2 1 8  (1 9 4 8 ).
(1 1 ) H . L in e w e a v e r  a n d  D . B u rk , J. Am. Chem. Soc., 56, 6 5 8  

(1 9 3 4 ).

A  m o r e  d e ta ile d  a n a ly s is  m u s t  a w a it  d e t e r m in a 
t io n s  o f (a )  th e  effects o f  p H  o n  t h e  in t e r a c t io n  o f 
t h r o m b i n  a n d  f ib r in o g e n  a n d  ( b )  th e  e ffe cts  o f p H  
a n d  f u r t h e r  a n a ly s is  o f th e  effects o f  io n ic  s t r e n g t h  
o n  t h e  p o ly m e r iz a t io n  o f a c t iv a t e d  f ib r in o g e n . 
T h e s e  a re  u n d e r  c u r r e n t  in v e s t ig a t io n . T h e  d is 
c u s s io n  w h ic h  fo llo w s  is  th e re fo re  p r e l im in a r y  in  
n a tu r e .

T h e  m a x i m u m  in  k vs. I ’/ 2  a n d  t h e  m i n i m u m  in  
/  vs. T / 2  ( T a b l e  I I )  a re  in  t h e  s a m e  sense a n d  m a y  
be  in t e r p r e t e d  in  t h e  s a m e  w a y .  A t  a p p r o x i 
m a t e ly  t h e  s a m e  c r i t ic a l  io n ic  s t r e n g t h  t h e  t h r o m b i n  
m o le c u le s  a re  a b le  t o  c o m b in e  m o s t  e f f e c t iv e ly  to  
p r o d u c e  a c t iv a t io n  a n d  a re  a d s o r b e d  m o s t  s t r o n g ly  
in  in a c t iv e  c o m p le x  f o r m a t io n . B e lo w  e a c h  c r i t i 
c a l io n ic  s t r e n g t h  a c t iv e  a n d  in a c t i v e  c o m b in a 
t io n s  a re  p r o b a b ly  r e t a r d e d  d u e  t o  c h a r g e  effects. 
A b o v e  e a c h  c r i t ic a l  io n ic  s t r e n g t h  t h e  io n  a t m o s 
p h e re s  m a y  b e  s h ie ld in g  t h e  m o le c u le s  a n d  p r e v e n t 
in g  s u f f ic ie n t ly  close a p p r o a c h  t o  g iv e  e it h e r  a c t i v e -  
c o m p le x  o r  in a c t iv e -c o m p le x  f o r m a t io n . T h e  c r i t i 
c a l io n ic  s t r e n g t h  f o r  a c t iv e -c o m p le x  f o r m a t io n  is
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T a b l e  I
R e a c t i o n  C u r v e  D a t a

The reaction curve data for r /2  =  0.15 are in good agreement with those previously reported.4 The_ ionic strengths 
given are “ added” ionic strength. The average increment due to the presence of citrate in Fraction - 1 is r /2  = 0.016.

<f>o, m g . Tho, <£o, m g . Tho, m g . Tho,
S lo p eC .N /m l . It/ml. S lo p e r / 2 C . N /m l . It/ml. S lo p e r/2 C .N /m l . It/m l.

0.134 0.182 0.279 0.20 0.139 0.182 0.437 0.30 0.138 0.182 0.327
.134 .136 .208 .139 .136 .346 .138 .136 .245
134 .091 .159 .139 .091 .205 .138 .091 .178

.134 .0455 .089 .139 .0455 .108 .138 .0455 .089

.272 .091 .092 .279 .091 .148 .279 .091 .160

.207 .091 .117 .209 .091 .179 .205 .091 .155
170 .091 . 133 .174 .091 .197 .172 .091 .158

.134 .091 .150 .139 .091 .221 .141 .091 .168

.099 .091 .174 .105 .091 .243 .107 .091 .163
.136 .182 .369 0.22 .138 .182 .426 0.45 .137 .182 .114
.136 .136 .278 .138 . 136 .345 .137 .136 .085
.136 .091 .182 .138 .091 .202 .137 .091 .059
.136 .0455 .092 .138 .0455 . 103 .137 .0455 .022
.279 .091 .107 .279 .091 .145 .281 .091 .057
.213 .091 .141 .174 .091 .181 .209 .091 .058
.170 .091 .160 .105 .091 .213 .174 .091 .060
.138 .091 .188 .141 .091 .061
.1007 .091 .244
.138 .364 . 880 0.25 .139 .182 .412 0.00 .139 .182 .055
.138 .182 .452 .139 . 130 302 .139 .136 .038
.138 .136 .358 .139 .091 .205 .139 .091 .008
.138 .091 .242 .139 .0455 .099
.138 .0455 .124 .281 .091 .209 .279 .091 .027
.276 .091 .374 .212 .091 .207 .174 .091 .029
.207 .091 .225 .174 .091 .214 .105 .091 .032
.170 .091 .197 .139 .091 .231
.137 .091 .180 .070 .091 * .237
.068 .091 .137

T a b l e  II
C o n s t a n t s  f r o m  R e a c t i o n  C u r v e  D a t a

Consideration of the Polymerization Reactions.—
W e  a s s u m e  t h e  re a c tio n s

For details see text.
S lo p e  t h r o m b in  c u r v e  

D if fe r -

r /2 In t . S lo p e k K C a le d .
M e a s 
u re d

enee,
%

0 . 0 5 2 5 .0 3 .0 5 3 . 6 0 . 1 2 2 1 .7 2 1 .5 7 8 . 7 0 . 4 5
. 1 0 2 8 .5 1 .3 6 7 .9 5 .0 4 9 2 .0 9 2 . 0 1 3 . 8 .2 4 4
.1 5 4 5 .7 2 .3 2 9 .5 2 .0 5 1 2 .5 6 2 .5 0 2 . 3 .2 5 4
. 2 0 1 4 .6 2 .6 2 4 .1 9 .1 7 9 2 .4 2 2 .4 2 0 .5 4 4
. 2 2 1 3 .1 3 .2 2 3 .4 1 .2 6 0 2 .3 7 2 .2 3 6 . 2 .6 3 4
.2 5 6 .0 7 3 .5 4 3 .1 0 .5 8 4 2 .5 1 2 .2 8 9 . 2 .8 9 5
.3 0 2 .7 4 5 .7 5 1 .9 1 2 .0 9 1 .7 9 1 .6 3 8 . 9 .9 3 4
.4 5 6 . 5 1 5 .2 6 0 . 7 2 2 .3 5 0 . 6 8 0 . 6 3 7 . 4 .9 4 0
.6 0 3 8 .0 2 7 .2 0 .4 0 4 7 .1 5 0 .3 9 0 .2 9 2 5 .6 .9 8 0

r / 2  =  0 .1 5  a n d  f o r  in a c t iv e -c o m p le x  f o r m a t io n  i t  is
r /2  =  0 . 12 .

A n  e m p ir ic a l  a n a ly s is  o f th e  d a t a  s u g g e s ts  t h a t ,  
o v e r  t h e  io n ic  s t r e n g t h  l im it s  s p e c ifie d , t h e  ra te  
c o n s ta n t  a n d  a d d e d  io n ic  s t r e n g t h  a re  re la te d  b y  th e  
e q u a tio n s

k = 63(r/2)0-92; r /2  <  0.15 (6)
a n d

k =  0.126(r/2)-2-24; r /2  St 0.15 (7)
B e lo w  t h e  F / 2  c o r r e s p o n d in g  t o  th e  m a x i m u m  in  k 
(r a t e  c o n s t a n t ) ,  k in c re a s e s  l in e a r ly  w i t h  th e  io n ic  
s t r e n g t h  b u t  a b o v e  t h is  m a x i m u m  i t  d ro p s  off w i t h  
t h e  2 .2 4  p o w e r  o f t h e  io n ic  s t r e n g th .

T h e  e q u i l ib r iu m  c o n s ta n t  K  b e a rs  n o  s im p le  
r e la t io n s h ip  t o  t h e  io n ic  s t r e n g t h . F o r  t h is  re a s o n  
a  d is c u s s io n  o f  K  w i l l  b e  g iv e n  a t  t h e  t im e  w h e n  th e  
effe cts  o f  p H  a re  a ls o  d is cu s s e d .

rf> +  Th (■ > Th<£* — >• Tli +  4>’ (activated fibrinogen)
(8)

a n d
n4>' — >■ <S>'„ — >■ (</>'n)m (structural network) (9)

I n  e q . (8 )  a n d  (9 )  a n d  s im ila r  e q u a t io n s  t h e  s y m b o ls  
re p re s e n t  t h e  m o le c u la r  sp e cie s th e m s e lv e s . I n  
o t h e r  e q u a t io n s  t h e  s y m b o ls  re p re s e n t  a b b r e v ia t io n s  
f o r  C ,k, e tc . (c o n c e n t r a t io n s ).

T h e  a n a ly s is  so f a r  h a s  b e e n  c o n c e rn e d  w i t h  e q .
( 8 ) .  C e r t a in  c o m p le x it ie s  o f  t h e  s e c o n d , e q . ( 9 ) ,  
h a v e  b e e n  in d ic a t e d  in  a  s t u d y  o f th e  r e la t io n s h ip s  
b e tw e e n  re a c t io n  v e lo c i t y  a n d  c lo t t in g  t i m e .7 
I n  t h is  a n a ly s is  i t  b e c a m e  c le a r t h a t ,  a t  t h e  m o m e n t  
o f  c lo t t in g , m u c h  o f th e  f ib r in  p re s e n t  w a s  n o n -  
c o m p a c ta b le , th e re fo re  fre e  in  s u s p e n s io n  (<t>'n).

T h e  re la t io n s h ip s  b e tw e e n  t h e  t o t a l  f ib r in  p r o d u c 
t io n  (a c t iv a t e d  f ib r in o g e n , p o ly m e r s  a n d  s t r u c t u r a l  
f r a m e w o r k )  a n d  th e  o t h e r  f r a c t io n s  is  s h o w n  in  
F i g .  4 . H e r e  f o r  c o n v e n ie n c e  th e  d is t r ib u t io n s  a re  
p lo t t e d  as p e rc e n ta g e  v a lu e s  o f th e  in it ia l  f ib r in o g e n  
(d>o) versus t im e . C u r v e  l b  o f F i g .  4  h a s  b e e n  
c a lc u la te d  f r o m  t h e  lin e a r  p o r t io n  a n d  lin e a r  e x t r a 
p o la t io n  o f  c u r v e  1 o f  F ig .  1. S in c e  t h e  t o t a l  a c t i 
v a t e d  f ib r in o g e n  is  a lso  e q u a l t o  t h e  t o t a l  f ib r in , 
c u r v e  l b  o f F i g .  4  re p re s e n ts  t o t a l  f ib r in  p r o d u c t io n .  
C u r v e  2  o f  F i g .  4  re p re s e n ts  t h e  a p p e a ra n c e  a n d  
d is a p p e a ra n c e  o f  n o n -c o m p a c t a b le  f ib r in  a t  r / 2  =  
0 .1 5 . C u r v e  2  h a s  b e e n  o b ta in e d  f r o m  c u r v e  1
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of

o f  F i g .  1 b y  u s in g  o r d in a t e  d iffe re n c e s  b e tw e e n  
th e  l in e a r  e x t r a p o la t io n  a n d  th e  re a c t io n  c u r v e  
as m e a s u re d . C u r v e  2 , F i g .  4 , r e t u r n s  to  th e  
a b scissa  a t  6  m in u t e s , th e  t im e  w h e n  th e  re a c 
t io n  c u r v e  o n  w h ic h  i t  is  b a s e d  a c h ie v e s  l in e a r 
i t y .  A t  a n y  g iv e n  t im e  s u b t r a c t io n  o f c u r v e  2 
f r o m  c u r v e  l b  w i l l  g iv e , as p e r  c e n t, o f <£0, th e  
a m o u n t  o f c o m p a c ta b le  f ib r in  p re s e n t. A t  G 
m in u t e s  re a c t io n  t im e , a p p r o x im a t e ly  4 5 %  o f 
th e  in it ia l  f ib r in o g e n  is p re s e n t in  t h e  s t r u c t u r a l  
f r a m e w o r k . T h u s ,  a n  e x te n s iv e  s t r u c t u r a l  
f r a m e w o r k  is n e c e s s a ry  b e fo re  t h e  n o n -c o m p a c t -  
a b le  f ib r in  is re d u c e d  to  n e g lig ib le  v a lu e s .

C u r v e  l a  o f F ig .  4  re p re s e n ts  t h e  a p p e a ra n c e  
o f a c t iv a t e d  f ib r in o g e n  ( t o t a l  f ib r in )  a t  T / 2  =
0 .3 , T h 0 =  0 .0 9 1  a n d  <j>0 —  0 .1 3 6 . I t  is  c a lc u 
la te d  f r o m  th e  l in e a r  p o r t io n  a n d  lin e a r  e x tr a 
p o la t io n  o f  c u r v e  3 o f F i g .  1 w h ic h , in  t u r n ,  
w a s  o b ta in e d  u s in g  th e  d i lu t io n  t e c h n iq u e  d e 
s c rib e d . C u r v e  3 o f  F i g .  4  s h o w s  t h e  f o r m a 
t io n  a n d  d is a p p e a ra n c e  o f n o n -c o m p a c t a b le  
f ib r in  a t  r / 2  =  0 .3  u s in g  th e  d i lu t io n  te c h 
n iq u e . I t  is  c a lc u la te d  f r o m  o r d in a t e  d if fe r 
ences b e tw e e n  t h e  lin e a r  e x t r a p o la t io n  o f c u r v e  
3 , F i g .  1, a n d  th e  re a c t io n  c u r v e  as m e a s u re d . 
C u r v e s  3 a n d  2  o f F i g .  4  a re  n o t  s t r i c t ly  c o m 
p a ra b le . H o w e v e r ,  t h e  in c re a s e d  p e rs is te n c e  
n o n -c o m p a c t a b le  f ib r in  in d ic a t e d  b y  c u r v e  3 c e r 
t a i n l y  is d u e  t o  th e  in c o m p le te n e s s  o f  th e  a g g re g a 
t io n  re a c t io n s  ta lc in g  p la c e  ju s t  a f te r  d i lu t io n .  I n 
c o m p le te n e s s , in  t u r n ,  m a y  b e  re la te d  t o  t h e  p e r 
s iste n ce  o f n o n -c o m p a c t a b le  f ib r in  a t  h ig h e r  io n ic  
s t re n g th s  d is c u s s e d  b e lo w .

C u r v e  4 , F i g .  4 , s h o w s  t h e  b u i l d - u p  a n d  r e te n t io n  
o f n o n -c o m p a c t a b le  f ib r in  a t  r / 2  =  0 .3  w h ic h , in  
c o n ju n c t io n  w i t h  t h e  d e c re a s e  i n  t h e  r a t e  o f a p p e a r 
a n c e  o f a c t iv a t e d  f ib r in o g e n , is  re s p o n s ib le  f o r  th e  
in c re a s e  in  c lo t t i n g  t im e  o b t a in e d  w i t h  in c re a s in g  
io n ic  s t re n g th . C u r v e  4  w a s  c a lc u la te d  f r o m  o r d i 
n a te  d iffe re n c e s  b e tw e e n  (a )  t h e  lin e a r  p o r t io n  a n d  
l in e a r  e x t r a p o la t io n  o f c u r v e  3 o f F i g .  1 ( t o t a l  f ib r in )  
a n d  (b )  c u r v e  2 o f F i g .  1 w h ic h ,  s in c e  th e  d i lu t io n  
te c h n iq u e  w a s  n o t  u s e d , re p re s e n ts  t h e  a p p e a ra n c e  
o f  c o m p a c ta b le  f ib r in  a t  th e  io n ic  s t r e n g t h  o f 0 .3  
T h e  d iffe re n c e  b e tw e e n  c u r v e s  4  a n d  3 o f  F i g .  4  
re p re s e n ts  th e  e ffe ct o f  th e  d i lu t io n  s te p  in  c o n v e r t 
in g  n o n -c o m p a c t a b le  in t o  c o m p a c ta b le  f ib r in .

T h e  p e rs is te n c e  o f n o n -c o m p a c t a b le  f ib r in  a t  
r / 2  =  0 .3  lo n g  a f te r  ( a )  th e  m a j o r i t y  o f t h e  f ib r in o 
g e n  h a s  b e e n  a c t iv a t e d  a n d  ( b )  th e  a p p e a ra n c e  o f a n  
e x te n s iv e  c o m p a c t a b le  n e t w o r k  ( F i g .  4 , c u r v e  l a  
m in u s  c u r v e  4 )  m e r it s  c o n s id e ra t io n . A t  th e  lo w e r  
io n ic  s t r e n g t h  o f 0 .1 5  a n d  a t  6  m in u t e s  th e  c o m - 
p a c ta b le  f r a m e w o r k  re p re s e n ts  4 5 %  o f th e  in it ia l  
f ib r in o g e n . T h e r e a f t e r  a c t iv a t e d  f ib r in o g e n  w i l l  be  
in c o r p o r a t e d  as r a p i d l y  as i t  is f o r m e d . T h e  s itu a 
t io n  a t  r / 2  =  0 .3  is  in  c le a r d is t in c t io n . A f t e r  17 
m in u t e s  t h e  c o m p a c ta b le  s t r u c t u r e  re p re s e n ts  a b o u t  
7 5 %  o f t h e  in i t ia l  f ib r in o g e n , b u t  a t  t h is  t im e  a n d  
f o r  a t  le a s t 7  m in u t e s  th e r e a fte r  t h e  n o n -c o m p a c t 
a b le  f ib r in  (c u r v e  4 )  r e m a in s  n e a r  th e  e q u iv a le n t  o f 
1 5 %  o f t h e  in i t ia l  f ib r in o g e n . E v e n t u a l l y  t h e  n o n -  
c o m p a c ta b le  f ib r in  w i l l  d is a p p e a r  (B o y le s , et al, ,6 
a lso  f o u n d  t h a t  t h e i r  re a c t io n s  w o u ld  g o  to  c o m p le 
t io n ) .  T h e  s lo p e  o f c u r v e  4  b e tw e e n  7 a n d  14 
m in u t e s  in d ic a te s  t h a t  a  c o m p a c ta b le  s t r u c t u r e  c a n

Fig. 4.—The appearance of various fibrin fractions plotted as per 
cent, of initial fibrinogen vs. time. Curve lb represents total fibrin 
for r /2  = 0.15, 0o = 0.176, Th0 = 0.045. Curve 2 represents non- 
compactable fibrin for the same reaction. Curve la represents 
total fibrin for r /2  = 0.3, <t>o = 0.138, and Th0 = 0.091. Curve 
3 represents non-compactable fibrin for the same reaction using 
the dilution step. Curve 4 represents the non-compactable fibrin 
for the same reaction without the dilution step. For details see 
text.

d e v e lo p  r a p i d l y  a n d  e x t e n s iv e ly  a t  r / 2  =  0 .3 . 
A s  t h e  io n ic  s t r e n g t h  is  in c re a s e d  a b o v e  0 .3  n o n -  
c o m p a c ta b le  f ib r in  p e rs is ts  in  in c re a s in g  a m o u n ts . 
A t  t h e  s a m e  t im e  th e  re a c t io n  tu b e s , a f te r  c o m 
p a c t io n , a re  in c r e a s in g ly  t r a n s p a r e n t  in d ic a t in g  a 
d e cre a se  in  t h e  m ic e lle  s ize  o f t h e  n o n -c o m p a c t a b le  
f ib r in .

E h r l i c h ,  S h u lm a n  a n d  F e r r y 12 h a v e  r e c e n t ly  d e 
s c r ib e d  th e  f o r m a t io n  o f s ta b le  m ic e lle s  o f S =  2 5  
in  c lo t t in g  s y s te m s  in h ib it e d  b y  u r e a  a t  r / 2  =  
0 .1 5 . S im i la r  m ic e lle s  o f  l im it e d  s ize  w e re  o b s e rv e d  
in  c lo t t in g  s y s te m s  in h ib it e d  b y  h e x a m e t h y le n e  
g ly c o l  a t  r / 2  =  0 .4 5 . M ic e lle s  o f t w ic e  t h e  cross 
s e c tio n a l a re a  o f  f ib r in o g e n  a n d  s ix -  t o  te n f o ld  t h e  
le n g t h  o f  f ib r in o g e n  a re  c ite d  as b e in g  c o n s is te n t 
w i t h  t h e  d a ta .

F e r r y 13 h a s  r e c e n t ly  e x a m in e d  t h e  e v e n ts  p r e 
s u m e d  t o  ta k e  p la c e  in  th e  o v e r -a l l  t r a n s f o r m a t io n  
o f f ib r in o g e n  to  f ib r in . H e  p ro p o s e s  t h a t  a  s t r u c 
t u r e  is b u i l t  u p  in  w h ic h  th e  la te ra l  a s s o c ia tio n  o f 
t h e  e n d s  o f  a c t iv a t e d  f ib r in o g e n  m o le c u le s  w i t h  th e  
c e n te rs  o f n e ig h b o r in g  m o le c u le s  is t h e  b a s ic  p a t t e r n  
o f f ib r in  f o r m a t io n . T h e  m o le c u le s  a re  o r ie n te d  in  
t h e  s a m e  d ir e c t io n . T h e  a s s o c ia tio n  is  a t t r ib u t e d  
to  t h e  a s y m m e t r ic  d is t r ib u t io n  o f c h a r g e d  g ro u p s  
o n  t h e  f ib r in o g e n  m o le c u le s  w h ic h  a llo w s  th e  p o s i
t iv e  g r o u p s  o f o n e  t o  in t e r a c t  w i t h  t h e  n e g a t iv e  
g r o u p s  o f a  n e ig h b o r . F e r r y  s u g g e s ts  t h a t  th e  
r e la t iv e ly  u n if o r m  in t e r m e d ia t e  p o ly m e r s , f o u n d  in  
s y s te m s  in h ib it e d  as d e s c rib e d , m a y  b e  t h e  re s u lt  
o f th e  in c re a s in g  e le c tro s ta t ic  w o r k  w h ic h  m u s t  be 
d o n e  t o  e n la rg e  a  p o ly m e r  a ll  o f  w h o s e  u n it s  c a r r y  
a  n e t  n e g a t iv e  c h a rg e . A s  in  t h e  s o a p  m ic e lle 14 
c e s s a tio n  o f g r o w t h  w i l l  o c c u r  w h e n , o n  t h e  a s s o cia 
t io n  o f a  m o n o m e r , t h e  fre e  e n e r g y  c h a n g e s  d u e  to  
lo c a l a t t r a c t iv e  fo rc e s  a n d  lo n g -r a n g e  e le c tro s ta t ic  
r e p u ls iv e  fo rc e s  a re  c o m p a r a b le .

(1 2 ) P . E h r lich , S. S h u lm a n  a n d  J. D . F e r r y , J. Am. Chem. Soc.t 7 4 , 
2 2 5 8  (1 9 5 2 ).

(1 3 ) J . D . F e rry , Proc. Nat. Acad. Sci., 3 8 , 566  (1 9 5 2 ).
(1 4 ) P .  D e b y e ,  T h is  J o u r n a l , 5 3, 1 (1 9 4 9 ).
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I n  t h e  e x p e r im e n ts  d e s c rib e d  h e re , th e  p e rs is 
te n c e  o f n o n -c o m p a c t a b le  f ib r in  a t  h ig h e r  io n ic  
s t r e n g t h  s h o u ld  n o t  b e  a t t r ib u t e d  to  th e  in te g r a te d  
re p u ls io n  effects d u e  to  c h a rg e s  f o r  (a )  a n  e x te n s iv e  
c o m p a c ta b le  s t r u c t u r e  d o e s d e v e lo p  ( in  th e  p re s 
e n ce  o f w h ic h  n o n -c o m p a c t a b le  f ib r in  p e rs is ts ) a n d  
( b )  e v e n t u a l ly  t h e  n o n -c o m p a c t a b le  f ib r in  is  in c o r 
p o ra te d .

I t  is s u g g e s te d  t h a t  im p e rf e c t io n s  o f p a c k in g  
d u r in g  m o n o m e r  a s s o c ia tio n  m a y  b e  in  p a r t  re 
s p o n s ib le  b o t h  f o r  l im it e d  m ic e lle  g r o w t h  a n d  f o r  
th e  p e rs is te n c e  o f n o n -c o m p a c t a b le  f ib r in  i n  o u r  
e x p e r im e n ts . I t  is  a s s u m e d  t h a t  t h e  b o n d in g  
re g io n s , a t t r ib u t e d  t o  th e  in t e r a c t io n s  o f m a n y  
c h a rg e s , a re  d iffu s e  a n d  c o n s tru c te d  so t h a t  c e n te r  
t o  c e n te r  d is ta n c e s  b e tw e e n  a c t iv a t e d  f ib r in o g e n  
m o le c u le s  i n  t h e  m ic e lle  m a y  b e  m a d e  v a r ia b le  b y  
in c re a s in g  io n ic  s t r e n g th . I t  is  p o s s ib le  a lso  t h a t  
th e  le n g th s  o f th e  f ib r in o g e n  m o le c u le s  a re  v a r ia b le

( H a l l 15) .  U n d e r  s u c h  c ir c u m s ta n c e s  t h e  r a n d o m  
a s s o c ia tio n  o f <j>' w i l l  le a d  t o  t h e  f o r m a t io n  o f m ic e lle  
e n d s  w h o s e  m o le c u le s  c a n n o t  a c c o m m o d a t e  a n  
a d d it io n a l  m o le c u le  in  s ta b le  l in k a g e . T h e  p o l y 
m e r  w i l l  t h e n  b e  o f l im it e d  g r o w t h . T h e  im p e r f e c 
t io n s  o f s t r u c t u r e  w o u ld  a lso  t e n d  to  d e c re a s e  th e  
p r o b a b i l i t y  t h a t  s u c h  a  m ic e lle  w i l l  be  in c o r p o r a t e d  
i n  th e  s t r u c t u r a l  f r a m e w o r k , e v e n t u a l  in c o r p o r a 
t io n  p o s s ib ly  r e q u ir in g  a r e a r r a n g e m e n t  o f m o le c u le s  
w it h i n  t h e  m ic e lle  o r  a  t ra n s fe r  o f m o le c u le s  f r o m  
th e  m ic e lle . S u c h  a n  e ffect w o u ld  a c c o u n t  f o r  th e  
p e rs is te n c e  s h o w n  i n  c u r v e  4 , F ig .  4 , a n d  m ig h t ,  in  
a d d i t io n , b e  a  p a r t  o f  th e  b a s is  f o r  t h e  s lo w  p h a s e  
o f c lo t  d e v e lo p m e n t  o b s e rv e d  b y  E d s a l l  a n d  L e v e r 6 
as a  g r a d u a l  in c re a s e  i n  c lo t  o p a c it y .

A  m o r e  d e ta ile d  a n a ly s is  o f th e  p o ly m e r s  p re s e n t  
d u r in g  a n d  a f te r  th e  la g  p e r io d s  o f  se le c te d  re a c t io n s  
is u n d e r  in v e s t ig a t io n .

(1 5 ) C . E . H a ll, J. Biol. Chem.. 179 , 857  (1 9 4 3 ). See a ls o  K . 
P o r te r  a n d  C . V . H a w n , / .  Exptl. Med., 9 0 , 2 2 5  (1 9 4 9 )„
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The rate of exchange, at equilibrium, of adsorbed radioactive benzoic acid with non-radioactive benzoic acid in solution 
has been studied for a variety of adsorbents. As a charcoal is steam-activated it permits a more ready exchange of benzoic 
acid, thus indicating that the capillary pores have been enlarged on activation. Exchange is almost immediate with a car
bon black or a very wide-pore decolorizing charcoal. The exchange results are discussed in connection with isotherms on the 
same samples.

I n t r o d u c t io n
T h e r e  a re  s o m e  w h o  b e lie v e  t h a t  w h e n  c h a rc o a ls  

a re  s t e a m -a c t iv a t e d  th e  e x is t in g  c a p illa r ie s  a re  
m a d e  la r g e r  b y  th e  r e a c t io n  w i t h  s te a m , w h ile  
o th e rs  b e lie v e  t h a t  a c t iv a t io n  m e r e ly  c re a te s  m o r e  
s m a ll c a p illa r ie s  s im ila r  t o  th o s e  e x is t in g  b e fo re  
a c t iv a t io n .  I n  th is  p a p e r  w e  p re s e n t  n e w  e v id e n c e  
to  s u p p o r t  th e  v ie w  t h a t  a c t iv a t io n  e n la rg e s  e x is t in g  
c a p illa r ie s .

W e  d e m o n s tr a te  t h is  b y  d e t e r m in a t io n  o f th e  
ra te , a t  e q u i l ib r iu m , a t  w h ic h  a d s o r b e d  r a d io a c t iv e  
b e n z o ic  a c id  e x c h a n g e s  w i t h  n o n -r a d io a c t iv e  b e n 
zo ic  a c id  in  s o lu t io n . I n  p r in c ip le , th e  r a d io a c t iv e  
b e n z o ic  a c id  m o le c u le s  in  v e r y  s m a ll c a p illa r ie s  
s h o u ld  h a v e  m u c h  g r e a te r  d if f ic u lt y  e x c h a n g in g  w i t h  
n o n -r a d io a c t iv e  spe cies t h a n  w o u ld  th o s e  in  la rg e  
c a p illa r ie s . H e n c e , if  a c t iv a t io n  e n la rg e s  th e  c a p il 
la r ie s  th e n  e x c h a n g e  s h o u ld  b e  e a s ie r th e  g re a te r  
t h e  a c t iv a t io n .  I f  a c t iv a t io n  c re a te s  m o r e  c a p il 
la r ie s  o f  th e  s a m e  size  th e r e  s h o u ld  b e  n o  c h a n g e  in  
t h e  ra te  o f  e x c h a n g e  a f te r  a c t iv a t io n .  W e  f in d  t h a t  
th e  r a t e  is  g r e a t ly  in c re a s e d  b y  a c t iv a t io n .

I n  1 9 3 4 , L i n d a u  a n d  S a lo m o n 2 t r ie d  t o  d e t e r m in e  
th e  e q u i l ib r iu m  “ e x c h a n g e  n u m b e r ”  f o r  t a r t a r ic  
a c id  o n  b lo o d  c h a r c o a l u s in g  t h e  d a n d  l o p t ic a l  
f o r m s  o f  t a r t a r ic  a c id , b u t  t h e y  w e re  u n s u c c e s s fu l 
b e c a u s e  c o m p le te  e x c h a n g e  (r a c e m iz a t io n )  to o k

(1 ) T h is  is  a  r e p o r t  o f  w o rk  u n d e r  C o n tr a c t  N 8  o n r  5 4 7 0 0  w ith  th e  
O ffice  o f  N a v a l  R e se a rch .

(2 )  G . L in d a u  a n d  G . S a lo im n ,  Ber., 6 7 , 1 29 6  (1 9 3 4 ).

p la c e  in  less t h a n  2 0  se c o n d s . W e  h a v e  a p p lie d  
th e  s a m e  p r in c ip le  t o  s y s te m s  w h ic h  e x c h a n g e  m o r e  
s lo w ly  a n d  h a v e  u s e d  th e  m o r e  s e n s it iv e  t r a c e r  
m e t h o d s  n o t  a v a ila b le  to  L i n d a u  a n d  S a lo m o n .

E x p e r im e n t a l
Radioactive benzoic acid containing C-14 in the ring was 

prepared by oxidation of radioactive toluene (Tracerlab, 
L6-2) by the method of Ullmann and Uzbachian.3 Recrys
tallization from water gave a product with m.p. 122°. 
Enough of this was added to non-radioactive benzoic acid 
to give a 0.0208 M stock solution with about 3,000 counts 
per ml. per min. This stock solution is designated as HBz*. 
A stock solution of non-radioactive benzoic acid of identical 
strength was prepared, which is designated as HBz.

For a given run equal weights of dried carbon sample were 
placed in 100-ml. glas's-stoppered volumetric flasks and 50:0 
ml. of HBz* added to one and 50.0 ml. of HBz added to the 
other. These were mechanically shaken for 24 hours in a 
constant temperature bath at 25.0°. The solutions were 
then withdrawn as completely as possible from the carbons 
with clean, dry filter sticks, and 25.0 ml. of the HBz equilib
rium solution was added to the carbon sample that had been 
equilibrated with HBz*. Shaking at 25.0° was then con
tinued and 1.2-ml. samples were withdrawn with a hypo
dermic syringe at various time intervals. Time of contact 
was reckoned from the moment of adding the non-radioactive 
■solution to the radioactive carbon sample.

0.5-ml. aliquot portions of the 1.2-ml. samples were trans
ferred by pipet to the center of copper disks and neutralized 
with an excess of NaOH solution (1 drop). The liquid was 
kept on the disk by means of a thin coating of silicone grease 
applied at the edge of the disk. The solution was evapo
rated to dryness under an infrared lamp and the dried so-

(3 ) F . U llm a n n  a n d  J. B . U z b a ch ia n , ibid., 3 6 , 1 79 7  (1 9 0 3 ).
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Fig. 1.—Per cent, exchange of benzoic acid at equilibrium at 25°: •, S-94; O,
S-87; O, B; (I, S-600.

A l l  c o m p u t a t io n s  o f p e r  c e n t , 
e x c h a n g e  ta k e  a c c o u n t  o f th e  
a m o u n t  o f H B z *  a n d  H B z  re 
m o v e d  f r o m  t h e  s y s t e m  w it h  
e a c h  s a m p le  ta k e n  f o r  c o u n t in g . 
T h e  re s u lts  f o r  S -6 0 0 , S -8 4 ,  S -9 4  
a n d  |B< a re  s u m m a r iz e d  b y  r e p r e 
s e n ta t iv e  c u r v e s  in  F i g .  1. S a m 
p le  B  a c t u a l ly  re a c h e s  a  s ta te  o f 
c o m p le te  e x c h a n g e  in  a b o u t  t w o  
d a y s , b u t  in  t h e  case o f  S -6 0 0  
o n ly  4 0 %  e x c h a n g e  o c c u rs  b y  th e  
e n d  o f e ig h t  d a y s . I n  th e  case 
o f  G r a p h o n  a n d  D a r c o  G - 6 0 ,  e x 
c h a n g e  is c o m p le te  in  a b o u t  t w o  
m in u te s . A c c u r a t e  m e a s u re 
m e n ts  a t  a  s h o r te r  t im e  w e re  
n o t  p r a c t ic a l .  B e n z o ic  a c id  s o lu 
t io n  is o th e rm s  f o r  a ll  o f th e  s a m 
p le s e x c e p t S -8 4  a re  s h o w n  in  
F i g .  2. T h e  e q u i l ib r iu m  c o n c e n 
t r a t io n s  o f  T a b l e  I  s h o w  th e  
re g io n  o f t h e  is o t h e r m  a t  w h ic h  
t h e  e x c h a n g e  m e a s u re m e n ts  w e re  
m a d e . I t  w i l l  be  n o te d  t h a t  fo r

dium benzoate film used for counting. Counts were made 
over 5-minute periods with a Tracerlab “ 100”  Scaler and a 
thin-window counting tube, #TGC-2. Reproducible ge
ometry was maintained with Tracerlab sample changer #SC-
9. All counts were corrected for background and computed 
as counts per ml. per min.

The rate of adsorption-desorption exchange at equilib
rium was studied for the following samples whose properties 
are described in a previous publication.4 S-600: Chips of 
sheet Saran were slowly carbonized in a muffle furnace with 
gradual increase in temperature to a final temperature of 
600°. The carbon was ground and heated in vacuo in a 
quartz tube at 1000° for removal of volatile matter. S-87: 
Saran charcoal carbonized at 600° was steam-activated at 
900° to 87% weight loss. Sample was cooled in a nitrogen 
atmosphere. S-94: Saran charcoal carbonized at 600° was 
steam-activated at 900° to 94% weight loss. Sample was 
cooled in a nitrogen atmosphere. Darco G-60: A com
mercial decolorizing charcoal from the Darco Corporation, 
New York. The method and temperature of activation are 
not known. Graphon: A carbon black, partially graphi- 
tized at a temperature of 3200°, obtained from the God
frey L. Cabot Co., Boston, Mass. Charcoal B: A steam- 
activated nut charcoal for gas masks. The sample was de- 
ashed with HC1 in a Soxhlet extractor, dried, and then 
heated in vacuo at 1000°. The residual ash content is 
about 0.25%. The temperature of activation is not 
known.

R e s u lt s  a n d  D is c u s s io n
T o  f a c il i t a t e  c o m p a r is o n  o f th e  re s u lts  o b ta in e d  

f o r  th e  v a r io u s  a d s o rb e n ts , th e  o b s e rv e d  ra te s  o f 
a p p e a ra n c e  o f r a d i o a c t i v i t y  in t o  th e  n o n -r a d io a c t i v e  
e q u i l ib r iu m  s o lu t io n s  w e re  c a lc u la te d  as “ p e r  c e n t, 
e x c h a n g e .”  W h e n  e x c h a n g e  is c o m p le te  th e r e  w i l l  
b e  th e  s a m e  n u m b e r  o f  c o u n ts  p e r  m in u t e  p e r  m i l l i -  
e q u iv a le n t  o f b e n z o ic  a c id , w h e t h e r  th e  b e n z o ic  
a c id  is a d s o rb e d  o r  in  s o lu t io n . T h u s ,  f r o m  th e  
k n o w n  n u m b e r  o f  a d s o r b e d  c o u n ts  p e r  m in u t e  a n d  
t h e  k n o w n  a m o u n t  o f  a d s o r b e d  a n d  u n a d s o r b e d  
b e n z o ic  a c id  i t  is p o s s ib le  to  c o m p u t e  th e  n u m b e r  o f 
c o u n ts  p e r  m l .  p e r  m in .  e x p e c te d  f o r  c o m p le te  
e x c h a n g e . “ P e r  c e n t, e x c h a n g e ”  is t h e n  d e fin e d  as
________ (observed counts per ml. per min.) X 100_______
counts per ml. per min. expected for complete exchange

(4 )  C . P ie r ce . R .  N . S m ith , J. W . W ile y  a n d  H . C o r d c s . J. Am. diem. 
Soc., 7 3 , 4551 (1 9 5 1 ).

a ll s a m p le s  th is  c o n c e n t r a t io n  is a t  o r  a b o v e  
“ p o in t  B ”  o r  th e  re g io n  a t  w h ic h  s m a ll c a p illa r ie s  
a re  f ille d  a n d  a  m o n o la y e r  f o r m e d  o n  e x p o s e d  
s u rfa c e s  n o t  in  s m a ll c a p illa r ie s .

Fig. 2.—Adsorption of benzoic acid from solution at 25°: 
O , Graphon; ©, *B; •, S-94; ©, S-600: » ,  Darco G-60.

O n l y  n e a r  s a t u r a t io n  w i l l  n o n -p o r o u s  G r a p h o n
a d s o rb  as m u c h  as t w o  s ta t is t ic a l  la y e r s  o f H B z .  
.A n d  as m ig h t  be  e x p e c te d  f o r  a f i lm  w h o s e  m o le c u le s
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a re  n e a r ly  a ll  in  c o n t a c t  w i t h  th e  l iq u id ,  w e  f in d  
t h a t  G r a p h o n  g iv e s  a lm o s t  in s ta n ta n e o u s  e x 
c h a n g e . D a r c o  G - 6 0  lik e w is e  g iv e s  v e r y  r a p id  
e x c h a n g e . T h i s ,  to o , is to  b e  e x p e c te d  f o r  th e  
e t h y l  c h lo r id e  is o th e r m  s h o w s  t h a t  m u c h  o f th e  
s u rfa c e  in  th is  s a m p le  is in  la r g e  c a p illa r ie s . T h e s e  
a re  n o t  f ille d  b y  b e n z o ic  a c id  b u t  r a t h e r  th e r e  is a 
la y e r  o n  th e  w a lls  w i t h  fre e  acce ss to  th e  s o lu t io n .

T a b l e  I

E q u i l i b r i u m  C o n c e n t r a t i o n s  a t  W h i c h  E x c h a n g e

S a m p le

O c c u r s
E q u il .

c o n c n .,  M  S a m p le
E q u il .  

c o n c n ., M

S-94
S-87
S-600

5.7 X 10“ 3
4.8 X 10~3 
8.0 X IO"3

B
Graphon 
Darco G-60

5.1 X 10“ 3
1.75 X 10~2
1.1 X 10“ *

T h e  S a r a n  series is  s t r o n g  e v id e n c e  t h a t  th e  
c a p illa r ie s  w id e n  w i t h  a c t iv a t io n .  E t h y l  c h lo r id e  
is o th e rm s  f o r  S -6 0 0  a n d  a s t e a m -a c t iv a t e d  s a m p le
S -8 4  s h o w  t h a t  th e  c a p i l la r y  v o lu m e  in c re a s e s  th r e e 
f o ld  d u r in g  a c t iv a t io n . T h e  is o th e rm s  s h o w  t h a t  
a  m u c h  h ig h e r  p re s s u re  is r e q u ir e d  t o  f ill  th e  c a p il 
la r ie s  o f th e  a c t iv a t e d  s a m p le , w h ic h  w e  t a k e  as 
in d ic a t io n  t h a t  th e  c a p illa r ie s  a re  m a d e  w id e r  b y

a c t iv a t io n .  T h i s  is f u r t h e r  s u p p o r t e d  b y  th e  
a d s o r p t io n  a n d  d e s o r p t io n  w a t e r  is o t h e r m s 4 o b 
ta in e d  f o r  H 2-t r e a t e d  s a m p le s  o f S -6 0 0  a n d  S -8 4 . 
U n le s s  th e  a s h  c o n t e n t  a n d  o x y g e n  c o m p le x e s  a re  
e lim in a t e d , w a t e r  is o th e rm s  c a n n o t  b e  u s e d  f o r  s u c h  
in t e r p r e t a t io n . T h e  e x c h a n g e  ra te , F i g .  1, i n 
cre ase s w i t h  th e  d e g re e  o f  a c t iv a t io n . S -9 4  e x 
c h a n g e s  a lm o s t  as r a p i d l y  as  G r a p h o n ,  S -8 7  s o m e 
w h a t  m o r e  s lo w ly ,  w h ile  S -6 0 0  e x c h a n g e s  v e r y  
s lo w ly .  O u r  in t e r p r e t a t io n  is t h a t  w h e n  p o re s  a re  
v e r y  n a r r o w  th e  H B z *  is v e r y  s t r o n g ly  h e ld  b y  th e  
c a p i l la r y  w a lls  a n d  d iffu s io n  t h r o u g h  t h e  a d s o r b e d  
m a t e r ia l  to  th e  s o lu t io n  w h e r e  e x c h a n g e  m a y  ta k e  
p la c e  is d if f ic u lt .  A s  p o re s  w id e n  th e  m o le c u le s  a re  
less s t r o n g ly  h e ld  a n d  th e  a m o u n t  o f  m a t e r ia l  
t h r o u g h  w h ic h  H B z *  m u s t  d iffu s e  t o  r e a c h  s o lu t io n  
is m u c h  less.

C o m m e r c ia l  c h a r c o a l B  s h o w s  p o re s  in t e r m e d i 
a te  in  s ize  b e tw e e n  S -6 0 0  a n d  h ig h ly -a c t iv a t e d  
s a m p le s . .S o m e  o f its  a d s o r b e d  m o le c u le s  e x c h a n g e  
r a p id ly ,  o th e rs  s lo w ly . T h e  r e s u lt  is a  s lo w  a t t a in 
m e n t  o f  e x c h a n g e  e q u i l ib r iu m  w h ic h  re q u ire s  t w o  
d a y s  f o r  c o m p le t io n .

A c k n o w le d g m e n t .— T h e  b e n z o ic  a c id  is o th e rm s  
o f F i g .  2  w e re  d e t e r m in e d  b y  M r .  J o h n  C .  G o d f r e y .



" 7 5  EVENTFUL YE A R S"
B y  C H A R L E S  A L B E R T  B R O W N E  

a n d  M A R Y  E L V I R A  W E E K S

A  H is to ry  o f th e

A M E R I C A N  C H E M IC A L  S O C I E T Y

526 pages . . . cloth bound 
illustrated with portraits. 
Price, $5.00. O rd e r  from: 

Am erican Chem ical Society 
1155 Sixteenth St., N .W .  
W ashington 6, D. C .

L  ^

T h e  e v o lu t io n  o f  th e  A m e r ic a n  C  

S o c i e t y  f r o m  a  sm a ll a n d  e s s e n t ia l ly  

o r g a n iz a t io n  t o  th e  la r g e s t  c h e m ic a l  

c i e t y  in th e  w o r ld  p a r a lle ls  th e  d e v e l  

o p m e n t  o f  c h e m is t r y  in A m e r ic a .

T h e r e f o r e  th e  r e c o r d  o f  e v e n t s  

d e s c r ib e d  in th is  b o o k  is o f  

v a lu e  t o  all c o n c e r n e d  w ith  

th e  s c i e n c e ,  th e  p r o f e s 

s io n  a n d  th e  in d u s tr y .

T o p ic s  t r e a t e d  in d e ta il w h ich  a re  o f  

eral in terest in c lu d e  th e  ch a p te rs  d e a lin g  with 

th e  b e g in n in g  a n d  su b se q u e n t d e v e lo p m e n t  o f  

industrial ch em istry  as ex e m p lifie d  b y  th e  stories  

o f  th e  A C S  D iv isions: th e  a c t iv it ie s  o f  th e  

S o c ie ty  in b o th  W o r ld  W a r s , tre a t in g  o f  th e  

in crea sin g ly  im p o rta n t  ro le  o f  th e  sc ien tis t  in 

w a rtim e : th e  a c c o u n t  o f  th e  o u ts ta n d in g  co n tr i

bu tion s  o f  th e  S o c ie t y  to w a r d  b e t t e r  sta n d a rd s  

o f  tra in in g  a n d  th e  ca m p a ig n s  f o r  p ro fe ss io n a l 

r e c o g n i t i o n .

T he s tu d en t o f  A C S  h istory  a lso  will b e  in ter

e s te d  in th e  a c c o u n t s  o f  th e  variou s re o rg a n iza 

tion s, in th e  s to ry  o f  th e  g ra n tin g  o f  th e  F ed era l 

C h a r te r  a n d  in th e  g ro w th  o f  th e  p u b lica t io n s . A  

d e ta ile d  c h r o n o lo g y  p r o v id e s  a  c o m p a c t  r e c o r d  

o f  th e  n o ta b le  e v en ts  o f  th e  7 5  e v e n tfu l yea rs .
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The most complete treatment to date—  
how to use kinetics to determine 
the mechanism of chemical reactions

KINETICS and MECHANISM
A  S tu d y  o f  H o m o g e n e o u s  C h e m ic a l R e a c t io n s

By ARTHUR A. FROST and RALPH G. PEARSON, Associate Professors of 
Chemistry, Northwestern University. This treatment of chemical kinetics differs 
from all other books on the subject by emphasizing the complexities of chemical 
reaction and the close relationship of kinetics to mechanism, par ‘ularly the 
mechanism of organic reactions. For physical and organic chemists w o are using, 
or want to use kinetics to investigate reaction mechanism—this book provides a 
mine of tested information.

In order to show most clearly how kinetics is used to determine how reactions 
are proceeding, the authors present detailed stereochemical discussions of reac
tion steps. In addition, the theories of kinetics, mathematical and experimental 
details, and the calculation of energies receive the attention merited by their im
portance in a study of this kind.

Here are fundamental physical principles with theories (such as the collision 
theory and the transition state theory) used to aid in understanding. Note—An 
unusually complete mathematical treatment of complex reactions is provided and 
flow methods are treated in detail. Numerous practical examples of mechanism 
deduced from kinetics illustrate the theory.

1 9 5 3  3 4 3  p a g e s  $ 6 .0 0

The only book in English to explore non-aqueous solvent chemistry—
key to countless untapped industrial and research possibilities

N O N - A Q U E O U S  S O L V E N T S
Applications as Media for Chemical Reactions

By L. F. AUDRIETH, University of Illin ois; and JACOB KLEINBERG, Uni
versity of K ansas. Written by two of the pioneers in the use of non-aqueous sol
vents, this concise, well-organized book brings you pertinent theoretical and 
physicochemical aspects of selected reactions with non-water solvents. The book 
answers two important questions:

1) what can be done in organic, inorganic, and analytical chemistry by em
ploying non-water solvents?

2) what solvents may be used advantageously to effect specific reactions?
1953 284 pages $6.75

Copies available on approval
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