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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f ounded i n 1 9 4 9 b y the 
A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d co l 
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed cr i t i ca l ly accord ing to A C S 
ed i tor ia l standards a n d receive the care ful attention a n d proc 
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g ina l contributions 
not p u b l i s h e d elsewhere i n who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y e m 
brace bo th types of presentation. 
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PREFACE 

he adsorpt ion of soluble species at l i q u i d - s o l i d interfaces has been of 
A l ong standing interest to chemists, biologists, a n d engineers concerned 

w i t h the characteristics a n d phenomenolog ica l behavior of a var iety of 
sorbate-sorbent systems. A n a l y t i c a l chemists recognized very early that 
sorption reactions can have significant effects on the results of even 
s imple gravimetr ic analyses. C o l l o i d chemists near the t u r n of the century 
established the c r i t i ca l re lat ionship between the stabi l i ty of l yophob i c 
sols a n d the presence of electrolytes i n solution phase. F o r some t ime, 
coagulat ion b y electrolytes was thought to be effected essentially b y 
charge neutra l izat ion result ing f rom counter ion adsorption. A l t h o u g h 
this hypothesis has been d isproved , it is w i d e l y recognized that the 
adsorpt ion of counterions does have a significant role i n the format ion of 
the e lectr ical doub le layer. F u r t h e r , specific adsorpt ion of complex ions 
at l i q u i d - s o l i d interfaces plays a predominant role i n co l l o id stabi l i ty 
a n d i n such inter fac ia l processes as adhesion, flotation, heterogeneous 
catalysis, etc. 

A d s o r p t i o n has for some t ime been recognized i n the chemica l indus 
tries as an effective process for a w i d e range of solute-solvent separations. 
T h e past several years have witnessed a r a p i d l y mount ing interest i n 
adsorpt ion as a un i t operation for water a n d waste water treatment. 
B e y o n d this , there is an increasing rea l izat ion of the significance of a d 
sorption phenomena i n a large n u m b e r a n d w i d e variety of other treat
ment operations a n d natura l processes associated w i t h water. 

C u r r e n t interest i n the mult i - faceted role of adsorpt ion i n the water 
a n d waste water field has been s t imulated i n large part b y research o r i g i 
nat ing w i t h i n this field. Concomi tant ly , more a n d more investigations i n 
the field of surface a n d co l l o id chemistry have focused on aqueous sys
tems. T h e results of these investigations are of considerable significance 
to the water scientist. T h e convergence of interests of researchers i n 
these two fields has p r o v i d e d the impetus for this joint sympos ium on 
adsorpt ion f r om aqueous solution. 

I n any consideration of w h a t is presently k n o w n regard ing adsorpt ion 
f rom aqueous solut ion it is necessary to d is t inguish between neutra l 
species, s imple ions, complex ions, surface active agents, polyelectrolytes, 
a n d charged a n d uncharged h i g h polymers. M u c h of the data avai lable 
i n the l i terature relates to the adsorpt ion of polymers a n d complex-

ix 
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f o rming ions, w i t h f ew reports on the adsorpt ion of neutra l species. M o s t 
discussion relates to e q u i l i b r i u m or q u a s i - e q u i l i b r i u m conditions. R e 
cent ly the importance of the kinetics of adsorpt ion f r om aqueous solut ion 
has become increasingly evident. A d d i t i o n a l l y , certain types of sorpt ion 
phenomena—such as the adsorption of charged polymers on co l l o ida l 
particles of l ike charge—are not at a l l w e l l understood. It is apparent 
that, despite a rather abundant general l i terature on adsorption, m u c h 
remains to be answered regarding the accumulat ion of various species 
at s o l i d - l i q u i d interfaces i n aqueous systems. 

Several pert inent properties of a solute species must be c lear ly 
defined for a proper understanding of its adsorpt iv i ty i n a g iven aqueous 
system. These in c lude : (a ) its charge characteristics; ( b ) its size a n d 
shape; ( c ) the ratio of its po lar a n d nonpolar segments; ( d ) the chemica l 
properties of its l igands i n the case of a complex species; a n d (e ) its 
or ientation i n the interface of interest. A d s o r p t i v i t y i n a g iven system w i l l 
also depend greatly on the surface a n d chemica l properties of the adsorb
ent, on the number a n d structural arrangement of water molecules at 
the surface, a n d on the chemica l composi t ion of the b u l k aqueous phase. 

T h e papers i n this vo lume dea l w i t h m a n y of the foregoing questions 
a n d problems re lat ing to adsorpt ion f rom aqueous solution. I n add i t i on 
to general discussions of thermodynamic a n d k inet i c aspects of adsorpt ion 
phenomena, the papers i n c l u d e descr ipt ion of the results of studies on a 
variety of adsorbate-adsorbent systems. A m o n g the adsorbates s tudied 
are : (1 ) strong electrolytes; (2 ) u n h y d r o l y z e d mult i -va lent cations; 
(3 ) h y d r o l y z e d meta l ions; (4 ) complex ions; (5 ) organic dyes; (6 ) or
ganic pesticides; (7 ) surface active agents; a n d (8 ) macro-molecules. 
Adsorbents s tudied inc lude : (1 ) glass; (2 ) s i l i ca ; (3 ) si lver hal ides ; 
(4 ) rut i l e ; (5 ) manganese d iox ide ; (6 ) a l u m i n a ; (7 ) goethite; (8 ) arsenic 
sulfide; (9 ) graphon; and , (10) active carbon. Several authors have 
descr ibed the results of studies o n i o n exchange as a special aspect of 
adsorption. 

T h e papers contained i n this vo lume, a l though leaving m a n y ques
tions unanswered a n d m a n y problems unsolved, should prove a significant 
contr ibut ion to a general understanding of processes invo lved i n adsorp
t i on f rom aqueous solution. 

T h e sympos ium has been supported i n part b y G r a n t W P 01132-01 
f rom the F e d e r a l W a t e r P o l l u t i o n C o n t r o l A d m i n i s t r a t i o n , U . S . D e p a r t 
ment of Interior. 

Ann A r b o r , Michigan 
Potsdam, New Y o r k 
J u n e 1968 

WALTER J. WEBER, JR. 
EGON MATIJEVIĆ 
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1 

Capillary Thermodynamics Without a 
Geometric Gibbs Convention 

F . C. G O O D R I C H 

Institute of Col loid and Surface Science, Clarkson College of Technology, 
Potsdam, N. Y. 

It is shown in a number of important special cases that the 
geometric conventions employed by Gibbs in his treatment 
of capillary thermodynamics are replaceable by an alge
braic formalism in which no mention is made of "dividing 
surfaces." The resulting capillary excess quantities are there
fore explicitly defined and may be interrelated by standard 
algebraic operations. To the extent that algebra is a more 
reliable tool than the intuitive manipulation of geometric 
surfaces, the method is preferable to the original develop
ment of Gibbs. 

ibbs ' thermodynamic analysis of fluid systems conta in ing a plane 
interface (2 ) is character ized b y the construct ion through the inter-

fac ia l reg ion of imag inary mathemat i ca l surfaces w h i c h are supposed 
to locate the extent of the separate phases i n an equivalent m o d e l system 
i n w h i c h by convent ion everything to one side of the mathemat i ca l sur
face is homogeneous phase a w h i l e everything to the other side is homo
geneous phase p. G i b b s w e l l understood the arbitrariness of this d iv i s ion , 
a n d indeed i n his w o r k made use of this arbitrariness to d r a w different 
mathemat ica l surfaces through the inter fac ia l region, each such mathe
m a t i c a l surface be ing invo lved w i t h a different set of thermodynamic 
quantit ies associated w i t h the cap i l lary layer. 

W h a t e v e r m a y be said for the mathemat i ca l u t i l i t y of this procedure, 
its pedagogic results have been disastrous, a n d I k n o w of no other w i d e l y 
used area of thermodynamics where so m u c h confusion exists. E v e n to 
this day the l i terature is f u l l of errors a n d imprec ise ly defined cap i l lary 
quantit ies , a l l of them going back u l t imate ly to a too l i t e ra l interpretat ion 
of the G i b b s d i v i d i n g surfaces. G u g g e n h e i m (3) a n d D e f a y (1) have 
part ly a l lev iated this s i tuation b y emphas iz ing that exper imental ly mea-

1 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
1

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



2 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

surable quantit ies must i n the thermodynamic equations be invar iant to 
the locat ion of a d i v i d i n g surface, but as has been shown i n a special 
case b y H a n s e n ( 4 ) , i t is bo th possible a n d preferable to handle the 
thermodynamics w i thout ever in t roduc ing mathemat i ca l surfaces at a l l , 
a n d this w i l l be the approach adopted here. 

One Component Systems 

A s a first example, consider a pure l i q u i d i n e q u i l i b r i u m w i t h its 
vapor. Because I w i s h to focus attention on the l i q u i d / g a s interface to 
the exclusion of adsorpt ion effects at so l id boundaries , I shal l suppose 
the conta in ing vessel to be chemica l ly inert. T h e G i b b s - D u h e m equat ion 
for the system is then 

SdT - VdP + Ady + n d ^ = 0, (1) 

i n w h i c h the symbols have their convent ional meanings a n d where the 
extensive quantit ies S, V, A , a n d n refer to the entire two phase system 
enclosed b y the conta in ing vessel a n d not to some part of i t isolated 
art i f ic ial ly f rom the rest b y mathemat i ca l boundaries . It is not u n c o m m o n 
i n the l i terature to find der ived f rom (1 ) equations of the type 

(dy/dT)Pll=-S/A (2) 

w h i c h are complete ly fal lacious, for a one component, two phase system 
has f r om the phase ru le on ly one degree of freedom, so that it is impos 
sible to alter the temperature of the system wi thout s imultaneously alter
i n g the pressure a n d the chemica l potent ial . T h i s is to say that E q u a t i o n 2 
is false because the intensive variables T, ?, y, a n d /u, are not independent ly 
var iable . 

T h e latter fact m a y be emphasized b y consider ing smal l samples of 
mo lar content n a a n d n e d r a w n f rom the b u l k phases i n regions far f rom 
the interface. T h e size a n d shape of these samples need have no re lat ion
ship to the geometry of the inter face—any i rregular ly shaped specimen 
of b u l k phase w i l l do. F o r each of these b u l k phase samples a a n d /? w e 
have G i b b s - D u h e m equations 

SadT - VadP + n«d/x = 0 

S^dT - V*dP + n*dfjL = 0 

or u p o n d i v i d i n g through each b y na. n& respectively 

S«dT - VadP + dfi = 0 

S*dT - V * d P + d/x = 0 

i n w h i c h as usua l the barred symbols are the molar entropies a n d volumes 
of the respective phases. 
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1. G O O D R I C H Capillary Thermodynamics 3 

Equat i ons 1 a n d 3 comprise a set of three relationships between four 
differentials, d T , d P , d y , a n d d/A. There thus remains a single degree of 
f reedom i n the system i n agreement w i t h the phase rule . 

I n order to e l iminate u n w a n t e d variables , m u l t i p l y Equat i ons 3 b y 
algebraic mul t ip l i ers x a n d y respectively a n d subtract f rom E q u a t i o n 1. 

(S - xS« - yS0)dT - ( V - xV« - yV0)dP + A d y + (n - x - y ) d / A = 0 
(4) 

E q u a t i o n 4 is v a l i d for arb i trary choice of x a n d y, a n d w e shal l obta in 
different special equations for different choices of the mul t ip l i ers . E a c h 
such choice corresponds to a different G i b b s convention. T o understand 
this fact, note for example that a quant i ty S — x S " - ^ y S 0 is the total 
entropy of the heterogeneous system minus an amount x S a of the entropy 
of the b u l k a phase minus an amount y S 0 of the b u l k p phase. D e p e n d i n g 
therefore on how we choose x a n d y, we sha l l be def ining excess entropies 
w h i c h compare the real , two phase system conta in ing an interface j v i t h 
fictitious systems compris ing two b u l k phases of entropy x S a a n d y S 3 i n 
the absence of a n inter fac ia l region. T h e mul t ip l i ers thus per form the 
same funct ion as a G i b b s d i v i d i n g surface, but because w e are us ing 
algebraic methods instead of geometric in tu i t i on , w e sha l l be able to 
make our thermodynamics more expl ic it . 

T o obta in an interpretat ion of the exper imental ly measurable q u a n 
t i ty d y / d T , choose x a n d y i n E q u a t i o n 4 to make the coefficients of d P 
a n d d/x vanish . 

x + y = n 

xVa + yW = V (5) 

These equations are solvable expl i c i t ly , 

nW-V V - nVa 

X = - = = r - ; y = ^ (6) 
y/3 — ya y/3 _ y a 

whence u p o n subst i tut ion into E q u a t i o n 4 a n d rearrangement, 

r n y/s — y - v — nVa - "1 
d y / d T = -S<«^> = - A - i S - ™—J- S« - - - S* . (7) 

' |_ y/3 _ y a y/3 _ y a J 

T h e introduct ion of the superscript ( n , V ) impl ies the adopt ion of a 
G i b b s convent ion algebraical ly expressed b y Equat i ons 5, w h i c h state 
that w e are compar ing the real system w i t h a f ict it ious one consisting of 
two b u l k phases i n contact i n the absence of an inter fac ia l region, a n d 
w i t h the added specif ication that the numbers of moles n a n d the total 
vo lume V of the fictitious system shal l be the same as i n the real one. 
T h e quant i ty S ( r ? ' y ) ( w h i c h is ca l l ed S A

C T b y G u g g e n h e i m (3 ) a n d sf b y 
D e f a y ( 1 ) ) is the entropy change per uni t area of interface created w h e n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
1

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



4 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

a t a l l , slender, c losed vessel of fixed vo lume V conta in ing n moles of a 
substance i n gas - l iqu id e q u i l i b r i u m is l a i d i sothermal ly on its side, thereby 
enlarging the inter fac ia l area. Ne i ther the total vo lume nor the total 
moles w i t h i n the vessel change, a n d the entropy change is exclusively due 
to the creation of new interface f rom mater ia l prev ious ly present i n the 
b u l k phases. 

Conf idence i n the correctness of E q u a t i o n 7 is increased b y an 
heurist ic argument w h i c h w i l l not be reproduced here, but w h i c h shows 
that x a n d y i n Equat i ons 6 are good estimates of the total numbers of 
moles of l i q u i d a n d of vapor i n the rea l system. It fol lows that x S " a n d 
y S 3 are correspondingly good estimates of the total entropies to be as
s igned to the l i q u i d a n d vapor phases i n the rea l system, so that S — x S a 

— x S 3 is the amount b y w h i c h the entropy of the rea l system exceeds the 
combined entropies of its l i q u i d a n d vapor phases. T h e phrase "good 
estimate" here has more of a l i terary t h a n a mathemat i ca l interpretat ion; 
for the diffuseness of the inter fac ia l reg ion prohibi ts any mathemat ica l ly 
rigorous def init ion of the volumes of the respective phases, a n d this fact 
was the who le mot ivat i on of G i b b s ' use of a d i v i d i n g surface. 

Two Component Systems 

T u r n i n g n o w to adsorpt ion e q u i l i b r i u m , let us a p p l y algebraic m e t h 
ods to a two component 1,2 phase system. F r o m the phase ru le there 
w i l l be two degrees of f reedom, but w e shal l reduce this to one b y m a i n 
t a i n i n g the temperature constant. T h e n for the to ta l system there exists 
a G i b b s - D u h e m equat ion 

- V d P + A d y + riid/x! + n2dp2 = 0 (8) 

a n d for samples of arb i trary shape a n d size d r a w n f rom the interiors of 
the b u l k phases 

- V « d P + n^d/x i + n2
adfx2 = 0 ^ 

-V(*dP + n^d/xx + n/d^ = 0. 

D i v i d i n g through Equat i ons 9 b y Va a n d V 3 respectively w e obta in equa
tions w h i c h are independent of the size of the samples chosen: 

- d P + cfd^ + c2
adfi2 = 0 

- d P + c ^ + c / d ^ ^ O ( 1 0 ) 

i n w h i c h the cs are the b u l k phase concentrations i n moles per l i ter of 
the several components i n the ind i ca ted phases. 

A s i n our previous work , Equat i ons 8 a n d 10 comprise three relations 
between four differentials, so that i n agreement w i t h the phase rule a 
single re lat ion between two differentials is i m p l i e d . T o obta in such a 
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1. G O O D R I C H Capillary Thermodynamics 5 

relat ion, m u l t i p l y Equat i ons 10 b y mult ip l iers x a n d y a n d subtract f rom 
E q u a t i o n 8. 

- ( V - x - y ) d P + A d y + ( n x - x C l « - y c ^ d ^ + ( n 2 - xc2
a - yc/)d^2 = 0 

( 1 1 ) 

W e have conceptual ly arr ived at the same point as w e d i d i n the argu
ment l ead ing to E q u a t i o n 4; for E q u a t i o n 11 is v a l i d for arb i t rary choice 
of mult ip l iers x a n d y, a n d each such choice corresponds to a different 
G i b b s convention. T h e choice w h i c h leads to the G i b b s adsorpt ion 
equat ion is that w h i c h makes the coefficients of d P a n d d/xi ( conven
t iona l ly defined to be the solvent) v a n i s h : 

x + y = V 

x c i a + y c i 3 = fti 

w h i c h is to say 

(12) 

x = - ^ r ^ r ; y = C i . _ C i , • < 1 3> 

Subst i tut ing into E q u a t i o n 11 a n d rearranging, 

( 9 r / S B ) r = - r ! < . , , - A - 1 [ % _ 5 ^ v - ^ t f ] i M ) 

T w o things are to be noted about E q u a t i o n 14. T h e first is that the 
pressure is not h e l d constant. I emphasize this po int because the state
ment is frequently seen i n the l iterature that the G i b b s adsorpt ion equa
t i on is v a l i d on ly under condit ions of constant temperature a n d pressure, 
a restr ict ion w h i c h for a two phase, two component system reduces the 
number of degrees of freedom to zero. T h e second th ing to note is that 
the G i b b s convention i m p l i e d b y E q u a t i o n 14 is contained i n Equat i ons 
12, w h i c h state that w e are compar ing the real system w i t h a fictitious 
one h a v i n g the same vo lume a n d the same numbers of moles of solvent as 
the rea l system. F i n a l l y an heurist ic argument v a l i d for most conditions 
of experimental interest shows that the quant i ty i n brackets on the r ight 
h a n d side of E q u a t i o n 14 is the difference between the total moles n2 

of solute actual ly present i n the system minus the total moles of solute 
present i n the b u l k l i q u i d a n d vapor phases. 

Another excess quant i ty l Y 2 ) is defined b y interchanging indices 1 
a n d 2 i n Equat i ons 12, 13, a n d 14> a n d for this quant i ty the G i b b s con
vent ion is different, for w e are n o w compar ing the rea l system w i t h a 
fictitious one defined to have the same total moles n 2 of solute as has the 
rea l one. Desp i te the fact that l Y 2 ) a n d r 2

( 1 ) are defined for different 
G i b b s conventions, they are a lgebraica l ly re lated, as the reader m a y 
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6 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

read i ly confirm for himself . D i r e c t l y f rom their algebraic definitions one 
can show that 

( c 1 « - c 1 f l ) r 2
( 1 ) + ( c 2

a - c / ) l Y 2 ) = 0. (15) 
T h i s equat ion assumes a more fami l iar form i f w e are w i l l i n g to ignore 
the gas phase (/?) concentrations i n comparison w i t h those of the l i q u i d 
phase, for then approximate ly 

c 1
a r 2

( 1 ) + c 2
a r ! ( 2 ) = o, 

or w h a t is the same t h i n g 

X i l V ^ + X a l V ^ O , (16) 

i n w h i c h X i a n d x 2 are the mole fractions of the l i q u i d phase. E q u a t i o n 
16 is fami l iar , be ing quoted , for example, b y D e f a y (1). 

A s a final example, let us derive another set of excess quantit ies f rom 
E q u a t i o n 11 b y choosing the G i b b s convent ion 

x + y = V 

x ( C l « + c a « ) + y ( C l * + cf) = ( t i ! + n 2 ) . (17) 

U p o n solving these equations for x a n d y a n d in troduc ing the results into 
E q u a t i o n 11 w e have an adsorpt ion equat ion 

d y + + r 2
( n ) d ^ = 0 (18) 

i n w h i c h 

(fix + n 2 ) - V(c^ + c / ) 
= A " 1 | \ 

( C j " + C 2 ° ) - ( C / + Co*) 

V(Cl
a + c2

a) - ( n x + n 2 ) 

cia 

(ci« + c 2 « ) - ( c ^ + c / ) C l J ( 1 9 ) 

a n d a s imi lar equat ion for r 2
( w ) der ived f rom E q u a t i o n 19 b y interchang

i n g indices 1,2. W h i l e the appearance of E q u a t i o n 19 is formidable , the 
quantit ies iY 7 0 a n d r 2

( r j ) are very precisely defined a n d m a y be shown 
direct ly f rom their algebraic definitions to satisfy the l inear re lat ion 

i y w ) + r 2
( w ) = o (20) 

w h i c h is to be compared w i t h E q u a t i o n 15. 
T h e G i b b s convention ( E q u a t i o n 17) states that we compare the rea l 

system w i t h a fictitious one h a v i n g the same total vo lume a n d tota l n u m 
bers of moles of a l l constituents as the rea l system. U n d e r this conven
t i on the total moles of i n d i v i d u a l components 1 a n d 2 w i l l differ between 
the rea l a n d the fictitious systems, but because the total of a l l moles of 
bo th components is the same, the surface excesses of each must sum to 
zero, a n d this is the meaning of E q u a t i o n 20. 
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1. G O O D R I C H Capillary Thermodynamics 7 

T h i s convention has the advantage that b o t h of the consituents of 
the mixture are defined accord ing to the same convention, whereas the 
quantit ies l Y 2 ) a n d r 2

( 1 ) are separately defined b y different conventions. 
It w o u l d be a matter of some dif f iculty to prove b y geometric m a n i p u l a t i o n 
of d i v i d i n g surfaces that, for example, r 2

( 1 ) a n d r 2
( n ) are l inear ly re lated. 

F r o m their algebraic definitions, however , i t is easy to show that 

exactly. I f w e neglect the concentrations i n the gas (/?) phase, this s i m 
plifies to 

w h i c h is the re lat ion most commonly f o und i n the l i terature (5 , 6 ) . 
W h i l e I have g iven here only a few examples, i t turns out that the 

entirety of cap i l lary thermodynamics m a y be f ounded u p o n algebraic 
methods, result ing i n a great improvement i n the ease w i t h w h i c h 
the cap i l lary excess quantit ies m a y be defined a n d manipu la ted . 
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Kinetics of Adsorption 

J. M. SMITH 
University of California, Davis, Calif . 

The effects of physical transport processes on the overall 
adsorption on porous solids are discussed. Quantitative 
models are presented by which these effects can be taken 
into account in designing adsorption equipment or in 
interpreting observed data. Intraparticle processes are 
often of major importance in adsorption kinetics, particularly 
for liquid systems. The diffusivities which describe intra
-particle transfer are complex, even for gaseous adsorbates. 
More than a single rate coefficient is commonly necessary to 
represent correctly the mass transfer in the interior of the 
adsorbent. 

A dsorpt ion is normal ly thought of as the process b y w h i c h a molecule 
or atom i n a fluid is attached to a so l id surface, a n d it is i m p l i e d that 

the molecule (or atom) is i n the same locat ion as the site. K inet i c s of 
such processes is concerned w i t h force fields between sites a n d molecules 
a n d forms an important area of surface chemistry. H o w e v e r , i n this paper 
bo th a w i d e r a n d more restr icted v i e w w i l l be taken of adsorpt ion kinetics 
i n that emphasis w i l l be put on the so-called phys i ca l processes that must 
accompany adsorption, i f the overal l process is to continue. I n par t i cu lar 
the k i n d of kinetics discussed w i l l be that necessary to expla in the per 
formance of, or to design an apparatus for, separating or remov ing com
ponents i n a fluid stream. 

T h e use of the term phys i ca l to d is t inguish other steps f rom the 
process at the site, w h i l e common, is unfortunate. T h e so-called phys i ca l 
processes of dif fusion may involve mechanisms best descr ibed b y chemica l 
means. F o r example, surface diffusion on the pore wal ls is a n act ivated 
process. O n the other h a n d , the adsorpt ion itself at a surface site m a y 
involve such weak forces that a phys i ca l rather than chemica l b o n d best 
characterizes the mechanics. W h a t is sought is a d ist inct ion between the 
adsorption step at a fixed locat ion a n d processes b y w h i c h the adsorbent 
is transferred to the site. T h e d is t inguishing feature is whether the process 
involves the movement of the adsorbate. Hence , a more correct charac-
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2. S M I T H Kinetics of Adsorption 9 

ter izat ion w o u l d be space or po int processes. App l i ca t i ons of adsorpt ion 
require transfer of the adsorbate between a b u l k fluid a n d a site on the 
so l id surface. H e n c e , the space processes, of necessity, do occur. A useful 
geometric arrangement for adsorpt ion is a n assembly of so l id partic les , 
permeable to the adsorbate, w i t h the adsorbate-containing fluid flowing 
through the interpart ic le v o i d space—the convent ional fixed-bed absorber. 
Bas ic features of bo th types of processes have been taken into account 
i n us ing this f o rm of adsorpt ion apparatus. Recogni t i on that the rate 
depends u p o n the number of sites has necessitated permeable particles 
so that interior sites are potent ia l ly usable. Rea l i za t i on that the transfer 
distance must not be excessive f rom b u l k fluid to site, or interior sites 
w i l l be valueless, l ead to the use of smal l particles. A s in t imated , the 
important point is not whether space processes are invo lved , but whether 
they affect the rate of adsorption. T h e results of adsorpt ion are measured 
i n terms of concentrations of the adsorbate i n the b u l k fluid; concentra
tions on the so l id surfaces are not useful i n the design or performance 
evaluat ion tasks. S u c h concentrations are usual ly u n k n o w n . W h a t is 
needed are rate equations w h i c h express the kinetics of adsorpt ion i n 
terms of properties of b u l k fluid adjacent to the so l id part i c le—space or 
g loba l kinetics i n contrast to po int kinetics , w h i c h express the rate i n 
terms of properties at the adsorpt ion site. Space processes are significant 
to the extent that variables such as fluid ve loc i ty a n d part i c le size affect 
the g loba l kinetics equations. 

F r o m this po int of v i e w the proper approach to design of adsorpt ion 
equipment is a two-step procedure : 

A . E s t a b l i s h the point kinetics a n d e q u i l i b r i u m isotherm for the 
adsorpt ion step at the site, a n d the rate coefficients for the various space 
processes. These are the two types of data r e q u i r e d for design. T o some 
extent estimates m a y be made for the coefficients for the space processes. 

B . B y a p p l y i n g the conservation equations (mass, energy) a n d the 
data f rom A , calculate the concentrat ion as a funct ion of t ime a n d pos i t ion 
i n the adsorpt ion apparatus. 

It is desirable to list the sequence of space a n d point steps w h i c h 
together constitute g l oba l adsorpt ion. T h i s is not a new concept a n d 
such descriptions have frequent ly been presented (1, 14), par t i cu lar ly 
for fluid reactions on porous catalyst particles. T h e first space process, 
ax ia l d ispersion, is not a part of the. sequence, but it does affect the 
observed kinetics , a n d is log ica l ly considered as a space process. Its 
significance depends u p o n the rec iproca l of the ax ia l Peclet number , 
Ex/(2R)v. T h e sequential steps are : 

(1 ) E x t e r n a l transfer: transfer of the absorbate f r om b u l k f lu id to 
outer surface of part i c le b y molecular a n d convective dif fusion. 
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10 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

(2 ) Internal transfer: transfer of adsorbate f r o m part ic le surface to 
inter ior site; b y dif fusion i n the v o i d space of the pores, b y surface m i g r a 
t i on on the pore surface, or b y vo lume dif fusion, for example, i n the holes 
i n the chemica l structure of the so l id phase. 

(3 ) A d s o r p t i o n on the interior site. F o r aqueous solutions such a d 
sorpt ion is usual ly classified b y either i on i c type chemica l steps, or b y a 
re lat ive ly loose adsorpt ion w i t h l ow heat of adsorpt ion, that is b y p h y s i c a l 
adsorption. I n either case the process has a h i g h rate constant so that 
this step usual ly does not influence the g lobal kinetics . 

(4 ) I n replacement or react ion operations where a product is p r o 
duced , the same steps as (2 ) a n d (3 ) occur for the product i n the reverse 
d irect ion . 

W h i l e the treatment so far has not considered the effect of tempera
ture on g loba l kinetics , heats of adsorpt ion or chemica l react ion can be 
significant. Temperature gradients are general ly less for l i q u i d systems 
—e.g., aqueous so lut ions—than for gaseous since the heat capac i ty (c vp) 
of the l i q u i d stream is a n order of magni tude h igher than that for gases. 
H o w e v e r , to present a more complete approach to the prob lem, the steps 
b y w h i c h the heat of adsorpt ion is transferred to the f lowing stream are: 

1. H e a t release caused b y adsorpt ion at the inter ior site. 
2. Internal transfer: transfer of energy to the outer surface of the 

so l id part ic le . T h i s is c ommonly treated as t h o u g h the part ic le was 
homogeneous w i t h a single effective thermal conduct iv i ty . 

3. E x t e r n a l transfer: transfer of energy f rom the surface of the 
part ic le into the f lu id stream. T h e properties of flowing fluids are such 
that the resistance to heat transfer can be larger t h a n that for mass 
transfer, so that a negl ig ib le concentrat ion difference m a y exist between 
b u l k fluid a n d part ic le surface a n d yet the corresponding temperature 
difference w i l l be significant. 

4. A x i a l d ispersion of energy a long the fluid stream. T h e importance 
of this process is determined b y the rec iproca l of the Peclet n u m b e r for 
heat transfer, kx/(2R)PCt. 

Conservation Equations 

If the processes just descr ibed are assumed to characterize the trans
fer of mass a n d energy i n a fixed-bed adsorber, the conservation pr inc ip les 
m a y be a p p l i e d to them to describe the temperature a n d concentration as 
a funct ion of t ime a n d posit ion. Present ing the equations for a fixed-bed 
geometry has the advantage of i n c l u d i n g also equations, as spec ia l cases, 
for transient adsorpt ion i n single particles or groups of particles i n ba t ch 
systems. 

I n aqueous systems, as i n others, some of the steps i n the transfer 
processes have re lat ive ly h i g h rate coefficients. S u c h steps m a y be treated 
as occurr ing at near e q u i l i b r i u m so that the d r i v i n g force, either a con-
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2. S M I T H Kinetics of Adsorption 11 

centrat ion or temperature difference, approaches zero. T h e s impl i f i cat ion 
i n the treatment under those condit ions can be read i ly seen f rom the 
equations. L e t us suppose that a single species is adsorbed f r om an other
wise inert stream flowing through a fixed b e d of porous partic les (external 
porosity == a, in terna l porosity = /?). T h e interna l di f fusivity D c is 
based u p o n the total area perpendicu lar to the r a d i a l d i rec t ion i n the 
part ic le so that for non-porous particles the only change w o u l d be /? = 1. 
T h e equations are w r i t t e n for spher ica l particles. A number of assump
tions are made, such as diffusion only i n the r a d i a l d i rect ion , but these 
are evident f rom the f orm of the equations a n d need not be descr ibed 
i n deta i l . It should be ment ioned that a l inear f o rm is assumed for the 
po int adsorpt ion kinetics ( E q u a t i o n 4 ) . D o i n g this results i n l inear 
equations i n concentrat ion w h i c h m a y be solved b y standard mathe
m a t i c a l methods. E q u a t i o n 4 is a s impl i f ied f o r m of the L a n g m u i r ex
pression, appl i cab le for gaseous systems w h e n the extent of adsorpt ion 
is low. F o r i o n exchange i n aqueous systems E q u a t i o n 4 w o u l d correspond 
to first order, reversible kinetics at the adsorpt ion site. 

C o n s e r v a t i o n of Mass. I f c represents the concentrat ion of a d 
sorbent i n the b u l k fluid stream, cA the intrapart ic le concentration, a n d 
Cads the concentrat ion of adsorbed component, mass conservation i n the 
fluid phase requires 

a SZ2 &Z $t V 

a n d w i t h i n the part i c le 

T h e last term i n E q u a t i o n 1 represents the g loba l kinetics , expressed 
as the rate of adsorpt ion per un i t vo lume of bed . It cannot be w r i t t e n 
i n terms of concentrations i n the fluid phase—the equations must be 
solved to do t h i s — b u t it m a y be expressed quant i tat ive ly i n terms of Ci 
b y w r i t i n g an expression for the dif fusion rate : 

T h e point kinetics , i n terms of a first order, reversible adsorpt ion 
rate is 

P 8r2 

2 8Cj _ 8Ci _ pp S c a d s 

7 ~Sr ~&t ~(3 ' 8* (2) 

(3) 

8t 
(Ci - c a d B / K ) (4) 

I f other kinetics represent the po int process, the p r o b l e m is s t i l l defined 
as l ong as Rv can be w r i t t e n i n terms of concentrations at the adsorption 
site, a l though the solut ion w i l l be more difficult. 
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12 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

T h e external a n d in terna l concentrations are re lated b y Step 1 of the 
sequence: 

M S ) , - . - * - " ( 5 ) 

R e t u r n n o w to the first part of the two-step procedure for charac
ter i z ing an adsorpt ion co lumn. O u r m o d e l represented b y Equat i ons 1, 2, 
3, 4, a n d 5 shows that the f o l l ow ing space a n d po int rate coefficients 
define the p r o b l e m : 

Space coefficients: Ex, kt, Dc 

Point coefficient: fcadg 

Rel iab le values for a l l these coefficients w o u l d be requ i red for situations 
where a l l the steps are significant. 

C o n s e r v a t i o n of E n e r g y . T h e conservation equat ion for energy i n 
the f lu id phase is s imi lar to E q u a t i o n 1: 

where Qv is the rate of heat transfer f r om part ic le to fluid phase per un i t 
vo lume ; that is 

T h e energy balance w i t h i n the part ic le includes the heat of adsorpt ion, 
Qp per un i t vo lume of part i c le ; that is, 

where 

Qv= ( - A H ) f l p = ( - A H ) f c a d s / 0 p ( C i - c a d g / K ) (9) 

T h e equat ion re lat ing T i a n d T is analogous to E q u a t i o n 5, or 

••htiT-TJ (10) 

Temperature has a strong influence on k&da a n d sometimes on D c . 
I f the specific step descr ibed b y these two coefficients has a significant 
effect on the kinetics of adsorpt ion, then energy conservation equations 
m a y have to be i n c l u d e d i n the analysis to establish the temperature to 
every po int i n the bed . I n these circumstances the add i t i ona l space 
coefficients, kx, ht, a n d ke must be a d d e d to the previous list. A po int 
coefficient analogous to k&as is not i n c l u d e d , because it has been assumed 
that the temperature behavior of the part ic le can be fa i th fu l ly represented 
b y assuming a homogenous mater ia l . W i t h this s impl i f i cat ion it is not 
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2. S M I T H Kinetics of Adsorption 13 

necessary to introduce different temperatures w i t h i n the part ic le for so l id 
a n d porous regions. 

T o i l lustrate the nature of temperature effects for aqueous systems, 
consider an i on exchange bed. If the external dif fusion step controls the 
g loba l kinetics , for example as descr ibed b y Sch log l a n d He l f f e r i ch (12 ) , 
smal l temperature differences i n the b e d are not l ike ly to be significant, 
since neither fcads or D c are necessary to describe the g loba l kinetics . O n 
the other h a n d i f in terna l dif fusion has an effect o n the rate of adsorpt ion, 
D c is important a n d the kinetics w i l l change w i t h temperature level . 
H o w e v e r , the necessity of i n c l u d i n g energy conservation equations w i l l 
depend i n add i t i on u p o n the heat capaci ty characteristics of the system. 
A s ment ioned , the h i g h heat capaci ty of l i q u i d streams makes i t m u c h 
less l i k e l y that important temperature variations, for example between 
f lu id a n d so l id , w i l l develop i n aqueous systems. Hence , for aqueous 
adsorpt ion it appears that an isothermal treatment us ing only the mass 
conservation equations w i l l usual ly be satisfactory. F u r t h e r analysis of 
space a n d point processes w i l l be based u p o n isothermal operation. 

Importance of Space Processes 

A recent analysis (4) of k inet i c data for the adsorption of h y d r o 
carbon gases on s i l i ca gel i l lustrates the relat ive influence of the three 
sequential steps out l ined earlier as w e l l as the significance of ax ia l d is 
persion. T h e data were obta ined at 50 °C . for a h i g h surface area ge l 
(832 sq. m e t e r s / g r a m ) , a n d are of a chromatographic type ; that is, con
centrat ion—times curves were observed i n the effluent gas f rom an a d 
sorption b e d i n response to a square wave input to the bed . Rate coeffi
cients were evaluated b y compar ing the chromatographic curve w i t h the 
solut ion of Equat i ons 1, 2, 3, 4, a n d 5. T h e importance of ax ia l d ispersion 
depends u p o n the part ic le d iameter a n d veloc i ty of the f lu id stream, that 
is, the variables i n the Peclet number . I n the chromatographic analysis the 
effect is best v i e w e d as a plot of the second moment of the effluent peak 
vs. the rec iproca l of the square of the veloc ity . F o r certain operating 
condit ions such graphs are straight lines. A n i l lustrat ion is F i g u r e 1, i n 
w h i c h data for the reduced second moment of propane are shown for 
three part ic le sizes. T h e part of the total resistance associated w i t h ax ia l 
dispersion at any veloc i ty v is equa l to the va lue of the ordinate at 1/v2 

less its value at 1/vr = 0. T h e fract ion of the resistance associated w i t h 
ax ia l d ispersion is this difference i n ordinates d i v i d e d b y the ordinate 
at 1/v2. F o r the conditions of F i g u r e 1, ax ia l dispersion is observed to 
be a significant factor for a l l velocities at the smallest part ic le size. H o w 
ever, for the particles of 0.50 m m . radius at h i g h velocities, the effect is 
smal l , but hard ly negl ig ib le at the highest velocities studied. 
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14 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

60 

l06/v2,(min/cm)2 

Figure 1. Chromatography of propane (50°C.) and dependence of 
[^-(t\A/12y\/2(xMonl/v* 

O R — 0.11 mm. 
A R = 0.39 mm. 
• R — 0.50 mm. 

T h e three sequential steps are add i t ive so that their importance can 
be shown as percentage figures. T a b l e I shows results at 50°C . for three 
hydrocarbons. T h e effect of axia l dispersion has been e l iminated f rom 
these data. A s part i c le size increases the effect of increasing diffusion 
p a t h length is c learly seen. E x t e r n a l dif fusion resistance also increases 
w i t h part ic le diameter but is not a very important factor i n any case. 
C o m p a r i s o n of the results for different hydrocarbons shows the effect of 
fcads- T h e lower the molecular we ight the slower the rate of p h y s i c a l 
adsorption. H e n c e , for ethane a n d smal l part ic le diameter the local 
adsorpt ion step accounts for nearly ha l f of the total resistance. F o r 
smaller part ic le sizes the trend continues u n t i l the point process can 
control g lobal kinetics. T h i s is i l lustrated later w i t h some data on 
chemisorpt ion, general ly a slower process than phys i ca l adsorption. F o r 
aqueous solutions i n v o l v i n g r a p i d adsorpt ion or react ion at the site, for 
example, i on exchange processes, g loba l kinetics are normal ly contro l led 
b y external a n d internal diffusion. T h i s s i tuation corresponds closely to 
butane adsorpt ion on the larger part ic le size i n T a b l e I . 

T h e shape of breakthrough curves provides a qual i tat ive descr ipt ion 
of the contro l l ing processes i n an adsorpt ion bed. Equat i ons 1, 2, 3, 4, 
a n d 5 w i t h proper boundary a n d i n i t i a l condit ions can be compared w i t h 
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2. S M I T H Kinetics of Adsorption 15 

measured breakthrough curves to evaluate quant i tat ive ly the resistances 
chosen to describe the process. T h i s is convenient ly i l lustrated w i t h data 
(9, JO) for the adsorpt ion of n i trogen on 9 6 % si l i ca glass (Vycor) at l i q u i d 
n i trogen temperature. F o r this phys i ca l adsorption, it is expected that 
either external or in terna l dif fusion w o u l d contro l the kinetics . F i g u r e 2 
shows observed breakthrough curves for two part ic le sizes a n d also pre 
d i c ted curves based u p o n external dif fusion contro l l ing the date. T h e 
pred i c ted curves do not show a large enough effect of part ic le diameter to 
fit the observed data. F i g u r e 3 shows the same type of data for four 
part ic le sizes a n d pred i c ted curves based u p o n interna l dif fusion con 
t ro l l ing the kinetics ( w i t h a fixed value for D c ) . T h i s m o d e l fits the data 
rather w e l l . 

Table I. Contributions to the Second Central Moment— 
Adsorption on Silica Gel at 50°C. 

Ethane Propane Butane 

A 
Adsorption 
Resistance, % 

B 
Intraparticle 
Diffusion 
Resistance, % 

C 

External 
Diffusion 
Resistance, % 

R = 
0.11mm 

44.5 

54.8 

R = 
0.50mm 

4.0 

95.0 

1.0 

R = 
0.11mm 

37.7 

61.5 

R = 
0.50mm 

3.0 

95.9 

1.1 

R = 
0.11mm 

16.0 

81.4 

2.6 

R = 
0.50mm 

1.0 

95.1 

3.1 

F o r chemisorpt ion the point adsorpt ion process is more l i k e l y to be 
significant. T h e pert inent var iab le to investigate i n this case is tempera
ture level . I n F i g u r e 4 breakthrough curves are i l lustrated for e t h y l 
a lcohol on s i l i ca gel ( I I ) . T h e effect of temperature is very strong. F o r 
the smallest size (0.0099 cm. rad ius ) at 155°C. the curve is near ly ver t i ca l 
a n d corresponds to a very r a p i d rate. T h e fact that the curves for the 
same temperature but different sizes are not the same suggests that 
in terna l or external dif fusion resistance also is important . A mathemat i ca l 
analysis of the curves gives evidence that a m o d e l based u p o n po int 
adsorpt ion a n d internal dif fusion satisfactorily represents the data. F i g u r e 
5 shows that at 9 0 ° C , the breakthrough curves for the two smallest 
particles are essentially the same, ind i ca t ing that po int adsorpt ion controls 
the overa l l kinetics . I n this s ituation the rate is proport iona l to the tota l 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
2

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



16 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

number of sites or to the mass of adsorbent, regardless of part ic le size. 
A t 155°C. ( F i g u r e 6 ) the rate constant for the po int process has become 
so m u c h larger that the breakthrough curves vary w i t h part ic le size for 
the who le range of particles. 

1.0 

0.8 
o •— 

0.6 

0.5 

0.2 

— — 3 ^ 0 

a=0.00< 39cm 

\llI/ > / * \ a 
= 0.0793 cm 
= 0.0463 
= 0.0151 N a 

= 0.0793 cm 
= 0.0463 
= 0.0151 

//pi 

fix 
— Infinite Rate Line, ts = !23 sec. 

/A 50 100 150 
TIME, t, sec. 

200 250 300 

Figure 2. Breakthrough curves for adsorption of nitrogen—external diffusion 
controlling 

Calculated from Equation 32 
— O — Experimental data 

I n aqueous systems i n v o l v i n g electrolytes, the r a p i d po int process 
h a d l e d to e q u i l i b r i u m treatments ( 1 7 ) , even for space steps. Cons ider 
able insight into the design of adsorpt ion beds can be gained b y treat ing 
bo th external a n d internal dif fusion steps, as w e l l as point adsorpt ion, as 
occurr ing at e q u i l i b r i u m . T h i s procedure has been par t i cu lar ly h e l p f u l 
for mult i component systems (2, 5, 9, 15, 18). W i t h respect to kinetics 
i t has l ong been recognized (1, 3, 6, 7, 16) that dif fusion steps contro l 
the kinetics of i on exchange processes. O f part i cu lar interest is the effect 
of the electric gradient, i n d u c e d b y the concentration gradient, on in t ra -
part ic le mass transfer. He l f f er i ch a n d Plesset (6,7) have used the Nernst -
P lanck equat ion for the flux, w h i c h includes the contr ibut ion at tr ibuted 
to electric gradient, i n conservation equations for spher ica l particles a n d 
for slab geometry. A s s u m i n g this interna l di f fusion step controls the 
process, the non- l inear equations were integrated numer ica l ly . T h e 
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2. S M I T H Kinetics of Adsorption 17 

results show that the electric effect depends u p o n the ratio of the di f fu-
sivities of the counter -moving ions D A / D B , a n d to a sl ight extent u p o n 
the ratio of electric charges of the two ions. N o r m a l l y intrapart ic le d i f fu 
sion has been treated i n such systems us ing F i ck ' s l a w w i t h a single 
concentrat ion- independent di f fusivity for a b inary system. U s i n g the 
Nerns t -P lanck flux re lat ionship , the rate of exchange is pred i c ted to 
increase w h e n the faster i on ( for example H + i n the H + - L i + system) is 
i n the exchange resin in i t ia l l y . W h e n the ratio D A / D B = 10 the t ime 
requ i red for 9 0 % exchange dif fered b y a factor of three f rom that based 
u p o n the usual F i c k ' s l a w result. 

1.0 

0.8 

0.6 

0.5 

0.4 

0.2 

h / / 
11 

a = 0.0793 cm 
0 = 0.0463^ 
a = 0.0151 >̂ 

a = 0.0793 cm 
0 = 0.0463^ 
a = 0.0151 >̂ 

// V "a = 0.0099 
^a= 0. or Infinite Rate Line 

V f 1 

TIME, t, sec. 

Figure 3. Breakthrough curves for adsorption of nitrogen—internal diffusion 
controlling 

No -o- o o Experimental data 
!— Computed results, Equation 25 

Hel f f e r i ch (4) tested the essential features of the Nerns t -P lanck 
concept b y exper imental measurements w i t h the H + - N a + i o n pair . D i f f u -
sivities of each i on i n the exchanger were evaluated f rom independent 
conduct iv i ty measurements. These diffusivities were then used to predict 
exchange rates a n d concentrat ion profiles w i t h i n the resin us ing the 
previous ly developed theory (6, 7 ) . T h e agreement was good, a n d i n 
part i cu lar the exper imental data confirmed that the rate of exchange was 
larger w h e n the i on of greatest m o b i l i t y ( H + ) was or ig inal ly i n the ex
changer a n d N a + was i n solution. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
2

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



18 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

1.0 

0.5 

0.5 

6=406 e =8.89 6=188 0=37.8 
R=0.054b 

(cm)!/ 
i/ 
/ 1 

1 4 
I55°C Jr I3I°C -II0°C 

1 
1 
1 

/i / i / i / i 

/1 / 1 / 1 / 1 
/ 1 / 1 

/ ! 1 

R=Q009J/ 
(cm) 

s 

i / 
1/ 
If 

I55°C p I3I°C 

f 

II0°C 

! 

i y 
i A '90.5° C 

i i ! 
10 15 20 25 30 

TIME,0(min.) 
35 40 45 50 

Figure 4. Breakthrough curves for adsorption of ethyl alcohol on silica gel 

1.0 

0.90 1.00 
CORRECTED TIME,0O 

,30 

Figure 5. Converted breakthrough curves for adsorption of ethyl alcohol on 
silica gel at 90.5°C. 

Expt. data: particle radii 
o 0.0793 cm. 

jo' 0.0540 cm. 
6 0.0311 cm. 

\x 0.0151 cm. 
-o- 0.0099 cm. 

If F i c k ' s equat ion is used a n d the diffusivities of the i on pa i r D A B 
a n d D B A are assumed to be equal , as for b inary gas diffusivities, p red i c ted 
exchange rates are the same, regardless of d irect ion of diffusion. T h u s , 
the newer theory tak ing into account the electric potent ia l is c lear ly an 
improvement over the F i c k s l aw approach. H o w e v e r , i f an e m p i r i c a l 
v i e w of this s imple theory is used, a l l o w i n g each di f fusivity to assume a 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
2

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



2. S M I T H Kinetics of Adsorption 1 9 

value determined b y the data, exchange rates can be adequate ly repre
sented. H e r i n g a n d Bliss (8 ) studied the exchange rates of six i on pairs 
o n D o w e x 5 0 W a n d f ound that the fract ional conversion vs. t ime results 
c o u l d be represented w i t h equa l accuracy b y either theory. H o w e v e r , 
the empi r i ca l l y established values for the diffusivities were an order of 
magni tude different for the counter di f fusing ions a n d probab ly h a d 
l i tt le phys i ca l meaning . 

IO 

o 

0.8 

0.6 

0.5 

0.4 

0.2 

Xo=6090 
h = 0.00 v 

4.76 0 s Nv J / /< 
9.5lO 

23 .8k N - i - T " " " " " 
, I P 

\\I;/J&e ^47.5 = h 
95.0 

^47.5 = h 
95.0 

/y/\\ 
# * 111 

v t i l l 

\ / / / 1 
' / II ' / 1 1 

/ / I I 

0.60 0.70 0.80 0.90 1.00 
CORRECTED TIME, 8 0 

I.I 0 1.20 1.30 

Figure 6. Converted breakthrough curves for adsorption of ethyl alcohol on 
silica gel at 155°C. 

Expt. data: particle radii 
o 0.0793 cm. 

,o' 0.0540 cm. 
(J) 0.0311 cm. 
X 0.0151 cm. 
-o- 0.0099 cm. 

Methods of Evaluating Space and Point Resistances 

A c ommon method of assessing the relative importance of interna l 
dif fusion a n d point adsorpt ion resistances is to measure, as a funct ion of 
t ime, the uptake of adsorbent f rom a solution containing so l id particles. 
B a t c h data of this type taken at different temperatures a n d part ic le sizes 
can usual ly be ana lyzed so as to establish the importance of in terna l 
resistances. H o w e v e r , some types of dif fusion have re lat ive ly h i g h ac t iva 
t i on energies so that the separation is complex. A l so , i n such methods care 
must be taken to ensure r a p i d mot ion of the fluid w i t h respect to the 
particles, for example b y st irr ing , i n order to e l iminate external dif fusion 
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resistance. T h i s is par t i cu lar ly important i f the results of b a t c h measure
ments are to be used i n des igning a fixed-bed adsorber, because external 
di f fusion resistance is difficult to m a i n t a i n the same i n bat ch a n d flow 
systems. 

T w o re lat ively n e w methods have been developed w h i c h analyze 
d i rec t ly the performance of adsorpt ion beds. B o t h are based u p o n com
p a r i n g solutions of Equat i ons 1, 2, 3, 4, a n d 5 w i t h exper imental data a n d 
differ on ly b y the i n i t i a l cond i t i on a p p l i e d to the bed . I n the one the 
input is a step funct ion of adsorbent so that breakthrough curves, such 
as shown i n F igures 2, 3, 5, a n d 6 represent the concentrat ion i n the 
effluent f r om the bed . I n the other the input funct ion is a square wave , 
corresponding to chromatographic techniques. I n this case the first a n d 
second moments can be convenient ly ana lyzed for the rate coefficients of 
space a n d po int processes. T h e method is n o w l i m i t e d to l inear adsorpt ion 
isotherms, but f requent ly exper imental condit ions can be chosen so that 
this restr ict ion is fu l f i l led . A d s o r p t i o n rate coefficients so determined 
should be v a l i d over any concentrat ion range, whether the isotherm is 
l inear or not, as l ong as the coefficients are independent of composit ion. 
T h e first moment, measur ing the center of gravi ty of the effluent peak, 
can be re lated to the e q u i l i b r i u m constant for the po int adsorpt ion step, 
a n d the second a n d h igher moments to the rate coefficients for a x i a l 
dispersion, external a n d interna l dif fusion, a n d po int adsorption. N o r 
m a l l y i t is not possible to evaluate moments h igher than the second w i t h 
enough prec is ion to be useful . H o w e v e r , b y m a k i n g measurements for 
different velocities a n d part i c le sizes, under careful ly chosen condit ions, 
sufficient data are obtainable to evaluate the space a n d point parameters. 
T h e m e t h o d has several advantages: 

1. Rate coefficients are determined i n an adsorpt ion bed , that is for 
the same geometry that they w o u l d be used for i n design purposes. 

2. E q u i l i b r i u m a n d rate coefficients can be established s imultane
ously i n the same apparatus. 

3. T h e apparatuses s imple a n d data are obta ined r a p i d l y . 

Summary 

T h e intent of this paper is to po int out that phys i ca l or space 
processes, w h i c h usual ly influence a n d frequent ly contro l kinet ics of 
adsorpt ion i n aqueous systems, can be represented effectively b y q u a n t i 
tative models. T h e rate coefficients i n such models are more mean ing fu l 
t h a n those associated w i t h schemes w h i c h do not recognize space proc 
esses. P u b l i s h e d reports have frequent ly ana lyzed data b y a chemica l 
mode l , but i n such instances the "react ion rate" constants are f o u n d to 
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2. S M I T H Kinetics of Adsorption 21 

be functions of part ic le size or fluid flow rate, as po inted out b y Gr i f f in 
a n d Dranof f ( 3 ) . 

T h e app l i ca t i on of adsorpt ion kinetics is usual ly the design of proc 
esses for remov ing or separating components f rom a fluid stream; a process 
for w h i c h the fixed-bed adsorber is w e l l suited. Recent ly , analysis m e t h 
ods have been developed b y w h i c h it is possible to evaluate the relat ive 
importance of space a n d point processes, a n d obta in n u m e r i c a l values 
of rate coefficients, f rom measurements on laboratory-scale fixed beds. 
T h i s approach facil itates the design of large scale equipment , a n d i n the 
case of the chromatographic method , possesses other advantages as a 
means of evaluat ing rate coefficients. 

F i n a l l y , intrapart ic le dif fusion appears to be a n important factor i n 
adsorpt ion kinetics for m a n y types of systems. I n the past i t has been 
customary to define such mass transfer quant i tat ive ly i n terms of an 
effective di f fusivity. H o w e v e r , even i n gas - so l id systems more than one 
process can be invo lved for porous particles. T h u s , two-d imens ional 
migrat i on on the pore surface, surface dif fusion, is a potent ia l contr ibut ion . 
L i q u i d systems appear to be more complex, and , w i t h electrolytes, i t has 
been shown that the electric potent ia l i n d u c e d b y counter-dif fusing ions 
should be taken into account. A real ist ic descr ipt ion of intrapart ic le mass 
transfer i n such cases requires more than a single rate coefficient for a 
b i n a r y system. 

Symbols 

C Specific heat; C f for fluid; C p for part i c le ; c a l . / ( g r a m ) ( ° K . ) 
c Concentrat ion of adsorbable gas i n the interpart ic le space, 

m o l e / m l . 
Ci Concentrat ion of adsorbable gas i n the intrapart ic le space, 

m o l e / m l . 
Cads Concentrat ion of adsorbed gas per un i t we ight of adsorbent, 

m o l e / g r a m 
D c Ef fect ive intrapart ic le dif fusion coefficient, cm. 2 / s e c . 
ht E x t e r n a l heat transfer coefficient, c a l . / (sec.) ( c m . 2 ) ( °K . ) 
E x Ef fect ive ax ia l d ispersion coefficient, based u p o n total cross-

sectional area of bed , cm. 2 / s e c . 
A H H e a t of adsorption, c a l . / m o l e 
ke Intrapart ic le effectivity t h e r m a l conduct iv i ty , c a l . / ( c m . ) 

(sec.) ( ° K . ) 
kx A x i a l effective thermal conduct iv i ty of bed , c a l . / ( c m . ) 

(sec.) ( ° K . ) 
fcads A d s o r p t i o n rate constant, m l . / ( g ram) (sec.) 
kt E x t e r n a l mass transfer coefficient, cm. /sec . 
K A d s o r p t i o n e q u i l i b r i u m constant, m l . / g r a m 
r Rad ius coordinate i n spher ica l part ic le , cm. 
R Rad ius of part ic le , cm. 
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Rt, G l o b a l adsorpt ion rate, m o l e / (sec.) ( m l . ) 
R p Po in t adsorpt ion rate, m o l e / (sec.) ( m l . ) 
P P Po in t heat release i n part ic le , c a l . / (sec.) ( m l . ) 
Qv G l o b a l heat release c a l . / (sec.) (ml . ) 
t T i m e , sec. 
T Abso lute temperature i n fluid stream; T i = temperature 

w i t h i n part ic le , °K. 
v L i n e a r ve loc i ty of fluid i n the interpart ic le space, cm. / sec . 
z A x i a l coordinate i n the bed , c m . 
a Interpart ic le v o i d fract ion 
p Intrapart ic le v o i d fract ion 
p D e n s i t y ; pt for fluid; pv for part ic le , g r a m / m l . 
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Two-dimensional Monomolecular 
Ion Exchangers 

Kinetics and Equilibrium of Ion Exchange 

M . DE HEAULME, Y . HENDRIKX,, A . L U Z Z A T I , and 
L . TER M I N A S S I A N - S A R A G A 

Centre National de la Recherche Scientifique, Physico-Chimie des Surfaces et 
des Membranes, 45, rue des Saints-Peres, Paris VI°, France 

The adsorption of several cationic soaps and of the PoCl62-
ions at the surface of their aqueous solutions is measured. 
From the amount of adsorption we deduce the coefficient of 
selective exchange (selectivity). This coefficient depends on 
the chemical nature (the hydrophobic character in particu
lar) of the organic cations which constitute the sites of the 
two-dimensional ion exchanger, and of the distance between 
these sites. Under our experimental conditions the rate of 
the ion exchange by the two-dimensional ion exchanger is 
controlled by the diffusion of PoCl62 - towards the surface. 
This diffusion takes place through a diffusion layer located 
below the two-dimensional ion exchanger. 

' " p h e first measurements of the adsorpt ion of d issolved substances at 
A the a ir -so lut ion interface, or b y soap films, b y us ing molecules 

labe l led w i t h radioact ive elements, were per formed b y D i x o n et al. (6) 
a n d b y H u t c h i n s o n (11). 

D i x o n et al. measured the emission into air , above an aqueous so lu
t i on of the surface active c ompound , of soft /?-rays of a 3 5 S labe l l ed soap. 

T h e y s tudied the kinetics of the adsorpt ion of the soap anions as a 
funct ion of t ime a n d obta ined the e q u i l i b r i u m values for the adsorbed 
layer density. 

It was f ound that the adsorpt ion might be contro l led b y the dif fusion 
of the adsorbing species. 

T h e adsorpt ion of smal l ions (sulfate ions) at the surface of solutions 
of surface active agents (cat ionic , anionic , a n d non-anionic ) was measured 

23 
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24 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

b y the same authors (13, 14, 15) us ing the radiotracer method . L a s t l y , 
they demonstrated the displacement of one adsorbed soap b y a second, 
more active surface agent, present i n the solution (12). 

T h e method used b y H u t c h i n s o n (11) a l lows the measurement of 
the composi t ion of soap films, the constituents of w h i c h ate labe l led w i t h 
radioact ive elements. S u c h a film m a y be f o rmed b y rais ing a p l a t i n u m 
r i n g through the surface of the solut ion of the soap. T h e rad ia t i on emit ted 
b y the tagged molecules of the film is measured a n d the concentration 
of the last ones i n the film are calculated. 

T h e methods used b y Aniansson et al. (1, 2, 3), N i l s o n (4, 5) a n d 
ourselves (7, 20, 21) are re lated to the method of D i x o n et al. ( 6 ) , w h i l e 
the method of Sh inoda a n d a l l (19) is based on that of H u t c h i n s o n ( I I ) . 

M o s t of the authors (2, 3, 7, 19, 21) w h o use labe l led molecules are 
concerned w i t h the process of i on exchange b y adsorbed i on i zed soap 
molecules a n d calculate the separating factors or the coefficient of selec
t i v i t y for the exchanging cations (2, 3,19) or anions (7,21). 

T h e authors of the present paper (7, 10, 21) used the p lanar soap 
monolayers as a s imple m o d e l for the complex surface of a porous i o n 
exchanging resin. T h u s , a study of the effect of the separation between 
the i on i zed sites of a " m o d e l " exchanger on its select ivity between t w o 
compet ing counterions can be attempted. 

T h e suggested m o d e l is consituted b y the aqueous solut ion of cat ionic 
soaps, containing H C 1 ( 2 M ) a n d traces ( 1 0 " 7 - 1 0 - 8 M ) of a 2 1 0 P o salt 
w h i c h , under our condit ions, is the c o m p o u n d 2 1 0 P o C l 6 H 2 (4, 5 ) . 

A t the surface of the solut ion the cat ionic soap constitutes a posit ive 
layer of organic cations neutra l i zed b y C I " a n d P o C l 6

2 " ions; 2 1 0 P o emits 
a - rays . T h e surface density as w e l l as the kinetics of the adsorpt ion of 
P o C l 6

2 " are determined b y measuring the radioact iv i ty above the surface 
of the solution. A n analogous technique is used to determine the density 
of the soap adsorbed at the a ir -so lut ion interface, w h e n the soap is 
labe l led w i t h 1 4 C . Therefore, these measurements a l l ow a direct analysis 
of the composi t ion of the adsorbed soap films at e q u i h b r i u m a n d d u r i n g 
their formation. 

F r o m the e q u i l i b r i u m values w e ca lculated the coefficient of selec
t i v i t y (9 ) a n d the corresponding free energy a n d de termind their var ia t ion 
as a funct ion of the separation between the i on ized sites. 

A p r e l i m i n a r y report (10) a n d a more detai led one (7) of the tech
niques employed are p u b l i s h e d elsewhere. F o u r cat ionic soaps are used 
as fo l lows: dodecy l t r imethy lammonium bromide ( d 2 T A B r , I ) ; hexadecy l -
t r i m e t h y l a m m o n i u m bromide H ( C i 6 T A B r , I I ) *, h e x a d e c y l p y r i d i n i u m 
chlor ide ( C i G P y C l , I I I ) * , a n d hexadecy ld imethy le thy lo lammonium bro 
m i d e ( C i o C h o l B r , I V ) . T h e last c o m p o u n d is re lated to chol ine bromide , 
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3. D E H E A U L M E E T A L . Monomolecular Ion Exchangers 25 

one m e t h y l of w h i c h is rep laced b y a hexadecy l rad i ca l . T h e soaps 
m a r k e d w i t h an asterisk are labe l l ed 1 4 C . 

Results and Discussion 

Kinetics of Adsorption (8) (Results), ( A ) T H E I O N S P O C 1 6
2 " . T h e 

curves obta ined b y p lo t t ing the intensity of the a-rays emitted b y 2 1 0 P o 
adsorbed b y the soap film vs. t ime conform to the l a w represented b y 
the F i g u r e 1. T h e slope k of the l ine shown o n F i g u r e 1 is the constant 
of the rate of exchange of these ions b y the pre-exist ing film of the neutra l 
adsorbed soap. N o such adsorpt ion can be f o u n d for an anionic soap or 
oleic a c i d monolayers. 

11 i i i i i 1 O \ i ^ 

0 10 20 30 40 50 60 70 

Figure 1. Kinetics of the adsorption of PoCl6
2' 

ions 

A x = a-ray emission at equilibrium. A(t): instant a 
emission, t: time, k = slope of the line. cc16TABr = 

2 X 10-°M; HCl 2U 

( B ) T H E S O A P F I L M S . T h e format ion of the soaps films I I a n d I I I 

is f o l l owed b y measur ing the var ia t ion of the intensity of the /?-rays 
emitted b y the 1 4 C atoms labe l l ing the organic cations of the soaps. 
T h e i r e q u i l i b r i u m surface density is attained l ong before that of the 
P o C l e 2 " ions. 

Equilibrium of Adsorption, ( A ) T H E S O A P F I L M S . T h e isotherms 
of adsorpt ion of the organic cations of the soaps are reproduced on the 
F i g u r e 2. C lass i ca l methods (20) are used to obta in the surface densities 
of the soaps I a n d I V . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
3

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



26 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

( B ) T H E P O C 1 6
2 " I O N S . C o n s i d e r i n g that the m a x i m u m number of 

posit ive sites is g iven b y the surface density 8 of the organic cations, the 
amount of adsorpt ion of the ions P o C l 6

2 " , 8Poci62-> does not exceed 1% 
of this m a x i m u m value. U n d e r these conditions 8 p o C i 6

2 - is proport ional 
to the concentration i n b u l k of the same ions c P o C i 6 2 - therefore the dis 
t r i bu t i on coefficient of this i o n 

^ SpoCle 2" ^ 

CpoCie 2" 

is independent of c P o c i 6
2 - - H o w e v e r , i t varies w i t h 8 (7, J O ) . 

T h e coefficient of selectivity (9 ) a corresponding to the f o l l ow ing 
react ion of exchange 

2 C F + P o C l 6
2 - ^ P o C l 6

2 - + 2 CI" (2) 

can be determined f rom our data. If one assumes that 8 C r == (8 - 28 P o c i 6
2 - ) 

and , as Spocie2- < < S C r a n d c P ( , C ] 6 2 - < < c c r , i t can be shown that a is 
e q u a l to : 

a 8 P Q C I 6 2 - x £cr _ _ ^ ccr ^ 

C P o C l 6 2 " 8 & 

F r o m E q u a t i o n 3 w e calculate the free enthalpy of exchange 
A G 2 C i P o ( V - = -RT l n « . 

5x10r14 

[molec/cm*] 

4 5 6 7 8 9 1 0 x lO^C [M] 
i i i i i i i J 

8 9 1 0 x 1 0 " 6 

Figure 2. Surface density of 8 of the adsorbed soap films vs. its con
centration c in the solution 

HCl 2M; 25°C. A (C„TABr); © (CnCholBr); O (CJ6TABr); + (CcPyCl); 
CuTABr (O-IO-'M); other soaps (0-10~sM) 
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3. D E H E A U L M E E T A L . MoYiomolecular Ion Exchangers 27 

F i g u r e 3 shows a p lot of this vs. the quant i ty w h i c h is p ro 
por t iona l to the separation between the posit ive charges of the adsorbed 
soap monolayer. 

10x106 

1x106 

105. 

104 

2 , 3 R T 

- jLx10 8 cm 

1 2 3 4 5 6 7 8 9 10 

Figure 3. The free enthalpy of ion exchange 
A G / R T vs. the separation (l/W 8) (A) between 

the positively charged sites 25°C. 

From bottom to top, the soaps CuTABr, CmCholBr, 
CnTABr, CiePyCl 

F o r a g iven separation between the charged sites a n d for the ions 
P o C l o 2 " / C l " the chemica l nature of the adsorbing sites may affect the 
ionic selectivity strongly. T h e hydrophob i c character of the substituted 
quaternary a m m o n i u m seems to favor the selection of the P o C l 6

2 ' i o n 
( compare the soaps I a n d I I I ) . I f w e consider the exchange P o C l ( f ~ / C l " 
as an " i n situ ind i ca tor " of the hydrophob i c character of the adsorbing 
site our results ( F i g u r e 3) a l l ow us to class the polar groups of I I , I I I , 
a n d I V accord ing to the intensity of this character, as fo l lows : p y r i d i n i u m 
> t r i m e t h y l a m m o n i u m > d imethy le thy lo lammonium. 

Kinetics of Adsorption. D I S C U S S I O N . T h e interpretat ion of the results 
reproduced on the F i g u r e 1 is attempted o n the same lines as the desorp-
t i on of s l ight ly soluble monolayers (20). 
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28 A D S O R P T I O N P R O M A Q U E O U S S O L U T I O N 

It is assumed that d u r i n g the exchange, the "adsorbed" ions P o C l 6
2 " 

d istr ibute l oca l ly between the soap monolayer a n d a very t h i n reg ion 
of ne ighbor ing l i q u i d substrate. T h e loca l d i s t r ibut ion rat io is equa l to 
K of the E q u a t i o n 1 a n d varies w i t h t ime f o l l owing the var ia t i on of 
Spocie2"- I n this t h i n reg ion the concentration c P o c i 6

2 - i s l ower t h a n i n the 
b u l k of the substrate a n d P o C l 6

2 ' ions migrate across a th i ck dif fusion 
layer c u n t i l the concentration of the ions P o C l 6

2 " becomes u n i f o r m 
throughout a l l the l i q u i d substrate. 

U n d e r these condit ions the constant k of the rate of adsorpt ion is 
e q u a l to : 

(4) 

where D = 0.78 c m . 2 / d a y (17 ) . T h e E q u a t i o n 4 is veri f ied b y the soaps 
I I , I I I , a n d I V (see F i g u r e 4 ) . T h e h y d r o d y n a m i c constant {D/e) is 
independent of the natuer of the "adsorbent" (soap film). 

-^-xlO 2 0 ^ x cm2/molec] 

0 , 5 

Figure 4. The constant of the adsorption rate vs. 
(l/X) 

K = distribution coefficient of PoCU*~ (Equation 1) Q 
CeCholBr; O CuTABr; © C16PyCl 
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3. D E H E A U L M E E T A L . Motiomolecular Ion Exchangers 29 

F r o m it a value of e ^ 0.4 m m . is ca lcu lated us ing the value of D 
(17). 

Conclusion 

T h e kinetics a n d the e q u i l i b r i u m of adsorpt ion of anions P o C l 6
2 " b y 

i on i zed monolayers of cat ionic soaps have been studied a n d bo th phe
nomena are analogous to those observed w i t h the po lymer i o n exchangers 
(9). 

It is suggested that the soap films may be considered as monomolecu -
lar m o d e l ion-exchangers ( two-d imens ional ) a n d made use of for the 
study of part i cu lar effects contr ibut ing to the usual complex process of 
i on exchange. A s a first app l i cat ion , the authors study the effects of the 
separation between the exchanging sites a n d of the degree of their 
hydrophob i c character on the selectivity of i on exchange. 
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4 

Chromatographic Behavior of 
Interfering Solutes 

Conceptual Basis and Outline of a General Theory 

F . HELFFERICH 

Shell Development Company, Emeryvil le , Calif . 95608 

The basis of a theory for interfering solutes, applicable to 
systems with any number of species and arbitrary initial 
and influent conditions, is outlined. The key concept is that 
of "coherence": a composition profile is coherent if, at a 
given time, all concentrations coexisting at any location 
have the same velocity. Given sufficient time and distance 
for undisturbed development, coherence is attained from any 
arbitrary initial conditions. Coherent composition sequences, 
mapped in a coordinate system with concentrations as 
coordinates, are called "composition paths." A simple ex
ample illustrates the use of composition paths in predicting 
development behavior. For systems with constant separa
tion factors, the composition-path grid can be orthogonalized 
by the so-called h-transformation, which greatily simplifies 
the mathematical treatment. 

' " "phe d y n a m i c behavior of a species passing through a chromatographic 
A c o l u m n is chiefly determined b y the d i s t r ibut ion of the species be

tween the stationary phase—e.g., sorbent, i on exchanger—and the mobi le 
phase ( m o v i n g gas or l i q u i d ) . I n convent ional theories of chromatogra
p h y it is usual ly assumed that the various species i n the c o l u m n do not 
affect one another's d is tr ibut ion . M a t h e m a t i c a l l y , i n e q u i l i b r i u m , the 
stationary-phase concentration y{ of a species i then is a funct ion on ly 
of the mobi le-phase concentration x{ of the species: 

* / i = f (*i) (1) 

30 
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4. H E L F F E R I C H Chromatographic Behavior 31 

T h i s assumption convenient ly permits mult i component cases to be treated 
as composites of s ingle-component cases: the behavior of each species can 
be ca lcu lated separately a n d the results be super imposed on one another. 
T h e assumption is qui te acceptable for ana lyt i ca l chromatography at l o w 
concentrations a n d l o w degree of sorbent l oad ing ; but becomes untenable 
at h i g h concentrations or i n i on exchange w i t h h i g h conversion, because 
the solute species then affect one another's sorption behavior as they 
compete for the l i m i t e d number of avai lable sorption "sites." I n e q u i 
l i b r i u m , the stationary-phase concentration of species i then depends 
on the mobi le-phase concentrations of a l l species present rather than 
on ly on that of i : 

yi = i(x1,x2, ...xn) (2) 

T h e term " inter fer ing solutes" has been co ined to characterize this s i tua
t ion . T h e seemingly minor compl i cat ion has serious consequences for 
the theoretical treatment a n d m a y be said to a d d a new dimension to 
chromatographic behavior . A n examinat ion of the effects caused b y 
solute interference is the subject of the present communicat ion . 

Scape and Premises 

A br ie f in troduct ion to a new theory deve loped for inter fer ing solutes 
w i l l be g iven. T h e basic a n d n e w concepts w i l l be out l ined a n d i l lustrated. 
O n l y a few highl ights can be g iven, a n d space does not permit to inc lude 
proofs. F o r a comprehensive coverage, details, proofs, a n d a complete 
mathemat i ca l treatment the reader is referred to a for thcoming mono
graph (11). 

T o b r i n g out c learly the effects ar is ing exclusively f rom solute inter 
ference, a l l disturbances w e l l k n o w n to occur i n chromatographic columns 
—deviat ions f rom loca l e q u i l i b r i u m , finite mass-transfer rates, ax ia l d i f 
fusion, eddy dispersion, flow mald i s t r ibut ion , fingering, pressure drop , 
deviations f rom isothermal b e h a v i o r — w i l l be disregarded. T h e effects 
of such disturbances are essentially the same i n systems w i t h interference 
as i n any others a n d can be accounted for b y later corrections. F o r 
s impl i c i ty , only what m a y be ca l l ed "compet i t ive" sorption w i l l be ex
a m i n e d : add i t i on of a sorbable species at constant concentrations of the 
others, or replacement of a species b y another w i t h higher affinity for 
the sorbent, decreases the d i s t r ibut ion ratios yjx\ of a l l species because 
of the increased compet i t ion for the sorpt ion sites. Fur thermore , the 
exchange of species between the stationary a n d mobi le phases w i l l be 
assumed to be stoichiometric , as i n i on exchange w i t h d i lute solutions. 
W h i l e the theory also covers "synergist ic" (as opposed to " compet i t ive" ) 
a n d nonstoichiometric sorption, the ensuing complicat ions w o u l d tend to 
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32 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

obscure the m a i n features to be discussed here. I n a l l other respects, the 
treatment is general and , i n part i cu lar , covers systems w i t h any number 
of species a n d w i t h any arb i t rary u n i f o r m or nonuni f o rm i n i t i a l concen
trations profiles a n d constant or v a r y i n g influent compositions. 

T h e f o l l ow ing conventions as to nomenclature w i l l be adopted. T h e 
exchanging sorbable species are numbered 1,2, . . . ,n i n the sequence of 
decreasing affinity for the stationary phase. T h e number of species is n. 
Stationary- a n d mobi le-phase concentrations t/i a n d Xi are so normal i zed 
that 

n 
2 and J] ^ = 1 <3> 

i = l i = l 

B i n a r y separation factors are defined i n the usual w a y as 

- y J * k (A\ 

Conceptual Basis: Species Velocities and Concentration Velocities 

T h e conceptual basis of the theory is p rov ided b y an examinat ion of 
the velocities of species a n d concentrations i n a chromatographic co lumn. 
A d is t inct ion is made between "species velocit ies" a n d "concentration 
velocit ies ." T h e species ve loc i ty is defined as the ( l o ca l average) rate of 
advance of the molecules or ions of the respective species, a n d w o u l d be 
observed i n an experiment i n w h i c h the progress of, say, a radioact ive 
tracer is measured. T h e concentration velocity , i n contrast, is defined 
as the rate of advance of a g iven concentration of the respective 
species—i.e., the concentration veloc i ty of a g iven concentration Xi of 
species i is defined as (dz/dt)xi (where z = distance f rom c o l u m n inlet , 
a n d t = t i m e ) . T h e species veloc i ty a n d the concentration veloc ity , for the 
same species, usual ly differ f rom one another as they refer to phys i ca l ly 
different phenomena. T h e y are formal ly analogous to the part ic le veloc i ty 
a n d wave veloc i ty i n nonl inear acoustics (13). A cruder , but more readi ly 
perce ived analogy is w i t h a flood wave on a r iver ; the flood wave reaches 
the estuary far i n advance of the ra in-water molecules w h i c h h a d caused 
the flood far upstream. A n analogy f rom everyday l i fe is a traffic jam as 
shown i n F i g u r e 1; defined as the locus of stopped cars or of highest car 
density, the traffic jam even moves against the traffic flow as ar r iv ing cars 
are forced to stop b e h i n d others w h i l e these get under w a y again ( J O ) . 

I n chromatography, the species veloc i ty is determined b y the ratio 
yjxi of the absolute concentrations of the species i n the two phases, as 
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4. H E L F F E R I C H Chromatographic Behavior 33 

Initial 
Obstacle 

C a r A stops / 

[ T > \ry d > , £ ! > 
/ 

5 sec later car B stops / 
/ ' 

. / ' 

E> \J> H> EZ) / 

10 sec later , car C stops / y" 

d> CZ> £I>[I>' 
/ / 

15 sec later car D stops / / 

o> \r> i°> c iy e> 
20 sec later , c a r E stops • ^ j 

/ 1 •'— 
y 

Traf f ic J a m 

Figure 1. Traffic-jam situation on single-lane highway 
(10) 

on ly those molecules advance w h i c h are i n the mobi le phase. I n contrast, 
the concentrat ion veloc i ty is determined b y the ratio of the concentration 
variations of the species i n the two phase—i.e., b y the der ivat ive dyjdxx 
i f there is no interference. T h e basic dif f iculty ar is ing i n systems w i t h 
interference is that a der ivat ive dyi/dxi does not exist because t /i is no 
longer a funct ion of x{ alone. Rather , the ratio of the concentration v a r i a 
tions, a n d thus the concentration veloc i ty of a species, can i n pr inc ip le 
assume any posit ive or even negative value, depending on the concomitant 
concentration variations of the accompanying species. 

The Key Concept: Coherence 

T h e key concept of the theory is that of "coherence." If one al lows 
complete ly arbi trary concentration profiles of the species, one w i l l usual ly 
find that the species concentrations coexisting at any g iven t ime a n d 
locat ion i n the c o l u m n have different velocities. Composi t ions then exist 
on ly momentar i ly , as their constituent concentrations advance at different 
rates a n d thus part company. C o m p o s i t i o n profiles w i t h this property 
w i l l be ca l l ed "noncoherent." I n contrast, a profile w i l l be ca l l ed "coher
ent" if , at a g iven t ime, a l l concentrations coexisting at any locat ion have 
the same velocity , so that compositions r emain conserved as they migrate . 
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34 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

T h e mathemat i ca l condi t ion for coherence is that, at the t ime under 
consideration, the requirement 

(dz/dt)xl=(dz/dt)X2= . . . =(dz/dt).n (5) 

is met at any locat ion z. Coherent profiles may, a n d usual ly do, contract 
or expand, since the ve loc i ty at a g iven t ime m a y vary w i t h locat ion ; 
sharpening a n d spreading of chromatographic boundaries thus takes 
place i n coherent systems w i t h interference i n m u c h the same w a y as i n 
systems wi thout interference. Coherence merely requires, b y def init ion, 
that the concentrations const i tut ing any composi t ion i n the c o l u m n move 
at the same rate a n d thus remain together. 

A t first glance, coherence m a y appear to be a h i g h l y exceptional 
behavior w h i c h one cou ld expect to find only under special a n d very 
s imple operat ing conditions. Th i s is not so. T h e concept owes its va lue 
to the fact that any arb i t rary i n i t i a l composit ion profile eventual ly attains 
coherence i f g iven sufficient t ime a n d distance for und is turbed develop
ment—i .e. , development through a u n i f o r m l y presaturated b e d section 
b y a n influent of constant composit ion. Th i s is not entirely surpr is ing , 
since coherence may be v i e w e d as a "stable" state, a n d noncoherence as 
an "unstable" one. O n c e a profile has become coherent, it consists, b y 
definit ion, of compositions w h i c h are conserved, a n d thus does not b y 
itself become noncoherent again. I n contrast, i n a noncoherent profile 
there is a continuous shift of concentrations relative to one another. T h a t 
the concentrations indeed shift i n such a manner as to result eventual ly 
i n coherence is, however , more difficult to prove. W e shal l re turn to this 
question at a later stage. 

F r o m a h is tor i ca l po int of v iew, it is interesting to note that previous 
theories have not at a l l quest ioned as restrictive a condi t ion as coherence. 
Rather , for the s imple boundary condit ions to w h i c h they have confined 
themselves, they have taken an entirely coherent behavior for granted (2, 
3, 4, 5, 7, 8, 9, 12,14, 15, 16, 17, 18, 19, 20). A p p a r e n t l y , only B a y l e a n d 
K l i n k e n b e r g (1) recognized that an unproved postulate is invo lved . T h e 
present theory encompasses noncoherent as w e l l as coherent behavior a n d 
is free of any such postulate. 

Properties of Coherent Systems: Affinity Cuts, Composition Paths, and 
Composition Velocities 

A treatment of coherent systems is inherent ly m u c h s impler than 
that of the general case a n d is useful i n that it al lows at least to predic t 
w h i c h state a composi t ion var iat ion w i l l eventual ly attain i f deve loped 
w i t h o u t be ing d is turbed . 
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4. H E L F F E R I C H Chromatographic Behavior 35 

Coherence imposes stringent restrictions on the behavior of the 
species concentrations. O f the l ong l ist of r equ i red properties of coherent 
composit ion profiles only one w h i c h is rather s t r ik ing w i l l be ment ioned, 
namely , the existence of "affinity cuts." I n a coherent composit ion profile, 
each locat ion z at w h i c h concentrat ion gradients exist has a so-called 
affinity cut. T h i s cut divides the species, w r i t t e n i n the sequence of 
decreasing affinity for the stationary phase, into two groups: 

l , 2 , . . . , j | j + l , . . . , n (6) 

where the vert i ca l l ine marks the cut. T h e significance of the cut is that 
the species of the two groups change their concentrations i n opposite 
directions. Thus , the concentrations of species 1 through j m a y increase, 
a n d those of species j + 1 through n then decrease, i n the d irect ion of 
flow, or vice versa. A profile not obey ing this restrict ion, say, one i n w h i c h 
at some locat ion the concentrations of species 1 a n d 4 increase w h i l e 
those of species 2, 3, 5, a n d 6 decrease, cannot be coherent. T h e ru le 
applies to stationary-phase as w e l l as to mobi le -phase concentrations. I n 
an n-component system w i t h stoichiometric exchange, there are n — 1 
possible positions of the affinity cut namely , 1 | 2, 2 | 3, . . . , n — 1 | n . 
( T h e notat ion j | k is adopted to denote a cut between species j a n d k. ) 
A s a ru le , a coherent composi t ion profile involves more than one affinity 
cut ; the profile is usual ly composed of various separate portions h a v i n g 
different affinity cuts, interspersed between zones of un i f o rm composit ion. 

C o m p o s i t i o n sequences compat ib le w i t h coherence can be m a p p e d 
i n a coordinate system w i t h concentrations as coordinates. T h e lines thus 
obta ined w i l l be termed "composi t ion paths." A composi t ion-path g r i d 
for a three-component system is shown as an example i n F i g u r e 2. ( T h e 
tr iangular s implex is used to accommodate compositions of three species 
i n a two-d imens ional d iagram; this is entirely a matter of graphica l 
representation a n d has no bear ing on the mathemat i ca l treatment.) 
There are two sets of paths, corresponding to the two possible affinity cuts 
1 | 2 a n d 2 | 3. O f the infinite mul t i tude of paths of each set, on ly a few 
at regular intervals are shown. E a c h composit ion i n the d iagram is at 
a n intersection of two paths, one f rom each set. A topological ly important 
feature is that the 1 | 2 a n d 2 | 3 paths originate f rom different portions 
of the border x2 = 0 of the d iag ram; the po int W separating these two 
portions w i l l be ca l led the "watershed po int . " T h e paths are l inear i f the 
separation factors are constant—i.e. , independent of composit ion. T h e i r 
exact positions depend on the values of the separation factors, but their 
topology does not. 

A m o d e l dep ic t ing composit ion paths i n the s implex tetrahedron of 
a four-component system is shown i n F i g u r e 3. F o r systems w i t h more 
t h a n four components, one runs out of dimensions for graphica l or spat ial 
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36 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

Figure 2. Composition-path grid in mobile-phase composi
tion simplex of three-component system with separation 

factors au — 2 and als = 4 

representation; nevertheless, f rom the ( n — 1 ) -d imens iona l topology of 
the p a t h g r i d the qual i tat ive behavior for coherent cases can s t i l l be 
pred i c ted w i t h v i r tua l l y no recourse to mathematics . 

F o r coherent profiles, i n w h i c h compositions r emain conserved as 
they migrate, a "composit ion ve loc i ty" can be defined as the rate of 
advance of a g iven composit ion. T h e composi t ion velocity equals the 
concentration velocities, w h i c h must equa l one another for the profile to 
be coherent. T h e composi t ion veloc i ty depends not only on the composi 
t ion , but also on the affinity cut. I n an n-component system, i n w h i c h 
each composi t ion is at an intersection of n — 1 composi t ion paths w i t h 
different cuts, any composit ion has n — 1 potent ia l velocities, one for 
each path or cut. M a t h e m a t i c a l l y , to find the n — 1 potent ia l velocities 
of a g iven composit ion is an eigenvalue prob lem. F o r any g iven compo
sit ion, the lowest eigenvalue is for the 1 | 2 cut, the next higher eigenvalue 
is for the 2 | 3, etc., a n d the highest is for the n — 1 | n cut. 

Development of Noncoherent Profiles 

A s imple example may serve to i l lustrate the development of a non 
coherent profile, the use of the composit ion-path concept i n pred i c t ing 
the behavior even of noncoherent systems, a n d the phys i ca l factors re -
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4. H E L F F E R I C H Chromatographic 

sponsible for eventual attainment 
conditions. 

Behavior 37 

of coherence f rom arbi trary i n i t i a l 

Figure 3. Model showing sets of composition paths in mobile-
phase composition simplex of four-component system with 

separation factors a12 = 2, au = 4, and au = 8 

Initial Route 
Zone Positions 

Initial 
After 

Development 

Zone I 

Zone I 
Boundary 

Zone I 

Boundary 

Zone II 

Zone III Boundary Zone III 

Zone III 

Column 
Inlet 

x 2 = l 

Column 
Exit 

Figure 4. Development of a diffuse noncoherent boundary be
tween zones of uniform compositions. Left: initial and final com

position routes; right: positions of zones in column 
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38 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

Suppose the i n i t i a l composit ion profile i n the c o l u m n is as shown 
i n F i g u r e 4. A diffuse "boundary"— i . e . , a zone i n v o l v i n g concentration 
g r a d i e n t s — w i t h apprec iable concentration variations of species 1 a n d 3, 
but w i t h almost u n i f o r m concentration of species 2, separates t w o zones 
of un i f o rm compositions I a n d I I I . T h e "composit ion route" correspond
i n g to this profile is shown as a so l id arrow ( p o i n t i n g i n the d i rec t ion of 
flow) i n the p a t h gr id . T h e noncoherent i n i t i a l boundary is n o w deve l 
oped w i t h an eluent of composit ion I , so that no add i t i ona l composit ion 
variations occur at the c o l u m n inlet. A c c o r d i n g to the theory, the resul t ing 
und i s turbed development deforms the composi t ion route between its 
fixed end points I a n d I I I i n such a manner that i t eventual ly runs ent ire ly 
a long composit ion paths i n numer i ca l sequence of affinity cuts. T h e 
respective final route, after attainment of coherence, is represented b y 
the dashed arrows. A t po int I I i n the d iagram, the final coherent route 
changes f rom the 1 | 2 pa th to the 2 | 3 pa th ; since the composit ion 
veloc i ty of a composit ion is higher for the latter than for the former path , 
a zone of u n i f o r m composit ion I I w i l l grow w i t h i n the profile after coher
ence has been attained. T h u s , u p o n development, the i n i t i a l noncoherent 
boundary breaks u p into two coherent ones w i t h 1 | 2 cut (upstream) 
a n d 2 | 3 cut ( d o w n s t r e a m ) , separated b y a n e w zone of u n i f o r m 
composit ion. 

It m a y appear surpr is ing that development should so drast ical ly alter 
the concentration profiles, i n part i cu lar that of species 2, namely , generate 
a n e w zone conta in ing this species i n h i g h concentrat ion a l though its 
concentration i n the i n i t i a l profile was un i f o rmly low. T h e explanat ion 
of this phenomenon provides an i l lustrat ion of the phys i ca l factors w h i c h 
produce coherence. A s F i g u r e 4 shows, the composi t ion I o n the u p 
stream side of the i n i t i a l boundary is r i c h i n the high-aff inity species 1 
a n d lean i n the low-aff inity species 3, whereas the opposite is true for 
the composit ion I I I on the downstream side. A c c o r d i n g l y , the compet i 
t i on for sorption sites is stronger at I than at I I I , w i t h the result that 
the d i s t r ibut ion ratios yjxi are lower, a n d the species velocities therefore 
are higher , for a l l species at I than at I I I . F o r species 2, w i t h its almost 
leve l i n i t i a l profile, the h igher species ve loc i ty on the upstream side 
results i n an accumulat ion between the zones I a n d I I I a n d thus shifts 
the composit ion route i n the d irect ion corresponding to attainment of 
coherence. W i t h material -balance arguments of this type one can indeed 
prove attainment of coherence. 

T h e degree of deta i l w i t h w h i c h the theory predicts c o l u m n re
sponses m a y be i l lustrated w i t h a moderate ly complex case. Suppose that 
a br ie f pulse consisting exclusively of a single arb i trary species j is i n 
jected into an otherwise constant influent consisting of n species 1, 2, 

, n . F o r this case the theory predicts : (1 ) the single influent 
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4. H E L F F E R I C H Chromatographic Behavior 39 

pulse is resolved into n — 1 response pulses t rave l ing at different rates; 
(2 ) the injected species j has a concentration m a x i m u m i n a l l response 
pulses; (3 ) the concentration of the other species have m a x i m a or m i n i m a 
i n the response pulses as shown i n T a b l e I ; (4 ) a l l pulses are skewed : 
the first through (j — l ) ' t h ( counted i n the d irect ion of flow) have diffuse 
front flanks a n d re lat ive ly sharp rear flanks, a n d the j ' th through ( n — 1 ) ' th 
have the opposite skewness. F o r a ten-component system, no less than 
one h u n d r e d observable features of the response pattern i n such a case 
are predic ted . 

Table I. Response-pulse Pattern Produced by Injection of a 
Single-Component Pulse of a Species j into an Otherwise 

Constant Influent of A l l Species Including j° 

Species 1 2 3 4 . . . j - 1 j j + 1 . . . n - 2 n - 1 n 
1 s t pulse — + + + + + + + + + 
2 n d pulse — — + + + + + + + + 
3 r d pulse — — — + + + + + + 
(j — l ) t h pulse — — — — _ + + + + + 

j t h pulse + - f + + + + — — — — 

(n — 2 ) t h pulse + + + + + + — _ 
(n — l ) t h pulse + + + + + + + + — 

a Pulses are numbered sequentially in the direction of flow; plus and minus signs 
indicate concentration maxima and minima, respectively, of the respective species. 

H-Function and h-T vans formation 

F o r systems w i t h constant— i .e . , composi t ion- independent—separa
t i on factors, a m u c h sharper too l for h a n d l i n g noncoherent as w e l l as 
coherent cases is p r o v i d e d b y w h a t w i l l be ca l led the "^-transformation," 
w h i c h w i l l n o w be out l ined . 

T h e pecul iar topology of the composi t ion-path g r i d i n F i g u r e 2 lets 
i t appear possible to deform the s implex tr iangle , b y p u l l i n g out the water 
shed point , into a rectangle w i t h a l l paths at r ight angles (see F i g u r e 5 ) . 
T h e transformation is nonl inear a n d involves a s ingular i ty at the water 
shed point , but is achieved w i thout m u c h diff iculty, even for systems 
w i t h more than three components. I n the general case, the ( n — 1 ) -
d imens ional composi t ion s implex of an n-component system is transformed 
into a rectangular ( n — 1) -d imens ional para l l e l ep iped w i t h a l l paths at 
r ight angles. A n y composit ion can n o w be expressed i n terms of its n — 1 
coordinates i n the transformed space instead of its n — 1 independent 
concentrations xt (or t / i ) . F o r a g iven composit ion {xi, x2, . . . , xn}, the 
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40 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

coordinate values hu h2, . . . , hn. 1 i n the transformed space are obta ined 
as the n — 1 roots i n h ( a l l rea l a n d posi t ive) of the equat ion 

H(fc, xx,x2,.. . , * n - l ) = 0 (7) 

where the so-called H - f u n c t i o n (hyperp lane funct ion) is defined as 

n - 1 

H ( h , xl9 x2, . . ., x n _x) = S { € h - a u * i ) ~ 1 ( 8 ) 

i = 1 

Converse ly , the concentrations x{ const i tut ing a composi t ion character ized 
b y its set of H - f u n c t i o n roots can be ca lculated f r om the latter b y 

n — 1 / n 

x l = i n (h l-a i j) / .n - a i j ) fi*1!...,* ( 9 ) 

T h e ^-transformation is designed to orthogonalize the composi t ion-
p a t h gr id . T h u s , since any p a t h is n o r m a l to a l l coordinates but one, on ly 
one H - f u n c t i o n root can vary a long any path . T h e coherence requirement 
can therefore be s imply expressed as 

dh^O for a l i i ^ f c (10) 

where k can have any value 1, . . . , n — 1. A l o n g a p a t h w i t h k | k + 1 
affinity cut, the var iable root is hk. N o t surpris ingly , the relations for a l l 
quantit ies of interest, such as d i s t r ibut ion ratios, species velocities, c om
pos i t ion velocities, assume very s imple forms w h e n expressed i n terms 
of H - f u n c t i o n roots. 

T h e basic set of di f ferential material -balance equations for the v a r i 
ous species i n the c o l u m n can also be w r i t t e n i n terms of the hi instead 
of Xi a n d y{. T h i s new set of di f ferential equations reveals a part i cu lar 
property of the H - f u n c t i o n roots: no root values other than those appear
i n g i n the i n i t i a l a n d boundary condit ions can arise anywhere i n the 
co lumn. T h e c o l u m n behavior thus is complete ly descr ibed b y the t r a 
jectories of the i n i t i a l a n d boundary values of the roots. ( T h e same is 
not true for concentrations, as the behavior of species 2 i n the example 
i n F i g u r e 4 has shown.) 

A "root ve loc i ty" can be defined as the rate of advance of a g iven 
value of an H : f u n c t i o n root. F o r any g iven composit ion, roots w i t h lower 
index numbers have lower velocities. A n arb i trary i n i t i a l noncoherent 
boundary i n v o l v i n g variations of a l l roots thus is resolved, u p o n undis 
t u r b e d development, into separate variations of the roots. T h i s is shown 
b y schematic trajectories of root values i n a distance-t ime d i a g r a m i n 
F i g u r e 6. A f ter resolution, each trajectory bund le involves var ia t ion of 
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4 . H E L F F E R I C H Chromatographic Behavior 4 1 

x-Space Simplex h-Transform 

Figure 5. Three-component composition simplex with path 
grid, and its h-transform. (For am = 2 and a13 = 4) 

T i m e -

Variat ion Variat ion 
of h* of hj 

Figure 6. Root trajectories for development of nonco
herent boundary in five-component system, illustrating 
resolution into separate variations of individual roots 

(schematic) 

only one root a n d thus corresponds to a coherent profile port ion. ( F o r 
c lar i ty , the trajectories i n the schematic d iagram have been d r a w n para l l e l 
a n d l inear ; this is correct only i f the i n i t i a l boundary involves but a very 
smal l composit ion change.) T h e resolution of root variations f rom one 
another provides a proof for attainment of coherence f r om arb i trary i n i t i a l 
condit ions. O n e m a y say that, i n a system w i t h interference, variations of 
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H - f u n c t i o n roots are resolved f rom one another i n the same manner as 
species are i n convent ional e lut ion development. 

Outlook 

A l t h o u g h the theory is based entirely on the established dif ferential 
material -balance equat ion of chromatography a n d involves no add i t i ona l 
postulates, a var iety of new results are obtained. T h e treatment is gen
eral ly appl i cab le to any i n i t i a l a n d boundary conditions a n d thus is not 
restricted to actual chromatographic operations; it can be used to describe 
any other variants of the prob l em of a mult i component fluid m o v i n g 
through a sorbent layer—e.g., l eaching of salts or fert i l izer b y r a i n water 
i n soils. T h e treatment is crude, and m u c h work remains to be done to 
incorporate corrections for various disturbances; such refinements, h o w 
ever, should await conf irmation of the p r i n c i p a l features. T h e k n o w n 
modes of chromatographic operat ion—elut ion development, displacement 
development, f rontal analysis, a n d vacancy chromatography—are con
ta ined as spec ia l cases, w h i c h , however , constitute but a smal l f ract ion of 
the predict ions to w h i c h the theory leads. B e y o n d these k n o w n cases, 
w h i c h are correct ly descr ibed, the treatment must be considered as a 
pure ly theoretical construct ion unbiased b y any experimental evidence. 
L i t e r a l l y hundreds of experiments suggest themselves as c ruc ia l tests of 
v i t a l features, a n d the author g ladly offers his assistance i n any such 
endeavors. 

O n a broader scope, the theory has interesting analogies w i t h n o n 
l inear acoustics, i n c l u d i n g shock waves. T h e fact that a single i n p u t 
signal— i .e . , a single composit ion change at the in let—produces a m u l t i 
p l i c i t y of response signals m o v i n g at different speeds is re lated to in for 
mat ion theory. T h e mathemat ica l f ormal ism, i n c l u d i n g the h-transforma-
t ion , is d i rec t ly appl i cab le to the phys i ca l ly different p r o b l e m of 
mul t i component electrophoresis; i n fact, the first use of a funct ion of 
the type of the H - f u n c t i o n apparent ly was made b y D o l e ( 6 ) , i n 1945, 
for electrophoresis. There are indicat ions that a var iety of other phe 
nomena m a y be approached i n a s imi lar manner. A part i cu lar challenge 
is h e l d out b y the prospect that the treatment c o u l d conce ivably be 
general ized for chemica l ly react ing systems. 
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Adsorption of Hydrolyzed Hafnium 
Ions on Glass 

LYNDEN J . S T R Y K E R and EGON MATIJEVIĆ 

Department of Chemistry and Institute of Colloid and Surface Science, 
Clarkson College of Technology, Potsdam, N. Y . 

The adsorption of hafnium species on glass was found to 
increase with the solution pH and hafnium concentration. 
The effects on the adsorption of the solution preparation and 
age were studied and the equilibration time for the adsorp
tion process was determined. The surface area of the glass 
sample was determined by the B.E.T. method using water 
vapor. The results are discussed in terms of the hydrolyzed 
hafnium(IV) species. At equilibrium, nearly monolayer cov
erage was obtained at pH > 4.5. Under these conditions 
hafnium is in the solution in its entirety in the form of 
neutral, soluble Hf(OH)4 species. In the close packed ad
sorption layer the cross-sectional area of this species is 24 A.2 

which is nearly the same as for water on silica surfaces. 

T ^ T u m e r o u s experiments dea l ing w i t h the adsorpt ion of meta l ions on 
glass f r om aqueous solutions have been reported i n the l iterature. 

These studies dealt , for example, w i t h sod ium (6,11,18), potassium ( 6 ) , 
ces ium (11, 18), t h a l l i u m ( I ) a n d t h a l l i u m ( I I I ) (32), s i lver ( I I ) , c a l 
c i u m (6), z i r c o n i u m (29, 34, 36), r u t h e n i u m (4, 31), c e r ium (4), p ro -
m e t h i u m (4), go ld (26 ) , b i s m u t h (17), l ead (17), p o l o n i u m (17, 28, 33), 
t h o r i u m (24), r a d i u m (22), p ro tac t in ium (35), u r a n i u m (30), a n d 
p l u t o n i u m (7, 8, 9, 10,13, 14). I n the major i ty of the experiments rad io 
active isotopes were used i n tracer quantit ies . It was established wi thout 
exception that the p H was the most important parameter affecting the 
adsorption. I n the case of s imple non-hydro lyzab le ions the p H effects 
were interpreted i n terms of the hydrolys is of the glass surface. It is also 
generally suggested that the mechanism of adsorpt ion of non -hydro lyzed 
ions is essentially an i o n exchange of the adsorbate species w i t h the 
cations i n the glass (3), a l though there are numerous observations w h i c h 
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indicate that the assumption of the ion-exchange as the on ly cause for 
adsorpt ion is a gross oversimpli f icat ion (18). 

T h e adsorpt ion of po lyvalent meta l ions on glass is a considerably 
more complex process. Such ions easily hydro lyze to give a var iety of 
soluble complex species and , frequently , insoluble hydroxides at rather 
l ow p H values. T h u s , an increase i n p H not only affects the surface of 
the glass but also changes the entire composit ion of the adsorbate i n 
solution. A s a rule , the adsorpt ion of po lyvalent meta l ions increases 
dramat i ca l ly above a certain p H . I n some cases, the adsorbed amount 
rises cont inuously w i t h an increase i n p H (32). I n other cases, pro 
nounced adsorpt ion m a x i m a were observed at some intermediate p H 
values. T h e pos i t ion of the m a x i m u m var i ed w i t h the element (7, 8, 24, 
26, 30, 31, 35, 36). W h i l e there was evidence that this m a x i m u m was 
independent of the adsorbent (4), a b i g difference was f ound w h e n glass 
a n d quartz were compared us ing the same counter ion (7,8). It is usual ly 
assumed that at very l o w p H , where hydrolys is is negl ig ib le , the p o l y 
valent meta l ions to be exchanged for cations i n the glass are i n compet i 
t ion w i t h the h i g h excess of hydrogen ions. T h e increase i n adsorpt ion 
w i t h p H has been interpreted i n various ways. I n general, the hydrolys is 
of the adsorbing meta l ions has been assumed responsible for the en
hanced adsorpt ion, a l though the use a n d the meaning of the term " h y 
drolys is" is not a lways consistent. I n some instances this refers to the 
formation of soluble, w h i l e i n other cases to inso luble products . T h e 
greater adsorpt iv i ty of soluble complex species was proposed b y several 
investigators (7,8,13,14,24, 30, 34,36). H o w e v e r , no one ever attempted 
to make a quant i tat ive correlat ion between the composi t ion of the 
adsorbate solution a n d the adsorbed quantit ies. I n general i t is be l ieved 
that the adsorpt ion depends on the charge of the ionic complexes a n d 
that lower charged or neutra l sspecies adsorb less strongly (34, 36). 

M o r e frequently the dependence of adsorpt ion u p o n p H was re lated 
to the format ion of co l l o ida l meta l hydroxides . A g a i n , some authors 
expressed the op in ion that the format ion of col loids promoted the adsorp
t i on (31,32) w h i l e some others c la imed the opposite (7, 8, 24, 36). H o w 
ever, it was generally agreed that w h e n an adsorpt ion m a x i m u m was 
observed as a funct ion of the p H , the reduced adsorpt ion at higher p H 
values was expla ined b y the electrostatic repuls ion between the co l l o id 
particles a n d glass surface bear ing the same charge. 

T h e entire p i c ture is s t i l l more confusing because of the fact that 
several different types of col loids are d ist inguished—i.e . , " radioco l lo ids , " 
"pseudo-col lo ids" (7, 8, 28, 33), a n d "true col lo ids ." Radio -co l lo ids refer 
to systems of radiotracers w h i c h appear to be i n co l l o ida l f o rm a l though 
they are i n concentrations w e l l be low their ionic so lubi l i ty (25, 26). T h e 
term pseudo-co l lo id is used to describe the format ion of a co l l o id system 
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b y the adsorpt ion of a radioelement on so l id impur i t ies contained i n the 
solution (7, 8, 29). W h i l e the nature of " radioco l lo ids" is s t i l l contro
vers ia l (25, 27) the mean ing of "pseudo-col lo ids" is complete ly obscure. 
O n e gets the feel ing that the latter concept was introduced for lack of 
understanding of the complex process of adsorpt ion of h y d r o l y z e d species 
f r o m aqueous solutions. 

F r o m the preceding survey it is apparent that further studies are 
needed to elucidate the mechanism of adsorpt ion of hydro lyzab le ions 
o n various adsorbents, par t i cu lar ly o n glass. O f special interest is the 
quest ion whether an enhanced adsorpt ion at h igher p H is caused b y 
soluble h y d r o l y z e d species or b y the format ion of c o l l o ida l hydroxides . 
I f the soluble complexes are responsible for the greater adsorpt iv i ty the re 
lat ionship of the latter to the charge, size, shape, configuration, a n d l i g a n d 
composi t ion of the adsorbate species becomes pertinent. T h e answer to 
these problems is essential for the understanding of various surface phe 
nomena i n the presence of hydro lyzab le ions such as sol stabi l i ty , flota
t i on , coprec ip i tat ion, adhesion, paper s iz ing , etc. 

Several attempts have been made to correlate the adsorpt iv i ty of 
hydro lyzab le cations to the composi t ion of the species i n aqueous solut ion 
(1, 2, 20). I n part icular , the adsorpt ion of t h o r i u m on si lver hal ides 
ind i ca ted a very close relat ionship between the change i n the amount 
of t h o r i u m adsorbed a n d the concentration of the h y d r o l y z e d soluble 
species i n so lut ion (19). T h e major dif f iculty i n this type of w o r k is the 
lack of quantitat ive data on the hydrolysis of various meta l ions. T h e 
other uncertainty is w i t h regard to the knowledge of the true surface area 
of the adsorbent i n aqueous solution. T h i s latter in format ion is needed 
i f surface coverages are to be evaluated. 

A t least some of these difficulties have been overcome i n the w o r k to 
be reported i n this study, w h i c h deals w i t h the adsorpt ion of h a f n i u m 
h y d r o l y z e d species on p o w d e r e d glass as a funct ion of the ac id i ty of the 
m e d i u m . T h e adsorpt ion of h a f n i u m species f rom aqueous solut ion has ap
parent ly never been investigated, yet this i on lends itself convenient ly to 
studies of the problems discussed above. T h e chemistry of the h a f n i u m ion 
i n water is fa i r ly w e l l understood (23) a n d a suitable isotope, 1 8 1 H f , is 
avai lable for adsorpt ion studies. W h a t makes h a f n i u m a par t i cu lar ly 
interesting system is the fact that i t forms the entire series of h y d r o l y z e d 
species: H f ( O H ) n

( 4 " w ) + where n ^ 4. A t intermediate acidities ( p H > 4 ) 
the solutions of l ow concentrations contain only the neutral , soluble 
species H f ( O H ) 4 . It should be emphasized that there is a p H a n d a 
concentrat ion range over w h i c h this species is present w i thout s imultane
ous format ion of h a f n i u m hydroxide . T h u s , it is possible to e lucidate 
the effect of the ionic charge u p o n the adsorpt ion of h y d r o l y z e d species 
i n systems v o i d of c o l l o ida l hydroxides . T h e glass powder was used i n 
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order to have a sufficient surface area of adsorbent w h i c h can be deter
m i n e d w i t h reasonable accuracy a n d w h i c h w o u l d not change apprec iab ly 
u p o n dispersion i n water. T h e pre l iminary w o r k of the adsorpt ion of 
h a f n i u m on silver ha l ide sols (21) c o u l d not be fu l l y ana lyzed because 
the surface area of the adsorbent was not k n o w n . 

Another advantage of h a f n i u m is that, i f the adsorpt ion of the neutra l 
species takes place, a close packed monolayer should eventual ly result 
o w i n g to the absence of electrostatic repuls ion. K n o w i n g the surface 
area of the adsorbent this w o u l d enable one to evaluate the cross-sectional 
area of the h y d r o l y z e d complex ion . T h i s in format ion has not been 
avai lable . 

Experimental 

Materials. 1 8 1 H f was employed i n tracer concentrations a n d was ob
ta ined f rom O a k R i d g e N a t i o n a l Laborator ies i n the f o r m of the ch lor ide 
i n approximate ly I N H C 1 . T h e analysis of the gamma ray spectrum 
revealed that pur i f i cat ion of the isotope was unnecessary. T h e solutions 
were prepared i n the f o l l ow ing manner. O n e por t i on of the acidi f ied iso
tope solution was d i l u t e d to a desired vo lume w i t h n i t r i c a c i d g i v ing a 
final concentrat ion of 0 . 4 N H N 0 3 . A second isotope solut ion was pre 
pared i n exactly the same manner except that the d i l u t i o n was made w i t h 
doub ly d is t i l l ed water , result ing i n a final so lut ion of w h i c h the p H was 
3.5. A k n o w n quant i ty of these radioact ive h a f n i u m solutions was then 
added to a solut ion of stable h a f n i u m tetrachloride to obta in a reasonable 
count rate over the concentrat ion range studied. T h e p H of the final 
stock solut ion was either 2.0 or 3.1 depending on whether it was prepared 
w i t h a c i d or water d i l u t e d tracer. A per iod of three days was a l l o w e d 
for equ i l ibra t i on between the solut ion a n d the container wal l s . A l l subse
quent d i lut ions were prepared f rom these stock solutions. A need for 
the proper procedure of preparat ion of the labe l l ed solutions of h y d r o 
lyzab le meta l ions was emphasized b y several investigators (25, 26). 
F r e s h l y prepared stock solutions, obta ined as descr ibed above appeared 
to be homogeneous a n d free of co l l o ida l precipitates. H o w e v e r , after 
pro longed storage traces of h a f n i u m hydrox ide were f ound . S u c h so lu
tions were not used i n experiments. Instead fresh stock solutions were 
prepared every few weeks. 

H a f n i u m tetrachloride, n i t r i c ac id , a n d potassium hydrox ide so lu 
tions were prepared us ing doub ly -d i s t i l l ed water f rom an a l l borosi l icate 
glass s t i l l . T h e chemicals were of the highest p u r i t y grade commerc ia l ly 
avai lable a n d were used w i t h o u t further puri f icat ion. 

T h e glass powder , w h i c h served as the adsorbent, was obta ined f r om 
the A r t h u r S. L a p i n e C o m p a n y i n the f o rm of spher ica l beads approx i 
mate ly 40 n i n diameter. T h e beads were washed w i t h a large quant i ty of 
d is t i l l ed water a n d d r i e d i n an oven at 120°C. before use i n the adsorpt ion 
experiments. 

A sample of the glass powder was leached b y ref luxing w i t h 1 5 % 
H C 1 at 80°C . for approximate ly four days. A f ter this the beads were 

A. C. S. Editorial Library 
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washed thoroughly w i t h d i s t i l l ed water a n d then heated i n a n oven at 
380°C. for several hours. 

T h e surface area of the adsorbent, c leaned b y the first procedure, 
was measured b y the B . E . T . method us ing water vapor as the adsorbate. 
A s s u m i n g the cross-sectional area of water to be 12.5 A . 2 ( 5 ) , three deter
minat ions resulted i n a value of 0.80 db 0.05 m e t e r 2 / g r a m . F o r c ompar i 
son reasons, the geometric surface area was also determined f r o m a 
histogram obta ined b y count ing several h u n d r e d glass particles on m i c r o -
photographs. T h i s surface area was on ly 0.04 m e t e r 2 / g r a m . T h e difference 
between the two procedures employed indicates that the glass beads 
used exhib i ted significant surface roughness. 

Method. A l l adsorpt ion samples were prepared b y w e i g h i n g the 
glass p o w d e r on a n ana lyt i ca l balance a n d b y a d d i n g the appropriate 
amounts of radioact ive h a f n i u m , n i t r i c a c i d or potassium hydrox ide , a n d 
doub ly -d i s t i l l ed water to give a constant final vo lume of 10 m l . T h e 
solutions were agitated b y means of a magnetic stirrer for the desired 
periods of t ime w h e r e u p o n the systems were centr i fuged at 3,500 r .p .m. , 
corresponding to 2.5 X 10 3 g, for 15 minutes i n a n I E C Internat ional 
Centr i fuge . A n a l iquot of the supernatant solut ion was then removed 
for radioact ive analysis. T h e r e m a i n i n g solution was used for p H measure
ments employ ing ca l ibrated glass electrodes i n a B e c k m a n M o d e l G p H 
meter. T h e glass beads f r om the same sample were washed twice w i t h 
an inact ive so lut ion of h a f n i u m of the same concentrat ion as the mother 
l iquor . T h e washings were removed a n d discarded. T o determine the 
amount of h a f n i u m adsorbed on the glass, 10 m l . of a 0 . 5 N H N 0 3 so lut ion 
were added to the samples a n d st irred overnight after complet ion of the 
washing . T h i s was necessary i n order to m a i n t a i n constant geometry 
condit ions. Radioact ive countings were per formed w i t h a Tracer lab 
G a m m a G u a r d F u l l y A u t o m a t i c W e l l Sc int i l la t ion Console System. 

Centr i fugat ion was used to determine the prec ip i tat ion l i m i t of the 
h a f n i u m solutions as a funct ion of the p H . A series of solutions conta in ing 
a constant amount of h a f n i u m , to w h i c h sod ium hydrox ide was a d d e d 
i n increasing amounts to vary the p H i n smal l increments f rom system 
to system, was a l l owed to equi l ibrate for a certain per i od of t ime. T h e 
desired p H was adjusted automatica l ly us ing a Radiometer M o d e l 
P H M - 2 8 p H meter, w i t h glass electrodes. T h e solutions were then centr i 
fuged at 3,500 r .p .m. for 1/2 hour. F i v e m i l l i l i t e r al iquots were d r a w n 
f rom the upper part of each of the solutions a n d the act iv i ty of this 
por t ion was compared w i t h the ac t iv i ty of the remain ing 5 m l . sample. 
F r o m this the fract ion of the centr i fuged h a f n i u m was determined. I n 
certain cases, w h i c h w i l l be discussed later on, it was necessary to u l t r a -
centrifuge the systems. T h e samples were prepared i n an analogous m a n 
ner a n d centr i fuged i n a B e c k m a n Preparat ive Ul tracentr i fuge M o d e l L - 2 
at 25,000 r .p .m. , corresponding to 5.5 X 10 4 g, for one hour . 

I n a l l calculations, corrections were made for the adsorpt ion on the 
test tubes. A s a rule these corrections were smal l due to the smal l surface 
area of the test tubes i n comparison to that of the glass p o w d e r used. 
A l l 1 8 1 H f determinations were made on constant final volumes of 10 m l . 
to insure reproduc ib le count ing condit ions. 

Standard samples were prepared f rom the w o r k i n g solut ion of 
radioact ive h a f n i u m tetrachloride tak ing k n o w n volumes of this solution 
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a n d d i l u t i n g to a vo lume of 10 m l . These standards were always counted 
immediate ly f o l l ow ing the adsorpt ion samples to e l iminate correct ion for 
decay losses. A l inear re lat ionship between the act iv i ty a n d the amount 
of h a f n i u m dissolved was f o u n d over a concentration range of two 
orders of magnitude . 

E x p e r i m e n t a l results showed that the combined act iv i ty obta ined 
for the adsorbed h a f n i u m a n d h a f n i u m remain ing i n solut ion was w i t h i n 
± 3 % of the in t roduced act iv i ty . T a b l e I gives some t y p i c a l results 
i n d i c a t i n g this good agreement. 

Table I. 

HfCl> 

1 X 1 0 " 4 M 
1 X 1 0 " 4 M 
5 X 1 0 " 5 M 
5 X 1 0 " 5 M 
2.5 X 1 0 " 5 M 
2.5 X 1 0 " 5 M 

Count Rate 
Count Rate (c.p.m.) of the 

(c.p.m.) of the Supernatant 
Adsorbed Amount Solution 

442,137 
495,500 
332,049 
281,611 
213,658 
169,867 

723,982 
636,286 
248,720 
284,244 

3,204 
39,528 

Total 
Count Rate 

(c.p.m.) 

1,166,119 
1,131,786 

580,769 
565,855 
216,860 
209,395 

Introduced 
Count Rate % 

(c.p.m.) Error 

1,136,364 
1,136,364 

568,729 
568,729 
210,713 
210,713 

+2.6 
- 0 . 5 
+2.1 
- 0 . 5 
+2.9 
- 0 . 6 

Results 

Precipitation of Hafnium Hydroxide. I n order to interpret the a d 
sorption data it was necessary to determine the condit ions w h i c h l ead 
to the prec ip i tat ion of h a f n i u m hydroxide . It is not usual ly advisable to 
depend on the so lubi l i ty product because the in format ion on this quant i ty 
is often unre l iab le for hydroxides of po lyvalent meta l ions. I n add i t i on , 
" radioco l lo ids" may apparent ly f o rm m u c h be low saturation condit ions 
i n radioact ive isotope solutions. I n the specific case of h a f n i u m hydrox ide 
only two measurements of the so lub i l i ty seem to have been reported. 
A c c o r d i n g to L a r s o n a n d G a m m i l l (16) Ks = [ H f ( O H ) 2

2 + ] [ O H - ] 2 = 
4 X 10" 2 6 assuming the existence of on ly one h y d r o l y z e d species 
H f ( O H ) 2

2 + . T h e second reported value is K s o — [ H f 4 + ] [ O H " ] 4 = 3.7 X 
10" 5 5 ( 15 ) . I f one uses the so lubi l i ty data b y L a r s o n a n d G a m m i l l (Ref . 
16, Tables I a n d I I I ) a n d takes into considerat ion a l l m o n o m e l i c h a f n i u m 
species (23) a Kso value of 4 X 10" 5 8 is ca lculated. 

Because of the inconsistency of these results, experiments were 
carr ied out to establish the prec ip i tat ion boundaries , as descr ibed earlier. 
F i g u r e 1 gives as an example four curves i n w h i c h the fract ion of h a f n i u m 
removed b y prec ip i tat ion as hydrox ide is p lot ted against the p H for four 
different concentrations of H f C l 4 . O p e n a n d b lackened symbols are for 
experiments i n w h i c h systems were equ i l ibra ted before centr i fugation 
1 hour a n d 70 hours, respectively. I n a l l cases insoluble precipitates are 
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50 ADSORPTION F R O M AQUEOUS SOLUTION 

10.0 12.0 

Figure 1. The fraction of hafnium tetrachloride removed from 
solution by centrifugation at 3,500 r.p.m. for 1 /2 hour as a func
tion of the pH. Open and blackened symbols represent cen
trifugation 1 hour and 70 hours after mixing the precipitating 
components, respectively. Squares represent the fraction of haf
nium removed by ultracentrifugation at 25,000 r.p.m. for 1 hour 
and the corresponding dashed line represents the curves which 

would remit from these studies 

f o rmed above a certain p H a n d this l imi t increases w i t h a decrease i n 
the salt concentration. I n these examples the p H range for the onset of 
prec ip i tat ion varies between 5.7 a n d 6.5. A b o v e this p H the remova l of 
h a f n i u m b y prec ip i tat ion f rom the solution of h a f n i u m chlor ide is nearly 
complete. H o w e v e r , except for the highest concentration of H f C l 4 the 
prec ip i tat ion region is f o l l owed at s t i l l h igher p H values b y a reg ion over 
w h i c h prec ip i tat ion a n d settl ing of h a f n i u m hydrox ide does not take 
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5. S T R Y K E R A N D M A T I J E V I G Hydrolyzed Hafnium Ions 51 

place under the experimental condit ions employed . T h i s c o u l d either be 
caused b y the formation of soluble anionic complexes of h a f n i u m or b y 
extremely finely dispersed hydroxide . I n order to d is t inguish between 
the two possibil it ies several samples i n the second region of l o w fractions 
removed were ul tracentr i fuged as described. Results at p H values of 
10.3 a n d 10.6 for 1 X 1 0 " 5 M a n d 5 X 1 0 _ 6 M H f C l 4 , respectively, 
showed that the h a f n i u m is complete ly removed f rom solution i n d i c a t i n g 
the presence of finely dispersed hydroxide . These points are ind i ca ted 
i n the d iagram as squares. If a l l the systems over the h i g h p H range were 
ul tracentr i fuged the curves w o u l d look as ind i ca ted b y the dashed lines. 
T h e or ig ina l measurements at higher p H values obta ined us ing the lower 
speed centrifuge are reported to show that erroneous conclusions m a y 
easily result o w i n g to the stabi l i ty of the extremely finely dispersed 
h a f n i u m hydroxide . N o attempt was made at this point to characterize 
this hydrox ide sol. 

S imi lar ul tracentr i fugat ion experiments were carr ied out w i t h sys
tems at p H values be low the prec ip i tat ion region. H o w e v e r , the results 
were ident i ca l to those obta ined us ing the lower speed centrifuge as 
shown i n F i g u r e 1. It is therefore conc luded that over the l ow p H range 
a n d the concentrations used the solutions of h a f n i u m tetrachloride are 
v o i d of co l l o ida l partic les . 

- O p - O A O — 

o 1 CO 
- < H A a f r o — ^ Q ^ . 

AA 
Jr • 

1 i . 1 

o 
UJ 
CD 

s 
§ .8 
O 
h-
o 
< 4 

u. 

3 .0 5.0 

pH 
7.0 

Figure 2. Fraction of hafnium adsorbed after 70 hours on 0.10 
grams of glass beads as a function of the pH for a 5 X 10~5M 

hafnium tetrachloride solution 

O = use of unacidified stock solution of HfCh, 
A = use of acidified stock solution of HfCU 
• = use of acid treated glass beads and an acidified HfClh solution 
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52 ADSORPTION F R O M AQUEOUS SOLUTION 

A l t h o u g h data as reported i n F i g u r e 1 should l e n d themselves to the 
ca lculat ion of the so lubi l i ty of h a f n i u m hydrox ide , neither the accuracy 
nor the amount of data is sufficient to make quanti tat ive calculations. 

Adsorption of Hydrolyzed Hafnium Species. F i g u r e 2 shows the 
t y p i c a l adsorpt ion behavior of h a f n i u m as a funct ion of the p H . Indis 
t inguishable adsorpt ion curves are obtained for systems prepared f rom 
acidi f ied ( tr iangles) a n d unacid i f ied (c irc les) stock solutions of 1 8 1 H f . 
T h i s indicates the absence of radiocol lo ids a n d impl ies homogeneous m i x 
i n g of the isotope w i t h the non-radioact ive h a f n i u m salt solution. It was 
also established that h a f n i u m chlor ide solutions aged at room temperature 
for several weeks produced the same adsorpt ion curve. Squares represent 
results obta ined w i t h the ac id leached glass us ing the acidi f ied isotope 
stock solution. T h e descr ibed treatment of the glass obviously d i d not 
change its adsorptive characteristics for the h a f n i u m species. 

F i g u r e 3 gives the f ract ion of adsorbed h a f n i u m as a funct ion of the 
total o r ig ina l h a f n i u m concentration for various equ i l ibrat i on times. T h e 
p H values were kept w i t h i n a narrow range as ind i ca ted i n the legend. 
T h e scatter i n data at higher h a f n i u m concentrations may be caused b y 
smal l fluctuations i n the p H . A s can be seen i n F i g u r e 2, the adsorption 
is rather sensitive to the change of ac id i ty i n the v i c i n i t y of p H 3. Several 

1 I 0.20 gms. glass beads 

° \ \ 
\ V ii 

10 100 1000 
MOLES HAFNIUM x I08 

Figure 3. The fraction of hafnium tetrachloride adsorbed on 0.20 grams 
of glass beads as a function of the total hafnium concentration 

O = after 10 hours; pH 3.1-3.4 
A = after 20 hours; pH 3.3-3.5 
• = after 71 hours; pH 3.2-3.7 
M = after 119 hours; pH 2.9-3.0 
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LU .8 
m 
tr. 
o 
CO 
Q 

< 

2 . 4 

< 
tr 

0.10 gms. glas s beads 

-

° \ \ 

-

10 100 
MOLES HAFNIUM x I08 

1000 

Figure 4. The fraction of hafnium tetrachloride adsorbed on 0.10 
grams of glass beads as a function of the total hafnium concentration 

O = after 20 hours of equilibration; pH 2.9-3.1 
# = after 70 hours of equilibration; pH 3.0-3.2 

observations are noteworthy. F i r s t l y , the adsorpt ion seems to be a s low 
process: several days are needed u n t i l no further change i n the adsorbed 
amount is detected. T h e results i n F i g u r e 3 indicate that approximate ly 
70 hours are r equ i red to reach e q u i l i b r i u m saturation. A longer per i od 
of t ime (119 hours) h a d no further effect u p o n the amount of h a f n i u m 
species adsorbed. Secondly, be low a certain total concentration of 
H f C l 4 , a l l of the h a f n i u m is adsorbed. T h e concentrat ion of h a f n i u m 
above w h i c h only a fract ion is adsorbed also shifts w i t h t ime showing 
that the saturation of the surface is a t ime dependent process. These 
results enable one to calculate the amount of h a f n i u m needed to saturate 
the surface of the glass. 

F i g u r e 4 is the same plot as i n F i g u r e 3 but for a smaller amount of 
glass. T h e difference i n adsorbed quantit ies at 20 a n d 70 hours e q u i l i b r a 
t i on times is smaller than w i t h the higher we ight of the adsorbent. 

T h e results i n F i g u r e 3 can be presented as the adsorbed amount of 
h a f n i u m vs. the concentration of h a f n i u m remain ing i n the solution. B o t h 
quantities were determined experimental ly a n d neither was obta ined b y 
difference. T h i s explains the apparent ly large scatter of results at higher 
h a f n i u m concentrations. D a t a i n F i g u r e 5 show that above a rather l o w 
concentrat ion of h a f n i u m the adsorbed amount remains constant. H o w 
ever, this constant concentrat ion increases w i t h t ime u n t i l saturation is 
reached. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
5

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



54 ADSORPTION F R O M AQUEOUS SOLUTION 

75, 

o50 
Ld 
m rr o 
CO o 
< 

| 2 5 
z 
Li. 
< 

CO 
U J 

0 . 2 0 g ms. g l a s s b e a d s 

• 
• 0 . 2 0 g 

r 71 h r s . 
pH 3.2-3.7 

• 
• 

o o 
o 

o 
2 0 hrs . 

oo 

i 
• 

• 

pH 3.3-3.5 

0.1 1.0 10 100 
MOLES HAFNIUM REMAINING IN SOLUTION x I08 

1000 

Figure 5. Adsorption of hafnium on 0.20 grams of glass beads after 20 
hours (O) and 71 hours (%) as a function of the equilibrium solution 
concentration. The corresponding pH values are given in the diagram 

T h e saturation values at e q u i l i b r i u m are g iven i n F i g u r e 6 for three 
different weights of glass beads. T h e quant i ty adsorbed at e q u i l i b r i u m 

1000 
MOLES HAFNIUM REMAINING IN SOLUTION x 10s 

Figure 6. Adsorption of hafnium tetrachloride after 70 hours for 0.05 
(O), 0.10 (A), and 0.20 (\3) grams of glass beads as a function of the 
equilibrium concentration. The corresponding pH values are given in the 

diagram 
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w o u l d be expected to vary d irect ly w i t h the surface area, or i n this case, 
the sample weight . T h e values obta ined f rom the saturation levels were 
18 X 10" 8 , 31 X 10 ' 8 , a n d 60 X 10" 8 moles of h a f n i u m adsorbed for 0.05, 
0.10, a n d 0.20 grams of glass beads, respectively. C a l c u l a t i o n of the 
adsorpt ion ratios gave values of 1.2:2.1:4.0, i n reasonably good agree
ment w i t h the we ight ratios of 1:2:4. 

c C 

t 
O 

m 
or 
o 
CO 
o 
< 

o 
r-

3.0 5.0 7.0 
PH 

Figure 7. Adsorption of hafnium on 0.10 grams of glass beads 
after 70 hours at four different HfC^ concentrations as a function 

of the pH 

• = HfCh: 1.25 X I 0 - 5 M 
A = HfCh: 2.5 X 10-6M 
• = HfCh: 5.0 X 10-SM 
O = HfCh: 1.5 X lOr'M 

F i g u r e 7 shows the effect of p H u p o n the adsorpt ion of h a f n i u m 
species for various concentrations of the total h a f n i u m chlor ide . It can 
be seen that except for the highest h a f n i u m concentrat ion a n d the lowest 
p H values a l l of the h a f n i u m is adsorbed on the glass surface. These 
results w o u l d then indicate that adsorpt ion of h a f n i u m occurs even w h e n 
the species carry no charge. It is interesting to note that the adsorbed 
amount begins to decrease somewhat at h igher p H values. T h e sudden 
increase i n the adsorpt ion at a p H of 5.5 for the h a f n i u m tetrachlor ide 
concentration of 1.5 X 10" 5Af is out of l ine w i t h the rest of the curves. 
T h i s is due to the formation of h a f n i u m hydroxide . T h e beg inn ing of 
prec ip i tat ion as determined i n F i g u r e 1 is ind i ca ted b y the arrow. 
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1.0 

"S -75 > o 
E 
CD 

*V50 

o 
P .23-

HfCI4: 10 • lO - 4 M 
o Ihr. 

• 70 hrs. 

Figure 8. Centrifugation and adsorption of HfCl,t as a func
tion of the pH. Centrifugation (top curve) at 3,500 r.p.m. for 
1/2 hour of a 1 X 10*M UfClh solution 1 hour (O) and 70 
hours (%) after mixing the reacting components. Adsorption 
(bottom curve) on 0.10 grams of glass beads at 70 hours for a 

1.5 X 10*M HfClh solution 

F i g u r e 8 il lustrates the correlat ion between the apparent adsorption 
increase a n d the onset of prec ip i tat ion of h a f n i u m hydroxide . 

Discussion 

T h e results presented i n Figures 7 a n d 8 a n d the centr i fugation 
experiments i n F i g u r e 1 show that saturation adsorpt ion of h a f n i u m on 
glass is reached before the onset of hydrox ide prec ip i tat ion . Therefore, 
the adsorpt ion results must be expla ined i n terms of soluble h a f n i u m 
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species. Peshkova a n d A n g (23) have established that the hydrolys is 
of the h a f n i u m ( I V ) i o n leads to the format ion of the f o l l owing species 
w i t h their corresponding hydrolysis constants g iven i n parentheses: 

H f ( O H ) 3 + ( K M = 1.33), H f ( O H ) 2 2 + ( K 1 > 2 = 0.59), 

Hf ( O H ) 3
+ ( K l f 3 = 0.38), Hf ( O H ) 4 ( K 1 > 4 = 0.30), 

H f 3 ( O H ) 4
8 + ( K 3 j 4 = 2.34 X 104), and H f 4 ( O H ) 8

8 + ( K 4 > 8 = 1.01 X 108). 

U s i n g these constants the composi t ion of the h a f n i u m solutions was 
calculated as a funct ion of the p H according to the f o l l o w i n g equat ion 
a n d the results are g iven i n T a b l e I I . 

[Hf]tot= [Hf 4 + ] + Khl ^ p j r - p + ^1,2 [ H + ] 2 ^1.3 [ H * J * ~*~ 

K [ H f 4 + ] + o ^ [ H f 4 + ] 3 • A K [Hf 4 *] 4 

1 , 4 [ H + ] 4 3 , 4 [ H + ] 4 4 , 8 [ H + ] 8 

T a b l e I I . 

pH % Hf*+ % Hf(OH)s+ % Hf{OH)g*+ % Hf(OH)3
+ % Hf(OH)4 

2.0 0 0 0.02 1.25 98.73 
3.0 0 0 0 0.13 99.87 
4.0 0 0 0 0.01 99.99 
5.0 0 0 0 0 100 
6.0 0 0 0 0 100 
7.0 0 0 0 0 100 

I n the investigated p H a n d concentration d o m a i n s tudied i t was 
f o u n d that the amounts of the po lymer i c complex species were neg l ig ib le 
a n d therefore on ly the mononuclear species are tabulated . T h i s is also 
the reason w h y the percent composi t ion as g iven i n T a b l e I I is inde 
pendent of the total concentrat ion of the h a f n i u m salt. It is obvious 
that at higher p H values the meta l hydrox ide w i l l f o rm i f the i n i t i a l 
concentration of the h a f n i u m i on is sufficiently h igh . 

Tyree (37) f o u n d evidence of h i g h l y po lymer i zed h a f n i u m species, 
but he studied solutions of h i g h salt concentrations at elevated 
temperatures. 

I n v i e w of the fact that no h a f n i u m is present i n the u n h y d r o l y z e d 
f o rm under any of the condit ions g iven i n T a b l e I I , the i on exchange 
mechanism of adsorpt ion b y glass m a y be disregarded. T h i s is substanti 
ated b y the fact that a different treatment of the glass h a d no effect u p o n 
its adsorpt ion capacity for ha fn ium. T h i s is s imi lar to the results of 
Starik a n d Rozovskaya w h o f ound smal l effects u p o n the adsorpt iv i ty of 
h y d r o l y z e d ions caused b y glass modi f icat ion even w h e n drastic treatment 
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such as fluoridization was employed . H o w e v e r , the adsorption of s imple 
ions—e.g., A g + , decreased marked ly on glass treated b y fluoride (34). 

It fol lows f r om T a b l e I I that h a f n i u m adsorbs i n the f o rm of its 
h y d r o l y z e d species. M o r e important ly , the neutra l H f ( O H ) 4 species are 
strongly adsorbed. T h i s contradicts d i rec t ly statements made b y several 
investigators (7, 8, 24, 36) that neutra l species do not adsorb or adsorb 
less strongly than charged ions. It should be ment ioned that their state
ments were based u p o n speculation rather than a quanti tat ive analysis of 
the solut ion composit ion. T h e data presented here prove rather con
v inc ing ly that the adsorpt iv i ty does not depend on the actual charge of 
the adsorbate species as has been assumed a n d therefore i t cannot be 
considered str ict ly as an electrostatic process. It is the presence of the 
h y d r o x y l group i n the h y d r o l y z e d species that is responsible for its 
enhanced adsorpt iv ity . T h e adsorption behavior of h a f n i u m on glass is 
consistent w i t h our earlier observations of the adsorpt ion of this a n d 

o 

-Q 
o 
E 

" H fC l 4 : 

6.6 • I0-* M 

3.3 • \0~* 1^ 

u u 

1.7 • I0_* MA Y//////////////A 

o u 

- 8.3 • I0 _ T M 
u o u 

'•I 

-

-

1.0 3.0 5.0 7.0 
PH 

Figure 9. Mobilities of an aged silver iodide sol (Agl 1.0 X 
10~4M; pl~ = 2.9) in the presence of four different concentra
tions of HfClfi as a function of pH. Corresponding values for 
the critical coagulation and stabilization concentrations (c.c.c. 
and c.s.c. respectively) are indicated by arrows. Hatching rep

resents the coagulation range 
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other ions, such as thor ium, on si lver hal ides (19, 20, 21). F o r example, 
at p H < 4.0 where t h o r i u m is essentially nonhydro lyzed the adsorpt ion 
o n a si lver ha l ide sol is negl ig ible , but increases dramat i ca l ly as soon as 
hydrolys is becomes significant (see F i g u r e 9 a n d Reference 19). T h i s 
w o u l d then el iminate a possible alternate mechanism w h i c h w o u l d invo lve 
first the adsorpt ion of the nonhydro lyzed meta l ions w i t h subsequent 
hydroxy la t i on at the interface. 

B e l o w a certain p H the fract ion of h a f n i u m adsorbed decreases 
(F igures 2 a n d 7 ) . T h i s is most l ike ly because of the compet i t ion of 
hydrogen ions for the adsorpt ion sites. 

It is also easily understood w h y i n the case of h a f n i u m the surface 
coverage increases as the p H becomes higher. U n d e r these condit ions 
the adsorbate consists only of neutra l h a f n i u m species. Since there is no 
lateral repuls ion between them, the uncharged H f ( O H ) 4 can adsorb 
u n t i l a close packed monolayer is formed. T h e experiments indicate no 
evidence of mul t i layer adsorption. Once saturation is reached the a d 
sorbed amount remains constant regardless of the equ i l ibrat i on t ime or 
the concentration of the h a f n i u m salt i n solution. 

It is of interest to calculate the area per molecule of the adsorbed 
species assuming that a monolayer is formed. I n order to do so one 
needs exact in format ion on the surface area of the adsorbent. Several 
attempts to calculate surface coverages i n the adsorpt ion of h y d r o l y z e d 
meta l ions have been reported (4, 10, 11, 24, 27). N o n e of these results 
can be accepted as meaning fu l because the geometric surface area was 
always used i n the calculations w h i c h is certa in ly smaller than the true 
surface area of the adsorbent. I n add i t i on , the adsorpt ion was almost 
invar iab ly measured on glass plates of several square centimeters i n 
surface or on a few glass beads. O n l y i n a f ew cases were glass p o w d e r 
or glass w o o l employed (6, 7, 8, 26). 

T h e method of determining the " t rue" surface area is especial ly i m 
portant i n the case of glass as the adsorbent. U s i n g five different samples 
of glass J u r a (12) obta ined the same surface area us ing ni trogen as the 
adsorbate but qui te different results for each sample w h e n water vapor 
was employed. Since i n this w o r k the adsorpt ion of a solute f rom a n 
aqueous solut ion was measured, water vapor was considered the most 
appropriate adsorbate to determine the surface avai lable for adsorption. 
C a l c u l a t i o n of the surface coverage b y H f ( O H ) 4 at p H 5 at e q u i l i b r i u m 
gives a value of 24 A . 2 per h a f n i u m species. It is interest ing that this 
value is remarkab ly close to the area of 25 A . 2 assigned to a water mo le 
cule chemisorbed on a s i l i ca surface ( 5 ) . I n fact the obta ined surface 
area per molecule agrees quite w e l l w i t h the cross-sectional area of a 
tetrahedral ly coordinated H f ( O H ) 4 complex computed f r om the k n o w n 
b o n d lengths. 
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60 ADSORPTION F R O M AQUEOUS SOLUTION 

A t lower p H values the areas per molecule at m a x i m u m coverage 
are larger. F o r example, at p H ~ 3 the ca lculated area per h a f n i u m 
species is 42 A . 2 . T h i s is to be expected i f one considers the hydrogen i o n 
compet i t ion i n the adsorpt ion process. 

These results are qual i ta t ive ly supported b y observations of adsorp
t i on of h a f n i u m species on negative si lver i od ide sols (21). I n the latter 
case i t was also shown that at lower p H values charge reversal of the 
si lver i od ide takes place w h i l e at higher p H the particles r emain negative. 
F i g u r e 9 gives as an example four m o b i l i t y curves as a funct ion of p H 
for an aged silver i od ide sol. T h i s sol was prepared i n an excess of 
potassium iod ide a n d therefore i n the absence of a d d e d h a f n i u m salt the 
sol is negatively charged. A c c o r d i n g to T a b l e I I there should be no 
charged species present i n h a f n i u m salt solutions at p H ^ 5, yet charge 
reversal does take place. T h i s is easily understood because i t can be 
ca lculated that the concentrations of charged h y d r o l y z e d species r equ i red 
to neutral ize or to reverse the charge are m u c h be low analyt i ca l detect ion 
l imits . T h e concentrations of h y d r o l y z e d species r equ i red to reverse the 
charge w o u l d be par t i cu lar ly l ow i f the existence of h i g h l y aggregated 
charged species, as suggested b y Tyree (37) is considered. T h e fact that 
at s t i l l h igher p H values i n the upper t w o curves the sol remains negative 
a n d that i n the lower two curves reversal of charge does not take place 
at a l l indicate that the concentrations of the charged h y d r o l y z e d species 
are extremely l o w a n d that the solut ion contains for a l l pract i ca l purposes 
on ly the neutra l soluble species. T h e necessary consequence is that these 
species be ing uncharged a l though strongly adsorbed cannot cause charge 
reversal . 

T h e glass beads used i n this w o r k were too large for electrophoretic 
measurements a n d therefore i t was not possible to carry out m o b i l i t y 
experiments w i t h them. 
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The Adsorption of Aqueous Co(II) at the 
Silica-Water Interface 

T. W . HEALY R. O. J A M E S , and R. C O O P E R 

Department of Physical Chemistry, University of Melbourne, 
Parkville, Victoria 3052, Australia 

The adsorption of Co(II) at the silica-water interface has 
been studied as a function of pH, ionic strength, and total 
Co(II) concentration. The adsorption data, together with 
electrophoretic mobility and coagulation data suggest that 
the free aquo Co(II) ion is not specifically adsorbed without 
participation of surface hydroxyls. Evidence for polymeric 
Co(OH)2 at the quartz surface is presented together with 
evidence of mutual coagulation of the quartz and precipi
tated cobalt hydroxide. 

' T ' h e adsorpt ion of meta l ions f rom aqueous solutions is a phenomenon 
of immediate interest to workers i n m a n y diverse disc ipl ines. T h e 

incorporat ion of metals into geological sediments, r emova l of meta l ions 
f r om indus t r ia l a n d c iv i c effluent, interference of trace meta l ions i n 
ana ly t i ca l a n d e lectroanalyt ical chemistry, ore flotation, meta l lurg i ca l 
leaching processes, a n d the stabi l i ty of ceramic slips are a l l processes 
w h i c h are contro l led to a large extent b y interact ion of meta l ions w i t h 
s o l i d - l i q u i d interfaces. 

Recent studies indicate that the adsorpt ion of meta l ions is con
tro l led only i n part b y the concentrat ion of the free (aquo ) meta l i o n ; 
of considerable importance is the ab i l i ty of hydroxo a n d other complex 
ions a n d molecules to adsorb. There have been two apparent ly divergent 
approaches to describe the role p l a y e d b y hydroxo meta l complexes i n 
adsorpt ion at solid-aqueous electrolyte interfaces. M a t i j e v i c et al. (9) 
have proposed that specific hydrolysis products—e.g., A l 8 ( O H ) 2 o 4 + i n the 
A 1 ( I I I ) - H 2 0 system, are responsible for extensive coagulat ion a n d charge 
reversal of hydrophob i c col loids. It has also been demonstrated b y 
M a t i j e v i c that the free (aquo) species of transit ion a n d other meta l ions 

62 
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6. H E A L Y E T A L . Adsorption of Aqueous Co(II) 63 

is f requent ly unable to reverse the charge of a sol whereas the hydrolysis 
products , often of l ower charge per i on , can reverse the electrophoretic 
m o b i l i t y of A g l sols ( i n statu nascendi) a n d rubber latex sols ( J O ) . 

A l ternat ive ly , several workers have shown that not on ly is the soluble, 
zero-charged hydrolysis product considerably more surface active than 
the free (aquo ) i on but also a po lymer i c charged or uncharged h y d r o l y 
sis product may be f o rmed at the s o l i d - l i q u i d interface at condit ions w e l l 
be low saturation or prec ip i tat ion i n solution. H a l l (5 ) has considered 
the coagulat ion of kaol in i te b y a l u m i n u m ( I I I ) a n d conc luded that sur
face precipitates re lated to hydrated a l u m i n u m hydrox ide contro l the 
adsorption-coagulat ion behavior . S i m i l a r l y H e a l y a n d Jellett (6 ) have 
postulated that the po lymer ic , soluble, uncharged Z n ( O H ) 2 po lymer can 
be nucleated cata lyt i ca l ly at Z n O - H 2 0 interfaces a n d w i l l flocculate the 
co l l o ida l Z n O via a b r i d g i n g mechanism. 

These two mechanisms, the one emphas iz ing the adsorpt ion of 
specific often po lynuc lear hydrolys is products , the other emphas iz ing the 
role of po lymer i c species, are c learly not m u t u a l l y exclusive; an earlier 
study on t h o r i u m ( I V ) adsorpt ion suggested a c o m b i n e d mechanism ( I ) . 

T h e present study is on a system C o ( I I ) - H 2 0 - S i 0 2 for w h i c h i t was 
expected that there w o u l d be m i n i m a l adsorpt ion of po lynuc lear species 
of the meta l i on but the poss ib i l i ty of surface catalysis to y i e l d surface 
polymers of the hydrox ide . 

T h e oxide, a-quartz, was selected as the substrate for the present a n d 
cont inuing studies of meta l i o n adsorption. It is of considerable i m p o r 
tance i n several prac t i ca l situations—e.g., water puri f i cat ion a n d ore 
flotation—and has the important property that it is negatively charged 
over a w i d e p H range since its zero-point-of-charge (z.p.c.) is circa p H 2. 

Experimental 

T h e quartz dispersion was prepared b y m i l l i n g pure , a c id leached, 
m i l k y «-quartz specimens f r om W a t t l e G u l l y , V i c t o r i a , A u s t r a l i a , i n a 
synthetic porce la in m i l l . T h e b a l l m i l l product was further c leaned b y 
repeated washing-centr i fugat ion w i t h conduct iv i ty water. E . S . R . spectra 
of the as d r i e d oxide powder itself a n d the d r i e d powder w h e n y - i r r a d i -
ated i n a 6 0 C o source, showed there were no paramagnetic impuri t ies . 
T h i s technique of analysis i n w h i c h paramagnetic centers are generated 
around any mult i -e lec tron contaminant atom w i l l be reported i n deta i l 
shortly; i t has proved useful i n the detect ion of transit ion meta l i o n con
taminants at the sub p .p .m. l eve l on oxide surfaces. T h e quartz powder 
was f o u n d to have a B . E . T . surface area, based on k r y p t o n adsorption, of 
5.4 m e t e r 2 / g r a m . 

T h e meta l ions were generated f rom their perchlorate salts w h i c h 
were either prepared f rom A . R . starting materials or purchased as A . R . 
chemicals. Solutions were freshly prepared for each experiment. A c i d -
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64 ADSORPTION F R O M AQUEOUS SOLUTION 

base p H adjustment was made w i t h A . R . perchlor ic a c id a n d A . R . potas
s ium hydroxide , respectively. C o n d u c t i v i t y water was prepared b y double 
d is t i l la t ion a n d d u r i n g the course of the investigation h a d a conductance 
of 0.9 ± 0.1 micromhos cm." 2 . W a t e r outside this upper l i m i t was re
jected. C o b a l t ( I I ) hydrox ide , prec ip i tated f rom perchlorate solution 
w i t h K O H , was washed repeatedly w i t h conduct iv i ty water . 

W h i l e meta l ions m a y be said to adsorb strongly at the oxide-water 
interface, adsorpt ion studies are hampered b y the need to determine meta l 
ions at the sub micromolar level . A g a i n the s imi lar i ty between s i l i ca -
water a n d glass-water interfaces means that the meta l i on species w i l l 
adsorb on a l l glass surfaces. F o r determinat ion of the adsorption isotherms 
of C o ( I I ) , radioact ive tracer techniques were employed us ing the 6 0 C o 
isotope. F o r this y - emi t t ing isotope l i q u i d G e i g e r - M u l l e r tubes were 
f o u n d to be satisfactory. A t a l l times " b l a n k " runs were conducted to 
correct for adsorption on the glass vessels. 

E q u i l i b r a t i o n of the si l ica-water suspension w i t h the meta l i on was 
conducted i n a thermostatted vessel s imi lar to that descr ibed previously 
(15 ) . Ho les i n the loose f i tt ing l i d were p r o v i d e d for p H electrodes, 

I 2 3 u 4 5 6 
pH 

Figure 1. The coagulation and electrophoretic mobility 
(microns sec.'1/volt cm.'1) behavior of quartz in electrolyte 

solutions as a function of pH 
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nitrogen gas, a n d for cap i l lary plastic t u b i n g for sample removal a n d 
a c i d / b a s e add i t i on f rom an automatic p H - s t a t fac i l i ty . It was f ound 
necessary to a l l ow f rom 3 to 12 hours for e q u i l i b r i u m to be established. 
T h i s k inet i c effect is current ly be ing investigated i n more detai l . 

i i i i i i i i i i i i 
0 2 4 6 8 10 12 

P H 

Figure 2. Percent adsorption on quartz of cobalt (II) as a func
tion of pH for 1.3 X 10~*M total Co(ClOJf)2 

Electrophoret i c mobi l i t ies of the quartz particles i n cobalt ( I I ) per-
chlorate solutions were determined w i t h a ca l ibrated Zeta -Meter a p p a 
ratus. Coagu la t i on sedimentation behavior was f o l l owed us ing a stop-
flow type apparatus. T h e dispersion is p u m p e d i n a closed loop f rom a n 
equ i l ibrat i on vessel through an opt i ca l ce l l located i n the sample com
partment of a record ing spectrophotometer. F r o m the opt i ca l density-
t ime curve obta ined f rom the t ime the p u m p is switched off, the t u r b i d i t y 
index ( i n arb i trary units ) is obta ined as the slope of the curve at zero 
t ime. 
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66 ADSORPTION F R O M AQUEOUS SOLUTION 

Results 

T h e general surface properties of quartz are shown i n F i g u r e 1 i n 
w h i c h the electrophoretic mob i l i t y a n d t u r b i d i t y of quartz i n s imple 
electrolytes is p lot ted as a funct ion of p H . T h e dotted lines shown i n 
F i g u r e 1 represent a reg ion of ionic strength for w h i c h inaccuracies i n 
m o b i l i t y determinat ion prevent the accumulat ion of meaning fu l data. 
A l t h o u g h the approach to the z.p.c. of quartz is obscured b y this effect, 
the t u r b i d i t y data confirm that the z.p.c. is at p H 1.8-2.0 i n agreement 
w i t h other workers (13 ) . 

T h e adsorpt ion of cobalt ( I I ) at 1.3 X 1 0 " 4 M C o ( C 1 0 4 ) 2 is shown 
i n F i g u r e 2. i n the p H range f rom 1.7 to 12.0. T h i s f o rm of plot , percent 
adsorpt ion vs. p H or concentration w h i l e useful for demonstrat ing the 
dramat ic increase i n adsorpt ion over a narrow p H or concentration range, 
is however of l i m i t e d theoret ical value. I n F i g u r e 3 the cobalt ( I I ) a d 
sorpt ion data are therefore r e d r a w n as log (adsorpt ion density) vs. p H . 
T h e ver t i ca l dashed lines i n F igures 2 a n d 3 represent the m i n i m u m p H 
for prec ip i tat ion of 1.3 X 1 0 " 4 M C o ( I I ) i n the absence of adsorption. 
T h e p lateau of F i g u r e 3 therefore represents adsorbed a n d prec ip i tated 
cobalt . 

I 1 1 1 1 1 1 

Figure 3. Adsorption isotherm of cobalt (II) on quartz as a function 
of pH and at 1.3 X i O ' M total Co(ClOlt)2 
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I0"7 10"* i o ' 8 I0"4 I0~8 

EQUILIBRIUM CONCENTRATION OF Co(H), M/L ITER 

Figure 4. Complete adsorption isotherm of Co(II) on quartz at pH 
6.0 and 25°C. 

T h e adsorpt ion of C o ( I I ) at p H 6.0 is shown i n F i g u r e 4, again 
p lot ted on a log-log scale. Since cobalt ( I I ) hydrox ide does not p r e c i p i 
tate at p H 6 at less than 1 M tota l cobalt , the p lateau attained represents 
saturation adsorpt ion wi thout interference b y prec ip i tat ion . 

T h e var iat ion w i t h p H of the electrophoretic m o b i l i t y of quartz i n 
1 0 " 4 M cobalt ( I I ) perchlorate a n d a comparison of the m o b i l i t y of quartz 
i n 1 0 " 4 M K C 1 is shown i n F i g u r e 5. I n c l u d e d i n F i g u r e 5 is the var ia t i on 
w i t h p H of electrophoretic m o b i l i t y of prec ip i tated cobalt ( I I ) hydrox ide . 
It can be seen that the si l i ca surface w i t h adsorbed C o ( I I ) acts as 
cobalt ( I I ) hydrox ide for p H values above 8.0. T h e t u r b i d i t y vs. p H 
behavior at 1 0 " 4 M C o ( 0 0 4 ) 2 is shown i n F i g u r e 6. T h e two curves 
represent the behavior for increasing a n d decreasing p H a n d w i t h i n 
exper imental error the curves superimpose. 

Discussion 

T h e most general feature of the adsorpt ion behavior of meta l ions 
at solid-aqueous solut ion interfaces is the abrupt rise i n adsorpt ion over 
a narrow p H range. T h i s has been i l lustrated, for example, for manganese 
adsorpt ion on glass (2), cobalt on hydrous ferric oxide ( 8 ) , manganese 
on hydrous manganese oxide (12), p ro tac t in ium on glass (14), a n d 
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CO o 

o 
h-
1x1 
o 
X CL 
o 
h 

Figure 5. Electrophoretic mobility (microns sec.'1/ 
volt cm.'1) of Si02 in different electrolyte solutions to
gether with the electrophoretic mobility of cobalt (II) 

hydroxide as a function of pH 

— A — SiOti 10-*M Co(II) 
Co(OH),, 10-''M KCl 

t h o r i u m on silver i od ide (11). If we compare the p H range at w h i c h 
increased adsorpt ion occurs w i t h the properties of the solut ion i n the 
same p H range there is often a s tr ik ing para l l e l observed. F o r example, 
M a t i j e v i c et al. (11) have shown that the increase i n adsorpt ion of 
t h o r i u m occurs over the same p H range where the ratio [ T h ( O H ) 3 + ] / 
[ T h ( N O H ) 4 ] also increases abrupt ly . 

W e can generalize b y not ing that there w i l l be increased adsorpt ion 
at the p * K i of the aquo complex—i .e . , * K X for 

M ( H 2 0 ) 6
n + 4- H 2 0 ?± M ( H 2 0 ) 5 ( O H ) ( " " 1 ) + + H . O + (1) 

T h u s , for t h o r i u m ( I V ) the adsorpt ion increase occurs at p H 3.82 (13). 
H o w e v e r , for C o ( I I ) w i t h a p * K i value of 9.8, the adsorpt ion increase 
does not correspond to p * K i bu t is d isp laced to a lower p H v a l u e . 

C o m p a r i s o n of F igures 2 a n d 5 shows that at the p H range 6.5 to 7.5 
where increased adsorpt ion occurs, simultaneous reversal of charge and 
equivalent coagulat ion are bo th observed. T h i s suggests that strong 
adsorpt ion of a cat ionic cobalt ( I I ) species is occurr ing . T h e p r i n c i p a l 
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6. H E A L Y E T A L . Adsorption of Aqueous Co(II) 69 

cobalt ( I I ) solution species reported i n the l i terature (3 ) are represented 
i n F i g u r e 7 for the f o l l owing self-consistent set of stabi l i ty constants 

C o ( O H ) 2 ^ C o 2 + + 2 0 H - log K0 = - 1 4 . 8 (2) 

C o 2 + + O H " ̂  C o O H + log K 1 = = 4.2 (3) 

C o 2 + + H 2 0 5± C o O H + + H + log *KX = - 9 . 8 (4) 

C o ( O H ) 2 ^ ± C o ( O H ) 2 a q . > log K S 2 = - 6 . 4 0 (5) 

C o ( O H ) 2 + O H " ^ C o ( O H ) 3 - log K B 8 = - 5 . 1 0 (6) 

H e r e , C o ( O H ) 2 represents the so l id hydroxide . T h e solut ion data show 
that at p H values of 7.5 a n d 6.5 the dominant cobalt ( I I ) species is the 
free (aquo ) i on b y factors of 100 and 1000 respectively. It is therefore 
h i g h l y u n l i k e l y that the coagulat ion at p H 6.5-7.5 a n d 1 0 " 4 M C o ( I I ) a n d 
the reversal of charge can be caused b y the free C o O H + species. I f it is 
caused b y po lynuc lear charged species then the l o g - l i n e a r re lat ionship 
(9 ) between the c r i t i ca l coagulat ion concentration a n d the valence of the 
coagulat ing ion w o u l d require a po lynuc lear species to have a charge of 
+ 5 or + 6 . S u c h a species has not been identi f ied. ( I t is of interest to 
note that i f this species d i d exist i t w o u l d have to be a compact i on , 

5 6 7 8 9 10 
pH 

Figure 6. Coagulation of silica in aqueous 10~*M 
Co(II) solution as a function of pH. Increase in the 

turbidity index indicates an increase in dispersion 
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O 2. 4 C 8 10 12. <4. 
PH 

Figure 7. A summary of the variation with pH of 
the concentration of known solution species of cobalt 
(II) in aqueous solution in equilibrium with solid 

Co(II) hydroxide at 25°C. 

since a l inear hydroxy l -b r idged octahedral C o ( I I ) po lymer ic i o n has a 
net charge of + 2 . ) If w e therefore reject po lynuc lear po lyvalent C o ( I I ) 
species, the p H 6.5-7.5 coagulat ion / charge reversal must be caused b y 
the free (aquo ) ion. H o w e v e r , since the s i l i ca surface charge is not 
increasing to any significant extent f rom p H 4.0 onwards , it is difficult to 
exp la in the drastic increase i n adsorpt ion shown i n F i g u r e 2 i f the free 
C o 2 + i o n alone were the active species. H o w e v e r , i f there is some co
operative adsorpt ion of C o 2 + w i t h either b o u n d or free hydrox ide ions 
then an abrupt increase i n adsorpt ion is possible; remember ing that the 
hydrox ide i o n concentration i n the interface is greater than i n solution, 
then specific C o 2 + interact ion w i t h surface hydrox ide ions occurs as 
observed at a lower p H than i n bu lk . 

W e can substantiate this mode l further b y consider ing the adsorpt ion 
isotherm shown i n F i g u r e 4 i n terms of the Stern-Grahame treatment of 
the double layer (4). A t concentrations be low 1 0 " 5 M the slope of the log 
( a d s o r p t i o n ) - l o g ( e q u i l i b r i u m concn.) isotherm has a slope of approx i 
mately 0.5. T h i s suggests that the C o 2 + i o n is act ing as a counter ion i n 
the diffuse layer where its adsorpt ion is descr ibed b y a s imple G o u y -
C h a p m a n expression. It is not specif ically adsorbed a n d cannot reverse 
the sign of the surface charge. A b o v e 10~ 5 M at p H 6.0 the slope is ap -
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6. H E A L Y E T A L . Adsorption of Aqueous Co(II) 71 

proximate ly 1.0 ind i ca t ing that specific adsorpt ion is o c curr ing a n d that 
the adsorpt ion is g iven b y an equat ion of the f o rm 

r i = fcAexP. (-w5/kt) (7) 

where T{ is the adsorpt ion density i n m o l e s / c m . 2 

Ci is the e q u i l i b r i u m concentration i n mo les / c c . 
ki is a constant, and , 

Ws the free energy of adsorpt ion of an i o n f at a p lane 8 i n the 
double layer is, for cat ion adsorption, g iven by , 

W 6
+ = Z + e ( ^ + <M (8) 

where Z+ is the valence of the i o n 
e is the electronic charge 

\//s is the potent ia l at the p lane of adsorpt ion 
and <j>+ is the specific adsorpt ion potent ial . 

I n terms of Equat i ons 7 a n d 8 the change i n adsorpt ion behavior at p H 6 
a n d 1 0 " 5 M C o ( I I ) shown i n F i g u r e 4 can be descr ibed as be ing caused 
b y the operat ion of a specific adsorpt ion potent ia l (</>+ c a l . / m o l e ) . Since 
the hydrolysis products are u n l i k e l y to contr ibute a sufficiently large 
potent ia l to account for the increased adsorpt ion, it must be conc luded 
that above 1 0 " 5 M at p H 6, a n d above p H 6.5-7.5 at 1 0 " 4 M C o ( I I ) , the 
C o 2 + i o n is specif ically adsorbed a n d located w i t h i n the Stern plane. It is 
probab le that these condit ions correspond to the fact that an act iv i ty 
ratio of C o 2 + a n d surface O" or O H " sites has been exceeded. 

T h e p lateau shown i n F i g u r e 3 corresponding to adsorbed and pre
c ip i tated cobalt ( I I ) is not amenable to analysis. H o w e v e r , the p lateau 
of F i g u r e 4 must correspond to saturation, or "monolayer" adsorption. 
D e p e n d i n g on whether the C o ( I I ) i on is unhydrated , hydra ted to the 
extent of one sheath of water or hydrated to the extent of two layers 
of water then the fractions of a close packed monolayer for these three 
cases are 0.01, 0.16, a n d 0.5 respectively. C l e a r l y this l o w coverage means 
that there must be considerable repuls ion between adsorbed C o ( I I ) ions 
on the adsorbed layer l ead ing to a sparse popu la t i on of the surface. 

T h e extensive coagulat ion at p H 8.5-9.0 for 1 0 " 4 M C o ( I I ) occurs 
w h e n the m o b i l i t y of the S i 0 2 i n C o ( I I ) perchlorate is large a n d positive. 
If w e consider that the coagulat ion shown i n F i g u r e 6 at p H 6.5-7.5 is 
caused b y C o 2 + co -ordinat ion w i t h surface an ion groups on a 1 to 1 basis 
then the coagulat ion at p H 8.5-9.0 w o u l d perhaps correspond to co
ord inat ion o n a 1 to 2 basis—i.e., nucleat ion, probab ly i n po lymer i c f o rm 
of the cobalt hydroxide . T h i s is further confirmed b y the fact that the zero 
m o b i l i t y at p H 10.6 shown i n F i g u r e 5 corresponds almost exactly to the 
z.p.c. of cobalt hydrox ide prec ip i tated i n the absence of s i l ica . T h e sur-
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face of s i l i ca w i t h adsorbed cobalt at p H values above p H 8 is essentially 
a C o ( O H ) 2 surface. F o r the 1 0 " 3 M C o ( I I ) case shown i n F i g u r e 6 there 
is also the poss ib i l i ty of coagulation— i .e . , m u t u a l or hetero-coagulat ion— 
between prec ip i tated cobalt hydrox ide a n d the s i l i ca itself, since i n this 
p H region the two solids are oppositely charged. A s i n the previous study 
( 6 ) , flocculation (via po lymer br idges) of the s i l i ca b y po lymer ic surface 
cobalt species m a y also be occurr ing . T h i s effect is current ly be ing exam
i n e d i n more deta i l by spectroscopic techniques. 

Summary and Conclusions 

T h e adsorpt ion of C o ( I I ) at the s i l ica-water interface can be sepa
rated into three parts : 

A . A t l o w p H ( <6 .0 ) a n d l o w concentrations ( < 1 0 " 5 M ) the active 
species is the C o 2 + i on adsorbing as a nonspeci f ical ly adsorbing i o n i n the 
diffuse layer. 

B . A t pH-concentra t i on condit ions above 6.5 but w e l l be low pre 
c ip i tat ion , C o 2 + is specif ically adsorbed into the Stern layer, w i t h coagu
la t ion a n d charge reversal accompanying this process. T h e surface inter
act ion is p robab ly of the f o rm 

C . A t p H / c o n c e n t r a t i o n condit ions just be l ow saturation the a d 
sorbed species is p robab ly a po lymer i c f o rm of cobalt ( I I ) hydrox ide . 
A t higher p H values the nuc leat ion of cobalt ( I I ) hydrox ide is completed 
a n d the s i l i ca w i t h adsorbed cobalt ( I I ) behaves as cobalt ( I I ) hydrox ide . 
Some m u t u a l coagulat ion between S i 0 2 a n d prec ip i tated C o ( O H ) 2 m a y 
occur for the higher C o ( I I ) concentrations. 
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The Adsorption of Aqueous Metal on 
Colloidal Hydrous Manganese Oxide 

D . J . MURRAY1 

Department of Mineral Technology, University of California, Berkeley, Calif . 

T. W . HEALY 

Department of Chemistry, University of Melbourne, Victoria, Australia 

D . W . FUERSTENAU 

Department of Mineral Technology, College of Engineering, University of 
California, Berkeley, Calif . 

The adsorption of Groups I and II cations on manganese (II) 
manganite in aqueous suspension has been found to be 
strongly dependent on pH at low concentrations but is inde
pendent of pH at higher concentrations. In dilute solution, 
adsorption must then occur as counter ions in the diffuse 
double layer, whereas the extensive uptake at higher con
centrations indicates that these ions are incorporated into 
the disordered layer of the manganite lattice. In addition, 
adsorption studies with the transition metal ions show that 
Ni2+, Cu2+ and especially Co+2 exhibit marked specific ad
sorption as evidenced by the finite adsorption of these ions 
at the zero-point-of-charge. 

' T p h e ab i l i ty of co l l o ida l , hydrous manganese oxides to adsorb large 
quantit ies of aqueous meta l ions has been a cont inu ing subject of 

s tudy since v a n B e m m e l e n s w o r k of 1881 ( 5 ) . W h i l e certain aspects of 
the subject have been w e l l established—e.g., hydrogen ions are released 
(or hydrox ide ions adsorbed) i n proport ion to the quant i ty of meta l i o n 
adsorbed (11)—there is s t i l l confusion as to the details of the mechanism 
of i o n adsorption. 

1 Presently in the U . S. Army. 
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7. M U R R A Y E T A L . Adsorption of Aqueous Metal 75 

T h e recent comprehensive study of the general co l l o id - chemica l 
properties of a hydrous manganese dioxide b y M o r g a n a n d S t u m m (JO) 
d i d m u c h to c lar i fy m a n y aspects of the adsorpt ion process. A tentative 
assignment of the zero-point-of-charge (z.p.c.) of the essentially amor
phous hydrous M n 0 2 of less than p H 3 was made b y these workers . 
Sorpt ion of M n 2 + on M n 0 2 about the z.p.c. was interpreted either as 
surface complex format ion or as i o n exchange. Use of the mass act ion 
analysis of K u r b a t o v ( 9 ) , was shown b y M o r g a n a n d S t u m m (10) to be 
of l i m i t e d quanti tat ive significance for the extensive adsorpt ion of cations 
on M n 0 2 . 

F o l l o w i n g M o r g a n a n d S t u m m (10), the surface properties of five 
manganese oxides were examined b y H e a l y , H e r r i n g , a n d Fuers tenau ( 7 ) . 
Zero-points-of-charge of each oxide were determined b y electrophoresis 
a n d coagulat ion techniques a n d f ound to range i n a predictable manner 
f rom p H 1.5 for 8 - M n 0 2 , p H 1.8 for M n ( I I ) manganite , 4.5 for « - M n 0 2 , 
p H 5.5 for y - M n 0 2 , to p H 7.3 for / ? - M n 0 2 . 

T h e present study was in i t ia ted i n order to obta in quanti tat ive data 
on the relat ive adsorpt ion potentials of meta l ions i n the reg ion of the 
z.p.c. of hydrous manganese oxide. T h i s in format ion is of considerable 
importance i n a var iety of prac t i ca l phenomena ranging f rom the mecha
n i sm of trace meta l inc lus ion i n ocean-floor manganese nodules a n d 
piso l i t i c manganese ores to the sorption behavior of manganese p r e c i p i 
tates i n na tura l water a n d waste systems. 

Experimental 

A study of the zero-point-of-charge of various manganese d ioxide 
preparations has been reported previously ( 7 ) . T h e oxide selected for 
the present study was manganese ( I I ) manganite or "10A. mangani te " 
h a v i n g a B . E . T . surface area of 70 m e t e r 2 / g r a m . T h e washed oxide was 
kept under twice d i s t i l l ed water at a l l times. Reagent grade nitrates of 
l i t h i u m , potassium, sod ium, c a l c i u m , b a r i u m , copper ( I I ) , n i c k e l ( I I ) , 
a n d cobalt ( I I ) were used w i thout further puri f i cat ion. T h e p H was 
adjusted w i t h reagent grade n i t r i c ac id . 

C o n d i t i o n i n g of the manganese oxide suspension w i t h each cat ion 
was conducted i n a thermostatted ce l l (25° ± 0.05°C.) descr ibed p r e v i 
ously (13). Analyses of res idua l l i t h i u m , potassium, sod ium, c a l c i u m , 
a n d b a r i u m were obta ined b y standard flame photometry techniques o n 
a B e c k m a n D U - 2 spectrophotometer w i t h flame attachment. Analyses 
of copper, n i cke l , a n d cobalt were conducted on a Sargent M o d e l X R 
record ing polarograph. Samples for analysis were removed u p o n e q u i l i 
brat ion of the system, the so l id centr i fuged off a n d ana lyt i ca l concentra
tions determined f r om ca l ibrat ion curves. I n contrast to M o r g a n a n d 
S t u m m (10) w h o report f a i r l y r a p i d equ i l ibrat ion , final attainment of 
e q u i l i b r i u m at constant p H , for example, u p o n add i t i on of meta l ions 
was often very slow, i n some cases of the order of several hours. 
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Results and Discussion 

T h e adsorpt ion of meta l ions i n such systems can be treated i n one 
of three ways , depend ing on whether the adsorbing i o n is 

(a ) Potent ia l determining— i . e . , that conjugate pa i r of ions w h i c h 
define the total double layer potent ia l , or 

( b ) Surface inactive— i .e . , an i o n w h i c h does not enter the Stern 
layer a n d w h i c h cannot reverse the potent ia l of the outer H e l m h o l t z 
p lane of the e lectr ical double layer, or 

( c ) Surface active, or specifically adsorbing— i .e . , an i o n w h i c h can 
enter the Stern layer a n d can reverse the sign of the potent ia l of the 
outer H e l m h o l t z plane. 
Previous studies (7, 10) on manganese oxides have established that H + 

a n d O H " are potent ia l -determining for the M n 0 2 series; for 10A. m a n g a 
nite , electrophoresis a n d coagulat ion measurements ( F i g u r e 2 ) b o t h gave 
a value of p H 1.8 ± 0.5 for the z.p.c. ( 7 ) . 

T h e nature of adsorpt ion of G r o u p I ions on the oxide is i l lustrated 
i n F i g u r e 1 i n w h i c h the adsorpt ion isotherms for potassium ions on M n 0 2 

are g iven as a funct ion of p H . S imi lar behavior was observed for the 
adsorpt ion of sod ium ions. 

T h e p H dependence of adsorpt ion at lower concentrations suggests 
that the adsorpt ion occurs p r i m a r i l y as counterions i n the diffuse part 

10" 

o 
c 
S 
° IO"2 

5 

O 
UJ 
GO or 
o . v> io"3 
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Figure 1. Isotherms for the adsorption of potassium ion on manga
nese (II) manganite at 25°C. at various pH values 
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Figure 2. The zero-point-of-charge of manganese (II) man
ganite as determined by the adsorption of sodium ions, elec

trophoresis, and coagulation 

of the double layer. A s shown i n F i g u r e 2, the adsorpt ion of G r o u p I 
cations offers further evidence for the assignment of p H 1.8 as the z.p.c. 
of M n ( I I ) manganite . T h e reduct ion of the adsorpt ion essentially to 
zero at the z.p.c. strongly supports the hypothesis that at lower concen
trations these ions act as an indifferent, nonspecific electrolyte. 

It is interesting to note that at h igher concentrations the adsorption 
is essentially independent of p H . T h e reasons for this phenomenon are 
not clear but it seems l ike ly that meta l ions are be ing incorporated into 
the M n 0 2 lattice. T h i s oxide is one of the general class of "manganites" 
w h i c h consist of ordered layers of M n 0 2 a l ternating w i t h d isordered 
layers of meta l ions coordinated b y H 2 0 , O H " a n d other anions. I n the 
lOA. -mangani te the ordered layers, conta in ing M n 4 + i n s ix- fo ld coord ina
t ion w i t h O 2 " , are separated b y a 10A. disordered layer conta in ing M n 2 + 

coordinated w i t h O 2 " , H 2 0 , a n d O H " ( 2 , 1 2 ) . 
T h a t there m a y be meta l i o n uptake i n the interlayer region is con

sistent w i t h the above crystal structure; experimental conf irmation of 
this process is p r o v i d e d b y the w o r k of W a d s l e y (12) a n d Buser et al. (2). 
H o w e v e r , these a n d other workers d i d not isolate the role of p H i n such 
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processes a n d the present study was therefore undertaken to c lar i fy the 
role of p H i n the adsorption-uptake process for this system. 

A series of experiments was r u n at p H 4 to study the adsorpt ion of 
C a 2 + a n d B a 2 + , a n d w i t h i n the experimental error i t was f ound that C a 2 + 

a n d B a 2 + adsorbed s imi lar ly at a l l concentrations. O n the basis of i on ic 
r a d i i ( C a 2 + 0.99A., B a 2 + 1,35A.) some difference w o u l d be expected. I n 
F i g u r e 3, the adsorpt ion of L i + , N a + , a n d K + at p H 4 can be compared 
w i t h the adsorpt ion of B a 2 + a n d C a 2 + for the same meta l i on concentration 
of 5 X IO" 4 mole per l i ter . T h e placement of the C a 2 + , B a 2 + data relat ive 
to N a + a n d K + suggest that a smal l specific adsorpt ion potent ia l m a y be 
operative. F o r C a 2 + adsorbing on a carboxylate surface, Dav ies a n d R i d e a l 
(4) report specific adsorption potentials of the order of 4 kT c ompared 
w i t h about 1.0 kT for N a + on the same substrate. 

T h e adsorpt ion isotherms for N i 2 + , C u 2 + , a n d C o 2 + are i l lustrated i n 
F i g u r e 3. W h i l e the extent of N i 2 + adsorpt ion at a round p H 4 is s imi lar to 

Figure 3. The variation of the adsorption of cobalt, copper, 
nickel, potassium, and sodium ions at 5 X 10~4M concentra
tion and 25°C. as a function of pH. Single data points for 

calcium, barium, and lithium ions are included 
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7. M U R R A Y E T A L . Adsorption of Aqueous Metal 79 

that of the G r o u p I I ions, C u 2 + a n d par t i cu lar ly C o 2 + adsorb m u c h more 
strongly. Fur thermore , whereas N a + a n d K + can be desorbed b y l ower ing 
the p H to that of the z .p . c , N i 2 + , C u 2 + , a n d especial ly C o 2 + are not desorbed 
even f r om strongly pos i t ive ly charged surfaces. S u c h behavior can on ly 
be a t t r ibuted to the existence of a re lat ive ly large specific adsorpt ion 
potent ia l . 

F o l l o w i n g G r a h a m e (6) w e can express the specific adsorpt ion of 
cations as 

r t = 2 r C e x p - 2 + y (1) 

where r + is the adsorpt ion density i n the Stern plane, r the radius of the 
adsorbed i on , C the e q u i l i b r i u m concentration, a n d <£+ is the specific 
adsorpt ion potent ia l of the ion . 

T o evaluate <£+ for each meta l i on , values of fa are requ i red at each 
concentration. W h i l e this can often be evaluated f rom electrophoretic 
m o b i l i t y data , the h i g h ionic strengths—i.e., p H < 2—prec lude mean ing 
f u l measurement of mobi l i t ies . H o w e v e r , i t can be seen that w h e n fa 
a n d <f>+ are equa l a n d opposite then adsorption is reduced to zero. T h e 
adsorpt ion of N a + is reduced to zero at the z.p.c. since, i n this case, <£+ is 
neg l ig ib ly smal l . W i t h N i 2 + a n d C u 2 + the p H must be reduced— i .e . , fa 
made more pos i t i ve—by 1.3 p H units to effect zero adsorption. Since 
near the z.p.c. fa a n d fa, the total double layer potent ial , are approx i 
mate ly equa l a n d g iven b y the Nernst E q u a t i o n , then 

fa^fa=™\n^- (2) 
F a H + 

where a ° H + is the act iv i ty of H + ions at the z.p.c. a n d a H + is the act iv i ty 
at any g iven p H . T h u s , for N i 2 + a n d C u 2 + the value of <£+, the specific 
adsorpt ion potent ia l is approximate ly —80 mv. or —1.9 k c a l . / m o l e . It 
is interest ing to note that add i t i on of 1 0 _ 1 M N a C l to the C u 2 + so lut ion 
h a d l i t t le effect on the C u 2 + adsorpt ion isotherm. T h i s is i n keep ing w i t h 
the almost zero value of the specific adsorpt ion potent ia l for N a + . 

W i t h i n the range of the present experiments the adsorpt ion of C o 2 + 

was never reduced to zero a n d so evaluat ion of the specific adsorpt ion 
potent ia l for C o 2 + is not possible. It is significantly larger than that for 
C u 2 + a n d N i 2 + a n d is p robab ly of the order of —5 k c a l . / m o l e . 

It is surpr is ing that the adsorpt ion of C o 2 + is anomalous w h e n com
pared w i t h other transit ion meta l ions i n that C o ( I I ) a n d N i ( I I ) a n d to 
a lesser extent C u ( I I ) are very s imi lar chemical ly . It is k n o w n (8) that 
certain meta l ions can be cata lyt i ca l ly ox id ized on meta l electrodes. It m a y 
therefore be possible for C o 2 + i n the present system to be ox id ized to C o 3 + 

i n the reg ion of the M n 0 2 - w a t e r interface. A l t h o u g h this suggestion has 
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80 ADSORPTION F R O M AQUEOUS SOLUTION 

been made previously (1), it is s t i l l not possible to describe the increased 
adsorpt ion caused b y such ox idat ion quant i tat ive ly i n terms of a separate 
specific adsorpt ion potent ial , since E° values for surface redox reactions 
are u n k n o w n . S imi lar oxidations for C u 2 + a n d N i 2 + are not expected 
since the h igher valence states do not normal ly exist. I n v i e w of the 
s imi lar chemistry of C o ( I I ) a n d N i ( I I ) yet vast ly different adsorpt ion 
properties, the oxidat ion of C o 2 + a n d C o 3 + at the M n 0 2 - w a t e r interface 
appears to be the most l ike ly mechanism to account for the adsorption. 

Summary and Conclusions 

T h e adsorpt ion of G r o u p I a n d I I cations on manganese ( I I ) manga 
nite has been shown to take place i n the diffuse part of the e lectr ical 
double layer at l o w concentrations of the ions. A t h igher concentrations, 
the lack of p H dependence suggests that some other mechanism must be 
operating. It is considered that under these condit ions, the ions are be ing 
incorporated into the d isordered layer of the manganite lattice. 

T h e transit ion meta l ions N i 2 + , C u 2 + , a n d especial ly C o 2 + exhibit 
m a r k e d specific adsorpt ion as ev idenced b y the finite adsorpt ion of these 
ions at the z.p.c. T h e apparent ly anomalous behavior of C o 2 + w h i c h is 
adsorbed m u c h more strongly than C u 2 + a n d N i 2 + m ight be at tr ibuted to 
surface ox idat ion of C o 2 + to C o 3 + . 
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Adsorption of Selenite by Goethite 

F.J. HINGTON 

Division of Soils, C.S.I .R.O. , W . Α., Laboratories, Wembley, 
Western Australia, 6014 

A . M. P O S N E R and J . P. QUIRK 

Department of Soil Science and Plant Nutrit ion, University of Western 
Australia, Nedlands, Western Australia, 6009 

Specific adsorption of selenite on goethite increases the pH 
of the suspension and the negative charge on the oxide 
surface. Isotherms at constant pH are represented by, 

Γ = Γo(pH) • KL(Se)/[1 + KL(Se)], 

where Γ = selenite adsorbed, Γo(pH) = maximum adsorp
tion, (Se) = equilibrium solution concentration of 

selenite, and KL is a constant. Γo(pH) and KL vary with pH. 
The pH dependence of KL is represented by, 

KL = K2KDH+/(H+ + KD), 

where KD = the second dissociation constant for selenious 
acid and K2 = K'2/Kw, where K'2 is an exchange constant 
for OH- and SeO32- and Kw is the dissociation constant for 
water. The entropy gain of the reaction is consistent with 
release of a water molecule from the surface when a selenite 
ion is adsorbed. 

A d s o r p t i o n of anions at m i n e r a l surfaces is important i n soils because 
of the l imi t this process imposes on the ava i lab i l i ty of p lant nutrients 

such as P , S, a n d M o w h i c h occur natura l ly as anions a n d are a d d e d i n 
anionic f o r m i n ferti l izers. A n i o n adsorpt ion is also relevant i n geo
chemistry , ore processing, a n d other fields where minerals w i t h h i g h 
surface areas are brought into contact w i t h aqueous solutions of anions. 
Selenite a n d goethite were chosen for this study because i n W e s t e r n 
A u s t r a l i a a se lenium deficiency i n pastures has been shown to be related 
to the inc idence of wh i t e muscle disease i n sheep ( 3 ) , a n d accord ing to 
workers quoted b y Rosenfe ld a n d B e a t h (9 ) se lenium i n soils of h igher 

82 
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8. HINGSTON E T A L . Adsorption of Selenite 83 

ra in fa l l areas is p robab ly present m a i n l y as ferr ic selenites. Studies of 
selenite w i l l supplement those of other anions such as phosphate a n d 
sulfate a n d should he lp to make it possible to formulate a general mecha 
n i sm for adsorpt ion of anions b y soi l col loids. 

Methods 

A micro -crystal l ine f o rm of synthetic goethite consisting of aggregates 
of needle- l ike crystals w i t h a B . E . T . surface area of 32 m e t e r 2 / g r a m was 
used as an adsorbent. T h e excess surface charge on this goethite was 
measured as a funct ion of p H a n d ionic strength b y the potent iometr ic 
method descr ibed b y Parks a n d de B r u y n (8 ) except that N a C l was used 
as the support ing electrolyte i n p lace of K N 0 3 . T h e amount of adsorpt ion 
of selenite was measured rad iometr i ca l ly b y count ing tagged a n d stand
ard i zed solutions. T h e effects of v a r y i n g p H , support ing electrolyte 
concentration, react ion t ime a n d temperature were determined a n d the 
revers ib i l i ty of the react ion was examined b y isotopic exchange. 

Results and Discussion 

Reversibility. T h e revers ib i l i ty of the adsorption react ion was tested 
b y a d d i n g radioact ive selenite to a suspension after react ion of the so l id 
a n d inact ive selenite. A d s o r p t i o n was complete i n one day , exchange of 
radioact ive selenite w i t h adsorbed selenite took seven days to come to 
e q u i l i b r i u m . A l t h o u g h exchange was slower t h a n adsorpt ion the same 
e q u i l i b r i u m value was reached, therefore the react ion is reversible under 
these condit ions. 

Adsorption Isotherms. T h e dependence of the amount of selenite 
adsorbed on p H a n d solut ion concentration of selenite is i l lustrated b y 
the curves i n F igures 1 a n d 2. These show that the amount of selenite 
taken u p b y goethite reaches a m a x i m u m value , r 0 ( P H ) , at constant p H 
w h i c h cannot be exceeded b y increasing the solut ion concentration a n d 
that this m a x i m u m value varies w i t h p H . I n the p H region s tudied i o n 
size is un l ike ly to be the only factor l i m i t i n g adsorpt ion because even at 
l o w p H , where the m a x i m u m is greatest, the area of surface avai lable to 
the i on is always greater than the area i t w o u l d be expected to occupy 
( ^ 2 0 A . 2 / i o n ) . 

Isotherms ca lculated for constant p H ( F i g u r e 2) show that the 
amount of selenite adsorbed depends on the e q u i l i b r i u m solut ion con
centrat ion as represented b y the equat ion of the L a n g m u i r f o rm, 

r = r 0 ( p H ) - K L ( S e ) / [ l + K L ( S e ) ] (1) 

where r 0 ( p H ) is the m a x i m u m adsorpt ion at the part i cu lar p H , (Se) is the 
concentration of selenite ions i n solution, a n d K L is the L a n g m u i r 
constant. 
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84 ADSORPTION F R O M AQUEOUS SOLUTION 

T h e relat ionship between K L a n d p H is shown i n the graph of l og K L 

against p H ( F i g u r e 3 ) , w h i c h is l inear w i t h a slope approaching u n i t y 
at h i g h p H a n d zero be low p H 8—i.e., K L becomes constant w i t h decreas
i n g p H . 

Excess Sur face C h a r g e . T h e react ion at the goethite surface pro 
d u c i n g charged sites b y adsorpt ion of H + a n d O H " as potent ia l deter
m i n i n g ions can be represented as fo l lows, 

I c 

Fe 
O H - M / 
?=? Fe 
H / | \ 

OH, 

OH 

OH; 

Potent iometr ic t i t rat ion of an aqueous suspension of oxides i n the pres
ence of v a r y i n g concentrations of indifferent electrolyte has been used 
successfully to determine the zero po int of charge (z.p.c.) a n d the v a r i a 
t i o n i n excess surface charge w i t h p H (1, 8). T h e var ia t ion i n excess 
surface charge ( r H + - r 0 H - ) w i t h p H a n d N a C l concentrat ion is shown 
for goethite i n F i g u r e 4. 

T h e excess surface charge i n the presence of specif ically adsorbed 
ions was f o u n d b y measur ing the amount of selenite adsorbed a n d the 
amount of h y d r o x y l d i sp laced into the solution. T h e quant i ty of O H " 
d i sp laced ( A ) was est imated for constant p H ( a hypothet i ca l s i tuation) 
f r om the curves for t i t rat ion of goethite, goethite plus selenite, a n d selenite 
alone b y the equation. 

( G + Se) - G S e = A (2) 

where G = t i t rat ion value for goethite, Se = t i t rat ion value for selenite, 
a n d G S e = t i t rat ion value for goethite plus selenite, a l l expressed i n 
/xequiv . /gram of goethite. 

T h e excess surface charge can then be estimated f rom, 

8Se = 8 - ( S e - ) a d s + A (3) 

where 8Se = charge i n the presence of selenite, 8 = charge i n the absence 
of selenite, a n d (Se~) ads = negative charge added b y selenite ions a l l ow
i n g for the propor t ion of S e 0 3

2 " a n d H S e 0 3 " i n solution. 8Se was p lo t ted 
against p H i n F i g u r e 4 to i l lustrate the decrease i n z.p.c. a n d the var ia t i on 
i n charge w i t h ionic strength. C o m p a r i n g 8 w i t h 8 S e i t can be seen that 
adsorpt ion of selenite always results i n a decrease i n the net charge— 
i.e., an increase i n the net negative charge. 
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A M o d e l f o r the M e c h a n i s m of A d s o r p t i o n . ( 1 ) A D S O R P T I O N E N V E 

L O P E . T h e curve re lat ing r 0 ( P H ) , the value for m a x i m u m adsorption at a 
part i cu lar p H , a n d p H is termed the "adsorpt ion envelope / ' 

Studies of specific adsorpt ion of a series of anions to be discussed i n 
deta i l elsewhere ( 5 ) , have shown that the m a x i m u m specific adsorption 
at any p H , r 0 ( 1 ) H ) , is re lated to the p K D of the anion ac id a n d the charge 
on the adsorbing species. F r o m these studies essential requirements for 
specific adsorpt ion of anions, or exchange of specif ically adsorbed ions, 
seem to be as fo l lows : 

(a ) A proton should be avai lable either f rom a net excess on the 
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86 ADSORPTION F R O M AQUEOUS SOLUTION 

surface or f rom a proton conta in ing species i n e q u i l i b r i u m w i t h the an ion 
i n solution. 

( b ) A n ionic species w i t h a tendency to acquire a proton should be 
present (anions of weak acids have a tendency to acquire a proton at 
p H values near the p K D of the a c i d ) . 

( c ) Specific adsorption of anions can only occur w i t h a n increase 
i n the net negative charge o n the surface. 

Attempts to desorb selenite or any other specif ically adsorbed anion 
(6,7) b y w a s h i n g the so l id w i t h N a C l solutions of the same ion ic strength 
a n d p H are frequent ly not successful. It has been f o u n d that leaching at 
constant p H restores the surface charge of an oxide to the value i t h a d 
at that p H before specific adsorpt ion occurred. I n the case of selenite 
adsorbed on goethite, this occurs through desorption of O H " rather than 
selenite. T h e selenite r emain ing w h e n the charge has been restored can 
on ly be desorbed b y increasing the negative charge through specific 
adsorpt ion of another anion . 

1 2 3 4 5 6 7 8 
SOLUTION CONCENTRATION (MSe/ l x10 4 ) 

Figure 2. Langmuir isotherms 

Experimental values shown by symbols and full lines calculated 
for best fit. pH values shown on curves 
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8. H I N G S T O N E T A L . Adsorption of Selenite 87 

Figure 3. Plot of log KL against pH: O—0.1M NaCl, 
A—1 .OM NaCl 

Curve for ideal model O.IM NaCl 

A t p H values higher t h a n the z.p.c. m a x i m u m adsorpt ion is deter
m i n e d b y the propor t i on of the ions i n solut ion that are able to donate 
a n d accept protons. T h e species S e 0 3

2 ~ can only accept a pro ton there
fore i t cannot be adsorbed i n the absence of H S e 0 3 " . F o r selenite i n 
solut ion, the propor t ion of S e 0 3

2 " species is a, where a is the degree of 
dissociat ion of the species H S e 0 3 " , a n d the propor t ion of H S e 0 3 " is 
(1 — « ) . T h e probab i l i t y of selecting S e 0 3

2 ' f r om among the tota l sele
nite species is o a n d the p r o b a b i l i t y of finding H S e 0 3 " is (1 — « ) there
fore the probab i l i t y of finding S e 0 3

2 " a n d H S e 0 3 " together is a ( l — a ) . 
Since this event can result i n adsorpt ion of bo th ions the amount of 
selenite adsorbed should be propor t iona l to V « ( l — a) subst i tut ing for 
« = K D / ( H + + K D ) , where K D is the second dissociation constant for 
selenious ac id , shows that r 0 ( p H ) is propor t iona l to V K D H + / ( H + + K D ) 2 . 
T h e latter funct ion reaches a m a x i m u m value at p H = p K D . A t more 
a c i d p H than p K D the m a x i m u m adsorpt ion is no longer dependent o n 
the proport ions of the species because H S e 0 3 " can bo th accept a n d 
donate protons. T h e m a x i m u m adsorpt ion is then only l i m i t e d b y the 
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130' 

NO (MMNaCl% 

90|OqiMNaCI \ 

70 

50-

X1-0M NaCl 

\ \ * 

\ \ 
K)M NaCl \ \ v 

Figure 4. Excess surface charge and pH, selenite 
absent , selenite present , NaCl concentration 

indicated on curves 

charge i n d u c e d o n the surface b y adsorption. D e v i a t i o n f rom this m o d e l 
c o u l d be expected to arise f rom interactions between ions on the surface 
a n d between ions a n d the surface. Interactions of this k i n d w o u l d prob 
a b l y be electrostatic a n d w o u l d result i n regions of the envelope ( F i g u r e 
1) h a v i n g a T e m k i n f o rm a n d the spread of the i n i t i a l rise ( h i g h p H ) 
over a greater range of p H than pred i c ted b y the s imple mode l . 

T H E E X C H A N G E I S O T H E R M . F o r adsorpt ion at constant p H the amount 
of selenite o n the surface is re lated to the solut ion concentration b y an 
equat ion of the L a n g m u i r type ( E q u a t i o n 1 ) . 

I f S e 0 3
2 " is the species de termin ing adsorpt ion a n d the react ion 

mechanism involves exchange w i t h h y d r o x y l ions i t can be shown that 

K L = K 2 K D H + / ( H + + K D ) (4) 

where K2 = K ' 2 / K w , K'2 = the exchange constant for selenite a n d 
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8. H I N G S T O N E T A L . Adsorption of Selenite 89 

hydroxyl, and K w = the dissociation constant for water. A curve using 
p K D = 9.2 and the above relationship (Equation 4) is in good agreement 
with experiment (Figure 4). Although p K — 9.2 is somewhat higher 
than p K 2 for selenious acid in 0.1M NaCl—i.e., p K 2 = 8.2—it could be 
correct for the p K in the vicinity of the surface where an excess negative 
charge must be taken into account. 

Substituting into Equation 1 gives, 

•^<*>/[> +5£S>>] <5> 
(3) A P P R O X I M A T E T H E R M O D Y N A M I C Q U A N T I T I E S . Thermodynamic 

quantities, not taking into account activity coefficients, can be calculated 
from the experimental data at constant p H for the exchange reaction, 

(OH") . + SeOa2- ±̂ (Se0 3
2 " ) g + O H " (6) 

The enthalpy of exchange AH1/2 referred to a standard state where 
the surface concentration r = 1/2 r 0 ( p H ) was found using the van't Hoff 
equation on results from isotherms obtained at 5° and 20°C. Measure
ments on isotherms for p H 9 to p H 10.5 gave A H J / 2 of 4.5 ± 0.5 K c a l . / 
mole. Values for the partial molar free energy of exchange, A G * i / 2 

(referred to standard state where r = 1/2 r 0 ( p H ) and a hypothetical ideal 
molar solution of selenite and hydroxyl, less a configurational entropy 
term) can be calcuated from the value of K ' 2 obtained from Equation 4. 
Since K ' 2 — 1.1 ± 0.5 and A G * 1 / 2 _ = - R T In K ' 2 , A G * 1 / 2 — 0.05 ± 0.27 

Kcal./mole. A n integral entropy ( A S i / 2 ) of 16 ± 1 e./n. was then obtained 
using the relationships, 

A S * 1 / 2 = A H 1 / 2 - A G * 1 / 2 / T 

and A S 1 / 2 = A S * I / 2 + 2 R In 2 (4). If the reaction involves a change 
in the amount of water bound at the surface the equation giving entropy 
changes for the reactions is as follows, 

S(Se0 3 2-) s + S(OH-) + (x - y ) S ( H 2 0 ) B = S(Se0 3
2") + S ( O H ) 8 + A S 1 / 2 

where S(i) = entropy of species " i " in solution and S ( i ) g = entropy of 
species *i on the surface. Substituting values, S ( O H " ) = —10 e./x. and 
S(Se0 3

2 " ) = —8 e.u. given by Cobble (2) and the experimental value 
of A S V 2 — 16 ± 1 e.u. it follows that, 

S(SeO s
2 " ) . - S(OH-) . + (x - y )S(H 2 0) = 18 ± 1 e.u. 

Further, if the difference in entropy between selenite and hydroxyl 
is the same on the surface as it is in solution, the value for the entropy of 
water (16.7 e.u.) indicates that (x — y) = 1—i.e., a molecule of water 
is displaced from the surface during exchange of Se0 3

2 " for O H " . The 
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90 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

value for K'2 (1.1 ± 0.5) suggests that there is l i t t le difference i n 
selectivity coefficients for selenite a n d h y d r o x y l on the goethite surface. 
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Coagulation by Al(III) 

The Role of Adsorption of Hydrolyzed Aluminum 

in the Kinetics of Coagulation 

HERMANN H . HAHN and WERNER S T U M M 

Division of Engineering and Appl ied Physics, Harvard University, 
Cambridge, Mass. 

The kinetics of coagulation have been studied for systems 
of silica dispersions destabilized by hydrolyzed Al(III). The 
rate of agglomeration is a function of (1) the collision fre
quency which is determined by physical parameters such as 
colloid size and concentration and velocity gradients in the 
medium; and (2) of the collision efficiency factor which re
flects the stability of the colloid. This relative stability has 
been determined as a function of chemical solution parame
ters such as pH and the ratio of coagulant concentration and 
surface concentration of the dispersed phase. The destabili-
zation of silica dispersions results from specific adsorption of 
positively charged hydroxo aluminum complexes onto the 
negatively charged colloid surface causing a decrease and 
ultimately a reversal of sign of the surface potential. 

*Tphe aggregation of particles i n a co l l o ida l dispersion proceeds i n t w o 
dist inct react ion steps. Part i c le transport leads to coll isions between 

suspended col loids, a n d part ic le destabi l izat ion causes permanent contact 
between particles u p o n col l is ion. Consequent ly , the rate of agglomeration 
is the product of the co l l i s ion frequency as determined b y conditions of 
the transport a n d the co l l i s ion efficiency factor, the fract ion of coll isions 
l ead ing to permanent contact, w h i c h is determined b y condit ions of the 
destabi l izat ion step (2). Part i c le transport occurs either b y B r o w n i a n 
mot ion (per ik inet i c ) or because of ve loc i ty gradients i n the suspending 
m e d i u m (or thok inet i c ) . Transport is character ized b y phys i ca l parame-

91 
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92 ADSORPTION F R O M AQUEOUS SOLUTION 

ters. Particle destabilization is accomplished by different mechanisms of 
colloid chemical nature (Table I). 

The purposes of this investigation were to gain a better insight into 
the means of destabilization by hydrolyzed Al(III) and to describe 
quantitatively the effect of the physical parameters and of the solution 
constituents on the rate of agglomeration. The influence of the p H , the 
amount of aluminum dosage, and the concentration of the colloidal phase 
upon particle agglomeration was evaluated in kinetic terms under con
trolled transport conditions (temperature, velocity gradient, number and 
dimension of colloid particles). The results indicate that silica dispersions 
are destabilized by specific adsorption of hydroxo aluminum complexes 
(19) onto the colloid surface. The physical parameters determine the 
particle transport and the collision frequency. The solution variables, 
influencing hydrolysis and specific adsorption of the destabilizing agent, 
affect the collision efficiency factor. The coagulation rate is given by the 
product of the collision frequency and the efficiency factor. The effect 
of chemical parameters on the transport step, owing to concentration 
changes which cause slight alterations in the viscosity of the suspending 
medium, are negligible. In a similar way, the influence of the temperature 
upon the rate of hydrolysis and polymerization of aluminum has no effect 
upon the collision efficiency as long as the rate of destabilization is much 
larger than the rate of transport. 

Experimental 

Colloids. Silica dispersions have been selected for this study be
cause specific physical and surface chemical properties of the silica col
loids are well defined and reproducible. S i 0 2 particles are approximately 
spherical in shape and can be obtained in several sizes. The relative 
refractive index of amorphous silica particles with respect to various 
suspension media is described in the literature. The colloid chemical 
properties of silica in first approximation are similar to those of clays 
and of other solid material present in natural waters. The surface poten
tial of silica colloids is negative within neutral p H ranges. The potential 
becomes increasingly negative when the p H is raised. Two types of silica 
were used: Ludox LS ( E . I. DuPont de Nemours and Co.) with an 
average diameter of 15 m/n for experiments under perikinetic transport 
conditions and Min-U-Si l 30 (Pennsylvania Glass Sand Corp.) with an 
average diameter of 1.1 /* for the investigation of orthokinetic transport 
conditions. Particle diameters are determined from specific surface 
measurements. 

Coagulant. Stock solutions were 10"2Af in reagent grade A l ( 0 0 4 ) 3 
and 10 - 1 M in H C 1 0 4 . Aluminum determinations for the standardization 
of stock solutions were made by alkalimetric titration. The amount of 
residual dissolved aluminum in adsorption experiments was determined 
absorptiometrically using "aluminon" (14). The agreement between both 
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9. H A H N A N D S T U M M Coagulation by A1(III) 93 

o 

s 

2 

Table I. Schematic Representation of Different Steps in 
Particle Agglomeration ( 2 2 ) 

Agglomeration of Colloidal Particles 

Particle Agglomeration = Destabilization + Transport 
Rate of Agglomeration = Co l l . Efficiency Factor X Collision Frequency 

(1) Brownian motion causes 
collision of primarily small 
colloids. 

(2) Velocity gradients trans
port large colloids, by impos
ing different velocities upon 
neighboring particles. 

(1) Reduction of potential energy 
of interaction between particles. 
(a) Compression of double layer 
by counterions (Schultze H a r d y ) . 
(b) Decrease in surface potential 
owing to specifically adsorbed 
counterions or owing to surface 
reactions. 

(2) Bridge formation. Specifically 
adsorbed polymeric species form 
bridges between colloids. 

H 
s 

o 

methods of a l u m i n u m determinat ion was good for A l ( I I I ) concentrations 
larger than 10" 4Af. T h e coagulant was f o rmed b y ra is ing s lowly a n d 
u n i f o r m l y the p H of the solution. 

Ionic Medium. S i l i ca dispersions were freshly prepared for each 
experiment i n solutions buffered w i t h 1 0 " 3 M H C 0 3 " / C 0 2 . T h e amount 
of species dissolved f rom the amorphous s i l i ca surface d u r i n g the exper i 
ment was negl ig ib le because of the smal l rate of d isso lut ion reactions. 
T h e ion ic m e d i u m i n w h i c h coagulat ion a n d adsorpt ion studies were car
r i e d out was kept constant: I — 1.0 to 2.0 X 1 0 " 3 M . T h e condit ions i n a l l 
agglomerat ion a n d adsorpt ion experiments were such that no A l ( O H ) 3 

prec ip i tated w i t h i n the per i od of observation. 
Adsorption Experiments. T h e specific surface area of the dispersed 

phase was obta ined f rom B . E . T . adsorpt ion isotherms, us ing nitrogen as 
adsorbate. T h i s method was descr ibed b y N e l s o n a n d Eggertsen ( I I ) . 
T h e specific surface area f o u n d for L u d o x L S is 205 m e t e r 2 / g r a m a n d 
for M i n - U - S i l 30 2 m e t e r V g r a m . T h e amounts of a l u m i n u m adsorbed 
onto the s i l i ca surface were determined f r om the difference between the 
tota l dosages of A l ( I I I ) a d d e d a n d the res idual i n the solut ion phase 
after a contact t ime of 5 minutes . T h e periods of contact were c om
parable to coagulat ion react ion times, a n d the results of the adsorpt ion 
studies were expected to reflect the extent of adsorpt ion occurr ing i n 
the agglomerat ion process. A d s o r p t i o n e q u i l i b r i u m was not necessarily 
attained. 

Perikinetic Coagulation. T h e concentration of sma l l s i l i ca col loids 
( L u d o x L S d = 15 m/x) used i n these studies was between 0.18 g r a m / l i t e r 
a n d 0.43 g r a m / l i t e r (36.5 - 86.0 m e t e r 2 / l i t e r or 5.0-11.5 X 1 0 1 3 par 
t i c l e s / m l . ) . T h e dispersion, contained i n a spectrophometric ce l l , was 
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94 A D S O R P T I O N F R O M A Q U E O U S S O L U T I O N 

mixed instantaneously with the destabilizing agent and allowed to coagu
late. The change in the absorbance of light (A© — 260 m/i) resulting 
from changes in the particle size distribution of the coagulating dispersion 
is recorded as a function of time (Figure 1). One can determine the 
initial rate of coagulation, — dN/dt, from such recordings when the size 
of the dispersed colloids, d, is within the range given by Rayleigh's law: 
d < 0.10 A 0 (Equation 4). 

0 40 80 tin* (sec) 0 40 80 tiM (MC) 0 40 80 time (MC) 

Figure I . Measurement of perikinetic coagulation rate under various solution 
conditions 

The rate of coagulation is obtained from a recording of the change in light absorb-
once (\o = 260mfi) with time. Light scattered by coagulating dispersions because of 
changes in particle agglomeration. Increase in light absorbance with increasing degree 

of agglomeration 
(A) Ludox = 0.4 gram/liter; Al = 8.4 X lO^M; pH = 5 .25 ; (B) Ludox = 0.4 
gram/liter; Al = 8.4 X I O " * M ; pH = 6.6; (C) Ludox = 0.4 gram/titer; Al = 1.75 

X 10-*M;pH = 5.25 

Orthokinetic Coagulation. Shear flow conditions, with average ve
locity gradients up to 100 sec."1, were generated reproducibily in a 
cylindrical reaction chamber with a turbine stirrer connected to a variable 
speed motor. The effective average velocity gradient or the actual col
lision frequency was obtained from a comparison of coagulation rates 
measured in this system and under well described perikinetic conditions. 
It was essential that the chemical conditions were the same in both ex
periments so that the collision efficiency factors were comparable. Dis
persions were prepared from Min-U-Si l 30 (d = 1.1 /A) at concentration 
of 2 gram/liter (4 meter 2/liter or 109 particles/ml.). Samples were with
drawn in a microscopic counting cell and microphotographs were taken 
immediately after sampling. The decrease in total number of particles 
in suspension within the reaction time, —dN/dt, owing to agglomeration 
was determined by the counting of the total number of primary particles 
in each sample and comparing it with that fraction of primary particles 
incorporated into agglomerates (Figure 2). Other methods used for the 
evaluation of changes in the particle size distribution, such as light scat
tering techniques or Coulter Counter procedures, require the preparation 
of one or more dilutions prior to counting. Coagulant species may desorb 
partially as a result of dilution and such desorption would cause a change 
in the degree of agglomeration. 
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9. H A H N A N D S T U M M Coagulation by Al(III) 95 

The Role of Adsorption in the Destabilization of Colloidal 
Dispersions by Hydrolyzed Al(III) 

It is w e l l k n o w n that h y d r o l y z e d po lyvalent meta l ions are more 
efficient than u n h y d r o l y z e d ions i n the destabi l izat ion of c o l l o ida l d is 
persions. M o n o m e r i c hydrolys is species undergo condensation reactions 
under certain condit ions, w h i c h lead to the format ion of m u l t i - or po ly 
nuclear hydroxo complexes. These reactions take place especial ly i n 
solutions that are oversaturated w i t h respect to the so lubi l i ty l i m i t of 
the meta l hydroxide . T h e observed m u l t i m e r i c hydroxo complexes or 
isopolycations are assumed to be soluble k inet i c intermediates i n the 
transit ion that oversaturated solutions undergo i n the course of p r e c i p i 
tat ion of hydrous meta l oxides. Previous w o r k b y Mat i j ev i c , Janauer, a n d 
K e r k e r (7); Fuerstenau , Somasundaran, a n d Fuerstenau ( J ) ; a n d O ' M e l i a 
a n d S t u m m (12) has shown that isopolycations adsorb at interfaces. 
Furthermore , i t has been observed that species, adsorbed at the surface, 
destabi l ize co l l o ida l suspensions at m u c h lower concentrations than ions 
that are not specif ically adsorbed. O t t e w i l l a n d W a t a n a b e (13) a n d 
Somasundaran, H e a l y , a n d Fuers tenau (16) have shown that the theory 
of the diffuse double layer explains the destabi l izat ion of dispersions b y 
smal l concentrations of surfactant ions that have a charge opposite to 

N / N 0 

\.0 

.9 

.8 

.7 

.6 

.5 

0 30 60 90 min 

Figure 2. Evaluation of orthokinetic 
flocculation rate 

The relative decrease in the total concen
tration of particles because of orthokinetic 
coagulation was determined from micro
scopic observation. The rate constant k« is 
obtained from the slope of the semiloga-

rithmic plot (Equation 9) 
(Min-U-Sil 30 = 2 gram/liter; Al = 4.6 X 
10r*M; pH = 5.5; (du/dz) = 110 seer1) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

00
9

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



ADSORPTION F R O M AQUEOUS SOLUTION 

- log(c) 
(M) 

RANGE OF 
EXPERIMENTS 
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o / A* 5.6-10~5M 

' 1 1 1 1 

a .0025 
/ A* 5.6-10~5M 

' 1 1 1 1 
4.0 5.0 6.0 7.0 pH 

Figure 3. Hydrolysis of Al(III) and the effect of 
hydrolytic Al(III) species upon the coagulation rate 

(A) Logarithmic diagram of Al(III) solubility as func
tion of Al concentration and pH, derived from ther-
modyn. equilibrium constants. (B) Extent of Al-hydrol-
ysis as function of pH. (C) Variation of the coagulation 
rate, expressed as collision efficieny factor, with pH at 
constant Al dosage (a values determined from Equa

tion 3) 
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9. H A H N A N D S T U M M Coagulation by A1(1II) 97 

that of the colloids. However, one must include an energy component 
for specific adsorption in the total energy balance of the double layer 
interactions. 

Hydrolysis of Al(III) and Destabilization Effects of Hydrolyzed 
Al(III) . Figure 3 shows the observed correlation between the degree of 
hydrolysis of Al(III) and the effects of those aluminum species on the 
coagulation rate, expressed by a collision efficiency factor. Coagulation 
rates were measured under well defined perikinetic transport conditions 
and collision efficiency factors determined from a comparison with the 
known collision frequency under these conditions. Diagrams of the p H 
dependence of aluminum solubility and of the extent of aluminum 
hydrolysis under thermodynamic equilibrium conditions are presented 
together with a graph of the p H dependence of the measured collision 
efficiency factor, the fraction of all collisions that lead to permanent 
agglomeration. A comparison of these figures leads to the assumption 
that Al(III) becomes an efficient destabilizing agent when it is present 
in hydrolyzed and multimeric form. The diagrams show that p H and 
aluminum concentration were such that the solutions were oversaturated 

3x10* 
I I I I I I I I I I I I I I 

EQUILIBRIUM C0NC. OF At(M) 

Figure 4. Adsorption of hydrolyzed Al(III) on colloidal silica 

Curves are computed from Langmuir isotherms that have been 
fitted to the observed adsorption data 
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with respect to the solubility product of solid " A l f O H J g . " However, no 
precipitation of aluminum hydroxide was observed within the time span 
of the experiments. The species that cause effective destabilization of 
colloidal dispersions are therefore assumed to be soluble isopolycations. 
It must be pointed out in this connection that direct application of known 
hydrolysis equilibrium constants is not meanignful under conditions of 
oversaturation. Furthermore, the polynuclear species appearing in the 
diagrams of Figure 3 are only representative of the type of isopolycations 
that are possibly encountered under these circumstances. Neither thermo
dynamic equilibrium data nor information from adsorption and coagula
tion experiments permits at the present a more quantitative description 
of these multinuclear hydroxo complexes. 

The Adsorption of Hydrolyzed Al(III) . O'Metia and Stumm (12) 
have shown that specific adsorption of hydrolyzed Fe(III) species ac
counts for the observed coagulation and restabilization of silica disper
sions. A model was formulated on the basis of the Langmuir adsorption 
isotherm and was shown to explain the observations adequately. The 
authors derive a relationship between the surface area concentration of 
the dispersed phase S (in meter 2/liter and the applied coagulant ion 
concentration Cte (in M ) necessary to reach a certain fraction of surface 
coverage. The extent of destabilization or of restabilization can be con
cluded from the amount of surface coverage on the colloidal particle: 

Cte= g ( 1 , g ) C 1 + K S r m ( i - *)] (1) 

sorption capacity (moles of metal ion/meter 2) 
Langmuir s adsorption-desorption equilibrium constant ( M _ 1 ) 
fraction of surface covered—ratio of the amount of metal ion 
adsorbed at colloid surface and the total sorption capacity 
(dimensionless) 

The adsorption of hydrolyzed Al(III) on silica is described by the 
isotherms in Figure 4. The data can be fitted by the Langmuir equation 
as was the case for the adsorption of hydrolyzed Fe(III) on silica (12). 
This agreement between experimental data and the Langmuir isotherm, 
derived for an adsorption-desorption equilibrium, cannot be used to 
conclude that adsorption in this instance is fully reversible or that equi
librium had been reached in the experiments. Figure 5 compares the 
adsorption of hydrolyzed Al(III) onto silica and the effects of addition 
of multimeric Al(III) hydroxo complexes to colloidal dispersions on the 
coagulation rate of these suspensions, as expressed by a change in the 
collision efficiency factor. The following qualitative explanations for the 
observed destabilization and restabilization of colloidal silica with hydro
lyzed Al(III) can be derived from Figure 5: (1) The colloidal suspension 
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9. H A H N A N D S T U M M Coagulation by A1(III) 99 

becomes unstable, as shown by collision efficiency factors larger than 
zero and begins to coagulate at the critical coagulation concentration 
(c .c .c) , where a certain minimum surface coverage on the colloid occurs. 
The experimental evidence supports the assumption, that specific adsorp
tion of isopolycations on the colloid surface leads to a decrease of the 
surface potential to a critical threshold value and causes destabilization; 
(2 ) further increase in the coagulant concentration C t brings about a 
restabilization of the dispersion, shown by decreasing collision efficiency 
factors (extrapolation to zero efficiency factor gives the critical stabiliza-

Figure 5. The variation of relative colloid 
stability, expressed as collision efficiency fac
tor, with A1(III) dosage as compared with col
loid surface coverage from adsorption of 

A1(IU) 

(A) Surface coverage as a function of total amount 
of A1(III) added, Ct, at constant pH—com
puted on the basis of a Langmuir adsorption 
isotherm (K = 6.2 X lO- 'M"' , Tm = 2.75 X 
IO'6 moles I meter*, Ludox LS = 0.3 gram I 
liter 

(B) Relative colloid stability as a function of the 
total concentration of coagulant added, Ct, at 
constant pH—obtained from the measurement 
of perikinetic coagulation rates according to 
Equation 3. (Ludox LS = 0.3 gram /liter) 
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100 ADSORPTION F R O M AQUEOUS SOLUTION 

t i on concentration ( c . s . c ) . L a r g e amounts of specif ical ly adsorbed cat
ion ic hydroxo a l u m i n u m complexes cover the or ig ina l ly negatively charged 
surface to a large extent a n d cause reversal of surface charge a n d poten
t i a l . T h e co l l o ida l particles repe l each other electrostatically under these 
condit ions a n d suspensions are stable again. F i g u r e 5 shows that the 
extent of surface coverage is very smal l at the po int of beg inn ing sol 
destabi l izat ion (6 ss 0.03 at p H = 5.25) a n d that the co l l i s ion efficiency 
factor, character iz ing the instabi l i ty of the col loids, decreases again for 
surface coverage values larger than 0 = 0.10 ( p H = 5.25). These obser
vations l ead to the conclus ion that b r i d g i n g between co l l o ida l particles 
b y means of po lymer i c hydrolysis products does not p lay a significant 
role i n the destabi l izat ion w i t h h y d r o l y z e d A l ( I I I ) at these p H values. 

F i g u r e 3 indicates that the character of the hydrolys is species is 
strongly dependent u p o n the p H of the solution. T h i s m a y expla in the 
large effects of the p H of the solut ion u p o n the sorpt ion tendency of the 
h y d r o l y z e d a l u m i n u m species. F i g u r e 6 summarizes the adsorpt ion data 
a n d shows that the total sorpt ion capac i ty r m increases marked ly w h e n 
the p H is raised i n the range f rom 4.5 to 5.25. Coagu la t i on experiments 
have shown that the amount of h y d r o l y z e d A l ( I I I ) necessary to obta in 
co l l i s ion efficiency factors larger than zero ( c . c . c ) , a n d the dosage at 
w h i c h m a x i m u m co l l i s ion efficiency factors occur (C t 0 pt) are constant 
w i t h i n the p H range f r om 4.5 to 5.25 (c.c.c. = 4 X 10" 7 ± 10" 7 moles 
A l ( I I I ) / m e t e r 2 S i 0 2 a n d C t 0 P t — IO" 6 ± IO" 7 moles A l ( I I I ) / m e t e r 2 S i 0 2 ) . 
T h e increase w i t h p H i n the sorpt ion capac i ty a n d the constancy of the 
necessary coagulant dosages over a certain p H range exp la in the decrease 
i n the f ract ional surface coverage necessary to reduce the surface potent ia l 
of the col loids to a c r i t i ca l threshold value or to effect a total reversal of 
the potent ia l . 

T h e approximate constancy of c.c.c. a n d C t o p t w i t h i n the investigated 
p H range is i n accord w i t h the hypothesis that the destabi l izat ion of 
c o l l o ida l suspensions is caused b y specific adsorpt ion of h y d r o l y z e d 
A l ( I I I ) on the co l l o id surface. T h e observation suggests that the dosage 
of A l ( I I I ) necessary to effect a certain reduct ion of the surface potent ia l 
of the co l l o id is re lat ive ly independent of the nature of the hydrolysis 
species. T h i s can be expla ined i n part b y the fact that the l i g a n d number 
of a l u m i n u m hydroxo species ( O H ' b o u n d per A l ( I I I ) - i o n ) , w h i c h is 
ind icat ive of an average net charge on the i on , remains nearly unaffected 
b y changes i n the solut ion p H w i t h i n certain l imits ( 18 ) . It must be 
conc luded f r om a l l reported observations that the destabi l izat ion b y 
h y d r o l y z e d A l ( I I I ) is presumably the result of a p a r t i a l or complete 
neutra l izat ion of the negative surface charge b y posi t ive ly charged m u l t i -
nuclear a l u m i n u m hydroxo complexes specifically adsorbed on the s i l i ca 
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9. H A H N A N D S T U M M Coagulation by Al(III) 101 

surface. Results of a recent investigation on the electrophoretic mobility 
of silica colloids at different C t and p H , by Kane, LaMer, and Linford 
( 5 ) support this model of adsorption coagulation. 

Forces of Adsorption. The mechanism of attachment of isopoly
cations on solid surfaces and the nature of the forces that hold the 
adsorbate are not well understood. However, Stumm and O'Melia (20) 
have given a few qualitative arguments that explain in part the observed 
specific adsorption of hydrolyzed Al(III) on silica. First, the effective 
charge density of the central ion is reduced with increasing degree of 
hydroxidation and multimerization. Hydrolyzed species are larger and 
to a smaller extent hydrated than non-hydrolyzing ions. The hydroxo 
aluminum complexes are less "hydrophilic" if compared with the strongly 
hydrated, non-hydrolyzed aluminum ion. Correspondingly, these iso
polycations will accumulate at the solid solution interface. Results from 
studies on the role of hydration in the adsorption of certain earth alkali 
ions onto quartz by Malati and Estefan (6 ) supplement these qualitative 
arguments. Second, these multimeric species contain more than one O H " 
group per ion that can become attached at the colloid surface. Iso- and 
heteropolyanions (polysilicates, silicotungstates) have been found to show 
a similar tendency for specific adsorption as isopolycations. 

Kinetics of Coagulation: Particle Transport as Rate Determining Step 

It is known that the rate of coagulation can be increased by increas
ing the concentration of the suspended solid mass or by stirring the 
suspension more intensively. O n the other hand, solution variables have 
seemingly a pronounced effect on the rate of particle agglomeration, as 
indicated in Figures 3 and 5. These observations can be explained, when 
the different reaction steps in the coagulation process and the relative 
effect of these reactions on the observed coagulation rate, — dN/dt, are 
considered. 

One can distinguish the following steps in the agglomeration of silica 
dispersions with hydrolyzed aluminum: ( 1 ) hydrolysis and multimeriza
tion of Al(III) to isopolycations; (2 ) diffusion of these aluminum hydroxo 
complexes to the colloid surface and adsorption; and (3 ) transport of 
suspended particles and collision resulting in certain instances in attach
ment of colloids. The transport of colloids to each other has been 
observed to proceed more slowly than all other steps under the given 
circumstances ( 3 ) . It follows that the rate of agglomeration, — dN/dt, is 
obtained from the collision frequency, as determined solely by the trans-
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102 ADSORPTION F R O M AQUEOUS SOLUTION 

port mechanism, corrected b y a co l l i s ion efficiency factor, that describes 
the fract ion of coll isions result ing i n permanent agglomeration. T h e value 
of the co l l i s ion efficiency factor depends u p o n the extent of destabi l izat ion 
of the dispersion. 

Figure 6. Sorption capacity and sur
face coverage by hydrolyzed AI(1U) on 

colloidal silica as function of pH 

The values given have been computed on 
the basis of Langmuir isotherms that were 
fitted to the experimentally observed data. 

(Ludox LS = 0.3 gram/liter) 

Perikinetic Coagulation. I f c o l l o ida l partic les are of such d i m e n 
sions that they are subject to thermal mot ion , the transport of these 
partic les is accompl ished b y this B r o w n i a n mot ion . Co l l i s ions Occur w h e n 
one part i c le enters the sphere of influence of another part ic le . T h e coagu
lat ion rate measur ing the decrease i n the concentration of particles w i t h 
t ime, N ( i n n u m b e r s / m l . ) , of a nearly monodisperse suspension corre
sponds under these condit ions to the rate l a w for a second order reaction 

T h e rate constant kv is g iven i n terms of phys i ca l parameters ( B o l t z m a n n 
Constant K B , the absolute temperature T, a n d the absolute viscosity rj) 
that characterize these transport conditions. I n the case of not complete ly 
destabi l ized col loids, w h e n accord ing to v. S m o l u c h o w s k i so-cal led slow 
coagulat ion is observed, the rate constant contains i n add i t i on the co l l i s ion 
efficiency factor, a p , the f ract ion of coll isions l ead ing to permanent attach
ment under per ik inet i c condit ions : 

( 1 5 ) : 

- d N / d t = JfcpN2 (2) 
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9. H A H N A N D S T U M M Coagulation by A1(III) 103 

4 K B T 
(3) 

According to this kinetic model the collision efficiency factor « p can 
be evaluated from experimentally determined coagulation rate constants 
(Equation 2) when the transport parameters, K B T , v are known (Equation 
3). It has been shown recently that more complex rate laws, similarly 
corresponding to second order reactions, can be derived for the coagula
tion rate of polydisperse suspensions. When used to describe only the 
effects in the total number of particles of a heterodisperse suspension, 
Equations 2 and 3 are valid approximations (4). 

Changes in the cumulative particle size distribution, describing the 
decrease in the total number of dispersed colloids caused by agglomeration 
have been determined in this instance by a light scattering method. 
Troelstra and Kruyt (23) have derived an equation for the light absorb
ance, A , describing scattering effects of coagulating colloids, on the basis 
of Rayleigh s law: 

B — optical constant of scattering system, depending upon the re
fractive indices of the solid scatterers and the suspending medium, the 
wavelength of the light used and the length of the light path; 

N 0 , V 0 are the concentration and volume of the colloidal particles at 
reaction time t = 0; 

fcp = rate constant of second order reaction, defined in Equation 3; 

The equation derived by Troelstra and Kruyt is only valid for coagu
lating dispersions of colloids smaller than a certain maximum diameter 
given by the Rayleigh condition, d ^ 0.10 AG. Equation 4 applies in 
cases where particles are transported solely by Brownian motion. Fur
thermore, the kinetic model (Equations 2 and 3) has been derived under 
the assumption that the collision efficiency factor does not change with 
time. In the case of some partially destabilized dispersions one observes 
a decrease in the collision efficiency factor with time which presumably 
results from the increase of a certain energy barrier as the size of the 
agglomerates becomes larger. 

Al l the assumptions discussed hold during the first part of the reac
tion. Figure 1, a recording of the change in light absorbance with time 
of a coagulating dispersion, shows a straight line relationship according 
to Equation 4 for short reaction periods. Only after extended reaction 
times does a deviation from predicted values occur. Consequently, only 
the initial coagulation rate and the incipient collision efficiency factor can 
be evaluated from these measurements by determining the quotient of 
slope over ordinate intercept of the initially straight line. The total 

Abs = Bt f 0 V 0 2( l + 2fcpN0t) (4) 
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104 ADSORPTION F R O M AQUEOUS SOLUTION 

recorded react ion times i n these experiments are i n the order of 3 to 5 
minutes. 

O r t h o k i n e t i c C o a g u l a t i o n . I f the co l l o ida l particles are very large 
i n comparison w i t h molecules, the transport of the col loids to each other 
w i l l depend predominant ly u p o n veloc i ty gradients w i t h i n the m e d i u m of 
the suspension, result ing f r om agitat ion or convective currents. T h e effects 
of B r o w n i a n mot ion on these dispersions are comparat ive ly smal l . V o n 
S m o l u c h o w s k i (15) has g iven an equat ion for the number of coll isions 
between col loids of a monodisperse suspension subject to veloc i ty grad i 
ents, resul t ing f r om shear flow of viscous media . T h e rate of coagulat ion, 
expressed as a decrease of the total number of particles i n suspension per 
u n i t t ime is f ound f rom the co l l i s ion frequency, as determined b y the 
transport condit ions a n d the co l l i s ion efficiency factor, w h i c h depends 
upon the extent of destabi l izat ion of the suspension. T h e result ing rate 
l a w for near ly monodisperse suspensions corresponds to a first order 
react ion : 

-dN/dt = k0N (5) 

T h e rate constant kQ for orthokinet ic coagulat ion is determined b y 
phys i ca l parameters (ve loc i ty gradient du/dz, floe vo lume ratio of the 
dispersed phase, <f> = sum over the product of part ic le number a n d 
v o l u m e ) , a n d the co l l i s ion efficiency factor « 0 observed under ortho
k inet i c transport condit ions : 

*o = « o 4 ( d " / d Z ) * (3) 
7T 

T h e overa l l rate of agglomeration of any suspension, that is prepared 
experimental ly a n d consists of smal l a n d large col loids, is obta ined b y 
a d d i n g the expressions der ived for per ik inet i c a n d orthokinet ic coagula
t i on ( E q u a t i o n s 2 a n d 5 ) : 

-dN/dt = a v ^ N * + a o N (7) 
Or) 7T 

F r o m a comparison of the two co l l i s ion frequency terms, descr ibed 
i n deta i l i n the Equat i ons 3 a n d 6, one obtains the relat ive contributions 
of the per ik inet i c a n d orthokinet ic transport to the total part ic le agg lom
eration. T h e rat io is a funct ion of the radius of the co l lo id , r , a n d the 
absolute value of the ve loc i ty gradient du/dz: 

^orthokinetic _ 4r 3 q (du/dz) ^ 
^perikinetic 

It can be shown w i t h E q u a t i o n 8 that b o t h transport mechanisms con
tr ibute equal ly to the coagulat ion of a L u d o x L S dispersion, conta in ing 
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9. H A H N A N D S T U M M Coagulation by A1(ni) 105 

s i l i ca col lo ids of an average diameter of 15 m/x, only w h e n the ve loc i ty 
gradients are extremely large, i n the order of 3 X 105 sec." 1. T h i s leads 
to the conclus ion that agglomeration of sufficiently destabi l i zed L u d o x L S 
dispersions occurs i n its early stages through B r o w n i a n mot i on alone. 
T h e p h y s i c a l variables i n E q u a t i o n 3 therefore are unambiguous ly def ined 
a n d permit a determinat ion of the co l l i s ion efficiency factor f rom the 
measured rates. S i m i l a r l y , at average veloc i ty gradients of about 100 
sec." 1 w h i c h were generated i n the shear flow apparatus, a l l partic les 
larger than 215 m/x are predominant ly transported b y ve loc i ty gradients. 
A g a i n i t can be conc luded that the coagulat ion of M i n - U - S i l 30 dispersions 
w i t h col lo ids of d iameter 1.1 /x, fo l lows the orthokinet ic rate l a w a n d the 
co l l i s ion efficiency va lue can be determined accord ing to E q u a t i o n 6. 

T h e ac tua l decrease of the total number of particles of a dispersion 
coagulat ing under orthokinet ic condit ions is descr ibed b y a logar i thmic 
funct ion obta ined f r om the integrat ion of E q u a t i o n 5: 

l n ( N / * J = - a 0 ± ^ ^ * (9) 
7T 

F i g u r e 2 is a semi logar i thmic graph of the microscopica l ly deter
m i n e d decrease w i t h t ime of the total number of particles, relat ive to the 
i n i t i a l number of col lo ids , caused b y orthokinet ic coagulat ion. It depicts 
the expected logar i thmic decrease for short react ion times a n d a dev iat ion 
f rom values pred i c ted b y the k inet i c m o d e l after extended react ion 
periods. Presumably , this results f rom the increasing po lydispers i ty of the 
suspension a n d the decreasing co l l i s ion efficiency factor w i t h t ime. I n i t i a l 
coagulat ion rates a n d co l l i s ion efficiency factors are obta ined f rom the 
slope of the inc ip ient ly straight l ine . React ion times were i n these 
instances i n the order of 1 to 2 hours. 

T h e co l l i s ion efficiency factors, descr ib ing the extent of the co l l o id 
destabi l izat ion , w i t h i n certain l imits are equa l under per ik inet i c a n d 
orthokinet ic condit ions (3). 

The Effect of Solution Variables on the Coagulation Rate 

C h e m i c a l parameters determine the surface characteristics of the 
suspended col loids, the concentrat ion of the coagulant a n d its effects u p o n 
the surface properties of the destabi l i zed partic les , a n d the influence of 
other constituents of the ionic m e d i u m u p o n the coagulant a n d the 
col loids. T h e extent of the chemica l a n d p h y s i c a l interactions between 
the co l l o ida l phase a n d the solut ion phase determines the re lat ive stabi l i ty 
of the suspended col loids. O n e speaks of stable suspensions w h e n a l l 
coll isions between the col loids i n d u c e d b y B r o w n i a n mot ion or b y ve loc i ty 
gradients are complete ly elastic : the co l l o ida l partic les continue their 
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106 ADSORPTION F R O M AQUEOUS SOLUTION 

separate movements after the co l l is ion. A dispersion is theoret ical ly c o m 
plete ly destabi l ized , w h e n a l l col l isions between the suspended partic les 
l ead to permanent attachment. T h u s , the co l l i s ion efficiency factor is a 
quant i tat ive measure of the relat ive stabi l i ty of a sol. Together w i t h the 
total number of coll isions o c curr ing between the partic les , the co l l i s i on 
frequency, w h i c h is de termined b y the temperature, the ve loc i ty gradient 
a n d the number concentrat ion a n d d imens ion of the co l l o ida l partic les , 
the co l l i s ion efficiency factor describes the observed coagulat ion rate 
( E q u a t i o n 7 ) . 

Colloid Stability as a Function of p H , Q , and S. T h e effects of 
pert inent so lut ion variables ( p H , A l ( I I I ) dosage C t , A l ( I I I ) dosage 
relat ive to surface area concentration of the dispersed phase S u p o n the 
co l l i s ion efficiency, have been determined exper imental ly for s i l i ca d isper
sions a n d h y d r o l y z e d A l ( I I I ) . H o w e v e r , one cannot d r a w any conc lus ion 
f rom the exper imental results w i t h respect to the direct re lat ionship 
between condit ions i n the solut ion phase a n d those o n the co l l o id surface. 
I t has been ind i ca ted b y Sommerauer , Sussman, a n d S t u m m (17) that 
large concentrat ion gradients m a y exist at the so l id so lut ion interface 
w h i c h c o u l d l ead to reactions that are not predictable f r om k n o w n so lu
t i on parameters. 

F i g u r e 7 gives the relat ive stabi l i ty of S i 0 2 co l lo ids i n terms of the 
observed co l l i s ion efficiency as a funct ion of A l ( I I I ) dosage C t for d i f 
ferent p H values. S u c h data can be used to define quant i tat ive ly s imi lar 
log C t - p H domains of coagulat ion a n d restabi l izat ion , expressed as the 
c r i t i c a l concentrations of beg inn ing destabi l izat ion a n d complete resta
b i l i z a t i o n (c.c.c. a n d c.s.c.) as g iven b y M a t i j e v i c et al. (8, 9, 10 ) . A 
s imi lar procedure for the determinat ion of the c.c.c. a n d c.s.c. concentra
t i on l imits has been proposed b y Teot (22 ) . 

T h e var ia t ion of a w i t h C t at constant p H can be expla ined b y the 
change i n des tab i l i z ing effects of different concentrations of adsorbed 
coagulant at the co l l o id surface, a i n i t i a l l y increases w h e n C t becomes 
larger because of increasing amounts of specif ically adsorbed isopoly
cations C a , that cause a progressive decrease of the surface potent ia l of the 
co l l o id . F u r t h e r increase i n C t a n d consequently C a w i l l eventual ly cause 
charge neutral izat ion , ind i ca ted b y m a x i m u m a. T h e surface potent ia l 
becomes n o w more a n d more negative because of cont inued specific 
adsorpt ion of isopolycations. T h i s explains the decrease i n a for large 
coagulant concentrations. T h e non- l inear re lat ionship between C t a n d 
C a , especial ly w h e n the sorpt ion capac i ty is a lready nearly exhausted, 
m a y p r i m a r i l y account for the asymmetr i ca l shape of the funct ion de
scr ib ing the var ia t ion of a w i t h C t . It is possible that other factors, such 
as changes i n the electrostatic repuls ion of the S i 0 2 col loids or the ir 
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9. H A H N A N D S T U M M Coagulation by A1(III) 107 

LUDOX 0.3 g/J 

c.c.c. c. s.c. 
(by extrapolation) (by extrapolation) 

Figure 7. Effects of pH and A1(III) dosage upon relative colloid stability, 
expressed as collision efficiency factor, for constant surface concentration 

Diagrams such as these can be used to establish pH, Al(III),S domains, describ
ing the limits between stable, unstable, and restabilized suspensions 

or ig ina l ly strongly h y d r o p h i l i c character w h e n the co l l o id surface is 
covered to a large extent w i t h isopolycations, also contr ibute to the 
observed difference i n dosages necessary to ob ta in a certain degree of 
destabi l i zat ion a n d restabi l izat ion. Teot (22) us ing A l ( I I I ) as coagu
l a n t a n d O ' M e l i a a n d S t u m m (12) s tudy ing coagulat ion w i t h F e ( I I I ) 
also find that the o p t i m u m coagulant dosage C t 0 P t resul t ing i n m a x i 
m u m co l l i s ion efficiency is m u c h closer to c.c.c. than to c.s.c. T h e 
increase of a w i t h p H at the po int of o p t i m u m coagulant dosage, where 
reversal i n the sign of the surface potent ia l occurs, is not too w e l l under 
stood. A qual i tat ive explanat ion is perhaps that the decrease i n surface 
coverage at C t o p t , as the p H increases, permits partic les to approach each 
other more closely u p o n col l is ion. T h i s increases the effect of the L o n d o n -
van-der -Waals forces of attract ion o n the col loids. T h e change i n the 
nature of the hydroxo a l u m i n u m complexes w i t h p H m a y be another 
factor account ing for the decrease i n co l l o id stabi l i ty at C t 0 P t . 

F i g u r e 8 il lustrates the re lat ionship between the surface concentrat ion 
of the dispersed phase S a n d the coagulant dosage C t necessary to affect 
a certa in degree of co l l o id instabi l i ty at constant p H . I f the descr ibed 
m o d e l of destabi l izat ion is correct, one should observe a direct re lat ion-
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108 ADSORPTION F R O M AQUEOUS SOLUTION 

ship between S a n d C—i .e. , the larger the surface concentration of the 
dispersed phase the more coagulant has to be a d d e d to atta in certain 
a-values. T h e so-called stoichiometric re lat ionship between S a n d C t , 
w h i c h can be formulated on the basis of a L a n g m u i r adsorpt ion isotherm 
( 1 2 ) , has been f ound i n these experiments. 

Figure 8. Stoichiometric relationship between surface concentration of 
colloidal phase and necessary Al(lll) dosages 

An increase in colloid concentration requires increased Al(IIi) dosages to 
obtain comparable values of relative colloid stability 

Concluding Remarks 

T h e rate of coagulat ion depends u p o n the co l l i s ion frequency, w h i c h 
is contro l led b y p h y s i c a l parameters descr ib ing per ik inet i c or ortho
k inet i c part ic le transport ( temperature, ve loc i ty gradient, n u m b e r con
centration a n d d imens ion of c o l l o ida l par t i c l es ) , a n d the co l l i s ion effi
c iency factor a measur ing the extent of the part ic le destabi l izat ion w h i c h 
is p r i m a r i l y contro l led b y chemica l parameters. 

T h e co l l o ida l s i l i ca dispersions are destabi l ized w i t h h y d r o l y z e d 
A l ( I I I ) p r i m a r i l y because of adsorpt ion of po lyhydroxo a l u m i n u m cations 
on the co l l o id surface w h i c h reduces the inc ip i ent ly negative surface 
potent ia l of S i 0 2 col loids (adsorpt ion coagulat ion) . T h e pert inent so lu
t i on variables descr ib ing the destabi l izat ion react ion are p H , total a l u m i 
n u m concentration C t , a n d the ratio of a l u m i n u m dosage to the co l l o id 
surface concentrat ion S. 
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9. H A H N A N D S T U M M Coagulation by Al(III) 109 

T h e rate of coagulat ion b y A l ( I I I ) can be i m p r o v e d operat ional ly : 
(1 ) b y increasing the co l l i s ion frequency through ra is ing the ve loc i ty 
gradient a n d (2 ) b y adjust ing the solut ion variables ( p H , C t , S ) such 
that the co l l i s ion efficiency factor becomes opt imal . F i g u r e 9 schematical ly 
i l lustrates h o w p h y s i c a l a n d chemica l factors affect the coagulat ion rate. 

Figure 9. Relative effects of collision efficiency factor and velocity gradient on 
coagulation rate 

The coagulation rate depends upon physical parameters (temperature, velocity gradi
ent, number and dimension of colloid), determining the collision frequency and upon 
chemical parameters (pH, Al(III) dosage, surface concentration of dispersed phase S), 

affecting the collision efficiency factor a 
(A) Al = 5.2 X 10-*M, (du/dz) = 100 seer1; (B) pH = 5.5, (du/dz) = 100 seer1; 

(C) pH = 5.5, Al = 5.2 X I 0 " ' M ; MIN-U-SIL 30 = 1 gram/liter 

It must be kept i n m i n d that the efficiency of the coagulat ion process 
i n pract ice is not solely determined b y the agglomeration rate; the at ta in 
ment of certain desirable floe properties must be i n c l u d e d i n del iberations 
d irected t o w a r d the opt imizat ion of the process. 

Nomenclature 

A = L i g h t absorbance i n 4 cm. ce l l 
a = C o l l i s i o n efficiency factor 
a0 — C o l l i s i o n efficiency factor, measured under orthokinet ic 

condit ions 
av = C o l l i s i o n efficiency factor, measured under per ik inet i c 

condit ions 
B — O p t i c a l constant of scattering system ( R a y l e i g h constant) 
C a = Concentrat ion of adsorbed coagulant [ M ] 
C t = T o t a l concentrat ion of coagulant a d d e d [ M ] 
Cte — T o t a l concentration of coagulant necessary to atta in surface 

coverage 6 [ M ] 
Ctopt = T o t a l concentrat ion of coagulant necessary to atta in o p t i 

m u m a [ M ] 
o.c.c. — C r i t i c a l coagulat ion concentration [ M ] 
c.s.c. — C r i t i c a l s tabi l i zat ion concentrat ion [ M ] 
d = D i a m e t e r of co l l o ida l part ic le [/x] or [m/x] 
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110 ADSORPTION F R O M AQUEOUS SOLUTION 

rmax = Amount of coagulant adsorbed at surface saturation 
[M/meter 2 ] 

I — Ionic strength of suspending medium [M] 
K = Langmuirs adsorption equihbrium constant [M" 1 ] 
K B — Boltzmann constant 
k0 = Reaction rate constant of orthokin. coagulation [sec. - 1] 
fcp = Reaction rate constant of perikin. coagulation [sec. - 1 cm. 8] 
A 0 = Wavelength of light used in scattering experiments [m/x] 

(in vacuum) 
N = Total concentration of particles suspended [numbers per 

ml.] 
N0VQ = Total concentration of particles suspended; volume of par

ticles suspended; at time t = 0 
dN/dt = Coagulation rate [sec."1 cm. 3] 
n — Absolute viscosity of suspending medium 
S = Surface area concentration of colloidal phase [meter 2 / 

liter] 
T — Absolute temperature 
0 — Fractional surface coverage 
<f> = Floe volume ratio of dispersed phase 
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Reaction of the Hydrated Proton 
with Active Carbon 

VERNON L . S N O E Y I N K and WALTER J . WEBER, JR. 

Department of C i v i l Engineering, College of Engineering, The University of 
Michigan, A n n Arbor, M i c h . 

Reactions of the hydronium ion with porous active carbon 
have been investigated in aqueous systems. Hydronium-ion 
activity, specific-anion concentration, and carbon dosage 
have been among the major variables studied. Rates of re
action have been found to be limited by pore diffusion, as 
partially verified by activation energies of —(2 to 3) kcal. 
per mole-deg. The results can be interpreted partly in terms 
of a reaction of the hydronium ion and dissolved oxygen 
with a surface benzpyran (chromene) group to produce 
hydrogen peroxide and a surface benzopyrylium (carbonium) 
ion with a sorbed anion, and partly in terms of physical 
sorption of the acid on the carbon surface. 

T T v d r o n i u m i on concentrat ion has been f ound to be a significant factor 
i n the adsorpt ion of various organic compounds f rom aqueous 

solut ion b y active carbon (28). A p a r t i a l explanat ion of this effect is 
afforded b y the fact that the i o n i z a t i o n — a n d therefore the m o b i l i t y a n d 
adsorptive propert ies—of m a n y organic molecules is affected b y p H . 
H o w e v e r , p H changes have been f o u n d to affect the uptake of certain 
organic molecules under circumstances i n w h i c h these changes w o u l d 
not have a significant effect on the ion ic character of the adsorb ing 
species. W e b e r a n d M o r r i s (28) have f ound increased rates of adsorpt ion 
w i t h decreasing p H for sulfonated alkylbenzenes i n p H regions far 
removed f rom the p K range for these compounds. T h e enhanced adsorp
t i on rates have been at tr ibuted to p a r t i a l neutra l izat ion of the active 
carbon's negative surface charge, thus reduc ing resistance to pore trans
port. Studies o n rates of uptake of various subst ituted phenols also have 
ind i ca ted that the p H effect is more than can be expla ined i n terms of 
s imple variations i n sorbate species ( I I ) . 

112 
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10. S N O E Y I N K A N D W E B E R J R . Hydrated Proton 113 

Several studies have been d irected t o w a r d examinat ion of the inter 
act ion of acids a n d bases w i t h active carbons ( I , 8, 10, 17, 18, 19 ) . 
B o e h m ( 3 ) , G a r t e n a n d Weiss ( 9 ) , a n d Snoeyink a n d W e b e r (21) have 
presented reviews on the subject. G a r t e n a n d Weiss (8, 9, 10) have 
shown that a c i d a n d a l k a l i sorption can be related to surface funct iona l 
groups w h i c h f orm d u r i n g the preparat ion of the carbon. A l k a l i sorption 
occurs p r i n c i p a l l y on carbons act ivated at temperatures near 4 0 0 ° C , a n d 
is a t t r ibuted to the presence of phenol i c a n d lactone funct iona l groups 
on the carbon surface. Carbons w h i c h sorb a c i d usual ly are act ivated at 
temperatures near 1 0 0 0 ° C ; the a c i d react ion i n this case is assumed to 
take place w i t h chromene (benzpyran ) structures on the surface. 

T h e studies reported i n this paper have focused on more complete 
e luc idat ion of the nature of the interact ion between the h y d r o n i u m i o n 
a n d active carbon. B o t h rate a n d extent of react ion have been studied as 
a funct ion of several variables to obta in data w h i c h u l t imate ly should 
contr ibute to a meaning fu l interpretat ion of p H effects on adsorpt ion of 
organic solutes b y active carbon. 

Experimental 

Carbons . T h e active carbon used for the major i ty of the experiments 
i n this s tudy was a granular , c ommerc ia l coconut-shel l carbon, careful ly 
s ieved to a size range w h i c h i n c l u d e d discrete partic les passing a U . S . 
Standard Sieve N o . 50 a n d be ing reta ined o n a N o . 60 sieve; the m e a n 
part ic le diameter for this size range is 273 microns. A f ter s ieving, the 
carbon was washed thoroughly w i t h d i s t i l l ed water to remove dust arid 
fines, a n d then d r i e d to a constant we ight at 105 ° C . T h e inorganic con
tent was 0 .7% b y weight . O n e of the p r i m a r y reasons for choosing this 
par t i cu lar carbon was its resistance to attr i t ion i n the rap id ly - s t i r red 
exper imental reactors. 

A coal-base carbon, prepared i n the same fashion a n d of the same 
mean part ic le size, was employed i n several experiments. T h e m a x i m u m 
ash content for this mater ia l , as reported b y the manufacturer , was 8 % 
(20 ) . 

A pore size d i s t r ibut ion was not avai lable for the coconut-shel l 
carbon, but , again accord ing to the manufacturer , approx imate ly 5 5 % of 
the intrapart ic le vo lume of the coal-base carbon was compr ised of d iame
ters between 15 a n d 20 A . (20). T h e coal-base carbon was designed 
p r i m a r i l y for adsorpt ion f r om solut ion, w h i l e the coconut-shel l carbon 
was in tended p r i m a r i l y for app l i cat ion i n gaseous systems ( 6 ) . 

E x p e r i m e n t a l Systems. Rate-of -react ion studies were carr ied out 
u t i l i z i n g bo th finite a n d infinite b a t h techniques. Test solutions were 
prepared at the desired ionic strength, temperature, a n d i n i t i a l p H . These 
solutions were st irred r a p i d l y w i t h a motor -dr iven polyethylene-coated 
st irr ing b lade. F o r each test, a careful ly measured quant i ty of carbon 
was a d d e d i n the d r y form. T h e finite b a t h technique consisted of 
record ing p H values as a funct ion of t ime after carbon addi t i on . A l l 
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114 ADSORPTION F R O M AQUEOUS SOLUTION 

finite b a t h p H measurements were made w i t h a C o r n i n g M o d e l 12, 
expanded-scale p H meter. T h e infinite b a t h technique consisted of m a i n 
ta in ing a constant p H throughout the react ion w i t h a Sargent record ing 
p H Stat. A s the react ion proceeded, the p H Stat cont inuously added 
a n d recorded the quant i ty of s tandard a c i d ( 0 . 1 N i n this case) needed 
to m a i n t a i n a constant p H . St i r r ing speeds i n a l l cases were i n excess 
of the m i n i m u m requ i red to keep the carbon i n suspension; separate 
experiments ind i ca ted independence of sorption rate on st i rr ing speeds 
greater than this m i n i m u m . 

E q u i l i b r i u m studies were per formed to determine the extent of the 
h y d r o n i u m ion-act ive carbon reaction. These studies were carr ied out i n 
react ion vessels conta in ing 1.5 liters of d i s t i l l ed water adjusted to the 
desired p H a n d ionic strength. Temperature contro l was p r o v i d e d b y 
immers ing the reactor i n a water ba th , except for tests at r oom tempera
ture (25° ± 3 ° C ) . A t the start of each experiment a k n o w n quant i ty 
of carbon was added to the test solution. S t i r r ing was again accompl ished 
w i t h a motor -dr iven polyethylene st i rr ing b lade at speed sufficient to keep 
the carbon i n suspension at a l l times. A f t e r two to three days (exper i 
mental ly determined as the t ime r e q u i r e d for the system to come to 
e q u i l i b r i u m ) the p H was measured a n d recorded, a n d a n add i t i ona l 
quant i ty of s tandard a c i d was added ; two to three days later the e q u i 
l i b r i u m p H was again measured, a n d another quant i ty of a c i d added . 
T h i s procedure was repeated several t imes, usual ly over a per i od of f rom 
two to four weeks, to prov ide a series of adsorpt ion capacities for decreas
i n g e q u i l i b r i u m p H values. D i s t i l l e d water was a d d e d to the solutions 
per iod i ca l ly to correct the vo lume for evaporation. W h e n evaporat ion 
was smal l , i t was necessary to correct the data for increased vo lume 
o w i n g to add i t i on of ac id . T h e data obta ined c o u l d then be reduced to 
moles of a c i d reacted per gram of carbon at a g iven h y d r o n i u m - i o n 
act iv i ty , us ing the extended D e b y e - H i i c k e l l aw for ca l cu lat ing ac t iv i ty 
coefficients. T h e act iv i ty coefficient for the 1 M N a C l solution, y = 0.75, 
was obta ined f rom H a r n e d a n d O w e n (12). F r e u n d l i c h parameters were 
obta ined f rom log- log plots of the exper imental data. E x c e p t w h e n other
wise specified, the data reported i n this paper have been obta ined f r om 
experiments at 25 °C . 

Ash Content Analysis. A s h content can be an important factor i n 
determin ing the adsorptive behavior of an active carbon. B l a c k b u r n 
a n d K i p l i n g (2 ) have demonstrated some of the effects of ash content o n 
the adsorpt ion process. T o assess the effects of ash on the interact ion of 
strong a c i d w i t h active carbon, separate quantit ies of the exper imental 
coconut carbon were washed w i t h 1 + 1 hydroch lor i c a c i d a n d w i t h 1 + 1 
g lac ia l acetic a c id to reduce the ash content of the carbon. T h i r t y - to 
forty-gram samples of carbon were shaken w i t h the acids for about five 
days. T h e carbons were then washed cont inuously w i t h d i s t i l l ed water 
for a per i od of three months u n t i l the carbon c o u l d be contacted w i t h 
d i s t i l l ed water for a f ew days w i thout signif icantly reduc ing the p H of 
the water . T h e carbons were then d r i e d at 105°C. to a constant weight . 
T h e ash content was measured b y b u r n i n g a k n o w n weight of the carbon 
at 700°C. a n d w e i g h i n g the residue. T h e ash content of the carbon 
washed w i t h acetic a c i d was reduced f rom 0 .7% to 0 . 6 % , w h i l e that 
washed w i t h hydroch lor i c a c i d was reduced f rom 0 .7% to 0 . 3 % . A d s o r p -
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10. S N O E Y I N K A N D W E B E R J R . Hydrated Proton 115 

tion studies were then performed on the treated and untreated carbon 
for purposes of comparison. 

Stoichiometry Studies. The H C l - N a C l system was studied to de
termine if CI" ion was removed stoichiometrically with H s O + as the acid 
sorption reaction occurred. Two 1-liter solutions were prepared at P C H + 

— 3.00 and 10" 3M N a C l ; two 1-liter solutions at p C H
+ = 3.00 and 2 X 

10" 3 M N a C l ; and two 1-liter solutions at p C H
+ — 2.70 and 10" 3M NaCl . 

A five-gram quantity of coconut-shell carbon was added to each of the 
p C H

+ — 3.00 solutions, and a ten-gram quantity to each of the p C H
+ = 

2.70 solutions. After one day of stirring, the residual H 3 0 + concentration 
was measured with a p H meter and corrected for activity, and the residual 
CI" ion concentration was determined by means of the Mercuric Nitrate 
Method (24). The percent stoichiometry was then calculated from the 
data obtained. 

Results and Discussion 

The rate-limiting step for the hydronium ion-active carbon reaction 
appears to be intraparticle transport. From a phenomenological point 
of view, both the hydronium ion and the conjugate anion of the acid 
added are removed stoichiometrically. The studies made on the H C l -
N a C l systems described above show that the ratio of CI" ion removed to 
H s O + ion removed is in the range of 0.93:1 to 1:1. This corresponds to 
similar findings by Carr et al. (4) and Miller (16). The data indicates 
that the electroneutrality requirement for sorption is satisfied in this 
reaction. Since the hydronium ion and anion are removed from solution 
stoichiometrically, they would also be expected to diffuse through the 
pore in pairs with the anion limiting the rate of diffusion. The diffusion 
coefficients for different acids, calculated on the basis that intraparticle 
transport is rate-limiting, are on the order of those expected for the 
anion, thus giving support to this assumption. Helfferich (13) states 
that film diffusion, the other likely possibility for being the rate-limiting 
step, will control only under extreme conditions. A study of sorption 
rate vs. stirring speed showed no increase in rate for stirring speeds 
above that required to keep the carbon in suspension. Other evidence 
in support of intraparticle transport as the rate controlling mechanism is 
the fact that the experimental data are described well by a diffusion 
model, as will be illustrated shortly. A n activation energy of —1.8 to 
—2.5 kcal./mole-°K., also discussed in more detail in a later section of 
this paper, falls in the range expected for a diffusion-controlled process 
(27). 

Diffusion Model. Assuming that pore diffusion is rate limiting, a 
diffusion model based on Fick's second law can be utilized for calculation 
of diffusion coefficients from the experimental data. The model must 
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take account of the simultaneous dif fusion-reaction process. If the sorp
t i on react ion is not taken into account, the ca lcu lated dif fusion coefficients 
w i l l deviate considerably f r om the ac tua l values. S u c h a m o d e l has been 
deve loped b y C r a n k (7)—and u t i l i z e d later b y W e b e r a n d R u m e r (29) 
— b y m o d i f y i n g F i c k ' s second l a w to inc lude a t e rm w h i c h accounts for 
non- l inear sorption. T h e general f o rm is 

E q u a t i o n 1 is g iven i n spher ica l coordinates, thus assuming a spherical 
shape for the carbon part i c le , an assumption w h i c h accords reasonably 
w e l l w i t h microscopic observations of the geometry of partic les of the 
exper imental carbon. I n E q u a t i o n 1, C represents the H 3 0 + ac t iv i ty i n 
so lut ion; t9 t ime ; r , the r a d i a l distance f rom the part ic le center; D , the 
dif fusion coefficient; a n d S, the H 3 0 + concentrat ion at the surface of the 
carbon. F o r the present experiments, the e q u i l i b r i u m relat ionship be
tween S a n d C is descr ibed i n terms of the F r e u n d l i c h expression 

S = RCN,N< 1.0 (2) 

E q u a t i o n 1 is subject to the boundary condit ions 

C = 0 t = 0 for 0 < r ^ f l 

a n d 

£ ( 0 . - 0 = 4 , fifi + s ) * * ( 3 ) 

where A represents the vo lume of so lut ion "served" b y each part i c le ; C0, 
the i n i t i a l H 3 0 + ac t iv i ty i n b u l k so lut ion ; C 0 , the H 3 0 + ac t iv i ty i n b u l k 
solut ion at any t ime ; y, the ac t iv i ty coefficient; a n d a, the radius of the 
spher ica l part ic le . E q u a t i o n 1 is a non- l inear , p a r t i a l di f ferential equat ion 
w h i c h can be solved b y a finite difference technique after C r a n k ( 7 ) . 
T h e solution is made easier b y expressing the equat ion i n terms of the 
dimensionless parameters : 

C Dt _ 
* = — ( 3 ) 

Before S c a n be d i v i d e d b y C0 to give the dimensionless quant i ty , s, i t 
must be converted f rom units of moles per g ram to moles per l i ter b y 
m u l t i p l y i n g b y the specific we ight of the carbon. T h e specific we ight 
for the 273-/x coal-base carbon is 0.750 grams per cc. as g iven b y the 
manufacturer ( 2 0 ) , a n d that for the coconut-shel l carbon is assumed to 
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be the same. T h e equat ion r e q u i r i n g solution, i n dimensionless form, 
is then 

5Y ~ 5> V r Sp) St 

w i t h the boundary condit ions, 

c = 0 T = 0 for 0 < P < 1 

^ < 1 - c ' ) = 4 / „ 1 ( T + s)'"i' ( 5 ) 

and , 

s = R ' c N (6) 

where R' , the dimensionless F r e u n d l i c h parameter, is g iven b y 

R' = RX sp. wt. of carbon X C 0
N 1 

A s s u m i n g a spher ica l part ic le a n d us ing the specific weight , the te rm 
A can be ca lculated for the finite-bath systems. F o r the 1.5 g r a m / l i t e r 
dosage used i n these studies, A = 0.00533 cc. for bo th the coconut-shel l 
a n d the coal-base carbons. 

A n I B M 7090 d i g i t a l computer was used to calculate a l l rate curves. 
C a l c u l a t e d curves for the finite b a t h studies were p r i n t e d out i n the 
f o rm Ca/C0 vs. t. These curves were then compared w i t h the exper i 
menta l CJC0 vs. t curves, a n d D was ca lculated b y a t r i a l a n d error 
procedure. T h i s approach was modi f ied s l ight ly i n order to calculate the 
rate curves for the infinite b a t h studies. T h e va lue for " A " taken for 
ca lcu lat ion purposes, i n this case 1000 c c , was very m u c h greater than 
the ac tua l value , thus p r o d u c i n g the effect of a n essentially constant Ca 

w i t h t ime. I n this case, the integra l va lue 

r*dr (7) 

w h i c h represents the tota l amount of solute i n one carbon part ic le , was 
p r i n t e d out as a funct ion of the dimensionless t ime parameter, T. T h i s 
value , w h e n m u l t i p l i e d b y the total number of particles present i n the 
solut ion vo lume, represents the number of moles of a c i d a d d e d to the 
solut ion to m a i n t a i n a constant p H . B y c o m p a r i n g the ca lculated data 
to the exper imental curves for H 3 0 + a d d e d vs. t ime, the dif fusion coeffi
c ient c o u l d be ca lcu lated b y a t r i a l a n d error procedure. C a r b o n dosages 
for the finite b a t h experiments were 1.0 to 2.0 grams per l iter . 

T h e basic assumptions made i n deve lop ing the m o d e l should be 
kept i n m i n d w h e n ana lyz ing the results. Sorpt ion is assumed to be 
occurr ing at a rate m u c h faster than pore dif fusion, w h i l e pore dif fusion 
is taken to be slower t h a n film dif fusion. T h e m o d e l assumes r a d i a l flux 
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only , a n d a homogeneous part ic le . T h u s , no dif ferentiation is made 
between pore vo lume a n d so l id carbon. A l so , the assumption of spher ica l 
geometry neglects the fact that the part ic le surface is extremely i rregular . 
T h e dif fusion coefficient, D , is also assumed constant w i t h v a r y i n g a c i d 
concentration. 

T h e inc lus ion of the non- l inear isotherm effect requires that the 
isotherm parameters be k n o w n i n order to calculate the rate curves. T h u s , 
for each system analyzed , bo th rate a n d e q u i l i b r i u m data were requ ired . 

Hydrogen-Ion Activity. T h e isotherm shown i n F i g u r e 1 was de
termined , b y the procedure descr ibed, for the coconut carbon i n a 1 0 " 2 M 
N a C l system at 25 ° C . T h e data shown is a composite of several runs. 
T h e F r e u n d l i c h equation, determined f r om a log- log plot of this data , is 
S = 6.5 X 1 0 - 4 C ( o l 2 7 ) . 

F i n i t e a n d infinite b a t h rate data were col lected for the same system 
for different i n i t i a l h y d r o n i u m ion activit ies. F i g u r e 2 presents the ca l cu 
la ted a n d experimental rate curves for the finite b a t h experiments a n d 
F i g u r e 3 those obta ined b y the infinite b a t h method . T a b l e I is a summary 
of the results. 

Table I. Diffusion Coefficients as a Function of Initial p H 
for the H C l - N a C l System 

I 0 - * M NaCl, 25°C, S = 6.5 X 10-*C<0>*7> 

Diffusion Diffusion 
Coefficient, D , Coefficient, D , 

Initial pH (cm*/sec.) X 107 (cm.2 /sec.) X 107 

(HCl) (Finite Bath) (Infinite Bath) 

3.50 6.75 5.9 
3.70 9.50 7.8 
4.00 13.00 8.6 

T h e magnitude of the dif fusion coefficients g iven i n T a b l e I can be 
compared w i t h a value of 3.3 X 10" 5 cm . 2 / s e c . determined experimental ly 
b y Stokes (26) for H C l i n b u l k solut ion at infinite d i lu t i on . T h e pore 
dif fusion coefficients l isted i n T a b l e I for H C l vary b y a factor of 
(2 — 4) X 10 ' 2 f r om that g iven b y Stokes. M c N e i l l a n d Weiss (15) 
have ind i cated that active carbon can be considered as a weak-base 
anion-exchange sorbent. A c c o r d i n g to He l f f e r i ch (13 ) , di f fusion coeffi
cients i n such resins can be several orders of magni tude less than the 
corresponding b u l k so lut ion coefficients. T h e C I " i o n probab ly l imits the 
rate of dif fusion, since its m o b i l i t y i n aqueous solut ion is m u c h less than 
that of the H 3 0 + ion. F u r t h e r evidence to support this conc lus ion has 
been obta ined i n the present w o r k f rom determinations of pore dif fusion 
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coefficients for several different strong acids; these w i l l be discussed 
shortly (see T a b l e I V ) . 

0.8 L 

Q l 1 I I I I I I I I 
0 4 8 12 16 20 24 28 32 

H30 +ACTIVITY, x IO5 

Figure 1. Adsorption isotherms for hydrochloric acid 

Adsorption capacities for HCl on coconut-shell carbon (open circles) and on 
coal-base carbon (solid circles) in 0.01 molar solutions of NaCl are plotted as a 
function of the hydronium-ion activity at equilibrium. The solid lines represent 
the calculated Fruendlich isotherms, the equations for which are given on the 

plot 

T h e large difference between the b u l k solut ion coefficient determined 
b y Stokes a n d the pore coefficients ca lculated f rom the present experi 
ments m a y be attr ibutable to one or more of a number of factors, the 
most l ike ly of w h i c h is the size a n d geometry of the pores of the active 
carbon. T h e smaller the pore, the more l i k e l y is the dif fusing i on to 
interact w i t h internal surfaces, bo th phys i ca l ly a n d electrostatically (13 ) . 
T h e relative effect of pore size is ind i cated b y comparative studies carr ied 
out w i t h 273-micron coal-base carbon. A l t h o u g h there was no pore size 
d i s t r ibut ion data avai lable for the coconut carbon, the average size of 
the micropores of this carbon can be assumed to be considerably smaller 
than that of the coal-base carbon, since the former was designed for 
adsorpt ion f rom gas phase w h i l e the latter was designed for adsorption 
f rom solution. T h e solution used for this e q u i l i b r i u m study h a d an i n i t i a l 
p H of 3.50 ( H C l ) , was 10'2M i n N a C l , a n d contained 1.33 grams of the 
coal-base carbon per l i ter ; the study was made at 25°C. T h e isotherm 
for this system is shown i n F i g u r e 1, a long w i t h the isotherm for the 
coconut carbon. K i n e t i c measurements were made on the same system 
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0 3 6 9 12 15 18 21 

T V 

Figure 2. Finite-bath rates of adsorption for hydrochloric acid 

The solid lines are calculated rate curves drawn through experimental data for 
systems of different initial pH. The ordinate is the ratio of acid concentration, 
and the abscissa is the dimensionless time parameter. Data for two experimental 
runs are shown for each initial pH; the corresponding diffusion coefficients are 

noted for each rate curve 

Figure 3. Infinite-bath rates of adsorption for hydrochloric acid 

The solid lines are calculated rate curves drawn through experimental data 
for systems in which pH was held constant over the entire course of each run. 
Dosages of coconut carbon ranged from 1 to 2 grams per liter. The different 

symbols represent replicate runs for each pH 
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Figure 4. Finite-bath rates of adsorption for hydrochloric acid on dif
ferent carbons 

Experimental data and the corresponding calculated rate curve are shown for 
the coal-base carbon. The calculated curve for the coconut-shell carbon is re

produced from Figure 2 for purposes of comparison 

using the finite-bath technique, a n d the ca lculated a n d exper imental rate 
curves are shown i n F i g u r e 4. T h e corresponding rate curve for the 
coconut carbon w i t h this system is i n c l u d e d i n F i g u r e 4. T h e calculated 
dif fusion coefficient for H C l i n the coal-base carbon is 1.4 X 10"r> c m . 2 / s e c , 
w h i c h is near ly equa l to that for H C l i n b u l k solution. A l t h o u g h m a n y 
other factors might contr ibute to the large difference between the two 
carbons, re lat ive pore size is p robab ly a major one. 

Other factors w h i c h m a y also be responsible to some extent for the 
smal l coefficient obta ined for the coconut carbon inc lude the approx ima
t i on of spher ica l part ic le geometry, the assumption of an isotropic 
m e d i u m , a n d the assumption of a r a d i a l dif fusion path (13 ) . 

Specific chemica l interact ion between the chlor ide i o n a n d meta l 
ions present at the pore surfaces has also been considered as a possible 
factor contr ibut ing to retardat ion of H C l diffusion. T o evaluate this 
poss ib i l i ty , one por t i on of the coconut carbon was washed w i t h acetic 
a c id to reduce its ash content f rom 0 .7% to 0 . 6 % , a n d another port ion 
w i t h hydroch lor i c a c id to reduce its ash content f r om 0 .7% to 0 . 3 % . T h e 
finite b a t h technique was used to study these two carbons i n otherwise 
ident i ca l systems consisting of 10~ 2 M N a C l , 1.5 grams carbon per l i ter , 
an i n i t i a l p H of 3.50 ( H C l ) , at a temperature of 25°C. T h e corresponding 
isotherms show no significant difference between these carbons a n d the 
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Figure 5. The effect of ash removal on finite-bath adsorption rate 

Data are presented for adsorption of HCl on acid-treated coconut carbon. 
Data for two separate runs are shown for each of the acid-treated carbons. 
The calculated curve has been derived from the data for adsorption on un

treated coconut carbon in the same type of system 

untreated coconut carbon. T h e experimental rate data a n d ca lculated 
curves for the two systems are p lotted i n F i g u r e 5. Because there was 
f o u n d to be no essential difference between the ca lculated curves for 
the a c i d treated a n d the untreated carbon, on ly one curve is shown. T h e 
exper imental rate data for the acetic-acid-treated carbon are not de
scr ibed as w e l l as are those for the hydrochlor ic -ac id - treated carbon, nor 
as w e l l as those for the untreated carbon fitted b y the calculated curve 
shown i n F i g u r e 1. T h e diffusion coefficient der ived f rom the curve of 
best fit for the acet ic -ac id-washed carbon is 9 X 10~7 c m . - / s e c , a n d that 
for the hydroch lor i c -ac id -washed carbon is 9.5 X 10" 7 c m . 2 / s e c ; this 
compares w i t h 6.75 X 10" 7 cm. 2 / s e c . for the untreated carbon. T h e 
increase i n the dif fusion coefficient for the treated carbon over that for 
the untreated carbon indicates that interact ion of the H C l w i t h the i n 
organic content of the carbon c o u l d be responsible to some extent for 
re tard ing diffusion. Ana lys i s has shown that the ash is approximate ly 
5 0 % i ron , w h i c h i n ionic f o rm tends to f o rm complexes w i t h the C I " i on . 

Di f fus ion coefficients for different i n i t i a l p H calculated f rom data 
obta ined b y the finite ba th technique compare reasonably w e l l w i t h those 
determined b y the infinite b a t h technique, as can be seen f rom the data 
i n T a b l e I. T h e ca lculated rate curves fit the exper imental data very 
w e l l for i n i t i a l p H values of 3.50 a n d 3.70, but for an i n i t i a l p H of 4.00, 
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finite-bath case, the fit is not as good. F o r the latter case, the range of 
the dif fusion coefficient is (6 — 14) X 10~7 c m . V s e c . for a l l of the exper i 
menta l data to f a l l on the ca lculated curve. Another effect shown b y the 
data is that the dif fusion coefficient increases w i t h increasing i n i t i a l p H , 
ind i ca t ing that the coefficient is a funct ion of act iv i ty . T h i s is contrary 
to the assumption of a constant dif fusion coefficient bu i l t into the rate 
mode l . H o w e v e r , except for the case of an i n i t i a l p H of 4.0, finite b a t h 
case, the effect is apparent ly not very great for the concentration change 
occurr ing i n any of the rate studies depic ted i n F i g u r e 2; otherwise the 
exper imental data w o u l d not be descr ibed as w e l l b y the ca lculated 
curves. T h e decrease i n diffusion coefficient w i t h increasing H M O + 

act iv i ty is probab ly caused b y hydrat i on effects. T h e increased number 
of hydrated H A O + a n d C I " ions i n the pore decreases the amount of free 
solvent avai lable for dif fusion of the ions, thus decreasing effective pore 
size a n d increasing retardation effects caused b y interact ion of the diffus
ing species w i t h the carbon framework. A decrease i n the diffusion 
coefficient is thereby brought about (13 ) . 

Salt Effects. T h e H C l - N a C l system has been studied further to 
determine the effect of N a C l concentration on the ac id -carbon reaction. 
T h e carbon dosage was var i ed f rom 0.33 to 2.0 grams of 273-micron 

.6 -

n I I I I I I I I I I 
u 0 4 8 12 16 20 24 28 32 

H30+ACTIVITY x 10s 

Figure 6. The effect of salt concentration on adsorption capacity for 
hydrochloric acid 

Isotherms are presented for adsorption of hydrochloric acid on coconut carbon 
in the presence of different concentrations of NaCl. The solid lines represent 
the corresponding calculated Freundlich isotherms, respective values for the 

parameters of which are given in Table II 
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Figure 7. Finite-bath rate of adsorption for hydrochloric acid at higher 
salt concentration 

The concentration of NaCl in the experiment represented by these data was 
two times that in the experiment for which rate data are given in Figure 2 at 

pH = 3.5. All other factors were the same 

coconut carbon per l i ter for the e q u i l i b r i u m studies, a n d the temperature 
was 25 °C . N a C l concentrat ion was s tudied over a range f rom 5 X 10~3 

to 1 .0M. T h e effect of salt concentrat ion on the e q u i l i b r i u m posi t ion of 
the react ion is shown i n F igures 7 a n d 9. T y p i c a l rate data, a long w i t h 
the corresponding ca lculated curve are shown i n F i g u r e 7 for 2 X 1 0 " 2 M 
concentrat ion of N a C l . T h e finite b a t h method was used for these rate 
studies. A summary of the results is g iven i n T a b l e I I . It should be noted 
that the range of the F r e u n d l i c h parameters used for the rate curve 
calculations produced very slight changes i n the shapes of the result ing 
curves. 

Table II. The Effect of N a C l Concentration on Diffusion of H C l 

Initial pH = 3.50, Temperature = 25°C. 

Freundlich . 
Parameters „ N a C L . _ 

Concentration D, 
R, X 10* N (moles/liter) X 102 (cm*/sec.) X 107 

5.6 0.125 0.5 4.0 
6.5 0.127 1.0 6.8 
6.9 0.133 2.0 7.5 
7.1 0.120 10.0 15.1 
7.6 0.105 100.0 68.0 
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S imi lar studies have been carr ied out on the H C 1 0 4 - N a C l 0 4 system. 
A l l condit ions were the same as those for the H C l - N a C l tests, except 
that the carbon dosage was 1.33 g r a m s / l i t e r for the e q u i l i b r i u m study a n d 
the concentration of N a C 1 0 4 ranged f rom 5 X 10" 3 to 1 0 _ 1 M . T h e effect 
on the extent of react ion is shown i n F igures 8 a n d 9, a n d t y p i c a l rate 
data along w i t h the corresponding ca lculated curve for a concentration 
of 1 0 " 2 M N a C 1 0 4 are g iven i n F i g u r e 10. T h e results are summar ized i n 
Tab le I I I . 

Table III. The Effect of N a C l 0 4 Concentration on Diffusion of H C l 0 4 

Initial pH = 3.50, Temperature = 25°C. 

Freundlich 
Parameters „ NaClO^ Concentration D, 

R, X 10* N (moles/liter) X 102 (cm.2/sec.) X 10" 

7.6 0.1050 0.5 4.7 
8.2 0.1030 1.0 5.3 
8.4 0.1000 2.0 6.0 

10.0 0.1065 10.0 10.0 

T h e e q u i l i b r i u m studies were per formed w i t h only sod ium salts. 
Rate studies, however, were per formed w i t h L i C l a n d K C 1 as w e l l as 
w i t h N a C l , a n d no significant difference was found. 

There is a m a r k e d increase i n the quant i ty of a c i d sorbed w i t h 
increasing salt concentration for bo th the H C l - N a C l a n d the H C 1 0 4 -
N a C 1 0 4 systems. A two -hundred - fo ld increase i n N a C l concentration 
produces a 6 0 % increase i n H C l sorption at p H 3.40, w h i l e a twenty - fo ld 
increase i n N a C 1 0 4 concentrat ion causes a 3 0 % increase i n H C 1 0 4 sorp
t i on at the same p H . T h i s observation is consistent w i t h a phys i ca l 
sorption mode l . E lec trophoret i c m o b i l i t y measurements have shown that 
the active carbon has a negative surface potent ial . It is possible, there
fore, that the proton is p r i m a r i l y adsorbed w h i l e the anion is secondari ly 
adsorbed i n the double layer. I f the proton is adsorbed read i ly but h e l d 
back because the anion is not easily taken into the double layer, then 
an increase i n salt concentration w o u l d have the effect of increasing the 
anion pressure, a n d more ac id w o u l d tend to be adsorbed. T h e effect is 
consistent w i t h that noted b y Steenberg ( 9 ) , a n d Parks a n d Bart let t ( 19 ) . 
Indeed, B o e h m (3 ) f ound evidence that phys i ca l sorption of a c i d took 
place on the basal planes of the microcrystal l i te . O t h e r sorption mecha 
nisms can not be r u l e d out, however , because reversible chemisorpt ion 
c o u l d show a s imi lar effect w i t h i n a g iven range of salt concentrations. 
A l so , pores w h i c h might be inaccessible at l o w salt concentrations c o u l d 
become of importance at the higher anion pressures. 
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12 16 

H 30 +ACTIVITY x 10s 

24 32 

Figure 8. The effect of salt concentration on adsorption capacity for 
perchloric acid 

Isotherms are presented for adsorption of perchloric acid on coconut carbon 
in the presence of different concentrations of NaClOh. The solid lines repre
sent the corresponding calculated Freundlich isotherms, respective values for 

the parameters of which are given in Table III 

T h e increase i n the diffusion coefficient for the H C l - N a C l system 
w i t h increased chlor ide concentration is especial ly noteworthy. Th i s 
effect can be best expla ined b y the fact that the d r i v i n g force for the 
rate - l imi t ing C I " i on is increased, w i t h a result ing increase i n the H C l 
flux. Since the effect of anion concentration is not b u i l t into the mathe
m a t i c a l dif fusion mode l , h igher dif fusion coefficients result. T h e reason 
for the effect be ing greater for the H C l - N a C l system than for the 
H C 1 0 4 - N a 0 0 4 system m a y be related to relative ionic size a n d to the 
fact that the diffusion coefficient for the H C l is m u c h further f rom its 
b u l k solution value than is that for H C 1 0 4 . Because of hydra t i on effects, 
the C I " i o n is larger i n solut ion than is the C 1 0 4 " i on ( 5 ) . A s a result, 
there are probab ly m a n y more retardat ion effects o w i n g to ionic size 
w h i c h can be overcome b y the increase i n C I " i o n act iv i ty . T h e fact that 
the diffusion coefficient for H C 1 0 4 is ten times as large as that for H C l 
c o u l d also be attr ibuted to the relative sizes. 

T h e m u c h higher capacity of the active carbon for H C 1 0 4 than for 
H C l has been observed b y others for i on exchange resins ( 5 ) . T h e 
observation is i n keep ing w i t h the smaller hydra ted radius of the C 1 0 4 " 
i on as noted above. C h u et al. (5 ) have c la imed that an add i t i ona l effect 
derives f rom the inab i l i t y of the C 1 0 4 " i on to orient surrounding water 
molecules i n b u l k solution as effectively as does the C I " ion. T h e water 
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-LOG SALT CONCENTRATION 

Figure 9. Variation of adsorption capacity with 
salt concentration 

Adsorption capacities for different salt concentra
tions are shown for the HCIO <,-N aClOand HCl-
NaCl systems for an equilibrium H.O+ activity of 

24 X IO'5 

molecules adjacent to the 0 0 4 ~ ion are attracted more strongly to other 
water molecules than to the C10 4 ~ ; thus, a d isrupture zone is created i n 
the structure of the bulk -so lut ion water. Because the structure of the 
water i n the resin (act ive carbon) is already h igh ly d isrupted b y the 
charged interna l surfaces, the bulk-phase water tends to " p u s h " the 
CIO4" i on into the resin. T h e C I " i on , however , tends to be h e l d back i n 
b u l k phase because its attraction for the water is stronger than is that of 
the CIO4" ion. 

Adsorption of a Series of Strong Acids. A d d i t i o n a l k inet i c a n d 
e q u i l i b r i u m studies have been per formed w i t h H N O s a n d H 2 S 0 4 . T h e 
results of the e q u i l i b r i u m studies are g iven i n F i g u r e 11; comparable 
isotherms for H C l a n d H C 1 0 4 are shown also for comparison. These 
studies were carr ied out at 25 °C . i n 10" LW solutions of the sodium salt 
of the conjugate base. C a r b o n dosages were again 1.33 grams of 273-
m i c r o n coconut carbon per l iter for the e q u i l i b r i u m studies. T y p i c a l rate 
data for H N O : i i n a 10 _ 1 W N a N O * solution are shown i n F i g u r e 12. T a b l e 
I V is a tabulat ion of the results. 
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Table IV. Diffusion Coefficients for Different Strong Acids 

Initial pH = 3.50 
Sodium Salt Concentration = 10~2N 

Temperature = 25°C. 

Freundlich Parameters 

Acid R, X 10* N (cm.2/sec.) X 107 

H 2 S 0 4 14.5 0.1970 2.00 
H C l 6.5 0.1270 6.75 
H N O s 6.6 0.1065 24.50 
H C 1 0 4 8.2 0.1030 53.00 

T h e e q u i l i b r i u m curve for the H N O s falls between those for the H C l 
a n d the H C 1 0 4 , as expected on the basis of the explanation g iven p r e v i 
ously for the difference between H C l a n d H C 1 0 4 capacities. T h e N 0 3 " 
i o n w o u l d be less hydrated than the C I " i o n but more hydrated than the 
C 1 0 4 " ion . T h e d isrupture effect on the b u l k water structure w o u l d thus 
be expected to be intermediate , a n d the capaci ty sequence to be H C 1 0 4 

> H N 0 3 > H C l , as observed. T h i s corresponds to the affinity scale 
g iven b y K i t c h n e r for i on exchange resins (14). Because of the valence 
effect on the interact ion of the S 0 4

2 " i on w i t h the active carbon a n d o n 
the re lat ive extent of hydrat i on , pred i c t i on of H 2 S 0 4 capacity relat ive to 
the monoprotonic acids is difficult. It is interesting to note that the active 
carbon has a h igher capaci ty for H C 1 0 4 than for H 2 S 0 4 . T h u s , i t is 

Figure 10. Finite-bath rate of adsorption for perchloric acid 
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i i i i i i i r 

4.0 -

H30* ACTIVITY, x IO9 

Figure 11. Adsorption isotherms for different strong acids 

Data and calculated Freundlich isotherms are presented for HNOj and HtSOi 
for adsorption on coconut carbon from 0.01-normal solutions of NaNOj and 
NatSOh respectively. The isotherms for HCl and HCZOj are reproduced from 

Figures 1 and 8, respectively, for purposes of comparison 

Figure 12. Finite-bath rate of adsorption for nitric acid 

probab ly true that the more extensive hydrat i on of the SO42" prevents it 
f rom enter ing some of the smaller pores. 
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130 ADSORPTION F R O M AQUEOUS SOLUTION 

Figure 13. Finite-bath rate of adsorption for hydrochloric acid at 2°C. 

T h e dif fusion coefficient for HNO3 is intermediate between those 
for H C l a n d H C 1 0 4 , i n keep ing w i t h the relative effects of h y d r a t i o n a n d 
d isrupt ion of water structure. T h e dif fusion coefficient for H 2 S 0 4 , h o w 
ever, is l ower than those of the monoprotonic acids. A c c o r d i n g to H e l f 
f er i ch (13 ) , the change i n the magni tude of the dif fusion coefficient 
between b u l k solution a n d resin phase is m u c h greater for d ivalent ions 
than for monovalent ions. T h i s effect c o u l d be the result of a combinat ion 
of increased electrostatic interact ion w i t h internal surfaces a n d of i n 
creased phys i ca l resistance attr ibutable to the size of the hydra ted ion . 
T h e sequence of the dif fusion coefficients, 

S 0 4 - ' - (2 X IO"?) < c i - (6.75 X IO"7) < N O s " (24.5 X 10 7 ) < 

C 1 0 4 - (53 X IO" 7), 

compares favorably w i t h that f ound b y Soldano a n d B o y d (22, 25 ) , 

P 0 4
3 " (0.57 X IO"7) < W 0 4

2 " (1.80 X IO"7) < CI" (3.54 X 10~7) < 

Br<V (4.55 X IO" 7). 

T h e hydrated r a d i i p robab ly fo l l ow the same sequence i n each case. 
I n add i t i on , the dif fusion coefficients for C I " are of nearly the same 
magnitude . 

T e m p e r a t u r e Effects. E q u i l i b r i u m studies have been per formed on 
the H C l , 1 0 " 2 M N a C l system at temperatures of 2 ° , 25° , a n d 50°C . N o 
significant differences were noted i n the result ing isotherms, so that heats 
of sorption have not been calculated. T h e results of rate studies o n the 
same systems at the three different temperatures are shown i n F igures 13 
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a n d 14 for 2° a n d 5 0 ° C , a n d i n F i g u r e 2 for 25°C . T h e results are 
tabulated i n T a b l e V . 

Table V . Diffusion Coefficients for the HCl—NaCl System 
at Different Temperatures 

Initial pH = 3.50,10~2M NaCl 

_ Freundlich Parameters _ 
Temperature D 

°C. R, X 10* N (cm.2/sec.) X 107 

2 4.4 0.093 4.00 
25 6.5 0.127 6.75 
50 9.3 0.170 8.50 

T h e dif fusion coefficients, as expected, increase w i t h increasing 
temperature. V a r i a t i o n of the dif fusion coefficient as a funct ion of tem
perature can be expressed i n terms of the A r r h e n i u s equat ion, w h i c h , i n 
logar i thmic f o rm, is 

l o g g 2 =
 £ a r 2 - T i ( 8 ) 

S D 4 2.303R TXT2
 v ' 

I n E q u a t i o n 8, D is the dif fusion coefficient i n c m . 2 / s e c ; £ a is the ac t iva 
t ion energy i n cal . /mole-°K. ; R is the idea l gas constant (1.987 c a l . / 
m o l e - ° K . ) ; and , T is the temperature on the K e l v i n scale. A value of 
£ a = —(1.8 to 2.5) kcal . /mole-°K. , was ca lculated f rom the dif fusion 
coefficients fisted i n T a b l e V , i n l ine w i t h values expected for electrolyte 
dif fusion (13 ) . 

Conclusion 

G a r t e n a n d Weiss (8 ) have postulated that strong acids react w i t h 
chromene funct iona l groups on the active carbon surface i n the f o l l ow ing 
manner : 

H + CI" 
o 2 

+ H 2 0 2 

Chromene (benzpyran) Carbonium salt 
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132 ADSORPTION F R O M AQUEOUS SOLUTION 

T h i s react ion can be used to exp la in some of the observations of the 
present work . T h e carbon ium i on has a h i g h affinity for the O H " i on , 
as i l lustrated b y a pKh = 11 (23 ) . T h e carbon ium salt w i l l thus hydro lyze 
read i l y : 

T h i s react ion w o u l d account for the fact that carbon w h i c h h a d been 
contacted w i t h 1 + 1 H C l for five days cou ld be washed cont inuously 
w i t h d i s t i l l ed water over a per i od of three months to remove essentially 
a l l of the sorbed ac id . T h i s is i l lustrated b y the fact that essentially the 
same isotherm was obta ined for 1 -f- 1 H C l - t r e a t e d carbon as for untreated 
carbon. 

0.4 -

0.3 -

0.2 -

0.1 -

0 3 6 9 12 15 18 21 

Figure 14. Infinite-bath rate of adsorption for hydrochloric acid at 50°C. 

T h e poss ib i l i ty that dif fusion of oxygen into the pore is rate l i m i t i n g 
has been r u l e d out because the solutions used were exposed to the 
atmosphere, a n d oxygen has been f o u n d to be rate l i m i t i n g only w h e n 
the p a r t i a l pressure is less than 20 m m . H g (8). 

It has been not i ced also that only a smal l f ract ion of the total amount 
of sorbed ac id c ou ld be removed b y wash ing w i t h water w h i c h contained 
the salt of the a c id i n the same concentration as was present i n the solu
t i on w i t h w h i c h the carbon was equ i l ibrated or ig inal ly . T h i s observation 
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suggests that the conjugate anion is t ight ly h e l d , a n d is thus consistent 
w i t h the findings of others (9, 18, 30). 

It w o u l d appear, however , that not a l l the a c i d is taken u p b y means 
of the chromene react ion, since 50 to 6 0 % of the ac id sorbed at a n 
e q u i l i b r i u m p H of approximately 3.5 can be d isp laced b y a d d i n g pheno l 
to the solution i n sufficient quant i ty to b r i n g the pheno l concentrat ion to 
approximate ly 0 . 1 M at e q u i l i b r i u m . T h i s percentage, at least, of the 
a c i d or ig ina l ly sorbed is ev ident ly taken u p as a displaceable entity. 
G a r t e n a n d Weiss (9 ) have shown that the amount of a c i d w h i c h can 
be d isp laced b y a strongly adsorbing organic molecule is dependent u p o n 
the extent of ox idat ion of the active carbon d u r i n g manufacture . T h e 
nature of reactions at the surface therefore depends u p o n the method 
of preparat ion. It becomes difficult to make any general ized conclusions 
regarding the displaceable character of the sorbed acids. It should be 
noted that some of the sorbed ac id m a y be i n pores w h i c h are not read i ly 
accessible to the organic molecule a n d thus are not d isp laced b y the latter. 

There is not sufficient evidence conclusively to prove or disprove 
one or two definite mechanisms for react ion of a c id w i t h active carbon. 
H o w e v e r , the chromene-ac id react ion as here in descr ibed appears to be 
a l og i ca l a n d significant part of the overa l l reaction. Phys i ca l , electro
static, or other mechanisms for a c id sorption probab ly account for the 
remainder of the react ion. 

Regardless of the actual mechanism, the rate a n d extent of the a c i d 
react ion w i t h active carbon is an important factor a n d should prove 
useful for interpret ing sorption data of various k inds . Systematic sorption 
studies should lead u l t imate ly to a better understanding of the nature of 
the ac id -carbon react ion. 
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Adsorption and Wetting Phenomena 
Associated with Graphon in Aqueous 
Surfactant Solutions 

F . G . G R E E N W O O D , G . D . P A R F I T T , N . H. P I C T O N , and 
D . G . WHARTON 

University of Nottingham, Nottingham, England 

Adsorption isotherms at 25° were determined for sodium 
dodecyl sulfate on Graphon from aqueous solutions and 
from 0.1 M sodium chloride, also for dodecyl trimethyl
-ammonium bromide using potassium bromide as electrolyte. 
The dispersibility of the powder in the various solutions 
was assessed by measuring the optical density of dispersions 
resulting from end-over-end shaking. Comparison with co
agulation studies confirms that dispersibility is not con
trolled by the electrochemical properties of the system. 
Contact angle measurements were made to assess the wetting 
characteristics of the systems. A fairly discrete value of 
surface coverage of surfactant ions is necessary before the 
powder is readily dispersed by end-over-end action. This 
value is independent of ionic strength, and corresponds to 
the solution concentration for which the contact angle be
comes < 90° . 

> X i h e p r o b l e m of incorporat ing a powder into a l i q u i d to f o rm a disper-
sion of fine particles is an important aspect of co l l o id chemistry. T h e 

overa l l process may be considered as consisting of three stages: 

1. W e t t i n g of the powder . Powders consist of aggregates a n d a g 
glomerates ( t w o ways of def ining clusters of p r i m a r y particles ( 9 ) ) so 
not on ly the wet t ing of the external surfaces but also the displacement 
of a ir a n d wet t ing of the internal surfaces (between the particles i n the 
clusters) must be considered. T h e effectiveness of the wet t ing process 
m a y be expressed i n terms of the s o l i d / l i q u i d / v a p o r contact angle w h i c h 
must be zero for spontaneous wet t ing of the external surface (14), a n d 
less than 90° for spontaneous penetrat ion into the agglomerates ( I ) . 

135 
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136 ADSORPTION F R O M AQUEOUS SOLUTION 

2. B r e a k i n g u p the aggregates a n d agglomerates into co l l o ida l par 
ticles. Ideal ly the w o r k requ i red to complete this stage should be as 
smal l as possible, a l though i n some cases large energies may be invo lved 
depending on the strength of the b o n d h o l d i n g the p r i m a r y particles 
together i n the clusters. F o r the systems considered i n this paper l i tt le 
effort is apparent ly requ i red for this stage. It has been suggested (16) 
that the resistance to stress of part ic le -part ic le bonds can be signif icantly 
reduced b y the add i t i on of surface active mater ia l but the mechanism 
of the process is not established. 

3. Coagu la t i on ( reduct ion i n part ic le number w i t h t ime due to 
irreversible col l is ions) of the dispersion. T h e resistance to coagulat ion, 
or the stabi l i ty of the dispersion, depends on the relative magnitudes of 
the attractive v a n der W a a l s forces between the particles, a n d the r e p u l 
sive force w h i c h i n a system invo lv ing charged particles m a y be asso
c iated w i t h the over lapp ing of their e lectr ical double layers. T h e stabi l i ty 
of a co l l o ida l dispersion is pred ic ted b y the D e r y a g u i n - L a n d a u - V e r w e y -
Overbeek ( D L V O ) theory (6, 7, 21). 

D i s p e r s i b i l i t y has been defined (12) as the ease w i t h w h i c h a dry 
powder may be dispersed i n a l i q u i d a n d this term can be used to express 
the effectiveness of the first two stages. A l t h o u g h i n theory the three 
stages may be considered quite separately, interpretat ion of experimental 
observations i n terms of these stages m a y be difficult because they usual ly 
overlap i n practice. A great dea l of attention has been p a i d to the factors 
invo lved i n the stabi l i ty of co l l o ida l dispersions i n re lat ion to current 
theories. T h e relat ionship between dispers ib i l i ty a n d the various parame
ters obta in ing i n any part i cu lar system has received l i t t le attention. T h e 
wet t ing characteristics of aqueous surfactant solutions on oxide etc. sur
faces is of considerable interest to m i n e r a l processing, a n d on carbon 
blacks to detergency, but surpris ingly few attempts have been made to 
relate the efficiency of the processes to the inter fac ia l tensions preva i l ing 
a n d to the contact angles. Unfor tunate ly the measurement of contact 
angle for a l i q u i d w i t h a powder is beset w i t h difficulties. 

T h e adsorpt ion of the surface active agent at the s o l i d / l i q u i d inter
face is, presumably , an important prerequisite to the process associated 
w i t h dispers ib i l i ty . Besides the l ower ing of the inter fac ia l tension, another 
factor is invo lved w i t h ionic agents namely the electric potent ia l associ
ated w i t h adsorpt ion of ions. B o t h factors were considered b y T a m a -
m u s h i (19) to be relevant to the dispersion of powders i n aqueous 
surfactant solutions. Some authors (15, 20, 22, 23) have re lated the 
effects d irect ly to the zeta potent ia l , w h i l e others (8, 11, 18) discuss their 
observations i n terms of the increasing degree of h y d r o p h i l i c character 
of the carbon b lack surface as a result of adsorption. F u n d a m e n t a l ener
getic considerations show (12) that the values of the contact angle and 
the surface tension of the wet t ing l i q u i d are important parameters con
t ro l l ing the dispersion process. T h e effects of coagulat ion, contro l led b y 
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the e lectr ical properties of the system, may be superimposed on the 
dispersing process a n d this m a y l ead to an incorrect interpretat ion of 
the experimental results. 

T h i s paper describes a study of the d ispers ib i l i ty of G r a p h o n 
(g raph i t i zed Spheron 6) i n aqueous solutions of sod ium dodecy l su l 
fate ( S D S ) an dodecy l t r i m e t h y l a m m o n i u m bromide ( D T A B ) , a n d its 
re lat ion to the adsorpt ion behavior of the surfactants at the s o l i d / l i q u i d 
interface, w i t h a v i e w to determine the contro l l ing process i n the dis 
pers ib i l i ty of these systems. 

Experimental 

M a t e r i a l s . G r a p h o n (the graphi t i zed f orm of the medium-process
ing channe l b lack, Spheron 6) was supp l i ed b y the C a b o t Corporat i on . 
T h e surface area of G r a p h o n (4) of 78.9 m e t e r 2 / g r a m was determined 
b y the B . E . T . method us ing ni trogen at - 1 9 6 ° C . a n d o- = 16.2 A . 2 . Pure 
samples of D T A B a n d S D S were supp l i ed b y Glovers Chemica l s L t d . 
a n d C y c l o Chemica l s respectively. Analys is of the surfactants gave the 
f o l l ow ing results: S D S , C 49 .76% (calc . 50 .00% ), H 8 .73% (calc . 8 .68% ), 
residue 25 .12% (calc . 2 4 . 6 6 % ) a n d > 9 9 % C12 homologue; D T A B , N 
4.40% (calc . 4 . 5 4 % ) , B r 25 .44% (calc . 2 5 . 9 2 % ) residue 70 .16% (calc . 
69 .54% ) a n d > 9 6 % C i 2 homologue. Va lues of the c r i t i ca l mice l le con 
centrat ion (c.m.c.) were determined for the two surfactants a n d the 
results for S D S , c.m.c. = 8.0 m M . (d rop vo lume method for surface 
tension; no m i n i m u m observed) , a n d D T A B , c.m.c. = 16.0 m M . ( con
ductance ) , were i n good agreement w i t h l i terature values (17, 24), i n d i 
cat ing a satisfactory l eve l of pur i ty . B . D . H . L t d . ce ty l p y r i d i n i u m bromide 
( s tandard cat ionic agent ) , a n d A . R . sod ium chlor ide a n d potassium 
bromide were used. 

Procedure. F o r the adsorption measurements samples of about 0.3 
gram G r a p h o n were accurately w e i g h e d into adsorpt ion tubes, about 
10 m l . of surfactant solution added , the tubes sealed a n d rotated end-
over-end i n a water thermostat at 25 ± 0.1° for at least twelve hours ; 
it h a d been established that a m u c h shorter t ime was requ i red for reaching 
adsorpt ion e q u i l i b r i u m . U s u a l l y it was necessary to separate the so l id 
f rom the solution b y f i l tering through an O x o i d membrane filter but 
where possible centr i fuging at 3500 r .p .m. was used. T h e clear super
natant l i q u i d was analyzed for surfactant b y t i t rat ion (2 ) against ce ty l 
p y r i d i n i u m bromide for D T A B . B r o m o p h e n o l b lue was used as indicator . 
I n the cases where bo th separation techniques were avai lable ident i ca l 
results were obtained. T h e effect on the adsorpt ion of breaking u p the 
G r a p h o n b y i r rad ia t i on w i t h ultrasonics was assessed i n s imi lar exper i 
ments i n w h i c h the mixtures were subjected to 40 kc . / sec . rad iat ion for two 
minutes us ing a 500 watt D a w e Instruments L t d . Sonic lean Generator . 

F o r the assessment of d ispers ib i l i ty , samples of about 0.1 g ram of 
G r a p h o n were accurately w e i g h e d into standard tubes approximately 
1.5 cm. w i d e a n d 13 cm. long fitted w i t h B 1 4 Quickf i t joints. A k n o w n 
amount of solut ion (—10 m l . ) was added a n d the tubes were rotated 
end-over-end i n the thermostat at 25° at approximate ly 20 r .p .m. for 
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various times, after w h i c h they were a l l owed to stand for 18 hours so 
that the larger G r a p h o n particles w o u l d settle. T h e opt i ca l density of the 
remain ing dispersion was measured at 400 m/x i n a 2 m m . ce l l us ing a 
U n i c a m S P 600 spectrophotometer, i n a constant temperature r oom m a i n 
ta ined at 25 ± 1° . O p t i c a l densities were corrected to a concentration 
of 1 mg . G r a p h o n / m l . solution. 

T h e wet t ing characteristics of the systems were assessed b y measur
i n g the contact angles (0) of the solutions on the powder us ing the 
B i k e r m a n method ( 3 ) . T o obta in a non-porous flat surface on w h i c h to 
p lace drops of l i q u i d for measurement, a t h i n layer of G r a p h o n was 
pressed on a flat paraffin w a x surface. D r o p s of different volumes (0.001 
to 0.008 cc.) were p laced on the G r a p h o n surface us ing an A g l a syringe, 
a n d 6 ca lculated f rom measurements, us ing a t rave l l ing microscope, of 
the diameters of the areas of contact of the drops (extrapolated to zero 
v o l u m e ) , assuming each drop to have the same shape as a segment of a 
sphere. I n cases where this condi t ion was not ful f i l led— i .e . , at l o w 0— 
anomalous results were obtained. Contac t angles for water were also 
measured for G r a p h o n pressed on a v i n y l plast ic t i le a n d also on a sheet 
of Polythene , a n d w i t h i n exper imental error ( ± 2 % ) the results were the 
same as those for G r a p h o n on the w a x surface. Contac t angles of various 
D T A B solutions on the wax surface were f ound to be about 30° lower 
than the corresponding values obta ined for G r a p h o n pressed o n the w a x 
surface. 

Results and Discussion 

T h e adsorpt ion results for S D S on G r a p h o n f rom aqueous a n d 0 . 1 M 
sod ium chlor ide solutions are shown i n F i g u r e 1. I n bo th cases saturation 
adsorpt ion is reached at the c .m.c , the effect of a d d e d salt be ing to 
decrease the c.m.c. a n d to increase the m a x i m u m adsorpt ion leve l such 
that the average area per adsorbed D S " i o n decreases f rom 4 2 A . 2 to 3 3 A . 2 . 
F o r aqueous solutions a m a r k e d po int of inf lection is observed at about 
ha l f the c .m.c , w h i c h m a y indicate a change i n or ientation, f r om para l l e l 
to perpendicular , of the adsorbed ion . A t the po int of inflection the area 
per adsorbed i o n is approximately 7 0 A . 2 w h i c h w o u l d satisfy the para l l e l 
or ientat ion mode l . S imi lar experiments (4) on heat-treated samples of 
the o r i g i n a l carbon b lack Spheron 6 indicate that the point of inf lection 
is associated w i t h the graphi t i zed , homogeneous surface conta in ing v i r 
tua l ly no h y d r o p h i l i c sites. T h e po int of inf lection is not apparent i n the 
isotherm for 0 . 1 M sod ium chlor ide possibly because of the steep rise i n 
adsorpt ion at l o w concentration. T h e effect of subject ing the G r a p h o n 
to ultrasonic rad iat ion is to increase s l ight ly the adsorpt ion at concentra
tions above the point of inflection. W h e t h e r this increase m a y be corre
lated w i t h a change i n the wet t ing characteristics of the system is 
uncerta in . 

F i g u r e 2 shows the adsorpt ion data for D T A B , w h i c h have some 
similarit ies to those of S D S i n that saturation is reached at the c.m.c. a n d 
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Equilibrium concentration (mM) 

Figure 1. Adsorption of SDS on Graphon at 25° from aqueous solu
tion after end-over-end action O and after ultrasonic irradiation X, and 

from solutions in 0.1 M sodium chloride • (end-over-end) 

T i I i i i i I i i r 

Equilibrium concentration (mM) 

Figure 2. Adsorption of DTAB on Graphon at 25° from aqueous solu
tion after end-over-end action O and after ultrasonic irradiation X, and 

from solutions in 0.1 M potassium bromide • (end-over-end) 
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the adsorpt ion increases on add i t i on of electrolyte. H o w e v e r , the increase 
is not as large for D T A B , the average area per D T A + i on decreasing 
f rom 4 2 A . 2 to 38A . 2 . T h i s behavior is para l le led b y the smaller apparent 
increase i n mice l lar weight on add i t i on of potassium bromide to D T A B ( 5 ) 
compared w i t h that for sod ium chlor ide on S D S ( 1 0 ) , a n d m a y w e l l reflect 
the screening of the ni trogen b y m e t h y l groups i n D T A B . Subject ing 
the G r a p h o n to ultrasonic rad iat ion has no effect ( w i t h i n exper imental 
error) on the adsorption. 

There are differences i n isotherm shape, a n d for D T A B the behavior 
is not amenable to a s imple explanation. O f part i cu lar interest are plots 
of the amount adsorbed against the m e a n ionic act iv i ty of the surface 
active agent ( i n c l u d i n g the counter ion of the a d d e d e lectro lyte) . I n the 
case of D T A B a l l the data , i n c l u d i n g others at various salt concentrations 
up to 0 . 5 M , l ie on one l ine w h i c h , after an i n i t i a l steep rise, is l inear to 
the c.m.c. T h i s indicates that for other than the i n i t i a l strong adsorpt ion 
at l o w concentrations (possibly because of specific interactions w i t h the 
surface) the adsorpt ion fol lows the l a w of mass act ion. F o r S D S a s imi lar 
result is obta ined except that posit ive deviations f rom the straight l ine 
occur be low a ± — 4 X 1 0 " 3 M for the cases (salt concentration < 0 . 1 M ) 
w h e n there is a po int of inf lection i n the isotherm. These deviations m a y 
reflect specific interactions of the D S " w i t h the surface w h e n the ions are 
adsorbed i n para l l e l or ientation. 

D u r i n g the adsorpt ion experiments greater dif f iculty was experi 
enced i n separating the G r a p h o n dispersed i n surfactant solutions at 
concentrations above the c .m.c , a n d this diff iculty increases i n magni tude 
w i t h the length of the per i od subjected to end-over-end action. Unless 
the separation is complete, a m a x i m u m i n the adsorpt ion isotherm is 
observed since the total amount of surfactant ana lyzed is larger than 
that corresponding to the true adsorption. W e f o u n d the amount of so l id 
r e m a i n i n g suspended that w o u l d l ead to an adsorpt ion m a x i m u m , to 
be dece iv ing ly smal l . A n i l lustrat ion of the re lat ion between the e q u i 
l i b r i u m concentrat ion of D T A B a n d the amount of so l id mater ia l r e m a i n 
i n g suspended after standing for some days f o l l ow ing end-over-end 
act ion for 30 hours, is g iven i n F i g u r e 3. T h e i n i t i a l change, w h i c h is 
f a i r l y abrupt , occurs at a concentrat ion be low the c .m . c , a n d compar ison 
w i t h the adsorpt ion isotherm i n F i g u r e 2 shows there to be no apparent 
correlat ion between the effect a n d the nature of the adsorbed layer. S u c h 
is the case for a l l the systems discussed i n this paper . Fur thermore , the 
effect bears no re lat ion to the stabi l i ty to coagulat ion of the systems. 
Measurements (13) of the rate of coagulat ion of dispersions prepared 
us ing ultrasonic i r rad ia t i on show that the G r a p h o n , once dispersed, is 
indef inite ly stable i n aqueous surfactant solutions at a l l concentrations. 
It is the same for solutions conta in ing salt a l though i n these cases at l o w 
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Figure 3. The dispersibility of Graphon in aqueous solutions of 
DTAB at concentrations from left to right, in mM: 2.0, 5.1, 9.1,12.3, 

15.0, 19.3, 22.6, 26.0, 30.2, 33.7 

surfactant concentrations the dispersions are re lat ive ly unstable. A l so , 
measurements of electrophoretic m o b i l i t y indicate that for a l l the systems 
the zeta potent ia l is constant over the range of concentration at w h i c h 
there is a m a r k e d change i n dispers ib i l i ty . It seems clear that the d is 
pers ib i l i ty of the G r a p h o n is not contro l led b y the e lectrochemical prop 
erties of the system. 

T h e d ispers ib i l i ty of G r a p h o n i n S D S solutions, bo th w i t h and w i t h 
out sod ium chlor ide , is i l lustrated i n F i g u r e 4 i n terms of the opt i ca l 
density ( o n a standard we ight basis) of the dispersions w h i c h remain 
after various periods of end-over-end action. S imi lar plots were obtained 
for D T A B . F o r a l l the plots extrapolation to zero opt i ca l density of the 
approximate ly l inear region of r a p i d l y increasing opt i ca l density leads 
to a fa i r l y discrete value of the surface coverage of adsorbed ions (46 i t 
1 A . 2 D S " a n d 52 ± 1 A . 2 for D T A + ) at w h i c h the abrupt change i n d is 
pers ib i l i ty occurs. These data indicate that the d ispers ib i l i ty of G r a p h o n 
is re lated to the h y d r o p h i l i c character of the surface associated w i t h the 
adsorbed surfactant ions. 

Spontaneous wet t ing of the external surface of a so l id is associated 
w i t h zero contact angle, otherwise some w o r k is necessary for complete 
wet t ing to be achieved. I n the case of a powder w e must also consider the 
penetrat ion of l i q u i d into the smal l channels inside a n d between the 
aggregates of the d r y powder , a n d this is theoretical ly spontaneous only 
w h e n 6 < 90° (assuming a hypothet i ca l c y l i n d r i c a l pore ) . It may 
therefore be assumed that for the powder to be dispersed i n the l i q u i d 
as fine particles it is necessary for 6 < 90° , a n d that only w h e n 0 = 0 
w o u l d w e expect the who le wet t ing process to be spontaneous—i .e. , 
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Concentration SDS (mM) 

Figure 4. The dispersibility of Graphon in aqueous 
solutions of SDS shown as values of optical density put 
on a standard weight basis: (a) without sodium chlo
ride, (b) with 0.02M sodium chloride, (c) with 0.1M 
sodium chloride. The numbers indicate the number of 
hours subjected to end-over-end action. Arrows indi

cate the c.m.c. 

require no external work. T h a t this is the case w i t h the present system is 
borne out b y the measurements of 6 for the various solutions on G r a p h o n 
( F i g u r e 5 ) . I n a l l cases it is observed that the G r a p h o n cannot be 
dispersed easily unless 0 < 90° . 

It seems reasonable to conclude, therefore, that d ispers ib i l i ty is 
re lated to the wet t ing of the powder b y the l i q u i d rather than to the 
electrochemical properties of the system. 
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4 6 8 10 
Concentration (mM) 

Figure 5. Contact angles on Graphon for 
aqueous solutions of DTAB • and SDS X , for 
DTAB in 0.1M potassium bromide O , and for 

SDS in 0.1M sodium chloride O 
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Analysis of the Composite Isotherm for the 
Adsorption of a Strong Electrolyte from 
Its Aqueous Solution onto a Solid 

K A R M A M. VAN DOLSEN and M A R J O R I E J. VOLD 

The University of Southern California, Los Angeles, Calif. 90007 

The charge density, Volta potential, etc., are calculated for 
the diffuse double layer formed by adsorption of a strong 
1:1 electrolyte from aqueous solution onto solid particles. 
The experimental isotherm can be resolved into individual 
isotherms without the common monolayer assumption. That 
for the electrolyte permits relating Guggenheim-Adam sur
face excess, double layer properties, and equilibrium con
centrations. The ratio: σ0/Г2N declines from two at "zero" 
potential toward unity with rising potential. Unity is closely 
reached near kT/e = 10 for spheres of 1000 A. radius but 
is still about 1.3 for plates. In dispersions of Sterling FTG 
in aqueous sodium β-naphthalene sulfonate a maximum 
potential of kT/e = 7 (170 mv.) is reached at 4 X 10-3M 
electrolyte. The results are useful in interpretation of the 
stability of the dispersions. 

T t has been recognized since the nineteenth century that sparing soluble 
particles of large surface area have been k n o w n to be mainta ined for 

l ong times i n solut ion of sufficiently l o w ionic strength. T h e m u t u a l 
repuls ion of the l ike charge borne b y the particles counterbalances the 
v a n der W a a l s attraction. T w o classes of s o l i d / l i q u i d interface have been 
extensively s tud ied : the complete ly po lar i zed (3 ) a n d the complete ly 
reversible interface (9, 12, 13). T h e or ig in of the influence of electrolyte 
is, as is w e l l k n o w n , par t ia l expuls ion (negative adsorpt ion) of s imil ions 
near the surface a n d concomitant increase i n concentration of counter
ions. T h e situation was treated as analogous to a condenser w i t h the 
charge per un i t area of the co l l o ida l surface a n d the equivalent net 
charge i n the surrounding solut ion be ing designated "electric double 

145 
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layer" as early as 1879 b y H e l m h o l z . Short ly thereafter the d i s t r ibut ion 
of bo th simil ions a n d counterions i n the potent ia l field was treated b y 
the statistical B o l t z m a n n expression b y G u o y a n d C h a p m a n (5 ) to a l l ow 
for the t h e r m a l mot ion of the ions. T h e concept of capaci ty of the electric 
double layer remained , apart f rom the designation "diffuse double layer . " 

F o r a reversible interface, such as A g l / a q u e o u s solution, the electro
static potent ia l i n the solut ion just outside the surface referred to zero at 
regions of solut ion inf initely remote f r om co l l o ida l particles, the V o l t a 
potent ial , is ca lculated f rom the Nernst equation, the concentration of 
potent ia l determining ions, a n d the zero-point-of-charge w h i c h is not 
usual ly the stoichiometric equivalence point . 

T h e characteristics of the diffuse electric double layer at a complete ly 
po lar i zed interface, such as at a m e r c u r y / a q u e o u s electrolyte solut ion 
interface are essentially ident i ca l w i t h those f ound at the reversible inter 
face. W i t h the po lar izable interface the potent ia l difference is a p p l i e d b y 
the experimenter, and , together w i t h the electrolyte, specif ically adsorbed 
as w e l l as located i n the diffuse double layer, results i n a measurable 
change i n inter fac ia l tension a n d a measurable capacity . 

It can be observed that the above two types of electric double layer , 
w h i c h have bas ica l ly s imi lar properties, differ p r i n c i p a l l y i n the manner 
of establ ishing the potent ia l difference across the electric double layer. 
O n e type is fixed b y the so lubi l i ty a n d other interactions of the so l id i n 
contact w i t h solution of electrolyte. I n the other type, po lar izable inter 
face, the experimenter applies any desired potent ia l difference between 
one l i q u i d surface a n d a reference electrode. T h e result ing V o l t a poten
t i a l is fixed b y the specific adsorbabi l i ty of the electrolyte. 

A t h i r d type of electric double layer, hitherto but s l ight ly investigated 
i n modern times, derives its V o l t a potent ia l f r om the specific adsorba
b i l i t y of an i o n w h i c h is chemica l ly unrelated to the sol id . T h i s type, 
w h i c h is the subject of the present paper (us ing beta-naphthalene su l 
fonate i on a n d a homogeneous nonpolar graphi t i zed carbon) also has 
qual i tat ive s imilarit ies to the two classical ones. T h e results of this study 
are in tended for use i n companion studies of the electrokinetic properties 
a n d stabi l i ty factors of the same system. A l t h o u g h graph i t i zed carbon 
b lack ( a n d also carbonaceous mater ia l of vary ing , sometimes u n k n o w n 
composi t ion) has been invest igated as sols i n hydrocarbon m e d i a 
( largely as a result of its importance to the petro leum a n d related 
industr ies ) , a n d to a lesser extent as aqueous sols to s imulate " d i r t " i n 
studies of detergency, precise data a n d careful interpretat ion of t h e m 
are bo th lack ing . 

O n e of the most significant results is that negative adsorpt ion of 
s imil ions ( their par t ia l expuls ion f rom the surface reg i on ) , w h i c h has 
been recognized but not emphasized , even i n the earliest days of G u o y -
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C h a p m a n theory, is i n fact a quant i ty of considerable importance . A l r e a d y 
v a n d e n H u l a n d L y k l e m a (18) h a d rea l i zed this s i tuation. T h e y showed 
that the measured negative adsorpt ion of phosphate ions a n d of sulfate 
ions c o u l d be used to determine the surface area of the particles i n 
negative sols of A g l , i n reasonable agreement w i t h results obta ined f r o m 
capacitance measurements. I n the present case, a first integrat ion of the 
Po isson-Bo l tzmann equat ion gives the charge density at the surface 
corresponding i n posit ion to that of the V o l t a potent ial . B u t the adsorp
t i on measured b y change i n concentrat ion of sod ium beta-naphthalene-
sulfonate refers to the number of ions on the surface minus the n u m b e r 
of ions w h i c h are negat ively adsorbed i n the diffuse double layer. T h e 
two quantit ies are not ident i ca l a n d differ b y a factor of two , i f the 
(dub ious ly justif iable) D e b y e - H i i c k e l approx imat ion is used. H a p p i l y , 
the rat io between negative adsorpt ion a n d total surface charge appears 

Symbol Table 

a R a d i u s of a sphere (meters ) . 
A A r e a of the surface (meters 2 ) . 
C b M o l a r concentrat ion of electrolyte i n the b u l k solution. 
e C h a r g e of an electron (e.s.u.) . 
k B o l t z m a n n constant. 
m W e i g h t of adsorbent ( g r a m s ) . 
r i i 8 Mo les of component i i n the surface-containing region. 
N 0 T o t a l moles of a l l components present i n the solut ion before 

dispersing the adsorbent. 
N Avogadro 's number . 
1 D is tance (meters ) . 
L L i n e a r extent of the surface-containing region measured per 

pend i cu lar ly o u t w a r d f r om the interface (meters ) , 
r D is tance f rom the center of a sphere (meters ) . 
T Abso lute temperature, 
u R e d u c e d potent ia l , x&^/kT. 
u 0 R e d u c e d surface potent ia l . 
V i P a r t i a l molecular vo lume of component i (mi lHl i ters /molecule ) . 
V s V o l u m e of the surface-containing region (meters 3 ) . 
Xi M o l e f ract ion of component i . 
Zi Va lence of the i t h i o n type. 
r 2

( N ) G u g g e n h e i m - A d a m " N convent ion" surface excess of compo
nent i ( i = 1 for water , i = 2 for electrolyte, i n mo les /meter 2 ) , 

c B u l k die lectr ic constant of water. 
(T0 C h a r g e density on the surface (moles /meter 2 ) . 
2 Specific surface area of adsorbent (meters 2 / g ram) . 
\ff Electrostat ic potent ia l (mil l ivolts) . 
vi Concentrat i on of ions ( i o n s / m l . i = c for counterions, 1 = s for 

s imil ions , i = b for bo th i n the b u l k solution). 

American Chemical Society 
Library 

1155 16th St, N.W. 
WasMnfton, D.C 20038 
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148 ADSORPTION F R O M AQUEOUS SOLUTION 

DISTANCE 

Figure 1. Schematic: Diffuse double layer formed as 
a result of anion adsorption, showing the effect of nega
tive adsorption of similions on the bulk concentration. 
A. Initial electrolyte concentration. B. Final electrolyte 
concentration. C. Final concentration if there were no 

negative adsorption of similions 

(19) to be independent of electrolyte concentrat ion a n d depends only on 
the V o l t a potent ia l . 

Theory 

T h e presence of an adsorbed layer at the s o l i d / s o l u t i o n interface is 
in ferred f r om an observed concentrat ion change w h e n co l l o ida l so l id is 
p l a c e d i n contact w i t h solution. I f one of the ions adsorbs preferential ly , 
the interface becomes charged, a n d a diffuse double layer is f o rmed 
spontaneously extending o u t w a r d f rom the charged surface. Since coun
terions are attracted to the charged interface, their concentration i n the 
diffuse double layer is greater than i n the b u l k solut ion a n d they are said 
to be pos i t ive ly adsorbed. S imi l ions are repe l led f r om the surface a n d are 
sa id to be negat ively adsorbed. T h e neutra l izat ion of the surface charge 
is accompl ished b y the combinat ion of the posit ive adsorpt ion of counter
ions a n d the negative adsorpt ion of s imil ions. Since posit ive adsorpt ion 
is in ferred f rom a decrease i n concentration of the b u l k solut ion, a n d 
negative adsorpt ion is in ferred f rom an increase i n concentration, the 
net change w i l l be smaller i n magni tude than the larger of the two effects. 
T h e s i tuat ion is schematized i n F i g u r e 1. 

T h i s measured concentration change is usual ly converted into a 
surface excess quant i ty , analogous to that usual ly ca lculable f r o m surface 
tension data for adsorpt ion at the l i q u i d / v a p o r interface. I n the case of 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

9.
ch

01
2

In Adsorption From Aqueous Solution; Weber, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



12. V A N D O L S E N A N D V O L D Composite Isotherm 149 

the s o l i d / l i q u i d interface i n w h i c h the so l id is impenetrable to solvent 
a n d solute a l ike , the surface of contact between the so l id a n d solut ion 
is a l og i ca l choice for the d i v i d i n g surface. A n arbi trary surface must be 
chosen to separate the b u l k solut ion f rom the surface-containing region. 
A H extensive quantit ies of the inter fac ia l region w i l l be dependent o n 
the pos i t ion of this second surface. A n y convent ion chosen should satisfy 
the f o l l o w i n g c r i ter ia : (1 ) give a value of the surface excess w h i c h is 
independent of the choice of pos i t ion of the second d i v i d i n g surface; 
(2 ) c lear ly show the relat ive presence of bo th solvent a n d solute i n the 
inter fac ia l region; a n d (3 ) a l l ow a concept of this region w h i c h facil itates 
app l i ca t i on of diffuse double layer theory. 

T h e G i b b s surface excess, r 2
( 1 ) , is conceptual ly difficult, a n d has the 

further disadvantage that the extent of the surface region must change as 
the composit ion of the surface region changes ( 4 ) . T h e G u g g e n h e i m -
A d a m " N " convention surface excess, r 2

N , is a l og i ca l choice inasmuch 
as i t satisfies the above cr i ter ia a n d also al lows resolution of the composite 
isotherm into i n d i v i d u a l isotherms ( 8 ) . T h e G u g g e n h e i m - A d a m surface 
excess is defined as the number of moles of electrolyte i n a vo lume of 
solut ion conta in ing one square meter of surface a n d N tota l moles of a l l 
species, i n excess of the corresponding quant i ty i n a vo lume of b u l k so lu
t ion conta in ing the same total n u m b e r of moles ( 4 ) . T h i s surface excess 
quant i ty is symmetr i ca l w i t h respect to solvent a n d solute. 

r 2
N = - i \ N 

It is d i rec t ly re lated to the G i b b s surface excess. 

r 2
N = x 1 r 2

( 1 ) 

It is ca lculable f rom a measured concentrat ion change 

r 2
N = - N 0 A x 2 / m 2 ( l a ) 

i f the specific area is k n o w n , a n d the so l id has a w e l l character ized surface. 
Its def init ion gives the re lat ionship between the composite, T 2

N , a n d 
i n d i v i d u a l isotherms, n i R a n d n 2

s . 

T 2
N = ( 1 / m S ) ( n a - - x 2 ( i V + n 2*)) ( l b ) 

T h e extent of the surface-containing reg ion is not specified b y the 
def init ion of the surface excess. T h i s reg ion must conta in a l l of the 
solut ion whose concentration differs f rom that of the b u l k l i q u i d a n d m a y 
contain any amount of b u l k solution. T h e b u l k solution makes no contr i 
b u t i o n to the value of the surface excess. N o assumption is i n v o l v e d i n 
the def init ion of surface excess as to whether either component forms a 
monolayer on the surface. 
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150 ADSORPTION F R O M AQUEOUS SOLUTION 

T h e above def init ion of the symmetr ic surface excess a n d the classical 
G u o y - C h a p m a n m o d e l of the diffuse double layer are c o m b i n e d to show 
that the surface excess cannot be considered a surface concentrat ion i n 
the presence of an i on i zed monolayer on an impenetrable s o l i d / l i q u i d 
interface. 

It is postulated that one of the ions of the adsorbed 1:1 electrolyte 
is surface active a n d that i t forms a n i on i zed monolayer at the s o l i d / l i q u i d 
interface. A l l counterions are assumed located i n the diffuse double layer 
(no specific adsorpt ion ) . S imi l ions are negatively adsorbed i n the diffuse 
double layer. Since the surface-containing region must be electr ical ly 
neutra l , the total moles of electrolyte adsorbed, n 2

a , equals the tota l moles 
of counterions i n the diffuse double layer w h i c h must be e q u a l to the 
sum of the moles of s imil ions i n the diffuse double layer a n d the charged 
surface, Ao- 0. These condit ions are expressed i n Equat i ons 2a,b. 

n2«=(l/N) Jj* Vcdv (2a) 

n2«=(l/N) Jy*Vsdv + A<T0 (2b) 

It is a basic assumption that the preferential adsorpt ion of ions of one 
sign is the sole source of the electric potent ia l difference between the 
surface a n d the b u l k solution. T h e counterions a n d simil ions not actual ly 
on the surface are assumed to be d is t r ibuted according to the B o l t z m a n n 
law , E q u a t i o n 3, w h i c h w i t h Equat i ons 2a a n d 2b yields E q u a t i o n 4. 
T h e infinite flat plate case is treated first. T h e vo lume element, dv, has 
been rep laced b y Adl a n d the exponentials have been c o m b i n e d to give 
the cosh u term. T h e factor 10 4 permits the area to be i n square meters, 
consistent w i t h the units of surface excess. 

^ = vb exp ( z ^ / k T ) (3) 

n 2 ' = A a 0 / 2 + ( l O S ^ A / J V ) • f u ( L ) cosh u(dl/du)du (4) 
J u 0 

T h e decay of the electric field w i t h distance f rom the charged surface is 
obta ined f r om the first integrat ion of the Po isson-Bo l tzmann equat ion 
(20 ) . 

(du/dl)=-(32^e2
Vh/ekT)^ s inh(u /2 ) (5) 

Subst i tut ion of 5 into 4 a n d integrat ion results i n an exact expression for 
n 2

s , E q u a t i o n 6, w h i c h lacks the expl ic i t in troduct ion of the l imits of 
integration. 

n 2 - / A = ( 1 0 V N e ) ( v ^ r / 8 7 r ) 1 / 2 ( 2 s i n h ( u o / 2 ) -
u ( L ) In tanh(u /4 ) - cosh(u /2 ) ) (6) 
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O n e of the advantages of us ing the symmetr i ca l surface excess is that 
the thickness of the surface region is not at a l l c r i t i ca l so long as it is 
a l l owed to be large enough that the i o n concentrations at the l i m i t of the 
surface region agree w i t h the b u l k i on concentrations to the precis ion 
desired of the calculat ion. T h e value of L was chosen such that u ( L ) = 
10" 6 u o . So lut ion concentrations are w i t h i n 10~4 percent of their b u l k value 
w i t h this choice. F o r the infinite plate case, L varies f rom about 1400 A . 
at C b = 1 0 " 3 M to about 200 A . at C b = 5 X 1 0 _ 2 M . 

I n order to calculate the surface excess ( w h i c h is a composite iso
therm) f rom the der ived i n d i v i d u a l isotherm for component two, E q u a 
t ion 6, a further assumption is necessary. T h a t chosen is that the par t ia l 
molecular volumes of the two components i n the surface-containing region 
are the same as i n the b u l k solution, even though some of the ions are 
attached to the surface. T h e error in t roduced b y this assumption leads 
to a vo lume of the surface region w h i c h might be somewhat too large, 
but the p r i m a r y effect is i n the second term i n E q u a t i o n 8b, w h i c h i n 
these calculations is always less than 10~3 t imes the value of the first term. 
T h e error i n the ca lculated surface coverage at saturation is probab ly 
less than 1 % . 

T h e remain ing pert inent equations are E q u a t i o n 7a for the vo lume 
of the surface region a n d E q u a t i o n 7b for the e q u i l i b r i u m b u l k concen
trat ion. In t roduc ing the b u l k mole fract ion, x 2 , a n d rearrangement yie lds 
the relations, Equat i ons 8a a n d 8b, used w i t h Equat i ons l a a n d l b for 
numer i ca l calculations. 

F o r use i n these equations, n 2
s is obta ined f rom E q u a t i o n 6. T h e vo lume 

of a sod ium beta-naphthalenesulfonate molecule , ca lculated f rom b o n d 
lengths a n d appropriate v a n der W a a l s r a d i i , is taken to be 330 A . 3 . A n 
average molecular vo lume of water of 30 A . 3 was ca lculated f rom the 
density of water at 25.0 °C . M o s t of the n u m e r i c a l work was done on a 
H o n e y w e l l 800 d i g i t a l computer. T h e symmetr ic surface excess a n d the 
surface charge densities were ca lculated over a w i d e range of surface 
potentials a n d concentrations. 

S imi lar calculations, based on the same pr inc ip les , were carr ied out 
for spher ica l particles. Since the Po isson-Bo l tzmann equat ion cannot be 
integrated ana lyt i ca l ly i n spher ica l symmetry , a n u m e r i c a l integrat ion 
was per formed. T h e computer-generated numer i ca l tables of reduced 
potent ia l as a funct ion of reduced distance of L o e b , W i e r s e m a , a n d 

V " = ( n ^ + n 2
s 5 2 ) ( N / 1 0 6 ) 

C b = ( 1 0 3 / N ) ( n a V t a * © ! + n 2 W J 2 ) ) 

x 2 = ( l O V N ^ C * - (5"2 - 5 i ) / ^ ) - i 

m " = (lOW^/Nv^ - ( t 5 2 / « i ) V 

(7a) 

(7b) 

(8a) 

(8b) 
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152 ADSORPTION F R O M AQUEOUS SOLUTION 

DISTANCE, A. 

Figure 2. Calculated dependence of the surface excess on 
distance from an infinite fiat solid-liquid interface. u0= 4.0, 

C» = 0.01, CT0 = 4.41 X 10~7 

Overbeek ( I I ) were used. T h e integral over the spher ica l surface region 
corresponding to that for an infinite flat plate g iven i n E q u a t i o n 4 was 
done numer i ca l ly us ing Simpson's rule a n d results i n E q u a t i o n 9a. 

/ ( n - l ) / 2 ( n - l ) / 2 \ 
+ 4 J] W + 2 J] f 2 i - i + f n r „ 2 ) (9a) 

\ i = l i = 2 / 

fj = exp (Uj) -fexp ( — Uj) 

It is convenient to redefine the pertinent variables i n the terms used b y 
L o e b , W i e r s e m a , and Overbeek so that the avai lable tabular quantit ies 
can be used d irect ly as input to the computer. These terms are q 0 = * a , 
x = 1/xr, a n d o-0 = (ekT/4rre) I ( q 0 , u 0 ) . These substitutions give rise to 
E q u a t i o n 9b. 

n 2 « / A = (10 2
c kT / 87 re 2 aN) 

/ / ( n - l ) / 2 
^ q 0 I ( q 0 , u 0 ) - ( A x / 6 q 0 ) ^ f l X l - 4 + 4 ^ 

i - l ) / 2 \ \ 

2 f 2 i - l X 2 i - l " 4 + f r X n ~ 4 J J 
+ 2 (9b) 
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2.0 

Figure 3. Calculated dependence of the surface charge 
density on the surface excess. (A) sphere, u0 « 1, (B) 
sphere, u0 — 1.0, (C) infinite flat plate, u0 = 7.0, (D) sphere, 

uo = 7.0 

2.0 

z 
v. 
b° 

- o — o — o — o -

O l I 1 — 1 

0 5.0 10.0 
U o 

Figure 4. Calculated dependence of the ratio of the surface 
charge density to the surface excess on the electrostatic sur
face potential. Curve A is for the infinite flat plate case. 

Curve B is for a sphere with a 1000 A. radius 

T h e ca lculated surface excesses for spheres of 1000A. radius are h igher 
than those for a flat plate of the same potent ia l a n d surfactant concentra
t ion b y an amount w h i c h increases w i t h increasing potent ia l . T y p i c a l 
results of these calculations are i n c l u d e d i n Figures 3, 4, a n d 5. 
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T h e integrat ion of the spherical analog of E q u a t i o n 4 can be done 
analyt i ca l ly only i n the D e b y e - H i i c k e l approx imat ion , u 0 < < 1, a n d 
leads to Equat i ons 10a a n d 10b. 

T h e latter equat ion shows that i n the extreme case of l o w potent ia l , 
l o w adsorpt ion, a n d l o w ionic strength the negative adsorpt ion of s imil ions 
i n the diffuse double layer region is just hal f of the posit ive adsorpt ion 
due to the charged surface. A t the opposite extreme is the h i g h i on i c 
strength region, i n w h i c h , for spher ica l particles, r 2

N = o-0. I n the absence 
of a d d e d salt ( the only case considered here) as the ionic strength varies 
so does the re lat ionship between the surface excess a n d the charge density 
of the i on i zed monolayer. 

Experimental 

E a s t m a n K o d a k technica l grade sod ium /?-naphthalenesulfonate was 
deco lor ized w i t h act ivated charcoal a n d recrysta l l ized twice f r o m water . 
T r i p l e A d i s t i l l ed water was used w i thout further d is t i l la t ion . It has a 
specific conduct iv i ty of 3.0 X 10" 6 o h m " 1 cm. 1 0.01 p .p .m. C a 2 + a n d 0.5 
p .p .m. other po lyvalent cations. T h e carbon was a spec ia l research sample 
of g raphi t i zed Ster l ing F T supp l i ed b y the C a b o t Corpora t i on . It was 
extracted w i t h toluene u n t i l the extract showed no detectable difference 
i n its absorpt ion spectrum f rom that of pure toluene. It was then washed 
w i t h d i lute H C l , extracted w i t h water u n t i l the extract showed no chlo 
r ide , air d r i e d at 90 °C . a n d stored over P 2 0 5 . D i spers i on of 2.0 grams of 
this carbon i n 10.0 m l . of water gave a n increase i n p H of 0.9 units to 
p H 7.4. T h e area of the carbon was determined f rom adsorpt ion of n i t ro 
gen at 78°K., us ing 21 A . 2 per N 2 (16, 17). T h i s area, i f avai lable i n 
solut ion, is 17.5 square meters per gram. T h e corresponding surface 
average radius is less than 1000 A . 

S o d i u m /?-naphthalenesulfonate was chosen as the surface-active 
electrolyte because its structure is s imple a n d r i g i d . It does not f o r m 
micel les , so there is no quest ion as to the species adsorbed on the surface. 
It is a strong electrolyte a n d is expected to be essentially complete ly 
i on i zed at saturation coverage. S N S stabi l i zed dispersions flocculate over 
periods of minutes to months depend ing o n the concentration of S N S . 
Ster l ing F T G has a non-polar , non- ionic , hydrophob i c surface. T h e u l t i 
mate particles have large, flat, p o l y h e d r a l surfaces. T h e part ic le size 
d i s t r ibut ion of the d r y carbon is narrower than that of most co l l o ida l 
carbons ( 2 ) . 

T w o to five grams of carbon were dispersed ul trasonical ly i n 10 m l . 
of an aqueous solut ion of sod ium /?-naphthalenesulfonate us ing a one 
ga l lon Del ta -Sonics c leaning tank w i t h a 100 watt , 45 kc. generator for 
90 minutes. T h e dispersion was equ i l ibra ted for 24 hours at 2 5 . 0 ° C , 
f o l l owed b y centr i fugation i n a Serva l l h i g h speed centrifuge. T h e 

n2* = Acr 0/2 + A(10*Vh/3a*N) (r 3 - a?) (10a) 

(10b) 2 T 2
N 
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2.0 
F 

E 

D 

C 

B 
A 

Figure 5. Constant potential isotherms for the adsorption of 
a 1:1 electrolyte on an infinite flat plate. (A) u0— 5.0 (B) u0 

= 6.0 (C) u0 = 7.0 (D) u0 = 8.0 (E) u0 = 9.0 (F) u0 = 10.0 

e q u i l i b r i u m b u l k concentration of electrolyte was determined b y u l t r a 
violet absorpt ion i n a double beam C a r y record ing spectrophotometer. 

T h e adsorpt ion isotherm was ca lculated f rom the measured concen
trat ion change. T h e number of points a n d their prec is ion suggests that 
the adsorpt ion values are good to 5 % , except at the very lowest concen
trations. T h e absolute accuracy depends on the cleanliness of the carbon 
surface, w h i c h c o u l d contain chemisorbed oxygen, a n d on the complete
ness of the dispersion process. These possible errors w o u l d lead to l o w 
values for the experimental surface excess. C o m p a r i s o n of the area per 
adsorbed i on at apparent surface saturation w i t h the ca lculated area i n 
different orientations suggests that the entire B . E . T . area is avai lable for 
adsorpt ion i n the dispersions. 

Results and Discussion 

Values of the surface potent ia l a n d surface charge density on the 
carbon b lack result ing f rom adsorpt ion of naphthalenesulfonate were 
calculated f rom the experimental adsorpt ion isotherm (see F i g u r e 7) b y 
means of the der ived constant potent ia l isotherms. B o t h ca lculated a n d 
experimental results are presented i n F igures 2 to 8. 

F i g u r e 2 shows that, for an infinite flat plate for w h i c h u 0 is 4.0 a n d 
C b is 0 . 01M, the surface excess ( ca lcu lated) is independent of the choice 
of depth of the surface region p r o v i d e d that the latter is equa l to or 
greater than the D e b y e "double layer thickness" (33 A . for this concen
t ra t i on ) . No te that the corresponding surface charge density is larger 
than the surface excess b y a factor of 1.44. T h a t expuls ion of s imil ions 
f rom the immediate v i c in i ty of the surface is the basic source of the 
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Figure 6. Comparison of constant potential isotherms be
tween the infinite flat plate case, solid line, and that of a 
spherical particle, dotted line, with a 1000 A. radius. (A) 

uo = 1.0 (B) u0 = 2.0 (C) u0 = 3.0 

3.0 -

OL 1 L_ 
0 0.02 c b 0.04 

Figure 7. Experimental adsorption isotherm of sodium beta-
naphthalenesulfonate on graphitized Sterling FT, A, and the 

corresponding calculated potential isotherm, B 

difference is supported b y the observation that this effect is greatest for 
D e b y e - H i i c k e l approx imat ion i n w h i c h the decay of the potent ia l w i t h 
distance appears slow, a n d becomes negl ig ib le as the surface potent ia l ap 
proaches 10 kT/e. I f there were no negative adsorpt ion of s imil ions near 
the surface, the surface charge density w o u l d equa l the surface excess, 
analogous to a monolayer of charges. T h i s is the same as the pred i c t i on 
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12. V A N D O L S E N A N D V O L D Composite Isotherm 157 

that the ratio of the negative adsorpt ion to the surface charge density 
depends on ^ c but is independent of ionic strength (19 ) . F i g u r e 3 shows 
that the re lat ion between surface charge density a n d surface excess (bo th 
calculated) is l inear but that the slope decreases f rom a h i g h of 2.0 i n the 
D e b y e - H i i c k e l approx imat ion to a value of 1.35 for a flat plate w i t h a u 0 

of 7.0 a n d 1.04 for a sphere of radius 1000 A . a n d u 0 equa l to 7.0 F i g u r e 4 
shows that the effect of negative adsorpt ion depends on the curvature 
of the part i c le as w e l l as on the surface potent ia l ; the ratio of < r 0 / r 2

N fal ls 
f rom the D e b y e - H i i c k e l l i m i t i n g value of 2.0 to 1.35 for an infinite flat 
plate at h i g h potent ia l a n d to close to 1.0 for spherical c o l l o id particles 
at h i g h potent ial . T h e ratio decreases more r a p i d l y w i t h increasing poten
t i a l for smal l spheres than for large spheres. 

F igures 5 a n d 6 show h o w the calculated values of the surface excess 
vary w i t h electrolyte concentration for various constant values of the 
reduced surface potential . These constant potent ia l isotherms are the 
p r i n c i p a l means for interpretat ion of the exper imental adsorpt ion iso
therms. E a c h pa ir of values of r 2

N a n d C b corresponds to a specific u 0 

w h i c h can be obtained f rom these graphs b y interpolat ion. A comparison 
of the general shape of the constant potent ia l isotherms w i t h the shapes 
of observed adsorpt ion isotherms of 1:1 surfactants (general ly rectangular 
hyperbo l o id i n the absence of cooperat iv i ty ) at the g r a ph i t e /wa ter inter 
face shows that u 0 must rise r a p i d l y w i t h increasing surfactant concentra
t ion , pass through a m a x i m u m a n d then decrease as the surface region 
becomes saturated a n d the ionic strength continues to increase. Zeta -
potent ia l measurements on S D S a n d T M A B stabi l i zed graphon a n d 
n-decane dispersions i n the absence of added salt (1,7) f a i l to confirm 
this general pred ic t ion . A possible diff iculty, w h i c h has not been resolved 
is that f -potentials ca lculated f rom electrokinetic data cannot yet be 
accurately interpreted. 

A g iven adsorpt ion gives rise to a lower potent ia l o n a spherical 
part ic le than on a flat plate. T h e difference is significant, but the l i m i t e d 
range of concentrations for w h i c h data for spher ica l particles are a v a i l 
able l i m i t their use for quanti tat ive analysis of the exper imental adsorp
t i on isotherm. T h i s isotherm is g iven as the lower curve of F i g u r e 7 w i t h 
the corresponding values of the surface potent ia l ca lculated f rom the 
equations for a flat plate as the upper curve. T h e m a x i m u m corresponds 
to a surface potent ia l of 170 mi l l ivo l t s a n d the l i m i t i n g value at higher 
concentrations is about 140 mi l l ivo l t s . T h e exper imental adsorpt ion iso
therm is not sufficiently precise to determine the exact f o rm of the curve 
of u 0 as a funct ion of concentrat ion as i t approaches zero, but the existence 
of the m a x i m u m a n d its locat ion at 0 .004M electrolyte concentration is 
c learly defined. T h e surface charge densities for these concentrations 
a n d surface potentials are equal to 1.35 r 2

N . 
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O— 

Ol 1 1 1 
0 0.02 c b 0.04 

Figure 8. Calculated average surface area per adsorbed naph
thalene sulfonate ion 

T h e surface charge density d i v i d e d b y the surface potent ia l gives 
the integral double layer capaci ty per uni t area of surface. T h i s quant i ty 
appears to increase f rom zero at zero concentration of adsorbable ions to 
a l i m i t i n g value of about 110 microfarads per square meter. T h e differ
ent ia l capacity , obtained as the slope of the curve of surface charge vs. 
surface potent ial , poses a prob lem. It rises normal ly i n very d i lute solu
t i on but passes through a d iscont inuity a n d then becomes negative. A 
more refined ca lculat ion , i n c l u d i n g bo th the presence of a Stern layer a n d 
the finite size of the adsorbed ions seems necessary for the interpretat ion 
of this quantity . T h e s ituation seems s imi lar to that on A g l i n w h i c h a 
decrease i n capaci ty at h i g h potentials is at tr ibuted to the l i m i t e d number 
of adsorpt ion sites (14). 

F i g u r e 8 gives the average area avai lable to an adsorbed naphthalene-
sulfonate i on , ca lculated f rom the adsorption isotherm a n d corrected for 
the difference between the experimental surface excess and the surface 
charge density. T h e density of ions " o n " the surface is assumed to 
correspond to o-0. S o d i u m naphthalenesulfonate shows no evidence of 
association or mice l le format ion (6). Cons iderable interest lies i n the 
l i m i t i n g area be ing only 120 A . 2 per adsorbed ion . C a l c u l a t i o n for a 
nonhydrated i on w i t h the r i n g system para l l e l to the carbon gives a 
geometrical area of 64 A . 2 . T h e i on w i t h two waters of hydra t i on w o u l d 
occupy areas, assuming rectangular close pack ing , of 136 A . 2 flat a n d 
78 A . 2 on end on the surface. It seems l ike ly that the l i m i t i n g area corre
sponds to a monolayer of ions w i t h their r ing system para l l e l to the 
surface. T h e l i m i t i n g area cannot be justifiably ascr ibed to m u t u a l r e p u l 
sion of the charges since adsorbed paraffin cha in sulfonates whose v a n der 
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W a a l s interact ion between chains is u n l i k e l y to be larger than that be
tween the p i electron systems of the naphthalene rings occupy consid
erably smaller l i m i t i n g areas (21). 

It is generally accepted that the G u o y - C h a p m a n theory applies to 
the diffuse port ion of the double layer w h e n the reference potent ia l is 

the potent ia l at the outer H e l m h o l t z plane, a n d distances are measured 
w i t h respect to this plane. Negat ive adsorpt ion of s imil ions is a phe
nomenon of the diffuse double layer. T h e concentration of s imil ions i n 
the Stern region is expected to be effectively zero except at the lowest 
potentials, a n d the presence of a t h i n layer of counterions a n d oriented 
water w i l l only cause the s imi l i on concentration to be actual ly zero i n 
this t h i n region. T h i s is not a significant difference. T h e difference be
tween the surface excess a n d the surface charge density, be ing dependent 
on negative adsorption of s imil ions, is not affected b y questions as to the 
orientat ion of the adsorbed surfactant ions or the presence of a Stern 
layer. 

T h e predominant counter ion is sodium. It has been shown that 
sod ium is not specifically adsorbed on H g at even the largest accessible 
negative potentials (3) a n d that its specific adsorpt ion potent ia l at the 
a i r / s o l u t i o n interface w i t h octadecyl sulfate films is less than kT/e (10). 
Furthermore , the calculated value of the specific adsorption potent ia l is 
h igh ly dependent u p o n the number of possible adsorption sites chosen 
(15 ) . Trace quantit ies of C a 2 + a n d other po lyvalent impurit ies ( a m a x i 
m u m of two equivalents per 10 f i A . 2 ) w i l l have the effect of reduc ing the 
surface potent ia l a n d electrostatic w o r k of adsorpt ion a n d increasing the 
extent of adsorpt ion of surfactant anion. T h e dramat ic effect of C a 2 + on 
sodium dodecy l sulfate a n d sod ium dodecylbenzene sulfate s tabi l ized 
graphon dispersions (23) i nvo lved concentrations of C a 2 + more than 
hundred fo ld larger than cou ld possibly have been present i n this work . 
It is i n the l ow concentration range of the adsorption isotherm that the 
sensit ivity of adsorpt ion to the presence of polyvalent cations w i l l be the 
greatest. I n v i e w of the very smal l amount of impuri t ies present, it seems 
safe to conclude that they do not signif icantly influence these experi 
menta l results. 

S u m m a r i z i n g briefly, the major conceptual point of this paper is the 
pred ic t ion that the thermodynamic surface excess and the electrostatic 
surface charge density are not equal . T h i s result fol lows d i rec t ly f rom 
the negative adsorpt ion of s imil ions i n the diffuse double layer. F o r 
strongly adsorbed surfactants on spherical particles, the surface potent ia l 
w i l l general ly be so h i g h that <r0 a n d r 2

N can be equated. H o w e v e r , for 
large particles w i t h flat surfaces, the ratio a 0 / r 2

x does not decl ine be low 
about 1.33 for potentials as h i g h as 10 kT/e. L i m i t i n g areas of adsorbed 
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ions ca lculated b y equat ing o-0 a n d r 2
x w i l l be too h igh . F o r l ower poten

tials , regardless of the surface curvature, the effect w i l l be even higher. 
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The Effect of Hydrocarbon Chain Length 
on the Adsorption of Sulfonates at the 
Solid/Water Interface 

T. WAKAMATSU and D . W . FUERSTENAU 

College of Engineering, University of California, Berkeley, Calif . 

Isotherms for the adsorption at the alumina-water interface 
of sodium alkylsulfonates containing 8, 10, 12, 14, and 16 
carbon atoms were determined at constant pH, tempera
ture, and ionic strength. Electrophoretic mobilities were 
measured for the same conditions. It is clearly shown that 
the adsorption isotherm for such detergents consists of three 
distinct regions. In Region 1 where adsorption occurs by 
ion exchange with chloride ions used to control ionic 
strength, the isotherms are approximately characterized by 
the same line. The onset of the increased adsorption owing 
to association of adsorbed detergent ions denoting Region 2 
depends on the hydrocarbon chain length. In Region 3, the 
electrokinetic potential is reversed and the isotherms exhibit 
a decreased dependence on concentration because of elec
trostatic repulsion at the surface. 

' T p h e adsorpt ion of i on ic surfactants at sol id-water interfaces is of great 
A technological importance i n such diverse fields as water renovat ion, 

detergency, m i n e r a l flotation, a n d corrosion inh ib i t i on . T h e complex 
nature of the adsorpt ion of surfactants at the sol id-water interface is 
contro l led b y the nature of the adsorbing species itself, the properties of 
the so l id adsorbent, a n d the composi t ion of the aqueous solution. D e 
pendent on these factors, ionic surfactant-sol id systems can be classified 
into three b road types, namely (1 ) those i n w h i c h the surfactant adsorbs 
as counterions i n the double layer through cou lombic interact ion w i t h 
the charged surface, (2 ) those i n w h i c h the surfactant adsorbs b y covalent 
b o n d format ion w i t h the so l id surface, a n d (3 ) those i n w h i c h the sur
factant adsorbs through hydrophob i c b o n d i n g of the hydrocarbon cha in 

161 
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162 ADSORPTION F R O M AQUEOUS SOLUTION 

to a nonpolar so l id such as graphite . I n a l l such adsorpt ion processes, 
the hydrocarbon cha in of the surfactant plays a dominant role i n the 
behavior of the system. T h e importance of the hydrocarbon cha in i n 
aqueous inter fac ia l phenomena has been demonstrated b y a variety of 
exper imental methods, for example, b y electrokinetic studies (11), flota
t i o n behavior (2), adsorpt ion measurements (12), a n d coagulat ion 
behavior ( 8 ) . 

T h e adsorpt ion of i on ic surfactants b y nonpolar solids such as 
graphite w o u l d be expected to depend marked ly on the length a n d con
figuration of the hydrocarbon cha in since it is through the hydrocarbon 
c h a i n that the surfactant bonds to the sol id . T h e invest igat ion of Skewis 
a n d Zett lemoyer (9 ) is qui te t y p i c a l of the k inds of effects obta ined i n 
such adsorpt ion systems. O n e of the f ew investigations reported i n the 
l i terature o n the adsorpt ion of i on ic surfactants of v a r y i n g c h a i n length 
on charged solids i n aqueous m e d i a is that of Jaycock, O t t e w i l l , a n d 
Rastog i ( 5 ) . U s i n g co l l o ida l si lver i od ide a n d aqueous solutions of 
p y r i d i n i u m bromides of various c h a i n lengths, they f ound that at l o w 
coverages, the adsorpt ion density was approximate ly the same for each 
of the surfactants but that the adsorpt ion increased catastrophical ly at 
some cr i t i ca l concentration dependent on cha in length. T h e use of s i lver 
i od ide as the adsorbent for such studies complicates the s i tuation con
s iderably because, as is n o w w e l l k n o w n , si lver i od ide is par t ia l l y h y d r o 
phob i c (4,13). T h u s , the adsorpt ion i n this system must be some c o m b i 
nat ion of cou lombic interact ion a n d hydrophob i c b o n d i n g w i t h the sur
face. Essent ia l ly the only other invest igat ion of the adsorpt ion of i on ic 
surfactants of various cha in lengths at minera l -water interfaces is that of 
T a m a m u s h i a n d T a m a k i (12), w h o determined the adsorpt ion of a l k y l -
a m m o n i u m chlorides on a lumina . T h e y atempted to exp la in their iso
therms i n terms of a B r u n a u e r - E m m e t t - T e l l e r ( B . E . T . ) type of equat ion, 
but the v a l i d i t y of their approach is questionable because of their neglect 
of e lectr ical effects. 

Recent ly (10), i t was demonstrated that the adsorpt ion of a l k y l -
sulfonates at the a lumina-water interface is a system i n w h i c h the sur
factant adsorbs as counterions i n the e lectr ical double layer. T h i s w o r k 
showed that the isotherm for the adsorpt ion of sod ium dodecy l sulfonate 
at the a lumina-water interface is character ized b y three dist inct regions: 
R e g i o n 1 i n w h i c h the detergent ions adsorb i n d i v i d u a l l y through 
cou lombic attract ion for the surface; R e g i o n 2 i n w h i c h the adsorpt ion 
is enhanced through association of the hydrocarbon chains of the adsorbed 
surfactant ions; a n d R e g i o n 3 i n w h i c h the charge i n the Stern p lane 
exceeds the surface charge w i t h the resul t ing electrostatic repuls ion 
act ing to retard adsorption. I n the exper imental invest igat ion discussed 
i n the present paper , details of the role of the hydrocarbon c h a i n i n the 
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adsorpt ion process at the a lumina-water interface have been studied for 
a series of a l k y l sulfonates w i t h v a r y i n g c h a i n lengths. I n this work , p H , 
ionic strength, a n d temperature were mainta ined constant. I n part i cu lar , 
our purpose has been to determine h o w each of these adsorpt ion regions 
depends on the hydrocarbon c h a i n of the surfactant. 

Experimental 

M a t e r i a l s a n d Methods . F o r the so l id adsorbent, a -a lumina ( L i n d e 
" A " ) of 99 .95% p u r i t y was used. Its specific surface area, as measured 
b y k r y p t o n gas adsorpt ion a n d b y stearic a c i d adsorpt ion f rom benzene 
was f ound to be 15 m e t e r 2 / g r a m . Its zero-point-of-charge occurs at 
p H 9.1. Deta i l s about the character izat ion of this mater ia l have been 
descr ibed i n a previous paper (15 ) . T h e alkylsulfonates were prepared 
b y neutra l i z ing h i g h p u r i t y sulfonic acids ( C 8 , C I O , C12 , C14 , a n d C 1 6 ) 
w i t h sod ium hydrox ide a n d b y recrysta l l i z ing the sod ium salt f rom hot 
absolute e thy l a lcohol . D e t a i l e d in f rared spectroscopic analysis of these 
reagents showed them to be pure sulfonates w i t h but a trace amount of 
water as the only impur i ty . O n l y the C 1 4 reagent appears not to be 
complete ly free of shorter cha in homologs. A l l inorganic chemicals were 
reagent grade. C o n d u c t i v i t y water prepared i n a quartz s t i l l was used 
for a l l solutions. 

T h e adsorpt ion experiments were carr ied out i n a 600 m l . beaker that 
was stoppered w i t h a Tef lon disc containing holes for a thermometer, gas 
inlet a n d outlet, a n d p H electrodes. T h e ce l l conta in ing the a l u m i n a a n d 
the surfactant solut ion was mainta ined at a constant temperature b y 
immers ing the ce l l i n a thermostatical ly contro l led water bath . A n atmos
phere of pur i f ied ni trogen was mainta ined over the ce l l . T h e exper imental 
condit ions were h e l d constant at p H 7.2, 2 5 ° C , a n d 2 X 1 0 " 3 M ion ic 
strength (adjusted w i t h sod ium c h l o r i d e ) . T h e system was st irred b y 
means of a magnetic , Tef lon-covered st i rr ing bar for four hours. A b o u t 
two hours was r e q u i r e d for adjust ing p H , a n d the remain ing t ime was 
used for at ta in ing e q u i l i b r i u m a n d for sampl ing . T h e method used for 
the determinat ion of sulfonate concentration is the w e l l - k n o w n methylene 
b lue complex method (6, 7 ) . 

E lec trophoret i c mobi l i t ies of the a l u m i n a particles were determined 
for the same condit ions as were used to obta in the adsorpt ion isotherms. 
F o r this purpose, a sample of the a l u m i n a suspension was transferred to 
the electrophoresis ce l l for measurement of the electrophoretic mobi l i t ies . 
A Zeta -Meter was used for this part of the program. 

Resul ts . T h e isotherm for the adsorption of s o d i u m dodecy l sulfonate 
b y a l u m i n a at constant p H ( p H 7.2) a n d ion ic strength (2 X 1 0 " 3 M ) 
is g iven i n F i g u r e 1 to i l lustrate specif ically the nature of the isotherm 
obta ined for the adsorpt ion of a detergent f rom aqueous solution. I n this 
figure, the amount of sulfonate adsorbed per un i t area of a l u m i n a is 
p lo t ted l ogar i thmica l ly as a funct ion of the e q u i l i b r i u m concentrat ion of 
alkylsul fonate i n solution. T h e adsorpt ion isotherm consists of three 
dist inct regions: R e g i o n 1, w h i c h is character ized b y a l o w increase i n 
adsorpt ion w i t h increasing surfactant concentrat ion; R e g i o n 2, b y a n 
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164 ADSORPTION F R O M AQUEOUS SOLUTION 

EQUILIBRIUM CONCENTRATION OF SODIUM DODECYL SULFONATE, 
MOLE/LITER 

Figure 1. The electrophoretic behavior and isotherm for the adsorption 
of sodium dodecyl sulfonate from aqueous solution at pH 7.2, 25°C, and 
2 X 10~3M ionic strength (NaCl). The 95% confidence limits for the 

three straight-line regions of the adsorption isotherm are shown 

abrupt increase i n the slope of the isotherm; a n d Reg ion 3, aga in b y a 
decreased dependence of adsorpt ion on sulfonate concentration. T o 
correlate changes i n the adsorpt ion process w i t h the isotherm, the electro
phoret ic behavior of a l u m i n a i n the presence of sod ium dodecy l sulfonate 
is also i n c l u d e d i n F i g u r e 1. I n F i g u r e 2, isotherms for the adsorpt ion of 
C 8 to C 1 6 sulfonates are presented to show h o w the cha in length of 
the detergent affects the adsorpt ion process. 

T h e electrophoretic mobi l i t ies of a l u m i n a for the same condit ions as 
used for determinat ion of the isotherms are presented i n F i g u r e 3. Th i s -
figure, together w i t h F igures 1 a n d 2, shows that the m o b i l i t y is posit ive 
i n s ign i n Regions 1 a n d 2 but is negative i n R e g i o n 3. R e g i o n 1 is 
character ized b y the electrophoretic m o b i l i t y be ing nearly independent 
of the sulfonate concentration. T h e transit ion between R e g i o n 1 a n d 
R e g i o n 2 is m a r k e d b y a sharp change i n the electrophoretic mobi l i ty -us . -
concentrat ion curve whereas the transit ion between Regions 2 a n d 3 
occurs at concentrations where the m o b i l i t y is zero. C l e a r l y , the electro
phoret ic behavior of the a l u m i n a depends m a r k e d l y o n the n u m b e r of 
carbon atoms i n the hydrocarbon cha in of the detergent. T h e adsorpt ion 
density m a r k e d as a monlayer i n F i g u r e 2 is that for a closely p a c k e d 
layer of vert i ca l ly or iented alkylsul fonate ions. 
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13. W A K A M A T S U A N D F U E R S T E N A U Adsorption of Sulfonates 165 

Discussion of Results 

The Adsorption Isotherm. I n a previous paper (10), i t was shown 
that the isotherm for the adsorpt ion of a detergent at the sol id-water 
interface can be character ized b y three dist inct regions but at that t ime 
the data were not analyzed statistically. Stat ist ical analysis of the data 
presented i n F i g u r e 1 shows that the isotherm corresponding to each of 
the three regions can be character ized b y the f o l l ow ing straight l ines : 

Region 1: log r = -8.76 + 0.66 log C 
Region 2: log r = -3.30 + 1.92 log C 
Region 3: log r = -8.03 + 0.60 log C 

where r is the amount of sulfonate adsorbed i n mole per c m . 2 a n d C is 
the molar concentrat ion of sulfonate i n the b u l k solution. Statist ical 
analysis of these data shows that the slope of these three straight lines 
at the 95% confidence l eve l (14) is 0.66 ± 0.19, 1.92 ± 0.25, a n d 0.60 
± 0.22 for Regions 1, 2, a n d 3, respectively. R e g i o n 1 for sod ium d o d e c y l 
sulfonate under these experimental conditions applies u p to a detergent 
concentration of 6 X 10 " 5 M. T h e adsorpt ion is character ized b y R e g i o n 2 
between 6 X 10 " 5 M a n d 3 X 10 " 4 M under these condit ions, a n d b y 
R e g i o n 3 above 3 X 10 " 4 M sulfonate. 

F u r t h e r evidence for three dist inct modes of adsorpt ion can be seen 
i n the electrophoretic behavior of a l u m i n a i n the presence of sod ium 
dodecy l sulfonate. B e l o w 6 X 10~ 5M, the electrophoretic m o b i l i t y is 
near ly independent of concentration, but at this concentration the slope 
of the mob ihty - t ; s . - concentrat i on curve abrupt ly changes. A t 3 X 10 " 4 M 
dodecy l sulfonate concentration, the electrophoretic m o b i l i t y reverses its 
sign, ind i ca t ing that the charge i n the Stern layer n o w exceeds the surface 
charge i n absolute magni tude . 

T h i s experimental evidence c learly shows the compl i cated nature 
of the adsorpt ion isotherm for a detergent at the polar solid-aqueous 
solut ion interface. 

The Effect of A l k y l Chain Length on Adsorption. F i g u r e 2 shows 
that the adsorpt ion isotherms a l l have somewhat the same general char 
acteristics only the concentrations at w h i c h the effects occur appear to 
depend on the a l k y l cha in length. Consequent ly , the adsorpt ion behavior 
i n each of the three regions of the isotherms w i l l be discussed separately 
a n d w i l l be interpreted i n terms of the role that the hydrocarbon cha in 
plays i n the adsorpt ion process. 

It has a lready been established (10) that alkylsul fonate ions adsorb 
at the pos i t ive ly charged a lumina-water interface as counterions i n the 
e lectr ical doub le layer. Chemisorp t i on is absent. T h e e lectr ical double 
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166 ADSORPTION F R O M AQUEOUS SOLUTION 

Figure 2. Adsorption isotherms for sodium alkylsulfonates of dif
ferent hydrocarbon chain lengths on alumina at pH 7.2, 25°C, and 

2 X 10~3M ionic strength 

layer m o d e l w i l l then be used to interpret the adsorpt ion behavior ob
served i n these experiments. 

I n Reg ion 1, alkylsulfonate ions are considered to adsorb as i n d i 
v i d u a l counterions i n compet i t ion w i t h the chlor ide ions used to contro l 
the ionic strength. If the adsorpt ion is of non-associated sulfonate ions 
b y idea l exchange i n the diffuse layer, a single l ine independent of cha in 
length should characterize the adsorption i n R e g i o n 1. F o r the C 1 6 su l 
fonate, at the lowest concentration w h i c h cou ld be studied , the adsorpt ion 
already has exceeded that of Reg ion 1. O n the other h a n d , F igures 2 a n d 
3 show that the adsorpt ion of C 8 sulfonate is restricted entirely to R e g i o n 
1. F o r C 8 , C I O , C 1 2 , a n d C 1 4 this adsorpt ion is character ized approx i -
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mate ly b y a single l ine , whose slope is about 0.7 instead of the expected 
slope of 1.0. S u c h deviations f rom i d e a l exchange are not yet c lear ly 
understood but are considered to reflect differences i n the a b i l i t y of sur
factant ions compared w i t h chlor ide ions to penetrate the diffuse layer 
region. T h i s is a subject of cont inued research. 

R e g i o n 2 is character ized b y a m a r k e d change i n the slope of the 
adsorpt ion isotherms. T h i s results f rom the onset of association of the 
hydrocarbon chains of the surfactant ions adsorbed i n the Stern plane. 
T h e mean separation distance of adsorbed ions under these condit ions is 
about 70 A . , w h i c h approximates the mean separation distance i n b u l k 
at the c.m.c. I n such adsorpt ion phenomena, there is a relat ionship be
tween this asociation a n d the format ion of micel les i n b u l k solution. F o r 
example, electrokinetic studies (1) on quartz at neutra l p H showed that 
a l k y l a m m o n i u m ions associate i n the Stern plane w h e n their b u l k con
centration is approximate ly one hundredth of the c.m.c. T h i s association 
w h i c h has been ca l l ed hemimice l le format ion ( 3 ) , gives rise to a specific 
adsorpt ion potent ia l w h i c h causes the adsorpt ion to increase marked ly 
a n d brings about a reversal i n the s ign of the potent ia l at the Stern plane. 
T h e hemimice l le concentration, that is the b u l k concentration necessary 

UJ 
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CONCENTRATION OF SODIUM A L K Y L SULFONATE, MOLE/LITER 

Figure 3. The electrophoretic mobility of alumina at pH 7.2 and 2 X 
10~3M ionic strength as a function of the concentration of sulfonates with 

various hydrocarbon chain lengths 
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to induce association i n the interface, increases w i t h decreasing cha in 
length. A t p H 7.2 on a l u m i n a this concentration is 4 X 1 0 " 6 M for C 1 6 , 
1.4 X 1 0 " 5 M for C14 , 6 X 1 0 " 5 M for C 1 2 , 7 X 1 0 " 4 M for C I O , a n d is 
above 2 X 1 0 " 3 M for C 8 sulfonate. T h e slopes of the isotherms are 0.56 
for C 8 , 1 . 3 3 for C I O , 1.92 for C 1 2 , 2.50 for C14 , a n d 5.80 for C 1 6 sulfonate. 
T h u s , w i t h increasing c h a i n length, the compet i t ion between R S 0 3 " a n d 
C I " for sites at the surface strongly favors the adsorpt ion of the detergent. 

I n a previous p u b l i c a t i o n (10) i t was shown that adsorpt ion i n 
Reg ion 2 where association of the hydrocarbon chains is l ead ing to 
extensive adsorpt ion a n d eventual reversal of the s ign of the m o b i l i t y — 
i.e., — i s g iven b y 

where Ts is the adsorpt ion density i n the Stern plane i n m o l e s / c m . 2 , r is 
the effective radius of the adsorbed ion , C is the b u l k concentration i n 
m o l e s / c c , z is the valence of the adsorbed ion , F is Faraday 's constant, 
\f/6 is the potent ia l i n the Stern plane, <j> is the cohesive energy per mole 
of C H 2 groups, n is the effective number of associating C H 2 groups per 
hydrocarbon cha in , R is the gas constant, a n d T the absolute temperature. 
T h u s , expressing adsorpt ion on a logar i thmic basis, w e have 

T h e var iat ion of n w i t h concentration expresses the fact that i n R e g i o n 2 
complete remova l of each C H 2 group of the surfactant f rom water is only 
possible at a monolayer. I n b u l k systems the analogous processes are the 
pre-association into dimers , tr imers, etc. just be low the c r i t i c a l mice l le 
concentration. 

F r o m the slopes of the adsorpt ion isotherms a n d the mob i l i t y - con 
centrat ion curves, it is possible to evaluate w i t h E q u a t i o n 2, d n / d l n C — 
i.e., the term w h i c h expresses the effective number of C H 2 groups re 
m o v e d f rom the aqueous environment. B y this means, the values of 
d n / d l n C are f ound to be 9 for C 1 6 , 4 for C14 , 2 for C12 , 2 for C I O , a n d 
0 for C 8 . A compar ison can be made for the C 1 6 sulfonate b y consider ing 
the mob i l i t y curves a n d adsorpt ion isotherms. Observat ion of the electro
phoret ic m o b i l i t y curve for the C 1 6 surfactant shows that hemimice l l e 
format ion begins at 6 X 1 0 " 6 M a n d that the m o b i l i t y curve again becomes 
independent of concentrat ion at 1.5 X 1 0 " 5 M , this latter concentration 
co inc id ing w i t h monolayer coverage i n the expected manner. Thus , n 
has an effective value of zero at about 6 X 10~ 6 M a n d a va lue of 15 at 
monolayer coverage (assuming that the t e r m i n a l C H 3 groups are exposed 
to the so lut ion ) . T h i s leads to an estimated value of d n / d l n C of a ppr ox i -

( i ) 

d l n C RT d\nC RT d l n C 
d l n r _ zF di// 5 _ <f> dn 

(2) 
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mate ly 16. A s po inted out previous ly ( 10 ) , a l imi ta t i on of this treatment 
is that throughout R e g i o n 2, the fract ion of the sulfonate ions that adsorb 
i n the Stern layer increases, reaching un i ty at the end of R e g i o n 2. Since 
E q u a t i o n 2 depends on the assumption that the adsorpt ion i n the Stern 
layer is propor t iona l to the total adsorption, the value of d n / d l n C ca l cu 
lated f r o m the adsorpt ion w i l l be too low. 

T h e end of Reg ion 2 is character ized b y the fact that the m o b i l i t y 
passes through zero. W h e n the m o b i l i t y is zero, the Stern-Grahame 
expression for the adsorpt ion of a specif ically adsorbing surfactant i o n 
can be expressed as 

( r 8 ) „ = 2 r C 0 e x p ( - *£) (3) 

where N is the number of carbon atoms i n the hydrocarbon cha in . H e r e 
we must assume that the effective fract ion of the C H 2 groups removed 
f rom aqueous environment w h e n fa is zero must be independent of c h a i n 
length . P u t t i n g E q u a t i o n 3 i n logar i thmic f o r m a n d rearranging terms 
y ie lds : 

lnC0-]n&k = - N ± (4) 

T h e n u m e r i c a l values of (1^)0 a n d C 0 are tabulated i n T a b l e I. 

T a b l e I . 

C16 1.6 X 10" 1 0 mo le / cm. 2 1.0 X 10" 5 mole/ l i ter 
C14 1.1 X 10" 1 0 9.0 X IO" 5 

C12 7.9 X 10" 1 1 2.8 X IO" 4 

CIO 6.0 X 10" 1 1 1.7 X IO" 3 

F r o m these numbers , i t can be seen that the change of (Ts)0 w h e n 
increasing the number of C H 2 groups i n the a l k y l cha in l ength f rom C I O 
to C 1 6 , is 6.0 X 10 1 1 to 1.6 X 10" 1 0 , w h i l e the variations i n the values of 
( C 6 ) 0 is 10"r> to 1.7 X 10" 3 . W e do not k n o w the effective radius of each 
sulfonate i o n at zero mob i l i t y , but i t certainly must correspond approx i 
mate ly to the thickness of the adsorbed layer. Perhaps it may even 
increase w i t h the number of carbon atoms i n the hydrocarbon cha in . 
H o w e v e r , as the var iat ion i n the value of (Cs)0 is very large compared 
w i t h that of ( r « ) 0 , i t w i l l be assumed that I n ( r 6 ) 0 / 2 r is a constant inde 
pendent of the c h a i n length. T h u s , i f w e plot the l ogar i thm of (Cs)0 

against N, a straight fine should be obtained. A c c o r d i n g l y , i n F i g u r e 4, 
the concentration of sod ium alkylsulfonate i n solution corresponding to 
zero m o b i l i t y is p lo t ted as a funct ion of the number of carbon atoms i n 
the a l k y l chain . F r o m the slope of this l ine , the value of <f> is ca lculated 
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to be —0.95 RT, a value i n good agreement w i t h previous studies of 
amine salts on quartz (2,11). 

Figure 4. Variation of the concentration of sulfonate 
necessary for zero electrophoretic mobility of alumina 
as a function of the number of carbon atoms in the 

alkyl chain 

I n R e g i o n 3 the solpe of the isotherm is lower than i n Reg ion 2. H e r e 
the surfactant ions probab ly adsorb b y a somewhat different mechanism. 
A s shown i n F i g u r e 2, the values of fa must be negative i n this region, 
a n d consequently the adsorbed sulfonate ions should be subjected to 
electrostatic repuls ion i n the adsorpt ion process. Thus , r educ ing the 
slope of the isotherms i n this region. I n R e g i o n 3 the slope of the C 1 6 
isotherm is 2.16, that of the C 1 4 is 1.50 a n d that of the C 1 2 isotherm is 
0.60. A l t h o u g h on ly three values for this slope c o u l d be obta ined f rom 
our studies, it is apparent that the value becomes greater w i t h increasing 
hydrocarbon c h a i n length. T h i s tendency again can be at tr ibuted to the 
increased attraction between hydrocarbon chains w i t h increase i n c h a i n 
length. F u r t h e r , the adsorbed detergent m a y tend to orient differently 
at the surface because of the electrostatic repuls ion u p o n reversal of i/̂ . 
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Summary 

A s a part of a study on the mechanism of adsorpt ion of a l k y l s u l 
fonates at the a lumina-water interface, the role of hydrocarbon c h a i n 
length i n the adsorpt ion process has been invest igated b y adsorpt ion a n d 
electrophoresis measurements w i t h sod ium alkylsulfonates conta in ing 
8, 10, 12, 14, a n d 16 carbon atoms at constant p H , temperature, a n d i on i c 
strength. T h e adsorpt ion isotherms have c lear ly been shown to consist 
of three dist inct regions, depend ing u p o n the intermolecular behavior 
of the hydrocarbon chain . I n R e g i o n 1 where the detergent ions adsorb 
i n the double layer i n compet i t ion w i t h the ch lor ide ions used to contro l 
ion ic strength, the isotherms are character ized b y approx imate ly the 
same straight l ine . I n R e g i o n 2 the adsorbed detergent ions associate, 
result ing i n a sharp increase i n the adsorpt ion density. T h e onset of this 
association occurs at l ower b u l k concentrations as the hydrocarbon c h a i n 
length is increased. I n R e g i o n 3 the adsorpt ion isotherms aga in have a 
decreased slope; i n this region the electrokinetic potent ia l is reversed, 
resul t ing i n electrostatic repuls ion between the adsorbed ions. B y means 
of the Stern-Grahame m o d e l of the double layer under condit ions where 
the electrophoretic m o b i l i t y of the a l u m i n a is zero, the cohesive free 
energy per mole of C H 2 groups has been ca lcu lated to be —0.95 R T . 
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Adsorption of Dyes and Their 
Surface Spectra 

A . H . H E R Z , R. P. DANNER, and G . A . J A N U S O N I S 

Research Laboratories, Eastman Kodak Company, Rochester, New York, 14650 

The adsorption of dyes and particularly of cyanines at silver 
halide, silver or mica substrates is generally accompanied 
by changes in the dye spectra. Depending on the system, 
these changes have been quantitatively evaluated either by 
reflectance measurements with application of the Kubelka-
Munk relation or by transmission spectroscopy. Surface con
centrations and saturation coverages of the dyes as well as 
surface areas and average particle dimensions of the sub
strates were obtained. These values generally agreed well 
with independently determined measurements and yielded 
Langmuir adsorption coefficients, apparent standard free 
energies of adsorption, and probable orientations of the 
adsorbed dyes. 

T t is the purpose of this paper to describe methods for determining a n d 
A interpret ing dye spectra i n aqueous dispersions of s i lver hal ides a n d 
other substrates. S u c h spectra can be u t i l i z e d for the direct measurement 
of surface concentrations of dyes f r om w h i c h , i n turn , the surface area of 
the substrate can be der ived . T h e techniques invo lved are not l i m i t e d 
to a specific dye class but w i l l be i l lustrated i n this paper b y the behavior 
of cyanine dyes. 

T h e k n o w n factors w h i c h influence the solut ion spectra of cyanines 
have been recently rev iewed (14, 46, 73). It w i l l be sufficient to sum
marize here some of the concentration-dependent spectral properties for 
the specific case of l , l ' - d i e thy l -2 ,2 ' - cyan ine ; this cyanine was employed i n 
m a n y of the present experiments. I n a lcohol as i n d i lute water solutions 
this dye, w h i c h w i l l be referred to as Pseudocyanine, a l though it has also 
been ca l l ed Pseudoisocyanine, appears to exist on ly i n an extended con
figuration a n d has its m a x i m u m absorpt ion near 523 n .m. T h i s transi t ion 

173 
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174 ADSORPTION F R O M AQUEOUS SOLUTION 

is associated w i t h isolated molecules a n d is referred to as the molecular 
or M - b a n d a n d is accompanied b y a subsidiary v ibra t i ona l shoulder near 
490 n.m. O n increasing the dye concentration b e y o n d about 5 X 1 0 ^ 5 M , 
the intensity of the molecular b a n d decreases a n d a new m a x i m u m ap
pears near 480 n.m. ; this b a n d is associated w i t h format ion of a d imer 
a n d is accord ing ly ca l l ed the D - b a n d . A further increase i n dye concen
trat ion causes broadening of the d imer b a n d a n d enhanced absorption 
i n the shorter or hypsochromic wavelength region. W i t h some cyanines, 
a l though not w i t h Pseudocyanine, this shift to hypsochromic absorpt ion 
is accompanied b y format ion of definable m a x i m a or H-bands . These are 
be l ieved to arise f rom the formation of polymers other than the dimer . 

These concentration-dependent spectral changes m a y also be brought 
about b y inert electrolytes, surfactants, or some organic solvents a n d 
have been re lated to dye-dye interactions. A n alternate v i e w (42, 43, 44), 
w h i c h ascr ibed these metachromatic changes to dye-counter ion interac
t ion , has been refuted on the basis of counterion-act iv ity determinations 
(51). Converse ly , there seems to be no disagreement about the po lymer i c 
association that occurs i n aqueous Pseudocyanine at concentrations above 
5 X 1 0 " 3 M ( 2 5 ° C ) . I n such re lat ive ly concentrated solutions, a n abnor
m a l increase of viscosity is observed, together w i t h the appearance of a 
narrow b a n d of h i g h absorpt iv i ty w h i c h is located at wavelengths longer 
than the molecular b a n d , at approximate ly 570 n .m. T h i s n e w a n d fluo
rescent transit ion, referred to as the / - b a n d , was first identi f ied b y Jel ley 
(26, 27) a n d b y Scheibe (56, 57, 58, 59) a n d is thought to be caused b y 
aggregates of stacked cyanine molecules h e l d b y v a n der W a a l s forces 
i n a c lose-packed a n d possibly he l i ca l configuration (39, 40, 53). A b s o r p 
t i on w i t h i n this b a n d is considered to arise f rom an electronic transit ion 
perpendicu lar to the chromophore of i n d i v i d u a l molecules a n d para l l e l 
to the axis of the mul t imolecu lar array (25, 41, 56, 57, 58, 59). 

F r o m this summary it is apparent that water solutions of Pseudo
cyanine above ca. 5 X 1 0 " 5 M contain a mult i component mixture of differ
ently absorbing species. H e n c e , the result ing solution spectra are neither 
expected nor f ound to exhibit isosbestic points (12). H o w e v e r , as w i l l 
be shown, i n the presence of appropriate adsorbents the spectra of 
Pseudocyanine can be drast ical ly modi f ied b y impos i t ion of an e q u i l i b 
r i u m between monomeric dye i n solut ion a n d its / -aggregate at the 
substrate surface. 

Experimental 

M a t e r i a l s . D y e structures are g iven i n the figures. Pseudocyanine 
(7,21) ( l , l ' - d i e t h y l - 2 , 2 ' - c y a n i n e chlor ide , C 2 3 H 2 3 N 2 C 1 X H 2 0 ) h a d a 
molar absorpt iv i ty of 7.0 ± 0.2 X 1 0 4 M - 1 cm . " 1 at 523 n .m. i n water 
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14. H E R Z E T A L . Adsorption of Dyes 175 

( 2 3 ° C . ) at concentrations be low 5 X 1 0 " 5 M . T h e p-toluenesulfonate 
(pts ) salt of this cyanine was also used; it gave ident i ca l surface spectra 
a n d adsorpt ion data i n si lver a n d si lver hal ide dispersions (23). A s t r a -
p h l o x i n (55) ( l j l ' - d i e thy l -S^ jS^S ' - t e t ramethy l indocarbocyan ine pts, 
C34H40O3N2S X 0.5 H 2 0 ) h a d a molar absorpt iv i ty of 13.8 ± 0.4 X 
1 0 4 M _ 1 cm. " 1 at 542 n .m. at concentrations be low 5 X 1 0 " 5 M i n water. A t 
higher concentrations both Pseudocyanine a n d As t raph lox in fa i l ed to obey 
Beer's l aw , o w i n g to dye-dye interact ion l ead ing to format ion of n e w 
absorpt ion bands (12). 

Synthetic m i c a was obtained f r om the M i n n e s o t a M i n i n g a n d M a n u 
factur ing Co . , St. P a u l , M i n n . , as B u r n i l M i c r o Plates H X - 6 0 0 . T h i s 
colorless powder is descr ibed b y the manufacturer as consisting of p late
lets 20-100 A . th i ck a n d ten times as long. C o l l o i d a l silver w i t h an average 
part ic le diameter of about 150 A . was prepared b y the dextr in-reduct ion 
of hydrated si lver oxide, according to the general procedure of C a r e y 
L e a (67). A f ter add i t i on of gelat in, the d i a l y z e d parent dispersion was 
adjusted w i t h bromide to p B r 3 a n d w i t h a c id to p H 6.5; i t contained 5 % 
gelat in b y we ight a n d was 2.5 X 1 0 - 1 M i n respect to si lver. O n d i l u t i o n 
w i t h water, a clear ye l l ow sol resulted; it obeyed Beer's l a w at least 
u p to 3 X 1 0 " 4 M a n d exhib i ted a molar absorpt iv i ty of 1.45 X 1 0 4 M _ 1 c m . ' 1 

at its 405 n.m. absorpt ion m a x i m u m . O n e of the si lver b romide d isper 
sions was already used i n previous adsorpt ion experiments (see Refer 
ences 22 a n d 23, D i spers i on D ) . It contained 6 mole-percent i od ide a n d 
h a d a specific surface area of 1.1 m e t e r 2 / g r a m A g X , as determined f r om 
the saturation coverage w i t h Pseudocyanine. A molecular area of 57 A . 2 

h a d been assigned to this dye. ( A d s o r p t i o n determinations w i t h Pseudo-
cyanines i n A g B r dispersions whose surface areas were measured b y 
three independent methods have previously l e d to a l i m i t i n g area of 54 ± 
4 A . 2 per dye molecule (23). F u r t h e r w o r k has supported the upper l i m i t 
as the more accurate value ; accordingly , w e have adopted a molecular 
area of 5 7 A . 2 throughout our calculations. ) T h i s re lat ive ly coarse A g B r 
dispersion was general ly used at a concentrat ion of 7 X 1 0 " 2 M i n 0 .2% 
gelat in at p H 6.5 a n d p B r 3. T h e other si lver bromide dispersion was a 
L i p p m a n n type (47) a n d consisted of smal l , nearly spherical partic les 
w i t h an average diameter of 585 ± 35A. to 700 ± 40A. , as estimated 
f rom electronmicrographs a n d l ight scatter, respectively. T h e source of 
this considerable d iscrepancy was not further investigated a n d the L i p p 
m a n n A g B r dispersion was used i n a d i lute state at 5 X 1 0 " 4 M or less, 
at the already c i ted Br~, H + , a n d gelat in concentrations. I n most of the 
experiments descr ibed, gelatin was present as a convenience. Since gela
t i n as w e l l as other organic polymers m a y induce metachromacy i n cyanine 
dyes (1, 2, 6, 11, 28, 29), i t was necessary to establish i f the ge lat in used 
i n the dispersions interfered w i t h the measurements. T h i s was done b y 
carry ing out adsorpt ion determinations w i t h Pseudocyanine i n si lver a n d 
si lver b romide dispersions bo th i n the absence a n d presence of ge lat in 
under otherwise ident i ca l condit ions. I n agreement w i t h expectations 
( 9 ) , no evidence was f o und that gelat in inf luenced surface saturation b y 
the dye at adsorpt ion e q u i l i b r i u m (62, 70). H o w e v e r , w i t h one part i cu lar 
si lver dispersion it was noted that, after saturation coverage of the surface 
b y Pseudocyanine h a d been attained w i t h concomitant format ion of a 
/ - b a n d at 580 n.m. , excess dye produced a second / - b a n d at 570 n .m. 
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T h i s second b a n d was read i ly dif ferentiated f rom the former a n d contro l 
experiments carr ied out i n the absence of si lver demonstrated that the 
570-band was caused b y interact ion of the dye w i t h the specific gelat in 
der ivat ive used i n that system. 

Procedures . Unless otherwise specified, spectra or adsorption deter
minat ions were made after equ i l i b ra t i on of dye a n d substrate for at least 
1 hr . at 23° ± 1 °C . T h e coarse A g B r tended to settle a n d was agitated 
even i n the spectrophotometric ce l l . T h e si lver halides were always h a n 
d l e d under photographic safelights. C o n v e n t i o n a l adsorpt ion isotherms 
were obta ined b y usual centr i fugat ion a n d phase-separation procedures 
(23 ) . Di f f erent ia l dye spectra were determined w i t h a double -beam 
spectrophotometer, usual ly a B e c k m a n D K - 2 Spectroreflectometer, b y 
p l a c i n g the d y e d dispersion i n the sample ce l l (0.1 to 40 m m . ) a n d b y 
us ing the ident i ca l but u n d y e d dispersion i n the comparison ce l l as the 
spectral reference. Because co l l o ida l si lver absorbs strongly i n the b lue 
spectral region, i t was not feasible to measure di f ferential spectra w i t h 
this dispersion at wavelengths be low ca. 480 n .m. W i t h the w e a k l y scat
ter ing a n d smal l -part ic le dispersions of s i lver, m i c a , a n d silver b romide 
of the L i p p m a n n type, transmission spectrophotometry p r o v e d to be 
pract i ca l . H o w e v e r , w i t h coarse a n d h i g h l y t u r b i d si lver ha l ide disper
sions, the diffuse reflectance, R, was determined under condit ions such 
that R x prevai led— i .e . , an increase i n ce l l l ength h a d no measurable 
influence o n reflectivity. I n the reflectance measurements the u n d y e d 
dispersion was again used as the spectral reference a n d experiments w i t h 
po la r i z ing screens showed that the l i ght reflected f r om the si lver ha l ide 
dispersions contained no apprec iable F r e s n e l components. 

Results 

T h e transmission spectra of F i g u r e 1 A show that, w i t h progressive 
addit ions of synthetic m i c a to a constant concentration of Pseudocyanine 
solution, the intensity of the M - b a n d d imin i shed , w i t h the concomitant 
appearance of n e w max ima . T h e first n e w peak appeared near 460 n .m. 
a n d was f o l l owed b y another b a n d near 480 n.m. T h e appearance of 
these hypsochromic transitions was accompanied b y format ion of a 
bathochromic / - b a n d w i t h a p r i n c i p a l absorpt ion at 568 n .m. a n d a shoul 
der near 577 n.m. A t re lat ive ly l o w m i c a / d y e ratios ( C u r v e s a-c ) , the 
spectra pass through isosbestic points, an observation w h i c h suggests 
that the free dye is i n e q u i l i b r i u m w i t h dye adsorbed i n its d imer i c a n d 
its / -state. H o w e v e r , the isosbestic points are not ma inta ined at the h i g h 
est m i c a concentrations where the hypsochromic bands lose absorbance 
a n d def init ion a n d give w a y to a single intense / - b a n d at 568 n.m. (c = 
2.3 X l O W " 1 c m ; 1 ) . T h i s b a n d has a h a l f - w i d t h of about 13 n .m. a n d is 
associated w i t h a weak subs id iary m a x i m u m near 520 n.m. T h e character 
of bo th transitions strongly resembles that obta ined on natura l , f reshly-
c leaved m i c a (63). 
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Adsorption of Dyes 177 

Wavelength (n.m) 

Figure 1. Transmission spectra at 23°C. of a fixed concentra
tion of Pseudocyanine and varying amounts of aqueous disper

sions. Dispersions without dye served as spectral references 

A. 10'5M dye in water: (a) 0.0 gram, (b) 0.008 gram, (c) 0.016 
gram, (d) 0.064 gram, (e) 0.4 gram, (f) 2.0 gram, (g) 2.8 gram 

synthetic mica per liter 
B. 4X 10~5M dye in 1 % gelatin at pH 6, pBr 5.3: (a) 0.0 gram, 
(b) 0.1 gram, (c) 0.2 gram, (d) 0.3 gram, (e) 0.4 gram, (f) 0.6 

gram, (g) 0.7 gram colloidal silver per liter 
C. 5 X 10eM dye in 0.24% gelatin at pH 6.5, pBr 3: (a) 0.0 
gram, (b) 0.02 gram, (c) 0.12 gram, (d) 0.22 gram, (e) 0.87 gram 

AgBr (Lippmann) per liter 

I n contradist inct ion to the spectra obta ined i n the m i c a dispersion, 
Pseudocyanine, w h e n a d d e d to the co l l o ida l si lver a n d si lver ha l ide 
systems of F igures I B a n d 1 C , y i e l d e d no H-bands but f o rmed w e l l 
defined / -bands . T h e latter also exhib i ted a weak secondary peak located 
near the absorpt ion m a x i m u m of dissolved, unper turbed dye. A l t h o u g h 
the pos i t ion a n d intensity of the / - b a n d var i ed w i t h the substrate (4, 17, 
38, 61), the di f ferential spectra obta ined i n these si lver systems exhib i ted 
m a r k e d similarit ies . A n increase i n the concentration of the substrate 
produced i n bo th cases a monotonic change i n the absorbance of the M-
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178 ADSORPTION F R O M AQUEOUS SOLUTION 

a n d / -bands ; whereas the former decreased, the / -bands increased i n 
intensity u n t i l a m a x i m u m value was reached. A d d i t i o n of further sub
strate h a d then no noticeable effect o n the absorpt iv i ty of this b a n d . 
These spectral changes, w h i c h were accompanied b y the appearance of 
isosbestic regions near 555 n.m. w i t h the silver, a n d near 545 n.m. w i t h 
the silver bromide dispersion, suggested the existence of a substrate de
pendent e q u i l i b r i u m between two states: U n p e r t u r b e d dye i n solut ion a n d 
dye adsorbed i n its / -state. 

Qu i te para l l e l changes occur w h e n a solution of the sulfate ester of 
po ly ( v i n y l a lcohol ) (52) is added to d i lute aqueous Pseudocyanine. A s 
i l lustrated i n F i g u r e 2, there is no evidence for the format ion of a d in ier ; 
one observes again the appearance of a / - b a n d at 568 n.m. A t the highest 
po lymer concentration a l l unper turbed dye h a d apparent ly d isappeared 
( C u r v e c ) a n d further po lymer add i t i on d i d not change the shape of 

xio 4 

c 
IO.O -

7.5 
q 

4 0 0 500 6 
Wavelength (nmj 

600 

Figure 2. Transmission spectra at 23°C. of 
aqueous Pseudocyanine with varying concentra
tions of poly(vinyl alcohol) sulfate ester: (a) 0.0 
gram, (b) 0.004 gram, (c) 0.004 gram PVA-

sulfate per liter 
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this curve so that this spectrum represents the attainable conversion of 
the M - to the / -state. ( I t cannot be assumed that C u r v e c represents 
complete conversion of the dye to its / -state. C u r v e analysis b y our 
colleague, F . Webster , has demonstrated that as m u c h as 5 4 % of the dye 
m a y have remained i n its unper turbed M-state . Reconstruct ion of C u r v e 
c on that basis does not change its p r i n c i p a l features but decreases the 
intensity of the m a x i m a near 500 a n d 535 n.m.) T h i s state manifests 
itself b y the weak but resolved transitions near 500 a n d 535 n .m. a n d the 
intense b a n d at 568 n .m. w i t h an ext inct ion greater than 1.2 X l O ^ M " 1 

cm. " 1 a n d a h a l f - w i d t h of about 15 n .m. Essent ia l ly ident i ca l results were 
reported for the spectra obta ined w i t h polyethylene sulfonate a n d anionic 
polysaccharides b y A p p e l a n d Scheibe ( 1 ) . I n agreement w i t h their 
deductions, present results indicate that salt format ion between the 
cat ionic dye a n d closely adjacent anionic sites i n the po lymer is respon
sible for the spectra i l lustrated i n F i g u r e 2. T h u s , no / - b a n d was obta ined 
w i t h po ly ( v i n y l a lcohol ) itself nor w i t h a sulfonated polystyrene. I n 
the latter po lymer the distance between a c i d sites apparent ly was greater 
than the ca. 5 A . , w h i c h appears to be the m a x i m u m distance permi t t ing 
the / -state b y electronic c oup l ing between adjacent dye molecules ( 1 ) . 
T h e importance of salt f ormat ion i n this system is also i l lustrated b y the 
fact that P V A - s u l f a t e gave no / - b a n d w i t h a su l foa lky l pseudocyanine 
w h i c h h a d a net charge of zero. It was noted, however , that i n the si lver 
a n d si lver ha l ide dispersions this zwi t ter ion ic dye exhib i ted adsorpt ion 
a n d spectral properties that were essentially ident i ca l w i t h those of 
Pseudocyanine itself. 

T h e procedures used to obta in F i g u r e 1 can be reversed. F i g u r e 3 
il lustrates the spectral changes accompanying the add i t i on of increasing 
amounts of Pseudocyanine to a fixed concentrat ion of co l l o ida l si lver. 
T h e resul t ing f a m i l y of dif ferential spectra show that, after the / - b a n d 
h a d reached a c r i t i ca l intensity ( A m a x var i ed between 578-582 n .m . ) , 
add i t i ona l dye exhib i ted only the spectral chracteristics of unper turbed 
dye i n its solution state (cf., F i g u r e I B , C u r v e a ) . T h e salient features 
of these spectra are made more obvious b y p lo t t ing the concentrat ion of 
a d d e d dye against the absorbance of the corresponding / - b a n d . T h i s was 
done i n F i g u r e 4 A . F o l l o w i n g an i n i t i a l l inear increase i n the absorbance 
of the / - b a n d , a c r i t i ca l region was reached b e y o n d w h i c h further add i t i on 
of dye h a d l i tt le effect o n this transit ion a n d caused a m a r k e d change i n 
the slope of the curve. ( T h e m o n o m e l i c absorption spectra of cyanines 
often extend weak ly but measurably into the / - r eg ion a n d even unper 
turbed Pseudocyanine i n solution w i l l make a sl ight contr ibut ion to / - b a n d 
absorbance. Moreover , as a lready discussed, under some condit ions of 
salt or surfactant concentrations, cyanines m a y exhibit intense / -bands i n 
solution.) A change i n slope at the same c r i t i ca l dye concentration was 
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500 600 
Wavelength (am) 

Figure 3. Transmission spectra of 4.65 X 10~3M 
colloidal silver in 1% gelatin at 23°C, pBr 5.3, 
pH 6.5 with varying concentrations of Pseudocya
nine: (a) 0.8, (b) 1.6, (c) 2.4, (d) 4.0, (e) 5.6, 
(f) 7.6, (g) 9.0, (h) 11.0 X W5M dye. Undyed 
colloidal silver served as reference, 2mm. cells 

were used 

also observed w h e n the rat io of M to / absorbances was p lot ted against 
the concentration of a d d e d dye. It should be noted that absorbance i n 
the M - b a n d region involves not only unper turbed dye but also dye i n its 
/ -state w h i c h contains a component that absorbs at shorter wavelengths. 

W e considered the concentration-dependent spectral data of F i g u r e 
4 A to be a manifestat ion of the adsorpt ion e q u i l i b r i u m of the dye. Spe
ci f ical ly , w e assumed that the i n i t i a l l inear increase of / -absorbance repre
sents b i n d i n g of a l l the a d d e d dye at the substrate a n d that departure 
f r om this l inear port ion corresponds to added but unadsorbed dye ; the 
latter w o u l d then account for the sudden increase of the M/J absorbance 
ratio . It fol lows f rom this interpretat ion that the intercepts obta ined b y 
extrapolat ing the l inear sections of the plot of dye concentration vs. J. or 
M/J absorbance, should correspond to the amount of dye adsorbed at 
saturation of the surface. If w e assume further that the absorbances of 
F i g u r e 3 a n d 4 A obey B e e r s law , then the intensity of the / - b a n d w i l l be 
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14. H E R Z E T A L . Adsorption of Dyes 181 

proport iona l to the surface concentration of the dye a n d the spectral data 
of F i g u r e 4 A can be converted into an adsorpt ion isotherm. T h i s was 
done i n F i g u r e 4 B , where the amount of dye adsorbed per mole of co l 
l o i d a l s i lver ( a ) is p lot ted against the e q u i l i b r i u m concentrat ion of dye 
i n so lut ion ( c ) . T h e result ing isotherm is expressed b y the L a n g m u i r 
adsorpt ion l a w 

1 
aaK a* 

where a8 is the saturation coverage a n d K is the L a n g m u i r adsorpt ion 
coefficient. T h e slope of the l inear re lat ion of c/a against c y i e l d e d a 

I 2 3 4 5 6 7 x IO"3 

Millimoles dye added 

I 2 3 4 5 6 7 x IO"5 

Molarity of equilibrium concentration (c) 

Figure 4A. Absorbance of the J-band and the M / J ratio 
at varying concentrations of Pseudocyanine in 50 ml. of 

4.65 m M colloidal silver (cf. Figure 3) 

B. Adsorption isotherm of Pseudocyanine in colloidal 
silver calculated from the spectral data of Figure 4A. See 

text for details 
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182 ADSORPTION F R O M AQUEOUS SOLUTION 

saturation coverage, a8, of 10 mi l l imoles of Pseudocyanine per mole of 
si lver. O n the assumption that the p a c k i n g of the dye at this si lver surface 
is s imi lar to that on silver ha l ide substrates—i.e., 57A.2 per molecule (23 ) , 
a specific area of 35 sq. meter per g r a m of si lver was obtained. A s imi lar 
analysis of the spectral data of F i g u r e I B gave the same results. I f the 
co l l o ida l si lver particles are considered to be spherical , this surface area 
is equivalent to a n average part ic le diameter of 180 A . T h i s value agrees 
i n magni tude w i t h diameter estimates of 110, 140, a n d 190 A . obta ined 
b y Stevens a n d B l o c k (64) w i t h three independent methods on s imi lar ly 
prepared si lver dispersions. Moreover , app l i cat ion of the descr ibed spec
t r a l method to a different si lver dispersion y i e lded an average part ic le 
diameter of 45 A . , whereas a value of about 48 A . was obta ined f rom 
electronmicrographs. T h i s agreement w i t h independent size estimates 
makes i t probable that the assumptions app l i ed to the interpretat ion of 
the dye spectra i n si lver dispersions were v a l i d . 

A s a lready ind icated , the spectra of Pseudocyanine i n the m i c a d is 
persion ( F i g u r e 1 A ) w o u l d require a more deta i led analysis for their 
quant i tat ive interpretation. I n c o m m o n w i t h silicates l ike montmor i l l o -
nite ( 3 ) , the synthetic m i c a behaves as i f it possesses different types of 
b i n d i n g sites w h i c h caused adsorpt ion of the dye bo th i n the d imer i c a n d 
i n the / -state. I n contrast to the mica -dye system, transmission spectra 
of Pseudocyanine i n the co l l o ida l s i lver bromide ind i ca ted the p r e d o m i 
nance of on ly one type of surface interact ion ( F i g u r e 1 C ) . Analys is of 
these spectra b y the method descr ibed for the case of co l l o ida l si lver, 
gave a specific area of 11 sq. m e t e r / g r a m A g B r w i t h an average part ic le 
diameter of 950 db 60 A . T h e accuracy of these results is uncer ta in since 
the true part ic le dimensions were not k n o w n (cf., Experimental sect ion) . 

T h e app l i cab i l i t y of this in situ method for the determinat ion of 
surface areas depends not on ly on knowledge of the dye's molecular area 
i n the adsorbed state but also on the assumption that the chosen spectral 
parameter measures the surface concentration of the dye. I n order to 
test the re lat ion between adsorpt ion of dye to s i lver ha l ide a n d its spec
t r a l characteristics i n the b o u n d state, the behavior of Pseudocyanine i n 
a coarse si lver ha l ide suspension (D i spers i on D ) was studied. T h i s par 
t i cu lar dispersion was chosen because some of its relevant adsorpt ion 
characteristics h a d already been examined (22, 23). Moreover , observa
tions b y Boyer a n d Cappe laere w i t h Pseudocyanine adsorbed o n A g B r 
powders (5 ) ind i ca ted that / - b a n d intensity var i ed w i t h the amount of 
adsorbed dye a n d was not sensitive to the concentration of A g + or B r " 
ions i n the range p A g 3.3-8.7. 

There remained the quest ion of h o w to evaluate dye spectra i n 
concentrated si lver ha l ide dispersions whose part ic le sizes ranged between 
0.2-2.0 [i, a n d where m u l t i p l e interpart ic le l ight scatter made i t unfeasible 
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to a p p l y transmittance measurements of the k i n d used i n F igures 1 a n d 3. 
I n other studies (46, 50, 70, 71) the f o l l owing re lat ion, 

% Absorbance = 100 — % Transmittance — % Reflectance 

or one of its components, h a d been used. H o w e v e r , i n the absence of 
ca l ibrat ion data, the results d i d not y i e l d a verif iable direct re lat ion 
between the photometr ic parameters a n d the surface concentration of 
dye. I n this w o r k we app l i ed the K u b e l k a - M u n k reflectivity funct ion , 
where K a n d S are absorpt ion a n d scatter coefficients of the substrate, 
R x is the reflectivity of an inf initely th ick layer, a n d C a n d c are the molar 
concentrat ion 

a n d molar absorpt iv i ty coefficients, respectively. T h i s re lat ion, w h i c h 
has been studied i n m u c h deta i l b y K o r t u m , w h o also app l i ed i t to 
adsorpt ion phenomena (31, 32, 3 3 ) , has a f o rm s imi lar to B e e r s l aw , 
except that i n reflectometry the concentration C is proport ional to K/S 
rather than to absorbance. 

T h e K u b e l k a - M u n k funct ion is appl i cab le to si lver ha l ide dispersions, 
p r o v i d e d that specular or Fresne l reflections are negl ig ib le a n d that 
infinite reflectivities, R x , are actual ly measured (24). A f ter it h a d been 
ascertained that these condit ions h a d been met, a concentration series of 
Pseudocyanine i n the coarse si lver bromide suspension (D ispers i on D ) 
was prepared a n d y i e lded the K/S spectra i l lustrated i n F i g u r e 5A . It is 
apparent that these concentration-dependent reflection spectra possess 
characteristics s imi lar to the transmission spectra obta ined w i t h the si lver 
substrate i n F i g u r e 3. A g a i n one observes that the / - b a n d near 572 n .m. 
tends t o w a r d a m a x i m u m value. I n F i g u r e 5 B the mi l l imoles of dye 
a d d e d per mole of s i lver bromide are p lot ted against / - b a n d intensity 
expressed i n K/S values. T h e character of the result ing curve is s imi lar 
to the corresponding graph i n F i g u r e 4 A a n d the data were treated 
s imi lar ly . Ex t rapo la t i on of the l inear parts i n F i g u r e 5 B y ie lded an 
intercept w h i c h was again taken to define the amount of dye adsorbed at 
saturation coverage a n d served as the reference po int for the conversion 
of the spectral data into the adsorpt ion isotherm i n F i g u r e 8A. 

I n comparison w i t h an azo dye adsorbed on anhydrous b a r i u m s u l 
fate ( 3 J ) , the K/S values of F i g u r e 5 are remarkably large. I n part this 
is because of the h i g h ext inct ion coefficient of the Pseudocyanine's / - b a n d 
(cf., F i g u r e 1) a n d i n part to the non-zero base l ine i n F i g u r e 5 A . It was 
experimental ly convenient to use an 0.2 absorbance filter i n the sample 
beam of the spectrophotometer; i n the absence of this filter—it h a d no 
influence on the final results—the K/S value at saturation coverage w o u l d 
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400 500 600 

Wavelength (ryrO 

Figure 5 A. Reflection spectra of 
6.43 X I 0 * M AgBr (Dispersion D) 
in 0.2% gelatin at 23°C, pBr 3, 
pH 6.5 with varying concentrations 
of Pseudocyanine chloride (a) 0.01, 
(b) 0.05, (c) 0.25. (d) 0.5, (e) 0.75, 
(f) 1.0, (g) 1.5, (h) 2.5, (i) 3.5, (k) 
6.0, (I) 7.0 X 10~5M dye. Sample 
beam of spectrophotometer passed 
through a 0.2 absorbance filter, un
dyed AgBr served as spectral refer
ence, 40 mm. cells were used. See 
text for explanation of reflection 

parameter K / S 
B. Dependence of ]-band reflec
tivity on concentration of Pseudo
cyanine. Millimoles of dye in 100 

ml. of 6.43 X 10~2M AgBr 
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be 3.2 instead of near 6.0. I n F i g u r e 5 B a slight toe is noticeable i n the 
curve at l o w dye concentrations. T o the extent that this is caused b y a 
systematic reflectivity error i t m a y be corrected (32, 34, 37), bu t for 
present purposes there was no need to consider this departure f r om 
l inear i ty at l ow surface coverage b y the dye. 

T h e very same dispersions w h i c h h a d y i e l d e d the spectra of F i g u r e 
5 A were centr i fuged to separate so l id a n d l i q u i d phases i n order to 
measure dye adsorpt ion b y convent ional methods (23, 70 ) . T h e resul t ing 
data are also shown i n F i g u r e 8 A where they can be compared w i t h the 
spectral ly determined adsorption isotherm. T h e agreement between the 
two independent methods is good a n d indicates that in situ spectra can 
be used to determine d irect ly the surface concentrat ion of Pseudocyanine. 
T h i s dye is par t i cu lar ly suitable for that purpose because its spectra at 
elevated surface coverages always seem to be associated w i t h the narrow 
/ - b a n d w h i c h has a h i g h ext inct ion coefficient. 

H o w e v e r , the formation of a / - b a n d is not a prerequisite for the spec
tra l determinat ion of surface concentrations of a dye ; it is sufficient that the 
difference between solut ion a n d surface spectra can be evaluated q u a n t i 
tat ively . As t raph lox in is an example of a dye that meets these condit ions. 
I n d i lute aqueous solut ion its p r i n c i p a l absorpt ion at 542 n .m. is separated 
some 1250 c m . - 1 f r om a subsidiary a n d probab ly v ib ra t i ona l m a x i m u m at 
521 n .m. A t concentrations i n excess of 2 X 1 0 " 4 M , this dye exhibits a 
new hyposochromic transit ion at 505 n.m. considered to be caused b y a 
d imer (12); no / - b a n d has been f o u n d i n A s t r a p h l o x i n solutions under 
condit ions where Pseudocyanine does f orm one. F i g u r e 6 i l lustrates the 
spectra obta ined b y a concentration series of A s t r a ph lox in i n the same 
silver b romide suspension (D i spers i on D ) a n d under the same condit ions 
as h a d been used i n connection w i t h F i g u r e 5. H o w e v e r , instead of 
p lo t t ing the data as K/S values, w e have recorded them as the more 
accessible reflection absorbances ( — L o g R x ) f r om w h i c h % R x a n d K/S 
c o u l d be computed for any desired wavelength. I n order to faci l i tate 
comparisons, F i g u r e 6 also contains a transmittance spectrum of A s t r a 
p h l o x i n (dashed curve) i n the absence of the si lver hal ide . I n accord 
w i t h the difference i n refractive index of water a n d A g B r (72), the 
spectrum of the dye at l o w surface coverages is d isp laced approximately 
25 n.m. towards longer wavelengths ( C u r v e a, b ) . Hence , the new p r i n 
c i p a l transit ion near 565 n.m. is designated the M a - b a n d because i t is 
associated w i t h isolated, unper turbed but adsorbed molecules. A s the 
dye concentration is increased, two other transitions become defined i n 
F i g u r e 6, a hypsochromic peak (H) near 530 n .m. a n d a bathochromic 
b a n d (B) near 580 n.m. A t the most elevated dye levels, the B - b a n d 
reaches a l i m i t i n g value whereas the H - b a n d shifts towards the m a x i m u m 
associated w i t h the free dye i n so lut ion (542 n .m. ) . A t first i t was thought 
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400 500 600 
Wavelength (ryu) 

Figure 6. Reflection spectra of 6.26 X 10*M AgBr (Dis
persion D) in 0.2% gelatin at 23°C, pBr 3, pH 6.5 with 
varying concentration of Astraphloxin: (a) 0.01, (b) 0.10, 
(c) 1.0, (d) 2.0, (e) 3.0,(f) 4.0, (g) 5.0 X 10~5M dye. Un
dyed AgBr served as spectral reference, 40 mm. cells were 
used. Dashed curve: Transmission absorbance of 7 X 
lO^M dye (1 cm. ceU) in same solvent system after removal 

of AgBr by centrifugation 

that the H- a n d B-bands might represent two different states of adsorbed 
As t raph lox in . H o w e v e r , experiments analogous to those i n F i g u r e 1, 
where dye concentrat ion was kept constant but A g B r was a d d e d i n v a r i 
ous amounts, y i e lded spectra w h i c h suggested a different interpretation. 
O v e r a l i m i t e d range of A g B r , a f a m i l y of spectra resulted w h i c h , i n 
add i t i on to the characteristic transitions associated w i t h free dye, ex
h i b i t e d H-, a n d B-bands. A l l these spectra passed through an isosbestic 
po int (558 n . m . ) ; thus they not o n l y ind i ca ted a n e q u i l i b r i u m between 
free a n d adsorbed dye but also suggested that the c i ted bands are a 
manifestat ion of a single state of the adsorbed dye. ( W h e n As t raph lox in 
is adsorbed on 100-faces of cub ic A g B r rather than on its octahedral 
I l l - f a c e s , the transitions of the B-state are d isp laced bathochromica l ly 
b y about 5 n .m. Moreover , i n some si lver ha l ide systems, shoulders near 
490 a n d 610 n .m. can be noted; the latter has been descr ibed as a 
/ - b a n d (54).) F o l l o w i n g W e s t et al. (46), this cond i t i on w i l l be referred 
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to as the B-state a n d is assumed to be a consequence of perturbat ion 
between ne ighbor ing dye molecules adsorbed a n d packed closely on 
their l ong axis. U n l i k e the s imi lar ly arrayed / -state, it is thought that the 
p r i n c i p a l transit ion of the B-state involves an electronic moment para l l e l 
to the conjugated c h a i n of the molecule . E i t h e r the B - or the M a - b a n d 
can be used to calculate the surface saturation b y Astraph lox in . Desp i te 
over lapp ing absorpt ion f rom free dye, the M a - b a n d has the advantage 
that i t measures contributions f rom adsorbed, isolated molecules at l o w 
coverage as w e l l as contributions f rom the per turbed B-state w h i c h is 
observed at higher surface concentrations. H e n c e , b y us ing dif ferential 
reflection spectra, some of w h i c h are shown i n F i g u r e 6, the concentrat ion-
dependence of the M a - b a n d was obta ined a n d is expressed i n F i g u r e 7 
i n terms of various photometr ic parameters. It can be seen that neither 
% R x nor — L o g R x (reflection absorbance) produced a direct re lat ion 
f rom w h i c h the dye's surface concentration c o u l d be estimated. O n the 
other h a n d , the K/S ref lectivity parameter again y i e lded two l inear plots 
whose extrapolated intercept furnished the amount of dye adsorbed at 
saturation coverage. A s before, this made i t possible to convert the K/S 
data into an adsorpt ion isotherm w h i c h was again f ound to be i n accord 
w i t h independent ly obta ined adsorpt ion determinations ( F i g u r e 8 A ) . 

T h e adsorpt ion isotherms of As t raph lox in a n d Pseudocyanine i n 
F i g u r e 8 A were also expresed b y the L a n g m u i r adsorpt ion equation. T h e 
result ing l inear re lat ion of F i g u r e 8 B demonstrates excellent agreement 
be twen the data obta ined f rom phase separation a n d spectral techniques. 

K 
S o 

20 

40 
8 

rr 

60 

- 80 

100 
.1 .2 .3 .4 .5 .6 .7 

Millimoles dye added/mole Agx 
.8 .9 i.o 

Figure 7. Dependence of Ma-band reflectivity of Astraphloxin in Figure 6 
expressed in terms of different reflection parameters. See text for significance 

of K / S values 
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188 ADSORPTION F R O M AQUEOUS SOLUTION 

F r o m the slope a n d intercept of these plots the saturation coverage a n d 
adsorpt ion coefficient were obta ined b y app l i cat ion of the previous ly 
g iven equation. T h e results are l is ted i n T a b l e I , w h i c h also inc ludes 
the area per dye molecule at saturation coverage a n d the standard free 
energy of adsorption, A G ° . A l t h o u g h the latter parameter was ca lculated 
as before ( 2 3 ) , its thermodynamic v a l i d i t y is questionable since reversi 
b i l i t y of adsorpt ion of these dyes was not demonstrated. T h e molecular 

1 1 1 

-

- -

/ * 1 1 1 
1.0 2.0 3.0 

Molarity of equilibrium concentration (c) 

Figure 8A. Adsorption isotherms of Pseudocyanine (No. 
1, Circles) and of Astraphloxin (No. 2, Squares) in AgBr 
(Dispersion D) containing 0.2% gelatin at 23°C., pBr 3, 
pH 6.5. The data are expressed as the concentration of 
free dye (c) in equilibrium with dye adsorbed per mole of 
AgBr (a). Open data points and solid lines: Results calcu
lated from surface spectra. Solid data points and dashed 

lines: Results obtained from phase-separation procedure 
B. Adsorption isotherms of Figure 8A expressed in terms 

of the Langmuir equation. See text 
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area of As t raph lox in was obta ined f rom its saturation coverage relat ive 
to that of Pseudocyanine to w h i c h a n area of 57 A . 2 h a d been assigned. 
A s discussed elsewhere (23), a va lue of this magni tude is not on ly con
sistent w i t h the theoret ical dimensions of the dye b o u n d on its l ong edge 
i n a closely packed array, but it is also i n reasonable agreement w i t h 
various c i ted measurements obta ined i n other laboratories. 

A d s o r p t i o n determinations w i t h As t raph lox in i n homodisperse cub ic 
a n d octahedral s i lver bromide dispersions of the type w h i c h were p r e v i 
ously descr ibed (20, 23), ind i ca ted a mean l i m i t i n g area for this dye of 
76 ± 7 A . 2 w h i c h is i n fair agreement w i t h the 69 A . 2 obta ined f r om 
F i g u r e 8. Since a monolayer of dye i n its flat or ientation w o u l d require 
an area i n excess of 130 A . 2 per molecule , the results indicate that at 
saturation As t raph lox in was adsorbed at its l ong edge (ca. 19 A . ) w i t h 
an intermolecular spacing of about 4.0 A . A s seen i n the spectra, adsorp
t i on occurred w i t h o u t format ion of a / -state a n d its absence i n these 
experiments m a y account for its re lat ively l o w free energy of adsorpt ion 
( T a b l e I ) . It must be stressed that, a l though the gem-d imethy l groups 
of As t raph lox in are located perpendicu lar to the conjugated cha in , close 
spacing of molecules is s t i l l possible i f they are or iented o n their l ong 
edge i n a staggered array. Presumably , it is this or ientation w h i c h , con
trary to Sheppard's early supposit ion (61), is responsible for the f o rma
t i on of / -bands i n the N , N ' - d i m e t h y l analog of this dye (54) a n d i n its 
derivatives h a v i n g substituents i n the benzene r ing . 

T h e study of surface-dye interact ion b y the in situ op t i ca l procedure 
has also been a p p l i e d to 5,5 ' -dichloro-3,3 ' ,9-triethylthiacarbocyanine, 
w h i c h was k n o w n to be adsorbed i n mult i layers (70 ) . W h e n this dye 
was a d d e d to a suspension of octahedral A g B r at p B r 3, a / - b a n d was 
formed near 640 n .m. ( F i g u r e 9 A ) . Increasing dye concentrations en
hanced the ref lectivity of this b a n d u n t i l i t reached a l i m i t i n g intensity ; 
once reached, add i t i ona l dye contr ibuted insignif icantly to reflectivity 
values i n that spectral region. ( H o w e v e r , over lapp ing absorpt ion f r om 
dye i n other states may , at h i g h dye concentrations, cause an apparent 
contr ibut ion to absorption. T h i s effect is i l lustrated b y the highest dye 
leve l shown i n F i g u r e 9 A . ) A s before, the concentration-dependent re 
flection densities of the / - b a n d were converted to K / S functions ( F i g u r e 
9 B ) f rom w h i c h the adsorpt ion isotherm m a r k e d " O p t i c a l M e t h o d " was 
then der ived ( F i g u r e 9 C ) . T h e same figure also shows an adsorption 
isotherm obtained f r om the same system b y the classical phase separation 
technique. T h e latter measurement exhibits the sl ight hor izonta l step 
w h i c h W e s t et al. h a d interpreted as s igni fy ing complet ion of a monolayer 
before the onset of po ly layer adsorpt ion (70 ) . 

S t r ik ing differences are apparent between the two independent ly 
determined adsorption isotherms w h i c h are i l lustrated i n F i g u r e 9 C . 
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Mmoles dye added / mole Ag 

Wavelength (m/x) 

o.i 0.2 
Millimoles dye / liter 

Figure 9A. Reflection spectra of 
0.1M octahedral AgBr (Dispersion 
C of Reference 23) in 0.3% gelatin 
at 23°C, pBr 3, pH 6.5 with 
added 5,5'-dichloro-3,3'-9-triethu1r 
thiacarhocyanine bromide in milli

moles per mole AgBr 
B. Dependence of J-band reflec
tivity at 640 n.m. on concentration 
of the thiacarbocyanine in the AgBr 
dispersion. See text for significance 

of K / S values 
C. Adsorption isotherms of the 
thiacarbocyanine in the octahedral 
AgBr dispersion. Open data points: 
Results calculated from surface 
spectra of Parts A and B. Solid 
data points: Results obtained from 

phase-separation procedure 
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Whereas the opt i ca l method indicates attainment of saturation coverage 
b y the dye i n its / -state, results obta ined w i t h the phase-separation tech 
n ique show that, after reaching apparent saturation, further adsorpt ion 
occurs as the dye concentration i n solution is increased. T h e hor i zonta l 
step observed w i t h the phase separation measurement is i n approximate 
agreement w i t h the m a x i m u m surface concentration of dye i n its / -state 
as determined b y the opt i ca l method . Hence , i t is conc luded that, con
trary to earlier suppositions (70), only the first layer of this dye is 
adsorbed i n its / -state ; subsequent dye layers must be adsorbed i n d i f 
ferent states. 

Table I. Adsorption Data for Cyanines on Silver Bromide 

7 X 10~2M AgBr (Dispersion D) in 0.2% gelatin at 23°C, 
pH = 6.5, pBr = 3 

Pseudocyanine Astraphloxin 

Saturation Coverage 0.57 s 0.46° 
( m M Dye /mole A g X ) 0.56* 0.47* 

Area per molecule (A . 2 ) 57 69 
Langmuir Coefficient K ( m M " 1 ) 3 X 10 3 7 X 10 2 

AG° (kcal. /mole) - 9 . 8 - 8 . 8 
a Values obtained from phase-separation procedure. 
6 Values calculated from spectra of Figures 5 and 6. 

Discussion 

O n compar ing the Pseudocyanine spectra of F igures 1, 2, 3, a n d 5 
w i t h those obtained i n concentrated aqueous dye solutions (12, 56, 57, 
58, 59), obvious similarit ies of the result ing /-states w i l l be noted. Present 
a n d earlier data make it apparent that electronic coup l ing between 
adjacent dye molecules can produce s imilar /-states, regardless of whether 
appropriate or ientation a n d prox imi ty of the molecules is caused b y 
C o u l o m b i c attraction, as i n salt format ion w i t h po lymer i c ions, or 
whether i t is i n d u c e d b y van der W a a l s forces. T h e latter are p r i m a r i l y 
invo lved i n the format ion of dye aggregates i n water as w e l l as i n the 
charge- independent adsorption of dye monolayers at silver hal ide sur
faces (23,46). 

T h e p r i n c i p a l spectral feature of the / -state of Pseudocyanine is the 
bathochromic b a n d w h i c h , depend ing on the substrate, absorbs between 
568-582 n .m. w i t h an extinct ion coefficient of 0.5-2.3 X 1 0 5 M _ 1 c m . - 1 a n d 
a h a l f - w i d t h of less than 50 cm." 1 . These values are i n rough agreement 
w i t h those obta ined i n aqueous gels of Pseudocyanine at concentrations 
above 0 . 1 M (12). I n add i t i on to this intense and narrow b a n d , the 
/ -state also contains components w h i c h absorb w e a k l y at shorter wave -
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lengths. T h i s spectral sp l i t t ing of the / -state has been discussed w i t h 
reference to coupled oscillators a n d to q u a n t u m theory by Forster ; more 
recently, M c R a e a n d K a s h a have treated this subject i n terms of the 
molecular exciton m o d e l (16, 45). T h e low- intensity transitions of the 
/ -state overlap the absorpt ion of unper turbed dye i n solution; they are 
poor ly defined i n F i g u r e 1, where they appear as shoulders extending 
f r om about 480-540 n .m. H o w e v e r , they are c learly resolved i n the 
spectra resul t ing f rom interact ion w i t h appropriate anionic polymers 
a n d exhibit dist inct subsidiary m a x i m a of 500 a n d 535 n .m. ( F i g u r e 2, 
a n d Reference 1 ) . These short-wave components can also be observed 
on examining the anisotropic behavior of fibrous /-aggregates i n water , 
where they appear near 500 a n d 540 n .m. w i t h the electric vector per 
pendicu lar to the fiber axis a n d para l l e l to the longest d imens ion of the 
molecule (25, 41, 56, 57, 58, 59). S u c h high- frequency bands were f o u n d 
to be associated as an integra l part of the / -state w i t h a l l cyanines w h i c h 
were examined. 

A p p a r e n t l y , it was largely lack of recognit ion of these short-wave 
components of the / -state w h i c h recently l ed P a d d a y a n d W i c k h a m to 
the conclusion that i n si lver ha l ide dispersions Pseudocyanine is adsorbed 
at saturation coverage i n two dye layers. It was supposed that absorpt ion 
i n the M - b a n d region (540 n.m.) was caused only b y a flat monolayer 
of dye cover ing the surface a n d that a second dye layer was b o u n d o n 
top of the first i n an edge-on orientation w h i c h then gave rise to the / - b a n d 
at 573 n .m. (50). These v iews concerning an a priori un l ike ly dye con
figuration have received no exper imental support f rom earlier or present 
evidence. H o w e v e r , i n agreement w i t h conclusions summar ized b y C a r 
r o l l ( 8 ) , present experiments have shown that adsorpt ion of isolated 
Pseudocyanine cou ld be detected b y the appearance of an M a - b a n d only 
under conditions of very l o w surface coverage. T h e M a - b a n d at 543 n .m. 
i n F i g u r e 5 ( C u r v e a) is barely evident before the onset of dist inct / - b a n d 
format ion at h igher dye concentrations w h i c h presumably involves a 
reorientation of the dye molecules (JO, 70). T h e extent to w h i c h M a -
bands f o rm appears to depend also on the crystal habi t of the silver 
hal ide . T h u s , cont inu ing the previously reported adsorption measure
ments of Pseudocyanine i n crystal lographical ly defined A g B r gelat in 
dispersions (23), i t was f ound that, i n the cub ic A g B r system, the dye 
was adsorbed i n its M a - s t a t e at coverages approach ing 5 % of the surface 
before the / -state became prevalent. O n the other h a n d , i n the octahedral 
A g B r dispersion no M a - b a n d cou ld be detected a n d on ly the / - b a n d was 
observed. T h i s dependence of M a - s t a t e concentration on the crystal habi t 
of the substrate is be l ieved to indicate differences i n their adsorpt ion 
forces. It is l ike ly that, where substrate-dye interact ion is strongest, the 
dye w i l l be adsorbed as isolated a n d possibly flat molecules (10, 70 ) , 
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whereas lateral dye-dye interact ion leading to the / -state w i l l be favored 
w h e n compet ing forces f rom the substrate are re lat ively weak. A c c o r d i n g 
to this interpretat ion, the energy of adsorpt ion of Pseudocyanine at l o w 
coverages of A g B r should be greater for the cub i c than for the octahedral 
substrate. 

T h e si lver dispersion gave no ind i ca t i on that Pseudocyanine was 
b o u n d i n the M a - s t a t e at any surface coverage (F igures I B a n d 3) a n d 
i n this respect it behaved l ike the octahedral A g B r substrate. A l t h o u g h 
co l l o ida l si lver h a v i n g reproduc ib le spectral properties was readi ly pre 
pared b y the ind i ca ted procedure, these si lver preparations are neither 
homodisperse, nor do they possess a wel l -def ined surface. A more suitable 
si lver substrate was prepared b y deposi t ing si lver on go ld n u c l e i ( 48 ) . 
T h i s sol was pur i f ied b y dialysis ; i t h a d a narrow size d i s t r ibut ion w i t h 
an average part ic le diameter of 320 A . a n d on centr i fuging gave a n 
opt i ca l ly clear supernatant l i q u i d . U n d e r the same condit ions as those 
descr ibed i n F i g u r e I B , Pseudocyanine again gave a / - b a n d near 580 n .m. ; 
however , its molar ext inct ion was twice as h i g h as that shown i n F i g u r e 
I B . M o r e detai led examinat ion of the interact ion of this si lver sol w i t h 
the p-toluenesulfonate salt of Pseudocyanine b y bo th the centr i fugat ion 
a n d spectral procedure, demonstrated that adsorpt ion of the dye a n d 
/ - b a n d formation occurred i n the presence but not i n the absence of ch lo 
r ide , bromide , or iodide . Fur thermore , i f r educ ing compounds l ike 
hydraz ine or s i lver -complexing agents such as sulfite or cyanide were 
a d d e d to the system before the dye, neither / - b a n d format ion nor adsorp
t i on was detected, even i n the presence of 1 0 " 4 M or more hal ide . H e n c e , 
w e tentatively conc lude that the adsorpt ion sites for Pseudocyanine i n 
these dispersions are not si lver b u t consist of si lver hal ide . I n this con
nect ion i t is significant that previous ly reported adsorpt ion of this dye 
on si lver substrates was observed on add i t i on of ha l ide salts of the dye 
(19, 4 9 ) . 

Present data i l lustrate the technique for an in situ determinat ion of 
surface areas. Re la ted methods h a d been a p p l i e d p r i m a r i l y to the study 
of site distr ibutions i n c lay minerals , par t i cu lar ly b y Russ ian workers 
(66 ) , a n d they were used b y B e r g m a n n a n d O ' K o n s k i i n a deta i led inves
t igat ion of the methylene b lue -montmor i l l on i te system ( 3 ) . I n fact, 
changes i n electronic spectra ar is ing f rom surface interactions rece ived 
sufficient attention i n the past to warrant their rev iew b y A . T e r e n i n 
(65 ) . M o s t of these investigations invo lved transmittance spectra but 
n e w techniques i n reflection spectrophotometry a n d appl icat ions of the 
K u b e l k a - M u n k re lat ion have fac i l i tated the quantitat ive evaluat ion of 
spectra i n h i g h l y t u r b i d m e d i a (35, 69, 77 ) . T h u s , i n agreement w i t h 
the w o r k of K o r t i i m on powders a n d anhydrous dispersions (31, 32, 3 3 ) , 
our results demonstrate the app l i cab i l i t y of the K u b e l k a - M u n k funct ion 
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to strongly scattering aqueous si lver hal ides. T h e y also show that the 
perturbat ion of a dye's electronic transitions i n d u c e d b y its adsorpt ion 
can y i e l d direct in format ion on surface coverages (24) a n d al lows con 
clusions to be made about molecular or ientation i n the dye monolayer . 
F o r the purpose of measur ing the surface area of a substrate b y such 
spectral changes, the use of Pseudocyanine commends itself. N o t only 
is the molecular area of this dye reasonably w e l l k n o w n but the narrow 
a n d intense transit ion associated w i t h its c lose-packed adsorbed state 
does not depend strongly o n the composi t ion of the si lver ha l ide or its 
crysta l habit . Moreover , present results a n d earlier experiments have 
demonstrated that dye adsorpt ion measurements w i t h Pseudocyanine, 
either i n the absence or presence of protective col loids, can y i e l d si lver 
ha l ide surface areas w h i c h are i n good agreement w i t h various inde 
pendent estimates (9,23). 

It remains to be determined to what extent the dye adsorpt ion 
technique is appl i cab le to other substrates. N o evidence was obta ined 
for Pseudocyanine adsorption to M n 0 2 , F e 2 0 3 or to pure si lver surfaces, 
a l though this dye can be b o u n d to m i c a , l ead hal ides , a n d mercury salts 
w i t h format ion of a / - b a n d (61). N o t on ly cyanines but other dye classes 
can y i e l d surface spectra w h i c h may be s imi lar ly analyzed . T h i s is spe
ci f ical ly the case w i t h the phtha le in a n d azine dyes w h i c h were recom
m e n d e d b y Fajans a n d b y Kolthof f as adsorpt ion indicators i n potentio-
metr ic t itrations (15, 30). T h e techniques descr ibed are also convenient 
for determining rates a n d heats of adsorpt ion a n d surface concentrations 
of dyes; they have already f o u n d app l i ca t i on i n studies of luminescence 
(18) a n d electrophoresis (68) of si lver halides as a funct ion of dye 
coverage. 

Sorption of Meso-alkylcarbocyanines 

A l t h o u g h w i t h Pseudocyanine the existence of a / -state does not 
depend on the si lver halide 's crysta l structure, meso-alkylcarbocyanines 
can exhibit remarkably different surface spectra on cub i c a n d octahedral 
si lver bromides (13,17). These dyes are par t i cu lar ly sensitive to var ia t ion 
i n spacing of lattice sites at (100) a n d (111) faces a n d to the different field 
forces emanat ing f rom them. T h u s , w i t h var iously charged 9 -methyl th ia -
carbocyanines (22, 23, 36), further experiments at p B r 3-4 i n cub i c A g B r 
dispersions showed H- a n d B-bands of essentially equa l intensity near 
520 a n d 590 n.m. , respectively. These bands were nearly absent o n the 
octahedral substrate w h i c h , instead, caused format ion of a / - b a n d near 
620 n.m. O f the various possibil it ies to account for these spectral differ
ences, there are at least three w h i c h warrant close considerat ion: ( a ) T h e 
thiacarbocyanine may be adsorbed either flat or o n its long edge, depend-
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i n g on the substrate, ( b ) S tack ing of dye molecules on their l ong edge 
m a y vary i n or ientat ion such that the nitrogen atoms of the dye c a n be 
near the surface i n one case, whereas i n the other, sul fur w o u l d be i n 
that posit ion. A l t e r n a t i n g orientations of this t ype occurred w i t h a t h i a 
carbocyanine (75, 76) i n its crystal l ine state, ( c ) Di f ferent stereoisomers 
of the dye are adsorbed on the two substrates. T h e existence of inter 
convert ible stereoisomers of 9-alkylthiacarbocyanines has been demon
strated (60, 74) a n d Zechmeister has reported the chromatographic 
separation of a th iatr icarbocyanine into such isomers (78). 

O f these alternatives on ly the first can n o w be e l iminated since the 
cationic 9-methylthiacorbocyanine was f ound to occupy the same l i m i t i n g 
area of ca. 60 A . 2 per molecule i n bo th cub i c a n d octahedral A g B r (23). 
F o r a c lose-packed monolayer , this area requirement is consistent w i t h 
essentially vert i ca l a l ignment but is too smal l , b y a factor greater t h a n 
two, to a l l ow for hor izonta l or ientat ion of the adsorbed dye. H o w e v e r , 
re lat ive ly minor variations i n t i l t angle of the molecular planes, e.g., 50° 
vs. 60° w o u l d probab ly not be detectable b y these area determinations. 
Yet such angular displacements (14,45) are expected to exert pronounced 
effects on surface spectra. H e n c e , i t is clear that sufficient data are not 
yet avai lable to f u l l y support an explanat ion of spectral properties of 
meso-substituted carbocyanines w h i c h are b o u n d to si lver hal ides h a v i n g 
different crystal habits . 
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Note 

T h e area determinations b y dye adsorpt ion f rom solut ion discussed 
here are appl i cab le to aqueous dispersions. A l t h o u g h saturation coverage 
of s i lver hal ides b y Pseudocyanine remained unchanged i n 4 0 % methano l 
b y vo lume, it is k n o w n that i n organic solvents where ion-pairs m a y be 
adsorbed, the molecular cross section of the cyanine can vary w i t h the 
dye's anion—cf. Reference 23 for discussion a n d l i terature citations. 
Recent determinations of A g l areas b y adsorpt ion of Pseudocyanine were 
reported to have been unreal ist ic a n d salt-dependent ( v a n d e n H u l , H . J . , 
L y k l e m a , J . , / . Phys. Chem. 90 , 3010 ( 1 9 6 8 ) ) . A l ike ly reason for this 
result is the c ircumstance that these investigators carr ied out their m e a 
surements i n a lcohol dispersions of the substrate where the c i ted solvent-
dependent l imitat ions w o u l d app ly . 
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The Relative Adsorbability of Counterions 
at the Charged Interface 

KŌZŌ SHINODA and M A S A M I C H I F U J I H I R A 

Yokohama National University, Ookamachi, Minamiku, Yokohama, Japan 

The distribution of counterions at the charged surface and 
in the bulk solution was studied combining the radiotracer 
technique with foam fractionation technique. The relative 
adsorbability of counterions was determined from the ratio 
of mole ratios in an adsorbed and in the solution phases. 
The relative adsorbability was Cl-: CH3COO- : Br- : ClO3-; 
NO3- = 1 : 0.7 : 1.5 : 3.0 : 4.1 in solution of dodecylammo-
nium(0.011 mole/liter), Cl- : Br- : C l O 3 - : NO3- : SO42- = 
1 : 1.2 : 2.8 : 1.6 : 2.3 in solution of dodecyltrimethylammo-
nium(0.015 mole/liter), and Na+ : Ca2+ = 1 : 210 in solution 
of sodium dodecylsulfate(0.006 mole/liter). 

he air -so lut ion interface of an aqueous solution of ionic surface active 
A agent forms a un i f o rmly charged surface o w i n g to the adsorpt ion of 

surface active ions, on w h i c h counterions are adsorbed f r om the solution. 
W h e n the solut ion contains two kinds of counterions, the preferent ia l 
adsorpt ion is observed at the interface. T h e determinat ion of the relat ive 
adsorbabi l i ty of these two k inds of ions—i.e., the ratio of the ratios of 
the two k inds of ions at the surface a n d i n the so lut ion—is very important 
i n order (1 ) to k n o w the d i s t r ibut ion of ions at the charged surface, (2 ) to 
get insight into the selective permeabi l i ty of counterions against i o n -
exchange resin membrane , a n d (3) to separate or concentrate the par 
t i cu lar ions b y foam fract ionation. H o w e v e r , the determinat ion of the 
concentration or composit ion of adsorbed counterions is difficult w i t h o u t 
the a i d of the radiotracer technique. Judson et al. (3 ) have s tudied the 
relative adsorpt ion between chlor ide a n d sulfate anions at the air -so lut ion 
interface b y radioact iv i ty . W a l l i n g et al. (8 ) have f ound b y foam frac
t ionat ion that mult iva lent ions are preferent ial ly adsorbed f rom a solut ion 

.198 
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of sod ium p a l m i t o y l methyl taur ine . A s the concentrations of the solutions 
s tudied i n these paper were above the c .m.c , a quanti tat ive interpretat ion 
of the results was less accurate b y the compet i t ive adsorpt ion of m u l t i 
valent ions b y micel les . 

I n the present invest igation a large area of adsorbed surface was 
obta ined b y co l lect ing w e l l d ra ined foams, a n d the concentration was 
determined b y we igh ing . O n the other h a n d , the amount of the adsorbed 
labe led ions was determined f rom the measurements of the rat io of counts 
of the d r i e d samples of co l lapsed foariis a n d of solution. T h e relat ive 
adsorbabi l i ty was determined f rom these measurements. 

Experimental 

Materials. Radioact ive H 3 6 C 1 , K 3 6 C 1 0 3 , a n d H 2
3 5 S 0 4 were obta ined 

f rom the D a i i c h i P u r e Chemica l s C o . A s the specific ac t iv i ty of these 
species was so h i g h , each radioact ive i o n was d i l u t e d w i t h each a c i d 
(or salt) solution. D o d e c y l t r i m e t h y l a m m o n i u m bromide was synthesized 
from dodecy lbromide (extra pure grade) a n d t r imethy lamine accord ing 
to the procedures b y Tar tar ( 4 ) . It was pur i f i ed b y recrysta l l izat ion f r om 
acetone. T h e other salt—e.g., dodecy l t r imethy lammonium ni t rate—was 
obta ined a d d i n g si lver nitrate to solution of dodecy l t r imethy lammonium 
bromide . D o d e c y l a m m o n i u m bromide , nitrate, ch lor ide , a n d acetate were 
obta ined b y neutra l i z ing dodecy lamine w i t h respective acids. S o d i u m 
sulfate a n d potassium bromide used were extra pure grade materials . 

Procedures. Aqueous solutions of surfactant conta in ing two k inds of 
counterions, one of w h i c h was labeled , were prepared . A b o u t 200 cc. of 
the solut ion of k n o w n concentration were in troduced into an apparatus 
shown i n F i g u r e 1 ( 5 ) . N a r r o w glass t u b i n g was connected under the 
hor i zonta l tub ing to promote the c i r cu lat ion of the solut ion because of 
the movement of bubbles . T h e apparatus was kept i n an air thermostat 
to carry out the experiment at constant temperature. T h e bubbles were 
generated b y the act ion of a c i r cu la t ing p u m p . Bubb les attained adsorp
t ion e q u i l i b r i u m w h i l e they m o v e d f rom one end to the other end of the 
nearly hor i zonta l glass tube of about 50 c m . i n length. T h e foams were 
w e l l d r a i n e d w h i l e they gradual ly m o v e d upwards through a tube of 
about 60 cm. length. T h e tube was inc l ined to faci l i tate drainage of the 
foams. T h e foam collector was cooled to about 0 ° C . to col lapse the 
foams. A correct ion because of the condensation of water vapor b y 
coo l ing was necessary to determine the concentration of foams. 

F i x e d volumes of o r ig ina l solution a n d of co l lapsed foams were 
taken w i t h a micro (overf low type ) p ipet a n d transferred to respective 
sample plates w h i c h were coated par t ly w i t h si l icone o i l to prevent 
wett ing . T h e solut ion was d r i e d gradual ly w i t h in frared ray l a m p a n d 
then radioact ive counts were determined. O n the other h a n d , the con
centration of the solut ion of co l lapsed bubbles was determined b y w e i g h 
ing . T h e accuracy of this method was conf irmed b y d r y i n g the solut ion 
of k n o w n concentration at respective experiments. T h e loss of acetic a c i d 
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200 ADSORPTION F R O M AQUEOUS SOLUTION 

( a n d therefore dodecy lamine ) was observed d u r i n g the process of d r y i n g 
i n the case of a lky lamine acetate. T h u s , the concentration of adsorbed 
molecules was determined i n the form of d o d e c y l a m m o n i u m chlor ide b y 
the add i t i on of H C l pr ior to the dry ing . Re lat ive adsorbabi l i ty was deter
m i n e d f rom these values b y the procedures descr ibed i n the next section. 

Results and Discussion 

Several features of this experiment (5 — 7) as a radiotracer method 
are as fo l lows: (1 ) since the relat ive adsorbabi l i ty has been determined 
f rom the ratio of radiocounts of d r i ed samples, it is not affected b y errors 
i n the absolute values for radioact iv i ty a n d (2) specific act iv i ty , w h i c h 
has to be large usual ly for the study of surface phenomena, m a y be very 
smal l a n d yet the radioact ive measurements y i e l d accurate results. T h e 
concentrations of solutions examined were a l l close to but less than the 
c.m.c. values of respective surfactant solutions. T h e foams were stable 
enough to carry the experiment i n this concentration range a n d the mole 
rat io of counterions i n the b u l k was equa l to the stoichiometric mole ratio 
—i.e., there was no shift i n mole ratio of dispersed counterions o w i n g to 
the mice l le format ion at the present study. 

T h e adsorption of 3 f t C l " ions at the air -solut ion interface of an aqueous 
solut ion of d o d e c y l a m m o n i u m acetate (0.0140 m o l e / l i t e r ) conta in ing a 

50CM 

Figure 1. Apparatus of relative adsorption 
measurements 
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very smal l amount of chlor ide ions (0.000059 e q u i v . / l i t e r of H 3 G C 1 ) was 
determined, a n d the results were summar ized i n T a b l e I. T h e concentra
t ion of the surfactant was mainta ined at an almost constant leve l be low 
the c.m.c. throughout the experiment. A n a l iquot of the solut ion was d r i e d 
a n d its radioact iv i ty , R s , determined is shown i n the 1st l ine of T a b l e I. 
T h e rad ioact iv i ty of d r i e d sample of the same vo lume of co l lapsed foams, 
Rf, is shown i n the 2 n d l ine . T h e concentration of surfactant ( g r a m / l i t e r ) 
i n solut ion is shown i n the 3 r d l ine a n d that of co l lapsed foams is deter
m i n e d b y w e i g h i n g a n d shown i n the 4 th l ine . It m a y be assumed that 
the composit ion of the interior of foams ( f i lm) is the same as that of the 
b u l k solution, a n d the vo lume of adsorbed molecules can be neglected 
compared w i t h the vo lume of co l lapsed foams. T h u s , Cf — C8 means 
the amount of adsorbed substances. T h e rat io of the f ract ion of labe led 
ions i n the adsorbed state against that i n solut ion is then g iven by , 

(R ; ~ Rg) X a d B 

ft*(C; — C«) X B O l n 

a n d shown i n the 5 th l ine. W h e r e X a d s a n d X s o i n are the fractions of 
labe led ions among counterions i n an adsorbed state a n d i n solution. I n 
the case w h e n the fract ion of labe led ions is very smal l compared w i t h 
un i ty or the relative adsorbabi l i ty is smal l , E q u a t i o n 1 is very close to the 
relative adsorbabi l i ty of labe led ions. T h e fract ion of labe led ions among 
counterions i n solution, X s o i n , is g iven i n the 6th l ine. T h e relat ive adsorb
ab i l i ty (5 ) is then g iven by , 

X a d s / X s o l n 

a 1 — Y / i _ v <Z> 
1 A a d s / 1 ^soln 

a n d shown i n the 7th l ine of the Tab le . 

Table I. Relative Adsorbability of Chloride Against Acetate Ions 
at the Air-Solution Interface of an Aqueous Solution of 
Dodecylammonium Acetate (0.0140 mole/liter) at 25°C. 

1 2 3 

1. R8 ( cp .m.) 1387 1398 1363 
2. ft; (c.p.m.) 8755 5780 12378 
3. C8 (gram/liter) 3.43 3.43 3.43 

4. Cf (gram/liter) 15.6 11.1 22.0 

5. X a <is /X S oln 1.50 1.40 1.49 

6. v 
•^soln 

0.0042 0.0042 0.0042 

7. Relative adsorbability 1.49 1.40 1.49 
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T h e relative adsorbabi l i ty of sulfate against bromide ions of aqueous 
solut ion of dodecy l t r imethy lammonium bromide(0 .0150 m o l e / l i t e r ) con
ta in ing a smal l amount of sulfate ions (0.0000594 e q u i v . / l i t e r of N a 2

3 5 S 0 4 ) 
was summar ized i n T a b l e I I . 

Table II. Relative Adsorbability of 3 3 S 0 4
2 ~ Against Bromide at the 

Air-Solution Interface of an Aqueous Solution of Dodecyltri
methylammonium Bromide (0.0150 mole/liter) at 20°C. 

1 2 3 4 

1. R8 (c.p.m.) 770 752 722 722 
2. Rf (c.p.m.) 2850 2920 2470 2510 
3. C8 (gram/liter) 4.64 4.69 4.62 4.62 
4. Cf (gram/liter) 11.7 12.0 11.1 10.8 
5. X a d s / X B O l n - a 1.75 1.84 1.72 1.86 

T h e fract ion of sulfate ions was 0.004, so that the rat io of mole frac
tions of sulfate ions i n an adsorbed state a n d i n solut ion was equa l to the 
relat ive adsorbabi l i ty w i t h i n experimental error. 

T h e relat ive adsorbabi l i ty of chlorate against b romide ions of aque
ous solution of dodecy l t r imethy lammonium bromide(0 .0150 m o l e / l i t e r ) 
are summar ized i n T a b l e III. T h e concentrat ion of K 3 6 C 1 0 3 was 0.00019 
e q u i v . / l i t e r . 

Table III. Relative Adsorbability of 3 6 C l 0 3 ~ Against Br at the 
Air-Solution Interface of an Aqueous Solution of 

Dodecyltrimethylammonium Bromide at 25°C. 

1 2 

1. R8 (c.p.m.) 2327 2318 
2. Rf (c.p.m.) 15711 13493 
3. C8 (gram/liter) 4.86 4.86 
4. Cf (gram/liter) 19.34 17.31 
5. X a d s / X S o l n 2.07 2.02 
6. ^soln 0.112 0.112 
7. Relative adsorbability 2.40 2.32 

A s the fract ion of chlorate ions among anions is not very smal l , the 
relat ive adsorbabi l i ty differs apprec iab ly f rom the ratio of the fractions 
of chlorate ions i n an adsorbed state a n d i n solution, X a d s / X s o i n -

Simi lar experiments were carr ied out for various couples of counter
ions of aqueous solutions of d o d e c y l a m m o n i u m a n d dodecy l t r imethy l 
a m m o n i u m salts. T h e average values of the relat ive adsorbabi l i ty of 
various anions against chlor ide ions are summar ized i n T a b l e I V . 
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Table IV. Relative Adsorbability of Anions Against Chloride 

Surface active ions 

Anions C12H25N+(CH3)3 c.m.c. (mole/liter) C12H25NH3
+ c.m.c. 

CH3COO- — — 0.7 (25°C.) 0.015 
CI" 1 0.020 1 0.014 
B r 1.2 (20°C.) 0.017 1.5 (35°C.) 0.012 

CIO.," 2.8 (25°C.) — 3.0 (25°C.) — 
N ( V 1.6 (20°C.) — 4.1 (25°C.) 0.0115 
S 0 4 - 2.3 (20°C.) — — — 

T h e foam stabi l i ty of aqueous solut ion of dodecy l t r imethy lammonium 
acetate was not good enough to conduct the experiment. A d d e d 1 : 1 type 
salts d i d not affect the relat ive adsorbabi l i ty of un iva lent ions against 
univalent ions, but that of sulfate against b romide ions i n solution con
ta in ing only a smal l amount of sulfate ions changed w i t h the concentra
t ion of added bromide as shown i n F i g u r e 2. T h e slope of log a vs. 
log C B r was — 1—i.e., the relative adsorbabi l i ty of sulfate against b romide 
ions was inversely proport iona l to the concentrat ion of b romide (see 
F i g u r e 2 ) . 

T h e e lectr ical potent ia l , <£0, of an i on i zed monolayer is g iven as a 
funct ion of the concentrat ion a n d valency of the counterions as f o l 
lows ( I ) , 

2 0 0 0 ^ n (e<}>0\ , n / 2 ^ 0 \ , . 

-DNKT = C l e x p \isr) + °2 e x p V E T ) ( 3 ) 

where o- is the surface charge density, D the dielectr ic constant of the 
m e d i u m , e the elementary charge, Ci the concentrat ion of i -valent c o u n 
terions i n m o l e / l i t e r i n solution, k the B o l t z m a n n constant, a n d T the 
absolute temperature. T h e e lectr ical energy decrease caused b y the 
adsorpt ion of a univalent counter ion f rom the b u l k to the i on i zed surface 
is e<f>0, whereas that of b iva lent counter ion is 2e<£0. It is evident f r om 
E q u a t i o n 3 that the e lectr ical potent ia l , <f>0, decreases inversely propor 
t i ona l to l og C i w h e n C 2 is very smal l . It is expected that the difference 
of the e lectr ical energy of adsorpt ion between univalent a n d b iva lent 
counterions decreases inversely propor t iona l to log C i a n d the relat ive 
adsorbabi l i ty of b iva lent against univalent counterions changes inversely 
proport iona l to the concentration of univalent counterions. T h e agree
ment between this conclus ion a n d exper imental results shown i n F i g u r e 2 
suggests the e lectr ical energy is an important factor at the adsorpt ion of 
counterions i n C i 2 H 2 5 N ( C H 3 ) 3 B r — S 0 4 system as w e l l as i n C i 2 H 2 5 S 0 4 -
N a — C a system (6). B u t , it seems difficult at the present stage, to exp la in 
the great difference between the relative adsorbabi l i ty , 1.9, of sulfate 
against bromide ions a n d that, 210, of ca l c ium against sod ium ions, i n 
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terms of the differences i n hydra t i on energy, ionic radius , etc. A very 
large value for P o C l 6 " against C I " was obta ined b y Ter -Minass ian -Saraga 
et al. (2). E x p e r i m e n t a l data , such as the c.m.c. values a n d / o r selective 
permeabi l i ty of anions against ion-exchange resin membrane , are i n p a r a l 
l e l w i t h the relative adsorbabi l i ty of respective ions. 

3 I ~ 1 

o I -

0.5-

0.01 Q05 0.1 
CBr (MOLE/LITER) 

Figure 2. Dependence of relative ad
sorbability, a, on the concentration of 

bromide, CBr~ 

O ; S O / - : Br in CltHtsN+(CH3)s (20°C.) 
#; Cl~: Br in CJXHt6NH3

+ (30°C.) 

Summary 

A large adsorbed surface phase was accumulated b y col lect ing w e l l 
d r a i n e d foams. T h e amount of adsorbed species was determined b y 
w e i g h i n g the d r i e d col lapsed foams. T h e amount of labe led counter ion 
adsorbed was determined f rom the measurements of the ratio of the 
radioact ive counts f rom the k n o w n volumes of co l lapsed foams a n d the 
b u l k solution. T h u s , the ratio of two k inds of adsorbed counterions at 
the surface was obtained. T h e relative adsorbabi l i ty of counterions was 
determined f rom the ratio of mole ratios i n an adsorbed a n d i n the b u l k 
phases. T h e d i s t r ibut ion of counterions at the charged surface a n d i n 
the b u l k solut ion was determined, c o m b i n i n g the radiotracer technique 
w i t h foam fract ionation technique. T h e relative adsorbabi l i ty was 
C I " : C H 3 C O O - : B r : C 1 C V : NO3" = 1 : 0.7 : 1.5 : 3.0 : 4.1 i n so lut ion 
of d o d e c y l a m m o n i u m (0.011 m o l e / l i t e r ) , C I " : B r " : CIO3" : N 0 3 " : S 0 4

2 ~ 
= 1 : 1.2 : 2.8 : 1.6 : 2.3 i n solution of dodecy l t r imethy lammonium (0.015 
m o l e / l i t e r ) , a n d N a + : C a - + = 1 : 210 i n solution of sod ium dodecylsulfate 
(0.006 m o l e / l i t e r ) . 
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