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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

A L T H O U G H T H E ABILITY OF A POLYMER in solution to act as either a 
stabilizer or a destabilizer of a particulate suspension has long been known-
natural gums have been used for pigment particle stabilization since the days 
of antiquity, for example—the actual mechanisms involved have only 
recently received attention and clarification. Accurate description of the 
polymer adsorption process has evolved even more recently, and owes much 
to theories of interfaces an
technological importance
processing, oil production, fiber treatment, detergency, the personal care 
industry, flocculants, dispersants, lubricants, flow aids, antinucleating agents, 
reprographics, and so on has grown steadily; many of these areas are in the 
domain of the colloid chemist. 

At the symposium on which this book is based, the various authors 
presented papers on the general topic of polymer adsorption and particle 
stabilization/destabilization. In this volume both aqueous and nonaqueous 
systems are included, comprising work on both natural and synthetic 
polymers. Together the chapters constitute a comprehensive update of 
research in progress on these topics and provide broad coverage of both 
experimental and theoretical aspects. 

We would like to acknowledge the assistance of the Petroleum Research 
Fund in providing financial aid for the travel of several of the overseas 
academic participants, and also that of the many officers of the Division of 
Colloid and Surface Chemistry of the American Chemical Society who 
helped to make the symposium possible. 

E. D. GODDARD 
Union Carbide Corporation 

BRIAN VINCENT 
University of Bristol, England 

November 10, 1983 
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1 
Polymers in Disperse Systems: An Overview 

B. VINCENT 

School of Chemistry, University of Bristol, Cantock's Close, Bristol BS8 1TS, England 

In this paper some of the current thinking in three 
closely-related areas is highlighted: polymer 
adsorption; the effect of polymer on the pairwise 
interaction betwee
polymers on dispersio

It would be an impossible task to summarize i n one short review 
the many facets of this subject. This has been more than 
adequately attempted i n several other recent reviews of the f i e l d s 
of polymer adsorption (1-4) and dispersion s t a b i l i t y i n the 
presence of polymers (1_, 5-7). My objective, therefore, i s 
primarily to set the scene for the papers that follow: to high
lig h t current theoretical and experimental work, and to indicate 
where future research efforts might conceivably be directed. 

It i s convenient to divide this topic into three areas, which 
follow on from each other i n a lo g i c a l sequence : 
i) polymers at a single interface: adsorption and depletion 
i i ) interactions between two particles i n the presence of polymer: 

establishment of the pair potential. 
i i i ) dispersion s t a b i l i t y i n the presence of polymer: thermodynamic 

and kinetic considerations. 

Polymers at a Single Interface 

Our understanding of polymer adsorption has followed i n the wake 
of developments i n the theory of adsorption of small molecules and 
that of polymer solutions. It i s useful, at the outset to 
introduce some of the ideas that have been developed i n recent 
years, p a r t i c u l a r l y with regard to the l a t t e r topic. 

The characteristic feature of a macromolecule i n solution i s 
i t s high degree of conformational freedom. The simplest possible 
model for an isolated macromolecule i s the random walk (or 

0097-6156/84/ 0240-0003S06.00/0 
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4 POLYMER ADSORPTION AND DISPERSION STABILITY 

d i f f u s i o n ) model, i n which a polymer c h a i n i s regarded as a s e r i e s 
of r l i n e a r l i n k s , each of l e n g t h 1, w i t h no r e s t r i c t i o n on the 
angles between s u c c e s s i v e l i n k s . T h i s l e a d s to the well-known 
e x p r e s s i o n f o r the root-mean-square (r.m.s.) end-end d i s t a n c e , 
<R£>*, 

<RM = A (1) 

Such a model i g n o r e s r e s t r i c t i o n s on the bond angle s and d i h e d r a l 
angles imposed by the l o c a l c h e m i c a l s t r u c t u r e . T h i s may be taken 
c a r e of e m p i r i c a l l y by d e f i n i n g a c h a r a c t e r i s t i c r a t i o , C , where 

<R2> 
C =

2 I 
where <RR> i s c a l c u l a t e d from e x p e r i m e n t a l data (e.g. l i g h t 
s c a t t e r i n g ) . Coo i s e s s e n t i a l l y a f l e x i b i l i t y parameter which may 
be c a l c u l a t e d f o r c e r t a i n c l a s s e s of c h a i n s , u s i n g e.g. the 
r o t a t i o n a l i s o m e r i c t h e o r y developed by F l o r y (8); v a l u e s 
g e n e r a l l y l i e i n the range 3-15. 

A second problem w i t h the random walk model concerns the i n t e r 
a c t i o n between segments f a r a p a r t a l o n g the contour of the c h a i n 
but which a r e c l o s e t o g e t h e r i n space. T h i s i s the s o - c a l l e d 
"excluded volume 1 1 e f f e c t . The i n c l u s i o n of t h i s e f f e c t g^ves r i s e 
to an expansion of the c h a i n , and i n th r e e - d i m e n s i o n s , <Rr>* ^ 
r ^ (9)9 r a t h e r than the r2 dependence g i v e n i n e q u a t i o n (1). 

The e f f e c t of the s o l v e n t i s a complex one, but can a g a i n be 
taken care of e m p i r i c a l l y . I t i s p o s s i b l e to d e f i n e a s o l v e n t (a 
t h e t a , Θ, s o l v e n t ) whereby the net e f f e c t of an un f a v o u r a b l e 
segment-solvent i n t e r a c t i o n i s to reduce the dimensions of the 
c h a i n so as to e x a c t l y compensate f o r the excluded volume e f f e c t . 
I f we d e f i n e <R^>| as the r.m.s. end-end d i s t a n c e i n a θ-solvent 
then we can i n t r o d u c e an expansion f a c t o r , α whereby 

α =<RM/<RM (3) r r ο 
2 4 . . where <Rr> i s the v a l u e i n the s o l v e n t under c o n s i d e r a t i o n . 

α > 1 i n a better-than-θ s o l v e n t , α < 1 i n a worse-than-θ s o l v e n t 
and α = 1 i n a θ-solvent (e.g. f o r p o l y s t y r e n e cyclohexane i s a 
θ-solvent a t 34.5°C, i . e . the θ-temperature). 

The above c o n s i d e r a t i o n s a p p l y to i s o l a t e d polymer c h a i n s i n 
s o l u t i o n , i . e . a t v e r y low polymer c o n c e n t r a t i o n s or volume 
f r a c t i o n s , φ ρ ( i . e . i n the l i m i t φ ρ + 0). As φ ρ i n c r e a s e s , i n t e r 
c h a i n i n t e r a c t i o n s becomg i m p o r t a n t . Indeed, a t a c r i t i c a l 
polymer c o n c e n t r a t i o n , φ , i n t e r c h a i n o v e r l a p b e g i n s , and beyond 
a second c r i t i c a l c o n c e n t r a t i o n , φ**, the c h a i n s a r e so overl a p p e d 
t h a t the segment c o n c e n t r a t i o n i s e f f e c t i v e l y u n i f o r m over the 
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1. VINCENT Polymers in Disperse Systems 5 

whole s o l u t i o n . These c o n d i t i o n s a r e i l l u s t r a t e d s c h e m a t i c a l l y 
i n f i g u r e 1 f o r two i n t e r a c t i n g c h a i n s where the segment d e n s i t y 
(p) p r o f i l e s a r e shown; the i n d i v i d u a l p r o f i l e s a r e Gaussian. 

Three c o n c e n t r a t i o n r e g i o n s may be i d e n t i f i e d : 
i ) 0 < φρ < φ*: the d i l u t e r e g i o n . 

i i ) φ* < φ < φ**: the s e m i - d i l u t e r e g i o n . 
Ρ Ρ Ρ 

i i i ) φ** < φ < 1 : the c o n c e n t r a t e d r e g i o n . 
ρ ρ 

Edwards (10) has t r e a t e d the c o n c e n t r a t e d r e g i o n by c o n s i d e r 
i n g a mean f i e l d a p p r o x i m a t i o n . The problem i s to s o l v e the 
random f l i g h t or d i f f u s i o n e q u a t i o n i n a u n i f o r m f i e l d p r o v i d e d by 
the segments (from a l l c h a i n s )  T h i s f i e l d i s p r o p o r t i o n a l t o φ
but i s independent of p o s i t i o n
c o n d i t i o n s , <R^> 2 i s a g a i

The problem of c o n c e n t r a t i o n e f f e c t s has a l s o been d i s c u s s e d 
by des C l o i s s e a u x , de Gennes and co-workers (11-13) u s i n g s c a l i n g 
t h e o r y . Daoud and Jan n i n k (14) have summarized the b e h a v i o u r of 
<R̂ >5 over the v a r i o u s r e g i o n s o f the tem p e r a t u r e - c o m p o s i t i o n 
phase diagram f o r a polymer i n a good ( i . e . better-than-θ) s o l v e n t ; 
t h i s i s shown i n f i g u r e 2, where τ i s a r e l a t i v e temperature, i . e . 
τ = (Τ - θ>/θ. Region I corresponds to the d i l u t e r e g i o n , where 
<̂ J>2 % r 3 / 5 τ ' ; r e g i o n I * i s the t h e t a r e g i o n , where <R|>2 ^ 
r 2 : Region I I I i s the c o n c e n t r a t e d r e g i o n , where a g a i n 
<R̂ >2 % r i ( i . e . as p r e d i c t e d by Edwards); Region I I i s the semi-
d i l u t e r e g i o n , where <R|>I % r ^ j f " 1 ' x 1'° ( i . e . <R̂ >2 i s temperature 
and c o n c e n t r a t i o n , as w e l l as c h a i n l e n g t h , dependent); Region IV 
i s the c o - e x i s t i n g , two-phase r e g i o n . 

The a d s o r p t i o n of c h a i n m o l e c u l e s a t the s o l i d / s o l u t i o n 
i n t e r f a c e d i f f e r s i n many r e s p e c t s from t h a t of s m a l l m o l e c u l e s . 
Some of these d i f f e r e n c e s are l i s t e d below. 
i ) segments may be "adsorbed" a l t h o u g h they a r e not i n d i r e c t 

c o n t a c t w i t h the s u r f a c e , i . e . i n loops o r t a i l s r a t h e r than 
t r a i n s . 

i i ) the na t u r e of the a d s o r p t i o n i s o t h e r m ; polymer a d s o r p t i o n 
l e a d s i n g e n e r a l t o h i g h a f f i n i t y i s o t h e r m s . The amount 
adsorbed r i s e s v e r y s t e e p l y a t low c o n c e n t r a t i o n s , and then 
l e v e l s to a pseudo-plateau r e g i o n . U n f o r t u n a t e l y , p r a c t i c a l 
d i f f i c u l t i e s i n h i b i t the e s t a b l i s h m e n t of the i s o t h e r m beyond 
b u l k polymer volume f r a c t i o n s , φ ρ ^ 10 o r so. 

i i i ) i t i s d i f f i c u l t t o desorb polymers by d i l u t i o n ( a l t h o u g h they 
may be exchanged). T h i s has sometimes l e d t o the (mistaken) 
i d e a t h a t polymer a d s o r p t i o n i s " i r r e v e r s i b l e " . 

i v ) polymers are f r e q u e n t l y p o l y d i s p e r s e i n c h a i n l e n g t h , r ; 
t h i s l e a d s t o f r a c t i o n a t i o n on the s u r f a c e , "rounded" 
isotherms and a dependence on the s u r f a c e a r e a / s o l u t i o n 
volume r a t i o . 

v) t h e r e may be problems i n d e f i n i n g the r e l e v a n t s p e c i f i c 
surface area, p a r t i c u l a r l y for porous materials or when the 
adsorbent part i c l e size is < chain dimensions. 
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F i g u r e 2. Temperature-composition phase diagram f o r a 
polymer s o l u t i o n , τ = (Τ - θ)/θ 
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I. VINCENT Polymers in Disperse Systems 7 

v i ) m u l t i l a y e r a d s o r p t i o n , per s e , i s r a r e , and r e s t r i c t e d , i n 
g e n e r a l , to r e g i o n s of the phase diagram ( f i g u r e 2) c l o s e to 
the phase s e p a r a t i o n boundary, or when a g g r e g a t i o n i s known 
to occur i n s o l u t i o n , 

v i i ) a d s o r p t i o n r a t e s are much s l o w e r , p a r t i c u l a r l y i n the case of 
p o l y d i s p e r s e c h a i n s . 
There has been a p l e t h o r a of t h e o r i e s of polymer a d s o r p t i o n 

i n r e c e n t y e a r s , a t l e a s t f o r l i n e a r c h a i n s adsorbed on r e g u l a r 
s u r f a c e s : these have been adequately reviewed elsewhere ( 1 - 4 ) . 
Computer s i m u l a t i o n and a n a l y t i c a l methods have b o t h been used, 
based on d i f f u s i o n e q u a t i o n , p a r t i t i o n f u n c t i o n and s c a l i n g t h e o r y 
approaches. There are a number of parameters which are common to 
most of these t h e o r i e s ; some of these a r e a l s o r e l e v a n t to 
t h e o r i e s of polymer s o l u t i o n s , i . e . 
i ) the c h a i n l e n g t h , r

(segments) i n a c h a i n
number of monomer u n i t s i n a c h a i n , χ (x = molar mass of 
chain/molar mass of a monomer u n i t ) . 

i i ) the s t a t i s t i c a l segmental l e n g t h , 1. 
i i i ) the c h a r a c t e r i s t i c r a t i o or some o t h e r f l e x i b i l i t y 

parameter 
i v ) the net solvent-segment i n t e r a c t i o n parameter, i . e . a, or 

more e x p l i c i t l y χ, the F l o r y i n t e r a c t i o n parameter (χ = 0 i s 
an athermal s o l v e n t ; χ = | i s a t h e t a s o l v e n t ) . 

v) the polymer volume f r a c t i o n , φ ρ 

For adsorbed polymers two o t h e r e f f e c t s have t o be c o n s i d e r e d : 
v i ) the s u r f a c e i s i n p e n e t r a b l e , i . e . ζ > 0, where ζ i s the 

d i s t a n c e normal to the s u r f a c e . 
v i i ) the net segment-surface i n t e r a c t i o n parameter, X g. A rigorous 

d e f i n i t i o n of X s has been g i v e n by F l e e r and Lyklema ( 4 ) . 
The o b j e c t i v e of any t h e o r y i s to p r e d i c t how v a r i o u s p a r a 

meters which c h a r a c t e r i s e the adsorbed polymer v a r y w i t h these 
system v a r i a b l e s . There a r e a number of parameters which c h a r a c 
t e r i s e the adsorbed polymer, and which s h o u l d , i d e a l l y , a l l be 
measured f o r any g i v e n system: 
i ) the adsorbed amount. T h i s i s b e s t expressed as a dimension-
l e s s q u a n t i t y ^ Θ, the r a t i o of the t o t a l number of adsorbed segments/ 
maximum number of segments i n a monolayer a t the s u r f a c e ( i . e . 
w i t h every s u r f a c e " s i t e " f i l l e d ) . The e x a c t c o r r e l a t i o n between 
an a d s o r p t i o n s i t e and the s u r f a c e s t r u c t u r e of the adsorbent i s 
not always o b v i o u s . I f a l a t t i c e model i s used, then c o n s i d e r a b l e 
d i f f i c u l t i e s a l s o a r i s e i n c o r r e l a t i n g the s i z e of the l a t t i c e 
element w i t h the s t r u c t u r e of the polymer c h a i n , the s o l v e n t 
m o lecules and the s u r f a c e s t r u c t u r e of the adsorbent. 

At h i g h polymer c o n c e n t r a t i o n s , φ ρ > φ ρ , one a l s o has to 
d i s t i n g u i s h between segments which are p r e s e n t i n the adsorbed 
l a y e r r e g i o n and b e l o n g i n g to c h a i n s which are a c t u a l l y adsorbed 
( i . e . have a t l e a s t one segment i n c o n t a c t w i t h the s u r f a c e ) , and 
those segments which a r e p r e s e n t i n t h i s r e g i o n but b e l o n g to f r e e , 
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8 POLYMER ADSORPTION AND DISPERSION STABILITY 

overlapping chains which have no segments i n contact with the 
surface. Scheutjens and Fleer (15,16) i n their l a t t i c e model of 
polymer adsorption have computed the r e l a t i v e contributions to 
®total ^ r o r a these two types of segments. In figure 3, 0 t o t a ^ is 
shown as a function of log r, together with the two contributions 

(depletion) and 0 e x (excess) which are defined below, and inter
preted i n the inset 

φ ) (4) 
Ρ 

φ?·*') (5) 

where φ ρ i s the bulk polymer (or segment) volume frac t i o n 
(Scheutjens and Fleer (15,16
for bulk polymer concentration)
of segments in layer i , and φ η , Ε * is the volume frac t i o n of 
segments i n layer i arisin g from non-adsorbed chains. 

From figure 3, where φ ρ = 10"^, i t can be seen that θ t o t a i 
exceeds θ e x only for r £ 10 5, i . e . where φ ρ > φ*. For lower 
values of r, θ ^ In r. 

In figure 4, log θ i s plotted as a function of log φ ρ for two 
values of χ (χ = 0, athermal; χ = 0.5, theta solvent) and fixed r 
and x s. The log-log scale i s used to highlight the main features. 
The isotherm may be divided into three regions 
a) the Henry 1s law region, where log θ increases steeply and 

l i n e a r l y with log φ ρ . Here adsorption occurs as individual 
isolated chains. 
b) beyond some c r i t i c a l value of θ, chain overlap occurs on the 

surface and θ increases very much more slowly with φρ. This 
c r i t i c a l value, Θ* may be conveniently defined by the intersection 
of the two straight lines as i n figure 4. Clearly Θ* for the 
surface has strong analogies with φ* for bulk solution. Note that 
Θ* occurs at inaccessibly low φ ρ values. The experimental range 
of φ ρ values (̂  10"^ to MO ) corresponds to the pseudo-plateau 
region of the isotherm. 
c) beyond the l i m i t of the dilute bulk solution region (φ > φ ρ) 
contributions from arise and θ increases rapidly up to the 
value for φ = 1. 

Tp 
Experimentally, the adsorbed amount is usually expressed as Γ 

i . e . mass polymer/area of surface. This i s usually obtained from 
a mass balance technique, af ter analysing the equilibrium solution. 
Γ œ θ β χ , but an exact correlation i s d i f f i c u l t to establish. 

F i n a l l y , in this section we consider the case where χ 8 = 0, 
i . e . where no adsorption takes place. There i s then a depletion of 
segments i n the region near the interface (figure 5). It i s useful 
to define an effective depletion zone of thickness, 6^, defined 
such that the two shaded areas are equal, and given by, 

Σ (φ. 
i 
Σ(φ 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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F i g u r e 3. θ t o t a n c* i t s components, 6 e x and θ^, as a 
f u n c t i o n of c h a i n l e n g t h , f o r φρ = 10"^ (hexagonal l a t t i c e 
X s = 1, χ = 0.5). The i n s e t g i v e s a q u a n t i t a t i v e p i c t u r e 
of the segment c o n c e n t r a t i o n p r o f i l e i n the adsorbed l a y e r 
(Reproduced w i t h p e r m i s s i o n from Ref. 16. C o p y r i g h t 1982, 
Academic P r e s s (London).) 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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e d = Φ ρ 6 d (6) 

i i ) the bound f r a c t i o n of segments. One may d e f i n e the f r a c t i o n 
of segments i n t r a i n s , p, by the r e l a t i o n s h i p , 

Ρ = Βχ/Β (7) 

where θj i s the f r a c t i o n a l coverage i n the f i r s t l a y e r . I n l a t t i c e 
t h e o r i e s , θ j = φ j . A l l t h e o r i e s p r e d i c t (J_) t h a t ρ i s a decreasing 
f u n c t i o n of φ and hence Θ, a t l e a s t beyond θ*. χ 3 i s an important 
parameter: t h e r e i s a c r i t i c a l v a l u e of x s , Xg, below which ρ = 0, 
i . e . no segments a r e adsorbed. For X s > χ§, ρ i s an i n c r e a s i n g 
f u n c t i o n of χ 8. ρ g e n e r a l l y i n c r e a s e s as χ decreases ( i . e . as the 
s o l v e n t " q u a l i t y " i s i n c r e a s e d )
g e n e r a l l y decreases as

ρ may be o b t a i n e d (1-4) u s i n g s p e c t r o s c o p i c (h.m.r., e . s . r . o r 
i n f r a r e d ) , c a l o r i m e t r i c o r e l e c t r o c h e m i c a l t e c h n i q u e s , e i t h e r 
d i r e c t l y o r through the e s t i m a t i o n of θ j ( e q u a t i o n 7 ) . 
i i i ) the e x t e n s i o n o f segments normal to the s u r f a c e . I d e a l l y , 
one would l i k e to be a b l e to p r e d i c t t h e o r e t i c a l l y and/or e s t a b l i s h 
e x p e r i m e n t a l l y φ(ζ) (or φ£ f o r a l a t t i c e model), i . e . the form of 
the segment d e n s i t y p r o f i l e normal to the s u r f a c e . C l e a r l y , t h i s 
o n l y has r e a l meaning f o r θ > 9*7~where a u n i f o r m d i s t r i b u t i o n of 
segments p a r a l l e l t o the s u r f a c e may r e a s o n a b l y be assumed. 
Al t h o u g h a number of r e c e n t t h e o r i e s a r e a b l e to p r e d i c t φ(ζ), the 
S c h e u t j e n s - F l e e r t h e o r y (15,16) i s a l s o a b l e t o p r e d i c t the 
se p a r a t e c o n t r i b u t i o n s to φ£ from t a i l s and l o o p s . 

E x p e r i m e n t a l l y , the form of φ(ζ) has been r e c e n t l y e s t a b l i s h e d 
f o r adsorbed homopolymers and t e r m i n a l l y anchored t a i l s by the 
B r i s t o l group (17,20). Knowing φ(ζ) one may then c a l c u l a t e the 
r.m.s. t h i c k n e s s o f the adsorbed l a y e r . P r e v i o u s measurements of 
the " t h i c k n e s s " (1-4) have u s u a l l y i n v o l v e d e l l i p s o m e t r y ( f l a t 
s u r f a c e s ) o r some hydrodynamic techni q u e ( p a r t i c l e s ) . I n n e i t h e r 
case can the c a l c u l a t e d t h i c k n e s s be unambiguously r e l a t e d t o φ(z), 
a l t h o u g h r e c e n t t h e o r e t i c a l work by Cohen S t u a r t e t a l . ( 2 1 ) , t o be 
d i s c u s s e d a t t h i s m e eting, has made an attempt t o r e l a t e the hydro-
dynamic t h i c k n e s s , δ^, t o φ(ζ). 

The t h e o r e t i c a l and (model) e x p e r i m e n t a l work r e f e r r e d to 
above has l a r g e l y been concerned w i t h l i n e a r homopolymers 
adsorbed on r e g u l a r s u r f a c e s . However, t h e r e i s a v a s t l i t e r a t u r e 
of e x p e r i m e n t a l s t u d i e s on more complex systems. U n f o r t u n a t e l y , 
i n many cases the systems a r e e i t h e r i l l - d e f i n e d and/or o n l y 
a d s o r p t i o n isotherms have been e s t a b l i s h e d ; f o r drawing g e n e r a l 
c o n c l u s i o n s or comparison w i t h t h e o r y such s t u d i e s a r e of l i t t l e 
use. On the t h e o r e t i c a l s i d e , c l e a r l y the work needs to be 
extended towards these more complex systems. I n p a r t i c u l a r , 
developments a r e r e q u i r e d i n the f o l l o w i n g areas ( s t a r t s have 
a l r e a d y been made i n some c a s e s ) : 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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a) copolymers and branched polymers. 
b) polyelectrolytes (leading hopefully and eventually to 

bipolymers) 
c) polymer mixtures (fractionation) 
d) adsorption onto non-flat surfaces (especially spheres) 
e) adsorption onto heterogeneous surfaces 
f) adsorption at the l i q u i d / l i q u i d and liquid/vapour interfaces 
g) co-adsorption between plates or p a r t i c l e s , and adsorption in 

cavities (pores). 

Pairwise Interaction Between Particles i n the Presence of Polymer 

The starting point for any theory of p a r t i c l e interactions i s the 
D.L.V.O. theory ( 2 2 ) , which considers the pair potential between 
two charged pa r t i c l e s acros
ions, where appropriate)
s p l i t into the contribution from the van der Waals (electrodynamic) 
forces (G^), and the e l e c t r o s t a t i c forces a r i s i n g from the overlap 
of the e l e c t r i c a l double layers around the charged particles (Gg). 
Both G^ and Gj? are affected by the presence of adsorbed polymer 
layers. Moreover, additional interactions are introduced. The 
situation i s complex even for neutral polymers, but may be con
veniently rationalised i n terms of figure 6. Two regions of i n t e r 
action may be distinguished: (i) h > 26; ( i i ) h < 26. 

For h > 26 (b > 0 ) , the DLV0 theory operates: one simply has 
to investigate how the presence of the adsorbed polymer modifies 
G^ and Gg. To attempt to do this exactly one would need to know 
the form of φ(ζ) and also the charge d i s t r i b u t i o n i n the el e c t r i c a l 
double layer. However, various simplifying approximations may be 
made. For G^ (b) one may either assume that the average segment 
concentration i n the adsorbed layer i s so small that G A i s not 
perturbed by the adsorbed layer (valid for high M.W. polymers), or 
use the Void type of approach (23,24), which regards the p a r t i c l e 
plus i t s adsorbed polymer sheath essentially as a composite 
p a r t i c l e , assigned two Hamaker constants : one for the core and one 
for the sheath. 

For Gç (b), a reasonable (although not s t r i c t l y correct) 
procedure i s to replace the Stern potential in one of the standard 
equations for Gg by the zeta potential of the polymer-coated 
pa r t i c l e s ; this assumes that the plane of hydrodynamic shear 
corresponds to the periphery of the adsorbed layer. 

For h < 26, the situation i s much more complex. One not only 
needs to know φ(ζ) for each layer, but how φ(ζ) changes as the two 
particles approach, i . e . φ(z,h); this may well depend on the time-
scale of the approach, i . e . the equilibrium path may not be 
followed. Scheutjens and Fleer (25) i n an extension of their model 
for polymer adsorption have analysed the situation for two int e r 
acting uncharged p a r a l l e l , f l a t plates carrying adsorbed, neutral 
homopolymer, interacting under equilibrium conditions. Only a 
semi-quantitative picture w i l l be presented here. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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One may d i v i d e the i n t e r a c t i o n s i n t o t h r e e c o n t r i b u t i o n s 
( i . e . i n a d d i t i o n t o G^) 
a) the e l a s t i c term ( G e ^ ) : t h i s a r i s e s from the l o s s i n con

f o r m a t i o n a l entropy o f the c h a i n s . Depending on the coverage 
(Θ) and the c o n f i g u r a t i o n of the adsorbed c h a i n s , t h i s may o r may 
not be a s i g n i f i c a n t c o n t r i b u t i o n f o r δ < h < 2δ, but c l e a r l y 
becomes v e r y i m p o r t a n t when h < δ, s i n c e the ch a i n s a r e r e s t r i c t e d 
by the opposing s u r f a c e and a l s o polymer b r i d g e s form which have a 
v e r y low c o n f o r m a t i o n entropy compared t o loops or t a i l s . Napper 
(26) has g i v e n the f o l l o w i n g e x p r e s s i o n f o r G , f o r two p a r a l l e l 
f l a t p l a t e s f

 6 

G _ = 2 Μ Γ I n = 2kTr R Λ (h) (8) e l Ω(°°) e l 

where Γ i s the number o
and Ω(°°) a r e the number of conformations a v a i l a b l e t o the adsorbed 
c h a i n s a t h = h and h = °°, r e s p e c t i v e l y ; R E ^ i s a geometric 
f u n c t i o n which depends on the form of φ(ζ,η). G e^ i s always a 
r e p u l s i v e c o n t r i b u t i o n . 
b) the m i x i n g term ( G m £ x ) : t h i s a r i s e s from the net segment/ 

s o l v e n t i n t e r a c t i o n s and the l o c a l changes i n segment con
c e n t r a t i o n i n the i n t e r a c t i o n r e g i o n between the p a r t i c l e s . I t 
comes i n t o p l a y f o r a l l v a l u e s o f h < 2δ. Napper (26) has a l s o 
d e r i v e d an approximate e x p r e s s i o n f o r t h i s term f o r two p a r a l l e l 
f l a t p l a t e s , 

2 2 2kT ν Γ 
G . = 2 (I - x ) R . ( h) (9) mix ν mix s 

where Vp and v s are the molar volumes of the polymer and s o l v e n t , 
r e s p e c t i v e l y . R M £ X i s a g a i n a geometric f u n c t i o n which depends on 
the form of φ(ζ,η). χ i s the F l o r y i n t e r a c t i o n parameter. C l e a r l y , 
Gjnix can be p o s i t i v e o r n e g a t i v e ( i . e . r e p u l s i v e or a t t r a c t i v e ) 
depending on the magnitude of χ. For a θ-solvent (χ = | ) , G m£ x= 0. 
c) the a d s o r p t i o n term (G a cj) : t h i s r e s u l t s from the change i n 

the n et number of surface/segment c o n t a c t s , p, as h decreases. 
G a (j ( l i k e G e^) may o r may not be s i g n i f i c a n t f o r δ < h < 2δ, 
depending on the c o n f i g u r a t i o n a l changes t h a t occur i n t h i s r e g i o n 
( i . e . whether changes i n ρ oc c u r ) as h d e c r e a s e s , but c l e a r l y 
becomes v e r y i m p o r t a n t when h < δ s i n c e segments can now become 
adsorbed on the s u r f a c e of the opposing c o r e p a r t i c l e s or p l a t e s , 
i n a d d i t i o n t o any changes i n ρ a t the o r i g i n a l s u r f a c e . One may 
w r i t e the f o l l o w i n g e x p r e s s i o n f o r G ^ f o r p a r a l l e l f l a t p l a t e s 

G ^ « - 2 k T r r X o.Ap(h) (10) 

where Ap(h) i s the net change i n ρ as a f u n c t i o n of h. S i n c e , i n 
g e n e r a l , as h decreases Δρ w i l l be p o s i t i v e , then G a cj w i l l 
c o n s t i t u t e an a t t r a c t i v e c o n t r i b u t i o n . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Similar expressions to equations (8) to (10) may be derived 
for spherical p a r t i c l e s . The form of the t o t a l interaction ( i . e . 
GA + G e l + Gmix + Gad> assuming ad d i t i v i t y ) i s clearly complex and 
depends very much on φ(z,h), which i n turn depends on θ (or Γ). 
For simplicity and by way of i l l u s t r a t i o n , we s h a l l just consider 
two possible l i m i t i n g cases : (i) at low θ (θ < θ*); ( i i ) at high 
θ (psuedo-plateau region of the isotherm). These are i l l u s t r a t e d 
in figure 7 for the case of a good solvent (χ < J ) . 

At low coverages (figure 7a), there is a s i g n i f i c a n t minimum 
(^min) » resulting from the dominance of G a <j and at h < ^ δ, and 
G s (» G e i + G m £ x ) for h « 6. This results i n so-called "bridging 
fl o c c u l a t i o n " . At high coverages (figure 7b), on the other hand, 
Gad °° 0 and only a very shallow minimum exists at h > ^ 26 due to 
the residual contribution from G^ at these distances. Clearly, 
provided G m £ n i s small enough
flocculation; this situatio
s t a b i l i s a t i o n " . The question of just how deep G m £ n has to be for 
f l o c c u l a t i o n to be observed w i l l be discussed later i n the paper. 

The above analysis applies to the case of positive adsorption. 
What happens for example when χ δ = 0, and depletion zones exist 
near the surface? This situation i s dealt with in d e t a i l i n a 
later paper (27) here. The f i r s t analysis was by Asakura and 
Oosawa (28,29), who showed that the overlap of the depletion zones 
(figure 5), results i n a net attraction, and hence depletion f l o c 
culation. The o r i g i n of this attractive term may be viewed i n 
terms of displacing solvent molecules from a region of higher 
chemical potential (in the depletion zone) to one of lower chemical 
potential (in the bulk polymer solution). There i s a s i m i l a r i t y 
here with the mixing term (G m£ x) referred to above, where the 
reverse situation holds (in a good solvent), i . e . solvent i s d i s 
placed from a r e g i o n of lower c h e m i c a l potential (the polymer 
sheaths) to high chemical potential (the bulk medium). Note, as 
we show i n the later paper here (27), that as φρ increases beyond 
φρ, the thickness of the depletion zone, 6̂ , decreases and hence 
tne atrraction term eventually decreases again, and the system is 
r e s t a b i l i s e d (depletion s t a b i l i s a t i o n ) . 

The types of interaction that can occur between pa r t i c l e s 
immersed i n polymer solutions has been dealt with here on a rather 
ad hoc basis. Even for neutral systems, the situation i s complex, 
although recent equilibrium analyses such as those given by 
Scheutjens and Fleer (25) for adsorbed homopolymers are beginning 
to shed some more l i g h t , but time-dependent effects need to be 
considered also. As with polymer adsorption per se, one expects 
the theories to be extended to deal with gradually more complex 
systems. In this respect, the introduction of charge effects 
Charged surfaces, polyelectrolytes) w i l l be a major step forward; 
at best our understanding at present here is only qua l i t a t i v e . 
The ultimate goal must be to derive general equations for the pair 
potential, without the arbitrary (and possibly incorrect) 
separation i n t o various terms. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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F i g u r e 7. G(h) curves f o r two p a r t i c l e s c a r r y i n g adsorbed 
polymer l a y e r s : (a) low θ (θ < θ*); (b) h i g h θ ( p l a t e a u 
r e g i o n ) . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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D i s p e r s i o n S t a b i l i t y i n the P re sence o f Polymer 

" S t a b i l i t y " i s a u b i q i t o u s word as a p p l i e d to c o l l o i d a l d i s p e r s i o n s ; 
i t may ap p l y to more than one p h y s i c a l p r o c e s s (e.g. f l o c c u l a t i o n , 
s e t t l i n g , Ostwald r i p e n i n g ) and may be used i n e i t h e r the k i n e t i c 
or thermodynamic senses. We r e s t r i c t d i s c u s s i o n here t o 
f l o c c u l a t i o n and c o n s i d e r f i r s t the thermodynamic a s p e c t s . 

F l o c c u l a t i o n i n t o a minimum of the type d e p i c t e d i n f i g u r e 7 
w i l l be opposed by the l o s s i n configurâtional entropy of the 
p a r t i c l e s . We may f o r m a l l y express t h i s by the e q u a t i o n (30,31), 

AG. = AG. - Τ.AS (11) f ι hs 

where àGf i s the net f r e e energy of f l o c c u l a t i o n ; AS^  i s the 
term a s s o c i a t e d w i t h th
system of hard-sphere ( n o n - i n t e r a c t i n g
sense t h a t they a r e hard spheres and not p o i n t s ) p a r t i c l e s ; AG£ 
i s the term a s s o c i a t e d w i t h the i n t e r p a r t i c l e i n t e r a c t i o n s . AS^ S 

( p o s i t i v e ) i s e s s e n t i a l l y a f u n c t i o n of the p a r t i c l e volume 
f r a c t i o n <f)s: as Φ 8 i n c r e a s e s s o |AS^g | dec r e a s e s . àG^ ( n e g a t i v e ) 
i s a f u n c t i o n of Gjjj£n. 

I t i s the s u b t l e i n t e r p l a y of the two terms on the r . h . s . of 
e q u a t i o n (11) which determines the s i g n of àGf. I f àGf i s p o s i t i v e 
the d i s p e r s i o n w i l l be thermodynamically s t a b l e . One can express 
t h i s s c h e m a t i c a l l y i n the form of f i g u r e 8, which shows the 
boundary between s t a b i l i t y and ( r e v e r s i b l e ) f l o c c u l a t i o n i n a p l o t 
of l o g φ s v e r s u s G m £ n . One may c r o s s the boundary l i n e e i t h e r by 
i n c r e a s i n g Gm^n a t f i x e d φ 8 , o r by i n c r e a s i n g φ 8 a t f i x e d G m £ n . 
The l a t t e r case g i v e s r i s e to the concept of a c r i t i c a l p a r t i c l e 
volume f r a c t i o n (c.f.φ) below which the d i s p e r s i o n i s thermo
d y n a m i c a l l y s t a b l e , but above which f l o c c u l a t i o n i s observed. The 
former case may a r i s e i n s e v e r a l ways. The main v a r i a b l e s which 
c o n t r o l Gmin ( a t h i g h Θ) a r e : 
i ) a and δ: i n a good s o l v e n t (χ < |) and φ ρ s m a l l : |G m^ n| 

i n c r e a s e s as a i n c r e a s e s ( f i x e d δ) or as ο decreases ( f i x e d a) 
i i ) χ: I G m ^ n I i n c r e a s e s as χ i n c r e a s e s ( s o l v e n c y becomes w o r s e ) . 

There may be a dram a t i c i n c r e a s e i n G m £ n beyond θ-conditions 
where Gmix changes s i g n ( f i g u r e 7b). Note t h a t δ may a l s o decrease 
as χ i n c r e a s e s . The s i t u a t i o n here i s complex and c o r r e l a t i o n 
between c r i t i c a l f l o c c u l a t i o n c o n d i t i o n s and t h e t a c o n d i t i o n s may 
not always be observed, as i s d i s c u s s e d i n ft l a t e r paper h e r e ( 3 2 ) . 
i i i ) φρ i n the case of non-adsorbing polymers: as d i s c u s s e d above, 

an a d d i t i o n a l a t t r a c t i o n may be i n t r o d u c e d , due to d e p l e t i o n 
e f f e c t s , l e a d i n g t o an i n c r e a s e i n G m £ n which passes through a 
maximum w i t h i n c r e a s i n g φρ. 

The above a n a l y s i s a p p l i e s t o those s i t u a t i o n s where the 
p a i r w i s e i n t e r a c t i o n curve i s c h a r a c t e r i s e d by a f r e e energy 
minimum ( f i g u r e 7 ) . I f charges a r e p r e s e n t , then c o n t r i b u t i o n s 
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from Gg may g i v e r i s e t o a f r e e energy maximum, as i n c l a s s i c a l 
D.L.V.O. type systems. Such systems a r e k i n e t i c a l l y s t a b i l i s e d 
( i . e . m e t a s t a b l e i n the thermodynamic s e n s e ) . Any change which 
reduces the h e i g h t of t h i s maximum (e.g. pH, a d d i t i o n of e l e c t r o 
l y t e ) i n c r e a s e s the r a t e c o n s t a n t f o r the f l o c c u l a t i o n p r o c e s s . 

The f o u n d a t i o n s of the the o r y of f l o c c u l a t i o n k i n e t i c s were 
l a i d down e a r l y i n t h i s c e n t u r y by von Smoluchowski ( 3 3 ) . He 
c o n s i d e r e d the r a t e of ( i r r e v e r s i b l e ) f l o c c u l a t i o n of a system of 
hard-sphere p a r t i c l e s , i . e . i n the absence of o t h e r i n t e r a c t i o n s . 
With d i s p e r s i o n s c o n t a i n i n g polymers, as we have seen, one i s 
f r e q u e n t l y d e a l i n g w i t h r e v e r s i b l e f l o c c u l a t i o n ; t h i s i s a much 
more d i f f i c u l t s i t u a t i o n t o a n a l y s e t h e o r e t i c a l l y . C o w e l l and 
V i n c e n t (34) have r e c e n t l y proposed the f o l l o w i n g s e m i - e m p i r i c a l 
e q u a t i o n f o r the e f f e c t i v e f l o c c u l a t i o n r a t e c o n s t a n t , k ^ ^ , 

k r r -ef f ο  mm min

where k Q i s the Smoluchowski ' f a s t 1 ( d i f f u s i o n - c o n t r o l l e d ) , 
i r r e v e r s i b l e f l o c c u l a t i o n r a t e c o n s t a n t (y 2-3 χ 10""1 ^ cnr s"~ f o r 
aqueous d i s p e r s i o n s a t room tem p e r a t u r e ) ; G m £ n i s the depth of 
the minimum i n the p a i r w i s e i n t e r a c t i o n curve and G*£ n i s the 
c r i t i c a l v a l u e f o r G m £ n ( f o r a g i v e n v a l u e of φ 8 ) below which the 
system i s s t a b l e ( f i g u r e 8 ) . A r e a s o n a b l e f i t of e q u a t i o n (12) to 
e x p e r i m e n t a l d a t a was o b t a i n e d ( 3 4 ) . 

As w i t h e x p e r i m e n t a l work on polymer a d s o r p t i o n , experiments 
i n the a r e a of d i s p e r s i o n s t a b i l i t y i n the presence of polymers 
r e q u i r e d e t a i l e d c h a r a c t e r i s a t i o n of the systems under study and 
the v a r i o u s c o n t r o l l i n g parameters ( d i s c u s s e d above) to be v a r i e d 
i n a s y s t e m a t i c way. One sh o u l d seek the answer t o s e v e r a l 
q u e s t i o n s . I s the system (thermodynamically) s t a b l e ? I f n o t , 
what i s the n a t u r e of the e q u i l i b r i u m s t a t e and what are the 
k i n e t i c s of f l o c c u l a t i o n ? I f i t i s s t a b l e , under what c r i t i c a l 
c o n d i t i o n s (φ8, Τ, χ, φρ, e t c . ) can f l o c c u l a t i o n be induced? 

One would l i k e t o see more experiments c a r r i e d out w i t h mixed 
d i s p e r s i o n s i n the presence of polymers ( l e a d i n g to s e l e c t i v e 
f l o c c u l a t i o n ? ) , and on the i n t e r a c t i o n of p a r t i c l e s w i t h macro
s c o p i c s u r f a c e s . Both of these areas have long-term i m p l i c a t i o n s 
i n b i o l o g i c a l s t u d i e s . ( S e l e c t i v e c e l l a h e s i o n ; a d h e s i o n of 
microorganisms t o s u r f a c e s . ) 

On the t h e o r e t i c a l s i d e , r i g o r o u s s t a t i s t i c a l m e c h a n i c a l 
models d e s c r i b i n g e q u i l i b r i u m c o n d i t i o n s i n p a r t i c l e d i s p e r s i o n s 
are r e q u i r e d ; t h i s , of c o u r s e , a w a i t s i n t u r n more g e n e r a l 
e q u a t i o n s f o r the p a i r p o t e n t i a l , at low φ 8, and p o s s i b l y f o r 
m u l t i b o d y i n t e r a c t i o n s a t h i g h φ 8. Computer s i m u l a t i o n may o f f e r 
one means of p r o g r e s s i n g h e r e . Other e x p e r i m e n t a l t e c h n i q u e s , 
such as l i g h t s c a t t e r i n g and r h e o l o g y , which r e f l e c t the form of 
the p a i r p o t e n t i a l , c o u l d a l s o be c a r r i e d out. For example, 
a n g u l a r l i g h t s c a t t e r i n g g i v e s the second v i r i a l c o e f f i c i e n t , 
w h ich may a l s o be computed f o r a system of i n t e r a c t i n g p a r t i c l e s , 
g i v e n the p a i r p o t e n t i a l . 
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With r e g a r d to r e v e r s i b l e f l o c c u l a t i o n k i n e t i c s , the problem 
i s even more c h a l l e n g i n g . D e t a i l e d models f o r the d e f l o c c u l a t i o n 
p rocess as w e l l as the f l o c c u l a t i o n p r o c e s s are r e q u i r e d : computer 
s i m u l a t i o n i s pr o b a b l y g o i n g to be the o n l y way for w a r d h e r e ! 
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2 
Evaluation of a Macroscopic Model 
for Polymer Adsorption 

R. HOGG 

The Pennsylvania State University, University Park, PA 16802 

An approximate analysis of polymer adsorption as a 
set of sequential reactions leads to a simple equa
tion for the adsorptio
of three parameters
recently published statistical theories reveals 
remarkable agreement i n both the general shape of 
the isotherms and the predicted effects of 
molecular weight. The problems of applying such 
models to experimental data are discussed. 

The a d s o r p t i o n o f s o l u b l e polymers a t s o l i d - l i q u i d i n t e r f a c e s i s 
a h i g h l y complex phenomenon w i t h v a s t numbers o f p o s s i b l e c o n f i g 
u r a t i o n s o f the m o l e c u l e s a t the s u r f a c e . P r e v i o u s a n a l y s e s of 
polymer a d s o r p t i o n have ranged i n s o p h i s t i c a t i o n from v e r y s i m p l e 
a p p l i c a t i o n s o f " s t a n d a r d " models d e r i v e d f o r s m a l l m o l e c u l e s , 
to d e t a i l e d s t a t i s t i c a l m e c hanical treatments o f the p r o c e s s . 
The use of the s i m p l e s t models, such as the Langmuir i s o t h e r m , 
n e g l e c t s v a r i a t i o n s i n m o l e c u l a r c o n f i g u r a t i o n and assumes, i n 
e f f e c t , t h a t t h e r e i s a s i n g l e , "average" c o n f i g u r a t i o n o f a 
mol e c u l e a t the s u r f a c e . I n p a r t i c u l a r , the c o n f i g u r a t i o n i s con
s i d e r e d to be independent o f the e x t e n t o f coverage of the 
s u r f a c e : a s i n g l e m o l e c u l e on an o t h e r w i s e bare s u r f a c e o c c u p i e s 
the same a r e a as an i n d i v i d u a l m o l e c u l e on a s u r f a c e s a t u r a t e d 
w i t h polymer. Modern s t a t i s t i c a l models of polymer a d s o r p t i o n , 
on the o t h e r hand, emphasize the c o n f i g u r a t i o n a l a s p e c t s o f the 
pro c e s s and have p r o v i d e d c o n s i d e r a b l e i n s i g h t i n t o the n a t u r e and 
s t r u c t u r e of the adsorbed l a y e r s . The p r i n c i p a l d i s a d v a n t a g e s o f 
t h i s approach a r i s e from t h e c o m p l e x i t y of the p r o c e s s i t s e l f . 
M a t h e m a t i c a l treatments a r e n e c e s s a r i l y v e r y c o m p l i c a t e d , i n v o l v 
i n g i t e r a t i v e s o l u t i o n s o f complex s e t s o f e q u a t i o n s . Thus, w h i l e 
the s t a t i s t i c a l approach i s i n v a l u a b l e i n the d e s c r i p t i o n o f 
a d s o r p t i o n p r o c e s s e s , i t s a p p l i c a b i l i t y to the development of 
q u a n t i t a t i v e models f o r p r o c e s s e s such as f l o c c u l a t i o n and s t e r i c 
s t a b i l i z a t i o n i s s t i l l somewhat l i m i t e d . 
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I n a r e c e n t paper (1), an attempt was made t o develop an 
" i n t e r m e d i a t e " model which accounts f o r c o n f i g u r a t i o n a l e f f e c t s 
i n a s i m p l i f i e d f a s h i o n but r e t a i n s much o f the s i m p l i c i t y o f the 
" s m a l l m o l e c u l e " models. The model i s based on an approximate 
a n a l y s i s o f the thermodynamics of polymer a d s o r p t i o n i n which i t 
i s assumed t h a t the p r o c e s s o c c u r s as a s e r i e s o f c o n s e c u t i v e , 
r e v e r s i b l e r e a c t i o n s between segments o f the polymer m o l e c u l e s 
and s i t e s on the s o l i d s u r f a c e . C l e a r l y , t h i s model r e p r e s e n t s 
a c o n s i d e r a b l e o v e r - s i m p l i f i c a t i o n o f t h e complex a d s o r p t i o n 
p r o c e s s . For example, no d i s t i n c t i o n i s made between m u l t i p l e 
a d s o r p t i o n o f a d j a c e n t segments and t h a t o f segments from com
p l e t e l y d i f f e r e n t l o c a t i o n s i n a m o l e c u l e . N e v e r t h e l e s s , the 
model does appear to p r o v i d e a r e a s o n a b l e d e s c r i p t i o n o f the p r o 
cess and i t s p r e d i c t i o n s a r e i n g e n e r a l agreement w i t h o b s e r v a 
t i o n . I n the p r e s e n t paper
g e n e r a l v a l i d i t y o f th
models. The problems o f a p p l y i n g the model to e x p e r i m e n t a l data 
and of parameter e s t i m a t i o n w i l l a l s o be d i s c u s s e d . 

The B a s i c Model 

D e t a i l s of the mathematical development of the model have been 
g i v e n elsewhere (1) and w i l l n o t be repe a t e d here. I t i s u s e f u l , 
however, to p r e s e n t a b r i e f summary of the p r i n c i p a l assumptions 
and a p p r o x i m a t i o n s used i n the d e s c r i p t i o n of the p r o c e s s . The 
b a s i s of the model i s the f o l l o w i n g s e t of assumptions: 

i ) Each polymer m o l e c u l e c o n s i s t s o f a f i x e d number o f 
i d e n t i c a l segments, 

i i ) A d s o r p t i o n o c c u r s a t a f i x e d number of i d e n t i c a l s i t e s 
on the s o l i d s u r f a c e , 

i i i ) I n d i v i d u a l polymer segments adsorb r e v e r s i b l y on the 
s u r f a c e . 

i v ) M u l t i p l e a d s o r p t i o n o f segments from t h e same m o l e c u l e 
o c c u r s s e q u e n t i a l l y . No d i s t i n c t i o n i s made between 
which p a r t i c u l a r segments adsorb, 

v) A t any stage i n the p r o c e s s , f u r t h e r a d s o r p t i o n can 
occur on any unoccupied s i t e . There i s no b l o c k i n g of 
a d j a c e n t s i t e s by adsorbed polymer segments, nor i s 
t h e r e any a p p r e c i a b l e i n t e r a c t i o n between adsorbed 
segments. 

Assumptions ( i ) to ( i i i ) a r e e s s e n t i a l l y the same as those used 
i n the s t a t i s t i c a l t r e a t m e n t s w h i l e ( i v ) and (v) a r e somewhat more 
r e s t r i c t i v e . 

The model i s f o r m u l a t e d by c l a s s i f y i n g t he m o l e c u l e s i n t h e 
system a c c o r d i n g to the number o f adsorbed segments and w r i t i n g 
down a s e t o f s i m p l e m a s s - a c t i o n r e l a t i o n s h i p s t o d e s c r i b e the 
e q u i l i b r i u m c o n d i t i o n s . The f i r s t s t e p i n the p r o c e s s c o n s i s t s 
of the attachment o f one segment o f a f r e e m o l e c u l e i n s o l u t i o n t o 
a s i t e on the s o l i d s u r f a c e and the e q u i l i b r i u m c o n d i t i o n can be 
w r i t t e n : 
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where K-̂  i s the pr i m a r y a d s o r p t i o n c o n s t a n t , Γ-̂  i s the a d s o r p t i o n 
d e n s i t y f o r m o l e c u l e s a t t a c h e d through one segment o n l y , η i s the 
number of segments per m o l e c u l e , c i s the c o n c e n t r a t i o n o f f r e e 
m o l e c u l e s i n s o l u t i o n and θ i s the f r a c t i o n o f s u r f a c e s i t e s o c c u 
p i e d by adsorbed polymer segments. Any a p p r o p r i a t e u n i t s can be 
used f o r and c w h i l e w i l l have u n i t s o f l e n g t h . Thus, f o r 
Τ ι i n moles/cm 2 and c i n moles/cm^, w i l l be i n cm. 

E q u i l i b r i u m c o n d i t i o n s f o r the a d s o r p t i o n o f second, t h i r d , 
f o u r t h , e t c . , segments from m o l e c u l e s a l r e a d y a t t a c h e d t o the 
s u r f a c e can be w r i t t e n down i n s i m i l a r f a s h i o n and l e a d to the s u r r a c e can be w r i t t e n down m^g 
f o l l o w i n g e x p r e s s i o n f o r the i s t e p : 

K i ( n - i + D r ^ d - θ ) ( 2 ) 

t h 
where i s the a d s o r p t i o n c o n s t a n t f o r t h e i st e p and i s the 
a d s o r p t i o n d e n s i t y f o r m o l e c u l e s adsorbed through i segments. 
For ±φ1, i s d i m e n s i o n l e s s . 

The o v e r a l l a d s o r p t i o n d e n s i t y i s g i v e n by 

Σ Γ ± (3) 
η 

Γ = Σ 
i = l 

and t he f r a c t i o n a l s u r f a c e coverage by 

θ - i - Σ 1Γ ± (4) 
s i = l 

where Ν i s the t o t a l number o f s i t e s p e r u n i t a r e a o f s o l i d s 
s u r f a c e . The use of a f u r t h e r s i m p l i f y i n g assumption, t h a t a l l o f 
the e q u i l i b r i u m c o n s t a n t s f o r m u l t i p l e a d s o r p t i o n ( i > l ) a r e t h e 
same, l e a d s (1) to the f o l l o w i n g e x p r e s s i o n s f o r the o v e r a l l 
p r o c e s s : 

θ = c * ( i - e ) [ i + K s ( i - e ) ] n " 1 (5) 
* 

G - - ™ - { [1+K (1-θ)] η-1) (6) η κ. s s 
Here, Κ i s the m u l t i p l e a d s o r p t i o n c o n s t a n t , C i s a r e l a t i v e 
polymer c o n c e n t r a t i o n d e f i n e d by 
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and G i s the r e l a t i v e a d s o r p t i o n d e n s i t y : 

G - f (8) 
S 

By means of E q u a t i o n s 5 and 6, the a d s o r p t i o n p r o c e s s can be 
d e s c r i b e d i n terms o f the parameters and K s. S i n c e the e f f e c 
t i v e a r e a o f s o l i d s u r f a c e a v a i l a b l e to polymer a d s o r p t i o n i s 
not g e n e r a l l y known i n p r a c t i c e , N g i s a t h i r d parameter which 
must be f i t t e d from experiment and E q u a t i o n s 5 and 6 d e f i n e a 
three-parameter model f o r t h e p r o c e s s . 

Approximate S o l u t i o n s 

For the a d s o r p t i o n o f polymers
c u l e η i s l a r g e which a l l o w
t i o n s h i p s . I f the q u a n t i t y Κ 8(1-θ) « 1, 

[ l + K s ( l - e ) f * e
n K s ( 1 ~ e ) (9) 

f o r a l l v a l u e s f o r n, and f o r l a r g e n, E q u a t i o n 6 reduces to 

G * c* e n K s ( 1 " 9 ) (10) 

E l i m i n a t i o n of C* between E q u a t i o n s 5 and 6 l e a d s to 

{1+K (1-Θ) - - „ .} (11) 
n K s ( i ^ r s — [ 1 + K s ( i - e ) r l J 

The l a s t two terms on the r i g h t hand s i d e of E q u a t i o n 11 w i l l 
g e n e r a l l y be s m a l l and the e x p r e s s i o n can be approximated by 

ηΚ (1-θ) s 
(12) 

which l e a d s to 
nK G 

* — - (13) 1+ηΚ G κ ' s 

S u b s t i t u t i o n i n E q u a t i o n 10 g i v e s 

nK 
C * * n K s G e x p [ - ( l ^ ) ] (14) 

E q u a t i o n 14 i s an approximate, s i n g l e e x p r e s s i o n f o r the polymer 
a d s o r p t i o n i s o t h e r m . At v e r y low c o n c e n t r a t i o n s , when G i s v e r y 
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s m a l l , E q u a t i o n 15 can be f u r t h e r reduced t o 

e"" s (15) ηΚ 

I n o t h e r words, the model p r e d i c t s a l i m i t i n g form o f a l i n e a r 
(Henry's Law) type of i s o t h e r m as the polymer c o n c e n t r a t i o n tends 
to z e r o . 

At v e r y h i g h s u r f a c e coverage, the eq u a t i o n s reduce f o r m a l l y 
to the Langmuir form. However, i t i s v e r y u n l i k e l y t h a t the 
r e q u i r e d c o n d i t i o n s ( c o n s t a n t Κ e t c . ) would remain v a l i d i n such 
c a s e s . s 

Some t y p i c a l a d s o r p t i o n i s o t h e r m s , c a l c u l a t e d from E q u a t i o n 
14 (or from E q u a t i o n s 5 and 6) a r e shown i n F i g u r e 1 f o r n=10^ 
w i t h v a r i o u s v a l u e s o f K  I n g e n e r a l  i t can be seen t h a t the 
isot h e r m s c o n s i s t of t h r e
c o n c e n t r a t i o n ( d e s c r i b e
r e g i o n a t i n t e r m e d i a t e c o n c e n t r a t i o n s and another r e g i o n o f 
i n c r e a s i n g a d s o r p t i o n a t v e r y h i g h c o n c e n t r a t i o n s . The e x t e n t of 
the " p l a t e a u " r e g i o n i n c r e a s e s d r a m a t i c a l l y as K s i n c r e a s e s . I t 
sho u l d be noted t h a t , a c c o r d i n g to E q u a t i o n 14, t h e form o f the 
a d s o r p t i o n i s o t h e r m depends o n l y on the product nK s and not on the 
i n d i v i d u a l v a l u e s of these two q u a n t i t i e s . Thus, the curves 
shown i n F i g u r e 1 would a l s o r e p r e s e n t the e f f e c t o f m o l e c u l a r 
weight (which determines n) a t f i x e d K g. The o t h e r two parameters 
of the model, K-̂  and N g are s i m p l y s c a l i n g f a c t o r s f o r the b u l k 
c o n c e n t r a t i o n and the a d s o r p t i o n d e n s i t y r e s p e c t i v e l y . 

I t i s c l e a r from F i g u r e 1 t h a t the s l o p e o f the " p l a t e a u " 
r e g i o n i s l a r g e l y determined by the v a l u e o f nK g. E x p r e s s i n g 
E q u a t i o n 14 i n l o g a r i t h m i c form: 

* nK 
I n C = I n nK + I n G - Ί . ̂  r (16) s 1+nK b s 

and d i f f e r e n t i a t i n g , we o b t a i n 

dlnG 
d l n C * X n K 

1+G VL+nK GJ 
^ s 

(17) 

I t can be shown t h a t the " p l a t e a u " r e g i o n o c c u r s when t h e q u a n t i t y 
nK sG has a v a l u e c l o s e t o u n i t y . Then, a p p r o x i m a t i n g G by l / n K g 

i n E q u a t i o n 17 we o b t a i n : 
U £ G _ 1 _ ( 1 8 ) 

d l n C * 1 + n K s 

Thus, f o r e x p e r i m e n t a l d a t a o b t a i n e d i n the " p l a t e a u " r e g i o n , the 
s l o p e o f a l o g - l o g p l o t of Γ vs C can be used to o b t a i n an i n i t i a l 
(rough) e s t i m a t e o f Κ . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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R E L A T I V E CONCENTRATION C * 

F i g u r e 1. T y p i c a l polymer a d s o r p t i o n i s o t h e r m s f o r n=10 w i t h 
v a r i o u s v a l u e s o f Κ . Note the broad p l a t e a u r e g i o n s f o r the 
l a r g e r Κ v a l u e s . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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Comparison w i t h S t a t i s t i c a l Models 

29 

Numerous s t a t i s t i c a l t r e atments o f the a d s o r p t i o n of polymers a t 
s o l i d - l i q u i d i n t e r f a c e s have been d e s c r i b e d i n the l i t e r a t u r e . 
The e a r l i e r models (2-5) d e a l t p r i m a r i l y w i t h t h e co n f o r m a t i o n o f 
a s i n g l e m o l e c u l e a t an i n t e r f a c e and a p p l y a t v e r y low adso r p 
t i o n d e n s i t i e s . More r e c e n t treatments (6-10) take i n t o account 
polymer-polymer and p o l y m e r - s o l v e n t i n t e r a c t i o n s and have l e d to 
the emergence o f a f a i r l y c o n s i s t e n t p i c t u r e o f the a d s o r p t i o n 
p r o c e s s . For d e t a i l s o f the s t a t i s t i c a l t h e o r i e s o f polymer 
a d s o r p t i o n , the reader i s r e f e r r e d t o p u b l i c a t i o n s by L i p a t o v (11), 
Tadros (12) and F l e e r and Scheutjens ( 1 3 ) . 

I t i s o f c o n s i d e r a b l e i n t e r e s t t o compare the p r e s e n t model 
w i t h the p r e d i c t i o n s of the s t a t i s t i c a l t h e o r i e s . I n p a r t i c u l a r , 
the r e s u l t s w i l l be compare
F l e e r (9,10,13). Thes
r e s u l t s a r e i n g e n e r a l agreement w i t h o t h e r p u b l i s h e d models. 
Comparison of the a d s o r p t i o n i s o t h e r m s shown i n F i g u r e 1 w i t h 
those g i v e n by Scheutjens and F l e e r (see, f o r example, F i g u r e 5 of 
Reference 13) shows e x c e l l e n t q u a l i t a t i v e agreement. I n each 
case, the isot h e r m s c o n s i s t of t h r e e r e g i o n s as d e s c r i b e d above. 
I t i s c l e a r t h a t good q u a n t i t a t i v e agreement s h o u l d be p o s s i b l e 
by s u i t a b l e c h o i c e of the parameters Κ·^ and K s. 

Some d i r e c t comparisons of the p r e s e n t model w i t h the pub
l i s h e d r e s u l t s of F l e e r and Scheu t j e n s (13) a r e g i v e n i n F i g u r e s 
2 and 3. I n the comparison o f the a d s o r p t i o n i s o t h e r m s , shown 
i n F i g u r e 2, the amount adsorbed i s r e p r e s e n t e d by the number of 
e q u i v a l e n t monolayers g ( t o t a l number o f segments i n m o l e c u l e s 
bound to the s u r f a c e ) d e f i n e d by 

g = nG (19) 

The b u l k polymer c o n c e n t r a t i o n i s expressed as a volume f r a c t i o n 
φ which i s p r o p o r t i o n a l to the t o t a l segment c o n c e n t r a t i o n nC. 
Thus, i n t h i s comparison, the r e l a t i v e c o n c e n t r a t i o n C i s d e f i n e d 
by 

C* = φ (20) 

where K-[ i s a m o d i f i e d p r i m a r y a d s o r p t i o n c o n s t a n t which i n c l u d e s 
the segment volume and t h e s u r f a c e s i t e d e n s i t y Ν . 

I t can be seen from F i g u r e 2 t h a t t h e p r e s e n t model, w i t h 
f i x e d Κ , i s i n s u b s t a n t i a l agreement w i t h the s t a t i s t i c a l t h e o r y 
( f o r f i x e d v a l u e s o f £he i n t e r a c t i o n parameters χ and x g ) p r o 
v i d e d the parameter K-̂  i s a l l o w e d t o v a r y w i t h c h a i n l e n g t h . Some 
d i s c r e p a n c y can be seen a t the h i g h e r c h a i n l e n g t h (n = 50 and 
1000) w i t h t he s t a t i s t i c a l model p r e d i c t i n g somewhat f l a t t e r 
p l a t e a u r e g i o n s w i t h g e n e r a l l y lower adsorbed amounts. I t s h o u l d 
be noted, however, t h a t the " t r a n s i t i o n c o n c e n t r a t i o n " φ c, d e f i n e d 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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V O L U M E FRACTION OF POLYMER, Φ 

Figure 2. Comparison of adsorption isotherms based on the present 
model (solid lines) with the s t a t i s t i c a l theory of Scheutjens and 
Fleer (symbols). The following values of the parameters were used: 

η 1 10 20 50 1000 
-4 -87 Kj 4.0 0.68 0.10 2.0x10 10 

Κ 1.0 1.0 1.0 1.0 1.0 
s 

The values taken from Scheutjens and Fleer are for a 0-solvent 
(X-0.5) and an adsorption energy parameter X =1.0. 

I 10 100 IOOO 

D E G R E E OF P O L Y M E R I Z A T I O N , η 

F i g u r e 3. The e f f e c t of degree of p o l y m e r i z a t i o n on s u r f a c e 
coverage ( f r a c t i o n a l s i t e occupancy) a t v a r i o u s polymer concen
t r a t i o n s . The s o l i d l i n e s r e p r e s e n t t h e pr e s e n t model and the 
symbols correspond t o the th e o r y of Scheutjens and F l e e r . The 
parameter v a l u e s a r e the same as i n F i g u r e 2. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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by F l e e r and Scheutjens (13), as t h e i n t e r s e c t i o n o f t h e e x t r a 
p o l a t e d l i n e a r and p l a t e a u r e g i o n s does agree v e r y c l o s e l y f o r 
these cases (φ° * 10"12 f o r n=50 and <j>c ^ 10~ 2 3 5 f o r n=1000). 

The p r e d i c t e d e f f e c t s o f m o l e c u l a r w e i g ht on s u r f a c e coverage 
θ a r e compared i n F i g u r e 3. A g a i n the agreement i s g e n e r a l l y good 
w i t h some d e v i a t i o n a t h i g h c o n c e n t r a t i o n s (φ >10~2) and f o r the 
h i g h e r c h a i n l e n g t h s . I t i s c l e a r from F i g u r e s 2 and 3 t h a t t h e 
two approaches l e a d t o v e r y s i m i l a r forms f o r t h e a d s o r p t i o n 
i s o t h e r m s f o r b u l k polymer c o n c e n t r a t i o n s l e s s than about 10% by 
volume and v a l u e s o f the product nK l e s s than about 50. I t 

s 
seems l i k e l y t h a t these c o n d i t i o n s a r e e a s i l y s a t i s f i e d i n systems 
i n v o l v i n g t he use o f polymers as f l o c c u l a n t s o r d i s p e r s a n t s where 
c o n c e n t r a t i o n s a r e t y p i c a l l y o f the o r d e r o f p a r t s p e r m i l l i o n 
and a d s o r p t i o n i s p r o b a b l

The p h y s i c a l s i g n i f i c a n c
Κ i s o b v i o u s l y o f c o n s i d e r a b l e i n t e r e s t . I n the f o r m u l a t i o n o f 
the model, these a r e s i m p l y a r b i t r a r y parameters which d e f i n e , 
r e s p e c t i v e l y , t h e e x t e n t of p r i m a r y and m u l t i p l e a d s o r p t i o n . For 
the p a r t i c u l a r case e v a l u a t e d above (χ=0.5 and x s=l.0), K g i s 
ap p r o x i m a t e l y c o n s t a n t w h i l e K^ appears to decrease e x p o n e n t i a l l y 
w i t h c h a i n l e n g t h n. I t i s e x p e c t e d t h a t , f o r a g i v e n c h a i n 
l e n g t h , the parameters K^ and K g w i l l b o t h depend on χ and x g. 
F u r t h e r comparisons, s i m i l a r to t h a t g i v e n here, w i l l be r e q u i r e d 
to e s t a b l i s h the p r e c i s e correspondence of th e parameters used 
i n the two approaches. 

The good g e n e r a l agreement between t h e s t a t i s t i c a l and 
macroscopic models i s n o t a l t o g e t h e r s u r p r i s i n g s i n c e b o t h 
developments s t a r t from t h e same s e t of b a s i c assumptions. The 
c l o s e correspondence does, however, i n d i c a t e t h a t the a d d i t i o n a l 
r e s t r i c t i o n s imposed on t h e p r e s e n t model ( i . e . c o n s t a n t K g and 
the l a c k o f d i f f e r e n t i a t i o n between the a d s o r p t i o n o f a d j a c e n t , 
as opposed to more d i s t a n t , segments of a mole c u l e ) has o n l y minor 
e f f e c t s on t h e form of t h e a d s o r p t i o n i s o t h e r m s . The s i m p l e 
a n a l y t i c a l form of the p r e s e n t model, e s p e c i a l l y as expressed by 
Eq u a t i o n 14, i s e s p e c i a l l y a t t r a c t i v e f o r the c o r r e l a t i o n and 
i n t e r p r e t a t i o n of e x p e r i m e n t a l d a t a and f o r i n c o r p o r a t i o n i n t o 
models f o r f l o c c u l a t i o n and d i s p e r s i o n p r o c e s s e s . At the same 
time, i t i s im p o r t a n t t o r e c o g n i z e t h a t t h e s t a t i s t i c a l approach 
p r o v i d e s a good d e a l of a d d i t i o n a l i n f o r m a t i o n , on the r e l a t i v e 
d i s t r i b u t i o n s of t a i l s , l o o p s and t r a i n s , i n the adsorbed l a y e r s , 
f o r example. Such i n f o r m a t i o n cannot be o b t a i n e d d i r e c t l y from 
the macroscopic approach. N e v e r t h e l e s s , one can env i s a g e the use 
of a h y b r i d approach to t h e e v a l u a t i o n of polymer a d s o r p t i o n i n 
which the s i m p l e model i s used to c h a r a c t e r i z e the p r o c e s s and 
e v a l u a t e parameters, a f t e r which the s t a t i s t i c a l t h e o r y can be 
used t o p r o v i d e a more d e t a i l e d d e s c r i p t i o n o f m o l e c u l a r conforma
t i o n s e t c . a t the i n t e r f a c e . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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Application to Experimental Data 

A major advantage of the simple model described i n this paper 
l i e s i n i t s potential a p p l i c a b i l i t y to the direct evaluation of 
experimental data. Unfortunately, i t i s clear from the form of 
the ty p i c a l isotherms, especially those for high polymers (large 
n) that, even with a simple model, this presents considerable 
d i f f i c u l t y . The problems can be seen cl e a r l y by consideration of 
some typical polymer adsorption data. Experimental isotherms for 
the adsorption of commercial polymer flocculants on a kaolin clay 
are shown i n Figure 4. These data were obtained, i n the usual 
way, by determination of residual polymer concentrations after 
equilibration with the s o l i d . In general, such methods are 
limited at both extremes of the concentration scale. Serious 
errors arise at low concentratio
an a l y t i c a l technique an
adsorbed i s determined by the difference between two large numbers. 

Both sets of data show a very sharp increase i n adsorption 
at low concentration with a plateau region at higher concentra
tions . For comparison with the adsorption models, i t i s more 
convenient to plot the data on logarithmic scales as shown i n 
Figure 4(b). From this plot, i t can be seen that the results for 
the cationic polymer f a l l e s sentially on a straight l i n e i n d i c a t 
ing that this probably coresponds to part of the plateau region 
of the isotherm. The results for the nonionic polymer appear to 
indicate decreased adsorption at low concentration which may 
correspond to the tr a n s i t i o n between the linear and plateau 
regions. On the other hand, the apparent drop-off i n adsorption 
may simply r e f l e c t the uncertainty i n the measurements at low 
concentration. 

The serious problems which can be encountered i n f i t t i n g the 
model to experimental data can be seen i n Figure 5. In this 
figure, a complete theoretical isotherm, using a reasonable value 
for K g i s shown on the same re l a t i v e scales as the actual data 
for the cationic polymer. I t i s clear that there i s a large 
number of possible combinations of and N g which would give 
about the same "goodness of f i t " . It i s obvious from the figure 
that, i n order to obtain r e l i a b l e parameter estimates from such 
systems, adsorption data are required over a very broad range of 
concentrations. If possible, adsorption should be measured 
d i r e c t l y (e.g. by radio-tracing techniques) rather than by d i f f e r 
ence. In this way, i t should be possible to extend the range 
of measurement and to reduce the errors at low and high concen
tra tion. 

Application of this, or the equivalent s t a t i s t i c a l models, 
to actual polymer adsorption processes i s further complicated by 
very imprecise knowledge of the s o l i d surface area which i s 
actually available for polymer adsorption. Surface roughness etc. 
can certainly be expected to have much more complex effects than 
on the adsorption of small molecules due to r e s t r i c t i o n s on 
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Figure 4. Data of Bensley (14) for the adsorption of commercial 
flocculants on a kaolin clay (BET surface area 15 m /g). 
Figure 4(a) shows the data plotted on linear scales while 
Figure 4(b) shows the same data plotted on logarithmic scales. 
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F i g u r e 5. T y p i c a l t h e o r e t i c a l i s o t h e r m showing the e x p e r i m e n t a l 
d a t a f o r the c a t i o n i c f l o c c u l a n t (see F i g u r e 4) p l o t t e d on the 
same r e l a t i v e s c a l e s . 
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m o l e c u l a r c o n f i g u r a t i o n . P a r t i c l e s i z e c an a l s o be expected to 
p l a y a r o l e s i n c e t he o p p o r t u n i t y f o r polymer b r i d g i n g can l e a d 
to an i n c r e a s e i n the a r e a a v a i l a b l e p e r adsorbed m o l e c u l e , i . e . 
to reduced a d s o r p t i o n (Γ) a t the same s u r f a c e coverage (Θ) ( 1 5 ) . 
The e x t e n t o f polymer b r i d g i n g i n any system i s p r o b a b l y 
i n f l u e n c e d by f a c t o r s such as s o l i d s c o n c e n t r a t i o n , p a r t i c l e s i z e 
and the frequency o f p a r t i c l e - p a r t i c l e c o l l i s i o n s due to Brownian 
motion o r mechanical a g i t a t i o n ( 1 6 ) . Simultaneous f l o c c u l a t i o n 
and a d s o r p t i o n can l e a d t o changes i n the e f f e c t i v e s u r f a c e a r e a 
due to the i n a b i l i t y o f polymer mole c u l e s to p e n e t r a t e a growing 
f l o e . 

Summary and C o n c l u s i o n s 

The e q u i l i b r i u m model f o
l i q u i d i n t e r f a c e s r e c e n t l
been e v a l u a t e d a t some l e n g t h . I t has been shown t h a t , f o r 
polymers c o n s i s t i n g o f a r e a s o n a b l y l a r g e number o f segments, the 
a d s o r p t i o n i s o t h e r m s can be c l o s e l y approximated by an e x p r e s s i o n 
of the form: 

* nK 
C - «*e G e X P [ - ( ï ï n ^ G ) ] ( 1 A ) 

S 

where C i s the d i m e n s i o n l e s s polymer c o n c e n t r a t i o n , G i s the 
r e l a t i v e a d s o r p t i o n d e n s i t y , η i s t h e number o f segments p e r 
molecule and K g i s a m u l t i p l e a d s o r p t i o n c o n s t a n t (which c h a r a c t e r 
i z e s the shape of the i s o t h e r m ) . 

A d s o r p t i o n isotherms o b t a i n e d from the model have been shown 
to agree v e r y c l o s e l y w i t h the p r e d i c t i o n s o f r e c e n t l y p u b l i s h e d 
s t a t i s t i c a l t h e o r i e s (9,13). W h i l e t h e r e can be no doubt t h a t 
the more s o p h i s t i c a t e d , s t a t i s t i c a l models p r o v i d e more i n f o r m a 
t i o n on the n a t u r e o f the a d s o r p t i o n p r o c e s s and the s t r u c t u r e o f 
the adsorbed f i l m , because o f i t s s i m p l e form, the macroscopic 
model can o f f e r a p o w e r f u l t o o l f o r the a n a l y s i s , i n t e r p r e t a t i o n 
and u t i l i z a t i o n o f a d s o r p t i o n d a t a . 

The problems a s s o c i a t e d w i t h the a p p l i c a t i o n o f t h i s ( or any 
o t h e r ) model have been d i s c u s s e d . Because o f the form of the 
t y p i c a l i s o t h e r m , which e x h i b i t s a broad p l a t e a u r e g i o n , f i t t i n g 
of e x p e r i m e n t a l r e s u l t s t o the model r e q u i r e s t h a t d a t a be 
o b t a i n e d over a v e r y broad range of c o n c e n t r a t i o n s . T h i s i s o f t e n 
v e r y d i f f i c u l t to a c c o m p l i s h i n p r a c t i c e , e s p e c i a l l y when d i f f e r 
ence methods a r e used to determine the amount of polymer adsorbed. 
E v a l u a t i o n o f a d s o r p t i o n i n r e a l systems i s f u r t h e r c o m p l i c a t e d 
by a l a c k of knowledge o f the a v a i l a b l e s o l i d s u r f a c e a r e a . The 
l a t t e r may be a f f e c t e d by p a r t i c l e s i z e , shape and s u r f a c e 
topography and by polymer b r i d g i n g between p a r t i c l e s . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



36 POLYMER ADSORPTION AND DISPERSION STABILITY 

Acknowledgments 

The research described i n this paper was supported in part by the 
National Science Foundation under Grant No. CPE-8121731 and by 
the Office of Surface Mining, U.S. Department of the Interior, 
under Grant No. G5115424. The author also wishes to thank 
Dr. Colin Bensley, Broken H i l l Proprietary Company Limited, 
Wallsend, NSW, Australia for supplying the experimental data 
given i n Figure 4 and for helpful discussions during the course 
of this research. 

Legend of Symbols 

C Equilibrium polymer concentration 
C* Relative polymer concentratio
g Amount adsorbed expresse

monolayers 
G Relative polymer adsorption density defined by Equation 8 
i An i n t e g e r — t h e number of bound segments on a given molecule 
K-ĵ  Primary adsorption constant 

Adsorption constant for attachment of the i t n segment of a 
molecule 

K s Multiple adsorption constant 
η Total number of segments per molecule 
N s Surface s i t e density (sites per unit area) 
Γ Overall adsorption density 

Contribution to adsorption density by molecules with i 
segments bound to the surface 

θ Fraction of surface sit e s which have adsorbed polymer 
segments 

φ Volume fraction of polymer i n bulk solution 
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3 
Ellipsometric Study of Adsorption of Polyelectrolyte 
onto a Metal Surface 

A. TAKAHASHI, M. KAWAGUCHI, K. HAYASHI, and Τ. ΚΑΤΟ 

Department of Industrial Chemistry, Faculty of Engineering, Mie University, Tsu, 
Mie 514, Japan 

Adsorption of sodium poly(styrenesulfonate) 
from aqueous NaCl solutions onto a platinum plate 
at 25 °C was studie
of molecular weigh
The plateau adsorbances at constant molecular 
weight increased linearly with the square root of 
NaCl concentration. For the same NaCl concentra
tion the adsorbance was nearly independent of the 
molecular weight. The thickness of the adsorbed 
layer was approximately proportional to the square 
root of the molecular weight for the Theta solvent 
(4.17 M NaCl). For good solvents of lower NaCl 
concentrations the exponent of the molecular weight 
dependence of the thickness was less than 0.5. At 
the same adsorbance and molecular weight the cube 
of the expansion factor αt, defined by the ratio 
of the thicknesses for good solvent and for Theta 
solvent, was proportional to the inverse square 
root of NaCl concentration. 

Adsorption of polyelectrolyte on interfaces i s concerned 
with various applications such as flocculation and s t e r i c -
s t a b i l i z a t i o n of c o l l o i d a l p a r t i c l e s i n an aqueous phase, o i l 
recovery, and s o i l conditioning. In these cases, both the 
adsorbance of ρ οlyele c trοly tes and the conformation of the 
adsorbed polymer, which i s connected with the thickness of the 
adsorbed layer, are very important. 

Features of polyelectrolyte adsorption are that both the 
adsorbance and the thickness can be easily varied by changing the 
concentration of added s a l t as well as pH i n bulk solution since 
such changes cause variation of the e l e c t r o s t a t i c repulsions of 
polyelectrolyte chains adsorbed, i . e . , the excluded volume effect. 

0097 6156/ 84/0240 (K)39$06.00/0 
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Hesselink attempted to calculate theoretical adsorption 
isotherms for f l e x i b l e polyelectrolyte chains using one t r a i n and 
one t a i l conformation (1) and loop-train conformation (2) as 
functions of the surface charge, polyion charge density, i o n i c 
strength, as well as molecular weight. His theoretical 
treatment led to extensive conclusions, which can be compared 
with the relevant experimental data. 

Experimental studies of the adsorption of polyelectrolyte 
have been reported by several authors; Pefferkorn, Dejardin, and 
Varoqui (_3) measured the hydro dynamic thickness of an alternating 
copolymer of maleic acid and ethyl v i n y l ether adsorbed on the 
pore walls i n cellulose ester f i l t e r as a function of the 
molecular weight and the concentration of NaCl. Robb et a l . (4) 
studied the adsorption of carboxy methyl cellulose and poly 
( a c r y l i c acid) onto surface
However, their studies
adsorbance and the fraction of adsorbed segments. 

For homopolyelectrolyte, we f i r s t studied the ellipsometric 
measurement of the adsorption of sodium poly(aerylate) onto a 
platinum plate as a function of added sodium bromide concentra
tion C5). We measured the effect of electrolyte on the thickness 
of the adsorbed layer and the adsorbances of the polyelectrolyte. 
I t was assumed that the Donnan equilibrium existed between the 
adsorbed layer and the bulk phase. The thickness was larger 
and the adsorbance of the polyelectrolyte was lower for the lower 
s a l t concentration. However, the data on the molecular weight 
dependence of both the adsorbance and the thickness of the 
adsorbed polyelectrolyte have been lacking compared with the 
studies of adsorption of nonionic polymers onto metal surfaces 
(6-9). 

The aim of this paper i s to offer experimental results for 
the molecular weight dependence of adsorption of poly(styrene-
sulfonate) onto a platinum plate from aqueous NaCl solution at 
25 °C. Measurements of poly(styrenesulfonate) adsorption were 
carried out by ellipsometry. The dependences of molecular 
weight and added s a l t concentration on the thickness of the 
adsorbed layer and also the adsorbances of polymer and s a l t are 
examined. 

Experimental 

Materials. Four samples of sodium poly(styrenesulfonate) 
(NaPSS) prepared by sulfonation of polystyrenes with narrow 
molecular weight di s t r i b u t i o n were purchased from Pressure 
Chemical Co. The characteristics of the samples, according to 
the manufacturer, are l i s t e d i n Table I. The i n t r i n s i c 
v i s c o s i t i e s of NaPSS i n aqueous NaCl solution were measured 
using an Ubbelhode viscometer at 25 °C. 

Water was twice d i s t i l l e d using an a l l Pyrex apparatus. 
Analytical grade NaCl was used without further p u r i f i c a t i o n . 
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The platinum plate (Ishifuku Metal Co. Japan) was cleaned by 
soaking i n a hot concentrated aqueous HNO3-H2SO4 (1:1) mixture, 
washed thoroughly with d i s t i l l e d water, and then dried i n a dust 
free box. 

Table I . Characteristics of Sodium 
Poly(styrenesulfonates) 

-1 Degree of 
Sample Μ χ 10 Sulfonation 

NaPSS-1 88 0.89 
NaPSS-2 
NaPSS-3 
NaPSS-4 1060 0.92 

Ellipsometry. Adsorption measurements were performed with a 
Shimadzu P-10 Type ellipsometer at 25 °C. The l i g h t source was 
a Nihon Denchi SH-85 Type high pressure mercury lamp. The 
wavelength of the incident l i g h t was 546 nm and incident angle 
was 70 0 . 

Basic data of the thickness of the adsorbed layer, t , and 
the refractive index, n^, of the adsorbed layer were calculated 
from the experimental data of the phase difference, Δ , and the 
azimuth angle, ψ, of the amplitude r a t i o by computer. The 
computer program proposed by McCrackin (10) was used. 

Since the components i n the adsorbed polyelectrolyte layer 
are considered to be the same as the bulk phase with a three 
component system which consists of polyelectrolyte, simple s a l t , 
and water, we calculate the adsorbances of polyelectrolyte and 
s a l t by assuming the Donnan equilibrium between the bulk phase 
and the adsorbed polyelectrolyte layer, as described previously 
(5). 

To determine the adsorbances of polyelectrolyte and s a l t , 
the following relationships are used 

R - ( n f
2 - 1) M/(n f

2 + 2) d (1) 

where R i s the mean molar r e f r a c t i v i t y , M the mean molecular 
weight, and d the density of the adsorbed layer. R and M are 
given by 

R = Z(X.R.) 
i i 

(2) 
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Μ = Σ(Χ.Μ ±) (3) 

where denotes the mole fraction of component i . The density, 
d i s expressed by 

d = d + (M - d V . ^ c/lOOO + (M - d V °)C /1000 ο + ο + + _ o _ _ 

+ (M - d V °)C /1000 (4) 
Ρ ο ρ ρ 

where d Q i s the density of water, V + ° , V_°, and V ° are the 
apparent molar volumes, M +, WL, and M the molecular weights, and 
Of, C_, and C p the molar concentrations of cation, anion, and 
polyion, respectively. The Donnan equilibrium gives 

C s 0 ( C s O + vVp°> = [ Cs  ( r s + ^ r p / t ) ] ( C s  + r s / t ) (5) 

where C s° and C p° are the molar concentrations of uni-univalent 
s a l t and polyelectrolyte i n the bulk phase, respectively, ν i s 
the number of charges per polyion, φ ρ and φ are the osmotic 
coefficients for the s a l t - f r e e bulk polyelectrolyte phase and the 
adsorbed layer, and Γ ρ and r g are the adsorbances of poly
electrolyte and simple s a l t expressed i n mol/cm . Equation 5 
was f i r s t derived by Frommer and M i l l e r (11) assuming the 
a d d i t i v i t y rule for the osmotic factors. 

From the measured refractive indices and densities for NaPSS 
in aqueous NaCl solution the molar r e f r a c t i v i t i e s and the 
apparent molar ion volumes were calculated. The following 
values were obtained; R N a C^ = 9.23 cm3/mol, R^O = 3.73 cmvfymol, 

RNaPSS = 71.23 cm3/mol, V ° N a + = - 1.55 cm3/mol, V ° c l ~ = 18.3 

cm3/mol, and V ° N a P S S = 127.81 cm3/mol. With φ ρ = φ = 0.17, 
which was reported previously ( 12) , and the measurecf values of 
n f » t y Cp°» 3 1 1 ̂  C s ° , Γ and TQ were calculated by solving 
Equations 1, 2, 3, 4, End 5. 

Results 

Adsorption Kinetics. Figure 1 shows the adsorbance, Ap, of 
NaPSS-3 as a function of adsorption time for two NaCl 
concentrations at the NaPSS concentration of 0.04 g/100ml. The 
Ap f i r s t increases with adsorption time and then the equilibrium 
adsorbance i s attained after 1.5 χ 10 minutes. 

The thickness, t, of the adsorbed layer for NaPSS-3 i s 
plotted against adsorption time as shown i n Figure 2. The t 
also increases with increasing adsorption time and becomes a 
constant value. Similar time dependence was obtained i n the 
other experiments. Therefore, both Ap and t determined a f t e r 
1.5 χ 103 minutes were taken as the equilibrium values. 
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Adsorption Time χ 10" (min) 

F i g u r e 1. Adsorbance, A , o f NaPSS-3 as a f u n c t i o n of 
a d s o r p t i o n time: Ο , NaPSS c o n c e n t r a t i o n , C = 0.04 g/100ml, 
NaCl c o n c e n t r a t i o n , C s° = 4.17 Μ; φ , C = 0.04 g/100ml, 
r» O — A c iur 

Adsorption Time χ 10" (min) 

F i g u r e 2. T h i c k n e s s , t , o f the adsorbed l a y e r f o r NaPSS-3 
as a f u n c t i o n o f a d s o r p t i o n time. Symbols are the same 
as i n F i g u r e 1. 
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In F i g u r e s 3 and 4, p l o t s o f Ap and t a g a i n s t the square 
r o o t o f a d s o r p t i o n time, T, are d i s p l a y e d , r e s p e c t i v e l y . B e f o r e 
a t t a i n m e n t o f a d s o r p t i o n e q u i l i b r i u m b o t h p l o t s are l i n e a r w i t h i n 
e x p e r i m e n t a l e r r o r and t h e r e f o r e , a d s o r p t i o n process o f NaPSS i s 
governed by d i f f u s i o n . 

A d s o r p t i o n Isotherm. T y p i c a l a d s o r p t i o n isotherms f o r 
NaPSS-3 i n v a r i o u s NaCl c o n c e n t r a t i o n s are i l l u s t r a t e d i n F i g u r e 
5. The adsorbance, Ap, o f NaPSS f i r s t r i s e s w i t h NaPSS 
c o n c e n t r a t i o n and l e v e l s o f f to a p l a t e a u v a l u e . The Ap v a l u e 
above the NaPSS c o n c e n t r a t i o n of 0.04 g/100ml i s w e l l i n the 
p l a t e a u and i n c r e a s e s w i t h the NaCl c o n c e n t r a t i o n . 

The adsorbance, Ag, o f NaCl i s negative, i t s a b s o l u t e v a l u e 
i n c r e a s e s w i t h the NaPSS c o n c e n t r a t i o n , and reaches a c o n s t a n t 
v a l u e above the NaPSS c o n c e n t r a t i o
r e s p e c t i v e N a C l c o n c e n t r a t i o n
p l a t e a u v a l u e o f Ag decreases w i t h i n c r e a s i n g NaCl c o n c e n t r a t i o n . 

The t h i c k n e s s , t , o f the adsorbed l a y e r i n c r e a s e s w i t h NaPSS 
c o n c e n t r a t i o n and becomes c o n s t a n t above 0.04 g/100ml f o r 
r e s p e c t i v e NaCl c o n c e n t r a t i o n s as i l l u s t r a t e d i n F i g u r e 7. The 
t i n the p l a t e a u r o s e w i t h d e c r e a s i n g NaCl c o n c e n t r a t i o n . 
S i m i l a r i s o t h e r m s f o r Ap, A s , and t v a l u e s were observed f o r the 
o t h e r samples. The p l a t e a u i s e s t a b l i s h e d a t the NaPSS 
c o n c e n t r a t i o n o f 0.04 g/100ml i r r e s p e c t i v e of m o l e c u l a r w e i g h t . 

The low adsorbance and the h i g h t h i c k n e s s a t low s a l t 
c o n c e n t r a t i o n are due t o the e l e c t r o s t a t i c r e p u l s i o n , i . e . , the 
e x c l u d e d volume between the charged groups of adsorbed p o l y i o n s . 
As the i o n i c s t r e n g t h i s i n c r e a s e d , the i n t r a - and i n t e r - p o l y i o n 
i n t e r a c t i o n s o f adsorbed NaPSS c h a i n s d i m i n i s h so t h a t a l a r g e r 
adsorbance and s m a l l e r t h i c k n e s s s h o u l d be o b t a i n e d . 

M o l e c u l a r Weight Dependence. The aqueous 4.17 M NaCl 
s o l u t i o n a t 25 °C was determined t o be a t h e t a s o l v e n t f o r NaPSS 
by Takahashi, K a t o , and Nagasawa (13) from p r e c i p i t a t i o n 
measurements. Though Table I shows t h a t the degree of 
s u l f o n a t i o n o f the NaPSS sample i s l e s s than u n i t y , a l i n e a r p l o t 
between the i n t r i n s i c v i s c o s i t i e s o f NaPSS samples i n aqueous 
4.17 M s o l u t i o n a t 25 °C and the square r o o t o f the m o l e c u l a r 
w e i g h t i s o b t a i n e d . Thus, we r e g a r d the aqueous 4.17 M NaCl 
s o l u t i o n a t 25 °C as a Theta solvent f o r the p r e s e n t NaPSS 
samples. The m o l e c u l a r w e i g h t s of the NaPSS samples g i v e n by 
the manufacturer were employed. 

I n F i g u r e 8, the p l a t e a u adsorbance, Ap o f NaPSS a t the 
NaPSS c o n c e n t r a t i o n of 0.04 g/100ml i s p l o t t e d a g a i n s t the 
m o l e c u l a r w e i ght o f NaPSS on a d o u b l e - l o g a r i t h m i c p l o t f o r 
s e v e r a l NaCl c o n c e n t r a t i o n s . Though data p o i n t s are somewhat 
s c a t t e r e d , the adsorbances are r o u g h l y independent o f the mole
c u l a r w e i g h t . 

F i g u r e 9 r e p r e s e n t s a d o u b l e - l o g a r i t h m i c p l o t o f the 
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F i g u r e 4 . P l o t s of t h i c k n e s s , t , a g a i n s t the square r o o t 
o f a d s o r p t i o n time. Symbols a r e the same as i n F i g u r e 1. 
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F i g u r e 6. Adsorbance, Ag, o f NaCl v s . polymer c o n c e n t r a 
t i o n f o r NaPSS-3. Symbols a r e the same as i n F i g u r e 5. 
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jl/2 ( min 1 / 2) 
F i g u r e 7. T h i c k n e s s , t , o f the adsorbed l a y e r v s . polymer 
c o n c e n t r a t i o n f o r NaPSS-3. Symbols a r e the same as i n 
F i g u r e 5. 

F i g u r e 8. Adsorbance, Ap, a t polymer c o n c e n t r a t i o n o f 
0.04 g/100ml v s . the m o l e c u l a r w e i g h t . Ο , C s° = 4.17 M; 
φ , C s° = 0.5 Μ; φ , C s° = 0.1 M. 
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t h i c k n e s s , t , o f the adsorbed l a y e r a t the NaPSS c o n c e n t r a t i o n o f 
0.04 g/100ml, a g a i n s t the m o l e c u l a r w e i g h t . Log t i s l i n e a r 
w i t h the l o g a r i t h m of the m o l e c u l a r w e i g h t . The s l o p e o f the 
p l o t a t the NaCl c o n c e n t r a t i o n of 4.17 M, which i s the t h e t a 
p o i n t f o r the NaPSS sample, i s n e a r l y 0.5 but the s l o p e s a t the 
lower NaCl c o n c e n t r a t i o n , namely, good s o l v e n t c o n d i t i o n s are 
l e s s than 0.5. The m o l e c u l a r weight dependences f o r t h e 
t h i c k n e s s of the adsorbed NaPSS l a y e r under Theta and good 
s o l v e n t c o n d i t i o n s agree w i t h the case of a n o n i o n i c polymer (14). 

Adsorbance o f NaPSS, Ap. H e s s e l i n k (J., 2) d e r i v e d a l i n e a r 
r e l a t i o n s h i p between the amount of p o l y e l e c t r o l y t e adsorbed i n 
the p l a t e a u r e g i o n on an adsorbent w i t h zero s u r f a c e charge and 
the square r o o t o f added s a l t c o n c e n t r a t i o n i n b u l k s o l u t i o n . 
The t y p i c a l p l a t e a u adsorbanc
c o n c e n t r a t i o n o f 0.04 g/
r o o t o f the NaCl c o n c e n t r a t i o n as shown i n F i g u r e 10. 

Expansion o f T h i c k n e s s o f the Adsorbed L a y e r . In the low 
s a l t c o n c e n t r a t i o n the l a r g e t h i c k n e s s compared w i t h the case o f 
the Theta s o l v e n t (4.17 M NaCl) i s c o n s i d e r e d to be due t o the 
e l e c t r o s t a t i c r e p u l s i o n , i . e . , the e x c l u d e d volume e f f e c t o f the 
adsorbed NaPSS c h a i n s . U s u a l l y , the e xpansion f a c t o r a t> 
d e f i n e d by the r a t i o of the t h i c k n e s s i n good s o l v e n t and t h a t i n 
the Theta s o l v e n t , i s used to q u a n t i t a t i v e l y e v a l u a t e the 
e x c l u d e d volume e f f e c t f o r the adsorbed polymers. 

For a d s o r p t i o n o f n o n i o n i c polymer, Hoeve (15) and Jones-
Richmond (16) attempted t o i n c o r p o r a t e the excluded-volume 
e f f e c t i n t o the e xpansion f a c t o r , r e s p e c t i v e l y . They suggested 
t h a t the t h i c k n e s s of the adsorbed l a y e r i n good and § s o l v e n t s 
s h o u l d be taken a t the same adsorbance and molecular weighty 
r e s p e c t i v e l y . We may c a l c u l a t e the expansion f a c t o r a t the b u l k 
NaPSS c o n c e n t r a t i o n o f 0.02 g/100ml, s i n c e the adsorbances are 
almost the same f o r the r e s p e c t i v e NaCl c o n c e n t r a t i o n s , as seen 
from F i g u r e 5. 

E x p e r i m e n t a l l y the e xpansion f a c t o r as o f a p o l y e l e c t r o l y t e 
c h a i n i n b u l k s o l u t i o n i s g i v e n as f o l l o w s (17-19). The α i s 
l a r g e r than a t . 

a s
3 - 1 «χ, J 1/C s° (6) 

where C s° i s the c o n c e n t r a t i o n o f a u n i - u n i v a l e n t s a l t . I n 
F i g u r e 11, the ( a t3 - 1) v a l u e f o r NaPSS-3 i s p l o t t e d a g a i n s t 
the i n v e r s e square r o o t o f NaCl c o n c e n t r a t i o n . F i g u r e 11 
i l l u s t r a t e s the l i n e a r p r o p o r t i o n a l i t y o f a t

3 - Î to ^ 1 / C S ° . 

C o n c l u s i o n s 

We s t u d i e d the a d s o r p t i o n of sodium p o l y ( s t y r e n e s u l f o n a t e ) 
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F i g u r e 10. Adsorbance, Ap, a t polymer c o n c e n t r a t i o n of 
0.04 g/100ml f o r NaPSS-3 v s . the square r o o t o f NaCl 
c o n c e n t r a t i o n . 
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con cen t r a t i on. 
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from aqueous NaCl s o l u t i o n s onto a p l a t i n u m s u r f a c e . The 
a d s o r p t i o n i s o therms are h i g h a f f i n i t y type and the adsorbance i n 
the p l a t e a u r e g i o n i s p r o p o r t i o n a l to the square r o o t o f s a l t 
c o n c e n t r a t i o n a t constant m o l e c u l a r w e i g h t . 

The t h i c k n e s s o f the adsorbed l a y e r , t , i s a p p r o x i m a t e l y 
p r o p o r t i o n a l to W a t the Theta p o i n t b u t i n good s o l v e n t the 
exponent of the m o l e c u l a r weight dependence of t i s l e s s than 
0.5. 
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4 
The Role of the Solvent in Polymer Adsorption: 
Displacement and Solvency Effects 

M. A. COHEN STUART, J. M. H. M. SCHEUTJENS, and G. J. FLEER 

Laboratory for Physical and Colloid Chemistry, Agricultural University, De Dreijen 6, 
6703 BC Wageningen, The Netherlands 

In adsorption, the solvent always plays a double 
role, affecting both lateral interaction  betwee
the adsorbate molecule
tive interaction between the surface and the adsor
bate. For polymers, this means that they adsorb 
strongly from some solvents, whereas from others 
they do not at a l l . As a consequence, mixed sol
vents can give rise to an adsorption/desorption 
transition: the polymer is desorbed by a so
-called displacer. 

We investigate theoretically how the adsorp
tion of the polymer varies with the displacer con
centration. A simple analytical expression for the 
critical displacer concentration is derived, which 
is found to agree very well with numerical results 
from recent polymer adsorption theory. One of the 
applications of this expression is the determina
tion of segmental adsorption energies from experi
mental desorption conditions and the adsorption 
energy of the displacer. Illustrative experiments 
and other applications are briefly discussed. 

The role of the solvent in polymer adsorption has been the subject 
of much discussion. For example, theories have made predictions 
about the effect of the polymer/solvent interaction ( i . e . Flory 
Huggins χ-parameter) on adsorption. For many systems, χ-parameters 
had already been tabulated so that a number of adsorption studies 
focused attention on this parameter. In spite of much e f f o r t , 
available data are ambiguous, sometimes ve r i f y i n g and sometimes 
contradicting the trends predicted by theory. 

Of course, many investigators have realised that changes in 
solvent may not only affect the χ-parameter, but also the ef f e c 
tive polymer/surface interaction, expressed by the adsorption 
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energy parameter x s. I n f a c t , i t i s almost i m p o s s i b l e t o v a r y 
these parameters i n d e p e n d e n t l y and t o o b t a i n a c l e a r p i c t u r e o f 
t h e i r separate e f f e c t s i n e x p e r i m e n t a l s i t u a t i o n s . 

An i l l u s t r a t i v e example i s the work of C l a r k e t a l , on the 
co n f o r m a t i o n of p o l y ( v i n y l p y r r o l i d o n e ) (PVP) adsorbed on s i l i c a 
(1) . These a u t h o r s determined bound f r a c t i o n s from magnetic r e s o 
nance ex p e r i m e n t s . I n one i n s t a n c e they added acetone t o an 
aqueous s o l u t i o n of PVP i n ord e r t o ac h i e v e t h e t a c o n d i t i o n s f o r 
t h i s polymer. They expected t o observe an i n c r e a s e i n the bound 
f r a c t i o n on the b a s i s of s o l v e n c y e f f e c t s as p r e d i c t e d by a l l 
modern polymer a d s o r p t i o n t h e o r y (2-6), but found e x a c t l y the 
o p p o s i t e e f f e c t . T h e i r e x p l a n a t i o n was p l a u s i b l e , namely t h a t 
acetone, w i t h a b i l i t y t o adsorb s t r o n g l y on s i l i c a due t o i t s 
c a r b o n y l group, would be a b l e t o p a r t i a l l y d i s p l a c e the polymer 
by competing f o r the a v a i l a b l

Such displacement e f f e c t s
have not y e t been s t u d i e d s y s t e m a t i c a l l y . They w i l l be the s u b j e c t 
of the p r e s e n t paper. We w i l l d i s c u s s the a d s o r p t i o n of polymer 
from a m i x t u r e of two s o l v e n t s and we w i l l see t h a t i n some cases 
d r a s t i c e f f e c t s occur as a f u n c t i o n of the m i x t u r e c o m p o s i t i o n . 
A l s o , we e x p l o r e some consequences and p r a c t i c a l a p p l i c a t i o n s of 
di s p l a c e m e n t . I t t u r n s out t h a t displacemen t s t u d i e s not o n l y i n 
c r e a s e our i n s i g h t on the r o l e of the s o l v e n t i n polymer a d s o r p t i o n 
but can a l s o be used t o determine the segmental a d s o r p t i o n energy. 
So f a r , e x p e r i m e n t a l d a t a f o r t h i s q u a n t i t y were v e r y s c a r c e . Some 
i l l u s t r a t i v e experiments w i l l be d i s c u s s e d b r i e f l y . 

T h e o r e t i c a l 

For a d s o r p t i o n from s o l u t i o n t o o c c u r , i t i s ne c e s s a r y t h a t the 
exchange of s o l v e n t a t the s u r f a c e w i t h adsorbate i n s o l u t i o n r e 
s u l t s i n a net decrease of the f r e e energy. The exchange f r e e 
energy, i . e . the d i f f e r e n c e i n f r e e energy between s o l v e n t / s u r f a c e 
and a d s o r b a t e / s u r f a c e c o n t a c t s i s a measure of the e f f e c t i v e 
i n t e r a c t i o n between s u r f a c e and a d s o r b a t e . S i l b e r b e r g (2) i n t r o 
duced the d i m e n s i o n l e s s segmental a d s o r p t i o n energy parameter 
denoted as x s which r e f e r s t o the afore-mentioned exchange p r o 
c e s s . Of c o u r s e , f o r a g i v e n polymer and s u r f a c e , x s may have bo t h 
p o s i t i v e and n e g a t i v e v a l u e s , depending on the s o l v e n t . I f x s i s 
n e g a t i v e , no a d s o r p t i o n o f polymer o c c u r s . For p o s i t i v e x s, 
a d s o r p t i o n i s p o s s i b l e , p r o v i d e d t h a t x s i s l a r g e r than a c r i t i c a l 
a d s o r p t i o n energy x s c. The reason f o r a non-zero x s c ( u s u a l l y e s 
t i m a t e d as a few t e n t h s o f kT) i s t h a t the l o s s i n c o n f o r m a t i o n a l 
e n t r o p y e x p e r i e n c e d by an adsorbed segment must be outweighed by a 
net decrease i n a d s o r p t i o n energy. Thus yBC s e p a r a t e s two regimes; 
t h e r e are s o l v e n t s f o r which x g > x s c ( a d s o r p t i o n ) and s o l v e n t s 
f o r which x s < x s c (no a d s o r p t i o n ) . An obvious consequence i s t h a t 
i n m i x t u r e s of s o l v e n t s from e i t h e r regime a d s o r p t i o n - d e s o r p t i o n 
t r a n s i t i o n s occur when the c o m p o s i t i o n of the m i x t u r e i s v a r i e d . 
I n d e a l i n g w i t h b i n a r y s o l v e n t m i x t u r e s i t i s ne c e s s a r y t o d i s -
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t i n g u i s h between the two components. We w i l l denote the more 
s t r o n g l y a d s o r b i n g component ( f o r which u s u a l l y x g < X s c ) as 
the displacer9 and the o t h e r one as the solvent. 

An a d s o r p t i o n - d e s o r p t i o n t r a n s i t i o n i s i l l u s t r a t e d s c h e m a t i 
c a l l y i n F i g u r e 1, where we p l o t a disp l a c e m e n t i s o t h e r m , i . e . 
the adsorbed amount of a polymer as a f u n c t i o n o f the c o m p o s i t i o n 
of a m i x t u r e of s o l v e n t and d i s p l a c e r . At the l e f t i n F i g u r e 1, 
where the c o n c e n t r a t i o n of d i s p l a c e r i s low, the polymer s u r f a c e 
excess i s p o s i t i v e . As we i n c r e a s e the p r o p o r t i o n of d i s p l a c e r i n 
the m i x t u r e , we observe a decrease i n the adsorbed amount. A t a 
c e r t a i n c o m p o s i t i o n the adsorbed amount of polymer becomes z e r o . 
The c o n c e n t r a t i o n a t which the polymer s u r f a c e excess j u s t v a n i 
shes w i l l be denoted as the critical displacer concentration 4> c r. 
Beyond <j>cr, the s u r f a c e excess of the polymer i s n e g a t i v e (and 
ve r y s m a l l i f the polyme

Recent polymer a d s o r p t i o
and of Scheutjens and F l e e r (4) a l l o w the c a l c u l a t i o n of d i s p l a 
cement i s o t h e r m s , so t h a t we c o u l d study the dependency o f these 
isotherms on v a r i o u s parameters by n u m e r i c a l methods. However, 
a l l the e s s e n t i a l f e a t u r e s of disp l a c e m e n t can a l s o be demonstra
t e d by means of a simple a n a l y t i c a l e x p r e s s i o n f o r the c r i t i c a l 
p o i n t , which can be d e r i v e d i n a s t r a i g h t f o r w a r d way. 

The model u n d e r l y i n g t h i s e q u a t i o n i s the l a t t i c e model f o r 
a r e g u l a r s o l u t i o n , a d j a c e n t t o an a d s o r b i n g w a l l . L a y e r s of l a t 
t i c e s i t e s p a r a l l e l t o the w a l l are numbered 1, 2, .., i , ... 
and each s i t e may be o c c u p i e d by e i t h e r a polymer segment ( p ) , a 
s o l v e n t molecule (o) or a d i s p l a c e r molecule ( d ) . Each s i t e has 
ζ n e a r e s t n e i g h b o u r s , f r a c t i o n s λ η and of which are i n the 
same,and i n each of the two n e i g h b o u r i n g l a y e r s , r e s p e c t i v e l y . As 
we have t h r e e components, we have t h r e e a d s o r p t i o n energy parame
t e r s , one f o r each p a i r ; χ|° (polymer from s o l v e n t ) , (polymer 
from d i s p l a c e r ) and χ|° ( d i s p l a c e r from s o l v e n t ) . Because of t h e i : 
exchange c h a r a c t e r , these t h r e e parameters are not independent 
but are r e l a t e d i n a c y c l i c way: 

T h i s r e l a t i o n e x p r e s s e s the simple f a c t t h a t a p o l y m e r / d i s p l a c e r 
exchange f o l l o w e d by a d i s p l a c e r / s o l v e n t exchange, has the same 
e f f e c t as a polymer^/solvent exchange. 

The energy of i n t e r a c t i o n between the components i s conve
n i e n t l y d e s c r i b e d by means of th r e e m u t u a l l y independent F l o r y 
Huggins parameters: x p c*, χ^° and χΡ°. I n d i c e s r e f e r t o the r e s 
p e c t i v e component p a i r s . 

The t h e o r y of polymer a d s o r p t i o n i s c o m p l i c a t e d f o r most 
s i t u a t i o n s , because i n g e n e r a l the f r e e energy of a d s o r p t i o n i s 
determined by c o n t r i b u t i o n s from each l a y e r i where the segment 
d e n s i t y i s d i f f e r e n t from t h a t i n the b u l k s o l u t i o n . However, a t 
the c r i t i c a l p o i n t the s i t u a t i o n i s much s i m p l e r s i n c e the seg
ment d e n s i t y p r o f i l e i s e s s e n t i a l l y f l a t . Only the l a y e r immedia-

do (1) 
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t e l y a d j a c e n t t o the a d s o r b i n g s u r f a c e c o n t r i b u t e s t o the f r e e 
energy and we can d e s c r i b e the e q u i l i b r i u m e n t i r e l y by c o n s i d e r i n g 
o n l y the changes o c c u r i n g i n t h a t l a y e r . 

L e t us c a l c u l a t e the change i n f r e e energy àf a s s o c i a t e d w i t h 
the exchange of adsorbed d i s p l a c e r m o l e c u l e s a g a i n s t segments i n 
the b u l k s o l u t i o n . Volume f r a c t i o n s φ w i l l be a s s i g n e d an upper 
index r e f e r r i n g t o the c o r r e s p o n d i n g component (ρ, ο or d), and a 
lower index r e f e r r i n g t o e i t h e r the s u r f a c e l a y e r (s) or the b u l k 
s o l u t i o n (*). We w i l l assume t h a t the s o l u t i o n i s d i l u t e i n p o l y 
mer: φ£ << 1. For each d i s p l a c e r molecule exchanged we have the 
f o l l o w i n g f r e e energy c o n t r i b u t i o n s ( i n u n i t s k T ) : ( i ) the d i s 
p l a c e r /polymer a d s o r p t i o n energy, χ| , ( i i ) the c o n f o r m a t i o n a l 
entropy l o s s per polymer segment, -χ , ( i i i ) the c o n f i g u r a t i o n a l 
e n t r o p y change of d i s p l a c e r , 1η(φ|/φ§; and ( i v ) a m i x i n g term t o 
be worked out below, denote
p l e t e polymer molecule adsorbe
(φ|/φ|). However, a t the c r i t i c a l p o i n t the polymer s u r f a c e excess 
i s z e r o by d e f i n i t i o n , so t h a t φ| « φ£ and t h i s l a t t e r e n t r o p y 
change v a n i s h e s . We thus a r r i v e a t the f o l l o w i n g r e l a t i o n , c o r 
r e s p o n d i n g t o the e q u i l i b r i u m (Af = 0) a t the c r i t i c a l p o i n t 
(where φ£ Ξ φ ^ ) 

F o r the c a l c u l a t i o n of AhP d we must count c o n t a c t s w i t h i n the 
s u r f a c e l a y e r , and between the s u r f a c e l a y e r and the n e i g h b o u r i n g 
l a y e r (which has b u l k c o m p o s i t i o n ) . T h i s c a l c u l a t i o n i s s i m p l i f i e d 
v e r y much i f we assume t h a t a t the c r i t i c a l p o i n t the s u r f a c e i s 
almost s a t u r a t e d w i t h d i s p l a c e r ( i . e . φ^ « 1 ) , s i n c e not o n l y the 
polymer, but a l s o the s t i l l more weakly a d s o r b i n g s o l v e n t w i l l 
have been almost c o m p l e t e l y d i s p l a c e d . Before exchange, we have 
a d i s p l a c e r molecule a t the s u r f a c e , and a segment i n the s o l u t i o n , 
g i v i n g c o n t r i b u t i o n s t o the m i x i n g energy h d = φ£χ^° and ^ 
hP = Φ ε Γ Χ ρ + Φ*Χ Ρ°, r e s p e c t i v e l y . (Note t h a t c o n t r i b u t i o n s t o h g 

due t o c o n t a c t s w i t h polymer are n e g l e c t e d , s i n c e the polymer con
c e n t r a t i o n i s low everywhere.) A f t e r exchange, we have a d i s 
p l a c e r molecule i n the b u l k s o l u t i o n : h4 = φ2χ^° and a polymer 
segment a t the s u r f a c e : h | = X QxP d + X ^ c r x P d + Φ°.Χρο) . The 
r e s u l t of the exchange p r o c e s s , AhP d,is o b v i o u s l y e q u a l t o 
h | + h d - ( h d + hP). I n s e r t i n g the above c o n t r i b u t i o n s and making 
use of the r e l a t i o n s XQ = 1 - 2X«j, and φ° = 1 - Φ 0 Γ we a r r i v e a t 

- A h p d = X l X
p d + (1 - φ ο Γ)(1 - λ^Δχ (3) 

where Αχ i s a combined s o l v e n c y i n t e r a c t i o n parameter: 

Δχ = x p o - x p d - x d o (4) 

S u b s t i t u t i n g the r e s u l t E q u a t i o n 3 i n t o E q u a t i o n 2 and a g a i n 
u s i n g |g » 1 we o b t a i n the f i n a l r e s u l t : 
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E q u a t i o n 5 c o v e r s the e s s e n t i a l s o f the displacement p r o c e s s . We 
d i s c u s s a few consequences. 

For s t r o n g d i s p l a c e r s , x | d i s s t r o n g l y n e g a t i v e , and i s 
v e r y s m a l l . W i t h d e c r e a s i n g d i s p l a c e r s t r e n g t h , i . e . i n c r e a s i n g 
X p d , <{>cr i n c r e a s e s and e v e n t u a l l y becomes u n i t y . F or s t i l l weaker 
d i s p l a c e r s , I n <f>cr may even become p o s i t i v e , so t h a t φς Γ l i e s i n 
the p h y s i c a l l y i n a c c e s s i b l e r e g i o n φ ε Γ > 1. F i g u r e 2 g i v e s a s e t 
of displacement isotherms c a l c u l a t e d n u m e r i c a l l y (from the Roe 
th e o r y (5) f o r multicomponent systems) f o r athermal m i x t u r e s and 
v a r i o u s v a l u e s o f x | d . The p o s i t i o n of Φ 0 Γ , r e a d from these i s o 
therms, i s i n e x c e l l e n t agreement w i t h E q u a t i o n 5. Even the ' i n 
a c c e s s i b l e 1 p o i n t determined by e x t r a p o l a t i o n ( d o t t e d l i n e ) i s 
a c c u r a t e l y p r e d i c t e d . 

Solvency e f f e c t s ar
E q u a t i o n 5. I f a l l the components mix w i t h o u t e n t h a l p y e f f e c t s 
( c o m p l e t e l y athermal system), χΡ^ = 0 and Δχ = 0. F o r non-zero 
χΡ^-values, E q u a t i o n 5 p r e d i c t s a s h i f t i n In φ ε Γ w i t h r e s p e c t t o 
the athermal s i t u a t i o n . F or non-zero Δχ-values, an a d d i t i o n a l 
s h i f t i s p r e d i c t e d , u n l e s s φ € Γ = 1. Note t h a t due t o the l a s t 
term, E q u a t i o n 5 i s i m p l i c i t and may even have two s o l u t i o n s f o r 
Φ € Γ when Δχ < 0. Indeed, f o r s u i t a b l e v a l u e s o f Δχ and x | d we 
may observe two c r i t i c a l p o i n t s . A t b o t h p o i n t s the polymer s u r 
f a c e excess r e v e r s e s s i g n so t h a t t h e r e i s a descending and an 
asc e n d i n g branch i n the displacement i s o t h e r m . N u merical c a l c u 
l a t i o n s (8) have shown t h a t such isotherms occur i n the case of 
s t r o n g r e p u l s i v e i n t e r a c t i o n between d i s p l a c e r and s o l v e n t , i . e . 
X d o l a r g e and p o s i t i v e (of the or d e r of 1.5). Since the polymer 
s u r f a c e excess must c l o s e l y f o l l o w the s u r f a c e c o n c e n t r a t i o n of 
the s o l v e n t , we conclude t h a t the l a t t e r q u a n t i t y must pass through 
a minimum a t some c o m p o s i t i o n of the s o l v e n t / d i s p l a c e r m i x t u r e , 
because the s o l u t i o n d e v i a t e s s t r o n g l y from i d e a l b e h a v i o u r . 
E v e r e t t (9) has shown q u i t e g e n e r a l l y t h a t such n o n - i d e a l i t y 
e f f e c t s indeed l e a d t o maxima and minima i n the composite i s o t h e r m 
of a b i n a r y m i x t u r e o f low m o l e c u l a r weight sub s t a n c e s . 

A p p l i c a t i o n s 

The c r i t i c a l a d s o r p t i o n energy. A c r i t i c a l a d s o r p t i o n energy i s 
p r e d i c t e d by many t h e o r i e s ( 2 - 6 ) . I t s v a l u e i s dependent on con
f o r m a t i o n a l p r o p e r t i e s o f the polymer and u s u a l l y e s t i m a t e d as a 
few t e n t h s of kT ( 7 ) . Y e t , a method t o determine x s c experimen
t a l l y has never been suggested. Displacement s t u d i e s p r o v i d e such 
a method. I n s p e c t i o n of E q u a t i o n 5 bears out t h a t x s c i s o b t a i n e d 
from a dis p l a c e m e n t i s o t h e r m , p r o v i d e d t h a t x ^ d and the s o l v e n c y 
terms v a n i s h . T h i s c o n d i t i o n i s met by t a k i n g as the d i s p l a c e r a 
molecule which i s ( n e a r l y ) i d e n t i c a l t o the r e p e a t i n g u n i t of the 
polymer, i . e . the polymer i s d i s p l a c e d by i t s own monomer. Such 
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F i g u r e 1. Ge n e r a l shape of displacement i s o t h e r m and 
l o c a t i o n of the c r i t i c a l p o i n t ( s c h e m a t i c a l l y ) . 

F i g u r e 2. T h e o r e t i c a l displacement isotherms f o r v a r i o u s 
χΡ" v a l u e s , c a l c u l a t e d from the Roe t h e o r y ; Athermal s y s 
tems (Δχ = 0, χΡ^ = 0 ) . The d o t t e d l i n e i s the e x t r a p o l a 
t i o n of the i s o t h e r m i n t o the p h y s i c a l l y i n a c c e s s i b l e r e g i o n 
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a monomeric d i s p l a c e r and a segment i n t e r a c t e s s e n t i a l l y e q u a l l y 
s t r o n g l y w i t h the s u r f a c e , so t h a t the (exchange) a d s o r p t i o n 
energy parameter x | d i s a l l but z e r o . A l s o , the d i s p l a c e r / s e g m e n t 
i n t e r a c t i o n i s l i k e l y t o be a t h e r m a l , or n e a r l y so (χΡ^ « 0) and 
the d i s p l a c e r / s o l v e n t and p o l y m e r / s o l v e n t i n t e r a c t i o n s are not ex
pecte d t o d i f f e r v e r y much (χΡ° « x d o ) r e s u l t i n g , a c c o r d i n g t o 
E q u a t i o n 4 i n Δχ « 0. 

F i g u r e s 3 and 4 g i v e displacement isotherms of PVP adsorbed 
on p y r o g e n i c s i l i c a . The polymer s u r f a c e excess i s p l o t t e d v e r s u s 
the volume f r a c t i o n o f d i s p l a c e r . R e s u l t s i n F i g u r e 3 are f o r 
water as the s o l v e n t and i n F i g u r e 4 f o r dioxane as the s o l v e n t . 
V a r i o u s d i s p l a c e r s were used, as i n d i c a t e d i n the f i g u r e s . One of 
the d i s p l a c e r s was N - e t h y l p y r r o l i d o n e (NEP), which can be c o n s i 
dered as the 'monomer' of PVP. From the i s o t h e r m i n dioxa n e , i t 
was found t h a t I n φ =
n o n - i d e a l i t y , the displacemen
d i n g b r a n c h . I t i s obvious t h a t a t the p o i n t φ^ = 1 m i x i n g e f f e c t s 
do not p l a y a r o l e any l o n g e r so t h a t an i s o t h e r m through t h a t 
p o i n t and h a v i n g the proper 'athermal' sl o pe l e a d s n a t u r a l l y t o 
an 'athermal' c r i t i c a l p o i n t (see d o t t e d curve i n F i g u r e 3 ) . 
Hence, b o t h f o r water and di o x a n e , I n φ = 0.14. (The i d e n t i t y 
χΡ° = x d o i s a p p a r e n t l y not s a t i s f i e d f o r aqueous s o l u t i o n s of 
NEP and PVP. I n the polymer where monomers are l i n k e d i n a c h a i n , 
hydrophobic p a r t s are l a r g e l y screened from i n t e r a c t i o n s w i t h the 
s o l v e n t . For f r e e monomers such s c r e e n i n g i s n ot p o s s i b l e so t h a t 
they e x p e r i e n c e more u n f a v o u r a b l e i n t e r a c t i o n s w i t h the s o l v e n t . 
The a d s o r p t i o n energy parameter x s i s not a f f e c t e d by the d i f f e 
r e n t c h e m i c a l s u r r o u n d i n g of f r e e monomer and polymer segments, 
s i n c e the mechanism f o r i n t e r a c t i o n w i t h the s u r f a c e i s hydrogen 
bonding i n b o t h cases ( 8 ) . ) 

I t f o l l o w s from E q u a t i o n 5 t h a t f o r PVP on s i l i c a , x g c = 
-0.14 i s a re a s o n a b l e e s t i m a t e . Here, we have the f i r s t r e p o r t e d 
e x p e r i m e n t a l v a l u e of x s c . S u r p r i s i n g l y , i t i s a n e g a t i v e v a l u e , 
whereas a p o s i t i v e one was expected t h e o r e t i c a l l y . However, we 
can r a t i o n a l i z e our f i n d i n g by t a k i n g i n t o account t h a t , where 
segments l o s e c o n f o r m a t i o n a l e n t r o p y upon a d s o r p t i o n , s m a l l 
m o l e c u l e s may l o s e much more r o t a t i o n a l e n t r o p y , t h e r e b y compe
t i n g l e s s e f f e c t i v e l y w i t h segments (8). Such r o t a t i o n i s , as f a r 
as we know, not i n c l u d e d i n any e x i s t i n g polymer a d s o r p t i o n model. 

D e t e r m i n a t i o n of the segmental a d s o r p t i o n energy. The d e t e r m i n a -
t i o n of χ | ° i s a l s o p o s s i b l e . S i n c e x| d can be found from 
E q u a t i o n 5 i f x s c and the s o l v e n c y terms are known, we can add χ | ° 
and f i n d χ | ° by E q u a t i o n 1. The d e t e r m i n a t i o n of χ | ° c a l l s f o r 
a se p a r a t e experiment, e.g., an a d s o r p t i o n i s o t h e r m o f the d i s 
p l a c e r from s o l v e n t , i n the absence of polymer. F o l l o w i n g such a 
scheme we used the v a l u e s of φ ε Γ o b t a i n e d from the d i s p l a c e m e n t 
isotherms of F i g u r e 3 and 4 t o determine segmental a d s o r p t i o n 
energy parameters χΡ° f o r PVP on s i l i c a . The r e q u i r e d a d d i t i o n a l 
i n f o r m a t i o n on χ | ° was o b t a i n e d from the i n i t i a l s l o p e s of d i s -
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p l a c e r a d s o r p t i o n i s o t h e r m s . Segmental a d s o r p t i o n e n e r g i e s were 
c a l c u l a t e d , u s i n g d a t a f o r a l l f o u r d i s p l a c e r s . A f u l l account of 
the a n a l y s i s i s g i v e n i n r e f . 8. Here, we merely r e p o r t t h a t good 
agreement was o b t a i n e d and t h a t segmental a d s o r p t i o n e n e r g i e s of 
4 kT were found, b o t h f o r a d s o r p t i o n from water and from d i o x a n e . 
The agreement w i t h i n f e r e n c e s from o t h e r experiments ( e . g . , c a l o -
r i m e t r y and s p e c t r o s c o p i c s t u d i e s (10, 11)) is" q u i t e s a t i s f a c t o r y . 
I t i s hoped t h a t the method f i n d s w i d e r a p p l i c a t i o n . 

A d s o r p t i o n chromatography. A v e r y i n t e r e s t i n g a p p l i c a t i o n of d i s 
placement i s i n a d s o r p t i o n chromatography. For e f f e c t i v e s e p a r a 
t i o n t o o c c u r , i t i s n e c e s s a r y t h a t the s o l u t e adsorbs weakly on 
the s t a t i o n a r y phase. S i n c e polymers i n a s i n g l e s o l v e n t are 
u s u a l l y e i t h e r not e l u t e d (because they adsorb too s t r o n g l y ) or 
move w i t h the e l u e n t f r o n
s o l v e n t m i x t u r e s must b
t i o n , i . e . c l o s e t o the c r i t i c a l p o i n t . Experiments by G l o c k n e r 
e t a l . (12) and Belenky (13) have indeed shown t h a t e f f e c t i v e 
s e p a r a t i o n s occur o n l y i n a v e r y narrow range of c o m p o s i t i o n , 
thereby c l e a r l y d e m o n s t r a t i n g the ' c r i t i c a l 1 c h a r a c t e r of d i s p l a 
cement. I t f o l l o w s t h a t φ Ο Γ may be q u i t e a c c u r a t e l y determined by 
chromatographic p r o c e d u r e s . An example i s shown i n F i g u r e 5, where 
the r e t e n t i o n f a c t o r Rp i s p l o t t e d as a f u n c t i o n of m i x t u r e com
p o s i t i o n . A sharp t r a n s i t i o n i s observed. 

Snyder (14) has g i v e n a d s o r p t i o n chromatography i t s t h e o r e 
t i c a l b a s i s . He c o l l e c t e d many a d s o r p t i o n e n e r g i e s f o r s o l v e n t s 
commonly used as e l u e n t s , and developed a method t o p r e d i c t the 
' e l u t i o n s t r e n g t h ' ε Μ ( e f f e c t i v e a d s o r p t i o n energy per u n i t of 
s u r f a c e area) of a s o l v e n t m i x t u r e on the b a s i s of an i d e a l s o l u 
t i o n (Langmuir a d s o r p t i o n ) model. A good c o r r e l a t i o n was found 
when segmental a d s o r p t i o n e n e r g i e s , c a l c u l a t e d by means of ' i n 
crement a d d i t i o n ' a c c o r d i n g t o Snyder, were compared w i t h 
v a l u e s a t a f i x e d r e t e n t i o n f a c t o r ( 1 2 ) . A l t h o u g h Snyder's ex
p r e s s i o n does not i n c l u d e non i d e a l i t y c o n t r i b u t i o n s , as does our 
E q u a t i o n 5, i t seems t o d e s c r i b e a l a r g e number of e x p e r i m e n t a l 
d a t a r e a s o n a b l y w e l l . A l i t e r a t u r e survey (15) r e v e a l s many 
examples of s u c c e s f u l s e p a r a t i o n s of polymer homologues. Snyder's 
a d s o r p t i o n e n e r g i e s are a b s o l u t e ones, i n s t e a d of exchanged p a r a 
meters. Thus, t h e r e s h o u l d be a r e l a t i o n between χ°Ρ and the d i f 
f e r e n c e i n a d s o r p t i o n energy between a segment and a s o l v e n t 
m o l e c u l e , as t a b u l a t e d by Snyder. A c o m p l i c a t i o n i s t h a t a c o r 
r e c t i o n i s n e c e s s a r y f o r d i f f e r e n c e s i n m o l e c u l a r / s e g m e n t a l a r e a , 
and f o r s o l v e n c y e f f e c t s . Hence, a l t h o u g h a more thorough a n a l y s i s 
i s wanted, i t i s p r o b a b l e t h a t the t a b l e s by Snyder c o n s t i t u t e 
a v a l u a b l e source of i n f o r m a t i o n on x s , a t l e a s t f o r s i l i c a and 
alumina s u b s t r a t e s . 

Other a p p l i c a t i o n s . Displacement must a l s o have i t s impact on 
c o l l o i d a l s t a b i l i t y . The r e l a t i o n between the a d s o r p t i o n of p o l y 
mers on c o l l o i d a l p a r t i c l e s and the r e s u l t a n t s t e r i c s t a b i l i t y 
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a g a i n s t f l o c c u l a t i o n was, and s t i l l i s , s t u d i e d e x t e n s i v e l y . 
R e c e n t l y , a n o n - a d s o r p t i v e f l o c c u l a t i o n mechanism has been s t u d i e d 
by v a r i o u s i n v e s t i g a t o r s (16-20). The c o n d i t i o n s f o r non-adsorbing 
polymer may be o b t a i n e d by adding a s u i t a b l e d i s p l a c e r . I n o t h e r 
c a s e s , a s t e r i c a l l y s t a b i l i z e d system may be d e s t a b i l i z e d by 
merely removing the s t e r i c b a r r i e r by the a c t i o n of a s u f f i c i e n t l y 
p o w e r f u l d i s p l a c e r . Both p o s s i b i l i t i e s , b e i n g a l s o t e c h n o l o g i 
c a l l y i n t e r e s t i n g , deserve more a t t e n t i o n . 

So f a r , we d e a l t w i t h the disp l a c e m e n t o f simple homopoly
mers. However, the phenomenon of disp l a c e m e n t i s by no means r e 
s t r i c t e d t o such simple macromolecules. Copolymers have been 
s u c c e s f u l l y e l u t e d by means of a d s o r p t i o n chromatography ( 1 3 ) . 
Even c o m p l i c a t e d , charged macromolecules l i k e p r o t e i n s can be 
s u c c e s f u l l y d i s p l a c e d . As an example we g i v e i n F i g u r e 6 the d i s 
placement i s o t h e r m f o r
p h o l i n e ( 2 1 ) . Of c o u r s e
v a r i e t y of segment/surface i n t e r a c t i o n s p l a y a r o l e , our simple 
E q u a t i o n 5 does not a p p l y . N e v e r t h e l e s s , f o r p r a c t i c a l work i t i s 
important t o r e a l i z e t h a t most macromolecules, o f t e n thought t o 
be i r r e v e r s i b l y adsorbed, can be removed c o m p l e t e l y from the 
adsorbent s u r f a c e by the c o n c e r t e d a c t i o n of a l a r g e number of 
s m a l l m o l e c u l e s . 

We conclude t h a t b i n a r y m i x t u r e s of s o l v e n t and d i s p l a c e r 
p r o v i d e us w i t h a v a l u a b l e t o o l t o o b t a i n i n f o r m a t i o n on the 
i n t e r a c t i o n between a p o l y m e r i c adsorbate and the s u b s t r a t e . 
H o p e f u l l y displacement s t u d i e s w i l l p r o v i d e us w i t h many new i n 
s i g h t s i n the near f u t u r e . 

Legend of symbols 

Some symbols c a r r y upper i n d i c e s ο, ρ, d. These i n d i c e s r e f e r t o 
the r e s p e c t i v e components s o l v e n t , polymer, d i s p l a c e r . Lower 
i n d i c e s s and * r e f e r t o s u r f a c e phase and s o l u t i o n , r e s p e c t i v e l y . 

X (x p d> X d o, χ ρ ο) I n t e r a c t i o n parameter ( f o r a component p a i r ) . 

y (vPO γΡ<1 ydO\ 
*s v x s 9 Ks 9 Ks ; 

(Segmental) a d s o r p t i o n energy (exchange of a 
s p e c i f i e d component p a i r ) . 

Af 
Φ 

c r i t i c a l d i s p l a c e r c o n c e n t r a t i o n . 
c r i t i c a l a d s o r p t i o n energy (per segment). 
f r e e energy of a d s o r p t i o n . 
volume f r a c t i o n (upper i n d e x : component; 
lower i n d e x : p h a s e ) . 
e n t h a l p y of m i x i n g . 
f r a c t i o n of n e a r e s t neighbours i n a d j o i n i n g 
l a y e r , i n the same l a y e r . 
e f f e c t i v e a d s o r p t i o n energy o f a b i n a r y s o l v e n t . 
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F i g u r e 5. TLC r e t e n t i o n f a c t o r Rp f o r p o l y ( m e t h y l 
m e t h a c r y l a t e ) on s i l i c a g e l , as a f u n c t i o n of the e l u t i o n 
s t r e n g t h E^ of b i n a r y s o l v e n t ( c a r b o n t e t r a c h l o r i d e , CCl^)/ 
d i s p l a c e r (1 , 4-dioxane) m i x t u r e s . Note the steep i n c r e a s e 
i n Rp at E M w 0.38, i n d i c a t i n g a sharp a d s o r p t i o n / 
d e s o r p t i o n t r a n s i t i o n . 
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F i g u r e 6. Displacement i s o t h e r m of Human Plasma Albumin 
from s i l i c a i n aqueous morpholine s o l u t i o n s a t pH = 8.5. 
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5 
Flow-Enhanced Desorption 
of Adsorbed Flexible Polymer Chains 

GERALD G. FULLER and JEN-JIANG LEE 

Department of Chemical Engineering, Stanford University, Stanford, CA 94305 

We have applied ellipsometry to the study of polymer 
chain desorption in flowing systems. Using this 
technique both th
bance were measure
7800 sec-1. Three molecular weight samples of poly
styrene ranging from 4 to 20 million were studied 
using cyclohexane at the theta condition as the 
solvent. Chrome was used as the adsorbent. The 
results indicate very substantial flow enhancement of 
the desorption rates. Complete removal of the poly
mer at the highest velocity gradient was possible 
over a period of 2-3 hours. At the highest velocity 
gradient and for the higher molecular weights, the 
film thickness was observed to decrease. Several 
possible mechanisms for this decrease are proposed. 

The adsorption of macromolecules onto solids from solutions i s 
not only of academic interest but i s also of fundamental impor
tance to numerous applications. The situation which has been 
most extensively studied i s that of weakly adsorbing systems of 
high molecular weight, f l e x i b l e chains. The resulting polymer 
layers are envisioned as being diffuse films where a r e l a t i v e l y 
small fraction of the polymer segments are actually attached to 
the surface. The remaining segments are unattached and extend 
away from the surface with the resulting film thickness being 
roughly comparable to the radius of gyration of an isolated 
polymer chain in solution. Generally, the adsorption process 
has appeared to be an essentially i r r e v e r s i b l e phenomenon. Once 
a polymer f i l m i s established, only small decreases i n adsor
bance are observed when the polymer solution residing above the 
polymer layer i s displaced by pure solvent. This situation i s 
largely insensitive to temperature and only s l i g h t increases i n 
the lev e l of desorption are found when the temperature of 
displacing solvent i s increased (1,2). One possible explanation 
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of the i r r e v e r s i b i l i t y i s that each chain Is multiply contacted 
to the surface and the probability of the contact points detach
ing simultaneously i s very small. In addition, the surface 
concentration i s often large enough that individual chains can 
be highly entangled which would require a slow diffusion of 
detached chains to the dilute bulk phase. 

Grant et a l . (3) used a radiotracer technique to study the 
adsorption and desorption of two polystyrene samples 
(M^ * 76x10s ,lxlO b) i n both good and poor solvents. The adsor
bent was either a f l a t chrome surface or a l i q u i d mercury 
surface. Desorption into a θ-solvent from the chrome surface 
showed that the higher molecular weight sample underwent slower 
desorption. A recent work by Furusawa et a l . (4) used gel 
permeation chromatography to study the preferential adsorption 
and displacement of high molecula  weight polystyrene  i
θ-solvent. The result
polymers were displace y y  larger-size
molecules. The degree of displacement was greatly dependent on 
the difference between the molecular weights of the polymers 
used. These results showing decreased desorption with increas
ing molecular weight are consistent with the desorption mechan
ism mentioned above. Higher molecular weight molecules would 
have more tra i n segments per molecule attached to the surface 
and thus making i t less probable to detach from the surface. 
Furthermore, the d i f f u s i o n coefficient i s smaller for the higher 
molecular weight molecule and the di f f u s i o n distance i s larger 
as the adsorbed layer may be thicker. 

Other studies investigating polymer desorption have focused 
on the effect of solvent quality (2j5) · In the work of Schick 
and Harvey, J r . (5_), the adsorption and desorption of 
polystyrene (M^ - 292,000) from nonporous Graphon carbon black 
into six solvents were studied. Two types of experiments 
concerning the solvent power on the desorption were performed on 
the adsorbed polystyrene. In the f i r s t type of experiment, only 
the o r i g i n a l solvent was used to dil u t e the system and, 
irrespective of solvent power, no appreciable amount of desorp
tion was detected. Another type of experiment consisted of 
stepwise adsorption and desorption with changing solvents. In 
one set of experiments, the same solution concentration was used 
when switching from one solvent to another, while in the other 
set of experiments, the concentration corresponding to the 
supernatant concentration in the preceding step was used. The 
results from both sets indicated substantial desorption i f the 
solvent was replaced by a better one. 

There has been very l i t t l e theoretical work on the problem 
of desorption. Recently, Cohen Stuart et a l . (6) have proposed 
a theory by taking into account the polydispersity of the sample 
in order to explain experimentally often observed "rounded" i s o 
therms and the apparent i r r e v e r s i b i l i t y . For monodisperse 
systems, the bulk solution concentration was estimated to be on 
the order of 10~3 PPM for polymers in order to observe 
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substantial desorption, Silberberg, on the other hand, viewed 
the apparent i r r e v e r s i b i l i t y as due to the lack of strong 
driving forces (7). 

In this paper we w i l l demonstrate that substantial desorp
tion can occur i f very large hydrodynamic forces are applied to 
weakly adsorbed, high molecular weight, f l e x i b l e polymers re s i d 
ing on s o l i d surfaces. Previous studies which have investigated 
the problem of polymer desorption have exclusively considered 
quiescent systems where the bulk f l u i d above the polymer film i s 
at rest. In contrast, however, most processes of p r a c t i c a l 
importance such as polymer flooding i n enhanced o i l recovery, 
chromatography, and lubrication are flow processes where hydro-
dynamic forces may affect the polymer segments extending out 
into the bulk f l u i d . Such forces could alt e r the conformation 
of the polymer films an
tion. To this end, we hav
metry to the study of the response of polymer films i n flowing 
environments. S p e c i f i c a l l y , this method allows both the average 
film thickness and adsorbance to be obtained simultaneously 
during the flow. Our f i r s t studies (8) focused on the i n i t i a l 
response of polymer films to large v e l o c i t y gradients. Here the 
polymer (polystyrene) i s allowed to be adsorbed from a θ-solvent 
onto a s o l i d surface (chrome) u n t i l equilibrium i s estab
lish e d . Following that procedure, a velocity gradient i s then 
applied to the surface for a short period of time (1-2 minutes) 
and the thickness and adsorbance are determined. The thickness 
was observed to s l i g h t l y decrease when the velocity gradient was 
increased to large enough values but the adsorbance was l e f t 
unchanged. In this paper, the consequence of applying the flow 
over long periods of time i s analyzed i n order to determine the 
extent to which hydrodynamic forces can increase the rate of 
desorption. 

Experimental 

Materials. Three high molecular weight polystyrenes (PS) of 
narrow d i s t r i b u t i o n were used and their properties are given i n 
Table I. The ultrahigh molecular weight PS-20 was purchased 
from the Pressure Chemical Co. and PS-4 and PS-8 were supplied 
by the Toyo Soda Co.. Reagent grade cyclohexane was used as the 
θ-solvent. The adsorbent consisted of two mirrors of o p t i c a l l y 
f l a t hard chrome electroplated onto steel disks. Prior to each 
adsorption the chrome mirrors were cleaned following standard 
procedures (8). 

Ellipsometry. The automated ellipsometer i s essentially equi
valent to that described by Hauge and D i l l (9)· Data acquisi
tion and analysis was made through the use of a D i g i t a l 
Equipment Corporation M INC 11/23 computing system. The detailed 
description of the system was reported previously (8). The 
measured ellipsometric angles ψ and Δ are converted into the 
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average thickness d and refractive index n^ of the polymer 
f i l m . The adsorbance Â i s calculated using the following 
equation: 

A - ( η - - η ) d/(dn/dc) (1) 
r ο 

where η i s the refractive index of cyclohexane and i s taken 
to be 1.415 at a l i g h t wavelength λ » 6328 A and temperature 
of 34.8°C. (dn/dc) i s the refractive index increment of the 
solution and i s 0.168 cm3/g for polystyrene in cyclohexane. 

Flow C e l l * The flow c e l l i s pictured i n Figure 1 and i n some 
respects i s similar to the one used by Stromberg et a l . (10). 
The c e l l consists of two chromium mirrors which are p a r a l l e l and 
facing each other. Each mirror rests within an aluminum base or 
l i d respectively and th
squeezed between two aluminu
water from a constant temperature bath. The top l i d has two 
fused quartz windows of low birefringence and an opening for 
insertion of a thermistor d i r e c t l y in contact with the l i q u i d . 
The two blocks are pressed together t i g h t l y using a Viton o-ring 
to seal the unit. Very high velocity gradients of up to 7800 
sec""* are accomplished by pumping liquids through the narrow 
s l i t between the two chrome mirrors, which serves as flow 
boundary as well as the adsorbent surface. Apparent v e l o c i t y 
gradients γ are calculated by the following equation assuming a 
f u l l y developed ve l o c i t y p r o f i l e : 

γ - 6Q/WB2 (2) 

where Q i s the volume flow rate, W the width of the s l i t 
(1.92 cm), and Β the gap thickness between the mirrors 
(0.06 cm). Due to the entrance effects, the actual velocity 
gradient i s generally greater than the apparent velocity 
gradient calculated in this manner. However, the discrepancy i s 
estimated to be less than 15% for the worst case which 
corresponds to the highest Reynolds number used i n this work 
(11). The current design of the c e l l allows us to study a wide 
range of polymer/solvent pairs. Since the l i g h t only passes 
through quartz windows at normal incidence, there i s no problem 
of mismatching of refractive indices. 

Adsorption and Desorption. The adsorption of PS was carried 
out by introducing the polymer solutions into the c e l l v ia a 
hypodermic syringe. The solution concentrations used for 
adsorption were 700 PPM for PS-2D, 1000 PPM for PS-8, and 
1200 PPM for PS-4. According to the previous work by Takahashi 
et a l . (12), those concentrations are large enough to obtain 
saturated surface coverages. The solution was kept i n the c e l l 
over a period of one day to insure equilibrium. At the end of 
one day the supernatant solution was displaced by the pure 
solvent. For studies of flow-enhanced desorption the pump was 
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Table I . 
Molecular Weight Characteristics and Quiescent Adsorption 

at the θ-Condition of the Polystyrene Samples 

Sample ^ ^/M n A^mg/m2) d Q (A) 

PS-4 3.84x 10 6 1.05 4.15 1700 
PS-8 8.42xl0
PS-20 20x10

LASER 
BEAM WINDOW 

FROM PUMP 
MULTIPLE REFLECTIONS 
OFF CHROME MIRRORS 

Figure 1. The flow c e l l . 
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turned on for at least two hours. Three velocity gradients 
(γ » 2600 , 5200,and 7800 sec" 1) were used for a l l three 
molecular weight systems. 

Results and Discussion 
The quiescent adsorbance and thickness of each sample are l i s t e d 
in Table I. The desorption under flowing solvent i s shown i n 
Figures 2 to 4% Figure 2 shows the flow effects on PS-4 and 
Figures 3 and 4 represent the results of PS-8 and PS-20 
respectively. In each figure, the fraction of adsorbed amount 
remaining A/AQ i s plotted against time where A Q i s the 
adsorbance at zero time. As indicated by the error bars, the 
experimental error becomes s i g n i f i c a n t l y larger when flow i s 
applied due to minor fluctuations i n flow rates and tempera
ture. Each plot i n Figure
separate velocity gradients
sec""1, and ( ? ) 7800 sec*" . No detectable changes i n 
adsorbance under quiescent solvent d i l u t i o n were observed and 
the zero flow state i s represented by the horizontal lines on 
each plot. It i s of interest to compare our results of no-flow 
desorption with those reported by Grant et a l . (3). They used 
two PS samples to study the molecular weight dependence and 
reported that i n two hours only about 10% of adsorbed l x l O 6 PS 
molecules desorbed from chrome into the θ-solvent. During the 
same period of time the fraction of adsorbed 76x10* PS remained 
at the l e v e l of 80%. We have used higher molecular weight PS 
samples and the results of no desorption are consistent with the 
overall trend that the adsorbed polymers of higher molecular 
weights are more d i f f i c u l t to desorb into the solvent. 

Examination of Figures 2 to 4 c l e a r l y indicates flow 
enhancement of the desorption as seen by the substantial 
decreases in adsorbance once flow i s applied. The overall trend 
of the desorption curves for the three molecular weight samples 
is similar and i s characterized by a f a i r l y rapid i n i t i a l 
desorption followed by an approach to steady state. The desorp
tion rate increases with the ve l o c i t y gradient whereas the 
steady state adsorbance decreases as the flow i s increased. 

When the molecular weight i s increased, the flow 
enhancement becomes more d i s t i n c t i v e as seen by comparing 
Figure 2 against Figures 3 and 4. The molecular weight effect 
i s most apparent at the highest velocity gradient as seen i n 
Figure 5 where the data for a l l three molecular weight samples 
have been plotted. At this highest velocity gradient i t i s 
apparent that complete removal of the polymer i s possible over a 
period of 2-3 hours. At lower velocity gradients, on the other 
hand, the desorption curves l e v e l off to yield f i n i t e , steady 
state adsorbances. 

Figures 6 and 7 are the plots of the film thickness ratio 
d/d Q versus time where d is the film thickness at zero time. 
No changes i n the f i l m thickness were observed for PS-4 under 
flowing conditions and, therefore, no plot of d/d Q versus time 
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q 50 100 150 200 
TIME (Min) 

Figure 2. Desorption curves of PS-4 at various velocity 
gradients: ( + ) 2600 sec" 1 ; ( Δ ) 5200 sec" 1 ; 
( V ) 7800 sec"
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200 
TIME (Min) 

Figure 5. Molecular weight dependence on the polymer 
desorption at γ »
( Δ ) PS-8; ( ? )
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Figure 6. Effect of shear on the average film thickness 
of PS-8. See Figure 2 for symbols. 
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Figure 7. Effect of shear on the average film thickness 
of PS-20. See Figure 2 for symbols. 
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was included for this sample. In addition, as seen from 
Figures 6 and 7, thickness changes were only seen at the highest 
vel o c i t y gradient for the PS-8 and PS-20 samples. At the 
highest ve l o c i t y gradient both of the higher molecular weight 
samples showed sig n i f i c a n t reduction i n thickness. Furthermore, 
the film thickness did not immediately recover after the flow 
was arrested. Combining the curve i n Figure 6 for γ » 
7800 sec""1 with the corresponding desorption curve i n Figure 3» 
the data for PS-8 indicate that for the f i r s t 50 minutes, the 
flow enhanced removal of polymer reduced the polymer density 
within the layer while maintaining the average layer 
thickness. After 50 minutes, both the layer thickness and the 
adsorbance decreased. For PS-20 the decrease i n thickness began 
at an even e a r l i e r time as shown in Figure 7. 

Several mechanism
posed which would be compatibl
current understanding of the conformation of adsorbed polymer 
layers i n the quiescent state. At low velocity gradients the 
removal of polymer occurs in a manner which conserves the film 
thickness. Since the adsorbance achieves a steady state value 
at lower velocity gradients and lower molecular weights, i t 
appears that chains which are more weakly attached are stripped 
off f i r s t leaving strongly attached molecules behind. At high 
vel o c i t y gradients the removal of polymer i s accompanied by a 
decrease i n thickness. However, a r e c t i l i n e a r flow with a 
velocity gradient of 7800 sec"*1 most l i k e l y is not s u f f i c i e n t l y 
large to induce breakage of chains of molecular weight 8-20 
m i l l i o n based on the observations reported by Cutler et a l . 
(13). One possible explanation for the thickness decrease i s a 
compression of the film and subsequent rearrangement of the 
chains into a compressed p r o f i l e which does not immediately 
relax after the flow i s removed. Another p o s s i b i l i t y i s that 
the flow f i r s t s t r i p s off higher molecular weight material 
leaving smaller chains behind. This explanation, however, would 
suggest that decreases i n thickness should have accompanied the 
measurements at a l l of the ve l o c i t y gradients and for the lower 
molecular weights. The precise mechanism i s not well 
understood, however, and further studies are recommended. 

Conclusions 
We report here, for the f i r s t time, that hydrodynamic forces can 
dramatically increase the rate of desorption i n polymer systems 
which are otherwise i r r e v e r s i b l y adsorbed under no-flow 
conditions. Indeed, at high enough shear stresses, complete 
removal of the polymer i s possible. The technique of 
ellipsometry i s well suited for this problem as simultaneous 
measurements of both fi l m thickness and adsorbance are possible 
during the flow process. 

Such effective desorption under flow would be of importance 
to a number of i n d u s t r i a l applications. For example, in the 
flow of polymer solutions through porous media i n enhanced o i l 
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recovery, adsorption of polymer has a detrimental effect i n that 
the solution v i s c o s i t y i s decreased as i t becomes depleted of 
polymer and the hydrodynamic resistance of the media increases 
as the pore size i s reduced. It may be, however, that flow 
enhancement of desorption may substantially reduce this problem 
i f the velocity gradients become large enough. We are currently 
investigating polymer systems of interest to the polymer flood
ing process in order to determine the level of desorption under 
flowing conditions. 
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6 
Adsorption-Desorption Behavior of 
Polyvinyl Alcohol on Polystyrene Latex Particles 

M. S. AHMED, M. S. EL-AASSER, and J. W. VANDERHOFF 

Emulsion Polymers Institute and Departments of Chemical Engineering and Chemistry, 
Lehigh University, Bethlehem, PA 18015 

The adsorption of fu l ly and par t i a l ly hydrolyzed (88%) 
polyvinyl alcoho
polystyrene late
effect of molecular weight was investigated for 190 
nm-size part icles using the serum replacement ad
sorption and desorption methods. The adsorption 
density at the adsorption-isotherm plateau followed 
the relationships ΓαΜ0.5 for the fu l ly hydrolyzed 
PVA and ΓαΜ0.72 for the 88%-hydrolyzed PVA. The 
same dependence was found for the adsorbed layer 
thickness measured by viscosi ty and photon correla
tion spectroscopy. Extension of the adsorption 
isotherms to higher concentrations gave a second 
r ise in surface concentration, which was attributed 
to multilayer adsorption and incipient phase separ
ation at the interface. The latex part ic le size 
had no effect on the adsorption density; however, 
the thickness of the adsorbed layer increased with 
increasing par t ic le s ize , which was attributed to 
changes in the configuration of the adsorbed poly
mer molecules. The electrolyte stability of the 
bare and PVA-covered particles showed that the bare 
particles coagulated in the primary minimum and the 
PVA-covered particles flocculated in the secondary 
minimum and the larger particles were less stable 
than the smaller part icles . 

Polymer a d s o r p t i o n i s important i n the f l o c c u l a t i o n and s t a b i l i z a 
t i o n o f c o l l o i d a l s o l s and has been reviewed by V i n c e n t e t a l . (1) 
and Tadros ( 2 ) . P o l y v i n y l a l c o h o l (PVA) has been used i n these 
s t u d i e s because of i t s p r a c t i c a l a p p l i c a t i o n i n t e x t i l e s , adhes-
i v e s , and c o a t i n g s . The a d s o r p t i o n of PVA has been s t u d i e d on 
s i l v e r i o d i d e by F l e e r (3) and Koopal (4)» and on p o l y s t y r e n e (PS) 
l a t e x p a r t i c l e s by Garvey ( 5 ) . The a d s o r p t i o n isotherms r e p o r t e d 
by these workers extend up t o 600 ppm PVA. The a d s o r p t i o n a t 
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higher concentration i s of particular importance, p a r t i c u l a r l y i n 
the emulsion polymerization of v i n y l acetate, where PVA emulsifier 
i s used i n the concentration range 4-6% w/v based on water phase. 

The determination of adsorption isotherms at l i q u i d - s o l i d 
interfaces involves a mass balance on the amount of polymer added 
to the dispersion, which requires the separation of the l i q u i d 
phase from the p a r t i c l e phase. Centrifugation i s often used for 
this separation, under the assumption that the adsorption-desorp-
tion equilibrium does not change during this process. Serum re
placement (6) allows the separation of the l i q u i d phase without 
assumptions as to the configuration of the adsorbed polymer mole
cules. This method has been used to determine the adsorption 
isotherms of anionic and nonionic emulsifiers on various types of 
latex p a r t i c l e s (7,8). This paper describes the adsorption of 
f u l l y and p a r t i a l l y hydrolyze
p a r t i c l e s . PS latex wa
tex because of i t s well-characterized surface; PVAc latexes w i l l 
be studied l a t e r . 

The investigations include the effect of (i) PVA molecular 
weight, p a r t i c u l a r l y at higher concentrât ions which give different 
adsorption isotherms; ( i i ) latex p a r t i c l e size over the range 190-
llOOnm using a low-molecular-weight fully-hydrolyzed PVA; ( i i i ) 
electrolyte on bare and PVA-covered p a r t i c l e s of different sizes. 

Experimental Details 

Polystyrene Latexes. The polystyrene latexes used were the mono-
disperse LS-1102-A, LS-1103-A, and LS-1166-B (Dow Chemical Co.) 
with average p a r t i c l e diameters of 190, 400, and llOOnm, respec
t i v e l y . The latexes were cleaned by ion exchange with mixed Dowex 
50W-Dowex 1 resin (9). The double-distilled and deionized (DDI) 
water used had a conductivity of 4x10" 7 ohm"1 cm"1. The surface 
groups of the ion-exchanged latexes determined by conductometrie 
t i t r a t i o n (10) were strong-acid sulfates; the surface charge den
s i t i e s were 1.35, 3.00 and 5.95 pC/cm , respectively. 

Polyvinyl Alcohols. The commercial PVA"s (Air Products and 
Chemicals, Inc.) used are described i n Table I. 

Table I. Specifications of Polyvinyl Alcohol (Vinol) Samples 

Grade Hydrolysis % Viscosity cps* Mn Mw 

Vinol 107 98.0 - 98.8 5-7 (Low) 23,000 35,800 
Vinol 325 98.0 - 98.8 28-32 (Medium) 80,000 118,100 
Vinol 350 98.0 - 98.8 55-65 (High) 107,150 161,600 
Vinol 205 87.0 - 89.0 4-6 (Low) 26,400 34,500 
Vinol 523 87.0 - 89.0 21-25 (Medium) 79,100 120,400 

*4% aqueous solutions at 20°C. 
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The PVA s o l u t i o n s were prepared by d i s p e r s i n g the powdered polymer 
i n water u s i n g s u f f i c i e n t a g i t a t i o n t o wet a l l p a r t i c l e s and then 
i n c r e a s i n g t he temperature t o 95°C ( f u l l y h y d r o l y z e d PVA) or 80°C 
(88%-hydrolyzed PVA) u n t i l the PVA was competely d i s s o l v e d , as 
recommended by the s u p p l i e r . The c l e a r s o l u t i o n s were f i l t e r e d 
hot through Whatman f i l t e r paper and c o o l e d . The PVA c o n t e n t s 
were determined g r a v i m e t r i c a l l y . F r e s h l y prepared s o l u t i o n s were 
used f o r a l l e x p eriments; the s o l u t i o n s were d i s c a r d e d a f t e r 36 
hours. 

A d s o r p t i o n Isotherms. The a d s o r p t i o n i s o t h e r m s were determined 
u s i n g the serum-replacement a d s o r p t i o n o r d e s o r p t i o n methods ( 7 ) . 
For the a d s o r p t i o n method, the l a t e x samples (50 o r 100 cm^; 2% 
s o l i d s ) c o n t a i n i n g v a r y i n g amounts of PVA were e q u i l i b r a t e d f o r 36 
hours a t 25°C, p l a c e d i
a Nuc l e p o r e membrane o
to s e p a r a t e a s m a l l sample of the serum from the l a t e x . F or the 
d e s o r p t i o n method, the l a t e x samples (250 cm^; 2.5% s o l i d s ) were 
e q u i l i b r a t e d f o r 36 hours a t 25°C and s u b j e c t e d t o serum r e p l a c e 
ment w i t h DDI water a t a c o n s t a n t 9-10 cm*/hour. The e x i t stream 
was monitored u s i n g a d i f f e r e n t i a l r e f r a c t o m e t e r . The mean r e s i 
dence time o f the fe e d stream was c a . 25 hours. I t was assumed 
t h a t e q u i l i b r i u m between the adsorbed and s o l u t e PVA was m a i n t a i n 
ed throughout t he serum replacement. F o r b o t h methods, the PVA 
c o n c e n t r a t i o n was determined u s i n g a Δη-C c a l i b r a t i o n c u r v e . 

T h i c k n e s s o f the Adsorbed PVA L a y e r . The t h i c k n e s s o f the adsorb
ed PVA l a y e r (β) was measured u s i n g two independent methods: c a p i l 
l a r y v i s c o m e t r y and photon c o r r e l a t i o n s p e c t r o s c o p y . 

V i s c o s i t y Measurements. The l a t e x v i s c o s i t y measurements were 
made a t 25±0.1°C u s i n g a Cannon-Ubbelohde c a p i l l a r y v i s c o m e t e r 
( c a p i l l a r y c o n s t a n t 0.01). F o r the bare p a r t i c l e s , t he l a t e x 
samples were c l e a n e d by serum replacement, and p a r t of the serum 
was s e p a r a t e d ; t he r e l a t i v e v i s c o s i t y o f the serum was v i r t u a l l y 
t he same as t h a t o f the DDI wa t e r , so t h a t e i t h e r c o u l d be used 
i n d i s c r i m i n a t e l y f o r d i l u t i n g the samples f o r v i s c o s i t y measure
ment. F o r the PVA-covered p a r t i c l e s , the samples from the p l a t e a u 
r e g i o n o f the a d s o r p t i o n i s o t h e r m were washed f u r t h e r w i t h water 
u n t i l no PVA was d e t e c t e d i n the serum by d i f f e r e n t i a l r e f r a c t o -
metry. The r e l a t i v e v i s c o s i t y of the serum of these samples was 
a l s o v i r t u a l l y t he same as t h a t of the DDI water. The most con
c e n t r a t e d samples (φ = 0.025) were d i l u t e d w i t h DDI water and 
measured. D i l u t i o n o f these samples does not r e s u l t i n d e s o r p t i o n 
of the PVA because o f the n e a r - i r r e v e r s i b l e n a t u r e of i t s adsorp
t i o n . The PS l a t e x e s a r e n e g a t i v e l y charged; t h e r e f o r e , ImM 
aqueous reagent-grade sodium c h l o r i d e was added t o suppress t he 
e l e c t r o v i s c o u s e f f e c t . The e l e c t r o l y t e c o n c e n t r a t i o n was not ad
j u s t e d t o c o n s t a n t i o n i c s t r e n g t h f o r the reasons d e s c r i b e d by 
F l e e r ( 3 ) . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



80 POLYMER ADSORPTION AND DISPERSION STABILITY 

Photon Correlation Spectroscopy. The photon correlation spectro
scopy (PCS) measurements were made using a Chromatix KMX-6DC low-
angle light-scattering photometer connected with a 64-channel digital 
correlator interfaced with a PDP1103 data processing system (Digi
t a l Equipment). The l i g h t source of the Chromatix KMX-6DC i s a 
2mw He-Ne laser (λ 0 = 632.8nm). This instrument gave accurate 
measurements within 1-2 minutes. The latex samples used were the 
same as those used for the v i s c o s i t y measurements except that the 
p a r t i c l e concentrations i n ImM sodium chloride were i n the 0.005-
0.020% range. A l l measurements were made at ambient temperature 
at an angle of 174° following the procedure of Derderian et a l . 
(11). 

Electrolyte S t a b i l i t y . The electrolyte s t a b i l i t y of the bare and 
PVA-covered latexes was d fro  th  rat f flocculatio
upon addition of sodium
a Beckman 5270 spectrophotomete
4cm3-capacity c e l l s and an o p t i c a l density-time recorder set at 
the longest possible wavelength, 1370nm. Sodium chloride solu
tions were added to the sample c e l l using a 1 cm^ syringe; the 
quick injection was considered s u f f i c i e n t to mix the sample thor
oughly. The latex p a r t i c l e concentration was 0.015%. The latex 
concentration i n the reference c e l l was such that the concentra
tions i n both c e l l s were the same after electrolyte injection. 
The p r i n c i p l e of this method i s that the i n i t i a l slope (time = 
zero) of the o p t i c a l density-time curve i s proportional to the 
rate of flo c c u l a t i o n . This i n i t i a l slope increases with increas
ing e l ectrolyte concentration u n t i l i t reaches a l i m i t i n g value. 
The s t a b i l i t y r a t i o W i s defined as reciprocal r a t i o of the l i m i t 
ing i n i t i a l slope to the i n i t i a l slope measured at lower electro
l y t e concentration. A log W-log electrolyte concentration plot 
shows a sharp i n f l e c t i o n at the c r i t i c a l coagulation concentration 
(W = 1), which i s a measure of the s t a b i l i t y to added electrolyte. 
Reerink and Overbeek (12) have shown that the value of W i s de
termined mainly by the height of the primary repulsion maximum i n 
the potential energy-distance curve. 

Electrophoretic Mobility. The electrophoretic mobilities of the 
bare and PVA-covered latex p a r t i c l e s were measured using the f u l l y 
automated Pen Kern 3000 system. The p a r t i c l e s i n a c y l i n d r i c a l 
c a p i l l a r y c e l l are illuminated by a laser l i g h t source positioned 
perpendicularly to the c e l l . The l i g h t beam can be focused at any 
point i n the c e l l , but the measurements are usually made at the 
stationary flow l e v e l . The l i g h t scattered at 90° by the particles 
i s collected and focused on a rotating grated disc. The l i g h t 
passed by the disc impinges i n pulses on a photomultiplier tube, 
the output of which i s analyzed by a spectrum analylzer to give a 
frequency difference spectrum. For the population of p a r t i c l e s 
undergoing electrophoresis, the system takes multiple averages 
and gives a d i s t r i b u t i o n of frequencies, which i s proportional to 
the mobility d i s t r i b u t i o n of the sample. 
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R e s u l t s and D i s c u s s i o n 

E f f e c t o f PVA M o l e c u l a r Weight on A d s o r p t i o n . F i g u r e s 1 and 2 
show the a d s o r p t i o n i s o t h e r m s o f the f u l l y (98%) h y d r o l y z e d and 
p a r t i a l l y (88%) h y d r o l y z e d P VA 1s, r e s p e c t i v e l y , determined by the 
a d s o r p t i o n and d e s o r p t i o n methods. These iso t h e r m s may be a n a l y 
zed i n two ways: moving from l e f t t o r i g h t ( a d s o r p t i o n ) and 
moving from r i g h t t o l e f t ( d e s o r p t i o n ) . F or the a d s o r p t i o n method, 
the PVA s u r f a c e c o n c e n t r a t i o n i n c r e a s e s r a p i d l y , and then more 
g r a d u a l l y , w i t h i n c r e a s i n g b u l k PVA c o n c e n t r a t i o n t o a p l a t e a u . 
The g r a d u a l i n c r e a s e o r ro u n d i n g of the i s o t h e r m i s more pronounced 
w i t h the h i g h e r m o l e c u l a r weight PVA"s. Cohen-Stuart e t a l . (13) 
proposed the terms "sharp" and "rounded" t o d e s c r i b e i s o t h e r m s 
o b t a i n e d w i t h polymer ad s o r b a t e s o f d i f f e r e n t m o l e c u l a r d i s p e r -
s i t y ; a polymer of narro
sharp i s o t h e r m , and on
g i v e s a rounded i s o t h e r m . T h i s nomenclature may be a p p l i e d t o the 
isoth e r m s of F i g u r e 1 and 2: the low-molecular-weight V i n o l 205 
( p o l y d i s p e r s i t y 1.3) gave a sharp i s o t h e r m ; a l l o t h e r PVA 1s ( p o l y -
d i s p e r s i t i e s c a . 1.5) gave rounded i s o t h e r m s , w i t h the degree of 
roun d i n g b e i n g more pronounced w i t h the h i g h - m o l e c u l a r - w e i g h t 
PVA's. 

F i g u r e 1 shows s c a t t e r e d d a t a p o i n t s i n the low b u l k PVA con
c e n t r a t i o n range f o r the h i g h - m o l e c u l a r - w e i g h t f u l l y - h y d r o l y z e d 
V i n o l 325 and V i n o l 350. T h i s s c a t t e r may be e x p l a i n e d by the 
" b r i d g i n g " f l o c c u l a t i o n which i s p o s t u l a t e d f o r p a r t i a l coverage 
of the p a r t i c l e s by the polymer a d s o r b a t e s : a s i n g l e polymer 
m o l e c u l e may be adsorbed on two o r more p a r t i c l e s s i m u l t a n e o u s l y . 
I n t h i s c a s e , the s u r f a c e polymer c o n c e n t r a t i o n s h o u l d be lower 
than i n the absence of b r i d g i n g , which would a f f e c t the a d s o r p t i o n 
i s o t h e r m . The s c a t t e r observed f o r V i n o l 325 and V i n o l 350 i s i n 
the r e g i o n o f p a r t i a l coverage. The method of m i x i n g the polymer 
w i t h t he c o l l o i d a l s o l a f f e c t s the f l o c c u l a t i o n by b r i d g i n g ; how
e v e r , a d d i n g the PVA s o l u t i o n t o the l a t e x o r v i c e - v e r s a gave no 
d i f f e r e n c e i n the a d s o r p t i o n i s o t h e r m . 

Hydrodynamic chromatography and photon c o r r e l a t i o n s p e c t r o 
scopy were used t o d e t e c t these f l o e s . Hydrodynamic chromatography 
showed no evidence f o r the presence of f l o e s ; however, i n t h i s 
method, the p a r t i c l e s a r e s u b j e c t e d t o h i g h e r shear (about 600-
1000 s e c ~ l ) , which may break down the f l o e s t o pr i m a r y p a r t i c l e s . 
Photon c o r r e l a t i o n s p e c t r o s c o p y showed t h a t the p a r t i c l e s i z e i n 
c r e a s e d t o t w i c e the b are p a r t i c l e s i z e a t p a r t i a l coverage and 
then decreased t o a s m a l l e r s i z e (but s t i l l l a r g e r than the bare 
p a r t i c l e s i z e ) a t the p l a t e a u r e g i o n . T a b l e I I g i v e s t he p a r t i c l e 
s i z e v a r i a t i o n s f o r V i n o l 350 adsorbed on the 190nm-size p a r t i c l e s . 
The l a r g e r p a r t i c l e s i z e s observed a t p a r t i a l coverage a r e c o n s i s 
t e n t w i t h f l o c c u l a t i o n by b r i d g i n g . The s m a l l e r p a r t i c l e s i z e s 
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F i g u r e 1. A d s o r p t i o n i s o t h e r m s of f u l l y h y d r o l y z e d PVA 
samples on 190nm p o l y s t y r e n e p a r t i c l e s : (o) V i n o l 107; (Δ) 
V i n o l 325; (D) V i n o l 350; open p o i n t s by a d s o r p t i o n method 
and shaded p o i n t s by d e s o r p t i o n method. 
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F i g u r e 2. A d s o r p t i o n i s o t h e r m s of p a r t i a l l y h y d r o l y z e d 
(88%) PVA samples on 190nm p o l y s t y r e n e p a r t i c l e s : (o) V i n o l 
205; (Δ) V i n o l 523; open p o i n t s by a d s o r p t i o n method and 
shaded p o i n t s by d e s o r p t i o n method. 
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observed at the plateau region are consistent with the absence of 
floccu l a t i o n at f u l l surface coverage. The increase i n size (48 
nm) at the plateau region r e l a t i v e to that of the bare p a r t i c l e s 
i s a measure of the thickness of the adsorbed PVA layer. 

Table II. P a r t i c l e size and 6 as a function of surface coverage 
for the 190nm-Vino1-350 samples by PCS 

Description P a r t i c l e size (nm) 6(nm) 

Bare p a r t i c l e 180±4.5 
Increasing surface 295±5.7 — -
coverage but below 307113.0 
the apparent plateau 313±3.9 
region of the isotherm 363112.
At or s l i g h t l y above 27614.0 4814.3 
the plateau adsorption 

Transmission electron microscopy also gave evidence for b r i d 
ging floc c u l a t i o n at p a r t i a l coverage. Figure 3 shows electron 
micrographs of the bare p a r t i c l e s and the p a r t i c l e s covered par
t i a l l y with adsorbed Vinol 350. The p a r t i a l l y covered p a r t i c l e s 
are interconnected with f i b r i l l a r l i n k s , which are not observed i n 
the bare-particle sample. 

These results confirm the existence of weak or l a b i l e floes 
at p a r t i a l PVA coverage, p a r t i c u l a r l y with the high-molecular-
weight fully-hydrolyzed Vinol 325 and Vinol 350. In contrast, the 
partially-hydrolyzed Vinol 523, which i s comparable i n molecular 
weight to the Vinol 325, gave an adsorption isotherm with l i t t l e 
scatter, indicating the absence of flocculation. P a r t i a l l y hydrol
yzed PVA shows s p e c i f i c interactions with polystyrene surfaces 
(mentioned below), and the absence of f l o c c u l a t i o n i n this case 
i s consistent with the theory proposed by Clark and L a i (14) for 
bridging f l o c c u l a t i o n . 

Table III shows that the adsorption densities at the plateau 
region increase with increasing PVA molecular weight, despite the 
d i s t r i b u t i o n of molecular weights for each sample. The adsorp
tion density of Vinol 350 i s given i n parentheses because of the 
d i f f i c u l t y i n establishing i t s exact value. For the f u l l y hydrol
yzed PVA 1s, which show no s p e c i f i c interactions with polystyrene 
surfaces, the increase i n adsorption density i s proportional to 
the 0.5 power of the molecular weight, i n good agreement with 
theory, which predicts ΓαΜ^-5 f o r w e a k surface interactions under 
theta conditions. For the p a r t i a l l y hydrolyzed PVA's, which show 
sp e c i f i c interactions with polystyrene surfaces, the increase i n 
adsorption density i s proportional to the 0.72 power of the mole
cular weight. 
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T a b l e I I I . A d s o r p t i o n d e n s i t y a t the apparent p l a t e a u f o r the 
d i f f e r e n t PVA 1s 

Sample -2 
r/(mg m ) 

°2 
r e p e a t u n i t s / 1 0 0 A 

V i n o l 107 4.00 55 
V i n o l 325 7.20 98 
V i n o l 350 (8.50) (116) 
V i n o l 205 4.00 49 
V i n o l 523 9.86 121 

For comparable m o l e c u l a r w e i g h t s , Garvey (5) found a d s o r p t i o n 
d e n s i t i e s of f r a c t i o n a t e d 8 8 % - h y d r o l y z e d PVA on p o l y s t y r e n e l a t e x 
p a r t i c l e s t h a t were o n l y o n e - h a l f of those r e p o r t e d h e r e ; however, 
the a d s o r p t i o n d e n s i t i e
c u l a r w e i g h t , i n good agreemen
Boomgaard e t a l . (15) found a d s o r p t i o n d e n s i t i e s 50-100% g r e a t e r 
than those found by Garvey and a t t r i b u t e d the d i f f e r e n c e t o the 
d i f f e r e n t p o l y s t y r e n e s u r f a c e s i n the two works. 

On a d s o r p t i o n , p a r t i a l l y h y d r o l y z e d PVA shows s p e c i f i c i n t e r 
a c t i o n s w i t h the s u b s t r a t e : the more hydrophobic a c e t y l groups 
adsorb p r e f e r e n t i a l l y on hydrophobic p o l y s t y r e n e s u r f a c e s . P a r 
t i a l l y h y d r o l y z e d PVA i s a b e t t e r s t a b i l i z e r than f u l l y h y d r o l y z e d 
PVA because of i t s i n c r e a s e d degree of b l o c k i n e s s of a c e t y l u n i t s . 
The 8 8 % - h y d r o l y z e d PVA samples used i n t h i s study have mean a c e t y l 
run l e n g t h s of t h r e e u n i t s . Consequently, the a d s o r p t i o n d e n s i t y 
of p a r t i a l l y h y d r o l y z e d PVA 1s of comparable m o l e c u l a r w e i g h t s 
s h o u l d be h i g h e r than t h a t of the f u l l y h y d r o l y z e d PVA fs. T h i s i s 
the case f o r V i n o l 523 which has a m o l e c u l a r weight comparable t o 
t h a t of V i n o l 325. However, the a d s o r p t i o n d e n s i t i e s of f u l l y hy
d r o l y z e d V i n o l 107 and p a r t i a l l y h y d r o l y z e d V i n o l 205 a r e the same, 
even though the m o l e c u l a r weight of V i n o l 205 i s s l i g h t l y lower 
than t h a t of V i n o l 107. The m o l e c u l a r weight of p a r t i a l l y h y d r o l 
yzed PVA would be expected t o be h i g h e r than t h a t of the f u l l y hy
d r o l y z e d a n a l o g i f b o t h were prepared by h y d r o l y s i s of the same 
p o l y v i n y l a c e t a t e . S i n c e V i n o l 205 a l s o has a narrower m o l e c u l a r 
weight d i s t r i b u t i o n , i t may have been made from a d i f f e r e n t p o l y 
v i n y l a c e t a t e and t h e r e f o r e may not be s u i t a b l e f o r comparison. 

E x t e n s i o n of the a d s o r p t i o n i s o t h e r m s gave a second r i s e i n 
s u r f a c e c o n c e n t r a t i o n because of m u l t i l a y e r a d s o r p t i o n . Silberberg 
(16) has e x p l a i n e d m u l t i l a y e r a d s o r p t i o n i n terms of an i n c i p i e n t 
phase s e p a r a t i o n a t the s u r f a c e . The phase s e p a r a t i o n p r o c e s s 
s h o u l d be c o n c e n t r a t i o n - d e p e n d e n t ; s i n c e the s u r f a c e c o n c e n t r a t i o n 
i s u s u a l l y h i g h e r than the b u l k c o n c e n t r a t i o n , and i s h i g h e r , the 
h i g h e r the m o l e c u l a r w e i g h t , t h i s p r o c e s s s h o u l d o c c u r a t lower 
c o n c e n t r a t i o n s f o r the h i g h e r - m o l e c u l a r - w i e g h t PVA 1s. F i g u r e s 1 
and 2 show t h a t t h i s second r i s e o c c u r s a t a lower b u l k c o n c e n t r a 
t i o n f o r the h i g h e r m o l e c u l a r weight PVA 1 s. E x t e n s i o n of the i s o 
therms t o s t i l l h i g h e r c o n c e n t r a t i o n s was not p o s s i b l e because of 
the l i m i t e d c o n c e n t r a t i o n range over which the d i f f e r e n t i a l r e -
fTactometer can measure. 
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For the desorption method (moving from right to l e f t ) , the 
isotherms can be divided into two regions: (i) a region where the 
surface concentration decreases upon moving to the l e f t ; ( i i ) a 
region i n which the surface concentration remains unchanged. The 
fact that polymer adsorbed i n the multilayer region can desorb i n 
dicates that the polymer c o i l had no attachment to the surface, as 
hypothesized by Silberberg (16). Gel permeation chromatography of 
the desorbed fractions showed the same molecular weight d i s t r i b u 
tion as the o r i g i n a l PVA, indicating that the absorption was not 
preferential; however, these desorbed fractions are from a region 
of saturation or near-saturation adsorption. Preferential adsorp
tion i s important i n the rounded part of the isotherm (discussed 
e a r l i e r ) ; however, the fact that the same d i s t r i b u t i o n was restored 
upon saturation indicates the transitory nature of this phenomenon. 
Also, the gel permeatio
gregation whereas the occurrenc
formation of aggregates. It may be argued that gel permeation 
chromatography requires extreme d i l u t i o n of the samples and that 
any aggregates that may exist would disperse upon d i l u t i o n ; how
ever, i t has been shown (17) that, for these PVA fs, this method 
distinguishes aggregates which are not dispersed upon d i l u t i o n . 

The second region i n which the surface concentration remains 
unchanged indicates that the adsorption i s i r r e v e r s i b l e ; however, 
the concentrations involved may fye too low and the times too long 
for any desorption to be observed, as proposed by Scheutjens et 
a l . (18). Comparison of the isotherms determined by adsorption 
and desorption shows good agreement for the low-molecular-weight 
PVA's. For Vinol 350, i t was not possible to determine the i s o 
therm by desorption because of an irregular decay i n concentration 
upon desorption. With Vinol 523, the agreement i n the multilayer 
adsorption region i s poor. Nonetheless, the desorption isotherms 
give well-defined plateau values, which i s not the case for the 
adsorption method. 

Effect of PVA Molecular Weight on Adsorbed Layer Thickness. F i g 
ure 4 shows the variation of reduced v i s c o s i t y with volume fr a c 
tion for the bare and PVA-covered 190nm-size PS latex p a r t i c l e s . 
For the bare p a r t i c l e s , η Γ β (^/φ i s independent of φ and the value 
of the Einstein c o e f f i c i e n t i s ca. 3.0. For the covered particles, 
n r e (j/φ increases l i n e a r l y with φ. Table IV gives the adsorbed 
layer thicknesses calculated from the differences i n the i n t e r 
cepts for the bare and covered p a r t i c l e s and determined by photon 
correlation spectroscopy, as well as the root-mean-square r a d i i of 
gyration of the free polymer c o i l i n solution. The agreement of 
the adsorbed layer thicknesses determined by two independent me
thods i s remarkable. The increase i n adsorbed layer thickness 
follows the same dependence on molecular weight as the adsorption 
density, i . e . , δαΜ 0* 5 for the f u l l y hydrolyzed PVA1s and 6aM°* 7 2 

for the p a r t i a l l y hydrolyzed PVA1 s. Viscometric measurements 
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F i g u r e 3. TEM micrographs of 190nm p o l y s t y r e n e l a t e x : (a) 
w i t h o u t PVA (b) w i t h V i n o l 350 a t p a r t i a l coverage. 
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F i g u r e 4. Reduced v i s c o s i t y r a t i o v e r s u s volume 
f r a c t i o n o f PS p a r t i c l e s : (o) bare p a r t i c l e s ; ( à ) covered 
w i t h V i n o l 107; (o) covered w i t h V i n o l 325; (à) covered 
w i t h V i n o l 205; (β) covered w i t h V i n o l 523. 
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f o r V i n o l 350 were not made because of the problems i n g e n e r a t i n g 
the d e s o r p t i o n i s o t h e r m s d e s c r i b e d above; the v a l u e f o r the a d s o r 
bed l a y e r t h i c k n e s s by photon c o r r e l a t i o n s p e c t r o s c o p y was tak e n 
from T a b l e I I a t the p o i n t o f s a t u r a t i o n a d s o r p t i o n . The adsorbed 
l a y e r t h i c k n e s s e s were 40-70% h i g h e r than the dimensions of the 
polymer c o i l i n s o l u t i o n (assuming t h a t the t h i c k n e s s of the c o i l 
adsorbed a t the s u r f a c e i s t w i c e the r a d i u s of g y r a t i o n ) except 
f o r V i n o l 205, i n d i c a t i n g t h a t the polymer c o i l became d i s t o r t e d 
o r e l o n g a t e d normal t o the s u r f a c e upon a d s o r p t i o n . 

T a b l e IV. Adsorbed l a y e r t h i c k n e s s δ and the rms r a d i u s of g y r a 
t i o n ( S 2 P 

Sample 6 by v i s c o s i t y , n m δ by PCS,nm ( S 2 ) \ n m δ/2(§ 2)^ 

190nm PS--107 22.0 ±
190nm PS-•325 37.9 ± 2.0 39.9 ± 2.5 13.2 1.44-1.51 
190nm PS-•350 48.2 ± 4.3 15.1 1.60 
190nm PS--205 17.4 ± 2.0 16.0 ± 2.0 6.5 1.23-1.34 
190nm PS--523 43.0 ± 2.0 45.5 ± 3.5 13.0 1.65-1.75 

E f f e c t of PS L a t e x P a r t i c l e S i z e on PVA A d s o r p t i o n . F i g u r e 5 
shows the a d s o r p t i o n i s o t h e r m s of V i n o l 107 on PS l a t e x p a r t i c l e s 
of 190, 400, and HOOnm diam e t e r . The d i f f e r e n t - s i z e l a t e x p a r 
t i c l e s g i v e t h e same type o f i s o t h e r m , and the a d s o r p t i o n d e n s i 
t i e s a t the p l a t e a u r e g i o n a r e independent of p a r t i c l e s i z e . I t 
sho u l d be mentioned t h a t , f o r these s t u d i e s of d i f f e r e n t p a r t i c l e 
s i z e , the c o n c e n t r a t i o n o f polymer added must be a d j u s t e d so t h a t 
the amount of polymer per u n i t s u r f a c e a r e a must be about the same 
f o r the d i f f e r e n t - s i z e p a r t i c l e s ; t h e polymer c o n c e n t r a t i o n s u i t 
a b l e f o r the s m a l l e r p a r t i c l e s may be too g r e a t f o r the l a r g e r 
p a r t i c l e s , w hich would g i v e an i s o t h e r m w i t h a h i g h e r p l a t e a u r e 
g i o n . T h i s a b e r r a t i o n was observed i n a d e s o r p t i o n experiment 
w i t h t h e 400nm-size p a r t i c l e s , perhaps because o f the a d s o r p t i o n 
of polymer a g g r e g a t e s , w h i ch a r e p r e s e n t i n c o n c e n t r a t e d PVA s o l u 
t i o n s . Comparison of the d e s o r p t i o n i s o t h e r m s of F i g u r e 5 show 
t h a t the d a t a p o i n t s f o r the 400nm-size p a r t i c l e s f a l l a t a lower 
s u r f a c e c o n c e n t r a t i o n i n the h i g h e r b u l k c o n c e n t r a t i o n r e g i o n and 
do not match the i s o t h e r m determined by a d s o r p t i o n . The d a t a 
p o i n t s on HOOnm p a r t i c l e s a r e l i m i t e d because of the l i m i t e d 
amount of sample t h a t was a v a i l a b l e . To our knowledge, no r e s u l t s 
have been h i t h e r t o r e p o r t e d f o r the e f f e c t o f p a r t i c l e s i z e on 
polymer a d s o r p t i o n isotherms f o r p a r t i c l e s o f the same s u r f a c e 
c h a r a c t e r i s t i c s . 

E f f e c t of PS L a t e x P a r t i c l e S i z e on Adsorbed L a y e r T h i c k n e s s . F i g 
u r e 6 shows the v a r i a t i o n of reduced v i s c o s i t y w i t h volume f r a c t i o n 
f o r 190, 400, and HOOnm-size bare and PVA-covered PS l a t e x p a r 
t i c l e s . The v i s c o s i t y v a r i a t i o n o f the d i f f e r e n t - s i z e b a re p a r 
t i c l e s was the same, w i t h an E i n s t e i n c o e f f i c i e n t o f c a . 3.0. The 
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F i g u r e 5. A d s o r p t i o n i s o t h e r m o f V i n o l 107 on d i f f e r e n t 
s i z e p o l y s t y r e n e p a r t i c l e s : (o) 190nm p a r t i c l e s ; (Δ) 400nm 
p a r t i c l e s ; (o) llOOnm p a r t i c l e s . Open p o i n t s by a d s o r p t i o n 
method and shaded p o i n t s by d e s o r p t i o n method. 
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F i g u r e 6. Reduced v i s c o s i t y r a t i o v e r s u s volume 
f r a c t i o n of PS p a r t i c l e s o f d i f f e r e n t s i z e s : (o) 190nm 
p a r t i c l e s ; (Δ) 400nm p a r t i c l e s ; (•) llOOnm p a r t i c l e s ; open 
p o i n t s f o r b a r e p a r t i c l e s and c l o s e d p o i n t s f o r covered 
p a r t i c l e s . 
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v i s c o s i t y behavior of the d i f f e r e n t - s i z e PVA-covered p a r t i c l e s was 
l i n e a r , with the same slopes but different intercepts. Table ? 
gives the adsorbed layer thicknesses calculated from the v i s c o s i t y 
measurements and determined by photon correlation spectroscopy. 

Table V: Adsorbed layer thickness δ and the e f f e c t i v e f l a t layer 
thickness 6 e f f 

Sample δ by viscosity,nm β by PCS,nm 6eff,nm 

190nm PS-107 22.0 ± 2.0 25.0 ± 2.0 27.9-32.2 
400nm PS-107 32.7 ± 2.0 33.6 ± 3.5 38.3-39.6 
llOOnm PS-107 54.4 ± 2.0 59.9 

The adsorbed layer thicknes
not be measured by photo
lOOOnm upper l i m i t of this instrument. Again, the agreement be
tween the two methods i s excellent. It i s interesting that the 
adsorbed layer thickness increases with increasing latex p a r t i c l e 
size and that these values vary with the 0.5 power of the p a r t i c l e 
radius, i . e . , 6aR°· 5, where R i s the p a r t i c l e radius. This re
lationship holds for the 190-1lOOnm range studied, but there must 
be some l i m i t s to i t s a p p l i c a b i l i t y i n terms of thickness and par
t i c l e size. 

Garvey (5) experienced d i f f i c u l t y i n measuring the adsorbed 
layer thickness of 165nm-size latex by ultracentrifugation and 
therefore used the smaller 38nm-size latex for these measurements; 
however, he also experienced d i f f i c u l t y i n measuring the adsorp
tion isotherm of the l a t t e r latex and therefore assumed that the 
adsorption per unit area was the same for both latexes, and com
pared the thickness values obtained for the 165nm-size latex by 
photon correlation spectroscopy with the thickness values obtain
ed for the 38nm-size latex by ultracentrifugation. The thickness 
values for the 38nm-size latex with various PVA fractions measured 
by ultracentrifugation were smaller than those for the 165nm-size 
latex by photon correlation spectroscopy. Garvey attributed this 
difference i n thicknesses to the different p a r t i c l e sizes of the 
latexes. In order to account for t h i s difference he made the 
following assumptions: (i) on d i f f e r e n t - s i z e p a r t i c l e s , the adsor
bed layer i s homogeneous with respect to segment density; ( i i ) on 
di f f e r e n t - s i z e p a r t i c l e s , the adsorbed layers occupy a constant 
volume per unit surface area. He then defined the eff e c t i v e f l a t 
surface thickness 6 ef f as the rat i o of the t o t a l volume of the 
adsorbed layer to the surface area of the p a r t i c l e . The implica
tion of this work i s that the increase i n thickness observed with 
the larger p a r t i c l e s i s due only to the geometry of the system. 

It w i l l be shown below that, for d i f f e r e n t - s i z e p a r t i c l e s , 
the term 6 e f f has no significance and that the assumption of con
stant volume of the adsorbed layer i s inappropriate. Table V 
shows that the value of 6 e f f calculated according to Garvey 1 s pro-
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cedure i n c r e a s e s w i t h i n c r e a s i n g p a r t i c l e s i z e . I n s t e a d , we o f f e r 
the f o l l o w i n g e x p l a n a t i o n f o r the i n c r e a s e i n adsorbed l a y e r thick
ness w i t h i n c r e a s i n g p a r t i c l e s i z e : ( i ) the same a d s o r p t i o n per 
u n i t a r e a f o r d i f f e r e n t - s i z e p a r t i c l e s c o u l d r e s u l t from a de
c r e a s e i n the number of l o o p s , so t h a t , on the average, the l o o p s 
on the l a r g e r p a r t i c l e s a re l o n g e r and b r o a d e r ; ( i i ) the same ad
s o r p t i o n per u n i t a r e a f o r d i f f e r e n t - s i z e p a r t i c l e s c o u l d r e s u l t 
from c h a i n segments b e i n g thrown i n t o l o o p s , so t h a t a g a i n , on the 
average, the l o o p s o f the l a r g e r p a r t i c l e s a r e l o n g e r and b r o a d e r ; 
( i i i ) b o t h of the f o r e g o i n g e x p l a n a t i o n s g i v i n g l o n g e r and broader 
l o o p s on the l a r g e r p a r t i c l e s . The i m p l i c a t i o n o f these e x p l a n a 
t i o n s i s t h a t the a d s o r p t i o n on the l a r g e r p a r t i c l e s i s r e l a t i v e l y 
weak, which c o u l d r e a d i l y be e s t a b l i s h e d . M i c r o f l o w c a l o r i m e t r i c 
measurements of the heat of a d s o r p t i o n and NMR measurements of the 
bound f r a c t i o n s a r e underway
i n g a d e t a i l e d model u n t i
the e f f e c t of p a r t i c l e s i z e on the a d s o r p t i o n l a y e r t h i c k n e s s i s 
not due merely t o t h e geometry of the system but i s more complex. 

Approximate l i m i t s t o the adsorbed l a y e r t h i c k n e s s can be de
f i n e d . The lower l i m i t i s about t w i c e the r a d i u s of g y r a t i o n f o r 
p a r t i c l e s of the a p p r o p r i a t e s i z e . T h i s p a r t i c l e s i z e can be c a l 
c u l a t e d from the r a d i u s of g y r a t i o n and the r e l a t i o n s h i p 6aR . 
The adsorbed l a y e r t h i c k n e s s i n c r e a s e s w i t h i n c r e a s i n g p a r t i c l e 
s i z e , and the measured t h i c k n e s s e s a r e always g r e a t e r than t w i c e 
the r a d i u s of g y r a t i o n , the d i f f e r e n c e i n c r e a s i n g w i t h i n c r e a s i n g 
p a r t i c l e s i z e . The upper l i m i t cannot be d e f i n e d a t p r e s e n t . 
Moreover, these l i m i t s a r e c o n j e c t u r a l and r e q u i r e more experimen
t a l e v i d e n c e f o r t h e i r v e r i f i c a t i o n . 

E l e c t r o l y t e S t a b i l i t y of Bare and PVA-Covered PS L a t e x P a r t i c l e s . 
F i g u r e 7 shows the v a r i a t i o n of l o g W w i t h l o g of sodium c h l o r i d e 
c o n c e n t r a t i o n f o r the b a r e and V i n o l 107-covered 190 and 400nm-
s i z e PS l a t e x p a r t i c l e s . The d i f f e r e n c e s between the d i f f e r e n t 
s i z e s , and the b are and PVA-covered p a r t i c l e s , a re e v i d e n t . I n 
a l l c a s e s , the v a l u e of W decreases w i t h i n c r e a s i n g s a l t concen
t r a t i o n t o an i n f l e c t i o n p o i n t w i t h the h o r i z o n t a l l i n e W=l. For 
the b are p a r t i c l e s the decrease i n W w i t h time i s steep compared 
w i t h those of the PVA-covered p a r t i c l e s ; the descending l i n e 
c o r r esponds t o the r e g i o n of slow c o a g u l a t i o n and the h o r i z o n t a l 
l i n e , t o the r e g i o n of f a s t c o a g u l a t i o n . The c o n c e n t r a t i o n of the 
e l e c t r o l y t e a t w h i ch these two l i n e s i n t e r s e c t i s d e f i n e d as the 
c r i t i c a l c o a g u l a t i o n c o n c e n t r a t i o n (CGC). Table VI g i v e s the CGC 
v a l u e s a l o n g w i t h the s l o p e s of the descending l i n e s of the l o g 
W-log c o n c e n t r a t i o n p l o t s . I t can be seen t h a t the CGC v a l u e of 
the 400nm p a r t i c l e s i s about 2.4 times s m a l l e r than t h a t of the 
190nm p a r t i c l e s , w h i c h i s expected. The s l o p e of the descending 
l i n e i s a l s o about 2.5 times s m a l l e r f o r 400nm-size p a r t i c l e s 
than f o r the 190nm-size p a r t i c l e s . A c c o r d i n g t o R e e r i n k and 
Overbeek ( 1 2 ) , s t e e p e r s l o p e s a r e expected f o r p a r t i c l e s of l a r g e r 
s i z e ; however, t h i s i s not always observed e x p e r i m e n t a l l y . F o r 
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the PVA-covered p a r t i c l e s , the descending l i n e corresponds t o the 
r e g i o n o f slow f l o c c u l a t i o n and the h o r i z o n t a l l i n e t o t h a t of 
f a s t f l o c c u l a t i o n , because of the presence of a s t r o n g n o n i o n i c 
s t e r i c b a r r i e r , w hich r e s t r i c t s the f l o c c u l a t i o n t o the s h a l l o w 
secondary minimum. ( T h i s t e r m i n o l o g y i s based on the n a t u r e o f 
a s s o c i a t i o n ; the term " f l o c c u l a t i o n " o r " c o a g u l a t i o n 1 1 i s used de
pending on the r e v e r s i b i l i t y o r i r r e v e r s i b i l i t y o f t h i s a s s o c i a 
t i o n , r e s p e c t i v e l y ) . The e l e c t r o l y t e c o n c e n t r a t i o n a t which these 
two l i n e s i n t e r s e c t i s d e f i n e d as the c r i t i c a l f l o c c u l a t i o n con
c e n t r a t i o n (CFC). T a b l e VI a l s o g i v e s t he CFC v a l u e s , a l o n g w i t h 
the s l o p e s of the descending l i n e s . I t can be seen t h a t t he CFC 
v a l u e o f 400nm-size p a r t i c l e s i s about h a l f t h a t o f the 190nm-size 
p a r t i c l e s ; however the s l o p e s o f the descending l i n e s a r e i d e n t i 
c a l . 

These measurement
t i c a l l y s t a b i l i z e d p a r t i c l e
b are PS p a r t i c l e s ) . F or c o a g u l a t i o n of p a r t i c l e s s t e r i c a l l y s t a 
b i l i z e d w i t h a p o l y m e r i c n o n i o n i c s t a b i l i z e r , where the s t e r i c 
b a r r i e r t o c o a g u l a t i o n may be g r e a t and i n s e n s i t i v e t o e l e c t r o l y t e , 
these measurements may be l e s s r e v e a l i n g . N o n e t h e l e s s , such 
measurements have been used by o t h e r workers (19,20) t o determine 
the e f f e c t o f n o n i o n i c s t a b i l i z e r s on s o l s t a b i l i t y . They found 
t h a t the e l e c t r o l y t e c o n c e n t r a t i o n r e q u i r e d f o r c o a g u l a t i o n / f l o c 
c u l a t i o n i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a t i o n of n o n i o n i c emul-
s i f i e r on the p a r t i c l e , w hich was a t t r i b u t e d t o a r e d u c t i o n i n the 
a t t r a c t i v e f o r c e s and the s t r o n g s t e r i c b a r r i e r a r i s i n g from the 
adsorbed l a y e r . I t i s n o t known p r e c i s e l y what r o l e the e l e c t r o 
l y t e p l a y s i n f l o c c u l a t i o n i n t h e secondary minimum. The depth 
of the secondary minimum f o r these PVA-covered p a r t i c l e s , c a l c u l a 
t e d from the t h i c k n e s s o f the adsorbed l a y e r , n e g l e c t i n g the e f f e c t 
of t he adsorbed l a y e r and the r e t a r d a t i o n f o r c e s , i s of the o r d e r 
of 0.25-0.50kT. S i n c e the average k i n e t i c energy of a p a r t i c l e i s 
of the o r d e r o f 1 kT, these p a r t i c l e s s h o u l d be s t a b l e i n d e f i n i t e 
l y , and indeed t h i s i s t he case f o r PVA-covered p a r t i c l e s i n the 
absence of e l e c t r o l y t e . The a d d i t i o n of e l e c t r o l y t e seems t o have 
a f f e c t e d the depth o f t h e secondary minimum, and s i n c e t h i s m i n i 
mum i s l e s s s h a l l o w f o r the 400nm-size p a r t i c l e s than f o r the 190 
nm-size p a r t i c l e s , i t i s c o n c e i v a b l e t h a t the f l o c c u l a t i o n of the 
400nm-size p a r t i c l e s o c c u r r e d a t lower e l e c t r o l y t e l e v e l s than f o r 
the 190nm-size p a r t i c l e s . 

T a b l e VI: C r i t i c a l Coagulâtion/Flocculation C o n c e n t r a t i o n and the 
s l o p e o f l o g W vs l o g C p l o t 

L a t e x Sample CCC/CFC,mM dlogW 
d l o g ( c ) 

190nm Bare P a r t i c l e s 225 1.69 
190nm Covered P a r t i c l e s 98 0.23 
400nm Bare P a r t i c l e s 95 0.66 
400nm Covered P a r t i c l e s 40 0.22 
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It i s interesting to compare these results with the electro-
phoretic measurements made under i d e n t i c a l electrolyte concentra
tions. Figure 8 shows that the variation of electrophoretic mo
b i l i t y with sodium chloride concentration i s different for the 
bare and the PVA-covered p a r t i c l e s . For the bare p a r t i c l e s , the 
mobility remains constant up to a certain s a l t concentration, then 
increases to a maximum and decreases sharply, f i n a l l y approaching 
zero. The maximum i n electrophoretic mobility^electrolyte con
centration curve with bare p a r t i c l e s has been explained e a r l i e r 
(21) by postulating the adsorption of chloride ions on hydropho
bic polystyrene p a r t i c l e s . In contrast, for the PVA-covered par
t i c l e s , the mobility decreases with increasing electrolyte con
centration u n t i l i t approaches zero at high s a l t concentration. 
It i s interesting to note that the electrolyte concentration at 
which the mobility reache
reported above. 

Conclusions 

The use of high PVA concentrations i n adsorption experiments gives 
a rapid r i s e , followed by an apparent plateau i n surface concen
t r a t i o n , and then a second r i s e i n surface concentrât ion. In con
tr a s t , adding excess PVA to a dispersion i s often thought to give 
monolayer adsorption. The effect of increasing the PVA molecular 
weight or decreasing i t s degree of hydrolysis i s to increase the 
adsorption density and the adsorbed layer thickness. Good agree
ment between adsorption and desorption experiments i s observed 
with lower molecular weight PVA1 s. Desorption experiments pro
vide well-defined plateau values, irrespective of the PVA molecu
l a r weight, which may be d i f f i c u l t by adsorption experiments. The 
adsorption density i s independent of the p a r t i c l e size of the sub
strate; however, the effect of p a r t i c l e size i s manifested by an 
increase i n the thickness of the adsorbed layer with increasing 
p a r t i c l e size. The increase i n thickness results from changes i n 
the configuration of the adsorbed molecules on surfaces of d i f f e r 
ent curvature. Addition of an electrolyte i s shown to have a 
diff e r e n t effect on bare and PVA-covered p a r t i c l e s . The bare par
t i c l e s coagulate i n the primary minimum at r e l a t i v e l y high elec
t r o l y t e concentrations and the PVA-covered p a r t i c l e s flocculate i n 
the secondary minimum at r e l a t i v e l y low electrolyte concentrations. 
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F i g u r e 8. E l e c t r o p h o r e t i c m o b i l i t y v e r s u s e l e c t r o l y t e con
c e n t r a t i o n (NaCl) f o r d i f f e r e n t - s i z e p a r t i c l e s : (o) 190nm 
p a r t i c l e s ; (Δ) 400nm p a r t i c l e s ; open p o i n t s f o r bare p a r 
t i c l e s and c l o s e d p o i n t s f o r p a r t i c l e s covered w i t h V i n o l -
107 a t s a t u r a t i o n . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



94 POLYMER ADSORPTION AND DISPERSION STABILITY 

Literature Cited 

1. Vincent, Β., and Whittington, S., "Polymers at Interface and 
in Disperse Systems, in "Colloid and Surface Science", Ed. E. 
Matijevic, 1982, p .1 . 

2. Tadros, Th.F., "Polymer Adsorption and Dispersion Stability", 
in "The Effect of Polymers on Dispersion Properties", Ed. Th. 
F. Tadros, 1982, p .1 . 

3. Fleer, G.J . , Ph.D. Thesis, Meded. Landbouwhogeschool, 
Wageningen, 1971, 71-20. 

4. Koopal, L.K. , Ph.D. Thesis, Meded. Landbouwhogeschool, 
Wageningen, 1978, 78-12. 

5. Garvey, M.J. , Ph.D. Thesis, University of Bristol, 1974. 
6. Ahmed, S.M., El-Aasser, M.S., Pauli, G.H., Poehlein, G.W., 

and Vanderhoff, J.W.
388. 

7. Ahmed, S.M., El-Aasser, M.S., Micale, F.J., Poehlein, G.W., 
and Vanderhoff, J.W., in "Polymer Colloids II", Ed. R.M. 
Fitch, 1980, p. 265. 

8. Ahmed, M.S., M.S. Thesis, Lehigh University, 1981. 
9. Vanderhoff, J.W., and Van den Hul, H.J . , J . Colloid Interface 

Sci., 1968, 28, 336. 
10. Van den Hul, H.J . , and Vanderhoff, J.W., Brit. Polymer J., 

1970, 2, 121. 
11. Derderian, E.J., and MacRury, T.B., J . Dispersion Sci. Tech., 

1981, 2, 345. 
12. Reerink, Η., and Overbeek, J . Th. G., Faraday Society Disc., 

1954, 18, 74. 
13. Cohen-Stuart, M.A., Scheutjen, J.M.H.M., and Fleer, G.J . , J. 

Poly. Sci.: Polymer Physics Ed., 1980, 18, 559. 
14. Clark, A.T. , and Lal, Μ., in "The Effect of Polymers on Dis

persion Properties" Ed. Th. F. Tadros, 1982, p. 169. 
15. Boomgaard, Th.V., King, T.A., Tadros, Th.F., Tang, Η., and 

Vincent, B., J . Colloid Interface Sci., 1978, 66, 68. 
16. Silberberg, A., J . Colloid Interface Sci., 1972, 38, 217. 
17. Ahmed, M.S., El-Aasser, M.S., and Vanderhoff, J.W., Paper 

presented at 56th Colloid and Surface Sci. Symp., Blacksburg, 
Va., 1982. 

18. Scheutjens, J.M.H.M., and Fleer, G.J. , J . Phys. Chem., 1979, 
83, 1619. 

19. Mathai, K.G., and Ottewill, R.H., Trans. Faraday Soc., 1966, 
62, 759. 

20. Ottewill, R.H., and Walker, T. , Kolloid-Z.u.Z. fur Polymere, 
1968, 227, 108. 

21. Ma, C.M., Micale, F.J., El-Aasser, M.S., and Vanderhoff, J.W., 
in "Emulsion Polymers and Emulsion Polymerization" Ed. D.R. 
Bassett and A.E. Hamielec, ACS Symp. Ser. 165, 1981, 251. 

RECEIVED October 7, 1983 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



7 
Adsorption of Cellulose Ethers from Moderately 
Saline Aqueous Solutions 

J. E. GLASS, S. SHAH, D-L.  LU, and S. D. SENEKER 

Polymers and Coatings Department, North Dakota State University, Fargo, ND 58105 

Nonionic cellulose ethers, hydroxyethyl(HE) and 
hydroxypropyl (HP
substitution (M.S.
sodium montmorillonite surfaces from fresh and 
saline (NaCl) aqueous solutions. The amounts 
adsorbed for 2 M.S. HEC and HPC and 4 M.S. HEC were 
insensitive to electrolyte concentration; the 4 M.S. 
HPC exhibited a notable increase in adsorption with 
increasing NaCl concentration. Entrapment in the 
interlayer of recovered sodium montmorillonite did 
not vary with salinity; the extent of entrapment was 
greater with the 4 M.S. HE and HP celluloses than 
either of the 2.0 M.S. polymers. Mixed ethers of 
HEC (2 M.S.) containing an anionic (carboxymethyl) 
or cationic (3-O-2-hydroxypropyltrimethylammonium 
chloride) group at 0.4 M.S. levels did not adsorb 
from fresh water. Adsorption of these polar mixed 
ethers increased with increasing electrolyte until 
electrostatic and solvation effects were negated in 
0.54N NaCl solutions and the adsorbed amounts 
typical of a 2 M.S. HEC were observed. Interlayer 
entrapments comparable to the equivalent M.S. HEC 
were observed at lower (0.18N) electrolyte 
concentrations. 

It has been shownQ) that carbohydrate polymers containing 
pendant ether linkages adsorb on peptized montmorillonite 
surfaces from fresh water solut ions in amounts greater than 
underivatized carbohydrate polymers having the same solut ion 
conformational characteristics. In this study i t was also 
demonstrated that ether linkages promote interlayer entrapment 
of the segmentally r i g i d macromolecules in smectite clays. This 
does not occur with underivatized carbohydrate polymers. 

Several anionic carbohydrate polymers (e.g., carboxy-
methyl cellulose, xanthomonas campestris polysaccharide, 
cellulose sulfate ester, etc.) do not adsorb from fresh water 
solutions, but their adsorption in saline solutions plays an 
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© 1984 American Chemical Society 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



96 POLYMER ADSORPTION AND DISPERSION STABILITY 

important r o l e i n many petroleum r e c o v e r y p r o c e s s e s . A d s o r p t i o n 
s t u d i e s from h i g h l y s a l i n e environments r e q u i r e a f o r m i d a b l e 
e x p e r i m e n t a l e f f o r t . As a f o r e r u n n e r to these s t u d i e s the 
a d s o r p t i o n of n o n i o n i c c e l l u l o s e e t h e r s and the most h y d r o p h i l i c 
of these, h y d r o x y e t h y l c e l l u l o s e (HEC), c o n t a i n i n g both a n i o n i c 
and c a t i o n i c groups a t e q u i v a l e n t degrees of s u b s t i t u t i o n 
(D.S.), were examined. 

The long-term g o a l of t h i s i n v e s t i g a t i o n i s an u n d e r s t a n d i n g 
of the e f f e c t of a p a r t i c u l a r mode of a d s o r p t i o n on 
m o n t m o r i l l o n i t e which ensures t h a t under p r e s s u r e the c l a y 
p l a t e l e t s a l i g n p a r a l l e l to a s o l i d s u r f a c e even under s a l i n e 
c o n d i t i o n s . T h i s i s an important phenomenon i n petroleum 
r e c o v e r y p r o c e s s e s . 

The g e n e r a l e x p e r i m e n t a l methods of a n a l y s i s and m a t e r i a l s 
used i n t h i s study have been p r e v i o u s l y d e s c r i b e d ( 1 , 2 ) w i t h the 
e x c e p t i o n of the i o n i c h y d r o x y e t h y l c e l l u l o s e polymers. 
Carboxyraethyl h y d r o x y e t h y l c e l l u l o s e (CMHEC) was s u p p l i e d by 
H e r c u l e s I n c . ; i t i s used i n f r a c t u r i n g (petroleum) 
a p p l i c a t i o n s . The c a t i o n i c HEC was s u p p l i e d by Union C a r b i d e 
Corp.; the c a t i o n i c group i s 3 - 0 - 2 - h y d r o x y p r o p y l t r i m e t h y l -
amraonium c h l o r i d e . The polymer i s used p r i m a r i l y i n cosmetic 
a p p l i c a t i o n s . Both c e l l u l o s e polymers c o n t a i n a molar 
s u b s t i t u t i o n (M. S.)(_3) of h y d r o x y e t h y l groups of a p p r o x i m a t e l y 
2.0; the p o l a r group i s p r e s e n t at an approximate M.S. ( o r D.S.) 
of 0.4. A more q u a n t i t a t i v e d e s c r i p t i o n of the polymers i s 
p r o v i d e d i n Table I I . The u n m o d i f i e d HEC polymers, 2.0 and 4.3 
M.S., were s u p p l i e d by Union C a r b i d e ; the 2.5 M.S. by H e r c u l e s . 
Hydroxypropyl c e l l u l o s e s (HPC) of 2.0 and 4.0 M.S. were s u p p l i e d 
by H e r c u l e s . These pr o d u c t s have been q u a n t i t a t i v e l y 
c h a r a c t e r i z e d d , 4 ) by M.S., p e r c e n t u n s u b s t i t u t e d v i c i n a l d i o l 
(%uVD) and g l u c o p y r a n o s y l (%uGP) a n a l y s e s and s t o c h a s t i c 
modeling. 

D i f f e r e n t i a l r e f r a c t i o n ( _ 5 ) and c o l o r i m e t r i c measurementst2) 
were used to determine the amount of carbohydrate polymer 
adsorbed from s o l u t i o n . A P h i l l i p s X-ray d i f f r a c t o m e t e r was used 
to q u a n t i f y the degree of i n t e r l a y e r expansion(_6). The c a t i o n 
exchange c a p a c i t y of the p e p t i z e d sodium and potassium 
m o n t m o r i l l o n i t e was 105±5 meq./100g. 

In a d s o r p t i o n s t u d i e s from s a l i n e environments i t i s 
n e c e s s a r y to prepare the w a t e r - s o l u b l e polymer and p e p t i z e d 
m o n t m o r i l l o n i t e i n f r e s h water at h i g h c o n c e n t r a t i o n s and to add 
each to a s a l i n e s o l u t i o n . P o l y e l e c t r o l y t e s w i l l f r e q u e n t l y not 
" y i e l d " the same v i s c o s i t y as when they are d i s s o l v e d i n f r e s h 
water. M o n t m o r i l l o n i t e w i l l f l o c c u l a t e i n s a l i n e s o l u t i o n s . With 
f r e s h water m i x i n g of components, r e p r o d u c i b l e r e s u l t s are 
o b t a i n e d i n the s a l i n e s t u d i e s . A f t e r component m i x i n g , 
a g i t a t i o n of the s l u r r y i s m a i n t a i n e d w i t h g e n t l e s t i r r i n g v i a 
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micromagnet ic Teflon bars. Analyses of the continuous phase 
before and after centrifugation of the polymer solutions were 
conducted to ascertain that precipitation of the polymer was not 
occurring. Variation in the montmorillonite concentration 
(.007g/cc to 0.014g/cc) did not influence the adsorption of 
hydroxyethyl cellulose (HEC) of variable molar substitutions 
from fresh water or from 0.54N sodium chloride solutions, nor 
the adsorption of the cationic HEC from the saline solution. The 
data indicate that the adsorptions noted in this study were not 
associated with a substrate induced precipitation of the 
water-soluble polymer. Adsorption on sodium montmorillonite as a 
function of water-soluble polymer concentration is i l l u s t r a t e d 
in Figure 1 for HEC and the cationic HEC from fresh and saline 
solutions. The cationic HEC does not adsorb on the so l i d 
substrate from fresh wate

RESULTS AND DISCUSSION 

Fresh Water Solutions 

The difference between hydrophobicities of the hydroxyethyl 
(HE) grouping and the hydroxypropyl (HP) unit is evident in the 
relativ e aqueous solution surface tens ions(7,8) of the two 
c e l l u l o s i c polymers; in these comparative references the M.S. of 
the products is not equal. The dramatic influence of the more 
hydrophobic HP groupings on surface pressures is i l l u s t r a t e d in 
Figure 2. 

The amounts adsorbed on montmorillonite ( 2500 ppm 
polymer, 0.8 to 1.0 wt.% peptized montmorillonite) and 
interlayer expansion ( d ^ ^ ) in the clays (Table I) recovered 
from fresh water solutions do not r e f l e c t the differences in 
hydrophobicities noted in Figure 2. Equivalent adsorption and 
0*001 values are observed among polymers of equal M.S.. There is 
an i n s e n s i t i v i t y to the monovalent cation ( i . e . , potassium or 
sodium vs. ammonium used in previous s t u d i e s Q ) ) . Hydrophobic!ty 
is not important in adsorption on montmorillonite surfaces; the 
cation-ether ion-dipole interactionQ) is the c r i t i c a l factor. 
This is true in a different sense in the hydroxyethyl cellulose 
polymers containing ionic groups (CMHEC and HECN Me^Cl ; these 
shorthand chemical formulas w i l l be used for the polymers in the 
remainder of this a r t i c l e ) . Neither ionic group affects the 
surface tension of water compared to the equivalent M.S. HEC 
(Figure 3), but both i n h i b i t significant adsorption on 
montmorillonite from fresh water, despite the presence of 
hydroxyethyl (HE) units (at a 2.0 M.S. level) that through a 
cation-ether ion-dipole interaction promote adsorption and 
interlayer entrapment. 

Montmorillonite is electronegatively charged (105 ± 5 meq./ 
100g) in water and the carboxylate anions in CMHEC are repelled 
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2000 4000 6000 

Figure 1: Adsorptio
polymer (W-SP) concentration (ppm). Substrate: 
peptized sodium montmorillonite. Open symbols 
adsorbed from fresh water solutions, closed symbols 
from 0.54N NaCl solutions. W-SP:Ο, · , hydroxyethyl 
cellulose (HEC) M.S.= 2.0; A ,HEC (M.S.=2.0) 
containing 3-0-2 hydroxypropyltrimethy1ammonium 
chloride (M.S.=0.4) (HECN +Me 3Cl~), polymer was 
extracted and gave pH=6.7 in clay slurry. 

TIME (Hre.) 

Figure 2: Surface pressure (raN/m) dependence (air-water 
interface) on time (hrs.) for hydroxyethyl (HE) 
hydroxypropyl (HP) cellulose (1000 ppm). 
Molar substitut ions of adduct: 
Ο ,M.S. = 2.40 (HE), 0.13 (HP) S ,M.S. = 1.52 (HE), 0.62 (HP) 

,M.S. = 1.19 (HE), 1.03 (HP) 
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TABLE I 

ADSORPTION AND INTERLAYER EXPANSION OF CELLULOSE 
ETHERS FROM FRESH WATER ON PEPTIZED SODIUM 

MONTMORILLONITE 

CELLULOSE DERIVATIVE 3 
M.S. ADS(g/g) a 

άΛ°λ 
2.1 Hydroxyethyl(HEC) 2.0 .68(.68) 

άΛ°λ 
2.1 

2.5 .70(.70) 2.2 
4.3 .98(.92) 2.4 

Hydroxypropyl(HPC) 2.0 .66(.67) 2.1 
4.0 .97(.96) 2.6 

Hydroxyethyl 
carboxyraethyl 

(CMHEC) 

Hydroxyethyl 2.0 
-3-0-2-hydroxy-
propyltrimethyl ^ 
ammonium chloride 0.4 .16(.07) 1.2 

(HECN Me 3Cl) 

a. Values in parentheses were determined colorimetri-
c a l l y , similar data were obtained with potassium 
peptized clay. b. d ^ . of Na montmorillonite =1.2nm 
at 0% re l a t i v e humidity. 

L - J 1 ι - Λ Λ 1 1 1 1 ^— 1 

Ο I 2 3 4 5 6 7 
T I M E (hrs.) 

Figure 3: Surface pressure (mN/m) dependence (air-water 
interface) on time (hrs.) for HEC ( Ο ), M.S.= 2.0 
and ionic HEC (M.S. = 2.0) mixed ethers. 
Ionic groups : • , c^rboxymethyl , M.S. = 0.4; 

Δ , Ν Me Cl , note Figure 1. 
Polymer concentrations : 1000 ppm. 
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despite the presence of HE groupings in a five fold excess on a 
M.S. comparison ( a two fold excess on a degree of 
substitution, D.S.(4), basis). With the frequency and chain 
extension(_l) of HE groups i t is surprising that a significant 
adsorption i s not observed from fresh water, for the substituent 
d i s t r i b u t i o n data in Table II indicate that the CM groups are 
attached to the glucopyranosyl ring rather than to the hydroxyls 
of the pendant HE groupings. 

An equivalent M.S. HEC containing a 3-0-2-hydroxypropyl-
trimethy1ammonium chloride group (at an equivalent M.S. to the 
CM grouping) also does not exhibit significant adsorption from 
fresh water solutions. The lack of adsorption and the i n a b i l i t y 
of the HE groupings to promote interlayer entrapment in the 
mixed ether polymers is reflected in d ^ spacings equal to 
those observed in untreate
that amine containing
part i c u l a r l y in the interlayer where the driving force is 
protonation bv_ the highly acidic surface. The quaternary amine 
of HECN Me^Cl i s charged and s t e r i c a l l y r e s t r i c t e d , and i t s 
a b i l i t y to in h i b i t the more prevalent HE groupings from 
promoting adsorption and interlayer entrapment is surprising. 
Based on the relative transport of water in thin films (90 
containing both quaternary amine and carboxylate groups the lack 
of adsorption of HECN Me^Cl can be related to the high 
solvation of the quaternary ammonium group. 

Saline Solutions 

With increasing electrolyte (sodium chloride) concentration 
there appears to be a slig h t increase (within experimental 
error) in adsorption among the lower M.S. nonionic cellulose 
ethers (Figure 4). With increasing M.S. the amount adsorbed i s 
greater and the amount adsorbed with increasing s a l i n i t y 
increases for HPC, outside the limits of experimental error. 
This can be understood in terms of solvation effects. Cellulose 
is substituted in order to disrupt hydrogen bonding among the 
glucopyranosyl hydroxy1 groups ; adducts such as ethylene or 
propylene oxide do not increase the hydrophilicity of the 
cellulose chain. The s o l u b i l i t y of the high M.S. HEC is 
dependent on the ether-water interaction; the 2 M.S. HEC and HPC 
are less dependent. The dependence is greatest in the 4 M.S. 
HPC, where essentially a l l of the glucopyranosyl hydroxyls have 
been substituted by propylene oxide which imparts a significant 
hydrophobicity to the macromolecule. These conclusions are 
supported by the observation that the 4 M.S. HPC precipitates in 
fresh water at 45 C and by i t s greater i n t r i n s i c v i s c o s i t y 
sens i t i v i t y to s a l i n i t y (Figure 5 ) . Precipitation of the 4 M.S. 
HPC occurs at sodium chloride concentrations in excess of IN, 
which is greater than the s a l i n i t i e s used in this study. 
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TABLE I I 

ADDUCT DISTRIBUTIONS IN SELECTED CELLULOSE ETHERS 

CELLULOSE DERIV. M.S. %uGPb %uV.D.b Int.Vise. 
dl/g 

HEC 2.0 24 68 12.6 

CMHEC 2.0 
0.4 13 29 10.1 

HECN Me 3Cl 2.0 
0.4 13 44 11.7 

a. Detailed characterizatio
ethers are given in reference 1. 

b. See reference 4 for description of analysis of 
unsubstituted v i c i n a l d i o l (%uVD) and glucopyranosyl 
(%uGP) and for other pertinent references. 

c. Determined in IN NaCl. 

0.13 025 0 3 8 
CONCENTRATION OF NaCl (N) 

0.50 

Figure 4: Adsorption (g/g) dependence of nonionic cellulose 
ethers (2500 ppm) on s a l i n i t y (N, NaCl) of aqueous 
solution. 
Substrate : peptized sodium montmorillonite. 
Open symbols, HEC: O, M.S. = 2.0; Φ,2.5; CM.3 
Closed symbols, Hydroxypropyl cellulose (HPC): 

· , M.S. =2.0; φ ,4.0. 
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The hydration of polyoxyethylene (POE) i s dramatically 
affected by the anion present(10) in the aqueous phase. The 
adsorption of HEC (both 2.0 and 4.3 M.S.) was therefore studied 
in Na^SO^ and Na^PO, at equivalent normalities. The multivalent 
anions are more effective in precipitating POE than is the 
chloride ion. The amounts adsorbed and the interlayer expansions 
at normalities below precipitation conditions are given in Table 
III . The influence of multivalent anions on the i n t r i n s i c 
v i s c o s i t y of variable M.S. HECs is i l l u s t r a t e d i n Figure 6. The 
increased amounts adsorbed are within experimental error, but 
the decrease in d^ with the 4.3 M.S. HEC i s notable. The d^ 
changes in the absence of increased adsorption are not 
explainable in terms of solvation effects. 

The observed changes in interlayer expansion (Table IV) in 
the montmorillonite clay
and i n t r i n s i c viscosit
HPC recovered from NaCl solutions. The lat t e r polymer as noted 
above precipitates in NaCl solutions above IN and notable, 
gradual increases in adsorption occur with increasing NaCl 
concentration. This trend i s not observed in d^ . The greater 
interlayer entrapment of higher M.S. cellulose ethers has been 
related(4) to a combination of fewer unsubstituted 
glucopyranosyl units and to a higher frequency of extended ether 
chains from the cellulose backbone, which results in a higher 
density of cation-ether interactions. Additional studies are 
required to c l a r i f y the apparent c o n f l i c t between adsorption and 
α"θ01 changes with s a l i n i t y in a l l of the salt solutions. 

With increasing electrolyte concentration the cellulose 
mixed ethers exhibit a marked increase in adsorption (Figure 7). 
This i s expected as a result of decreased electrostatic 
repulsion and hydration of the polar groups. The adsorption of 
CMHEC and HECN+Me3Cl~ increases u n t i l at 0.54N NaCl solutions 
both approach that of an equivalent M.S. HEC. The decrease in 
elect r o s t a t i c repulsions is accompanied by the decrease in 
i n t r i n s i c v i s c o s i t i e s with s a l i n i t y (Figure 8). The CMHEC 
contains approximately 20wt.% sa l t which did not affect 
adsorption from fresh water solutions. The cationic HEC 
contained only 3.2wt.% s a l t , which is minimal in 2500ppm W-SP 
solution concentrations. The salt in part arises from the 
neutralization acid ( i . e . , acetic, n i t r i c , phosphoric, etc.,) 
used in the f i n a l step of cellulose ether syntheses. The pH of 
the cationic polymer (2500 ppm) solution was 5.0, with the 
peptized montmorillonite, 5.7. Extraction with a te r t i a r y 
butanol(75%)-water(25%) solution lowered the ash content from 
3.2 to 2.3 wt.% and raised the solution pH to 9.4 (at 2500 ppm). 
With peptized montmorillonite slu r r i e s the pH was 6.7, approxi
mate with the 6.9 - 7.0 values observed with the other cellulose 
ethers. Extraction did not change the adsorption behavior of the 
cationic HEC. Adsorption on peptized montmorillonite from 0.54N 
NaCl solutions paralleled that observed with HEC (Figure 1 and 
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1 1 « u-J 
0 5 1.0 1.5 2.0 
CONCENTRATION OF NaCl (N) 

Figure 5: Int r i n s i c viscosity (dl/g) dependence on s a l i n i t y 
(N, NaCl) of aqueous solutions. W-SP: symbols given 
in Figure 4. 

TABLE III 

HYDROXYETHYL CELLULOSE ADSORPTION BEHAVIOR 
IN MULTIVALENT ANION SOLUTIONS 

SALINITY 0.18N 0.36N 0.54N 

HEC M.S. SALT 
g/g d Q 0 1 g/g d Q 0 1 g/g d Q 0 1 

2.0 Na SO .74 2.1 .76 2.0 .78 2.1 
Na^PO, .73 2.1 .76 2.1 .78 2.1 
3 4 

4.3 Na SO 1.04 1.9 1.06 1.9 1.08 1.8 
NafpO, 1.04 2.2 1.06 2.2 1.08 2.1 

<1Q01 values in nm. ; for experimental error in 
adsorption note error bars in graphs. 
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13 h 

L ι ι ι — ι 1 
0.5 1.0 15 20 

CONCENTRATION OF ANION (N) 

gure 6: I n t r i n s i c v i scosity (dl/g) dependence on s a l i n i t y 
(N, NaCl) of aqueous solutions. Open symbols, HEC 
M.S. = 2.0; closed symbols, HEC M.S. = 4.3. 
Salts: Ο » · , NaCl; Δ , A , N a 3 P 0 4 ; Q , B , Na 2S0 4 
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TABLE IV 

EXPANSION OF Na MONTMORILLONITE AFTER EXPOSURE 
TO CELLULOSE ETHERS IN SALINE SOLUTIONS 

CELLULOSE 
DERIVATIVE 

M.S. INTERLATER SPACINGS* 
t SOLUTION SALINITY (8°Lci) 

HEC 2.0 2.1 2.1 2.1 2.1 
2.5 2.1 2.1 2.1 2.1 
4.3 2.4 2.5 2.5 2.5 

HPC 2.0 1.8 1.8 1.8 1.8 
4.0 2.6 2.4 2.3 2.4 

CMHEC 2.0 
0.4 1.2 1.8 1.8 1.8 

HECN +Me^Cl 2.0 
J 0.4 1.2 2.1 2.1 2.1 

a. Although the maximum, , remains a t the same 
angle there i s peak broadening i n the X-ray d i f f r 
t i o n p a t t e r n w i t h i n c r e a s i n g s a l i n i t y . 
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0.13 0.25 0.38 0.50 
CONCENTRATION OF NaCl (N) 

F i g u r e 7: A d s o r p t i o n (g/g) dependence of n o n i o n i c and i o n i c 
c e l l u l o s e e t h e r s (2500 ppm) on s a l i n i t y (N, NaCl) 
of aqueous s o l u t i o n . S u b s t r a t e :pept i z e d sodium 
m o n t m o r i l l o n i t e . W-SP symbols g i v e n i n F i g u r e 3. 
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I 1 ι ι ι 1 

0.50 1.00 1.50 2 0 0 

CONCENTRATION OF NaCl (NÎ 

F i g u r e 8: I n t r i n s i c v i s c o s i t y ( d l / g ) dependence on s a l i n i t y 
(N, NaCl) of aqueous s o l u t i o n s . W-SP: symbols g i v e n 
i n F i g u r e 3. 
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7 ) . These observations were noted over a two-fold concentration 
(.7 to 1.4 wt.%) change in montmorillonite. 

Interlayer Entrapment of Ionic HEC Mixed Ethers 

The interlayer spacing of montmorillonite recovered from 
fresh water solutions containing either ionic HEC polymer is not 
expanded. With increasing electrolyte concentration entrapment 
is observed and the interlayer is expanded (Table IV). Reduction 
in the elect r o s t a t i c repulsions permits the cation-ether 
ion-dipole interaction to assume greater importance. The 
cellulose ethers examined in this study vary in their 
hydrophobicity. This could affect the d ^ . distances through 
variable water uptake . This possible change in ^ q q ] was 
examined through variatio
exposed montmorillonite
spacings occurs with an increase in the percent relati v e 
humidity but the incremental change is constant, within 
experimental error, for a l l of the polymers studied. 

TABLE V 

INFLUENCE OF RELATIVE HUMIDITY ON 
INTERLAYER EXPANSION 

W-SP M.S. 0%R.H.^ i 40%R.H. 
HEC 2.0 2.1 2.5 

2.5 2.2 2.7 
4.3 2.5 2.7(2.8) 

HPC 2.0 2.1 2.5 
4.0 2.7(2.4) 3.3(2.9) 

CMHEÇ _ 0.4/2.0 1.2(1.8) 1.3(2.2) 

0.4/2.0 1.2(2.1) 1.3(2.4) 
HECN Me 3Cl 

The values in parenthes is are associated with 
adsorptions from 0.54N NaCl solutions. The values 
are l i s t e d only when different from the fresh 
water adsorption results. 

In the presence of electrolyte, montmorillonite w i l l 
flocculate. If flocculation occurs macroraolecules of lower 
molecular weight w i l l exhibit greater adsorpt ion due to the 
greater surface available to smaller hydrodynaraic volumes. 
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Higher m o l e c u l a r weight polymers w i l l adsorb l e s s (an example of 
t h i s i s g i v e n i n F i g u r e 9 ) . In the moderate s a l i n i t i e s employed 
i n t h i s i n v e s t i g a t i o n , the l a c k of an a d s o r p t i o n dependence on 
mo l e c u l a r weight ( F i g u r e 10) i n d i c a t e s t h a t f l o c c u l a t i o n d i d not 
occur. T h i s w i l l not be t r u e In f u t u r e s t u d i e s a t h i g h e r 
s a l i n i t i e s and temperatures. 

CONCLUSIONS 

C e l l u l o s e e t h e r s , both n o n i o n i c and i o n i c mixed e t h e r s * 
adsorb a t the aqueous/air i n t e r f a c e i n r e l a t i o n s h i p t o the 
amount and h y d r o p h o b i c i t y of the n o n i o n i c groups; t h e i r 
a d s o r p t i o n from aqueous s o l u t i o n s on m o n t m o r i l l o n i t e i s governed 
i n p a r t by a c a t i o n - e t h e r i o n - d i p o l e i n t e r a c t i o n . The a d s o r p t i o n 
of c e l l u l o s e e t h e r s o
s u b s t i t u t i o n (M.S.) o
c e l l u l o s e c h a i n , not to t h e i r h y d r o p h o b i c i t i e s . I n c r e a s i n g the 
s a l i n i t y (NaCl) of the aqueous medium appears to e f f e c t o n l y a 
s l i g h t i n c r e a s e , w i t h i n e x p e r i m e n t a l e r r o r , i n a d s o r p t i o n . The 
h i g h M.S. h y d r o x y p r o p y l c e l l u l o s e ( H P C ) i s a n o t a b l e e x c e p t i o n ; a 
s i g n i f i c a n t i n c r e a s e i n a d s o r p t i o n i s observed w i t h i n c r e a s i n g 
s a l i n i t y (up to 0.54N). T h i s i s r e l a t e d to d e c r e a s i n g s o l v a t i o n 
of the hydrophobic, h i g h M.S. HPC. In a l l o f the n o n i o n i c 
c e l l u l o s e e t h e r s s t u d i e d , e x p a n s i o n of the i n t e r l a y e r due to 
polymer entrapment o c c u r r e d i n p r o p o r t i o n to the M.S. o f the 
polymer, but the d ^ ^ v a l u e d i d not change s i g n i f i c a n t l y w i t h 
i n c r e a s i n g s a l i n i t y . 

The presence of a n i o n i c o r c a t i o n i c groups a t a 0.4 M.S. 
l e v e l i n h i b i t e d a d s o r p t i o n and i n t e r l a y e r entrapment of 2.0 M.S. 
h y d r o x y e t h y l c e l l u l o s e ( H E C ) from f r e s h water s o l u t i o n s . The l a c k 
of a d s o r p t i o n of the c a t i o n i c HEC i s s u r p r i s i n g ; i t i s r e l a t e d 
to h y d r a t i o n o f the qu a t e r n a r y amine group. I n c r e a s i n g 
a d s o r p t i o n and i n t e r l a y e r entrapment i s observed w i t h both the 
c a t i o n i c and a n i o n i c HECs w i t h i n c r e a s i n g sodium c h l o r i d e 
c o n c e n t r a t i o n . 
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4 8 12 16 
VISCOSITY mPa-S 

F i g u r e 9: A d s o r p t i o n (rag/g) dependence of n o n i o n i c c e l l u l o s e 
e t h e r s (2500 ppm) on s a l i n i t y (N, NaCl) of aqueous 
s o l u t i o n . S u b s t r a t e : Berea sand (85 wt.%) blended 
w i t h m o n t m o r i l l o n i t e (15 w t . % ) . W-SP symbols : 
Ο ,methyl c e l l u l o s e , M.S. = 1.7; 
HEC - φ , Ο , M.S. = 2.0; Θ» M.S. = 2.5. 
W-SP c o n c e n t r a t i o n s are 2500 ppm; the v i s c o s i t y 
r e f l e c t s the r e l a t i v e m o l e c u l a r weight of the W-SP. 
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I ι ι ι 1 I 
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F i g u r e 10: A d s o r p t i o n (g/g) dependence of HEC (|.0 M.S.) 
v a r i a b l e m o l e c u l a r weights (Μ : Ο > 10 , Δ , 10 
• , 10 ) a t 2500 ppm on s a l i n i t y (N, NaCl) of 
aqueous s o l u t i o n . 
S u b s t r a t e : p e p t i z e d sodium m o n t m o r i l l o n i t e . 
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Adsorption of Nonionic Water-Soluble Polymers 
(W-SPs) at Aqueous-Air Interfaces 
J. E. GLASS, H. AHMED, and Μ. Ε. GLASS 
Polymers and Coatings Department, North Dakota State University, Fargo, ND 58105 

The phenomenon of reorientation of hydrophobic units of 
segmentally flexible W-SPs at aqueous-air interfaces is 
examined and compared to adsorptive behavior at 
aqueous-latex surfaces in pigmented coatings. 
Structurally similar W-SPs, polymethyl vinyl ether, 
polyoxyethylene(POE)
copolymers of variabl
containing oxypropylene and oxybutylene units are 
examined. Equilibrium surface pressures are achieved 
rapidly if there is uniformity of the hydrophobic 
segments among the repeating units. The absolute 
surface pressures observed at 1000 ppm W-SP parallel 
nonpolar solubility parameters. The surface pressure of 
POE solutions in the absence of organic vapors deviates 
from this generalization, suggesting that POE retains 
its unique interaction with water molecules at the 
aqueous-air interface. The behavior of these polymers 
is compared with that of surfactant hydrophobe modified 
W-SPs of styrene/maleic acid, Na salt and urethane 
oxide types at both the aqueous-air interface and in 
latex pigmented coatings. Whereas the latter type 
polymers do not affect high surface pressures, 
rheological evidence indicates that the hydrophobes 
interact with the latex surfaces in the presence of 
surfactants, but this behavior is not observed in the 
unmodified but highly surface active W-SPs. An unusual 
temperature adsorption behavior for the 99% hydrolyzed 
PVA1 copolymer is observed at the aqueous-air interface 
which is similar to the behavior of globular proteins. 

In the early 1960s water-borne coating formulations became 
commercially significant and cellulose ethers, hydroxyethyl 
cellulose (HEC) and hydroxypropyl methyl cellulose (HPMC) became 
important commercial thickeners for such formulations. The use of 
these thickeners with small p a r t i c l e size latices did not impart 
the "good" rheological propertiesQ) of alkyd formulations. This 
led to a multitude of publications(2-6) that discussed their poor 
rheological properties ; most concluded that the phenomenon arose 
from interparticle bridging between the cellulose ether thickener 
and the small particle l a t i c e s . The lat t e r were gradually 
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replaced by larger, heterodispersed particle size latices witn 
improved rheological properties. A recent alternative 
explanationQ) for the poor rheological performance of small 
p a r t i c l e size latices thickened with cellulose ethers can be 
found in the integration of several individual research studies. 
For example theoretical(]_,&) arguments based on entropy concepts 
have predicted the phase separation of high molecular weight 
polymers and l a t i c e s , and experiments in simple, unpigmented 
systems(9-12) have supported the theory of latex flocculation in 
the presence of cellulose ethers. Higher low shear v i s c o s i t i e s 
have been reported to result from latex p a r t i c l e agglomerates(13) 
and poor rheological performance of coatings(14). 

Small p a r t i c l e latices impart better film properties than 
larger sized l a t i c e s
Young-Laplace equation(
the coatings industry for alkyd coatings rheology in a 
water-borne, small pa r t i c l e size latex formulation. Water-soluble 
polymers that contain surfactant units as part of the 
raacromolecular structure are commercially available for lubricant 
applications, and these "surfactant hydrophobe modified"(SHM) 
W-SPs appear to impart alkyd rheology to small p a r t i c l e size 
latices in water-borne paints(J_). A possible mechanism for 
improved rheology i s the adsorption of the hydrophobe segments on 
the latex p a r t i c l e with osmotic s t a b i l i z a t i o n of the small latex 
particles against flocculation, to ensure good rheological 
behavior, by the hydrated loops of the unadsorbed units of the 
SHM W-SP. The current study is part of an effort to evaluate such 
a mechanism and produce better polymeric surfactants. 

EXPERIMENTAL 

The water-soluble polymers described in this investigation 
are similar to those previuosly studied(16) at aqueous-air and 
organic interfaces, with the exception that the 89 and 99% 
hydrolyzed vinyl alcohol/vinyl acetate copolymers were obtained 
from A i r Products and the poly(methyl v i n y l ether)(PMVE) from 
Union Carbide. The surfactant hydrophobe-modified W-SPs also have 
been described^); the generic structures are i l l u s t r a t e d in 
Figure 1. Molecular weights (determined by gel permeation 
chromatography) and surface pressure behavior of some of the 
commercial W-SPs are given in Table I. The surface tensions were 
measured by pendant drop ( the long-terra studies were conducted 
in a closed c e l l containing d i s t i l l e d water) or by Wilhelmy plate 
techniques(L5). In the latte r studies (Table I) equilibrium was 
reached within 15 minutes and the f l u i d appeared to completely 
wet the plate. The measurements were recorded on a Hewlett 
Packard 7074A recorder. The limited rheological data reported 
were determined with cone and plate viscometers(BrookfieId and 
Ferranti-Shirley). 
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Ο Γ Ο Ο Ο 
R-N-C4-0-CH2CH2^0-C-N-R-N-Ci-OCH2CH2^0--C-N-R' 

' L À Η 4 Η Η 

R = C 1 2 " C 1 8 x= 90 -455 

R=C 1 2 -C , 8 ηζ 1-4 

R = c 7 ~ c 3 6 = Structures are all encompassing 

F i g u r e 1 : Chemical s t r u c t u r e of hydophobe-modified 
s t y r e n e / m a l e i c a c i d terpolymer(SMAT) and gener 
s t r u c t u r a l formula f o r h y d r o p h o b i c a l l y 
m o d i f i e d e t h o x y l a t e urethane polymers(HEUR)· 
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TABLE I 

SURFACTANT HYDROPHOBE MODIFIED W-SP* PROPERTIES 
SURFACE 

COMPOSITION TYPE M PRESSURE(mN/m) _£ 

Styrene/Maleic Acid, 
Na salt/Terpolymer 32,331 12 

Urethane Oxide, 37,051 17 
Hydrophobe Modified 

93,992 15 

Typical Surfactant 300 40 
used in Coatings 
Formulation 

a. lOOOppra 

RESULTS AND DISCUSSION 

The classic studies of Saunders(17) demonstrated that in 
the presence of excess surfactant methyl cellulose (MC) would 
desorb from monodispersed polystyrene l a t i c e s . MC i s one of the 
most surface active water-soluble polymers (W-SPs) and i t w i l l 
readily dominate the surface pressure 7Γ ("̂  = C7̂  - cr 9 where cr0 is 
the surface tens ion of water and C is the surface tens ion of the 
aqueous polymer solut ion) of the aqueous solution. For example, 
hydroxyethyl cellulose (HEC) lowers the surface tens ion of water 
much less than MC or HPMC, and when the combination of HEC and MC 
or HPMC in water is studied, there is no notable influence of HEC 
on the surface pressure (Figure 2). 

The influence of the surfactant in the modified polymers of 
Figure 1 on î (aqueous solut ions, Table I) is not overpowering. 
The surfactant 1 s influence is diminished by the amphiphilic 
oxyethylene units which l i e i n t e r f a c i a l l y f l a t at the aqueous-air 
interface. The hydrophobes are structurally similar to the 
surfactants providing s t a b i l i t y to commercial latices and should 
be capable of competing with the c l a s s i c a l surfactants at the 
latex surface, but this a b i l i t y is not reflected in W values. 
The oxyethylene units have been demonstrated(18) to provide 
osmotic s t a b i l i z a t i o n to latex p a r t i c l e s . 

It is known( Ο that when hydrophobe-modif ied W-SPs such as 
those in Figure 1 are formulated in water-borne latex coatings a 
significant time period (>48 hours) i s required to reach steady 
state v i s c o s i t i e s ; this does not happen when either MC, HPMC, HEC 
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or the polymers d i s c u s s e d below are used as t h i c k e n e r s . The 
o v e r a l l phenomenon of c o m p e t i t i v e a d s o r p t i o n and the time 
dependence of segmentally f l e x i b l e W-SPs w i t h v a r i a b l e 
h y d r o p h o b i c ! t y i s of i n t e r e s t i n our l a b o r a t o r i e s and i s i n p a r t 
examined i n t h i s a r t i c l e . 

I n p r e v i o u s s t u d i e s (1_6) methyl c e l l u l o s e (MC) and 
p o l y ( o x y e t h y l e n e ) (POE) were adsorbed a t aqueous-air and 
aqueous-organic l i q u i d i n t e r f a c e s . O r g a n i c - l i q u i d i n t e r f a c e s 
a c c e l e r a t e the attainment of e q u i l i b r i u m s u r f a c e p r e s s u r e s . At 
the aqueous-air i n t e r f a c e the a t t a i n m e n t of e q u i l i b r i u m v a l u e s 
w i t h segmentally r i g i d MC was slower than w i t h s e g m e n t a l l y 
f l e x i b l e PEO. With both polymers the presence of t r a c e amounts of 
an o r g a n i c vapor markedly i n c r e a s e s the r a t e and the f i n a l v a l u e 
a t t a i n e d . The segmentall
f e a t u r e s s e l e c t e d f o
i l l u s t r a t e d i n F i g u r e 3. 

Rate o f E q u i l i b r i u m S urface P r e s s u r e Attainment 

P r o p y l e n e o x i d e i s a s u r f a c e a c t i v e monomer s t r u c t u r a l l y 
s i m i l a r to e t h y l e n e oxide and t h e r e f o r e of i n t e r e s t as a SHM 
W-SP, but w i t h more than ten r e p e a t i n g u n i t s t h i s polymer i s not 
water s o l u b l e . A c o m p o s i t i o n a l isomer methyl v i n y l e t h e r i s water 
s o l u b l e ; the a d s o r p t i o n b e h a v i o r of t h i s polymer (PMVE) i s i l l u s 
t r a t e d i n F i g u r e 4. At 1 ppm the r a t e of 7Γ i n c r e a s e i s l i n e a r 
over three hours. The d i f f u s i o n r a t e c o u l d be c a l c u l a t e d i f the 
W-SP1 s m o l e c u l a r weight were monodispersed. The polymer s t u d i e d 
had a Gaussian m o l e c u l a r weight d i s t r i b u t i o n , which i s t r u e of 
e s s e n t i a l l y a l l W-SPs even a f t e r attempts have been made to 
f r a c t i o n a l l y a c h i e v e m o n o d i s p e r s i b i l i t y . A d e t a i l e d k i n e t i c 
a n a l y s i s of m o l e c u l a r d i f f u s i o n and r e o r i e n t a t i o n e f f e c t s w i l l 
not be undertaken u n t i l a monodispersed m o l e c u l a r weight W-SP has 
been prepared. 

At lOppm the r a t e of i n c r e a s e i n 7Γ i s r a p i d and an 
e q u i l i b r i u m v a l u e i s approached, w i t h i n e x p e r i m e n t a l e r r o r , i n 
a p p r o x i m a t e l y one hour. At 1000 and 5000 ppm e q u l i b r i u m i s 
approached almost i n s t a n t a n e o u s l y . The i n c l u s i o n of the 
hydrophobic monomers, propylene o x i d e and butylène o x i d e i n 
oxyethylene(POE) copolymers t o a c h i e v e s u r f a c e a c t i v e 
macromolecules p r o v i d e s a d s o r p t i o n b e h a v i o r ( F i g u r e 5) d i f f e r e n t 
from PMVE. At 5ppm POE/POP(7.7 mole p e r c e n t ) does not reach an 
e q u i l i b r i u m v a l u e i n n i n e hours. In PMVE the s t r u c t u r a l 
c o m p o s i t i o n i s u n i f o r m ; i n the POE/POP copolymer i t i s not. The 
dis pl ac em ent of the oxyethylene segments by the more hydrophobic 
oxypropylene segments f a c i l i t a t e s the time dependent p r o c e s s . 
A d s o r p t i o n i n h i g h l y c o i l e d c o n f i g u r a t i o n s a t h i g h e r 
c o n c e n t r a t i o n s 100 ppm ( F i g u r e 5) and 1000 ppm ( F i g u r e 6) a l s o 
f a c i l i t a t e s a time dependence not e x h i b i t e d i n PMVE. Some of the 
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igure 2 : Surface pressure(mN/m) dependence on time(hrs.) 
of aqueous cellulose ether (both M = 5 10 ) 
solutions. Ο >1000 ppm hydroxyethyl cellulose 
(HEC); Q,250ppra hydroxypropyl methyl c e l l -
ulose(HPMC); Δ ,250ppm HPMC, lOOOppm HEC. 

OH 0 
C=0 

-0H= 77,89,99% 
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(C) 

CH, CH ? 

-f-CH2-CH2-0-^ -(-CH2-CH-0fx f CHf-CH-O^ 
(d) (β) (f) 

F i g u r e 3 Chemical s t r u c t u r e s of the s y n t h e t i c polymers 
c o n s i d e r e d i n t h i s study. Polymers c, e and f 
are not water s o l u b l e . 
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TIME (hrs.) 
F i g u r e 5 : S u r f a c e pressure(mN/m) dependence on t i m e ( h r s . ) ^ 

of aqueous p o l y ( o x y e t h y l e n e ) copolymers M = 10 
w i t h propylene oxide (POEOP-7.7 mole %)Q,5ppm; 
φ ,100ppm;and butylène oxide (P0E0B-3.4 mole % ) . 
φ ,100ppm. 

TIME (hn.) 

F i g u r e 6 : S u r f a c e pressure(mN/m) dependence on t i m e ( h r s . ) o f 
0 ,ΡΟΕΟΡ and Q > P 0 E 0 B aqueous s o l u t i o n s , both 
lOOOppra. 
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l a t t e r studies also included butylène oxide (3.4 mole 
percent)/POE copolymers. 

Water-soluble vinyl acetate/vinyl alcohol copolymers also 
are not uniformly distributed along the macromolecular chain and 
exhibit a time dependent adsorption behavior (Figure 7). 
Comparison of the 10 ppm 77% hydrolyzed PVA1 copolymer data with 
the POE/POP (7.7 mole % ) , 5 ppm data reveals a slower process for 
the PVA1 copolymer. This is due to the intermolecular 
associations between the hydroxyl functions and their influence 
on the unfolding and i n t e r f a c i a l displacement process. This is a 
dramatic influence in the adsorption of the 99% hydrolyzed PVA1, 
which has been reported(19-21) to form superraolecular aggregates 
in solution. The phenomenon is not evident in the 25 C adsorption 
time dependence (Figur
percent acetate functions
is evident in the variation in adsorption behavior between the 
25 and 50 C data. Most synthetic W-SPs follow the behavior of 
the 89% hydrolyzed PVA1 copolymer (Figure 8 ) . The unusual 
temperature behavior of the 99% PVA1 has been noted in several 
globular protein studies(22^24)· 

Magnitude of Surface Pressure Attainment 

At 1000 ppm the equilibrium surface pressure approached by 
PMVE aqueous solutions (Figure 4) i s almost 32 mN/m. This is 
s i g n i f i c a n t l y in excess of the equilibrium value of POE solutions 
(9mN/m,(16). Incorporation of more hydrophobic oxypropylene and 
oxybutylene units in POE copolymers results in equilibrium values 
of approximately 32 mN/m (1000 ppm, Figure 6 ) . The latt e r values 
equal those of commercial POE/POP copolymers at high 
concentrations (up to 10 weight %) and containing high 
percentages of POP(25). In the lower (approaching the l i m i t of 
s o l u b i l i t y in water, 77%) percent hydrolysis, the vinyl 
acetate/vinyl alcohol copolymer approaches an equilibrium value 
of 30 mN/m (Figure 7). The s o l u b i l i t y parameters(26) of both the 
total and the polar, nonpolar and hydrogen bonding components 
l i s t e d in Table II provide insight into the equilibrium surface 
pressures obtained. 

The s o l u b i l i t y parameter of water is 17 or 23, depending on 
the association structure of water used in the calculation. None 
of the values l i s t e d in Table II are within two units of either 
value and by the general rules of the s o l u b i l i t y concept, none of 
the polymers in Table II should be water soluble. Homopolymers 
of monomers c, e, or f in Figure 3 are not water soluble. The 
s o l u b i l i t y values l i s t e d for the W-SPs studied do not correlate 
with the equilibrium pressures observed. A general correlation i s 
noted i f the values of the most hydrophobic segments ( i . e . , the 
oxypropyl, oxybutyl and acetate) are compared with PMVE. The 
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J ι 1 i t / y y — 1 L — J 1 L 

0 I 2 3 4 5 6 8 12 16 

TIME (hrs) 

F i g u r e 7 : S u r f a c e pressure(mN/m) dependence on time(hr|.) o f 
v i n y l a c e t a t e / v i n y l a l c o h o l copolymers(M =10 ), 
77 % hydrolyzed (PVA1). Q, lOppm; © , lOOppm; 
φ , lOOOppra; φ , 5000ppra. 
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TIME (hrs ) 

F i g u r e 8 : S u r f a c e pressure(mN/m) dependence on t i m e ( h r s . ) o f 
PVA1: open symbols 99% h y d r o l y z e d ; h a l f - f i l l e d 89% 
h y d r o l y z e d . Q ,φ,25°C; φ,φ,50°C; both lOOOppm. 
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general correlations suggest that the hydrophobic units in the 
high concentration studies adsorb to the exclusion of the more 
hydrophilic segments. The r e l a t i v e l y low equilibrium values 
observed(16) with POE, which adsorbs r e l a t i v e l y f l a t at most 
interfaces, i s the result of the proximity of the oxygen in the 
interface and the retention of i t s unique interaction(_27) with 
water. It is this interaction that effects water s o l u b i l i t y not 
achieved with the other oxyalkylene polymers, especially POM. 

Thickener-Latex Associations in Coatings Formulations 

Hydroxypropylmethyl cellulose(HPMC) i s one of the more 
surface active W-SPs; equilibrium surface pressures of 27 mN/m 
are observed at 250 ppm. The viscosity of an HPMC thickened small 
p a r t i c l e latex coating
to effect good flow an
the film dries. Differences in the flow-out behavior of 
formulations containing the W-SPs discussed above occur with 
larger median part i c l e size latices s t a b i l i z e d with a surface 
attached hydrocolloid. The variations (selectively l i s t e d in 
Table III) can be related to thickener-thickener associâtions(28). 
With small p a r t i c l e latices (lOOnm) the surface active W-SPs 
discussed in this a r t i c l e do not e f f e c t good coating flowouts. 

TABLE III 

Thickener 3 Sag Average flow-out 
rating heights (nm) 

99% PVA1 40 520 
POE 25 280 
POEOP (8%) 30 280 
HPMC 20 230 
89% PVA1 18 180 
77% PVA1 9 150 

a. An int e r i o r coatings formulation, 57 PVC,32%NNV at 
90 KU viscosity(14) was used in this study. 

A poor flowout is generally related to yield stress 
behavior. A method of assessingQ) this behavior of a coating is 
through Casson plots based on the following equation: 

0.5 0.5 0.5 I 

where, Tj and tj are the v i s c o s i t i e s at a given and i n f i n i t e 
shear rate, respectively, and IT is the shear stress. A linear 
relationship is observed (Figure 9? with most pigmented coatings ; 
the yield stress is defined by the slope of the l i n e . The data in 
Figure 9 indicate that the SHM W-SPs thickened coatings 
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F i g u r e 9 : Casson p l o t , s l o p e of l i n e r e f l e c t s y i e l d s t r e s s 
v a l u e . I n t e r i o r c o a t i n g f o r m u l a t i o n i n c l u d i n g : 
CD,HPMC; Ο ,SMAT;0,HEUR. 
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s i g n i f i c a n t l y decrease y i e l d s t r e s s v a l u e s i n s m a l l p a r t i c l e 
l a t e x f o r m u l a t i o n s . T h i s b e h a v i o r i n a d d i t i o n t o the u n i q u e l y 
h i g h e r v i s c o s i t i e s a t h i g h shear r a t e s can not be matched by the 
h i g h l y s u r f a c e a c t i v e W-SPs d i s c u s s e d above. A p r e l i m i n a r y 
c o n c l u s i o n i s t h a t the s t r u c t u r e s i n F i g u r e 1 may indeed 
a s s o c i a t e w i t h the s m a l l p a r t i c l e l a t i c e s , t h e i r i n t e r a c t i o n and 
osmotic s t a b i l i z a t i o n of the p a r t i c l e s n e g a t i n g the f o r m a t i o n of 
y i e l d s t r e s s e s . 

CONCLUSIONS 

The d i f f e r e n c e s i n time-dependent a d s o r p t i o n b e h a v i o r 
between 99% PVAC a t 25° and 50°C demonstrate the i n f l u e n c e o f 
i n t r a - and i n t e r m o l e c u l a r hydrogen bonding i n the a d s o r p t i o n 
p r o c e s s . The l i m i t i n
w a t e r - s o l u b l e polymer appear
below t h a t of commonly used s u r f a c t a n t s . The r a t e of attainm e n t 
of e q u i l i b r i u m s u r f a c e p r e s s u r e v a l u e s i s f a s t e r i f there i s 
u n i f o r m i t y of the hydrophobic segments among the r e p e a t i n g u n i t s 
of the macromolecule. 

The r e s u l t s observed above support the o b s e r v a t i o n s noted by 
Saunders(17) w i t h methyl c e l l u l o s e , i . e . , w a t e r - s o l u b l e polymers 
t h a t s i g n i f i c a n t l y lower the s u r f a c e t e n s i o n o f water do not 
i n t e r a c t w i t h the d i s p e r s e d components of a c o a t i n g s f o r m u l a t i o n 
c o n t a i n i n g excess s u r f a c t a n t s , which are s l i g h t l y more s u r f a c e 
a c t i v e than the w a t e r - s o l u b l e polymer. I n c o n t r a s t , r h e o l o g i c a l 
d a t a ( F i r s t Normal S t r e s s D i f f e r e n c e s and s t o r a g e moduli as a 
f u n c t i o n of de f o r m a t i o n r a t e (I)) suggest t h a t hydrophobica11y-
m o d i f i e d w a t e r - s o l u b l e polymers (H-M,W-SPs) i n t e r a c t w i t h the 
d i s p e r s e d components of a c o a t i n g s f o r m u l a t i o n to p r o v i d e osmotic 
s t a b i l i z a t i o n and lower the y i e l d s t r e s s ( r e f l e c t e d i n F i g u r e 14) 
v a l u e . The i n a b i l i t y of H-M,W-SPs to lower the s u r f a c e t e n s i o n 
of aqueous s o l u t i o n s suggests the a s s o c i a t i o n a r i s e s from 
c o h e s i v e i n t e r a c t i o n s between the hydrophobe of the W-SP and the 
s u r f a c t a n t s s t a b i l i z i n g the d i s p e r s e d components. Although the 
W-SPs r e p o r t e d i n t h i s study are conformâtionally and segmentally 
f l e x i b l e , the nature of the hydrophobe segments i s not such as to 
induce a co h e s i v e i n t e r a c t i o n and t h e i r p o s i t i o n as p a r t of the 
c h a i n must p l a c e s t e r i c r e s t r i c t i o n s on the i n t e r f a c i a l 
involvement of the hydrophobic segments. 

The s p e c i f i c nature of the i n t e r a c t i o n s among hydrophobes 
would suggest t h a t the a s s o c i a t i v e t h i c k e n e r s w i l l v a r y i n 
performance w i t h the d i f f e r e n t l a t i c e s and components used i n 
c o a t i n g s f o r m u l a t i o n s . T h i s has been observed (29) i n 
f o r m u l a t i o n s c o n t a i n i n g commercial products but i t has not been 
q u a n t i f i e d i n w e l l - d e f i n e d f o r m u l a t i o n s . 

The s t u d i e s i n t h i s a r t i c l e d e s c r i b e o n l y the b e g i n n i n g of 
an i n v e s t i g a t i o n i n t o an are a of s u r f a c e c h e m i s t r y t h a t w i l l 
impact on s e v e r a l t e c h n o l o g i c a l a r e a s . 
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9 
Polymer Adsorption at the Lower Critical Solution 
Temperature and Its Effect on Colloid Stability 

KUNIO FURUSAWA and YOSHIHIRO ΚIMURA—Department of Chemistry, 
The University of Tsukuba, Sakura-mura Niihari-gun, Ibaraki 305, Japan 
TORU TAGAWA—Mitsubishi Chemical Industries Ltd., Kamoshida-cho, Yokohama, 
Kanagawa 227, Japan 

Adsorption behavior and the effect on colloid 
stability of wate
critical solutio
studied using polystyrene latices plus hydroxy 
propyl cellulose(HPC). Saturated adsorption(As) 
of HPC depended significantly on the adsorption 
temperature and the As obtained at the LCST was 
1.5 times as large as the value at room temperature. 
The high As value obtained at the LCST remained 
for a long time at room temperature, and the dense 
adsorption layer formed on the latex particles 
showed strong protective action against salt and 
temperature. Furthermore, the dense adsorption 
layer of HPC on silica particles was very effective 
in the encapsulation process with polystyrene via 
emulsion polymerization in which the HPC-coated 
silica particles were used as seed. 

Among the v a r i o u s branches i n c o l l o i d and i n t e r f a c e s c i e n c e , 
polymer a d s o r p t i o n and i t s e f f e c t on the c o l l o i d s t a b i l i t y i s one 
o f t h e most c r u c i a l problems. Polymer m o l e c u l e s are i n c r e a s i n g l y 
used as s t a b i l i z e r s i n many i n d u s t r i a l p r e p a r a t i o n s , where 
s t a b i l i t y i s needed a t a h i g h d i s p e r s e d phase volume f r a c t i o n , a t 
a h i g h e l e c t r o l y t e c o n c e n t r a t i o n , as w e l l as under extreme temper
a t u r e and f l o w v e l o c i t y c o n d i t i o n s . 

U n d e r s t a n d i n g how polymer f u n c t i o n s as a s t a b i l i z e r and 
f l o c c u l a n t i s o b v i o u s l y a problem o f polymer a d s o r p t i o n and i t s 
c o n f o r m a t i o n a t t h e p a r t i c l e / l i q u i d i n t e r f a c e ( l , 2). The p r o c e s s 
o f polymer a d s o r p t i o n i s f a i r l y c o m p l i c a t e d ; t h e b e h a v i o r depends 
on many f a c t o r s , e.g., t h e na t u r e o f t h e a d s o r b e n t , t h e m o l e c u l a r 
weight o f the polymer, the tem p e r a t u r e , t h e e f f e c t o f t h e s o l v e n t , 
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e t c . Among the s e f a c t o r s , the s o l v e n c y o f t h e medium l i q u i d can 
have an i n f l u e n c e on t h e a d s o r p t i o n i n two ways (50 . One i s t h e 
e n e r g e t i c f a c t o r , i . e . , s i n c e a polymer molecule must r e p l a c e 
s o l v e n t molecules t o he adsorbed, the d i f f e r e n c e i n energy o f 
i n t e r a c t i o n between adsorbent and s o l v e n t , and adsorbent and polymer 
m o l e c u l e t w i l l be i m p o r t a n t i n d e t e r m i n i n g t h e e x t e n t o f a d s o r p t i o n . 
Another i s t h e r e l a t i v e i n t e r a c t i o n o f p o l y m e r - s o l v e n t and s o l v e n t -
s o l v e n t , which l e a d s t o the e x p e c t a t i o n t h a t a d s o r p t i o n i s b e s t 
from a poor s o l v e n t . A p a r t from e n e r g e t i c r e a s o n s , t h e t i g h t e r 
c o i l i n g o f t h e polymers i n t h e p o o r e r s o l v e n t would i n c r e a s e t h e 
amount o f polymer t h a t c o u l d f i t i n t o a g i v e n a r e a o f an adsorbent 
s u r f a c e . The r i s e i n a d s o r p t i o n i n r e v e r s e o r d e r t o s o l v e n t power 
has been c o n f i r m e d by many r e s e a r c h e r s (J+, 5.). 

A c c o r d i n g t o t h i s c o n c e p t , i t i s e x p e c t e d t h a t polymer mole
c u l e s , e s p e c i a l l y h i g h m o l e c u l a
a d s o r p t i o n a t a temperatur
w i t h t h e t h i c k ( o r dense) a d s o r p t i o n l a y e r o f polymer formed out 
of a poor s o l v e n t would show s t r o n g p r o t e c t i o n a g a i n s t f l o c c u l a t i o n . 

I n t h i s s t u d y , a d s o r p t i o n b e h a v i o r o f water s o l u b l e polymers 
and t h e i r e f f e c t on c o l l o i d s t a b i l i t y have been s t u d i e d u s i n g 
p o l y s t y r e n e l a t i c e s p l u s c e l l u l o s e d e r i v a t i v e s . As t h e aqueous 
s o l u t i o n o f hydroxy p r o p y l c e l l u l o s e ( H P C ) has a l o w e r c r i t i c a l 
s o l u t i o n t emperature(LCST), near 50 °C(6), an i n c r e a s e d a d s o r p t i o n 
and s t r o n g p r o t e c t i o n can be expected by t r e a t i n g t h e l a t i c e s w i t h 
HPC a t t h e LCST. 

A l s o , h e r e , t h e e f f e c t o f t h e a d s o r p t i o n l a y e r o f HPC on en
c a p s u l a t i o n o f s i l i c a p a r t i c l e s i n p o l y m e r i z a t i o n o f s t y r e n e i n 
t h e presence o f s i l i c a p a r t i c l e s has been i n v e s t i g a t e d . Encapsu
l a t i o n i s promoted g r e a t l y by the e x i s t e n c e o f the a d s o r p t i o n 
l a y e r on t h e s i l i c a p a r t i c l e s , and the dense a d s o r p t i o n l a y e r 
formed a t t h e LCST makes composite p o l y s t y r e n e l a t i c e s w i t h s i l i c a 
p a r t i c l e s i n t h e core(7_). T h i s type o f e x a m i n a t i o n i s e n t i r e l y 
new i n polymer a d s o r p t i o n s t u d i e s and we b e l i e v e t h a t t h i s work 
w i l l c o n t r i b u t e not o n l y t o new c o l l o i d and i n t e r f a c e s c i e n c e , but 
a l s o t o i n d u s t r i a l t e c h n o l o g y . 

E x p e r i m e n t a l 

M a t e r i a l s 
P o l y s t y r e n e l a t i c e s used as an adsorbent were p r e p a r e d by t h e 

Kotera-Furusawa-Takeda method(8j t o reduce the s p u r i o u s e f f e c t s o f 
s u r f a c e a c t i v e substances. The average diameter(D) and t h e s u r f a c e 
gharge density(σο) o f the l a t e x p a r t i c l e s were determined: D=2000 
A and σ 0 = 1.5 uC/cm 2. A s i l i c a sample was p r e p a r e d by the method 
d e s c r i b e d by S t 8 b e r e t al.(£), and was composed o f h i g h l y mono-
d i s p e r s e s p h e r i c a l p a r t i c l e s o f 1900 X i n diameter. These c o l l o i d s 
were used a f t e r d i a l y z i n g e x h a u s t i v e l y a g a i n s t d i s t i l l e d water t o 
remove the i o n i c i m p u r i t i e s . 

The c e l l u l o s e d e r i v a t i v e s used were o b t a i n e d by t h e f r a c t i o n a l 
p r e c i p i t a t i o n method w i t h the use o f e t h a n o l as s o l v e n t and n-
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heptane as a p r e c i p i t a n t a t 30 °C. The HPC, from Nippon Soda 
I n d u s t r i e s Co., Japan, and hydroxy e t h y l c e l l u l o s e ( H E C ) , from 
H e r c u l e s Co., The N e t h e r l a n d s , used i n t h i s study have a degree 
o f e t h e r s u b s t i t u t i o n o f 2 Λ and 2.5 on each monomer u n i t , 
r e s p e c t i v e l y . The m o l e c u l a r weight o f th e s e polymers was d e t e r 
mined from t h e i n t r i n s i c v i s c o s i t y - m o l e c u l a r weight r e l a t i o n s h i p . 
The v i s c o s i t y measurements were c a r r i e d out by means o f a Ubbelohde 
v i s c o m e t e r a t 25 °C i n a 0.1 Mol NaCl aqueous s o l u t i o n f o r HPC(10) 
and i n d i s t i l l e d water f o r HEC(11). The m o l e c u l a r weight d i s t r i b 
u t i o n o f HPC-samples was a l s o a n a l y z e d by t h e G e l Permeation 
Chromatography t e c h n i q u e . The measurements were c a r r i e d out w i t h 
a Toyosoda-HLC-Model-802 a t 25 °C w i t h a 0.1 Mol p o t a s s i u m b i -
phosphate b u f f e r s o l u t i o n as t h e e l u e n t . 

P o l y v i n y l a l c o h o l ( P V A ) was o b t a i n e d from t h e Kurarey Co.,Ltd. 
Japan; t h e m o l e c u l a r weigh
determined by the s u p p l i e
m o l e c u l a r weight and t h e m o l e c u l a r weight d i s t r i b u t i o n d a t a o f 
the polymer samples are shown i n Table 1. 

Table 1. M o l e c u l a r Weight C h a r a c t e r i z a t i o n o f Polymer Sample 

Sample Mw Mw/M n 

Degree o f 
h y d r o l y s i s 

Degree o f e t h e r 
substitution/monomer 

HPC-L 
HPC-M 
HPC-H 

5 .3 
30 .3 
92 .5 

χ 
χ 10^ 
χ 10k 

2 .76 
1.8u 
2.1+9 

-
2.1* 
2.1* 
2.1* 

HEC-L 
HEC-H 

1 3 . 0 
6 3 . 0 

χ 10^ 
χ 10k 

-
— 

2.5 
2.5 

PVA 8.8 χ 10k - 80 % -

The o t h e r reagents , c o m m e r c i a l l y a v a i l a b l e , were o f a n a l y t i c a l 
grade. A l l t h e s o l u t i o n s o f th e s e m a t e r i a l s were made w i t h 
d e i o n i z e d and d i s t i l l e d w a t e r , u s i n g an a l l - P y r e x a p p a r a t u s . 

Phase S e p a r a t i o n Measurements 
The measurements were c a r r i e d out w h i l e i n c r e a s i n g t h e 

temperature i n 0 .5 °C increments a t i n t e r v a l s o f 30 min., u s i n g 
an aqueous s o l u t i o n o f the polymers i n P y r e x t u b e s ( 5 ml volume). 
Each tube c o n t a i n e d a s h o r t g l a s s r o d which was used t o s t i r t h e 
s o l u t i o n ; a f t e r b e i n g f i l l e d w i t h t he polymer s o l u t i o n o f 0 .05 -
2 . 5 wt % 9 each tube was evacuated and s e a l e d . The warm up t o 70 
°C was c a r r i e d out i n a water b a t h . The c l o u d p o i n t was t a k e n 
as the temperature a t which phase s e p a r a t i o n was f i r s t n o t e d ; i t 
was compared w i t h t h e temperature a t which t h e s o l u t i o n f i r s t 
became c l e a r a g a i n w h i l e c o o l i n g . 
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A d s o r p t i o n Measurements 
The amounts or a d s o r p t i o n o f t h e polymer on l a t e x and s i l i c a 

p a r t i c l e s were measured as f o l l o w s . Three m i l l i l i t e r s o f t h e 
polymer s o l u t i o n c o n t a i n i n g a known c o n c e n t r a t i o n was i n t r o d u c e d 
i n t o an a d s o r p t i o n tube(10 ml volume) which c o n t a i n e d 2 ml o f l a t e x 
(C = h.O wt %) and s i l i c a ( C = 2.0 wt %) suspensions. A f t e r b e i n g 
r o t a t e d ( l 0 rpm) end-over-end f o r 1 h r i n a water b a t h at a c o n s t a n t 
temperature, t h e c o l l o i d p a r t i c l e s were s e p a r a t e d from the s o l u t i o n 
by c e n t r i f u g a t i o n ( 2 5 0 0 0 G, 30 min.) under a c o n t r o l l e d temperature. 
The polymer c o n c e n t r a t i o n t h a t remained i n t h e supernatant was 
measured c o l o r i m e t r i c a l l y , u s i n g s u l f u r i c a c i d and phenol f o r t h e 
c e l l u l o s e d e r i v a t i v e s ( 1 2 ) , and p o t a s s i u m i o d i d e , i o d i n e and b o r i c 
a c i d f o r PVA(13). From t h e s e measurements, the number o f m i l l i 
grams o f adsorbed polymer p e r square meter o f t h e adsorbent s u r f a c e 
was c a l c u l a t e d u s i n g a c a l i b r a t i o

F l o c c u l a t i o n Experiments 
I n g l a s s - s t o p p e r e d v i a l s ( 8 ml volume), 5 ml p o r t i o n s o f MgCl2 

s o l u t i o n o f v a r i o u s c o n c e n t r a t i o n s were t a k e n and on t o p o f t h e 
s a l t s o l u t i o n , 2 ml o f t h e s u s p e n s i o n o f polymer-coated p a r t i c l e s , 
which were p r e p a r e d by a d s o r b i n g a polymer a t a c o n t r o l l e d temper
a t u r e , were added c a r e f u l l y i n such a way t h a t a sharp boundary 
between t h e d i s p e r s i o n and t h e s a l t s o l u t i o n was formed. A f t e r 
b e i n g r o t a t e d e n d - o v e r - e n d(l0 rpm) f o r 2 h r s , t h e sample was l e f t 
t o s t a n d f o r 10 h r s i n o r d e r t o a l l o w the f l o c c u l a t e d p a r t i c l e s t o 
s e t t l e . Then, t h e e x t i n c t i o n o f t h e s u p e r n a t a n t was measured u s i n g 
a J a s c o D i g i t a l Spectrophotometer(Uvidec-UlO) a t a wavelength o f 
550 nm. The c r i t i c a l f l o c c u l a t i o n c one e nt r a t i on(CFC) was d e f i n e d 
as t h e s a l t c o n c e n t r a t i o n a t which t h e absorbance o f t h e super
n a t a n t was reduced t o 50 % o f t h e o r i g i n a l . The i o n i c s t r e n g t h 
was v a r i e d u s i n g MgCl2, w h i l e a l l t h e experiments were c a r r i e d out 
at a c o n s t a n t temperature o f 25 °C. 

As another c r i t e r i o n o f s t a b i l i t y , a c r i t i c a l f l o c c u l a t i o n 
temperature(CFT) was measured. The measurement o f CFT was c a r r i e d 
out as f o l l o w s : t h e bare l a t e x s u s p e n s i o n was mixed w i t h the polymer 
s o l u t i o n o f v a r i o u s c o n c e n t r a t i o n s a t kQ °C by t h e same procedure 
as i n t h e a d s o r p t i o n experiments. Then, the m i x t u r e i n a P y r e x 
t u b e ( 8 m l , U.O wt %) was warmed s l o w l y i n a water b a t h and t h e 
c r i t i c a l temperature a t which t h e d i s p e r s i o n becomes suddenly 
c l o u d y was measured w i t h t h e naked eye. 

P o l y m e r i ζation i n t h e Presence o f S i l i c a P a r t i c l e s 
R a d i c a l p o l y m e r i ζ at i o n o f s t y r e n e was c a r r i e d out i n t h e 

presence o f bare s i l i c a p a r t i c l e s , and o f t h e HPC-coated s i l i c a 
p a r t i c l e s i n water by u s i n g p o t a s s i u m p e r s u l f a t e as an i n i t i a t o r . 
T a b le 2 g i v e s t h e t y p i c a l i n g r e d i e n t s used f o r these p o l y m e r i z a 
t i o n s . The HPC-coated s i l i c a p a r t i c l e s were p r e p a r e d under the 
same c o n d i t i o n s as i n the a d s o r p t i o n experiments. The p o l y m e r i z a 
t i o n temperature was k e p t a t 1+5 °C t o p r o t e c t t h e a d s o r p t i o n l a y e r 
o f HPC, and p o l y m e r i z e d f o r 2k h r s i n t h e same manner as t h a t 
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Table 2 . T y p i c a l I n g r e d i e n t s used f o r P o l y m e r i z a t i o n o f St y r e n e 
i n t h e Presence o f S i l i c a p a r t i c l e s 

Samples Bare s i l i c a 
p a r t i c l e s ( w t %) 

HPC-coated s i l i c a 
p a r t i c l e s ( w t %) 

Sty r e n e 
( m o l / l ) 

K 2 S 2 O 8 
( m o l / l ) 

HPL(-) 0 . 2 0 . 8 3 3 . 5 x 1 0 - 3 
HPL(HPC) - O . I 8 5 0 . 8 3 3 . 5 x l 0 " 3 

SL - - 0 . 8 3 3 . 5 x 1 0 " 3 

P o l y m e r i z a t i o n temperature: U5 °C; P o l y m e r i z a t i o n t i m e : 2k h r s 

d e s c r i b e d p r e v i o u s l y ( J ) · The degree o f e n c a p s u l a t i o n o f t h e s e 
p a r t i c l e s was examined by comparing the e l e c t r o n micrograph o f t h e 
produced p a r t i c l e s and b  a n a l y z i n g t h e m o l e c u l a  weight d i s t r i b u
t i o n o f t h e l a t e x polymer

R e s u l t s and D i s c u s s i o n 

Phase Diagram o f Polymer-water Systems 
The phase diagrams which were o b t a i n e d f o r t h e aqueous s o l u t i o n s 

o f HPC and PVA samples a r e shown i n F i g . l . ( i n t h e case o f t h e 
HEC sample, t h e c l o u d p o i n t was not found i n t h e temperature range 
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examined). A l l the systems show a l o w e r c r i t i c a l s o l u t i o n temper
a t u r e (LCST) i n the 35 - 55 °C range, t h a t i s , t h e phase s e p a r a t i o n 
occurs a t a d e f i n i t e temperature on warming, and the systems become 
homogeneous a g a i n on c o o l i n g . I t appears t h a t t h e LCST i s i n f l u 
enced e x t e n s i v e l y b o t h by t h e polymer c o n c e n t r a t i o n , and by i t s 
m o l e c u l a r w e i g h t , i . e . , t h e LCST becomes l o w e r b o t h by an i n c r e a s e 
i n t h e c o n c e n t r a t i o n and i n the m o l e c u l a r weight o f t h e polymer. 
These phenomena may be e x p l a i n e d by t h e concept o f t h e F l o r y ^ S c h u l z 
theory ( i k ) f o r t h e c r i t i c a l s o l u t i o n phenomenon. 

A d s o r p t i o n B e h a v i o r 
F i g u r e 2 shows a d s o r p t i o n i s o t h e r m s o f HPC, HEC and PVA p o l y 

mers on t h e l a t i c e s a t a temperature o f k& °C. I t i s e v i d e n t t h a t 
t h e i s o t h e r m f o r HPC i s o f t h e h i g h a f f i n i t y t y p e , w i t h a w e l l -
d e f i n e d p l a t e a u . W h i l e
a f f i n i t y , t h e i r p l a t e a u
o v e r a wide range. The temperature dependence o f t h e s a t u r a t e d 
a d s o r p t i o n ( A s ) o f t h e s e polymers i s shown i n F i g s . 3 and k f o r t h e 
p o l y s t y r e n e l a t e x p a r t i c l e s , and i n F i g . 5 f o r t h e s i l i c a p a r t i c l e s . 
The temperature dependence f o r t h e H P C - l a t e x systems i s shown i n 
F i g . 3 f o r t h r e e m o l e c u l a r w e i g h t s . A f t e r a c o n s t a n t v a l u e , t h e r e 
i s a sharp i n c r e a s e i n t h e As v a l u e s f o r b o t h HPC and PVA. The 
temperature dependence o f the As i s e s p e c i a l l y remarkable i n t h e 
HPC sample w i t h a h i g h m o l e c u l a r w e i g h t , where t h e As o f o f HPC-H 
a t U8 °C i s 1.5 t i m e s as l a r g e as t h e v a l u e a t 30 °C. W i t h the 
H E C-latex systems, however, no d e f i n i t e temperature t r e n d c o u l d 
be d e t e c t e d . Moreover, i t seems t h a t t h e r e i s a s l i g h t decrease 
i n t h e As v s . temperature curve f o r HEC a d s o r p t i o n on t h e s i l i c a 
p a r t i c l e s . From a comparison w i t h the phase diagram shown i n F i g . 1 , 
i t i s e v i d e n t t h a t the t r e n d s i n t h e As seen i n F i g s .3 - 5 are based on 
t h e s o l v e n c y o f t h e medium, i . e . r e d u c t i o n i n t h e s o l v e n c y l e a d s 
t o an i n c r e a s e d a d s o r p t i o n a t t h e s o l i d / w a t e r i n t e r f a c e . Furthermore, 
i t appears t h a t the temperature dependence o f t h e As i s a l s o i n f l u 
enced by t h e a d s o r b e n t , i . e . t h e dependence i s more e x t e n s i v e i n 
the p o l y m e r - s i l i e a p a r t i c l e system than i n t h e p o l y m e r - l a t e x 
p a r t i c l e system. T h i s i n d i c a t e s t h a t some e n e r g e t i c f a c t o r s (hydro
p h o b i c i n t e r a c t i o n , e l e c t r o s t a t i c i n t e r a c t i o n , e t c . , ) are a l s o p l a y i n g 
a r o l e t o some e x t e n t i n d e t e r m i n i n g t h e a d s o r p t i o n amounts. 

I t i s g e n e r a l l y a c c e p t e d t h a t t h e t ime r e q u i r e d f o r d e s o r p t i o n 
o f adsorbed polymer i s v e r y l o n g , and t h i s p r o c e s s seems t o appear 
t o be i r r e v e r s i b l e ( 1 5 ) . A c c o r d i n g l y , i t i s e x p e c t e d t h a t t h e h i g h 
a d s o r p t i o n v a l u e s w h ich appeared near the LCST may be h e l d f o r a 
l o n g t ime under d i f f e r e n t temperature c o n d i t i o n s . I n T a b l e 3, 
e x p e r i m e n t a l r e s u l t s f o r i r r e v e r s i b i l i t y o f a d s o r p t i o n i n t h e HPC-
l a t e x systems are shown. A f t e r t h e HPC samples and t h e l a t e x 
p a r t i c l e s were mixed f o r 2 h r s a t U8 °C under the same c o n d i t i o n 
as i n t h e case o f t h e a d s o r p t i o n p r o c e s s , one p o r t i o n o f one o f 
the samples was s e p a r a t e d i m m e d i a t e l y by c e n t r i f u g a t i o n a t kB °C. 
The o t h e r h a l f p o r t i o n o f t h e HPC-coated l a t e x s u s p e n s i o n was kept 
a t room temperature f o r k& h r s and t h e n c e n t r i f u g e d a t 6 °C. As 
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F i g u r e 2. A d s o r p t i o n i s o t herms o f HPC-M, HEC-H and PVA onto 
p o l y s t y r e n e l a t e x p a r t i c l e s a t UQ °C. 

ΐ 1 1 ι ι ΐ-
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Adsorption temperature C O 

F i g u r e 3. Temperature dependences o f s a t u r a t e d a d s o r p t i o n 
(As) o f HPC onto p o l y s t y r e n e l a t e x p a r t i c l e s . 
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F i g u r e k. Temperature dependences o f s a t u r a t e d a d s o r p t i o n 
(As) o f HEC and PVA onto p o l y s t y r e n e l a t e x p a r t i c l e s . 
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F i g u r e 5· Temperature dependences o f s a t u r a t e d a d s o r p t i o n 
(As) o f HPC-M and HEC-H onto s i l i c a p a r t i c l e s . 
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Tab l e 3 . I r r e v e r s i b i l i t y o f A d s o r p t i o n L a y e r o f HPC on 
P o l y s t y r e n e L a t i c e s * 

Samples C o o l i n g 
c o n d i t i o n s 

S e p a r a t i o n 
temperature(°C) 

Amount o f HPC 
adsorbed(mg/m^) 

HPC-M 
HPC-M 
HPC-L 
HPC-L 

M°Q - PO?C 
( g r a d u a l l y ) 

( g r a d u a l .Suâlîy ) ̂  

1*8 

6 

kB 
6 

1 .66 

1 . 6 3 

1.36 

1 .38 

^ ^adsorbed a t kQ °C i n 0 . 0 7 wt % HPC s o l u t i o n . 
may be seen i n Table 3 , t h e amount adsorbed f o r b o t h samples i s 
i n c l o s e agreement. Furthermore
a d s o r p t i o n was a l s o c o n f i r m e
However, the i r r e v e r s i b i l i t y i n t h e a d s o r p t i o n o f HEC and PVA 
polymers i s n o t so complete as i n t h e case o f HPC a d s o r p t i o n . 
Such d i f f e r e n t b e h a v i o r i n i r r e v e r s i b i l i t y o f a d s o r p t i o n may be 
e x p l a i n e d by t h e i n f l u e n c e o f t h e s u b s t r a t e on t h e a d s o r p t i o n 
a f f i n i t y and the s t r u c t u r e o f t h e adsorbed polymer l a y e r . 

I n c o n c l u s i o n i t can be s t a t e d t h a t t h e h i g h v a l u e o f t h e As 
o f HPC o b t a i n e d a t t h e LCST has been m a i n t a i n e d f o r a l o n g time a t 
room temperature. 

F l o c c u l a t i o n B e h a v i o r a g a i n s t E l e c t r o l y t e 
The s t a b i l i t y o f polymer-coated p a r t i c l e s and t h e c o n f o r m a t i o n 

o f the adsorbed polymer a r e c l o s e l y r e l a t e d ( l 7 , 1 8 ). I n t h i s 
s e n s e , t h e study o f t h e s t a b i l i t y o f polymer-coated p a r t i c l e s i s 
i n s t r u c t i v e w i t h r e g a r d t o t h e co n f o r m a t i o n o f the adsorbed polymer. 
I n F i g . 6 , t h e dependence o f the CFC o f MgCl2 on the polymer dosage 
i s g i v e n f o r t h r e e HPC-coated l a t e x s u s p e n s i o n s . F o r a l l systems, 
an i n i t i a l decrease o f t h e CFC i s observed and a f t e r s t a y i n g f o r 
a l o n g t i m e a t an ex t r e m e l y low v a l u e , t h e CFC i n c r e a s e s s t r o n g l y 
a g a i n beyond a c r i t i c a l polymer dosage. T h i s i s an i n d i c a t i o n 
t h a t the f l o c c u l a t i o n e f f e c t o f adsorbed polymer changes o v e r t o 
p r o t e c t i o n a g a i n s t s a l t . As may be seen, t h e p r o t e c t i o n i n t h i s 
system i s enormously s t r o n g and i s dependent t o some e x t e n t on t h e 
m o l e c u l a r weight o f t h e adsorbed polymer, i . e . t h e CFC i n c r e a s e s 
w i t h i n c r e a s e i n t h e m o l e c u l a r weight from low t o medium, which 
i s i n accordance w i t h t h e b e t t e r p r o t e c t i v e power and the h i g h As 
v a l u e s observed w i t h an i n c r e a s e i n t h e m o l e c u l a r w e i g h t ( s e e F i g . 
3 ) . 

I n F i g . 7 , t h e e f f e c t o f t h e a d s o r p t i o n temperature o f HPC i n 
p r e p a r i n g t h e polymer-coated l a t i c e s on t h e f l o c c u l a t i o n b e h a v i o r 
o f the system i s demonstrated. I t was found t h a t b o t h systems 
show almost t h e same b e h a v i o r i n f l o c c u l a t i o n , but e v i n c e a f a i r l y 
d i f f e r e n t b e h a v i o r i n p r o t e c t i o n . The HPC-coated l a t e x s u s p e n s i o n 
t r e a t e d a t room temperature f l o c c u l a t e d i n a 1.2 Mol MgCl2 aqueous 
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F i g u r e 6. R e l a t i o n s h i p between c r i t i c a l f l o c c u l a t i o n 
c o n c e n t r a t i o n ( C F C ) and c o n c e n t r a t i o n o f HPC f o r HPC-latex 
systems. 
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F i g u r e 7· R e l a t i o n s h i p between c r i t i c a l f l o c c u l a t i o n 
c o n c e n t r a t i o n ( C F C ) and c o n c e n t r a t i o n o f HPC-M f o r HPC-latex 
systems. 
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s o l u t i o n . On t h e o t h e r hand , t h e s u s p e n s i o n t r e a t e d a t t h e LCST 
(k& °C) d i s p l a y e d a s t r o n g p r o t e c t i o n power and t h e l a t e x p a r t i c l e s 
r e s i s t e d d i r e c t c o n t a c t even i n a 5 M o l MgClg aqueous s o l u t i o n . 

F l o c c u l a t i o n B e h a v i o r a g a i n s t Temperature 
One o f t h e c h a r a c t e r i s t i c f e a t u r e s o f s t e r i c a l l y s t a b i l i z e d 

d i s p e r s i o n s i s t he t empera tu re dependence o f s t a b i l i t y ( l 8 , 1 9 ) . 
F i g . 8 shows t h e CFT as a f u n c t i o n o f HPC c o n c e n t r a t i o n f o r a f i x e d 
c o n c e n t r a t i o n o f t he l a t e x p a r t i c l e s ( C = h wt %) . I t was apparen t 
t h a t a t a medium p o l y m e r c o n c e n t r a t i o n , t h e sys t em f l o c c u l a t e s a t 
a l o w e r t empera tu re t h a n t h e LCST. T h i s means t h a t t h e sys tem was 
f l o c c u l a t e d w i t h a po lymer s o l u t i o n i n a s o l v e n t b e t t e r t h a n t h e 
t h e t a - s o l v e n t . T h i s f l o c c u l a t i o n may be due t o a b r i d g i n g mecha
n i s m , because t h e CFT t h a t was o b s e r v e d i n t h i s r e g i o n was 
i n f l u e n c e d g r e a t l y by t h
a d d i t i o n o f e l e c t r o l y t e
o f c l o s e s t approach between p a r t i c l e s t o about t w i c e t h e adsorbed 
po lymer l a y e r t h i c k n e s s , and o n l y t h e n does po lymer b r i d g i n g 
between the two p a r t i c l e s become p o s s i b l e . On the o t h e r hand , 
o v e r t h e range o f h i g h e r c o n c e n t r a t i o n s o f HPC the CFT i n c r e a s e d 
s t e e p l y and g r e a t l y exceeded t h e LCST o f t h e po lymer s o l u t i o n and 
approached 100 ° C . T h i s p resumably was a s s o c i a t e d w i t h t h e comple 
t i o n o f a s a t u r a t e d adso rbed l a y e r on the s u r f a c e . These h i g h CFT 
v a l u e s i n d i c a t e t h a t HPC m o l e c u l e s a r e a d s o r b i n g i n a dense l a y e r 
b u i l t up by m u l t i - p o i n t a n c h o r i n g o f t h e m o l e c u l e ( 2 0 ) . Such a 
dense adso rbed l a y e r o f HPC was i n f e r r e d f rom a d i r e c t measurement 
o f t h e l a y e r t h i c k n e s s by u s i n g u l t r a c e n t r i f u g e a n a l y s i s ( 2 1 ) . 

As a r e s u l t , i t was r e a l i z e d t h a t t h e dense s t r u c t u r e o f an 
adso rbed po lymer l a y e r i s r e l a t e d t o h i g h i r r e v e r s i b i l i t y o f HPC 
a d s o r p t i o n and s t r o n g p r o t e c t i o n power . 

E n c a p s u l a t i o n o f H P C - c o a t e d S i l i c a P a r t i c l e s 
I t was apparen t t h a t t h e dense a d s o r p t i o n l a y e r o f HPC w h i c h 

was formed on t h e s i l i c a p a r t i c l e s a t t h e LCST p l a y s a p a r t i n t he 
p r e p a r a t i o n o f new compos i t e po lymer l a t i c e s , i . e . p o l y s t y r e n e 
l a t i c e s w i t h s i l i c a p a r t i c l e s i n t h e c o r e . F i g u r e s 10 and 11 show 
t h e e l e c t r o n m i c r o g r a p h s o f t h e f i n a l s i l i c a - p o l y s t y r e n e compos i t e 
w h i c h r e s u l t e d f rom seeded e m u l s i o n p o l y m e r i z a t i o n u s i n g as seed 
ba re s i l i c a p a r t i c l e s , and H P C - c o a t e d s i l i c a p a r t i c l e s , r e s p e c t i v e l y . 
As may be seen f rom F i g . 1 0 , when t h e ba re p a r t i c l e s o f s i l i c a were 
u sed i n t h e seeded e m u l s i o n p o l y m e r i z a t i o n , t h e r e was no t endency 
f o r e n c a p s u l a t i o n o f s i l i c a p a r t i c l e s , and i n d e e d new p o l y m e r 
p a r t i c l e s were formed i n the aqueous p h a s e . On t h e o t h e r h a n d , 
e n c a p s u l a t i o n o f t h e seed p a r t i c l e s p roceeded p r e f e r e n t i a l l y when 
t h e H P C - c o a t e d s i l i c a p a r t i c l e s were u s e d as t h e seed and f a i r l y 
monod i spe r se compos i t e l a t i c e s i n c l u d i n g s i l i c a p a r t i c l e s were 
g e n e r a t e d . T h i s i n d i c a t e d t h a t t h e dense a d s o r p t i o n l a y e r o f HPC 
formed a t t h e LCST p l a y s a r o l e as a b i n d e r between t h e s i l i c a 
s u r f a c e and t h e s t y r e n e m o l e c u l e s . 
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Cone, of HPC (wt7.) 

F i g u r e 8. R e l a t i o n s h i p between c r i t i c a l f l o c c u l a t i o n 
temperature(CFT) and c o n c e n t r a t i o n o f HPC f o r p o l y s t y r e n e 
l a t e x . 
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F i g u r e 9. R e l a t i o n s h i p between c r i t i c a l f l o c c u l a t i o n 
temperature(CFT) and c o n c e n t r a t i o n o f HPC-M f o r p o l y s t y r e n e 
l a t e x . 
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F i g u r e 10. E l e c t r o n m i c r ograph o f composite s i l i c a - p o l y s t y r e n e 
l a t e x s ystem,SPL(-), p r e p a r e d by u s i n g bare s i l i c a p a r t i c l e s 
as t he seed. 

F i g u r e 11. E l e c t r o n m i c r o g r a p h o f composite s i l i c a - p o l y s t y r e n e 
l a t e x system, SPL(HPC), p r e p a r e d by u s i n g HPC-coated s i l i c a 
p a r t i c l e s as the seed. 
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The c o n t r i b u t i o n o f t h e adso rbed HPC l a y e r t o t he e n c a p s u l a 
t i o n was a l s o i l l u s t r a t e d by GPC a n a l y s i s f o r t h e l a t e x p o l y m e r . 
The chromatogram o f t he po lymer s e p a r a t e d from t h e H P C - c o a t e d 
s i l i c a l a t e x sys t em i s shown i n F i g . 1 2 . The chromatogram i s composed 
o f two s e p a r a t e d b r o a d peaks (A and Β ) , w h i c h i n d i c a t e t h a t the sample 
compr i se s two t y p e s o f m o l e c u l e s s y n t h e s i z e d under d i f f e r e n t c o n 
d i t i o n s . The l a t e x p r e p a r e d under s i m i l a r p o l y m e r i z a t i o n c o n d i 
t i o n s , bu t i n t h e absence o f s i l i c a p a r t i c l e s , g i v e s a s i n g l e 
m o l e c u l a r w e i g h t peak s i t u a t e d i n t h e range o f t h e peak B(see F i g . 
1 3 ) . T h u s , t h e peak Β i n t he s i l i c a - l a t e x compos i t e seems t o 
c o r r e s p o n d t o t h e i s o l a t e d l a t e x p a r t i c l e s formed by i n i t i a t i o n i n 
t h e aqueous p h a s e . On t h e o t h e r h a n d , t h e h i g h e r m o l e c u l a r w e i g h t 
peak A w o u l d c o r r e s p o n d t o e n c a p s u l a t i n g po lymer m o l e c u l e s formed 
by p o l y m e r i z a t i o n i n t h e l a y e r s u r r o u n d i n g the s o l i d s u r f a c e , o r 
p e r h a p s , t he p r o d u c t o f
adso rbed HPC. 

A l l t h e s e r e s u l t s i n d i c a t e t h a t t h e dense a d s o r p t i o n l a y e r o f 
HPC formed on s i l i c a p a r t i c l e s a t t h e LCST p l a y s a v e r y i m p o r t a n t 
r o l e i n t h e a r e a o f p a r t i c l e e n c a p s u l a t i o n . 

I • 1 ι 
«Σ4 105 D 6 t? 

Mw 

F i g u r e 1 2 . G e l p e r m e a t i o n chromatogram o f l a t e x po lymer 
s e p a r a t e d f rom compos i t e s i l i c a - p o l y s t y r e n e l a t e x s y s t e m , 
S P L ( H P C ) . 
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χ 
-8 
C 

0.4 h 

25 
b 

i o 5 # tP 

F i g u r e 13. G e l permeatio
( P L ) , p r e p a r e d by e m u l s i f i e r - f r e e e m u l s i o n p o l y m e r i z a t i o n 
a t 1+5 °C(in t h e absence o f s i l i c a p a r t i c l e s ) . 
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10 
Segment Density Profiles of Adsorbed Polymers 

T. COSGROVE, B. VINCENT, and T. L. CROWLEY— University of Bristol, Cantock's 
Close, Bristol BS8 1TS, England 
M. A. COHEN STUART- Laboratory for Physical and Colloid Chemistry, Agricultural 
University, De Dreijen 6, 6703 BC Wageningen, The Netherlands 

Segment density profiles and hydrodynamic thickness 
measurements have been made for a series of poly
ethylene oxides of molecular weights from 25K to 1.3M 
adsorbed on polystyren
of the adsorption
the hydrodynamic thickness occurs at the extremity of 
the density profile. Comparison with a theoretical 
model based on solvent flow through a porous layer 
shows that, although the density profile and the 
hydrodynamic thickness results are consistent, the 
experimental profile is not sensitive enough to 
detect the low concentration of segments in tails at 
large distances from the interface. This is confirmed 
by further theoretical calculations based on the 
Scheutjens and Fleer lattice model for an adsorbed 
polymer. 

S e v e r a l e x p e r i m e n t a l parameters have been used t o d e s c r i b e the 
co n f o r m a t i o n of a polymer adsorbed a t the s o l i d - s o l u t i o n 
i n t e r f a c e ; these i n c l u d e the t h i c k n e s s of the adsorbed l a y e r 
(photon c o r r e l a t i o n spectroscopy(J_) ( p . c . s . ) , s m a l l angle n e u t r o n 
s c a t t e r i n g (2) ( s . a . n . s . ) , e l l i p s o m e t r y (3) and f o r c e - d i s t a n c e 
measurements between adsorbed l a y e r s (4), and the s u r f a c e bound 
f r a c t i o n ( e . s . r . ( 5 ) , n.m.r. ( 6 ) , c a l o r i m e t r y (7) and i . r . ( 8 ) ) . 
However, i t i s v e r y d i f f i c u l t to d e s c r i b e the adsorbed l a y e r w i t h 
a s i n g l e parameter and i d e a l l y the segment d e n s i t y p r o f i l e of the 
adsorbed c h a i n i s r e q u i r e d . R e c e n t l y s.a.n.s. (9) has been used 
to o b t a i n segment d e n s i t y p r o f i l e s f o r p o l y e t h y l e n e o x i d e (PEO) 
and p a r t i a l l y h y d r o l y s e d p o l y v i n y l a l c o h o l adsorbed on p o l y s t y r e n e 
l a t e x . F or PEO, two types o f system were examined: one where the 
ch a i n s were t e r m i n a l l y - a n c h o r e d and the o t h e r where the polymer 
was p h y s i c a l l y adsorbed from s o l u t i o n . The p r o f i l e s f o r these two 

0097-6156/84/0240-0147S06.00/0 
© 1984 American Chemical Society 
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cases were markedly d i f f e r e n t . The former gave a d e n s i t y p r o f i l e 
w i t h a pronounced maximum and the l a t t e r a m o n o t o n i c a l l y 
d e c r e a s i n g p r o f i l e . These two cases correspond r e s p e c t i v e l y to a 
system c o n s i s t i n g of s h o r t t a i l s and a system o f l o o p s , t r a i n s and 
t a i l s . The PVA system gave p r o f i l e s s i m i l a r q u a l i t a t i v e l y t o the 
p h y s i c a l l y adsorbed PEO. I n a l l the c a s e s , however, the 
e x p e r i m e n t a l p r o f i l e s f e l l somewhat s h o r t of the hydrodynamic 
t h i c k n e s s o b t a i n e d by p . c . s . T h i s suggested t h a t the hydrodynamic 
t h i c k n e s s i s determined by the t a i l s o f the d e n s i t y d i s t r i b u t i o n 
and t h a t s.a.n.s. may not be s e n s i t i v e enough t o p i c k up the 
complete d e n s i t y p r o f i l e a t the p e r i p h e r y of the adsorbed l a y e r . 

In t h i s paper we p r e s e n t r e s u l t s f o r a s e r i e s of PEO 
f r a c t i o n s p h y s i c a l l y adsorbed on p e r - d e u t e r o p o l y s t y r e n e l a t e x 
(PSL) i n the ' p l a t e a u 1 r e g i o n o f the a d s o r p t i o n i s o t h e r m . Hydro-
dynamic and a d s o r p t i o n measurement
system. U s i n g a porou
S t u a r t (10) we have c a l c u l a t e d the hydrodynamic t h i c k n e s s of these 
adsorbed polymers d i r e c t l y from the e x p e r i m e n t a l d e n s i t y p r o f i l e s . 
The r e s u l t s a r e then compared w i t h model c a l c u l a t i o n s based on 
d e n s i t y p r o f i l e s o b t a i n e d from the Scheutjens and F l e e r (SF) l a y e r 
model of polymer a d s o r p t i o n (11). 

T h e o r e t i c a l C a l c u l a t i o n s 

The segment d e n s i t y p r o f i l e o b t a i n e d by s.a.n.s. i s n o r m a l i z e d i n 
the form, 

#00 
p ( z ) d z = 1 (1 ) 

ο 

The p h y s i c a l s i g n i f i c a n c e o f the e x p e r i m e n t a l p r o f i l e i s t h a t 
i t i s the p r o b a b i l i t y t h a t a segment o f an adsorbed polymer c h a i n 
i s a t a d i s t a n c e ζ from the i n t e r f a c e . I n o r d e r to f i n d the 
volume f r a c t i o n φ(ζ) a t a d i s t a n c e ζ from the i n t e r f a c e we r e q u i r e 
the mass/unit a r e a Γ and the p a r t i a l molar volume of the polymer 
v (12) , where φ(ζ) i s g i v e n by 

φ(ζ) = Γνρ(ζ) (2) 

For the c a l c u l a t i o n of the hydrodynamic t h i c k n e s s we d i v i d e 
the p r o f i l e a r t i f i c i a l l y i n t o elementary l a y e r s , the r e s u l t b e i n g 
independent o f the d i v i s i o n chosen p r o v i d e d i t i s s u f f i c i e n t l y 
f i n e . The s.a.n.s. data i s o b t a i n e d as a f u n c t i o n of Q, the wave 
v e c t o r (4π/λ s i n ( 6 / 2 ) , where λ i s the neutron wavelength and θ the 
s c a t t e r i n g a n g l e . The Q r e s o l u t i o n corresponds i n r e a l space to a 
f r a c t i o n of a bond l e n g t h which i s s m a l l enough f o r d e f i n i n g an 
elementary l a y e r . 
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F o l l o w i n g Cohen S t u a r t (10) we choose a s e m i - e m p i r i c a l 
continuous f u n c t i o n to r e l a t e the hydrodynamic p e r m e a b i l i t y , k, t o 
the volume f r a c t i o n 

k = α(ΐ - φ)/φ (3) 

where a i s an e x p e r i m e n t a l l y determined c o n s t a n t from sediment
a t i o n experiments, k i s r e l a t e d to the s e d i m e n t a t i o n c o e f f i c i e n t 
s o f the polymer by (10) 

c ( i - v77v ) 
1 ο 

(4) 

where η i s the s o l v e n t v i s c o s i t y
V£ and V Q the p a r t i a l s p e c i f i
r e s p e c t i v e l y . Hence u s i n g the equations developed i n (10) we can 
c a l c u l a t e the hydrodynamic t h i c k n e s s d i r e c t l y from the experimental 
d e n s i t y p r o f i l e . 

E x p e r i m e n t a l 

The s.a.n.s. experiments were c a r r i e d out u s i n g the D17 camera a t 
the I.L.L., Grenoble. Data were c o l l e c t e d a t two wavelengths, 0.8 
and 1.4 nm a t a sample to d e t e c t o r d i s t a n c e o f 1.8 m. The ov e r 
l a p p i n g s p e c t r a were combined to g i v e a s u f f i c i e n t l y wide Q range 
to enable the dat a to be n u m e r i c a l l y i n v e r t e d t o o b t a i n the 
d e n s i t y d i s t r i b u t i o n s . The l a t e x d i s p e r s i o n s were prepared a t a 
s o l i d s c o n c e n t r a t i o n o f 4% and polymer s o l u t i o n c o n c e n t r a t i o n s 
between 200 and 300 ppm. 

The s e d i m e n t a t i o n experiments were c a r r i e d out u s i n g an u l t r a -
c e n t r i f u g e . 

The p.c.s. measurements were c a r r i e d out u s i n g a Ma l v e r n 
m u l t i b i t c o r r e l a t o r and spectrometer t o g e t h e r w i t h a mode 
s t a b i l i z e d Coherent K r y p t o n - i o n l a s e r . The r e s u l t i n g time 
c o r r e l a t i o n f u n c t i o n s were a n a l y s e d u s i n g a n o n - l i n e a r l e a s t 
squares procedure on a PDP11 computer. The l a t e x d i s p e r s i o n s were 
f i r s t d i l u t e d to a p p r o x i m a t e l y 0.02% s o l i d s a f t e r which polymer 
s o l u t i o n o f the r e q u i r e d c o n c e n t r a t i o n was added. 

The samples o f the 96% d e u t e r a t e d l a t e x were prepared by a 
sta n d a r d s u r f a c t a n t - f r e e procedure which i s d e s c r i b e d f u l l y e l s e 
where (13). The narrow d i s t r i b u t i o n f r a c t i o n s of PEO were 
o b t a i n e d from Polymer Labs (Shawbury) and were manufactured by the 
Toya Soda Co. The d e t a i l s o f these samples are g i v e n i n T a b l e I . 

R e s u l t s 

Table I g i v e s d e t a i l s of the adsorbed amounts f o r the s i x polymer 
f r a c t i o n s o b t a i n e d a t an e q u i l i b r i u m c o n c e n t r a t i o n o f 2000 ppm. 
Based on the f u l l a d s o r p t i o n i s o t h e r m (2) these v a l u e s correspond 
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Table I . E x p e r i m e n t a
PS

MwÎ(xl0" 3) 2Rg*V nm 6u/nm p.c.s. ό /run s.a.n.s. 
Η 

Trng/m^ 

25 12.7 5.8 ± 1.5 2.3 0.56 ± 0.5 
40 17.5 12.0 ± 3.0 2.8 0.68 ± 0.5 
73 23.7 17.3 ± 5.0 5.7 0.89 ± 0.5 

150 40.4 28.9 ± 3.0 7.8 0.99 ± 0.5 
280 56.9 53.0 ± 3.0 12.3 1.21 ± 0.5 
660 91 .4 95.2 ±10.0 15.1 1 .42 ± 0.5 
1290 156.4 160.0 ±10.0 - 1 .74 ± 0.5t 

τ maximum p o l y d i s p e r s i t y 1.14 
t e s t i m a t e d 
* measured a t a s o l u t i o n c o n c e n t r a t i o n of 2000 ppm a t 25 C 
£ i n t e r p o l a t e d u s i n g the r e s u l t s of Cabane et a l . J . Physique 

(1982), 43, 1579. 
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to a d s o r p t i o n i n the ' p l a t e a u 1 r e g i o n . The hydrodynamic t h i c k 
nesses and 2Rg (Rg r a d i u s o f g y r a t i o n o f the f r e e c o i l s i n solution) 
are a l s o g i v e n . A l s o l i s t e d a r e the hydrodynamic t h i c k n e s s e s 
c a l c u l a t e d from the s.a.n.s. d e n s i t y p r o f i l e s ( 6 H

s a n s ) . 
F i g u r e 1 shows the u l t r a c e n t r i f u g a t i o n d a t a p l o t t e d u s i n g 

E q u a t i o n 3. The p l o t i s r e a s o n a b l y l i n e a r g i v i n g a v a l u e f o r α 
of 0.5 ±0.03 nm^. F i g u r e 2 shows the e x p e r i m e n t a l d e n s i t y 
p r o f i l e s f o r t h r e e o f the samples s t u d i e d (Mw 73K, 150K and 660K) 
and the c o r r e s p o n d i n g c a l c u l a t e d v a l u e s o f the hydrodynamic 
t h i c k n e s s e s . The p.c.s. hydrodynamic t h i c k n e s s ( 6 H

p c s ) i s a l s o 
shown f o r the 150K sample. 

D i s c u s s i o n 

In p r i n c i p l e , u s i n g th
o b t a i n the hydrodynamic
e x p e r i m e n t a l d e n s i t y p r o f i l e and the p e r m e a b i l i t y f u n c t i o n . The 
r e s u l t s of t h i s c a l c u l a t i o n a re g i v e n i n Table I . I n f i g u r e 2 i t 
can be seen t h a t the c a l c u l a t e d 6 H

s a n s v a l u e s f a l l w i t h i n the t a i l 
o f the s.a.n.s. d e n s i t y p r o f i l e s . However, comparison w i t h the 
r e s u l t s o b t a i n e d by p. c . s . (Table I ) show a l a r g e s y s t e m a t i c 
d i s c r e p a n c y . 

Values of ô ^ C S i n a s i m i l a r system have been p u b l i s h e d by 
Kato (14) and t h e r e i s v e r y good agreement w i t h the p r e s e n t v a l u e s 
a l t h o u g h t h e i r quoted adsorbed amounts a r e r a t h e r l a r g e . K l e i n 
and Luckham (4) have used a technique based on the d i r e c t measure
ment of the f o r c e s e p a r a t i o n f u n c t i o n between two mica s u r f a c e s 
covered w i t h adsorbed PEO ch a i n s i n water. From these r e s u l t s 
they i n f e r a ' s t e r i c ' t h i c k n e s s based on an i n i t i a l i n t e r a c t i o n . 
I n t e r e s t i n g l y t h e i r measurements cor r e s p o n d almost t o 2Rg. 
of the f r e e c o i l s i n s o l u t i o n . T h e i r r e s u l t s t o g e t h e r w i t h the 
p.c.s. r e s u l t s and 2Rg are shown i n F i g u r e 3. C l e a r l y b o t h 
t h i c k n e s s e s t i m a t e s are s e n s i t i v e to polymer segments at the 
p e r i p h e r y o f the adsorbed l a y e r . 

The e x p e r i m e n t a l t h i c k n e s s measurements may a l s o be compared 
w i t h t h e o r e t i c a l r e s u l t s based on p r o f i l e s generated by the S.F., 
Scheutjens F l e e r , t h e o r y ( 1 1 ) . F o r t h i s c a l c u l a t i o n we use a v a l u e 
f o r x g of 1 (net a d s o r p t i o n f r e e e n e r g y ) , f o r χ o f 0.45 
(e x p e r i m e n t a l v a l u e o f the F l o r y - H u g g i n s parameter) and a polymer 
s o l u t i o n c o n c e n t r a t i o n o f 200 ppm. Alth o u g h the v a l u e f o r x s 

seems r a t h e r a r b i t r a r y i t has been shown (10) t h a t 6^ i s 
i n s e n s i t i v e to t h i s parameter. 

F i g u r e 4 shows the hydrodynamic t h i c k n e s s c a l c u l a t e d f o r 
c h a i n s o f v a r i o u s l e n g t h s , t o g e t h e r w i t h 2Rg c a l c u l a t e d a c c o r d i n g 
to the r e l a t i o n Rg = ( r / o ^ ^ w h e r e r i s the number of monomers. The 
trend s observed i n b o t h the e x p e r i m e n t a l ( F i g u r e 3 ) and the p u r e l y 
t h e o r e t i c a l ( F i g u r e 4) cases are v e r y s i m i l a r : a t low m o l e c u l a r 
weights 6JJ i s l e s s than 2Rg but c r o s s e s the 2Rg l i n e a t h i g h 
m o l e c u l a r w e i g h t . The d i f f e r e n t exponents f o r 2Rg and ojj 
are due to the i n c r e a s i n g importance o f t a i l s w i t h i n c r e a s i n g 
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m o l e c u l a r w e i g h t . The agreement between the exponent f o r the 
p.c.s. measurements (0.8 ±0.003) and f o r the p u r e l y t h e o r e t i c a l 
c a l c u l a t i o n (0.8 ±0.05) i s v e r y c l o s e . 

I t would appear t h a t the p.c.s. r e s u l t s a re c o n s i s t e n t w i t h 
b oth p u b l i s h e d e x p e r i m e n t a l d a t a and w i t h t h i s t h e o r e t i c a l model. 

T h i s must c a s t some doubt on the hydrodynamic t h i c k n e s s 
c a l c u l a t e d from the s.a.n.s. p r o f i l e . From Table I we can see 
th a t the v a l u e s o f δ Η

ρ are c o n s i d e r a b l y l a r g e r than and 
t h a t t h i s d i s c r e p a n c y becomes more pronounced a t h i g h e r m o l e c u l a r 
w e i g h t s . T h i s i s i l l u s t r a t e d i n F i g u r e 2 where the p.c.s. r e s u l t 
f o r the 150K sample i s found i n a r e g i o n where t h e r e i s no 
d e t e c t a b l e i n t e n s i t y from the neutron s c a t t e r i n g experiment. T h i s 
suggests t h a t the s.a.n.s. experiment i s not s u f f i c i e n t l y 
s e n s i t i v e to d e t e c t the v e r y low segment d e n s i t y (of t a i l s ) w hich 
determine the p . c . s . hydrodynami

To e x p l o r e t h i s i
e x p e r i m e n t a l p r o f i l e s w i t h those c a l c u l a t e d from the S.F. t h e o r y . 
F i g u r e 5 shows a p r o f i l e f o r 2000 segments, u s i n g the same 
parameters as above. T h i s p r o f i l e can be q u a l i t a t i v e l y compared 
w i t h the e x p e r i m e n t a l p r o f i l e s i n F i g u r e 2. The major d i f f e r e n c e 
between the t h e o r e t i c a l and e x p e r i m e n t a l p r o f i l e s i s the presence 
of a s m a l l but s i g n i f i c a n t segment d e n s i t y a t l a r g e d i s t a n c e s from 
the i n t e r f a c e , which i s not found e x p e r i m e n t a l l y . T h i s d i f f e r e n c e 
i n shape i s c l e a r l y seen when the p r o f i l e s are superimposed. A l s o 
i n F i g u r e 5 we show the hvdrodynamic t h i c k n e s s c a l c u l a t e d u s i n g 
the whole p r o f i l e ( 6 H

t o t a ^ ) and f o r a d i s t r i b u t i o n from which 
t a i l s were excl u d e d (δ Η

 o p s ) g i v i n g v a l u e s o f 32.0 and 12.0 
l a y e r s r e s p e c t i v e l y . The r a t i o o f these numbers i s s i m i l a r t o the 
r a t i o found between δ Η

ρ ο δ and ô H
s a n s from experiment and suggests 

t h a t the s.a.n.s. experiment d e t e c t s most of the d i s t r i b u t i o n 
a s s o c i a t e d w i t h t r a i n s and loops but o n l y a s m a l l p a r t of the t a i l 
d i s t r i b u t i o n . A l t h o u g h i t i s d i f f i c u l t t o e s t i m a t e the t h r e s h o l d 
of s e n s i t i v i t y o f the s.a.n.s. experiment i t i s e s t i m a t e d t o be of 
the o r d e r of 1% o f the segment d e n s i t y . 

A s i m p l e procedure to demonstrate t h i s e f f e c t of s e n s i t i v i t y 
i s t o t r u n c a t e the t h e o r e t i c a l p r o f i l e s a t d i f f e r e n t l a y e r s . I n 
F i g u r e 5 v a l u e s o f the hydrodynamic t h i c k n e s s a r e shown when the 
p r o f i l e i s t r u n c a t e d a t 1% and a t 2%. T h i s c l e a r l y shows the 
e f f e c t t h a t r e d u c i n g the s e n s i t i v i t y d r a m a t i c a l l y reduces the 
hydrodynamic t h i c k n e s s as i t e l i m i n a t e s segments a t the e x t r e m i t y 
o f the adsorbed l a y e r . 

I n a p r e v i o u s paper (15) the segment d e n s i t y of PVA adsorbed 
on PS l a t e x i n water was pr e s e n t e d and i t was noted t h a t δ Η

ρ
 s a n s 

was a t the e x t r e m i t y o f the s.a.n.s. p r o f i l e . C a l c u l a t i n g δ^ 
assuming a v a l u e o f α of 0.5 nm^ g i v e s 13 nm i n c o n t r a s t to the 
ex p e r i m e n t a l v a l u e o f 18 nm. The d i s c r e p a n c y here i s much s m a l l e r 
than i n the case o f PEO. T h i s e f f e c t i s d i f f i c u l t t o i n t e r p r e t 
w i t h o u t f u r t h e r t h e o r e t i c a l work but may be a t t r i b u t a b l e to the 
f a c t t h a t the PVA c h a i n i s l e s s f l e x i b l e than PEO and t h a t the 
b l o c k s t r u c t u r e (PVA i s a random b l o c k copolymer of v i n y l a c e t a t e , 
12%, and v i n y l a l c o h o l ) makes the f o r m a t i o n of t a i l s l e s s l i k e l y . 
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C o n c l u s i o n 

Segment d e n s i t y p r o f i l e s and hydrodynamic t h i c k n e s s measurements 
have been made f o r p o l y e t h y l e n e o x i d e s adsorbed on p o l y s t y r e n e 
l a t e x . Comparison w i t h t h e o r e t i c a l models shows t h a t the hydro-
dynamic t h i c k n e s s i s determined by polymer segments ( t a i l s ) a t the 
e x t r e m i t y of the d i s t r i b u t i o n . I t i s a l s o concluded t h a t the 
s e n s i t i v i t y o f the s.a.n.s. experiment p r e c l u d e s the measurement 
of segments i n t h i s r e g i o n and t h a t the e x p e r i m e n t a l segment 
d e n s i t y p r o f i l e s are e s s e n t i a l l y dominated by loops and t r a i n s . 
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11 
Thickness of Adsorbed Protein Layers on Glass: 
Adsorption of Proteins in Multilayers 

A. SILBERBERG 
Weizmann Institute of Science, Rehovot 76100 Israel 

When proteins are "irreversibly" adsorbed in layers 
thicker than 1000 Å i t becomes possible to use an 
ordinary Ostwald viscometer (time of flow about 700 
sec) to determin
It is important, ,  protei  laye
from the surface over which the air/liquid meniscus 
is displaced during the measurement so as to assure 
that the conditions of flow with and without the 
layer in the capillary are totally comparable. Using 
this method we find that in the case of bovine serum 
albumin very thick layers are formed; layers whose 
thickness grows in direct proportionality to albumin 
concentration up to 15% w/v, at least. We also find 
a reversible doubling of layer size as temperature 
is raised from 7.7 to 15°C in the case of triple 
helical soluble collagen adsorbed end on to glass. 
There is no influence of pH on these results over a 
wide range (pH 3-8). The process by which such multi
layer formation might be caused is discussed. 

Macromolecules a r e h i g h l y s u r f a c e a c t i v e . I f a group which i s 
f r e q u e n t l y r e p e a t e d a l o n g the c h a i n p o s s e s s e s an i n t e r a c t i o n energy 
w i t h a s o l i d / l i q u i d i n t e r f a c e which i s f a v o r a b l e , even i f o n l y 
s l i g h t l y so, the l a r g e number o f c o n t a c t s t h a t can be taken up 
s i m u l t a n e o u s l y by the l a r g e m o l e c u l e w i l l e f f e c t i v e l y a t t a c h i t t o 
the s u r f a c e . I f the a c t o f a d s o r p t i o n i n v o l v e s a co n f o r m a t i o n 
change t h i s w i l l n o t i n g e n e r a l lower t h e tendency t o adsorb, b u t 
w i l l slow down the p r o c e s s enormously and w i l l even more d r a s t i 
c a l l y d e l a y t he p r o c e s s o f d e s o r p t i o n ? t o the p o i n t , i n f a c t , 
where adsorbed macromolecules w i l l n o t tend t o detach a t a l l , o r 
a t l e a s t n o t w i t h i n r e a s o n a b l e t i m e s , though p u t i n t o c o n t a c t w i t h 
pure s o l v e n t ( i r r e v e r s i b l e a d s o r p t i o n ) (1_) . I f , f o r example, the 
macromolecule i s an open c h a i n , f l e x i b l e homopolymer the mean 
e q u i l i b r i u m c o n f i g u r a t i o n o f the c h a i n s a t the s u r f a c e w i l l d epart 
s i g n i f i c a n t l y from the c o n f o r m a t i o n i n b u l k s o l u t i o n . A s i z a b l e 

0097-6156/ 84/0240-0161 $06.00/ 0 
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f r a c t i o n ρ o f the segments i n the deformed co n f o r m a t i o n w i l l con
t a c t the s o l i d s u r f a c e and s a t u r a t e i t almost c o m p l e t e l y . The 
e x t e n t o f i n d i v i d u a l c o n t a c t w i l l v a r y . I n p r i n c i p l e a l l macro
m o l e c u l e s which have a t l e a s t one segment c o n t a c t i n g the s u r f a c e 
c o n s t i t u t e t h i s f i r s t l a y e r , t h i s "monolayer" o f adsorbed macro
m o l e c u l e s . F u r t h e r a d s o r p t i o n i s p o s s i b l e i n t h i s case i f the 
c o n c e n t r a t e d polymer segment r e g i o n e x i s t i n g near the s u r f a c e 
p r oves t o be a s u f f i c i e n t l y a t t r a c t i v e environment f o r o t h e r 
macromolecules. Up t o an amount of one segment p e r segment o f the 
f i r s t l a y e r can i n p r i n c i p l e be bound i n such a second l a y e r i f 
the s o l v e n t i s s u f f i c i e n t l y poor ( 2 ) . 

T h i s , however, i s n o t the o n l y way m u l t i l a y e r s o f polymers 
can be formed. I f the macromolecule i s a compactly f o l d e d c o p o l y 
mer, such as a p r o t e i n , i t s c o l l a p s e d s t a t e w i l l be determined by 
i n t e r n a l compensation o
T h i s produces a m o l e c u l
i n the s o l v e n t , (water i n the case o f p r o t e i n s ) b u t which may 
n e v e r t h e l e s s bear patches o f groups which w i l l be e n e r g e t i c a l l y i n 
a poor s o l v e n t environment i n w a t e r . Such patch e s w i l l then p r e 
f e r e n t i a l l y adsorb t o s u r f a c e s l e s s h y d r o p h i l i c than water and an 
o r i e n t e d s u r f a c e l a y e r o f macromolecules w i l l r e s u l t . Should the 
p u l l o f the s u r f a c e be s t r o n g enough, the c o n f o r m a t i o n o f the p r o 
t e i n , compact though i t i s , may a l t e r , i n o r d e r t o improve the 
attachment t o the s u r f a c e . I t i s l i k e l y , however, t h a t i n t h i s 
p r o c e s s the upper s u r f a c e o f t h e macromolecule w i l l a l s o r e a r r a n g e 
and t h a t a p a t c h o f groups becomes exposed t o which p r o t e i n mole
c u l e s from s o l u t i o n now can adsorb t o form a second l a y e r . T h i s 
l a y e r i n t u r n may then become a c t i v a t e d i n a s i m i l a r way t o add a 
t h i r d l a y e r and so f o r t h . Presumably the l e v e l o f a c t i v a t i o n w i l l 
g r a d u a l l y decrease w i t h l a y e r number. O v e r a l l a d s o r p t i o n w i l l 
s t o p when the c h e m i c a l p o t e n t i a l o f the polymer i n the s u r f a c e 
matches t h a t i n s o l u t i o n . 

We s h a l l d e s c r i b e two cases where t h i s phenomenon seems t o 
happen. 

M a t e r i a l s and Methods 

Bovine Serum Albumin F r a c t i o n V (Sigma). The d e s i r e d q u a n t i t y o f 
albumin was d i s s o l v e d i n the a p p r o p r i a t e b u f f e r and s t o r e d i n the 
c o l d . 

S o l u b l e C a l f S k i n C o l l a g e n (Worthington) . CW mg/ml i n T r i s b u f f e r , 
pH 3.7) . 

The d e s i r e d amount o f t h i s c o l l a g e n s o l u t i o n was d i l u t e d (0.2 
ml t o 10 ml) w i t h c i t r a t e b u f f e r , pH 4.0 and then d i a l y z e d o v e r 
n i g h t a g a i n s t the b u f f e r t o be used. 2 ml o f t h a t s o l u t i o n were 
then d i l u t e d t o 10 ml w i t h the a p p r o p r i a t e b u f f e r , c e n t r i f u g e d i n 
the c o l d (40000 g f o r one hour) and the s u p e r n a t a n t immediately 
decanted i n t o the v i s c o m e t e r i n the c o l d room (10°C) 
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C i t r a t e b u f f e r (.055 M C i t r a t e ? 0.395 Ν NaCl) was made up and the 
pH a d j u s t e d w i t h c o n c e n t r a t e d NaOH o r HC1. B u f f e r was s t o r e d i n 
the c o l d . 

Time o f Flow Measurements 
The measurements were performed i n an Ostwald Cannon-Fenske v i s c o 
meter (No. J-627-25) u s i n g the method d e s c r i b e d by S i l b e r b e r g and 
K l e i n (_3) . T h i s i n v o l v e s d e t e r m i n i n g t h e time o f f l o w as a f u n c 
t i o n o f the amount o f l i q u i d i n the v i s c o m e t e r . Amounts between 7 
and 8 g are chosen and the v i s c o m e t e r weighed t o determine the 
e x a c t amount. B u f f e r replacements were undertaken by d i l u t i o n . 
A t no time subsequent t o the o r i g i n a l f i l l i n g was an a i r / l i q u i d 
meniscus a l l o w e d t o e n t e r the c a p i l l a r y . P r o t e i n was removed from 
the s u r f a c e o f t h e measuring b u l b by i n v e r t i n g and t r e a t i n g the 
measuring b u l b s u r f a c e w i t
are as g i v e n p r e v i o u s l y

The g l a s s s u r f a c e i s then washed w i t h b u f f e r and f i n a l l y an 
a p p r o p r i a t e amount o f b u f f e r i s added. The time o f f l o w , as a 
f u n c t i o n o f amount o f b u f f e r i n the v i s c o m e t e r i s then determined. 

R e s u l t s 

The r e s u l t s f o r Albumin are shown i n F i g u r e 1. Times o f f l o w were 
measured a t 15°C ± 0.01°C. I t i s seen t h a t the s u r f a c e t r e a t m e n t 
w i t h s u l f o c h r o m i c a c i d had o n l y a s m a l l e f f e c t on t h e time o f 
f l o w . On the o t h e r hand we have the s u r p r i s i n g r e s u l t t h a t l a y e r 
t h i c k n e s s i n c r e a s e s i n d i r e c t p r o p o r t i o n t o albumin c o n c e n t r a t i o n 
up t o the h i g h e s t c o n c e n t r a t i o n (15% w/w) which was t e s t e d . T h i s 
i s t r u e b o t h a t pH 4.0 and pH 7.0 w i t h a p p r o x i m a t e l y the same 
s l o p e . L a y e r s which are v e r y t h i c k r e s u l t . 

The d a t a w i t h s o l u b l e c o l l a g e n are shown i n F i g u r e 2. Adsorp
t i o n here was performed a t VL0 ug/ml i n the c o l d (10°C). We know, 
from a s e p a r a t e s t u d y , t h a t a t t h i s c o n c e n t r a t i o n the s u r f a c e 
s a t u r a t e s w i t h i n s e v e r a l h o u r s . A tremendous e f f e c t o f removing 
the c o l l a g e n from o f f the f l o w p a r t o f the v i s c o m e t e r i s found. 
As a f u n c t i o n o f pH, however, t h e r e i s no change. T h i s i s demons
t r a t e d even more c l e a r l y i n F i g u r e 3. Note t h a t , u n l i k e w i t h 
a l b u m in, the measurements were performed a t 7.7°C i n the case o f 
these experiments. 

When the a d s o r p t i o n o f c o l l a g e n was a l l o w e d t o occur o v e r n i g h t 
a t 10°C, and the c o l l a g e n s o l u t i o n was r e p l a c e d by b u f f e r s t i l l i n 
the c o l d (10°C) u s i n g the d i l u t i o n p r o c e d u r e , b u t the v i s c o m e t e r 
was s u b s e q u e n t l y t r a n s f e r r e d t o a t h e r m o s t a t a t 15°C, the r e s u l t s 
o f Table I are o b t a i n e d . R a i s i n g the temperature from 7.7°C t o 
15°C has r o u g h l y doubled the measured f i l m t h i c k n e s s . 
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ι ι 1 ι ι ι Γ 
40 I- BOVINE SERUM ALBUMIN, FRACTION V 

(0.055 M CITRATE , 0.395 M NaCl , pH 4.0 ) 

t0= 611.1 s R = l72/xm 

o - With protein fil 

ο - Cleaned bulb 

bulb 

! 1 / 
" p H » 7 . 0 Of 

σ 

! 0 *6l5 .5s / 
0.8 

1.0 

/ 0.4 

0.5 
1 1 1 0 

Η 1.5 ^ 

ο 
17 

CONCENTRATION (%w/v) 

F i g u r e 1. A d s o r p t i o n o f bov i n e serum albumin. 
t : time o f f l o w w i t h l a y e r on c a p i l l a r y w a l l 
t Q : time o f f l o w o f b u f f e r a t 15°C 
R : r a d i u s o f g l a s s c a p i l l a r y 
a : l a y e r t h i c k n e s s 
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SILBERBERG Adsorbed Protein Layers on Glass 
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SOLUBLE CALF SKIN COLLAGEN 
(CITRATE 0.055M ; NaCl 0.395M ; 7.7 °C ) 

F i g u r e 2. A d s o r p t i o n o f s o l u b l e c a l f s k i n c o l l a g e n , 
o: C o l l a g e n l a y e r over e n t i r e s u r f a c e 
Δ: C o l l a g e n l a y e r removed from measuring b u l b 
Q: No l a y e r anywhere 

~ 10000 
CO 
CO Lu 
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(CITRATE 0.055 M ·, NoCl 0.395 M ; 7.7eC) 
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F i g u r e 3. A d s o r p t i o n o f s o l u b l e c a l f s k i n c o l l a g e n . 
q: Apparent l a y e r t h i c k n e s s ; c o l l a g e n l a y e r c 

measuring b u l b n o t removed. 
·: C o r r e c t l a y e r t h i c k n e s s 
β: Amount adsorbed (4) 
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Table I . Adsorbed Layer T h i c k n e s s o f S o l u b l e C a l f S k i n C o l l a g e n 
on G l a s s as a F u n c t i o n o f pH and Temperature, 
( t h i c k n e s s e s a7.7°C and A 1 5 ° C are g i v e n i n Â) 

pH 3 4 5 6 7 8 

a7.7°C 2840 2770 2890 2940 2880 2820 
ai5°C 6630 7250 7310 7290 7270 7250 

D i s c u s s i o n 
I f we c o n s i d e r m u l t i l a y e r f o r m a t i o n t o be the r e s u l t o n l y o f 
s e q u e n t i a l d e s o r p t i o n ( a d s o r p t i o n ) o f polymers one on top o f the 
o t h e r a t each s u r f a c e s i t e
f u n c t i o n f o r one such " c h a i n

where 

1 + C^X + c 2 c l X C C C X 
3 2 1 

(1) 

X = exp [ u A T ) (2) 

and where u i s the c h e m i c a l p o t e n t i a l o f the macromolecule i n s o l u 
t i o n , k i s the Boltzmann c o n s t a n t , Τ i s the a b s o l u t e temperature 
and C^ i s the p a r t i t i o n f u n c t i o n o f the macromolecule i n l a y e r i 
from the s u r f a c e . The s t a t e o f a bare s i t e on the s u r f a c e i s g i v e n 
w e i g h t 1. Assuming t h a t t h e r e are M s i t e s on the s u r f a c e f o r such 
v e r t i c a l c h a i n s , the p a r t i t i o n f u n c t i o n o f the s u r f a c e w i l l be 

rM g i v e n by ξ Μ and the average number o f l a y e r s m by 
άίηξ 

m = d£nX 
E q u a t i o n (1) can a l s o be w r i t t e n 

(3) 

ζ = 1 + C j X U + c 2 x [ i + c 3x [1 + c 4x [1 

where e v e n t u a l l y a t some C.. we w i l l have 

c.X < 1 
3 

I f we then assume t h a t 

k > f 1 

the s e r i e s i s e a s i l y summed and the r e s u l t s u b s t i t u t e d i n t o (3) 
I t w i l l be found t h a t m w i l l l i e c l o s e t o j , the e x a c t v a l u e 
depending on the a c t u a l v a l u e o f the c o e f f i c i e n t s . 

I f we assume t h a t 
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1 ~ C.X = C, 6 J X 
3 1 

and w r i t e 6 - 1 w i t h ε « 1 we have, 
1-ε 

X * J — (1 + j e ) * à — (1 + η ε ) 
C l C l 

so t h a t m grows l i n e a r l y w i t h X which i s p r o p o r t i o n a l t o con
c e n t r a t i o n . The l i n e a r r e l a t i o n s h i p o f F i g . 1, i n the case of 
albumin c o u l d be understood a l o n g these l i n e s . 

I n the case of the 3000 A l o n g s o l u b l e c o l l a g e n m o l e c u l e s , 
the t h i c k n e s s has been shown t o be a f u n c t i o n of temperature. I t 
i s one l a y e r o f v e r t i c a l l y a l i g n e d c o l l a g e n m olecules t h i c k a t 
7.7°C (3) and r o u g h l y tw
r e v e r s i b l e and independen
agen was adsorbed from s o l u t i o n . The e q u i l i b r a t i o n w i t h the 
c o l l a g e n was done both a t 10°C and a t 15°C. The same r e a d i n g s 
are o b t a i n e d when the f i l m s which so r e s u l t e d , were s u b s e q u e n t l y 
measured, u s i n g pure b u f f e r , a t 7.7°C o r a t 15°C. Hence i t i s 
the temperature o f measurement which determines the adsorbed 
l a y e r s t r u c t u r e . S i n c e these changes occur i n c o n t a c t w i t h a 
c o l l a g e n f r e e b u f f e r medium they can o n l y i n v o l v e a r e v e r s i b l e 
re-arrangement of the molec u l e s on the s u r f a c e . 

The i n t r i n s i c v i s c o s i t y of the c o l l a g e n p r e p a r a t i o n sup
p o r t s the n o t i o n t h a t a s i g n i f i c a n t f r a c t i o n o f the adsorbed 
c o l l a g e n i s p r e s e n t i n the form of the dimer, i . e . of two t r i p l e 
h e l i c a l , 3000 A l o n g c y l i n d e r s , f l e x i b l y j o i n e d t o g e t h e r . Where
as a t 7.7°C these dimers may m a i n l y be f o l d e d and have two of the 
n o n - h e l i c a l ends on the s u r f a c e . I t i s c o n c e i v a b l e t h a t one end 
i s p e r m i t t e d t o l i f t o f f a t the h i g h e r temperature and t h a t the 
d o u b l i n g i n t h i c k n e s s i s thus produced by a mechanism not r e 
l a t e d t o a B E T - l i k e m u l t i l a y e r f o r m a t i o n . 
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These measurements were performed w i t h remarkable c a r e , p a t i e n c e 
and a c c u r a c y by Hav i v a M e l t z e r t o whom g r e a t thanks a r e due. 
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Steric Considerations in Protein Adsorption 

D. R. ABSOLOM and A. W. NEUMANN 
Research Institute, The Hospital for Sick Children, Toronto, Ontario, Canada M5G 1X8 

C. J. VAN OSS 
Department of Microbiology, State University of New York, Buffalo, NY 14214 

Pure delipidated bovine serum albumin (BSA) adsorbs 
onto ethanol-cleaned glass at a (Langmuir-type) pla
teau value of = 1.
trations > 2.5 mg/ml
isotherm, the irreversibility of the adsorption, the 
continuing diffusion of BSA along the plane of 
adsorption, and the ease and speed with which BSA 
could be electrophoretically transported along the 
plane of adsorption without detaching from the glass, 
agree best with adsorption of a monolayer of tightly 
packed, partly dehydrated BSA molecules with their 
longitudinal axes perpendicular to the glass plate. 
The most likely conformation of the adsorbed BSA 
molecules is a close vertical stacking with alterna
ting polarities, allowing a certain degree of elec
trostatic attraction between protein molecules, and 
causing a loss of water of hydration. A monolayer of 
vertically stacked BSA molecules also conforms well 
to the dimensions of dehydrated BSA derived from 
hydrodynamic data, and offers a satisfactory explana
tion for the strong increase in the diffusion coeffi
cient of BSA in the adsorbed state. The observed 50% 
increase in electrophoretic mobility of adsorbed BSA 
(as compared to dissolved BSA) also agrees well with 
the mobility of cylindrical molecules oriented per
pendicularly to the electric field. The dimensions 
of large unhydrated BSA molecules that most reasona
bly fit these observations and the other known data 
are: 22 Å x 29 Å x 135 Å. 

The use of prosthetic devices i n the c i r c u l a t i o n or i n contact 
with blood extracorporeally i s seriously limited by thromboembo
l i c phenomena that occur at the blood-foreign material i n t e r -

0097 6156/84/0240 0169S06.00/0 
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face. The most s t r i k i n g difference between a foreign surface 
and the natural intima i s the very rapid adsorption and accumu
la t i o n of blood proteins on the surface of the material. The 
adsorption of proteins not only modifies the surface of the 
foreign material but also, probably due to conformational 
changes or res t r i c t e d mobility, gives r i s e to altered b i o l o g i c a l 
a c t i v i t i e s of the adsorbed species. In addition, the adsorption 
of proteins modifies the subsequent interaction of the c e l l u l a r 
elements with a r t i f i c i a l surfaces, e.g., albumin serves to 
depress the l e v e l of c e l l adhesion [1] whereas fibrinogen or 
immunoglobulin G [2] increases the extent of c e l l adhesion. 

We have attempted to develop a detailed understanding of the 
mechanism governing the interaction of the major blood proteins 
and c e l l s with polymer materials [1-6]. During the course of 
these studies, we have
adsorption behaviour o
polymer surfaces [3.]· In addition, we have investigated the 
l a t e r a l movement of bovine serum albumin (BSA) adsorbed onto a 
glass surface i n the plane of adsorption, i . e . bidimensional 
di f f u s i o n , as well as the electrophoretic mobility of the 
adsorbed protein molecules [ 7 , 8 ] . This work was undertaken i n 
an attempt to gain further insight into the conformational state 
and the nature of the packing of the adsorbed protein mole
cules. For this purpose, observations were made of: 1) the 
extent of albumin adsorption onto ethanol-cleaned glass as a 
function of bulk protein concentration; 2) the electrophoretic 
transport of BSA, i n i t i a l l y adsorbed onto part of the surface, 
along hitherto unoccupied region of the glass surface; and 3) 
the di f f u s i o n rate of a protein boundary produced by i n i t i a l l y 
covering one part of the glass surface with (BSA) while leaving 
the rest of the surface free of protein. 

MATERIALS AND METHODS 

Complete experimental d e t a i l s have been published elsewhere 
[ 3 , 7 , 8 ] and are therefore only b r i e f l y described here. 

Bovine Serum Albumin (BSA) 

BSA (Conn's Fraction V, f i v e times c r y s t a l l i z e d , fatty acid-
free, 9 9 . p u r e ) was purchased from Calbiochem-Behring Corpora
ti o n (La J o l l a , CA). The BSA was further delipidated by treat
ment with activated charcoal [£] and then r a d i o l a b e l e d with 
1 2 5 I by the chloraraine-T method [10]. Unbound 1 2 5 I was 
removed by means of Sephadex-G-200 (Pharmacia Piscataway, N.J.), 
gel f i l t r a t i o n followed by extensive d i a l y s i s against phosphate 
buffered saline (PBS). The f i n a l radioactive BSA (BSA*) had an 
a c t i v i t y of « 0.6 «Ci/100 mg BSA*. One part of BSA* was then 
added to 9 parts of BSA. The PBS used throughout t h i s study had 
a pH 7.2 and an ionic strength, μ = 0.15. 
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Glass 

Glass slides of 15.2 χ 2·5 em of Coming-Pierce glass were 
purchased from Gelman Instrument Company (Ann Arbor, MI). The 
glass slides were washed i n 96$ ethanol for 30 min prior to use. 

Adsorption Isotherms 

Adsorption isotherms of albumin on glass were established at 
bulk BSA concentrations from 0.1 to 5% (w/v) i n PBS. The 
cleaned glass s l i d e s were immersed i n the bulk protein solution 
for 30 min at 23°C and then rinsed by dilution/displacement. 
The surface concentration of adsorbed albumin was then 
determined by comparing the radioactivity of an aliquot of 
solution of known protei
[3*4]. For t h i s purpose
γ-counter was used. 

Electrophoresis 

Ethanol-cleaned glass slides were immersed for 30 min i n 0.25» 
0.138, 0.105, and 0.064$ (w/v) BSA-BSA* solution to a height of 
2.5 cm (leaving 15.2 - 2.5 = 12.7 cm of the glass surface 
unexposed), care being taken not to expose the adsorbed 
BSA-surface to an a i r interface. The glass s l i d e s were rinsed 3 
times by d i l u t i o n and displacement. The plates were then 
immersed again, by volume displacement,in the desired 
electrophoresis buffer (barbital acetate, pH 8.7 at μ = 0.05, 
0.025, or 0.01). The glass s l i d e s (with adsorbed BSA on 2.5 cm, 
at one end of t h e i r t o t a l length of 15.2 cm) were then immersed 
i n buffer to a l i q u i d l e v e l of « 3 mm above the glass surface, 
i n an electrophoresis chamber with Pt electrodes (Gelman 
Instruments, Ann Arbor, MI), and constant voltage was supplied 
(for times and voltages, see Tables 1 and 2). The temperature 
at which the electrophoresis s t a b i l i z e d was » 30°C. Voltage 
was measured (while the s l i d e s were immersed) between the ends 
of the glass (at a distance of 15.2 cm). After completion of 
the electrophoresis, the s l i d e s were removed and were hot-air 
dried, and subsequently: (1) autoradiographically developed 
using Lanex (Kodak) high intensity f i l m sheets, to determine the 
distance migrated, and (2) cut into four sections of 3.5 cm each 
(leaving an anodic end-piece of 1.2 cm for handling purposes) to 
determine the amount of protein adhering to each section by 
determining the amount of radioactivity associated with each 
portion (cf Fig. 1). For autoradiography purposes, the s l i d e s 
were placed on X-ray f i l m (Kodak No-Screen) and held between 
Lanex intensifying screens (Kodak) for 16 hrs at -80°C [11]. 
The films were then developed for 5 min at 20°C i n Kodak l i q u i d 
X-ray developer, rinsed i n 3% acetic acid and fixed for 10 min 
i n Kodak Rapid Fixer. 
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Electrophoresis on cellulose acetate s t r i p s (Sepraphore III, 
Gelman Instrument, Ann Arbor, MI) was done i n the conventional 
manner [12] i n order to obtain a comparative electrophoretic 
mobility of non-adsorbed albumin. For t h i s purpose, BSA-BSA* 
( 2 . 5 % w/v) was deposited on the cellulose acetate paper twice i n 
volumes of 10 μΐ each. Electrophoresis was again performed i n 
the Gelman Chamber with Pt electrodes at 20°C (see Table 3 ) . 
After completion, the s t r i p s were stained with Ponceau S protein 
stain (Gelman Instruments) and washed with 5% acetic acid. The 
stained cellulose acid s t r i p s were subsequently cut into 3 mm 
wide pieces which were monitored for protein content γ-count-
ing. 

Diffusion 

Following immersion of
solution to a depth of 2.1 cm for 30 min at 21°C, the slides 
were thoroughly rinsed i n PBS by dilution/displacement. The 
slides were then completely immersed i n PBS, where they were 
kept for different lengths of time, i . e . , for 1, 2, 4, and 16 
hrs. Thereafter, the sl i d e s were removed and a i r - d r i e d and 
placed on X-ray f i l m between Lanex Intensifying Screens as des
cribed above. The supernatants from these d i f f u s i o n experiments 
were then concentrated 10 times by evaporation i n order to esta
b l i s h t h e i r radioactive content. 

RESULTS 

Adsorption 

Figure 2 shows the adsorption isotherm of albumin on ethanol-
cleaned glass. Two plateaus are v i s i b l e : the f i r s t from 0.5 to 
2.2% (w/v) bulk BSA concentration, and a second from 3 to 5% BSA. 

Electrophoresis 

Influence of Ionic Strength. As shown i n Tables 1 and 2, the 
electrophoretic mobility (U) of BSA, adsorbed onto glass as well 
as supported on cellulose acetate, i n a l l cases i s highest at 
the lowest ionic strengths μ. For any given ionic strength, 
i t i s clear from Tables 1 and 2 that greatest increases i n elec
trophoretic mobility were observed at the highest surface con
centrations of adsorbed BSA, as compared to the electrophoretic 
mobility of BSA i n cellulose acetate under the same conditions 
of pH and ionic strength (Table 3 ) . 

Permanence of Adsorption of BSA. By determining the t o t a l 
amount of protein adsorbed on the four sections (cf F i g . 1) of 
the glass s l i d e (Table 1 ) , i t can be seen that within experimen
t a l error, that a l l the i n i t i a l l y adsorbed BSA was accounted for 
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F i g u r e 1. S c a l e drawin f g l a s  p l a t e s  BSA  adsorbed i n t
the l e f t p o s i t i o
s u b s e q u e n t l y  e l e c t r o p h o
r e s i s the p l a t e s were cut up i n t o 4 e q u a l p i e c e s , each 
3.5 cm l o n g (numbered 1 t o 4) f o r Y - c o u n t i n g p l u s an 
anodal end (Η), used f o r h a n d l i n g , which remained un
counted. Reproduced from Absolom et a l . (8) w i t h 
p e r m i s s i o n from V e r l a g Chemie Gmb H. 

TABLE 3 Electrophoresis of BSA on cellulose acetate strips 

Ionic strength t in Distance migrated Electrophoretic mobility 
μ of buffer seconds V/15.2 cm in cm U in μ/sec/V/cm 

0.05 5400 220 6.02 0.63 
5400 150 4.40 0.67 
3600 220 4.20 0.66 
3600 150 2.81 0.64 

0.025 3600 220 5.34 0.83 
3600 150 3.50 0.81 
0054 220 8.80 0.84 

0.01 3600 220 6.18 0.97 
3600 150 4.54 1.05 
5400 220 9.50 1.00 
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at the completion of each run, thereby, suggesting that the 
protein molecules remained adsorbed to the glass surface during 
the electrophoretic migration. 

Comparison with Cellulose Acetate and Moving Boundary Electro
phoresis. Due to experimental constraints, electrophoresis of 
BSA adsorbed on glass was performed at the equilibrium tempera
ture of 30°C (Tables 1 and 2) whilst electrophoresis of BSA on 
ce l l u l o s e acetate was done at 20°C. F i n a l l y , we wished to com
pare the electrophoretic mobilities of BSA, adsorbed on glass 
(at 30°C) and on cellulose acetate (at 20°C) with the electro
phoretic mobility values of BSA i n free solution obtained with 
the moving boundary (Tiselius) method. For t h i s comparison, i t 
i s pertinent to note that,again due to experimental limitations, 
the moving boundary valu
obtained at μ = 0.1 an
changes i n d i e l e c t r i c constant and viscosity, as a function of 
temperature [14], i t i s possible to extrapolate the moving boun
dary value at μ = 0.1 to the lower ionic strengths, dictated 
by experimental design, that were employed i n t h i s work. Thus, 
the values from Tables 1 and 2 can be compared d i r e c t l y with the 
values shown i n Table 3 (adjusted to 30°C), as well as with 
moving boundary standards [13]. From Table 4, i t can be seen 
that at the highest surface concentration of BSA studies (1.96 
μg/cm2), the electrophoretic mobility of adsorbed BSA i s 
almost twice as fast as the mobility obtained on cellulose 
acetate (adjusted to 30°C), and from » 20 to 10% faster than 
the (extrapolated) values of free l i q u i d moving boundary elec
trophoresis of BSA. 

Influence of the Surface Concentration of BSA. Compared to the 
corrected moving boundary electrophoretic mobility of BSA i n 
solution, the mobility of BSA adsorbed onto glass i s considera
bly faster at a l l ionic strengths at 1.96 μg/cra2 and some
what faster at lower ionic strengths 1.38 ug/cm2. However, 
at lower adsorption densities (1.05 and 0.64 μg/cm 2), the 
adsorbed BSA moves more slowly i n the applied e l e c t r i c f i e l d 
than BSA i n moving boundary electrophoresis under otherwise 
i d e n t i c a l conditions, and at the lowest surface adsorption (0.64 
ug/em2) the mobility of the adsorbed BSA are even somewhat 
slower than i n cellulose acetate gel at a l l conditions of ionic 
strength investigated. 

Diffusion 

Figure 3 shows an autoradiograph of the extent of adsorbed BSA 
di f f u s i o n , i n a l a t e r a l direction, as a function of time. The 
height to which BSA had progressed af t e r immersion i n PBS 
(having i n i t i a l l y been exposed to BSA* to a height of 21 mm) was 
26, 28, 33 and 38 mm after 1, 2, 4, and 16 hrs, respectively. 
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50 

Figure 2. Isotherm of BSÂ adsorption on ethanol-cleaned glass 
with plateaus at 1.8 g/cm2 and at 2.6 μ§/οπι2. 
Reproduced from Absolorn et a l . (8) with permission 
from Verlag Chemie Gmb H. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



00
 

Io
ni

c 
st

re
ng

th
 

El
ec

tr
op

ho
re

ti
c 

no
bi

li
ty
 o

f 
BS
A 

μ 
of

 b
uf

fe
r 

Ad
so
rb
ed
 o

n 
gl

as
s 

at
 

On
 c

el
lu

lo
se

 
In
 m
ov
in
g 

1.
96
 

μg
/c

m2 
1.

38
 
μg

/c
m2 

1.
05
 
μg

/c
m2 

0.
64
 
yg
/c
m2

 
ac

et
at

e 
bo
un
da
ry
 

0.
05

 
1

.5
9

a
) 

1.
13

 
0.

84
 

0.
71

 
0

.7
b
>

 
1

.3
5

°
) 

0
.0

2
5

 
1.

86
 

1.
64

 
1.

09
 

0.
9°

) 
1.

80
 

1.
42

 
0.

01
 

2.
38

 
1.

77
 

1.
26

 
0.

99
 

1.
21

 
1.

45
 

TA
BL
E 

4 
Co
mp
ar
is
on

 o
f 

th
e 

ad
so
rb
ed

 B
SA
 
el

ec
tr

op
ho

re
si

s 
re

su
lt

s 
of

 T
ab

le
s 

1 
an
d 

2,
 
wi

th
 

ce
ll

ul
os

e 
ac

et
at

e 
el

ec
tr

op
ho

re
si

s 
(T

ab
le

 
3)
 
an
d 

mo
vi
ng
 b
ou
nd
ar
y 

el
ec

tr
op

ho
re

si
s 

[6
], 

ex
tr

ap
ol

at
ed

 
to

 
30
°C

 (
as

 i
n 
Ta

bl
es

 
1 

an
d 

2)
 
an
d 

to
 t

he
 a

pp
ro

pr
ia

te
 i

on
ic
 s

tr
en

gt
hs

 
(T

ab
le

s 
1-

3)
 

Ο m 70
 > Ό Ο 

a)
 

Av
er
ag
es

 f
ro
m 

Ta
bl

es
 

1 
an
d 

2 
72

 
b)
 

Ex
tr

ap
ol

at
ed
 f

ro
m 

av
er

ag
es

 f
ro
m 

Ta
bl

e 
3 

fo
r 

30
°C

 
g 2: 

c)
 

Ex
tr

ap
ol

at
ed

 t
o 

ap
pr

op
ri

at
e 

io
ni

c 
st

re
ng

th
 a

nd
 
to

 
30
°C

 f
ro
m 

U 
= 

0.
65
 
um
/s
ec
/V
/c
m 

[1
3]
 

at
 

> 
μ 

= 
0.

1 
an
d 

4°
C 

g 2 U)
 

•v
 

m ζ/)
 

δ Ζ Ξ Η -< 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



Fi
gu

re
 
3.

 
Au

to
ra

di
og

ra
ph

 
of

 r
ad

io
-i

od
in

at
ed

 
bo

vi
ne

 
se

ru
m 

al
bu

mi
n 

(B
SA

),
 
ad

so
rb

ed
 

on
to

 
gl

as
s 

an
d 

su
bs

eq
ue

nt
ly

 
im

me
rs

ed
 

in
 
ph

os
ph

at
e-

bu
ff

er
ed

 
sa

li
ne

 
fo

r 
(f

ro
m 

le
ft

 
to

 
ri

gh
t)

 
0,

 
1,

 
2,

 
4,

 
an

d 
16

 h
. 

Re
pr

od
uc

ed
 
fr

om
 M

ic
ha

el
i 

et
 a

l
. 

(7
) 

wi
th

 p
er

mi
ss

io
n 

of
 A

ca
de

mi
c 

Pr
es

s.
 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



180 POLYMER ADSORPTION AND DISPERSION STABILITY 

F o l l o w i n g 10 t i m e s c o n c e n t r a t i o n o f the s u p e r n a t a n t s o f t h e 
v a r i o u s immersion p e r i o d s no BSA c o u l d be d e t e c t e d i n t h e b u l k 
s o l u t i o n i n c o n t a c t w i t h t h e g l a s s s l i d e . No BSA c o u l d i n i t i a l 
l y be d e t e c t e d i n t h e s u r f a c e r e g i o n , o r i g i n a l l y d e v o i d o f BSA, 
beyond the moving f r o n t . I n a d d i t i o n , t h e r e was no b l u r r i n g o f 
t h e advancing f r o n t due t o p o s s i b l e d e s o r p t i o n and r e d i s t r i b u 
t i o n o f adsorbed BSA o v e r the whole s u r f a c e v i a t h e b u l k 
l i q u i d . A p l o t o f the observed p r o g r e s s i o n o f BSA i n a s t r a i g h t 
f r o n t a l o n g t h e g l a s s s u r f a c e vs the square r o o t o f t h e t ime 
e l a p s e d ( i n seconds) y i e l d s a s t r i k i n g s t r a i g h t - l i n e r e l a t i o n 
s h i p . That p r o g r e s s i o n , however, i s remarkably enough, a p p r o x i 
mately lOOx f a s t e r (» 18 ym/min) t h a n t h e d i f f u s i o n r a t e o f 
d i l u t e d albumin i n s o l u t i o n (» 0.2 ym/min) measured by means o f 
a s y n t h e t i c boundary i n a t h r e e d i m e n s i o n a l aqueous medium [ 1 5 ] . 

DISCUSSION 

Mode o f A d s o r p t i o n o f BSA 

From the bimodal a d s o r p t i o n i s o t h e r m o f BSA onto e t h a n o l - c l e a n e d 
g l a s s ( F i g . 2 ) . a f i r s t p l a t e a u v a l u e o f a s u r f a c e c o n c e n t r a t i o n 
o f * 1.8 yg/cm 2 p r e v a i l s a t a c o m p a r a t i v e l y wide b u l k 
c o n c e n t r a t i o n , between 0.3 t o 2.2% (w/v) p r o t e i n . Other bimodal 
a d s o r p t i o n i s o t h e r m s o f BSA onto p o l y s t y r e n e l a t e x have been 
r e p o r t e d p r e v i o u s l y [ 1 6 ] . However, a t the c o n c e n t r a t i o n s 
employed i n t h i s work ( F i g . 2) a d s o r p t i o n o f albumin onto a wide 
s e l e c t i o n o f polymer m a t e r i a l s w i t h a range o f s u r f a c e p r o p e r 
t i e s have g e n e r a l l y g i v e n r i s e t o a s i n g l e p l a t e a u i n the 
a d s o r p t i o n i s o t h e r m [_3]. Thus, the p r e s e n t bimodal c h a r a c t e r i s 
t i c s appear t o be unique t o g l a s s and BSA. The f a c t t h a t a t 
* 1.8 yg/cm 2 ( a t 0.25% (w/v) BSA), no f u r t h e r BSA c o u l d be 
adsorbed (on a second exposure t o 0.25* BSA), i n d i c a t i n g t h a t a t 
t h e s e c o n c e n t r a t i o n s , BSA does not adsorb t o i t s e l f , p o i n t s 
r a t h e r s t r o n g l y t o BSA b e i n g adsorbed as a monolayer i n t h e 
f i r s t p l a t e a u r e g i o n . From a c o n s i d e r a t i o n o f t h e m o l e c u l a r 
dimensions o f BSA which have been c h a r a c t e r i z e d as p r o l a t e 
e l l i p s o i d s , f o r a monolayer o f s u r f a c e c o n c e n t r a t i o n o f 1.8 
yg/cm 2 i m p l i e s t h a t t h e s e m o l e c u l e s (140 χ 40 A, h y d r a t e d 
[17,18]) must be c l o s e l y packed w i t h t h e i r major a x i s 
p e r p e n d i c u l a r t o t h e p l a n e o f a d s o r p t i o n . T h i s a l l o w s » 640 
A 2/BSA molecule o r 29 χ 22 A, a s u r f a c e a r e a which would 
s u f f i c e t o accommodate the s h o r t ends o f the d e hydrated, e l l i p 
s o i d m o l e c u l e s . At » 140 A i n l e n g t h , such m o l e c u l e s would 
not be a b l e t o form a monolayer i f they adsorbed w i t h t h e i r l o n g 
a x i s p a r a l l e l t o t h e s u r f a c e u n t i l t h e s u r f a c e c o n c e n t r a t i o n s 
had decreased t o =0.4 yg/cm 2. Thus, s i n c e a s u r f a c e 
d e n s i t y o f 1.8 yg/cm 2 i s r e a d i l y a c h i e v e d and s i n c e no f u r 
t h e r BSA adsorbs (on a second exposure t o 0.25* (w/v) BSA), t h e 
i n d i c a t i o n s a r e t h a t d u r i n g t h e f i r s t p l a t e a u , t h e BSA has 
adsorbed as a monolayer. I t i s o n l y a t the l o w e s t s u r f a c e con-
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approach a random orientation of the e l l i p s o i d BSA molecules. 
Although BSA molecules have a rather strong o v e r a l l negative 
charge, at the neutral to s l i g h t l y alkaline pH used, albumin 
also has a sizeable dipole moment [19], which together with 
other adsorptive driving forces (e.g., bulk protein concentra
tion, van der Waals attraction between the BSA molecules and the 
glass surface) contribute to the formation of a monolayer of BSA 
molecules stacked perpendicular to the surface i n a regular way, 
as well as to an at least p a r t i a l decrease i n t h e i r f u l l hydra-
ted state. F i n a l l y , the second plateau of the adsorption 
isotherm occurs at a bulk f l u i d concentration greater than 35 
mg/ml giving r i s e to a surface density of 2.6 yg/cm2. The 
increase i n surface adsorption of 0.8 yg/cm2 indicates that 
a second monolayer has formed on top of the f i r s t . The height 
of the second plateau woul
layer consists of t i g h t l
adsorbed with t h e i r long axis perpendicular to the surface, the 
second monolayer, which builds up on top of the f i r s t only at 
high bulk BSA concentrations, consists of molecules adsorbed 
with t h e i r long axis p a r a l l e l to the plane of the surface. 

Electrophoretic Mobility 

The electrophoretic mobility of c y l i n d r i c a l molecules i s consi
derably influenced by the orientation of the molecules i n the 
e l e c t r i c f i e l d . C y l i n d r i c a l molecules which are perpendicular 
to the e l e c t r i c f i e l d may have a mobility that i s 100$ faster 
than that of cylinders orientated p a r a l l e l to the e l e c t r i c a l 
f i e l d [20], whilst cylinders perpendicular to the e l e c t r i c f i e l d 
would be 50$ faster than when randomly orientated [14,20]. 
According to Overbeek and Wierseraa [20], orientation of asymme
t r i c a l p a r t i c l e s i n an e l e c t r i c f i e l d does not occur to any 
s i g n i f i c a n t degree i n the r e l a t i v e l y weak e l e c t r i c f i e l d s 
generally used i n electrophoresis. However, depending on the 
mode of adsorption of the BSA molecules onto glass (see above), 
an i n i t i a l orientation of the molecules perpendicular to the 
e l e c t r i c yields i s the most probable situation at a surface 
concentration of 1.96 yg/cm2. This orientation may well be 
the main cause of the observed increase i n the electrophoretic 
mobility of BSA at the highest density of adsorption as compared 
to moving boundary electrophoresis (Table 4). Thus, when 
adsorbed perpendicularly to the glass surface, the BSA molecules 
are orientated perpendicularly to the e l e c t r i c f i e l d , and thus 
can be expected to migrate * 50$ faster than randomly orien
ted, adsorbed BSA molecules (cf Table 4). When adsorbed at 
lower surface concentrations most of the molecules w i l l adsorb 
with t h e i r long axis p a r a l l e l to the surface and thus are ran
domly oriented i n the e l e c t r i c f i e l d , which would imply that 
they should have the same electrophoretic mobility as i n the 
moving boundary mode. However, when adsorbed i n t h i s mode, the 
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energy of attachment per BSA molecule i s considerably increased 
(7.4 to 10 kT) [8] and the freedom of l a t e r a l movement should be 
accordingly diminished. Indeed t h i s i s what i s observed experi
mentally: see the decrease i n electrophoretic m o b i l i t y , as 
compared to the moving boundary mode of BSA at the lower adsorp
t i o n surface concentrations (cf Table 4). 

At the highest adsorption d e n s i t i e s evaluated, the surface 
concentration pressures, which also enhanced the surface d i f f u 
sion rate of adsorbed BSA [7], may play an a d d i t i o n a l r o l e . 
However, wh i l s t the d i f f u s i o n rate of adsorbed BSA i s gre a t l y 
accelerated, the actual transport of adsorbed BSA due to d i f f u 
sion (« 5 ram i n the f i r s t hour) [7] s t i l l i s n e g l i g i b l e 
compared to the distance adsorbed BSA migrates i n an e l e c t r i c 
f i e l d (» 50-100 mm/hour) (cf Table 1). Thus, the increased 
diffusiveness of adsorbe
i t s enhanced electrophoreti
of the electrophoretic m o b i l i t i e s (at a given i o n i c strength) 
regardless of the duration of the electrophoretic run or of the 
applied voltage, would suggest that as long as the e l e c t r i c 
f i e l d i s applied, the perpendicular o r i e n t a t i o n of the absorbed 
BSA molecules i s maintained. 

Consideration of the three sets of data presented above 
(absorption isotherms, electrophoretic m o b i l i t y , and d i f f u s i o n 
rates) suggest that at high bulk protein concentrations a mono
layer of t i g h t l y packed, p a r t l y dehydrated BSA molecules i s 
adsorbed onto the glass surface with t h e i r l o n g i t u d i n a l a x i s 
perpendicular to the glass surface. The most l i k e l y conforma
t i o n of the adsorbed BSA molecules i s a close v e r t i c a l stacking 
with a l t e r n a t i n g p o l a r i t i e s , permitting a c e r t a i n degree of 
e l e c t r o s t a t i c a t t r a c t i o n between molecules, r e s u l t i n g i n a loss 
of water of hydration. 
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13 
Dynamic Behavior of Hydrophobically Modified 
Hydroxyethyl Celluloses at Liquid/Air 
and Liquid/Liquid Interfaces 

SHU-JAN LIANG and ROBERT M. FITCH1 

Institute of Materials Science and Department of Chemistry, The University of Connecticut, 
Storrs, CT 06268 

A new class of amphiphilic  surface-active graft co
polymers, hydrophobicall
celluloses (HM-HEC'
backbone with short polyethylene oxide (PEO) and 
grafted a lky l side chains. They are excellent steric 
s tabi l izers of O/W emulsions. 
Polymer monolayers, formed by adsorption from solution 
at various l iqu id interfaces, were compressed and 
expanded in a modified Langmuir trough with a Wilhelmy 
plate. Variables included polymer molecular weight, 
a lky l chain length and degree of grafting. The mono
layers generally exhibited large hystereses in dynamic 
pressure/area curves. 
A quantitative model is proposed for the dynamic response, 
which i s based on the hypothesis that the elas t ic part i s 
due to thermal motions, while the viscous part i s due to 
adsorption and desorption of chain segments and molecules. 

The r h e o l o g i c a l p r o p e r t i e s of a f l u i d i n t e r f a c e may be c h a r a c 
t e r i z e d by f o u r parameters: s u r f a c e shear v i s c o s i t y and e l a s 
t i c i t y , and s u r f a c e d i l a t i o n a l v i s c o s i t y and e l a s t i c i t y . When 
polymer monolayers a r e pr e s e n t a t such i n t e r f a c e s , v i s c o e l a s t i c 
b e h a v i o r has been observed ( 1 , 2 ) , but t h e o r e t i c a l p r o g r e s s has 
been slow. The a d s o r p t i o n of amp h o p h i l i c polymers a t the i n t e r 
f a c e i n l i q u i d emulsions s t a b i l i z e s the p a r t i c l e s m a i n l y through 
osmotic p r e s s u r e developed upon c l o s e approach. T h i s has become 
known as s t e r i c s t a b i l i z a t i o n (3,4.5). I n t h i s paper, the 
dynamic b e h a v i o r of a m p h i p h i l i c , h y d r o p h o b i c a l l y m o d i f i e d hydroxy
e t h y l c e l l u l o s e s (HM-HEC), was s t u d i e d . I n p r e v i o u s s t u d i e s 
HM-HEC1 s were found t o g r e a t l y reduce l i q u i d / l i q u i d i n t e r f a c i a l 
t e n s i o n s even a t v e r y low polymer c o n c e n t r a t i o n s , and were 
ex t r e m e l y e f f e c t i v e e m u l s i f i e r s f o r o r g a n i c l i q u i d s i n water (6). 

1Current address: S. C. Johnson & Son, Inc., 1525 Howe Street, Racine, WI 53403 
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186 POLYMER ADSORPTION AND DISPERSION STABILITY 

The HM-HEC monolayer at such an interface was found to strongly 
retard the rate of transport of small organic molecules across the 
interface ( 7 ) . Considerable relaxation-reorientation of the HM-
HEC chains slowly occurs at room temperature for as long as ten 
days. The desorption from the interface of HM-HEC molecules 
resulting from such reorientations leads to an apparently thinner 
and more permeable monolayer. 

Because the adsorbed HM-HEC molecules exhibit such slow rates 
of chain reorientation, the effects of molecular weight, amount of 
hydrophobic substitution and chain lengths of the hydrophobes on 
the i n t e r f a c i a l properties of HM-HEC monolayers can be i n v e s t i 
gated by two kinds of dynamic experiments: hysteresis and stress-
jump, using a Langmuir trough f i l m balance. 

Experimental 

Materials. Hydrophobically modified hydroxyethyl cellulose (HM-
HEC) research samples were supplied by the Hercules Research 
Center. The compositions of the samples determined according to 
the preparation recipes, rather than by analysis, are summarized 
in Table I. 

Table I 

HM-HEC Samples 

Weight % of No. Hydrophobes 
Code M Hydrophobe Hydrophobe per Molecule 

30-20-1.0-11 300,000 C 2 1.0 11 

30-16-1.5-20 300,000 C ^ 1.5 20 
l b 

30-16-1.0-13 300,000 C 1 £ 1.0 13 
lo 

30-16-0.5-6 300,000 C,, 0.5 6 
1 ο 

10-16-1.0-4 100,000 C 1 j C 1.0 4 
lo 

5-16-1.0-2 50,000 C 1 6 1.0 2 

5-8-2.5-11 50,000 C g 2.5 11 

Langmuir Trough Film Balance. A Langmuir trough, designed by Th. 
F. Tadros of ICI J e a l o t t 1 s H i l l Research Station and custom-
constructed by Bailey Engineering of Windsor, England, was 
employed. A reversible driving motor with continuously variable 
speed was used to move the barrier within a hydrophobically 
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treated glass frame which enclosed the monolayer. Movable micro-
switches were placed so as to stop or reverse the movement of the 
barrier at any predetermined position automatically. 

A Perkin-Elmer microbalance, modified to give an analog out
put to a continuously recording strip-chart recorder, was 
employed to obtain the surface tension force acting on a platinum 
Wilhemy plate immersed in the interface. The platinum plate was 
cleaned by heating to white heat i n a flame and subsequently wet 
with water prior to immersion. The contact angle at either a i r / 
aqueous or organic/aqueous interfaces was always observed to be 
0°. The buoyancy correction was calculated by measuring the 
depth of immersion with a cathetometer, and from a knowledge of 
the densities of the f l u i d s involved. The P-E microbalance main
tains the plate at a fixed position regardless of the force acting 
upon i t . 

An HM-HEC monolaye
by adsorption from an aqueous solution of the polymer placed in 
the Langmuir trough overnight. In nstress-jump" experiments, HM-
HEC monolayers were placed under rapid compression to a large 
degree and surface pressure was measured as a function of time 
after compression was stopped. (The compressional "jumps" 
required a minute or two to complete, and in some cases were on 
the order of the polymer monolayer relaxation times. See later 
section for discussion). In hysteresis experiments, the adsorbed 
monolayers were subjected to continuous compression-expansion 
cycles at a sp e c i f i c speed, while surface pressure was determined 
as a function of surface area. 

Mathematical Model 

When a monolayer at equilibrium, with surface pressure π , i s 
2 0 

subjected to compression at a speed of ν cm /sec, the surface 
pressure, *rr, i s increased because of the reduction of surface 
area, A. The increase in surface pressure w i l l change the free 
energy of the adsorbed molecules and lead to a desorption of whole 
molecules or segments of molecules i f these are reversibly 
adsorbed. The relationship between surface pressure and surface 
area for a monolayer may be given by an equation of state : 

(π + π°) (A - A°) = nRT (1) 

where η i s the number of moles of adsorbed segments, and ir° and 
A 0 are constants to account for deviations from ideal behavior. 
For an ideal monolayer, equation 1 would become 

πΑ = nRT (2) 

The rate of relaxation caused by desorption or readsorption i s 
assumed to follow a simple f i r s t order function with a rate 
constant a: (8) 
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H - «<* - ν ( 3 ) 

When an i d e a l monolayer i s compressed, A = A - v t , where t i s 
the time a f t e r the experiment b e g i n s . At t = 0 , A = A , the 
uncompressed a r e a of the monolayer, and π A = η RT a t e q u i l i b 
rium. From e q u a t i o n s (2) and ( 3 ) , a simpîe°rela?ionship f o r the 
s u r f a c e p r e s s u r e as a f u n c t i o n of a r e a , compression r a t e and time 
i s o b t a i n e d : 

1 q + 1 
(4) 

where q = aRT

where the q u a n t i t y v t / A i s the degree of compression. The 
parameter q i s a measure of the r a t i o of the d e s o r p t i o n r a t e t o 
the compression r a t e , and can be c a l c u l a t e d from the r e s u l t s of 
s t r e s s - j u m p experiments. 

I n a s t r e s s - j u m p experiment, a f t e r a c e r t a i n degree of 
compression, the s u r f a c e a r e a of the monolayer i s h e l d c o n s t a n t 
a t a predetermined v a l u e , A^. Then from e q u a t i o n s (2) and ( 3 ) : 

9(π A./RT) f ν 
1 = α (ir-ir ) 3t 

8 (π-π ) 
ο 

ο 

3t 3t Α χ 

aRT , £ . 
τ — , d e f i n e d as a r e l a x a t i o n r a t e c o n s t a n t , can be c a l c u l a t e d 
A l 
from the s l o p e of a p l o t of I n (π-π ) v e r s u s time. There e x i s t 
two l i m i t i n g cases : 

( Ο 1 - O i ( H - (1 Γ ' (7 ) 

where no desorption occurs during the compression process ; and 

(2) q = -co: / π_\ = 1 ': It) 
where the r a t e of d e s o r p t i o n i s v e r y f a s t compared t o the r a t e of 
compression. 
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For a n o n - i d e a l monolayer, i n which l a t e r a l i n t e r a c t i o n s 
among mol e c u l e s and c h a i n segments w i t h i n the monolayer a r e 
s i g n i f i c a n t , a m o d i f i c a t i o n o f e q u a t i o n (4) can be employed: 

, + α - - ^ - ) - ( q + l ) 

A + A ° 0 (8) 
q + 1 

In a h y s t e r e s i s experiment, the movable b a r r i e r would be 
re v e r s e d a t a tim e , d e s i g n a t e d as t ^ , so t h a t the monolayer comes 
under an expansion p r o c e s s a t the same speed, v. The i n c r e a s e of 
s u r f a c e a r e a causes a r e d u c t i o
r e v e r s i b l y adsorbed monolayer
c o n t i n u e d u r i n g the f i r s t p e r i o d of expansion u n t i l the s u r f a c e 
p r e s s u r e i s reduced t o i t s e q u i l i b r i u m v a l u e . On f u r t h e r 
e x p a n s i o n , r e a d s o r p t i o n o c c u r s because the s u r f a c e p r e s s u r e i s 
below i t s e q u i l i b r i u m v a l u e . 

At t = t r 

v t l -<q + 1) 
q + (1 - — ) 

ο (9) 
q + 1 

At t = 2t-, the a r e a has r e t u r n e d t o i t s o r i g i n a l v a l u e : A = A . 
ι < < 0 

For i n t e r m e d i a t e t i m e s , i . e . , t ^ - t - 2 t ^ , 

A = A + v ( t - 2t.) (10) ο 1 
and 

f , _ _ v ( t - t . ) q-1 
( π } - S L + [ ( 3 L ) - -SL] [ 1 + 1 2 L I I _ ] ( 1 1 ) ο ^ q-1 νπ ' q-1 J 1 A - v t , t ο t j n 1 

D u r i n g the n*"*1 c y c l e o f a h y s t e r e s i s experiment, on compression: 

2 ( n - l ) t 1 - t - ( 2 n - l ) t 1 ; A = A q - v ( t - 2 ( n - 1 ) t ^ , and (12) 
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on e x p a n s i o n : 

( 2 n - l ) t 1 - t - 2ηϋ χ; A = A q + v ( t - 2ηϋ χ) (14) 

π α IT α v ( t " ( 2 n ~ 1 } M 

I n F i g u r e s 1-3, t h e o r e t i c a
p l o t t e d a g a i n s t a r e a f o
f i r s t compression i s p l o t t e d f o r v a r i o u s q-values i n i d e a l c a s e s , 
and f o r two a d d i t i o n a l n o n - i d e a l cases when q = 0: A 0 = 0.1 A Q 

and π° = 0.1 π . The v a l u e of π/π i n c r e a s e s as the v a l u e of 
A 0 o r π° i n c r e a s e s . T h i s i n d i c a t e s t h a t the i d e a l model tends t o 
underestimate π/π i f l a t e r a l a t t r a c t i o n s a r e s i g n i f i c a n t . The 
t h e o r e t i c a l curves a l s o show t h a t s u r f a c e p r e s s u r e decreases when 
the compression r a t e , v, i s decreased f o r a g i v e n monolayer, i . e . 
as q becomes more n e g a t i v e . In F i g u r e 2, s u r f a c e p r e s s u r e v s . 
ar e a c u r v e s a r e p l o t t e d f o r q = -0.8, w i t h v a l u e s of v t ^ / A ^ e q u a l 
to 0.5 ( f o r two c y c l e s ) and 0.6 ( f o r t h r e e c y c l e s ) . I n F i g u r e 3 
s i m i l a r s e t s of curves a r e p l o t t e d f o r q = -5. As the a b s o l u t e 
v a l u e of q i n c r e a s e s , the a r e a o f h y s t e r e s i s i n c r e a s e s , reaches a 
maximum, and then d e c r e a s e s : i n the two l i m i t i n g cases of q = 0 
and q = c o r r e s p o n d i n g t o c o n d i t i o n s o f i r r e v e r s i b l e a d s o r p t i o n 
and i n f i n i t e l y r a p i d d e s o r p t i o n / a d s o r p t i o n , r e s p e c t i v e l y , t h e r e 
i s no h y s t e r e s i s . 

Furthermore, we employ the same assumptions t o d e s c r i b e a 
d i f f e r e n t s e t o f h y s t e r e s i s e x p e r i m e n t s : a monolayer w i t h s u r 
f a c e p r e s s u r e π a t e q u i l i b r i u m i s s u b j e c t e d t o expansion a t a 
c o n s t a n t speed of ν cm^/sec. The t h e o r e t i c a l c u r v e s of s u r f a c e 
p r e s s u r e are p l o t t e d a g a i n s t a r e a f o r v a r i o u s q-values i n F i g u r e 
4. The curves show t h a t the r e d u c t i o n of s u r f a c e p r e s s u r e 
d e c r e a s e s when the expan s i o n r a t e i s decreased f o r a g i v e n mono
l a y e r , i . e . as q becomes more n e g a t i v e . I n F i g u r e 5, curves a r e 
p l o t t e d f o r q = -2 w i t h the two d i f f e r e n t modes: i n i t i a l com
p r e s s i o n and i n i t i a l e x p ansion. Because the t h e o r e t i c a l c u r v e s 
of the second and subsequent c y c l e s i n b o t h modes almost c o i n c i d e , 
we can expect t h a t the s u r f a c e p r e s s u r e v s . ar e a c u r v e s w i l l be 
independent of how the h y s t e r e s i s experiment s t a r t s a f t e r about 
two i n i t i a l c y c l e s . 
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q = 0 

0.4 0.8 0.0 0.7 0.8 0.9 1.0 
A/Ac 

F i g u r e 1. T h e o r e t i c a l dependence of ι/*ο as c a l c u l a t e d 
from e q u a t i o n s (4) and ( 8 ) ; s o l i d l i n e s : i d e a l monolayers; 
dashed l i n e s : n o n - i d e a l . Parameter i s q. 

A/Ac 

F i g u r e 2. T h e o r e t i c a l curves of π/π v s . A/A f o r q = -0.8 
a 0 0 η 

w i t h maximum degree of compression = 50% ( s o l i d l i n e s ) and 
60% (dashed l i n e s ) . 
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0.81-

o e l 1 , I « I ι I 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 

A/Ao 

F i g u r e 3.. T h e o r e t i c a l c u r v e s of π/π v s . A/A f o r q = -5 —u ο ο 
w i t h maximum degree of compression = 50% ( s o l i d l i n e s ) and 
60% (dashed l i n e s ) . 

E xpansion 

A/Ao 
F i g u r e 4. The e f f e c t of q on π/π vs. A/A as the — ο ο 
monolayer i s expanded. 
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1.4" I n i t i a l e x p ansion v s . i n i t i a l compression 

1.2 

O.i 

Start Exp. 
Start Comp. 

O.S 0.0 0.7 0.8 
A/AQ 

0.0 1.0 

F i g u r e 5. T h e o r e t i c a l c u r v e s o f π/π v s . A/A f o r q = -2. 
— s- e ••— ο ο 
f o r two d i f f e r e n t h y s t e r e s i s e x p e r i m e n t s : compression 
f o l l o w e d by expansion ( s o l i d l i n e ) and expansion f o l l o w e d 
by compression (dashed l i n e ) . 
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Results and Discussion 

Stress-Jump Experiments. The results of stress-jump experiments 
for HM-HEC monolayers with various compositions are shown in 
Table II» where the relaxation rate constants, oRT, were calcu-

A l 
from the i n i t i a l slopes of the plots of In (π-π ) vs. time curves. 

The dependency of the value of the corrected relaxation rate 
constant, otRT, on the degree of compression found in HM-HEC 

A 0 

30-16-0.5-6 monolayers indicates that the relaxation process i s 
not a simple f i r s t order function. Because of strong l a t e r a l 
interactions, the polymer monolayers possess both e l a s t i c and 
viscous properties. It has been found i n separate experiments on 
the d i f f u s i o n a l barrie
very slow process occur
probably involves both reorientation of chain segments within the 
interface as well as adsorption/desorption of molecules (7). The 
characteristic relaxation rate constant for this process i s on the 
order of k : 10"^ s" . From these relaxation rate constants, we 
may compare the dynamic properties of HM-HEC monolayers: 

1) The segmental mobility of the polymer in the monolayer i s 
enhanced by the solvation of the hydrophobes with toluene 
(9): the relaxation rate constant at the toluene/aqueous 
interface was three times that at the air/aqueous interface, 
as shown by Experiments Numbers 1 and 2 i n Table II. 

2) The dynamic behavior of HM-HEC monolayers depends on the 
concentration i n bulk solution (10, 11, 12): the monolayer 
obtained from d i l u t e solution, having a higher relaxation 
rate constant, i s more f l e x i b l e and presumably thinner 
(Experiments Numbers 1 and 3). 

3) An increase i n the amount of hydrophobic modification 
r e s t r i c t s segmental mobility by an increase of vi s c o s i t y 
within the monolayer : for the same molecular weight (300,000) 
and hydrophobe chain length (C^) , the polymer monolayer with 
the higher amount of hydrophobe has a smaller relaxation rate 
constant (Experiments Numbers 3 and 7 ) . 

4) Relaxation rates are strongly dependent on molecular weights: 
for a given amount (1%) and chain length ( C 1 5 ) of hydro
phobes : polymer 5-16-1-2, having one-sixth the M.W. of 
30-16-1-13, has a relaxation rate constant approximately 100 
times as great (Experiments Numbers 1 and 9). This result 
implies a great difference i n configurations of the adsorbed 
molecules at the interface, as a result of different surface 
a c t i v i t i e s (13). As the polymer molecules adsorb at the 
interface, the hydrophobic moieties are held within the 
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i n t e r f a c i a l zone, w h i l e the c e l l u l o s i c p a r t s form l o o p s & t a i l s 
s o l v a t e d by water. A t h i c k e r monolayer i s expected f o r a 
h i g h e r M.W. polymer (14). 

5) The c h a i n l e n g t h o f hydrophobes has a g r e a t e r e f f e c t on the 
dynamic b e h a v i o r o f the polymer monolayer than the number of 
hydrophobes, when the s i d e c h a i n s a r e s h o r t : the 5-8-2.5-11 
m o l e c u l e s w i t h e l e v e n C g hydrophobes per c h a i n have a h i g h e r 
r e l a x a t i o n r a t e c o n s t a n t than the 5-16-1-2 m o l e c u l e s w i t h 
o n l y two €\§ hydrophobes. Many s h o r t s i d e c h a i n s per molecule 
r e s u l t i n a g r e a t e r degree o f a d s o r p t i o n , as evidenced by a 
lower s u r f a c e t e n s i o n (see F i g u r e 9 ) , but a s m a l l e r energy 
per adsorbed segment. The c h a i n l e n g t h of the hydrophobes 
determines t h e i r degree o f secondary bonding i n the a i r phase 
so t h a t the 5-16-1-
a s m a l l e r v a l u e o f
Table I I ) . 

H y s t e r e s i s Experiments. The dynamic b e h a v i o r o f a 30-16-1-13 
monolayer a t the a i r / 5 ppm aqueous i n t e r f a c e was s t u d i e d a t two 
d i f f e r e n t speeds, 3.17 cm/min and 0.353 cm/min, and i s shown i n 
F i g u r e 6. These may be compared w i t h the t h e o r e t i c a l c urves i n 
F i g u r e s 2 and 3. Comparing the ir-A c u r v e s a t these two speeds, 
we found t h a t the s u r f a c e p r e s s u r e was not o n l y a f u n c t i o n o f 
a r e a , but a l s o o f speed, e s p e c i a l l y i n the h i g h compression 
r e g i o n s . The r e s u l t s i n d i c a t e t h a t the r a t e s o f d e s o r p t i o n and 
r e a d s o r p t i o n , a, of HM-HEC 30-16-1-13 are o f somewhat the same 
o r d e r o f magnitude as the r a t e s o f compression and expansion we 
employed. At slow speeds, d u r i n g compression the adsorbed 30-16-
1-13 m o l e c u l e s have much more time t o r e o r i e n t themselves; and i n 
ex p a n s i o n , some of the desorbed segments can be re a d s o r b e d , pos
s i b l y a l o n g w i t h m o l e c u l e s from the b u l k s o l u t i o n . 

S i m i l a r r e s u l t s were observed f o r the monolayers o f 30-16-
0.5-6 and 10-16-1-4, when the speeds o f compression and expansion 
were p r o p e r l y chosen. In F i g u r e 7, the dynamic b e h a v i o r o f the 
monolayer 30-16-0.5-6 a t the a i r / 1 0 ppm aqueous i n t e r f a c e , w i t h 
two speeds: 3.1 and 0.225 cm/min, are shown. That f o r 10-16-1-4 
at the a i r / 1 0 ppm aqueous i n t e r f a c e , i s shown i n F i g u r e 8. 
Toluene was subsequently poured c a r e f u l l y onto t h i s same mono
l a y e r , and a f t e r s t a n d i n g 20 h o u r s , the h y s t e r e s i s experiments 
were r e p e a t e d . The r e s u l t s a r e a l s o shown i n F i g u r e 8. In 
F i g u r e 9, the dynamic b e h a v i o r s of two low M.W. HM-HEC monolayers, 
5-16-1-2 and 5-8-2.5-11, a t a i r / 5 0 ppm aqueous i n t e r f a c e s , b o t h 
s t u d i e d a t 3.6 cm/min, a re p r e s e n t e d . From the r e l a t i v e l y h i g h 
speed (z 3.0 cm/min) π-Α c u r v e s , one may make the f o l l o w i n g 
o b s e r v a t i o n s : I n F i g u r e s 6 through 9, the e f f e c t o f m o l e c u l a r 
weight on the dynamic b e h a v i o r of HM-HEC monolayers can be seen 
i n t h e changes from concave t o convex i n the shape of the π-Α 
curves o f i n i t i a l compression as the M.W. dec r e a s e s . T h i s r e s u l t 
agrees w i t h the p r e d i c t i o n u s i n g the model, where t h e a b s o l u t e 
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I i • » I ι I 
0.4 0.5 0.0 0.7 0.8 0.0 1.0 

A/A* 

F i g u r e 6. Dynamic b e h a v i o r of HM-HEC 30-16-1-13 monolayer 
at a i r / 5 ppm aqueous s o l u t i o n i n t e r f a c e , two h y s t e r e s i s 
c y c l e s a t speeds of 3.17 cm/min and 0.23 cm/min. 

3.1 CM/MIN 
0.229 CM/MIN 

A/Ao 
F i g u r e 7. Dynamic b e h a v i o r o f HM-HEC 30-16-0.5-6 monolayer 
at a i r / 1 0 ppm aqueous s o l u t i o n i n t e r f a c e , (a) and ( b ) : 
h y s t e r e s i s experiments w i t h speeds of 3.1 cm/min and 
0.225 cm/min, r e s p e c t i v e l y . 
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10 — 

ι » ι ι J 
_ _ _ — — i.o 

A/Ao 
F i g u r e 8. Dynamic b e h a v i o r of HM-HEC 10-16-1-4 monolayer 
at 10 ppm aqueous s o l u t i o n i n t e r f a c e s , a t a i r (a) and 
to l u e n e ( b ) : h y s t e r e s i s experiments a t compression speed 
of 2.71 cm/min. 

06 
A/Ao 

F i g u r e 9. Dynamic b e h a v i o r o f low M.W. HM-HEC monolayers 
a t a i r / 5 0 ppm aqueous s o l u t i o n i n t e r f a c e , ( a ) : 5-8-2.5-11 
( b ) : 5-16-1-2. Speed: 3.6 cm/min. 
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v a l u e o f q, the r a t i o o f the d e s o r p t i o n t o the compression r a t e , 
i n c r e a s e s w i t h d e c r e a s i n g M.W. a t c o n s t a n t ν (see F i g u r e 1 ) . 

Among the monolayers, we found t h a t 10-16-4 a t the a i r / 1 0 ppm 
aqueous i n t e r f a c e had the l a r g e s t a r e a o f h y s t e r e s i s as shown i n 
F i g u r e 8. D u r i n g i t s second c y c l e of the h i g h speed compression, 
the monolayer became r e l a t i v e l y i n c o m p r e s s i b l e , m a n i f e s t e d i n an 
i n c r e a s e o f s l o p e i n the π vs A curve a t h i g h compression. I n 
the presence of t o l u e n e the i n t e r a c t i o n s among hydrophobes would 
be reduced, t h e r e b y d e c r e a s i n g the i n t e r n a l v i s c o s i t y of the mono
l a y e r , so t h a t b o t h c o m p r e s s i o n a l modulus and h y s t e r e s i s a r e a are 
reduced ( 6 ) . The c o m p r e s s i o n a l m o d u l i f o r 10-16-1-4 a t a i r / and 
toluene/10 ppm aqueous i n t e r f a c e s were found t o be 14.5 and 5.5 
dyne/cm 9 r e s p e c t i v e l y . 

Test o f the Ma t h e m a t i c a
b e h a v i o r of the polymer
the degree of compression, (1-A/A ) , and the r a t i o o f the 
r e l a x a t i o n r a t e t o the compression (expansion) r a t e , q. The 
r e s u l t s from t h r e e t y p i c a l h y s t e r e s i s experiments w i t h t h r e e 
d i f f e r e n t polymers were chosen f o r comparison t o the t h e o r y . 
T h e i r q - v a l u e s , e i t h e r c a l c u l a t e d from the e x p e r i m e n t a l c o n d i t i o n s 
o r chosen f o r b e s t f i t , and t h e i r c o r r e s p o n d i n g r e l a x a t i o n r a t e 
c o n s t a n t s , o b t a i n e d from s e p a r a t e s t r e s s - j u m p e x p e r i m e n t s , a r e 
l i s t e d i n Table I I I . 

Table I I I 

Monolayer 
E x p e r i m e n t a l 
π—A Curve 

Speed of 
Compression/cm min-* 

C o r r e c t e d 
R e l a x a t i o n 
Rate 
C o n s t a n t / 
sec""* q 

30-16-1-13 F i g u r e 6 3.17 7.91 Χ 1 0 " 4 -0.257 

30-16-0.5-6 F i g u r e 7, 
curve (b) 

0.225 
0.225 
0.225 

1.00 X 1 0 " 3 

4.17 Χ 1 0 ~ 4 * 
3.13 X 1 0 ~ 4 

-4.80 
-2.0* 
-1.5* 

5-16-1-2 F i g u r e 9, 
curve (b) 

3.60 
3.60 

1.17 X 1 0 " 2 + 

3.34 X 1 0 ~ 2 * -
-3.50 
-10.0* 

t Compressional speed d u r i n g s t r e s s - j u m p too slow to a v o i d 
some s t r e s s r e l a x a t i o n 

* Assumed v a l u e s 

In F i g u r e 10, the π-Α c u r v e s , b o t h e x p e r i m e n t a l and t h e o r e t i 
c a l , o f the i n i t i a l compression are p l o t t e d . We found good agree
ment w i t h monolayer 30-16-1-13 (curves (a) and ( a 1 ) ) where the 
a b s o l u t e v a l u e of q i s s m a l l and the h y s t e r e s i s a reas o f the 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



POLYMER ADSORPTION AND DISPERSION STABILITY 

A/Ao 

Figure 10. The comparison of the theoretical (dashed 
lines) and experimental (solid lines) π vs. A curves of the 
f i r s t compression for three monolayers : (a) HM-HEC 30-16-
1-13 monolayer at air/5 ppm aqueous solution interface with 
compression speed of 3.17 cm/min; (b) HM-HEC 30-16-0.5-6 
monolayer at air/10 ppm aqueous solution interface with 
compression speed of 0.225 cm/min and (c) HM-HEC 5-16-1-2 
monolayer at air/50 ppm aqueous solution interface with 
compression speed of 3.6 cm/min. 
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t h e o r e t i c a l curves a r e a l s o s m a l l . For monolayer 30-16-0.5-6, 
the c a l c u l a t e d v a l u e o f q = -4.8 and an assumed v a l u e of -1.5 were 
used t o p l o t the t h e o r e t i c a l π-Α c u r v e s , as shown i n curves ( b f ) 
and ( b " ) , r e s p e c t i v e l y . The r e s u l t s i n d i c a t e t h a t the model 
underestimates the s u r f a c e p r e s s u r e s a t h i g h compressions under 
these c o n d i t i o n s . S e v e r a l reasons may account f o r t h i s l a c k of 
agreement: (1) The t h e o r e t i c a l curves are h i g h l y s e n s i t i v e t o 
v a l u e s of q between -1 and -5 (see F i g u r e 1 ) . The e x p e r i m e n t a l q, 
i n t u r n , r e l i e s on the r e l a x a t i o n r a t e c o n s t a n t e s t i m a t e d from a 
stre s s - j u m p experiment. (2) The r e l a x a t i o n p r o c e s s o f the polymer 
i s not a si m p l e f i r s t o r d e r f u n c t i o n . The r e l a x a t i o n r a t e 
c o n s t a n t measured from a s t r e s s - j u m p experiment w i t h a h i g h speed 
precompression thus might not a p p l y t o the system w i t h a low speed 
compression. (3) In the r e a l system, the r e l a x a t i o n r a t e c o n s t a n t 
i s r e l a t e d not o n l y t o
i n t e r n a l v i s c o s i t y o f th
e x t e n t of m i c e l l a r a g g r e g a t i o n , b o t h i n t r a - and i n t e r - m o l e c u l a r , 
r e s u l t i n g from hydrophobic i n t e r a c t i o n s . 

For low M.W. monolayer 5-16-1-2, the v a l u e o f q = -10 ( i n 
s t e a d of the e x p e r i m e n t a l v a l u e of -3.5) was chosen t o o b t a i n the 
be s t f i t t o the t h e o r e t i c a l c u r v e . The r e l a x a t i o n p r o c e s s i n t h i s 
low m o l e c u l a r weight polymer was v e r y f a s t , so t h a t the s t r e s s 
induced d u r i n g the s o - c a l l e d s t r e s s - " j u m p " was t o a l a r g e e x t e n t 
r e l i e v e d d u r i n g the i n i t i a l compression. The "jump" was at the 
maximum a v a i l a b l e speed of 3.60 cm m i n ~ l , not n e a r l y f a s t enough 
under these c o n d i t i o n s t o a v o i d t h i s source of e r r o r . T h i s was 
not a problem f o r the h i g h m o l e c u l a r weight polymers i n which the 
r e l a x a t i o n p r o c e s s c o n t i n u e d f o r more than 24 hours. I t i s 
p r o b a b l e , t h e r e f o r e , t h a t the a c t u a l r a t e o f r e l a x a t i o n i s a t 
l e a s t t h r e e times f a s t e r than t h a t measured from our st r e s s - j u m p 
experiment. However, d e s p i t e these d i f f i c u l t i e s , the model p r o 
v i d e s a good e x p l a n a t i o n f o r s u r f a c e p r e s s u r e v s . a r e a r e l a t i o n 
s h i p s which depend upon the na t u r e o f the polymer and the e x p e r i 
mental c o n d i t i o n s . 

C o n c l u s i o n 

H y d r o p h o b i c a l l y m o d i f i e d h y d r o x y e t h y l c e l l u l o s e s e x h i b i t c o n s i d 
e r a b l e s u r f a c e a c t i v i t y , the magnitude of which depends on the 
c h a i n l e n g t h o f the hydrophobes, the percentage of hydrophobic 
m o d i f i c a t i o n , and the m o l e c u l a r weight. The h y s t e r e s i s and 
str e s s - j u m p experiments t o g e t h e r p e r m i t one t o o b t a i n the v i s c o -
e l a s t i c p r o p e r t i e s of polymer monolayers, c h a r a c t e r i z e d by a 
parameter q, the r a t i o o f r e l a x a t i o n r a t e to the compression (or 
expansion) r a t e . Under c o n d i t i o n s of r a p i d compression ( s m a l l 
n e g a t i v e q ) , the e l a s t i c p r o p e r t i e s of the polymer monolayer 
dominate, and one o b t a i n s the e l a s t i c modulus from the s l o p e of 
the π-Α cu r v e . At r e l a t i v e l y slow speeds (-1 * q 2 - 5 ) , v i s c o u s 
p r o p e r t i e s are measured, and a l a r g e h y s t e r e s i s a r e a i s observed. 
We found t h a t f o r h i g h M.W. HM-HEC, the r a t e of segmental 
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orientation and the exchange rate between monolayer and the bulk 
phase are extremely slow, with a relaxation rate constant on the 
order of 10~^sec~^ , such that the polymer monolayers could be 
regarded as insoluble, even though they are formed by adsorption 
from solution.. 
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Statistical Thermodynamics and Configurational 
Structure of Chains Confined Between Surfaces 
The Effect of Concentration and Segment/Surface Attraction 
on the Behavior of Chains Bounded by a Pair of Surfaces 

MOTI LAL and GILL M. WATSON 
Unilever Research, Port Sunlight Laboratory, Bebington, Wirral, L63 3JW, England 

The effects of chain segment concentration and the 
segment/surface interactio
gurational and thermodynami
hedral lattice chains confined between a pair of 
impenetrable surfaces is investigated. The 
concentration effect has been accounted for in terms 
of the mean field approximation. The present study 
involves the application of Di Marzio and Rubin's 
probability matrix formalism in a suitably modified 
form which allows the introduction of the mean field 
approximation in the interfacial region and takes a 
partial account of the intrachain excluded volume 
effect by disallowing immediate reversals of bond 
directions in the chain. This study shows that while 
the qualitative behaviour of the properties of the 
chain is essentially governed by the segment/surface 
interactions, the concentration effect can bring 
about significant quantitative changes in those 
properties. In particular, it is found that the 
segment density distribution is markedly affected by 
the changes in the mean segment concentration in the 
interfacial region. This finding calls into question 
the validity of the assumption that the free energy 
of the confined chain can be resolved into the 
linearly additive volume restriction and osmotic 
terms, the former being independant of composition. 

The problem of chains confined to the region bounded by a pair of 
surfaces i s the subject of a great deal of in t e r e s t to both 
theoreticians and experimentalists. Such an in t e r e s t derives 
mainly from the desire to acquire a molecular understanding of 
the role of polymers as s t a b i l i s i n g and f l o c c u l a t i n g agents for 
c o l l o i d a l dispersions. I t i s generally held that the phenomena 
of polymer induced c o l l o i d s t a b i l i t y and f l o c c u l a t i o n follow from 
the thermodynamic and configurational changes i n the adsorbed 
NOTE: This is Part V in a series. 

0097 6156/84/0240 0205S06.25/0 
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region brought about by the c o l l i s i o n of a pair of p a r t i c l e s . 
The object i s , therefore, to seek a quantitative i n t e r p r e t a t i o n 
of these phenomena i n terms of such changes. The older 
treatments, advanced by Meier ( Ο , Heeeelink et a l (2, _3» 4) and 
others ( 5 ) , have attempted to evaluate the free energy 
changes a r i s i n g from the compression of chains as the two surfaces 
approach closer separations. Those treatments involve the 
d i v i s i o n of the free energy into l i n e a r l y a d d i t i v e contributions 
(volume r e s t r i c t i o n term and osmotic term) assumed to be mutually 
independent. More recent studies are based on the s e l f 
consistent f i e l d model and have tackled the problem of terminally 
anchored chains confined between p a r a l l e l plates (6, 7)· Most 
recently,Scheutjens and Fleer have extended t h e i r s t a t i s t i c a l 
mechanical treatment for chains adsorbed on a s i n g l e surface (8) 
to chains between two surface
s t a t i s t i c a l mechanical studie
between surfaces have been pursued using Monte Carlo and exact 
enumeration methods (10-14). 

The present computational study involves the modification 
of the probability-matrix approach of Di Marzio and Rubin (15) 
so as to include the effect of concentration and to take a 
p a r t i a l account of the intramolecular excluded volume effect by 
d i s a l l o w i n g immediate reversals of bond d i r e c t i o n s i n the chain 
configurations. The aim of these c a l c u l a t i o n s i s to evaluate the 
e f f e c t s of interchain interactions and segment/surface binding 
energy on the segment-density d i s t r i b u t i o n and the c o n f i 
g urational free energy of chains i n the region bounded by a pair 
of p a r a l l e l planes. The r e s u l t s should enable us to estimate the 
importance of these factors i n the modification of the 
c o n f i g u r a t i o n a l and thermodynamic state of the i n t e r f a c i a l region 
as the two planes are brought to closer distances. 

THE MODEL 

In l i n e with our previous computations (10, 11, 16), we assume 
a tetrahedral l a t t i c e to represent the present systems. A chain 
i s formed by l i n e a r l y j o i n i n g successive s i t e s on the l a t t i c e , a 
s i t e i n the chain denoting a segment and the vector j o i n i n g a 
p a i r of consecutive s i t e s a bond. The bond length (&) and the 
bond angle are, re s p e c t i v e l y , equal to /3 l a t t i c e units and 
109.48°. It i s s t i p u l a t e d that a bond i n the chain cannot assume 
a d i r e c t i o n opposite to that of i t s immediate predecessor. In 
t h i s way, the overlap between segments i and i+2 i s avoided, and 
so the excluded volume condition i s p a r t i a l l y f u l f i l l e d . A bond 
can assume three conformational states corresponding to the 
(bond) r o t a t i o n a l angles Φ • 0° ( t r a n s ) , 120° (gauche*) and 
240° (gauche"*). 
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The chains are confined i n the region bounded by a pair of 
p a r a l l e l planes 

y - χ » A 
and y - χ » Β 

with (B-A)/ 2 » D, where D i s the width of the i n t e r f a c i a l 
region i n units of d * /Ï l a t t i c e units (» J~jh it). 
The confining planes make an angle of 45° with the ζ » A plane. 
The rationale underlying the choice of the above l a t t i c e planes 
as bounding surfaces resides i n their a b i l i t y to allow the 
occurrence of a configurational state i n which a l l the segments 
of the chain are adsorbed ( i e . located on the surface). 
Geometrical constraints prevent the chain from lying f l a t on the 
z»A surface, and i t ma
cannot accommodate mor

The model i s characterised by the following three energy 
parameters: 

i ) âeg, which represents the change i n energy accompanying the 
formation of a non-bonded segment/segment pair, specifies the 
solvent condition. άε% > 0 (repulsion between segments) 
corresponds to good solvent condition, whereas Δει < 0 prescribes 
poor solvent condition. 

i i ) Δ ε ^ 2 i s the energy difference between a gauche and a 
trans state. It i s related to bond f l e x i b i l i t y , which may be 
defined as (17) 

£ - e~ â et+g (1) 
so that for Δ ε ^ - 0, £ » 1 (completely f l e x i b l e chain) 
and for àet^ - », ^ » 0 (completely r i g i d chain assuming the 
all - t r a n s state). 

i i i ) Segment/surface binding energy parameter, Δε t> denotes the 
change i n energy resulting from the formation of a segment/ 
surface bond. Negative values of Δει correspond to segment/ 
surface attraction. Adsorption of a chain would occur only i f 
-Δε! exceeds the c r i t i c a l value which i s » 0.45 kT for the chain 
confined to a single surface (18). 

In the present model the co-ordination number for the f i r s t 
bond of the chain i s 4 and for the remaining bonds i t i s 3. Thus 
the configurational p a r t i t i o n function of an N-bond, isolated 
chain ( i e . i n the l i m i t of zero concentration) i s 

0 ( o ) » 4x3 (2) 
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neglecting the interchain interactions. Now consider the system 
at a f i n i t e concentration. For bonds of a chain i n the system, 
the (effective) co-ordination number i s no longer 3 but i s 
reduced due to the occupancy of segments of other chains on 
l a t t i c e s i t e s . Let the fraction of si t e s occupied by the 
segments be φ. Therefore the fraction of unoccupied sites w i l l 
be (l-φ). According to the mean f i e l d approximation, the 
fra c t i o n (l-φ) represents the factor by which the co-ordination 
number i s reduced. Therefore, the p a r t i t i o n function of the 
chain at φ i s 

0 , - 4x3 N~ 1 χ (1-φ) Ν (3) 

Equation (3) w i l l readil
chain to be determined a
approximation has been applied to account for the concentration 
effect i n the i n t e r f a c i a l region. E x t e n s i o n of the mean f i e l d 
theory to this region must be consistent with two essential 
features of the system, namely, the presence of segment/surface 
interactions and variation of segment concentration normal to the 
confining planes. Below, we give an outline of the computational 
method which not only allows the theory to be applied in accord 
with the conditions embodied i n the above two features but also 
incorporates the short range excluded volume effect mentioned 
e a r l i e r i n the section. 

THEORETICAL FRAMEWORK 

Rubin (19) o r i g i n a l l y developed the probability matrix formalism 
for a random-walk, l a t t i c e chain confined to an impenetrable 
barrier represented by a l a t t i c e plane. This formalism was 
subsequently extended by Di Marzlo and Rubin (15) to a chain 
confined between two l a t t i c e planes. Rubin's approach i s 
ess e n t i a l l y a mathematical device which provides a convenient 
method for the computation of the configurational p a r t i t i o n 
function and other properties of the system. It divides the 
i n t e r f a c i a l region into planes p a r a l l e l to the bounding surfaces 
(Fig 1) such that the chain segments can be located only on these 
planes - there exists no p o s s i b i l i t y for a segment lying i n the 
region between two consecutive planes. Let there be M such 
planes including the confining surfaces which are labelled as 1 
and M i n the figure. The probability, ρ ( i ) , that a chain 
segment 1 l i e s i n a plane η i s a sum of 3 terms which are related 
to the probability of segment i-1 being located i n planes n-1, η 
and n+1· 
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F i g u r e 1. Schematic r e p r e s e n t a t i o n of the model f o r 
th e i n t e r f a c i a l r e g i o n . The r e g i o n i s 
composed of M p a r a l l e l p l a n e s i n c l u d i n g the 
bounding s u r f a c e s which a r e l a b e l l e d as 
1 and M . The d i s t a n c e between a p a i r of 
a d j o i n i n g p l a n e s i s d = Jl l a t t i c e u n i t s . 
The w i d t h o f t h e i n t e r f a c i a l r e g i o n D = M - l 
( i n u n i t s o f d ) . 
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One may write 

P n ( i ) - U V n - l ^ + *oPn ( i" 1 ) + • • i V l " " 1 * ( 4 ) 

where P n - | ( i - l ) , p n ( i - l ) and p n + ^ ( i - l ) are the probabilities 
of segment i-1 residing in planes n-1, η and n+1 respectively. 
The coefficients , Ψ 0 and ψ+·^ denote the conditional 
pr o b a b i l i t i e s for segment i being in plane η i f segment i-1 was 
located, respectively, at n-1, η and n+1. ψ !β are related to the 
l a t t i c e co-ordination number as 

1 ζ/ζ, where f z i s the co-ordination in two 
dimension

(5) 

and ψ-1 » Ψ + 1 2 ζ 

For η 

and for η 

1, 

M, P n + 1 ( i - D 0 

since the confining 
surfaces are impenetrable (6) 

Further, for planes 1 and M the segment/surface interactions w i l l 
necessitate the introduction of the Boltzmann factor in the 
probability equation. Thus: 

P!<i) = * 0 P i ( i - D e B + t + P j i i - D e 1 

and p M ( i ) = * - 1 P M _ 1 ( i - D e e + Ψ 0 Ρ Μ ( 1 - 1 ) β θ ) 

where θ β "*Δε2/ΐςχ 

( 7 ) 

The foregoing formalism can be presented succinctly in the 
matrix notation as 

with 

Ρ ( i ) - ΪΡ ( i - 1 ) 

P»(i) 
P»(D 

L P M
( 1 ) 

P i d-D 
P i ( i - l ) 

L P ? *"*) 

( 8 ) 

(9) 
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ψ e 
0 

, θ ψ +β 0 0 0 0 0 0 0 

Ψ_ *ο 0 0 0 0 0 0 

0 *_ ψ + 0 0 0 0 0 

0 0 ψ_ *ο 0 0 0 0 

0 0 0 • • • 0 0 0 

0 0 0 0 • • • 0 0 

0 0 0 0 0 • • • 0 

0 0 0 

0 0 0 0 0 0 0 , θ 

(10) 

R ubin termed f as the t r a n s i t i o n p r o b a b i l i t y m a t r i x . I t can be 
r e a d i l y e s t a b l i s h e d t h a t 

P(N) f N ~ X P ( l ) (11) 

V e c t o r P(l) s e t s the c o n d i t i o n s r e l a t i n g t o the p o s i t i o n of 
the f i r s t segment. 'For a c h a i n whose f i r s t segment may r e s i d e i n 
any of the M planes» 

θ 
e 
1 
1 
1 (12) 

A component p n(N) of P(N) r e p r e s e n t s the r e l a t i v e 
p r o b a b i l i t y of an N-segment c h a i n t e r m i n a t i n g a t a plane η w i t h 
f i r s t segment l o c a t e d i n any of the M p l a n e s . T h e r e f o r e , the sum 
of the components of P(N) may be i d e n t i f i e d w i t h the 
c o n f i g u r a t i o n a l p a r t i t i o n f u n c t i o n of the c h a i n c o n f i n e d between 
1 and M 
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M Τ 

% m Σ P n 0 » « » · IW (13) 

where u i s the row sector ( 1 , 1 , — - , 1 ) 

The configurational free energy of the chain, G^, i s 
simply equal to -kT In Ω^. The mean number of segments bound 
to the confining surfaces can be obtained by d i f f e r e n t i a t i n g the 
free energy with respect to θ 

(14) 

In general. 

<N(n)> - - (15) 

where θ i s the interaction energy of a segment with plane n. 
It should be remarked that although θ η for Kn<M i s zero in the 
present model, 6(G M ) / 6 6 n w i l l not normally be zero. 

In the application of the above treatment to the present 
model, account must be taken of the condition of fixed bond angle 
which disallows the overlap between two successive bonds i n the 
chain. This feature can be accommodated i n the scheme by 
replacing the quantities ψ_^, Ψ 0 and 
probability matrix by 4x4 sub-matrices. 

ψ. i n the tr a n s i t i o n 

0 0 0 0 
0 0 0 0 
0 0 0 0 
α 0 1 1 

1 0 
0 0 0 0 
0 1 1 1 
.0 0 0 0, 

0 0 0 0 
1 1 1 0 
0 0 0 0 
0 0 0 ο 

(16) 

{ψ +> -

It i s possible to include in the above the effect of trans/ 
gauche energy difference, but this w i l l e n t a i l conditional 
probability matrices of much greater complexity, leading to 
severe computational d i f f i c u l t i e s . 
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At f i n i t e concentration, the conditional probabilities w i l l 
be modified to include a factor, ω, which takes account of the 
presence of other chains i n the system. According to the mean 
f i e l d approximation, 

« n " (1 - Φ η ) (17) 

at the athermal solvent condition (Δει m 0). u>n i s the 
modifying factor corresponding to the plane n, and φ η i s the 
segment concentration at n. For non-athermal solvent conditions 
(Δει + 0), u>n must contain the Boltzmann factor corresponding 
to the segment/segment interactions. Thus 

ω η * (1-Φ η)β (" Δ ε

where "ζ i s the number of non bounded nearest neighbours of a 
chain segment, which i s 2 on the tetrahedral l a t t i c e (except for 
the end segments for which i t i s 3 ) . 

The modified transition probability matrix assumes the 
following structure 

θ θ ω. {ψ }e ω. {tù }e 0 0 0 0 Ι ο 1 + 

ω 2(ψ_}
 ω

2

{ν ω

2

{ψ+} 0 0 0 

0 0 ω Μ{ψ_}β θ ω Μ { ψ σ }β θ 

(19) 
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V e c t o r P(1) a l s o undergoes the c o r r e s p o n d i n g m o d i f i c a t i o n 
and we nave 

/1M\ 
1/4 o.c 

\m 1 

P(l) 

\ ι / 4 ' 

COMPUTATIONAL DETAILS 

\ l / 4 / (20) 

The computation i s d i r e c t e d t o the e v a l u a t i o n o f : 
i ) the c o n f i g u r a t i o n a l p a r t i t i o n f u n c t i o n , Ω , u s i n g 

r e l a t i o n s (11) and (13) w i t h f and P(l) g i v e n By eq u a t i o n s 
(19) and (20) φ * 

and i i ) -
Ω, 

<N(n)>, η » 1 t o M, 
'n 

I t can be shown t h a t f o r the present model 

N-1 T r T ^ 
Σ » % J U 4 ( n - l ) + j i U ( n - l ) + j £ ( N ~ r > 

(21) 

+ i ωβ θη u T f N υ,, , ν , , 4 « ^ φ ^ 4 ( n - l ) + j 
where y, , k « 4 ( n - l ) + j , i s a column v e c t o r c o n s i s t e d of 4M 
components w i t h the k t h component e q u a l t o u n i t y , the remaining 
components bei n g z e r o . υ£ i s the transpo s e of 

The f a c t o r s ω η , η 
<N(n)>, Ν, φ and M as 

ω η " 1 <φ>. <Ν(η)>Μ 
Ν exp 

1 t o Μ, are e x p r e s s i b l e i n terms of 

ζ<φ> Ι<Ν(η)>Μ 
1/kT (22) 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



14. 1.AL AND WATSON Lattice Chains Confined Between Surfaces 215 

M 
where <φ> I Μ φ: 

η«1 
η 

i s the mean segment concentration i n the i n t e r f a c i a l region, ID'S 
are i n i t i a l l y unknown quantities, as their determination requires 
the knowledge of <N(n)> at a given value of <φ>^. So i t i s 
necessary to pursue an i t e r a t i v e procedure whereby using an 
arbitrary set of <N(n)> values, i n i t i a l values of are 
obtained from equation (22). These values are substituted i n 
equations (19) and (20) to construct a t r i a l probability matrix 
and an i n i t i a l vector i n order to compute a new set of <N(n)> 
values from equation (21). Substituting the new values of <N(n)> 
i n equation (22), one would obtain an improved set of ω η 

values. The procedure i
successive sets of ω η value
f i n a l set of ω η values i s then used to compute the p a r t i t i o n 
function. For given <φ>τ and M, the interation may be 
conveniently started with values of <N(n)> obtained for a system 
of a single chain residing i n the i n t e r f a c i a l region i e . φη-κ>, 
hence ω η » 1, η « 1, M. 

As i s clear from equations (11), (13) and (21), the main 
computational task i s to successively raise the transition 
probability matrix to powers ranging from 1 to Ν i n steps of 1· 
A computer program was developed to accomplish this and to carry 
out the i t e r a t i o n procedure described above· Computational 
f a c i l i t i e s at our disposal (Harris 500) allowed the consideration 
of matrices of order not exceeding 60. Considering that the 
order of the transition probability matrix i s 4 times the width 
(M) of the i n t e r f a c i a l region, the computational l i m i t a t i o n 
r e s t r i c t s the present investigation to the systems i n which the 
distance between the confining the surfaces i s less than 15 units 

The successive i t e r a t i o n scheme adopted here proved 
satisfactory for <φ> 1 < 0.2, θ < 0.75 and M < 12. At higher 
values of <φ>-ρ θ and M, the solution of ω 1s o s c i l l a t e d between 
two sets of values. The mean of the two solutions was used as a 
starting value i n a new i t e r a t i o n which sometime yielded a single 
solution and at other times degenerated into two solutions again. 

RESULTS AND DISCUSSION 

The calculations were performed for 100-segment chains lying 
between surfaces with M ranging from 2 to 10. The mean segment 
concentration i n the i n t e r f a c i a l region, <φ>^, was varied i n 
the range 0-0.2. The athermal solvent condition (Δε x » 0) was 
assumed, and the values of the segment/surface binding energy, 
Δει/^ τ, were taken to be 0, -0.25, -0.5 and -0.75. The 
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properties computed include the mean fraction of segments 
attached to the surfaces ( i e . the bound fraction, <v>), segment-
density d i s t r i b u t i o n i n the i n t e r f a c i a l region and the c o n f i 
gurational free energy of the chains. 

The Bound Fraction <v> 

The behaviour of <v> with respect to the change i n the mean 
segment concentration, <φ>^, at fixed M i s shown i n Figure 2 at 
various values of Δε t . It i s observed that under the condition 
of zero or weak segment/surface attraction, <v> increases with 
<φ>·£, whereas for strong segment/surface attraction, <v> i s a 
decreasing function of the segment concentration. At or close to 
the c r i t i c a l energy of adsorption, <v> i s found to vary l i t t l e 
with <Φ>τ· It i s well
energy or adsorption, layer
and the maximum concentration of segments occurs aways from the 
surface. The effect of increasing <φ>^ i s to increase the 
intersegmental repulsions which w i l l be greatest i n the layers 
around the maximum, causing the transfer of segments from those 
layers into the depleted layers; hence the increase i n the bound 
f r a c t i o n . In the case of strong segment/surface attraction, the 
maximum concentration occurs at the surface. The increase of 
intersegmental repulsions a r i s i n g from the increase i n <φ>^ 
w i l l be somewhat alleviated i f segments move away from the 
surface layer, leading to the reduction i n the bound fracti o n , 
which i s indeed found to be the case. 

Figures 3 and 4 show the variation i n <v> with intersurface 
distance D (» M-l) at θ * 0 and 0.75. At large D, <v> approaches 
the value for the chain adsorbed on a single surface. The 
reduction i n D brings about an increase i n <v>, which becomes 
progressively rapid as the confining surfaces approach closer 
separations. At D » 1, <v> w i l l assume the upper li m i t i n g value 
of 1, since at this distance a l l segments of the chain must be i n 
contact with either surface. We observe that the introduction of 
the concentration effect does not bring about any qualitative 
changes i n the dependence of <v> on D. However, the quantitative 
differences are appreciable, especially under the condition of 
strong segment/surface attraction. The effect of concentration 
i s marked at large separation, becoming gradually less pronounced 
with the reduction i n D and f i n a l l y disappearing at D»l when <v> 
i s unity at a l l values of <φ>^. 

Segment-density Distributions 

The d i s t r i b u t i o n of segment density normal to the surfaces i s an 
important configurational property which serves to characterise 
the structure of the i n t e r f a c i a l region. It i s described i n 
terms of the mean fraction of segments of the chain i n each of 
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0-101 1 1 1 » 
005 010 015 020 

Figure 2. The bound fraction, <v>, as a function of 
mean segment concentration, <φ>·£, i n an 
i n t e r f a c i a l region of width equal to 5d 
(6 l a t t i c e planes). 
φ : Θ-0; | : Θ-0.25; • : θ=0.5; A 0=0.75 
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F i g u r e 3. The bound f r a c t i o n , <v>, ve r s u s the w i d t h of 
the i n t e r f a c i a l r e g i o n D, at θ β0 
φ : <φ> 1 » 0; §| : <φ> 1 « 0.15;Α·,<Φ>Ι » 0.20 
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F i g u r e 4· The bound f r a c t i o n , <v>, versus the w i d t h of 
the i n t e r f a c i a l r e g i o n , D, at θ » 0.75. The 
s i g n i f i c a n c e of the v a r i o u s symbols i s the 
same as i n F i g u r e 3. 
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the planes f o r m i n g the i n t e r f a c i a l r e g i o n . The computed 
d i s t r i b u t i o n s a t θ » 0, 0.25 and 0.75 are presented i n F i g u r e s 5, 
6 and 7 f o r the i n t e r f a c i a l r e g i o n comprised of 6 p l a n e s . 

Below the c r i t i c a l energy of a d s o r p t i o n (θ < 0.45), the 
d i s t r i b u t i o n s possess a maximum o c c u r r i n g a t the mid p l a n e . With 
the i n c r e a s e i n segment/surface a t t r a c t i o n , the s u r f a c e l a y e r s 
become r i c h e r i n segments, l e s s e n i n g the degree of non u n i f o r m i t y 
i n the d i s t r i b u t i o n , and f i n a l l y at the c r i t i c a l p o i n t the non 
u n i f o r m i t y i s minimised (but may not d i s a p p e a r ) . As the 
segment/surface a t t r a c t i o n exceeds the c r i t i c a l v a l u e , the 
d i s t r i b u t i o n i s r e v e r s e d i n t h a t i n s t e a d of a maximum, i t 
possesses a minimum. The e x i s t e n c e of these f e a t u r e s i n the 
d i s t r i b u t i o n was f i r s t e s t a b l i s h e d by D i M a r z i o and Rubin (15) 
f o r a s i n g l e c h a i n (<φ>-
such f e a t u r e s are r e t a i n e
the c o n c e n t r a t i o n e f f e c t s i n the model g i v e s r i s e to broader 
d i s t r i b u t i o n s b oth below and above the c r i t i c a l energy of 
a d s o r p t i o n . The broadening r e s u l t s i n the p l a t e a u of u n i f o r m 
d e n s i t y around the mid-plane. The w i d t h of the p l a t e a u i n c r e a s e s 
w i t h <φ>£, which i s most c l e a r l y seen i n F i g ( 6 ) . 

The shape of the segment d e n s i t y d i s t r i b u t i o n i s a r e s u l t 
o f the two f o r c e s p r o d u c i n g o p p o s i t e e f f e c t s i n the system. The 
i n t e r s e g m e n t a l r e p u l s i o n produces i n the system the tendency to 
assume u n i f o r m d i s t r i b u t i o n . But the segment/surface 
i n t e r a c t i o n s b r i n g about n o n - u n i f o r m i t y i n i t . T h i s i s because 
such i n t e r a c t i o n s , depending on whether they are r e p u l s i v e or 
a t t r a c t i v e , w i l l e i t h e r enhance or d i m i n i s h the p r o b a b i l i t y f o r 
the l o c a t i o n of segments i n the s u r f a c e l a y e r s , thereby l e a d i n g 
t o lower or h i g h e r c o n c e n t r a t i o n i n the immediate v i c i n i t y of the 
s u r f a c e s . At low c o n c e n t r a t i o n (<φ>γ » 0) the i n t e r c h a i n 
i n t e r a c t i o n s are n e g l i g i b l e , so the d i s t r i b u t i o n i s l a r g e l y 
determined by the segment/surface i n t e r a c t i o n s , and, t h e r e f o r e , 
has a h i g h degree of n o n - u n i f o r m i t y . At i n c r e a s e d c o n c e n t r a t i o n , 
t h e i n t e r c h a i n r e p u l s i o n becomes s i g n i f i c a n t , g i v i n g r i s e to a 
sub r e g i o n of u n i f o r m d e n s i t y between the s u r f a c e s . 

C o n f i g u r a t i o n a l F r e e Energy 

The behaviour o f the c o n f i g u r a t i o n a l f r e e energy of the c h a i n as 
a f u n c t i o n of the i n t e r s u r f a c e d i s t a n c e a t low and h i g h segment 
c o n c e n t r a t i o n (<φ> 1 »o and 0.2) i s compared i n F i g u r e 8 where 
Δμ/^ τ i s p l o t t e d a g a i n s t D. Δμ i s the change i n the f r e e 
energy of the c h a i n due t o the confinement between the s u r f a c e s D 
u n i t s a p a r t , a t c o n s t a n t c o m p o s i t i o n . The r e s u l t s shown 
cor r e s p o n d t o 0 » 0 and 0.75. At θ » 0, the change i n the f r e e 
energy i s o c c a s i o n e d by the r e d u c t i o n of the entropy of the c h a i n 
due to the p h y s i c a l c o n s t r a i n t imposed by the s u r f a c e s . In the 
l i m i t of ϋ + », Δμ must be zero a t a l l c o n c e n t r a t i o n s . The 
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F i g u r e 5. The d i s t r i b u t i o n of c h a i n segment d e n s i t y , a t 
θ * 0, i n an i n t e r f a c i a l r e g i o n w i t h M « 6. 

: <φ> « 0; <φ> τ » 0.05; 
— — — - : 1 < φ > 1 » 0.15; . . . . . : <φ> 1 « 0.20 

—Layer No—» 
F i g u r e 6. The d i s t r i b u t i o n of c h a i n segment d e n s i t y a t 

θ « 0.25, i n an i n t e r f a c i a l r e g i o n w i t h M « 6. 
The v a r i o u s curves correspond t o the same 
v a l u e s of mean segment c o n c e n t r a t i o n as i n 
F i g u r e 5. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



222 POLYMER ADSORPTION AND DISPERSION STABILITY 

F i g u r e 7· The d i s t r i b u t i o n o f c h a i n segment d e n s i t y , at 
θ « 0.75, i n an i n t e r f a c i a l r e g i o n w i t h M » 6. 
The v a r i o u s curves correspond to the same 
v a l u e s of mean segment c o n c e n t r a t i o n as i n 
F i g u r e 5. 
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F i g u r e 8. The f r e e energy of confinement of the c h a i n , 
Δμ/^γ, a t c o n s t a n t c o m p o s i t i o n , as a 
f u n c t i o n of the w i d t h o f the i n t e r f a c i a l 
r e g i o n , D, a t θ » 0 and 0.75. 
φ : <φ> 1 « 0; ÉL : <Φ>χ - 0.2 
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r e d u c t i o n i n D l e a d s t o an i n c r e a s e i n Δμ which becomes s t e e p e r 
as the two s u r f a c e s come c l o s e r . I t i s found t h a t Δμ i s an 
i n c r e a s i n g f u n c t i o n of <Φ>^. 

At θ » 0.75» Δμ/^ τ d e r i v e s from two c o n t r i b u t i o n s : the 
en t r o p y r e d u c t i o n and the segment/surface a t t r a c t i o n . The f i r s t 
t e rm i n c r e a s e s the f r e e energy, whereas the second term reduces 
i t . The net e f f e c t i s t h a t Δμ decreases w i t h the i n t e r s u r f a c e 
d i s t a n c e . At t h i s v a l u e o f θ a l s o , we f i n d t h a t Δμ i s g r e a t e r a t 
the h i g h e r c o n c e n t r a t i o n , a l t h o u g h t he d i f f e r e n c e between the two 
cu r v e s i s much s m a l l e r than at θ » 0. In the l i m i t of D + », Δμ 
w i l l approach the v a l u e f o r the c h a i n on a s i n g l e s u r f a c e , which 
w i l l not be the same f o r the two c o n c e n t r a t i o n s . 

CONCLUDING REMARKS 

The present study shows t h a t a l t h o u g h the i n c o r p o r a t i o n of the 
c o n c e n t r a t i o n e f f e c t i n the model l e a d s t o few q u a l i t a t i v e 
changes i n the c o n f i g u r a t i o n a l and thermodynamic behaviour o f the 
c o n f i n e d c h a i n s , the q u a n t i t a t i v e changes a r i s i n g from t h i s 
e f f e c t can be s i g n i f i c a n t . I t i s found t h a t below the c r i t i c a l 
energy of a d s o r p t i o n , the bound f r a c t i o n i s an i n c r e a s i n g 
f u n c t i o n of the mean segment c o n c e n t r a t i o n , but above the 
c r i t i c a l p o i n t , <v> decreases w i t h the i n c r e a s e i n c o n c e n t r a t i o n . 
The segment d e n s i t y assumes a broader d i s t r i b u t i o n at f i n i t e 
c o n c e n t r a t i o n s , and at h i g h e r c o n c e n t r a t i o n the d i s t r i b u t i o n 
c o n t a i n s a p l a t e a u o f u n i f o r m d e n s i t y around the mid p l a n e . The 
e n t r o p i e and the segment/surface i n t e r a c t i o n terms of the f r e e 
energy of the c h a i n depend a p p r e c i a b l y on the segment 
concent r a t i o n . 

Standard t h e o r i e s o f s t e r i c s t a b i l i s a t i o n assume t h a t the 
f r e e energy of the system can be expressed as a sum of two terms, 
volume r e s t r i c t i o n and os m o t i c , which a r e m u t u a l l y independent. 
I t i s now w e l l r e c o g n i s e d (6,20) t h a t such a d i v i s i o n of the f r e e 
energy i s v a l i d o n l y i f the*"segment d e n s i t y d i s t r i b u t i o n i s 
independent of the mean c o n c e n t r a t i o n i n the i n t e r f a c i a l r e g i o n . 
F i g u r e s 5, 6 and 7 show t h a t the d i s t r i b u t i o n s a r e markedly 
a f f e c t e d by the changes i n c o n c e n t r a t i o n . T h i s c a s t s a s e r i o u s 
doubt on the p l a u s i b i l i t y o f the fundamental assumption 
u n d e r l y i n g these t h e o r i e s . 
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Interactions Between Polymer-Bearing Surfaces 
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The forces acting between atomically smooth mica sur
faces immersed in bot
have been determine
0 - 300 nm, both in the absence and the presence of ad
sorbed polymer layers. In this way the interactions 
between the adsorbed macromolecular layers themselves 
were determined. We present results for the following 
cases: i ) Poor solvent, ii) Θ - solvent, iii) good 
solvent, iv) polyelectrolytes in aqueous media. Our 
results show that interactions between the adsorbed 
layers may be either attractive or repulsive, depending 
on the nature of the solvent and the extent of adsorp
t ion. For the polyelectrolyte case the interactions are 
a combination of field-type (electrostatic) and steric 
forces. 

The f o r c e s a c t i n g between c o l l o i d p a r t i c l e s i n d i s p e r s e d systems 
may be s t r o n g l y m o d i f i e d by a d s o r p t i o n of p o l y m e r i c o r macro-
m o l e c u l a r l a y e r s onto the p a r t i c l e s u r f a c e s (1). Th i s e f f e c t 
has been u t i l i z e d e m p i r i c a l l y s i n c e h i s t o r i c a l times (as f o r 
example by the a n c i e n t E g y p t i a n s , who s t a b i l i z e d aqueous carbon-
b l a c k d i s p e r s i o n s by adsorbed l a y e r s o f gum a r a b l e , a w a t e r - s o l 
u b l e , n a t u r a l l y o c c u r r i n g p o l y s a c c h a r i d e , t o form s t a b l e i n k s ) : 
nowadays such adsorbed l a y e r s a r e commonly used b o t h f o r s t a b i 
l i z a t i o n and d e s t a b i l i z a t i o n i n a wide range of s y n t h e t i c (1) 
and n a t u r a l l y o c c u r r i n g (2) c o l l o i d a l systems. The c r i t e r i a f o r 
c o l l o i d a l s t a b i l i t y depend on s e v e r a l f a c t o r s , such as hydro-
dynamic i n t e r a c t i o n s , k i n e t i c s of Brownian c o l l i s i o n s and the 
ex t e n t t o which the s u r f a c e r e g i o n s are i n a s t a t e o f thermo
dynamic e q u i l i b r i u m , i n a d d i t i o n t o the b a s i c n a t u r e of the 
s u r f a c e - s u r f a c e f o r c e s . N o n e t h e l e s s , i t i s the l a t t e r w hich 
i s i n g e n e r a l the dominant f a c t o r i n d e t e r m i n i n g the b e h a v i o u r 
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of systems w i t h l a r g e surface-to-volume r a t i o s , and which must 
be understood i n o r d e r t o have fundamental i n s i g h t i n t o the 
q u e s t i o n of s t a b i l i t y i n such systems. 

S t e r i c s t a b i l i z a t i o n and the r e l a t e d phenomenon of polymer 
a d s o r p t i o n have been i n t e n s i v e l y s t u d i e d over the p a s t t h i r t y 
y e a r s ( 1 ) . However, i t i s o n l y i n a v e r y few r e l a t i v e l y r e c e n t 
cases t h a t attempts were made t o measure d i r e c t l y the f o r c e s 
between s u r f a c e s b e a r i n g adsorbed macromolecular l a y e r s . Sur
f a c e - b a l a n c e (3) and c o m p r e s s i o n - c e l l (4) t e c h n i q u e s have been 
used t o measure the p r e s s u r e between c o l l o i d a l p a r t i c l e s ( b e a r i n g 
adsorbed polymers) i n two- and t h r e e - d i m e n s i o n a l a r r a y s . More 
r e c e n t l y the d i s j o i n i n g p r e s s u r e between l a y e r s of polymer ad
sorbed a t the two l i q u i d - a i r i n t e r f a c e s of a f i l m of polymer 
s o l u t i o n was measured as a f u n c t i o n of f i l m t h i c k n e s s ( 5 ); and 
the f o r c e between l a y e r
spheres was determined
the s p h e r i c a l s u r f a c e s 06). A l l these methods were l i m i t e d by 
not b e i n g a b l e t o measure a t t r a c t i o n , i f any, between the ad
sorbed l a y e r s . I s r a e l a c h v i l i and co-workers ( 7 ), m o d i f y i n g an 
approach p i o n e e r e d by Tabor and co-workers 08,9) measured the 
i n t e r a c t i o n f o r c e (F(D) as a f u n c t i o n of d i s t a n c e D between two 
smooth m i c a sheets immersed i n an aqueous s o l u t i o n of a commer
c i a l - g r a d e r e s i n c o n s i s t i n g o f h i g h l y p o l y d i s p e r s e p o l y e t h y l e n e 
o x i d e (PEO). T h e i r r e s u l t s showed s t r o n g h y s t e r e t i c e f f e c t s , 
and a c o n t i n u o u s b u i l d up w i t h time of adsorbed l a y e r t h i c k n e s s , 
and c o u l d not be d e s c r i b e d i n terms of an e q u i l i b r i u m f o r c e law. 

Over the p a s t few y e a r s , both a t the Weizmann I n s t i t u t e and 
i n the Cavendish L a b o r a t o r y , we have used a m o d i f i c a t i o n of the 
'mica approach 1 t o measure the i n t e r a c t i o n f o r c e s F(D) between 
two mica s u r f a c e s , a d i s t a n c e D apart,immersed i n o r g a n i c and 
aqueous l i q u i d media, both i n the absence and i n the presence 
of polymer l a y e r s absorbed onto the mica from the l i q u i d . We 
have s t u d i e d a number of model systems c o v e r i n g a wide range o f 
c o n d i t i o n s , u s i n g monodispersed, w e l l c h a r a c t e r i z e d polymers. 
In t h i s paper we b r i e f l y d e s c r i b e the apparatus and e x p e r i m e n t a l 
method, then c o n s i d e r the i n t e r a c t i o n s between i ) l a y e r s of 
p o l y s t y r e n e i n cyclohexane under p o o r - s o l v e n t and i i ) Θ - s o l 
v ent c o n d i t i o n s , i i i ) the i n t e r a c t i o n s between adsorbed PEO 
l a y e r s i n a good (aqueous) s o l v e n t and i v ) the s u r f a c e f o r c e s 
between l a y e r s of adsorbed p o l y - L - l y s i n e , a c a t i o n i c p o l y e l e c t r o -
l y t e , i n aqueous s a l t s o l u t i o n s . We c o n s i d e r b r i e f l y the i m p l i 
c a t i o n s of our r e s u l t s f o r the c u r r e n t t h e o r e t i c a l u n d e r s t a n d i n g . 

Apparatus and Method 

Mu s c o v i t e mica may be c l e a v e d t o p r o v i d e t h i n ( -2 ;im) sheets 
t h a t a r e m o l e c u l a r l y smooth on both s i d e s and which can be used 
as s u b s t r a t e s i n s t u d y i n g s u r f a c e f o r c e s (8). F i g u r e 1 shows 
s c h e m a t i c a l l y the e s s e n t i a l f e a t u r e s of the apparatus (10) 
(used a t W.I.). Two smooth curv e d mica she e t s are g l u e d on 
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c y l i n d r i c a l lenses and mounted opposite each other i n a crossed 
cylinder configuration (to avoid problems of alignment associated 
with two p a r a l l e l surfaces): the top sheet i s r i g i d l y mounted 
(via arm B, figure 1) on a piezocrystal while the bottom surface 
i s mounted onto the r i g i d , movable arm A v i a a f l e x i b l e l e a f -
spring of spring constant K. The closest distance D between the 
surfaces i s measured by an opti c a l method involving multiple beam 
white-light interferometry (10) between the mica sheets (which 
are h a l f - s i l v e r e d on their glued side) and may be determined to 
within ± 0.3 nm. D i s controlled v i a a three-stage mechanism, 
of which the piezocrystal i s the fine control stage (to ± 0.3 nm) . 
The force F(D) between the surfaces i s measured by applying a 
known r e l a t i v e displacement AD Q between the two r i g i d supports A 
and B, (by applying a known voltage to the piezocrystal, say) and 
at the same time observin
technique - the actual
other. If there i s no force between the surfaces then we expect 
AD = ADQ, and i f they attr a c t , Δ0 > AD0; i f the surfaces repel 
each other, their r e l a t i v e displacement AD w i l l be less than ADo, 
and i f they attract, AD > ADC (the difference in both cases being 
taken up by the leaf spring). In general, 

F(D + AD) + K(AD 0 - AD) (1) 

(K being the leaf-spring constant) and by starting measurements 
with the surfaces far apart, where F(D) * 0, force p r o f i l e s may 
be determined. The method also allows the measurement of the 
mean refr a c t i v e index n(D) of the medium between the surfaces ( 9 ) , 
and from this the amount Γ of adsorbed species per unit area of 
mica may be evaluated. F i n a l l y the mean radius of curvature R 
of the c y l i n d r i c a l l y curved mica surfaces near the contact area 
may also be calculated from the shape of the interference fringes. 

Procedure. Prior to an experiment a l l parts of the apparatus com
ing i n contact with solution are thoroughly cleaned and dried 
(glass parts by standing in sulphachromic acid overnight, metal 
and Delrin parts by sonication i n degreasing agents and dilut e 
acid, and a l l parts f i n a l l y rinsed i n f i l t e r e d ethanol and dried 
i n a laminar flow cabinet). The apparatus i s then assembled, 
closed and mounted i n a vibration-free, thermally insulated box. 
The mica surfaces are brought to contact i n a i r , and the op t i c a l 
parameters of the system are noted: pure solvent i s added to the 
glass c e l l (figure 1) so as to immerse the surfaces, and F(D) i s 
measured (in the absence of polymer). At this stage the presence 
of dust or other contaminant on the surface may be noted, and 
only experiments free of such artefacts are taken to the next 
stage. Polymer i s then added to the required concentration, and 
the surfaces allowed to incubate in the solution for (generally) 
several hours, to permit adsorption to take place. F(D) i s then 
again measured, and i f necessary the polymer solution may be re-
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p l a c e d by s o l v e n t ( t o l e a v e o n l y the s u r f a c e adsorbed polymer i n 
i n the system), and F(D) measured once more. V a r i a t i o n s on t h i s 
procedure f o r the d i f f e r e n t systems s t u d i e d w i l l be d e s c r i b e d i n 
the 1 R e s u l t s and D i s c u s s i o n ' S e c t i o n . 
M a t e r i a l s . U n l e s s o t h e r w i s e s t a t e d , a l l c h e m i c a l s and s o l v e n t s 
were a n a l y t i c a l grade m a t e r i a l s ( F l u k a and B.D.H.), and were used 
as r e c e i v e d . The water used f o r washing and p r e p a r a t i o n of aq
ueous e l e c t r o l y t e s o l u t i o n s was d e i o n i z e d and f r e s h l y d o u b l e - d i s 
t i l l e d i n a f u s e d - s i l i c a s t i l l . A l l l i q u i d s are f i l t e r e d (0.22 pn 
M i l l i p o r e or F l u o r o p o r e f i l t e r s ) p r i o r t o i n t r o d u c t i o n i n t o the 
g l a s s c e l l . The mica used throughout was Best Q u a l i t y FS/GS grade 
2 M u s c o v i t e Ruby mica, mined i n Kenya (Mica and M i c a n i t e L t d . , 
U.K.). 

R e s u l t s and D i s c u s s i o n 

The f o r c e - d i s t a n c e p r o f i l e s p r e s e n t e d i n the f o l l o w i n g s e c t i o n s 
a r e g e n e r a l l y p l o t t e d as F ( D ) / R v . D , i . e . the f o r c e a x i s i s 'nor
m a l i z e d ' by d i v i d i n g F(D) by the mean r a d i u s R of the mica s h e e t s . 
I n the D e r j a g u i n a p p r o x i m a t i o n ( 1 1 ) , 

F(D)/R = 2πΕ(ϋ) (2) 

where E(D) i s the i n t e r a c t i o n energy per u n i t s u r f a c e a r e a between 
two f l a t , p a r a l l e l p l a t e s a d i s t a n c e D a p a r t , obeying the same 
f o r c e law. In t h i s way the e f f e c t of d i f f e r e n t c u r v a t u r e of the 
mica s u r f a c e s i n the d i f f e r e n t experiments i s e l i m i n a t e d . Where 
t h i s i s not done, the v a l u e of R i s g i v e n e x p l i c i t y i n the f i g u r e 
c a p t i o n . 

P o l y s t y r e n e i n Cyclohexane a t Τ < θ 

The f o r c e p r o f i l e between bare mica s u r f a c e s immersed i n pure c y c l o 
hexane a t 24°C i s shown i n f i g u r e 2. No f o r c e ( w i t h i n e r r o r ) i s 
d e t e c t e d as t h e s u r f a c e s approach from l a r g e D down t o D « 12 nm. 
when a t t r a c t i o n s e t s i n . At the p o i n t J ( f i g u r e 2) the s u r f a c e s 
jump i n t o t h e i r a i r c o n t a c t p o s i t i o n ( w i t h i n e r r o r ) . Such jumps 
are due t o a m e chanical i n s t a b i l i t y whenever 3F(D)/8D ^ K, the 
s p r i n g c o n s t a n t of the lower l e a f - s p r i n g ( f i g u r e 1 ) . The broken 
l i n e i s the t h e o r e t i c a l van der Waals a t t r a c t i o n F(D) = -AR/6D , 
expected between c r o s s e d c y l i n d e r s o f r a d i u s R (R = 0.66 cm) where 
A i s the a p p r o p r i a t e Hamaker c o n s t a n t ( e s t i m a t e d as 1 χ 10""^0 j 
f o r m i ca i n cyclohexane ( 1 2 ) ) . The d a t a of f i g u r e 2 c o u l d be con
s t r u e d as i n d i c a t i n g a v a n - d e r - W a a l s - l i k e i n t e r a c t i o n between the 
m ica s u r f a c e s , though we note t h a t Horn e t a l (12) have r e c e n t l y 
p r e s e n t e d d a t a i n d i c a t i n g o s c i l l a t i n g f o r c e s between mica s u r f a c e s 
i n d r i e d cyclohexane from which water had been t h o r o u g h l y removed. 
These o s c i l l a t i o n s d i s a p p e a r e d , however, when the s o l v e n t was not 
e s p e c i a l l y d r i e d , i n a c c o r d w i t h the p r e s e n t o b s e r v a t i o n s . P o l y 
s t y r e n e was then i n t r o d u c e d i n t o the c e l l t o a c o n c e n t r a t i o n of 
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Transmitted light 
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Coll imated 
white light 

F i g u r e 1. S e c t i o n o f apparatus used t o measure s u r f a c e - s u r 
f a c e f o r c e s b e t w e e n mica s h e e t s . (Reproduced w i t h p e r m i s s i o n from 
r e f e r e n c e 10, C o p y r i g h t 1983, R o y a l S o c i e t y of C h e m i s t r y ) . 

20 40 60 80 

D(nm) 

F i g u r e 2. Force between cu r v e d , bare mica s u r f a c e s ( r a d i u s R) 
a d i s t a n c e D a p a r t i n Cyclohexane. • » R = 0.35 cm.; 0, R = 0.66 
cm. Broken l i n e i s t h e o r e t i c a l van der Waals a t t r a c t i o n (see 
t e x t ) . (Reproduced w i t h p e r m i s s i o n from r e f e r e n c e 10, C o p y r i g h t 
1983, R o y a l S o c i e t y of C h e m i s t r y ) . 
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7 ± 2 yg ml and the s u r f a c e s l e f t t o i n c u b a t e i n the polymer 
s o l u t i o n f o r some 10 h o u r s , a l o n g way a p a r t (D - 3mm). Two 
a n i o n i c a l l y p o l y m e r i z e d p o l y s t y r e n e samples ( P r e s s u r e Chemicals) 
were used, P S I (M^ = 6.10$) and PS2 (M^ = 1.0 χ 10$. Μ^/Μ η£ΐ.1 
f o r b o t h p o l y m e r s ) . 

F o l l o w i n g i n c u b a t i o n F ( D ) was measure (at 24° ± 2°C), and 
the s o l u t i o n was then r e p l a c e d by pure cyclohexane and F ( D ) meas
ured a g a i n . The r e s u l t s are shown i n f i g u r e 3, f o r ΡSI. Once 
a g a i n t h e r e i s l i t t l e i n t e r a c t i o n between the s u r f a c e s as they 
approach from a l o n g way a p a r t , but at around D ^ 60 nm an a t 
t r a c t i o n i s observed, which i n c r e a s e s u n t i l the s u r f a c e s jump i n 
from the p o i n t A t o a new e q u i l i b r i u m p o s i t i o n at B . F u r t h e r ap
proach r e s u l t s i n i n c r e a s i n g r e p u l s i o n as shown ( a l s o i n s e t t o 
f i g u r e 3 ) . On s e p a r a t i o n , the f o r c e d e c r e a s e s , becoming a t t r a c 
t i v e a g a i n ( F ( D ) < 0 ) , u n t i
p o i n t C out t o a new e q u i l i b r i u
t i o n shows l i t t l e i n t e r a c t i o n beyond E. F u r t h e r compression-de
compression c y c l e s f u l l y reproduced the above F v. D b e h a v i o u r . 
The jumps a t A and C, as noted e a r l i e r , a r e due t o i n s t a b i l i t i e s , 
and occur because a t these p o i n t s 3F(D)/3D ^ K , the l e a f - s p r i n g 
c o n s t a n t . The r e f r a c t i v e i n d e x n ( D ) of the medium s e p a r a t i n g the 
mica s u r f a c e s , b o t h b e f o r e and a f t e r a d s o r p t i o n of polymer, was 
a l s o d e termined, and the r e s u l t s a r e shown i n f i g u r e 4. W i t h i n 
e r r o r n ( D ) does no t change on r e p l a c i n g the polymer s o l u t i o n by 
pure s o l v e n t , nor f o l l o w i n g s e v e r a l compression/decompression 
c y c l e s . T h i s s t r o n g l y i n d i c a t e s a q u a s i - i r r e v e r s i b l e a d s o r p t i o n 
of the polymer onto the mica s u r f a c e s , i n a c c o r d w i t h independent 
m i c r o - b a l a n c e experiments of p o l y s t y r e n e a d s o r p t i o n onto mica 
(13) . The v a l u e of the adsorbance Γ ( f o r PS1) deduced from n ( D ) 
i s 6 ± 1 mg m~2 of mica s u r f a c e , a g a i n i n a c c o r d w i t h independent 
adsorbance measurements ( 1 3 ) . 

The F ( D ) v. D p r o f i l e s f o l l o w i n g i n c u b a t i o n of PS2 (M = 10 5) 
a r e not shown, but f o l l o w e d the same q u a l i t a t i v e t r e n d : no i n 
t e r a c t i o n down t o D - 25 nm, when a t t r a c t i o n s e t i n , and f i n a l l y , 
on c l o s e r approach, a s t r o n g r e p u l s i v e w a l l a t D ^ 6 nm. 

The main f e a t u r e s of the f o r c e - d i s t a n c e p r o f i l e s a re i ) an 
e f f e c t i v e e x t e n s i o n β from the s u r f a c e of some 1.5 R f o r each ad
sorbed l a y e r , where R i s the unperturbed r a d i u s of g y r a t i o n f o r 
the r e s p e c t i v e polymers. These v a l u e s of δ are comparable w i t h 
e l l i p s o m e t r i c (14) and v i s c o m e t r i c (15) s t u d i e s of absorbed l a y e r 
t h i c k n e s s e s i n v a r i o u s systems under Θ-conditions; i i ) an i n 
i t i a l a t t r a c t i o n f o l l o w e d u l t i m a t e l y by a s t r o n g r e p u l s i o n . T h i s 
may be understood by c o n s i d e r i n g the i n t e r a c t i o n s between opposing 
segments as they come i n t o o v e r l a p (10): i n the poor s o l v e n t con-
l i t i o n s (T = 24°C < Θ = 35°C) of the p r e s e n t i n v e s t i g a t i o n the os
m o t i c i n t e r a c t i o n s are a t t r a c t i v e so l o n g as the c o n c e n t r a t i o n of 
o v e r l a p p i n g segments i s w i t h i n the range of c o n c e n t r a t i o n s expec
ted f o r the b i p h a s i c r e g i o n , i . e . the range of c o n c e n t r a t i o n s f o r 
which p o l y s t y r e n e i n cyclohexane would f l o c c u l a t e . For PS1 at 
24°C t h i s corresponds t o c o n c e n t r a t i o n s of up t o 25% polymer (10): 
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F i g u r e 3 Force v. D i s t a n c e D between curved m i c a s u r f a c e s 
(R = 0.66 cm) f o l l o w i n g 10 h r s . i n c u b a t i o n i n PS1 s o l u t i o n a t 24°C. 

<£>,0 - i n s o l u t i o n , · - f o l l o w i n g replacement o f s o l u t i o n by 
pure cyclohexane. (Reproduced w i t h p e r m i s s i o n from r e f e r e n c e 10, 
Co p y r i g h t 1983, R o y a l S o c i e t y o f C h e m i s t r y ) . 
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F i g u r e 4. V a r i a t i o n of r e f r a c t i v e i n d e x n(D) o f medium sep
a r a t i n g mica s u r f a c e s D a p a r t . 0 - i n pure cy c l o h e x a n e ; Δ-follow-
i n g i n c u b a t i o n i n PS1 s o l u t i o n ; à - a f t e r r e p l a c i n g s o l u t i o n by 
pure cyclohexane. (a) - η(bulk p o l y s t y r e n e ) ; (b) - η(pure c y c l o 
hexane) . (Reproduced w i t h p e r m i s s i o n from r e f e r e n c e 10, C o p y r i g h t 
1983, R o y a l S o c i e t y of C h e m i s t r y ) . 
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for concentrations higher than this the osmotic interactions are 
once again repulsive. Since the adsorption of polymer onto the 
mica i s essentially i r r e v e r s i b l e , compression of the surfaces 
(ie. reducing D) eventually increases the polymer concentration i n 
the gap beyond this l i m i t , and the interaction changes from at
traction to repulsion. Reference to the refractive index p r o f i l e 
n(D) shows that the mean polymer volume fraction i n the gap for 
D - 20 nm, i . e . , at the point where the changeover begins from 
attraction to repulsion (figure 3), i s i n fact about 25%, i n sup
port of the qualitative explanation above. 

A more quantitative model for the form of the force-distance 
p r o f i l e between adsorbed polymer layers i n poor solvent conditions, 
based on the above ideas, has recently been presented by Pincus 
and one of us (16). This i s an approach ( f i r s t described by De 
Gennes (17) for the cas
solvents) whereby the exces
in the gap between two surfaces a distance D apart i s calculated 
with respect to the polymer segmental di s t r i b u t i o n across the 
gap. By minimizing E(D) i t i s possible to deduce the equilibrium 
segmental di s t r i b u t i o n and the value of E(D) for any D, and hence 
the d i s j o i n i n g pressure ird = - 8E(D)/8D. The predictions of 
these calculations (16) are i n good qualitative and quantitative 
accord with the present results for Τ < Θ. 

Polystyrene i n Cyclohexane at Τ £ Θ 

By mounting a small heating element within the glass c e l l (figure 
1) i t becomes possible to heat the polymer solution, monitoring 
the temperature v i a a small thermocouple close to the mica surfaces. 
Because of the extreme s e n s i t i v i t y of the present approach to 
changes i n D, i t i s not practicable to thermostat the system, but 
rather one allows a steady-state temperature to be reached, where 
the power provided by the heating c o i l equals the heat losses 
from the system. In this way s u f f i c i e n t l y steady temperatures 
may be attained over the time of the force measurements. Figure 
5 shows the force-distance p r o f i l e between layers of PS1 adsorbed 
on mica: following overnight adsorption at room temperature F(D) 
was measured at 23°C (curve (a), figure 5); the resulting p r o f i l e 
i s very similar to that obtained previously (figure 3) under the 
same conditions. The c e l l was then heated to 37.2°C and F(D) 
was again measured (curve (b), Fig. 5). The resulting force-dis
tance p r o f i l e at the higher temperature s t i l l shows a persistent 
(though considerably weaker) attractive region, of similar range 
to the p r o f i l e at room temperature (curve (a)). However, the 
distance of closest approach on strongly compressing the surfaces 
i s now about half (6.5 nm) of i t s previous value (~ 12 nm) for an 
equivalent compression. On re-cooling the system to room temper
ature, the behaviour indicated i n curve (a) was recovered, and on 
re-heating, curve (b) was again obtained. 
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F i g u r e 5 . F(D)/R v. d i s t a n c e D between m i c a s u r f a c e s b e a r i n g 
adsorbed PS1 l a y e r s , a t 23°C and 37°C. (Adapted from r e f e r e n c e 
18). 
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The persistent attraction between the adsorbed PS1 layers at 
37.2°C (higher than the Θ-temperature for the system, 34.5°C) i s 
at f i r s t sight puzzling, i n view of our previous interpretation 
of the attraction at room temperature being due to osmotic effects 
resulting from the Τ < Θ conditions. There are two possible ex
planations for t h i s : the concept of a Θ-temperature derives from 
a condition i n free solution, when the net van der Waals atractions 
between the segments of a polymer exactly 1 compensate1 the repul
sive 'hard-core 1 excluded volume interactions. It may not be 
j u s t i f i e d to assume that the eff e c t i v e 'Θ-temperature' i n the 
close v i c i n i t y of a wall i s i d e n t i c a l to the bulk value (35°C), 
and in that case one may need to increase the temperature beyond 
the present value of 37°C i n order to entirely eliminate osmotic 
attraction effects (18). The other p o s s i b i l i t y i s suggested by 
the fact that the stron
(figure 5 curve (b)) i
curve (a)). This implies some desorption of polymer has occurred 
due to r a i s i n g the temperature : q u a l i t a t i v e l y one may imagine 
that such desorption has released surface binding sites on both 
mica surfaces, and thus f a c i l i t a t e d attractive 'bridging' effects 
by adsorbed polymer across the inter-surface gap. In fact some 
calculations by Scheuj tens and Fleer (19) seem to predict such 
attraction at Τ = Θ, but since their model assumes thermodynamic 
equilibrium conditions ( i . e . the surface-adsorbed polymer may ex
change with a free polymer solution, so that complete desorption 
at D = 0 i s possible), and i n fact predicts attraction even i n 
good solvent conditions, i t i s probably not appropriate i n the 
present case of i r r e v e r s i b l y adsorbed polymer. A more promising 
approach i s v i a the generalized van der Waals approach used by 
De Gennes ( 1 7 ) , and Pincus and Klein (_16), where the condition of 
i r r e v e r s i b l e adsorption may be e x p l i c i t l y included. 

Experimental support for the suggestion that depleted surface 
layers result i n attractive forces (at Τ ^ Θ) has come from recent 
experiments (J.K. and Y . A . , submitted) where mica surfaces par
t i a l l y covered by polystyrene i n cyclopentane above the Θ-temper
ature show a clear mutual attraction, which disappears when f u l l 
surface coverage by the polymer i s attained. 

Polyethylene Oxide (PEO) i n a Good Aqueous Solvent 

The interaction between bare mica surfaces i n 0.1 M KNO3 (pH 5.5) 
aqueous electrolyte i s shown i n figure 6a. The straight l i n e 
(curve (a)) indicated on the logarithmic-linear plot i s i n accord 
with the exponential re l a t i o n 

F/R « Θ - κ Β ( 3 ) 

expected due to overlap of the e l e c t r o s t a t i c double-layers asso
ciated with the mica surfaces as they approach each other, where 
κ i s the Debye-Huckel parameter ( 9 ) ; the corresponding surface 
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F i g u r e 6 . a) F(D)/R v. D between mica s u r f a c e s i n 0.1 M 
KN0 3 (â) and f o l l o w i n g i n c u b a t i o n i n PE01 and PE02 s o l u t i o n s . 
• / · - slow compression/slow decompression ( a l s o s o l i d l i n e ) . 
0/O- r a p i d decompression/immediate recompression ( a l s o broken 
l i n e ) , b) R e f r a c t i v e i n d e x n(D) of medium s e p a r a t i n g s u r f a c e s i n 
0.1 M KN0~ (A); f o l l o w i n g i n c u b a t i o n i n PE01 s o l u t i o n , and 
subsequent replacement by pure e l e c t r o l y t e (D) · ( R e p r i n t e d w i t h 
p e r m i s s i o n from r e f e r e n c e 20, C o p y r i g h t 1982, M a c m i l l a n J o u r n a l s 
L t d . ) . 
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p o t e n t i a l of the mica i s about 100 mV. The i n s e t shows the a t 
t r a c t i v e w e l l ('secondary minimum') a t 10 nm ^ D £ 20 nm, on a 
l i n e a r - l i n e a r s c a l e , where the van der Waals f o r c e s dominate t h e ^ 
i n t e r a c t i o n . T h i s b e h a v i o u r , as w e l l as the v a l u e s of κ (9xl0^m ) 
and ψ, i s s i m i l a r t o t h a t p r e v i o u s l y r e p o r t e d f o r the same system 
( 9 ) . 

P o l y e t h y l e n e o x i d e (Toyo Soda, Japan) was added t o the s y s 
tem t o c o n c e n t r a t i o n s of 10 and 150 yg ml , and a l l o w e d t o i n 
cubate f o r 16 ± 2 h r s . Two samples were used: PE01, M = 1.6 χ 
1 0 5 , (Rg = 13 nm) and PE02, M = 4 χ 1 0 4 (Rg = 6.5 nm), both w i t h 
narrow m o l e c u l a r weight d i s t r i b u t i o n s (M^/K^ <_ 1.08). F i g u r e 
6(a) shows the f o r c e - d i s t a n c e p r o f i l e s f o l l o w i n g a d s o r p t i o n of 
the polymer. The b e h a v i o u r on f i r s t approach f o l l o w i n g adsorp
t i o n i s i n d i c a t e d by s o l i d l i n e s A l and A2, f o r PE01 and PE02 
r e s p e c t i v e l y ; f o r the cas
i n c l u d e d , t o a v o i d c l u t t e r i n
i s d e t e c t a b l e between the s u r f a c e s as they approach from a l o n g 
way away down t o D - 80 nm and D - 45 nm f o r PE01 and PE02, r e 
s p e c t i v e l y , when a m o n o t o n i c a l l y i n c r e a s i n g r e p u l s i o n i s observed, 
down t o D - 5 nm. ( p o i n t C, f i g u r e 6 a ) . Subsequent b e h a v i o u r 
depends on the r a t e of the compression/decompression c y c l e s , but 
may be summarized as f o l l o w s : 
i ) Compression o f the s u r f a c e s a f t e r they had been a p a r t f o r 

an hour or more f o l l o w e d the b e h a v i o u r of the f i r s t - a p p r o a c h 
p r o f i l e s A l , A2. 

i i ) Slow decompression ( t a k i n g ^ 1/2 hour i n moving outward 
from the p o i n t C ) , and subsequent compression, a l s o f o l 
lowed the A c u r v e s . 

i i i ) R apid decompression ( t a k i n g ^ 5 min t o move outward from C 
t o where i n t e r a c t i o n was no l o n g e r d e t e c t a b l e ) , and a l s o 
immediate subsequent compression, f o l l o w e d the broken 
curves B l , B2. 

For r a t e s of compression o r decompression i n t e r m e d i a t e to t h e s e , 
the d a t a f e l l i n the r e g i o n between the A and Β l i n e s . No a t t r a c 
t i o n or adhesion between the PEO b e a r i n g mica s u r f a c e s was ob
s e r v e d ( w i t h i n e r r o r ) i n any o f the experiments i n the p r e s e n t 
study. 

The d a t a of f i g u r e 6a i s f o r an i n c u b a t i o n c o n c e n t r a t i o n o f 
150 yg ml of the r e s p e c t i v e polymers, but i s e s s e n t i a l l y un
changed f o r the lower (10 yg ml ) polymer c o n c e n t r a t i o n s , and 
a l s o f o l l o w i n g replacement of the s o l u t i o n by pure e l e c t r o l y t e . 

The v a r i a t i o n of r e f r a c t i v e i n d e x n(D) of t h e medium sep
a r a t i n g the mica s u r f a c e s i s shown i n f i g u r e 6b ( f o r PE02), b o t h 
b e f o r e and a f t e r a d s o r p t i o n of polymer, as w e l l as f o l l o w i n g r e 
placement of the polymer s o l u t i o n by pure e l e c t r o l y t e a f t e r ad
s o r p t i o n . The r e s u l t s show t h a t a d s o r p t i o n of t h e PEO i s e s s e n 
t i a l l y i r r e v e r s i b l e , and t h a t l i t t l e polymer appears t o desorb 
e i t h e r f o l l o w i n g compression/decompression c y c l e s , or i n pure 
s o l v e n t . The v a l u e of the adsorbance Γ e s t i m a t e d from the n(D) 
p r o f i l e s i s 4 ± 1.5 mg m""2 f o r both polymers. 
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The f o r c e - d i s t a n c e p r o f i l e s A l , A2 appear t o show the ' r e 
l a x e d 1 , or ' q u a s i - e q u i l i b r i u m 1 l i m i t f o r the i n t e r a c t i o n between 
the mica p l a t e s b e a r i n g the PEO i n the good s o l v e n t c o n d i t i o n s 
of the p r e s e n t s t u d y . The adsorbed l a y e r t h i c k n e s s e s δ a r e then 
about h a l f the v a l u e o f D a t which onset of r e p u l s i o n (A cu r v e s ) 
i s f i r s t n o t e d , δ thus corresponds t o some 3Rg f o r b o t h p o l y 
mers i n the p r e s e n t i n v e s t i g a t i o n , a v a l u e comparable t o t h a t ob
t a i n e d f o r hydrodynamic l a y e r t h i c k n e s s of PEO absorbed on l a t e x 
p a r t i c l e s i n w a t e r , f o r s i m i l a r m o l e c u l a r w e i g h t s , from l i g h t 
s c a t t e r i n g s t u d i e s . 

The r e p u l s i v e i n t e r a c t i o n s between the p o l y m e r - b e a r i n g mica 
s u r f a c e s a r e p r o b a b l y osmotic i n o r i g i n , i n the p r e s e n t good s o l 
vent c o n d i t i o n s . An imp o r t a n t f e a t u r e i n i n t e r p r e t i n g the r e s u l t s 
i s the q u a s i - i r r e v e r s i b l e a d s o r p t i o n of the polymer: a t the 
s i m p l e s t l e v e l , one ma
i n t o o v e r l a p ( w i t h no d e s o r p t i o n
t i o n i n the gap i n c r e a s e s , w i t h consequent i n c r e a s i n g osmotic r e
p u l s i o n . T h i s p i c t u r e may be over s i m p l i f i e d , as i t i s p o s s i b l e 
t h a t , on compression, more polymer segments i n the gap w i l l ad
sorb a t the s u r f a c e , t h e r e b y r e d u c i n g the t o t a l f r e e energy and 
r e s u l t i n g i n an a t t r a c t i v e component i n the i n t e r a c t i o n . I n any 
case , e q u i l i b r i u m models of s t e r i c i n t e r a c t i o n s (17, 19) ( i n 
which d e s o r p t i o n can take p l a c e as D decreases) a r e not appro
p r i a t e f o r c o m p a r i s i o n w i t h the p r e s e n t s t u d y , and i n f a c t p r e 
d i c t a t t r a c t i o n even i n good s o l v e n t c o n d i t i o n s . The c a l c u l a t i o n s 
based on m i n i m i z a t i o n of E(D) w i t h r e s p e c t t o the segmental d i s 
t r i b u t i o n p r o f i l e , noted e a r l i e r , can however be m o d i f i e d t o the 
case of f i x e d adsorbance, and i n t h i s l i m i t De Gennes has c a l 
c u l a t e d (17) a r e p u l s i o n a t a l l o v e r l a p s e p a r a t i o n s i n a good 
s o l v e n t ; a d e t a i l e d comparison of the p r e s e n t r e s u l t s w i t h h i s 
p r e d i c t i o n s w i l l be p r e s e n t e d elsewhere. 

The e f f e c t of r a p i d w i t h d r a w a l on the magnitude of the F(D) 
curves Β - which i s e s s e n t i a l l y t o reduce the r e p u l s i v e i n t e r 
a c t i o n f o r a g i v e n D, r e l a t i v e t o the q u a s i - e q u i l i b r i u m curves 
A - can be understood as f o l l o w s : on compression ( t o the p o i n t 
C, f i g u r e 6a) more polymer segments are f o r c e d onto the mica s u r 
f a c e , and do not have time t o move o f f the s u r f a c e d u r i n g a r a p i d 
decompression. The ne t r e s u l t i s l e s s segments i n the gap (as 
opposed t o segments a c t u a l l y i n c o n t a c t w i t h the s u r f a c e - the 
o v e r a l l Γ, c o n s i s t i n g o f ( s u r f a c e + gap) segments, i s unchanged) 
and hence a lower r e p u l s i v e osmotic i n t e r a c t i o n , as observed. 

F i n a l l y we note t h a t our r e s u l t s d i f f e r from those r e p o r t e d 
by t h e A u s t r a l i a n group ( 7 ) , who measured F(D) between mica p l a t e s 
i n an aqueous s o l u t i o n of a commercial r e s i n of h i g h l y p o l y d i s 
p e rsed PEO. T h e i r r e s u l t s i n d i c a t e d s h o r t - and long - t i m e h y s t e r e t -
i c e f f e c t s as w e l l as a continuous b u i l d up of adsorbed m a t e r i a l 
(up t o 1000 nm over 24 h r s . ) , and may be due t o i m p u r i t i e s i n the 
sample they used (20). 
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P o l y - L - l y s i n e i n aqueous s a l t s o l u t i o n s 

The i n t e r a c t i o n s between bare mica s u r f a c e s i n 10 and 10" M 
KNO^ s o l u t i o n s were determined at pH = 3.5. In b o t h cases an ex
p o n e n t i a l type r e l a t i o n F(D) α Θ" κ Ι ) was i n d i c a t e d , w i t h decay 
l e n g t h s l/κ = 1.4 nm and 8 nm f o r t h e two s a l t c o n c e n t r a t i o n s , 
r e s p e c t i v e l y , but w i t h an e f f e c t i v e s u r f a c e p o t e n t i a l ψ - 40 mV, 
c o n s i d e r a b l y lower than i t s v a l u e a t the h i g h e r pH used i n the 
PEO experiments ( f i g u r e 6a, curve ( a ) ) . The lower v a l u e of ψ 
i s p r o b a b l y the r e s u l t of a lower n e t degree^ of i o n i z a t i o n o f the 
m ica s u r f a c e i n the presence of the l a r g e Η c o n c e n t r a t i o n (the 
low pH was used t o ensure f u l l i o n i z a t i o n and p o l y e l e c t r o l y t e ) . 

P o l y - L - l y s i n e , of M w = 9 χ 1 0 4 , Μ ^ / Μ η ~ 1 . 2 , and s t r u c t u r e 

i I II 
N — C - C -

I 
( Ç H 2 ) 4 

I Φ 
NH, 

was o b t a i n e d from M i l e s Yeda, and added t o the c e l l t o concen
t r a t i o n s of 10 and 100 yg m l " of p o l y e l e c t r o l y t e ; f o r c e - d i s 
tance p r o f i l e s were determined i n the u s u a l way f o l l o w i n g o v e r 
n i g h t (16 ± 2 h r s ) i n c u b a t i o n . F i g u r e 7 shows the f o r c e - d i s t a n c e 
p r o f i l e s between the mica s u r f a c e s i n 1 0 " 1 m KN0 3 (pH 3.5) f o l l o w 
i n g i n c u b a t i o n i n 10 yg ml p o l y - L - l y s i n e s o l u t i o n . The d a t a i s 
shown on a s e m i - l o g p l o t t o a l l o w i n c l u s i o n o f the l a r g e v a r i a t i o n 
i n F ( D ) , w h i l e the i n s e t shows the i n t e r a c t i o n around F « 0 on a 
l i n e a r s c a l e . The broken l i n e ( f i g u r e 7) i n d i c a t e s the i n t e r 
a c t i o n s p r i o r t o a d d i t i o n o f polymer. Measurements commenced a t 
a s e p a r a t i o n of D - 300 nm; w i t h i n e r r o r , no f o r c e s were d e t e c t e d 
down t o D - 120 nm when a m o n o t o n i c a l l y i n c r e a s i n g r e p u l s i o n was 
observed. Log F(D) v a r i e d a p p r o x i m a t e l y l i n e a r l y w i t h D down t o 
D - 100 nm (decay l e n g t h - 1.4 nm). At t h i s s e p a r a t i o n the 
f o r c e p r o f i l e ' l e v e l s out' ( a t l e a s t on a l o g a r i t h m i c s c a l e ) , 
down t o 5 nm when a s t e e p e r r i s e was a g a i n observed. 

The F v, D p r o f i l e measured on f i r s t approach was not r e v e r 
s i b l e : on s e p a r a t i n g the s u r f a c e s F(D) dropped s h a r p l y , as shown, 
u n t i l f o r D £ 20 nm no f u r t h e r f o r c e c o u l d be d e t e c t e d . Subse
quent compression and decompression of the s u r f a c e s gave r i s e t o 
a r e v e r s i b l e and r e p r o d u c i b l e f o r c e p r o f i l e , f i g u r e 8, c l o s e l y 
f o l l o w i n g t h a t o b t a i n e d on t h e f i r s t s e p a r a t i o n of the s u r f a c e s 
a f t e r the i n i t i a l approach ( f i g u r e 7 ) . From f i g u r e 8 we n o t e 
t h a t the f o r c e decays a p p r o x i m a t e l y e x p o n e n t i a l l y w i t h D (decay 
l e n g t h 1.5 nm). T h i s s h o r t range r e p u l s i v e i n t e r a c t i o n ( f i g u r e 8) 
was time independent: i n p a r t i c u l a r , o v e r n i g h t s t a n d i n g (16 h r s ) 
of the s u r f a c e s f o l l o w i n g the f i r s t compression/decompression 
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c y c l e d i d not l e a d t o a change i n the p r o f i l e s shown i n f i g u r e 8. 
The form of the f o r c e - d i s t a n c e p r o f i l e s f o l l o w i n g i n c u b a t i o n 

a t the h i g h e r p o l y e l e c t r o l y t e c o n c e n t r a t i o n (100 yg ml~^) was the 
same (21) ( w i t h i n e r r o r ) as t h a t shown i n f i g u r e 7 and 8. For the 
lower s a l t c o n c e n t r a t i o n , 10~^ M KNO3, the g e n e r a l f e a t u r e s o f the 
F(D) v. D curves were s i m i l a r t o those i n f i g u r e s 7 and 8, except 
t h a t the v a l u e s f o r D f o r onset of i n t e r a c t i o n s were g e n e r a l l y 
l a r g e r , (D * 140 nm), and the e x p o n e n t i a l decay of F(D) w i t h D 
f o l l o w i n g the f i r s t approach was c o n s i d e r a b l y s l o w e r (decay 
l e n g t h ~ 10 nm). The range of i n t e r a c t i o n s f o l l o w i n g compression 
i n 10~3 M KNO3 was a l s o c o n s i d e r a b l y f u r t h e r out a t D - 70 nm 
(compared w i t h D -.20 nm i n 10 M KNO3, f i g u r e 8) (2 1 ) . 

R e f r a c t i v e i n d e x measurements i n d i c a t e d an adsorbance of 2 ί 
0.5 mg m~2 of the polymer onto the mica s u r f a c e s . 

The main f e a t u r e
s i o n on f i r s t approach
i n i t i a l s t a g e s , w i t h a decay l e n g t h c l o s e t o the Debye-Huckel 
l e n g t h 1/K i n the absence of polymer; ( i i ) an i r r e v e r s i b l e com
p r e s s i o n of t h e adsorbed l a y e r s f o l l o w i n g the f i r s t approach, r e 
s u l t i n g i n a s h o r t range e x p o n e n t i a l l y d e c a y i n g r e p u l s i o n w i t h a 
decay l e n g t h a g a i n q u i t e c l o s e t o l/κ. These f e a t u r e s suggest 
t h a t the i n i t i a l s t a g e s of the i n t e r a c t i o n a re due t o o v e r l a p of 
e l e c t r o s t a t i c d o u b l e - l a y e r s a s s o c i a t e d w i t h the adsorbed p o l y e l e c 
t r o l y t e , f o l l o w e d by an i r r e v e r s i b l e ' s t e r i c ' compression of the 
( i n i t i a l l y extended) p o l y - L - l y s i n e onto the mica s u r f a c e t o form 
a dense, t i g h t l y bound s u r f a c e phase. The f i n a l form of the i n 
t e r a c t i o n ( f i g u r e 8) f o l l o w i n g t h i s i r r e v e r s i b l e compression a l s o 
appears t o be of the e l e c t r o s t a t i c d o u b l e - l a y e r o v e r l a p type (by 
comparing i t s decay l e n g t h w i t h l/κ). The f i n a l 'squashed' s t a t e 
of the p o l y e l e c t r o l y t e would appear t o be the e q u i l i b r i u m one: 
the h i g h l y extended i n i t i a l c o n f i g u r a t i o n p r i o r t o a f i r s t ap
proach appears t o be m e t a s t a b l e , and may be prevent e d from r e a c h 
i n g the e q u i l i b r i u m s t a t e by energy b a r r i e r s a s s o c i a t e d w i t h a 
net 'space-charge' w i t h i n the o r i g i n a l extended adsorbed l a y e r . 
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F i g u r e 8. F/R v. D f o l l o w i n g f i r s t approach a f t e r i n c u b a t i o n 
i n p o l y - L - l y s i n e s o l u t i o n (broken l i n e - f o r c e s i n absence o f 
p o l y e l e c t r o l y t e ) . 
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16 
The Stability of Dispersions 
of Hard Spherical Particles in the Presence 
of Nonadsorbing Polymer 
G. J. FLEER and J. Η. Μ. H. SCHEUTJENS—Laboratory for Physical and Colloid 
Chemistry, Agricultural University, De Dreijen 6, 6703 BC Wageningen, The Netherlands 
B. VINCENT—School of Chemistry, University of Bristol, Cantock's Close, 
Bristol BS8 1TS, England 

We present an improve
of a dispersion of hard spheres in the presence of 
non-adsorbing polymer. The pair potential is der i 
ved from a recent theory for interacting polymer 
near a f la t surface, and is a function of the deple
tion thickness. This thickness is of the order of 
the radius of gyration in dilute polymer solutions 
but decreases when the coi ls in solution begin to 
overlap. Flocculation occurs when the osmotic at
traction energy, which is a consequence of the de
plet ion, outweighs the loss in configurational en
tropy of the dispersed part ic les . Our analysis d i f 
fers from that of De Hek and Vr i j with respect to 
the dependence of the depletion thickness on the 
polymer concentration (i.e., we do not consider the 
polymer coi l s to be hard spheres) and to the s tabi-
lity cr i ter ion used (binodal, not spinodal phase 
separation conditions). 

Comparison of our theory with experimental 
data shows excellent agreement, both with respect 
to the molecular weight dependency and to the 
effect of part icle radius and part icle concentra
t ion. 

Our model predicts restabi l isat ion at very 
high polymer concentrations. I t i s shown that this 
restabi l isat ion is a thermodynamic effect, resul
ting from a decreased interpart icle attraction, and 
is not k ine t ica l ly determined, as proposed by 
Feigin and Napper. 

I n r e c e n t y e a r s much a t t e n t i o n has been p a i d t o the s t a b i l i t y of 
c o l l o i d s i n the presence of f r e e , nonadsorbing polymers. I t i s 
g e n e r a l l y found t h a t a t r e l a t i v e l y low polymer c o n c e n t r a t i o n s 
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déstabilisation of c o l l o i d a l d i s p e r s i o n s o c c u r s ( 1 - 8 ) . I n some 
i n s t a n c e s r e s t a b i l i s a t i o n a t h i g h polymer c o n c e n t r a t i o n s has been 
r e p o r t e d (1-5). So f a r , t h i s r e s t a b i l i s a t i o n has o n l y been o b s e r 
ved f o r " s o f t " p a r t i c l e s , i . e . , p a r t i c l e s c a r r y i n g anchored p o l y 
mer c h a i n s . 

S e v e r a l t h e o r e t i c a l models have been proposed t o e x p l a i n 
these phenomena. The f i r s t crude model i s due t o V i n c e n t et a l . 
( 3 ) . I t a p p l i e s s p e c i f i c a l l y t o s o f t spheres and d i s c u s s e s the 
f l o c c u l a t i o n i n terms of interpénétration of f r e e polymer c o i l s 
w i t h the polymer sheaths s u r r o u n d i n g the p a r t i c l e s . Beyond a c e r 
t a i n polymer c o n c e n t r a t i o n , the interpénétration of two polymer 
sheaths i s e a s i e r than the mutual interpénétration of f r e e p o l y 
mer and a t t a c h e d polymer, r e s u l t i n g i n a t t r a c t i o n between the 
s o f t p a r t i c l e s . 

The o t h e r approache
t i o n o f c h a i n polymers nea
to an osmotic a t t r a c t i o n between two p a r t i c l e s when two such 
d e p l e t i o n l a y e r s o v e r l a p . Joanny et a l . (9) used s c a l i n g a r g u 
ments t o p r e d i c t q u a l i t a t i v e l y t h a t phase s e p a r a t i o n may occur 
i f the d i s t a n c e between the p a r t i c l e s becomes s m a l l e r than the 
s o - c a l l e d c o r r e l a t i o n l e n g t h . F e i g i n and Napper (10, 11) p r e s e n 
ted a more s o p h i s t i c a t e d model a c c o u n t i n g f o r the segment p r o f i l e 
i n the d e p l e t i o n l a y e r , and p r e d i c t e d not o n l y the déstabilisation 
but a l s o the r e s t a b i l i s a t i o n . The l a t t e r phenomenon i s , i n t h e i r 
model, a s s o c i a t e d w i t h an energy b a r r i e r and i s , t h e r e f o r e , a k i 
n e t i c e f f e c t which does not correspond to thermodynamic s t a b i l i t y . 
De Hek and V r i j (6) developed a model f o r a m i x t u r e o f hard d i s 
p ersed p a r t i c l e s and hard (but m u t u a l l y permeable) polymer 
spheres and p r e d i c t e d phase s e p a r a t i o n c o n d i t i o n s a t the s p i n o d a l 
p o i n t , i n terms of the second v i r i a l c o e f f i c i e n t o f the p a r t i c l e s . 
F i n a l l y , S p e r r y (12) used a v e r y s i m p l e geometric model f o r the 
c a l c u l a t i o n of the osmotic f o r c e between two p a r t i c l e s . Both the 
treatments o f De Hek and V r i j and of S p e r r y are based on an e a r 
l i e r model by Asakura and Oosawa (13 ) . 

I n t h i s paper, we p r e s e n t the o u t l i n e of a g e n e r a l approach 
f o r the i n t e r a c t i o n o f hard spheres i n the presence of nonadsor
b i n g polymer. The p a i r p o t e n t i a l i s d e r i v e d from a r e c e n t l a t t i c e 
t h e o r y f o r i n t e r a c t i n g polymer near a s u r f a c e (14-16). P r e l i m i 
n ary r e s u l t s f o r two hard p l a t e s i n a polymer s o l u t i o n have been 
r e p o r t e d p r e v i o u s l y ( 1 7 ) . Here we extend these r e s u l t s t o the 
i n t e r a c t i o n between hard spheres. The d e p l e t i o n t h i c k n e s s t u r n s 
out to be of the o r d e r of the r a d i u s of g y r a t i o n i n d i l u t e p o l y 
mer s o l u t i o n s , but decreases when the c h a i n s i n s o l u t i o n b e g i n t o 
o v e r l a p . Q u a l i t a t i v e l y , t h i s b e haviour agrees w i t h the f i n d i n g s 
of the s c a l i n g t h e o r y ( 9 ) . Our model g i v e s a s i m p l e a n a l y t i c a l 
e x p r e s s i o n f o r the d e p l e t i o n t h i c k n e s s and the p a i r p o t e n t i a l be
tween two hard spheres. For d i l u t e polymer s o l u t i o n s , the p a i r 
p o t e n t i a l resembles c l o s e l y t h a t used by De Hek and V r i j (6) (and, 
f o r t h a t m a t t e r , t h a t of S p e r r y (12)) but our t h e o r y c a l c u l a t e s 
the phase s e p a r a t i o n c o n c e n t r a t i o n f o r b i n o d a l , r a t h e r than s p i n o -
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d a l c o n d i t i o n s . F or r e v e r s i b l e f l o c c u l a t i o n , the b i n o d a l c r i t e r i o n 
s h o u l d be a p p l i e d . E x c e l l e n t agreement i s found between the new 
the o r y and the measurements of De Hek and V r i j (6). Moreover, the 
pr e s e n t model a l s o p r e d i c t s a thermodynamic r e s t a b i l i s a t i o n a t 
ver y h i g h polymer c o n c e n t r a t i o n s . E x t e n s i o n o f the th e o r y t o s o f t 
p a r t i c l e s i s , i n p r i n c i p l e , p o s s i b l e but the n u m e r i c a l d a t a a r e , 
as y e t , l a c k i n g . Q u a l i t a t i v e l y , i t may be expected t h a t r e s t a b i l i 
s a t i o n f o r s o f t spheres o c c u r s a t lower polymer c o n c e n t r a t i o n s 
than f o r hard spheres. 

I n t e r a c t i o n between two har d p l a t e s 

The p r i n c i p l e of d e p l e t i o n i s i l l u s t r a t e d i n F i g u r e 1. I f a s u r 
f a c e i s i n c o n t a c t w i t h a polymer s o l u t i o n of volume f r a c t i o n Φ Λ , 
th e r e i s a d e p l e t i o n zon
c e n t r a t i o n i s lower tha
f o r m a t i o n a l e ntropy r e s t r i c t i o n s t h a t a r e , f o r nonadsorbing p o l y 
mers, not compensated by an a d s o r p t i o n energy. The e f f e c t i v e 
t h i c k n e s s o f the d e p l e t i o n l a y e r i s Δ. Below we w i l l g i v e a more 
p r e c i s e d e f i n i t i o n f o r Δ. 

When two p l a t e s are a t a s e p a r a t i o n Η which i s much l a r g e r 
than 2Δ, the d e p l e t i o n l a y e r s do not o v e r l a p , the c o n c e n t r a t i o n 
halfway the p l a t e s e q u a l s φ^, and the i n t e r a c t i o n energy i s zero 
( F i g u r e 1, a ) . I f , on the o t h e r hand, Η << 2Δ, the c o n f o r m a t i o n a l 
r e s t r i c t i o n s are such t h a t t h e r e i s no polymer between the p l a t e s 
( F i g u r e 1 , b) and the osmotic p r e s s u r e of the s o l u t i o n d r i v e s the 
p l a t e s t o g e t h e r . An e q u i v a l e n t d e s c r i p t i o n i s t h a t , upon decrease 
of H, s o l v e n t i s t r a n s f e r r r e d from the gap between the p l a t e s 
(pure s o l v e n t ) towards the s o l u t i o n , thereby d e c r e a s i n g the f r e e 
energy of the system. Each s o l v e n t molecule g o i n g from pure s o l 
vent t o the s o l u t i o n c o n t r i b u t e s a f r e e energy change μ°, the 
s o l v e n t c h e m i c a l p o t e n t i a l , which i s n e g a t i v e . Note t h a t y° i s 
d e f i n e d as the c h e m i c a l p o t e n t i a l of s o l v e n t i n the polymer s o l u 
t i o n w i t h r e s p e c t t o the r e f e r e n c e s t a t e (pure s o l v e n t ) . I n the 
r e g i o n where t h e r e i s no polymer between the p l a t e s the decrease 
i n Η i s p r o p o r t i o n a l t o the number of s o l v e n t m o l e c u l e s which are 
t r a n s f e r r e d . When the p l a t e s are brought c l o s e r over a d i s t a n c e 
dH, the number of s o l v e n t m o l e c u l e s l e a v i n g the gap per u n i t a r e a 
of the p l a t e s e q u a l s dH/v°, where v° i s the m o l e c u l a r volume of 
the s o l v e n t . Hence, i n t h i s r e g i o n the f r e e energy per u n i t a r e a , 
Δίρ, i s l i n e a r i n Η w i t h s l o p e -y°/v°, which i s the osmotic p r e s 
sure . 

The i n t e r p r e t a t i o n of Δ becomes c l e a r e r when two p l a t e s , 
o r i g i n a l l y a t v e r y s m a l l d i s t a n c e from each o t h e r , are s e p a r a t e d . 
At a c e r t a i n s e p a r a t i o n , e q u a l t o 2Δ, polymer p e n e t r a t e s i n t o the 
gap. I n d i l u t e s o l u t i o n s , where the c h a i n s behave as i n d i v i d u a l 
c o i l s , Δ i s expected t o be of the o r d e r or r , the r a d i u s of 
g y r a t i o n . However, a t c o n c e n t r a t i o n s where t i e c o i l s o v e r l a p , 
the osmotic p r e s s u r e of the s o l u t i o n becomes so h i g h t h a t 
narrower gaps can be e n t e r e d , and Δ becomes s m a l l e r than r g . 
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These q u a l i t a t i v e c o n c l u s i o n s are v e r i f i e d by n u m e r i c a l c a l 
c u l a t i o n s based upon a p r e v i o u s l y d e s c r i b e d l a t t i c e model which 
i n v o l v e s a m a t r i x procedure t o account f o r a l l p o s s i b l e conforma
t i o n s of the c h a i n s (16, 17). (Note: I n Ref. 17 a wrong e x p r e s s i o n 
was g i v e n f o r the f r e e energy of i n t e r a c t i o n . Not the excess Gibbs 
s u r f a c e f r e e energy F a s h o u l d be used f o r the computation of Δ ί ρ , 
but the Gibbs f r e e energy F of the system, l e a d i n g t o A f p = γΑ, 
where γ i s the s u r f a c e t e n s i o n and A the area per s i t e . For more 
d e t a i l s we r e f e r t o the e r r a t a t o Ref. 17, submitted t o Adv. 
C o l l o i d I n t e r f a c e S c i . ) 

Some n u m e r i c a l r e s u l t s are g i v e n i n F i g u r e s 2 and 3. D i s t a n 
ces i n these f i g u r e s are expressed i n u n i t s of 1, the l a t t i c e step 
l e n g t h . As can be seen i n F i g u r e 2, the a t t r a c t i o n energy àf i s 
l i n e a r f o r s m a l l H, and t o a good a p p r o x i m a t i o n t h i s l i n e a r i t y 
p e r s i s t s up t o Η = 2Δ.
d i s c u s s e d above, the s l o p
the l a t t i c e model, -μ°/1^. Hence, the c o n c e n t r a t i o n halfway be
tween the p l a t e s , as a f u n c t i o n of H, may be c o n s i d e r e d as a step 
f u n c t i o n , b e i n g zero f o r Η < 2Δ and e q u a l t o φ Λ f o r Η > 2Δ. We 
note t h a t the b a r r i e r s a t r e l a t i v e l y h i g h v a l u e s f o r Η which we 
r e p o r t e d i n Ref. 17 are s t i l l p r e s e n t , but they are c o m p l e t e l y 
n e g l i g i b l e on the s c a l e used i n F i g u r e 2, and are so s m a l l t h a t 
they w i l l have no e f f e c t on the p a r t i c l e i n t e r a c t i o n f o r c o l l o i d a l 
p a r t i c l e s i n the u s u a l s i z e range. F e i g i n and Napper (10, 11) c a l 
c u l a t e d from t h e i r model much h i g h e r b a r r i e r s , and c o n s i d e r e d them 
to be r e s p o n s i b l e f o r the ( k i n e t i c ) restabilisâtion. 

We may now w r i t e the i n t e r a c t i o n energy between two p l a t e s 
as: 

Η < 2Δ àf (H) = -(μ°/ν°)(Η - 2Δ) 
μ (1) 

Η > 2Δ àf (Η) = 0 Ρ 
The s o l v e n t c h e m i c a l p o t e n t i a l i s taken t o be t h a t g i v e n by the 
Fl o r y - H u g g i n s e x p r e s s i o n ( 1 8 ) : 

y°/kT = φ λ(1 - 1/x) + l n ( 1 - φ Λ) + χφ* (2) 

Here k and Τ have t h e i r u s u a l meaning, χ i s the r a t i o between the 
m o l e c u l a r volumes of a polymer c h a i n and a s o l v e n t molecule and 
χ i s the p o l y m e r - s o l v e n t i n t e r a c t i o n parameter. 
For Η = 0, E q u a t i o n 1 reduces t o 

àf (0) = 2μ°Δ/ν° (3) 
Ρ 

With i n c r e a s i n g φ Λ , -μ° i n c r e a s e s , w h i l s t Δ i s c o n s t a n t a t low Φ Λ 

(and of the o r d e r of r ) but decreases a t h i g h e r φ Λ. The v a r i a t i o n 
of àf w i t h φ Α depends^therefore on the v a r i a t i o n i n the product 
μ°Δ. 

Numerical r e s u l t s f o r the dependency of Δ on φ^ are g i v e n i n 
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Η»2Δ Η«2Δ 
no attraction attraction 

F i g u r e 1. I l l u s t r a t i o f d e p l e t i o  e f f e c t  f o  tw  p l a t e
i n a s o l u t i o n of nonadsorbin
Δ i s the d e p l e t i o n t h i c k n e s s

F i g u r e 2. A t t r a c t i o n energy per s u r f a c e s i t e due t o d e p l e 
t i o n as a f u n c t i o n of the p l a t e s e p a r a t i o n , f o r two polymer 
c o n c e n t r a t i o n s . The d i s t a n c e i s expressed i n l a t t i c e u n i t s 
( s t e p l e n g t h 1 ) . r = 1000, χ = 0.5, hexagonal l a t t i c e . 
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Figure 3 for four chain lengths, expressed as the number of seg
ments per chain, r. As expected, in dilute solutions Δ i s inde
pendent of φ Λ. In this dilute regime, Δ i s approximately proportio
nal to the square root of the chain length; for not too short 
chains Δ/1 =0.56 (/r - 2 ) , which i s of the order of r g / l . Note 
that for a random f l i g h t chain r g / l = /r/6 = 0.41 /r~, and a 
l a t t i c e chain is expected to be s l i g h t l y more expanded. 

If the chains in solution begin to overlap, Δ decreases. 
A rough measure for the overlap concentration φ ο ν i s that volume 
fraction of polymer at which close-packed spheres with radius r g 

just touch. Then Φ ο γ = 0.74 rl 3/(4πτ|/3). Taking r « Δ ( φ * * 0) 
0.56 l / r , we f i n d that Φ θ γ ^ 1.03//r? This value or φ i s i n d i 
cated in Figure 3 by the arrows. Indeed the decrease of Δ starts 
i f ΦΑ becomes comparable with φ ο ν . At higher concentrât ions 9 Δ 
becomes increasingly independen
bulk polymer (φ Α = 1) Δ

We have been able to derive an approximate analytical expres
sion for Δ as a function of φ Λ which describes the curve s shown 
in Figure 3 quite accurately over nearly the whole concentration 
range, from dilute solutions up to φ^ « 0.6. The derivation i s 
based upon the greatest eigenvalue of the matrix which, in the 
case of nonadsorbing long chains at low concentrât ions between 
the plates, i s easily computed (19). We w i l l report the deriva
tion elsewhere and give here only the res u l t , which in the present 
context may be considered as an empirical expression: 

s i n 2 2Δ7ΓΤΤ = 1 " l n ( 1 - φ*> "2*φ* (4 ) 

Equation 4 applies for solvency conditions which are not too far 
removed from theta-solvents (χ = 0.5). The term 2/r i s approximate 
and applies only in the l i m i t of large r . For smaller r this term 
is s l i g h t l y higher. Using a f i t t i n g procedure, the set of curves 
in Figure 3, for φ Α < 0.6, could be reproduced to within 1% for Δ 
i f the f i r s t term of the right hand side of Equation 4 i s actually 
taken to be (1.95/r)(1 + 2.84//r). For application purposes we 
w i l l use the simpler form given in Equation 4. 

In the l i m i t s Δ >> 1 and φ Λ << 1, and for χ = i , Equation 4 
takes the form 

1 4/2*r 4 J 4 / 2 O V 

For ΦΛ « φ , Δ = (π/4/2)ΐ/τ~ = 0.56 l / r , which i s close to r g , 
as discus seâ Vabove. On the other hand, i f ΦΛ >> Φ , Δ/1 becomes 
independent of r because the r~^-term in Equations 5 and 4 i s ne
g l i g i b l e . 

Interaction between two hard spheres 

A commonly used approximation for transforming the interaction 
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energy between p l a t e s (Afp) i n t o t h a t between two spheres ( A f s ) 
i s t h a t due t o Der y a g i n (zO); 

H 
A f s ( H ) = ira J A f p ( H ) d H (6) 

ο 
where a i s the r a d i u s of the spheres. For the moment, we are o n l y 
i n t e r e s t e d i n Δί s(0) because we want t o compare the f r e e energy 
of a p a i r of p a r t i c l e s a t l a r g e d i s t a n c e t o t h a t of p a r t i c l e s i n 
a f l o e , where they are i n c l o s e c o n t a c t . S u b s t i t u t i n g E q u a t i o n 1 
i n t o E q u a t i o n 6: 

A f (0) = 1Ξ£ μ ° Δ 2 ( 7 ) 

» Ο 
ν 

The D e r y a g i n a p p r o x i m a t i o
t i o n i s not always met
h i g h m o l e c u l a r weight polymer. I f Afp(H) i s o b t a i n e d u s i n g a step 
f u n c t i o n , as i n E q u a t i o n 1, a c o r r e c t i o n f a c t o r may be d e r i v e d 
from geometric c o n s i d e r a t i o n s ( F i g u r e 4 ) . When two p a r t i c l e s 
come i n t o c l o s e c o n t a c t , the d e p l e t i o n volume i s reduced, as 
i n d i c a t e d by the hatched r e g i o n i n F i g u r e 4, by an amount V o v = 
27raA^(1 + 2A/3a) . Hence, when two spheres approach each o t h e r 
from l a r g e Η t o Η = 0, the number of s o l v e n t m o l e c u l e s t r a n s 
f e r r e d t o the s o l u t i o n e q u a l s V o v / v ° , c o n t r i b u t i n g a net decrease 
i n the f r e e energy, g i v e n by 

A f ( 0 ) = ̂ a μ°Δ 2(1 + | A) (8) 

E q u a t i o n 8 was a l s o a p p l i e d by Sperry ( 1 2 ) , a l t h o u g h the under
l y i n g assumptions are d i f f e r e n t i n h i s model. There i s a l s o a 
c l o s e analogy between E q u a t i o n 8 and the p a i r p o t e n t i a l used by 
De Hek and V r i j . Indeed, E q u a t i o n 4 o f Ref. 6 reduces t o our 
Eq u a t i o n 8 f o r H = 0, p r o v i d e d t h a t 2Δ i s i n t e r p r e t e d as the ha r d 
sphere diameter o f the polymer m o l e c u l e . Hence, i n d i l u t e s o l u 
t i o n s (where Δ c* r g ) the two approaches are v e r y s i m i l a r . How
e v e r , i n our model Δ i s a f u n c t i o n of the polymer c o n c e n t r a t i o n . 
Because most e x p e r i m e n t a l d e p l e t i o n s t u d i e s are c a r r i e d out a t 
v a l u e s f o r φ Λ t h a t are comparable i n magnitude t o φ , our model 
i s more g e n e r a l . 

Phase s e p a r a t i o n of hard spheres 

A c c o r d i n g t o E q u a t i o n 8, two spheres i n a s o l u t i o n o f nonadsor
b i n g polymer a t t r a c t each o t h e r . The magnitude of the a t t r a c t i o n 
depends on y° (or the osmotic p r e s s u r e ) and on Δ, b o t h f a c t o r s 
b e i n g a f u n c t i o n o f φ Α. At low φ^, Δ i s c o n s t a n t and μ i s p r o 
p o r t i o n a l t o the polymer concentrât i o n , so t h a t - Δ ί g i n c r e a s e s 
l i n e a r l y w i t h φ Λ. I n more c o n c e n t r a t e d s o l u t i o n s , -y° i n c r e a s e s 
more s t r o n g l y w i t h φ Α due t o h i g h e r o r d e r terms i n φ Λ , and Δ 
dec r e a s e s . S i n c e f o r spheres Δί s i s p r o p o r t i o n a l t o Â2, the 
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decrease i n Δ as a f u n c t i o n of φ Λ i s more important than f o r 
p l a t e s . 

The c r u c i a l q u e s t i o n i s : a t what v a l u e of φ Α i s the a t t r a c 
t i o n h i g h enough to induce phase s e p a r a t i o n ? De Hek and V r i j (6) 
assume t h a t the c r i t i c a l f l o c c u l a t i o n c o n c e n t r a t i o n i s e q u i v a l e n t 
t o the phase s e p a r a t i o n c o n d i t i o n d e f i n e d by the s p i n o d a l p o i n t . 
From the p a i r p o t e n t i a l between two h a r d spheres i n a polymer 
s o l u t i o n they c a l c u l a t e the second v i r i a l c o e f f i c i e n t B2 f o r the 
p a r t i c l e s , and d e r i v e from the s p i n o d a l c o n d i t i o n t h a t i f B2 = 
1/2φ^ (where φ^ i s the volume f r a c t i o n of p a r t i c l e s i n the d i s 
p e r s i o n ) phase s e p a r a t i o n o c c u r s . For a system i n thermodynamic 
e q u i l i b r i u m , two phases c o e x i s t i f the c h e m i c a l p o t e n t i a l of the 
hard spheres i s the same i n the d i s p e r s i o n and i n the f l o e phase 
( i . e . , the b i n o d a l c o n d i t i o n ) . 

We c o n s i d e r the chang
p a r t i c l e i s t r a n s f e r r e
We can d i s t i n g u i s h two c o n t r i b u t i o n s t o t h i s f r e e energy of 
t r a n s f e r . One i s the c o n t r i b u t i o n due t o d e p l e t i o n , d e s i g n a t e d 
as Δί ̂ , which i s n e g a t i v e and, f o r s m a l l Δ/a, p r o p o r t i o n a l t o 
A f s ( 0 ) as g i v e n above f o r a p a i r of p a r t i c l e s ; the p r o p o r t i o n a 
l i t y c o n s t a n t i s a f u n c t i o n of the geometry of the f l o e and the 
r a t i o Δ/a and w i l l be c o n s i d e r e d i n more d e t a i l below. The o t h e r 
c o n t r i b u t i o n i s p o s i t i v e and o r i g i n a t e s from the d i f f e r e n c e A s g 

i n c o n f i g u r a t i o n a l e n t r o p y of a p a r t i c l e i n a f l o e as compared t o 
t h a t i n the d i s p e r s i o n ( 2 , 3 ) . C l e a r l y , àss i s n e g a t i v e . Phase 
s e p a r a t i o n c o n d i t i o n s may t h e r e f o r e be d e f i n e d through the r e l a 
t i o n 

L\f.d - T A s s = 0 (9) 

I n t h i s a n a l y s i s , we w i l l d i s r e g a r d o t h e r i n t e r p a r t i c l e f o r c e s , 
such as Van der Waals a t t r a c t i o n and e l e c t r o s t a t i c r e p u l s i o n , 
a l t h o u g h , i n p r i n c i p l e , such c o n t r i b u t i o n s c o u l d be i n c l u d e d . 

As s t a t e d above, Δί^ i s r e l a t e d to the c o n t a c t p a i r p o t e n t i a l 
Δί s(0). In a f l o e , each p a r t i c l e i s i n c l o s e c o n t a c t w i t h ζ o t h e r 
p a r t i c l e s . I f Δ/a i s s m a l l , the ζ lens-shaped o v e r l a p volumes 
(see F i g u r e 4) s u r r o u n d i n g each p a r t i c l e do not o v e r l a p w i t h each 
o t h e r , and àf^ e q u a l s ζΔί β(0)/2 where Δί s(0) i s g i v e n by E q u a t i o n 
8. For h i g h e r v a l u e s of Δ/a, the l e n s e s o v e r l a p p a r t l y , and 
Δί^ < ζΔί s(0)/2. Above a c e r t a i n v a l u e of Δ/a (which depends on the 
p a c k i n g of the p a r t i c l e s i n the f l o e ) , t h e r e i s no polymer l e f t 
w i t h i n the i n t e r s t i c e s of the f l o e and a l l the s o l v e n t i n the f l o e 
i s w i t h i n a d i s t a n c e Δ from the s u r f a c e of a t l e a s t one p a r t i c l e . 
Then the volume of s o l v e n t which i s t r a n s f e r r e d towards the s o l u 
t i o n when a p a r t i c l e i s added t o the f l o e i s r e a d i l y c a l c u l a t e d . 
I n the d i s p e r s i o n , the d e p l e t i o n volume per p a r t i c l e i s (4π/3) 
{( a + Δ)3 - a 3 } . I n the f l o e , the volume of s o l v e n t per p a r t i c l e 
i s (4π/3)a-^f/(1 - φ^ ) , where φ£ i s the volume f r a c t i o n of p a r 
t i c l e s i n the f l o e phase. The d i f f e r e n c e between these two v o l u 
mes i s the amount of s o l v e n t which c o n t r i b u t e s t o Δί,. On the 
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F i g u r e 3. D e p l e t i o n t h i c k n e s s Δ f o r f o u r c h a i n l e n g t h s a 
a f u n c t i o n of polymer c o n c e n t r a t i o n . The arrows i n d i c a t e 
the s o l u t i o n c o n c e n t r a t i o n where the polymer c o i l s b e g i n 
o v e r l a p , χ = 0.5, hexagonal l a t t i c e . 

F i g u r e 4. Overlap of d e p l e t i o n 
zones. The hatched r e g i o n c o r 
responds t o the volume of s o l 
v ent t h a t i s t r a n s f e r r e d when 
two p a r t i c l e s of r a d i u s a and 
d e p l e t i o n t h i c k n e s s Δ come 
i n t o c l o s e c o n t a c t . 
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b a s i s of these geometric arguments, we can w r i t e 

A f d = (zira/v°) μ°Δ 2 g(A/a) (10) 

where g i s a geometric f a c t o r depending on Δ/a. F o r a p a i r of 
p a r t i c l e s g = ( 2 / z ) ( 1 + 2A/3a). For a f l o e , an e x p r e s s i o n f o r g 
can be w r i t t e n down f o r two ranges of Δ/a: 

Δ/a < 0.41 g(à/a) = 1 + 2A/3a (11a) 

Δ/a > 0.73 g(A/a) = ^ φ 2 { ( 1 + - ) 3 - χ-l (11b) 
3z Δ a 

The l i m i t s (/2-1, / J-1) f o r Δ/a as g i v e n i n E q u a t i o n 11 a p p l y 
o n l y t o a f l o e i n which the p a r t i c l e s are arranged i n a simple 
c u b i c l a t t i c e . F o r d i f f e r e n
d i f f e r e n t , e.g. /Σ-1, /8/3-
(z = 8), and /473-1, /Τ/Ί-ί f o r a hexagonal l a t t i c e (z = 12). 

F o r the range 0.41 < Δ/a < 0.73, g cannot be r e a d i l y d e r i v e d . 
F o r t u n a t e l y , a simple i n t e r p o l a t i o n i s p o s s i b l e , as can be seen 
i n F i g u r e 5, where g, as g i v e n by E q u a t i o n 11, i s p l o t t e d as a 
f u n c t i o n of Δ/a, f o r ζ = 6 and φ^ = 0.52. I t i s c l e a r t h a t we 
o b t a i n a r e a s o n a b l e a p p r o x i m a t i o n f o r g i f we extend the range of 
E q u a t i o n 11a t o 0.55, and assume g t o be c o n s t a n t above t h a t 
v a l u e : 

Δ/a < 0.55 g(A/a) = 1 + 2A/3a (12a) 

0.55 < Δ/a < 2 g(A/a) c* 1.37 (12b) 

O b v i o u s l y , E q u a t i o n 12b has t o be m o d i f i e d somewhat f o r d i f f e r e n t 
f l o e p a c k i n g s . However, i n t h i s approximate t r e a t m e n t , we o n l y 
w i s h t o i n v e s t i g a t e t r e n d s , and f o r t h a t purpose a simple c u b i c 
arrangement suf f i c e s. 

The next problem i s t o f i n d an e x p r e s s i o n f o r A s g . T h i s 
e n t r o p y d i f f e r e n c e i s a f u n c t i o n of the p a r t i c l e volume f r a c t i o n s 
i n the d i s p e r s i o n (φ^) and i n the f l o e (φ^) . As a f i r s t a p p r o x i 
mation, we assume t h a t àss i s independent of the c o n c e n t r a t i o n 
and c h a i n l e n g t h of f r e e polymer. T h i s assumption i s not n e c e s s a 
r i l y t r u e : the f l o e s t r u c t u r e , and thus φ,., may depend on the 
l a t t e r parameters because a l s o the s o l v e n t c h e m i c a l p o t e n t i a l i n 
the s o l u t i o n ( a f f e c t e d by the presence of polymer) s h o u l d be the 
same as t h a t i n the f l o e phase (determined by the h i g h p a r t i c l e 
c o n c e n t r a t i o n ) . However, we assume t h a t these e f f e c t s w i l l be 
s m a l l , and we take φ^ as a c o n s t a n t . 

V i n c e n t e t a l . ( 3 ) used a s i m p l i f i e d c o n f i g u r a t i o n a l e n t r o p y 
term A s s = -k 1η(φ^/φ,). For a d i l u t e d i s p e r s i o n , the In φ^ term 
i s p r o b a b l y c o r r e c t , but f o r the f l o e phase, w i t h φ^ of the o r d e r 
of 0.5, a term I n φ^ c e r t a i n l y can o v e r e s t i m a t e the e n t r o p y i n the 
f l o e , because h a r d spheres w i t h f i n i t e volume have a t h i g h con
c e n t r a t i o n much l e s s t r a n s l a t i o n a l freedom than (volumeless) p o i n t 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



16. FLEER ET AL. Hard-Sphere Dispersion Stability 255 

p a r t i c l e s . Then more e l a b o r a t e models, such as those of P e r c u s -
Y e v i c k (21) and/or C a r n a h a n - S t a r l i n g ( 2 2 ) , g i v i n g a h i g h e r v a l u e 
f o r - A s s , s h o u l d be a p p l i e d . For the purpose of t h i s paper, how
e v e r , we s h a l l not c o n s i d e r these more e l a b o r a t e models, and w i l l 
s i m p l y assume t h a t A s g may be w r i t t e n as 

- A s g = C f + k 1η(φ £/φ ά) (13) 

where Cf i s p o s i t i v e and i s c o n s t a n t f o r a g i v e n p o l y m e r / p a r t i e l e 
system a t any φ* and φ^, b e i n g a f u n c t i o n of φ^ o n l y . 

In o r d e r t o i l l u s t r a t e the main f e a t u r e s o f the model, a p l o t 
of Af ̂  vs φ* f o r two c h a i n l e n g t h s i s shown i n F i g u r e 6. I n t h i s 
c a s e , E q u a t i o n 10 was a p p l i e d w i t h g = 1, n e g l e c t i n g the c o r r e c 
t i o n as g i v e n i n E q u a t i o n 11. For Δ/l the n u m e r i c a l v a l u e s g i v e n 
i n F i g u r e 2 were used, an
t i v e of a p a r t i c l e diamete

At low φ* the a t t r a c t i o n i n c r e a s e s more or l e s s l i n e a r l y 
w i t h φ*, but - A f ^ passes through a maximum around Φ* = 0.6 and 
decreases a g a i n a t s t i l l h i g h e r φ Λ. T h i s b e h a v i o u r can be under
stood from the c o n c e n t r a t i o n dependence of μ° and A. The l i n e a r i 
t y of A f ^ a t low φ* p e r s i s t s somewhat l o n g e r than t h a t i n -u° 
because of ( p a r t i a l ) compensation of the upward t r e n d i n -u° and 
the downward t r e n d i n A. F o r h i g h e r c o n c e n t r a t i o n s , the decrease 
i n A^ i s s t r o n g e r than the i n c r e a s e i n -u°, c a u s i n g - A f ^ t o be
come s m a l l e r a g a i n a t v e r y h i g h φ.. 

The b e h a v i o u r of A f ^ (or A f g ) f o r φ Λ ·* 1 ( b u l k polymer) 
deserves some s p e c i a l a t t e n t i o n . From the n u m e r i c a l d a t a , A f p 

f o r p l a t e s reaches a nonzero l i m i t . Such a l i m i t i s e a s i l y under
stood from a p h y s i c a l p o i n t of view: even i f the t h i c k n e s s o f the 
d e p l e t i o n l a y e r i s zero i n b u l k polymer, i t i s u n f a v o u r a b l e f o r 
polymer c h a i n s t o e n t e r the gap between the two p l a t e s due t o 
c o n f o r m a t i o n a l e n t r o p y r e s t r i c t i o n s . O b v i o u s l y , the same e f f e c t 
o c c u r s f o r s p h e r i c a l p a r t i c l e s : two p a r t i c l e s i n b u l k polymer 
s t i l l a t t r a c t each o t h e r . I n our step f u n c t i o n a p p r o x i m a t i o n , 
where A f g i n supposed t o be p r o p o r t i o n a l t o μ°Δ^, A f g approaches 
z e r o f o r e x t r e m e l y low s o l v e n t c o n c e n t r a t i o n s because the decrease 
i n A^ i s s t r o n g e r than the i n c r e a s e i n -μ°. However, the step 
f u n c t i o n b r e a ks down f o r φ* -> 1, the ' t a i l ' i n F i g u r e 2 becoming 
n o n - n e g l i b i b l e f o r v e r y h i g h polymer c o n c e n t r a t i o n s . T h e r e f o r e , 
the d a t a f o r A f ^ v e r y c l o s e t o φ* = 1, as g i v e n i n F i g u r e 6, are 
not r e l i a b l e . 

The c h a i n l e n g t h dependence of A f ^ i s s m a l l a t v e r y low φ* 
s i n c e under those c o n d i t i o n s -μ° ~ r~1 and Δ2 ~ r . At h i g h e r φ*, 
the a t t r a c t i o n i s s t r o n g e r f o r l o n g e r c h a i n s due t o the n o n i d e a l 
terms i n μ° (even i n a Θ-solvent), a t s t i l l h i g h e r c o n c e n t r a t i o n s 
of polymer the e f f e c t o f c h a i n l e n g t h on A f p i s a g a i n weaker be-
casue A decreases w i t h i n c r e a s i n g φ*, t h i s decrease s t a r t i n g a t 
lower φ Α f o r l o n g e r c h a i n s . However, an a d d i t i o n a l c h a i n l e n g t h 
dependence i s i n t r o d u c e d through the c o r r e c t i o n term 1 + 2A/3a 
(not i n c l u d e d i n F i g u r e 6 ) . I n v e r y c o n c e n t r a t e d s o l u t i o n s b o t h 
μ° and A (and, t h u s , Af^) are independent o f r . 
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g (Δ/α) 

2l 

Equation 11a ' 
Equation 11b 

as Δ/a 

F i g u r e 5. P l o t of the geometric f a c t o r g(A/a) as g i v e n by 
E q u a t i o n 11, f o r a simple c u b i c l a t t i c e (z = 6, = 0.52). 
In the range f o r Δ/a where E q u a t i o n s 11a and 11b a p p l y , s o l i d 
c u r v e s are drawn. 

F i g u r e 6. Comparison between the a t t r a c t i o n energy per 
p a r t i c l e Af<j and the e n t r o p y l o s s per p a r t i c l e (-As ) when 
a p a r t i c l e i s t r a n s f e r r e d from the d i s p e r s i o n towards the 
f l o e phase. The d i s p e r s i o n i s s t a b l e i f φ* < φ* or 
Φ* y Φ*, f l o c c u l a t i o n w i l l occur f o r Φ* < Φ* < Φ*. I n t h i s 
f i g u r e , g(A/a) was taken t o be 1 and zwa/l t o be 500. 
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I n o r d e r t o understand the i m p l i c a t i o n s o f our model f o r 
d i s p e r s i o n s t a b i l i t y , we have t o compare Δί ̂  w i t h A s g , a c c o r d i n g 
t o E q u a t i o n 9. I n F i g u r e 5 a h o r i z o n t a l l i n e i s drawn c o r r e s p o n 
d i n g t o -As s/k = 2 0 . I f o n l y the term 1η(φ£/φ^) i n E q u a t i o n 13 
would c o n t r i b u t e t o A s s , t h i s v a l u e would c o r r e s p o n d t o φ^ of the 
ord e r of 10~ 8, but f o r a c o n c e n t r a t e d f l o e phase (φ£ ~ 0.5) C f/k i s 
presumably s e v e r a l u n i t s , so t h a t -As/k = 20 i s p r o b a b l y r e p r e 
s e n t a t i v e f o r φ^ i n the range ~ 10~4. 

Now we can r e a d i l y deduce the s t a b i l i t y / i n s t a b i l i t y c o n d i 
t i o n s from F i g u r e 6. For φ* < φ* the a t t r a c t i o n i s too weak t o 
overcome the p a r t i c l e e n t r o p y l o s s and the d i s p e r s i o n i s s t a b l e . 
I n the range φ£ < Φ* < Φ* the d i s p e r s i o n i s u n s t a b l e , and f o r 
Φ* > φ| the d e p l e t i o n e f f e c t i s a g a i n too s m a l l t o induce f l o c e u -
l a t i o n . The f l o c c u l a t i o n l i m i t φ% depends on the c h a i n l e n g t h , 
the r e s t a b i l i s a t i o n c o n c e n t r a t i o
t y r e g i o n becomes wid e r
p a r t i c l e r a d i u s (because Δί  ~ a) and i n c r e a s i n g p a r t i c l e concen
t r a t i o n ( d e c r e a s i n g - A s g ) . F o r v e r y s m a l l p a r t i c l e s o r ex t r e m e l y 
low φ^, ~à$s i s so h i g h t h a t the h o r i z o n t a l l i n e i n F i g u r e 5 
s h i f t s beyond the minimum i n Δί^, and the d i s p e r s i o n i s thermody-
n a m i c a l l y s t a b l e over the whole polymer c o n c e n t r a t i o n range. Such 
be h a v i o u r has been observed e x p e r i m e n t a l l y ( 3 ) . 

An important c o n c l u s i o n of t h i s d i s c u s s i o n i s the f a c t t h a t 
at v e r y h i g h φ* thermodynamic s t a b i l i t y i s r e - e s t a b l i s h e d . R e s t a 
b i l i s a t i o n i s not a k i n e t i c e f f e c t , as suggested by F e i g i n and 
Napper (10, 11), but i s a consequence of lower f r e e energy of the 
d i s p e r s i o n as compared t o the f l o e . T h i s c o n c l u s i o n i s supported 
by e x p e r i m e n t a l evidence f o r s o f t spheres ( 3 , 5, 23). We sh o u l d 
add, however, t h a t f o r h a r d spheres Φ* i s so h i g h t h a t experimen
t a l v e r i f i c a t i o n i s d i f f i c u l t f o r most p o l y m e r - s o l v e n t systems 
due t o the h i g h v i s c o s i t y of the s o l u t i o n . 

Comparison w i t h experiment 

The o n l y e x p e r i m e n t a l d a t a a v a i l a b l e t o date f o r a system of ha r d 
spheres i n a polymer s o l u t i o n are those o f De Hek and V r i j ( 6 ) . 
We s h a l l r e s t r i c t c o n s i d e r a t i o n s t o the da t a o b t a i n e d under 
Θ-conditons, f o r s i l i c a and p o l y s t y r e n e (PS) i n cyclohexane ( a t 
34.5°C). F o r our i n t e r p r e t a t i o n of these d a t a , we use E q u a t i o n 9 
as the s t a b i l i t y c r i t e r i o n and E q u a t i o n s 10 and 12 f o r Af ̂ . The 
q u a n t i t i e s u° and Δ are g i v e n by E q u a t i o n s 2 and 4, r e s p e c t i v e l y . 
We use A s g as an a d j u s t a b l e parameter f o r which an e s t i m a t e w i l l 
be o b t a i n e d from the e x p e r i m e n t a l d a t a ; i t s magnitude s h o u l d be 
c o n s i s t e n t w i t h E q u a t i o n 13. 

Be f o r e we can a p p l y our model, we have t o a s s i g n v a l u e s t o 
the parameters χ i n E q u a t i o n 2 and r and 1 i n E q u a t i o n 4. The 
q u a n t i t y χ i s s i m p l y d e f i n e d as p 0M/p pM 0, where p Q and ρ are the 
d e n s i t i e s of cyclohexane and PS, r e s p e c t i v e l y , and MQ ana M t h e i r 
r e s p e c t i v e m o l e c u l a i r w e i g h t s . The c h o i c e f o r r and 1 i s l e s s 
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s t r a i g h t f o r w a r d because i t i m p l i e s a comparison of the p r o p e r t i e s 
of a r e a l c h a i n and a l a t t i c e c h a i n , a p o i n t which i n v a r i a b l y 
a r i s e s when t h e o r e t i c a l r e s u l t s from a l a t t i c e t h e o r y are compa
re d w i t h e x p e r i m e n t a l d a t a . We a p p l y j t h e c o n d i t i o n , a l s o used 
above, t h a t Δ(φ* 0) ̂  r c* 0.56 1/r. Then the term 2/r i n 
E q u a t i o n 4 can be r e p l a c e d by 0.63 l 2 / r ? , and the o n l y c h o i c e 
t o be made i s t h a t f o r 1. F o r t u n a t e l y , the a c t u a l c h o i c e f o r t h i s 
parameter i s not v e r y i m p o r t a n t , s i n c e from E q u a t i o n 4, g i v i n g a 
r e l a t i o n between Δ/l and r g / l , a v a l u e of Δ/r i s found t h a t i s 
independent of 1 i n the l i m i t of h i g h M and low φ Λ , and the expe
r i m e n t a l c o n d i t i o n s are c l o s e t o t h i s l i m i t . We chose 1 = 1.5 nm, 
s i n c e t h i s v a l u e g i v e s the most c o n s t a n t parameter C (see E q u a t i o n 
15, b e l o w ) . However, the a c t u a l v a l u e f o r 1 does not a f f e c t the 
r e s u l t s s t r o n g l y . 

F o r the purpose o
a f t e r s u b s t i t u t i o n of E q u a t i o

(WkTH 2g(A/a) - C (14) 

where C i s g i v e n by 
-âs„ ο 

C = - ^ ^ - (15) 

For a g i v e n p a r t i c l e c o n c e n t r a t i o n and p a r t i c l e r a d i u s , C s h o u l d 
be a c o n s t a n t . I n Table I we compile the r e s u l t s f o r t h r e e s e t s 
of d a t a f o r h a r d spheres. We use the same n o t a t i o n as i n Ref. 4. 
The p a r t i c l e r a d i i are 21 nm f o r S6 and 46 nm f o r SB1, r e s p e c t i 
v e l y ; the p a r t i c l e c o n c e n t r a t i o n s are 1% o r 5% (w/v). 
Table I . Comparison of e x p e r i m e n t a l d a t a of De Hek and V r i j (6) 

w i t h the p r e s e n t model 

rK/nm Φ Λ (εχρί . ) -10 6y°/kT Δ/nm 10~C/nm** φ ^ ^ ΐ ο . ) 
S6, 1% 2.7 0.082 1352 1 .82 4.71 0.086 
(a=21 nm) 5.7 0.048 190 4.79 5.03 0.048 

10.8 0.035 45.5 9.68 5.58 0.0325 
11.85 0.031 32.9 10.72 5.06 0.0303 
41.3 0.017 2.68 37.06 5.01 0.0170 

SB1, 1% 2.7 0.042 618 1.83 2.13 0.0395 
(a=46 nm) 5.7 0.025 84.4 4.85 2.13 0.0237 

8.6 0.0199 30.5 7.72 2.01 0.0200 
11.85 0.0165 13.6 10.92 1 .88 0.0173 
24 0.0126 2.92 22.7 2.00 0.0126 
41.3 0.0115 1 .20 38.7 2.49 0.0101 

SB1, 5% 2.7 0.038 555 1.99 1.92 0.032 
(a=46 nm) 5.7 0.0217 72.1 4.99 1.82 0.0193 

8.6 0.0168 24.95 7.85 1.66 0.0163 
11.85 0.014 11.17 11.05 1.55 0.0144 
24 0.0099 2.09 22.8 1 .45 0.0107 
41.3 0.0082 0.679 39.2 1.45 0.0087 
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The f i r s t two columns of Table I are taken from Ref. 4, u° was 
c a l c u l a t e d from E q u a t i o n 2, Δ from E q u a t i o n 4 and C from E q u a t i o n 
14, u s i n g E q u a t i o n 12 f o r g ( A / a ) . I n each s e r i e s , C t u r n s out t o 
be a p p r o x i m a t e l y c o n s t a n t , and f o r the 1% d i s p e r s i o n s does not 
d e v i a t e by more than a few per cent from the average v a l u e . T h i s 
i s g r a t i f y i n g s i n c e μ° v a r i e s over 3 decades and r by a f a c t o r 
of 15. Only f o r the 5% d i s p e r s i o n does t h e r e seem t o be a s l i g h t , 
but s y s t e m a t i c downward t r e n d i n the v a l u e s f o r C. T h i s decrease 
i s p r o b a b l y r e l a t e d t o the assumption t h a t A s s i s independent o f 
the presence o f the polymer. I f such a dependency does e x i s t , 
the e f f e c t s would show up more s t r o n g l y f o r lower v a l u e s o f - A s s , 
i . e . , f o r h i g h e r d i s p e r s i o n c o n c e n t r a t i o n s . 

The (rounded) averages f o r C i n the t h r e e s e r i e s o f measure
ments are 5 χ 10~39 2 χ 10~ 3 and 1.6 χ 10~ 3 nrn^, r e s p e c t i v e l y . 
These v a l u e s can be compare
may be noted t h a t the v a l u
to a, i n e x c e l l e n t agreement w i t h E q u a t i o n 15. The a b s o l u t e v a l u e 
of C i s r e l a t e d t o the v a l u e of A s s / z . E s t i m a t i n g ζ t o be 6, we 
o b t a i n from E q u a t i o n 15, w i t h v° =0.18 nm 3, f o r the two 1% systems 
a v a l u e f o r -As g/k around 11. Assuming to be ~ 0 .5 , the term 
In φ£/φς[ i n E q u a t i o n 13 i s about 4, s u g g e s t i n g t h a t the c o n s t a n t 
Cf/k i s around 7. Without p l a c i n g too much emphasis on the 
p r e c i s e v a l u e of As and C^, we may conclude t h a t t h e i r o r d e r of 
magnitude i s q u i t e r e a s o n a b l e . U s i n g these numbers t o as s e s s the 
e f f e c t o f p a r t i c l e c o n c e n t r a t i o n (SB1, 1% vs SB1, 5%) we o b t a i n 
from E q u a t i o n 15 t h a t the r a t i o between the two C-values s h o u l d 
be 0 .82. From Table I we f i n d a p p r o x i m a t e l y 0 .80, showing a g a i n 
v e r y good agreement. 

Tak i n g the average v a l u e s f o r the c o n s t a n t C as g i v e n above, 
we c a l c u l a t e d the v a l u e of φ* from (the i m p l i c i t ) E q u a t i o n 14. 
The r e s u l t s are g i v e n i n the l a s t column of Table I , and i n 
F i g u r e 7 ( f u l l c u r v e s ) , T h i s f i g u r e shows a l s o the e x p e r i m e n t a l 
p o i n t s (second column of Table I ) . The o v e r a l l agreement i s 
e x c e l l e n t . A p p a r e n t l y , our model d e s c r i b e s the m o l e c u l a r weight 
dependency of φ£ q u i t e w e l l . 

The dashed curve i n F i g u r e 7 was o b t a i n e d by s u b s t i t u t i n g 
i n E q u a t i o n 14 r g f o r Δ, u s i n g C = 2.10~3 n m 2 . T h i s s u b s t i t u t i o n 
would b r i n g our model c l o s e r t o t h a t o f De Hek and V r i j , who 
regarded the polymer c o i l s as har d spheres of r a d i u s ~ r g . F o r 
h i g h m o l e c u l a r w e i g h t s , the agreement between the dashed curve 
and the e x p e r i m e n t a l p o i n t s i s r e a s o n a b l e (and c o u l d be improved 
by c h o o s i n g a d i f f e r e n t C ) , but f o r s h o r t c h a i n s l a r g e d e v i a t i o n s 
o c c u r . Hence, t a k i n g Δ and not r g does improve the agreement 
between t h e o r y and experiment c o n s i d e r a b l y . T h i s i s a l s o c l e a r 
from the Δ-values l i s t e d i n Table I , Δ b e i n g lower than r g f o r 
s h o r t c h a i n s but approaching r f o r l o n g e r ones. 

We conclude t h a t our model d e s c r i b e s the dependence of the 
phase s e p a r a t i o n c o n d i t i o n s on polymer m o l e c u l a r w e i g h t , p a r t i c l e 
r a d i u s and p a r t i c l e c o n c e n t r a t i o n a t l e a s t s e m i - q u a n t i t a t i v e l y . 
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F i g u r e 7. Comparison between the e x p e r i m e n t a l phase sepa
r a t i o n c o n d i t i o n s ( p o i n t s ) f o r s i l i c a s S6 and SB1 (6) w i t h 
our t h e o r e t i c a l model ( f u l l c u r v e s ) . The dashed curve g i v e s 
the t h e o r e t i c a l dependency i f i n E q u a t i o n 14 Δ i s r e p l a c e d 
by r . 
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C o n c l u s i o n s 

We have shown t h a t the simple concept of d e p l e t i o n i n c o m b i n a t i o n 
w i t h b i n o d a l phase s e p a r a t i o n c o n d i t o o n can account ( s e m i ) q u a n t i 
t a t i v e l y f o r e x p e r i m e n t a l o b s e r v a t i o n s on the s t a b i l i t y of d i s 
p e r s i o n s of h a r d spheres i n the presence of nonadsorbing polymer. 
An important f e a t u r e of the model i s t h a t the d e p l e t i o n t h i c k n e s s 
i s a f u n c t i o n of the polymer c o n c e n t r a t i o n , b e i n g e q u a l t o the 
r a d i u s of g y r a t i o n i n d i l u t e s o l u t i o n s and d e c r e a s i n g when the 
polymer c h a i n s i n the s o l u t i o n b e g i n t o o v e r l a p . An a n a l y t i c a l 
e x p r e s s i o n i s a v a i l a b l e f o r the dependency of the d e p l e t i o n t h i c k 
ness on polymer c o n c e n t r a t i o n . Even i f the p a r t i c l e c o n c e n t r a t i o n 
i s h i g h and, c o n s e q u e n t l y , phase s e p a r a t i o n o c c u r s a t low polymer 
c o n c e n t r a t i o n , the ( s m a l l ) d i f f e r e n c e between r a d i u s of g y r a t i o n 
and d e p l e t i o n t h i c k n e s
low m o l e c u l a r weight polymer
and h i g h e r phase s e p a r a t i o n c o n c e n t r a t i o n s , t h i s d i f f e r e n c e beco
mes even more pronounced. E x p e r i m e n t a l work w i t h systems of t h i s 
type i s i n p r o g r e s s . 

Our model p r e d i c t s d e s t a b i l i z a t i o n of c o l l o i d a l d i s p e r s i o n s 
a t low polymer c o n c e n t r a t i o n and r e s t a b i l i s a t i o n i n ( v e r y ) concen
t r a t e d polymer s o l u t i o n s . T h i s r e s t a b i l i s a t i o n i s not a k i n e t i c 
e f f e c t , but i s governed by e q u i l i b r i u m thermodynamics, the d i s 
p e r s e d phase b e i n g the s i t u a t i o n of lowest f r e e energy a t h i g h 
polymer c o n c e n t r a t i o n . R e s t a b i l i s a t i o n i s a consequence of the 
f a c t t h a t the d e p l e t i o n t h i c k n e s s i s , i n c o n c e n t r a t e d polymer 
s o l u t i o n s , (much) lower than the r a d i u s of g y r a t i o n , l e a d i n g t o a 
weaker a t t r a c t i o n . 

One may wonder to what e x t e n t our p r e d i c t i o n s f o r h a r d 
spheres a p p l y t o a system of s o f t p a r t i c l e s i n a polymer s o l u t i o n . 
A d e f i n i t e answer to t h i s q u e s t i o n cannot be g i v e n a t the moment 
s i n c e n u m e r i c a l d a t a f o r the d e p l e t i o n of f r e e polymer c h a i n s i n 
the neighbourhood of a s u r f a c e w i t h t e r m i n a l l y a t t a c h e d c h a i n s 
are not y e t a v a i l a b l e . Some q u a l i t a t i v e f e a t u r e s f o r such a s y s 
tem have been d i s c u s s e d u s i n g s c a l i n g arguments ( 2 4 ) . We may ex
pect t h a t the d e p l e t e d amount of polymer i s , a t l e a s t i n some 
c a s e s , l e s s than near a h a r d s u r f a c e , g i v i n g r i s e t o weaker 
a t t r a c t i o n . Both the d e s t a b i l i z a t i o n c o n c e n t r a t i o n (<f>£) and the 
r e s t a b i l i s a t i o n c o n c e n t r a t i o n (φ*) c o u l d be much lower. E x p e r i 
mental o b s e r v a t i o n s support t h i s q u a l i t a t i v e c o n c l u s i o n ( 1 - 5 ) . 
For a more q u a n t i t a t i v e e l a b o r a t i o n , n u m e r i c a l d a t a s h o u l d be 
a v a i l a b l e f o r an a n a l y s i s s i m i l a r t o t h a t d i s c u s s e d i n the p r e 
sent paper. 

Legend of symbols 

a p a r t i c l e r a d i u s 
C c o n s t a n t , d e f i n e d i n E q u a t i o n 15 
Cf c o n s t a n t , d e f i n e d i n E q u a t i o n 13 
g geometric f a c t o r , see E q u a t i o n s 11 and 12 
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H separation between two p a r t i c l e s 
k Boltzmann's constant 
1 l a t t i c e step length 
r number of segments per polymer chain 
Τ temperature 
v° solvent molecular volume 
χ r a t i o between molecular volumes of polymer and solvent 
ζ co-ordination number of pa r t i c l e s in the floe 
Afp free energy of attraction per unit area, due to depletion, 

between two plates 
Af s free energy of attraction, due to depletion, between two 

spheres 
Afa free energy difference per p a r t i c l e , due to depletion, 

between the floe and the dispersion 
As s configurational entrop

floe and the dispersio
Δ depletion thickness 
μ° solvent chemical potential in a polymer solution minus that 

in pure solvent 
Φ* polymer volume fraction in the bulk solution 
Φ* polymer volume fraction at which a dispersion i s d e s t a b i l i 

zed 
Φ* polymer volume fraction at which a dispersion i s r e s t a b i l i -

zed 
Φον polymer volume fraction at which the c o i l s in solution begin 

to overlap 
φ^ p a r t i c l e volume f r a c t i o n in the dispersion 
φ£ p a r t i c l e volume fraction in the floe 
χ polymer-solvent interaction parameter 
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17 
Nonaqueous Polymer Dispersions 
Anchoring of Diblock Copolymers of Polystyrene 
and Poly(dimethyl siloxane) on Polymer Particles 

J. V. DAWKINS, G. TAYLOR,1 and G. GHAEM-MAGHAMI—Department of Chemistry, 
Loughborough University of Technology, Loughborough, Leicestershire LE11 3TU, England 
J. S. HIGGINS—Department of Chemical Engineering and Chemical Technology, Imperial 
College, London SW7 2BY, England 

Dispersion polymerization f  i  aliphati
hydrocarbons wer
-defined diblock copolymers o  polystyrene (PS) d 
poly(dimethyl siloxane) (PDMS). The polymer dis
persions were characterized by electron microscopy, 
silicon analysis, viscometry, and small angle 
neutron scattering, in order to study the packing 
and conformation of both the PS and PDMS blocks 
at the particle-liquid interface. Estimates of 
the thickness of the stabilizing surface layer 
suggested that the PDMS blocks have somewhat 
extended chain conformations. Scattering intensity 
data for polystyrene dispersions indicated that PS 
blocks anchor within particles by mixing with poly
styrene chains. Scattering intensities for poly-
(methyl methacrylate) dispersions were much higher, 
suggesting segregation of the PS blocks into domains. 
Effective anchoring arises because the PS blocks 
which are incompatible with chains in the particle 
core become trapped within a hard polymer matrix. 
For some soft particles effective anchoring may 
require covalent grafting of the incompatible PS 
blocks to the core polymer. 

The i n t e r f a c i a l p r o p e r t i e s o f c h a i n - l i k e m o l e c u l e s i n many p o l y 
meric and c o l l o i d a l systems a r e dependent on t h e c o n f o r m a t i o n o f 
th e c h a i n s adso rbed a t th e i n t e r f a c e ( l ) . Chains adsorbed a t t h e 
s o l i d - l i q u i d i n t e r f a c e may be produced by a n c h o r i n g d i b l o c k 
copolymers t o p a r t i c l e s i n a polymer d i s p e r s i o n . Such d i s p e r s i o n s 
are c o n v e n i e n t l y p r e p a r e d by p o l y m e r i z i n g i n t h e presence o f a 
preformed AB d i b l o c k copolymer a monomer d i s s o l v e d i n a d i l u e n t 
which i s a p r e c i p i t a n t f o r t h e polymer. The A b l o c k which i s 
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i n s o l u b l e i n t h e d i l u e n t anchors on o r i n t h e p r e c i p i t a t i n g 
p a r t i c l e s , whereas t h e Β b l o c k which i s c o m p a t i b l e w i t h the d i l u e n t 
extends away from t h e p a r t i c l e - l i q u i d i n t e r f a c e i n t o t he d i l u e n t . 
The s u r f a c e l a y e r o f Β b l o c k s p r o t e c t s t h e p a r t i c l e s from f l o c c u -
l a t i o n by a mechanism known as s t e r i c s t a b i l i z a t i o n ( l , 2 _ ) . 

The dimensions o f t h e s t a b i l i z i n g Β b l o c k s a r e o f i n t e r e s t 
not o n l y t o s t e r i c s t a b i l i z a t i o n i n p a r t i c u l a r but a l s o t o t h e 
g e n e r a l problem o f adsorbed c h a i n s a t s o l i d - l i q u i d i n t e r f a c e s . A 
near-monodisperse d i b l o c k copolymer would be expecte d t o g i v e a 
co n s t a n t l a y e r t h i c k n e s s o f Β b l o c k s around a p a r t i c l e . S t a b l e 
d i s p e r s i o n s o f p o l y s t y r e n e (PS) and p o l y ( m e t h y l m e t h a c r y l a t e ) 
(PMMA) i n a l i p h a t i c hydrocarbons have been p r e p a r e d by p o l y m e r i z i n g 
t h e monomers i n t h e presence o f d i b l o c k copolymers o f p o l y s t y r e n e 
and p o l y ( d i m e t h y l s i l o x a n e ) (_3,M . These b l o c k copolymers 
have w e l l - d e f i n e d b l o c k
b u t i o n , s t a b i l i z i n g polyme
PDMS c h a i n s . I n t h i s paper an i n t e r p r e t a t i o n i s proposed f o r t h e 
p a c k i n g and c o n f o r m a t i o n o f t h e PDMS c h a i n s a t t h e p a r t i c l e - l i q u i d 
i n t e r f a c e from d a t a f o r t he s u r f a c e coverage o f t h e p a r t i c l e s by 
the PDMS c h a i n s and from r e s u l t s f o r t h e hydrodynamic t h i c k n e s s 
o f t h e PDMS s u r f a c e l a y e r . 

Much work on t h e p r e p a r a t i o n o f nonaqueous polymer d i s p e r s i ens 
has i n v o l v e d t h e r a d i c a l p o l y m e r i z a t i o n o f a c r y l i c monomers i n 
the presence o f copolymers h a v i n g t h e A b l o c k t h e same as t h e 
a c r y l i c polymer i n t h e p a r t i c l e c o r e (2). The p r e p a r a t i o n o f 
polymer d i s p e r s i o n s o t h e r t h a n p o l y s t y r e n e i n t h e presence o f a 
PS-PDMS d i b l o c k copolymer i s o f i n t e r e s t because e f f e c t i v e 
a n c h o r i n g o f t h e copolymer may be i n f l u e n c e d by t h e degree o f 
c o m p a t i b i l i t y between the PS anchor b l o c k and t h e polymer mole
c u l e s i n t h e p a r t i c l e c o r e . The p r e s e n t paper d e s c r i b e s t h e 
i n t e r p r e t a t i o n o f e x p e r i m e n t a l s t u d i e s performed w i t h t h e aim o f 
d e t e r m i n i n g t h e mode o f a n c h o r i n g o f PS b l o c k s t o p o l y s t y r e n e , 
p o l y ( m e t h y l m e t h a c r y l a t e ) , and p o l y ( v i n y l a c e t a t e ) (PVA) p a r t i c l e s . 

E x p e r i m e n t a l 

D i s p e r s i o n P o l y m e r i z a t i o n . D i b l o c k copolymers were pr e p a r e d 
u s i n g a n i o n i c polyme r i ζ at i on t e c h n i q u e s by t h e a d d i t i o n o f 
h e x a m e t h y l c y c l o t r i s i l o x a n e t o " l i v i n g " p o l y s t y r y l l i t h i u n . P o l y 
m e r i z a t i o n s were performed under c o n d i t i o n s o f r i g o r o u s p u r i t y 
u s i n g an i n e r t gas b l a n k e t t e c h n i q u e o r a h i g h vacuum procedure 
as d e s c r i b e d elsewhere (j+, 5.). B l o c k copolymers p r e p a r e d over a 
range o f m o l e c u l a r w e i g h t s and co m p o s i t i o n s were c h a r a c t e r i z e d 
by g e l permeation chromatography (GPC),osmometry and s i l i c o n 
a n a l y s i s . These t e c h n i q u e s y i e l d e d t h e copolymer c o m p o s i t i o n , 
t h e number average m o l e c u l a r weight M^PS) o f t h e p o l y s t y r e n e 
b l o c k , t h e number average m o l e c u l a r weight Mn(PDMS) o f th e p o l y -
( d i m e t h y l s i l o x a n e ) b l o c k , and th e copolymer p o l y d i s p e r s i t y 
d e f i n e d as t h e r a t i o o f t h e weight average and number average 
m o l e c u l a r weights Μ^/Μ η ( t y p i c a l l y <1.25 ). B l o c k copolymers 
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c o n t a i n i n g p r o t o n a t e d p o l y s t y r e n e b l o c k s PS(Η), and d e u t e r a t e d 
p o l y s t y r e n e b l o c k s PS(D) by p r e p a r i n g " l i v i n g " p o l y s t y r y l l i t h i u m 
from p e r d e u t e r o s t y r e n e , were s y n t h e s i s e d . 

Polymer d i s p e r s i o n s i n a l i p h a t i c hydrocarbons were p r e p a r e d 
by p o l y m e r i z i n g monomer w i t h a c o n c e n t r a t i o n i n t h e range 1 0 - 2 0 
weight p e r cent i n t h e presence o f PS-PDMS d i b l o c k copolymer 
h a v i n g a c o n c e n t r a t i o n o f about 5 weight per c e n t . A n i o n i c d i s 
p e r s i o n p o l y m e r i z a t i o n w i t h η-butyl l i t h i u m as i n i t i a t o r a t 2 9 8 Κ 
was employed f o r s t y r e n e ( 3.) > and r a d i c a l d i s p e r s i o n p o l y m e r i z a t i o n 
w i t h a z o b i s i s o b u t y r o n i t r i l e as i n i t i a t o r i n t h e temperature range 
323-3^3 Κ was used f o r methyl m e t h a c r y l a t e and v i n y l a c e t a t e . 
Seeding t e c h n i q u e s were f r e q u e n t l y used i n t h e d i s p e r s i o n p o l y 
m e r i z a t i o n s . D i s p e r s i o n s were washed by r e p e a t e d c e n t r i f u g e / 
d i l u e n t exchange c y c l e s t o remove unadsorbed s t a b i l i z e r and 
unconverted monomer, whic
a d i f f e r e n t one. 

D i s p e r s i o n P r o p e r t i e s . P a r t i c l e diameters were e s t i m a t e d from 
t r a n s m i s s i o n e l e c t r o n m i c r ographs. The s u r f a c e coverage o f a 
p a r t i c l e d e f i n e d as t h e a r e a o c c u p i e d o r s t a b i l i z e d by a g i v e n 
PDMS c h a i n was e s t i m a t e d from s i l i c o n a n a l y s i s on d r y p a r t i c l e s 
and t h e p a r t i c l e diameter D. D i s p e r s i o n s t a b i l i t y was a s s e s s e d 
v i s u a l l y w i t h t h e d i s p e r s i o n c o n t a i n e d i n a c y l i n d r i c a l g l a s s c e l l 
w i t h a l i g h t beam arranged so t h a t l i g h t s c a t t e r e d by t h e d i s 
p e r s i o n a t about U 5 0 from t h e t r a n s m i t t e d beam c o u l d c o n v e n i e n t l y 
be observed by t h e human eye (6). The r e l a t i v e v i s c o s i t y n r o f a 
d i s p e r s i o n was determined w i t h an Ostwald-Fenske c a p i l l a r y v i s 
cometer a t 298 K. The v i s c o m e t e r was t r e a t e d w i t h a s o l u t i o n o f 
c h l o r o t r i m e t h y l s i l a n e t o pre v e n t a d h e s i o n o f p a r t i c l e s t o t h e 
w a l l s . The volume f r a c t i o n o f th e polymer p a r t i c l e c o r e s φ 0 was 
c a l c u l a t e d from t h e t o t a l polymer co n t e n t o f t h e d i s p e r s i o n , t h e 
PDMS content and t h e d e n s i t y o f t h e c o r e . D r i e d PMMA and PVA 
d i s p e r s i o n s were s u b j e c t e d t o S o x h l e t e x t r a c t i o n , w i t h b o i l i n g 
a c e t o n i t r i l e f o r a t l e a s t 5 days. I n f r a r e d s p e c t r a (IR) were 
o b t a i n e d from KBr d i s c s w i t h a P e r k i n - E l m e r ITT g r a t i n g s p e c t r o 
meter. 

S m a l l - a n g l e n e u t r o n s c a t t e r i n g (SANS) experiments on d i s 
p e r s i o n s c o n t a i n i n g PS(D) were c a r r i e d out u s i n g t h e DIT s p e c t r o 
meter at I L L Grenoble. The e x p e r i m e n t a l c o n d i t i o n s have been 
r e p o r t e d elsewhere (T.). A l l n o r m a l i z a t i o n was made u s i n g t h e 
i n c o h e r e n t s c a t t e r i n g from a water sample under i d e n t i c a l e x p e r i 
mental c o n d i t i o n s . C o n t r a s t i n a n e u t r o n s c a t t e r i n g experiment 
a r i s e s from d i f f e r e n c e s i n t h e net s c a t t e r i n g p r o b a b i l i t i e s o f 
neutrons from d i f f e r e n t n u c l e a r s p e c i e s , t h e im p o r t a n t parameter 
b e i n g t h e s c a t t e r i n g l e n g t h . Because o f t h e l a r g e d i f f e r e n c e i n 
s c a t t e r i n g l e n g t h s o f hydrogen and deuterium, t h e r e i s c o n t r a s t 
between PS(D) b l o c k s and t h e s u r r o u n d i n g m o l e c u l e s , so t h a t a 
s c a t t e r i n g p a t t e r n f o r t h e PS(D) b l o c k s may be observed. Each 
d i s p e r s i o n was prep a r e d w i t h a m i x t u r e o f two b l o c k copolymers, one 
c o n t a i n i n g PS(H) b l o c k s and t h e o t h e r h a v i n g PS(D) b l o c k s . The 
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s c a t t e r i n g p a t t e r n from t h e P S ( D ) b l o c k s i n a d i s p e r s i o n was 
o b t a i n e d by s u b t r a c t i n g t h e s c a t t e r i n g from an i d e n t i c a l d i s p e r s i o n 
w i t h no d e u t e r a t i o n . The i s o t r o p i c s c a t t e r i n g observed on t h e 
m u l t i d e t e c t o r i s grouped a c c o r d i n g t o r a d i a l d i s t a n c e r from t h e 
beam c e n t r e t o g i v e a r a d i a l d i s t r i b u t i o n o f s c a t t e r e d i n t e n s i t i e s 
l ( r ) . The angle o f s c a t t e r θ i s then g i v e n by r / L where L i s t h e 
sample t o d e t e c t o r d i s t a n c e . The s c a t t e r i n g wave v e c t o r Κ i s 
g i v e n by 

Κ = ( W A ) s i n ( e / 2 ) = 2wr/XL ( l ) 

where λ i s t h e wavelength o f t h e ne u t r o n beam. From l ( r ) t h e 
n o r m a l i z e d s c a t t e r e d i n t e n s i t y l ( K ) was o b t a i n e d u s i n g water 
s c a t t e r i n g d a t a . 

R e s u l t s and D i s c u s s i o n 

PS P a r t i c l e s . V i s c o s i t y d a t a f o r the d i s p e r s i o n s (_3) were p l o t t e d 
a c c o r d i n g t o E q u a t i o n 2 

Φ ο/1η n r = (1/kjf) - (^Q/\) (2) 

i n which k^ i s t h e E i n s t e i n c o e f f i c i e n t f o r s o l i d s p h e r e s , f i s a 
f a c t o r r e p r e s e n t i n g an i n c r e a s e i n t h e E i n s t e i n c o e f f i c i e n t 
because o f the adsorbed s u r f a c e l a y e r o f PDMS and k i s a crowding 
f a c t o r . From t h e r e c i p r o c a l o f the i n t e r c e p t o f t h i s p l o t , 
Goodwin (0) proposed t h a t t h e t h i c k n e s s o f t h e s t a b i l i z i n g s u r f a c e 
l a y e r δ may be c a l c u l a t e d w i t h E q u a t i o n 3 

k±f = . k x [ l + ( 2 6 / D ) ] 3 (3) 

i n which k^ was c o n f i r m e d t o be c l o s e t o 2.5 f o r s p h e r i c a l p a r t i 
c l e s f r e e from a g g r e g a t i o n (_3). Values o f 6 as a f u n c t i o n o f 
Mn(PDMS) are shown i n F i g u r e 1. C a l c u l a t i o n s o f t h e m o l e c u l a r 
weight dependence o f t h e end-to-end d i s t a n c e f o r an extended c h a i n 
c o n f o r m a t i o n were performed. F o r a PDMS c h a i n i t was assumed t h a t 
t h i s c o n f o r m a t i o n was a h e l i x w i t h s i x r e p e a t i n g u n i t s p e r t u r n , 
g i v i n g a v a l u e o f 0.138 nm f o r t h e l e n g t h o f a r e p e a t i n g u n i t p r o 
j e c t e d a l o n g t h e c h a i n a x i s (9.). The r e s u l t s f o r t h e hydro dynamic 
t h i c k n e s s i n F i g u r e 1 i n d i c a t e t h a t t h e PDMS cha i n s i n t h e s u r f a c e 
l a y e r o f PS p a r t i c l e s a re i n somewhat extended c h a i n conformations. 

I n F i g u r e 2 t h e s c a t t e r i n g f u n c t i o n l ( K ) i s p l o t t e d a g a i n s t 
t h e wave v e c t o r Κ f o r PS d i s p e r s i o n s c o n t a i n i n g PS(D) b l o c k s i n 
n-heptane. These d a t a may be a n a l y s e d by t h e Zimm treatme n t (j) 
a c c o r d i n g t o E q u a t i o n k 

Xc/I(K) = (1/M^Hl + ( K 2 < s 2 > z / 3 ) ] + 2A 2c (U) 

where c i s t h e c o n c e n t r a t i o n o f PS(D), χ i s a c o n s t a n t c o n t a i n i n g 
t h e c o n t r a s t f a c t o r and i n s t r u m e n t a l parameters, <s 2> z i s t h e ζ 
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Ο 2 0 4 0 6 0 

M n ( P D M S ) χ IO' 3 

F i g u r e 1. Dependence o f s u r f a c e l a y e r t h i c k n e s s on (PDMS) 
:(·)ό f o r PS p a r t i c l e s ; (θ)δ f o r PMMA p a r t i c l e s ; ( ) 
t h i c k n e s s h from s u r f a c e coverage d a t a f o r PMMA p a r t i c l e s ; 
( * ) ex tended c h a i n l e n g t h m o d e l ; ( ) t w i c e r o o t -
mean-square r a d i u s o f g y r a t i o n f o r random c o i l m o d e l . 
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U K ) I(K)< 
• 

F i g u r e 2. S c a t t e r i n g i n t e n s i t y from PS(D) b l o c k s i n PS 
p a r t i c l e s (a) and PMMA p a r t i c l e s (b) : (+, x, o) d i f f e r e n t 
PS(D)/PS(H) r a t i o s between 1/2 and 1/12 i n t h e p a r t i c l e s ; 
(·) und e u t e r a t e d p a r t i c l e s (reproduced from H i g g i n s , J.S., 
Dawkins, J.V., and T a y l o r , G. Polymer 1980, 21, 627 by 
p e r m i s s i o n o f the p u b l i s h e r s B u t t e r w o r t h and Co. (Publishers) 
L t d . © ) . 
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average mean-square radius o f gy ra t i on , and A2 i s the second 
v i r i a l c o e f f i c i e n t . A p lo t o f c / l ( K ) against Κ 2 according to 
Equation k i s shown i n Figure 3. At low Κ there i s a region o f 
sharply vary ing s i g n a l a r i s i n g from s c a t t e r i n g from the sphe r i ca l 
p a r t i c l e s (j) , but above Κ 2 ^ 10~ 3Â~ 2 a l i n e a r region o f Κ 2 i s 
observed wi th i n t e n s i t y approximately p ropor t iona l to concentration 
of PS(D) b l ocks . From t h i s region (using Equation k and assuming 
A2 =0) i t i s poss ib le t o obta in values o f <s2> and M from the 
slope and in tercept r e s p e c t i v e l y . The values were 
found to be 55 À and 60 Â r e spec t i ve ly for PS(D) b locks i n PS 
p a r t i c l e s prepared wi th PS(D)/PS(H) i n the r a t i o s 1:6 and 1:3. 
The block copolymer conta in ing PS(D) had M (PS) = 23^00, and the 
same free PS chain i n bulk polystyrene wouîd have (<s 2 > z ) 2 = ^3 1 
(7.). The r e s u l t s i nd i ca t e that the s i z e o f a PS(D) block when 
anchored at the PS p a r t i c l e - l i q u i
the random c o i l dimensions
w h i l s t the evalua t ion o f <s > i s independent o f normal iza t ion 
and a prec ise knowledge o f contrast fac tors , the determination o f 
M^ does depend on these parameters. Furthermore, although the 
r a t i o PS(D)/PS(H) i s known at the s t a r t o f the d i spers ion p o l y 
mer i za t ion , the incorpora t ion of blocks in to p a r t i c l e s may occur 
i n a d i f fe ren t r a t i o owing to the difference i n M^PS) fo r PS(D) 
and PS(H) thus changing the s o l u b i l i t y and anchoring character
i s t i c s . Since t h i s r a t i o for a p a r t i c l e may be uncer ta in to 
w i t h i n a factor o f 2 or 3, the determination o f from the i n t e r 
cepts i n Figure 3 i s subject to t h i s uncer ta in ty . I t i s only 
poss ib le to say that the values o f 72000 and 63000 from Figure 
3 are o f a s i m i l a r magnitude to ^ = 23^00 obtained for the PS(D) 
block by GPC. From these estimates o f <s 2> z and M ^ , we may 
t e n t a t i v e l y suggest that the PS(D) b locks are molecular ly dispersed 
i n PS p a r t i c l e s . 

PMMA P a r t i c l e s . V i s c o s i t y data p l o t t e d according to Equation 2 
have been reported p rev ious ly (9.). Values of δ ca l cu l a t ed wi th 
Equation 3 are shown as a funct ion o f Mn(PDMS) i n Figure 1. The 
r e su l t s i nd i ca t e that the hydrodynamic thickness of the adsorbed 
PDMS surface l a y e r i s s i m i l a r on both PMMA and PS p a r t i c l e s . The 
surface l a y e r thickness i s always l a r g e r than twice the root-mean-
square radius o f gyrat ion for a free PDMS chain i n s o l u t i o n . The 
radius o f gyra t ion was ca l cu l a t ed wi th the_Flory-Fox equation and 
s o l u t i o n v i s c o s i t y data o f PDMS (9). For Mn(PDMS) < 10000 the 
experimental surface l a y e r thickness i s c lose r to the extended 
chain length than to twice the radius o f gy ra t i on . For Mn(PDMS) > 
10000 i t appears that the PDMS blocks have a s i z e intermediate 
between the two l i m i t i n g models. 

The existence of an extended chain conformation i s a lso 
suggested from a considera t ion o f the surface coverage data . 
Resul ts for the surface area occupied by each PDMS chain (9.) 
i nd ica te that t o t a l coverage o f the p a r t i c l e s may be assumed, 
that the area occupied by a given PDMS chain i s s i m i l a r on both 
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I 2 

K 2 ( t 2 ) x I 0 3 

F i g u r e 3« P l o t a c c o r d i n g t o E q u a t i o n k f o r PS p a r t i c l e s 
c o n t a i n i n g PS(D) b l o c k s w i t h u n d e u t e r a t e d p a r t i c l e s i g n a l 
s u b t r a c t e d : ( · ) PS(D)/PS(H) = 1:3; (°) PS(D)/PS(H) = 1:6 
(reproduced from H i g g i n s , J.S., Dawkins, J.V., and T a y l o r , G. 
Polymer 19Ô0, 21, 627 by p e r m i s s i o n o f the p u b l i s h e r s 
B u t t e r w o r t h and Co. ( P u b l i s h e r s ) L t d . © ) . 
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PS and PMMA p a r t i c l e s , t h a t t h e ar e a o c c u p i e d i s independent o f 
the l e n g t h o f _ t h e PS anchor b l o c k , and t h a t t h e a r e a o c c u p i e d 
i n c r e a s e s as M n(PDMS) r i s e s . Consequently, a PDMS c h a i n may be 
rega r d e d as b e i n g t e r m i n a l l y anchored at t h e p a r t i c l e s u r f a c e w i t h 
no s i g n i f i c a n t e x t e n s i o n o f th e PS anchor b l o c k i n t o the d i s p e r s i o n 
medium. I t i s t h e n p o s s i b l e t o c a l c u l a t e t h e s e p a r a t i o n d i s t a n c e 
d between n e i g h b o u r i n g PDMS ch a i n s at t h e s u r f a c e o f a p a r t i c l e , 
assuming each c h a i n i s t e r m i n a l l y adsorbed i n t h e c e n t r e o f a 
r e g u l a r hexagon. I t was observed t h a t t h i s d i s t a n c e d was s i m i l a r 
t o t h e root-mean-square r a d i u s o f g y r a t i o n o f the PDMS c h a i n (£) 
which p r o v i d e s a p o s s i b l e reason why v a l u e s o f 6 suggest an 
extended c h a i n c o n f o r m a t i o n . I f a d j a c e n t PDMS c h a i n s do not 
i n t e r a c t because o f e x c l u d e d volume e f f e c t s , i . e . no o v e r l a p o f 
n e i g h b o u r i n g c h a i n s , t h e volume o f each c h a i n can be r e p r e s e n t e d 
by a p r o l a t e e l l i p s o i d h a v i n
then c a l c u l a t e d assumin
as a p r o l a t e e l l i p s o i d was e q u a l t o t h e volume o f th e same c h a i n 
r e p r e s e n t e d as a random c o i l . I t i s e v i d e n t i n F i g u r e 1 t h a t t h e 
e x p e r i m e n t a l e s t i m a t e s o f th e hydrodynamic t h i c k n e s s 6 are i n 
rea s o n a b l e agreement w i t h t h e t h i c k n e s s h c a l c u l a t e d from s u r f a c e 
coverage d a t a assuming a p r o l a t e e l l i p s o i d model. 

I n F i g u r e 2 t h e s c a t t e r i n g f u n c t i o n l ( K ) i s p l o t t e d a g a i n s t 
t h e wave v e c t o r Κ f o r PMMA d i s p e r s i o n s c o n t a i n i n g PS(D) b l o c k s i n 
η-heptane. The i n t e n s i t y s c a t t e r e d from the PMMA p a r t i c l e s r e l a 
t i v e t o t h e background o f un d e u t e r a t e d p a r t i c l e s i s an o r d e r o f 
magnitude h i g h e r t h a n t h a t from the PS p a r t i c l e s w i t h c o r r e s p o n d 
i n g c o n c e n t r a t i o n s o f PS(D) b l o c k s . T h i s suggests t h a t t h e r e a r e 
l a r g e r s c a t t e r i n g o b j e c t s i n t h e PMMA d i s p e r s i o n s and hence 
aggregates o f PS(D) b l o c k s . I n F i g u r e h, we p r e s e n t a p l o t o f 
c/ I ( K ) a g a i n s t Κ 2 a c c o r d i n g t o E q u a t i o n h. There i s no l i n e a r 
r e g i o n from which a v a l u e o f <s 2> z can be o b t a i n e d . The s c a t t e r e d 
i n t e n s i t y may be compared w i t h curves c a l c u l a t e d from model 
systems (j) . Curves r e p r e s e n t i n g e i t h e r t h i n d i s c s o r spheres 
g i v e a re a s o n a b l e f i t t o t h e e x p e r i m e n t a l dependence o f l ( K ) on 
K. We may conclude t h a t t h e PS(D) b l o c k s c l u s t e r i n t o domains 
i n PMMA p a r t i c l e s . 

F l o c c u l a t i o n s t u d i e s (6) i n d i c a t e d t h a t t h e mechanism o f 
s t e r i c s t a b i l i z a t i o n o p e r a t e s f o r t h e PMMA d i s p e r s i o n s . The 
s t a b i l i t y o f PMMA d i s p e r s i o n s was examined f u r t h e r by r e d i s p e r s i o n 
o f t h e p a r t i c l e s i n cyclohexane a t 333 K. Above 307 K, c y c l o 
hexane i s a good s o l v e n t f o r PS and PDMS, and i f t h e PS-PDMS 
b l o c k copolymer was not f i r m l y anchored, d e s o r p t i o n o f s t a b i l i z e r 
by d i s s o l u t i o n s h o u l d o c c u r a t 333 Κ f o l l o w e d by f l o c c u l a t i o n o f 
the PMMA d i s p e r s i o n . However, l i t t l e change i n d i s p e r s i o n 
s t a b i l i t y was observed o v e r a p e r i o d o f 60 h. Consequently, we 
may conclude t h a t t h e PS b l o c k s are f i r m l y anchored w i t h i n t h e 
hard PMMA m a t r i x . However, t h e i n d i c a t i o n from n e u t r o n s c a t t e r i n g 
o f aggregates o f PS(D) b l o c k s i n PMMA p a r t i c l e s may be e x p l a i n e d 
by t h e o b s e r v a t i o n t h a t two d i f f e r e n t polymers a r e o f t e n not v e r y 
c o m p a t i b l e on m i x i n g (10) so t h a t t h e PS(D) b l o c k s are t e n d i n g t o 
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F i g u r e h. P l o t a c c o r d i n g t o E q u a t i o n h f o r PMMA p a r t i c l e s 
c o n t a i n i n g PS(D) b l o c k s w i t h u n d e u t e r a t e d p a r t i c l e s i g n a l 
s u b t r a c t e d (reproduced from H i g g i n s , J.S., Dawkins, J.V., 
and T a y l o r , G. Polymer 1980, 21, 627 by p e r m i s s i o n o f t h e 
p u b l i s h e r s B u t t e r w o r t h and Co. ( P u b l i s h e r s ) L t d . © ) . 
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m i n i m i s e c o n t a c t s w i t h PMMA c h a i n s . T h e r e f o r e , i t might he argued 
t h a t t h e s t r o n g a n c h o r i n g o f PS-PDMS t o PMMA p a r t i c l e s c o u l d a r i s e 
d u r i n g d i s p e r s i o n p o l y m e r i z a t i o n from a g r a f t i n g r e a c t i o n between 
the PMMA r a d i c a l s and th e b l o c k copolymer. T h i s p o s s i b i l i t y was 
i n v e s t i g a t e d by removing PMMA homopolymer by e x t r a c t i o n from a 
washed and d r i e d sample o f a PMMA d i s p e r s e d phase. D i s p e r s i o n s 
h a v i n g Mn(PMMA) i n the range 105 - 106 were s t u d i e d . The r e s i d u e 
was washed, d r i e d and c h a r a c t e r i z e d by GPC and IR. The GPC 
r e s u l t s f o r t h e o r i g i n a l b l o c k copolymer and th e b l o c k copolymer 
r e s i d u e were i d e n t i c a l . F o r b l o c k copolymers h a v i n g M n(PS) i n t h e 
range 15000 t o 50000, IR s p e c t r a on t h e r e s i d u e s d i d not d i s p l a y 
a peak f o r e s t e r groups, s u g g e s t i n g t h a t b l o c k copolymer had not 
been g r a f t e d onto p a r t i c l e s . I n t h e absence o f c o v a l e n t 
g r a f t i n g o f b l o c k copolymer t o the p a r t i c l e s , t h e s e r e s u l t s 
suggest t h a t f o r polyme
temperature above t h e d i s p e r s i o
PS-PDMS b l o c k copolymer becomes t r a p p e d w i t h i n a h a r d polymer 
m a t r i x d e s p i t e t h e polymer i n c o m p a t i b i l i t y e f f e c t and s t a b i l i z e s 
polymer p a r t i c l e s a f t e r removal o f excess b l o c k copolymer by 
r e d i s p e r s i o n . S i n c e t h e r e s u l t s i n F i g u r e 2 i n d i c a t e t h a t t h e 
PS b l o c k s are not c o m p a t i b l e w i t h PMMA, i t i s p o s s i b l e a t tempera
t u r e s above t h e g l a s s t r a n s i t i o n temperature o f PMMA t h a t t h e PS 
b l o c k s d i f f u s e t hrough t h e s o f t PMMA m a t r i x t o the p a r t i c l e 
s u r f a c e . I f t h e PS b l o c k i s s o l u b l e i n t h e n-alkane d i l u e n t a t 
e l e v a t e d t e m p e r a t u r e s , t h e n f l o c c u l a t i o n o f the d i s p e r s i o n may 
occ u r above t h e g l a s s t r a n s i t i o n temperature o f th e c o r e polymer. 

PVA P a r t i c l e s . D i s p e r s i o n s were p r e p a r e d i n o r d e r t o examine 
s t a b i l i z a t i o n f o r a core polymer h a v i n g a g l a s s t r a n s i t i o n 
temperature below the d i s p e r s i o n p o l y m e r i z a t i o n t e m p e r a t u r e . PVA 
p a r t i c l e s p r e p a r e d w i t h a b l o c k copolymer h a v i n g % ( P S ) ^ 10000 
showed a tendency t o f l o c c u l a t e a t ambient temperature d u r i n g r e -
d i s p e r s i o n c y c l e s t o remove excess b l o c k copolymer, p a r t i c u l a r l y 
i f t h e d i s p e r s i o n p o l y m e r i z a t i o n had not proceeded t o 100? con
v e r s i o n o f monomer. I t i s w e l l documented t h a t on m i x i n g s o l u t i o n s 
o f p o l y s t y r e n e and p o l y ( v i n y l a c e t a t e ) homopolymers phase s e p a r a 
t i o n tends t o o c c u r (10,11), and s o l u b i l i t y s t u d i e s (12) o f PS i n 
η-heptane suggest t h a t PS b l o c k s w i t h % ( P S ) ^ 10000 w i l l be c l o s e 
t o d i s s o l u t i o n when d i s p e r s i o n p o l y m e r i z a t i o n s are performed a t 
3^3 K. Consequently, we may p o s t u l a t e t h a t f o r s o f t polymer 
p a r t i c l e s the b l o c k copolymer i s r e j e c t e d from the p a r t i c l e 
because o f an i n c o m p a t i b i l i t y e f f e c t and i s adsorbed a t t h e 
p a r t i c l e s u r f a c e . I f t h e b l o c k copolymer desorbs from t h e 
p a r t i c l e s u r f a c e , t h e n p a r t i c l e a g g l o m e r a t i o n w i l l o c c u r u n l e s s 
r a p i d a d s o r p t i o n o f o t h e r copolymer m o l e c u l e s o c c u r s from a 
r e s e r v o i r o f excess b l o c k copolymer. 

With a c a r e f u l r e d i s p e r s i o n t e c h n i q u e s t a b l e d i s p e r s i o n s f r e e 
o f excess b l o c k copolymer are produced f o r PVA p a r t i c l e s w i t h 
t h e a n c h o r i n g PS b l o c k h a v i n g M n(PS) > 30000. T h i s suggests t h a t 
more e f f e c t i v e a n c h o r i n g o c c u r s when t h e s o l u b i l i t y o f t h e b l o c k 
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copolymer i n the d i spers ion medium i s reduced. In view o f the 
i n c o m p a t i b i l i t y effect o f PS i n the soft PVA mat r ix and the 
poss ib le d i f f u s i o n of the PS blocks to the p a r t i c l e - l i q u i d i n t e r 
face where desorption o f the block copolymer may occur , e f f ec t ive 
anchoring o f the PDMS chains may requi re covalent g ra f t i ng o f the 
copolymer to the p a r t i c l e s by reac t ion between PVA r ad i ca l s and 
PS-PDMS dur ing d i spers ion po lymer iza t ion . L i t e r a t u r e values for 
chain t r ans fe r constants for the r eac t ion between PVA r a d i c a l s and 
PS suggest that the g ra f t ing reac t ion i s more l i k e l y than the 
chain t rans fe r reac t ion between PVA r a d i c a l s and PVA homopolymer 
which produces branched PVA at high conversions o f monomer ( 1 3 ) . 
In order to confirm the existence o f covalent g r a f t i ng o f PS-PDMS 
to the p a r t i c l e s , b lock copolymer from a washed and d r i ed sample 
o f a PVA dispersed phase has been i s o l a t e d by removing the core 
polymer by e x t r a c t i o n . This residue was washed  d r i e d  and 
charac ter ized by IR an
demonstrates an intens
the presence of es ter groups i n the copolymer res idue , and an 
absorption at 700 c m - 1 c h a r a c t e r i s t i c o f phenyl groups i n the 
block copolymer. GPC a lso showed that the molecular weight 
d i s t r i b u t i o n o f t h i s residue was broader than that o f the o r i g i n a l 
b lock copolymer. I t i s concluded that for p a r t i c l e s conta in ing 
soft core polymers e f f ec t ive anchoring of PS-PDMS b lock copolymer 
i s aided by covalent g r a f t i n g . 
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Figure 5· Infrared spectrum of block copolymer residue 
af ter Soxhlet ex t rac t ion of PVA core polymer wi th aceto-
n i t r i l e . 
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18 
Preparation and Stability of Polymer-Grafted 
Silica Dispersions 

J. EDWARDS, S. LENON,1 A. F. TOUSSAINT, and B. VINCENT 

School of Chemistry, University of Bristol, Cantock's Close, Bristol BS8 1TS, England 

Stable, non-aqueous dispersions of monodisperse, 
spherical silica
50 to 600 nm diamete
-grafted polymer layers (polystyrene or polydimethyl
siloxane), have been prepared by methods which avoid 
any "dry" stage for the silica particles. The 
polymer chains are of narrow molecular weight 
distribution, having been prepared by anionic poly
merisation routes. The amount of grafted polymer has 
been established using elemental microanalysis and in 
some cases thermogravimetric analysis. 

The stability of these dispersions has been 
investigated. A strong dependence of critical 
flocculation conditions (temperature or volume 
fraction of added non-solvent) on particle concen
tration was found. Moreover, there seems to be little 
or no correlation between the critical flocculation 
conditions and the corresponding theta-conditions for 
the stabilising polymer chains, as proposed by Napper. 
Although a detailed explanation is difficult to give a 
tentative explanation for this unexpected behaviour is 
suggested in terms of the weak flocculation theory of 
Vincent et al. 

In studying the s t a b i l i t y of c o l l o i d a l dispersions i t i s of con
siderable advantage i f the particles concerned are monodisperse 
and spherical. For aqueous, charge-stabilised systems polymer 
lat i c e s have proved invaluable in this regard. With non-aqueous 
systems, s t e r i c s t a b i l i s a t i o n i s usually required. In this case it 
1Current address: I.C.I. Paints Division plc, Slough, Berkshire, SL2 5DS, England. 
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i s a l s o n e c e s s a r y t h a t the s t a b i l i s i n g polymer sheath s h o u l d be 
w e l l - c h a r a c t e r i s e d . Moreover, polymer l a t i c e s may be inadequate 
i f s w e l l i n g o c c u r s . Methods have been developed i n t h i s 
l a b o r a t o r y f o r p r o d u c i n g b o t h aqueous (I) and non-aqueous (2) 
d i s p e r s i o n s o f monodisperse, s p h e r i c a l s i l i c a p a r t i c l e s , over a 
wide range of p a r t i c l e diameters (20 nm t o 1 ym), to which mono
d i s p e r s e polymer c h a i n s (prepared by a n i o n i c p o l y m e r i s a t i o n 
t e c h n i q u e s ) have been t e r m i n a l l y g r a f t e d , a t a c o n t r o l l e d l e v e l of 
coverage. I n t h i s p r e v i o u s work p o l y ( e t h y l e n e oxide)(J_) and 
p o l y s t y r e n e (2) were the two polymers used. I n the l a t t e r case 
the method of p r e p a r a t i o n i n v o l v e d the d i r e c t r e a c t i o n of " l i v i n g " 
p o l y s t y r e n e anions w i t h s u r f a c e - m o d i f i e d s i l i c a p a r t i c l e s (e.g. 
c h l o r i n a t e d o r t h e r m a l l y d e h y d r o x y l a t e d ) , d i s p e r s e d i n a s u i t a b l e 
s o l v e n t . One disadvantage of t h i s r o u t e , however, i s t h a t the 
s u r f a c e m o d i f i c a t i o n s t e
T h i s can l e a d t o d i f f i c u l t i e
p a r t i c l e s i n the s o l v e n t used f o r the subsequent polymer g r a f t i n g 
r e a c t i o n . Even a f t e r s o n i f i c a t i o n s m a l l aggregates may p e r s i s t , 
p a r t i c u l a r l y when the pri m a r y p a r t i c l e s a re s m a l l (< say 100 nm). 
Such aggregates can be d i f f i c u l t t o remove, e.g. by f i l t r a t i o n . 
C l e a r l y , a method which circumvents t h i s dry stag e i s d e s i r a b l e . 
I n t h i s paper we d e s c r i b e methods i n which p o l y s t y r e n e (PS) and 
p o l y d i m e t h y l s i l o x a n e (PDMS) have been s u c c e s s f u l l y g r a f t e d t o 
s i l i c a p a r t i c l e s , a v o i d i n g the dry s t a g e . 

I n the case of PS the polymer i s prepared a n i o n i c a l l y and 
then r e a c t e d w i t h a l a r g e excess of t r i c h l o r o s i l a n e , thus l e a v i n g 
the polymer c h a i n s , i n p r i n c i p l e , w i t h two t e r m i n a l c h l o r o - g r o u p s . 
These are then r e a c t e d w i t h methanol t o g i v e t e r m i n a l methoxy 
groups. The s i l i c a p a r t i c l e s a re prepared as an ethanolic d i s 
p e r s i o n and then t r a n s f e r r e d t o dimethylformamide (DMF). The 
d i s p e r s i o n s i n DMF are v e r y s t a b l e t o a g g r e g a t i o n , presumably 
through charge s t a b i l i s a t i o n (the d i e l e c t r i c c o n s t a n t of DMF i s 37) 
and / or DMF s o l v a t i o n sheaths around the p a r t i c l e s . The methoxy-
t e r m i n a t e d p o l y s t y r e n e i s added to the s i l i c a / D M F d i s p e r s i o n and 
the m i x t u r e heated under r e f l u x . By v a r y i n g the time and con
d i t i o n s of the r e a c t i o n the coverage may be c o n t r o l l e d . By u s i n g 
a c e n t r i f u g a t i o n / r e d i s p e r s i o n c y c l i n g t e c h n i q u e , s t a b l e d i s p e r s i o n s 
i n a wide v a r i e t y of l i q u i d s , which a r e good s o l v e n t s f o r p o l y 
s t y r e n e , c o u l d be ac h i e v e d . 

For the PDMS-grafted systems a somewhat d i f f e r e n t method was 
used s i n c e PDMS i s not s o l u b l e i n DMF. An a n i o n i c p o l y m e r i s a t i o n 
method was a g a i n used t o produce " l i v i n g " PDMS c h a i n s , but i n t h i s 
case these were r e a c t e d w i t h a c e t i c a c i d t o g i v e hydroxy1-
t e r m i n a t e d c h a i n s . The s i l i c a p a r t i c l e d i s p e r s i o n s i n e t h a n o l 
were s t a b l e , and remained s t a b l e on adding η-heptane to g i v e a 
1:1 (by volume) s o l v e n t m i x t u r e i n which PDMS i s s t i l l s o l u b l e . 
The h y d r o x y 1 - t e r m i n a t e d polymer was then added t o the d i s p e r s i o n 
and the m i x t u r e a l l o w e d t o s t a n d f o r 24 h r t o ac h i e v e a d s o r p t i o n 
e q u i l i b r i u m . F u r t h e r η-heptane was then added t o g i v e a 4:1 (by 
volume) η-heptane:ethanol s o l v e n t c o m p o s i t i o n , and the sample 
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heated under r e f l u x f o r 24 h r . I t was then r o t a r y - e v a p o r a t e d to 
remove most o f the s o l v e n t and the p a r t i c l e s r e d i s p e r s e d i n 
n-heptane. 

For b o t h the Si 0 2 - g - P S and the Si0 2-g-PDMS systems the 
s u r f a c e coverage o f the polymer was determined by el e m e n t a l m i c r o 
a n a l y s i s . I n the former case t h i s was supplemented by thermo-
g r a v i m e t r i c a n a l y s i s . 

The s t a b i l i t y o f the v a r i o u s d i s p e r s i o n s was assessed and 
compared by d e t e r m i n i n g the c r i t i c a l f l o c c u l a t i o n c o n d i t i o n s 
(temperature o r volume f r a c t i o n of added n o n - s o l v e n t f o r the 
g r a f t e d p o l y m e r ) , as a f u n c t i o n of p a r t i c l e c o n c e n t r a t i o n . 

M a t e r i a l s 

Monomers, t e t r a e t h y l s i l i c a t
grade and h e x a m e t h y l c y c l o t r i s i l o x a n
A l d r i c h . The s t y r e n e was d i s t i l l e d under reduced p r e s s u r e from 
c a l c i u m h y d r i d e s p r i o r t o use and HMCTS sublimed under vacuum 
d i r e c t l y i n t o the r e a c t i o n v e s s e l . 

Reagents, η-butyl l i t h i u m ( K o c h - L i g h t ) was s u p p l i e d as a s o l u t i o n 
i n n-hexane (1.55 mol dm ) and t r a n s f e r r e d t o the r e a c t i o n v e s s e l 
v i a a s u b a - s e a l cap u s i n g a s y r i n g e . C h l o r o t r i m e t h y l s i l a n e and 
t r i c h l o r o m e t h y l s i l a n e ( A l d r i c h ) were d i s t i l l e d under reduced 
p r e s s u r e . Ammonia (BDH) was s u p p l i e d as an "Θ.880" s o l u t i o n i n 
water. 

S o l v e n t s . water was d o u b l y - d i s t i l l e d from an a l l - P y r e x a pparatus. 
A l l the o t h e r s o l v e n t s were s u p p l i e d by BDH and m o s t l y used as 
s u p p l i e d , except t h a t t e t r a h y d r o f u r a n (THF) was f i r s t d i s t i l l e d 
from l i t h i u m 'aluminium h y d r i d e and then from a sodium/naphthalene 
m i x t u r e (the green c o l o r a t i o n o f the l a t t e r b e i n g i n d i c a t i v e o f 
the absence of w a t e r ) . 

A n a l y t i c a l Techniques 

T r a n s m i s s i o n e l e c t r o n microscopy (T.E.M.). e l e c t r o n micrographs 
of the s i l i c a p a r t i c l e s were produced u s i n g an H i t a c h i HU11B 
apparatus. P a r t i c l e s i z e d i s t r i b u t i o n s were o b t a i n e d from these 
u s i n g a C a r l Z e i s s p a r t i c l e s i z e a n a l y s e r . 

Photon c o r r e l a t i o n s p e c t r o s c o p y (P.C.S.). t h i s was used as an 
a l t e r n a t i v e method of d e t e r m i n i n g p a r t i c l e diameters from d e r i v e d 
d i f f u s i o n c o e f f i c i e n t s . The i n s t r u m e n t a t i o n c o n s i s t e d of a 
Coherent K r i o n l a s e r (CR 2000K), p l u s a Ma l v e r n Instruments PCS 100 
s e t up, l i n k e d t o a Mal v e r n Instruments m u l t i b i t c o r r e l a t o r 
(K7025); d a t a was a n a l y s e d u s i n g an o n - l i n e 'Apple I I f m i n i 
computer. 

Gel permeation chromatography (G.P.C.). the m o l e c u l a r weight 
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d i s t r i b u t i o n s , MR and were o b t a i n e d u s i n g a Waters i n s t r u m e n t 
w i t h o-chlorobenzene as the s o l v e n t . 

N u c l e a r magnetic resonance (N.M.R.). a J e o l PS-100 i n s t r u m e n t was 
used t o produce fH N.M.R. s p e c t r a of the m o d i f i e d PS samples (see 
b e l o w ) . CDCl^ was used as the s o l v e n t . 

E l e m e n t a l m i c r o a n a l y s i s (E.M.A.). q u a n t i t a t i v e a n a l y s e s f o r C, H 
and Ν were o b t a i n e d f o r the s i l i c a / g r a f t e d polymer samples u s i n g a 
P e r k i n Elmer 240 e l e m e n t a l a n a l y s e r . G r a f t e d amounts (g polymer/ 
g s i l i c a ) were c a l c u l a t e d from the C+H p e r c e n t a g e s , based on the 
r e s i d u e (assumed to be o n l y s i l i c a ) . A s m a l l c o r r e c t i o n was found 
to be n e c e s s a r y i n the case of the SiO^-g-PS systems s i n c e a s m a l l 
percentage o f Ν was u s u a l l y found; t h i s ŵ as assumed t o be due t o 
trapped DMF. The g r a f t e
assuming the s p e c i f i c s u r f a c
o b t a i n e d from the T.E.M. p a r t i c l e s i z e a n a l y s i s . For t h i s purpose 
the d e n s i t y o f the s i l i c a p a r t i c l e s was taken t o be 1.85 g cm" 
( 3 ) . 

Thermal g r a v i m e t r i c a n a l y s i s (T.G.A.). measurement of the weight 
l o s s , as a f u n c t i o n o f temperature, of some of the Si02~g~PS 
samples was c a r r i e d out u s i n g a Stanton R e d c r o f t TG 750 i n s t r u m e n t 
at a h e a t i n g r a t e o f 5° min~ under a n i t r o g e n atmosphere, and a t 
a gas f l o w r a t e of 20 cm-* min~"1 . 

P r e p a r a t i o n o f S i l i c a P a r t i c l e s 

The method used here was e s s e n t i a l l y t h a t d e s c r i b e d by Stober e t 
a l . (4) which i n v o l v e s the room-temperature h y d r o l y s i s of t e t r a -
e t h y l s i l i c a t e i n e t h a n o l c o n t a i n i n g v a r y i n g amounts of ammonia and 
water, the l a t t e r two components c o n t r o l the f i n a l p a r t i c l e 
morphology and s i z e . The method has been m o d i f i e d s l i g h t l y by 
B r i d g e r (2,5) and by van Helden and V r i j (3)· 

D e t a i l s of the c o n c e n t r a t i o n s of the r e a c t a n t s used and the 
average p a r t i c l e diameters produced are g i v e n i n t a b l e I . 

Table I . S i l i c a D i s p e r s i o n s 
-3 

C o n c e n t r a t i o n / ( m o l dm ) Average diameter/nm 
No. TES H 20 NH3 TEM PCS(H 20) PCS(DMF) 

S6 0.30 3.8 1.9 308 ±24 -
S7 0.34 2.3 2.2 105 ±15 106 ±10 110 ±10 
S10 0.22 0.5 1.5 198 ±17 210 ±10 220 ±20 
SI 1 0.28 9.6 4.0 598 ±13 - -S12 0.22 0.5 1 .5 172 ±16 190 ±10 205 ±10 
S14 0.20 1.4 0.7 55 ±11 - -S15 0.19 0.45 1.3 260 ±10 - -

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



18. EDWARDS ET AL. Polymer-Grafted Silica Dispersions 285 

I t may be seen t h a t , w i t h i n e x p e r i m e n t a l e r r o r , the diameters 
determined by TEM and PCS agree. Moreover, where s t u d i e d , the 
PCS diameters a r e v e r y s i m i l a r f o r the s i l i c a d i s p e r s i o n s i n water 
and DMF, s u g g e s t i n g t h a t the p a r t i c l e s do e x i s t as s i n g l e t s i n 
both s o l v e n t s . 

Polymer Préparâtions/Modifications 

P o l y s t y r e n e was prepared by the a n i o n i c p o l y m e r i s a t i o n o f s t y r e n e 
i n t o l u e n e p l u s THF mi x t u r e s (4:1 volume r a t i o ) u s i n g n - b u t y l 
l i t h i u m as i n i t i a t o r . A f t e r removing a sample f o r a n a l y s i s a t 
t h i s s t a g e , the remainder o f the l i v i n g p o l y s t y r e n e was r e a c t e d 
w i t h a f i v e molar excess of t r i c h l o r o m e t h y l s i l a n e f o r 15 min and 
then excess methanol i n t r o d u c e d . The methoxy-terminated p o l y s t y r e n e 
was f r e e z e - d r i e d from d i o x a n
e s s e n t i a l l y f o l l o w s th

P o l y d i m e t h y I s i l o x a n e was prepared by the a n i o n i c p o l y 
m e r i s a t i o n of h e x a m e t h y I c y c l o t r i s i l o x a n e , i n a s o l v e n t m i x t u r e o f 
cyclohexane and THF (4:1 volume r a t i o ) , u s i n g n - b u t y l l i t h i u m as 
the i n i t i a t o r . A f t e r a r e a c t i o n p e r i o d o f 48 h r t e r m i n a t i o n was 
e f f e c t e d by adding a s m a l l q u a n t i t y of a c e t i c a c i d . 

The number average m o l e c u l a r weight (î^) and p o l y d i s p e r s i t y 
i n d e x (M^/M^) a r e g i v e n i n Table I I f o r the v a r i o u s PS and PDMS 
samples prepared. 

T a b l e I I . Polymers 

Before M o d i f i c a t i o n A f t e r M o d i f i c a t i o n 

Type No. Κ V ^ n Κ V ^ n 
PS 11 3,700 1.09 4,400 1 .08 
PS 13 25,600 1.29 30,500 1.32 
PS 16 13,800 1 .14 14,300 1.19 
PS 18 7,400 1.25 - -PS 19 34,400 1.19 - -PDMS 3 72,440 1.57 - -PDMS 5 6,700 1.34 - -

The " b e f o r e 1 1 and " a f t e r " m o d i f i c a t i o n d a t a i n Table I I r e f e r t o 
the p o l y s t y r e n e samples p r i o r t o , and subsequent t o , r e a c t i o n w i t h 
t r i c h l o r o m e t h y l s i l a n e , r e s p e c t i v e l y . I t can be seen t h a t " a f t e r " 
M n v a l u e s are somewhat h i g h e r than the " b e f o r e " ones ( a l t h o u g h the 
p o l y d i s p e r s i t y i n d e x does not change s i g n i f i c a n t l y ) . T h i s suggests 
t h a t , e i t h e r some polymer-polymer c o u p l i n g has o c c u r r e d through 
two ( o r t h r e e ) polymer c h a i n s r e a c t i n g w i t h a s i n g l e t r i c h l o r o -
s i l a n e m o l e c u l e , o r t h a t a s h o r t , o l i g o m e r i c s i l o x a n e c h a i n has 
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been t e r m i n a l l y added t o each p o l y s t y r e n e c h a i n , i . e . l e a d i n g to 
s t r u c t u r e s o f the form, 

I n o r d e r t o i n v e s t i g a t e t h i s f u r t h e r Ή NMR s p e c t r a were o b t a i n e d 
f o r the m o d i f i e d polymers and a comparison made between the 
i n t e n s i t i e s o f the peaks f o r the a r o m a t i c r i n g p r otons i n the main 
PS c h a i n and the OMe p r otons i n the s i l o x a n e moeity. Thus, f o r 
example, f o r PS 16 the d i f f e r e n c
y = 5 (see s t r u c t u r e I )
a r o m a t i c protons:OMe p r o t o n s , R = 2 5 , i f s t r u c t u r e s such as I do 
e x i s t , whereas R = 113 i f t h e r e i s o n l y one OMe group per PS c h a i n 
( i . e . y = 1), o r even g r e a t e r v a l u e s o f R i f polymer-polymer 
c o u p l i n g o c c u r s . The NMR spectrum f o r the u n p u r i f i e d polymer l e d 
t o an R v a l u e o f 13.8, but t h i s i n c r e a s e d to 16.8 a f t e r d i s t i l l i n g 
o f f low m o l e c u l a r weight i m p u r i t i e s a t 66°C. The i m p l i c a t i o n i s 
t h a t s h o r t o l i g o m e t r i c s i l o x a n e c h a i n s are t e r m i n a l l y added to the 
p o l y s t y r e n e , i . e . s t r u c t u r e s such as I are produced by t h i s 
r e a c t i o n r o u t e r a t h e r than any s i g n i f i c a n t amount of polymer 
polymer c o u p l i n g . T h i s may w e l l be advantageous i n g r a f t i n g to 
s i l i c a p a r t i c l e s s i n c e the presence o f more than one OMe group a t 
the end of the polymer c h a i n i n c r e a s e s the number of r e a c t i v e 
c e n t r e s f o r g r a f t i n g . 

S i m i l a r f e a t u r e s were n o t , o f c o u r s e , observed i n the case of 
the OH-termined PDMS c h a i n s , s i n c e i n t h i s case the l i v i n g polymer 
was s i m p l y " k i l l e d " by a d ding a c e t i c a c i d i n the c o n v e n t i o n a l 
manner. 

G r a f t i n g of P o l y s t y r e n e to S i l i c a 

The Si02~g-PS systems were prepared by adding the methoxy-terminated 
PS to the s i l i c a d i s p e r s i o n i n DMF. The mass r a t i o PS:S1O2 used 
i n each case i s r e c o r d e d i n Table I I I . The d i s p e r s i o n was then 
heated a t 120°C, under n i t r o g e n , f o r v a r y i n g p e r i o d s up t o 45 h r . 
A p l o t of g r a f t e d amount (Γ) v e r s u s time f o r one of the samples 
(S7/PS13) i s shown i n f i g u r e 1. At the end of the r e a c t i o n p e r i o d 
s e v e r a l c e n t r i f u g a t i o n / r e d i s p e r s e d c y c l e s i n the s o l v e n t r e q u i r e d 
were c a r r i e d o u t : t h i s removed any f r e e p o l y s t y r e n e . 

In one case, S12/PS13b (Table I I I ) , an attempt was made to 
see i f f u r t h e r PS c o u l d be g r a f t e d by making the s o l v e n t e n v i r o n 
ment l e s s p o l a r . I n t h i s case some of the Si02~g-PS p a r t i c l e s were 
r e d i s p e r s e d i n t o l u e n e and f u r t h e r methoxy-terminated PS added. 
The g r a f t e d r e a c t i o n was c o n t i n u e d f o r a f u r t h e r p e r i o d o f 24 h r . 
T h i s sample i s r e f e r r e d t o as number S12/PS13c i n t a b l e I I I . 

I n the d i s p e r s i o n s prepared i n the above manner the Si02~g~PS 

I 
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p a r t i c l e s r e t a i n most o f t h e i r s u r f a c e h y d r o x y l groups ( i . e . 
except a t those s m a l l f r a c t i o n of s u r f a c e s i t e s where a PS c h a i n 
has g r a f t e d ) . I n the e a r l i e r g r a f t i n g procedure proposed by 
B r i d g e r e t a l . (_2), the u n d e r l y i n g s i l i c a s u r f a c e was hydrophobic. 
In o r d e r to make a comparison w i t h these e a r l i e r systems one o f 
the samples, SI2/PS13b, was r e a c t e d w i t h c h l o r o t r i m e t h y l s i l a n e , 
p l u s an o r g a n i c base, N , N - d i i s o b u t y l - 3 - a m i n o - 2 , 4 - d i m e t h y l p e n t a n e , 
to r e a c t w i t h the HC1 l i b e r a t e d ( 6 ) , i n t o l u e n e a t 50°C o v e r n i g h t . 
Subsequent m i c r o a n a l y s i s ( f o r C+H) i n d i c a t e d t h a t a l a r g e f r a c t i o n 
of the r e m a i n i n g s u r f a c e -OH groups had been c o n v e r t e d t o s u r f a c e 
-OSi(0Ηβ)3 groups by t h i s method. T h i s sample w i l l be r e f e r r e d 
to as S12/PS13b*. 

A l s o , f o r the sake o f comparison, one Si02~g~PS sample 
(S1 I/PS 19) was prepared f o l l o w i n g the B r i d g e r e t a l . ( 2 ) r o u t e . 
I n t h i s case some of th
a t 10 T o r r and 150°C
i n the vapour phase; t h i s r e p l a c e d the s u r f a c e h y d r o x y l groups 
by c h l o r o groups. The p a r t i c l e s were then r e d i s p e r s e d ( w i t h the 
a i d o f u l t r a s o n i c s ) i n a 4:1 volume r a t i o t o l u e n e : THF s o l v e n t 
m i x t u r e . " L i v i n g " p o l y s t y r e n e (PS 19), i n a s i m i l a r s o l v e n t 
m i x t u r e was then i n t r o d u c e d and the g r a f t i n g r e a c t i o n a l l o w e d to 
proceed f o r 24 h r at room temperature. 

F i n a l l y , i n o r d e r to make a comparison o f the amount of 
polymer t h a t c o u l d be p h y s i s o r b e d , as d i s t i n c t from t e r m i n a l l y -
g r a f t e d , one sample (S12/PS19, Table I I I ) was prepared i n which 
"dead" PS 19 was added to a d i s p e r s i o n of s i l i c a SI2 i n DMF, u s i n g 
e s s e n t i a l l y s i m i l a r c o n d i t i o n s and q u a n t i t i e s as i n the p r e p a r a t i o n 
o f sample S12/PS13a by the g r a f t i n g r o u t e . 

T a b l e I I I S i 0 2 ~ g-PS systems 

No. Wt. r a t i o 
P S : S i 0 2 

r e a c t i o n 
time/hr 

diam. 
/nm 

Mn r ( 1 ) _ „ 
/(rag m"") 

a ( 2 ) 

/nm^ 
2 

σ/iKs > 

S6/PS18 
S7/PS15 
S7/PS13 
S14/PS13 
S 1 2 / f h PSÎ3 Λ D (3) 

U (4) S 1 2 / P S 1 9 ^ 
SI 1 / P S 1 9 W 

23 
4« 
4 
4 
4 
3 
5 
4 
10 

1 
1 

: 1 
. 1 
1 
.2 
: 1 
î 1 
: 1 

24 
20 
45 
24 
191 
24 
15 J 
24 
24 

308 
105 
105 
55 

172 

172 
598 

7,400 
13,800 
25,600 
30,000 

25,600 

34,400 
34,400 

1.2 
3.4 

I 7.3 
2. 1 
4.6 

18 
13 

12 
26 
5.8 
28 
13 

0.51 
0. 18 

0.17 
0.38 
0.08 
0.28 
0.14 

(1) PS g r a f t e d amount; (2) area per g r a f t e d m o l e c u l e ; (3) prepared 
by f u r t h e r g r a f t i n g onto sample SI2/PS13b (see t e x t ) ; (4) polymer 
p h y s i s o r b e d r a t h e r than g r a f t e d ; (5) prepared by the B r i d g e r r o u t e 
(2) (see t e x t ) . 
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In t a b l e III, the g r a f t e d amounts (Γ) and the areas per 
g r a f t e d polymer c h a i n (σ) are g i v e n . A l s o l i s t e d are the v a l u e s 
of the r a t i o o f the area o f a g r a f t e d c h a i n to the a r e a subtended 
by an e q u i v a l e n t s o l u t i o n random c o i l , σ/îKs > where <s^>*' i s 
the r a d i u s of g y r a t i o n o f t h a t m o l e c u l a r weight p o l y s t y r e n e i n 
to l u e n e (7). I n a l l cases t h i s r a t i o i s l e s s than u n i t y , i n some 
cases c o n s i d e r a b l y so. T h i s would imply t h a t the chai n s are 
l a r g e l y i n an extended c o n f o r m a t i o n normal to the i n t e r f a c e , i . e . 
p r i m a r i l y i n t a i l s , but i t i s p o s s i b l e t h a t t h e r e are some loops 
and t r a i n s a l s o . U n f o r t u n a t e l y , i t was not p o s s i b l e t o determine 
the e f f e c t i v e polymer l a y e r t h i c k n e s s , w i t h any degree of accuracy, 
f o r t hese samples. Attempts a t u s i n g P.C.S. were made, but the 
e r r o r s i n v o l v e d i n d e t e r m i n i n g p a r t i c l e s i z e by t h i s method were 
found to be r a t h e r l a r g e (5-10%, t a b l e I ) . For example, f o r 
sample S12/PS13a the diamete
t o l u e n e was e s t i m a t e d t
P.C.S. diameter o f the bare SI2 p a r t i c l e s g i v e s a polymer sheath 
t h i c k n e s s , δ, of 50 ±15 nm. T h i s i n t u r n i s to be compared w i t h 
v a l u e s o f "<$ nm f o r 2<s^> , and a f u l l y extended c h a i n l e n g t h 
of M)2 nm, f o r PS 5^ 25,000. However, t h i s would l e n d s u p p o r t , 
a l b e i t t e n t a t i v e , f o r an extended c o n f o r m a t i o n normal to the i n t e r 
f a c e . Assuming a v a l u e f o r δ of 50 nm and f o r Γ of 3.6 mg m 
leads t o an average segment volume f r a c t i o n i n the sheath of 

.047; t h i s compares f a v o u r a b l y w i t h the segment volume f r a c t i o n 
i n a PS random c o i l h a v i n g M n 25,600 of 'U) .035 i n b u l k s o l u t i o n i n 
a good s o l v e n t . 

A comparison o f samples SI2/PS13a and SI2/PS13c w i t h sample 
SI2/PS13b shows t h a t i n c r e a s i n g the i n i t i a l PS:S1O2 mass r a t i o 
i n c r e a s e s the f i n a l g r a f t e d amount i n DMF, and a l s o t h a t more 
e f f i c i e n t g r a f t i n g i s o b t a i n e d , i f the s o l v e n t i s changed from DMF 
to t o l u e n e a t some i n t e r m e d i a t e stage i n the g r a f t i n g p r o c e s s . 
T h i s p r o b a b l y has t o do w i t h the f a c t t h a t DMF s t r o n g l y hydrogen 
bonds to the s u r f a c e -OH groups, which c o u l d i n h i b i t the r e a c t i o n 
w i t h the methoxy-terminated PS c h a i n s . 

I n comparing the v a l u e s o f σ/TKs > f o r , say, SI2/PS13c (new 
g r a f t i n g r o u t e ) and S11/PS 19 ( e a r l i e r B r i d g e r r o u t e ) i t may be 
concluded t h a t f o r the same s o l v e n t medium ( t o l u e n e ) , the p r e s e n t 
r o u t e i s aomewhat more e f f i c i e n t , but t h a t i f DMF i s used 
e x c l u s i v e l y i n the pr e s e n t r o u t e (as i s the g e n e r a l case) then 
they are o f comparable e f f i c i e n c y . However, the most impo r t a n t 
advantage o f the pr e s e n t r o u t e i s the avoidance o f a "dry s t a g e " 
f o r the s i l i c a p a r t i c l e s i n the r e a c t i o n scheme, and hence the 
r i s k o f i r r e v e r s i b l e a g g r e g a t i o n . 

I n an e a r l i e r study i n t h i s l a b o r a t o r y (8) i t had been shown 
t h a t PS does not adsorb onto hydrophobised (methylated) s i l i c a 
from DMF. I t i s c l e a r from the pr e s e n t r e s u l t s , however, (sample 
S12/PS19, t a b l e I I I ) t h a t PS does adsorb onto s i l i c a p a r t i c l e s 
which r e t a i n t h e i r s u r f a c e h y d r o x y l groups, d e s p i t e the s t r o n g 
hydrogen bonding between DMF and these groups r e f e r r e d t o above. 
However, t h i s a d s o r p t i o n i s weak and r e v e r s i b l e , s i n c e the PS 
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c h a i n s c o u l d be desorbed by repea t e d c e n t r i f u g a t i o n / r e d i s p e r s i o n 
i n f r e s h s o l v e n t c y c l e s ; t h i s i s not the case f o r the g r a f t e d 
samples, however. 

The Γ v a l u e s quoted i n t a b l e I I I were o b t a i n e d from e l e m e n t a l 
m i c r o a n a l y s i s d e t e r m i n a t i o n s . I n o r d e r to check the r e l i a b i l i t y 
o f these v a l u e s , t h e r m o g r a v i m e t r i c (TGA) s t u d i e s were c a r r i e d out 
on s e v e r a l of the Si02~g-PS samples. The weight (w) of the sample 
i s f o l l o w e d as a f u n c t i o n o f temperature and hence a, the 
f r a c t i o n a l weight l o s s , determined, where α i s g i v e n by 

α = [w(T) - w 1 / [w - w ] (1) 

Here w(T) i s the v a l u e o f w a t temperature T, w Q the i n i t i a l v a l u e 
and Wf the f i n a l ( h i g h temperature) v a l u e  A t y p i c a l p l o t of α 
ver s u s Τ i s shown i n f i g u r
has been " d r i e d 1 1 by pumpin
The i n i t i a l weight l o s s up to ~^320°Ο may be a s c r i b e d t o the 
removal of p h y s i s o r b e d (Η-bonded) o r " t r a p p e d " DMF (normal B.Pt. 
152°C). The second r e g i o n o f s u b s t a n t i a l weight l o s s ( i . e . between 
^400 and 600°C) i s due t o thermal d e g r a d a t i o n o f the g r a f t e d PS 
cha i n s (9). From the v a l u e of Γ a t 400°C the mass of P S / u n i t mass 
of s i l i c a may be c a l c u l a t e d , and hence Γ. For S12/PS13a the TGA 
method gave a v a l u e f o r Γ of 3.1 mg m~^; t h i s compares w e l l w i t h 
the v a l u e f o r Γ of 3.6 mg m~2 o b t a i n e d from t h i s sample by 
el e m e n t a l a n a l y s i s ( t a b l e I I I ) . 

G r a f t i n g o f Polydime thy1s i l o x a n e to S i l i c a 

The system S15/PDMS3 was prepared by a d d i t i o n o f PDMS3 t o a d i s 
p e r s i o n o f S15 i n a m i x t u r e o f heptane and e t h a n o l (1:1 volume 
r a t i o ) . A f t e r 24 h r the d i s p e r s i o n was mixed w i t h a t h r e e - f o l d 
excess o f heptane, and then evaporated, l e a v i n g the s i l i c a 
p a r t i c l e s i n a PDMS m e l t . T h i s was then heated t o 150°C under 
n i t r o g e n f o r about 5 h r and r e d i s p e r s e d i n heptane. T h i s d i s 
p e r s i o n was the c e n t r i f u g e d and r e d i s p e r s e d t h r e e times i n heptane 
to remove any excess polymers. The p r e p a r a t i o n o f S15/PDMS5 was 
s i m i l a r , except t h a t i t was heated i n r e f l u x i n g heptane f o r 24 h r , 
i n s t e a d of the polymer m e l t . D e t a i l s of both samples are g i v e n i n 
t a b l e IV. 

In g e n e r a l , the Γ v a l u e s f o r PDMS are v e r y much h i g h e r than 
the c o r r e s p o n d i n g v a l u e s f o r PS of s i m i l a r m o l e c u l a r weight (e.g. 
compare S6/PS18, t a b l e I I I and S15/PDMS5, t a b l e I V ) . T h i s would 
impl y an even more extended c o n f o r m a t i o n . I t i s p o s s i b l e t h a t the 
g r e a t e r f l e x i b i l i t y c h a i n s compared t o PS ch a i n s would a l l o w t h i s . 

D i s p e r s i o n S t a b i l i t y 

Two methods were used t o d e t e c t the onset o f f l o c c u l a t i o n i n the 
d i s p e r s i o n s : d i r e c t v i s u a l o b s e r v a t i o n and t u r b i d i t y / w a v e l e n g t h 
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Table IV SiO -g-PDMS systems 

No. Μ Γ ( 1 ) σ ( 2 ) σ/π< δ
2> 

η -2 2 
/nm / (mg m ) /nm 

S15/PDMS3 260 72,440 14.3 8.4 .052 
SI5/PDMS5 260 6,700 9.8 1.14 .066 

(1) grafted amount; (2) area per grafted molecule; <s > values 
assumed to be the same as those for PS i n toluene (8) 

scans (10). The l a t t e r
i n the p a r t i c l e volume fraction (φ) range M0"~5 to M0 . To this 
end a Pye Unicam u.v./visible spectrophotometer linked to an AR25 
pen recorder was used; the wavelength range used was generally 
400-600 nm. Visual assessment was also used, p a r t i c u l a r l y for 
Φ > 10""̂ . Although this method i s somewhat subjective, 
reproducibility was reasonable (M%) and similar results were 
obtained by both methods where a direct comparison was made. 

For both kinds of polymer-grafted p a r t i c l e s , f l o c c u l a t i o n was 
induced either by changing the temperature or by adding a non-
solvent for the s t a b i l i s i n g polymer. In this way c r i t i c a l 
f l occulation temperature (c.f.T) and c r i t i c a l f l occulation v o l . 
fractions of non-solvent (c.f.v.) values were obtained, i n general 
as a function of φ. 

With regard to the Si02~g-PDMS dispersions, these could be 
readily redispersed i n both methyl ethyl ketone (θ-temp. = 20°C) 
and bromocyclohexane (θ-temp. = 30°C) to give stable dispersions 
at room temperature C^20°C). Indeed, the dispersions i n bromo
cyclohexane had to be cooled considerably below the θ-temperature 
before any floccul a t i o n was observed. This may be seen i n figure 3 
where plots of c.f.T. versus φ are given for the two Si02~g-PDMS 
systems studied (table IV). The lower the c.f.T. the more 
i n t r i n s i c a l l y stable the dispersion, but both dispersions are 
stable under much worse-than-θ conditions. It would seem that the 
particles with the lower molecular weight grafted PDMS chains are 
more stable. In both cases the c.f.T. i s strongly φ-dependent, 
which would indicate that flocculation i s occurring into a shallow 
minimum in the in t e r p a r t i c l e interaction energy - separation curve. 
Vincent et a l . (10-12) have shown that p a r t i c l e concentration 
dependence of the c r i t i c a l f l occulation condition results from a 
balance of energy and entropy terms in the (reversible) f l o c c u l a 
tion process. The question arises : what i s the ori g i n of the 
shallow minimum i n this case? Clearly, i t i s a balance between 
the s t e r i c interaction associated with the perturbation of the 
grafted polymer layers on two approaching p a r t i c l e s , and the 
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F i g u r e 2. Thermal g r a v i m e t r i c a n a l y s i s of Si02~g-PS sample 
S12/PS13a: α vers u s temperature (T) 

3 0 f θ temp. 
r/-c 

20r 

10 

0 

-10-

-20-

-30' 

stable 

floccd 

-2.0 18 -1.6 og0 
F i g u r e 3. C r i t i c a l f l o c c u l a t i o n temperature (T) ver s u s log 
( p a r t i c l e volume f r a c t i o n φ) f o r the two Si02~g"PDMS 
d i s p e r s i o n s i n bromocyclohexane: O, S15/PDMS5; x , S15/ 
PDMS 3. 
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composite van der Waals i n t e r a c t i o n s between the polymer-coated 
p a r t i c l e s a c r o s s the s o l v e n t medium. The f a c t t h a t the dispersions 
are s t a b l e under worse-than-θ c o n d i t i o n s would i m p l y t h a t l i t t l e -
or-no interpénétration of the polymer sheaths o c c u r s as d i s c u s s e d 
below. 

Dobbie e t a l . (13) showed t h a t s t a b i l i t y under worse-than-θ 
c o n d i t i o n s a l s o a r o s e i n the case of an aqueous l a t e x system i n 
which an amphipathic b l o c k copolymer was adsorbed onto the l a t e x 
p a r t i c l e s a t low coverage, such t h a t the s t a b i l i s i n g m o e i t i e s ( i n 
th i s case the polethylene oxide chains) were present i n a loop and t r a i n 
c o n f o r m a t i o n , r a t h e r than as extended t a i l s . Interpénétration of 
loops i s c l e a r l y more d i f f i c u l t than t a i l s . A s i m i l a r s i t u a t i o n 
c o u l d be expected i f the t a i l s were p r e s e n t a t a v e r y h i g h 
coverage; once a g a i n s i g n i f i c a n t interpénétration would be v e r y 
d i f f i c u l t . As d i s c u s s e d e a r l i e  i  t h i  i  doe  fro
the m i c r o a n a l y s i s r e s u l t
t h a t the PDMS t a i l s a r  p r e s e n y h i g  coverages
l i t t l e interpénétration o c c u r s then the number of p o t e n t i a l 
segment/segment c o n t a c t s from c h a i n s on the two p a r t i c l e s i s 
g r e a t l y d i m i n i s h e d , r e d u c i n g the c o n t r i b u t i o n from the m i x i n g term. 
Hence, one has to go to v e r y much worse-than-θ c o n d i t i o n s b e f o r e 
t h i s ( a t t r a c t i v e ) i n t e r a c t i o n ( i n c o m b i n a t i o n w i t h the van der 
Waals term) b u i l d s up to such a l e v e l t h a t the depth of the energy 
minimum becomes s i g n i f i c a n t f o r f l o c c u l a t i o n t o be observed. The 
exact c o n t r i b u t i o n from the van der Waals term i s , u n f o r t u n a t e l y , 
d i f f i c u l t to a s s e s s . 

The r e s u l t s w i t h the SiC^-g-PS d i s p e r s i o n s are even more 
complex and d i f f i c u l t to i n t e r p r e t . F o r example, a l l the 
d i s p e r s i o n s were s t a b l e i n t o l u e n e a t room temperature (good 
s o l v e n t ) , but whereas SI2/PS13b f l o c c u l a t e d i n cyclohexane 
(θ-temp = 34.5°C) d i s p e r s i o n S12/PS13a was s t a b l e a t room temper
a t u r e . As may be seen from t a b l e I I I the l a t t e r d i s p e r s i o n has a 
h i g h coverage of p o l y s t y r e n e c h a i n s . S i m i l a r f e a t u r e s were 
observed w i t h η-butyl formate (θ-temp. = -9°C) as the d i s p e r s i o n 
medium. I n t h i s case the h i g h e r coverage d i s p e r s i o n S12/PS13a 
showed no s i g n s of f l o c c u l a t i o n above -25°C (φ = 1.3 χ 10"" ). 
Thus s t a b i l i t y under worse-than-θ c o n d i t i o n s a g a i n r e s u l t s w i t h 
these v e r y h i g h coverage p a r t i c l e s . I t had been shown p r e v i o u s l y 
(14) t h a t S i 0 2 - g - P S d i s p e r s i o n s produced by the B r i d g e r method, 
f l o c c u l a t e d c l o s e to θ-conditions i n η-butyl formate. 

A somewhat d i f f e r e n t p i c t u r e emerged, however, when the S 1 O 2 " * 

g-PS d i s p e r s i o n s i n t o l u e n e were f l o c c u l a t e d by add i n g a non-
s o l v e n t (n-hexane) a t a f i x e d temperature (24 ±1°C). The r e s u l t s 
are summarized i n f i g . 4 , where the c r i t i c a l s o l v e n t c o m p o s i t i o n 
(volume f r a c t i o n ) i s p l o t t e d as a f u n c t i o n of p a r t i c l e volume 
f r a c t i o n . The θ-composition i s M).45 volume f r a c t i o n t o l u e n e , as 
i n t e r p o l a t e d from d a t a i n the l i t e r a t u r e ( 15). T h e r e f o r e , i n t h i s 
case the d i s p e r s i o n s produced by the new g r a f t i n g procedure (SI 2/ 
PS 13 s e r i e s ) f l o c c u l a t e d under b e t t e r than θ-conditions, the 
hig h e r - c o v e r a g e samples b e i n g seemingly l e s s s t a b l e than the 
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stabl

F i g u r e 4. C r i t i c a l f l o c c u l a t i o n s o l v e n t c o m p o s i t i o n : 
t o l u e n e + n-hexane (v = volume f r a c t i o n o f t o l u e n e ) , v e r s u s 
l o g ( p a r t i c l e volume f r a c t i o n , φ) f o r v a r i o u s SiC^-g-PS 
systems a t 24 ±1°C: V, S12/PS13c; O, S12/PS13a; 
A, S12/PS13b; Δ- S12/PS13b* (hydrophobed); φ, S14/PS13; 
x, SI1/PS19 ( B r i d g e r r o u t e ) . 
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lower-coverage ones. It i s also evident from f i g . 4 that the 
sample prepared by the Bridger route (S11/PS 19) requires much 
higher concentrations of non-solvent to induce flo c c u l a t i o n . 
However, a direct comparison i s complicated by the different 
p a r t i c l e size and polymer molecular weight involved i n this sample. 

It may be seen from fig.4 that post-hydrophobisation of the 
surfaces of the Si0 2~g-PS particles (compare S12/PS13b* with 
SI2/PS13b) makes l i t t l e or no difference to their c r i t i c a l 
f l occulation behaviour. This i s not unexpected, since the grafted 
PS t a i l s w i l l , e f f e c t i v e l y , mask any contribution from the surface 
groups. 

Although detailed interpretation of the results reported here 
is d i f f i c u l t , a number of conclusions emerge. F i r s t l y , for the 
dispersions produced by the new high-coverage grafting procedures 
described i n this paper
the c r i t i c a l conditions
s t a b i l i s i n g polymer moeities, as has been found by Napper (16) i n 
many of his studies on s t e r i c a l l y - s t a b i l i s e d dispersions. Secondly, 
there i s a d i s t i n c t difference i n the s t a b i l i t y behaviour of the 
dispersions to flo c c u l a t i o n induced by a change of temperature to 
that produced by added non-solvent. The strong particle-concen
tration dependence of the c r i t i c a l f l o c c u l a t i o n conditions (not 
found by Napper (16)), implies that flocculation occurs into a 
shallow interaction energy minimum. The balance between the 
various interactions involved (steric and van der Waals) i s a 
subtle one i n these systems, but i t would seem that the mixing 
contribution to the s t e r i c interaction i s s i g n i f i c a n t l y reduced at 
very high coverages by the grafted polymer chains. 
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The adsorption o
styrene and methyl methacrylate on to silica from 
their solutions in carbon tetrachloride/n-heptane, 
and the resulting dispersion stability, has been 
investigated. Theta-conditions for the homopoly
mers and analogous critical non-solvent volume 
fractions for random copolymers were determined by 
cloud-point titration. The adsorption of block 
copolymers varied steadily with the non-solvent 
content, whilst that of the random copolymers 
became progressively more dependent on solvent 
quality only as theta-conditions and phase separ
ation were approached. 

Colloid stability conferred by random copoly
mers decreased as solvent quality worsened and 
became increasingly solvent dependent around theta
-conditions. However, dispersions maintain some 
stability at the theta-point but destabilize close 
to the appropriate phase separation condition. 
With block polymers of more than 20% styrene decrease 
of solvent quality initially worsens dispersion 
stability, but thereafter the stability improves. This 
may be due to a better anchoring of block copolymers 
adsorbed from a micellar solution. 

The s t e r i c s t a b i l i z a t i o n o f d i s p e r s e d p a r t i c l e s by b o t h g r a f t e d 
c h a i n s and by p h y s i c a l l y adsorbed polymers has been much s t u d i e d 
i n r e c e n t y e a r s . I n the pr e s e n t paper we extend e a r l i e r work on 
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the a d s o r p t i o n and s t a b i l i z a t i o n b e h a v i o r of s t y r e n e / m e t h y l meth
a c r y l a t e copolymers (1 - 3 ) t o mixed s o l v e n t / n o n - s o l v e n t s o l u t i o n s . 

E x p e r i m e n t a l 

The p r e c i p i t a t e d s i l i c a ( J . C r o s f i e l d & Sons) was heated i n vacuo 
at 120° f o r 24h. b e f o r e use. Two grades of s u r f a c e areas 186 and 
227 m^ g ~ l (BET,N2), were used d u r i n g t h i s p r o j e c t . Random co 
polymers, p o l y ( m e t h y l m e t h a c r y l a t e s ) and p o l y s t y r e n e PS I were 
prepared by r a d i c a l p o l y m e r i z a t i o n ; b l o c k polymers and the o t h e r 
p o l y s t y r e n e s were made by a n i o n i c p o l y m e r i z a t i o n w i t h e i t h e r s o 
dium naphthalene o r sodium α m e t h y l s t y r e n e tetramer as i n i t i a t o r . 
The polymer c o m p o s i t i o n s and m o l e c u l a r w e i g h t s a r e g i v e n i n 
Table I . 

Carbon t e t r a c h l o r i d
(IP spec.) was r e d i s t i l l e d
b e i n g c o l l e c t e d . When mixed s o l v e n t s were used, the polymer was 
f i r s t d i s s o l v e d i n the c a l c u l a t e d volume of CCI4 and the r e q u i r e d 
amount of C7H15 then added. 

C l o u d - p o i n t t i t r a t i o n s were made v i s u a l l y under b l u e i l l u m i n 
a t i o n w i t h a b l a c k background. A s m a l l volume o f polymer s o l u t i o n 
i n CCI4 o f a c o n c e n t r a t i o n such as t o g i v e a f i n a l v a l u e between 
3 χ 10~2 a n ci 3 x io~4 g Cm~3 a t the c l o u d - p o i n t was taken and 
C7H16 added s l o w l y u n t i l the system j u s t became t u r b i d . Having 
noted the e n d - p o i n t , a f u r t h e r increment of CCI4 was added t o r e -
d i s s o l v e the polymer and n o n - s o l v e n t t i t r a t i o n r e p e a t e d . By 
s t a r t i n g w i t h s e v e r a l i n i t i a l polymer c o n c e n t r a t i o n s , a s e t , usu
a l l y of 10 t o 20 e n d - p o i n t s , o f n o n - s o l v e n t volume f r a c t i o n s ( v n s ) 
and c o r r e s p o n d i n g polymer c o n t e n t s was o b t a i n e d . 

As the c l o u d - p o i n t s became d i f f i c u l t t o observe a c c u r a t e l y a t 
h i g h d i l u t i o n s , the lowest p r a c t i c a l end-point c o n c e n t r a t i o n was 
about 3 χ 10~4 g cm~3. 

For a d s o r p t i o n measurements a known mass ( u s u a l l y 0.500g) of 
s i l i c a 186 was c o n t a c t e d w i t h 20 cm^ o f polymer s o l u t i o n and the 
system g e n t l y a g i t a t e d a t 25° f o r 20h., a f t e r which the superna
t a n t was s e p a r a t e d by c e n t r i f u g a t i o n and the s o l u t e c o n c e n t r a t i o n 
determined g r a v i m e t r i c a l l y . 

The r e l a t i v e a d s o r p t i o n s o f the two l i q u i d s (CCI4 and CyH-j^) 
was found by measuring r e f r a c t i v e i n d i c e s of the i n i t i a l and f i n a l 
m i x t u r e s a f t e r c o n t a c t w i t h t h e h i g h e r a r e a s i l i c a . They a r e 
found t o be almost i d e n t i c a l and apparent a d s o r p t i o n s (Table I I ) 
a r e low. 

The c o l l o i d a l s t a b i l i t y of s i l i c a Suspensions i n the p r e s e n t 
work was a s s e s s e d by sediment volumes and from the o p t i c a l coagu
l a t i o n r a t e c o n s t a n t . I n the f i r s t method, 50 mg o f s i l i c a was 
d i s p e r s e d i n 5 crn^ polymer s o l u t i o n ( c o n c e n t r a t i o n 10~2 g cm~3) i n 
a narrow tube and the sediment h e i g h t found a t e q u i l i b r i u m . Coag
u l a t i o n r a t e s of the same systems were found by p l o t t i n g r e c i p r o 
c a l o p t i c a l d e n s i t i e s (500nm, 1cm c e l l ) a g a i n s t t i m e . When un
s t a b l e d i s p e r s i o n s were h a n d l e d , the c o a g u l a t i o n was f o l l o w e d i n 
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Table I . C h a r a c t e r i z a t i o n o f Polymer Samples. 

1 CODE f 10 M 10 M η η η η s η ν s m r s rm 
PS I I I 1.00 174 1671 0 
PS I I 1.00 64 614 0 
PS I 1.00 10 96 0 

PMM I I 0.00 290 0 2897 
PMM I 0.00 8.7 0 87 

RC 08 0.08 148 118 1356 1.01 11.6 
RC 09 0.09 83
RC 51 0.51 43
RC 86 0.86 62 515 84 6.38 1.04 
RC 94 0.94 220 1990 127 16.00 1.02 

BC 10 0.10 88 88 788 
BC 19 0.19 190 358 1525 
BC 42 0.42 133 549 758 
BC 90 0.90 7.9 69 8 
BC 97 0.97 46 429 13 

f = mol f r a c t i o n s t y r e n e i n polymer 
n = average number s t y r e n e u n i t s 
η = average number m e t h a c r y l a t e u n i t s 
η = average r u n l e n g t h of s t y r e n e u n i t s 
n r m = a v e r a S e r u n l e n g t h o f m e t h a c r y l a t e u n i t s 

f o r homopolymers, n r g = n g and n r m = r ^ ; f o r b l o c k polymers, 
η = η and η = Q.5n_ r s s rm u * m 

Table I I . R e l a t i v e A d s o r p t i o n (mg/g) of S o l v e n t 
and Non-solvent. 

INITIAL (V ) ns FINAL 
0.00410 
0.01010 
0.02015 
0.04030 
0.04980 
0.99535 

(V ) ns 
0.00355 
0.00980 
0.02040 
0.04160 
0.04650 
0.99505 

ADSORPTION OF C ? H 1 6 

+3.9 
+1.7 
-4.4 
-7.9 
+1.3 
+2.0 
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the spectrophotometer by co n t i n u o u s r e c o r d i n g o f the o p t i c a l den
s i t y on a S e r v o s c r i b e r e c o r d e r . The r e p r o d u c i b i l i t y o f the coag
u l a t i o n r a t e measurements was not good, which was a t t r i b u t e d t o a 
tendency f o r s i l i c a p a r t i c l e s t o adhere t o the w a l l s o f the mea
s u r i n g c e l l . 

Attempts t o measure a c r i t i c a l f l o c c u l a t i o n volume of non-
s o l v e n t by t i t r a t i o n w i t h n o n - s o l v e n t as used by Napper (4) were 
not s u c c e s s f u l . A sharp t r a n s i t i o n between a r e l a t i v e l y s t a b l e 
d i s p e r s i o n and a sudden l o s s o f a l l c o l l o i d a l s t a b i l i t y was never 
observed and no unambiguous e n d - p o i n t s c o u l d be d e t e c t e d . 

R e s u l t s 

The t h e t a (Θ) c o n d i t i o n s f o r the homopolymers and the random c o 
polymers were determine
25°. The c l o u d - p o i n t t i t r a t i o
by Cornet and van B a l l e g o o i j e n (6) was employed. The volume f r a c 
t i o n of n o n - s o l v e n t a t the c l o u d - p o i n t was p l o t t e d a g a i n s t the 
polymer c o n c e n t r a t i o n on a s e m i l o g a r i t h m i c b a s i s and e x t r a p o l a t i o n 
to C£ = 1 made by l e a s t squares a n a l y s i s of the s t r a i g h t l i n e 
p l o t . Use of c o n c e n t r a t i o n r a t h e r than polymer volume f r a c t i o n , 
as i s r e q u i r e d t h e o r e t i c a l l y (6_,7_), produces l i t t l e e r r o r of the 
e x t r a p o l a t e d v a l u e s i n c e the polymers have d e n s i t i e s c l o s e t o 
u n i t y . 

The v a l u e s o f ( v - n s ) c r i t ^ o r t n e homopolymers and random c o 
polymers a r e regarded as θ-conditions, a l t h o u g h c a u t i o n has to be 
e x e r c i s e d ( 8 ) as the system i s a t e r n a r y one of p o l y m e r / s o l v e n t / 
n o n - s o l v e n t . Our r e s u l t s show the c r i t i c a l n o n - s o l v e n t volume 
f r a c t i o n t o i n c r e a s e n o n - l i n e a r l y w i t h the p r o p o r t i o n o f s t y r e n e 
i n the random copolymer ( F i g u r e 1 ) . The θ-conditions f o r the r a n 
dom copolymers a r e a t s l i g h t l y worse s o l v e n t q u a l i t y t o t h a t ex
pected from the s i m p l e c o m p o s i t i o n a l average of the parent homo
polymers. S i m i l a r o b s e r v a t i o n s have been made i n o t h e r systems 
(9-11). A l t h o u g h t he h i g h e r M.W. samples have s i m i l a r s l o p e s t o 
t h e i r c l o u d - p o i n t / c o n c e n t r a t i o n c u r v e s , the lower polymers show 
s t e e p e r g r a d i e n t s . A c c o r d i n g t o Napper ( 7 ) , the te c h n i q u e i s most 
s u i t a b l e i n the M.W. range 1 0 5 t o 10'. The d i s c r e p a n c y i n the 
( v n s ) c r i t f o r the two p o l y s t y r e n e s may be t r a c e d t o t h e i r molecu
l a r w e i g h t s ; t he p r e f e r r e d θ-value i s taken t o be t h a t o f the h i g h 
M.W. sample. V a l u e s o f ( v n s ) c r i t a r e c o l l e c t e d i n Tab l e I I I . 
A l t h o u g h the n e g a t i v e v a l u e f o r p o l y ( m e t h y l m e t h a c r y l a t e ) cannot 
be r e a l i s e d i n p r a c t i c e , the v a l u e i s t o be expected from a p o l y 
mer d i s s o l v e d i n a s o l v e n t below the θ-temperature. T h i s i s r e 
p o r t e d t o be 27° (12) i n C C I 4 , w h i l s t the c l o u d - p o i n t t i t r a t i o n s 
were made a t 25°. 

C l o u d - p o i n t measurements were a l s o made w i t h the b l o c k p o l y 
mers even though the t h e t a concept has l i t t l e meaning i n t h i s 
c ase. With the b l o c k copolymers the c l o u d - p o i n t i s l e s s e a s i l y 
seen as the change i s t o a low t u r b i d i t y o n l y . U n l i k e the random 
copolymers and the homopolymers, where gross phase s e p a r a t i o n 
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occurred immediately beyond the end-point, the block polymers show
ed a wide range of solvent/non-solvent compositions after the 
'end-point 1 i n which the l i q u i d was cloudy but c o l l o i d a l l y s t a 
ble. This observation i s interpreted as a micro-phase separation 
to form micelles, a general feature with block copolymers i n se
l e c t i v e solvents; the 'insoluble' blocks are protected from macro
scopic precipitation by the se l e c t i v e l y solvated 'soluble' se
quences (13-15). In most cases, only when the non-solvent con
tent was close to that c r i t i c a l for polystyrene did block copoly
mers show macro-phase separation. Table III thus includes cloud-
point data at f i n i t e concentrations as well as (v ) 
r v ne r r i t 

Table III  Cloud-point Titrations 

code (V ) ns c r i t ( Ο
ns 

ns 
PS III 0.442 0.482 ) 
PS I 0.415 0.517 j 
PMM II -0.016 0.0182 ) unstable beyond 
PMM I -0.014 0.128 > 

cloud-point 

RC 08 0.036 0.065 ) 
RC 51 0.242 0.272 ) 
RC 86 0.435 0.470 ) 
RC 94 0.444 0.477 > 

BC 10 0.006 0.049 > 0.059 
BC 19 -0.009 0.053 > 0.392 
BC 42 -0.014 0.071 > 0.400 
BC 90 0.011 0.158 > 0.196 
BC 97 -0.160 0.2 —0.3 > 0.449 

lat 10" 2 -3 
g cm 'not completely soluble 

end-point d i f f i c u l t to detect 

Previous studies of styrene/methyl methacrylate copolymers and ho
mopolymers had shown that adsorption equilibrium i s normally at
tained i n an hour or two at 25° (1,3) except i n the case of graft 
copolymers (3). In the present instance, block copolymer BC 42 
adsorbed from CCI4 reaches equilibrium i n 2h.; however, when the 
same polymer i s adsorbed from a mixed CCI4/C7H15 solvent (v n s) = 
0.40, where the solution i s micellar, the process i s slower, r e 
quiring some 20h. for completion. Adsorption isotherms were of 
the high a f f i n i t y type and an example i s shown as Figure 2. The 
concentration for micelle formation i s marked on the curve and no 
discontinuity i n this region of the isotherm i s seen. 

In general, the r e l a t i o n between polymer adsorption at the 
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-3 
Equilibrium concentration (g dl ) 

F i g u r e 2. A d s o r p t i o n i s o t h e r m of BC 42 i n C C l ^ C ^ H ^ a t 
(v ) = 0.08. Arrow marks m i c e l l e f o r m a t i o n . 
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i s o t h e r m p l a t e a u and polymer c o m p o s i t i o n i s as we have found i n 
the past (1,2,16). P o l y ( m e t h y l m e t h a c r y l a t e ) i s b e t t e r adsorbed 
than p o l y s t y r e n e , and the copolymers, whether random or b l o c k , a r e 
adsorbed a t l e a s t as w e l l as t h e b e t t e r adsorbed homopolymer. The 
r e s u l t s from CCI4 s o l u t i o n are g i v e n as Table IV; some of the v a r 
i a b i l i t y , as w i t h BC 90, may be a t t r i b u t e d t o m o l e c u l a r s i z e e f 
f e c t s . 

T a ble IV. P l a t e a u A d s o r p t i o n (mg g ~ l ) on S i l i c a 1 from CCI 

code a d s o r p t i o n code a d s o r p t i o n code a d s o r p t i o n 

PS I I I 41 RC 08 72 BC 10 62 
PS I I 35 
PS I 34 

RC 86 71 BC 90 55 
PMM I 60 RC 94 72 BC 97 93 

"^"surface a r e a 186 m
2

g - i 

The a d s o r p t i o n b e h a v i o r from s o l v e n t / n o n - s o l v e n t m i x t u r e s i s 
summarized i n F i g u r e s 3 and 4. M e t h y l m e t h a c r y l a t e homopolymer 
and the random copolymer o f low s t y r e n e content have l i m i t e d s o l u 
b i l i t y ranges ; here the a d s o r p t i o n s t e a d i l y i n c r e a s e s through the 
θ-condition as phase s e p a r a t i o n i s approached. P o l y s t y r e n e , on 
the o t h e r hand, m a i n t a i n s a f a i r l y c o n s t a n t l e v e l of a d s o r p t i o n 
u n t i l the s o l v e n c y o f the medium i s s u b s t a n t i a l l y worsened, when 
the amount adsorbed i n c r e a s e s a t an i n c r e a s i n g r a t e through the 
θ-point and becomes v e r y h i g h c l o s e t o the l i m i t of measurement 
near phase s e p a r a t i o n . The h i g h s t y r e n e random copolymers have 
the same shaped curve as p o l y s t y r e n e ; o n l y RC 86 i s drawn i n F i g 
ure 3 as the d a t a p o i n t s f o r RC 94 are n e a r l y the same. The r a n 
dom copolymer of i n t e r m e d i a t e c o m p o s i t i o n shows a d s o r p t i o n behav
i o r midway between the extremes. The b l o c k copolymers have a 
s t e a d i l y i n c r e a s i n g a d s o r p t i o n as n o n - s o l v e n t i s added t o the s y s 
tem a t a l l polymer c o m p o s i t i o n s and w i t h no apparent d i s c o n t i n u i t y 
i n the m i c e l l a r r e g i o n . Polymer BC 90 i s an e x c e p t i o n ; i t s ad
s o r p t i o n i s low and remains unchanged as the s o l v e n c y i s worsened. 
However, t h i s sample i s a low M.W. polymer, and i s e s s e n t i a l l y a 
p o l y s t y r e n e c h a i n end-capped w i t h f o u r methyl m e t h a c r y l a t e u n i t s . 
A l t h o u g h i t shows a p o o r l y d e f i n e d m i c e l l a r b e h a v i o r , i t may be 
expected t o adsorb i n a s i m i l a r manner t o p o l y s t y r e n e . 

The sediment volume of s i l i c a i n CCI4 s o l u t i o n s of p o l y 
(methyl m e t h a c r y l a t e ) was a p p r o x i m a t e l y 9 c c ^ g - 1 but v a r i a b l e 
r e s u l t s were found i n s o l u t i o n s of p o l y s t y r e n e , depending on the 
m o l e c u l a r wt. of the polymer. Lower M.W. samples a r e poor s t a b i l 
i z e r s and the d i s p e r s i o n s a r e so u n s t a b l e t h a t o p t i c a l c o a g u l a t i o n 
r a t e s c o u l d not be measured w i t h c o n f i d e n c e . F i g u r e 5 shows the 
g e n e r a l t r e n d i n C C I 4 . A l l polymers, whatever t h e i r c o m p o s i t i o n , 
a r e s u p e r i o r t o the pure s o l v e n t . 
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0.1 0.2 0.3 0.4 0.5 
- J I i 1 1 — 

F i g u r e 3. P l a t e a u a d s o r p t i o n from s o l v e n t / n o n - s o l v e n t 
m i x t u r e s , curve 1, PMM I ; 2, RC 08; 3» RC 51; 4, RC 86; 
5, PS I I I . θ marks the t h e t a - p o i n t . V e r t i c a l l i n e s a r e 
(v ) f o r phase s e p a r a t i o n at c = 10 -2 g cm~3. 
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F i g u r e 4. P l a t e a u a d s o r p t i o n from s o l v e n t / n o n - s o l v e n t 
m i x t u r e s , curve 1» BC 10; 2, BC 19; 3, BC 42; 4, BC 90; 
5, BC 97. μ marks m i c e l l e f o r m a t i o n a t c = 10 _2 g cm~3. 
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F i g u r e 5. Sediment volume of s i l i c a 186 i n CCI4 s o l u t i o n s 
o f polymers o f v a r i o u s s t y r e n e c o n t e n t s . Squares, b l o c k 
polymers; c i r c l e s , random copolymers or homopolymers. 
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In the absence of polymer the sediment volume of s i l i c a de
pends on the non-solvent fraction of the medium as shown in Figure 
6. The sediment volume assessment of s t e r i c s t a b i l i z a t i o n behav
ior of the copolymers i s i l l u s t r a t e d i n Figures 7a to 7c. At low 
styrene contents, both the random and block copolymers show a 
steady increase i n sediment volume as the non-solvent content i s 
raised up to the phase separation value. With polystyrene and 
random copolymers of high styrene content, the sediment volume 
stays largely constant with alteration in the non-solvent fraction 
u n t i l the theta-point i s approached and then continues to become 
larger as the l i m i t of s o l u b i l i t y i s reached. In Figure 7b only 
the data points of RC 86 are shown, RC 94 giving almost i d e n t i c a l 
values. 

Block copolymers at high styrene contents behave s i m i l a r l y , 
with no break around th
polymers are shown separatel
moves from an apparently adequate s t a b i l i z a t i o n i n CCI4 to a new 
l e v e l of modest protection at higher CyH-̂ ^ volume fractions. The 
block polymer of 42% styrene gives a hint of a discontinuity at 
the non-solvent content for micelle formation, but thereafter 
s t a b i l i z e s the s i l i c a u n t i l the conditions approach those for 
phase separation. 

As judged by the o p t i c a l coagulation rate, the compositional 
dependence of s i l i c a s t a b i l i z a t i o n i n CCI4 (Figure 8) i s much the 
same as i s shown by sediment volumes. Changing the non-solvent 
fraction i n polymer solutions may produce very large changes i n 
the coagulation of the s i l i c a dispersions, and Figure 9 shows an 
example of t h i s . Poly(methyl methacrylate) and the low styrene 
random copolymer rapidly become poor s t a b i l i z e r s as the heptane 
content i s increased towards the phase separation value as seen i n 
Figure 10. This figure also shows that polystyrene and the high 
styrene copolymers gradually worsen as s t a b i l i z e r s through the 
theta-point and become poor close to the solvent composition for 
polymer pr e c i p i t a t i o n . Again, as with the sediment volume meas
urements, RC 51 occupies an intermediate position. 

The block polymer of 10% styrene content behaves l i k e the 
corresponding random copolymer as the non-solvent i s added. How
ever, the other block polymers exhibit a more complex pattern. 
Thus, Figure 11a shows that both the 19% and the 97% polymers give 
worse s t a b i l i z a t i o n up to the micellar region but then improve. 
Polymer BC 42 was studied i n more d e t a i l around the micellar 
region and Figure l i b suggests that a break i n coagulation rates 
occurs. 

Discussion 

Colloid s t a b i l i t y assessments of s i l i c a dispersions i n CCI4 by 
sediment volume and coagulation rate are i n general concordance 
and confirm the pattern previously reported by Barron and Howard 
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F i g u r e 6. Sediment volume of s i l i c a 227 i n p o l y m e r - f r e e 
CCl^/CyH-L^ m i x t u r e s . 
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Figure 7. Sediment volumes of s i l i c a 186 in solutions of 
polymers at various non-solvent contents. Plateau adsorption, 
(a) curve 1, RC 08; 2, RC 86; 3, PS III. (b) curve 1, BC 10; 
2, BC 19; 3, BC 97. (c) curve 1, BC 90; 2, BC 42. Sediment 
volume in pure CCI, i s 28.5 cm3/g and at (> n s) = 0.5 i s approx. 
18 cm3/g. 4 
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F i g u r e 8. log(coagulâtion r a t e / m i n ~ l ) Q f s i l i c a 186 i n 
C C I 4 s o l u t i o n s of polymers w i t h v a r i o u s s t y r e n e c o n t e n t s . 
Squares, b l o c k polymers; c i r c l e s , random copolymers or 
homopolymers. 
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F i g u r e 9. R e c i p r o c a l o p t i c a l d e n s i t y as f u n c t i o n of time 
f o r s i l i c a 186 d i s p e r s i o n s i n s o l u t i o n s of RC 86. curve 1» 
( v n s ) = 0.00, k = 1.05 χ 10-3; 2, ( v n s ) = 0.20, k = 1.07 χ 
ΙΟ- 2; 2, (ν ) = 0.45, k = 1.29. ns ' 
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F i g u r e 10. l o g ( c o a g u l a t i o n rate/min"" 1) o f s i l i c a 186 i n 
s o l u t i o n s o f polymers a t v a r i o u s n o n - s o l v e n t c o n t e n t s . 
P l a t e a u a d s o r p t i o n , curve 1, PMM I ; 2» RC 08; 3, RC 51; 
4, RC 94; 5, PS I I I . 
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F i g u r e 11. l o g ( c o a g u l a t i o n rate/min"* 1) of s i l i c a 186 i n 
s o l u t i o n s of polymers a t v a r i o u s n o n - s o l v e n t c o n t e n t s . 
(a) curve 1, BC 10; 2, BC 19; 3, BC 97. 
(b) BC 42. 
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( 3 ) . P o l y ( m e t h y l m e t h a c r y l a t e ) p r o v i d e s a l e v e l of s t a b i l i z a t i o n 
even though the s o l u t i o n i n C C I 4 i s below the θ-temperature. A l l 
the copolymers, b o t h random and b l o c k , a r e b e t t e r s t a b i l i z e r s than 
PMM, the m e t h a c r y l a t e u n i t s a c t i n g as anch o r s , w i t h s t a b i l i z i n g 
sequences o f s t y r e n e l o o p s , of b l o c k copolymers, o r mixed l o o p s 
and t a i l s , o f random copolymers, a t b e t t e r than θ-conditions. 
Higher M.W. p o l y s t y r e n e s g i v e s i l i c a d i s p e r s i o n s too u n s t a b l e t o 
measure by our o p t i c a l method: the sediment volumes a r e between 
those of p o l y ( m e t h y l m e t h a c r y l a t e ) s o l u t i o n s and pure s o l v e n t . 
When s o l u t i o n s of random copolymers i n s o l v e n t / n o n - s o l v e n t mix
t u r e s were used, the s i l i c a sediment volumes a r e found t o remain 
a t the l e v e l found f o r C C I 4 s o l u t i o n s u n t i l the s o l v e n t composi
t i o n gets c l o s e t o the θ-point. However, the sediment volume i n 
the p o l y m e r - f r e e s o l v e n t / n o n - s o l v e n t m i x t u r e s decreases w i t h ( v n g ) 
so t h a t a p r o g r e s s i v e l e s s e n i n
confirmed by the o p t i c a
b i l i z i n g p o l y s t y r e n e a l s o shows the same p a t t e r n . The s i l i c a d i s 
p e r s i o n s remain s t a b l e beyond the ( v n s ) c r j _ t v a l u e , i d e n t i f i e d here 
as the θ-condition, and l o s e t h e i r s t a b i l i t y c o m p l e t e l y o n l y a t 
the phase s e p a r a t i o n c o n d i t i o n a p p r o p r i a t e f o r the c o n c e n t r a t i o n 
of polymer i n the system. Thus the s t e r i c s t a b i l i z a t i o n p r o g r e s 
s i v e l y decreases through the θ-region even though the amount of 
polymer adsorbed i n c r e a s e s markedly. The b l o c k polymer of low 
s t y r e n e content i s q u i t e s i m i l a r t o the c o r r e s p o n d i n g random c o 
polymer but the o t h e r b l o c k polymers, a l t h o u g h g e n e r a l l y s i m i l a r 
t o the random copolymers i n sediment volume b e h a v i o r , show some 
i n t e r e s t i n g d i f f e r e n c e s i n t h e i r d e s t a b i l i z a t i o n r a t e c o n s t a n t s . 
I n the m i c e l l a r r e g i o n the t r e n d t o d e c r e a s i n g c o l l o i d s t a b i l i t y 
i s a r r e s t e d and a p a r t i a l improvement, i n l i n e w i t h the enhanced 
l e v e l of polymer a d s o r p t i o n , i s noted u n t i l the c o n d i t i o n s f o r 
g r o s s phase s e p a r a t i o n are reached. Only the i n t e r m e d i a t e b l o c k 
copolymer BC 42 shows i n d i c a t i o n s o f d i s c o n t i n u i t i e s i n b e h a v i o r 
a t the s o l v e n t c o m p o s i t i o n f o r m i c e l l e f o r m a t i o n . The r e s u l t s 
p r e s e n t e d here do not show the sharp t r a n s i t i o n from s t a b i l i t y t o 
i n s t a b i l i t y found e x p e r i m e n t a l l y (4,8,17) by Napper and g e n e r a l l y 
expected on t h e o r e t i c a l grounds. However, t h e r e a r e important 
d i f f e r e n c e s i n e x p e r i m e n t a l methodology t h a t must be emphasised. 
I n common w i t h some o t h e r a u t h o r s (18-20), Napper removed excess 
s t a b i l i z e r from the d i s p e r s i o n medium so as t o g i v e the d i s p e r s e d 
p a r t i c l e s f u l l s u r f a c e coverage, l e a v i n g n e g l i g i b l e amounts o f 
f r e e polymer i n s o l u t i o n . As the s o l v e n c y was worsened, no more 
polymer c o u l d be adsorbed, so t h a t c r i t i c a l f l o c c u l a t i o n c o n d i 
t i o n s do not n e c e s s a r i l y correspond t o s u r f a c e s a t u r a t i o n . I n 
the p r e s e n t work, which may r e f e r more c l o s e l y w i t h some p r a c t i c a l 
a p p l i c a t i o n s , the s t a b i l i z e r i s kept a t the p l a t e a u a d s o r p t i o n 
l e v e l but a t the expense of c o m p l i c a t i n g the system by the p r e 
sence of f r e e polymer. C l a r k e and V i n c e n t (21) have r e p o r t e d on 
the e f f e c t of f r e e p o l y s t y r e n e on the s t a b i l i t y o f s i l i c a w i t h 
t e r m i n a l l y - a t t a c h e d s y t r e n e c h a i n s , but the v e r y c o n s i d e r a b l e d i f 
f e r e n c e s t o our s t u d i e s make an assessment o f the p o s s i b l e r o l e 
p l a y e d by unadsorbed polymer u n p r o d u c t i v e . 
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20 
Stability of Sterically Stabilized Nonaqueous 
Dispersions at Elevated Temperatures and Pressures 

M. D. CROUCHER and K. P. LOK 

Xerox Research Centre of Canada, 2480 Dunwin Drive, Mississauga, Ontario 
L5L 1J9, Canada 

The effect of an applied pressure on the UCFT has been 
investigated for polyme
stabilized by polyisobutylen  disperse
methyl-butane. It was observed that the UCFT was 
shifted to a higher temperature as the hydrostatic 
pressure applied to the system increased. There 
was also a qualitative correlation between the UCFT 
as a function of applied pressure and the θ conditions 
of PIB + 2-methylbutane in (P,T) space. These results 
can be rationalized by considering the effect of pres
sure on the free volume dissimilarity contribution to 
the free energy of close approach of interacting part
icles. Application of corresponding states concepts 
to the theory of steric stabilization enables a 
qualitative prediction of the observed stability 
behaviour as a function of temperature and pressure. 

During the past decade, considerable e f f o r t has been expended 
in establishing the l i m i t s of c o l l o i d a l s t a b i l i t y of s t e r i c a l l y 
s t a b i l i z e d dispersions. The s t a b i l i t y has been monitored by 
changing the solvent quality of the dispersion medium r e l a t i v e 
to that of the s t a b i l i z i n g polymer. This change can be brought 
about by the addition of non-solvent for the s t e r i c s t a b i l i z e r 
or by changing the temperature of the system. The incipient 
i n s t a b i l i t y caused by these changes i s a reversible phenomenon 
and spontaneous redispersion occurs i f the solvency of the d i s 
perse medium i s improved with respect to that of the s t a b i l i z i n g 
macromolecular moiety. 

It i s now well established that the c r i t i c a l f l o c c u l a t i o n 
conditions for dispersions with a low p a r t i c l e concentration 
can be correlated with the θ conditions of the s t e r i c s t a b i 
l i z i n g moiety i n free solution ( 1 ) . This correlation i s only 
found i n systems where desorption of the s t a b i l i z e r does not 
occur and where the thickness of the s t e r i c b a r r i e r i s s u f f i 
cient to completely screen the attractive van der Waals 
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i n t e r a c t i o n s between the p a r t i c l e s . A l t h o u g h the s t a b i l i t y 
c r i t e r i a f o r s t e r i c a l l y s t a b i l i z e d p a r t i c l e s i n b o t h aqueous 
and nonaqueous media are the same, t h e i r phase behaviour show 
impor t a n t d i f f e r e n c e s . For i n s t a n c e , i t has been shown (2) 
t h a t , i n p r i n c i p l e , a l l s t e r i c a l l y s t a b i l i z e d nonaqueous d i s 
p e r s i o n s e x h i b i t two f l o c c u l a t i o n temperatures which are known 
as the upper c r i t i c a l f l o c c u l a t i o n temperature (UCFT) and the 
lower c r i t i c a l f l o c c u l a t i o n temperature (LCFT). There i s a 
q u a l i t a t i v e c o r r e l a t i o n between the UCFT and the θ temperature 
a s s o c i a t e d w i t h the lower c r i t i c a l s o l u t i o n temperature (θχ,) 
w h i l e the LCFT c o r r e l a t e s w i t h the θ temperature a s s o c i a t e d w i t h 
the upper c r i t i c a l s o l u t i o n temperature (Θu). I n n o n - p o l a r polymer 
s o l u t i o n s , i t i s found t h a t θγ, > θ uwhile f o r most aqueous s o l u 
t i o n s 6 U >θ^. The mechanisms of phase s e p a r a t i o n i n aqueous 
systems are q u i t e d i f f e r e n
nonaqueous polymer s o l t u i o n s
o r i g i n of f l o c c u l a t i o n i n aqueous and nonaqueous s t e r i c a l l y 
s t a b i l i z e d d i s p e r s i o n s . 

The analogous phase b e h a v i o u r between non-polar polymer 
s o l u t i o n s and nonaqueous polymer d i s p e r s i o n s has a l l o w e d the 
i n c i p i e n t f l o c c u l a t i o n b e h a v i o u r of s t e r i c a l l y s t a b i l i z e d d i s 
p e r s i o n s t o be r a t i o n a l i z e d u s i n g the concepts i n h e r e n t i n 
modern polymer s o l u t i o n thermodynamics (3). T h i s a n a l y s i s i n 
d i c a t e s t h a t i t i s the c o m b i n a t i o n a l e ntropy of the s t e r i c 
s t a b i l i z e r i n the d i s p e r s i o n medium t h a t s t a b i l i z e s the p a r 
t i c l e s a g a i n s t f l o c c u l a t i o n w h i l e the c o n t a c t energy and f r e e 
volume d i s s i m i l i a r i t y between the s t e r i c s t a b i l i z e r and the d i s 
p e r s i o n medium promote f l o c c u l a t i o n of the d i s p e r s i o n . I n p r i n 
c i p l e , f l o c c u l a t i o n a t the LCFT i s caused by the c o n t a c t energy 
d i s s i m i l a r i t y term w h i l e f l o c c u l a t i o n at the UCFT i s caused by 
the f r e e volume d i s s i m i l a r i t y c o n t r i b u t i o n t o the f r e e energy 
of the i n t e r a c t i n g p a r t i c l e s . 

B e s i d e s temperature and a d d i t i o n of n o n - s o l v e n t , p r e s s u r e 
can a l s o be expected t o a f f e c t the s o l v e n c y of the d i s p e r s i o n 
medium f o r the s o l v a t e d s t e r i c s t a b i l i z e r . A p r e v i o u s a n a l y s i s 
(3) of the e f f e c t of an a p p l i e d p r e s s u r e i n d i c a t e d t h a t the UCFT 
should i n c r e a s e as the a p p l i e d p r e s s u r e i n c r e a s e s , w h i l e the 
LCFT s h o u l d be r e l a t i v e l y i n s e n s i t i v e t o a p p l i e d p r e s s u r e . The 
purpose of t h i s communication i s to examine the UCFT of a non
aqueous d i s p e r s i o n as a f u n c t i o n of a p p l i e d p r e s s u r e . F o r d i s 
p e r s i o n s of polymer p a r t i c l e s s t a b i l i z e d by p o l y i s o b u t y l e n e (PIB) 
and d i s p e r s e d i n 2-methylbutane, i t was observed t h a t the UCFT 
moves to h i g h e r temperatures w i t h i n c r e a s i n g a p p l i e d p r e s s u r e . 
These r e s u l t s can q u a l i t a t i v e l y be r a t i o n a l i z e d by c o n s i d e r i n g 
the e f f e c t of p r e s s u r e on the f r e e volume d i s s i m i l a r i t y c o n t r i 
b u t i o n t o the f r e e energy of c l o s e approach of the i n t e r a c t i n g 
p a r t i c l e s . 
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EXPERIMENTAL SECTION 

Materials. The solvent 2-methylbutane (Wiley Organies) was 
greater than 99% pure and was used as received. The Isopar G 
(Exxon) i s a pure high b o i l i n g mixture of a l i p h a t i c hydrocarbons 
and was used without further p u r i f i c a t i o n . The monomers, methyl 
methacrylate (Matheson, Coleman and Bell) and v i n y l acetate 
(Matheson, Coleman and Bell) were d i s t i l l e d to remove in h i b i t o r 
and kept over 4 A molecular sieves before being used. Two 
samples of PIB (Polysciences) were used as the s t e r i c s t a b i l i z e r s . 
The high molecular weight sample was found to have ^ - 2 χ 10 
while the lower molecular sample had M ^ 4 χ 10^. These values 
were obtained from GPC curves which had been calibrated using 
polystyrene standards and are therefore only r e l a t i v e values. 

Dispersion Polymerization
F i r s t l y , the amphipathic s t a b i l i z e r s poly(isobutylene-g-methyl 
methacrylate) and poly(isobutylene-g-vinyl acetate) were pre
pared by dissolving PIB (10 g) i n Isopar G (200mL) and adding 
either v i n y l acetate or methyl methacrylate (2 g) and benzoyl 
peroxide to this solution at 353 K. The polymerization was 
allowed to proceed overnight under constant s t i r r i n g after which 
a clear solution was obtained. To these respective graft copoly
mer solutions at 353 Κ were added further v i n y l acetate or methyl 
methacrylate (40 g) and benzoyl peroxide (0.7 g). The mixture 
became opalescent within 45 minutes and the reaction allowed to 
proceed for a further 12 hours, after which the p a r t i c l e s were 
centrifuged, excess solvent decanted off and the pa r t i c l e s 
redispersed i n fresh 2-methylbutane. This cleaning procedure 
was carried out u n t i l no more free polymer was precipitated by 
the addition of a ηon-solvent to the decanted disperse medium. 

The poly(vinyl acetate) p a r t i c l e s s t a b i l i z e d by PIB were 
found, using a Coulter Nanosizer, to have a diameter of ~0.3ym 
while the poly(methyl methacrylate) pa r t i c l e s were ~0.4um 
diameter. 

Flocculation Measurements. These high pressure f l o c c u l a t i o n 
measurements were carried out using equipment that was o r i g i n a l 
l y desiged by Bardin (4) and Zeman (5). The high pressure 
equipment used i s shown schematically i n Figure 1(a). A l l f i t 
tings , valves and tubing (High Pressure Equipment and Autoclave 
Engineers Company) were made of stainless s t e e l . The pressure 
i s applied with a manual pump (Model 37-6-30) through high pres
sure tubes with an inside diameter of 0.083 inches. The pres
sure transmitting f l u i d used was Dow Corning 200 siloxane f l u i d . 
A set of high pressure valves enables the introduction of pres
sure f l u i d from the reservoir without interfering with the pres
sure maintained inside the pressure vessel or the gauge. The 
pressure was measured using a 0-3000 bar factory calibrated 
Heise s o l i d front gauge. 
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The f l o c c u l a t i o n measurements were c a r r i e d out i n a s t a i n l e s s 
s t e e l o p t i c a l c e l l which had g l a s s windows (0.5 i n c h e s diameter) 
s e a l e d w i t h T e f l o n 0 - r i n g s . A schematic diagram of the c e l l i s 
shown i n F i g u r e 1 ( b ) . The t o t a l volume of the c e l l i s 4.5mL and 
the d i s p e r s i o n c o u l d be kept a g i t a t e d w i t h a s m a l l magnetic 
s t i r r e r . The p r e s s u r e g e n e r a t o r was connected t o the p r e s s u r e 
c e l l v i a a mercury f i l l e d s t e e l U-tube. The c e l l was heated 
u s i n g a h e a t i n g tape and c o n t r o l l e d u s i n g a V a r i a c . The volume 
of m e t a l i n the c e l l r e l a t i v e t o t h a t of the s o l u t i o n was such 
t h a t u n i f o r m temperatures were a t t a i n e d i n the c e l l and a con
s t a n t temperature b a t h was unnecessary. A chrome1-alumel thermo
couple i n d i r e c t c o n t a c t w i t h the d i s p e r s i o n was used t o measure 
the temperature. 

A l l the measurements r e p o r t e d i n t h i s paper were c a r r i e d out 
a t a p a r t i c l e c o n c e n t r a t i o
t i o n was i n v e s t i g a t e d s i n c
t h a t t h e r e i s l i t t l e v a r i a t i o n i n the UCFT as a f u n c t i o n of 
p a r t i c l e c o n c e n t r a t i o n i n the d i l u t e c o n c e n t r a t i o n regime. The 
d i s p e r s i o n b e i n g i n v e s t i g a t e d was added t o the p r e s s u r e bomb 
which was s e a l e d and -200 b a r s p r e s s u r e a p p l i e d t o the system. 
The l a t e x was then e q u i l i b r a t e d a t a s p e c i f i c temperature w h i l e 
b e i n g c o n t i n u o u s l y a g i t a t e d . The p r e s s u r e was then s l o w l y r e 
l e a s e d u n t i l f l o c c u l a t i o n of the l a t e x was observed a t which 
p o i n t the l i g h t i l l u m i n a t i n g the o p p o s i t e s i d e of the c e l l was 
c l e a r l y v i s i b l e . I n the same i n s t a n c e a p p l i c a t i o n of p r e s s u r e 
and a g i t a t i o n of the d i s p e r s i o n u s u a l l y caused the f l o c c u l a t e d 
l a t e x t o r e d i s p e r s e . The f l o c c u l a t i o n p r e s s u r e s r e p o r t e d are 
f o r r e a d i l y apparent f l o c c u l a t i o n as observed through a t r a v e l 
i n g m icroscope and may not r e p r e s e n t the onset of f l o c c u l a t i o n . 
S i n c e the p r e s s u r e gauge was c a l i b r a t e d i n 2 b a r graduated s t e p s 
and f l o c c u l a t i o n appeared t o t a k e p l a c e over a range of p r e s s u r e s 
the UCFP v a l u e s r e p o r t e d are p r o b a b l y o n l y a c c u r a t e to 5+ b a r s . 
Phase e q u i l i b r i a measurements on PIB i n 2-methylbutane were a l s o 
c a r r i e d out i n the same c e l l , the s o l u t i o n c o n t a i n i n g -4% by 
weight PIB. 

RESULTS AND DISCUSSION 

Ge n e r a l Comments. The (Ρ, T) c l o u d curve f o r the PIB of ^ - 2 x l O 5 

d i s s o l v e d i n 2-methylbutane a g r e e d , w i t h i n e x p e r i m e n t a l e r r o r , 
w i t h o t h e r v a l u e s r e p o r t e d i n the l i t e r a t u r e (6,7). The s l o p e 
of the curve d i f f e r e d from o t h e r r e s u l t s but t h i s c o u l d have 
been caused by the m o l e c u l a r weight d i s t r i b u t i o n e x h i b i t e d by 
the sample used i n t h i s s t u d y . The c l o u d p o i n t curve f o r an 
i n f i n i t e m o l e c u l a r weight polymer, i . e . θ c o n d i t i o n s , was e s t a b 
l i s h e d from our measurements and from l i t e r a t u r e d a t a and i s shown 
p l o t t e d i n F i g u r e 2. I t can be seen t h a t 6 L i n c r e a s e as a f u n c 
t i o n of a p p l i e d p r e s s u r e w i t h a s l o p e ( d T / d P ) c of 0.56. 

I t was observed t h a t b o t h the p o l y ( v i n y l a c e t a t e ) ( P V A c ) and 
p o l y ( m e t h y l m e t h a c r y l a t e ) (PMMA) l a t e x e s s t a b i l i z e d by PIB and 
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F i g u r e 2 The upper c r i t i c a l f l o c c u l a t i o n temperature i s shown 
p l o t t e d a g a i n s t the a p p l i e d p r e s s u r e . | r e f e r s t o the PMMA 
l a t e x w h i l e , ο r e f e r s t o the PVAc l a t e x . The s o l i d l i n e 
r e p r e s e n t s θ c o n d i t i o n s f o r a s o l u t i o n of PIB + 2-methylbutane 
w h i l e the dashed l i n e r e p r e s e n t s the t h e o r e t i c a l l y c a l c u l a t e d 
UCFT as a f u n c t i o n of p r e s s u r e . 
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d i s p e r s e d i n 2-methylbutane f l o c c u l a t e d on h e a t i n g . The PMMA 
l a t e x f l o c c u l a t e d a t 312 Κ w h i l e the PVAc l a t e x f l o c c u l a t e d a t 
316 K. The θ temperature f o r PIB f o r 2-methylbutane has been r e 
po r t e d a t 318 Κ ( 8 ) . The r e s u l t a g a i n c o n f i r m s the o b s e r v a t i o n 
t h a t the θ temperature a s s o c i a t e d w i t h the upper c r i t i c a l s o l u 
t i o n temperature of the macromolecular s t e r i c s t a b i l i z e r d i s 
s o l v e d i n the d i s p e r s i o n medium n o r m a l l y r e p r e s e n t s the upper 
l i m i t f o r the s t a b i l i t y of nonaqueous d i s p e r s i o n s . 

When p r e s s u r e i s a p p l i e d t o the l a t e x , the UCFT i s seen t o 
move t o h i g h e r temperatures as i n d i c a t e d i n F i g u r e 2. I t was 
found t h a t the PMMA l a t e x s t a b i l i z e d by PIB of M n ~ 2 χ 10 c o u l d 
be f i t t e d t o the same curve as the PVAc l a t e x s t a b i l i z e d by PIB 
of M n - 4 χ 10^. A l i n e a r r e g r e s s i o n a n a l y s i s of the UCFT as a 
f u n c t i o n of a p p l i e d p r e s s u r e gave: 

TUCF

where Ρ i s the p r e s s u r e i n b a r s and T U C F T i s g i v e n i n degrees K. 
F i g u r e 2 a l s o i n d i c a t e s t h a t the l a t e x e s c o n s i s t e n t l y f l o c c u l a t e 
under worse than θ c o n d i t i o n s . The s l o p e of UCFT d a t a , ( d T / d P ^ j C F T 

= 0.50, which i s s m a l l e r than the s l o p e of the c r i t i c a l s o l u t i o n 
b e h a v i o u r , i n d i c a t i n g t h a t the c o r r e l a t i o n w i t h θ c o n d i t i o n s be
comes worse as the p r e s s u r e i n c r e a s e s . More i m p o r t a n t l y , how
e v e r , the t r e n d observed i n the UCFT as a f u n c t i o n of a p p l i e d 
p r e s s u r e p a r a l l e l s the b e h a v i o u r of the PIB s o l u t i o n . G i v e n 
the u n c e r t a i n t i e s i n v o l v e d i n c a l c u l a t i n g θ c o n d i t i o n s and the 
s u b j e c t i v e n a t u r e of the f l o c c u l a t i o n measurements, we p r e f e r 
not t o a s c r i b e any s p e c i a l s i g n i f i c a n c e t o the d i f f e r e n c e s 
between the θ and the UCFT d a t a . F i g u r e 2 a l s o i n d i c a t e s t h a t 
the n a t u r e of the core polymer and the m o l e c u l a r weight o f the 
s t a b i l i z e r have l i t t l e e f f e c t on the (Ρ, T) f l o c c u l a t i o n con
d i t i o n s of the l a t e x i n d i c a t i n g t h a t the van der Waals f o r c e s 
between the p a r t i c l e s are w e l l screened. 

I t was suggested i n a p r e v i o u s p u b l i c a t i o n (9) t h a t f l o c 
c u l a t i o n a t the UCFT can be a s c r i b e d t o the f r e e volume d i s 
s i m i l a r i t y between the polymer s t a b i l i z i n g the p a r t i c l e and 
the low m o l e c u l a r weight d i s p e r s i o n medium. I n c o r p o r a t i n g t h i s 
i d e a i n a q u a n t i t a t i v e way i n t o the th e o r y o f s t e r i c s t a b i l i z a 
t i o n a l l o w e d f o r a q u a l i t a t i v e i n t e r p r e t a t i o n o f the experimen
t a l d a t a . T h i s i d e a i s f u r t h e r extended t o i n c l u d e the e f f e c t 
of p r e s s u r e on the c r i t i c a l f l o c c u l a t i o n c o n d i t i o n s . 

Theory of S t e r i c S t a b i l i z a t i o n . A d e t a i l e d d e s c r i p t i o n o f the 
competing t h e o r i e s can be o b t a i n e d from o t h e r p u b l i c a t i o n s (1-3) 
and o n l y an o u t l i n e w i l l be g i v e n h e r e . Almost a l l the accep
t a b l e t h e o r e t i c a l d e s c r i p t i o n s have t h e i r o r i g i n s i n the F l o r y -
Krigbaum the o r y (10) f o r a d i l u t e polymer s o l u t i o n which has 
been adapted t o the case of s t e r i c a l l y s t a b i l i z e d p a r t i c l e s . 
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The simplest expression fog the free energy of interpénétration 
of two p a r t i c l e s , (1), AG^ , i s : 

AG-̂  - 2 π Ν ω ^ / ν 2
2 \(l/2- X)kTS ( 2) 

where ω i s the weight of s t a b i l i z i n g moiety per unit surface 
area and the p a r t i a l s p e c i f i c column. V- i s the molar volume 
of the disperse medium, a i s the radius of the particles and Ν 
i s Avogadro's number. The parameter χ characterizes the inter
action between the s t a b i l i z e r and the dispersion medium while 
the S parameter describes the distance dependence of the free 
energy of interaction. 

The S parameter i s a function of the segment density d i s 
tribution of the s t a b i l i z i n
the segment density d i s t r i b u t i o
faces , has been the subject of intensive experimental and 
theoretical work and i s a subject of much debate ( 1 ) . Since we 
are only interested i n qualitative and not quantitative pre
dictions , we choose the simplest d i s t r i b u t i o n function, namely 
the constant segment density function, which leads to an S 
function of the form (11) ; 

where d 0 i s the minimum distance of separation of the chains 
which must l i e between L ̂  d Q ̂  2L. 

If a s t e r i c a l l y s t a b i l i z e d dispersion i s to be stable, then 
the free energy of mixing i n the interpénétration regime (AG^M) 
must be positive. Equation 2 indicates that AG^ i s positive when 
χ < 1/2 and negative when χ > 1/2. Thus the transition from 
s t a b i l i t y to i n s t a b i l i t y i s predicted to occur under s l i g h t l y 
worse than θ conditions (at the θ point χ = 1/2). Therefore, 
the s t a b i l i t y of the dispersion i s controlled by the antipathy 
between the s t a b i l i z i n g polymer and the dispersion medium. In 
a previous analysis (3) of the LCFT and UCFT data using corres
ponding states theory, i t was argued that flocculation at the 
LCFT i s caused mainly by the contact energy d i s s i m i l a r i t y between 
the s t a b i l i z i n g moiety and the dispersion medium, while f l o c 
culation at the UCFT i s caused by the free volume d i s s i m i l a r i t y 
between the s t a b i l i z g r and the dispersion medium. Both of these 
contributions to AG-̂  are embodied i n the χ parameter and this 
i s discussed i n quantitative terms i n the following section. 

Corresponding States Expressions. In corresponding states theory 
(12) the basic parameters characterizing a l i q u i d are the reduced 
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temperature (Τ), volume (V) and p r e s s u r e (P) d e f i n e d by: 

Τ = T_; Ρ = P__ and V = V_ (4) 
χ* Ρ* V* 

where the s t a r r e d q u a n t i t i e s a r e r e d u c t i o n parameters which are 
ob t a i n e d from e q u a t i o n of s t a t e d a t a . I n the F l o r y model Ρ, V 
and Τ are l i n k e d by an e q u a t i o n of s t a t e o f the form ( 1 3 ) : 

~ l / 3 
PV V x / J 1 ( 5 ) 

Τ V 1 ^ 3 - ! VT 

from which 9 can be o b t a i n e y temperatur  p r e s s u r e
The e x p r e s s i o n f o r the χ(Ρ,Τ) parameter o b t a i n e d from the P r i -
g o g i n e - P a t t e r s o n - F l o r y type t h e o r i e s (12-14) i s : 

χ(ρ,τ) = u i v

2

 +
 C P > I 

RT 2R 

where i s the molar c o n f i g u r a t i o n a l energy,C p ^ i s the molar 
c o n f i g u r a t i o n a l heat c a p a c i t y , α and 3-̂  a r e t h e ' t h e r m a l expan
s i o n c o e f f i c i e n t and i s o t h e r m a l c o m p r e s s i b i l i t y of the s o l v e n t 
at a p r e s s u r e P, r e s p e c t i v e l y . The f r e e volume d i s s i m i l a r i t y 
between the s t a b i l i z i n g polymer and the d i s p e r s i o n medium e n t e r s 
through the τ parameter which i s d e f i n e d as: 

β1 Ρ1 
«1*1 

(6) 

(7) 

Thev parameter i n E q u a t i o n 6 expresses the c o n t a c t energy d i s 
s i m i l a r i t y between the s t a b i l i z e r and the d i s p e r s i o n medium 
w h i l e IT d e s c r i b e s the d i f f e r e n c e s i n P* between the components, 

(8) 

The e x p r e s s i o n s f o r and Cp ^ i n E q u a t i o n 6 are of the 
van der Waals t y p e , thus: ' 

* * l ,QS 
% » -Ρ χ V x V± ( 9 ) 
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and 

CP,1 = ^ i — CP,1 = C R C p , l ( 1 0 ) 

T l 

where 3c i s the number of e x t e r n a l degrees of freedom of the 
p o l y m e r i c moiety. The reduced heat c a p a c i t y i s d e s c r i b e d by: 

- -1/3 
~ -1 , ~ -1/3 2(1-ν η

 7 ) 
<T,1 = ( 1 - 2 / 3 7! ) - 1 

and 

βΊΡ ft 2 l p l - PlV x 

ι + P 1 V 1
Z (11) 

(12) 
a l T l 1 + f ^ χ 2 

The r e d u c t i o n parameters r e q u i r e d f o r a p p l i c a t i o n of the 
t h e o r y can be c a l c u l a t e d from e q u a t i o n of s t a t e q u a n t i t i e s 
u s i n g the e q u a t i o n s of F l o r y (13) or by u s i n g v a l u e s r e p o r t e d 
i n the l i t e r a t u r e . 

Comparison of Theory and Experiment. The e x p r e s s i o n f o r the 
f r e e energy of interpénétration of s t e r i c a l l y s t a b i l i z e d p a r 
t i c l e s may be o b t a i n e d by combining E q u a t i o n s 2, 3 and 6. U s i n g 
these e x p r e s s i o n s AG-j** can be c a l c u l a t e d as a f u n c t i o n of b o t h 
temperature and p r e s s u r e . I n a p r e v i o u s p u b l i c a t i o n (9) we were 
a b l e t o c o r r e l a t e t h e o r y and experiment f o r p a r t i c l e s s t a b i l i z e d 
by PIB and d i s p e r s e d i n a l i p h a t i c hydrocarbons by c o n s i d e r i n g 
o n l y the c o m b i n a t i o n a l and f r e e volume terms i n AG^ M, i . e . , we 
put = 0 i n E q u a t i o n 6. AG^ M can then be w r i t t e n as: 

χ
Μ = AG^icomb) + A G χ

Μ ( f r e e v o l ) (13) 

The c o m b i n a t i o n a l c o n t r i b u t i o n t o AG, M f o r PMMA p a r t i c l e s 
s t a b i l i z e d by PIB i n 2-methylbutane i s shown p l o t t e d as a f u n c 
t i o n of temperature i n F i g u r e 3 ( a ) . The v a l u e s o f the p a r a 
meters used i n E q u a t i o n s 2 and 3 were ω = 8 χ ΙΟ""** g cm™ , 
a = 300 nm, v 2 = 1.09 c m 3 g _ 1 and V =116.4 cm m o l e " 1 . The 
t h i c k n e s s of the s t e r i c b a r r i e r , L , ^ w a s taken t o be 25 nm and 
the p a r t i c l e s e p a r a t i o n , d 0,was f i x e d a t 30 nm. I t can be seen 
from F i g u r e 3(a) t h a t AG^ M (comb) i s a p o s i t i v e q u a n t i t y t h a t 
becomes more p o s i t i v e as the temperature i n c r e a s e s , i n d i c a t i n g 
t h a t i n the absence of o t h e r c o n t r i b u t i o n s t o A G ^ , the p a r t i c l e 
would become more s t a b l e w i t h i n c r e a s i n g temperature. I n the 
above c a l c u l a t i o n , we have assumed t h a t the S f u n c t i o n , E q u a 
t i o n 3, remains i n v a r i a n t w i t h temperature, which i s i n c o r r e c t . 

AG 
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F i g u r e 3 (a) Shows the c o m b i n a t i o n a l c o n t r i b u t i o n o f AG^ 
p l o t t e d as a f u n c t i o n o f t empera ture w h i l e , (b) Shows the f r e e 
volume d i s s i m i l a r i t y c o n t r i b u t i o n t o àcJ* p l o t t e d as a f u n c t i o n 
o f t empera tu re f o r a t m o s p h e r i c and 180 b a r s p r e s s u r e . 
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However, the change i s thought to be small and we f e e l j u s t i f i e d 
in ignoring i t . Similarly, the S function i s pressure dependent, 
but since the change i s also expected to be small, we consider 
AG-j^(comb) to be essentially independent of pressure. 

The AG^ M(free vol) contribution to AG^M i s shown plotted i n 
Figure 3(b) at both atmospheric pressure and for an applied 
pressure of 180 bars. These curves were calculated using 
ν = π = 0 i n Equation 6. Assuming that χ = 1/2 at the UCFT 
from Equations 10, 11 (with Ρ = 0) and 6, we have that: 

C T 2 = 4/3 V{~1/3 - 1 (14) 

Since the UCFT at Ρ = 0 i s , from Equation 1, 313.8 Κ and Τ χ 

for 2-methylbutane i s 4085 Κ(9), then V can be calculated from 
Equation 5. Using V i
0.189 which was used i
that AG^ (free vol) i s a negative quantity which becomes more 
negative as the temperature increases. Application of a hydro
s t a t i c pressure to the dispersion makes AG-,M (free vol) less nega
tive which means that the quality of the dispersion medium for 
the s t e r i c s t a b i l i z e r has improved. Addition of the free volume 
and combinational terms gives the t o t a l AG^M which i s shown 
plotted i n Figure 4. The figure indicates that AG M i s a para
b o l i c function of temperature. The system does nor exhibit a 
LCFT because the dispersion medium becomes glassy before this 
occurs. Flocculation i s only observed when AG^M < 0 which occurs 
when IAG^M(free vol)|>|AG^M(comb)|. Since the free volume term 
becomes smaller with increasing applied pressure, the system 
has to be raised to a higher temperature before the c r i t i c a l 
conditions for flocculation occur. An applied pressure there
fore increases the temperature range of c o l l o i d a l s t a b i l i t y of 
nonaqueous dispersions. 

From the family of AG X
M(P, T) curves the projection on the 

(Ρ, T) plane of the c r i t i c a l l ines corresponding to the UCFT 
for these latexes can be calculated and this i s shown plotted 
in Figure 4. It can be seen that the UCFT curve i s linear over 
the pressure range studied. The slope of the theoretical pro
jection i s 0.38 which i s smaller than the experimental data l i n e . 
Agreement between theory and experiment could be improved by re
laxing the condition that ν = *rr = 0 i n Equation 6 and/or by a l 
lowing χ to be an adjustable parameter. However, since the 
main features of the experimental data can be q u a l i t a t i v e l y pre
dicted by theory, this option i s not pursued here. It i s appar
ent from the data presented that the free volume d i s s i m i l a r i t y 
between the s t e r i c s t a b i l i z e r and the dispersion medium plays an 
important role i n the c o l l o i d a l s t a b i l i z a t i o n of s t e r i c a l l y 
s t a b i l i z e d nonaqueous dispersions. 
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F i g u r e 4 The t o t a l f r e e energy of interpénétration of two p a r 
t i c l e s i s shown p l o t t e d as a f u n c t i o n of temperature f o r atmo
s p h e r i c and 180 bar s p r e s s u r e . 
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21 
Steric and Electrostatic Contributions 
to the Colloidal Properties 
of Nonaqueous Dispersions 
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Dispersions of carbon black in dodecane and 
kerosene have bee
isobutene succinamide y
commercial non-aqueous dispersant. The basic 
anchoring groups adsorb strongly onto the acidic 
surface sites of the carbon black, and with 1 w% 
or more of dispersant (based on the carbon black) 
the 50 Å - long polyisobutene chains extend out 
into the solution to provide a steric barrier 
100 Å thick between particles, as evidenced by a 
million-fold decrease in electrical conductivity 
and a twenty-fold decrease in viscosity, but with 
no degree whatsoever of deflocculation. Only at 
much higher dispersant levels is deflocculation 
observed. When the concentration of unadsorbed 
dispersant in the oil phase exceeds 0.1%, the 
conductivity increases as counterions form, 
large negative zeta-potentials develop (-140 to 
-300 mV), the stability ratios climb towards 
infinity and the dispersions become completely 
deflocculated. 

D i s p e r s i o n s o f f i n e l y d i v i d e d s o l i d s i n non-aqueous media have 
been im p o r t a n t f o r p a i n t s , i n k s , r e i n f o r c e d polymers and l u b r i 
c a t i n g o i l s , but w i t h the development of l i q u i d t o n e r systems and 
" u l t r a - s t r u c t u r e " p r o c e s s i n g o f ceramics as f i n e powders d i s p e r s e d 
i n o r g a n i c media, the u n d e r s t a n d i n g and o p t i m i z a t i o n of such 
systems i s more im p o r t a n t than e v e r . 
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T h e o r i e s o f C o l l o i d a l S t a b i l i t y i n Non-Aqueous Media 

E l e c t r o s t a t i c s i n Non-Aqueous Media. A p o p u l a r m i s c o n c e p t i o n i n 
s t u d i e s o f non-aqueous d i s p e r s i o n s concerns e l e c t r o s t a t i c e f f e c t s . 
Because these a re more d i f f i c u l t t o measure than i n aqueous media, 
t h e r e has been a g e n e r a l tendency to i g n o r e them c o m p l e t e l y . 
However, the few i n v e s t i g a t o r s who have measured z e t a - p o t e n t i a l s 
or e l e c t r o d e p o s i t i o n w i t h these systems have become convinced of 
t h e i r importance. With the advent of modern commercial i n s t r u 
m e n t a t i o n f o r z e t a - p o t e n t i a l s i n non-aqueous media i t i s t o hoped 
t h a t these e f f e c t s w i l l be measured r a t h e r than i g n o r e d . 

T h i r t y y e a r s ago van der Minne and Hermanie showed t h a t c a r 
bon b l a c k i n benzene developed a p p r e c i a b l e z e t a p o t e n t i a l s and 
c o l l o i d a l s t a b i l i t y i n the presence o f c a l c i u m soaps (which gave 
p o s i t i v e z e t a - p o t e n t i a l s
gave n e g a t i v e z e t a - p o t e n t i a l s )
p o t e n t i a l s and c o l l o i d a l i n s t a b i l i t y . ( 1 , 2 ) Twenty y e a r s ago the 
s e n i o r author and co-workers showed t h a t the mechanism of e l e c t r o 
s t a t i c c h a r g i n g i n non-aqueous i s the r e v e r s e o f t h a t i n aqueous 
media. (3) I n aqueous s o l u t i o n s s u r f a c t a n t s i o n i z e and then the 
s u r f a c e - a c t i v e i o n s adsorb onto s u r f a c e s t o g i v e e l e c t r o s t a t 
i c a l l y charged s u r f a c e s . However i n o r g a n i c media b a s i c d i s p e r 
s a n t s adsorb as n e u t r a l m o l e c u l e s onto a c i d i c s u r f a c e s where 
p r o t o n - t r a n s f e r from a c i d i c s i t e s charges the adsorbed bases 
p o s i t i v e l y . I f the c o n c e n t r a t i o n of d i s p e r s a n t d i s s o l v e d i n the 
o i l phase i s s u f f i c i e n t l y h i g h t h a t dynamic a d s o r p t i o n and de
s o r p t i o n o c c u r s , some p r o t o n - c a r r y i n g d i s p e r s a n t s w i l l desorb i n t o 
s o l u t i o n , and p r o v i d e the c o u n t e r i o n s f o r the n e g a t i v e charges 
l e f t on the s u r f a c e . F i g u r e 1 i l l u s t r a t e s t h i s mechanism, which 
has been demonstrated i n some d e t a i l by u s i n g carbon-14 tagged 
b a s i c p o l y m e r i c d i s p e r s a n t s (4,5) and t r i t i u m - t a g g e d a c i d i c s i t e s 
on s u r f a c e s . I n F i g u r e 1 a p o l y m e r i c d i s p e r s a n t i s i n d i c a t e d , 
f o r the r a d i o t r a c e r s t u d i e s were done w i t h h i g h m o l e c u l a r weight 
p o l y a l k y l m e t h a c r y l a t e s h a v i n g v i n y l p y r i d i n e b a s i c s i t e s . How
ever the mechanism has a l s o been demonstrated w i t h lower m o l e c u l a r 
weight m a t e r i a l s and even w i t h m i c e l l a r m e t a l soaps and s u l f o 
n a t e s . T h i s mechanism r e s u l t s i n n e g a t i v e l y - c h a r g e d a c i d i c p a r 
t i c l e s w i t h b a s i c d i s p e r s a n t s and p o s i t i v e l y - c h a r g e d b a s i c p a r 
t i c l e s w i t h a c i d i c d i s p e r s a n t s , a p r i n c i p l e t h a t has been demon
s t r a t e d e x p e r i m e n t a l l y a g r e a t many times.(4,5) 

S t e r i c S t a b i l i z a t i o n . S t e r i c s t a b i l i z a t i o n was a term f i r s t 
i n t r o d u c e d by H e l l e r t o e x p l a i n how adsorbed p o l y e t h y l e n e o x i d e 
polymers i n c r e a s e d the s a l t c o n c e n t r a t i o n r e q u i r e d f o r f l o c c u 
l a t i o n o f n e g a t i v e l y charged aqueous suspensions. ( 6 ) H e l l e r ' s 
systems were s t a b i l i z e d by b o t h mechanisms, as a r e most commercial 
d i s p e r s i o n s today, aqueous and non-aqueous. Much of the more 
r e c e n t l i t e r a t u r e on s t e r i c s t a b i l i z e r s has been p r e o c c u p i e d w i t h 
s o l u b i l i t y r e q u i r e m e n t s , f o r the s o l u b i l i t y of polymers i s a 
d e l i c a t e m a tter and v e r y s e n s i t i v e t o temperature and s o l v e n t 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



21. F O W K E S AND PUGH Colloid Properties of Nonaqueous Dispersions 333 

c o m p o s i t i o n . T h i s p r e o c c u p a t i o n w i t h s o l u b i l i t y r e quirements has 
l e d some i n v e s t i g a t o r s t o b e l i e v e t h a t p r e c i p i t a t i o n o f s t a b i 
l i z e r s i s the main mechanism of c o l l o i d a l i n s t a b i l i t y , r a t h e r than 
the t r a d i t i o n a l d i s p e r s i o n f o r c e a t t r a c t i o n s between p a r t i c l e s . 
I t s h o u l d be obvious t h a t a d i s p e r s a n t and s o l v e n t system must be 
chosen so t h a t the d i s p e r s a n t does not p r e c i p i t a t e , but t h i s 
l i m i t a t i o n has n o t h i n g t o do w i t h the mechanisms o f c o l l o d i a l 
s t a b i l i t y . 

I n s t u d i e s o f s t e r i c s t a b i l i z e r s too l i t t l e a t t e n t i o n i s 
g e n e r a l l y p a i d t o the d i s p e r s i o n f o r c e a t t r a c t i o n s between p a r 
t i c l e s and t h e c r i t i c a l s e p a r a t i o n d i s t a n c e (H ) needed t o keep 
p a r t i c l e s from f l o c c u l a t i n g . Adsorbed s t e r i c s t a b i l i z e r s can 
p r o v i d e a c e r t a i n f i l m t h i c k n e s s on each p a r t i c l e but i f the sep
a r a t i o n d i s t a n c e between c o l l i d i n g p a r t i c l e s i s l e s s than H the 
p a r t i c l e s w i l l f l o c c u l a t e
d i f f i c u l t and measurement
are n o t d i f f i c u l t e i t h e r . For e q u a l - s i z e d spheres o f substance 1 
w i t h r a d i u s o r i n medium 2^the Hamaker e q u a t i o n f o r the d i s p e r s i o n 
f o r c e a t t r a c t i v e energy (ϋχ2ΐ) a t c l o s e approach i s (7): 

where A121> the Hamaker c o n s t a n t , c a n be related t o ^ t h e d i s p e r s i o n 
f o r c e c o n t r i b u t i o n t o the s u r f ace e n e r g i e s γ χ and γ 2 : 

Hamaker c o n s t a n t s can sometimes be c a l c u l a t e d from r e f r a c t i v e 
i n d e x d a t a by the L i f s h i t z e q u a t i o n s ( 8 ) , but i t now appears t h a t 
γ v a l u e s a r e c l o s e l y r e l a t e d t o r e f r a c t i v e i n d i c e s and a r e a 
d i r e c t measure of the L i f s h i t z a t t r a c t i o n s . I n E q u a t i o n 1 a c o r 
r e c t i o n f a c t o r f f o r " r e t a r d a t i o n " o f d i s p e r s i o n f o r c e s i s shown 
which can be determined from F i g u r e 2, a graph of 1/f a t v a r i o u s 
v a l u e s o f Η and a as a f u n c t i o n o f λχ, the c h a r a c t e r i s t i c wave
l e n g t h of the most e n e r g e t i c d i s p e r s i o n f o r c e s , c a l c u l a b l e and 
t a b u l a t e d i n the l i t e r a t u r e (9 ) . 

T a b l e I l i s t s some c h a r a c t e r i s t i c wave l e n g t h s from the work 
of Gregory (9). The c a l c u l a t i o n s o f f shown i n F i g u r e 2 a r e taken 
from the work o f C l a y f i e l d and Lumb.(lO) By u s i n g these c a l c u 
l a t i o n s one can determine the a t t r a c t i v e energy per p a i r o f 
p a r t i c l e s a t v a r i o u s s e p a r a t i o n d i s t a n c e s , and determine f o r any 
p a r t i c u l a r v a l u e g f A121, λΐ> and r a d i u s (a) the c r i t i c a l v a l u e 
o f Η t h a t makes U 1 2 i = - k T , where k i s the Boltzmann c o n s t a n t and 
kT i s the average v i b r a t i o n a l energy o f ^ a p a i r o f p a r t i c l e s f l o c 
c u l a t e d a t s e p a r a t i o n d i s t a n c e H. I f U ^ i i s g r e a t e r than -kT 
the p a r t i c l e s w i l l n e a r l y always bounce a p a r t on c o l l i s i o n , but 
i f i t i s l e s s than -kT the p a r t i c l e s tend to f l o c c u l a t e . 
F i g u r e 3 i s a graph of Η v s . p a r t i c l e r a d i u s (a) f o r carbon 
p a r t i c l e s i n _ o i l where tf i e Hamaker c o n s t a n t i s r e l a t i v e l y h i g h 
( A 1 2 i = 2 . 8 x l 0 1 3 e r g s ) , f o r p o l y s t y r e n e p a r t i c l e s i n water 

Ul21 = ^ A m f / 1 2 Η ( D 

Αχ2i = 1.5 χ 10 (2) 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



334 POLYMER ADSORPTION AND DISPERSION STABILITY 

F i g u r e 1. Mechanism of e l e c t r o s t a t i c c h a r g i n g i n o i l of 
p a r t i c l e s w i t h a c i d i c s i t e s (AH) by a p o l y m e r i c d i s p e r s a n t 
w i t h b a s i c s i t e s ( B ) . Reproduced w i t h p e r m i s s i o n from 
Ref. ( 5 ) . C o p y r i g h t 1982, American Chemical S o c i e t y . 

4 

V f 

a /Al .2 

Η ι 
/ / /// / / 

0 .1 ι .: \ / \ .5 

F i g u r e 2. R e t a r d a t i o n c o r r e c t i o n f a c t o r ( f ) f o r d i s p e r s i o n 
f o r c e a t t r a c t i o n s between s p h e r i c a l p a r t i c l e s o f r a d i u s (a) 
a t s e p a r a t i o n d i s t a n c e (Η), w i t h d i s p e r s i o n f o r c e wave
l e n g t h Xt. (10) 
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(Αΐ2ΐ =5·3χ10 l l fergs)» and f o r o i l - i n - w a t e r emulsions where the 
Hamaker c o n s t a n t i s q u i t e low ( A i 21-9.3x10 1 5 e r g s ) . F or the 
system under study i n t h i s paper (carbon i n o i l , w i t h average 
r a d i u s a= 0.2 \im) i t i s seen t h a t Η i s 260 X and t h a t the ad
sorbed s t e r i c b a r r i e r m o l e c u l e s mus£ rprovide f i l m s 130 X i n 
t h i c k n e s s a t c o l l i s i o n t o pr e v e n t f l o c c u l a t i o n . S i n c e the d i s 
p e r s a n t used i n t h i s paper p r o v i d e s 50 X f i l m s and an H a t c o l 
l i s i o n of 100 X i t s h o u l d be no s u r p r i s e t h a t when z e t a -
p o t e n t i a l s a r e s m a l l the p a r t i c l e s f l o c c u l a t e i n every c o l l i s i o n . 

T a b l e I . C h a r a c t e r i s t i c Wave Lengths of D i s p e r s i o n Force 
A t t r a c t i o n s (9) 

Substance 

water 896 
n-octane 882 
benzene 1181 
q u a r t z 793 
p o l y s t r y e n e 1145 

The c a l c u l a t i o n s i n F i g u r e 3 were made on the assumption 
t h a t the Hamaker c o n s t a n t s o f the adsorbed d i s p e r s a n t f i l m s a r e 
the same as the l i q u i d media. T h i s i s an e x c e l l e n t assumption ^ 
f o r polymers, s i n c e t h i s means t h a t t h e s o l u b i l i t y parameter (6 ) 
of the d i s p e r s a n t and o f the medium must be about the same, which 
i s the b a s i c requirement f o r s o l u b i l i t y o f polymers. 

I n the e a r l i e r l i t e r a t u r e on s t e r i c s t a b i l i z a t i o n t h e r e was 
a tendency to i g n o r e the importance o f a n c h o r i n g s i t e s f o r s t e r i c 
s t a b i l i z e r s . Without s t r o n g anchors the adsorbed m o l e c u l e s a r e 
e a s i l y swept a s i d e i n c o l l i s i o n s , as has been so w e l l i l l u s 
t r a t e d w i t h p o l y s t y r e n e adsorbed onto carbon b l a c k s i n h y d r o c a r 
bon s o l u t i o n s ; i n these systems p a r t i c l e s f l o c c u l a t e i n every 
c o l l i s i o n . ( 1 1 ) 

Many i n v e s t i g a t o r s o f s t e r i c s t a b i l i z a t i o n have measured 
c o l l o i d a l s t a b i l i t y w i t h o u t t a k i n g t h e e f f o r t t o f i n d out whether 
the s t a b i l i t y a c t u a l l y r e s u l t e d from e l e c t r o s t a t i c s t a b i l i z a t i o n . 
I n many p u b l i s h e d a r t i c l e s i t has been concluded t h a t s t e r i c 
s t a b i l i z a t i o n had been a t t a i n e d and f u r t h e r s t u d y showed t h i s was 
not the case. One such example i s a r e c e n t paper on " s t e r i c 1 1 

s t a b i l i z a t i o n by an a d d i t i v e o f the same type used i n t h i s 
work. (12) The p u b l i s h e d photograph shows the s i l i c a p a r t i c l e s 
i n o i l s t a b i l i z e d a t i n t e r p a r t i c l e s e p a r a t i o n s s e v e r a l times the 
d i s t a n c e s p r o v i d e d by the adsorbed f i l m s ; no e l e c t r i c a l measure
ments had been made, but i t they had, t h i s p a r t i c u l a r d i s p e r s a n t 
would have p r o v i d e d about -200 mV o f z e t a - p o t e n t i a l and g i v e n 
e x c e l l e n t e l e c t r o s t a t i c r e p u l s i o n . The rea d e r s h o u l d be wary of 
any c l a i m s of s t e r i c s t a b i l i z a t i o n u n l e s s the e l e c t r o s t a t i c 
c o n t r i b u t i o n has been measured. 
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Combined E l e c t r o s t a t i c and S t e r i c S t a b i l i z a t i o n . The com b i n a t i o n 
o f the two mechanisms i s i l l u s t r a t e d i n F i g u r e 4, taken from 
Shaw's t e x t b o o k , (13) where the r e p u l s i o n o f the s t e r i c b a r r i e r 
d u r i n g a c o l l i s i o n f a l l s o f f so r a p i d l y as the c o l l i d i n g p a r t i c l e s 
bounce a p a r t t h a t the d i s p e r s i o n f o r c e a t t r a c t i o n s h o l d the p a r 
t i c l e s t o g e t h e r i n the "secondary minimum". T h i s i s e x a c t l y what 
happens i n the system i n v e s t i g a t e d i n t h i s paper. 

I n such systems the requirement of the e l e c t r o s t a t i c c o n t r i 
b u t i o n to c o l l o i d a l s t a b i l i t y i s q u i t e d i f f e r e n t than when no 
s t e r i c b a r r i e r i s p r e s e n t . I n t h e l a t t e r case an energy b a r r i e r 
of about 30 kT i s d e s i r a b l e , w i t h a Debye l e n g t h l/κ of not more 
than 1000 X. T h i s i s a t t a i n a b l e i n non-aqueous systems ( 5 ) , but 
not by most d i s p e r s a n t s . However when the s t e r i c b a r r i e r i s 
p r e s e n t , the o n l y requirement f o r t he e l e c t r o s t a t i c r e p u l s i o n i s 
to e l i m i n a t e t h e secondar
w i t h z e t a - p o t e n t i a l s f a
by t h e e l e c t r o s t a t i c mechanism. 

D i s p e r s a n t 

The d i s p e r s a n t used i n these s t u d i e s i s Chevron Chemicals OLOA 
1200, a po l y b u t e n e of about 70 carbon atoms a t t a c h e d t o a 
s u c c i n i c a c i d group which i s r e a c t e d w i t h d i e t h y l e n e t r i a m i n e to 
p r o v i d e t he b a s i c a n c h o r i n g group. F i l m b a l a n c e s t u d i e s showed 
t h a t t h e adsorbed f i l m s have a f i l m t h i c k n e s s o f 50 X. T h i s d i s 
p e r s a n t i s s u p p l i e d as a 50 w% s o l u t i o n i n a m i n e r a l o i l . I t can 
be d e o i l e d by a d s o r p t i o n from t o l u e n e onto s i l i c a w i t h e l u t i o n by 
acetone. I n t h i s paper the w% of d i s p e r s a n t r e f e r s t o the d e o i l e d 
m a t e r i a l . 

The b a s i c i t y o f OLOA 1200 has been evidenced by i t s i n t e r 
a c t i o n w i t h the o i l - s o l u b l e a c i d i c i n d i c a t o r dye, Brom Phenol 
Magenta Ε (ΕΚ 6810) which i s n o r m a l l y y e l l o w but t u r n s b l u e and 
then magenta w i t h i n c r e a s i n g b a c i c i t y . The a c i d i c form has an 
a d s o r p t i o n peak a t 390 nm, the b a s i c a t 610 nm, and the i s o b e s t i c 
p o i n t i s a t 460 nm. These s p e c t r a have be used t o determine the 
c o n c e n t r a t i o n o f OLOA 1200 i n s o l u t i o n f o r a d s o r p t i o n i s o t h e r m s . 

A d s o r p t i o n Isotherms on Carbon B l a c k (14) 

The carbon b l a c k used i n a l l o f these s t u d i e s was Cabot's S t e r l i n g 
NS (25 m 2/g), a fu r n a c e b l a c k which was e x t r a c t e d o f s o l u b l e s 
w i t h acetone and hexane and then d r i e d a t 60°C. under vacuum. 

Carbon b l a c k adsorbed OLOA 1200 v e r y s t r o n g l y , e v e n t u a l l y 
p i c k i n g up 5% o f i t s weight i n d i s p e r s a n t . The f i r s t 2% adsorbed 
almost i n s t a n t l y , b u t a d d i t i o n a l increments adsorbed more and more 
s l o w l y (see F i g u r e 5 ) . Such time-dependence i n a d s o r p t i o n o f 
l a r g e m o l e c u l e s i s q u i t e common ( 1 5 ) , but i s seldom s t u d i e d . The 
a d s o r p t i o n isotherms determined a f t e r 48 hours of tu m b l i n g a t 25° 
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a

F i g u r e 3. C r i t i c a l s e p a r a t i o n d i s t a n c e (H ) o f s p h e r i c a l 
p a r t i c l e s of r a d i u s (a) t o prevent floccuîation a t 25°C. 
C a r b o n - i n - o i l d i s p e r s i o n s (C/0), p o l y s t y r e n e i n water 
l a t e x e s (PS/W), and o i l - i n - w a t e r emulsions (0/W). 
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ι F i g u r e 4. P o t e n t i a l energy diagrams f o r a p a i r of p a r t i c l e s 

w i t h : on the l e f t , a s t e r i c b a r r i e r (V ) and d i s p e r s i o n 
f o r c e a t t r a c t i o n (V ) ; and on the r i g h f , w i t h e l e c t r o s t a t i c 
r e p u l s i o n (V ) added. Reproduced w i t h p e r m i s s i o n from 
Ref. ( 1 3 ) . C o p y r i g h t 1980, B u t t e r w o r t h s . 
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and a t 50° (see F i g u r e 6) a r e p r o b a b l y not e q u i l i b r i u m v a l u e s , as 
suggested by t h e g r e a t e r a d s o r p t i o n a t 50°C. The a r e a per mol
e c u l e w i t h 5 w% o f d i s p e r s a n t adsorbed onto the carbon b l a c k i s 
ioo£ 2. 

C a l o r i m e t r i c Heats o f A d s o r p t i o n on Carbon B l a c k ( 1 4 ) 

Heats of a d s o r p t i o n were determined w i t h a M i c r o s c a l Flow M i c r o -
c a l o r i m e t e r , u s i n g f l o w r a t e s of one m l . per hour under a gr a v -
i t i o n a l head, and 70 to 80 mg of S t e r l i n g NS i n t h e bed. The 
r e s u l t s o f a t y p i c a l r u n a r e shown i n F i g u r e 7 » which i l l u s t r a t e s 
the r a p i d i t y o f a d s o r b i n g 2.25% OLOA 1200. The a r e a under t h i s 
peak corresponds t o the g e n e r a t i o n o f 6.8 m i l l i c a l o r i e s o f h e a t , 
a A H a d g o f -4.7 k c a l / m o l e . The r e s u l t s o f s e v e r a l such e x p e r i 
ments a r e summarized i

Table I I . Heats o f A d s o r p t i o n o f OLOA 1200 on Carbon B l a c k 
By Flow M i c r o c a l o r i m e t r y (40°C.) 

a) A l i q u o t s o f d i s p e r s a n t i n j e c t e d a t 2-3 hour i n t e r v a l s . 

P a r t s OLOA 1200/ Approximate* Amount o f Heat o f 
100 p a r t s o f S u r f a c e a r e a heat absorbed a d s o r p t i o n * 
i n j e c t e d (no per m o l e c u l e ( m i l l i c a l o r i e s ) (Kcal/mole) 
bed change) (X2) 

1.5 330 -6.7 -7.0 
1.5 167 -5.5 -5.7 
1.5 110 -4.7 -4.9 

b) F r e s h l y prepared beds of carbon b l a c k prepared b e f o r e each 
a l i q u o t i n j e c t e d . 

0.75 660 -3.6 -7.5 
1.5 330 -6.7 -7.0 
2.25 220 -6.8 -4.7 

*Assuming an average m o l e c u l a r weight o f 1200 f o r the d i s p e r s a n t 
and a s u r f a c e a r e a o f 25 m2/gm f o r the carbon b l a c k . 

I n p a r t (a) o f Ta b l e I I i s i s seen t h a t the f i r s t t h i r d o f a 
monolayer to adsorb tends t o occupy the more s t r o n g l y a c i d s i t e s , 
f o r each s u c c e s s i v e increment i s l e s s s t r o n g l y adsorbed. I n 
p a r t (b) the decrease i n average h e a t s o f a d s o r p t i o n w i t h i n 
c r e a s i n g coverage i s q u i t e c o n s i s t e n t w i t h the above. 

E l e c t r i c a l C o n d u c t i v i t y o f Carbon B l a c k D i s p e r s i o n s i n Dodecane(16) 

S t e r l i n g NS i s a f a i r l y c o n d u c t i v e carbon b l a c k and d i s p e r s i o n s o f 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



340 POLYMER ADSORPTION AND DISPERSION STABILITY 

EQUILIBRIUM CONCENTRATION, | / l 
F i g u r e 6. Amount o f OLOA-1200 adsorbed on carbon b l a c k from 
o d o r l e s s kerosene i n 48 hours. Reproduced w i t h p e r m i s s i o n 
from Ref. (14) C o p y r i g h t 1983, E l s e v i e r S c i e n c e P u b l i s h e r s . 

1 i i I I I 1 

S 10 15 2 0 26 

tint* (minutes) 

F i g u r e 7. Exotherm f o r a d s o r p t i o n o f OLOA-1200 from odor
l e s s kerosene onto carbon b l a c k by f l o w m i c r o c a l o r i m e t r y . 
Reproduced w i t h p e r m i s s i o n from Ref ( 1 4 ) . C o p y r i g h t 1983, 
E l s e v i e r S c i e n c e P u b l i s h e r s . 
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10 w% i n dodecane have a c o n d u c t i v i t y o f about 5x10 **ohm m̂ 1 , 
measured w i t h p l a t i n u m e l e c t r o d e s i n a s t i r r e d conductance c e l l , 
u s i n g a K e i t h l e y e l e c t r o m e t e r . T h i s c o n d u c t i v i t y r e s u l t s from 
c h a i n s o f p a r t i c l e - t o - p a r t i c l e c o n t a c t s which a r e broken and r e 
made d u r i n g s t i r r i n g , w i t h e l e c t r o n - t u n n e l l i n g c u r r e n t s between 
c l o s e l y a d j a c e n t c o n d u c t i v e carbon p a r t i c l e s ( 1 7 ) . W i t h 
i n c r e m e n t a l a d d i t i o n s o f OLOA-1200 t o these d i s p e r s i o n s the ad
sorbed l a y e r s i n c r e a s e the t h i c k n e s s o f the i n s u l a t i n g gap be
tween carbon p a r t i c l e s , and s i n c e t u n n e l l i n g c u r r e n t s decrease 
e x p o n e n t i a l l y w i t h s e p a r a t i o n d i s t a n c e ( 1 7 ) , the conductance i s 
seen i n F i g u r e 8 t o decrease e x p o n e n t i a l l y w i t h OLOA-1200 c o n t e n t 
up to 1 w% and then t o decrease more s l o w l y up t o 2 w% where the 
conductance i s about one m i l l i o n t h of what i s was w i t h no OLOA-
1200. The minimum c o n d u c t i v i t y observed i n t h i s system i s i n 
d i c a t i v e of the 100 X s e p a r a t i o
OLOA-1200, f o r e l e c t r o n - t u n n e l l i n
s m a l l a c r o s s i n s u l a t i n g gaps of 100 A t h i c k n e s s . 

I n F i g u r e 8 the conductance i s seen t o i n c r e a s e w i t h d i s p e r 
s a n t c o n t e n t a f t e r r e a c h i n g a minimum. T h i s i s because the 
c o n t e n t of d i s p e r s a n t l e f t i n s o l u t i o n becomes s i g n i f i c a n t i n the 
r e g i o n above the minimum. For example, the conductance measured 
a f t e r 45 minutes r i s e s a f t e r a minimum a t 2.5% OLOA-1200; t h i s 
can compared w i t h F i g u r e 5 which shows t h a t 2% i s adsorbed i n 
about 10 minutes and 2.5% i s adsorbed i n about an hour. On the 
o t h e r hand, the 12-hour conductance reached a minimum a t about 
4% i n F i g u r e 8 and F i g u r e 5 shows t h a t about 4% i s adsorbed i n 
12 h o urs. Thus the r i s e o f conductance a f t e r the minimum i s a 
good measure o f the presence of s i g n i f i c a n t c o n c e n t r a t i o n s o f 
d i s p e r s a n t i n s o l u t i o n , w h i ch i s a requirement f o r the d e v e l o p 
ment of e l e c t r o s t a t i c c h a r g i n g , i l l u s t r a t e d i n F i g u r e 1. The 
i n c r e a s e i n o v e r a l l d i s p e r s a n t l e v e l s r e q u i r e d t o p r o v i d e an 
excess i n s o l u t i o n i n c r e a s e s w i t h time because o f t h e slow k i 
n e t i c s o f a d s o r p t i o n i n the approach t o s a t u r a t e d s u r f a c e con
c e n t r a t i o n s , as d i s c u s s e d e a r l i e r . The i n c r e a s i n g c o n d u c t i v i t y 
o f the d i s p e r s i o n , once excess d i s p e r s a n t i s l e f t i n s o l u t i o n , i s 
p r o b a b l y due m o s t l y t o the i n c r e a s i n g c o n c e n t r a t i o n of p r o t o n -
c a r r y i n g OLOA-1200 m o l e c u l e s , the p o s i t i v e c o u n t e r - i o n s i l l u s 
t r a t e d i n F i g u r e 1. S o l u t i o n s of OLOA-1200 i n dodecane have some 
conductance, however, and i t i s f a i r l y l i n e a r w i t h c o n c e n t r a t i o n , 
so not a l l o f the i n c r e a s i n g conductance can be a t t r i b u t e d t o 
c o u n t e r i o n s . 

Z e t a - P o t e n t i a l s o f Carbon B l a c k D i s p e r s i o n s i n Hydrocarbons w i t h 
OLOA-1200 D i s p e r s a n t (14-16)" 
I n i t i a l s t u d i e s were made w i t h the Rank B r o s , e l e c t r o p h o r e s i s 
u n i t , u s i n g the d i l u t e s u pernatant s u s p e n s i o n over a d i s p e r s i o n 
o f 3.33g o f carbon b l a c k per l i t e r of dodecane e q u i l i b r a t e d f o r 
24 hours w i t h the added OLOA-1200. The e l e c t r o p h o r e t i c m o b i l i t y 
(μ) o f 1-3 ym clumps o f p a r t i c l e s was observed a t a f i e l d o f 
100 v o l t s per c e n t i m e t e r . The z e t a - p o t e n t i a l s (ζ) were c a l c u l a t e d 
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M I S QUA 1200 DISPOSAMT/100 PARTS C t t M l M O I 

F i g u r e 8. C o n d u c t i v i t y o f s t i r r e d 10% suspensions of carbon 
b l a c k i n dodecane w i t h OLOA-1200 d i s p e r s a n t . T r i a n g l e s - 5 
minutes a f t e r d i s p e r s a n t added; c i r c l e s - 45 minutes a f t e r 
a d d i t i o n ; and squares- 12 hours a f t e r a d d i t i o n . Reproduced 
w i t h p e r m i s s i o n from Ref. ( 1 6 ) . C o p y r i g h t 1983, E l s e v i e r 
S c i e n c e P u b l i s h e r s . 
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from the Hu c k e l e q u a t i o n (18) f o r systems i n which the Debye 
l e n g t h exceeds the p a r t i c l e r a d i u s : 

i n which η i s the v i s c o s i t y , ε i s the d i e l e c t r i c c o n s t a n t and ε 
i s the p e r m i t t i v i t y o f f r e e space. F i g u r e 9 shows the magnitude 
of the n e g a t i v e z e t a - p o t e n t i a l s i n t h i s system, w i t h p o t e n t i a l s 
i n excess of 100 mV when, the d i s p e r s a n t l e v e l exceeded 2 w% o f 
the carbon b l a c k . 

L a t e r s t u d i e s , u s i n g the Pen Kern 3000, employed s o n i c a t e d and 
w e l l - d i s p e r s e d carbon b l a c k i n kerosene systems i n which a l l o f 
the p a r t i c l e s were sub-micron i n s i z e . T h i s i n s t r u m e n t uses a 
D o p p l e r - s h i f t type o f measuremen
p a r t i c l e s s i m u l t a n e o u s l
s e n s i n g s . F i g u r e 10 shows a t y p i c a l h i s t o g r a m o f the d i s t r i b u t i o n 
o f t he e l e c t r o p h o r e t i c m o b i l i t i e s o f carbon b l a c k s i n 0.2% 
s o l u t i o n s o f OLOA-1200 i n kerosene; i n t h i s case the average 
m o b i l i t y was -1.0x10 9 and the average z e t a p o t e n t i a l was -153mV. 
Tabl e I I I l i s t s the average z e t a - p o t e n t i a l s o b t a i n e d w i t h d i s p e r 
s i o n s o f 10 mg o f carbon b l a c k s o n i c a t e d i n 100 ml. of kerosene 
w i t h 0,0.2,0.5, and 0.8% OLOA-1200 i n s o l u t i o n . 

T a b l e I I I . Average Z e t a - P o t e n t i a l s o f Carbon B l a c k i n Kerosene 
D i s p e r s i o n s Determined by Pen Kern 3000 

%OLOA-1200 Time C o n s t a n t , s e c . ζ-Potenital, mV 
0 60 +0.1 
0 60 +0.5 
0.2 10 -156-, 
0.2 10 -124 ( 
0.2 60 -153) 
0.5 10 -181K 
0.5 62 -144/ 
0.5 255 -137/ 
0.5 600 -247/ 
0.8 10 -319. 
0.8 10 -136 j 

0.8 60 -201 1 
0.8 60 -213 J 

-144 

-177 

-218 

The time c o n s t a n t i n the above t a b l e i s the time a f t e r the f i e l d 
i s a p p l i e d and b e f o r e the m o b i l i t i e s a r e measured. T h i s time i s 
needed t o e s t a b l i s h the f i e l d and i s an RC time c o n s t a n t o f t e n 
seconds when the c o n d u c t i v i t y i s 10 9 ohm 1m 1 . The above s o l 
u t i o n s had c o n d u c t i v i t i e s s l i g h t l y g r e a t e r than t h i s v a l u e . 
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0 1

PARTS OLOA 1200 DISPERSANT/100 PARTS CARBON BLACK 

F i g u r e 9. Z e t a - p o t e n t i a l o f carbon b l a c k d i s p e r s e d i n 
dodecane w i t h OLOA-1200 d i s p e r s a n t (23°C.). Sampled from 
d i s p e r s i o n s o f 3.33 g of carbon b l a c k per l i t e r o f 
dodecane. Reproduced w i t h p e r m i s s i o n from Ref. ( 1 4 ) . Copy
r i g h t 1983, E l s e v i e r S c i e n c e P u b l i s h e r s . 

F i g u r e 10. D i s t r i b u t i o n o f z e t a - p o t e n t i a l s o f carbon b l a c k 
i n kerosene w i t h 0.1% OLOA-1200. Average z e t a - p o t e n t i a l 
was -HOmV. 
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The zeta-potentials of Table III are greater than those i n 
Figure 9 because the concentration of OLOA-1200 i n solution was 
appreciably higher. The results are quite consistent at the 
same concentration i n solution. These findings show that the 
zeta-potential i n organic media i s not a function of how much 
dispersant i s adsorbed, but how much dispersant i s l e f t i n 
solution. This i s i n contrast to the s t e r i c barriers, which 
depend on how much i s adsorbed and not on how much i s l e f t i n 
solution. 

The E l e c t r o s t a t i c Energy Barriers 

The energy of e l e c t r o s t a t i c repulsion (per pair of particles) 
which results from zeta-particles i s estimated from the Deryagin 
equation (19): 

U?21 = 2πε ε 3ψ 2 In (l+e"" ) (4) 
1ΔΙ T O O 

where l/κ i s the Debye length and ψ i s the surface potential, 
approximated here by the zeta-poten?ial. This equation applies 
equally well to aqueous or non-aqueous media. 

The Debye length l/κ tends to be much longer than i n 
aqueous media, but not always ( 5 ) . For this system we used the 
equation of Klinkenberg and van der Minne:(20) 

l/κ = /ε ε D/2o (5) r ο 
where D i s the d i f f u s i o n constant for the charge-carrying species 
and σ i s the conductivity. The value of D can be closely es
timated from the Stokes-Einstein equation for spheres 

D = kT/o-rrrn (6) ο 
corrected with an appropriate value of f / f for rods : 

D = D χ f / f (7) ο ο 
For OLOA-1200 we assume a molecular weight of 1200, a density of 
0.9, and_one electronic charge per molecule (5), and f / f =1.2; 
D=2.7xl0 1 0 . The conductivity of a 0.2% solution of OLoX-1200 i n 
kerosene i s 1x10 8ohm m̂ 1, so the Debye length i s 0.5 um(500oX). 
This Debye length i s about the same as i n the iridescent aqueous 
polystyrene latexes which have had serum replacement with d i s 
t i l l e d water. In these iridescent latexes the extensive Debye 
lengths give e l e c t r o s t a t i c repulsions that provide a distance 
between the centers of hexagonally packed par t i c l e s matching 
v i s i b l e l i g h t wavelengths so that Bragg reflections occur. These 
iridescent latexes are s t a b i l i z e d by the e l e c t r o s t a t i c repul
sion at Debye lengths of the same order as occur i n the OLOA 
solutions i n kerosene. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



346 POLYMER ADSORPTION AND DISPERSION STABILITY 

d I n Figure 11 the sum of the dispersion force attraction 
( U 1 2 l ) °f equation (1) and of the e l e c t r o s t a t i c repulsion ( U ^ l ) 
of equation (4) are plotted as a function of the separation 
distance H between carbon black p a r t i c l e s with radius 200 nm, the 
average diameter of our carbon black as determined by electron 
microscopy of a thoroughly deflocculated sample,and using a λ χ of 
100 nm. Two curves are shown, one for solutions with 0.2 % 
OLOA-1200 (1/K=500 nm, ζ=-144 mV) and another for solutions with 
0.8% OLOA-1200 (1/κ=250 nm, ζ=-218 mV). The maximum slope, a 
measure of the force between p a r t i c l e s , i s 0.23 kT/nm and 
0.9 kT/nm respectively. During the approach of pa r t i c l e s i n a 
c o l l i s i o n , the energy loss per 100 nm i n climbing the above 
slopes would be 23 kT and 90 kT, s u f f i c i e n t to slow and stop the 
approach i n almost a l l c o l l i s i o n s . The dashed l i n e just above 
the peak of e l e c t r o s t a t i
barrier of adsorbed OLOA-120
much higher. 

Flocculation Rates and S t a b i l i t y Ratios (16) 

Dispersions of 3.33 g of carbon black per l i t e r of dodecane 
(matching the compositions used i n determing zeta-potentials i n 
Figure 9) and dispersions of 0.33 g. per l i t e r were investigated 
for f l o c c u l a t i o n rates by turbi d i t y measurements immediately 
after sonication. From the slope of absorptivity vs. time the 
f l o c c u l a t i o n half-time was determined. The half-times determined 
with no dispersant were used as the rapid f l o c c u l a t i o n half-time 
(t ) used as the basis for determining the s t a b i l i t y r a t i o (W). 
In Table IV t i s 6 minutes for the dispersions containing 
3.33 g / l i t e r and 40 minutes with 0.33 g / l i t e r . Upon adding d i s 
persant the fl o c c u l a t i o n time increased and the r a t i o of the 
longer f l o c c u l a t i o n time to t i s the s t a b i l i t y r a t i o . 

As the OLOA-1200 content rof these dispersions increased i t 
should be remembered that the s t e r i c barrier i s well-developed at 
1% and optimum at about 2% OLOA-1200, as evidenced by the con
ductivity and v i s c o s i t y measurements of Figures 8 and 13. 
However i n Table IV we see no increase i n W at 1%, and only a 
small increase at 2% of dispersant. The value of W increases 
rapidly at about the same concentration that the conductivity 
increases, the counterion concentration increases and the zeta-
potential increases. At OLOA-1200 levels of 3.5% and higher the 
s t a b i l i t y r a t i o exceeds 5x1ο1*, with half-times i n excess of seven 
months ; these s t a b i l i t y ratios developed when zeta-potentials 
were -120 mV or more. 

These findings show that the s t e r i c barrier provided by the 
50 X adsorbed films was inadequate to deflocculate the dispersion 
at a l l , even though i t provided a m i l l i o n times more e l e c t r i c a l 
resistance and reduced the v i s c o s i t y very appreciably. On the 
other hand, the e l e c t r o s t a t i c barrier was very effective i n 
deflocculating the system, but i t took more dispersant than 
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F i g u r e 11. P o t e n t i a l energy diagram f o r two s p h e r i c a l c a r 
bon b l a c k p a r t i c l e s o f r a d i u s 0.2 ym w i t h Debye l e n g t h s and 
z e t a p o t e n t i a l s determined f o r 0.2% and 0.8% s o l u t i o n s o f 
OLOA-1200 i n o d o r l e s s kerosene. 
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T a b l e IV. S t a b i l i t y o f Carbon B l a c k i n Dodecane 

(A) C o n c e n t r a t i o n 3.33 g l " 1 

P a r t s OLOA 1200 F l o c c u l a t i o n W 
per 100 p a r t s s e d i m e n t a t i o n ( s t a b i l i t y r a t i o ) 
carbon b l a c k time 

0 6 min 1 
k 6 mi
1 7 mi
1% 9 min 1.5 
2 1 .5 h 15 
2% 5 h 50 
3 24 h 2 . 4 x l 0 2 

3k >7 months 5 x l O 4 

4 >7 months >5 xlO* 4 

hh >7 months >5 xl0h 

5 >7 months >5 xl0k 

6 >7 months >5 xl0k 

(B) C o n c e n t r a t i o n 0.33 g l 1 

P a r t s OLOA 1200 F l o c c u l a t i o n W 
per 100 p a r t s s e d i m e n t a t i o n ( s t a b i l i t y r a t i o ) 
carbon b l a c k time 

0 40 min 1 
k 40 1 
1 50 min 1.25 
Ik 90 min 2.25 
2 3 h 4.5 
2k 24 h 36 
3 2 .5 days 90 
3k 10 days 3 . 6 x l 0 2 

4 >6 months >6 x l O 3 

4% >6 months >6 x l O 3 

5 >6 months >6 x l O 3 
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needed for the s t e r i c barrier to provide the excess i n solution 
needed to promote counterion formation. The e l e c t r o s t a t i c barrier 
i s seen i n Figure 11 to be very sensitive to the concentration of 
OLOA-1200 l e f t i n solution, with a slope proportional to that 
concentration. Concentrations of OLOA-1200 i n solution probably 
need to exceed 0.1% for r e a l l y effective e l e c t r o s t a t i c defloc
culation. Figure 12 compares the s t a b i l i t y r a t i o to the conduc
t i v i t y (at 12 hours) to i l l u s t r a t e that the s t e r i c barrier forms 
i n the 1-2% range of dispersant, but that i n this range so much 
is adsorbed that none i s l e f t over to provide counterions i n 
solutions. At about 4% dispersant the conductivity rises as 
counterions develop,the Debye length decreases and the zeta-
potential climbs to provide a rapid increase i n the s t a b i l i t y 
r a t i o W. 

Viscosity of Dispersion

V i s c o s i t i e s of concentrated suspensions of carbon black i n a 
white mineral o i l (Fisher "paraffin" o i l of 125/135 Saybolt v i s 
cosity) were measured with a Brookfield viscometer as a function 
of OLOA-1200 content. Figure 13 shows the v i s c o s i t i e s of d i s 
persions with 30 w%, 35 w% and 70 w% carbon black. In a l l cases 
the v i s c o s i t y f e l l rapidly as the OLOA-1200 content increased 
from 0 to 1%, then f e l l more gradually and le v e l l e d off as the 
OLOA-1200 content approached 2%. In many respects the reduction 
i n v i s c o s i t y with increasing OLOA-1200 content p a r a l l e l s the 
conductivity measurements; both phenomena are sensing the b u i l d 
up of the s t e r i c b a r r i e r , and this s t e r i c barrier weakens, 
softens, and lubricates the i n t e r p a r t i c l e contacts. As evidenced 
in foregoing sections, the p a r t i c l e s are s t i l l flocculated but 
can be easily s t i r r e d and separated mechanically. The onset of 
el e c t r o s t a t i c repulsion at OLOA-1200 contents i n excess of 2.5% 
did not affect v i s c o s i t i e s . 

Sedimentation Volumes of Carbon Black Dispersions i n Kerosene (14) 

In the foregoing s t a b i l i t y measurements the 1-20 ym agglomerates 
of carbon black (as received) were broken down to 0.1-1 ym par
t i c l e s for flocc u l a t i o n studies, but for sedimentation studies 
the agglomerates were l e f t intact and these sedimented rapidly 
under gravitational forces. The sediment volume tends to be a 
measure of p a r t i c l e - p a r t i c l e interaction energies. If these 
forces are strong, c o l l i d i n g p a r t i c l e s may s t i c k together t i g h t l y 
on f i r s t contact and form a very loose voluminous sediment. If 
added dispersant reduces the interaction energy s u f f i c i e n t l y , 
p a r t i c l e s may s l i d e past one another under gravitational forces 
and form a tightly-packed sediment. 

In the sedimentation studies the dispersions were tumbled i n 
a r o l l i n g m i l l for 25, 50, 75, or 150 hours, allowed to sediment 
over night and the volumes read. As can be seen i n Figure14 the 
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PARTS OLOA 1200 DISPERSANT/100 PARTS CARBON BLACK 

F i g u r e 12. Comparison o f the d i s p e r s a n t c o n c e n t r a t i o n and 
dependence o f the s t a b i l i t y r a t i o W the c o n d u c t i v i t y 
o f carbon b l a c k d i s p e r s i o n s i n dodecane. Reproduced w i t h 
p e r m i s s i o n from Ref. ( 1 6 ) . C o p y r i g h t 1983, E l s e v i e r S c i e n c e 
P u b l i s h e r s . 
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3O0Or 

Q l , , ί-
0 I S OLOA 1200 2 3 

F i g u r e 13. E f f e c t o f OLOA-1200 c o n c e n t r a t i o n ( p a r t s of OLOA-1200 
per 100 p a r t s carbon b l a c k ) on the B r o o k f i e l d v i s c o s i t y ( a t 
30 r.p.m.) o f d i s p e r s i o n o f carbon b l a c k i n p a r a f f i n o i l . 
Squares - 30 W% carbon b l a c k ; t r i a n g l e s 35 W%; and c i r c l e s -
70 W% carbon b l a c k . 

AGITATION TtME(fcMfS) 

• ι , , , , , , , , 
• IS 1.1 t l M 2.S 3.1 3J 4.0 

PARTS OLOA 1211/ 111 PARTS CARBON BLACK 

F i g u r e 14» S e d i m e n t a t i o n volume o f 10 W% d i s p e r s i o n s of 
carbon b l a c k i n o d o r l e s s kerosene as a f u n c t i o n o f OLOA-
1200 c o n t e n t and a g i t a t i o n time. S e d i m e n t a t i o n time was 
24 hours. Reproduced w i t h p e r m i s s i o n from Ref. ( 1 4 ) . 
C o p y r i g h t 1983, E l s e v i e r S c i e n c e P u b l i s h e r s . 
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sediment volumes i n c r e a s e d q u i t e a p p r e c i a b l y w i t h i n c r e a s e d time 
of a g i t a t i o n , p o s s i b l y because the agglomerates became l e s s dense. 
The most i m p o r t a n t f i n d i n g s a r e t h a t the sediment volumes de
c r e a s e d w i t h i n c r e a s e d d i s p e r s a n t l e v e l s , as i s a l s o evidenced i n 
the photographs of F i g u r e 15 Here i t i s s u r p r i s i n g t o see t h a t 
the densest sediment was found f o r the d i s p e r s i o n w i t h no d i s p e r 
s a n t , and the l e a s t dense w i t h 0.2% o f OLOA-1200, which a l l o w s 
o n l y a v e r y s m a l l f r a c t i o n o f an adsorbed monolayer. The v e r y 
voluminous sediments o b t a i n e d a t low d i s p e r s a n t l e v e l s were most 
e a s i l y s t i r r e d , w h i l e the dense sediments o b t a i n e d a t h i g h d i s 
p e r s a n t l e v e l s were hard and d i f f i c u l t to s t i r . 

Some f u r t h e r l i g h t may be shed on carbon f l o e s t r u c t u r e by 
the e l e c t r o n micrographs o f F i g u r e 16 showing an a p p r e c i a b l e 
decrease i n f l o e s i z e w i t h i n c r e a s e i n d i s p e r s a n t c o n t e n t ( f o r 
the suspensions tumbled
the OLOA-1200 was an e f f i c i e n

C o n c l u s i o n s 

1. OLOA-1200, a p o l y b u t e n e succinamide w i t h a b a s i c a n c h o r i n g 
group and a 50 X extended polybutene c h a i n , p r o v i d e d b o t h s t e r i c 
and e l e c t r o s t a t i c s t a b i l i z a t i o n to d i s p e r s i o n s ôf carbon b l a c k 
i n hydrocarbon media. 
2. The s t e r i c b a r r i e r developed upon a d s o r p t i o n o f 1-2% of the 
d i s p e r s a n t was evidenced by a m i l l i o n - f o l d decrease i n con
d u c t i v i t y , a t w e n t y - f o l d decrease i n v i s c o s i t y , a t w o - f o l d i n 
c r e a s e i n sediment volume, but no d e f l o c c u l a t i o n of any degree. 
3. The e l e c t r o s t a t i c b a r r i e r developed o n l y a f t e r enough d i s 
p e r s a n t adsorbed t h a t a c o n c e n t r a t i o n of d i s s o l v e d d i s p e r s a n t of 
about 0.1% o r more remained i n the o i l phase, where c o u n t e r i o n s 
developed as evidenced by i n c r e a s e d c o n d u c t i v i t y , the development 
of l a r g e n e g a t i v e z e t a p o t e n t i a l s , s t e e p l y r i s i n g s t a b i l i t y 
r a t i o s , and complete d e f l o c c u l a t i o n . 
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F i g u r e 15. Photograph o f s e d i m e n t a t i o n o f carbon b l a c k 
(10 W%) i n o d o r l e s s kerosen
c o n t e n t . A g i t a t e d 15
1200 c o n t e n t s : ( a ) - 0 , ( b ) - 0 . 2 , ( c ) - 0 . 4 , ( d ) - 0 . 6 , ( e ) - 0 . 8 , 
( f ) - 1 . 0 , ( g ) - 1 . 2 , (h)-1.4, ( i ) - 2 . 0 , ( j ) - 2 . 8 , and (k)-4.0 
p a r t s OLOA-1200 per 100 p a r t s carbon b l a c k . Reproduced 
w i t h p e r m i s s i o n from Ref. (14) E l s e v i e r S c i e n c e P u b l i s h e r s . 

F i g u r e 16. E l e c t r o n micrographs showing f l o e s t r u c t u r e o f 
carbon b l a c k d i s p e r s e d i n o d o r l e s s kerosene a f t e r 150 hours 
of a g i t a t i o n . P a r t s OLOA-1200 per 100 p a r t s of carbon 
b l a c k : ( a ) - 0 , (b)-0.4, ( c ) - 2 . 0 , (d)-4.0. These a r e from 
samples ( a ) , ( c ) , ( i ) and (k) of F i g u r e 15. Reproduced w i t h 
p e r m i s s i o n from Ref. ( 1 4 ) . C o p y r i g h t 1983, E l s e v i e r S c i e n c e 
P u b l i s h e r s . 
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Flocculation of Precipitated and Pyrogenic Silica 
Hydrosols by Polyethylene Glycols 
Influence of Mixing Procedure, pH, and Electrolyte Concentration 
E. KILLMANN, N. GUTLING, and TH. WILD 
Institut für Technische Chemie der Technischen Universität München, Lehrstuhl für 
Makromolekulare Stoffe, Lichtenbergstrasse 4, D 8046 Garching, Federal Republic 
of Germany 

The flocculation f Sil ic  Hydrosol  i  reproducibl
by the adsorption
the mixing conditions are controlled. With a Laser
photo sedimentometer one obtains parameters which 
enable characterization of the turbidity and of the 
hindered sedimentation in the flocculated suspen
sion. By continuous addition of the polymer solution 
to the s i l i ca suspension the influences of the time 
of addition, stirring time, stirring intensity, po
lymer coverage, concentration of silica, pH and 
ionic strength on the flocculation state can be 
quantified. In contrast to pyrogenic s i l i ca preci
pitated s i l i ca is only flocculable by decreasing 
the pH below pH = 3.5 or by addition of salt above 
10 -2 mol/1. The flocculation of pyrogenic s i l i ca is 
markedly dependent on the mixing conditions at high 
pH and without salt. At high salt concentrations 
and pH < 3.5 the flocculation of precipitated and 
pyrogenic silicas becomes independent of mixing 
conditions. 

Polymer a d s o r p t i o n as a means of i n f l u e n c i n g and c o n t r o l l i n g the 
s t a b i l i t y of c o l l o i d a l d i s p e r s o n s i s becoming i n c r e a s i n g l y im
p o r t a n t . The i d e n t i f i c a t i o n and e l u c i d a t i o n of the fundamental 
pro c e s s e s of a d s o r p t i o n and f l o c c u l a t i o n by polymers i n the model 
system s i l i c a h y d r o s o l / p o l y e t h y l e n e g l y c o l was the purpose of the 
i n v e s t i g a t i o n s d e s c r i b e d ( 1 , 2 ) . Flame h y d r o l y z e d and p r e c i p i 
t a t e d s i l i c a has been used t o e l u c i d a t e t he co n f o r m a t i o n of ad
sorbed macromolecules a t the i n t e r f a c e (3,4,5). The f l o c c u l a t i o n 
of the s i l i c a h y d r o s o l s by the a d s o r p t i o n of p o l y e t h y l e n e g l y c o l s 
(PEG) i s r e p r o d u c i b l e p r o v i d e d the p r e p a r a t i o n and the p r e t r e a t -
ment of the s i l i c a s uspensions as w e l l as the m i x i n g procedure 
and c o n d i t i o n s are c o n t r o l l e d . 

0097-6156/ 84/ 0240-0357506.00/ 0 
© 1984 American Chemical Society 
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Suspensions of p y r o g e n i c s i l i c a A e r o s i l 200 i n water can be 
f l o c c u l a t e d w i t h PEG a t h i g h pH v a l u e s (pH >_ 4.7) w i t h o u t a d d i t i o n 
of e l e c t r o l y t e s . Former measurements show t h a t the a d s o r p t i o n o f 
the polymer and the f l o c c u l a t e d s t r u c t u r e are dependent on the 
method of m i x i n g the polymer s o l u t i o n w i t h the Âerosil s u s p e n s i o n . 
T h e r e f o r e , the dependence of s t a b i l i t y b e h a v i o u r on the m i x i n g 
c o n d i t i o n s was s y s t e m a t i c a l l y i n v e s t i g a t e d . The m i x i n g procedure 
l e a d s t o t u r b u l e n t f l o w c o n d i t i o n s i n the m i x i n g v e s s e l . Thus, an 
o r t h o k i n e t i c f l o c c u l a t i o n mechanism, which i n f l u e n c e s the p r o 
cesses o f polymer b r i d g i n g and e l e c t r o s t a t i c i n t e r a c t i o n s , has t o 
be taken i n t o c o n s i d e r a t i o n . T h i s mechanism i s based on p a r t i c l e 
c o l l i s i o n s by f l u i d motion or shear s t r e s s e s by s t i r r i n g t he s u s 
p e n s i o n . Few i n v e s t i g a t i o n s w i t h r e s p e c t t o t h i s p o i n t have been 
p u b l i s h e d by o t h e r authors (e.g.6,7,8,9). 

In c o n t r a s t t o th
s i l i c a can o n l y be f l o c c u l a t e
below pH = 3.5 o r by a d d i t i o n of an e l e c t r o l y t e . 

T h e r e f o r e , a s y s t e m a t i c e x a m i n a t i o n o f the i n f l u e n c e s of pH 
and e l e c t r o l y t e c o n c e n t r a t i o n on the s t a t e of f l o c c u l a t i o n o f both 
s i l i c a types seemed p r o m i s i n g . For a q u a n t i t a t i v e e x a m i n a t i o n of 
the s t a t e of f l o c c u l a t i o n a Laserphoto Sedimentometer was used t o 
f o l l o w the t u r b i d i t y and the s e d i m e n t a t i o n of the suspens i o n as a 
f u n c t i o n of time. T h i s method was d e s c r i b e d i n d e t a i l i n our e a r 
l i e r work (1,10). 

M a t e r i a l s 

The p y r o g e n i c flame h y d r o l y z e d s i l i c a Âerosil 200, a commercial 
product from Degussa, was used as a d i s p e r s i o n i n doubly d i s t i l l e d 
water ( 1 ) . The p r e c i p i t a t e d s i l i c a was prepared by h y d r o l y s i s o f 
o r t h o s i l i c i c a c i d t e t r a e t h y l e s t e r i n ammoniacal s o l u t i o n a c c o r d i n g 
to the method of S t o b e r , F i n k and Bohn ( 1 1 ) . The prepared suspen
s i o n was p u r i f i e d by re p e a t e d c e n t r i f u g a t i o n , s e p a r a t i o n from s o l 
vent and r e d i s p e r s i o n of the sediment i n f r e s h water. F i n a l l y , 
the water was evaporated and the wet s i l i c a d r i e d a t 150°C f o r 
about h a l f an hour. 

To o b t a i n r e p r o d u c i b l e i n i t i a l c o n d i t i o n s the p y r o g e n i c as 
w e l l as the p r e c i p i t a t e d s i l i c a s were t r e a t e d by u l t r a s o n i c a t i o n 
f o r about 7 min. w i t h 150 - 200 Watt, 20 KHz. Of the d i f f e r e n t 
d i s p e r s i o n methods t e s t e d the u l t r a s o n i c a t i o n gave the most r e p r o 
d u c i b l e , s t a n d a r d i z e d h y d r o s o l s ( 1 ) . A c c o r d i n g t o e l e c t r o n m i c r o 
graphs, u l t r a c e n t r i f u g a t i o n - , d i f f u s i o n - , v i s c o s i t y - and d e n s i t y -
measurements the p y r o g e n i c s i l i c a c o n s i s t s of aggregated p a r t i c 
l e s (1) whereas the p r e c i p i t a t e d s i l i c a probe c o n t a i n s r e l a t i v e l y 
i s o l a t e d monodisperse, s p h e r i c a l p a r t i c l e s w i t h an average d i a 
meter of about 100 nm. 

M i x i n g Procedure 

To o b t a i n r e p r o d u c i b l e f l o c c u l a t i o n a s t a n d a r d i z e d m i x i n g p r o c e -
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dure i s ne c e s s a r y . By t e s t i n g d i f f e r e n t p o s s i b l e m i x i n g procedures 
i n h o m o g e n i t i e s i n the polymer coverage of the p a r t i c l e and i n the 
f l o c c u l a t e d s t r u c t u r e can be avoided i f one uses a t e c h n i q u e , 
whereby the s o l and the polymer s o l u t i o n are sepa r a t e d by a pure 
water l a y e r . M i x i n g i s then accomplished u s i n g s t a n d a r d i s e d shak
i n g c o n d i t i o n s ( 1 ) . U s i n g an a l t e r n a t i v e t e c h n i q u e the s i l i c a s u s 
p e n s i o n i s put i n t o a s p e c i a l v e s s e l w i t h an a d j u s t a b l e s t i r r e r 
and the PEG s o l u t i o n i s added c o n t i n u o u s l y v i a a dosimate (Metrohm 
Ε 415). D u r i n g the a d d i t i o n the m i x t u r e i s s t i r r e d c o n t i n u o u s l y . 
Only w i t h the l a t t e r technique the i n f l u e n c e s of the time of ad
d i t i o n , d u r a t i o n of s t i r r i n g and the e f f e c t of d i f f e r e n t s t i r r e r 
speeds can be q u a n t i t a t i v e l y measured. 

A d s o r p t i o n Isotherms 

The amount of polymer adsorbe
c a l c u l a t e d from the mass b a l a n c e , a c c o r d i n g 

A = ( c E - c L) / c s 

u s i n g the measured supernatant c o n c e n t r a t i o n , c^, of nonadsorbed 
polymer, the known i n i t i a l c o n c e n t r a t i o n , c^, and the s o l concen
t r a t i o n , C g . The supernatant polymer c o n c e n t r a t i o n , c^, a f t e r 
c e n t r i f u g a t i o n i s measured u s i n g a t u r b i d i t y method w i t h t a n n i c 
a c i d ( 1 2 ) . 

D e t e r m i n a t i o n of C o l l o i d a l S t a b i l i t y by measuring T u r b i d i t y and 
Sedime n t a t i o n w i t h a Laserphoto-Sedimentometer 

The s e I f - c o n s t r u c t e d Laserphoto Sedimentometer and the measuring 
procedures t o o b t a i n the t r a n s m i s s i o n - h e i g h t p r o f i l e s and the 
c h a r a c t e r i z i n g parameters f o r the t u r b i d i t y and the h i n d e r e d s e 
d i m e n t a t i o n b e h a v i o u r of the f l o c c u l a t e d s u s p e n s i o n a r e d e s c r i b e d 
i n e a r l i e r p u b l i c a t i o n s ( 10,1). Thus o n l y a summary of these pa
rameters i s g i v e n h e r e : 
a) Τ ( 1 1 ) = U ^ / U q = r e l a t i v e t r a n s m i s s i o n one minute a f t e r f i n i s h 

i n g the m i x i n g , U^ = t r a n s m i s s i o n of the f l o c c u l a t e d s t r u c t u r e , 
U q = t r a n s m i s s i o n of pure water. 

b) E r e ^ = l o g ( U Q / U ) / l o g ( U Q / U ^ ) = r e l a t i v e absorbance i n the s u 
pe r n a t a n t l i q u i d , U^ = t r a n s m i s s i o n of the s i l i c a h y d r o s o l , 
U = t r a n s m i s s i o n of the supernatant l i q u i d . 

c) h r e l = h/(h+Ah) = r e l a t i v e h e i g h t of the, boundary l a y e r , h = 
h e i g h t of the boundary l a y e r of the sediment, h + Δ η = t o t a l 
h e i g h t of the susp e n s i o n 

d) E^/^ =-logT ,^=-log ( U ^ / U Q ) , Uo/^ = t r a n s m i s s i o n where the 
h e i g h t i s 3/4 (h+Δη); ( s u p e r n a t a n t l i q u i d ) 

e) E^ 1^ = - l o g T^ . = - l o g (U^ ,,_/U ) , U ^ = t r a n s m i s s i o n where 
the h e i g h t i s 1/5 (h + A h ) ; I s e i i m e n t i n g phase) 
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R e s u l t s and D i s c u s s i o n ; A d s o r p t i o n Isotherms 

The a d s o r p t i o n isotherms of PEG 6000 and 40,000 i n f i g . 1 show the 
t y p i c a l h i g h a f f i n i t y c h a r a c t e r f o r p r e c i p i t a t e d and f o r p y r o g e n i c 
s i l i c a w i t h the f o l l o w i n g t r e n d s : 
a) The amount adsorbed a t s a t u r a t i o n w i t h PEG 40,000 i s h i g h e r 

than w i t h PEG 6000 f o r pH 5.5 and 4.7 as w e l l as f o r pH 2.3. 
b) The amount adsorbed f o r a g i v e n polymer i s h i g h e r a t pH 2.3 

than a t pH 5.5 ( 4 , 7 ) . 
c) The amountof sorbed PEG per square meter s u r f a c e a r e a on p y r o 

g e n i c s i l i c a a t pH 4.7 i s h i g h e r than t h a t on the p r e c i p i t a t e d 
s i l i c a . 

d) With i n c r e a s i n g s t i r r i n g speed d u r i n g m i x i n g a v e r y s m a l l de
c r e a s e of the amount adsorbed i s observed. 

C o l l o i d a l S t a b i l i t y of t h

To measure the i n f l u e n c e of the m i x i n g procedure on the sedimen
t a t i o n and t u r b i d i t y (1) the s t i r r e r speed, v R {rpm}, (2) the time 
of polymer a d d i t i o n , min] , and (3) t h e time of s t i r r i n g a f t e r 
a d d i t i o n of the polymer, t N [ m i n ] , were v a r i e d . Two polymer c o v e r 
ages, θ - 0.2 and θ - 1.0, a t t h r e e pH-values, pH 4.7, pH 3.2 and 
pH 2.3 (the l a t t e r i s c l o s e t o the i s o e l e c t r i c p o i n t ) were s e l e c 
t e d f o r the s t a b i l i t y measurements. F i g . 2 shows the dependence 
of the t h r e e s t a b i l i t y c h a r a c t e r i z i n g parameters Τ ( l f ) E r e ^ 
(24h) and h r e ^ (24h) on the speed of s t i r r i n g v R , a t pH 4.7 f o r 
θ - 0.2 and θ - 1.0. The a d d i t i o n of the polymer a t v e r y low v R 

r e s u l t s i n a lower t r a n s m i s s i o n Τ ( 1 1 ) , of the d i s p e r s e d system, 
i n an i n c r e a s e of the r e l a t i v e adsorbance, Ε ,, and i n a low 
s e d i m e n t a t i o n volume, h a f t e r 24 h o u r s . These r e s u l t s suggest 
a degree of a g g r e g a t i o n of the s i l i c a p a r t i c l e s w i t h o u t the f o r 
mation of a boundary l a y e r ; o n l y some f l o e s were formed. At h i g h e r 
s t i r r i n g speeds ( v R > 200 rpm f o r θ ~ 1, v R > 350 rpm f o r θ ~ 0.2) 
f l o c c u l a t i o n and the f o r m a t i o n of a phase boundary were observed, 
the s e d i m e n t a t i o n volume, h r e i (24h), i n c r e a s e d s t r o n g l y and the 
adsorbance, Ε -, (24h), and the t r a n s m i s s i o n , Τ ( l f ) , decreased. 
The sharp s t e p l i k e phase boundary and the s l o w i n g down of th e s e d i 
m e n t a t i o n v e l o c i t y w i t h i n c r e a s i n g s t i r r i n g speed ( f i g . 3) are e v i 
dence f o r the e x i s t e n c e of a s t r u c t u r e d f l o c c u l a t i o n a t b o t h p o l y 
mer coverages (Θ = 0.2 and 1.0). In t h e f i g u r e s 4 t o 9 i t i s 
shown t h a t independent of t h e c o n d i t i o n s ( v R , t%9 eg , eg) an i n 
c r e a s i n g time of s t i r r i n g a f t e r m i x i n g , t N , l e a d s t o lower Τ ( l f ) 
and E r , (24h)-values and an i n c i e a s e i n h r e ^ (24h). A concomitant 
s e d i m e n t a t i o n v e l o c i t y decrease w i t h i n c r e a s i n g t ^ i s observed 
( f i g u r e 10). F i g . 4 shows the measured q u a n t i t i e s Τ ( 1 f ) , E r e ^ 
(24h) and h r e ^ (24h) as f u n c t i o n s of t N f o r d i f f e r e n t v a l u e s of 
the s t i r r e r speed V R a t p a r t i c l e coverage θ = 0.2. P r o l o n g i n g t j j 
and i n c r e a s i n g v R l e a d t o decreases i n Τ ( l 1 ) , E r e i (24h) and an 
i n c r e a s e i n h r e l (24h) ( c f . f i g . 2 ) . The f i g u r e s 5 and 6 i l l u s 
t r a t e the i n f l u e n c e of the time of a d d i t i o n of the polymer s o l u t i o n , 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



Κ I L L M A N N E T ΑΙ.. Silica Hydrosol Flocculation 
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F i g . 1. A d s o r p t i o n i s o t h e r m s of PEG from water s o l u t i o n ; 
p y r o g e n i c s i l i c a : Δ PEG 40 000, pH 4.7; φ PEG 6000, 
pH 4.7; p r e c i p i t a t e d s i l i c a : A P E G 40 000, pH 2.3; Ο PEG 
6000, pH 2.3; 4 PEG 40 000, pH 5.5; φ PEG 6000, pH 5.5. 

F i g . 2. Dependence of Τ (1min), Ε - (24h), h . (24h) on 
ν ; A e r o s i l 200, Hy), PEG 40 000; ΓΪ = 22°C; C g 6 = 0,01 g/ml; 
pH = 4.7; t = 5 mm, t = 5 min. 
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t z , on the f l o c c u l a t i o n b e h a v i o u r at two d i f f e r e n t s t i r r e r speeds. 
In b o t h cases i n c r e a s i n g the time of a d d i t i o n , t 7 , l e a d s t o a de-

l e v e l s o f f as the time of a d d i t i o n i s i n c r e a s e d ( f i g . 11). 
Summarizing the d e s c r i b e d r e s u l t s one can conclude t h a t f o r 

a g i v e n polymer c o n c e n t r a t i o n , c £ , by i n c r e a s i n g the s t i r r i n g 
speed, v R , and times ( t ^ , t ^ ) t h e e x t e n t of f l o c c u l a t i o n can be 
improved and the speed of s e d i m e n t a t i o n o f the f l o c c u l a t e reduced. 
When v R i s low and t N and t z are s h o r t l i t t l e o r no f l o c c u l a t i o n 
occurs and t h e r e i s a tendency f o r the f o r m a t i o n of g r a n u l a r f l o e s . 
T h i s may be accounted f o r by the low b r i d g i n g e f f i c i e n c y of the 
adsorbed polymer; the polymer forms s i n g l e f l o e s r a t h e r than an 
extended network s t r u c t u r e . A tendency t o form g r a n u l a r f l o e s i s 
a l s o observed a t v e r y h i g
t i m e s . Under these c o n d i t i o n
and t e n s i l e s t r e s s e s are e x i s t e n t and the f l o c c u l a t e d s t r u c t u r e 
can be d i s r u p t e d . Between these two extreme s t a t e s a r e g i o n of 
moderate m i x i n g c o n d i t i o n s e x i s t s , under which s t r u c t u r e d f l o c c u 
l a t i o n w i t h a sharp boundary l a y e r dominates. As shown i n f i g u r e s 
7 and 8 i n c r e a s i n g the polymer c o n c e n t r a t i o n from 0.2 mg/ml t o 
1.0 mg/ml ( c o r r e s p o n d i n g t o coverages 6=0.2 and Θ = 1.0) r e s u l t s 
i n a s t r o n g decrease of E r e ^ (24h) i n the supernatant s o l u t i o n , 
i n a decrease of the t r a n s m i s s i o n Τ ( 1 1 ) c o r r e s p o n d i n g t o an i n 
c r e a s e i n the t u r b i d i t y of the s u s p e n s i o n , and i n an i n c r e a s e of 
h r e 2 (24h) t o n e a r l y h r e ^ = 1. A l l these c h a r a c t e r i s t i c s i n d i c a t e 
a v e r y h i g h f l o c c u l a t i o n e f f i c i e n c y . 

Lowering the pH v a l u e of t h e s u s p e n s i o n from pH 4.7 t o pH 3.2 
o r pH 2.3 by adding an a c i d P E G - s o l u t i o n a t o t a l l y d i f f e r e n t s t a 
b i l i t y b e h a v i o u r i s observed. E

r e i (24h) and Τ ( l f ) are z e r o i n 
dependent of the m i x i n g parameters a t b o t h polymer c o n c e n t r a t i o n s . 
At low pH v a l u e s h r e ^ (24h), a measure of the s e d i m e n t a t i o n volume, 
i s s l i g h t l y dependent on the s t i r r e r speed, V R , (see f i g . 12). 
T h i s b e h a v i o u r demonstrates t h a t no " c r i t i c a l " shear i n t e n s i t y i s 
n e c e s s a r y f o r f l o c c u l a t i o n at pH 3.2 or 2.3. Thus, one may con
c l u d e t h a t o n l y a t pH 4.7 i s a k i n e t i c energy n e c e s s a r y t o o v e r 
come the e l e c t r o s t a t i c r e p u l s i o n of t h e s i l i c a p a r t i c l e s d u r i n g 
f l o c c u l a t i o n . 

The i n f l u e n c e of the p a r t i c l e c o n c e n t r a t i o n on f l o c c u l a t i o n 
i s shown i n f i g u r e 9. At the lowest c o n c e n t r a t i o n , C g = 0.005 g/ml, 
the Τ ( l f ) and E r e l (24h) v a l u e s decrease s l i g h t l y w i t h s t i r r i n g 
time t N ; no f l o c c u l a t i o n was observed. At h i g h s t i r r i n g t i m e s , 
t^> 25 min, some g r a n u l a r f l o e s a r e formed and a s m a l l s t a c k i n g 
s e d i m e n t a t i o n i s observed ( h r e ^ ) . With the h i g h e s t Âerosil con
c e n t r a t i o n , C g = 0.015 g/ml, d e s p i t e the lowest polymer coverage, 
the f l o c c u l a t i o n i s pronounced (T ( l f ) < 0.1; h r e i - 1 ) . With i n 
c r e a s i n g s t i r r i n g time t ^ the tendency t o g r a n u l a r f l o c c u l a t i o n 
i n c r e a s e s , e s p e c i a l l y a t the h i g h e s t p a r t i c l e c o n c e n t r a t i o n , and the 
sharp boundary l a y e r becomes more d i f f u s e . In t h i s case the s e d i 
ment l o s e s i t s homogeneity showing s t r u c t u r i n g , volume r e g i o n s 

c r e a s e i n Τ (1* 
i n c r e a s e i n 1 Ί Λ 
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of low transmission alternate with regions of high transmission, 
i. e . low p a r t i c l e concentration. 

C o l l o i d a l S t a b i l i t y of Precipitated S i l i c a 

The pH value and the electrolyte concentration show decisive i n 
fluences on the flocculation and the sedimentation behaviour of 
precipitated s i l i c a . Precipitated s i l i c a could not be flocculated 
at high pH values without the addition of an electrolyte. At 
pH > 3.5 no change i n the state of the suspension was observed, 
e.g. the sedimentogramms of the suspensions with polymer addition 
up to saturation (θ~1) have the same shapes as that of the sedi-
mentogram of the polymer free suspension. At pH 2.3 and even at 
a very low polymer concentration (c(40,000/PEG)> 3·10~-> mg/ml, 
θ = 5-10"4; c(6000/PEG
At higher coverages a sedimentin
which produced a f i n a l boundary layer. 

In the flocculated state for a l l suspensions, immediately 
after mixing, no transmission of l i g h t could be detected through 
the cuvette used and the sedimentation behaviour was different. 
Thus, instead of the parameters used for the pyrogenic s i l i c a 
systems we used the following characteristics for the p r e c i p i 
tated s i l i c a mixtures to describe the flocculation and sedimen
tation behaviour: 
(1) The r e l a t i v e absorbance E 3 / 4 to characterize the turbidity i n 

the supernatant l i q u i d . 
(2) The r e l a t i v e absorbance Ε-^5 to characterize the variation i n 

the sedimenting flocculated dispersion. 
(3) The r e l a t i v e height, h r e ^ (5 h), of the boundary layer at ab

sorbance Ε = -InT = 0.5 after 5 hours. 

The major difference i n the flocculation behaviour of PEG 
40,000 at pH 5.3 and pH 2.3 i s demonstrated by the absorbance i n 
the supernatant solution ( f i g . 13) . At pH 2.3 a small addi
tion of polymer leads to s i g n i f i c a n t flocculation and therefore 
a small absorbance, i . e . a high transparency of the supernatant 
l i q u i d . The time dependences of the absorbances with and without 
polymer are shown for pH 5.3 and ca.pH 2 i n f i g . 14. Fig. 15 
shows similar curves for a selection of s a l t concentrations. Simi
l a r l y the time dependence of the absorbances E ^ ^ with and without 
polymer i s i l l u s t r a t e d for pH 5.3 and ca.pH 2 i n f i g . 16 and for 
different s a l t concentrations i n f i g . 17. 

The following conclusions can be drawn from these diagrams: 
1) Without polymer a l l absorbances increase with decreasing pH 

and with increasing s a l t concentration. This behaviour can be 
explained by the increased aggregation of the p a r t i c l e s at 
low pH and at high s a l t concentration leading to a more turbid 
suspension. 

2) In s a l t free suspensions and i n suspensions having low s a l t con-
trations (c^ < 0.005) without polymer both absorbances E-jy^ 
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10-

0J5-4 

OM 

0.2-Γ 

(pH.-2 3/t-. 5h ) 
_Δ Δ— 

IpH-23/t=1hI 

θ = 1 (PH r 551 IpHr 5.5/f r 1h 

r 10 15 

cE 105/(g cm"3 ) 

F i g . 13. Dependence of T~ on polymer c o n c e n t r a t i o n , c F ; 
p r e c i p i t a t e d s i l i c a , c g =0.36 g/100 ml ; H 20; PEG 40 000. 

F i g . 14. Dependence of E~ on tim e , t ; system as i n f i g . 
13; · c = 0, pH 5.3; Ο c = 0.m pH 1.9; • c E = 0,01, pH 5,3 
V c = 0.1, pH 2.3; A c = 5.0, pH 5.3; Δ c = 5.0, pH = 
2.2 Cc,, i n mg/100 ml). 
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F i g . 16. Dependence of E 1 , on t i m e , t ; systems and symbols 
as i n f i g . 14. / ! ) 
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and E^,^ decrease w i t h time. At h i g h e r s a l t c o n c e n t r a t i o n s 
the absorbances seem t o go through a maximum ( f i g . 1 5 ). T h i s 
time dependence can be a t t r i b u t e d t o the a g g r e g a t i o n and s e d i 
m e n t a t i o n of the p a r t i c l e s which i s more pronounced i n the ab
sorbance of the supernatant l i q u i d a t h r e ^ = 3/4. 

3) A t pH 5.3 and a t low s a l t c o n c e n t r a t i o n s polymer a d d i t i o n has 
p r a c t i c a l l y no i n f l u e n c e on the a g g r e g a t i o n and on the s e d i 
m e n t a t i o n b e h a v i o u r . At pH 2.3 and a t the h i g h e s t s a l t con
c e n t r a t i o n (0.1 m) the polymer a d d i t i o n r e s u l t s i n i n f i n i t e 
absorbances immediately a f t e r m i x i n g ; these reduce t o v e r y 
s m a l l absorbances E^/ , and E-, / c w i t h i n a s h o r t time. T h i s 
b e h a v i o u r i s a t t r i b u t e d t o the s i g n i f i c a n t f l o c c u l a t i o n and 
the v e r y f a s t s e d i m e n t a t i o n of the f l o c c u l a t e d p a r t i c l e s . 

4) I n a l l these measurements the f l o c c u l a t e d p a r t i c l e s have a 
g r a n u l a r s t r u c t u r
T h i s i s e s p e c i a l l y
l a y e r of the sed i m e n t i n g phase. 

The i n f l u e n c e s of pH and s a l t c o n c e n t r a t i o n as a f u n c t i o n o f p o l y 
mer a d d i t i o n a r e more pronounced i n the f i g u r e s 18 t o 22. The 
absorbance E^/s i n the su s p e n s i o n f i v e hours a f t e r m i x i n g i s 
p l o t t e d a g a i n s t pH i n f i g . 18 and a g a i n s t the l o g a r i t h m of the 
s a l t c o n c e n t r a t i o n i n f i g . 19. The h e i g h t h/5 was chosen because 
a t t h i s h e i g h t the v a r i a t i o n s are v e r y s e n s i t i v e t o a g g r e g a t i o n , 
f l o c c u l a t i o n and s e d i m e n t a t i o n . In f i g . 20 the time dependence 
of T^/ej a t pH 2.3 i s demonstrated f o r d i f f e r e n t polymer concen
t r a t i o n s . I n a d d i t i o n , t he r e l a t i v e h e i g h t o f the boundary l a y e r 
a f t e r f i v e hours i s i l l u s t r a t e d as a f u n c t i o n o f the pH i n f i g . 
21 and as a f u n c t i o n of the s a l t c o n c e n t r a t i o n i n f i g . 22. The 
diagrams 18, 21 c l e a r l y show t h a t t h e pH v a l u e = 3.5 i s a c r i t i 
c a l v a l u e . Without polymer and a t lower pH an a g g r e g a t i o n e x i s t s 
l e a d i n g t o a h i g h e r absorbance. With polymer and a t pH h i g h e r 
than 3.5 no remarkable i n f l u e n c e i s demonstrated and a l l systems 
show almost i d e n t i c a l absorbance v a l u e s . At pH lower than 3.5 i n 
c o n t r a s t t o the a g g r e g a t i o n w i t h o u t polymer a t h i g h e r c o n c e n t r a 
t i o n s t he s u s p e n s i o n f l o c c u l a t e s i n g r a n u l a r f l o e s . The l a t t e r 
s e t t l e v e r y r a p i d l y and r e s u l t i n v e r y low absorbances. S m a l l 
polymer a d d i t i o n s up t o C p g ç = 0.01 mg/ml r e s u l t i n a more and 
more aggregated s t r u c t u r e . T h i s i s seen i n f i g . 20 by the marked 
decrease of T w ^ w i t h polymer c o n c e n t r a t i o n . A t polymer concen
t r a t i o n C p E G ~ 6.01 mg/ml the f o r m a t i o n of f l o e s and the measured 
r e s u l t s a r e i r r e p r o d u c i b l e . At h i g h e r polymer c o n c e n t r a t i o n s 
CPEG > 0·055 mg/ml f l o c c u l a t i o n becomes more pronounced and the 
t r a n s m i s s i o n T, ,̂  i n c r e a s e s s t r o n g l y due t o the s e d i m e n t a t i o n of 
the g r a n u l a r f l o c c u l a t e d system. A f t e r a s e d i m e n t a t i o n time of 
f i v e hours v e r y s m a l l s e d i m e n t a t i o n volumes are measured i n con
t r a s t t o the h i g h volumes w i t h o u t f l o c c u l a t i o n ( f i g . 2 1 ) . 

F i g . 19 and a l s o 22 show the e x i s t e n c e of a c r i t i c a l s a l t 
c o n c e n t r a t i o n f o r f l o c c u l a t i o n a t h i g h pH v a l u e s (pH> 3.5). At 
low s a l t c o n c e n t r a t i o n s c_< 10~ mol/1 no f l o c c u l a t i o n e x i s t s S 
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F i g . 21. Dependence of n
r e-^ (5h) on pH; system and symbols 

as i n f i g . 18 
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F i g . 22. Dependence of h ^ (5h) on - l o g c
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w i t h polymer a d d i t i o n and the same absorbance w i t h or without po
lymer can be measured. At h i g h s a l t c o n c e n t r a t i o n c^ > 10 mol/1 
the f l o c c u l a t i o n becomes more and more pronounced w i t h i n c r e a s i n g 
polymer c o n c e n t r a t i o n . T h i s r e s u l t s i n Ε v a l u e s which decrease 
w i t h the polymer coverage ( f i g . 15) and s m a l l s e d i m e n t a t i o n vo
lumes h r e ^ which i n c r e a s e w i t h the polymer c o n c e n t r a t i o n ( f i g . 2 2 ) . 
At s a l t c o n c e n t r a t i o n s a p p r o x i m a t e l y e q u a l to the c r i t i c a l con
c e n t r a t i o n Cg ~ 10 mol/1 a zone comparable w i t h the c r i t i c a l 
pH r e g i o n e x i s t s i n which r e s u l t s are i r r e p r o d u c i b l e . 

The v a r i a t i o n of the m i x i n g procedure at pH 2·3 i m p l i e s t h a t 
the c r i t i c a l c o n c e n t r a t i o n of the polymer n e c e s s a r y f o r f l o c c u 
l a t i o n i s independent of the m i x i n g parameters. T h i s behaviour 
d i f f e r e n t i a t e s the f l o c c u l a t i o n b e haviour of p r e c i p i t a t e d s i l i 
ca from t h a t of p y r o g e n i c s i l i c a a t pH 7. However, i t should be 
remembered t h a t a t low p
s i l i c a i s a l s o independen

C o n c l u s i o n s 

The e x p e r i m e n t a l r e s u l t s g i v e n above show t h a t f l o c c u l a t i o n w i t h 
PEG i s d i f f e r e n t f o r p y r o g e n i c and p r e c i p i t a t e d s i l i c a . I n con
t r a s t to p y r o g e n i c s i l i c a p r e c i p i t a t e d s i l i c a i s o n l y f l o c c u l a b l e 
by d e c r e a s i n g the pH to below 3 ^ or by the a d d i t i o n of s a l t t o 
a c o n c e n t r a t i o n g r e a t e r than 10 mol/1. I n t h i s case the f l o c c u 
l a t i o n of p r e c i p i t a t e d s i l i c a can be induced w i t h a v e r y low con
c e n t r a t i o n of polymer ( r e p r o d u c i b l e f o r PEG 40,000 a t c

p E G ~ ° · 1 

mg/100 ml, θ >0,02), whereas f o r p y r o g e n i c s i l i c a h i g h e r polymer 
c o n c e n t r a t i o n s are n e c e s s a r y . I n c r e a s i n g the polymer c o n c e n t r a 
t i o n o r the coverage changes the s t r u c t u r e of the f l o c c u l a t e d 
p y r o g e n i c s i l i c a from g r a n u l a r f l o e s a t v e r y low coverage to 
s t r u c t u r e d f l o c c u l a t i o n a t h i g h coverage. In c o n t r a s t t o t h i s 
b e h aviour g r a n u l a r f l o e s are formed from p r e c i p i t a t e d s i l i c a a l s o 
a t h i g h coverages of PEG. 

The f l o c c u l a t i o n of the p y r o g e n i c s i l i c a i s s t r o n g l y depen
dent on the m i x i n g c o n d i t i o n s , i . e . s t i r r i n g i n t e n s i t y , d u r a t i o n 
of s t i r r i n g a t h i g h pH v a l u e s and w i t h o u t s a l t . I n c o n t r a s t the 
f l o c c u l a t i o n of p r e c i p i t a t e d and p y r o g e n i c s i l i c a a t pH < 3.5 
and a t h i g h s a l t c o n c e n t r a t i o n s i s independent of m i x i n g . The 
reason f o r the d i f f e r e n t b e haviour can be p a r t i a l l y r e l a t e d to 
the d i f f e r e n t shapes of the s i l i c a p a r t i c l e s , i . e . monodisperse 
s p h e r i c a l p a r t i c l e s f o r the p r e c i p i t a t e d s i l i c a and h i g h l y aggre
gated s t r u c t u r e s f o r the p y r o g e n i c s i l i c a . Because of the i r r e 
v e r s i b l e f l o c c u l a t e d s t r u c t u r e s , measured here q u a n t i t a t i v e l y , i t 
becomes understandable t h a t d i f f e r e n t m i x i n g procedures cause 
d i f f e r e n t s t a t e s of f l o c c u l a t i o n . The optimum method of m i x i n g , 
by slow t i t r a t i o n of the polymer s o l u t i o n i n t o the s u s p e n s i o n , 
which we have used f o r t h i s q u a n t i t a t i v e study, can a l s o be ap
p r o x i m a t e l y a p p l i e d i n p r a c t i c a l cases to prevent i n h o m o g e n e i t i e s 
d u r i n g the m i x i n g p r o c e s s . The m i x i n g of the model system by 
s l o w l y t i t r a t i n g a polymer s o l u t i o n i n a s u s p e n s i o n , used here 
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to obtain quantitative results, can also be applied, albeit per
haps less precisely, to pr a c t i c a l systems where inhomogeneities 
must be prevented during mixing. The presented results using well 
characterized model systems are thus expected to have v a l i d i t y 
for real systems containing high molecular nonionic polymers. 
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Colloidal Stability of Microcrystalline Cellulose 
in Aqueous Salt Solutions 

PHILIP L U N E R and T. CHOU1 

Empire State Paper Research Institute, College of Environmental Science & Forestry, 
Syracuse, NY 13210 

The coagulation of microcrystalline cellulose was re
-investigated over  wide f solid  tha
viously reported. A
CCC was found. As the solids concentration was in
creased to 410 ppm coagulation was followed by an 
apparent redispersion region. Further addition of 
salt led to coagulation. At higher solids ~ 600 ppm, 
the CCC at the lower sal t concentration was elimin
ated. The redispersion region coagulated at tempera
tures higher than 23°C, the extent varying with solids 
concentration. The flocs in this region differed con
siderably from that found at higher salt concentrations. 
While the system conforms to coagulation i n a secondary 
minimum, the redispersion region is best accounted for 
in terms of gel formation originating from the rod-like 
shape of the particles and hydrated surface. During 
the f ina l coagulation process additional attractive 
forces such as dipolar and hydrogen bonding form flocs 
which are irreversible and denser than those formed at 
a lower salt concentration. 

I n a number of r e c e n t p u b l i c a t i o n s ( 1 , 2) microcrystaîline c e l l u 
l o s e d i s p e r s i o n s (MCC) have been used as models to study d i f f e r e n t 
a s p e c t s o f t h e papermaking p r o c e s s , e s p e c i a l l y w i t h r e g a r d t o i t s 
s t a b i l i t y . One of the c e n t r a l p o i n t s i n the w e l l e s t a b l i s h e d DLVO 
th e o r y of c o l l o i d a l s t a b i l i t y i s the c r i t i c a l c o a g u l a t i o n c o n c e n t r a 
t i o n (CGC). I n p r a c t i c e , i t r e p r e s e n t s the minimum s a l t c o n c e n t r a 
t i o n t h a t causes r a p i d c o a g u l a t i o n o f a d i s p e r s i o n and i s an 
i n t i m a t e p a r t of the t h e o r e t i c a l framework of the DLVO th e o r y ( 3 ) . 
K r a t o h v i l e t a l (4) have s t u d i e d t h i s a s p e c t o f the DLVO t h e o r y 
w i t h MCC and g i v e n v a l u e s f o r the CCC f o r many s a l t s , c a t i o n i c 
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s u r f a c t a n t s and m e t a l c h e l a t e s . I t was found t h a t the MCC s o l 
behaved q u i t e d i f f e r e n t l y towards these d e s t a b i l i z i n g agents than 
o t h e r more c o n v e n t i o n a l s o l s , such as l a t e x and A g i . I n the 
c o n t e x t of the p r e s e n t study s u f f i c e i t t o say t h a t i n the s o l i d s 
range of 100 t o 400 ppm the CCC d i d not v a r y and was 1.3 χ 1 0 " % 
NaCl. I n our p r e v i o u s s t u d i e s , s l i g h t l y h i g h e r v a l u e s were found 
which was a t t r i b u t e d to e i t h e r sample o r i g i n , p r e p a r a t i o n t e c h 
n i q u e s , p a r t i c l e s i z e or s o l i d s c o n t e n t . 

I n the course o f f u r t h e r work on c h a r a c t e r i z i n g the MCC s o l s 
i t was found t h a t the CCC of a v a r i e t y of s a l t s v a r i e d both w i t h 
the s o l i d s c o n t e n t and temperature. I n v e s t i g a t i o n of these param
e t e r s forms the b a s i s of the s t u d y . I t w i l l be shown t h a t as a 
r e s u l t o f p a r t i c l e shape, c o n c e n t r a t i o n and s u r f a c e c h a r a c t e r i s 
t i c s , c o a g u l a t i o n l e a d s t o a g e l - l i k e s t r u c t u r e . On f u r t h e r 
a d d i t i o n o f s a l t the c o a g u l a t e
f l o e s t h a t a r e i r r e v e r s i b l e
m ental parameters which l e a d t o these phenomena and p r e s e n t some 
p o s s i b l e e x p l a n a t i o n s . 

E x p e r i m e n t a l 

S o l P r e p a r a t i o n . Microcrystaîline c e l l u l o s e ( A v i c e l PH 105) was 
s u p p l i e d by the FMC C o r p o r a t i o n , P h i l a d e l p h i a , PA., as a w h i t e 
powder. Twenty grams of A v i c e l PH 105 were mixed w i t h 180 ml o f 
water i n a Waring b l e n d e r f o r 5 minutes. The t h i c k s l u r r y was then 
t r a n s f e r r e d t o a l£. v o l u m e t r i c f l a s k and g r a d u a l l y d i l u t e d t o l£. 
under c o n s t a n t s t i r r i n g . The d i l u t e d s u s p e n s i o n was l e f t u n d i s 
turbed f o r 3 days. The supe r n a t a n t w i t h a volume o f about 650 ml 
was removed. T h i s c o n s t i t u t e d the microcrystaîline c e l l u l o s e (MCC) 
s t o c k s o l . The s o l i d s c o n c e n t r a t i o n o f the s o l s were determined by 
oven d r y we i g h i n g and was about ( 1 . 2 g / l ) . The una d j u s t e d pH was 
5.6. A l l the s a l t s , h y d r o c h l o r i c a c i d and sodium h y d r o x i d e used 
were c e r t i f i e d A.C.S. grade from F i s h e r S c i e n t i f i c . 

S t a b i l i t y Measurements. S t a b i l i t y experiments were performed by 
the a d d i t i o n o f e l e c t r o l y t e s or HC1 t o t h e MCC s o l s . Two s e r i e s o f 
graduated c y l i n d e r s were pr e p a r e d . One s e r i e s c o n t a i n e d 15 ml of 
s o l w i t h the same s o l i d s c o n c e n t r a t i o n i n each c y l i n d e r . The o t h e r 
s e r i e s o f c y l i n d e r s c o n t a i n e d 15 ml of the e l e c t r o l y t e or HC1 o f 
v a r y i n g c o n c e n t r a t i o n s . P a i r s o f graduated c y l i n d e r s (one from 
each s e r i e s ) were combined by p o u r i n g the c o n t e n t s back and f o r t h 
between the c y l i n d e r s s e v e r a l times t o g i v e a t o t a l combined volume 
of 30 m l . HC1 o r NaOH was added t o these m i x t u r e s when n e c e s s a r y 
to a d j u s t t o the f i n a l pH v a l u e . These samples were l e f t u n d i s 
turbed f o r 2 hours. A t the end of 2 hours, the upper 20 ml o f t h e 
super n a t a n t was withdrawn w i t h a l o n g n e e d l e s y r i n g e f o r t u r b i d i t y 
measurement. The s o l i n water ser v e d as a b l a n k . The t u r b i d i t y 
r e a d i n g s o f a l l the samples were compared w i t h the r e a d i n g of the 
b l a n k , and t h i s r a t i o , τ was used as the c r i t e r i o n f o r s t a b i l i t y . 
The t u r b i d i t i e s were determined w i t h a t u r b i d i m e t e r , Model DRT100, 
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o b t a i n e d from HF I n s t r u m e n t s , F r e d o n i a , N.Y. The t u r b i d i t i e s were 
expressed i n Nephelometer T u r b i d i t y U n i t (NTU). 

I n most experiments the s m a l l e s t amount o f e l e c t r o l y t e needed 
to c o a g u l a t e the s o l s measured a f t e r 2 hours s t a n d i n g was chosen as 
t h e CCC. When u s i n g HC1, t h i s p o i n t i s the c r i t i c a l c o a g u l a t i o n pH. 
A c o n s t a n t temperature water b a t h was used f o r temperature d i f f e r 
ent than 23°C. The pH v a l u e s were measured w i t h a Beckman Model 
96A pH meter and a F i s h e r c o m b i n a t i o n e l e c t r o d e . The e l e c t r o -
p h o r e t i c m o b i l i t y measurements were made w i t h a L a s e r Doppler 
E l e c t r o p h o r e s i s a p p a r a t u s . These experiments were performed by Mr. 
J . K l e i n o f the Chemistry Department, Syracuse U n i v e r s i t y . 

F i l t r a t i o n T e s t . The f i l t r a t i o n t e s t equipment c o n s i s t e d o f a g l a s s 
column, w i t h a f r i t t e d d i s c 2 cm. d i a m e t e r , f i t t e d w i t h a stopcock 
and a 25 ml graduated c y l i n d e r
e l e c t r o l y t e s o l u t i o n , th
g l a s s column w i t h the s t o p c o c k c l o s e d . The time r e q u i r e d t o c o l 
l e c t water ( b l a n k ) and f i l t e r e d s o l between 5 t o 25 mis i n the 
graduated c y l i n d e r a f t e r 2 h r s . was determined. The f r i t t e d g l a s s 
was backwashed w i t h water t h o r o u g h l y a f t e r each measurement and a 
new b l a n k was e s t a b l i s h e d . The r e l a t i v e f i l t r a t i o n time between 
sample and water was used t o compare d i f f e r e n c e s between samples. 

R e s u l t s 

E f f e c t of P a r t i c l e C o n c e n t r a t i o n s on the CCC. F i g u r e 1 g i v e s the 
p l o t s of the r e l a t i v e t u r b i d i t y , v e r s u s l o g NaCl c o n c e n t r a t i o n a t 
d i f f e r e n t s o l i d c o n c e n t r a t i o n a t 23°C. At a s o l i d s c o n c e n t r a t i o n 
below 230 ppm ( F i g u r e 1A) the CCC i n c r e a s e s somewhat w i t h a 
decrease i n s o l i d c o n c e n t r a t i o n . However, when the s o l i d concen
t r a t i o n i s between 300 ppm and 620 ppm, two CCC v a l u e s a r e observed 
( F i g u r e I B ) . The minimum of the f i r s t u n s t a b l e r e g i o n g r a d u a l l y 
decreases as the s o l i d s c o n c e n t r a t i o n i s i n c r e a s e d u n t i l f i n a l l y a t 
about 670 ppm, o n l y one CCC i s observed a t a h i g h e r e l e c t r o l y t e 
c o n c e n t r a t i o n ( F i g u r e 1C). 

As the r e d i s p e r s i o n r e g i o n may be the r e s u l t of a charge 
r e v e r s a l , the e l e c t r o p h o r e t i c m o b i l i t i e s of the MCC s o l s as a 
f u n c t i o n of NaCl c o n c e n t r a t i o n were determined. No charge r e 
v e r s a l was d e t e c t e d and the m o b i l i t y o f the p a r t i c l e s decreased 
from 3.5 t o 2.6 m o b i l i t y u n i t s i n a l i n e a r manner w i t h i n c r e a s i n g 
s a l t c o n c e n t r a t i o n i n d i c a t i n g t h a t the r e d i s p e r s i o n r e g i o n was not 
caused by charge r e v e r s a l . 

Three a d d i t i o n a l e l e c t r o l y t e s , L i C l , CaCl2 and B a C l 2 were used 
as d e s t a b i l i z i n g e l e c t r o l y t e s and these c o a g u l a t i o n curves a r e 
shown i n F i g u r e 2. A g a i n , two CCC's a r e observed w i t h a l l the 
e l e c t r o l y t e s s t r o n g l y i n d i c a t i n g t h a t t h i s phenomenon does depend 
on e l e c t r o l y t e t y p e . The c o a g u l a t i o n c o n c e n t r a t i o n s o f BaCl2 and 
CaCl2 a r e lower than those of L i C l and N a C l , which agrees w i t h 
r e s u l t s o f p r e v i o u s s t u d i e s (4) and p o i n t s t o the f a c t t h a t we a r e 
d e a l i n g w i t h an e l e c t r o s t a t i c type o f d e s t a b i l i z a t i o n . F i g u r e 2 
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F i g u r e 1 . R e l a t i v e T u r b i d i t y (τ%) v e r s u s NaCl c o n c e n t r a t i o n 
f o r MCC s o l s a t d i f f e r e n t s o l i d s c o n c e n t r a t i o n . 
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a l s o shows t h a t the CCC v a l u e o f NaCl i s lower than t h a t o f L i C l . 
Bohm and Luner (5) have observed by p o t e n t i o m e t r i c t i t r a t i o n t h a t 
the o r d e r i n t h e a d s o r p t i o n o f e o u n t e r i o n s w i t h o x i d i z e d MCC 
i n c r e a s e s as f o l l o w s : 

L i + < N a + < K + < Mg 2+ < C a 2 + < B a 2 + 

Assuming t h a t the same a d s o r p t i o n o r d e r would o c c u r when these 
e o u n t e r i o n s a r e adsorbed onto the MCC s o l s used h e r e , t h i s coagu
l a t i n g sequence f o l l o w s t h e a d s o r p t i o n o r d e r n i c e l y . 

E f f e c t o f Temperature on the S t a b i l i t y / I n s t a b i l i t y R e gions. F i g u r e 
3 shows the e f f e c t o f i n c r e a s i n g temperature on the s t a b i l i t y o f 
the MCC s o l s . Two main f e a t u r e s may be noted. F i r s t , w h i l e o n l y 
one CCC i s observed w i t h the 670 ppm s o l s a t 23°C, by i n c r e a s i n g 
the temperature to 29°C c r e a t e s an i n s t a b i l i t y r e g i o n a t a s a l t 
c o n c e n t r a t i o n o f 1 χ 10""
second f e a t u r e made apparen
s y s t e m a t i c d i s a p p e a r a n c e o f the " r e s t a b i l i z e d zone". Indeed, t he 
670 ppm s o l shows o n l y one CCC a t 44°C, and the 410 ppm s o l shows 
o n l y one CCC a t 34°C. S i m i l a r l y , the 410 ppm s o l shows o n l y one 
CCC a t 17°C. An i n s t a b i l i t y r e g i o n appears a t 23°C and 1 χ 1 0 " % 
s a l t which i n c r e a s e s p r o g r e s s i v e l y and the " r e s t a b i l i z e d " zone i s 
e l i m i n a t e d a t 45°, i . e . , o n l y one CCC i s observed a t a lower s a l t 
c o n c e n t r a t i o n ( F i g u r e 4 ) . 

The d i f f e r e n t s t a b i l i t y r e g i o n s a r e shown s c h e m a t i c a l l y i n 
F i g u r e 5 and i n subsequent d i s c u s s i o n r e f e r e n c e w i l l be made to the 
r e g i o n s i n d i c a t e d i n t h i s F i g u r e . These r e s u l t s show t h a t the two 
CCC v a l u e s a r e s e n s i t i v e b o t h t o temperature and t o p a r t i c l e con
c e n t r a t i o n and t h e r e e x i s t c r i t i c a l p o i n t s o f p a r t i c l e c o n c e n t r a 
t i o n and temperature where e i t h e r r e g i o n I I c o u l d be s t a b i l i z e d o r 
r e g i o n I I I d e s t a b i l i z e d which f i n a l l y r e s u l t s i n o n l y one CCC 
v a l u e . 

I n o r d e r t o determine t h e c r i t i c a l temperature and s o l i d s con
c e n t r a t i o n p o i n t s , s t a b i l i t y domain diagrams were c o n s t r u c t e d as a 
f u n c t i o n o f s o l i d s c o n c e n t r a t i o n and s a l t , ( F i g u r e 6) as w e l l as a 
f u n c t i o n o f temperature and s a l t a t f i x e d v a l u e s o f s o l i d s ( F i g u r e 
7 ) . 

From the d a t a g i v e n so f a r as w e l l as d a t a not r e p o r t e d , a 
two CCC domain diagram w i t h temperature and s o l i d c o n c e n t r a t i o n 
as c o o r d i n a t e s was c o n s t r u c t e d and shown i n F i g u r e 8. The shaded 
a r e a r e p r e s e n t s the two CCC domain. 

E f f e c t o f pH on the CCC. I t has been shown t h a t the n e g a t i v e 
charge o f MCC o r i g i n a t e s from the d i s s o c i a t i o n o f c a r b o x y l 
groups ( 6 ) . A change i n pH v a l u e o f the MCC s o l w i l l l e a d t o a 
change i n the degree o f d i s s o c i a t i o n o f the c a r b o x y l groups, r e 
s u l t i n g i n a change o f th e s u r f a c e p o t e n t i a l o f the MCC p a r t i c l e s . 
S i n c e s u r f a c e p o t e n t i a l i s an im p o r t a n t f a c t o r f o r t h e s t a b i l i t y 
o f t h e c o l l o i d system, t h e e f f e c t o f pH on the s t a b i l i t y o f MCC 
s o l s was examined. 
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F i g u r e 2. R e l a t i v e T u r b i d i t y (τ%) v e r s u s s a l t c o n c e n t r a t i o n 
f o r MCC s o l s a t 23°C and 410 ppm s o l i d s . 

F i g u r e 3. R e l a t i v e T u r b i d i t y (τ%) v e r s u s NaCl c o n c e n t r a t i o n 
f o r MCC s o l s a t 670 ppm s o l i d s a t v a r i o u s temperatures. 
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F i g u r e 4. R e l a t i v e T u r b i d i t y (τ%) v e r s u s NaCl c o n c e n t r a t i o n a t 
410 ppm and at v a r i o u s temperatures. 
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F i g u r e 5. Schematic re p r e s e n 
t a t i o n of s t a b i l i t y and i n s t a 
b i l i t y r e g i o n s . 
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F i g u r e 6. S t a b i l i t y domain diagrams o f MCC s o l s , as a f u n c t i o n 
of s o l i d c o n c e n t r a t i o n , a) 23°C b) 29°C c) 34°C. The shaded 
areas r e p r e s e n t c o a g u l a t e d and s e t t l e d MCC s o l s . 

F i g u r e 7. S t a b i l i t y domain diagrams of MCC s o l s as f u n c t i o n 
of temperature and NaCl c o n c e n t r a t i o n a t a s o l i d s c o n c e n t r a t i o n 
of a) 410 ppm, and b) 670 ppm. The shaded areas r e p r e s e n t 
c o a g u l a t e d and s e t t l e d MCC s o l s . 
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F i g u r e 9A and 9B show the c o a g u l a t i o n curves a t pH 4.7 and 
6.4 as w e l l as the u n a d j u s t e d one, pH 5.6, a t 23°C w i t h a s o l i d 
c o n t e n t of 410 ppm. When comparing the c o a g u l a t i o n c u r v e f o r pH 
5.6, i t i s seen t h a t a t pH 4.7, the whole c u r v e was s h i f t e d i n the 
d i r e c t i o n o f lower e l e c t r o l y t e c o n c e n t r a t i o n . At pH 6.4, o n l y 
one CCC i s observed a t 23°C, b u t , on i n c r e a s i n g the temperature 
to 29°C, two CGC 1s a r e observed. 

Floe R e v e r s i b i l i t y by Changing NaCl Concentration. To evaluate 
more f u l l y the nature of the coagulation process with increasing 
salt concentration a number of observations were made on the floes. 
The s o l i d concentration of MCC sol for this study was 410 ppm at 
23°C. In region II, the NaCl concentration could be reduced by 
replacing the supernatan
tration the same as tha
tration to region I the o r i g i n a l l y formed aggregates were redi s 
persed by gently reversing the cylinders several times. The read
justed dispersion was stable and no v i s i b l e floes formed during two 
hours which indicated r e v e r s i b i l i t y between region II and I. 
However, the floes of region IV always reformed no matter which 
region they were diluted to. These results indicate that the type 
and extent of intermolecular forces vary with s a l t concentration. 

Floe R e v e r s i b i l i t y by Changing Temperature. At 23°C with a s o l i d 
concentration of 670 ppm, the MCC sol i n region II was stable. 
On ra i s i n g the temperature from 23°C to 34°C, the sol was destabi
l i z e d and floes formed. When the temperature was lowered again to 
23°C (the cylinder reversed several times to redisperse the aggre
gates) , the floes were redispersed and the dispersion was stable. 
In another test, the MCC sol at 23°C and 410 ppm was unstable 
(region I I ) . After decreasing the temperature to 20°C, the MCC sol 
was s t a b i l i z e d . If the temperature was raised back to 23°C, the 
MCC sol destabilized and floes formed again. The floes i n region 
II seem to be temperature reversible. 

The r e v e r s i b i l i t y of the MCC sols i n region III was also 
studied at 410 ppm at 23°C. Three NaCl concentrations were chosen 
for this test, i . e . , 1.33 χ 10"3M, which was close to the NaCl 
concentration of region II, 1.67 χ 10" 3M, located i n the middle of 
region I I I , and 2.25 χ 10"%, was near the NaCl concentration of 
region IV. After two hours, a l l the sols were stable. Then when 
the temperature was raised from 23°C to 34°C, floes formed i n a l l 
three samples. After two hours, the temperature was lowered to 
23°C. The sols with NaCl concentrations of 1.33 χ 10"3M and 1.67 χ 
10" 3M were re s t a b i l i z e d , whereas the floes formed i n 2.25 χ 10 3M 
NaCl were i r r e v e r s i b l e . 

Floe Sedimentation. Although floes formed i n both regions II and 
IV, their formation rate and sediment volume were di f f e r e n t . The 
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F i g u r e 8, Two CCC domain d i a 
grams of MCC as a f u n c t i o n of 
temperature and s o l i d s concen
t r a t i o n . The shaded a r e a r e p 
r e s e n t s the two CCC domains. 
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F i g u r e 9. The e f f e c t of pH and temperature on the c o a g u l a t i o n 
of MCC s o l s a t a s o l i d c o n c e n t r a t i o n of 410 ppm. 
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p a r t i c l e s o f r e g i o n IV c o a g u l a t e d immediately a f t e r m i x i n g the s o l 
w i t h NaCl w h i l e t he p a r t i c l e s o f r e g i o n I I d i d not c o a g u l a t e u n t i l 
an hour l a t e r o r even l o n g e r a f t e r m i x i n g . 

F i g u r e 10 shows the s e d i m e n t a t i o n r e s u l t s a t 23°C and 410 ppm 
i n a t o t a l volume o f 30 m l . For bot h r e g i o n s , the i n i t i a l volume 
of subsidence c o u l d not be r e c o r d e d because t h e r e was no c l e a r 
boundary between sediment and s u p e r n a t a n t . From t h i s f i g u r e , we 
see t h a t the s e d i m e n t a t i o n r a t e i n r e g i o n IV was h i g h e r than t h a t 
i n r e g i o n I I , w h i l e the s e d i m e n t a t i o n volume i n r e g i o n I I was t w i c e 
t h a t o f r e g i o n IV. 

F i l t r a t i o n T e s t . The s o l s i n r e g i o n s I and I I I appeared i d e n t i c a l 
by t u r b i d i t y measurements a t 23°C a t a s o l i d s c o n c e n t r a t i o n o f 410 
ppm. However, the p r e v i o u s d a t a showed t h a t the s o l s i n r e g i o n I I I 
c o a g u l a t e a t h i g h temperature
w h i l e the s o l s i n r e g i o
p o s s i b l e e x p l a n a t i o n i s t h a t t h e p a r t i c l e s i n r e g i o n I I I formed a 
type o f network ( g e l ) s t r u c t u r e . Such a s t r u c t u r e i m m o b i l i z e s the 
p a r t i c l e s and g i v e s the appearance o f s t a b l e s o l s . One way t o t e s t 
t h i s p o s s i b i l i t y i s t o r e f i l t e r samples from t h e d i f f e r e n t r e g i o n s . 
I f a network s t r u c t u r e i s formed i n r e g i o n I I I , t h e r e ought t o be 
an e x t r a r e s i s t a n c e t o f i l t r a t i o n and l e a d i n g t o l o n g e r f i l t r a 
t i o n times than those i n r e g i o n I . Tab l e I g i v e s the r e s u l t s 

T a b l e 1. R e l a t i v e F i l t r a t i o n Time o f MCC S o l s as a F u n c t i o n of 
NaCl C o n c e n t r a t i o n a t 23°C 

NaCl C o n c e n t r a t i o n (M) 
S o l i d s 0 5x10-4 9xl0~4 1.33x10- 3 1.67x10" 3 2.25x10" 3 4 x 1 0 " 3 

ppm B l a n k Reg. I Reg. I I Reg. I l l Reg. I l l Reg. I l l Reg. IV 

410 1.17 1.22 1.43 1.50 1.65 1.63 6.40 
760 1.19 1.26 1.39 1.75 1.93 1.97 9.52 

f o r t he r e l a t i v e f i l t r a t i o n time as a f u n c t i o n o f NaCl c o n c e n t r a 
t i o n . The r e s u l t s i n d i c a t e t h a t the d i f f e r e n t r e g i o n s have d i f f e r 
ent f i l t e r a b i l i t y i n d i c a t i n g t h a t t he f l o e s have d i f f e r e n t s t r u c 
t u r e s . 

D i s c u s s i o n 
F i g u r e 1A shows t h a t the CCC decreases w i t h i n c r e a s i n g s o l concen
t r a t i o n i n the range o f 50 t o 200 ppm. The v a r i a t i o n o f the CCC 
w i t h s o l c o n c e n t r a t i o n i s by no means an unexpected o b s e r v a t i o n i n 
vie w o f p r e v i o u s work w i t h o t h e r systems ( 7 ) . R e c e n t l y Βensley and 
Hunter (8) have i n v e s t i g a t e d t h i s a s p e c t o f c o l l o i d a l s t a b i l i t y 
w i t h l a t i c e s and found t h a t up t o a volume f r a c t i o n o f 0.10 the CCC 
was independent of the volume f r a c t i o n . These a u t h o r s a l s o p o i n t e d 
out the d i f f i c u l t i e s i n v o l v e d i n measuring the s t a b i l i t y o f more 
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F i g u r e 10· Sediment volume (ml) v e r s u s s e t t l i n g time ( h r ) f o r 
MCC s o l s i n r e g i o n I I and IV a t 23°C and a s o l i d s c o n c e n t r a t i o n 
of 410 ppm. 
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concentrated dispersions and the importance of mixing during the 
coagulation process. In view of the rod-like shape of the MCC 
p a r t i c l e s , their density (1.52), and wide size d i s t r i b u t i o n , using 
the more rigorous o p t i c a l techniques to determine the CCC would be 
a formidable task. Two more convenient but less accurate approach
es were adopted; measuring the residual turbidity and sediment 
volume after s e t t l i n g for a f i n i t e time. While neither of these 
methods i s absolute, they have proved convenient and informative. 

The most straightforward explanation for the data i n Figure 
1A l i e s i n the floe size formed on coagulation. As the sol con
centration increases, larger floes are formed which s e t t l e more 
quickly and give an apparent decrease i n the CCC. Experiments 
made at longer standing times than two hours showed somewhat 
lower CCC values. As the sol concentration reaches 300 ppm, an 
apparent redispersion occurs which i s followed by another CCC at 
a higher s a l t concentration
occurs over a very narro
much of our preliminary work pointed to a very irreproducible sys
tem u n t i l this phenomenon was recognized as r e a l . The electro-
phoretic results and the two CCC behavior with other mono and 
divalent salts seem to eliminate the s p e c i f i c adsorption of 
cations as an explanation for this phenomenon. When s t i l l higher 
sol concentrations are used (Figure 1C) only one CCC, at a higher 
sa l t concentration was observed. 

The turbidity values indicate that region I and III are simi
l a r , i . e . , both regions appear as a dispersed s o l . To establish 
whether this i s indeed the case, sols from the diff e r e n t s t a b i l i t y 
zones were centrifuged at low speed. It was found that at a s a l t 
concentration greater than 1 χ 10"3M, i . e . , between the two CCC 
values, the sols sedimented much more rapidly than at sa l t con
centrations below 1 χ 10~3M indicating that region III i s composed 
of larger aggregates which did not s e t t l e on standing; thus, 
gelation may be occurring at a s a l t concentration > 1 χ 10~3M < 
5 χ 10~3 and at a s o l p a r t i c l e concentration greater than 300 ppm. 
The r e f i l t r a t i o n data i n Table 1 and the different equilibrium 
sediment values i n regions II and IV seems to confirm that a d i f 
ferent structure exists i n these i d e n t i f i a b l e regions. Lastly, 
the lack of r e d i s p e r s i b i l i t y of the sols coagulated at high con
centration, i n contrast to the r e d i s p e r s i b i l i t y of the sols coag
ulated at 1 χ 10 -3M, further shows that structural differences 
exist between floes i n regions II and IV. 

DLVO Theory Applied to MCC Sols. In order to interpret the 
s t a b i l i t y of MCC sols, several s t a b i l i t y calculations were made. 
F i r s t , by using a spherical p a r t i c l e radius of 706A, A = 2.6 kT, 
ψο = 14 mV and Τ = 296°K at a s a l t concentration of 0,9 χ 10"3M 
(region I I ) , a secondary minimum was obtained at 500 A, = 
4 kT at V T = 0 at 14 A. At higher sa l t concentrations, the DLVO 
plots showed nearly complete i n s t a b i l i t y . Similar calculations 
were made using f l a t plate geometry with A = 2.94 χ 10~20j 
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(9, 1 0 ) . It was found that = 0.5 χ lO-iOj/m 2 with a broad 
shallow secondary minimum of 600 A. 

Kratohvil et a l (4) have accounted for the high s e n s i t i v i t y 
of MCC sol towards electrolyte based on a secondary minimum and 
indeed the calculations presented above make this a reasonable 
explanation. With this i n mind, the f i r s t CCC < 2 0 0 ppm i s a 
result of coagulation i n a secondary minimum. However, given 
s u f f i c i e n t particles, 410 ppm, and a s a l t concentration greater than 
1 χ 1 0 - 3 M the par t i c l e s are brought s t i l l closer together and a 
three dimensional structure (gel) i s formed. This gel imbibes 
s u f f i c i e n t water so as to prevent i t s sedimentation completely. 
Further addition of s a l t , (second CCC) breaks the gel structure 
and the floes s e t t l e out. The temperature r e v e r s i b i l i t y of floes 
in regions II and III i n contrast to those of region IV, as well 
as the difference i n sediment volumes and r e f i l t r a t i o n time 
between the two regions
tration, i . e . , at the secon
primary minimum. 

Observations such as those presented here have been reported 
previously for C e 0 2 by Kruyt ( 1 1 ). Their results indicated that 
at 1.64 χ 1 0 " 2M NaCl, the C e U 2 sol coagulates slowly while at 
1.82 χ 1 0 - 1 M NaCl, the C e 0 2 sol forms a gel and the pa r t i c l e s do 
not s e t t l e . Similar gel-structure phenomenon have been observed 
for A I 2 O 3 ( 1 2 ) and S1O2 sols (13). Overbeek (14) has proposed that 
this type of gel was as a loose network structure formed by 
p a r t i c l e - p a r t i c l e interactions. This network structure immobi
l i z e s the p a r t i c l e s as well as occluded l i q u i d and prevents the 
par t i c l e s from coagulating. Since the pa r t i c l e s cannot coagulate, 
the system which forms a gel appears l i k e a stable s o l . Two recent 
reviews (15, 16) have recently focused attention on this type of 
coagulation and gelation phenomena, especially with rod-like par
t i c l e s . While considerable progress has been made, a complete 
explanation of these phenomena i s s t i l l lacking. Much of the data 
are consistent with coagulation at secondary minimum, but two ex
perimental results need further elaboration; the lower floe volume 
of region IV compared to region II and the temperature s e n s i t i v i t y 
of region I I I . 

On the basis of v i s c o s i t y and sedimentation analysis, Mar-
chessault et a l (17) have proposed a tactoid shape unit comprising 
about 2 0 microcrystals i n d i l u t e phosphate buffer. Other evidence 
(18) also suggests that cellulose microcrystals have a tendency to 
aggregate easily i n a side-by-side fashion. It i s our contention 
that region IV consists largely of tactoid type aggregates. Cal
culations show that the occluded volume fr a c t i o n of the so l i n 
the sediment i n region IV i s 0.16 while the occluded volume f r a c 
tion of the o r i g i n a l s o l i s 0.90. It would appear that the par
t i c l e s i n this s a l t region are subjected to additional a t t r a c t i v e 
forces. These may originate from dipole and/or hydrogen bonding 
forces (15) resulting i n a more t i g h t l y packed f l o e . 
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As the gel i s very d i l u t e , the temperature s e n s i t i v i t y i n 
this region i s l i k e l y related to the increased Brownian motion 
which breaks the weakly bonded structure into discrete floes. 
However, whether this occurs as a result of changes of p a r t i c l e 
charge and potential and/or dehydration of the dispersed phase i s 
unknown at this time (19). 

Concluding Remarks 

This study has shown that MCC forms a g e l - l i k e structure at low 
solids concentration i n the presence of s a l t . It has also been 
known for a considerable time (20) that MCC forms aqueous gels 
and pastes but at much higher solids concentration. It would 
appear that further studies with the MCC gel i n di l u t e form may 
elucidate the mechanism of gelation more d e f i n i t i v e l y . 
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Adsorption of Polyacrylamides on Kaolinite 
and Its Flocculation and Stabilization 

P. SOMASUNDARAN, Y. H. CHIA, and R. GORELIK 

Henry Krumb School of Mines, Columbia University, New York, NY 10027 

Adsorption of nonioni
on kaolinite cla
flocculation properties (settling rate, sediment 
volume, supernatant clarity and suspension viscos
ity) under controlled conditions of pH, ionic 
strength and agitation. Adsorption and floccula
tion data obtained simultaneously for selected 
systems were correlated to obtain information on 
the dependence of flocculation on the surface 
coverage. Interestingly, optimum polymer concen
tration and type vary depending upon the floccula
tion response that is monitored. This is discussed 
in terms of the different properties of the flocs 
and the floc network that control different 
flocculation responses. Flocculation itself 
is examined as the cumulative result of many sub
-processes that can depend differently on system 
properties. 

The nature of the flocculation of fines obtained in polymer solu
tions i s dependent upon a number of factors including polymer 
characteristics, s o l i d and solvent properties as well as the 
hydrodynamic conditions used during the fl o c c u l a t i o n and pre-
f l o c c u l a t i o n stages. Understanding the role of factors i s 
important for achieving the desired f l o c c u l a t i o n state of fines, 
p a r t i c u l a r l y of mineral dispersions which are not ea s i l y pro
cessed ( 1 , 2 ) . I t i s noted here that d i f f e r e n t properties of the 
flocculated systems can be the determining c r i t e r i o n i n diffe r e n t 
processes. For example, whereas supernatant c l a r i t y w i l l be im
portant when water i s to be recycled, i t can be the sediment 
volume or the s e t t l i n g rate that w i l l be important i n effluent 
treatment. Different polymers can have di f f e r e n t effects on the 
above-named properties of a flocc u l a t i n g system, and a simultaneous 
study of these effects can provide useful information about 
the mechanism of interaction between polymers and p a r t i c l e s as 
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well as between the polymer-coated p a r t i c l e s . In t h i s study, 
the eff e c t of polymer properties, such as charge density, on 
selected floc c u l a t i o n parameters, such as s e t t l i n g rate, sediment 
volume, and supernatant c l a r i t y , i s studied for k a o l i n i t e fines. 

The floc c u l a t i o n of ka o l i n i t e has been studied extensively 
i n the past (3-9). However, the results have been contradictory, 
for example, i n the case of the polymer charge density required 
for optimum fl o c c u l a t i o n . While the discrepancies might be 
owing partly to the differ e n t methods used to measure floc c u l a t i o n , 
they also could have resulted from uncertainties i n the measured 
properties of ka o l i n i t e caused by aging or ion exchange, i n the 
properties of polymer due to the use of differ e n t commercial 
samples, or i n the properties of the solution owing to variations 
i n pH, ionic strength etc. An accurate understanding of the 
flocc u l a t i o n and dispersion of clays i s , however, of much impor
tance since clays are
reservoirs, and marine
influence various processes involving them. 

Flocculation i s indeed dependent on polymer adsorption, and 
there are hypotheses correlating the two phenomena, but often 
these have been put forth without detailed measurement of the 
two phenomena simultaneously (10-13). In t h i s paper, floccu l a t i o n 
i s investigated as a function of polymer and solution properties 
and hydrodynamic conditions by measuring di f f e r e n t properties 
of the system, including adsorption, using well characterized 
ka o l i n i t e and polymer samples prepared s p e c i f i c a l l y for t h i s 
purpose. Also, the role of concentration and charge density of 
polyacrylamide and polyaerylamide-polyacrylie acid co-polymers 
i n determining k a o l i n i t e f l o c c u l a t i o n i s examined under controlled 
hydrodynamic conditions. 

Experimental 

Materials. Na-Kaolinite: A homoionic sample of kao l i n i t e was 
prepared from a w e l l - c r y s t a l l i z e d sample purchased from Source 
Clays, University of Missouri, using a standardized technique (14) 
which involved repeated washing with d i s t i l l e d water and by 
treatment with NaCl solutions to remove exchangeable ions such as 
Ca, and freeze-drying of the f i n a l product. Nitrogen s p e c i f i c 
surface area of t h i s k a o l i n i t e was estimated to be 9.4m /g and 
X-ray analysis showed the characteristic pattern of k a o l i n i t e . 

Polymers: Polyacrylamide and hydrolyzed polyacrylamide were 
prepared by the American Cyanamid Company s p e c i f i c a l l y for t h i s 
project, starting with l^C labell e d monomer. The rad i o a c t i v i t y 
l e v e l of the monomer was kept below 0.20 mC^/g i n order to avoid 
s i g n i f i c a n t spontaneous polymerization, u t i l i z i n g a copper i n 
h i b i t o r . The homopolymer was synthesized by free ra d i c a l solution 
polymerization i n water at 40°C, using monomer r e c r y s t a l l i z e d from 
chloroform, an ammonium persulfate-sodium metabisulfite catalyst 
system, and isopropanol as a chain transfer agent. Sodium 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



24. S O M A S U N D A R A N E T A L . Polyacrylamides Adsorption on Kaolinite 395 

ethylene diamine tetraacetate was included i n the recipe to seques
ter any residual copper i n h i b i t o r i n the labe l l e d monomer. In or
der to avoid broadening the molecular weight d i s t r i b u t i o n , the poly
merization reaction was not carried to completion. Residual mono
mer was extracted with methanol-water mixtures and with methanol un
t i l i t was less than 0.5 wt. % of the polymer. The f i n a l product 
was stored as the freeze-dried material. Polyacrylamides of d i f f e r 
ent a n i o n i c i t i e s were prepared by hydrolyzing d i l u t e aqueous solu
tions of the homopolymer to the desired l e v e l with sodium hydroxide 
at 43°-46°C, i n the presence of 2 wt. % isopropanol. These prod
ucts also were stored as freeze-dried materials. 

The i n t r i n s i c v i s c o s i t y of the homopolymer was found to be 
1.8 dl/g i n 1 M NaCl at 30°C, using a #75 Cannon-Ubbelhode visco
meter. Using the Mark-Houink equation (η = KMa) with Κ = 3.73 χ 
10~ 4 and a = 0.66, the v i s c o s i t y average molecular weight i s 
estimated to be 0.4 χ 10
the hydrolyzed polyacrylamide
spectroscopy, and were reported to be 9 ± 2, 21 ± 2, and 33 ± 2 
mole %. The polyacrylamides are designated as ΡAM or as HPAM to 
indicate the homopolymer or a hydrolyzed product. Two numbers are 
added after the l e t t e r s , the f i r s t indicating the molecular weight 
i n units of a m i l l i o n , and the second the extent of hydrolysis (e^.; 

HPAM 0.4-33 has a molecular weight of 0.4 χ 10 6 daltons and i s 
hydrolyzed to the extent of 33 mole % ) . 
Procedure. For each test, a 5 gram sample of Na-kaolinite was 
f i r s t conditioned i n 150 ml of 3 χ 10~ 2 kmol/m3 NaCl solution i n 
teflo n bottles for two hours using a wrist-action shaker set for 
maximum agitation of the suspension. I t was then s t i r r e d for de
sired intervals using a 1" propeller (three 2.54cm diameter blades 
at 45° inclination) at 1200 rpm i n a 250 ml 6.3 cm diameter beaker 
f i t t e d with four 0.63 cm wide b a f f l e plates (16) with 50 ml of poly
mer solution added i n the beginning while the suspension was being 
s t i r r e d . Time of conditioning of the suspension with the polymer 
i s indicated i n each figure. Samples were then removed from t h i s 
for various measurements. 

Percent s o l i d settled: In tests where adsorption and f l o c c u l a 
tion were determined simultaneously, the 200 ml sample was allowed 
to set t l e for 30 seconds and then 100 ml of the supernatant was re
moved using a suction device and after centrifugation analyzed for 
residual polymer concentration. The minimum l e v e l of detection was 
at 0.5 to 1 ppm and the reproducibility of the adsorption measure
ments was 2-3%. The settled 100 ml portion was analyzed for s o l i d 
content. Flocculation due to polymer addition i s measured by 
noting % s o l i d settled as a function of polymer concentration. 

Settling rate: For determing the s e t t l i n g rate, the 200 ml 
sample was transferred to a 250 ml f l a t bottomed graduated cylinder 
and 4 ml of supernatant was used for polymer analysis. The o r i g i n a l 
solution was made up with an equal volume of electrolyte solution 
and then remixed manually end over end. The s e t t l i n g rate was deter
mined by measuring the descent of the solid/solution interface as a 
function of time and by estimating the slope of the l i n e a r region. 
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Sediment volume: The sample used for measurements of s e t t l i n g 
rate was allowed to subside overnight for 16 to 24 hours and the 
sediment volume was read on the graduated cylinder. 

Supernatant c l a r i t y : After subsidence, the sample was remixed 
manually and allowed to s e t t l e for 3 minutes. Supernatant c l a r i t y 
was measured using a Brinkman probe colorimeter PC 1600 by dip
ping the probe to just below the surface of the l i q u i d . 

Viscosity: A 16 ml sample of the suspension removed after 
remixing was used for torque measurements using a Brookfield 
viscometer (Model: LVTD) with a UL adapter. I n i t i a l torque read
ings were used for estimating v i s c o s i t y i n order to avoid problems 
ari s i n g from any s e t t l i n g of the ka o l i n i t e in the viscometer during 
the measurements. 

Results 

Simultaneous Adsorption/Flocculatio
adsorption and f l o c c u l a t i o n (as measured by the amount of s o l i d 
settled) for the same samples are given as a function of concentra
tion of the nonionic polyacrylamide i n Figure 1 and the 33% hydro
lyzed polymer i n Figure 2. Flocculation as measured by s e t t l i n g 
rate i s given i n Figure 3 for the case of the nonionic poly
acrylamide. In these tests both polymers were completely depleted 
from solution up to about 100 mg/kg addition. As far as f l o c c u l a 
tion i s concerned, the nonionic polymer i s found to increase both 
the percent s o l i d settled and the s e t t l i n g rate which go through 
maxima at about 25 mg/kg addition. While polymer addition had no 
measurable ef f e c t on percent s o l i d settled even at higher polymer 
concentrations, at a l l leve l s of addition, the s e t t l i n g rate 
i s higher than that obtained i n the absence of the polymer. I t 
i s clear from a comparison of the polymer effect on these two 
floccu l a t i o n responses that a single parameter cannot be used to 
characterize f l o c c u l a t i o n . Even though the s e t t l i n g rate i s often 
a more sensitive parameter, as i n the present case, i t i s often 
necessary—particularly i n the case of selective f l o c c u l a t i o n — t o 
also measure percent s o l i d settled to a given l e v e l and to analyze 
the settled mass for mineralogical composition. I t i s noted that 
while the nonionic polymer enhanced the amount of s o l i d settled, 
the anionic polymer had no measurable effect on t h i s response even 
though i t s adsorption was comparable to that of the former. More 
important i s the observed lack of the proposed correlations be
tween the extent of polymer coverage and f l o c c u l a t i o n . This i s 
further seen when the eff e c t of time of s t i r r i n g of the mineral 
with the polymer solution i s examined (see Figure 4). While 
adsorption reached i t s maximum value within 2 minutes, f l o c 
culation decreased for at least 20 minutes upon continued 
s t i r r i n g . Evidently the amount of polymer adsorbed cannot be 
considered to be the sole factor governing the fl o c c u l a t i o n . 

Polymer Concentration. The effect of polymer dosage on addition
a l f l o c c u l a t i o n responses was measured together with adsorption 
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PAM 0.4-0/Na-KAOLINITE 
pH =4.5 ±0.2 1*3x10-* kmol/m'NaCI 
S/L'0.025 COND. SPEED = 1200 rpm 
T= 24± 2°C COND. TIME = lh 

INITIAL POLYMER CONCENTRAT ION , mg/kg 

Figure 1. Adsorption and flocculation obtained with Na-
kaoli n i t e at pH 4.5 as a function of dosage of polyacryla
mide (PAM 0.4-0). 

Figure 2. Adsorption and flocculation obtained with Na-
kaoli n i t e at pH 4.5 as a function of dosage of 33% hydro
lyzed polyacrylamide (HPAM 0.4-33). 
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Figure 3. Settling rate of Na-kaolinite suspension at pH 
4.5 as a function of polyacrylamide (PAM 0.4-0)dosage. 
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PAM 0.4-0/Na-KAOLINITE 
pH =4.5 ±0.2 Ci = 25 mg/kg 
S/L» 0.025 I =3x10-* kmol/m3NaCI 
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Figure 4. Diagram i l l u s t r a t i n g kinetics of adsorption and 
floccula t i o n for Na-kaolinite/polyacrylamide (PAM 0.4-0) 
system. 
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for both the nonionic and the anionic polymer. Conditioning was 
done i n these tests at 1200 rpm for 10 minutes. On the basis of 
the results given i n Figure 4, adsorption can be considered to 
have attained equilibrium during t h i s time for these systems. 

Results obtained for various fl o c c u l a t i o n responses are 
given i n Figures 5 and 6 for the nonionic and the anionic poly
mer respectively. I t i s seen from Figure 5 that while the 
se t t l i n g rate goes through a maximum as a function of PAM con
centration, the transmittance of the supernatant increases from 
38% at 0 mg/kg to 80% at 25 mg/kg and then remains at that l e v e l 
t i l l at least 50 mg/kg. The sediment volume does not vary to 
any s i g n i f i c a n t extent. Adsorption of the polymer on the other 
hand i s found to increase continuously i n the complete concen
tr a t i o n range of 0 to 100 mg/kg. In contrast, with the 33% 
hydrolyzed polyacrylamide, while the adsorption reaches i t s 
maximum value at about 5
the supernatant transmittanc
i n the 10-25 mg/kg ranges. Also i n t h i s case the sediment volume 
i s affected by the polymer addition. I t i s to be noted that the 
maximum effec t i s seen at dif f e r e n t polymer concentrations for 
different responses. Viscosity of the suspension also responds 
to the PAMA addition, but again the polymer concentration re
quired for t h i s e f f e c t i s different from those for changes i n 
other responses. 

These differences i n the effec t of polymers on various 
floccu l a t i o n responses have important theoretical and p r a c t i c a l 
implications and can be explained i n terms of various characteris
t i c s of floes and floc-aggregates. Polymer adsorption or attach
ment of p a r t i c l e s to polymer can occur i n any number of configura
tions, and as a result the aggregation of p a r t i c l e s also can take 
place i n many ways, leading to different floe and suspension 
structures which w i l l respond d i f f e r e n t l y to dif f e r e n t tests. 
Thus, a wide size d i s t r i b u t i o n of floe can y i e l d both a turbid 
supernatant and a r e l a t i v e l y high s e t t l i n g rate. Viscosity and 
sediment volume w i l l also depend on floe structure, but more 
importantly on possible i n t e r f l o c aggregation to form network 
structures (17-19). They also can be d i r e c t l y affected i f the 
polymer adsorbs with long loops and t a i l s and by alterations 
i n the structure of the f l u i d medium i n the v i c i n i t y of the 
adsorbed species. Indeed, such alterations i n the f l u i d structure 
and attachments of u l t r a f i n e s and c o l l o i d s to the polymer can be 
expected to depend on the charges of both the p a r t i c l e and the 
polymer. Thus, at 50 mg/kg polymer addition, even though both 
types of polymer adsorb to the same extent, the sample containing 
the nonionic polymer i s i n a flocculated state with a clear 
supernatant whereas the one containing the anionic polymer i s 
dispersed and the supernatant i s t o t a l l y turbid. The anionic 
polymer has adsorbed to saturation at t h i s l e v e l of addition, but 
under these conditions aggregation between the p a r t i c l e s can 
be prevented by the el e c t r o s t a t i c repulsion between them. However, 
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PAM 0.4-0/No-KAOLINITE 
pH = 4 . 5 ± 0 . 2 1 = 3x10"* kmol/m»NoCI 
S / L » 0 . 0 2 5 COND. SPEED = 1200rpm 
T= 24± 2 e C COND. TIME = lOmln 

INITIAL POLYMER CONCENTRATION, mg/kg 

Figure 5. Various flocculation responses together with ad
sorption obtained with Na-kaolinite at pH 4.5 as a function 
of polyacrylamide (PAM 0.4-0) dosage. 
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INITIAL POLYMER CONCENTRATION, mg/kg 

Figure 6. Various flocculation responses together with ad
sorption obtained with Na-kaolinite at pH 4.5 as a function 
of 33% hydrolyzed polyacrylamide (HPAM 0.4-33) dosage. 
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while particle/polymer-polymer/particle aggregation w i l l be 
prevented by such repulsion, particle/polymer-particle aggrega
tion conceivably could occur since the p a r t i c l e s are not complete
l y covered by the anionic polymer under such conditions (the 
nonionic polymer adsorbs to a greater extent than the anionic 
polymer at polymer additions higher than 50 mg/kg, and there 
i s no apparent reason for a larger surface coverage per molecule 
by the anionic polymer). Evidently the el e c t r o s t a t i c repulsion 
i s s u f f i c i e n t to prevent even particle/polymer-particle aggrega
t i o n . Whether or not the entropy changes i n t h i s system are 
s u f f i c i e n t to produce such s t a b i l i z a t i o n of the suspension i s not 
clear at present. 

Polymer Charge Density. The effec t of polymer charge density i s 
i l l u s t r a t e d i n d e t a i l i n Figure 7. For reference purposes, 
values obtained i n th
25 cm3 and 1.56 cp for
sediment volume and v i s c o s i t y , respectively. While a l l the 
responses are sensitive to the polymer charge density, i t i s 
cle a r l y seen that a maximum effec t i s obtained at different levels 
of anionicity for d i f f e r e n t responses. Settling rate and sediment 
volume are sensitive i n the 0 to 20% hydrolysis range, whereas 
vi s c o s i t y and supernatant transmittance become sensitive at 
higher a n i o n i c i t i e s . Discrepancies i n the l i t e r a t u r e regarding 
the optimum charge density for floc c u l a t i o n might partly be 
the re s u l t of use of differ e n t techniques to monitor f l o c c u l a t i o n . 
I t i s to be noted that the values obtained for the optimum charge 
density can be dependent on the polymer dosage, solution proper
t i e s — s u c h as pH and ionic strength—and hydrodynamic conditions. 

Discussion 

The results of t h i s study c l e a r l y show the complex dependence 
of the flo c c u l a t i o n process on polymer dosage and charge density. 
I t i s seen that the form of dependence varies markedly among the 
responses monitored. In addition to the factors studied here, 
i t can also be expected to depend upon several other physico-
chemical conditions of the system, including the type of mixing. 
The f i n a l state of floc c u l a t i o n achieved by a mineral/polymer 
system w i l l depend upon many interactions i n the system as 
determined by various chemical and hydrodynamic properties of 
the p a r t i c l e s , polymer, dissolved organics and the f l u i d s . 
These include e l e c t r o s t a t i c interaction between the p a r t i c l e s and 
interaction of p a r t i c l e s with the f l u i d governed by th e i r wet
t a b i l i t y , morphology and density (17-19); the extent of adsorption 
of the polymer and i t s influence on the interaction of p a r t i c l e s , 
the orientation or configuration of the adsorbed polymers (and 
surfactant when i t i s present) and resultant interaction of 
adsorbed layers; the hydrodynamic state of the system and i t s i n 
fluence on the interaction of floes themselves. 
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POLYACRYLAMIDE (MW~0.4xlOe)/No-KAOLINITE 
Cl = 10 mg/kg 1= 3x10"* kmol/m3NoCI 
pH= 4.5±0.2 COND. SPEED = 1200 rpm 
S/L* 0.025 COND.TIME = 10min 
T= 24±2°C 
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Figure 7. Diagram i l l u s t r a t i n g the effect of polymer 
charge density on various fl o c c u l a t i o n responses of Na-
kaol i n i t e at pH 4.5. 
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Among the properties measured here, the s e t t l i n g rate i s 
mainly a measure of the size of the floes and i n l a t e r stages 
the compressibility of floes and floe networks, and the super
natant c l a r i t y i s a measure of the size d i s t r i b u t i o n of floes and 
size dependent capture of the p a r t i c l e s and floes by the polymer. 
The sediment volume and the pulp v i s c o s i t y on the other hand, 
are di r e c t measures, not only of floe size and structure but 
also of adsorbed polymer layers. I t i s to be noted i n t h i s 
regard that i t i s t h i s l a t t e r aspect which makes i t possible to 
estimate the thickness of adsorbed polymer layers by measuring 
the v i s c o s i t y of the medium and the suspension i n the presence 
of polymers (20,21). This combination of effects i s another 
reason one cannot always expect correlation between various f l o c 
culation responses. 

In order to generate information on the mechanism of floccu
l a t i o n by polymers i t i s
l a t i o n with various syste
Thus, i f particle/polymer-polymer/particle contact i s the aggrega
tio n mechanism, the floc c u l a t i o n responses should be expected to 
continuously increase with surface coverage. On the other hand, 
i f particle/polymer-particle contact i s predominant and i f the 
polymer adsorption i s essentially i r r e v e r s i b l e , maximum f l o c c u l a 
tion might be expected under submonolayer conditions. In order 
to determine the nature of t h i s relationship for the present 
systems, selected f l o c c u l a t i o n responses are plotted i n Figures 
8 and 9 as a function of surface coverage for the nonionic and 
the anionic polymer respectively. The assumptions involved i n the 
computation of the surface coverage are to be noted at t h i s point: 
1. Saturation adsorption corresponds to monolayer formation; 
2. Configuration of the adsorbed species remains unaltered from 
low to high concentrations. Indeed, these assumptions cannot be 
considered v a l i d for polymer adsorption p a r t i c u l a r l y i f i t i s 
possible for the adsorbed polymer to move from a f l a t configura
ti o n to one with loops and trai n s (22,23). In spite of these 
d i f f i c u l t i e s , i t can be safely stated that the floc c u l a t i o n 
response exhibits a maximum with respect to surface coverage, 
the optimum surface coverage being about 0.1 for the nonionic 
polymer and 0.1 to 0.2 for the anionic, depending on the f l o c c u l a 
tion response measured. I t i s seen from Figure 9 that f u l l 
surface coverage leads to dispersion, suggesting that p a r t i c l e / 
polymer-polymer/particle aggregation i s not the predominant 
mechanism i n thi s case. Also, the 0.5 coverage c r i t e r i o n proposed 
i n the past (13) appears not to be v a l i d for the present system 
under the tested conditions. Evidently, i n th i s case, f l o c c u l a 
tion i s favored when a major frac t i o n of the surface remains 
bare and available for aggregation by bridging. Indeed, such 
bridging should be influenced both by the el e c t r o s t a t i c properties 
of the polymer and the mineral and by the polymer configuration, 
which i n turn w i l l depend upon molecular weight, charge density, 
pH and ionic strength. While the nonionic polyacrylamide can be 
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Figure 8. Flocculation of Na-kaolinite at pH 4.5 as meas
ured by s e t t l i n g rate and supernatant c l a r i t y as a function 
of p a r t i c l e surface coverage by polyacrylamide (PAM 0.4-0). 
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Figure 9. Flocculation of Na-kaolinite at pH 4.5 as measured 
by the s e t t l i n g rate and the supernatant c l a r i t y as a func
tion of p a r t i c l e surface coverage by 33% hydrolyzed poly
acrylamide (HPAM 0.4-33). 
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expected to be i n a c o i l e d form, the 33% hydrolyzed polymer w i l l 
be more extended at pH 4.5 since about half of the carboxylate 
groups w i l l be i n dissociated anionic carboxylate form. The 
higher v i s c o s i t y obtained for the anionic polymers supports the 
above consideration. Such expansion of the polymer due to charge 
repulsion can f a c i l i t a t e bridging due to increased polymer length 
but can also retard i t v i a e l e c t r o s t a t i c repulsion between 
the polymer and the s i m i l a r l y charged faces of the k a o l i n i t e 
p a r t i c l e . The net e f f e c t of these competing phenomena w i l l 
actually determine the f l o c c u l a t i o n power of the hydrolyzed poly
acrylamide. In the present study, reduced f l o c c u l a t i o n was 
obtained upon increasing the charge density of the polyacrylamide, 
suggesting the predominating contribution of the e l e c t r o s t a t i c 
repulsion. The higher sediment volume obtained with hydrolyzed 
polyacrylamides can also be attributed to such changes i n con
figuration of the polyme
can produce voluminous
tio n and to longer loops owing to the fewer contact points ex
pected between the s i m i l a r l y charged polymer and mineral p a r t i 
c l e s . Indeed some additional contacts can occur between the poly
mer and the edges of the k a o l i n i t e p a r t i c l e s . 

The presence of excess s a l t , p a r t i c u l a r l y of bivalent inor
ganics can reduce the e l e c t r o s t a t i c repulsion between the anionic 
polymer and the k a o l i n i t e p a r t i c l e s and enhance fl o c c u l a t i o n 
(24,25). The optimum flo c c u l a t i o n of fine coal and coal refuse 
(which contained 13 to 65% clays) obtained by Lewellyn and Wang(24) 
with hydrolyzed polyacrylamide containing 70% acrylate i n fact 
might have resulted from the use of recycled water which con
tained 55 ppm Ca and 30 ppm Mg. Other works i n l i t e r a t u r e have 
reported maximum flo c c u l a t i o n of k a o l i n i t e to occur with 30% 
hydrolyzed polyacrylamide (5,6,10,26,27). Such differences i n 
reported results could e a s i l y r e s u l t from variations i n water 
chemistry, originating either with the water used or with d i s 
solved organics released by the mineral i t s e l f . 

Summary 

Flocculation using polyacrylamide and hydrolyzed polyacrylamides 
was investigated by studying a number of f l o c c u l a t i o n responses 
of Na-kaolinite under controlled chemical and hydrodynamic condi
tions . 

The fl o c c u l a t i o n responses studied are s e t t l i n g rate, percent 
s o l i d settled, supernatant c l a r i t y , sediment volume and slurry 
v i s c o s i t y . The polymer concentration and polymer anionicity 
required for maximum floc c u l a t i o n were seen c l e a r l y to depend 
on the response studied. Both the s e t t l i n g rate and the superna
tant c l a r i t y with the nonionic polyacrylamide flocculent showed 
at pH 4.5 a marked increase to a maximum at about 25 mg/kg, 
whereas with the anionic polymer s e t t l i n g rate and supernatant 
c l a r i t y showed maxima at 10-25 mg/kg, but the system was t o t a l l y 
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dispersed at higher concentrations. Sediment volume did not 
show any measurable change over the entire concentration range 
of nonionic polymer. In contrast, with the anionic polyacrylamide 
(33% hydrolyzed) both the sediment volume and the slurry v i s c o s i t y 
showed increases with polymer concentration i n the 0 to 50 and 
25 to 50 mg/kg ranges respectively. Viscosity and sediment volume, 
however, remained at the highest levels up to the highest tested 
concentrations of anionic polymer. The differ e n t effects of 
polymers on the above responses are discussed i n terms of 
various characteristics of floes and floc-aggregates. While 
s e t t l i n g rate and percent s o l i d settled can be expected to be 
governed ess e n t i a l l y by the coarser region of the p a r t i c l e size 
distribution,by the density and compressive strength of the flo e s , 
and by the structure of any three dimensional networks that can 
trap the f l u i d , the supernatant c l a r i t y w i l l depend on any 
s h i f t i n the fine regio
a b i l i t y of the polymer
fines and c o l l o i d s . Sediment volume and slurry v i s c o s i t y on the 
other hand can depend on, i n addition to the floe size d i s t r i 
bution and the compressive strength of the floes, also the thick
ness of the adsorbed layers of the polymer on the p a r t i c l e s . 

A l l the measured responses were sensitive to the anionicity 
of the polymer used as the flocculent. Settling rate showed a 
maximum with 0% hydrolysis and the supernatant c l a r i t y ex
hibited a maximum i n the 0 - 20% hydrolysis range. While 
the anionicity did not have a s i g n i f i c a n t effect on the v i s c o s i t y 
i n the 0-20% range, further increases i n anionicity produced a 
measurable decrease i n v i s c o s i t y . These effects are accounted 
for i n terms of el e c t r o s t a t i c interactions between the polymer 
layers on the p a r t i c l e s and alterations i n the configuration of 
the adsorbed polymers due to the presence of the charged groups. 

Flocculation was correlated with both adsorption density 
and estimated surface coverage for the nonionic and 33% hydrolyzed 
polyacrylamides. Maximum s e t t l i n g rate was obtained with the 
nonionic flocculent at 0.1 and with the hydrolyzed sample at 
0.2 surface coverage. Supernatant c l a r i t y showed a maximum 
at a surface coverage of Na-kaolinite by the hydrolyzed 
polyacrylamide of 0.1. At higher surface coverages (such as 
0.5) considered i n the past to be optimum for flo c c u l a t i o n , 
complete dispersion was obtained with both the nonionic and the 
anionic polymer. 
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25 
Rheological Studies of Aqueous Concentrated 
Polystyrene Latex Dispersions with Adsorbed 
Poly(vinyl alcohol) Layers 

TH. F. TADROS 

I.C.I. Plant Protection Division, Jealott's Hill Research Station, Bracknell, Berkshire 
RG12 6EY, England 

The viscoelastic behavior of concentrated (20% 
w/w)aqueous polystryene latex dispersions 
(particle radius 92nm), in the presence of 
physically adsorbed poly(vinyl alcohol), has been 
investigated as a function of surface coverage by 
the polymer using creep measurements. From the 
creep curves both the instantaneous shear modulus, 
Go, and residual viscosity, ηo, were calculated. 
The yield value, τβ, was also measured as a 
function of surface coverage. All the rheological 
parameters decreased with increasing surface 
coverage. This was related to the reduction in 
particle interaction with increase of polymer 
adsorption. At full coverage the residual Go, 
ηo and τβ values were attributed to the 
combined action of long-range electrostatic 
repulsion and steric interaction due to the 
presence of long, dangling tails. 

Rheological measurements were also carried 
out on flocculating, concentrated (25% w/w) aqueous 
polystyrene latex dispersions (particle radius 
115nm). The flocculation was produced either by 
addition of Na2SO4 or raising the temperature of 
the dispersion at constant Na2SO4 concentration. 
Both the yield value and shear modulus were mea
sured and the results obtained analyzed using two 
models, namely the floc rupture and elastic floc 
models proposed by Hunter and coworkers. Good 
agreement between the experimental yield values 
and those calculated using the elastic floc model 
was obtained, thus confirming its applicability 
to the case of flocculating, sterically-stabilized 
dispersions. 
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Investigations of the rheological properties of disperse systems 
are very important both from the fundamental and applied points 
of view (1-5). For example, the non-Newtonian and v i s c o e l a s t i c 
behaviour of concentrated dispersions may be related to the i n 
teraction forces between the dispersed particles (6-9). On the 
other hand, such studies are of v i t a l p r a c t i c a l importance, 
as, for example, i n the assessment and prediction of the long-
term physical s t a b i l i t y of suspensions (5). 

Any fundamental study of the rheology of concentrated 
suspensions necessitates the use of simple systems of well-
defined geometry and where the surface characteristics of the 
parti c l e s are well established. For that purpose well-
characterized polymer pa r t i c l e s of narrow size d i s t r i b u t i o n are 
used i n aqueous or non-aqueous systems. For interpretation of 
the rheological results, the i n t e r - p a r t i c l e pair-potential must 
be well-defined and theories must be available for i t s 
calculation. The simples
pair potential may be
for example, i s the case for polystyrene latex dispersions i n 
organic solvents such as benzyl alcohol or cresol, whereby 
el e c t r o s t a t i c interactions are well screened (1). Concentrated 
dispersions i n non-polar media in which the particles are 
st a b i l i z e d by a " b u i l t - i n " s t a b i l i z e r layer, may also be used, 
since the pair-potential can be represented by a hard-sphere 
interaction, where the hard sphere radius i s given by the 
particles radius plus the adsorbed layer thickness. Systems of 
this type have been recently studied by Croucher and coworkers. 
(10,11) and Strivens (12). 

F a i r l y recently the v i s c o e l a s t i c properties of aqueous, 
e l e c t r o s t a t i c a l l y s t a b i l i z e d polystyrene latex dispersions have 
been investigated by Russel and Benzig (6̂ , 7_) and by Buscall et_ al. 
(8,9). These perhaps constitute one of the f i r s t studies whereby 
an attempt has been made to relate rheological parameters to the 
interaction forces between the p a r t i c l e s . Although such 
studies are of fundamental importance, their application to 
pra c t i c a l disperse systems of the aqueous type i s not straight
forward since,in most p r a c t i c a l cases, adsorbed polymer layers 
are used for s t a b i l i z a t i o n of such suspensions. Only a few 
investigations have been reported on the rheology of these 
r e l a t i v e l y more complex systems. For example, Hunter et a l 
(13,14) have investigated the flow behaviour of aqueous poly 
(methyl methacrylate) (PMMA) l a t i c e s s t a b i l i z e d by a block 
copolymer of poly(ethylene oxide-b-methylacrylate) which 
was adsorbed onto the surface of the PMMA spheres by the smaller 
PMMA anchor groups of the copolymer. The authors used a simpli
f i e d rheological approach, whereby the energy dissipation i n 
a flocculating system was assumed to arise mainly from the 
rupture between doublets i n a shearing f i e l d . Using this 
approach the authors were able to investigate the interaction 
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properties of the flocculating dispersions. Interaction energies 
of the order of 5 kT (where k i s the Boltzmann constant and Τ 
the absolute temperature) were obtained for the PMMA system 
s t a b i l i z e d by adsorbed poly(ethylene oxide). 

In this paper we report some rheological studies of aqueous 
concentrated polystyrene latex dispersions, i n the presence of 
physically adsorbed poly(vinyl alcohol). This system has been 
chosen i n view of i t s relevance to many p r a c t i c a l systems and 
since many of the parameters needed for interpretation of the 
rheological results are available (15-18). The v i s c o e l a s t i c 
properties of a 20% w/w latex dispersion were investigated as a 
function of polymer coverage, using creep measurements. 
Moreover, rheological studies were carried out on a dispersion 
(25% w/w) which was flocculated either by addition of s u f f i c i e n t 
electrolyte (Na2S04) or by raising the temperature at a 
constant electrolyte concentration

Experimental 

Materials Water was doubly-distilled from a l l glass apparatus. 
A l l other materials were an a l y t i c a l grade and used as received. 
Poly(vinyl alcohol) (Alcotex 88/10, supplied by Revertex Ltd., 
London) was the same sample used previously i n this laboratory 
(15-18); i t has a weight average molecular weight M̂ , of 
45,000 and 12% acetate groups. 

Two 50 1 batches of polystyrene latex were prepared using 
the method described by Goodwin et a l (19); these w i l l be 
referred to as latex A and B, respectively. Both l a t i c e s were 
dialyzed against d i s t i l l e d water u n t i l there was no further 
change i n the conductivity of the dialyzate. Two procedures 
were used to concentrate the l a t i c e s . Latex A (which was 3.32% 
w/w) was concentrated i n two stages. In the f i r s t stage, the 
latex was placed i n Visking tubing and suspended i n a re f r i g e r a 
tor for one week at 5°C to evaporate as much water as possible. 
The latex was then transferred to 28 mm diameter Visking 
tubing and a weight of approximately 4kg was placed on the top 
of the tubing which was immersed i n d i s t i l l e d water. After four 
weeks the volume of the latex was reduced reaching a concentration 
of 46% w/w. Latex Β (which was 4% w/w) was concentrated by rotary 
evaporation to 28.3% w.w. 

The p a r t i c l e size of the two l a t i c e s was determined using 
electron microscopy and a "Quantimet11 image analyzer. Latex A 
had an average radius of 92+3nm and latex Β 115+2nm. 

Adsorption Isotherm The detai l s of the technique used have 
been described before (15). Basically,0.5 g of the dilut e latex 
was added to poly(vinyl alcohol) (PVA) solutions covering the 
range 50-1000 ppm. These were then rotated end-over-end for 
24 hours at room temperature (22+2°C) for equilibration. 
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The p a r t i c l e s were then separated by centrifugation and the 
supernatant was analyzed for PVA using the colorimetric tech
nique described previously (15). 

C r i t i c a l Flocculation Electrolyte Concentration The c r i t i c a l 
f l o c c u l a t i o n electrolyte ( N a 2 S 0 #) concentration was determined 
by following the average p a r t i c l e size of the d i l u t e dispersion 
(where the pa r t i c l e s were coated with PVA corresponding to the 
plateau adsorption) as a function of N a 2 S 0 ^ concentration, using 
a Coulters Nanosizer (Coulters Electronics Ltd) as described 
before ( 2 0 ) . 

Rheological Measurements Three types of rheological measure
ments have been carried out. In the f i r s t type, transient 
(creep) measurements were performed on a 20% w/w dispersion of 
latex A, as a function f  b  PVA  Thes  experiment
were carried out using
Petronic Systems, London)
centric cylinder. The procedures used have been described i n 
d e t a i l before ( 2 1 , 2 2 ) . 

Secondly, steady state measurements were carried out to 
obtain shear stress-shear rate curves and the Bingham y i e l d 
value. Two methods were used. In the f i r s t method the v i s 
cosity was measured as a function of shear rate (using the 
Deer rheometer) by applying a series of torsional forces and 
recording each time the angular ve l o c i t y . These experiments were 
performed on a 20% latex A, as a function of PVA coverage. The 
Deer rheometer was also used to determine the y i e l d value for 
these latex dispersions, by applying a series of stress values 
of equal increments and recording the response u n t i l flow 
occurred. In the second method, shear stress-shear rate curves 
were obtained using a Haake "Rotovisko" (model RV100 f i t t e d with 
an M 150 measuring head) as described before ( 2 1 , 2 2 ) . From the 
shear stress-shear rate curves, the p l a s t i c v i s c o s i t y , ηρτ_,5 was 
calculated from the slope of the linear portion of the curve. 
The Bingham y i e l d value, xft, was obtained by extrapolating the 
linear portion of the curve to zero shear rate. In these 
experiments, a 25% w/w latex Β was used, where the p a r t i c l e s 
were f u l l y coated with PVA, and results were obtained as a 
function of N a 2 S 0 4 concentration at constant temperature 
(20+l°C) or as a function of temperature at a constant N a 2 S 0 ^ 
( 0 . 2 or 0.25 mol dm - 3) concentration. 

F i n a l l y , the shear modulus, G Q, was measured using a pulse 
shearometer (Rank Bros, Bottisham, Cambridge) as described 
before ( 2 1 , 2 2 ) . G was measured as a function of Na SO^ con
centration for 25? w/w latex Β with the pa r t i c l e s f o l l y -
coated with PVA. 
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Results 

Adsorption Isotherm The adsorption isotherm of PVA on polystyrene 
latex was of the high a f f i n i t y type, as previously found (15). 
The saturation adsorption (plateau) was found to be 4.26 mg m~̂ , 
which i s i n close agreement with the value obtained before (18) 
for the same PVA sample on a similar latex. 

Influence of surface coverage of PVA on rheological parameters 
Figure 1 shows creep curves for 20% w/w latex A at three 
different concentrations of PVA for 20% w/w latex A(0.05, 0.15 
and 0.30g PVA per 20g dispersion) corresponding to adsorption 
amounts of 0.87, 2.56 and 4.76 mg m~2, i . e . roughly at the 
point where the isotherm leaves the y-axis, half coverage and 
f u l l coverage, respectively. A l l the creep curves show the 
behaviour to be expecte
consist of three regions
of the stress a rapid e l a s t i c deformation occurs, resulting i n 
an instantaneous compliance J Q (instantaneous shear modulus 
G^V γ=1/J 0, where τ i s the applied stress); (b) a slow e l a s t i c 
deformation, i . e . mixed v i s c o e l a s t i c region. In this region 
bonds are broken and reformed at various rates resulting i n a 
spectrum of i retarded e l a s t i c compliances; (c) a region of v i s 
cous deformation, whereby the s t r a i n varies l i n e a r l y with time. 
In this region individual units flow past each other, since the 
time required to restore bonds i s larger than the test period. 

Since the stress applied was f a i r l y small(0.015 NnT2) i t 
i s highly l i k e l y that the measurements f a l l within the linear 
region. Moreover, since this was the smallest stress that could 
be applied whereby a response was obtained, the v i s c o s i t y c a l 
culated from the linear portion of the curve i s very close to 
the l i m i t i n g (residual)viscosity η 0 . The l a t t e r i s more ac
curately obtained by applying a series of reducing stresses, 
establishing the creep curve i n each case and plotting η at each 
stress τ versus τ. Usually η increases with decreasing τ, but 
reaches a l i m i t i n g (Newtonian) value over a range of s u f f i c i e n t l y 
small stresses. This l i m i t i n g value i s usually referred to as 
the residual v i s c o s i t y η 0 . However, since creep measurements 
are time consuming, the creep curves were only obtained at one 
shear stress. The l a t t e r was the smallest value that could be 
applied to produce a measurable creep curve. Thus, s t r i c t l y 
speaking, the v i s c o s i t y calculated from these creep curves 
may not be i d e n t i c a l to the residual v i s c o s i t y , but i t 
does correspond to the v i s c o s i t y at some very low shear rate. 
However, for the sake of comparison, we s h a l l s t i l l refer to 
this v i s c o s i t y as η . Both G 0 and r\Q have been calculated from 
the creep curves shown i n figure 1 and plotted versus surface 
coverage, as shown i n figure 2. The y i e l d value, τ^,obtained 
using the procedure of applying a series of successive tor
sional stresses, i s also shown as a function of surface 
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coverage i n the same figure. A l l the rheological parameters 
show the same trend, namely a continuous decrease with increase 
of surface coverage by the polymer. 

Figure 3 shows plots of η versus shear rate at three d i f 
ferent temperatures for the same latex (20% w/w latex A) at 
f u l l coverage with PVA. These curves are t y p i c a l of a pseudo-
p l a s t i c system showing a reduction of η with increasing shear 
rate, γ ; η reaches a l i m i t i n g value at If > 50 s ~ l . It i s also 
clear from f i g . 3 that at Ύ < 10 s~^, n increases rapidly 
with reduction i n Ύ . Comparison with n Q values obtained 
from the creep curves would indicate the η should increase very 
steeply with reduction of Ύ, i n the low shear rate region (η 
i s the l i m i t of η as 0) . ° 

Influence of addition of Na2S04 and increase of temperature 
on rheological parameter
Section, these experiment
Β at f u l l PVA coverage. For C (Na2S04 concentration) 
< 0.2 mol dm"" , the dispersions were v i r t u a l l y Newtonian 
showing no y i e l d value or hysteresis i n the shear stress-shear 
rate curves. For C > 0.2 mol dm"̂ , the flow curves were 
ty p i c a l of a thixotropic system, showing a y i e l d value and a 
hysteresis loop which increased i n magnitude with increase of C. 
Figure 4 shows the va r i a t i o n of the extrapolated y i e l d value, 
To (obtained from extrapolation of the ascending part of the 
flow curve) as a function of C. The shear modulus, G Q, 
measured using the pulse shearometer, i s also shown as a 
function of C i n the same figure. A measurable and G Q i s 
obtained above a c r i t i c a l value of C, which in both cases i s 
-0.22 mol dm~3. As we w i l l see l a t e r , this electrolyte 
concentration should be taken as the c r i t i c a l f l o c c u l a t i o n 
concentration (CFC) for the concentrated dispersion. Above the 
CFC, τ^ increases rapidly with increasing C whereas G 
i n i t i a l l y increases gradually with increasing C u n t i l C = 0.3 
mol dm~"3, above which there i s a more rapid increase of G Q. 
The CFC obtained with the d i l u t e dispersion ( ~10~2%) using the 
Nanosizer was -0.28 mol dnT^, i . e . s i g n i f i c a n t l y larger than 
that for the concentrated dispersion. 

Figure 5 shows the variation of with temperature at 
two C values (0.20 and 0.25 mol dm~^). In both cases i s 
essentially zero u n t i l a c r i t i c a l termperature i s reached, above 
which τ^ increases rapidly with increasing temperature reach
ing a maximum above which there i s a tendency f o r x ^ to f a l l 
again with further increase i n temperature. The c r i t i c a l 
temperature corresponding to the abrupt increase i n T 3 i s 20 
and 25°C for C equal to 0.25 and 0.20 mol dm , respectively 
This temperature may be i d e n t i f i e d with the c r i t i c a l f l o c 
culation temperature (CFT) of the concentrated dispersion. 
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Figure 2 Variation of G Q, η 0 and τ β with surface coverage 
by PVA 
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Figure 3 Viscosity - shear rate curves at three different 
temperatures 
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Figure 4 Variation of extrapolated y i e l d with Na 2 S04 con
centration 
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Figure 5 Variation of with temperature at two Na^SO^ 
concentrations 
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Discussion 

Visc o e l a s t i c Properties The v i s c o e l a s t i c behaviour of the poly
styrene latex dispersions, i n which the particles carry physical
l y adsorbed poly(vinyl alcohol) layers, i s the result of i n t e r 
action of the polymer chains, which are close to each other i n 
concentrated dispersions. For PVA with an average molecular 
weight of 45,000, the adsorbed layer thickness at f u l l cover
age i s of the order of 47 nm (17). Such thick adsorbed layers 
are due to the presence of long dangling t a i l s (23-25). For a 
latex dispersion with a p a r t i c l e volume fra c t i o n , Φ 8 ,of 0.2 and 
an average radius of 92 nm, the effective volume fraction of the 
p a r t i c l e s plus adsorbed layer, 4> f f 5 i s ~0.69 (Φ ff= (^ s^ l+(6/a) ] 3 

(10,11). At such a high volume traction (which i s close to 
the packing f r a c t i o n for hexagonal close packing) interaction 
between the polymer t a i l  i  strong  Such interactio  accounts
at least in part, for
f u l l coverage. In th
added, there must be a contribution from the interaction of the 
double layers. The presence of extended double layers leads to 
v i s c o e l a s t i c behaviour i n concentrated dispersions (7-10). 
Evidence for the e l e c t r o s t a t i c contribution with s t e r i c a l l y 
s t a b i l i z e d dispersions has been recently obtained (21) from a 
study of the effect of the addition of NaCl to a latex disper
sion containing adsorbed PVA layers. The results showed a 
progressive reduction i n residual v i s c o s i t y , shear modulus and 
Bingham y i e l d value with increasing electrolyte concentration. 
The fact that there was a measurable and G at a NaCl 
concentration of 10 - 1mol dm~J (where double layer effects 
are negligible) also indicates a contribution from s t e r i c 
interactions. With dispersions where the interaction i s purely 
e l e c t r o s t a t i c , such as those investigated by Russell and Benzig 
(7,8) and Buscall et a l . (9,10), G Q tends to zero at high 
electrolyte (>10~2mol dm~3) concentrations. Thus, the 
residual modulus, y i e l d value and η 0 values obtained at f u l l 
coverage in the present system with adsorbed PVA are due to the 
combined action of long-range e l e c t r o s t a t i c repulsion and s t e r i c 
interaction resulting from the presence of long dangling t a i l s . 
It should be mentioned, however, that the e l e c t r o s t a t i c 
repulsion i s s i g n i f i c a n t l y modified due to the effect of the 
adsorbed polymer layer on the d i s t r i b u t i o n of ions i n the 
e l e c t r i c a l double layer. 

The increase i n the rheological parameters, η 0 , GQ and 
το, with reduction i n surface coverage points towards an i n 
crease i n p a r t i c l e interaction. This could be the result of 
either f l o c c u l a t i o n by polymer "bridging" (which i s favourable 
at coverages <0.5) or as a result of coagulation due to the van 
der Waals attraction between the "bare" patches on the p a r t i c l e s . 
In the absence of any quantitative relationship between 
interaction forces and rheology, i t i s clearly d i f f i c u l t 
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to distinguish between these two effects. Hence quantitative 
interpretation of the creep curve i s also not possible at 
present. The basic problem i s to relate the pair-potential to 
the rheological moduli. With the system of physically adsorbed 
polymer on polystyrene latex, the pair-potential should take 
into account a l l the contributions, i.e from e l e c t r o s t a t i c , van 
der Waals and s t e r i c forces. In addition to i t being d i f f i c u l t 
to calculate these interactions, i n view of the many assumptions 
that need to be made, the pair-wise a d d i t i v i t y approximation i s 
far from being satisfactory with concentrated dispersions. 

Influence of Addition of Electrolyte and Increase of Temperature 
Addition of electrolyte or increase of temperature at a given 
electrolyte concentration to a s t e r i c a l l y s t a b i l i z e d dispersion 
may result i n i t s fl o c c u l a t i o n at a c r i t i c a l concentration or 
temperature, which i n man
for the s t a b i l i z i n g chain
i n the s t e r i c interaction i s zero and any y i e l d value measured 
should correspond to the residual van der Waals attraction. The 
energy arising from van der Waals attraction may be calculated 
from the following approximate relationship, 

G A = - (Ail/2 - A 2
1 / 2 ) 2 a (1) 

12 H 
ο 

where a i s the p a r t i c l e radius, H Q i s the p a r t i c l e separation, 
A-̂  i s the Hamaker constant of the p a r t i c l e and A 2 that of the 
adsorbed polymer layer, which i s given by, 

A 2 = + φ ntJ-K] 2 (2) 
where φ i s the volume fraction of polymer i n the adsorbed 
layer, φ that of the medium, A p and A^ are the Hamaker con
stants the polymer and medium (solvent) respectively. 
Using the following values, Αχ=19 kT, Ap = 16.6 kT, Am = 9 kT 
and φρ = 0.067 (17), was calculated at a p a r t i c l e separation 
of 26 ( i . e . 94 nm), which i s the point at which the adsorbed 
layers touch . This gave a value for of 0.17 kT, which 
would correspond to a y i e l d value of 0.024 Nm~2 (see below). 
This i s certainly a very small and unmeasurable value. Hence, 
the electrolyte concentration at which a measurable value of 
i s obtained (0.22 mol dm~̂  Na SO.) i s very close to the con
centration corresponding to tne CFC. Beyond that point the 
measured y i e l d value i s mainly due to the attraction a r i s i n g 
from the mixing term which i s negative about the θ-point. Any 
contribution from the van der Waals attraction i s r e l a t i v e l y 
small at the distances of interpénétration of chains considered 
(see below). 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



422 P O L Y M E R ADSORPTION A N D DISPERSION STABILITY 

The difference observed between the CFC for the concen
trated and dilute dispersions (0.22 and 0.28 mol dm^, re
spectively) may be accounted for i f one considers the actual 
electrolyte concentration i n bulk solution. With dilu t e d i s 
persions (<j>s ~ 10~ ) there i s no difference between the nominal 
and actual electrolyte concentration since the p a r t i c l e volume 
fract i o n i s very small. With the concentrated dispersion 
(<j>s = 0.25) the electrolyte concentration was adjusted to the 
value required on the basis of the volume fraction of the medium 
(0.75) assuming the same electrolyte concentration i n the ad
sorbed polymer layers. With a layer of volume fraction φ ρ =0.067 
this i s possible provided the segments are uniformly distributed 
within the t o t a l volume. Clearly a uniform density d i s t r i b u t i o n 
i s an unlikely situation with adsorbed polymers. Recent studies 
using neutron scattering (26,27) have shown that with PVA on 
polystyrene latex, the segment densit  show  tw  d i s t i n c t regions
a very high density regio
loops, followed by a slo y  presenc
extends to the hydrodynamic thickness. If the assumption i s made 
that electrolyte i s excluded from the more "dense" region of the 
adsorbed layer, i . e . the region of the trains and loops, then the 
actual concentration of Na 2 S04 would be higher than the adjusted 
concentration due to this e f f e c t . Alternatively, the difference 
between the CFC for concentrated and d i l u t e dispersions may be 
accounted for i n terms of the balance between the energy and en
tropy terms i n the flocculation process. As pointed out by 
Vincent et a l , (28), the free energy of f l o c c u l a t i o n , AGf may 
be s p l i t into two contributions, i . e . , 

AGf = AG.. + AG h g (3) 

where AG^ (= -TAS^g) i s the entropie contribution associated 
with the aggregation of hard spheres i n the presence of other 
i n t e r p a r t i c l e interactions. AS^s per p a r t i c l e i s negative, 
decreasing i n magnitude with increasing volume frac t i o n of 
p a r t i c l e s φ 5· AG^ i s the interaction free energy term which 
is a function of floe structure and depth of energy minimum, 
G m£ n,in the free energy-particle separation curves. Since AS^ g 

i s reduced i n concentrated dispersions,the flocculation of the 
dispersion occurs at r e l a t i v e l y lower Gm^n than that observed 
with d i l u t e dispersions. Thus, this effect would result i n 
a reduction of the CFC for concentrated dispersions. However, 
the net result of reduction of CFC may be due to a combination 
of this effect and depletion of electrolyte from the dense region 
of the adsorbed layers. 

Two models may be used to interpret the rheological results 
of the present flocculating system. Both models have been i n 
troduced by Hunter and his coworkers (13,14,29-32) . 
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(i) Floe Rupture Model (13, 14) 

This model was introduced by Neville and Hunter (13,14) for the 
case of s t e r i c a l l y s t a b i l i z e d dispersions which have undergone 
reversible flocculation. It i s assumed that the major contribu
tion to the excess energy dissipation i n such pseudoplastic 
systems comes from the need to provide energy from the shear f i e l d 
to separate contacting p a r t i c l e s . Under these conditions, the 
extrapolated y i e l d value i s given by the expression (13,32,33), 

2 
ΦΗ Ε 
,2(3+6)3 S (4) 

where Φ„ i s the hydrodynamic volume fraction of the part i c l e s 
(Φ Η=Φ δ[Ι+(δ/3)]3), (a+6) i  th  interactio  radiu f th
t i c l e and E s i s the energ
i s the sum of the van

E s = (Aa/12HQ) + G s (5) 

As discussed above, the contribution from G g to the attraction 
w i l l be s i g n i f i c a n t l y larger than the van der Waals attraction. 
Thus, Ε may be equated to G s. Equation (4) may be used to c a l 
culate E s from the measured values for the flocculating d i s 
persions. The results are summarized in tables I and II . 
A comparison between the E g values l i s t e d i n tables I and II 
with theoretical G g values i s not possible at present, since 
for calculation of G g one needs to know the polymer-solvent 
interaction parameter as a function of Na 2 S 0 4 concentration. 
Moreover, an assumption must be made about the segment d i s t r i b u 
tion of the adsorbed layer. In the absence of such information, 
i t i s not possible to calculate G g. However, the values of E g 

obtained from rheology (tables I and II) are reasonable, con
sidering the approximation made and the crude model used for c a l 
culating Eg. 

The floe rupture model may also be used to explain the 
maximum observed i n versus temperature (figure 5). According 
to equation (4) = f (φ H) E g , where ί(Φ 2

Η) i s the c o l l i s i o n 
frequency2term. Although E g increases with increase of tempera
ture, ί(φ H ) i s a decreasing function of temperature as a result 
of decrease of solvency of the dispersing medium which leads to 
the contraction of the adsorbed layer (13). The increase of E g 

with increase of temperature i n i t i a l l y outweighs any reduction 
of f(φ JJ), but at higher temperatures, the reduction i n ί(Φ 2

Η) 
as a result of chain contraction may exceed the increase i n E g 

and this results i n reduction i n the measured τβ. 
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Table I. E g for a flocculated dispersion produced by an 
increase of Na 2 S 0 4 concentration 

C/(mol dm""3) T3/(Nm 2) E s/kt 

0.25 6.8 47.7 
0.26 16.1 113.8 
0.27 15.8 111.5 
0.28 21.3 150.2 
0.29 29.0 204.9 
0.30 29.0 204.9 
0.32 39.0 275.4 

Table I I . Ε for a
increase of temperature 

(a) 0 . 2 0 mol dm 3 Na 2 S 0 4 

t/°C τQ/(Nm""2) Ε /kT 
p s 

30 3.5 24.8 
35 16.4 116.0 
40 17.2 121.6 
45 17.2 121.6 
50 16.2 114.5 

(b) 0.25 mol dm"3 Na 2 S 0 4 

22 2.5 15.5 
24 7.1 50.2 
26 10.3 72.8 
30 20.6 145.6 
32 22.8 161.2 
40 23.3 164.7 
45 21.8 154.1 
50 16.8 118.8 
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( i i ) E l a s t i c floe model (29-32) 

In the e l a s t i c floe model, the structural units (which persist 
at high shear rates) are assumed to be small floes of p a r t i c l e s 
(called floccules) which are characterized by the extent to 
which the p a r t i c l e structure i s able to trap some of the d i s 
persion medium. The degree to which l i q u i d i s trapped i n the 
fl o e i s measured by the f l o e volume r a t i o , C-pp, given by, 

where φ ρ i s the volume frac t i o n of the floe and φ i s that 
of the p a r t i c l e , φ ρ may be evaluated from the p l a s t i c v i s 
cosity using the Mooney equation (34), 

where n g i s the v i s c o s i t y of the medium and k f i s the so-called 
"crowding factor" which may be taken as 1.4, so that becomes 
i n f i n i t e l y large as φ β approaches the closepacking value (35). 
The values of C F p calculated using equations (6) and (7) are 
given i n table III. 

Table III. The e l a s t i c floe model 

C 
(mol/dm-3) 

n p L x l 0 3 
(Nm z s ) 

( T3)expt 
(NnT2) CFP n c x l 0 " 1 3 

0.25 
0.28 
0.29 
0.30 
0.31 

10.8 
32.7 
33.8 
33.0 
31.6 

6.8 
21.4 
29.0 
29.0 

1.63 
1.84 
1.90 
1.89 
1.88 

1.79 
1.16 
1.15 
1.16 
1.17 

152 
211 
352 
421 

C 
(mol/dm-3) F M/Nxl0" 1 7 n F x l O ~ 8 F/Nxl0 2 2 

a f l o c (χ| 
(ym) ι 

3)theor. 
(Nm"z) 

0.25 
0.28 
0.29 
0.30 
0.31 

1.7 
5.2 
5.3 
5.2 
5.0 

4.4 
1.71 
1.99 
3.41 
4.19 

4.2 
7.6 
8.2 

15.2 
17.9 

24.3 
39.2 
36.2 
27.7 
25.0 

6.6 
25.9 
33.8 
36.5 

m 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



426 P O L Y M E R ADSORPTION A N D DISPERSION STABILITY 

For the intepretation of the rheological results, using 
the e l a s t i c floe model, i t i s necessary to have a model for the 
flocculated structure. For the present case, flocculation prob
ably takes place by interpénétration of PVA t a i l s under worse 
than Θ- conditions for the chain. A ty p i c a l floe may be assumed 
to consist of strings of pa r t i c l e s linked together i n a more-or-
less three-dimensional network. The compactness of the floe (as 
measured by C F p) i s related to i t s strength by the number of 
chains, η , which pass through unit cross sectional area of the 
floe (29,31). η can be calculated from the t o t a l number of 
bonds per floe (36), i . e . 

η ^ . (CFP + 0.7) ( 8 ) 

C b C F p ( C F p - l ) a 2 

where b i s a constant o
close-packed structure. Values of n c calculated using equation 
(8) are given i n table III. 

The e l a s t i c floe model also suggests that 

C F p = 1.5 + (F M/bn sa 2) (9) 

where F M i s the maximum force of attraction between the p a r t i c l e s . 
Values of Fj, calculated using equation (9) are also given i n 
table I I I . 

The c r i t i c a l shear rate, Ύ , above which the τ - Ύ curve 
becomes li n e a r , i s related to tSe number of f l o c - f l o c bonds, 
n F, by the r e l a t i o n , 

• = n F FM 
Ύο ^ 7 (10) 

Values of n p are also included i n table I I I . 
The force required to break a floe doublet i s then given by, 

Values of F are also included i n table I I I . 
From n„, the f l o e radius a f i o c can be calculated using the 

equation (31), 
a f l o c = (1.22πη ρ)- 1 / 2 (12) 

Values of a f i Q C are also included i n table I I I . 
The y i e l d value τ β i s given by (30), 

τ β - ^ s ^ f i o / Δ φ 3 2 C F P / a 3 ( 1 3 ) 
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where 3 i s a constant (= 2 7 / 5 ) and λ i s the orthokinetic capture 
efficiency which depends weakly on shear rate γ (λ <* Ύ~^* )andA 
i s the distance through which bonds are stretched inside the floe 
by the shearing process. Thus, can be calculated using 
Equation ( 13 ) provided reasonable values are used forY and Δ . 
γ may be taken to be equal to γ , and a reasonable value of Δ 
would be 0 . 5 nm. In this manner, a comparison between τβ 
calculated from Equation ( 13 ) and the experimental may be 
made. The results are also given i n table I I I . Given a l l the 
approximations made, i t i s clear that the agreement between the 
experimental and theoretical values of τ β i s quite good, con
firming the v a l i d i t y of the e l a s t i c floe model for floc c u l a t i n g , 
s t e r i c a l l y - s t a b i l i z e d dispersions. 
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26 
Polymer Adsorption and Particle Flocculation 
in Turbulent Flow 

ANDERS L. WIGSTEN1 and ROBERT A. STRATTON 

The Institute of Paper Chemistry, Appleton, WI 54912 

Simultaneous polyme
culation rates were measured for a dilute colloidal 
system in turbulent pipe flow. The particles were 
negatively charged polystyrene latex, diameter 1.07 
μm, and the polymer was a linear high molecular 

weight cationic polyamine. The charge degree of the 
polymer was varied from 95% at pH 3 to 3% at pH 10. 
Reaction times ranged from 0.16 to 2.4 seconds. 
Flocculation rates were compared with rates obtained 
by destabilizing the suspension with a simple 
electrolyte. Polymer-induced flocculation was con
siderably slower. Concentrations of unadsorbed 
polymer measured at the end of the pipe were rarely 
below 75% of the initial dose. This indicates that 
polymer adsorption was the rate-determining step in 
the overall flocculation process in this system. 
The results are discussed in terms of collision rate 
theories where the shear rate in the system and the 
hydrodynamic sizes of the particles and the polymer 
molecules are considered. 

The two major theories of flocculation, the bridging model 
(I) and the el e c t r o s t a t i c patch model (2̂ 3_)> provide the concep
tual framework for the understanding of polymer-aided f l o c 
culation, but they do not d i r e c t l y address the kinetics of the 
process. Smellie and La Mer (4̂ ) incorporated the bridging con
cept into a kine t i c model of flocculation. They proposed that 
the c o l l i s i o n e f f i c i e n c y i n the flocculation process should be 
a function of the fractional surface coverage, Θ. Using a 
modified Smoluchowski equation, they wrote for the i n i t i a l f l o c 
culation rate 

1Current address: Westvaco Research Center, Covington, VA 24426 
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where n Q = i n i t i a l number concentration, m~J 

t = time, s 
k = flocculation rate constant, m3/s 
θ = fractional surface coverage, dimensionless 

This approach i s based on the assumption that polymer 
adsorption i s fast ("instantaneous") compared with flocculation. 
In other words the surface coverage i s taken to be constant 
during the flocculation process. Equation (1) states that the 
flocculation rate tends to zero when θ tends to 0 or 1. The 
maximum rate occurs at θ = 0.5, i . e . , at 50% surface coverage. 

Equation (1) implies that flocculation i s slower than 
coagulation (destabilization with a simple el e c t r o l y t e ) , 
assuming that the rate constant, k, is the same in both cases. 
However, the opposite result is generally found for perikinetic 
flocculation (Brownian motio
faster than coagulation
i n which the polymer is of opposite charge to the particles 
(3̂ _5.»6) and the rate increase was assumed to be caused by 
el e c t r o s t a t i c attractive forces between polymer-free and 
polymer-covered patches on c o l l i d i n g p a r t i c l e s . Increased f l o c 
culation rates have also been found for nonionic polymers (70 
and polymers of l i k e charge to the particles (8). These results 
were explained as the effect of reduced viscous interactions 
between particles and increased c o l l i s i o n r a d i i due to adsorbed 
polymer. It is thus clear that a polymeric flocculant can 
increase p a r t i c l e c o l l i s i o n e f f i c i e n c i e s . Furthermore, the 
adsorption step appears not to be rate l i m i t i n g in perikinetic 
flocculation, although these results do not necessarily mean 
that the polymer adsorption rate is extremely fast compared with 
the p a r t i c l e c o l l i s i o n frequency. 

Studies on orthokinetic flocculation (shear flow dominating 
over Brownian motion) show a more ambiguous picture. Both rate 
increases (9,10) and decreases (11,12) compared with orthokine
t i c coagulation have been observed. Gregory (12) treated 
polymer adsorption as a c o l l i s i o n process and used Smoluchowski 
theory to predict that the adsorption step may become rate 
li m i t i n g i n orthokinetic flocculation. Qualitative evidence to 
this effect was found for flocculation of polystyrene latex, 
p a r t i c l e diameter 1.68 ym, in laminar tube flow. Furthermore, 
pretreatment of half of the latex with polymer resulted in 
c o l l i s i o n e f f i c i e n c i e s that were more than twice as high as for 
coagulation. 

The flocculation rate dependency on the fractional surface 
coverage θ i n Equation (1) has been qu a l i t a t i v e l y confirmed (13, 
14), although the maximum rate appears to occur for a surface 
coverage of less than 50%. The adsorption rate is also a func
tion of Θ, and i t has been shown (15) for adsorption onto a 
smooth s o l i d surface that the rate is proportional to the frac
tion of polymer-free surface area, l-θ. This approach has not 
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previously been experimentally tested for adsorption i n 
dispersed systems. 

In summary, polymeric flocculants generally increase p e r i 
kinetic flocculation rates compared with perikinetic coagulation 
rates. This is not necessarily true for orthokinetic fl o c c u l a 
tion, and experimental results in the l i t e r a t u r e are seemingly 
i n c o n f l i c t . C o l l i s i o n rate theory predicts that the polymer 
adsorption step may become rate limiting in orthokinetic f l o c 
culation. The present study was designed to elucidate the r e l a 
tionship between polymer adsorption rates and p a r t i c l e 
f l o c c u l a t i o n rates under orthokinetic conditions. 

Experimental 

Polystyrene latex particles (Dow) with a radius of 0.535 ym were 
flocculated with polyvinylamin
weights, 1.3 · 10* and 1
out at pH 3 and pH 10, where the polymer i s 95% and 3% charged, 
respectively, (16). Latex concentrations, after mixing with the 
polymer, ranged from 1.0 to 4.5 g/L. The experimental apparatus 
consisted of two containers, one for the latex particles and one 
for the polymer, connected to the flocculation tube via a mixing 
tee. The inner diameter of the flocculation tube was 4.8 mm 
(3/16 inch), and the length was variable. Flowrates between 0.7 
and 2.6 m/s were obtained by gravity or nitrogen pressure. 
Samples were collected in a cationic surfactant solution to 
quench the flocculation and adsorption processes. The latex was 
removed from the samples by f i l t r a t i o n , using 0.4-ym polycar
bonate f i l t e r s (Nuclepore), and the free polymer concentrations 
were determined spectrophotometrically with a method based on 
the c o l l o i d t i t r a t i o n principle (17). Floe size distributions 
were measured on a Coulter Counter Model TAII using a 30-ym 
aperture. 

Flocculation experiments were also performed with half of 
the latex pretreated with polymer to ensure complete surface 
coverage. Coagulation rates were determined using aluminum 
chloride at pH 3. 

Theory 

The coagulation, flocculation, and adsorption processes were 
modeled mathematically using c l a s s i c a l coagulation theory as a 
starting point. The Smoluchowski equation for orthokinetic 
coagulation in laminar flow i s written (18) 

i=k-l 
dn k/dt = 0.5^(4G/3)(ai+a;) 3nin; 

i=l 
j=k-i 

- f(4G/3)(ai+a k) 3nin k (2) 
i=l 
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where n k = number concentration of floes containing k primary 
p a r t i c l e s (singlets), m""3 

G = shear rate, s~* 
a£ = floe radius, m 
k = i + j 

The f i r s t term on the right-hand side of Equation (2) 
describes the formation rate of k-flocs, and the second term i s 
the disappearance rate. In the present study the flow was tur
bulent, and an effective shear rate was calculated as ( ε / ν ) ^ 2 

(19), where ε i s the energy dissipation, W/kg, and ν i s the 
kinematic v i s c o s i t y , wP/s. Equation (2) was also extended to 
include a c o l l i s i o n e f f i c i e n c y factor, a, defined as 

α = J / J s (3) 

where J = observed rat
J s = rate according to Smoluchowski, 

Equation (2) 

Theoretical c o l l i s i o n e f f i c i e n c i e s as a function of shear 
rate and pa r t i c l e size were based on theory derived for spheri
cal p a r t i c l e s i n simple shear (20,21). Effective floe size 
r a d i i (22) were calculated according to 

4 (4) 

where m = 0.476, exponent determining the radius of gyration of 
a floe containing i singlets. 

It was also assumed that a successful c o l l i s i o n in f l o c 
culation can only occur i f a polymer-free area on one floe h i t s 
a polymer-covered area on another floe or vice versa. The 
complete dimensionless flocculation rate equation is given by 
Equation (5) below 

i=k-l 
dNk/dx = ^ a F [ ( l - 8 i ) 9 j + 9 i ( l - 9 j ) ] a i j N i N j -

i=l 
j - k - i 

-2£a F[(1-θ£)8 k+9i(l-9 k)]ai kNjN k (5) 
i=l 

where N k = n k/n Q 

τ = t / t 1 / 2 

tl/2 = 3/(16n çG a i
3), s 

= effective fractional surface coverage 
o i j = ( l / 8 ) ( i m + j m ) 3 
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Polymer adsorption was also modeled as a c o l l i s i o n process, 
with the effective radius of a polymer molecule being equal to 
i t s radius of gyration, Equation (6). 

dP/dx = -2^a A(l-9 i)aipN iP (6) 
i=l 

where Ρ = p/p 0, dimensionless concentration of unadsorbed 
polymer 

p 0 = i n i t i a l polymer concentration 
σ ί ρ - ( l / 8 ) ( i m + r)3 

Γ = a P / a l 
ap = effective radius of a polymer molecule 
The rate of chang

Equation (7). 

d9k/dx = ( 2 s 9 e / k ) a A ( l - 9 k ) a k p P + (1/N k)(dN k/dx) f(9 k
f-9 k) (7) 

where s = total i n i t i a l number concentration i f a l l floes 
are broken down to singlets, divided by n Q 

(dN k/dx)f = formation rate of k-flocs 
9 e = i n i t i a l polymer dose divided by dose required 

to give 100% effective surface coverage 
9 k = average effective surface coverage of k-flocs 

at time τ 
9 k^ = average effective surface coverage of k-flocs 

formed by c o l l i s i o n s between i - and j - f l o c s 
during the time interval dx 

The f i r s t term on the right-hand side of Equation (7) i s 
due to adsorption, and the second term i s due to flocculation. 
It has been assumed that the t o t a l surface area of a floe i s 
proportional to the number of singlets in that floe, a reason
able assumption for small floes and open floe structures. The 
effective f r a c t i o n a l surface coverage, 9 k, i s not necessarily 
equal to the fractional surface coverage at equilibrium for a 
given amount of adsorbed polymer. This w i l l be discussed i n 
some d e t a i l below. 

P a r t i c l e c o l l i s i o n frequency due to Brownian motion was 
estimated to be less than 1% of the c o l l i s i o n frequency due to 
shear. The effects of Brownian motion could therefore be 
neglected i n the flocculation rate calculations. However, for 
the smallest molecular size, radius of gyration 14 nm (see Table 
I ) , the effect of Brownian motion on the particle-polymer c o l l i 
sion e f f i c i e n c y was of the same order of magnitude as the effect 
of shear. These two contributions were assumed to be additive 
i n the adsorption rate calculations. A d d i t i v i t y i s not fun
damentally j u s t i f i e d (23) but can be used as an interpolating 
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technique in the transition region from Brownian motion to shear 
flow domination (24). The coupled set of rate Equations (5), 
(6) and (7), including corresponding perikinetic adsorption rate 
equations, was solved numerically on a Burroughs B6900 computer. 

Results 

Flocculation with a high charge density polymer. The floccula-
tion results for a molecular weight of 1 · 10^ and a charge 
density of 95% are shown in Fig. 1. The theoretical curves 
represent the best f i t between the mathematical model and the 
experimental data. The i n i t i a l dose in OFC units i s given 
beside each flocculation curve. One OFC unit is equivalent to 
the amount of polymer needed to give maximum extent of f l o c 
culation under quiescent equilibrium conditions, 0.4 mg/L for a 
polystyrene latex concentratio
t i c l e size d i s t r i b u t i o
t r i p l e t s and larger floes. 

It i s seen that the flocculation rates are generally con
siderably lower than the coagulation rate. A "pseudo" optimum 
floccul a t i o n concentration of ~ 6 OFC units is found for short 
flocculation times, but for longer times i t i s clear that the 
suspension i s s t a b i l i z e d and no further flocculation occurs. At 
higher i n i t i a l doses r e s t a b i l i z a t i o n becomes even more pro
nounced . 

The amount of adsorbed polymer rarely exceeded one OFC 
unit, although the degree of adsorption was s u f f i c i e n t to sta
b i l i z e the suspension. The equilibrium and nonequilibrium 
isotherms are shown in Fig. 2. Maximum adsorption at 
equilibrium was 3.5 times higher than what was achieved under 
nonequilibrium conditions. Figure 3 shows the adsorption 
results as polymer concentration vs. time. The theoretical 
curves represent the best f i t between the model and the experi
mental data. Only 25% of an i n i t i a l dose of 1.4 OFC units is 
adsorbed at the end of the experimental time range shown in Fig. 
3. Based on the adsorption data, the model predicts an effec
tive surface coverage of singlets of only 30% at the longer 
adsorption time; see the dashed curve in Fig. 3. According to 
the flocculation model, the maximum flocculation rate should 
occur at 50% surface coverage. Conditions are obviously far 
from optimum for e f f i c i e n t flocculation during the experimental 
time range. It is concluded that the flocculation process is 
adsorption rate limited. This was further confirmed by an 
experiment where clean polystyrene latex was flocculated with an 
equal amount of polymer-treated latex. The observed f l o c 
culation rate was about 50% higher than anticipated, assuming 
that c o l l i s i o n s between particles of l i k e charge are e l a s t i c and 
that the c o l l i s i o n e f f i c i e n c y for particles of opposite charge 
i s the same as the c o l l i s i o n e f f i c i e n c y for coagulation. This 
flo c c u l a t i o n rate increase i s interpreted as an enhanced 
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Figure 1. Flocculation. Experimental and theoretical par 
t i c l e concentration vs. time. I n i t i a l dose in OFC units 
beside curves. Molecular weight 1x10^, charge density 95% 
Shear rate 1800 s" 1. 
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INITIAL CONCENTRATION, OFC UNITS 

Figure 2. Adsorption isotherms for equilibrium (top curve) 
and nonequilibrium conditions. Molecular weight 1x10^, 
charge density 95%. Nonequilibrium, open symbols G = 1800 
s" 1, closed symbol G = 8000 s" 1. 
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polymer concentration vs. time, so l i d lines. Theoretical 
effective surface coverage of singlets, 9j, vs. time, 
dashed l i n e . I n i t i a l dose in OFC units beside curves. 
Molecular weight 1x10^, charge density 95%. Shear rate 
1800 β " 1 . 
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c o l l i s i o n e f f i c i e n c y due to el e c t r o s t a t i c attraction between 
polymer-covered and polymer-free p a r t i c l e s . A similar experi
ment was performed by Gregory (12), who found an increase i n 
c o l l i s i o n e f f i c i e n c y , compared with coagulation, of more than 
100%. 

Adsorption rates were not s i g n i f i c a n t l y affected by molecu
lar weight, but flocculation was about 25% faster for the high 
molecular weight polymer. Two shear rate levels were tested 
1800 s" 1 and 8000 s~*. The absolute adsorption and f l o c 
culation rates increased with shear rate as expected. The 
"pseudo" OFC appeared to be shifted to a higher value for the 
higher shear rate. C o l l i s i o n e f f i c i e n c i e s were affected by both 
molecular weight and shear rate, as discussed below. 

Flocculation with a low charge density polymer. The low charge 
density case, 3% charged
was adsorption rate limite
l a t i o n . It also appeared that floe breakup occurred, since the 
extent of flocculation was rather insensitive to the f l o c 
culation time after an i n i t i a l drop in p a r t i c l e concentration. 
The adsorption rate was lower than at pH 3 (high charge 
density), which is expected since the low charge density polymer 
has a smaller radius of gyration and a lower energy of interac
tion with the p a r t i c l e s . Re-stabilization did also occur 
despite a maximum adsorption of less than one OFC unit. The 
adsorption rate of the low molecular weight polymer was about a 
factor of 2.5 slower than the adsorption rate of the high molec
ular weight polymer. The absolute adsorption rates increased 
with shear rate, but particle-polymer c o l l i s i o n e f f i c i e n c i e s did 
not change. Molecular weight and shear rate did not appear to 
have a sig n i f i c a n t effect on the flocculation rate. This obser
vation can possibly be attributed to floe breakup. 

Discussion 

The difference between the high and low molecular weight is a 
factor of 7,7; however, the difference in radius of gyration i s 
only a factor of 3.8 in the high charge density case and a fac
tor of 2.7 in the low charge density case; see Table I. The 
polymer radius appears as the fraction, r, of the singlet radius 
i n the c o l l i s i o n radius factor (1+r) i n the adsorption rate, 
Equation (6). This results in a predicted difference in adsorp
tion rate between the two molecular weights of a factor of 2.0 
i n the high charge density case and a factor of 1.2 in the low 
charge density case (neglecting the effect of Brownian motion). 
This explains why no drastic differences in flocculation and 
adsorption rates were observed for the two molecular weights. 
The experimental results showed no significant difference i n 
adsorption rate with respect to molecular weight for the high 
charge density case. However, at low charge density the 
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a d s o r p t i o n r a t e of the h i g h m o l e c u l a r weight polymer was about 
2.5 times f a s t e r than t h a t o f the low m o l e c u l a r weight polymer. 
The reason f o r t h i s d i s c r e p a n c y between th e o r y and experiment 
may be e x p l a i n e d by d i f f e r e n t c o l l i s i o n e f f i c i e n c i e s f o r 
p a r t i c l e - p o l y m e r i n t e r a c t i o n s depending on m o l e c u l a r weight and 
charge d e n s i t y (see below). 

C o l l i s i o n e f f i c i e n c y . The c o l l i s i o n e f f i c i e n c y f o r f l o c 
c u l a t i o n , αγ i n E q u a t i o n ( 5 ) , and f o r a d s o r p t i o n , <xA i n E q u a t i o n 
( 6 ) , were e s t i m a t e d by f i t t i n g the mathematical model t o the 
e x p e r i m e n t a l d a t a . The r e s u l t s are presented i n Table I as 
r e l a t i v e c o l l i s i o n e f f i c i e n c i e s , otp/arj and α Α / θ £ , where aç i s 
the s i n g l e t c o l l i s i o n e f f i c i e n c y f o r c o a g u l a t i o n . ( S i n c e f l o c 
c u l a t i o n d i d not proceed v e r y f a r , p a r t i c l e c o l l i s i o n e f f i c i e n 
c i e s were taken t o be equa
e f f i c i e n c y . ) The e x p e r i m e n t a
f o r shear r a t e s o f 1800 s~* and 8000 s " , r e s p e c t i v e l y . The 
c o r r e s p o n d i n g t h e o r e t i c a l v a l u e s are 0.20 and 0.16 ( 2 0 ) . The 
f l o c c u l a t i o n e f f i c i e n c y f o r the h i g h charge d e n s i t y polymer i s 
about the same or h i g h e r than the c o a g u l a t i o n e f f i c i e n c y , but 
the low charge d e n s i t y polymer g i v e s a lower f l o c c u l a t i o n e f f i 
c i e n c y , which i s presumably due to a lower i n t e r a c t i o n energy 
and f l o e breakup. The a d s o r p t i o n e f f i c i e n c y i s g e n e r a l l y lower 
than the s i n g l e t c o a g u l a t i o n e f f i c i e n c y , which i s expected 
because an i n c r e a s i n g d i f f e r e n c e i n s i z e between c o l l i d i n g e n t i 
t i e s r e s u l t s i n a d e c r e a s i n g c o l l i s i o n e f f i c i e n c y ( 2 1 ) . On the 
o t h e r hand, p a r t i c l e - p o l y m e r c o l l i s i o n ( i . e . , a d s o r p t i o n ) e f f i 
c i e n c i e s are much h i g h e r than c o l l i s i o n e f f i c i e n c i e s f o r p o l y 
s t y r e n e l a t e x p a r t i c l e s of d i s s i m i l a r s i z e . For example, 
p a r t i c l e s w i t h a s i z e r a t i o of 0.535/0.200 would t h e o r e t i c a l l y 
have a c o l l i s i o n e f f i c i e n c y 10-15% lower than the c o l l i s i o n 
e f f i c i e n c y f o r p a r t i c l e s o f equal s i z e and a r a d i u s of 0.535 ym, 
etc = 0.20. The c o l l i s i o n e f f i c i e n c y drops r a p i d l y w i t h 
i n c r e a s i n g d i f f e r e n c e i n p a r t i c l e s i z e and f o r a r a t i o of 
0.535/0.053 t h e o r y p r e d i c t s a c < 10" 3 ( 2 1 ) . T h i s d r a s t i c drop 
i s not seen e x p e r i m e n t a l l y f o r p a r t i c l e - p o l y m e r c o l l i s i o n s , 
T a b l e I . T h i s i s p r o b a b l y due to e l e c t r o s t a t i c a t t r a c t i o n be
tween polymer and p a r t i c l e and t o the porous and f l e x i b l e n a t u r e 
o f the polymer molecule. 

F r a c t i o n a l s u r f a c e coverage. I t i s concluded t h a t the e f f e c t i v e 
degree of s u r f a c e coverage f o r a g i v e n amount of adsorbed 
polymer i s h i g h e r under n o n e q u i l i b r i u m c o n d i t i o n s than at 
e q u i l i b r i u m , s i n c e r e s t a b i l i z a t i o n o c c u r r e d d u r i n g the dynamic 
f l o c c u l a t i o n experiments d e s p i t e a d s o r p t i o n l e v e l s t h a t were 
e q u a l t o or l e s s than one OFC u n i t . Another support f o r t h i s 
c o n c l u s i o n was t h a t the r e s t a b i l i z a t i o n t r e n d c o u l d not be 
modeled m a t h e m a t i c a l l y u n l e s s a h i g h e r degree of n o n e q u i l i b r i u m 
s u r f a c e coverage was assumed. T h i s phenomenon i s due t o a 
f i n i t e polymer r e c o n f o r m a t i o n r a t e , i . e . , the r a t e of a t t a i n i n g 
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equilibrium after the f i r s t polymer segment has attached to a 
p a r t i c l e surface. It i s l i k e l y that after i n i t i a l adsorption, 
many of the segments of the polymer molecules are dangling out 
into solution, sweeping across areas which become inaccessible 
to other polymer molecules. Very l i t t l e i s known about polymer 
reconformation rates. Gregory and Sheiham (5) estimated a 
reconformation time of 1-4 seconds based on flocculation experi
ments with high charge density polymers. However, the reconfor
mation time could be considerably longer ( 2 5 ) . By assuming the 
reconformation rate to be negligible on the time scale of the 
experiments, 0.16 to 2.40 seconds, a r a t i o of effective non-
equilibrium surface coverage to equilibrium surface coverage 
could be estimated for the high charge density polymer from the 
best f i t between experiment and theory; see Table I. Because of 
probable floe breakup,
be obtained for the lo
cations are that the rat i o i s higher than unity, maybe as much 
as a factor of 2, but lower than the value for the high charge 
density case, about 3.5. 

Table I. Relative C o l l i s i o n E f f i c i e n c i e s Estimated from F i t t i n g 
the Mathematical Model to Experimental Data 

Radius of 
Molecular Gyration, G Relative Co11is ion E f f i c i e n c y ^ 
Weight pH nm s-1 θ β/θ„ a Flocculation Adsorption 

1 . 3 x l 0 5 3 53 1800 3.9 0.9 0.9 

l x l O 6 

8000 3.5 1.3 0.9 
l x l O 6 3 200 1800 3.5 1.1 0.5 

8000 3.1 1.7 0.5 
1 . 3 x l 0 5 10 14 c 0.6 0.2 

l x l O 6 10 38 c 0.6 0.3 

aRatio between effective surface coverage under nonequilibrium 
and equilibrium conditions for a given amount of adsorbed 
polymer. 

^ C o l l i s i o n e f f i c i e n c y divided by c o l l i s i o n e f f i c i e n c y for 
coagulation; a c (1800 s" 1) « 0.33, aç (8000 s" 1) « 0.20. 

cNo shear rate dependence. 

The theoretical flocculation trends as a function of i n i -
t i a l polymer dose, shown in Fig. 1, are correct, but the experi
mental concentrations are generally lower at short times and 
higher at long times compared with the theoretical predictions. 
This indicates that the reconformation time may in fact be of 
the same order of magnitude as the experimental time range (2.4 
seconds), which agrees with the estimate in (5). 
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F l o c c u l a t i o n r a t e l i m i t a t i o n . The a d s o r p t i o n step was r a t e 
l i m i t i n g f o r the o v e r a l l f l o c c u l a t i o n process i n t h i s system. 
Polymer a d s o r p t i o n r a t e measurements f o r d i s p e r s e d systems 
r e p o r t e d i n the l i t e r a t u r e (2,26) do not len d themselves t o 
d i r e c t comparisons w i t h the present work due t o l a c k o f i n f o r 
m ation on shear r a t e s , f l o c c u l a t i o n r a t e s , and p a r t i c l e and 
polymer s i z e s . Gregory (12) proposed t h a t the a d s o r p t i o n and 
c o a g u l a t i o n h a l f t i m e s , t A and t c , r e s p e c t i v e l y , should be good 
i n d i c a t i o n s of whether or not the a d s o r p t i o n step i s expected t o 
be r a t e l i m i t i n g . The h a l f t i m e s , t A and tç, are d e f i n e d as the 
times r e q u i r e d t o h a l v e the i n i t i a l c o n c e n t r a t i o n s of polymer 
and p a r t i c l e s , r e s p e c t i v e l y . A d s o r p t i o n should not l i m i t the 
f l o c c u l a t i o n r a t e i f 

For o r t h o k i n e t i c c o n d i t i o n s the r a t i o o f a d s o r p t i o n h a l f -
time t o c o a g u l a t i o n h a l f t i m e can be c a l c u l a t e d by i n t e g r a t i n g 
the a d s o r p t i o n E q u a t i o n (6) and the c o a g u l a t i o n E q u a t i o n ( 2 ) . 
The p e r i k i n e t i c h a l f t i m e s can be d e r i v e d a n a l o g o u s l y . 

The r a t i o of p e r i k i n e t i c a d s o r p t i o n h a l f t i m e t o p e r i k i n e t i c 
c o a g u l a t i o n h a l f t i m e i s g i v e n by 

Άρ/tCp - (a Cp/a A p)4rln2/(l+r)2 (9) 

*Ap < °- 7 tCp ^ «Ap = «Cp UO) 

I t i s re a s o n a b l e t o assume, at l e a s t f o r o p p o s i t e l y charged 
polymers and p a r t i c l e s , t h a t a A > arj9 which means t h a t the 
a d s o r p t i o n time i s always expected t o be s h o r t e r than the coagu
l a t i o n time under p e r i k i n e t i c c o n d i t i o n s . Consequently, p e r i 
k i n e t i c f l o c c u l a t i o n r a t e s are ver y l i k e l y not to be a d s o r p t i o n 
r a t e l i m i t e d . The r a t i o o f o r t h o k i n e t i c a d s o r p t i o n time t o 
o r t h o k i n e t i c c o a g u l a t i o n time i s 

W t C o - (aCo/«Ao>81n2/(l+r)3 (11) 

t A o < *Co i f r > °- 8 a n d <*Ao = <*Co <12> 

The polymer r a d i u s has t o be l a r g e r than 80% of the p a r 
t i c l e r a d i u s t o a v o i d a d s o r p t i o n l i m i t a t i o n under o r t h o k i n e t i c 
c o n d i t i o n s . As a r u l e o f thumb a p a r t i c l e diameter o f about 1 
ym marks the t r a n s i t i o n between p e r i k i n e t i c and o r t h o k i n e t i c 
c o a g u l a t i o n (and f l o c c u l a t i o n ) . The e f f e c t i v e s i z e o f a p o l y 
m e r i c f l o c c u l a n t must c l e a r l y be very l a r g e t o a v o i d a d s o r p t i o n 
l i m i t a t i o n . However, i f the polymer i s s u f f i c i e n t l y s m a l l , t he 
Brownian d i f f u s i o n r a t e may be f a s t enough t o prevent a d s o r p t i o n 
l i m i t a t i o n . For example, i f the p a r t i c l e r a d i u s i s 0.535 ym and 
the shear r a t e i s 1800 s~*, then t A p due t o Brownian motion w i l l 
be s h o r t e r than t r j Q f o r r < 0.001, i . e . , f o r a polymer w i t h a 
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r a d i u s of g y r a t i o n of 0.5 nm or l e s s ( i t has been assumed t h a t 
<*A = <*c>-

T a b l e I I l i s t s e x p e r i m e n t a l h a l f t i m e s o b t a i n e d by 
e x t r a p o l a t i o n t o 50% o f i n i t i a l c o n c e n t r a t i o n ; c f . F i g . 1 and 3. 
The v a l u e s w i t h i n parentheses i n Table I I are c a l c u l a t e d by 
i n t e g r a t i n g E q u a t i o n s (2) and (6) f o r i n i t i a l , monodisperse con
d i t i o n s assuming a A = aç = 0.20. I t i s c l e a r t h a t the adsorp
t i o n h a l f t i m e i s c o n s i d e r a b l y l o n g e r than the c o a g u l a t i o n 
h a l f t i m e , which r e s u l t s i n a r e l a t i v e l y long f l o c c u l a t i o n h a l f -
time. I t i s a l s o seen t h a t the i n t e g r a t i o n method i s a u s e f u l 
a p p r o x i m a t i o n t o e s t i m a t e h a l f t i m e s . 

L i t e r a t u r e r e p o r t s on i n c r e a s e d p e r i k i n e t i c f l o c c u l a t i o n 
r a t e s compared w i t h c o a g u l a t i o n are i n agreement w i t h the 
d i s c u s s i o n presented here. Reported cases on improved o r t h o 
k i n e t i c f l o c c u l a t i o n r a t e
i n c r e a s e d p a r t i c l e c o l l i s i o
r a d i i due to polymer a d s o r p t i o n . Franco and S t r a t t o n (9) f l o c 
c u l a t e d T1O2 p a r t i c l e s , average diameter 0.15 ym, i n t u r b u l e n t 
pipe f l o w and found i n c r e a s e d r a t e s compared w i t h c o a g u l a t i o n . 
The most e f f e c t i v e f l o c c u l a n t was a h i g h m o l e c u l a r weight, low 
charge d e n s i t y polymer. They e x p l a i n e d the observed i n c r e a s e i n 
f l o c c u l a t i o n r a t e as b e i n g caused by an i n c r e a s e d e f f e c t i v e p a r 
t i c l e r a d i u s due t o adsorbed polymer. T h i s appears to be a 
r e a s o n a b l e e x p l a n a t i o n , because of the h i g h v a l u e of r (= 2.4). 
The a d s o r p t i o n h a l f t i m e i s i n t h i s case expected t o be s h o r t e r 
than the c o a g u l a t i o n h a l f t i m e , c f . E q u a t i o n ( 1 2 ) . Furthermore, 
a low charge d e n s i t y polymer i s assumed to adsorb i n a b u l k y 
s t a t e s i m i l a r t o i t s s o l u t i o n c o n f o r m a t i o n , which would i n t h i s 
case r e s u l t i n a s u b s t a n t i a l i n c r e a s e i n the e f f e c t i v e p a r t i c l e 
r a d i u s (maximum, a f a c t o r of 5.7). 

Graham (10) f l o c c u l a t e d porous s i l i c a p a r t i c l e s , diameter 
7.6 ym. i n a p a d d l e - s t i r r e d v e s s e l w i t h an average shear r a t e o f 
100 s " " l . The h i g h e s t f l o c c u l a t i o n r a t e u s i n g an o p p o s i t e l y 
charged polymer was about 30 times h i g h e r than the c o a g u l a t i o n 
r a t e . C o n t r a r y t o t h i s r e s u l t , E q u a t i o n (11) i n d i c a t e s t h a t the 
a d s o r p t i o n step s h o u l d be r a t e l i m i t i n g , assuming a A = aç and r 
< 0.8. However, i f arj - 0.017, as found e x p e r i m e n t a l l y by 
Graham, and a A i s taken t o be u n i t y , then E q u a t i o n (11) g i v e s t A 

< 0.1 tç. Thus, i t i s q u i t e p o s s i b l e t h a t a d s o r p t i o n i s not 
r a t e l i m i t i n g . Furthermore, adsorbed polymer i s l i k e l y t o 
i n c r e a s e the p a r t i c l e c o l l i s i o n e f f i c i e n c y by e l e c t r o s t a t i c 
a t t r a c t i o n and reduced hydrodynamic i n t e r a c t i o n s . The e f f e c t of 
i n c r e a s e d p a r t i c l e diameter due t o polymer a d s o r p t i o n i s pro
b a b l y of secondary importance i n t h i s case. 

F i n a l l y , as p o i n t e d out i n the r e s u l t s of the present 
s t u d y , t h e r e i s a p o s s i b i l i t y of d e t e r m i n i n g a "pseudo" OFC i n 
an o r t h o k i n e t i c experiment i f the extent of f l o c c u l a t i o n i s not 
taken to i t s e q u i l i b r i u m v a l u e . T h i s may e r r o n e o u s l y l e a d to 
the c o n c l u s i o n t h a t the polymer a d s o r p t i o n step i s not r a t e 
l i m i t i n g f o r the o v e r a l l f l o c c u l a t i o n p r o c e s s . 
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Table II. H a l f t i m e s f o r C o a g u l a t i o n , t r j , A d s o r p t i o n , 
F l o c c u l a t i o n , t F . G = 1800 s " 1 , n Q = 2x10 !5 m-3, 
M o l e c u l a r Weight = 1x10", I n i t i a l Polymer 
C o n c e n t r a t i o n = OFC 

Charge D e n s i t y , H a l f t i m e s i n Seconds 
% t c 

95 0.6(0.7) 1.4 2.0(1.6) 3.3(2.1) 
3 0.6(0.7) 3.1 3.2(3.4) 5.3(4.5) 

C o n c l u s i o n s 

The polymer adsorption step was rate limiting for the ortho-
ki n e t i c flocculation proces
comparing coagulation an
polymer adsorption rates in the flocculating system. The 
experimental results could, at least q u a l i t a t i v e l y , be predicted 
with a mathematical model based on modified coagulât ion rate 
theory. The adsorption step i s l i k e l y to become rate l i m i t i n g 
i n orthokinetic flocculation, but this may not happen i f the 
polymer i s larger than the particles or i f the adsorbed polymer 
substantially increases the par t i c l e c o l l i s i o n e f f i c i e n c y . 
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27 
Filtrability of Polymer-Flocculated Suspensions 

J. GREGORY and A. E. L. DE MOOR 
Department of Civil Engineering, University College, London WC IE 6BT, England 

The filtrability of suspensions can be a useful 
means of assessing the performance of polymeric 
flocculants. A newly-developed technique involves 
filtration at constan
monitoring of filtratio
processing to give the specific resistance to 
filtration. The flocculation of kaolin 
suspensions by various cationic polymers has been 
studied using this method. Optimum polymer 
dosages are clearly established and show good 
agreement with those from other techniques. 
Filtrability seems not to be greatly dependent 
on floc size. 

Polymer f l o c c u l a n t s a r e now used i n a wide range o f 
a p p l i c a t i o n s ( 1 ) . E a r l y i n t e r e s t i n these m a t e r i a l s was 
l a r g e l y based on t h e i r a b i l i t y t o improve the de w a t e r i n g r a t e s 
( i . e . t o i n c r e a s e the p e r m e a b i l i t y ) o f s u s p e n s i o n s . 
A p p l i c a t i o n s as s o i l c o n d i t i o n e r s (2) and i n the de w a t e r i n g o f 
phosphate s l i m e s (3) were among the f i r s t s u c c e s s f u l uses of 
s y n t h e t i c p o l y m e r i c f l o c c u l a n t s . F o r t h i s r e a s o n , s e v e r a l t e s t 
methods based on p e r m e a b i l i t y have been developed, i n c l u d i n g the 
r e - f i l t r a t i o n r a t e method o f La Mer ( 3 ) . 

Even i n a p p l i c a t i o n s o t h e r than d e w a t e r i n g , p e r m e a b i l i t y 
methods a re q u i t e o f t e n used to a s s e s s the performance of 
p o l y m e r i c f l o c c u l a n t s , s i n c e , i n p r i n c i p l e , they can g i v e a v e r y 
s e n s i t i v e i n d i c a t i o n o f the s t a t e o f a g g r e g a t i o n o f p a r t i c l e s 
and a r e u s e f u l i n l o c a t i n g optimum polymer c o n c e n t r a t i o n s . 

T r a d i t i o n a l p e r m e a b i l i t y t e s t s a r e time-consuming and 
s u b j e c t t o some u n c e r t a i n t i e s ( 4 ) . I n the p r e s e n t paper, we 
d e s c r i b e an automated t e c h n i q u e f o r d e t e r m i n i n g the f i l t r a b i l i t y 
o f f a i r l y d i l u t e s u s p e n s i o n s , which can g i v e u s e f u l i n f o r m a t i o n , 
on the be h a v i o u r o f p o l y m e r i c f l o c c u l a n t s . 

0097-6156/84/0240-0445S06.00/0 
© 1984 American Chemical Society 
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P e r m e a b i l i t y and S p e c i f i c R e s i s t a n c e 

Laminar f l o w through a porous medium i s d e s c r i b e d by Darcy's laws 

where ν i s the approach v e l o c i t y o f the f l u i d (m s " 1 ) , Κ i s the 
p e r m e a b i l i t y of the medium ( m 2 ) , η i s the f l u i d v i s c o s i t y (Pa s ) , 
ΔΡ i s the p r e s s u r e d i f f e r e n c e (Pa) and L the depth of the 
medium (m). 

The p e r m e a b i l i t y , K, i s c h a r a c t e r i s t i c of the medium and can 
be r e l a t e d to measurable p r o p e r t i e s by the Carman-Koζeny 
e q u a t i o n : 

where ε i s the p o r o s i t y o f the medium ( v o i d v o l u m e / t o t a l volume) 
and S i s the s p e c i f i c s u r f a c e ( i . e . the s u r f a c e a r e a per u n i t 
volume o f p a r t i c l e s ) (m""-*-) . 

S t r i c t l y , t h e v a l u e 5 i n the Carman-Kozeny e q u a t i o n s h o u l d 
be t r e a t e d as an e m p i r i c a l c o n s t a n t , which has t o be determined 
e x p e r i m e n t a l l y . However, f o r many systems o f i n t e r e s t , the 
v a l u e i s v e r y c l o s e to 5. 

When a su s p e n s i o n i s f i l t e r e d by a s t r a i n i n g mechanism, the 
p e r m e a b i l i t y o f the r e s u l t i n g f i l t e r cake can be i n t e r p r e t e d by 
means of E q u a t i o n 2. There s h o u l d be a s t r o n g dependence o f 
p e r m e a b i l i t y on the s t a t e o f a g g r e g a t i o n o f the p a r t i c l e s , s i n c e 
aggregates have a s m a l l e r e f f e c t i v e s u r f a c e a r e a than the 
i n d i v i d u a l p a r t i c l e s and may pack l e s s e f f i c i e n t l y , g i v i n g a 
h i g h e r p o r o s i t y . Both o f these e f f e c t s s h o u l d l e a d t o an 
i n c r e a s e d p e r m e a b i l i t y , a l t h o u g h t h e i r r e l a t i v e importance does 
not appear t o have been c l e a r l y e s t a b l i s h e d . One c o m p l i c a t i n g 
f a c t o r i s t h a t f l o c c u l a t e d s uspensions o f t e n g i v e c o m p r e s s i b l e 
f i l t e r cakes ( 5 ) , so t h a t p o r o s i t y and s p e c i f i c s u r f a c e may 
change d u r i n g f i l t r a t i o n and may v a r y through the depth of the 
f i l t e r cake. 

The r e - f i l t r a t i o n t e c h n i q u e of La Mer (3) i n v o l v e s 
f i l t e r i n g the f l o c c u l a t e d s u s p e n s i o n and then p a s s i n g the 
f i l t r a t e once more through t h i s pre-formed f i l t e r cake. 
The second f i l t r a t i o n i s c a r r i e d out under a c o n s t a n t p r e s s u r e 
d i f f e r e n c e ( n o r m a l l y by a p p l y i n g s u c t i o n ) and the time to f i l t e r 
a known volume i s noted. T h i s r e - f i l t r a t i o n time i s d i r e c t l y 
r e l a t e d t o the p e r m e a b i l i t y o f the f i l t e r cake and can be g r e a t l y 
reduced by f l o c c u l a t i o n . 

A l t h o u g h t h e r e - f i l t r a t i o n r a t e can be a s e n s i t i v e i n d i c a t o r 
of f l o c c u l a t i o n , the mathematical treatment by S m e l l i e and La Mer 
(6) and the i n t e r p r e t a t i o n o f the r e s u l t s has been the s u b j e c t 
of some c r i t i c i s m ( 4 ) . There a r e p r a c t i c a l d i f f i c u l t i e s , t o o , 
such as the d i s p r o p o r t i o n a t e e f f e c t o f a s m a l l amount o f ' f i n e s 1 

ν = (Κ/ η)(Δ P/L) ( D 

1 9 9 
Κ = e J/5S (1-εΓ 
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(unflocculated p a r t i c l e s ) . For these reasons, the r e - f i l t r a t i o n 
method i s not much used in flocculation studies. 

Essentially equivalent information can be obtained during 
the formation of the f i l t e r cake, without the need for a second 
f i l t r a t i o n . During f i l t r a t i o n , p a r t i c l e s are deposited as a 
layer of increasing thickness, so that the resistance to 
f i l t r a t i o n increases. The resistance, R(m~l), i s inversely 
related to permeability and i s defined i n terms of the volume 
flow rate: 

dV/dt =* FAP/nR (3) 
2 

where F i s the area of the f i l t e r (m ) and V i s the volume of 
f i l t r a t e (m^) produced i n a time t (s)

The resistance ha
support medium, Rm, an
remains constant and a l l particles are removed to give a 
uniform f i l t e r cake, then: 

R = R + acV/F (4) 
m 

where c i s the concentration of the suspension (kg m-3) and α 
i s the s p e c i f i c resistance to f i l t r a t i o n (m k g ~ l ) . 

The s p e c i f i c resistance should depend only on the nature of 
the suspended particles (size, shape and density) and on their 
state of aggregation. It i s related to the permeability, K, 
by: 

α = 1/K ρ(1-ε) (5) 
-3 

where ρ i s the density of the pa r t i c l e s (kg m ). 
Substituting the value of R from Equation 4 into 

Equation 3 and integrating (with ΔΡ constant) gives the well-
known parabolic f i l t r a t i o n equation: 

t = ( n/FAP)(R V + acV 2/2F) (6) 
m 

Dividing throughout by V gives the linearized version of 
Equation 6: 

t/V = nR /FAP + ( nac/2F 2 ΔΡ)ν (7) 
m 

If the volume of f i l t r a t e i s measured as a function of time, 
under constant pressure, then a plot of t/V against V should 
give a straight l i n e , the slope of which can be used to 
calculate the s p e c i f i c resistance. 

Equation 7 i s based on a number of assumptions and may not 
apply i n a l l cases, especially i f the f i l t e r cake i s 
compressible. A rigorous treatment of cake f i l t r a t i o n has been 
given by W i l l i s and Tosun (7). 
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Experiments t o determine s p e c i f i c r e s i s t a n c e , based on 
E q u a t i o n 7, have u s u a l l y been c a r r i e d out by some form of vacuum 
f i l t r a t i o n . These methods are time-consuming and s u b j e c t t o 
e r r o r . More r a p i d t e c h n i q u e s such as the measurement of 
c a p i l l a r y s u c t i o n time (CST) can be used ( 8 ) , a l t h o u g h these do 
not g i v e a b s o l u t e v a l u e s o f s p e c i f i c r e s i s t a n c e . N e v e r t h e l e s s , 
the CST method i s v e r y u s e f u l f o r r a p i d l y o b t a i n i n g comparative 
d a t a on the f l o c c u l a t i o n of f a i r l y c o n c e n t r a t e d suspensions by 
polymers ( 9 ) . I n the p r e s e n t work, s p e c i f i c r e s i s t a n c e has 
been determined by an automated t e c h n i q u e , which w i l l be 
d e s c r i b e d below. 

Automated F i l t r a b i l i t y D e t e r m i n a t i o n 

The new t e c h n i q u e (10) i
F i g u r e 1. A 50 ml Hamilto
p i s t o n , i s connected v i a a three-way t a p t o a Swinnex f i l t e r 
h o l d e r , which i s f i t t e d w i t h a s u i t a b l e membrane f i l t e r (0.45 ym 
or 0.22 ym M i l l i p o r e f i l t e r s i n the p r e s e n t work). The s y r i n g e 
p i s t o n has been m o d i f i e d by f i t t i n g a c i r c u l a r p l a t f o r m , on which 
one o r more r i n g - s h a p e d w e i g h t s can be p l a c e d . The t o t a l l o a d 
( t y p i c a l l y 3 kg) i s chosen t o g i v e a r e a s o n a b l e f i l t r a t i o n r a t e 
and s e r v e s t o m a i n t a i n a c o n s t a n t p r e s s u r e d u r i n g the f i t r a t i o n 
p r o c e s s . 

Rather than measuring the f i l t r a t e volume d i r e c t l y , the 
movement of the s y r i n g e p i s t o n i s monitored by a displacement 
t r a n s d u c e r , which g i v e s a v o l t a g e output p r o p o r t i o n a l to the 
p i s t o n d i s p l a c e m e n t and hence t o the f i l t r a t e volume. The 
output of the t r a n s u c e r i s d i g i t i z e d and f e d t o the user p o r t o f 
a Commodore PET microcomputer, so t h a t , d u r i n g a f i l t r a t i o n 
e xperiment, a s e r i e s of time and d i s p l a c ement d a t a can be s t o r e d . 
A f t e r the s y r i n g e has been f i l l e d w i t h the s u s p e n s i o n under t e s t 
and the l o a d a p p l i e d , the r e q u i r e d d a t a can be o b t a i n e d w i t h no 
f u r t h e r a t t e n t i o n b e i n g needed. 

F i g u r e 2 shows the form o f the d i s p lacement v s . time r e s u l t s 
f o r d i f f e r e n t s u s p e n s i o n c o n c e n t r a t i o n s . For p a r t i c l e - f r e e 
water (e = 0) , the l i n e i s s t r a i g h t , s i n c e the r e s i s t a n c e i s j u s t 
t h a t o f the membrane f i l t e r , which remains c o n s t a n t . 
For suspensions o f p a r t i c l e s l a r g e r than the pores i n the membrane, 
the f o r m a t i o n o f a f i l t e r cake l e a d s t o p r o g r e s s i v e l y i n c r e a s i n g 
r e s i s t a n c e and a d e c l i n i n g f i l t r a t i o n r a t e . The h i g h e r the 
s u s p e n s i o n c o n c e n t r a t i o n , the more r a p i d l y does the r a t e d e c l i n e . 

By analogy w i t h E q u a t i o n 7, the d i s p l a c e m e n t - t i m e d a t a can 
be l i n e a r i z e d , g i v i n g : 

t/D = c o n s t a n t + bD (8) 

where D i s t h e displa c e m e nt of the p i s t o n a t time T. The s l o p e 
of the l i n e , b, i s g i v e n by: 

b = nacA 2/2F 2AP (9) 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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F i g u r e 1 . F i l t r a b i l i t y a p p a r a t u s . 
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where A i s the cross-sectional area of the syringe. 
In the present method, t/D values are computed and displayed 

during a f i l t r a t i o n experiment. At the end of a run a plot of 
t/D vs. D i s drawn on a Bryans 50000 d i g i t a l p l otter. Such a 
plot i s shown i n Figure 3 for a suspension of kaolin particle s at 
a concentation of 35 mg/1. After a b r i e f i n i t i a l phase, when 
the pores of the membrane f i l t e r are being blocked and the f i r s t 
layers of particles deposited, the plot shows good linear 
behaviour, indicating a uniform f i l t e r cake and the absence of 
sig n i f i c a n t compressibility e f f e c t s . The slope of the l i n e i s 
determined automatically by a linear regression routine and the 
s p e c i f i c resistance i s calculated from the slope (and other 
necessary data, which are entered i n i t i a l l y ) . The entire 
sequence of operations, from the start of the f i l t r a t i o n to the 
computation of s p e c i f i
under microcomputer control

This technique has been thoroughly evaluated for a range of 
di l u t e suspensions and shown to give consistent results (10). 
The s p e c i f i c resistances obtained are independent of applied load, 
suspension concentration and membrane type, as expected for non-
compressible f i l t e r cakes. Tests with uniform latex particles 
have given permeabilities in very good agreement with Equation 2, 
using a value of 5 for the Carman-Koζeny constant. 

The method i s better suited to d i l u t e , rather than 
concentrated suspensions, since the data can be obtained i n a 
short time (a few minutes at most) and only thin f i l t e r cakes are 
formed. With higher concentrations, much longer f i l t r a t i o n 
times are needed and the thicker f i l t e r cakes are more l i k e l y to 
show compressibility effects and non-linear behaviour. 

Effect of Flocculation on F i l t r a b i l i t y 

Some preliminary experiments have been conducted using the new 
technique, with kaolin suspensions and cationic polymers. 
The kaolin was from BDH Ltd. and was dispersed by high-speed 
s t i r r i n g at around neutral pH. The resulting suspension was 
allowed to stand overnight and the sedimented material was 
rejected. The remaining suspension contained pa r t i c l e s up to 
about 2 ym in si z e . F i n a l suspensions for the flocculation 
experiments were made up i n 10~3M NaCl, to control the ionic 
strength. 

The cationic polymers used were as follows: 
A. Poly(dimethylaminoethyl methacrylate), with a molecular 

weight of about 5000, f u l l y quaternized with dimethyl 
sulfate. 

B. As A, but with a molecular weight of about 150,000. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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F i g u r e 2. Form of disp l a c e m e n t v s . time c u r v e s f o r 
d i f f e r e n t s u s p e n s i o n c o n c e n t r a t i o n s . 
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F i g u r e 3. L i n e a r i z e d p l o t f o r an u n f l o c c u l a t e d 35 mg/1 
k a o l i n s u s p e n s i o n . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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C. P o l y ( 1 - e t h y l 2 m ethyl 5 v i n y l p r i d i n i u m bromide) w i t h a 
m o l e c u l a r weight of about 1 m i l l i o n . 
These m a t e r i a l s have been used p r e v i o u s l y ( 1 1 ) . 

Procedure. I n i t i a l l y , the f l o c c u l a t i o n procedure adopted was t o 
add polymer t o the c l a y s u s p e n s i o n , s t i r r a p i d l y f o r 15 seconds 
to ensure good m i x i n g and then t o f l o w the t r e a t e d s u s p e n s i o n 
through a 3 m l e n g t h o f c o i l e d 1 mm diameter t u b i n g . Tube f l o w 
i s known t o be an e f f e c t i v e method of a p p l y i n g shear t o a 
s u s p e n s i o n and hence promoting o r t h o k i n e t i c f l o c c u l a t i o n ( 1 2 ) . 
The f l o c c u l a t e d s u s p e n s i o n was then t r a n s f e r r e d t o the s y r i n g e 
and the s p e c i f i c r e s i s t a n c e was determined as d e s c r i b e d 
p r e v i o u s l y . R e s u l t s a r e shown i n F i g u r e 4 f o r t h r e e d i f f e r e n t 
k a o l i n c o n c e n t r a t i o n s , f l o c c u l a t e d w i t h polymer A. The polymer 
c o n c e n t r a t i o n i s shown
In a l l c a s e s , p l o t s of t/

The s p e c i f i c r e s i s t a n c e of the u n f l o c c u l a t e d k a o l i n i s about 
12 χ 1012 m/kg and f a l l s t o about 1 χ 1012 m/kg a t the optimum 
f l o c c u l a n t c o n c e n t r a t i o n . I t i s c l e a r t h a t the amount of 
polymer r e q u i r e d to g i v e the minimum s p e c i f i c r e s i s t a n c e i s about 
0.5% of the c l a y c o n c e n t r a t i o n i n a l l c a s e s . T h i s 
p r o p o r t i o n a l i t y i n d i c a t e s t h a t the polymer i s s t r o n g l y adsorbed 
and p r o b a b l y a c t s by a charge n e u t r a l i z a t i o n , r a t h e r than a 
b r i d g i n g mechanism. The amount of c a t i o n i c polymer r e q u i r e d t o 
n e u t r a l i z e the n e g a t i v e charge of c l a y p a r t i c l e s must be 
p r o p o r t i o n a l t o the c l a y c o n c e n t r a t i o n . R e s t a b i l i z a t i o n of the 
k a o l i n o c c u r s a t excess polymer doses because the p a r t i c l e s 
become p o s i t i v e l y charged. The more pronounced r e s t a b i l i z a t i o n 
observed f o r the h i g h e s t c l a y c o n c e n t r a t i o n i n F i g u r e 4 may be a 
r e s u l t o f the more r a p i d polymer a d s o r p t i o n under these 
c o n d i t i o n s . 

The procedure used t o o b t a i n the r e s u l t s i n F i g u r e 3 i s not 
e n t i r e l y s a t i s f a c t o r y , s i n c e t r a n s f e r of the f l o c c u l a t e d 
s u s p e n s i o n t o the s y r i n g e i n e v i t a b l y causes some break-up of 
f l o e s which may a f f e c t the f i l t r a t i o n b e h a v i o u r . I n o r d e r t o 
i n v e s t i g a t e t h i s p o i n t , two d i f f e r e n t procedures were adopted: 
a) The s u s p e n s i o n was t r a n s f e r r e d t o the s y r i n g e a f t e r adding 
the polymer and s t i r r i n g r a p i d l y f o r 15 seconds, but w i t h o u t 
tube f l o w . I n t h i s c a s e , no v i s i b l e f l o e s had formed so t h a t 
no s i g n i f i c a n t break-up would be expected. The s u s p e n s i o n was 
f i l t e r e d immediately a f t e r t r a n s f e r . S i n c e the f i l t r a t i o n of 
the samples i s q u i t e r a p i d , t h e r e i s v e r y l i t t l e o p p o r t u n i t y f o r 
f l o c c u l a t i o n i n the s y r i n g e . 
b) A f t e r polymer a d d i t i o n and 15 seconds o f r a p i d m i x i n g , the 
s u s p e n s i o n was t r a n s f e r r e d t o the s y r i n g e and then s u b j e c t e d t o 
10 minutes o f slow s i t r r i n g i n s i t u , u s i n g a s m a l l magnetic b a r . 
T h i s r e s u l t e d i n q u i t e l a r g e f l o e s , which c o u l d be f i l t e r e d 
w i t h o u t d i s t u r b a n c e . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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4 

F i g u r e 4. S p e c i f i c r e s i s t a n c e o f k a o l i n suspensions 
t r e a t e d w i t h d i f f e r e n t amounts of polymer A. K a o l i n 
c o n c e n t r a t i o n s : 1) 70 mg/1, 2) 140 mg/1, 3) 280 mg/1. 
Polymer c o n c e n t r a t i o n expressed as a percentage of k a o l i n 
c o n c e n t r a t i o n . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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The r e s u l t s i n F i g u r e 5 compare these procedures and the 
p r e v i o u s one ( r a p i d mix and tube f l o w ) f o r a k a o l i n c o n c e n t r a t i o n 
of 140 mg/1. I n t h i s and subsequent F i g u r e s , s p e c i f i c 
r e s i s t a n c e s a r e p l o t t e d as percentages of the o r i g i n a l v a l u e 
( i . e . f o r the u n f l o c c u l a t e d k a o l i n ) . E v i d e n t l y , the procedure 
makes l i t t l e d i f f e r e n c e to the r e s u l t s and e s s e n t i a l l y the same 
'optimum 1 polymer c o n c e n t r a t i o n would be chosen i n each c a s e . 
The r e s u l t s a t h i g h polymer c o n c e n t r a t i o n s show d i f f e r e n t 
b e h a v i o u r , depending on the procedure employed, but no 
s a t i s f a c t o r y e x p l a n a t i o n seems apparent. 

In view o f the n a t u r e o f the r e s u l t s i n F i g u r e 5, comparison 
of the e f f e c t s o f d i f f e r e n t polymers was c a r r i e d out u s i n g the 
s i m p l e s t t e c h n i q u e , i . e . f i l t r a t i o n i mmediately a f t e r r a p i d 
m i x i n g . 

Behaviour of D i f f e r e n t Polymers
and C, on the s p e c i f i c r e s i s t a n c e of a 140 mg/1 k a o l i n 
s u s p e n s i o n a r e shown i n F i g u r e 6. The r e s u l t s a r e remarkably 
s i m i l a r , b e a r i n g i n mind the v e r y d i f f e r e n t m o l e c u l a r w e i g h t s o f 
these m a t e r i a l s . A g a i n , t h e r e i s a s t r o n g i n d i c a t i o n t h a t 
charge n e u t r a l i z a t i o n i s the predominant e f f e c t and t h a t polymer 
b r i d g i n g p l a y s a minor r o l e , i f any. The l e s s pronounced 
r e s t a b i l i z a t i o n w i t h the h i g h e r m o l e c u l a r weight polymers may be 
a r e s u l t of a slower a d s o r p t i o n or of a non-uniform charge 
d i s t r i b u t i o n ( 1 1 ) . 

I t i s worth n o t i n g t h a t the s p e c i f i c r e s i s t a n c e s o b t a i n e d 
by f l o c c u l a t i o n w i t h c a t i o n i c polymers ar e much l e s s than those 
a c h i e v e d by s i m p l e s a l t s . F o r i n s t a n c e , when the k a o l i n 
s u s p e n s i o n i s c o m p l e t e l y d e s t a b i l i z e d by the a d d i t i o n of a 
c a l c i u m s a l t , the s p e c i f i c r e s i s t a n c e i s o n l y reduced by a 
f a c t o r o f about two. A t e n - f o l d r e d u c t i o n can e a s i l y be 
a c h i e v e d by c a t i o n i c polymers. 

The f l o c c u l a t i o n and r e s t a b i l i z a t i o n b e h a v i o u r i n d i c a t e d by 
the f i l t r a b i l i t y r e s u l t s i s w e l l matched by o t h e r t e s t methods, 
i n c l u d i n g s i m p l e s e t t l i n g t e s t s and a newly-developed o p t i c a l 
m o n i t o r i n g t e c h n i q u e ( 1 3 ) . A l l o f these methods g i v e e s s e n t i a l l y 
the same optimum polymer c o n c e n t r a t i o n . 

E f f e c t of S t i r r i n g . The r a t h e r s m a l l e f f e c t of tube f l o w and 
slow s t i r r i n g on the s p e c i f i c r e s i s t a n c e r e s u l t s i n F i g u r e 5 
was unexpected and has been checked by a s e r i e s o f t r i a l s i n 
w hich a k a o l i n s u s p e n s i o n was s u b j e c t e d t o v a r i o u s p e r i o d s o f 
slow s t i r r i n g , f o l l o w i n g polymer a d d i t i o n and r a p i d m i x i n g . 
For t h i s purpose, 500 ml of a 140 mg/1 k a o l i n s u s p e n s i o n was 
t r e a t e d w i t h an amount o f polymer A c o r r e s p o n d i n g t o 0.5% o f 
the c l a y c o n c e n t r a t i o n ( i . e . the optimum d o s e ) . A f t e r 15 
seconds o f r a p i d m i x i n g , the s u s p e n s i o n was s u b j e c t e d t o slow 
(30 r.p.m.) s t i r r i n g , u s i n g a paddle s t i r r e r . Samples were 
withdrawn a t d i f f e r e n t i n t e r v a l s d i r e c t l y i n t o the s y r i n g e and 
a f i l t r a b i l i t y d e t e r m i n a t i o n was c a r r i e d out. 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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% P O L Y M E R A 

F i g u r e 5. E f f e c t o f d i f f e r e n t f l o c c u l a t i o n p r o c e d u r e s , 
u s i n g polymer A and a k a o l i n c o n c e n t r a t i o n o f 140 mg/1. 
P r o c e d u r e s : 1) Rapid m i x i n g o n l y , 2) Rapid m i x i n g and 
tube f l o w (as i n F i g u r e 1); 3) Rapid m i x i n g and slow 
s t i r r i n g i n s y r i n g e . S p e c i f i c r e s i s t a n c e shown as 
percentage o f o r i g i n a l v a l u e . 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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In this procedure, v i s i b l e floes became apparent after about 5 
minutes of slow s t i r r i n g and the floe size continued to increase 
up to about 30 minutes. After long s t i r r i n g times, floes 
appeared to be quite strong and survived transfer to the syringe 
without much break-up. 

Figure 7 shows the s p e c i f i c resistance of the flocculated 
samples immediately after rapid mixing and after increasing 
times of slow s t i r r i n g . The major reduction i n s p e c i f i c 
resistance (about 85%) has already occurred during the rapid 
mixing phase. Further prolonged slow s t i r r i n g , during which the 
floes grow considerably in size, produces only a r e l a t i v e l y minor 
reduction. P r a c t i c a l l y a l l of the reduction i n s p e c i f i c 
resistance has occurred after 15 minutes. 

One possible explanation of this behaviour i s i n terms of a 
model for floe structur
and elaborated by van d
regarded as aggregates, not of individual p a r t i c l e s , but of 
'micro-fIocs T or T f l o c c u l i 1 . Micro-fIocs would be formed 
during the rapid mixing period and their size would depend on the 
shear conditions. During the slow s t i r r i n g period floe growth 
i s by c o l l i s i o n and aggregation of the micro-fIocs. The 
implication of the present results i s that the formation of 
micro-fIocs gives the major improvement in f i l t r a b i l i t y , most 
l i k e l y by an effective reduction i n the surface area of the 
p a r t i c l e s . Aggregates of micro-fIocs might s t i l l be quite 
permeable, so that most of the remaining p a r t i c l e surface would 
be accessible to the flowing l i q u i d and the resistance to flow 
would not be much less than that of the micro-fIocs. 

However, during the formation of a f i l t e r cake, floes must 
be subject to considerable disruptive forces and large aggregates 
may not survive. Scanning electron micrographs of f i l t e r cakes 
formed after various periods of slow s t i r r i n g have shown no 
obvious differences. 

Conclusions 

The method described here provides a convenient means of 
determining the s p e c i f i c f i l t r a t i o n resistance of f a i r l y d i l u t e 
suspensions. Results for clay suspensions flocculated by 
cationic polymers show that the s p e c i f i c resistance gives a 
sensitive indication of flocculation and i s a useful guide i n 
the selection of optimum flocculant concentrations. In a 
series of t r i a l s not reported here, i t has been shown that the 
s p e c i f i c resistance results are very well matched by 
r e - f i l t r a t i o n rate data, as expected. The results also agree 
well with other, unrelated techniques. For more concentrated 
suspensions, some discrepancies have been found between 
permeability methods and other measures of flocculation (4). 

In Polymer Adsorption and Dispersion Stability; Goddard, E., et al.; 
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F i g u r e 7. E f f e c t o f slow s t i r r i n g p e r i o d on s p e c i f i c 
r e s i s t a n c e o f f l o c c u l a t e d k a o l i n (0.5% polymer A ) . 
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There i s a problem with the present technique, which has 
not so far been mentioned. Attempts to study flocculation by 
high molecular weight anionic polymers have proved largely 
unsuccessful and the reason was found to be blockage of pores i n 
the membrane f i l t e r by the polymer. Similar effects were 
found for the highest molecular weight cationic polymer (C), but 
only at concentrations rather higher than those used in this work. 
This problem could be overcome by using a support medium with 
larger pores, but then primary (unflocculated) particles would 
not be e f f i c i e n t l y retained. Membrane f i l t r a t i o n of polymer 
solutions using a method l i k e that described here might provide 
a simple means of estimating molecular weights. 

Even though the new technique i s largely automated, i t i s 
s t i l l a rather lengthy procedure, compared to some other 
methods of flocculatio
used simply to find optimu
However, as a means of studying the f i l t r a b i l i t y of suspensions 
and the effect of p a r t i c l e aggregation, either i n fundamental 
work or in p r a c t i c a l applications, i t could prove to be useful. 
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