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FOREWORD 

T h e A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1949 b y 
the A m e r i c a n C h e m i c a l Soc iety as an outlet for sympos ia a n d 
col lect ions o f data i n spec ia l areas o f t op i ca l interest that c o u l d 
not b e a c c o m m o d a t e d i n the Society 's journals. It prov ides a 
m e d i u m for s y m p o s i a that w o u l d otherwise b e f ragmented 
because their papers w o u l d b e d i s t r ibuted a m o n g several 
journals or not p u b l i s h e d at a l l . Papers are r e v i e w e d cr i t i ca l ly 
a c c o r d i n g to A C S ed i tor ia l standards a n d rece ive the care fu l 
attention a n d process ing characterist ic o f A C S publ i cat ions . 
Vo lumes i n the A D V A N C E S I N C H E M I S T R Y S E R I E S ma inta in the 
integr i ty o f the s y m p o s i a o n w h i c h they are based ; h o w e v e r , 
v e r b a t i m reproduct ions o f prev ious ly p u b l i s h e d papers are 
not accepted . Papers m a y i n c l u d e reports o f research as w e l l 
as rev iews , because s y m p o s i a m a y e m b r a c e b o t h types o f 
presentation. 
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the der iva t i za t i on o f c a r b o h y d r a t e p o l y m e r s , so lut ion a n d inter fac ia l 
adsorpt ion a n d viscos i ty behav ior o f b o t h p o l y m e r types, a n d meaning fu l 
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PREFACE 

T HE S T A T E O F T H E A R T for water -so luble po lymers was the top i c o f a 
w o r k s h o p a n d s y m p o s i u m c o n d u c t e d i n 1984, the first s ince a s imi lar 
s y m p o s i u m w a s o r g a n i z e d for the 164th N a t i o n a l M e e t i n g o f the 
A m e r i c a n C h e m i c a l Society i n N e w York i n 1972 b y N . M . Bikales . 

T h e s y m p o s i u m u p o n w h i c h this b o o k is based i n c l u d e d sessions on 
p o l y m e r synthesis a n d character izat ion a n d on the per formance of water -
soluble p o l y m e r s i n appl icat ions areas. T h e a p p l i e d areas i n c l u d e d water 
treatment, pe t ro l eum, coatings, detergency, textiles, a n d the use of water -
soluble p o l y m e r s as protect ive co l lo ids i n the emuls ion synthesis o f acry l i c 
a n d v i n y l acetate latices a n d i n the p r o d u c t i o n of p o l y (v iny l chloride) b y 
suspension processes. D u e to space l imitat ions, m a n y of the presentations 
i n b o t h the w o r k s h o p a n d the s y m p o s i u m are o m i t t e d f r o m this book . A 
de ta i l ed s y m p o s i u m o n the synthesis a n d character izat ion of w a t e r -
so luble p o l y m e r s is p l a n n e d for the 194th N a t i o n a l M e e t i n g of the 
A m e r i c a n C h e m i c a l Society i n N e w Orleans i n August 1987. 

I n appl icat ions , cost-effectiveness defines the po lymers of choice . A 
d e t a i l e d d e s c r i p t i o n o f the p o l y m e r s c o m p l e m e n t i n g e v o l u t i o n i n 
m e c h a n i c a l techniques i n water - treatment processes is g i ven i n this 
book . T h e solut ion propert ies o f impor tance i n the use of water -so luble 
p o l y m e r s b o t h i n pe t ro l eum recovery processes a n d i n coatings a p p l i c a 
tions are so lut ion rheo l ogy , a d s o r p t i o n , a n d s tab i l i ty . T h e re la t ive 
i m p o r t a n c e o f these parameters i n their use i n a var ie ty of p e t r o l e u m 
processes, w h i c h inc lude d r i l l i n g a n d fractur ing , a n d i n coatings a p p l i c a 
tions is discussed i n this v o l u m e . T h e aqueous solution characteristics o f 
poly(2-ethyl-2-oxazol ines) , a p r o d u c t that m a y contr ibute s igni f icantly to 
adhesive technology i n the next decade , are also descr ibed . 

T h e most s ignif icant advance i n water -so luble p o l y m e r s d u r i n g the 
past d e c a d e has been their m o d i f i c a t i o n w i t h h y d r o p h o b i c moiet ies . 
Publ icat ions o n p o l y m e r i c surfactants, or water -so luble po lymers , w i t h a 
moderate percentage of h y d r o p h o b i c groups that s ignif icantly l o w e r the 
surface tension of water are abundant . N o n e of the materials descr ibed i n 
this " p r i o r a r t " relate to the techno logy b e i n g d e v e l o p e d w i t h w a t e r -
so luble p o l y m e r s that conta in surfactant - type h y d r o p h o b e s that are 
" a p p r o p r i a t e l y p l a c e d " . T h i s t y p e o f water -so lub le p o l y m e r was d e v e l 
o p e d for use i n l u b r i c a t i n g f l u i d f ormulat ions w h e r e they are a c c e p t e d 
c o m m e r c i a l mater ia ls . T h e use o f h y d r o p h o b i c a l l y m o d i f i e d , w a t e r -
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soluble p o l y m e r s i n the pe t ro l eum recovery areas has been exp lored , but 
has not yet a ch ieved acceptance. Products structural ly di f ferent f r o m the 
p o l y m e r s b e i n g used i n l u b r i c a t i o n f lu ids are a c h i e v i n g c o m m e r c i a l 
acceptance i n cosmetic a n d coatings appl icat ions . T h e i r solution charac
teristics i n the presence o f convent ional , l o w molecu lar we ight surfactants 
appropr ia te to their use i n the cosmet ic area are g iven i n this book . T h e i r 
va lue f r o m a c o n s u m e r s v i e w p o i n t a n d their mechanist ic dif ferences w i t h 
convent i ona l water - so lub le p o l y m e r s used i n coatings appl i cat ions are 
also discussed. H y d r o p h o b i c a l l y m o d i f i e d , water -so luble po lymers o f the 
type discussed i n this v o l u m e w i l l rece ive signif icant attention d u r i n g the 
next decade. 

I express m y apprec ia t i on to those w h o par t i c ipa ted i n the s y m p o 
s i u m f r o m w h i c h this b o o k was deve l oped . 

J. E. G L A S S 

D e p a r t m e n t o f Po lymers a n d Coat ings 
N o r t h D a k o t a State Univers i ty 
Fargo , ND 58105-5516 

D e c e m b e r 1985 
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1 

Structural Features Promoting Water 
Solubility in Carbohydrate Polymers 

J. E. Glass 

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

Although a large variety of carbohydrate polymers have a 
multitude of industrial uses, most carbohydrate polymers have 
limited applicability across a wide spectrum of applications. The 
structural features affecting water solubility in carbohydrate 
polymers are discussed. Methods of derivatizing the world's most 
abundant polymer, cellulose, are presented, and derivatization 
processes are compared with the complexities of synthesizing 
polymers by fermentation processes. On the basis of three 
criteria, (1) the parameters promoting solubility, (2) the known 
limitations of commercially available products, and (3) the 
solubility trends observed in a limited number of thoroughly 
investigated carbohydrate polymers, projections of what might 
be achieved with a structurally designed carbohydrate polymer, 
obtained from variations in the repeating unit and anomeric and 
positional bonding patterns, are postulated. 

T H E C H E M I S T R Y O F C A R B O H Y D R A T E P O L Y M E R S is a n in f requent s u b 
ject i n co l l ege c u r r i c u l a . These m a c r o m o l e c u l e s c a n b e a p p r o p r i a t e l y 
i n t r o d u c e d w i t h the c h e m i s t r y ( J , 2) o f the s i m p l e three - carbon m o l e 
cu le , g l y c e r a l d e h y d e , w h i c h is the m o n o m e l i c p r o t o t y p e f o r p o l y 
saccharides . T h e m i d d l e c a r b o n is a s y m m e t r i c (i.e., f our d i f f e rent 
g roups are b o n d e d to the center c a r b o n ) ; the t w o o p t i c a l i somers (dis
t ingu i shed b y the d i r e c t i o n i n w h i c h they rotate p l a n e - p o l a r i z e d l ight) that 
result are i l lus t rated i n structure I. I n the dext roro ta tory c o m p o u n d , 
des ignated b y a D p re f i x , the h y d r o x y l g r o u p is p l a c e d to the right o f the 
a s y m m e t r i c c a r b o n ( C * ) w i t h the a l d e h y d e g r o u p p o s i t i o n e d above . I n 
the l evoro ta tory c o m p o u n d ( L p r e f i x ) , the h y d r o x y l f u n c t i o n is p l a c e d to 
the le f t o f the a s y m m e t r i c c a r b o n a t o m . A s a d d i t i o n a l carbons ( w i t h 
the ir h y d r o x y l functions) are a d d e d to this three - carbon m o l e c u l e , 
the n u m b e r o f i somers increases b y 2", w h e r e n is the n u m b e r o f a s y m 
m e t r i c carbons . T h e D o r L c lass i f i cat ion continues to a p p l y to the 

0(W5-2393/86/0213-0003$07.25/0 
® 1986 American Chemical Society 
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4 WATER-SOLUBLE POLYMERS 

s e c o n d to last c a r b o n i n the s tructura l f o r m u l a , regardless o f the n u m b e r 
o f carbons i n the m o l e c u l e . T h e saccharides are p o l y h y d r o x y l i c c o m 
p o u n d s w i t h a p e n d a n t c a r b o n y l g r o u p a n d c a n b e represented b y the 
f o r m u l a ( C H 2 0 ) „ . Pentoses (n = 5) a n d hexoses (n = 6) are the most 
abundant ; the s i x - carbon molecu les are the most i m p o r t a n t industr ia l 
class. T h e large n u m b e r o f a s y m m e t r i c c a r b o n atoms gives rise to 16 
poss ib le hexose isomers (half are o f the D c o n f i g u r a t i o n , C h a r t I , a n d the 
r e m a i n d e r are o f the L conf igurat ion) . 

Sugars exist as c y c l i c structures i n w h i c h s i x - m e m b e r e d pyranose 
r ings are f a v o r e d over f i v e - m e m b e r e d furanose r ings . O p e n - c h a i n , free 
sugars h a v e not b e e n i so la ted , b u t s o m e sugars h a v e b e e n de tec ted i n 
trace amounts i n so lut ion e q u i h b r i u m w i t h their c l osed , r i n g f orms . T h e 
c l o s e d , r i n g - f o r m sugars arise b y in te rna l c ondensat i on o f a h y d r o x y l 

CHO 

H - C - O H 

H - C - O H 

H - C - O H 

H - C - O H 
I 
C H OH 

2 Allose 

CHO 

H O - C - H 

H - C - O H 

H - C - O H 

H - C - O H 

C H OH 
2 Altrose 

CHO 

H - C - O H 

H O - C - H 

H - C - O H 

H - C - O H 

CH OH 
2 Glucose 

C H O 

H O - C - H 

H O - C - H 

H-6-0H 
H - C - O H 

C H OH 
2 

Mannose 

CHO 

H - C - O H 

H - C - O H 

H O - C - H 

H - ^ - O H 

C H OH 
2 

Gulose 

CHO 

H O - C - H 
I 

H - C - O H 

H O - C - H 
I 

H - C - O H 
I 
C H OH 

2 
Idose 

CHO 

H - C - O H 

H O - C - H 

H O - C - H 

H - C - O H 
I 
C H OH 

2 
Galactose 

CHO 

H O - C - H 

H O - C - H 

H O - C - H 
I 

H - C - O H 

C H OH 
2 

Talose 

Chart I. D isomers of hexose. 
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1. GLASS Water Solubility in Carbohydrate Polymers 5 

Scheme I. Equilibrium between D-glucose and a-D-glucopyranose (ring 
form; shown in the Haworth projection). 

g r o u p w i t h the e a r b o n y l m o i e t y to f o r m a n aceta l g r o u p . C y c l i z a t i o n c re 
ates a n a d d i t i o n a l a s y m m e t r i c center at the reac t ive c a r b o n p o s i t i o n , n o w 
des ignated the a n o m e r i c c a r b o n . T h u s , D -g lucose cyc l i zes pre ferent ia l ly b y 
r eac t i on o f the h y d r o x y l g r o u p o n c a r b o n 5 ( n u m b e r e d sequent ia l ly d o w n 
the o p e n - c h a i n structure f r o m the a l d e h y d e carbon) w i t h the a l d e h y d e ear
b o n y l to f o r m a s i x - m e m b e r e d r i n g (Scheme I ) . T h e n e w l y c rea ted 
h y d r o x y l g r o u p o n c a r b o n 1 c a n pos i t i on a b o v e or b e l o w the p lane o f 
the r i n g . W i t h the pyranose r i n g d r a w n a c c o r d i n g to the H a w o r t h c o n 
v e n t i o n as i n S c h e m e I , the p e n d a n t h y d r o x y m e t h y l g r o u p of D sugars 
lies a b o v e the r i n g p lane w h i l e the c o r r e s p o n d i n g g roup i n the L series 
lies b e l o w . W i t h i n either series, the i somer w i t h the anomer i c h y d r o x y l 
g r o u p b e l o w the r i n g is c a l l e d the a anomer ; the c o r r e s p o n d i n g h y d r o x y l 
lies a b o v e the p lane i n the anomer . T h e connec t i on of r ings through 
t w o d i f f e rent a n o m e r i c b o n d s is an i m p o r t a n t feature i n c a r b o h y d r a t e 
p o l y m e r s . 

W h e n l inear h y d r o c a r b o n s are s t ructured i n r ings , the b o n d angles 
b e t w e e n cont iguous c a r b o n atoms i n a s ix - carbon r i n g p r o h i b i t p lanar 
pro jec t ions . T h e r ings b u c k l e a n d assume var ious con fo rmat i ons . S i x -
c a r b o n r ings are k n o w n to exist most f r e q u e n t l y i n a cha i r f o r m [struc
ture II (a = a x i a l a n d e = equator ia l ) ] i n w h i c h substituent b o n d s to r i n g 
carbons , h y d r o g e n , or h y d r o x y l funct ions are ax ia l or equator ia l . A x i a l 

a 

II 
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6 WATER-SOLUBLE POLYMERS 

b o n d s are those p a r a l l e l w i t h the r i n g s general axis o f s y m m e t r y . E q u a 
t o r i a l b o n d s l i e i n the a p p r o x i m a t e p l a n e o f the r i n g ( w i t h its greater 
c o n t i n u u m o f e lec t ron density) a n d genera l ly have d i f f erent reac t iv 
it ies than a x i a l b o n d s . O f the c o n f o r m a t i o n s poss ib le f o r the pyranose 
r i n g , the one that m i n i m i z e s steric repuls ions a m o n g ax ia l ly d i sposed 
h y d r o x y l s a n d the h y d r o x y m e t h y l g r o u p is f a v o r e d . A c c o r d i n g l y , the 
c o n f o r m a t i o n d e p i c t e d i n structure II is p r e f e r r e d b y b o t h anomers 
o f D - g l u c o s e because i t pos i t ions the b u l k y h y d r o x y m e t h y l a n d h y d r o x y l 
g roups o n carbons 2, 3, a n d 4 i n equator ia l posit ions . 

T h e d i f f e r e n c e b e t w e e n a a n d /? l inkages is i l lustrated b y us ing the 
g l u c o p y r a n o s y l uni t i n the construc t i on o f t w o d isacchar ides (structure 
I l i a a n d b) . I f t w o g l u c o p y r a n o s y l molecu les are j o i n e d through equator ia l 
b o n d s , the l i n k a g e is r e f e r r e d to as p a n d the p r o d u c t is ce l l ob iose . I f 
g l u c o p y r a n o s y l units are j o ined t h r o u g h a n ax ia l l inkage o f one uni t , 
a n a l i n k a g e is f o r m e d , a n d the p r o d u c t is mal tose . C e l l o b i o s e is the bas i c 
un i t o f ce l lu lose (structure I l ia) a n d maltose is the bas i c uni t o f starch 
(structure I l l b ) — t w o o f the w o r l d s most abundant p o l y m e r s . 

Classification of Polysaccharides by Natural Function: Storage, 
Structural, and Extracellular 
I n genera l , the s i m p l e d i s t inc t i on o f a versus 0 l inkages b e t w e e n m o n o 
m e r units de termines the f u n c t i o n o f po lysacchar ides i n p lant cel ls . Stor 
age po lysacchar ides p r o v i d e a n energy s u p p l y f o r p lant or a n i m a l cel ls . 
G e n e r a l l y , storage po lysacchar ides possess a n a x i a l - e q u a t o r i a l b o n d (i.e., 
a n a l inkage) b e t w e e n the 1- a n d 4-posit ions of adjacent glucose units . I n 
p l a n t ce l ls , this energy source is s tarch , e ither a m y l o s e ( l inear m a c r o -
molecu les of maltose units) or a m y l o p e c t i n (a b r a n c h e d maltose m a c r o -

I l l a 

CH2OH 
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1. GLASS Water Solubility in Carbohydrate Polymers 7 

m o l e c u l e ) . I n a n i m a l ce l ls , the energy source is a h i g h l y b r a n c h e d ar 
rangement o f maltose units , g l y cogen . 

S t r u c t u r a l po lysacchar ides p r o v i d e the r i g i d i t y a n d elast ic i ty n e e d e d 
to pro tec t cel ls . G e n e r a l l y , s t ructura l po lysacchar ides are charac ter i zed 
b y e q u a t o r i a l - e q u a t o r i a l b o n d s (i.e., j3 l inkages) b e t w e e n g l u c o p y r a n o s y l 
units a n d , l i k e storage po lysacchar ides , their m a c r o m o l e c u l a r structure 
var ies w i t h v a r i a t i o n i n l i f e f o r m . U n m o d i f i e d ce l lu lose is the p r i m a r y 
s t ructura l p o l y s a c c h a r i d e o f p lants . T h e (J l inkage produces a near ly 
l inear , ex tended m a c r o m o l e c u l a r c o n f o r m a t i o n (structure I V ) , w h i c h 
p e r m i t s c lose p a c k i n g o f p o l y m e r chains ; this close p a c k i n g i n turn 
encourages in termolecu lar h y d r o g e n b o n d i n g (and crysta l l in i ty ) be 
t w e e n adjacent chains w i t h m i n i m u m e n t r o p y loss to p r o d u c e the r i g i d 
i t y r e q u i r e d i n a s t ruc tura l m a t e r i a l . T h e a l i n k a g e o f storage p o l y s a c 
char ides i m p a r t s a h e l i c a l c o n f o r m a t i o n to the g l u c o p y r a n o s y l c h a i n 
(structure V ) . T h e he l i x inh ib i t s extensive in ter cha in associations; there
fore , the h e l i x is un f i t as a s t ructura l ent i ty b u t excel lent as an energy source 
because r a p i d degradat i on for energy release is not h a m p e r e d b y the 
necessity o f f irst b r e a k i n g s trong in termolecu lar attractions. 
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8 WATER-SOLUBLE POLYMERS 

I n the l o w e r a n i m a l f o rms (insects, sp iders , a n d crabs ) , the C - 2 
h y d r o x y l g r o u p i n ce l lu lose is r e p l a c e d w i t h an N - a c e t y l a m i n o g r o u p 
(structure VI) to p r o d u c e c h i t i n (3-5) . I n m a n y l i f e f o rms , this p o l y m e r 
funct ions as the adhes ive i n a p r e d o m i n a n t l y c a l c i u m carbonate m a t r i x . 
I n h igher l i f e f o r m s , a m i n o ac ids are at tached to the C - 3 h y d r o x y l . 

C e r t a i n monosacchar ides o c c u r m o r e f r equent ly than others i n 
indust r ia l l y i m p o r t a n t c a r b o h y d r a t e p o l y m e r s . T h e m o n o m e r i c units are 
g lucose , mannose , a n d galactose. I n the g l u c o p y r a n o s y l r i n g , the 
h y d r o x y l groups are equator ia l l y pos i t i oned i n the f a v o r e d c o n f o r m a 
t i on . M a n n o p y r a n o s e is the C - 2 e p i m e r of glucose (i.e., the h y d r o x y l is 
ax ia l not equator ia l ) ; ga lactopyranose is a C - 4 e p i m e r of g lucopyranose . 

Intr icate s tructural var iat ions w i l l af fect so lub i l i ty a n d occas ion so lu 
t i o n proper t i es not o b s e r v e d i n the structures d iscussed p r e v i o u s l y ; these 
characterist ics are f o u n d i n po lysacchar ides p r o d u c e d b y m i c r o o r g a n 
isms t h r o u g h f e rmenta t i on synthesis. These extrace l lu lar p o l y m e r s are 
secreted b y m i c r o o r g a n i s m s either as (1) a capsule layer o f p o l y s a c c h a 
r i d e that c l ings to the outs ide o f the c e l l w a l l or as (2) a s l ime c o m p o s e d 
o f p o l y s a c c h a r i d e that accumulates near the c e l l b u t eventual ly dif fuses 
into the aqueous m e d i u m . T h e s l ime has greater c o m m e r c i a l po tent ia l 
because of the ease of r e covery . F e r m e n t a t i o n po lysacchar ides can be 
d i v i d e d into t w o classes: (1) the s i m p l e p o l y s a c c h a r i d e h o m o p o l y m e r s 
p r o d u c e d b y the a c t i o n of a single e n z y m e i n the presence of the 
m i c r o o r g a n i s m to p r o d u c e a water - so lub le p o l y m e r ; a n d (2) the struc
tura l l y c o m p l e x heteropo lysacchar ides r e q u i r i n g the sequent ia l actions 
of a g r o u p of e n z y m e s p r o d u c e d b y the m i c r o o r g a n i s m . 

T h e synthesis o f c a r b o h y d r a t e p o l y m e r s b y f e rmentat i on processes 
represents a m o r e c o m p l e x c o m m e r c i a l process than those used i n 
o b t a i n i n g water - so lub le p o l y m e r s b y a s lurry process (e.g., i n the d e r i v a -
t i za t i on o f ce l lu lose or g u a r a n discussed b e l o w ) because o f the generat ion 
o f h i g h l y v iscous solutions. T h e v iscos i ty arises b o t h f r o m the convers i on of 
m o n o m e r (e.g., glucose) to p o l y m e r a n d f r o m an increase i n the n u m b e r 
o f m i c r o o r g a n i s m bod ies . T h e increase i n v i scos i ty , p a r t i c u l a r l y the 
pseudop las t i c i ty of the solutions, imposes m i x i n g p r o b l e m s b e y o n d the 
genera l c a p a b i l i t y of s tandard p r o d u c t i o n e q u i p m e n t to ensure the 
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1. GLASS Water Solubility in Carbohydrate Polymers 9 

necessary transport o f o x y g e n a n d other ingredients to the m i c r o o r g a n 
i s m . T h e reader is r e f e r red to other treatises (6, 7) f or these a n d other 
complex i t i es i n f ermentat ion processes. 

T h e so lut ion propert ies o f f e rmenta t i on p o l y m e r s that f o r m h e l i c a l 
aggregates i n aqueous solutions are u n i q u e w i t h respect to the v iscos i ty 
re tent ion at h igher temperatures a n d to m e c h a n i c a l (discussed i n C h a p 
ter 11), thermal - ox idat ive a n d a c i d - c a t a l y z e d degradat i on , a n d f e rmenta 
t i o n p o l y m e r s have therefore f o u n d cost -e f fect ive use i n m a n y areas of 
a p p l i c a t i o n . 

I n the r e m a i n i n g sections of this chapter , der iva t i za t i on techniques 
a n d factors a f f e c t ing the pos i t i on o f a d d u c t subst i tut ion i n the m o d i f i c a 
t i o n of ce l lu lose a n d the s t ructura l features that af fect w a t e r so lub i l i t y i n 
u n d e r i v a t i z e d carbohydra te p o l y m e r s are discussed. 

Solubilization through Derivatization 
A s n o t e d p r e v i o u s l y , ce l lulose is inso lub le i n aqueous solutions because of 
i n t r a - a n d i n t e r m o l e c u l a r h y d r o g e n b o n d i n g . D i s r u p t i o n of the p o l a r 
b o n d i n g sequences c a n b e a c h i e v e d through ester i f i cat ion or e ther i f i ca -
t i o n (of the anhydr ides ) to cel lulose. N o n u n i f o r m a d d i t i o n occurs u n t i l the 
b a c k b o n e is h i g h l y subst i tuted . T o ach ieve w a t e r s o lub i l i t y , the f u l l y sub 
s t i tuted ce l lu lose ester must b e p a r t i a l l y h y d r o l y z e d . T h e c o m m e r c i a l l y 
i m p o r t a n t esters are used i n plastics a n d other app l i ca t i ons , not as w a t e r -
so lub le p o l y m e r s . 

W a t e r - s o l u b l e ce l lu lose ethers are c o m m e r c i a l l y i m p o r t a n t . T h e i r 
p r o d u c t i o n invo lves the base - ca ta lyzed a d d i t i o n of one or a c o m b i n a t i o n 
o f t w o of the f o l l o w i n g f our adducts : m e t h y l c h l o r i d e ( C H 3 C I ) , the 
s o d i u m salt o f a - ch loroacet i c a c i d ( a - C l C H 2 C 0 2 ~ N a + ) , ethylene ox ide , 
a n d p r o p y l e n e ox ide . A s i n the c o m m e r c i a l l y i m p o r t a n t esters, m i x e d 
ether adducts are p r o d u c e d to meet spec i f i c a p p l i c a t i o n requirements . 

T w o o f the adduc t s , C H 3 C 1 a n d o > C l C H 2 C 0 2 ~ N a + , are a d d e d u n d e r 
m o l e equiva lent caustic condi t ions to p r o d u c e methylce l lu lose a n d (car-
b o x y m e t h y l ) c e l l u l o s e ( C M C ) . T h e degree of subst itut ion ( D S ; see C h a p 
ter 4 f o r N M R analysis) r e q u i r e d to ach ieve w a t e r s o l u b i l i t y is l o w e r 
w i t h the an ion i c g r o u p i n g (1.3 versus 0.6). T h e degree of subst i tut ion 
a c h i e v e d i n the caus t i c - ca ta lyzed a d d i t i o n of ethylene or p r o p y l e n e 
ox ide is d i f f i c u l t to d e t e r m i n e e x p e r i m e n t a l l y because the generat ion o f 
n e w r e a c t i o n sites w i t h the a d d i t i o n o f each a d d u c t . T h e m o l a r subst i tu 
t ion ( M S ) of a d d u c t per g lucopyranose g r o u p c a n b e q u a n t i f i e d e x p e r i 
m e n t a l l y (8) a n d the a m o u n t of subst i tut ion i n ox ide der ivat ives is 
r e p o r t e d as an M S value . 

T h e re lat ive react iv i t ies (8) of three of these adducts w i t h the three 
c a r b o n - c o n t a i n i n g h y d r o x y l posit ions ( C - 2 , C - 3 , a n d C-6) ava i lab le o n 
each r e p e a t i n g un i t u n d e r h i g h caust ic cond i t i ons are as f o l l o w s [substit-
uent , r e la t ive r e a c t i v i t y {krk$:k%:kx, w h e r e kx is the re lat ive r e a c t i v i t y o f 
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10 WATER-SOLUBLE POLYMERS 

pos i t ions generated b y the a d d i t i o n o f e thylene ox ide to any o f the p y r a -
nose h y d r o x y l s ) ] : m e t h y l c h l o r i d e , 5:1:2; s o d i u m chloroacetate , 2.0:1.0:2.5; 
a n d ethylene o x i d e , 5:1:8:12. 

T h e a d d i t i o n o f C H 3 C 1 a n d a - C l C H 2 C 0 2 ~ N a + requires equiva lent 
amounts o f caust ic , generat ing 1 m o l o f N a C l p e r m o l o f a d d u c t reacted . 
T h e a d d i t i o n o f e thylene or p r o p y l e n e o x i d e is ca ta ly t i c a n d exo thermic . 
T h i s character ist ic w i t h the explos ive po tent ia l o f oxides , a n d the genera
t i o n o f a n e w , m o r e reac t ive a n i o n w i t h each o x i d e a d d e d (the n e w , 
m o r e reac t ive an io n p r o m o t e s c h a i n i n g a n d n o n u n i f o r m i t y o f subst i tu
t i on ) , has resu l ted i n the use o f a s lur ry process for the a d d i t i o n o f o x i d e 
units to ce l lu lose p roduc t s . F o r ach ievement o f u n i f o r m subst i tut ion i n 
ox ide der ivat i za t i ons , a m o d e r a t e concentrat ion of caustic is r e q u i r e d . 
T h e m o d e r a t e caust ic concentrat ion (e.g., a n a lkal i - to -ce l lu lose rat io o f 
0.37 or 6.8 M ) c o m p l e m e n t e d b y the presence of a suitable water c o n 
centrat ion (discussed later) d isrupts the h y d r o g e n b o n d i n g present i n c e l 
lu lose a n d promotes the a v a i l a b i l i t y o f a l l h y d r o x y l funct ions for subst i 
tu t i on . T h e s i m i l a r i t y i n reac t iv i ty ratios b e t w e e n h i g h m o l e c u l a r w e i g h t 
(hydroxyethy l ) ce l lu lose p r e p a r e d v i a the s lurry process (9) a n d that 
o b s e r v e d f r o m l o w m o l e c u l a r we ight , water - so lub le , regenerated c e l l u 
lose (JO) supports this hypothesis . 

V a r i a t i o n i n ethylene ox ide reac t iv i ty w i t h the three pyranose 
h y d r o x y l s w i t h caust ic c oncentra t i on w a s also d e m o n s t r a t e d i n the latter 
studies. T h e w a t e r so lub i l i ty ensured the ava i lab i l i t y of a l l h y d r o x y l 
groups , w h i c h is not true i n some c o m m e r c i a l der iva t i za t i on processes. 
T h e re lat ive react iv i t ies as a f u n c t i o n o f s o d i u m h y d r o x i d e concentrat ion 
o b s e r v e d i n this s tudy are as f o l l o w s [ s o d i u m h y d r o x i d e concentrat ion 
( M ) , r e a c t i v i t y rat io (k2:k3:k6:kx)]: 0.75 M , 3.0:1.0:3.0:1.5; 2.50 M , 
4.0:1.0:5.5:4.0; a n d 4.50 M , 4.7:1.0:8.5:12.0. 

A t the m o d e r a t e l y h i g h caustic concentrat ion (4.50 M ) , a d e c i d e d 
p r e f e r e n c e f o r the a d d i t i o n o f e thy lene o x i d e to the p r i m a r y h y d r o x y l 
p o s i t i o n (i.e., C - 6 a n d the oxyanions generated o n ox ide add i t i on ) is 
o b s e r v e d ; as the caust ic l e v e l is decreased , l i t t le se lec t iv i ty i n a d d i t i o n 
occurs . A c o m b i n a t i o n o f t w o mechanisms w a s o f f e red f o r this var iance : 
(1) a decrease i n r e a c t i v i t y o f the C - 6 h y d r o x y l w i t h decreas ing base 
(20 ,22 ) d u e to a sheath o f w a t e r a r o u n d the p r i m a r y h y d r o x y l a n d (2) a 
decrease i n r e a c t i v i t y w i t h increas ing caust ic o f the secondary h y d r o x y l s 
d u e to a d d u c t f o r m a t i o n b e t w e e n the base a n d the v i c i n a l d io l s o f the 2-
a n d 3 - carbon pos i t ions (20, 22) . A d d i t i o n a l c omplex i t i e s due to a n e i g h 
b o r i n g g r o u p effects h a v e also b e e n i n d i c a t e d (23). A t h i r d m e c h a n i s m 
has b e e n recent ly (14) suggested f o r this var iance . A decreas ing c o n t r i b u 
t i o n o f i n t r a m o l e c u l a r h y d r o g e n b o n d i n g o f the C - 3 h y d r o x y l to the C - 2 
o x y a n i o n is p r o p o s e d w i t h increas ing caust ic . T h i s results i n h i g h a c i d i t y 
o f the C - 2 h y d r o x y l at l o w caustic a n d a l o w a c i d i t y at h i g h caustic . 
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1. GLASS Water Solubility in Carbohydrate Polymers 11 

T h e caust ic sens i t iv i ty of e thylene ox ide p l a c e m e n t n o t e d i n the 
a b o v e g lucopyranose o l i g o m e r s tudy has b e e n used i n c o n t r o l l i n g the 
p l a c e m e n t o f e thylene ox ide i n d e r i v a t i z i n g h i g h m o l e c u l a r w e i g h t c e l l u 
lose v i a a s lur ry process (9) (the dispersant is genera l ly an a l c o h o l or 
ke tone ) . T h e s l u r r y process is used to m a i n t a i n v i scos i ty c o n t r o l . I n the 
c a t a l y z e d e t h o x y l a t i o n o f ce l lu lose , 6.8 M N a O H is e m p l o y e d . A w a t e r 
c o n c e n t r a t i o n b e t w e e n 9 a n d 13 w t % c o n t a i n i n g 6.8 M caustic is e f fect ive i n 
d i s r u p t i n g c r y s t a l l i n i t y a n d i n t r a - a n d in te rmo le cu lar h y d r o g e n b o n d i n g 
to fac i l i ta te the a v a i l a b i l i t y o f a l l h y d r o x y l groups . I f this c o m b i n a t i o n is 
u s e d i n the s lur ry a d d i t i o n o f e thylene o x i d e to ce l lu lose a n d the a d d u c t is 
a d d e d to a n M S o f 1.0, the caust ic c oncentra t i on c a n then b e decreased to 
0.1 M a n d the e t h o x y l a t i o n c o n t i n u e d to ach ieve a water - so lub le ( h y d r o x y -
e thy l ) ce l lu lose . D i r e c t e t h o x y l a t i o n o f ce l lu lose i n a s lurry process us ing a 
0.1 M caust i c c oncent ra t i on throughout results i n n o n u n i f o r m a d d i t i o n a n d 
a water - inso lub le (hydroxyethy l ) ce l lu lose e v e n i f h i g h l y subst i tuted. P a r 
t i a l neut ra l i za t i on at an in termediate M S o f a s tandard 6.8 M s lurry f a c i l i 
tates the a v a i l a b i l i t y o f a l l g lucopyranose h y d r o x y l s i f the intermediate 
m o l a r subst i tut ion p r o d u c t is not d r i e d . C o n t i n u e d e thoxy lat ion u n d e r 
l o w e r caust ic concentrat ions faci l i tates e q u a l subst i tut ion a m o n g the 
three a v a i l a b l e pos i t ions . T h i s a p p r o a c h permi t s greater subst i tut ion at 
the C - 2 p o s i t i o n , a n d thereby , greater s tabi l i ty to e n z y m a t i c degradat i on 
(9,15,16). T h e i m p o r t a n c e o f the a m o u n t o f w a t e r a d d e d to the s lur ry 
is e v i d e n t i n the subst i tut ion patterns (9) r e f l e c ted i n the percentage o f 
unsubst i tuted v i n c i n a l d i o l a n d o f unsubst i tuted anhydrog lucose units as 
a f u n c t i o n o f the m o l a r subst i tut ion o f e thylene ox ide . T h e r e is a d r a 
m a t i c d i f f e rence i n the unsubst i tut ion patterns b e t w e e n 4 a n d 7 to 10 
w t % w a t e r levels or b e t w e e n the 7 to 10 a n d 13 w t % concentrat ions 
( F i g u r e 1). T h e f o r m e r trans i t ion ref lects the a m o u n t o f w a t e r r e q u i r e d 
(17) to c o m p l e m e n t caustic i n a f f e c t ing the a v a i l a b i l i t y o f a l l o f the g l u 
c o p y r a n o s y l h y d r o x y l s ; the latter t rans i t i on is b e l i e v e d to b e re la ted to a 
change i n the r e a c t i v i t y ratios b y a l o w e r caustic concentrat ion i n the 
c e l lu l o se -water m a t r i x o f the d i spersed s lurry at the h igher w a t e r l e v e l . 

T h e i m p o r t a n c e o f w a t e r i n c h a n g i n g the d i s t r ibut i on pat tern o f 
oxye thy lene p l a c e m e n t suggests that the re la t ive p l a c e m e n t of CH3CI 

a n d a - C l C H 2 C 0 2 ~ N a + substituents w o u l d f o l l o w s imi lar se lec t iv i ty f or 
the C - 6 h y d r o x y l s i f these adduc ts w e r e a d d e d at a caust ic l e v e l . T h i s 
se lec t iv i ty has b e e n observed (14). 

W h e n a n a n i o n is a d d e d to p r o p y l e n e o x i d e , o n l y 2 -42 of the 
o x y a n i o n generated is p r i m a r y ; the p r e d o m i n a n t species is secondary 
(Scheme II ) . D u e to steric a n d i n d u c t i v e effects, the secondary o x y a n i o n 
s h o u l d b e less react ive ; m o r e u n i f o r m subst i tut ion i n cel lulose d e r i v a t i z a 
t i o n results. T h i s u n i f o r m subst i tut ion is re f l e c ted i n the reac t iv i ty pro f i l e 
( F i g u r e 2) . T h e results are i n p a r t re f l e c t ive of the greater se lect iv i ty i n 
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12 WATER-SOLUBLE POLYMERS 
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Figure 1. Reaction profile (percent unsubstituted diol, closed symbols; 
percent unsubstituted glucopyranose units, open symbols; as a function of 
molar substitution) for (hydroxyethyl)cellulose in slurries containing (A) 4, 
(B)7,(C) 10, and (D)13wt% water. The alkali-to-cellulose ratio was 0.37. 
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1. GLASS Water Solubility in Carbohydrate Polymers 13 

RO + C H 3 - C H — C H 2 

0" 
F > | 9 6 - 9 8 % 

RO-CH 2 -CH-CH 3 

CH Q 

1 > I J 2-4 % 
R0-CH-CH 2 Cf 

Scheme II. S#2 reaction intermediate of propylene oxide. 

o x y a n i o n reac t i v i ty o f p r o p y l e n e ox ide re lat ive to that of e thylene ox ide . 
T h i s d i f f e rence is i l lustrated i n the select ive reac t ion (14) o f p r o p y l e n e 
ox ide w i t h the oxyethy lene e n d groups of an in termed ia te m o l a r subst i 
tut ion (hydroxyethyl ) ce l lu lose ( M S = 1.0). 

B o t h amy lose a n d guaran are d e r i v a t i z e d to l o w m o l a r subst i tut ion 
levels . H i g h degrees of subst i tut ion except i n l i m i t e d a p p l i c a t i o n areas 
are not necessary; the precursors are w a t e r so luble , a n d l o w levels of 
subst i tut ion w i l l i m p r o v e their temperature so lub i l i ty or faci l i tate a d d i 
t i ona l p u r i f i c a t i o n o f the precursors . T w o p r i m a r y p o l y m e r classes that 

J L 

M S 

Figure 2. Reaction profile (percent unsubstituted diol, closed symbols; 
percent unsubstituted glucopyranose units, open symbols; as a function of 
molar substitution) for (hydroxypropyl)cellulose in slurries containing 13 

wt % water. The alkali to cellulose ratio was 0.37. 
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14 WATER-SOLUBLE POLYMERS 

are d e r i v a t i z e d f o r such purposes are starch a n d the ga lactomannans . 
D i r e c t d e r i v a t i z a t i o n of such p o l y m e r s i n their h i g h m o l e c u l a r w e i g h t 
f o r m w o u l d result i n s igni f i cant v i scos i ty d u e to their s o lub i l i t y . I n guar 
g u m (guaran, d iscussed i n a later section) der ivat i za t i ons , borate ions (at 
a 1 0 0 - p p m concentrat ion) c o m p l e x w i t h the 2,3-cis d io ls (i.e., a x i a l - e q u a 
tor ia l s tereochemistry) o n b o t h the m a n n o - a n d ga lactopyranose units 
present i n guaran to m i n i m i z e so lub i l i t y . T h i s reac t iv i ty of the v i c i n a l 
d i o l s tructure , p a r t i c u l a r l y w i t h borates a n d titanates, represents a s i tua
t i o n w h e r e a molecule ' s s tereochemistry is c lose ly re la ted w i t h its u t i l i z a 
t i o n . T h i s r e la t i on is used i n app l i ca t i ons w h e r e v iscous gels u n d e r h i g h 
t emperature a n d pressure condi t i ons are r e q u i r e d , for e x a m p l e , i n f rac 
t u r i n g o f p e t r o l e u m a n d gas w e l l s f or increased p r o d u c t i v i t y . T h i s a p p l i 
ca t i on is d iscussed i n C h a p t e r 13. 

Structural Features That Affect Water Solubility in Underivatized 
Carbohydrate Polymers 
F o u r s t ruc tura l features i m p a r t aqueous s o l u b i l i t y to c a r b o h y d r a t e 
p o l y m e r s . 

T h e f irst is b r a n c h i n g . Branches o n the m a c r o m o l e c u l a r c h a i n w i l l 
d i s r u p t in termolecu lar associations a n d thereby p r o m o t e so lvat ion . 

T h e se cond is i o n i z i n g groups . I o n i z i n g groups such as car -
b o x y l a t e , sul fonate , or sulfate anions are r e a d i l y so lvated b y w a t e r , a n d 
such groups i n h i b i t in termo lecu lar associations through electrostatic 
repuls ions . 

T h e t h i r d is in teruni t pos i t i ona l b o n d i n g . T h e most a b u n d a n t p o l y 
sacchar ides are f o r m e d b y condensat ion t h r o u g h the 1- a n d 4 - carbon 
units (designated 1 - 4 ) . T h i s b o n d i n g p r o v i d e s a h i g h l y s y m m e t r i c a l 
structure a n d faci l i tates in termo lecu lar associat ion b e t w e e n units o f d i f 
ferent chains (i.e., i f the c o n n e c t i n g b o n d is a / J l inkage ) . B o n d i n g 
t h r o u g h the 1- a n d 3 - carbon units (1—3) i m p a r t s less s y m m e t r y a n d p r o 
duces s l ight ly better s o l u b i l i z a t i o n (e.g., s o lub i l i t y i n aqueous -caust i c 
m e d i a ) . T o o f e w examples o f 1—2 b o n d i n g exist to m a k e a g e n e r a l i z a 
t i o n c o n c e r n i n g so lub i l i t y character ist ics . L i n k a g e t h r o u g h the 1- a n d 6-
c a r b o n posi t ions d r a m a t i c a l l y i m p r o v e s aqueous so lub i l i ty . T h e 5 -6 car 
b o n - c a r b o n b o n d is external to the p y r a n o s y l r i n g a n d p r o v i d e s an 
ent rop i c c o n t r i b u t i o n to s o lub i l i za t i on t h r o u g h increased rotat ional free
d o m i n the s o l u b i l i z e d state. T h e l i n k a g e external to the p y r a n o s y l r i n g 
also p r o v i d e s a greater distance b e t w e e n r ings. 

T h e f o u r t h is n o n u n i f o r m i t y i n the repeat ing structure. N o n u n i f o r -
m i t y c a n b e o b t a i n e d b y (1) a l ternat ion o f the t y p e o f m o n o s a c c h a r i d e 
units l i n k e d (i.e., to p r o d u c e a heteropo lysacchar ide ) , (2) v a r i a t i o n of the 
l inkage p o s i t i o n (e.g., 1—4 a l ternat ing w i t h 1—3,1—2, a n d 1—6), a n d (3) 
v a r i a t i o n i n the a n o m e r l inkage (i.e., a l ternat ing a w i t h 0 ) . 
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1. GLASS Water Solubility in Carbohydrate Polymers 15 

T h e f irst three s o l u b i l i z a t i o n concepts are s u p p o r t e d w i t h spec i f i c 
examples . 

B r a n c h i n g . « ( 1 — 4 ) - G L U C O P Y R A N O S E . Storage p o l y s a c c h a r i d e s 
o f fer the best e x a m p l e o f the effectiveness o f b r a n c h i n g i n p r o v i d i n g 
s o l u b i l i z a t i o n . T h e a l i n k a g e o f g lucose units does not con fer true s o l u 
b i l i t y to amylose (the m i n o r c o m p o n e n t o f most starches) b u t does create 
a n i m p r o v e m e n t o f severa l orders o f m a g n i t u d e over 0 - l i n k e d units . 
A m y l o p e c t i n (structure V I I ) , g l y c o g e n (structure V I I I ) , a n d amylose 
(structure V ) a l l c o n t a i n a b a c k b o n e c o m p o s e d of a ( l — 4 ) l inkages ; 
a m y l o p e c t i n a n d g l y c o g e n d i f f e r o n l y b y the f requency o f b r a n c h e d 
chains f r o m the 6 - c a r b o n h y d r o x y l , a n d true s o l u b i l i t y is a c h i e v e d i n 
these p o l y m e r s (18). 

W h e n a m a c r o m o l e c u l a r c h a i n is h i g h l y b r a n c h e d as i n a m y l o p e c t i n 
or g l y c o g e n , the t h i c k e n i n g p o w e r o f the p o l y m e r is c o m p r o m i s e d . T h e 
e f fec t ive sweep v o l u m e for a g i v e n m o l e c u l a r w e i g h t is l o w e r than that 
o f the l inear m a c r o m o l e c u l e . T h e p r o b l e m of inadequate t h i c k e n i n g b y 

V I I I 
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16 WATER-SOLUBLE POLYMERS 

starch is i n p a r t e c o n o m i c . S tarch is a b u n d a n t a n d c a n b e i so la ted w i t h a 
m o l e c u l a r w e i g h t o f 1 m i l l i o n , b u t c o m m e r c i a l starches have l o w m o l e c 
u l a r we ights , s ince l o w - c o s t r e c t i f i ca t i on procedures result i n m o l e c u l a r 
w e i g h t d e g r a d a t i o n . M a n y c o m m e r c i a l starches have v e r y l o w m o l e c u l a r 
w e i g h t s because o f in tent i ona l d e g r a d a t i o n (e.g., ox idat ion) to ach ieve 
effects other than t h i c k e n i n g . 

0 ( 1 — 4 ) - M A N N O P Y R A N O S E . I f the b r a n c h i n g consists o f short seg
ments , s p a c e d r a n d o m l y , s o lub i l i t y c a n b e a c h i e v e d w i t h o u t c o m p r o m i s 
i n g the m a c r o m o l e e u l e ' s a b i l i t y to t h i c k e n . L o c u s t b e a n a n d guar gums 
are e x a m p l e s o f this t y p e o f c a r b o h y d r a t e p o l y m e r ; the b a c k b o n e s truc 
ture is a r epeat ing m a n n o p y r a n o s y l unit . T h e u n b r a n c h e d 2 - carbon e p i 
m e r o f ce l lu lose , i v o r y nut m a n n a n , u n l i k e ce l lu lose is not easi ly s w o l 
l e n b y caust ic a n d w a t e r . T h e p l a c e m e n t of one-unit g a l a c t o p y r a n o s y l 
branches f r o m the 6 - carbon o f the repeat ing m a n n o p y r a n o s y l units 
(in locust b e a n a n d guar gums) causes s o l u b i l i z a t i o n w i t h o u t c o m 
p r o m i s i n g the rheo l og i ca l propert ies o f the macromo leeu le . 

L o c u s t b e a n g u m is o b t a i n e d f r o m c a r o b trees a n d contains a n aver 
age o f six m a n n o p y r a n o s y l units for every ga lac topyranosy l b r a n c h . T h e 
p o l y m e r a c h i e v e d c o m m e r c i a l acceptance i n a w i d e v a r i e t y o f a p p l i c a 
t ions, but the l i m i t e d g r o w t h potent ia l o f carob trees restr ic ted its a v a i l 
a b i l i t y . W h e n it was r e a l i z e d that the po lysacchar ide i n guar g u m seeds 
w a s s t ruc tura l ly s i m i l a r to that i n locust b e a n g u m , a n d that the 
po tent ia l a v a i l a b i l i t y o f guaran was s ign i f i cant ly greater, the ut i l i za t i on 
o f locust b e a n g u m d i m i n i s h e d . T h e mannose-to-galactose rat io (2:1) i n 
g u a r a n is l o w e r than that i n locust b e a n g u m (6:1). O r i g i n a l l y , the 
galactose branches i n g u a r a n w e r e thought to b e a l ternat ing (as i l 
lus t ra ted i n structure I X ) . Research over the past decade (19-22)— 

I X 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



1. GLASS Water Solubility in Carbohydrate Polymers 17 

c o m b i n i n g per i odate ox idat ions w i t h statistical analysis a n d de ta i l ed 
c h r o m a t o g r a p h i c separation of e n z y m a t i c a l l y d e g r a d e d p o l y m e r residues 
(23)—has s h o w n that the galactose branches are r a n d o m l y p l a c e d ; 
sequence runs w i t h no b r a n c h attachments a n d sections w h e r e the 
branches o c cur i n cont iguous sequences exist. H o w e v e r the galacto
p y r a n o s y l res idues are spaced , the units are e f fect ive i n d i s r u p t i n g in ter 
c h a i n associations a n d thereby p r o m o t i n g so lub i l i za t i on w i t h o u t c o m 
p r o m i s i n g the inherent overa l l t h i c k e n i n g potent ia l of the m a i n cha in . 

0(1—3)-GLUCOPYRANOSE. Shor t - cha in b r a n c h i n g i n this f a m i l y o f 
c a r b o h y d r a t e p o l y m e r s affects so lub i l i ty w i t h d r a m a t i c v i s cos i f y ing 
propert ies . F o r o rgan izat i ona l purposes , this class w i l l be discussed 
under Interunit Pos i t i ona l B o n d i n g . 

I o n i z i n g G r o u p s . C a r b o x y l a t e , sul fonate, a n d sulfate groups are 
the most f r equent ly f o u n d i on i c substituents i n po lysacchar ides , w i t h the 
f o r m e r the m o r e abundant . 

C a r b o x y l a t e groups ( - C 0 2 H ) are w e a k ac ids ; their salt f orms are 
r e a d i l y so lva ted b y w a t e r a n d the charges i n h i b i t in termo lecu lar associa
tions b e t w e e n chains. O n e of the most w i d e l y used c o m m e r c i a l p o l y 
mers , c a r b o x y m e t h y l c e l l u l o s e ( C M C ) , relies o n such s o l u b i l i z i n g groups . 
T h e t e chno l ogy associated w i t h the d e r i v a t i z a t i o n of ce l lulose to f o r m 
C M C is d iscussed u n d e r S o l u b i l i z a t i o n through D e r i v a t i z a t i o n . T w o 
natura l l y o c c u r r i n g s tructura l analogues, pec t in i c a n d a lg in i c ac ids , are 
i l lustrated i n structures X a n d X I , respect ive ly . 

P e c t i n i c a n d a lg in i c ac ids , l i k e C M C , have a b a c k b o n e c o m p r i s e d o f 
1—4 pos i t i ona l l inkages b e t w e e n monosacchar ide units (24, 25) . U n l i k e 
C M C , the carboxy la te func t i on is the C - 6 c a r b o n a n d the a c i d func t i on is 
not l i n k e d to the 6-, 3-, or 2-carbons as i n C M C . W h e n the a c i d f u n c t i o n -
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18 WATER-SOLUBLE POLYMERS 

X I 

a l i t y is a t t a c h e d to the 5 - c a r b o n , the s tructure is des ignated as a u r o n i c 
a c i d . 

P e c t i n i c a c i d is i so la ted f r o m c i trus f rui ts . T w o types o f p r o d u c t s 
are ava i lab le c o m m e r c i a l l y . A s a th i ckener a n d ge l l ing agent, pec t in i c 
a c i d is c o m m e r c i a l l y ava i lab l e i n l o w - a n d h i g h - m e t h o x y l grades. I n the 
h i g h - m e t h o x y l p r o d u c t , at least 50% o f the C - 5 a p p e n d a g e exists as 
m e t h y l esters units . T h e h i g h - m e t h o x y l grades are ge l l ed t h r o u g h h y d r o 
p h o b i c b o n d i n g . T h i c k e n i n g is o b t a i n e d i n an a c i d m e d i u m , w h i c h l o w 
ers the free c a r b o x y l i o n content; the l o w e r free c a r b o x y l i o n content 
p e r m i t s greater in ter cha in associat ion, w h i c h is po tent ia ted b y d e h y d r a t 
i n g agents (sucrose, g ly cer ine , etc) . T h e d i lu te aqueous so lut ion p r o p e r 
ties o f pect ins are d iscussed i n C h a p t e r 3. 

A s e con d e x a m p l e o f a natura l ly o c c u r r i n g c a r b o x y l a t e d p o l y m e r is 
a l g i n i c a c i d , i so la ted f r o m giant k e l p , f o u n d i n the P a c i f i c O c e a n o f f 
southern C a l i f o r n i a a n d A u s t r a l i a . A l g i n i c a c i d c a n b e p r o d u c e d b y a 
n u m b e r of d i f f erent algae; the best k n o w n is Macrocystis pyrifera. L i k e 
s tarch , a lg in i c a c i d c a n b e i so la ted i n h i g h m o l e c u l a r w e i g h t , i f care is 
taken i n its rec t i f i ca t i on . A l g i n i c a c i d contains u n i q u e b l o c k arrange
ments of 0 -D - m a n n o p y r a n o s y l u r o n i c a c i d a n d a -L - gu l opyranosy luron i c 
a c i d m o n o m e r units (structure XI) . T h e structure o f gulose is g i v e n i n 
C h a r t I . T h i s unusual c o p o l y m e r arrangement w a s p r o d u c e d b y nature 
m i l l e n n i u m s be f o re the uniqueness of b l o c k c o p o l y m e r s w a s r e c o g n i z e d 
b y synthet ic p o l y m e r chemists . 

A l g i n i c a c i d , l i k e p e c t i n i c a c i d , c a n b e used as a g e l l i n g agent 
t h r o u g h e i ther the presence of d iva l ent cations or the use o f a n a c i d i c 
m e d i u m . I n general , a m a x i m u m viscos i ty is r e a l i z e d at a p H of 3.0-3.5. 
A l g i n i c a c i d p o l y m e r s d i f f e r i n structure w i t h d i f f erent types o f algae, 
w h i c h cause var iat ions i n the rat io o f m a n n u r o n i c to gu luron i c a c i d units. 

B o t h the mannose a n d gulose m o n o m e r units o f a lg in i c a c i d have 
the 2 - carbon h y d r o x y l g r o u p i n ax ia l p lacement ; i n a H a w o r t h c o n v e n 
t i o n o f the p y r a n o s y l r i n g , the 2 ,3 -v i c ina l h y d r o x y l groups are i n a cis 
p o s i t i o n (i .e. , b o t h a b o v e the p lane o f the r i n g ) . T h i s p o s i t i o n is i n c o n 
trast to the trans arrangement of the v i c i n a l h y d r o x y l groups i n the 
g lucose- a n d galactose-based po lysacchar ides discussed prev ious ly , 
w h e r e the 2 - carbon h y d r o x y l is equator ia l l y pos i t i oned . T h e cis v i c i n a l 
h y d r o x y l arrangement also is observed i n guaran p o l y m e r s ; the cis 
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1. GLASS Water Solubility in Carbohydrate Polymers 19 

arrangement is v e r y react ive to m u l t i v a l e n t ions (e.g., c a l c i u m , borates , 
a n d titanates). 

C a r b o x y l a t e anions are the salts o f w e a k ac ids a n d are therefore 
suscept ib le to s igni f i cant charge sh ie ld ing i n saline solutions. W i t h o u t 
h i g h charge densities b e t w e e n repeat ing units that m a i n t a i n the ex tended 
p o l y i o n r o d c o n f o r m a t i o n t h r o u g h charge repuls ions , the p o l y m e r c o l 
lapses ( in h i g h l y saline solutions) a n d the v i scos i ty of the so lut ion 
decreases. I f the a n i o n is the salt o f a s t rong a c i d (e.g., a sul fonate or 
sul fate g r o u p ) , saline solutions are less e f fect ive i n decreas ing viscosit ies , 
increas ing a d s o r p t i o n , etc. S u c h c a r b o h y d r a t e p o l y m e r s are k n o w n (e.g., 
the carrageenans) a n d are d iscussed u n d e r N o n u n i f o r m i t y i n R e p e a t i n g 
Structure . A m o d i f i e d ce l lu los i c (cel lulose sulfate ester) of this t y p e has 
b e e n r e p o r t e d (26, 27) . U n i f o r m subst i tut ion c a n b e a ch ieved o n c e l l u 
lose b y f irst n i t ra t ing a n d then exchang ing the substituents w i t h sulfate 
groups . T h e r e a c t i o n sequence is i l lus t rated i n S c h e m e I I I . T h e e c o n o m 
ics o f p r o d u c t i o n f o r a c o m m e r c i a l synthesis of this t y p e w i l l be less 
f a v o r a b l e than those encountered w i t h C M C . S o m e super ior character is 
tics f o r ce l lu lose sulfate ester solutions have b e e n o b s e r v e d a n d are d i s 
cussed i n C h a p t e r 11. 

Interunit Positional Bonding. A t h i r d factor i m p o r t a n t to a ch i ev ing 
w a t e r s o l u b i l i t y is v a r i a t i o n i n the interuni t b o n d i n g pos i t i on . T h e s y m 
m e t r i c a l 0(1—4) b o n d i n g f o u n d i n ce l lu lose a n d i v o r y nut m a n n a n p r o 
motes an ex tended , near -p lanar m a c r o m o l e c u l a r c o n f o r m a t i o n that f a c i l 
itates in ter - a n d i n t r a m o l e c u l a r h y d r o g e n b o n d i n g , crystal l i te f o r m a t i o n , 
a n d i n s o l u b i l i t y . D e r i v a t i z a t i o n to o b t a i n aqueous so lut ion so lub i l i t y o f 
ce l lulose was d iscussed i n the p r e c e d i n g section. 

W h e n the in teruni t b o n d i n g is 0(1—3) as n o t e d i n the f e rmenta t i on 
p o l y m e r c u r d l a n , s o l u b i l i t y is apparent i n h y d r o g e n - b o n d b r e a k i n g a n d 
a lka l ine solut ions. A 0(1—3) b o n d i n g arrangement promotes h e l i c a l 

+ RONO or HONO 

Scheme III. Synthesis of cellulose sulfate ester. 
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20 WATER-SOLUBLE POLYMERS 

structures as w a s n o t e d i n the a(1 —4) -g lucopyranosy l p o l y m e r (amy
lose) . A n a ( l — 6) b o n d i n g unit permi ts greater ro tat iona l f r e e d o m than 
b o n d i n g t h r o u g h a r i n g h y d r o x y l , a n d the C - 6 p o s i t i o n also increases the 
d is tance b e t w e e n g l u c o p y r a n o s y l units ; b o t h factors f a v o r w a t e r 
so lub i l i ty . 

T w o po lysacchar ides m a d e b y s ing le -enzyme ac t i on a n d d e m o n 
strat ing the i m p o r t a n c e o f pos i t i ona l subst i tut ion patterns i n p r o m o t i n g 
aqueous s o l u b i l i t y are the dextrans (3-5) a n d 1—6-bonded maltotr iose 
p o l y m e r (3-5) . 

D e x t r a n is a po lysacchar ide that exhibits 1—6 unit b o n d i n g ; dextran 
is p r o d u c e d f r o m sucrose b y the ac t i on o f g lucosyltransferase, an 
e n z y m e f r o m the b a c t e r i u m Leuconostoc dextranium, w h i c h transfers 
the g lucose un i t to the g r o w i n g d e x t r a n p o l y m e r . T h e most c o m m o n 
d e x t r a n consists o f g lucose m o n o m e r s , 95% o f w h i c h are l i n k e d b y 
a ( l — 6 ) b o n d s (structure XII) ; the r e m a i n i n g 5% are genera l ly l i n k e d b y 
1—4 b o n d s , p r o d u c i n g a b r a n c h e d structure . A p p r o x i m a t e l y 80% of the 
s ide branches are o n l y one glucose unit ; the r e m a i n i n g 2Q% are chains of 
v a r i a b l e l ength w h e n p r o d u c e d f r o m B-511 e n z y m e ( U . S . D e p a r t m e n t o f 
A g r i c u l t u r e l a b o r a t o r y c o d e system) . T h e spec i f i c e n z y m e systems o f 
d i f f e rent b a c t e r i a p r o d u c e the s t ruc tura l var iat ions d e s c r i b e d . C o m -
p l e x i n g abi l i t ies o f d e x t r a n are d e t e r m i n e d p r i m a r i l y b y the pos i t i on 
o f the b r a n c h e d units a n d are o f i m p o r t a n c e i n b i o m e d i c a l app l i ca t i ons 
w h e r e d e x t r a n is used as a p l a s m a extender , a d r u g carr ier , a n d as a 
s o l u b i l i z e d salt c o m p l e x e r . 

A n o t h e r e x a m p l e o f 1—6 interunit b o n d i n g is i l lustrated b y p o l y 
[a - ( l—6 ) -D -maltotr iose ] (structure XIII) p r o d u c e d f r o m starch b y the 
yeast Pullularia pullulans. T h e a ( l — 4 ) l inkages o f starch are re ta ined i n 
the three -uni t segments ; the three-unit sequence constitutes about 94% o f 
the m a c r o m o l e c u l e . A p p r o x i m a t e l y 6% o f the segments are f our units i n 
l e n g t h (not i l lustrated) . T h e a m b i e n t t emperature s o lub i l i t y not r e a l i z e d 
o n a l o n g - t e r m basis i n a m y l o s e a n d r e a l i z e d o n l y w i t h a c os t - th i cken ing 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



1. GLASS Water Solubility in Carbohydrate Polymers 21 

X I I I 

p e n a l t y i n a m y l o p e c t i n is o b t a i n e d t h r o u g h the 1—6 p o s i t i o n b o n d i n g 
w h i c h occurs after every three or f our 1—4 b o n d i n g units . 

A s n o t e d u n d e r B r a n c h i n g , po ly -0 (1—3) -g lucopyranose is s o l u 
b l e i n a lka l ine so lut ions , but ce l lulose [i.e., po ly - / ? ( l—4) -g lucopyranose ] 
is not so lub le . S o l u b i l i t y i n neutra l or a c i d i c solutions i n the p o l y - 0 -
(1—3)-glucopyranose f a m i l y c a n b e a c h i e v e d i f b r a n c h i n g is i n t r o d u c e d . 
S u c h a p o l y s a c c h a r i d e is synthes ized b y the enzymes of the yeast Sclero-
tium glucanium ( S G P S ) (28). T h e structural f o r m u l a is i l lustrated i n 
structure X I V ; a g l u c o p y r a n o s y l b r a n c h occurs o n every t h i r d m a i n -
c h a i n uni t . T h e associations i n S G P S l e a d i n g to h e l i c a l aggregates are 
suf f i c ient to p r o m o t e three -d imens iona l structures that are not so luble i n 
sal ine o r l o w - t e m p e r a t u r e solutions (<10 ° C ) . I f the b r a n c h i n g occurs at a 
greater o r lesser f r equency , aqueous so lub i l i t y is decreased (29). 

A t m o d e r a t e m o l e c u l a r we ights (500,000 g / m o l ) , S G P S is a v e r y 
e f fec t ive th i ckener because o f its r o d l i k e b e h a v i o r i n aqueous solutions; 
hel ices c o m p o s e d o f three m a c r o m o l e c u l a r chains are f o r m e d as w e l l as 

X I V 
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22 WATER-SOLUBLE POLYMERS 

t h r e e - d i m e n s i o n a l n e t w o r k s (30, 31). T h e associations i n d u c i n g the h e l i 
c a l structures c a n b e d i s r u p t e d b y the a d d i t i o n of d i m e t h y l su l fox ide to 
the aqueous so lut ion (32). 

H e l i c a l structures also c a n b e f o r m e d f r o m the j3(l—4) repeat ing 
structure (i.e., the inso luble ce l lulose m a c r o m o l e c u l a r cha in ) . T h i s fer 
m e n t a t i o n p o l y s a c c h a r i d e , k n o w n as xanthan g u m , is e labora ted b y the 
b a c t e r i u m Xanthomonas campestris ( X C P S ) . T h e structure (33, 34) of 
X C P S is g i v e n i n structure X V . T h e h e l i c a l structures of b o t h S G P S a n d 
X C P S p r o v i d e a u n i q u e so lut ion b e h a v i o r that is c o m p a r e d w i t h other 
less-structured c a r b o h y d r a t e p o l y m e r s i n C h a p t e r 11. 

E v e n w h e n o p t i m i z e d , none o f the three s o l u b i l i t y factors , e v e n i n 
some rather u n i q u e arrangements p r o v i d e d i n f e rmentat ion produc ts , 
y i e l d water - so lub le p o l y m e r s w i t h the so lut ion characterist ics necessary 
f o r adequate p e r f o r m a n c e i n m a n y app l i ca t i ons . T h e c a r b o x y l a t e d 
p o l y m e r s ( C M C , X C P S , a n d p e c t i n i c a n d a lg in i c acids) are sensitive 
to the presence o f d i v a l e n t cations; a lg in i c a n d pec t in i c ac ids p r e c i p i 
tate v i a " egg - c ra te " c omplexes (35, 36) (Scheme I V ) i n the pres 
ence o f l o w concentrat ions o f c a l c i u m i o n . T h e c a r b o x y l a t e d f e r menta 
t i on p o l y m e r X C P S is sensitive to p r e c i p i t a t i o n b y d iva lent ions at a so lu 
t i o n p H a b o v e 8 -9 a n d i n neutra l d i v a l e n t i o n solutions at h igher 
temperatures (>50 ° C ) . I n a d d i t i o n , X C P S is sensit ive to bora te i o n 
c r o s s - l i n k i n g , as is a l g in i c a c i d , d u e to the presence of cis v i c i n a l d io ls i n 
the b r a n c h e d units . T h e uron i c a c i d p o l y m e r s , pec t in i c a n d a lg inic 
ac ids , are unstable i n a lka l ine solutions. T h e C - 6 c a r b o n y l g roup ac t i 
vates the p r o t o n a t tached to the C - 5 c a r b o n , a n d a j3-el imination of 
the C - 4 - b o n d e d res idue (Scheme V ) . 

C e l l u l o s e sulfate ester is not as sensit ive to d i v a l e n t ions. T h i s ester's 
r i g i d i t y i n fresh w a t e r solutions prov ides m a n y so lut ion propert ies 
assoc iated w i t h the h e l i c a l f e r m e n t a t i o n p o l y m e r s , b u t the ester g r o u p 
i n ce l lu lose sulfate ester is not h y d r o l y t i c a l l y stable. 

OH 

/ HO 

CH2OH 

X V 
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Scheme IV. Schematic of egg-crate complex formation of alginic or 
pectinic acid. 

1 OMe 

Scheme V. Instability of uronic acid structure. 

D e s p i t e these l imi ta t i ons the s t ruc tura l versat i l i ty ava i lab l e i n 
c a r b o h y d r a t e p o l y m e r s appears to o f fer the poss ib i l i ty o f o b t a i n i n g 
water - so lub le p o l y m e r s c a p a b l e o f m e e t i n g the p e r f o r m a n c e d e m a n d s i n 
m a n y app l i ca t i ons . W i t h this thought , the f o u r t h a l ternat ive to a c h i e v i n g 
w a t e r so lub i l i t y i n c a r b o h y d r a t e p o l y m e r s is cons idered . 

N o n u n i f o r m i t y i n R e p e a t i n g Structure . V a r i a t i o n i n the repeat ing 
unit (i.e., he teropo lysacchar ide rather than homopo lysacchar ide ) a n d 
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a l te rnat i on i n the interuni t b o n d i n g pat tern ( c o m b i n i n g b o t h a n o m e r i c 
a n d pos i t i ona l changes) shou ld i n concept p r o v i d e the means to o b t a i n 
aqueous so lut ion so lub i l i ty w i t h o u t 

1. l o s ing v i s c o s i f y i n g p o w e r as n o t e d i n the a ( l - * 6 ) or the 
h i g h l y b r a n c h e d a ( l - 4 ) structures; 

2. the salt sensi t iv i ty i n h e l i c a l structures n o t e d i n the j8(l—4) 
po lye lec tro lytes (i.e., X C P S ) ; a n d 

3. the m u l t i p l i c i t y o f p r o b l e m s c i t e d i n 1 a n d 2 w i t h the h e l i 
c a l /J ( l -*3) class of c a r b o h y d r a t e p o l y m e r s . 

R e a l i z i n g a n o p t i m u m i n aqueous so lut ion propert ies through m u l t i 
p l e b o n d i n g patterns w i t h v a r i a b l e p y r a n o s y l units appears reasonable , 
b u t p r o v i d i n g spec i f i c e x a m p l e s i n s u p p o r t o f the c o n c e p t is a n e lus ive 
task. T h e o r e t i c a l efforts (37-40) that cons ider c o n f o r m a t i o n a l energy , 
p r i m a r i l y es t imat ing the con f igurat iona l ent ropy per res idue a n d est imat
i n g the degree of r o ta t i ona l f r e e d o m o f tors ional angles (structure X V I ) , 
c o u l d o f fer insight i f the methods w e r e quant i tat ive tools. U n f o r t u n a t e l y , 
the state o f the art i n such efforts is unre f ined . 

A l i m i t e d e x a m p l e o f the i r regu lar i ty i n structure thought to over 
c o m e the l imi ta t i ons d iscussed is f o u n d i n n igeran (structure X V I I ) . T h i s 
c a r b o h y d r a t e p o l y m e r contains var ia t i on i n the interunit pos i t i ona l b o n d 
i n g pat tern , b u t the repeat ing m o n o m e r a n d anomer i c l inkage are c o n 
stant. Studies o f this p o l y m e r have b e e n l i m i t e d p r i m a r i l y to the s o l i d 
state (41, 42). T h e carrageenans, extracted f r o m seaweed a n d harvested 
o n the coasts o f M a i n e a n d Massachusetts , are other examples . A l t h o u g h 
the r e p e a t i n g uni t is constant (galactopyranose) , the a n o m e r i c l inkage 

X V I 

X V I I 
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varies w i t h the interunit b o n d i n g patterns; the a n o m e r i c a n d pos i t i ona l 
patterns alternate as 0(1—3) a n d a ( l — 4 ) l inkages . T h i s class, h o w e v e r , is 
also not ent i re ly su i table i n that the m a i n c h a i n (structure X V I I I : 
K - carrageenan, R = H ; i - carrageenan, R = S03~) contains sulfate ester 
groups . F r o m the genera l so lub i l i t y concepts discussed, i t m i g h t b e ex
p e c t e d that the carrageenans w o u l d b e r e a d i l y so lub le i n aqueous s o l u 
tions a n d saline insensit ive. T h i s class o f p o l y m e r , h o w e v e r , r e a d i l y gels 
w i t h salts o f m o n o v a l e n t i o s (e.g., K + or N H 4

+ ) . G e l a t i o n is r e la ted to 
he l ix f o r m a t i o n a n d subsequent deso lvat ion . 

A g a r o s e (structure X I X ) is w e a k l y an ion i c a n d is s t ructura l ly s imi lar 
to the carrageenans . T h e p o l y m e r is so lub le i n hot (100 ° C ) aqueous 
solut ions b u t gels at a m b i e n t temperatures f r o m m o d e r a t e l y c o n c e n 
trated solutions. Agarose contains residues of 3 ,6-anhydro-a -L -galactose 
that are c o n s i d e r e d i n the carrageenans to p r o m o t e ge lat ion (36). T h u s , 
agarose is not a suitable e x a m p l e o f w h a t m i g h t be conceptua l ly poss ib le 
i n aqueous so lub i l i t y a n d so lut ion propert ies . 

Conclusions 
T h e p r i m a r y p r o b l e m i n pro j e c t ing s tructura l re lat ionships f o r w a t e r so l 
u b i l i t y i n c a r b o h y d r a t e p o l y m e r s is e x e m p l i f i e d i n the b e h a v i o r of p o l y -
0(1—6)-g lucopyranose . T h i s p r o b l e m relates to res idua l crysta l l in i ty . T h e 
w a t e r s o l u b i l i t y o f the a n o m e r i c a ( l — 6) i s omer (i.e., dextran) is just i f i ed 
o n its p o s i t i o n a l subst i tut ion pat tern . T h a t the d i f f e rence i n a n o m e r i c 
b o n d i n g w o u l d not af fect inso lub i l i t y is expec ted ; h o w e v e r , this p o l y m e r 
appears to have an o p t i m u m ge l f o r m a t i o n temperature i n the 5-25 ° C 

OR 

X V I I I 
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range. S t i p a n o v i c p r o p o s e d (43) that the ge lat ion m e c h a n i s m invo lves 
crysta l l ine regions that act as cross- l inks or junc t i on zones to establ ish a 
three -d imens iona l ly s tab i l i zed n e t w o r k structure. T h e natura l ly occur 
r i n g 0 i somer contains a p p r o x i m a t e l y 10% acety lat ion a n d does not gel . 
T h e l o w degree o f g l u c o p y r a n o s e b r a n c h i n g m i g h t also b e a fac tor i n 
i n h i b i t i n g ge lat ion i n the a n o m e r i c (a) p o l y m e r (i.e., dextran) . 

L o n g usage of c a r b o h y d r a t e p o l y m e r s has not to date p r o v i d e d suf
f i c ient f u n d a m e n t a l insights to pro jec t w h a t m i g h t be a c h i e v e d w i t h 
s t ructura l var iat ions i n c a r b o h y d r a t e p o l y m e r s . C o n t r o l l e d synthetic 
p roduc t s to del ineate s t ructure -aqueous so lut ion propert ies w o u l d p r o 
v i d e d i r e c t i o n a n d a d v a n c e our unders tand ing suf f i c ient ly for theoret ica l 
pro jec t ions to b e of va lue . T h e t y p e of insights poss ib le w i t h current 
ins t rumenta l techniques [beaut i fu l ly demonstrated i n the 0(1—6)-gluco-
p y r a n o s e s tudy (43)] o f fers the poss ib i l i t y o f a d d i n g s ign i f i cant ly to 
w h a t has b e e n i n h e r i t e d over the m i l l e n i u m s i n this f a m i l y of m a c r o -
mo lecu les . T h e reader w h o desires greater de ta i l o n each class of car 
b o h y d r a t e p o l y m e r d iscussed i n this b r i e f chapter is r e f e r red to the 
recent series o n The Polysaccharides, b y A s p i n a l l (44). 

Literature Cited 
1. Lehninger, A. L. Biochemistry; Worth Publishers: New York, 1975, 2nd ed., 

p 250. 
2. Morrison, R. T.; Boyd, R. N. Organic Chemistry; Allyn and Bacon: Boston, 

1983; 4th ed., Chapter 28. 
3. Whistler, R. L. Industrial Gums; Whistler, R. L., Ed. ; Academic: New York, 

1973; 2nd ed., Chapter 1. 
4. Bolker, H. I. Natural and Synthetic Polymers; Dekker: New York, 1974. 
5. Elias, H-G. Macromolecules; Plenum: New York, 1977; Vol. II, Chapter 31. 
6. Purification of Fermentation Products; LeRoth, D.; Shiloach, J.; Leahy, T. J., 

Eds.; ACS Symposium Series 271: American Chemical Society: Washington, 
D C , 1984. 

7. Saeir, H. H. Mechanisms and Regulation of Carbohydrate Transport in Bac
teria; Academic: Orlando, F L ; 1985. 

8. Croon, I. Sven. Papperstin. 1960, 63, 247. 
9. Glass, J. E.; Buettner, A. M. ; Lowther, R. G.; Young, C. S.; Cosby, L. A.; 

Carbohydr. Res. 1980, 84, 245. 
10. Ramnas, O.; Samuelson, O. Sven Papperstin. 1968, 71, 829. 
11. Rowland, S. P.; Roberts, E . J. ; Wade, C. P. Text. Res. J. 1969, 39, 530. 
12. Roberts, E . J. Wade, C. P.; Rowland, S. P. Carbohydr. Res. 1971, 17, 393. 
13. Roberts, E . J. ; Wade, C. P.; Rowland, S. P.; Carbohydr. Res. 1972, 21, 357. 
14. Seneker, S. D. Ph.D. Thesis, North Dakota State University, 1986. 
15. Klug, E . D.; Winquist, D. P.; Lewis, C. A.; In Water Soluble Polymers; 

Bikalis, N. M, Ed. ; Plenum: New York, 1973; p 401. 
16. Klop, W.; Kooiman, P. Biochim. Biophys. Acta 1965, 99, 102. 
17. Seneker, S. D.; Glass, J. E. Proc. Am. Chem. Soc. Div. Polym. Mater.: Sci. 

Eng. 1984, 51, 248. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



1. GLASS Water Solubility in Carbohydrate Polymers 27 

18. French, D. Chemistry and Biochemistry of Starch; Whelan, W. J. , Ed. ; Bio
chemistry of Carbohydrates, Biochem. Series I; Butterworths: New York, 
1979; Vol. V. 

19. Gonzales, J. J. ; Hemmer, P. C. J. Chem. Phys. 1977, 67, 2496-2526. 
20. Gonzales, J. J. ; Kehr, K. W. Macromolecules 1978, 11, 996-1000. 
21. Gonzales, J. J. Macromolecules 1978, 11, 1074-1085. 
22. Painter, T. J. ; Gonzales, J. J. ; Hemmer, P. C. Carbohydr. Res. 1979, 69, 

217-226. 
23. McCleary, B. V. Carbohydr. Res. 1979, 71, 205-230. 
24. McNuly, W. H. ; Pettitt, D. J. Industrial Gums; Whistler, R. L. , Ed. ; Aca

demic: New York, 1973; 2nd ed., Chapter 4. 
25. Cottrell, I. W.; Kovacs, P. Food Colloids; Graham, J. D., Ed. ; Avir Publish

ing: Westport, C T , 1977; Chapter 11. 
26. Schweiger, R. G. J. Org. Chem. 1976, 41, 90. 
27. Carbohydrate Sulfates; Schweiger, R. G. ACS Symposium Series 77, Amer

ican Chemical Society: Washington, D C 1978; p 163. 
28. Rodgers, N. E . Industrial Gums; Whistler, R. L., Ed . ; Academic: New 

York, 1973; 2nd ed., Chapter 12. 
29. Norisuye, T. Presented at the XI International Carbohydrate Symposium; 

August, 1982, Vancouver, BC; Vol. 5, p 2. 
30. Norisuye, T.; Takashi, T. J. Polym. Sci., Polym. Lett. Ed. 1980, 18, 547-558. 
31. Kashiwagi, Y.; Macromolecules 1981, 14, 1220-1225. 
32. Misaki, A.; Kakuta, M. Presented at the XI International Carbohydrate 

Symposium, August, 1982, Vol. 5, p 17. 
33. Janson, P-E.; Kenne, L.; Lindberg, B. Carbohydr. Res. 1975, 45, 275-282. 
34. Melton, L. D.: Mindt, L.; Rees, D. A. Carbohydr. Res. 1976, 46, 245-257. 
35. Thom, D.; Grant, G. T.; Morris, E. R.; Rees, D. A. Carbohydr. Res. 1982, 

100, 29-42. 
36. Rees, D. A.; Walsh, E . J. Angew. Chem., (Int. Ed. Engl.) 1977, 16, 214. 
37. Abe, A.; Mark, J. E. J. Am. Chem. Soc. 1976, 98, 6468-6476. 
38. Allinger, M. L.; Chung, D. Y. J. Am. Chem. Soc. 1976, 98, 6798-6803. 
39. Twaroska, I.; Bleha, T. Biopolymers 1979, 18, 2537-2547. 
40. Burton, B. A.; Brandt, D. A. Biopolymers 1983, 22, 1769-1792. 
41. Marchessault, R. H. ; Revol, J. F. ; Bobbitt, T. F.; Norbin, J. H. Biopolymers 

1980, 19, 1069-1080. 
42. Barker, S. A.; Bourne, E. J.; O'Mant, D. M.; Stacey, M. J. Chem. Soc. 1957, 

2448-2454. 
43. Stipanovic, A. J . ; Giammatteo, P.; Robie, S. B.; Easter, S. A. Proc. Am. 

Chem. Soc. Div. Polym. Mater.: Sci. Eng. 1985, 52, 34. 
44. Aspinall, G. O., The Polysaccharides; Academic: New York, Vols. 1-3, 1982, 

1983, and 1984. 

R E C E I V E D for review March 5, 1985. A C C E P T E D August 23, 1985. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



2 

Characterization of Water-Soluble 
Polymers Using Size-Exclusion 
Chromatography 

Howard G. Barth 

Research Center, Hercules, Inc., Wilmington, DE 19894 

The determination of molecular weight distributions of nonionic 
water-soluble polymers and polyelectrolytes by aqueous size
-exclusion chromatography (SEC) can be difficult because of non
-size-exclusion effects. These effects include electrostatic interac-
tions between polymer and packing (ion exchange, ion exclusion, 
and ion inclusion), intramolecular electrostatic interactions, and 
adsorption. Furthermore, other non-size-exclusion chromato-
graphic effects, such as viscous fingering and macromolecular 
crowding, may lead to erroneous SEC results. Guidelines for 
identifying and eliminating these effects are given. Furthermore, 
the potential of polymer shear degradation in SEC is discussed. 
Various methods of column calibration are reviewed with empha-
sis on the use of absolute molecular weight detectors. A descrip-
tion of high-performance packings for aqueous SEC is given. 
Finally, future trends regarding SEC and alternative techniques 
of characterizing polymers are considered. 

W A T E R - S O L U B L E P O L Y M E R S represent a m a j o r class of p o l y m e r s 
c o m p r i s i n g b i o p o l y m e r s as w e l l as synthetic macromo le cu l e s . B i o p o l y 
mers consist o f nuc le i c ac ids , prote ins , a n d po lysacchar ides . Synthet ic 
water - so lub le p o l y m e r s c o m p r i s e a large group of c o m m e r c i a l l y useful 
p r o d u c t s such as m o d i f i e d cel lulosics , p o l y (ethylene g lyco l ) , p o l y ( v i n y l 
a l coho l ) , p o l y (acry l i c a c id ) , p o l y ( a c r y l a m i d e ) , a n d a host of other p o l y 
mers . Inorgan i c p o l y m e r s , such as po lyphosphates , also f a l l into this 
category . M o s t app l i ca t i ons of synthet ic water - so lub le p o l y m e r s d e p e n d 
m a i n l y o n their v i s c o s i f y i n g , rheo l og i ca l , a n d sur face -act iv i ty propert ies . 
A s a result , water - so lub le p o l y m e r s f i n d uses i n m a n y areas r a n g i n g f r o m 
f o o d addi t ives to f l o c cu la t ing agents. 

T o b e w a t e r so lub le , these p o l y m e r s must conta in h y d r o p h i l i c or 
i o n i c groups e ither as p a r t o f the b a c k b o n e or as pendent groups . 

0065-2393/86/0213-0031$07.25/0 
© 1986 American Chemical Society 
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32 WATER-SOLUBLE POLYMERS 

Because synthet ic p o l y m e r s m a y conta in rather h y d r o p h o b i c regions , a 
correc t ba lance b e t w e e n h y d r o p h o b i c a n d h y d r o p h i l i c - i o n i c groups 
must b e m e t to i m p a r t w a t e r s o l u b i l i t y . I n the case of po lysac char ides , 
g l y c o s i d i c l inkages a n d h i g h h y d r o x y l content render t h e m w a t e r so lu 
b l e . F o r prote ins , the presence o f a m i d e a n d h y d r o p h i l i c - i o n i c pendent 
groups leads to w a t e r so lub i l i t y . I n a d d i t i o n to c h e m i c a l structure , 
b r a n c h i n g , p o l y m e r stereoregular i ty , a n d c o n f i g u r a t i o n , as i n the case of 
po lysacchar ides , also p l a y a ma jo r ro le i n c o n t r o l l i n g so lub i l i ty . 

M o l e c u l a r w e i g h t d i s t r i b u t i o n a n d average m o l e c u l a r we ights are 
h i g h l y use fu l parameters i n p r e d i c t i n g end-use propert ies o f these p o l y 
mers . S i z e - e x c l u s i o n c h r o m a t o g r a p h y ( S E C ) , also r e f e r r e d to as ge l 
p e r m e a t i o n c h r o m a t o g r a p h y ( G P C ) , is the p r e m i e r character izat ion 
techn ique used to measure these p h y s i c a l propert ies . H o w e v e r , because 
o f the presence o f h y d r o p h i l i c , i o n i c , a n d h y d r o p h o b i c groups i n w a t e r -
so lub le p o l y m e r s , a n u m b e r o f non-s ize -exc lus ion effects c a n l e a d to 
erroneous results. T h e ob ject o f this chapter is to r e v i e w the causes a n d 
to present guide l ines f o r e l i m i n a t i n g these effects. F u r t h e r m o r e , state-of-
the-art d e v e l o p m e n t s i n S E C are d e s c r i b e d i n the areas o f n e w h i g h -
p e r f o r m a n c e p a c k i n g s a n d detector systems. C h r o m a t o g r a p h i c a p 
proaches that c a n b e used to est imate the c h e m i c a l heterogeneity o f 
p o l y m e r s w i l l b e e x p l o r e d . F i n a l l y , a b r i e f d iscuss ion of a l ternat ive 
c h r o m a t o g r a p h i c techniques to de termine m o l e c u l a r w e i g h t d istr ibut ions 
w i l l b e c o n s i d e r e d . A c o m p r e h e n s i v e r e v i e w of a l l aspects o f S E C is 
b e y o n d the s cope o f this chapter ; therefore , readers s h o u l d re fer to re f 
erences 1-3 f o r past r e v i e w s o f aqueous S E C a n d references 4 -10 f o r 
recent b o o k s o n S E C . 

Principles of SEC 
T h e separat ion m e c h a n i s m o f S E C is b a s e d o n the d i f f e rent ia l extent o f 
permeat ion o f po lymers into a n d out o f porous particles p a c k e d into a 
chromatograph i c c o l u m n . L a r g e molecules , w h i c h cannot penetrate the 
pores o f the p a c k i n g , elute first f o l l o w e d b y l o w e r molecular we ight 
components that are able to enter the pores. T h e pore v o l u m e avai lable 
to a p o l y m e r is thus a funct ion of the h y d r o d y n a m i c v o l u m e a n d , to 
some extent, the shape o f the macromolecule . 

F i g u r e 1 represents a t y p i c a l ca l ibrat ion curve obta ined f r o m S E C 
i n w h i c h the l o g (molecular we ight or h y d r o d y n a m i c vo lume) is p l o t ted 
versus elution v o l u m e , Ve. T h e elution v o l u m e of a p o l y m e r is 

Ve = V0 + KDV( (1) 

w h e r e VQ is the interst it ial v o l u m e o f the p a c k e d b e d , Vt is the pore 
v o l u m e of the p a c k e d b e d , a n d Kd is the chromatographic d is tr ibut ion 
coeff ic ient de f ined as the ratio o f the p o l y m e r concentration w i t h i n the 
pores o f the p a c k i n g (V*) a n d the p o l y m e r concentrat ion i n the interst i -
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 33 

Figure 1. Typical SEC calibration curve. K D is the SEC distribution 
coefficient, V e is the polymer elution volume, V 0 is the interstitial or 
exclusion volume, Vj is the packing pore volume, and V T is the total perme
ation volume. Reproduced with permission from reference 11. Copyright 

1984 Astor Publishing Corp. 

tial v o l u m e , VQ, KD = C t / C 0 , w h e r e C* a n d CD are the solute concentra
tions i n the pore a n d interstitial vo lumes , respectively . T h u s , KD ranges 
f r o m zero f o r e x c l u d e d p o l y m e r , Ve = VQ, to un i ty for a p o l y m e r that c a n 
freely di f fuse into the p a c k i n g , Ve = VT = V0+Vh where VT is the total 
permeat ion v o l u m e o f the c o l u m n . 

F r o m a t h e r m o d y n a m i c considerat ion (5, 11), KD can also b e 
de f ined as 

KD = e x p ( A S / R ) (2) 

w h e r e R is the gas constant a n d AS is the entropy change generated 
w h e n the p o l y m e r diffuses f r o m the m o b i l e phase into the pores of the 
p a c k i n g . I n S E C , the separation is governed strict ly b y entropic rather 
than enthalpic contributions i n contrast to other chromatographic tech
niques. Because o f this fact , the separation depends on ly o n molecu lar 
size. 

A n important objective i n deve lop ing S E C methods, w h i c h w i l l be 
treated i n the next section, is to ensure that enthalpic interactions 
b e t w e e n the p o l y m e r a n d chromatographic p a c k i n g are absent. E l u t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

2

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



34 WATER-SOLUBLE POLYMERS 

of the p o l y m e r after VT is indicat ive of non-size-exclusion effects. H o w 
ever , as w i l l b e d iscussed , even i f KD < 1, there is no guarantee that the 
separat ion is b a s e d o n size exc lus ion . T h i s p o i n t is espec ia l ly true for 
po lye lec t ro ly tes . 

Mobile-Phase Selection for Aqueous SEC 
M o b i l e - p h a s e c o m p o s i t i o n must b e se lected to prevent enthalp i c interac 
tions between p o l y m e r a n d p a c k i n g . In the case of polyelectrolytes, p o l y 
m e r - p a c k i n g interactions can b e caused b y electrostatic as w e l l as 
h y d r o p h o b i c forces, whereas for nonionic , water-soluble po lymers , 
h y d r o p h o b i c forces as w e l l as h y d r o g e n b o n d i n g can l e a d to adsorpt ion . 
E lec trostat i c interactions can b e classif ied as i o n exchange, i on exclusion, 
a n d i o n inc lus ion. Intramolecular electrostatic interactions, w h i c h occur 
w i t h polyelectrolytes , also contr ibute to non-size-exclusion effects. 

Ion Exchange. M o s t c h r o m a t o g r a p h i c pack ings have an ion i c 
groups that can act as cat ion exchange sites. F o r example , i n the case of 
s i l ica-based packings , res idual s i lanol groups are responsible for i o n 
exchange of cat ionic po lymers . Packings m a y also contain c a r b o x y l 
funct ional groups that can also behave as w e a k exchange sites d e p e n d 
i n g o n the m o b i l e - p h a s e p H . I n the presence o f i on -exchange sites, ca t i on i c 
po lye lectro lytes m a y show severe ta i l ing extending b e y o n d the total 
p e r m e a t i o n v o l u m e . D e p e n d i n g o n the extent of this t y p e o f a d s o r p t i o n , 
KD m a y b e q u i t e large a n d the p o l y m e r m a y b e i r r e v e r s i b l y a d s o r b e d 
a n d not elute. 

O n e poss ib l e m e t h o d o f e l i m i n a t i n g this ef fect is to r educe the p H 
of the m o b i l e phase to b e l o w 4 to prevent d issoc iat ion of s i lano l or car 
b o x y l groups o n the p a c k i n g . A n increase of m o b i l e - p h a s e i o n i c strength 
w i l l also a i d i n the p r e v e n t i o n o f i o n exchange . D e p e n d i n g o n the nature 
o f the p a c k i n g a n d the charge dens i ty a n d m o l e c u l a r w e i g h t of the 
p o l y m e r , an i o n i c strength b e t w e e n 0.05 a n d 0.6 M m a y be r e q u i r e d . I f 
these approaches are unsuccess fu l , a ca t i on i c c o m p o u n d , such as a l o w 
m o l e c u l a r w e i g h t quaternary a m m o n i u m c o m p o u n d , m a y be a d d e d to 
the m o b i l e phase to c o m p e t e w i t h the s a m p l e for ac t ive sites (12). A l t e r 
n a t i v e l y , s m a l l amounts o f s a m p l e a d d e d to the m o b i l e phase m a y also 
b e e m p l o y e d to deact ivate adsorpt ive sites. 

Because o f i on -exchange a n d other electrostatic interact ions , bare 
s i l i ca pack ings s h o u l d never b e used i n S E C of po lye lec tro lytes . Sur face -
m o d i f i e d s i l i ca p a c k i n g s s h o u l d a l w a y s b e used to r e d u c e the a m o u n t of 
surface s i lano l groups . M o s t c o m m e r c i a l l y ava i lab le h i g h - p e r f o r m a n c e 
s i l i ca pack ings for aqueous S E C consist o f a c h e m i c a l l y b o n d e d stat ion
a r y phase c o n t a i n i n g d i o l f u n c t i o n a l groups . A n o t h e r w a y of o v e r c o m i n g 
ca t i on exchange is to e m p l o y pack ings d e r i v a t i z e d w i t h anion-exchange 
groups (13). T h i s a p p r o a c h p r o d u c e s a ca t ion i c c h a r g e d surface ; thus, 
a d s o r p t i o n of s i m i l a r l y c h a r g e d p o l y m e r s is e l i m i n a t e d . A c o m m e r c i a l 
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 35 

p a c k i n g , C A T S E C ( S y n C h r o m , Inc . , L i n d e n , I N ) , is ava i lab le , w h i c h c o n 
sists o f p o l y e t h y l e n i m i n e - c o a t e d s i l i ca . T h i s p a c k i n g is useful f or the 
S E C analysis o f cat ion ic po lye lec tro ly tes (14). O b v i o u s l y , the p a c k i n g 
cannot b e used for an ion i c p o l y m e r s a n d , as d iscussed later , the i o n i c 
strength of the m o b i l e phase must b e ad justed to e l iminate i o n exc lus ion 
(see r e f e r e n c e s 1 5 - 1 8 f o r p a p e r s d e a l i n g w i t h S E C o f c a t i o n i c 
po lye lec tro lytes ) . 

Ion Exclusion. W h e n a n an ion i c p o l y e l e c t r o l y t e approaches the 
surface o f p a c k i n g c o n t a i n i n g an ion ic groups , the p o l y m e r cannot r e a d 
i l y d i f fuse into the pores of the p a c k i n g because of electrostatic r e p u l 
s ive forces . T h i s ef fect , f irst r e p o r t e d b y N e d d e r m e y e r a n d Rogers (19), 
is t e r m e d i o n exc lus ion . A s a result , peaks elute earl ier than expec ted a n d 
c a n l e a d to severe overes t imat i on of m o l e c u l a r weights . A l s o , the e lut i on 
v o l u m e of the p o l y m e r varies w i t h in jected concentrat ion a c c o m p a n i e d 
b y p e a k f ront ing . Interest ingly , S E C of c h e m i c a l l y heterogeneous a n i 
on i c p o l y m e r s c a n cause rather unusual a p p e a r i n g m u l t i m o d a l m o l e c u l a r 
w e i g h t d is tr ibut ions i f i o n exc lus ion is not e l i m i n a t e d (20). 

So that i o n exc lus ion c a n b e e l i m i n a t e d , the p H of the m o b i l e phase 
shou ld b e decreased ( p H < 4) a n d the ionic strength increased. D e p e n d 
i n g o n the nature of the po lye l e c t ro ly te a n d p a c k i n g , an i on i c strength 
b e t w e e n 0.01 a n d 0.2 M shou ld b e suf f ic ient to e l iminate this effect. 

Ion Inclusion. I o n i n c l u s i o n is a rather unusual non-s ize -exc lus ion 
ef fect that is a result o f the establ ishment of D o n n a n m e m b r a n e e q u i l i 
b r i u m b e t w e e n i o n i c solutes i n the interst i t ia l v o l u m e (V0) a n d those 
w i t h i n the pores of the p a c k i n g (V,-) (21). T h e inter face b e t w e e n V0 a n d 
Vj c a n b e c o n s i d e r e d as a s e m i p e r m e a b l e m e m b r a n e . I n the presence of 
po lye lec tro ly te molecules , w h i c h have KD < 1, associated counterions that 
have KD = 1 (i.e., counterions that can freely dif fuse into a n d out of 
pores) act as a d r i v i n g f orce to p u l l m o r e po lye l e c t ro ly te into V* to 
equa l i ze the c h e m i c a l potent ia l b e t w e e n V( a n d V0 (22). T h i s ef fect leads 
to a n increase i n KD or underes t imat ion of the m o l e c u l a r w e i g h t of the 
p o l y e l e c t r o l y t e . T h e m a g n i t u d e of this ef fect is re la ted to the charge 
dens i ty of the p o l y e l e c t r o l y t e (23, 24). T h e ef fect that p e r m e a b l e c o u n 
terions have o n the e lut i on b e h a v i o r of po lye lec t ro ly tes c a n be negated 
or o v e r c o m e b y the a d d i t i o n o f l o w concentrat ions of e lectro lyte to the 
m o b i l e phase (21). H o w e v e r , this a d d i t i o n gives rise to a to ta l ly p e r 
m e a t e d "salt p e a k " e lu t ing at VT that m a y interfere w i t h m o l e c u l a r 
w e i g h t d i s t r i b u t i o n measurements . So that this t y p e of inter ference c a n 
be e l iminated , the a d d i t i o n of a l o w pore-size c o l u m n (~60-100 A ) 
helps to separate the salt peak f r o m the p o l y m e r envelope (25, 26). 

I n add i t i on to salt peaks ar is ing f r o m i o n inc lusion, another source 
of error c a n c o m e f r o m i o n exchange b e t w e e n counterions associated 
w i t h the p o l y m e r a n d ions f r o m the mobi le -phase electrolyte . F o r e x a m -
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36 WATER-SOLUBLE POLYMERS 

p i e , i n the case o f s o d i u m ( carboxymethy l ) ce l lu lose ( C M C ) c h r o m a t o -
graphed i n an ac id i c m o b i l e phase (25) 

N a * C M C + Y H + > N a ^ H . C M C + Y N a + 

excess s o d i u m ions f r o m the injected sample w i l l appear at VT. A l s o , 
mobi le -phase m i s m a t c h d u r i n g sample preparat ion is an important cause 
o f salt peaks, especial ly i f fa i r ly h igh ionic strength m o b i l e phases are 
e m p l o y e d . 

Adsorption. A d s o r p t i o n is a n a l l - encompass ing t e r m i n w h i c h 
Ve > VT; i t takes in to account a v a r i e t y o f en tha lp i c interact ions that c a n 
o c c u r b e t w e e n p o l y m e r a n d p a c k i n g . A s p r e v i o u s l y d iscussed, i o n 
exchange c a n b e e l i m i n a t e d b y increas ing the i on i c strength or decreas
i n g the p H of the m o b i l e phase (27). H y d r o g e n b o n d i n g , w h i c h c a n o c c u r 
espec ia l l y w i t h po lysacchar ides , c a n b e eUminated b y the a d d i t i o n of 
guan id ine h y d r o c h l o r i d e (28) or urea (29) to the m o b i l e phase. H y d r o 
p h o b i c interact ions , w h i c h c a n o c c u r w i t h po lye lec tro lytes as w e l l as 
n o n i o n i c water - so lub le p o l y m e r s , m a y b e r e d u c e d or e l i m i n a t e d b y 
e ither decreas ing the i on i c strength or p o l a r i t y of the m o b i l e phase or b y 
a d d i n g a n i o n i c surfactant . F u r t h e r m o r e , the stat ionary phase s h o u l d b e 
f a i r l y h y d r o p h i l i c a n d shou ld have re la t ive ly f e w h y d r o p h o b i c sites. 

I n a d d i t i o n to aqueous m o b i l e phases, w a t e r - m e t h a n o l solvents 
w e r e used to ana ly ze water - so lub le cel lulosics (20). N o n a q u e o u s m o b i l e 
phases such as d i m e t h y l f o r m a m i d e (30-33) a n d d i m e t h y l su l fox ide (34), 
w h i c h are exce l lent solvents f or p o l a r a n d i on i c p o l y m e r s , w e r e also 
e m p l o y e d w i t h a n d w i t h o u t a d d e d e lectrolytes . These m o b i l e phases not 
o n l y r e d u c e h y d r o p h o b i c interact ions b e t w e e n p o l y m e r a n d p a c k i n g but 
also h e l p to prevent p o l y m e r aggregate f o r m a t i o n . 

F i g u r e 2 i l lustrates these var ious types o f interact ions us ing l o w 
m o l e c u l a r w e i g h t test solutes (35). I n these exper iments , the KD values 
are m e a s u r e d as a f u n c t i o n o f mob i l e -phase i o n i c strength b y us ing a 
h i g h - p e r f o r m a n c e p a c k i n g m a t e r i a l cons is t ing of a g l y c e r y l p r o p y l s i l y l 
s tat ionary phase b o n d e d onto porous s i l i ca part ic les (100-A pore size) . 
Because o f the l o w m o l e c u l a r we ights o f these solutes, the KD values 
s h o u l d b e c lose to u n i t y i f s ize exc lus ion w e r e the m e c h a n i s m of separa
t i on . I n the case o f b e n z y l a l c o h o l , KD increases f r o m 1.4 to 1.9 as the 
i o n i c s t rength is increased to 2.4 M . T h i s result is i n d i c a t i v e o f h y d r o 
p h o b i c in terac t i on . W i t h arg in ine , a bas ic a m i n o a c i d , KD decreases f r o m 
1.35 w h e n w a t e r is used as the m o b i l e phase to u n i t y w h e n the i o n i c 
strength is increased to 0.1 M . A d s o r p t i o n , i n this e x a m p l e , is caused b y 
i o n exchange w i t h res idua l s i lano l groups of the p a c k i n g . G l y c y l t y r o s i n e , 
a h y d r o p h i l i c d i p e p t i d e , shows no ev idence of adsorpt i on , a n d its e lut ion 
b e h a v i o r is i n d e p e n d e n t of i o n i c strength. A t l o w i on i c strengths, c itrate 
ions are i o n - e x c l u d e d f r o m the pores of the p a c k i n g because o f e lectro -
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Figure 2. Dependence of the distribution coefficient, K D , of test solutes on 
mobile-phase ionic strength. Adapted from reference 35 and used with 

permission. Copyright 1980 Preston Publishing Co. 

static repu ls ive forces b e t w e e n solute a n d p a c k i n g . T h i s ef fect is 
r e d u c e d b y increas ing the i on i c strength to about 0.4 M . 

A l t h o u g h these a n d other l o w m o l e c u l a r w e i g h t test solutes (35) 
serve as useful probes for the character izat ion of S E C pack ings , o p t i 
m u m m o b i l e phase compos i t i ons establ ished w i t h these solutes m a y not 
b e a p p l i c a b l e to p o l y m e r s . Because of m u l t i p l e a n d coopera t ive interac 
tions that o c c u r w i t h m a c r o m o l e c u l e s , non-s ize -exc lus ion effects are usu 
a l l y m u c h m o r e severe a n d r e q u i r e further mob i l e -phase mod i f i ca t i ons . 
F u r t h e r m o r e , m a n y water - so lub le p o l y m e r s conta in i o n i c , h y d r o p h i l i c , 
a n d h y d r o p h o b i c groups so that a correct ba lance b e t w e e n mob i l e -phase 
i on i c strength a n d p o l a r i t y must b e m a i n t a i n e d to a v o i d adsorpt i on . 

I n a d d i t i o n to measurement o f KD as a f u n c t i o n of m o b i l e - p h a s e 
i o n i c strength to d e t e r m i n e w h e t h e r or not a d s o r p t i o n is o c c u r r i n g , 
another a p p r o a c h , w h i c h is also a p p l i c a b l e to organoso lub le p o l y m e r s , is 
to measure KD as a f u n c t i o n o f t emperature . A c c o r d i n g to equat i on 2, KD 

s h o u l d b e a lmost i n d e p e n d e n t o f t emperature i f the separat ion is b a s e d 
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str i c t ly o n ent rop i c considerat ions. T h e un iversa l ca l ibrat i on m e t h o d (see 
C o l u m n C a l i b r a t i o n ) c a n also b e tested o n w e l l - c h a r a c t e r i z e d s a m p l e s — 
i n the absence of a d s o r p t i o n or other secondary mechanisms , [rj]M v e r 
sus Ve p lots o f c h e m i c a l l y d i s s imi lar p o l y m e r s shou ld f a l l o n the same 
l ine . 

Summary. F o r o p t i m i z a t i o n of S E C mob i l e -phase c o m p o s i t i o n , 
f irst a w e l l - d e a c t i v a t e d p a c k i n g , either s i l i ca or p o l y m e r i c b a s e d , w h i c h 
has m i n i m a l r e s idua l s i lano l or i on i c sites must b e selected. F u r t h e r m o r e , 
so that h y d r o p h o b i c interact ions c a n b e a v o i d e d , the stat ionary phase 
must b e f a i r l y h y d r o p h i l i c a n d conta in as f e w h y d r o p h o b i c groups as 
poss ib le . 

H i g h i on i c strength, l o w - p H m o b i l e phases shou ld d o w e l l for 
po lye lec t ro ly tes . U n d e r these condi t ions , i on i c interactions b e t w e e n 
s a m p l e a n d p a c k i n g are m i n i m i z e d a n d the p o l y m e r is i n a cont rac ted 
state. A s a result , s m a l l d i f ferences i n m o b i l e - p h a s e c o m p o s i t i o n w i l l not 
a f fect e l u t i o n v o l u m e . I n a d d i t i o n , smal ler p o r e size p a c k i n g s can be 
e m p l o y e d . T h i s ef fect is i m p o r t a n t i n h i g h - p e r f o r m a n c e S E C i n w h i c h 
h i g h - r e s o l u t i o n large p o r e s ize pack ings (>4000 A ) are not c o m m e r c i a l l y 
ava i l ab l e . F i n a l l y , w h e n h i g h i on i c strength m o b i l e phases are used , the 
e f fect o f c h e m i c a l heterogene i ty of i o n i c groups o n m o l e c u l a r size is 
r e d u c e d . H o w e v e r , the m a j o r d i sadvantage , o f w h i c h one s h o u l d be 
a w a r e , is the enhancement of h y d r o p h o b i c interact ions at h i g h i on i c 
strength levels . 

Other Non-Size-Exclusion Effects 

I n t r a m o l e c u l a r E l e c t r o s t a t i c E f f e c t s . Po lye lec tro lytes have un ique 
so lut ion proper t i es because o f the presence o f i on i c groups a l o n g the 
c h a i n . W h e n d issoc iated , these groups e lectrostat ical ly r e p e l one another; 
this result leads to c h a i n expans ion . I f a n e lectro lyte is a d d e d to the so lu 
t i o n , the c h a i n contracts because of e lectrostatic sh ie ld ing of these r e p u l 
s ive forces . A s a result , KD is a func t i on o f mob i l e -phase i o n i c strength 
(25, 26). T h i s ef fect c a n b e seen i n F i g u r e 3 i n w h i c h KD o f C M C is 
p l o t t e d versus m o b i l e - p h a s e i o n i c s trength (25). KD is a s t rong f u n c t i o n 
o f m o b i l e - p h a s e i on i c strength u p to a m o l a r i on i c strength of —0.2. 
B e y o n d this r e g i o n , KD appears to l e v e l of f . T h i s ef fect is caused b y 
m o l e c u l a r c on t rac t i on ; this fact is d e m o n s t r a t e d b y a p l o t o f intr ins ic 
v i scos i ty , [rj], w h i c h is a measure o f the h y d r o d y n a m i c v o l u m e of a 
p o l y m e r , versus i on i c strength. A s i n d i c a t e d , l o g [rj] decreases w i t h 
decreas ing i o n i c strength (25); this result suggests m o l e c u l a r contrac t i on . 
W h e n m o b i l e phases are d e v e l o p e d for the S E C of po lye lec tro lytes , the 
ef fect of i on i c strength o n [77] shou ld be d e t e r m i n e d ; the i on i c strength at 
w h i c h a m i n i m u m [77] is ob ta ined shou ld be e m p l o y e d i f possible . 
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Figure 3. Effect of ionic strength on intrinsic viscosity, [TJ], and dis
tribution coefficient, K D , of CMC. Key: O , K D ; and X, log [rj]. Re
produced with permission from reference 25. Copyright 1980 Elsevier 

Scientific Publishing Co. 

Another peculiar property of polyelectrolytes that takes place at low 
ionic strengths is the expansion of the chain as the polymer concentration 
is decreased. This phenomenon, called electroviscosity, is caused by the 
reduction of closely associated counterions surrounding the polyelectro-
lyte as the polymer concentration is decreased (36). This effect results in 
decreased electrostatic shielding among ionic sites on the polymer lead
ing to polymer expansion. Because of fixed ionic charges on the poly
mer, intramolecular osmotic pressure also causes molecular expansion. 
Thus, if polyelectrolytes are analyzed by using relatively low ionic 
strength mobile phases, severe peak fronting results (Figure 4) (33). 
Because the polymer concentration is lower on either side of the peak 
maximum, the polymer is expanded in these regions and elutes at a 
higher velocity (has a smaller KD value) than the peak maximum; a dis
torted peak profile results. With added electrolyte, the intramolecular 
electrostatic repulsive and osmotic forces are reduced; thus, this elec
tro viscous behavior is eliminated. 

Viscosity Effects. Another important non-size-exclusion effect oc
curs if the viscosity of the injected solution is higher than that of the 
mobile phase. This general phenomenon affects organosoluble as well as 
water-soluble polymers. T w o mechanisms have been proposed: macro-
molecular crowding and viscous fingering (37). In macromolecular 
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40 WATER-SOLUBLE POLYMERS 

Figure 4. Effect of polyelectrolyte chain expansion during SEC analysis 
using low ionic strength mobile phases. Adapted from reference 33 and 

used with permission. Copyright 1979 Elsevier Scientific Publishing Co. 

c r o w d i n g , the c o n f o r m a t i o n a l e n t r o p y o f a p o l y m e r is r e d u c e d as p o l y 
m e r chains b e g i n to o v e r l a p . A s a result , KD increases w i t h increased 
p o l y m e r c o n c e n t r a t i o n w h e n the c r i t i c a l c oncentra t i on is r eached . T h e 
t e r m v iscous f i n g e r i n g is used to de f ine a p h e n o m e n o n , also o b s e r v e d i n 
e n h a n c e d o i l r e c o v e r y , i n w h i c h the less v iscous m o b i l e phase breaks (or 
f ingers) t h r o u g h the m o r e v iscous in jec ted s a m p l e p l u g ; d i s tor ted peaks 
result . Because this t y p e o f peak d i s tor t i on c a n b e r e p r o d u c i b l e , the 
a p p e a r a n c e o f m u l t i m o d a l d i s t r ibut ions or shoulders m a y not b e rea l . I n 
h i g h - p e r f o r m a n c e S E C , m a c r o m o l e c u l a r c r o w d i n g m a y o c c u r w i t h 
samples h a v i n g re lat ive viscosit ies r a n g i n g f r o m 1.1 to 1.8; v iscous f inger 
i n g has o c c u r r e d at re lat ive viscosities of 2.1-2.6 (25, 38, 39) . 

T h e o b v i o u s m e t h o d o f e l i m i n a t i n g these effects is to r educe sample 
concentra t i on . So that suf f i c ient detector response is o b t a i n e d , the in jec 
t i o n v o l u m e m a y have to b e increased or a m o r e sensit ive detector 
e m p l o y e d . D e p e n d i n g o n the v i scos i ty t emperature coe f f i c ient of the 
p o l y m e r so lut ion , increas ing the c o l u m n temperature m a y also he lp . 
(Th is temperature increase also increases c o l u m n per formance . ) T h e 
m o b i l e phase shou ld also conta in enough e lectro lyte to contract the 
po lye le c t ro ly te . 

Commercially Available High-Performance Packings 
for Aqueous SEC 
I n the past 5 -6 years , a n u m b e r o f h i g h - p e r f o r m a n c e pack ings w e r e 
d e v e l o p e d for aqueous S E C (1-3). These pack ings are d i v i d e d into 
s i l i ca -based ( L i C h r o s p h e r D i o l , E M L a b o r a t o r i e s , E l m s f o r d , N Y ; S y n -
c h r o p a k G P C , S y n C h r o m , Inc . , L i n d e n , I N ; / j B o n d a g e l a n d P r o t e i n 
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I -Ser ies , Waters Associates , M i l f o r d , M A ; T S K - S W , T o y a S o d a , L t d . , 
T o k y o , J a p a n ; a n d Shodex A Q p a k , S h o w a D e n k o K . K . , T o k y o , Japan) 
a n d p o l y m e r i c - b a s e d ( T S K - P W , T o y a S o d a , L t d . , T o k y o , J a p a n ; 
S p h e r o n , L a c h e m a , B r n o , C z e c h o s l o v a k i a ; Shodex O H p a k a n d Shodex 
I o n p a k , S h o w a D e n k o K . K . , T o k y o , J a p a n ; a n d P l a q u a g e l , P o l y m e r 
L a b o r a t o r i e s , Inc . , Shropsh i re , E n g l a n d ) pack ings . Because of the f a i r l y 
intense e lectrostat ic interact ions caused b y s i lano l groups , u n m o d i f i e d 
s i l i ca p a c k i n g s are not c o n s i d e r e d because of their l i m i t e d usefulness i n 
aqueous S E C . (See re ferences 1 a n d 2 f o r a c o m p l e t e d e s c r i p t i o n o f 
m o l e c u l a r w e i g h t separat ion ranges o f h i g h - p e r f o r m a n c e a n d c o n v e n 
t i o n a l pack ings . ) F o r the most p a r t , s i l i ca -based p a c k i n g s f o r aqueous S E C 
consist o f g l y c e r y l p r o p y l s i l a n e [ S i ( C H 2 ) 3 0 C H 2 C H O H C H 2 O H ] a n d re 
l a t e d d i o l stat ionary phases. A n except i on is /uBondagel , w h i c h contains a 
p o l y e t h e r - b o n d e d phase (40). C A T S E C is a p o l y e t h y l e n i m i n e - c o a t e d 
s i l i c a , w h e r e the a m i n o groups i m p a r t a pos i t ive charge o n the p a c k i n g ; 
therefore , these groups are suitable f o r the analysis o f cat ion ic p o l y e l e c 
tro lytes (14). Because o f the s tab i l i ty a n d inertness o f s i l i ca -based pack ings , 
these p a c k i n g s c a n also b e used w i t h nonaqueous m o b i l e phases as w e l l . 

H y d r o p h i l i c p o l y m e r p a c k i n g s are b e c o m i n g m o r e p o p u l a r , a n d a 
n u m b e r o f these p a c k i n g s are n o w c o m m e r c i a l l y ava i lab le . T h e T S K P W 
series c o n t a i n - C H 2 C H O H C H 2 O - groups (41) a n d c a n b e o b t a i n e d i n a 
w i d e range o f p o r e sizes (42). S p h e r o n , a p o l y ( h y d r o x y e t h y l m e t h a c r y -
late) p a c k i n g , is ava i lab l e i n a var i e ty o f par t i c l e sizes, the smallest b e i n g 
25-40 fj,m. S h o d e x O H p a k is a m a c r o p o r o u s m e t h a c r y l a t e - g l y c e r o l c o 
p o l y m e r (43). A rather interest ing p a c k i n g is Shodex I o n p a k , w h i c h is a 
su l fonated p o l y ( s t y r e n e - d i v i n y l b e n z e n e ) ge l . F i n a l l y , a c ross - l inked 
p o l y ( a c r y l a m i d e ) p a c k i n g , P l a q u a g e l , was recent ly i n t r o d u c e d . 

I n genera l , large p o r e s ize , h i g h - p e r f o r m a n c e s i l i ca pack ings are d i f 
f i cu l t to p r o d u c e a n d use because o f the l a ck of m e c h a n i c a l s tabi l i ty . I n 
a d d i t i o n , some o f those p a c k i n g s that are ava i lab le (>1000 A ) have 
rather b r o a d pore-s ize d is tr ibut ions (44, 45). Because of the r i g i d , inert 
structure of s i l i ca , these pack ings c a n be used i n a w i d e var ie ty of 
m o b i l e phases w i t h o u t loss o f c o l u m n p e r f o r m a n c e caused b y s w e l l i n g 
or shr inkage as is the case w i t h p o l y m e r i c p a c k i n g s . P o l y m e r i c pack ings 
genera l ly exh ib i t h igher reso lut ion for l o w m o l e c u l a r w e i g h t samples 
( o l igomers ) ; these p a c k i n g s are a v a i l a b l e i n larger p o r e sizes a n d are 
m o r e p H stable than s i l i ca pack ings . H o w e v e r , these pack ings are usu 
a l l y m o r e h y d r o p h o b i c because o f the v i n y l b a c k b o n e a n d n o n p o l a r 
cross- l inks. 

P f a n n k o c h et a l . (35) r e p o r t e d o n the character i zat ion of pack ings 
b y m e a s u r i n g the KD o f l o w m o l e c u l a r w e i g h t test probes as a f u n c t i o n 
o f m o b i l e - p h a s e i o n i c strength. Results o f their s tudy us ing c i trate , a r g i -
n ine , a n d p h e n y l e t h a n o l to measure i on -exc lus ion , ion-exchange , a n d 
h y d r o p h o b i c interact ions , r espec t ive ly , are s h o w n i n T a b l e s I—III. T h e 
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42 WATER-SOLUBLE POLYMERS 

Table I. KQ of Citrate as a Function of 
Mobile-Phase Ionic Strength 

Mobile-Phase Ionic Strength0 

Column 0.026 0.12 0.24 2.40 

Shodex OHpak B-804 0.83 0.88 0.91 0.94 
TSK SW 3000 0.66 0.89 0.92 0.94 
LiChrosorb Diol 0.54 0.81 0.95 0.99 
Synchropak GPC 100 0.46 0.76 0.89 0.91 
TSK SW 2000 0.43 0.75 0.84 0.88 
Waters 1-125 0.39 0.72 0.79 0.88 
Waters /jBondagel 0.39 0.73 0.80 0.88 

S O U R C E : Reproduced with permission from reference 35. Copyright 
1980. Preston Publishing Co. 

a T h e mobile phase consisted of p H 7.05 phosphate buffer of the 
ionic strengths indicated. 

electrostat ic interact ions c o u l d b e e l i m i n a t e d b y the use of 0.1-0.2 M 
i o n i c strength m o b i l e phases. H o w e v e r , rather severe adsorp t i on was 
encountered , e spec ia l ly f o r j B o n d a g e l a n d S h o d e x O H p a k , w h e n tested 
for h y d r o p h o b i c i t y (Tab le III ) . 

Polymer Shear Degradation 
O n l y recent ly was the top i c o f p o l y m e r shear degradat i on d u r i n g S E C 
addressed (46-49). M e c h a n i c a l d e g r a d a t i o n of p o l y m e r s is a c o m p l i 
c a t e d p h e n o m e n o n a n d depends o n a n u m b e r o f parameters i n c l u d i n g 
w a l l shear rate , e longat iona l strain rate , p o l y m e r concentrat ion , the 
nature o f the so lvent , a n d the c h e m i c a l s tructure of the p o l y m e r . 

Table II. KD of Arginine as a Function 
of Mobile-Phase Ionic Strength 

Mobile-Phase Ionic Strength0 

Column 0.026 0.12 0.24 0.60 1.20 2.40 

TSK SW 3000 1.30 1.05 1.02 1.00 0.98 
Synchropak GPC 100 1.35 1.06 1.01 — — 0.98 
LiChrosorb Diol 1.53 1.15 1.05 0.99 — 1.07 
TSK SW 2000 1.57 1.06 1.02 0.99 — 0.98 
Waters 1-125 1.70 1.23 1.16 1.08 — 1.05 
Waters /xBondagel 1.75 1.11 1.06 1.02 — 1.00 
Shodex OHpak B-804 2.06 1.16 1.07 1.02 1.02 — 
S O U R C E : Reproduced with permission from reference 35. Copyright 
1980 Preston Publishing Co. 
a The mobile phase consisted of p H 7.05 phosphate buffer of the 
ionic strengths indicated. 
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 43 

Table III. KD of Phenylethanol as a Function of 
Mobile-Phase Ionic Strength 

Mobile-Phase Ionic Strength0 

Column 0.026 0.12 0.24 0.60 1.20 2.40 

Synchropak GPC 100 1.44 1.49 1.53 1.63 1.81 2.33 
TSK SW 3000 1.47 1.50 1.53 1.61 1.81 2.35 
Waters 1-125 1.83 1.88 1.88 2.03 2.29 3.03 
TSK SW 2000 1.95 2.02 2.10 2.30 2.71 4.01 
LiChrosorb Diol 2.49 2.56 2.64 2.93 3.52 5.31 
Waters MBondagel 5.32 5.19 5.37 5.97 7.44 11.47 
Shodex OHpak B-804 6.36 6.65 6.96 8.47 10.96 — 

S O U R C E : Reproduced with permission from reference 35. Copyright 
1980 Preston Publishing Co. 
°The mobile phase consisted of p H 7.05 phosphate buffer of the 
ionic strengths indicated. 

A l t h o u g h each o f these parameters was r e v i e w e d i n de ta i l (45), a p p a r 
ent ly e l o n g a t i o n a l strain rate a n d p o l y m e r concentra t i on are h i g h l y c r i t i 
ca l factors. 

E l o n g a t i o n a l strain rate is caused b y the c o n v e r g i n g - d i v e r g i n g 
f l o w b e h a v i o r o f the m o b i l e phase as it passes through a p a c k e d b e d . 
A s a result , the p o l y m e r experiences extensional forces that, i f h i g h 
enough , c o u l d l e a d to c h a i n r u p t u r e (50). I f entangled p o l y m e r s are 
present, caused b y the o v e r l a p p i n g of chains, e longat ional forces are 
concentrated at p o l y m e r junct ion regions; this effect enhances cha in 
c leavage (49). 

So that the o c currence o f p o l y m e r shear d e g r a d a t i o n is r e d u c e d , 
r e l a t i v e l y l o w l inear ve loc i t i es ( f l ow rates) s h o u l d b e e m p l o y e d a n d 
d i lu te p o l y m e r solutions in jec ted . F u r t h e r m o r e , for r e d u c t i o n of shear 
a n d e l ongat i ona l strain rates, s m a l l p a c k i n g par t i c l e sizes (<10 jum) 
s h o u l d b e a v o i d e d espec ia l ly w h e n a n a l y z i n g f a i r l y h i g h m o l e c u l a r 
w e i g h t p o l y m e r s (>500,000). 

T h e c o m p l e x h y d r o d y n a m i c s i n v o l v e d i n an S E C system m a k e it 
d i f f i c u l t to g ive m o r e de ta i l ed guidel ines . O b v i o u s l y , a cons iderable 
a m o u n t of w o r k is n e e d e d i n this f i e l d to de f ine the in f luence of S E C 
operat iona l parameters o n p o l y m e r shear degradat i on . 

Column Calibration 
A l t h o u g h qua l i ta t ive ly c o m p a r i n g n o r m a l i z e d S E C peak prof i les to a 
c o n t r o l a n d e x a m i n i n g peak shapes to d iscern m o l e c u l a r w e i g h t d i f f e r 
ences a m o n g samples are v e r y useful approaches , the de terminat i on of 
average m o l e c u l a r we ights a n d mo le cu lar w e i g h t d istr ibut ions is usual ly 
m o r e i n f o r m a t i v e . T h i s d e t e r m i n a t i o n requires that either the S E C sys-
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44 WATER-SOLUBLE POLYMERS 

tern must b e c a l i b r a t e d or a m o l e c u l a r w e i g h t detec tor must b e 
e m p l o y e d . T h e best m e t h o d uses p r i m a r y , monod isperse p o l y m e r 
standards c h e m i c a l l y a n d s t ruc tura l ly s i m i l a r to the s a m p l e ; s e condary 
s tandards , w h i c h are c h e m i c a l l y d i s s imi lar to the s a m p l e , g ive apparent 
m o l e c u l a r we ights a n d s h o u l d b e used w i t h c a u t i o n ; the m e t h o d us ing 
b r o a d m o l e c u l a r w e i g h t d i s t r i b u t i o n standards requires extensive d a t a 
process ing a n d is use fu l o n l y i f the c a l i b r a t i o n c u r v e is l inear ; the u n i 
v e r s a l c a l i b r a t i o n m e t h o d is g o o d f o r c h a r a c t e r i z i n g c h e m i c a l l y heteroge
neous or b r a n c h e d p o l y m e r s , b u t M a r k - H o u w i n k constants o r a v i s c o -
m e t r i c detec tor is n e e d e d a n d non-s i ze -exc lus ion effects must b e absent; 
abso lute m o l e c u l a r w e i g h t detectors , i .e . , l o w - a n g l e laser l i ght scatter ing 
a n d v i s c o m e t r y , are b e c o m i n g increas ing ly m o r e p o p u l a r . T h i s sect ion 
presents a n o v e r v i e w o f each o f these procedures ; h o w e v e r , f o r a m o r e 
de ta i l ed account , see references 6 a n d 7. 

I n S E C , the s ize o f a p o l y m e r governs the separat ion process . T h e 
l o g a r i t h m o f a m o l e c u l a r s ize parameter , that is , m o l e c u l a r w e i g h t or 
h y d r o d y n a m i c v o l u m e , f or a series o f monod i sperse p o l y m e r standards 
is p l o t t e d versus e lut ion v o l u m e or KD to construct a c a l i b r a t i o n curve . 
A s l o n g as the p o l y m e r standards used to construct the c a l i b r a t i o n c u r v e 
a n d the s a m p l e that is b e i n g a n a l y z e d are c h e m i c a l l y s imi lar , average 
m o l e c u l a r we ights a n d the m o l e c u l a r w e i g h t d i s t r i b u t i o n o f the sample 
c a n b e easi ly d e t e r m i n e d f r o m 

Mx = XNiM?+l/XNiMf (3) 

w h e r e Nt is the n u m b e r o f moles a n d Mt is the mo lecu lar w e i g h t at a 
g i v e n incrementa l e lut ion v o l u m e ; i f x = 0, Mx = M n (number-average 
molecular_weight ) , i f x = 1, Mx = M w (weight-average m o l e c u l ^ w e i g h t ) , 
i f x = 2, Mx = M z (z-average mo lecu lar we ight ) , a n d i f x = 3, Mx = Mz+i 

(z + 1 average molecu lar weight ) . 
U n f o r t u n a t e l y , re la t ive ly f e w c o m m e r c i a l l y ava i lab le water -so lub le 

p o l y m e r standards that are w e l l charac te r i zed exist. N o n i o n i c standards 
i n c l u d e dextrans ( P h a r m a c i a F i n e C h e m i c a l s , P i s c a t a w a y , N J , a n d 
R e s e a r c h P l u s , Inc . , B a y o n n e a n d D e n v i l l e , N J ) , p u l l u l a n ( S h o w a D e n k o 
K . K . , T o k y o , a n d P o l y m e r L a b o r a t o r i e s , Shropsh i re , E n g l a n d ) , o l igosac 
char ides ( V - L a b s , C o v i n g t o n , L A ) , po ly ( e thy l ene ox ide ) , a n d p o l y 
e t h y l e n e g ly co l ) ( T o y o S o d a a n d P o l y m e r Laborator i e s ) . Su l f onated 
p o l y s t y r e n e , a n a n i o n i c s t a n d a r d , c a n b e o b t a i n e d f r o m P o l y m e r L a b 
oratories o r Pressure C h e m i c a l C o . (P i t t sburgh , P A ) . T h e cat ion i c 
s t a n d a r d p o l y ( 2 - v i n y l p y r i d i n e ) c a n b e o b t a i n e d f r o m Pressure C h e m i c a l 
P e p t i d e s a n d Prote ins c a n b e used f o r a m p h o l y t i c standards. A m p h o l y t i e 
s tandards , prote ins , are s u p p l i e d b y Research P l u s . I f s tandards are not 
ava i lab l e that are c h e m i c a l l y s imi lar to the sample , apparent m o l e c u l a r 
w e i g h t d a t a c a n st i l l b e o b t a i n e d f r o m a " s e c o n d a r y " s tandard ( I ) . H o w 
ever , the c h e m i c a l c o m p o s i t i o n a n d m o l e c u l a r c o n f o r m a t i o n o f the stan-
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 45 

d a r d s h o u l d b e f a i r l y c lose to that o f the sample for m e a n i n g f u l results. 
Never the less , this c a l i b r a t i o n a p p r o a c h is easy a n d useful f o r deter 
m i n i n g o n l y the re la t ive m o l e c u l a r w e i g h t d i f ferences a m o n g samples as 
i n the case o f process or q u a l i t y c ont ro l . (In the analysis o f organoso luble 
p o l y m e r s , po lys tyrene is a c o m m o n l y used secondary standard. ) 

I f the s a m p l e c a n b e f r a c t i o n a t e d a n d one (or t w o ) w e l l - c h a r a c 
t e r i z e d fract ions o f k n o w n n u m b e r a n d weight -average m o l e c u l a r 
we ights o b t a i n e d , a b r o a d m o l e c u l a r w e i g h t d i s t r ibut i on a p p r o a c h c a n 
b e e m p l o y e d to ca l ib ra te the c o l u m n . I n this m e t h o d , a n i terat ive p r o c e 
dure is used to construct a ca l i b ra t i on c u r v e f r o m Mn a n d M w values . 
H o w e v e r , this a p p r o a c h requires a p p r o p r i a t e c o m p u t e r so f tware a n d , 
m o r e i m p o r t a n t l y , c a n o n l y b e used w i t h c on f idence to de f ine the l inear 
p o r t i o n o f a c a l i b r a t i o n curve . 

W h e n p r i m a r y ca l ibrants are not ava i lab le or i f the s a m p l e consists 
o f b r a n c h e d or c h e m i c a l l y heterogeneous p o l y m e r s , then the ca l i b ra t i on 
c u r v e s h o u l d b e b a s e d d i r e c t l y o n m o l e c u l a r size to o b t a i n correct 
m o l e c u l a r w e i g h t data . T h i s c a l i b r a t i o n c a n be done conven ient ly b y the 
use o f the u n i v e r s a l c a l i b r a t i o n m e t h o d f irst p r o p o s e d b y B e n o i t et a l . 
(51). T h e theory is b a s e d o n the fact that each e lut ion v o l u m e inc rement 
w i l l c o n t a i n p o l y m e r s of equ iva lent h y d r o d y n a m i c v o l u m e . F o r a g i v e n 
c h r o m a t o g r a p h i c sys tem, a p l o t o f h y d r o d y n a m i c v o l u m e , M[rj], versus 
Ve f or a l l types o f p o l y m e r should fa l l o n the same l ine. F o r a g iven 
elut ion v o l u m e increment 

w h e r e the subscripts represent di f ferent po lymers . 
I n pract i ce , a ca l ibrat ion curve consisting of [t?]iMi p lo t ted versus 

Ve is constructed w i t h a series o f po lymers o f k n o w n molecu lar weight . 
T h e corresponding molecu lar we ight of the u n k n o w n ( M 2 ) at each e lu 
tion v o l u m e can b e obta ined through the M a r k - H o u w i n k equation 

w h e r e K a n d a are constants for a g iven po lymer - so lvent system at a 
spec i f ied temperature. B y c o m b i n i n g equations 4 a n d 5, w e obta in 

l o g M 2 = (ai + l)/(a2 + 1) l o g Mx + l/(a2 + 1) l o g (Ki/K 2 ) (6) 

T h u s , M a r k - H o u w i n k constants o f the s a m p l e must b e k n o w n or a v i s -
c o m e t r y detector e m p l o y e d to use the universa l ca l ib ra t i on a p p r o a c h . 

Because o f the a v a i l a b i l i t y o f w e l l - c h a r a c t e r i z e d , h i g h l y m o n o d i s 
perse po lys tyrene standards , w h i c h cover a b r o a d m o l e c u l a r w e i g h t 
range , s i l i ca -based p a c k i n g s for aqueous S E C m a y b e ca l i b ra ted w i t h 
these standards b y us ing an organ i c m o b i l e phase, f or e x a m p l e , to luene, 
c h l o r o f o r m , or t e t rahydro furan . A f t e r c a l i b r a t i o n , a n aqueous m o b i l e 

[rj]iMi = [rj\dSi<L (4) 

[rj] = KMa (5) 
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phase is then e m p l o y e d for the analysis o f the water - so lub le p o l y m e r 
samples . B y means of the un iversa l c a l i b r a t i o n p r o c e d u r e , average 
m o l e c u l a r we ights m a y be ca l cu la ted . F o r this m e t h o d to w o r k , n o n -
s i ze -exc lus ion effects must b e absent. T h e c o l u m n , o f course , must b e 
e l u t e d w i t h m o b i l e phases o f in te rmed ia te p o l a r i t y to conver t f r o m an 
organ ic to an aqueous m o b i l e phase. 

Absolute Molecular Weight Detectors 
T h e i d e a l S E C detec t i on system is c a p a b l e o f d e t e r m i n i n g absolute 
m o l e c u l a r we ights o f p o l y m e r s . A s s u m i n g that the reso lut ion of an S E C 
c o l u m n is su f f i c i ent ly h i g h such that each e lut ion v o l u m e inc rement c o n 
tains m o n o d i s p e r s e p o l y m e r , that is , M n = M w , then de tec t i on systems 
b a s e d o n a n y c lass ica l m o l e c u l a r w e i g h t measurement c a n , i n p r i n c i p l e , 
b e used as an absolute m o l e c u l a r w e i g h t detector . Because of i n c o m 
plete separat ion caused b y peak d i spers i on a n d l i m i t e d c o l u m n reso lu 
t i on , abso lute M n a n d M w values are not poss ib le unless r igorous b a n d -
b r o a d e n i n g correc t ions are e m p l o y e d (52). A l t h o u g h methods based o n 
M n measurements h a v e b e e n r e p o r t e d such as e n d - g r o u p analysis (53) 
a n d v a p o r pressure o s m o m e t r y (54), these detectors are l i m i t e d to the 
d e t e r m i n a t i o n o f l o w m o l e c u l a r w e i g h t components . 

B y far , the most p o p u l a r absolute m o l e c u l a r w e i g h t detectors are 
l o w - a n g l e laser l i ght - scat ter ing p h o t o m e t r y ( L A L L S ) a n d v i s c o m e t r y , 
b o t h of w h i c h are c o m m e r c i a l l y ava i lab le . C h r o m a t i x ( L D C / M i l t o n -
R o y , S u n n y v a l e , C A ) manufac tures t w o mode l s : K M X 6 , w h i c h is a m o r e 
versat i le ins t rument , a n d C M X 100, a l o w e r cost uni t des igned spec i f i 
c a l l y as an S E C detector . T o y o S o d a M a n u f a c t u r i n g C o . , L t d . ( T o k y o , 
J a p a n ) has i n t r o d u c e d a n on l ine L A L L S un i t , M o d e l L S 8 , w h i c h is a v a i l 
ab le i n the U n i t e d States o n l y t h r o u g h spec ia l o rder . W y a t t T e c h n o l o g y 
C o r p . (Santa B a r b a r a , C A ) has just r e c e n t l y c o m e out w i t h a m u l t i a n g u -
lar , flow-through detector ( M o d e l D a w n F ) that c a n b e used to deter 
m i n e not o n l y M w b u t also the rad ius of g y r a t i o n of p o l y m e r s , a use fu l 
measurement f o r c h a r a c t e r i z i n g p o l y m e r b r a n c h i n g . I n a d d i t i o n to a 
n u m b e r of l a b o r a t o r y - d e s i g n e d v i s c o m e t r i c detectors r e p o r t e d i n the 
l i terature (55-58), a c o m m e r c i a l flow-through un i t des igned f o r on l ine 
measurements is ava i lab le f r o m V i s c o t e k C o r p . (Porter , T X ) (59). 

A s d iscussed i n the next sections, p o l y m e r concentrat ion must be 
k n o w n at each e lut i on v o l u m e increment to ca lculate m o l e c u l a r weights 
or in t r ins i c v iscosit ies . I n v i e w of this , a concentrat ion-sensi t ive detector , 
such as a d i f f e r e n t i a l r e f rac tometer , m u s t b e present i n l ine w i t h the 
absolute m o l e c u l a r w e i g h t detector . T h e t ime d e l a y b e t w e e n b o t h detec 
tors must b e k n o w n for p r o p e r i n d e x i n g o f detector responses. 

L o w - A n g l e L a s e r L i g h t Scatter ing . I n R a y l e i g h l ight scatter ing, 
in c ident l i ght , Ia, interacts w i t h a m a c r o m o l e c u l e ; a t e m p o r a r y d i p o l e 
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 47 

m o m e n t that osci l lates i n phase w i t h IQ is i n d u c e d . T h e m a e r o m o l e e u l e 
then acts as a r a d i a t i o n source a n d emits l ight i n a l l d irect ions . T h e in ten 
sity o f scatter ing is a f u n c t i o n o f the scatter ing angle a n d p r o p o r t i o n a l to 
m o l e c u l a r w e i g h t a n d p o l y m e r concentrat i on . Because w e are interested 
i n the scatter ing caused b y the p o l y m e r , a t e r m c a l l e d the excess R a y -
l e i g h fac tor , Re, is used that is s i m p l y the scatter ing intens i ty of the so lu 
t i on , fc(soin), minus the scatter ing intensity o f the solvent, i^soiv), n o r m a l i z e d 
w i t h respect to IQ a n d the scatter ing v o l u m e , V : 

~ _ *0(soln) — Ig(solv) (7) 
9 ToV 

Re is a f u n c t i o n o f the scatter ing angle , w h i c h i n turn depends o n the 
mass a n d rad ius o f g y r a t i o n o f the m a e r o m o l e e u l e ; h o w e v e r , i f m e a 
surements are m a d e at f a i r l y l o w angles w i t h respect to the i n c i d e n t 
b e a m , m o l e c u l a r weights can b e o b t a i n e d b y us ing 

Kc/Re = 1 /Mw + 2 A 2 c (8) 

w h e r e c is the p o l y m e r c oncent ra t i on , A 2 is the second v i r i a l coe f f i c ient , 
a n d K is a n o p t i c a l constant d e f i n e d as 

K=w(£)< i w e> <9» 
w h e r e n is the r e f rac t i ve i n d e x o f the so lvent , A is the w a v e l e n g t h o f the 
i n c i d e n t b e a m , N is A v o g a d r o ' s n u m b e r , a n d dn/dc is the spec i f i c 
re f rac t ive index increment o f the p o l y m e r so lut ion. 

A s s u m i n g that per fec t reso lut ion c a n b e o b t a i n e d i n an S E C system, 
then each v o l u m e inc rement that passes through the detector is m o n o 
d isperse , or M w i n e q u a t i o n 8 is e q u a l to M( i n e q u a t i o n 3. T h u s , w i t h an 
S E C - L A L L S sys tem, average m o l e c u l a r we ights , m o l e c u l a r w e i g h t d i s 
t r i b u t i o n , c u m u l a t i v e d i s t r i b u t i o n , a n d po lyd ispers i t ies c a n be d i r e c t l y 
c o m p u t e d . I n a d d i t i o n , b r a n c h i n g parameters (52, 60-62) can b e esti 
m a t e d . Because o f L A L L S ' s h i g h sensit iv i ty t o w a r d h i g h m o l e c u l a r 
w e i g h t p o l y m e r s , S E C - L A L L S c a n also b e used to detect the presence 
of trace amounts o f h i g h m o l e c u l a r w e i g h t components i n samples . 

A n u m b e r o f l imi ta t i ons are present w i t h L A L L S . T h e a c c u r a c y o f 
the measurements d e p e n d o n the degree to w h i c h dn/dc a n d A 2 are 
k n o w n . Because these parameters d e p e n d o n c h e m i c a l c o m p o s i t i o n a n d 
m o l e c u l a r w e i g h t , a p p r o p r i a t e correct ions shou ld be m a d e w h e n dea l ing 
w i t h c h e m i c a l l y heterogeneousjor h i g h l y po lyd i sperse samples . A s p r e 
v i o u s l y m e n t i o n e d , ca l cu la ted M„ values w i l l b e s o m e w h a t h igher than 
true values because o f i m p e r f e c t reso lut ion . T h i s overes t imat ion w i l l 
l e a d to an underes t imat ion o f po lyd i spers i ty . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington DC 20036 
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48 WATER-SOLUBLE POLYMERS 

O n e o f the most serious errors arises f r o m the fact that the L A L L S 
sensi t iv i ty decreases w i t h decreas ing m o l e c u l a r we ight . D e p e n d i n g o n 
the p o l y d i s p e r s i t y a n d m o l e c u l a r w e i g h t range o f the s a m p l e , the l o w 
m o l e c u l a r w e i g h t r e g i o n m a y be t r u n c a t e d ; an overes t imat ion o f M„ 
results. I f r e l a t i v e l y s m a l l amounts o f h i g h m o l e c u l a r w e i g h t m a t e r i a l are 
present , h igher average m o l e c u l a r we ights m a y b e underes t imated 
because o f p o o r response f r o m the concentra t i on detector . H o w e v e r , a 
n u m b e r o f poss ib le approaches to correc t these effects such as increas
i n g the a m o u n t o f in jec ted so lut ion a n d c u r v e f i t t ing exist. These l i m i t a 
t ions w i l l b e c o v e r e d i n d e t a i l i n a f o r t h c o m i n g r e v i e w (63). F i n a l l y , 
L A L L S photometers are expens ive , i n excess o f $20,000, a n d r e q u i r e 
d a t a acqu i s i t i on a n d process ing capabi l i t i es . 

Viscometry. T h e p r i n c i p l e o f operat i on of the v i s c o m e t r i c detector 
is b a s e d o n m e a s u r i n g the pressure d r o p , A P , across a c a p i l l a r y tube 
(8, 60): 

AP = kt) (10) 

w h e r e r\ is v i s cos i ty a n d k is a constant that depends o n f l o w rate a n d the 
d imens ions o f the c a p i l l a r y tube . W h e n the pressure d r o p , APo, i n a ref 
erence c a p i l l a r y is m e a s u r e d , the re lat ive v iscos i ty of the S E C eff luent 
c a n b e easi ly d e t e r m i n e d : 

rjTel = A P / A P o (11) 

Because 

then 

[„]= / M M W Q A ( 1 3 ) 

I C I c=0 

T h e p o l y m e r concent ra t i on , c, is m e a s u r e d b y a concentra t i on detector 
i n series w i t h the v i scos i ty detector a n d is assumed to b e c lose to zero 
f or a l l p r a c t i c a l purposes . 

W i t h k n o w n M a r k - H o u w i n k constants, the m o l e c u l a r w e i g h t o f the 
p o l y m e r at each e lu t i on v o l u m e i n c r e m e n t c a n b e d e t e r m i n e d b y us ing 
equat i on 5. I f these constants are not k n o w n , the universa l ca l ib ra t i on 
p r o c e d u r e c a n b e e m p l o y e d , that is , 

M 2 = foliAft/hh (14) 

w h e r e subscr ipt 2 is for the u n k n o w n p o l y m e r . F u r t h e r m o r e , s ince b o t h 
[rj] a n d m o l e c u l a r w e i g h t are k n o w n , b r a n c h i n g parameters c a n b e eas
i l y d e t e r m i n e d . 
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2. BARTH Use of Aqueous Size-Exclusion Chromatography 49 

R e c e n t l y , a c o m m e r c i a l d i f f e r e n t i a l v i s cometer has b e e n m a d e 
ava i lab le b y V i s c o t e k C o r p . (59). T h e unit c a n b e used b o t h o f f l ine as 
w e l l as c o u p l e d to a n S E C system. T h i s ins trument is b a s e d o n a f l u i d 
analogue o f a Wheatstone b r i d g e n e t w o r k . L i m i t a t i o n s of this instrument 
are s i m i l a r to those o f L A L L S w i t h the a d d e d constraints that t e m p e r a 
ture a n d f l o w rates must b e w e l l c o n t r o l l e d , a l though w i t h the b a l a n c e d 
b r i d g e des ign t ight t emperature c o n t r o l m a y not b e necessary (59). 
Because shear rate t h r o u g h the c a p i l l a r y ranges f r o m 1 X 10 3 to 5 X 1 0 3 

s" 1 , the p o t e n t i a l o f shear d e g r a d a t i o n o f h i g h m o l e c u l a r w e i g h t samples 
a n d the f l o w b e h a v i o r o f n o n - N e w t o n i a n p o l y m e r s n e e d further s tudy . 
Neverthe less , the detector offers m a n y interest ing features a n d s h o u l d 
p r o v e to b e a h i g h l y use fu l S E C detector . 

Chemical Heterogeneity 

C h e m i c a l heterogenei ty i n synthet ic water - so lub le p o l y m e r s results f r o m 
di f ferences i n r eac t i v i ty ratios a m o n g the m o n o m e r s used i n the synthe
sis. I n natura l l y o c c u r r i n g or m o d i f i e d water -so lub le p o l y m e r s , such as 
po lysac char ides , heterogenei ty m a y b e i n d u c e d d u r i n g biosynthesis , i so 
l a t i o n , or m o d i f i c a t i o n . F o r e x a m p l e , d u r i n g d e m e t h y l a t i o n of p e c t i n , 
n o n u n i f o r m regions o f p o l y g a l a c t u r o n i c a c i d m a y o c c u r d e p e n d i n g o n 
reac t i on cond i t i ons . I n the case of C M C , i n w h i c h a l k a l i ce l lulose is 
r eac ted w i t h m o n o c h l o r o a c e t i c a c i d , subst i tut ion c a n take p lace o n Q , 
Q j , a n d C 6 h y d r o x y l s o f the anhydrog lucose group . A l t h o u g h react ion 
k inet i cs o f each v a r y (64), e ight poss ib le combinat i ons of ( carboxy-
methyl )g lucoses are present i n C M C : ( t r i carboxymethy l )g lucose ; three 
( d i c a r b o x y m e t h y l ) g l u c o s e s ( C 2 a n d C 3 , C 2 a n d C 6 , a n d C3 a n d C 6 ) , three 
(monocarboxymethy l )g lucoses (Ck, Ck, a n d Q ) , a n d unsubst i tuted a n 
hydrog lucose . 

T h e v a r i a t i o n o f c h e m i c a l c o m p o s i t i o n w i t h m o l e c u l a r w e i g h t is 
t e r m e d c h e m i c a l heterogeneity o f the first k i n d as i l lustrated i n F i g u r e 5. 
I f the c h e m i c a l c o m p o s i t i o n varies for macromo le cu les o f equiva lent 
c h a i n l ength (degree o f p o l y m e r i z a t i o n ) ( F i g u r e 6) , this is c a l l e d c h e m i 
c a l heterogeneity o f the second k i n d . 

B y use of concentrat ion a n d spec i f i c detectors i n series ( F i g u r e 7) , 
p o l y m e r c h e m i c a l heterogenei ty can b e d e t e r m i n e d . C o n c e n t r a t i o n 
detectors based o n measurements i n v o l v i n g spec t rophotometry , d i f f e r 
ent ia l r e f r a c t o m e t r y , d i e l e c t r i c constants, f l a m e i o n i z a t i o n ( m o v i n g be l t 
t y p e ) , a n d n e p h e l o m e t r y (mass detector) c a n b e used . T h e response o f 
these detectors m a y d e p e n d to some extent o n m o l e c u l a r w e i g h t , c h e m i 
c a l c o m p o s i t i o n , a n d s a m p l e concentrat i on . F o r accurate measurements , 
c a l i b r a t i o n curves or response factors are r e q u i r e d . T h e most c o m m o n l y 
used spec i f i c detectors are U V a n d I R spectrophotometers a l though o th 
ers, even i n c l u d i n g pyro lys i s G C (65), have b e e n repor ted . 
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50 WATER-SOLUBLE POLYMERS 

l o g ( m . w t . ) 

Figure 5. Chemical heterogeneity of the first kind where F j , the fraction 
of monomer in a copolymer, varies as a function of molecular weight. 

1og(m.wt.) 

Figure 6. Chemical heterogeneity of the second kind in which polymers of 
different composition may have the same molecular size. 
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L 
SEC SYSTEM 

HPLC 
SYSTEM 

SELECTIVE DETECTORS 

71 
y i _v 1 

Figure 7. An idealized chromatographic arrangement for the determina
tion of chemical heterogeneity of the first and second kinds of complex 

polymers. 

M u l t i d e t e c t o r requirements to de te rmine the c h e m i c a l heterogeneity 
o f p o l y m e r s are as f o l l ows : f o r re fractometer a n d n — 1 w a v e l e n g t h 
measurements 

R — X?=iKid 

A = fliCi 

A„ - i — an-iCn-\ 

a n d f or n w a v e l e n g t h measurements 

A = aid 

A n ancn 

R is re f rac t ive index (RI) response, K is R I response factor , A is absorb -
ance, a is absorpt iv i ty , a n d c is concentrat ion . F o r a p o l y m e r conta in ing 
n d i f ferent m o n o m e r s , then either a concentration-sensit ive detector a n d 
n — 1 wave lengths must be m o n i t o r e d or n wave lengths must b e used 
assuming, o f course, that the m o n o m e r s have dist inct absorbance regions. 

T h e s imples t w a y o f t reat ing the d a t a f r o m d u a l detectors is to rat io 
the p e a k heights o f the spec i f i c detector to the concentrat ion-sensi t ive 
detector at a g i v e n e lut ion v o l u m e across the peak pro f i l e . These m e a 
surements s h o u l d b e c o r r e c t e d for nonl inear detector response behav io r . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

2

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



52 WATER-SOLUBLE POLYMERS 

T h e resul t ing ratios are then s u p e r i m p o s e d o n the m o l e c u l a r w e i g h t d is 
t r i b u t i o n . Pos i t i ve or negat ive dev iat ions i n these plots s ign i fy regions of 
c h e m i c a l n o n u n i f o r m i t y . A n o t h e r , m o r e quant i tat ive a p p r o a c h is to 
n o r m a l i z e the spec i f i c detector response at each e lu t i on i n c r e m e n t w i t h 
respect to the integrated s ignal intensity o f the select ive detector . W i t h 
a p p r o p r i a t e response factors , m o n o m e r m o l e or w e i g h t fract ions c a n be 
c o m p u t e d . 

A l t h o u g h this t e chn ique w o r k s w e l l f o r c o p o l y m e r s , m o r e c o m p l e x 
p o l y m e r s m a y requ i re several injections each m o n i t o r e d at d i f ferent 
wave lengths . W i t h the i n t r o d u c t i o n o f h i g h - p e r f o r m a n c e l i q u i d c h r o m a 
tograph i c d i o d e - a r r a y a n d r a p i d - s c a n detectors w i t h c o m p u t e r c a p a b i l 
i t y , this t y p e o f analysis is great ly s i m p l i f i e d (66). I n a d d i t i o n , F o u r i e r 
t r a n s f o r m I R also ho lds great p r o m i s e f o r c o m p o s i t i o n a l analysis o f 
c o m p l e x p o l y m e r s . 

F o r d e t e r m i n a t i o n o f c h e m i c a l heterogenei ty o f the s e cond k i n d , 
cross f rac t i onat i on is r e q u i r e d (67). O n e poss ib le a p p r o a c h is to co l lec t 
f ract ions o f equ iva l ent h y d r o d y n a m i c v o l u m e a n d separate t h e m o n a 
s e cond c o l u m n . T h e second system m a y consist o f a reversed-phase , i o n -
exchange , or l i q u i d - s o l i d c h r o m a t o g r a p h i c c o l u m n . T h i s a p p r o a c h has 
b e e n t e r m e d o r thogona l c h r o m a t o g r a p h y b y B a l k e (66-68), a n d the 
reader s h o u l d re fer to his exce l lent r e v i e w s (66,69) f or a c o m p l e t e d iscus 
s ion . A l t h o u g h this t e chn ique has b e e n used to character ize organoso lu -
b l e p o l y m e r s , n o l i terature r e g a r d i n g water - so lub le p o l y m e r character 
i z a t i o n exists. 

Future Trends 
S E C is the p r e m i e r p o l y m e r charac ter i za t i on technique for d e t e r m i n i n g 
m o l e c u l a r w e i g h t d i s t r i b u t i o n . H o w e v e r , the analysis o f water - so lub le 
p o l y m e r s , espec ia l ly po lye lec tro ly tes , requires care fu l cho ice of m o b i l e -
phase c o m p o s i t i o n a n d c o l u m n p a c k i n g . A l t h o u g h p a c k i n g pore-s ize 
se lect ion a n d b a n d - b r o a d e n i n g correct ions w e r e not discussed i n this 
chapter , these topics s h o u l d also b e addressed for o p t i m i z i n g S E C ana l 
ysis to o b t a i n m e a n i n g f u l data . T h e use o f n e w H P L C detectors such as 
L A L L S , v i s c o m e t r y , d i o d e - a r r a y a n d r a p i d - s c a n spectrophotometers , 
a n d F o u r i e r t r a n s f o r m I R , w h i c h are n o w c o m m e r c i a l l y ava i lab le , w i l l 
great ly ex tend the c a p a b i l i t y a n d usefulness of S E C espec ia l ly f or the 
analysis o f b r a n c h e d a n d c h e m i c a l l y heterogeneous p o l y m e r s . O t h e r 
on l ine de tec t i on systems, such as d y n a m i c l i ght scatter ing a n d f l o w -
t h r o u g h N M R spectrometers , are o n the h o r i z o n . 

W i t h the i n t r o d u c t i o n o f h i g h - p e r f o r m a n c e p a c k i n g s , v i scos i ty 
effects a n d the po tent ia l o f p o l y m e r shear degradat i on have p l a c e d 
severe constraints o n the a p p l i c a b i l i t y o f S E C for the analysis o f h i g h 
m o l e c u l a r w e i g h t p o l y m e r s . I n v i e w of this , a l ternat ive separat ion tech -
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niques , such as f i e l d f l o w f rac t i o nat i o n , have great p r o m i s e for the a n a l 
ysis o f u l t r a h i g h m o l e c u l a r w e i g h t p o l y m e r s . A l t h o u g h rather t i m e c o n 
s u m i n g a n d e x p e r i m e n t a l l y d i f f i c u l t to use, u l t racentr i fugat ion , p r a c t i c e d 
for m a n y years , has b e e n u n d e r u t i l i z e d for the character izat ion of s y n 
thetic p o l y m e r s . C o n s i d e r i n g that u l tracentr i f ugat ion is an absolute 
m e t h o d o f d e t e r m i n i n g m o l e c u l a r w e i g h t d is tr ibut ions a n d c a n also b e 
used to est imate c h e m i c a l heterogenei ty , the use of this m e t h o d u n f o r t u 
nate ly has decreased over the years. 

C o l u m n l i q u i d c h r o m a t o g r a p h i c techniques , such as l i q u i d - s o l i d , 
no rmal -phase , i on -exchange , a n d reversed-phase c h r o m a t o g r a p h y , a p 
pear to h o l d great p r o m i s e for c h a r a c t e r i z i n g p o l y m e r s espec ia l ly w h e n 
m o b i l e - p h a s e gradients are used . Because these separations are usua l ly a 
f u n c t i o n of several mechanisms , that is , S E C a n d adsorpt i on , p o l y m e r s 
are separated o n the basis o f b o t h m o l e c u l a r w e i g h t a n d c h e m i c a l c o m 
pos i t i on . Neverthe less , c ons ider ing the h i g h peak capac i ty a n d reso lut ion 
o f H P L C , a great d e a l o f i n f o r m a t i o n c a n be o b t a i n e d about the nature 
of a sample . 
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3 
Dilute Solution Properties of Pectin 

Marshall L. Fishman, Leonard Pepper, and Philip E. Pfeffer 

Eastern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Philadelphia, PA 19118 

The colligative properties of various pectins in the fully pro-
tonated and neutralized forms were studied by membrane 
osmometry. Because van't Hoff plots passed through a minimum, 
apparently pectins behave as nonideal, dissociating macromole-
cules in solution. In approaching the limc-->0 π/c, where c is 
concentration, number-average molecular weights (Mn) from 
osmometry approached the Mn determined from end-group titra-
tions. Second virial coefficients of pectin aggregates in 0.05 
M NaCl revealed their ratio of length to width was from 120 to 
200. Counterion binding decreased with pectin dissociation and 
increasing percentage of ester groups in the neutralized form. 

PECTIN, predominantly a copolymer of a(l-4)-galacturonate and its 
methyl esters with about 20% neutral sugars, is important because it is a 
major structural polysaccharide in plants (I), a ubiquitous gel former 
and thickening agent in foods (2), and a nutritionally important food 
fiber (3). The inter- and intramolecular forces within the pectin structure 
are important in understanding how pectin functions in these systems. 
Thus, the colligative properties as ascertained by membrane osmometry 
(O) of various pectins were studied to better understand these forces. 

Interestingly, pectic substances were among the first macromole-
cules studied by membrane osmometry (4). Previously, Owens et al. (5) 
found the number-average molecular weight, M„, in the range (1.8-3.9) 
X104 for protonated citrus pectins, whereas Pals and Hermans (6) found 
M n to be 4.6 Χ 10 4 for the sodium_salt of citrus pectin. More recently, 
Jordan and Brant (7) reported an M n of 4.9 Χ 104 for protonated pectin. 
In all cases pectin appeared to follow the van't Hoff limiting law. 

Measurements by gel chromatography (8, 9), light scattering (7, JO), 
and electron microscopy (II) indicated that pectins aggregate in solu
tion. Aggregation is further supported by a preliminary observation that 
M n values determined by end-group titration for pectins were signifi
cantly lower than those obtained by membrane osmometry (12). Recent 
advances in the design of high-speed membrane osmometers, with 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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increased sensit iv i ty a n d r e l i a b i l i t y , together w i t h a better theoret ica l 
u n d e r s t a n d i n g o f aggregat ing systems (13), have p r o m p t e d us to reex
a m i n e the o smot i c propert ies o f pect ins to r e conc i l e these var ious 
observations. 

Theory 
A p l o t o f r e d u c e d o s m o t i c pressure , rr/c, against concentrat ion , c, 
a c c o r d i n g to the van ' t H o f f l i m i t i n g l a w (14) y i e lds 

w/c = RT(1/MN + Be) (1) 

f o r a p o l y d i s p e r s e sys tem, M n f r o m the intercept o f a straight l i n e . (R is the 
gas constant a n d T is the absolute temperature . ) F o r a po lye lec t ro ly te , 
the second v i r i a l coe f f i c ient , B , o b t a i n e d f r o m the s lope o f a van ' t H o f f 
p l o t contains three contr ibut ions 

B = B , + B n - B,„ (2) 

B i a n d B 0 are pos i t i ve contr ibut ions ar is ing f r o m the D o n n a n effect a n d 
p o l y m e r - p o l y m e r interact ions , r espec t ive ly , whereas Bin is a negat ive 
c o n t r i b u t i o n d u e to pre ferent ia l so lvat ion effects (13). 

So that s tructura l i n f o r m a t i o n f r o m equat i on 1 c a n b e o b t a i n e d , sep
a r a t i o n o f the var i ous c on t r ibut i ons to B is necessary. T h u s , p r o t o n a t e d 
a n d n e u t r a l i z e d pect ins w e r e m e a s u r e d i n 0.05 M N a C l . U n d e r these 
condi t i ons , w e assumed for the p r o t o n a t e d f o r m , w h i c h is a w e a k car -
b o x y l i c a c i d 

B i , H ~ B „ , , H ~ O (3) 

T h u s , f r o m equat ion 2 

Bn = Bum (4) 

H e r e the subscr ipt H refers to the pro tonated f o r m of pec t in . 
P r e v i o u s l y (8), w e s h o w e d that the root m e a n square r a d i i of g y r a 

t i o n ( R g ) o f pect ins m e a s u r e d over the p H range 3.7-7.3 are the same 
w i t h i n exper imenta l error . T h u s 

Bn,Na B N , H (5) 

H e r e , the subscr ip t N a refers to the n e u t r a l i z e d f o r m . I f w e further 
assume 

B m , N a ~ O (6) 

T h e n 

Bl,Na = B N E — B H (7) 
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G i v e n the a b o v e a p p r o x i m a t i o n s , the ax ia l rat io (L/d) of p e c t i n can b e 
o b t a i n e d f r o m solutions o f p ro tonated p e c t i n b y (14) 

L/d = B H M n / 1 0 0 0 V i V 2 (8) 

H e r e Vi a n d V2 are p a r t i a l spec i f i c v o l u m e s of so lvent a n d p o l y m e r , 
r e spec t i ve ly , a n d L/d is the rat io o f m a c r o m o l e c u l a r l ength to d iameter . 

F u r t h e r m o r e , the e f fect ive charge (Z eff) o n neut ra l i zed pect ins c a n 
b e o b t a i n e d f r o m second v i r i a l measurements o n p r o t o n a t e d a n d n e u 
t r a l i z e d pect ins b y (14) 

Z e f f = [ 4 ( B N a - B H ) M n
2 m 3 / 1 0 0 0 V 1 ] 1 / 2 (9) 

H e r e m 3 is the m o l a l i t y of a d d e d salt, i n this case N a C l . 
M o r e o v e r , the f rac t i on of d issoc iated counter ions, a , can be c a l c u 

la ted f r o m equations 10 a n d 11: 

a = Zeff/Zs (10) 

a n d 

Zs = D P n ( l - e)XG (11) 

w h e r e Zs is the s to i ch i ometr i c charge o n n e u t r a l i z e d p e c t i n , D P n is the 
n u m b e r - a v e r a g e degree o f p o l y m e r i z a t i o n , e is the m o l e f rac t ion of 
galacturonate residues c o n t a i n i n g m e t h y l esters, a n d Xq is the m o l e f rac 
t i on o f galacturonate residues i n pec t in . 

Experimental Section 

Materials. Commercial citrus pectins with degrees of methyl esterification 
(DM) 35, 58-60, and 70 were gifts from Buhners Ltd., Hereford, England. Two 
other pectin samples, DM-37 and 73, were manufactured by Bulmers but were 
gifts from Drs. E . R. Morris and M. J. Gidley at Unilever. The DM-57 pectin was 
a gift from Sunkist Growers, Corona, CA. Poly(galacturonic acid) was from 
Sigma Chemical Co. Characterization and preparation of samples were reported 
previously (8) with minor modification. Samples to be neutralized with NaOH 
were dissolved in 0.01 M phosphate buffer (pH 6.1) containing 0.1 M ethylene-
diaminetetraacetic acid, titrated to p H 7 with 0.1 M NaOH, dialyzed against four 
changes of water for 48 h, centrifuged for 1 h at 30,000g to remove insoluble 
matter, and then lyophilized. Dialysis bags were Spectrapor with a molecular 
weight cutoff of 12,000. 

Membrane Osmometry. Osmotic pressures were measured in a Knauer-
type 1.00 membrane osmometer equipped with a thermostated cell (Utopia 
Instrument Co., Joliet, IL). The solvent was 0.05 M NaCl. Semipermeable mem
branes (Schleicher & Schuell, A C 62) were cellulose acetate with pore-size 
diameters between 50 and 100 A . The osmometer cell was maintained at 35 ± 
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0.1 °C. The output from the electronic pressure transducer in the osmometic cell 
was monitored continuously by a potentiometric recorder. Recorder traces of w 
against time, which were flat and parallel to the base line, indicated no tendency 
for pectin to permeate the membrane. Flat and parallel traces of TT were 
obtained 5-10 min after the third cell rinse with the polymer solution. Samples 
were measured in increasing order of concentration. 

Initially pectins were dissolved at room temperature to a concentration of 1 
g/dL in 0.05 M NaCl. The stock solutions were diluted serially and measured 
within 24 h of initial solvation. Measurements of w at c < 0.1 g/dL were scat
tered. Thus, experiments were conducted to obtain reliable values of TT/C when c 
^ 0.1 g/dL. 

On the assumption that a slow approach to equilibrium produced scattered 
TT/C values for c < 0.1 g/dL, the approach to equilibrium was followed by 
measuring TT for 0.6 g/dL pectin solutions as a function of time. The solvent was 
0.047 M NaCl and 0.003 M sodium azide; samples were contained in capped 
bottles. These bottles were immersed in boiling water for 10 min at the start of 
the experiment and then kept in a water bath at 35 ±_1_°C prior to measuring TT. 
The apparent number-average molecular weight, M„ p p , was obtained from 
equation 1 with B = 0. On the final day of the experiments (days 8-15), the 
samples were diluted serially to obtain M n and B. 

Lastly, pectin solutions (1 g/dL) were heated for 10 min in boiling water as 
before and allowed to stand for 3 days at 35 °C. In the case of protonated pectin 
with a D M of 35 or 37, the data were too scattered to obtain M n or B. 

E n d - G r o u p Titration. The M n of pectins was determined also by the reac
tion of sodium chlorite with aldehyde end groups. This method was first devel
oped for polysaccharides by Launer and Tomimatsu (15,16) and later applied 
specifically to pectins by Albersheim et al . (17). Galacturonic acid and rhamnose 
standards gave the same results within experimental error, provided the chlorite 
reaction was allowedto proceed for a minimum of 16 h. Within the precision of 
our measurements, M n was the same for the protonated or neutralized pectins, 
although neutralized forms dissolved more readily. In several cases, the neutral
ized forms were heated to 100 °C for 10 min before allowing the chlorite reac
tion to proceed with refluxing. The results showed no significant change in M n . 

Results and Discussion 

U n h e a t e d Pec t ins . A s i n d i c a t e d i n T a b l e I , D P n b y m e m b r a n e 
o s m o m e t r y for the unheated pect ins was f o u n d to b e s igni f i cant ly h igher 
than values b y e n d - g r o u p t i t rat ion . T h e M„ values for the h i g h - m e t h o x y 
pect ins ( D M - 7 0 a n d D M - 7 2 - 7 3 ) i n b o t h a c i d a n d n e u t r a l i z e d f o rms 
r a n g e d b e t w e e n 3.5 X 10 4 a n d 4 — 10 4 . These values are c o m p a r a b l e to 
those f o u n d b y O w e n s et a l . (5) but somewhat l o w e r than the values 
o b t a i n e d b y J o r d a n a n d B r a n t (7) o r Pals a n d H e r m a n s (6). T h e van ' t 
H o f f p lots are s h o w n i n F i g u r e s 1 a n d 2. C o r r e l a t i o n coef f ic ients f r o m 
l inear least squares w e r e ^ 0 . 9 7 . I f p e c t i n aggregates as i n d i c a t e d b y a 
v a l u e o f A G R n > 1 ( A G R n is M n , 0 : M N , E G T , w h e r e E G T is e n d - g r o u p 
t i t ra t i on ; see T a b l e I ) , then at c ^ 0.1 g / d L , TT/C must decrease w i t h 
increas ing concentra t i on u n t i l a m i n i m u m is reached . I n i t i a l studies at 
c ^ 0.1 g / d L gave scat tered values o f TT/C. Studies w e r e in i t i a t ed to see i f 
scattered TT/C values w e r e caused b y a s l o w a p p r o a c h to e q u i l i b r i u m . 
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3. FISHMAN E T AL. Dilute Solution Properties of Pectin 61 

Table I . D P n and AGR„ for Unheated Pectins 

DPn 

End-Group 
Analysis 

Osmometry0 AGRr 
b 

D M 
End-Group 

Analysis Na H Na H 

0 
35 
37 
57 

58-60 
70 

72-73 

29.7+ 4.0 
50.7+ 9.0 
32.8+ 3.5 
65.9+ 1.2 
66.0+ 8.6 
67.6+10.9 
60.0+ 1.2 

39+ 1 
183+11 
89+ 1 

213+ 1 
252+34 
218+10 
219+ 6 

219+ 4 
201+10 
200+ 4 
213+ 3 

1.3+0.2 
3.6+0.9 
2.7+0.3 
3.2+0.6 
3.8+1.1 
3.2+0.7 
3.7+0.2 

3.3+0.1 
3.0+0.5 
3.0+0.5 
3.6+0.1 

"The values were determined within 24 h of solution preparation. 
A G R n = M n o:M n EGT (EGT is end-group titration). 

0 0.2 0.4 0.6 0.8 1.0 
CONCENTRATION (g/dl) 

Figure 1. van't Hoff plots for sodium salts of unheated pectins. Key:J^y 

DM = 0; •, DM = 37; £ , DM = 35; •, DM = 58-60; O , DM = 57; A , 
D M = 70. 
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62 WATER-SOLUBLE POLYMERS 

£ o l I I I 1 L _ 

0.2 0.4 0.6 0.8 1.0 
CONCENTRATION (g/dl) 

Figure 2. van't Hoff plots for protonated and sodium salts of unheated 
pectins. Key: O , D M = 57, Na+; A , D M = 70, Na+; fl, D M = 70, H+; and 

A , D M = 57, 

Dissociation of Heated Pectins. W i t h one e x c e p t i o n , M J P P f o r c = 
0.6 g / d L , as ca l cu la ted f r o m equat ion 1 w i t h B = O , decreased s l o w l y 
w i t h t i m e . W e c o n c l u d e d that such was p r o b a b l e b y f i t t ing Mlpp 

against t i m e b y the l inear least-squares p r o c e d u r e . C o r r e l a t i o n coe f f i 
cients ( T a b l e II) w e r e m o d e r a t e l y to h i g h l y negat ive , except for the l o w -
m e t h o x y p r o t o n a t e d pect ins . E x a m i n a t i o n o f the d a t a i n F i g u r e 3 reveals 
that the h i g h - ( D M - 7 0 a n d 72-73) a n d m e d i u m - ( D M - 5 7 a n d 58-60) 
m e t h o x y pect ins i n the pro tonated f o r m a n d the l o w - m e t h o x y pect ins 
( D M - 3 5 a n d 37) i n the s o d i u m f o r m r e q u i r e d several days of i n c u b a t i o n 
be f o re a decrease i n M „ p p w a s observed . T h u s , f or these cases, d a t a 
w e r e not f i t t ed to a l inear least-squares equat ion i n v i e w o f the l a g t i m e 
b e t w e e n i n c u b a t i o n a n d a n o b s e r v e d decrease i n M £ p p . I n the case o f 
l o w - a n d m e d i u m - m e t h o x y pect ins i n the s o d i u m f o r m , M ; p p a p p e a r e d 
to decrease l i n e a r l y w i t h t i m e , whereas the l o w - m e t h o x y p e c t i n i n the 
p r o t o n a t e d f o r m r e m a i n e d unchanged . These trends are s h o w n m o r e 
c l ear ly i n F i g u r e 4, in_which^ the data w e r e n o r m a l i z e d for m o l e c u l a r 
w e i g h t b y the rat io (Mlf:M*f) (i.e., M * p p at t i m e t d i v i d e d b y the 
a p p a r e n t v a l u e extrapo lated to t = 0). T h e overa l l rate ( d M n P P / d f ) i n 
order o f D M is m e d i u m > h i g h > l o w . F u r t h e r m o r e , at constant D M , the 
rate is m o r e r a p i d for the s o d i u m salt than the pro tonated f o r m . 
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3. FISHMAN E T AL. Dilute Solution Properties of Pectin 63 

Table II. Decrease of M * p p as a Function of Time (Days) in 0.047 M NaCl and 
0.003 M N a N 2 for Pectins 

DM 

H Na 

DM -k f l X 10~2 bb X 10~3 Con Coeff - k X 10~2 b X 10~3 Con Coeff 

35 -1.7 30.4+0.4 +0.68 0.5 16.3 -0.998 
37 0.5±1.0 27.0+0.7 -0.31 0.9+0.4 15.3+0.3 -0.840 
57 2.7+0.3 32.5+0.2 -0.98 2.5+0.3 27.6+0.3 -0.980 

58-60 3.8+0.7 31.4+0.4 -0.97 — — — 
70 3.0+0.4 39.1+0.6 -0.89 1.8+0.5 26.7+0.4 -0.980 

72-73 1.7+1.0 35.7+0.5 -0.79 1.4+0.2 25.5+0.1 -0.998 

ak is the slope. 
b is the intercept. 

30 

S 25 

cr 20 

15 
o 

-fl 35 
37 

0 5 10 
TIME (days) 

Figure 3. Ma
n

PP a s a function of time for protonated and sodium salts of 
pectin. The concentration was 0.6 g/dL. Top (for Na+): •, DM — 57; A , 
D M = 70; A, DM = 73; • , D M = 35; and 9 , D M = 37. Bottom (for 
H+): A , D M = 70; A , D M = 73; • , D M = 35; • , D M = 57; O, D M = 

58-60; and D M = 37. 
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12 

0.851 i i L_ 
0 5 10 15 

TIME (days) 

Figure 4. M ^ p : M " f t
P as a function of time for protonated and sodium 

salts of pectin. The concentration was 0.6 g/dL. Top (for Na+): • and M, 
DM = 35 and 37; A and A , DM = 70 and 73; and O and • , DM = 57. 
Bottom (for H+): • and B , DM = 35 and 37; A and A , D M = 70 and 

73; and O and • , D M = 57 and 58-60. 

_ C o m p a r i s o n o f D P „ f o r U n h e a t e d a n d H e a t e d Pec t ins . A decrease 
i n M „ p p c o u l d b e caused b y changes i n m o l e c u l a r w e i g h t , second v i r i a l 
coe f f i c i ent , o r a c o m b i n a t i o n o f the t w o . T h u s , after f o l l o w i n g the 
decrease i n M£pp f o r 8 -15 days , samples w e r e d i l u t e d o n the f i n a l d a y 
a n d van ' t H o f f p lo ts o b t a i n e d ( F i g u r e 5) . I n one case, the s o d i u m salt 
w i t h D M - 5 8 - 6 0 , the van ' t H o f f p l o t was o b t a i n e d after t reat ing the s a m 
p l e a c c o r d i n g to the p r o c e d u r e u n d e r E n d - G r o u p T i t r a t i o n . A c o m p a r i 
son o f the d a t a i n T a b l e III w i t h that i n T a b l e I r e v e a l e d that A G R n f or 
the heated a n d e q u i l i b r a t e d pect ins was l o w e r than for the unheated 
pect ins . A c o m p a r i s o n of s e cond v i r i a l coef f ic ients (B i n T a b l e I V ) 
r e v e a l e d these coef f ic ients w e r e greater for the heated pect ins . G e n e r 
a l l y , for c o m p a r a b l e samples a n d cond i t i ons^the percentage change i n 
M „ p p is less than the percentage change i n M n . F o r example , M „ p p f or 
the m e d i u m - m e t h o x y , p r o t o n a t e d pect ins d r o p p e d b y about 8% ( F i g u r e 
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Q= 51 1 I i i i i i l_ 
0 0.2 0.4 0.6 0.8 

CONCENTRATION (g/dl) 

Figure 5. Typical van't Hoff plots for heated and equilibrated pectins 
after 8-15 days. Key: M, DM = 0, Na+; • , D M = 37, A,DM = 70, Na+; 

DM = 58-60, Na+; O, D M = 58-60, H+; and A , D M = 70, H+. 

Table III. DP„ and AGR„ for Heated Pectins 

_ _ _ Osmometry 
End-Group 

D M Analysis Na H 

0 29.7+ 4.0 51+ 1 1.7+0.3 
35 50.7+ 9.0 126+ 1 — 2.5+0.5 — 
37 32.8+ 3.5 94+ 3 — 2.9+0.4 — 
57 65.9+ 1.2 186+ 2 155+ 3 2.8+0.5 2.4+0.5 

58-60 66.0+ 8.6 196+13 146+ 4 3.0+0.6 2.2+0.3 
70 67.6+10.9 178+ 7 170+ 7 2.6+0.5 2.6+0.5 

72-73 60.0+ 1.2 206+11 171 + 10 3.4+0.2 2.9+0.2 

flAGRn = M n >o /M n > EGT. 
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66 WATER-SOLUBLE POLYMERS 

4) i n 8 days , whereas M n decreased b y about 30% (cf. T a b l e s I j a n d III ) . 
Interest ing ly , f o r c o m p a r a b l e samples , the percentage d r o p i n M n o f the 
p r o t o n a t e d f o r m is e ither e q u a l to or greater than the percentage change 
i n M n f o r the s o d i u m f o r m . F o r h i g h - a n d m e d i u m - m e t h o x y pect ins , a 
c o m p a r i s o n o f s o d i u m a n d p r o t o n a t e d f o r m s also r e v e a l e d n o s igni f i cant 
d i f f e rence i n A G R n f o r the unheated pect ins ( T a b l e I ) . 

Comparison of Axial Ratios (L/d) and Counterion Binding for 
Heated and Unheated P e c t i n s . W h e n L/d w a s ca l cu la ted b y us ing 
e q u a t i o n 8, a v a l u e o f 0.62 w a s taken for V2 o f the pect ins a n d 0.56 f o r 
p o l y ( g a l a c t u r o n i c ac id ) (18). Vi w a s taken as that o f water . F o r the 
m e d i u m - m e t h o x y p r o t o n a t e d pect ins , L/d appears to have increased 
s o m e w h a t w i t h heat ing a n d e q u i l i b r a t i o n , whereas heat ing a n d e q u i l i b r a 
t i o n a p p e a r e d to have n o ef fect o n the a x i a l rat io o f h i g h - m e t h o x y p e c t i n 
( T a b l e I V ) . 

T h e l o w - m e t h o x y p r o t o n a t e d p e c t i n gave scattered data w h e n van ' t 
H o f f p lots w e r e a t t e m p t e d . T h e so lub i l i t y o f po ly (ga lac turon i c ac id ) 
w a s too l i m i t e d to o b t a i n van ' t H o f f p lots . Neverthe less , L/d a n d BH 
w e r e c a l c u l a t e d b y the f o l l o w i n g p r o c e d u r e . P G w a s assumed to b e a 
r o d (19) w i t h a v i r t u a l b o n d l ength of 5 A (i.e., the l ength of a m o n o m e r 
unit a l o n g the x axis) (20). T h u s , the o v e r a l l l ength (L)_ was ca l cu la ted 
f r o m the p r o d u c t o f the v i r t u a l b o n d l ength a n d the DP„ . F u r t h e r m o r e , 
w h e n the d i a m e t e r (d) was es t imated to b e 10 A, a n a p p r o x i m a t e va lue 
o f L/d c o u l d b e o b t a i n e d a n d an a p p r o x i m a t e BH c a l c u l a t e d f r o m e q u a 
t i o n 8 ( T a b l e I V ) . 

U n l i k e the pro tonated pect ins , van ' t H o f f plots w e r e ob ta ined for a l l 
the n e u t r a l i z e d pec t ins , so that values o f 1 — a ( f rac t ion o f b o u n d c o u n -
terions) w e r e o b t a i n e d f r o m equations 9 -11 . A va lue of 0.78 w a s used for 
X G i n equat i on 11 (8). C o u n t e r i o n b i n d i n g decreased for the heated a n d 
e q u i l i b r a t e d pect ins c o m p a r e d to the unheated ( T a b l e I V ) . F u r t h e r m o r e , 
for either heated or unheated pect ins , 1 — a increased w i t h decreas ing 
D M due to decreas ing charge densi ty . D e c r e a s i n g the f rac t ion o f esteri -
f i e d c a r b o x y l groups (e) is analogous to the progress ive neutra l i za t i on of 
a p o l y (acry l i c ac id) (21) ( F i g u r e 6) or increas ing the percentage o f 
c h a r g e d residues i n a c o p o l y m e r c o n t a i n i n g a m i x t u r e o f c h a r g e d a n d 
u n c h a r g e d c o m o n o m e r s (22). 

Concentrat ion -Dependent D i s s o c i a t i o n . I n l ight of the f ind ings 
that p e c t i n d i s soc ia t i on r e q u i r e d a c t i v a t i o n a n d that , i n f our o f six cases, 
several days_o f l a g t i m e ensued b e t w e e n ac t ivat i on a n d an o b s e r v e d 
decrease i n M S P P , a series o f c r i t i c a l exper iments w e r e p e r f o r m e d to 
test the hypothes is that pect ins undergo a concentrat i on -dependent d i s 
soc iat ion . T h e exper iments are d e s c r i b e d u n d e r E n d - G r o u p T i t r a t i o n . 
R e m a r k a b l y , the m i n i m a i n the van ' t H o f f p lots o f F i g u r e 7 are ev idence 
that n e u t r a l i z e d pect ins w i t h a D M b e t w e e n 73 a n d 35 a n d pro tonated 
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20 40 60 80 100 

(1-clxlO 2 OR NEUTRALIZATION (%) 

Figure 6. Counterion binding as a function of degree of esterification [(1 
— t) X 102] for heated and unheated pectin. Data for 0.015 N poly(acrylic 
acid) were taken from reference 21. Key: •, unheated pectin; A , heated 

pectin; and O, 0.0151 N poly(acrylic acid). 

p e c t i n w i t h D M - 7 2 - 7 3 u n d e r g o concentrat ion -dependent d issoc iat ion i n 
the concentra t i on range b e l o w 0.1 g / d L . A l t h o u g h not s h o w n , the 
D M - 7 0 , 57, a n d 58 -60 pect ins b e h a v e s i m i l a r l y . V a l u e s o f TT/C at the 
intercept w e r e ca l cu la ted f r o m M n values o b t a i n e d b y end-group 
t i t rat ion . 

W e note that i n the absence o f ac t ivat i on a n d the observance of a 
l a g t i m e , our results w e r e consistent w i t h the osmot i c pressure results of 
prev ious investigators (5-7) . O n l y after ac t ivat ion a n d observance of a 
l a g t i m e w e r e w e ab le to o b t a i n TT/C va lues su f f i c i ent ly free o f scatter i n 
the < 0 . 1 - g / d L range to observe r e p r o d u c i b l e m i n i m a i n van ' t H o f f 
p lo ts . T h u s , w e w e r e ab le to r e c o g n i z e the concentrat ion -dependent d i s 
soc iat ion o f p e c t i n , whereas others f a i l e d . 

I n cases w h e r e d issoc iat ion is a c c o m p a n i e d b y large free-energy 
changes, the concentrat ion range o f nonl inear i ty shou ld be rather nar 
r o w . T h u s , the van ' t H o f f p lots i n F i g u r e 7 c o u l d arise f r o m d issoc iat ing 
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3. FISHMAN E T AL. Dilute Solution Properties of Pectin 69 

CONCENTRATION (g/dl) 

Figure 7. van't Hoff plots demonstrating concentration-dependent dissoci
ation of pectin. Values at the intercept were calculated from end-group 
titrations. Key: • , D M = 35, N a + ; • and A , D M = 73 or 57, Na+; andQ, 

DM = 73, H+. 

systems that f o r m n o n i d e a l aggregates (13) u n d e r the in f luence o f r e l a 
t i ve ly large free-energy changes. 
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4 
13C-NMR Characterization of Structures 
of Water-Soluble Polymers 

Morris F. Tchir and Alfred Rudin 

Department of Chemistry, University of Waterloo, Waterloo, Ontario, 
Canada N2L 3G1 

Structural features of water-soluble polymers can be characterized 
using 13C-NMR spectroscopy. The techniques are similar to those 
used for nonaqueous polymer solutions. The state of the art of char-
acterization of the structure by NMR is presented along with the 
application of the technique to several specific polymers. 

P O L Y M E R S M A Y D I F F E R in molecular weight, composition, sequence 
distributions of comonomers, stereoregularity, branching, regularity of 
head-to-tail placements of vinyl monomer residues, and other features. 
Many of these characteristics are not reflected by current quality-control 
tests. Variations in some of these properties have important influences 
on practical uses of certain water-soluble polymers. For example, block-
iness of residual vinyl acetate residues is believed to affect surface activ
ity, dispersing power, solubility, and aqueous solution viscosity of par
tially hydrolyzed poly (vinyl alcohol) (1,2). Various techniques are used 
to infer mean block lengths of vinyl alcohol-acetate copolymers and 
other polymers (3-5) . None of these methods can measure sequence 
lengths directly, however. A n absolute analytical technique for detection 
of mean sequence distribution, branching, and other structural features 
has appeared only recently, in the form of 1 3 C N M R spectroscopy. 

This chapter summarizes the state of the art of the characterization 
of the structure of water-soluble polymers by 1 3 C - N M R . Examples are 
given of the application of these techniques to several important poly
mers. Most practical developments are so recent that very few reports 

0065~2393/86/0213-0071$06.00/0 
© 1986 American Chemical Society 
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72 WATER-SOLUBLE POLYMERS 

l i n k p e r f o r m a n c e to var iat ions i n sequence d i s t r ibut i on , substituent 
p l a c e m e n t , b r a n c h i n g , a n d so on . T h e r e f o r e , this i m p o r t a n t t o p i c is left 
to future r e v i e w s . 

I 3 C Analytical Techniques 

I n t r o d u c t i o n . T h e a p p l i c a t i o n o f 1 3 C - N M R spec t roscopy to p r o b 
l ems i n p o l y m e r sc ience is n o w w e l l establ ished. C o n t i n u e d advances i n 
theory , c o u p l e d w i t h ins t rument i m p r o v e m e n t s , m a k e the technique 
m o r e use fu l i n o b t a i n i n g prec i se a n d d e t a i l e d i n f o r m a t i o n about p o l y 
mers . T h e a p p l i c a t i o n of N M R to aqueous systems offers some interest
i n g possibi l i t ies a n d some u n i q u e p r o b l e m s . 

T h e great advantage o f 1 3 C N M R o v e r * H N M R is the larger c h e m i 
c a l shift range (200 p p m for c a r b o n versus 10 p p m for protons ) . R e l a 
t i v e l y s m a l l s t ructura l var iat ions c a n result i n d ist inct spectra l d i f ferences 
i n 1 3 C N M R . U n d e r n o r m a l cond i t i ons of spec t ra l d e t e r m i n a t i o n , each 
c a r b o n appears as a s ingle l ine w i t h o u t the c o m p l e x i t y of s p i n - s p i n c o u 
p l i n g f o u n d i n * H N M R . T h u s , u n d e r p r o p e r cond i t i ons , a great d e a l o f 
i n f o r m a t i o n c a n b e ob ta ined . 

I n s t r u m e n t a t i o n . Because the present c o n c e r n is w i t h p o l y m e r s i n 
so lu t i on , a h i g h reso lut ion spec t rometer is used . ( T h e ins t rumentat i on 
r e q u i r e d f o r sol ids is s o m e w h a t di f ferent . ) F u r t h e r , because the nucleus 
u n d e r observat ion is c a r b o n , the discussion is restr i c ted to p u l s e d F o u r i e r 
t r a n s f o r m spectrometers . (Poss ib ly , future d e v e l o p m e n t s w i l l e l iminate 
the use o f the F o u r i e r t r a n s f o r m techniques , b u t this usage is the current 
mode . ) N o r m a l l y , the a c c u r a c y o f the interpretat ion w i l l d e p e n d o n the 
degree o f d i spers i on , the reso lut ion , a n d the s ignal - to-noise l e v e l (S:N). 
T h e chal lenge is to o b t a i n a s p e c t r u m w i t h g o o d s ignal a n d w e l l - r e s o l v e d 
(separated) a n d n a r r o w peaks i n the shortest poss ib le t ime . 

M o s t c o m m e r c i a l spectrometers are m a r k e t e d w i t h some n u m b e r 
at tached to the n a m e . T h i s n u m b e r n o r m a l l y refers to the p r o t o n fre
q u e n c y for that par t i cu lar magnet . T h u s , n u m b e r s such as 100, 200, 500, 
a n d so o n m e a n that these spectrometers operate at 100, 200, a n d 500 
M H z for pro tons . T h e c o r r e s p o n d i n g c a r b o n f r e q u e n c y is about one-
quar ter ( factor o f 0.251) o f the p r o t o n f r e q u e n c y ; f or e x a m p l e , a 400-
M H z spec t rometer measures 1 3 C N M R at 100.6 M H z . [ O c c a s i o n a l lapses 
o c c u r i n this genera l p r a c t i c e , p a r t i c u l a r l y i n cont inuous w a v e ( C W ) 
spectrometers . F o r e x a m p l e , the P e r k i n - E l m e r R - 1 2 a n d R - 2 4 ins t ru 
ments b o t h o p e r a t e d at 60 M H z , w h i l e the R - 3 2 is a 9 0 - M H z spec t rome
ter. T h e V a r i a n 360 is a C W p e r m a n e n t m a g n e t 6 0 - M H z spec trometer 
a n d s h o u l d not b e c on fused w i t h a N i c o l e t 360, w h i c h operates at 360 
M H z . T h e V a r i a n C F T - 2 0 is rea l ly an 8 0 - M H z spectrometer that is " d e d i 
c a t e d " to carbon. ] 
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4. TCHIR A N D RUDIN 13C-NMR Characterization of Structural Features 73 

I n N M R spectroscopy , the c h e m i c a l shift range a n d c h e m i c a l shift 
i n parts per m i l l i o n ( p p m ) are i n d e p e n d e n t of f i e l d strength. O n the 
other h a n d , the f r equency range is d i r e c t l y p r o p o r t i o n a l to f i e l d strength. 
S o that the 2 0 0 - p p m range o n a 1 0 0 - M H z spec trometer (25 M H z for 
carbon) is c o v e r e d , a 5 0 0 0 - H z r e g i o n must be scanned . T h e range w o u l d 
b e 10,000 H z (10 k H z ) o n a 200 ins t rument a n d 20 k H z at 400 M H z . I f 
l ine w i d t h , d e f i n e d as the w i d t h at h a l f the m a x i m u m he ight of a reso
nance p e a k , does not change , then the chances of over lap w i l l decrease 
great ly as f i e l d strength increases. T h i s re lat ionship leads to a general 
ru le : use the highest f i e l d magnet that c a n b e f o u n d . 

I n p u l s e d exper iments , S:N is r o u g h l y p r o p o r t i o n a l to the square 
root o f the n u m b e r of scans. So that S:N is increased b y a factor of 2, 
f our t imes as m a n y scans must b e r u n , w i t h f our t imes as m u c h m a c h i n e 
t ime . H o w e v e r , other w a y s to i m p r o v e sensit ivity exist. 

T h e s igna l i n N M R spec t roscopy is 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 
the f i e l d strength. T h u s , c h a n g i n g f r o m an 8 0 - M H z spectrometer to a 
2 5 0 - M H z m a c h i n e s h o u l d result i n a s ignal enhancement b y a factor o f 
m o r e than 3 w i t h a t ime r e d u c t i o n of a factor of at least 9. 

I m p r o v e m e n t s i n e lectronics , p a r t i c u l a r l y i n p r o b e des ign , also serve 
to increase the s ignal . F o r example , a n e w 2 5 0 - M H z instrument m a y 
ac tua l ly b e better than an o l d 4 0 0 - M H z unit a n d is p r o b a b l y a factor of 5 
better than an o l d 8 0 - M H z spectrometer . T h i s cons iderat ion leads to 
another general ru le : a l l other things b e i n g equa l , use the newest spec
t rometer ava i lab le . 

M o s t n e w spectrometers are des igned for m u l t i n u c l e a r use a n d are 
s u p p l i e d w i t h b r o a d - b a n d e d tunable probes . A l t h o u g h these probes are 
m o r e versat i le , they usual ly w i l l not have the sensit ivity of a f i x e d -
f r e q u e n c y p r o b e . T h u s , a spec i f i c c a r b o n p r o b e w i l l g ive better results 
than a m u l t i n u c l e a r p r o b e that can be t u n e d to c a r b o n . 

T h e size o f the s a m p l e c a n also be i m p o r t a n t i n d e t e r m i n i n g the 
reso lu t i on a n d S : N . (S:N c a n b e d o u b l e d b y d o u b l i n g the a m o u n t of 
sample . ) P r o t o n spectra are n o r m a l l y r u n i n 5 - m m tubes a l though the 
usual s ize f o r c a r b o n spec t ra is 10 or 15 m m (doub le the rad ius a n d f our 
t imes the sample ) . T h e reso lut ion m a y not b e as g o o d i n a 1 0 - m m s a m 
p l e , b u t this factor is not usual ly i m p o r t a n t w i t h p o l y m e r s because the 
l ines are n a t u r a l l y w i d e . H o w e v e r , a f i x e d - f r e q u e n c y 5 - m m p r o b e m a y 
g ive bet ter results than a 1 0 - m m tunab le p r o b e . T h e correc t s a m p l e size 
m a y w e l l be d i c ta ted b y the spectrometer h a r d w a r e . 

M u l t i p l e scan a c c u m u l a t i o n requires a f i e l d l o c k system, par t i cu lar ly 
w i t h i r o n core magnets . T h i s system is p r o v i d e d b y l o c k i n g o n a 
d e u t e r i u m s igna l that is n o r m a l l y p r o v i d e d b y the solvent . I n the case of 
aqueous samples , this s ignal can b e p r o v i d e d b y the a d d i t i o n of a s m a l l 
q u a n t i t y o f D 2 0 . (Some spectrometers c a n be e q u i p p e d w i t h an external 
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l o c k system.) H o w e v e r , spectrometers e q u i p p e d w i t h s u p e r c o n d u c t i n g 
solenoids ( supercon magnets) can o f ten operate w i t h o u t a l o c k ; the f i e l d 
i n these spectrometers m a y b e so stable , over the t i m e r e q u i r e d to get a 
g o o d s p e c t r u m , that the n e e d for a d e u t e r i u m l o c k is o b v i a t e d a n d , i n 
the present case, o r d i n a r y w a t e r c a n b e used . S m a l l amounts o f d r i f t 
m a y cause s o m e l ine b r o a d e n i n g , b u t this p r o b l e m is not i m p o r t a n t so 
l o n g as this b r o a d e n i n g is less than the natura l l ine w i d t h a n d does not 
result i n a n unacceptab le loss o f reso lut ion . 

F i n a l l y , the spectrometer shou ld be e q u i p p e d w i t h v a r i a b l e - t e m p e r 
ature c a p a b i l i t y a n d w i t h c o m p u t e r c a p a b i l i t y (software a n d h a r d w a r e ) 
to c a r r y out spec ia l exper iments . 

A d v a n c e s i n t e chno logy are such that it is n o w poss ib le to o b t a i n a 
s p e c t r u m i n 1 h o n a 5 - m m s a m p l e that w o u l d have taken 24 h o n a 
1 0 - m m s a m p l e 5 years ago. P r o b a b l y , the 1 h w i l l b e r e d u c e d to minutes 
i n the near future . T h i s rate o f a d v a n c e has a l w a y s b e e n true i n the 
h is tory o f N M R : poss ib ly , a spectrometer that is state-of-the-art w h e n 
o r d e r e d is obsolete b y the t i m e it is d e l i v e r e d . 

S a m p l e P r e p a r a t i o n a n d R e s o l u t i o n . T h e care r e q u i r e d i n p r e p a r 
i n g a s a m p l e o f a p o l y m e r for 1 3 C N M R is o f ten less c r i t i c a l than for 
s m a l l molecu les , but some i m p o r t a n t po ints n e e d to b e cons idered . 

I n N M R spectroscopy , reso lut ion is usual ly d e f i n e d i n terms o f l ine 
w i d t h ( w i d t h at ha l f -he ight ) . L i n e w i d t h c a n b e i n f l u e n c e d b y b o t h the 
s a m p l e a n d the spectrometer : the n a r r o w e r the l ine , the c loser t w o lines 
c a n b e to one another a n d s t i l l b e r e s o l v e d . A n y nuc leus c a n have a 
natura l l ine w i d t h , w h i c h is a character ist ic o f the nucleus a n d o f the 
c h e m i c a l surroundings . T h i s l ine w i d t h is d e t e r m i n e d b y the re laxat ion 
rate a n d b e c o m e s n a r r o w e r as the l i f e t i m e of the exc i t ed state becomes 
longer . F o r 1 3 C N M R of s m a l l molecu les i n d i lu te so lut ion , this natura l 
l ine w i d t h is usual ly less than 1 H z . H o w e v e r , as the m o l e c u l a r w e i g h t 
increases, or as the v i s cos i ty increases, the o v e r a l l m o l e c u l a r m o t i o n is 
s l o w e d a n d d i p o l a r re laxat ion (T 2 ) increases; the result is that the l ine 
w i d t h increases. F o r this reason, the l ine w i d t h s f o u n d i n the 1 3 C N M R 
spectra o f p o l y m e r s are inherent ly larger than those f o r s m a l l molecu les . 

S o m e aspects of r eso lut i on are at the c o n t r o l o f the spectroscopist . 
T h e m a g n e t i c f i e l d h o m o g e n e i t y must b e m a x i m i z e d a n d lines must 
h a v e the p r o p e r L o r e n t z i a n shape; that is , the magnet must b e p r o p e r l y 
s h i m m e d . T h e s a m p l e so lut ion must p r o p e r l y f i l l the coi ls i n the p r o b e -
h e a d a n d b e free of b o t h sol ids a n d p a r a m a g n e t i c impur i t i e s ; for e x a m 
p l e , a t race o f m e t a l l i c n i c k e l or i r o n c a n cause severe l ine b r o a d e n i n g . 
S a m p l e tubes s h o u l d h a v e a v e r y u n i f o r m w a l l thickness , be v e r y 
straight , a n d b e concentr i c . These requ i rements usual ly i m p l y that the 
q u a l i t y o f the tube increases w i t h the p r i c e . T h e sample is n o r m a l l y 
ro ta ted (spun) o n its l o n g axis at a rate of 20-30 H z to average out f i e l d 
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4. TCHIR A N D RUDIN 13C-NMR Characterization of Structural Features 75 

inhomogene i t i es over the entire sample . T h i s ro tat ion c a n in t roduce 
s p i n n i n g s ide bands that m a y interfere w i t h the s p e c t r u m , b u t s p i n n i n g is 
r e q u i r e d for rea l ly h i g h reso lut ion w o r k . F i n a l l y , the magnet i c f i e l d must 
b e k e p t constant d u r i n g m u l t i p l e scan ac cumula t i ons , a n d k e e p i n g the 
m a g n e t i c f i e l d constant is n o r m a l l y done b y l o c k i n g as m e n t i o n e d 
earlier. 

A s n o t e d p r e v i o u s l y , l ine w i d t h s i n the 1 3 C N M R of p o l y m e r s t e n d 
to b e b r o a d , a n d some of this broadness is re la ted to re laxat ion t imes . 
H o w e v e r , a b r o a d l ine m a y also be d u e to the u n r e s o l v e d near s u p e r p o 
s i t ion o f a series o f n a r r o w l ines; that is, par t i cu lar carbons w i t h i n a 
p o l y m e r m o l e c u l e m a y each h a v e a n a r r o w l ine b u t a range of c h e m i c a l 
shifts that is s l ight ly greater than the l ine w i d t h . T h e net result w i l l b e an 
a p p a r e n t l y b r o a d l ine that is rea l ly the s u m m a t i o n of a d i s t r i b u t i o n of 
m u c h n a r r o w e r l ines. I n this case, an increase i n magnet i c f i e l d c o u l d 
result i n peak structure d e v e l o p i n g as the l ines are p u l l e d farther apart . 

F o r these reasons, the i n i t i a l studies o n any p o l y m e r s h o u l d be done 
at l o w so lut ion viscosit ies ( l ow concentrat ions) , i n g o o d - q u a l i t y tubes, 
w i t h s p i n n i n g a n d w i t h an internal l o ck , a n d at as h i g h a f i e l d as possible . 
If , at this p o i n t , the l ines are w i d e (>5 H z ) , then s impl i f i ca t i ons c a n be 
m a d e . Increased concentrat ion w i l l i m p r o v e S:N a n d shorten r u n t imes. 
S p i n n i n g of the s a m p l e m a y not be necessary, a n d s p i n n i n g s ide bands 
c a n then b e e l i m i n a t e d . A l o c k s ignal n e e d not b e used, a n d the s a m p l e 
w o u l d not requ i re a d d i t i o n of D 2 0 . 

L i n e w i d t h s are adverse ly a f fec ted b y h i g h v iscos i ty , a n d v iscos i ty 
s h o u l d b e k e p t as l o w as poss ib le . O n e a p p r o a c h is to increase the s a m 
p l e t emperature , a n d i n this respect , w a t e r (or D 2 0 ) is a g o o d solvent 
because i t has a r e la t i ve ly h i g h (100 ° C ) m a x i m u m temperature . ( W e 
have used w a t e r u p to 130 ° C i n sealed tubes.) H o w e v e r , increased 
temperatures c a n cause other p r o b l e m s . F i r s t , a t emperature increase 
causes a decrease i n the p o p u l a t i o n d i f f e rence b e t w e e n sp in states 
(smaller magnet izat ion) w i t h the result that S:N decreases. S e c o n d , the 
re laxat ion t i m e increases a n d a l onger d e l a y must be a l l o w e d b e t w e e n 
pulses , p a r t i c u l a r l y i n quant i tat ive w o r k . T h i r d , the p o l y m e r m a y 
degrade at e l evated temperatures over the t i m e of the r u n . F i n a l l y , some 
p o l y m e r s , such as p o l y ( v i n y l a l coho l ) , have a negat ive so lub i l i t y c oe f f i 
c ient i n water a n d m a y prec ip i tate as the temperature is increased . 

H i g h m o l e c u l a r w e i g h t p o l y m e r s m a y g ive v e r y v iscous solutions 
even at l o w concentrat ions . A somewhat n o v e l a p p r o a c h to v iscos i ty 
r e d u c t i o n is the use of m e c h a n i c a l shear ing to m o d i f y a p o l y m e r . T h i s 
shear ing is a c c o m p l i s h e d b y e x p o s i n g the so lut ion i n an ultrasonic 
c leaner b a t h . H o w e v e r , demonst ra t i on that the p o l y m e r is u n c h a n g e d 
m a y b e necessary, at least i n terms of its N M R spec t rum. 

T h e s tandard prac t i c e is to r e m o v e a l l sol ids f r o m an N M R sample 
b y f i l t r a t i o n . T h e usual l ine b r o a d e n i n g caused b y sol ids m a y not b e 
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76 WATER-SOLUBLE POLYMERS 

i m p o r t a n t i n 1 3 C N M R , a n d a v e r y viscous so lut ion m a y b e d i f f i c u l t to 
f i l ter . F o r this reason , somet imes p o l y m e r a n d so lvent can b e a d d e d to 
the tube a n d d isso lut ion a l l o w e d to o c c u r i n the N M R tube. A n y so l id 
part i c les d o not c o n t r i b u t e to the N M R s igna l (very b r o a d l ines ) , b u t a 
p o l y m e r that is not c o m p l e t e l y so lub le m a y y i e l d anomalous results i f 
the so luble m a t e r i a l is not representat ive of the w h o l e p o l y m e r . 

F i n a l l y , N M R spec t ra h a v e to b e r e f e r e n c e d to some i n t e r n a l stan
d a r d . T e t r a m e t h y l s i l a n e [ ( C H j ^ S i ] , the usua l 1 3 C s tandard , cannot be 
used i n aqueous so lut ion , a n d water does not c ont r ibute any peaks that 
c a n b e used for c a l i b r a t i o n . T h e aqueous s tandard ( C H 3 ) 3 S i C D 2 C 0 2 N a 
contr ibutes the three extra l ines to the s p e c t r u m (split further b y d e u 
t e r i u m ) , a n d its i on i c (soaplike) nature c o u l d adverse ly affect so lut ion 
character ist ics . P r o b a b l y the best s tandards are s m a l l water - so lub le 
organics that g ive one or t w o sharp l ines i n the s p e c t r u m ; for e x a m p l e , 
b o t h m e t h a n o l a n d p - d i o x a n e g ive single l ines a n d tert-butyl a l c o h o l 
gives one s trong a n d one w e a k peak. T h e mater ia l chosen shou ld not 
have a peak i n the p o l y m e r a b s o r p t i o n r e g i o n a n d shou ld , i n a separate 
e x p e r i m e n t , b e r e f e r e n c e d to a m o r e usual s i l y la ted s tandard i n the 
aqueous p o l y m e r m e d i u m . ( C h e m i c a l shifts are somewhat so lut ion 
dependent . ) O b v i o u s l y , the s tandard chosen s h o u l d not cause the p o l y 
m e r to prec ip i ta te . 

T h e S p e c t r u m . N M R spectroscopy has b o t h qual i tat ive a n d q u a n 
t i tat ive aspects. F o r * H N M R this d i f f e rent ia t i on is i m m a t e r i a l , b u t for 
1 3 C N M R the t w o aspects shou ld be c ons idered separately. 

Q U A L I T A T I V E A N A L Y S E S . T h e s tandard cond i t i ons for 1 3 C N M R o n a 
par t i cu lar spectrometer shou ld be w e l l - d e f i n e d . B r o a d - b a n d d e c o u p l i n g 
( r e m o v a l o f a l l C - H coupl ings ) w i l l n o r m a l l y b e used . P r o b a b l y , t w o -
l e v e l d e c o u p l i n g shou ld be used to prevent overheat ing : a l o w l e v e l of 
d e c o u p l i n g p o w e r suf f i c ient to m a i n t a i n the nuc lear Overhauser ef fect 
( N O E ) is a p p l i e d d u r i n g w a i t i n g per i ods a n d a h i g h l e v e l o f p o w e r is 
a p p l i e d d u r i n g the a c q u i s i t i o n . M o s t n e w systems operate w i t h de 
c o u p l i n g p r o g r a m s such as a M l e v or W a l t z , a n d these programs shou ld 
b e used i f ava i lab le . 

T h e i m p o r t a n c e of m a g n e t i c re laxat ion is m o r e apparent u n d e r 
Q u a n t i t a t i v e Ana lyses , b u t some re laxat ion d e l a y shou ld b e a l l o w e d 
b e t w e e n pulses. T h i s d e l a y is p a r t i c u l a r l y i m p o r t a n t i f a sma l l n u m b e r of 
quaternary carbons are present; r a p i d p u l s i n g c a n cause their bands to 
d i sappear . 

A t this stage, the d i g i t a l reso lut ion a n d S:N s h o u l d be such that abso
lu te ly a l l peaks are v i s i b l e ; that is, a s m a l l p e a k s h o u l d b e detec tab le i f it 
has 5% of the intensity of the strongest peak . 

T h e peaks o b t a i n e d must be assigned to p o l y m e r structural features. 
T h i s ass ignment m i g h t be s t r a i g h t f o r w a r d (an ester peak at 175 p p m ) or 
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4. TCHIR A N D RUDIN 13C-NMR Characterization of Structural Features 77 

not (e.g., a s m a l l peak at 62 p p m ) . T h e s p e c t r u m c o u l d b e r u n again i n 
the o f f - resonance d e c o u p l i n g m o d e i n w h i c h case m e t h y l groups show 
u p as quartets , - C H 2 - as t r ip le ts , - C H as double ts , a n d quaternary car 
bons as singlets. H o w e v e r , for a p o l y m e r , this s i tuat ion c a n b e c o m e v e r y 
messy , a n d a pu lse sequence that modula tes the s p e c t r u m a c c o r d i n g to 
the C - H coup l ings [/ m o d u l a t e d (6), D e p t (7), etc.] is m u c h better to 
use. These spec t ra usua l ly r e q u i r e about the same a m o u n t of t ime as 
b r o a d - b a n d d e c o u p l i n g a n d can p r o b a b l y b e r u n instead. 

T h e a p p l i c a t i o n of t w o - d i m e n s i o n a l (2-D) spectra to p o l y m e r w o r k 
is not c o m m o n , p r o b a b l y because these spec t ra are easiest to d o i n the 
p r o t o n - p r o t o n sense (8). H o w e v e r , c a r b o n - p r o t o n corre lat ions s h o u l d 
p r o v e to b e use fu l (for e x a m p l e , a quaternary c a r b o n w i l l not correlate 
w i t h any H s ) , a n d the p o t e n t i a l f or c a r b o n - c a r b o n corre lat ions , at the 
natura l a b u n d a n c e l e v e l , is even greater. 

T h e ass ignment of func t i ona l i ty at this l e v e l m a y be easy or d i f f i 
cu l t , b u t the next l e v e l o f assignment c a n b e m o r e c r i t i c a l a n d is cer ta in ly 
m o r e d i f f i cu l t . A s m e n t i o n e d prev ious ly , s m a l l s tructural var iat ions can 
cause observab le spec t ra l d i f ferences . T h e s t ructura l var iat ions c a n 
i n c l u d e any or a l l o f the f o l l o w i n g : tact i c i ty (d iad , t r i a d , etc., l eve l ) , 
p r o p a g a t i o n anomal ies (head-to-head versus head- to - ta i l p lacements ) , 
a n d sequence d i s t r i b u t i o n var iat ions i n c o p o l y m e r s . D e t e r m i n i n g w h i c h 
of these var ia t i ons , or w h i c h c o m b i n a t i o n of these var iat ions , is r espon 
s ib le f or a set o f peaks m a y not b e easy, a n d each p o l y m e r m a y have to 
b e t reated d i f f e rent ly . F o r e x a m p l e , i f the s a m p l e is a h o m o p o l y m e r , 
sequence d i s t r i b u t i o n var iat ions are r u l e d out a n d p r o p a g a t i o n a n o m a 
lies c a n cause large shifts that c o u l d poss ib ly b e ca l cu la ted b y us ing 
e m p i r i c a l corre lat ions . T a c t i c i t y considerat ions c a n be great ly s i m p l i f i e d 
i f a m e t h o d exists that a l l ows for the synthesis o f a stereoregular vers i on 
of the p o l y m e r . 

F i n a l l y , i f a l l else fai ls , synthesis of c o m p o u n d s that c o r r e s p o n d to 
o l i gomers of the p o l y m e r of interest m i g h t be necessary. U n a m b i g u o u s 
syntheses such as these c a n b e e x t r e m e l y c h a l l e n g i n g i n b o t h an inte l l ec 
tua l a n d technica l sense. 

Q U A N T I T A T I V E A N A L Y S E S . O n e of the v e r y use fu l features of X H 
N M R o n a C W spectrometer (single s l o w sweep) is that peak area is d i r e c t l y 
p r o p o r t i o n a l to the n u m b e r of H s p r o d u c i n g that peak . T h e r e f o r e , h y 
drogens c a n b e c o u n t e d b y N M R . T h i s feature carries over into p r o t o n 
spectra o b t a i n e d w i t h an F T spectrometer . C a r b o n , o n the other h a n d , is 
m o r e d i f f i c u l t to de termine quant i tat ive ly . B r o a d - b a n d d e c o u p l i n g of 
h y d r o g e n introduces an N O E ; N O E is a d i p o l a r effect that operates 
t h r o u g h space . A theore t i ca l m a x i m u m enhancement o f near ly 2 is o f ten 
observed for a l l carbons , i n c l u d i n g quaternary , i n p o l y m e r s . F o r quant i f i 
c a t i o n o f 1 3 C spec t ra , the d a t a must r e a l l y b e a c c u m u l a t e d i n a 
d e c o u p l e d m o d e b u t w i t h no N O E . T h i s a c c u m u l a t i o n is n o r m a l l y done 
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b y r u n n i n g a sequence i n w h i c h the d e c o u p l e r is t ransmi t t ing o n l y d u r 
i n g the t i m e o f the acqu i s i t i on . T h e C - H c o u p l i n g d isappears v e r y 
r a p i d l y (microseconds) after the p o w e r is t u r n e d o n a n d the N O E grows 
i n at the same rate as T\. T h i s f o r m of d e c o u p l i n g is k n o w n as inverse 
gated a n d s h o u l d e l iminate the N O E . [This feature is true o n l y i f the 
a c q u i s i t i o n t i m e (a sys tem-de f ined parameter ) is m u c h shorter than the 
re laxat ion t i m e a n d this re lat ionship is not a lways true o f po lymers . ] 

S o m e fee l f or " r o t a t i n g f r a m e " a n d "ang le o f m a g n e t i z a t i o n " is 
r e q u i r e d to unders tand the next p h e n o m e n o n . A d iscuss ion of these c o n 
cepts is f o u n d i n any N M R textbook (9). T h e m a x i m u m s ignal is 
o b t a i n e d f o r a 90° pulse angle . ( T h e 90° pulse angle must b e constant 
across the ent ire s w e e p range.) F o r the se cond a c c u m u l a t i o n to b e i d e n 
t i c a l w i t h the f irst , the m a g n e t i z a t i o n must b e a l l o w e d to r e t u r n to its 
i n i t i a l va lue . T h e r e c o v e r y of the magnet i za t i on is a f i rst -order process 
w i t h a rate constant e q u a l to 1 / T i . R e c o v e r y to exac t ly the same v a l u e 
w o u l d o b v i o u s l y r e q u i r e a t i m e a p p r o a c h i n g i n f i n i t y ; as a c o m p r o m i s e , a 
t i m e equ iva lent to 5 t imes the longest T\ is usual ly suggested. C a r b o n 
re laxat i on t imes i n p o l y m e r s are t y p i c a l l y less than a f e w seconds. H o w 
ever , Ti values o f 5-10 s w e r e observed , a n d these values d ic tate delays 
o f 30 s-1 m i n . T h e T i values m a y n e e d to b e m e a s u r e d exper imenta l l y . 
T h i s measurement is r e la t i ve ly easy to d o b y a n u m b e r of techniques , 
b u t the measurement does requ i re further exper imentat i on . (This s h o u l d 
b e c o m p a r e d to a nonquant i tat ive s p e c t r u m that w o u l d be o b t a i n e d w i t h 
f u l l N O E at a r epe t i t i on rate of 5-50 p u l s e s / m i n . ) T h u s , the r e q u i r e m e n t 
for quant i ta t ive d a t a great ly increases the a m o u n t o f m a c h i n e t i m e 
r e q u i r e d . 

T h e use of e l eva ted temperatures to i m p r o v e reso lut ion has a l ready 
been m e n t i o n e d . H o w e v e r , a h igher temperature l owers the inherent 
sensi t iv i ty (more scans required ) a n d increases T i values (more t i m e 
b e t w e e n scans) b y increas ing mo le cu lar m o t i o n . A c o m p r o m i s e has to b e 
a c h i e v e d b e t w e e n the a m o u n t o f m a c h i n e t i m e ava i lab le a n d q u a l i t y of 
d a t a r e q u i r e d . T h i s c o m p r o m i s e m a y not b e based o n p u r e l y sc ienti f ic 
considerations. 

O n e fur ther p a r a m e t e r needs to b e c o n s i d e r e d i n assoc iat ion w i t h 
quant i tat ive w o r k — t h e size of c o m p u t e r m e m o r y r e q u i r e d . T h e spec
t r u m p r o d u c e d b y an F T spec t rometer is an analogue p l o t o f d i g i t i z e d 
d a t a (the a l g o r i t h m joins the data) , a n d h o w m a n y data po ints are 
r e q u i r e d to accurate ly r e p r o d u c e a peak must b e c o n s i d e r e d . A r o u g h 
g u i d e is to h a v e at least f i v e po ints p e r peak . F o r a w i d e peak , this 
n u m b e r m i g h t b e easy, but care must b e taken w i t h n a r r o w peaks . T h e 
n u m b e r of po ints per f r e q u e n c y unit c a n b e increased b y decreas ing the 
f r e q u e n c y w i d t h o b s e r v e d (this ac t i on increases a cqu i s i t i on t ime) or b y 
increas ing the d a t a size (this ac t i on increases acqu i s i t i on t ime a n d p r o 
cess ing t ime ) . A sweep w i d t h a n d m e m o r y size suitable f or a qua l i ta t ive 
analysis m a y not b e correct for a quant i tat ive s p e c t r u m . 
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U n d e r some c i rcumstances some of these warn ings can be i g n o r e d . 
F o r e x a m p l e , cons ider a p o l y m e r that contains a c i d a n d ester f u n c t i o n a l 
ities a n d that has the t w o sets o f c a r b o n y l signals separated . T h a t a l l the 
a c i d c a r b o n y l carbons are m o r e or less equ iva lent i n terms o f their 
N O E s a n d their re laxat ion rates c a n then b e assumed , a n d thus interna l 
re lat ive areas are correct regardless of the acqu is i t i on parameters . T h e 
same shou ld also b e true b e t w e e n the ester carbony ls . H o w e v e r , the 
a p p r o x i m a t i o n w o u l d b e s tretched to c o m p a r e a c i d a n d ester carbony ls 
a n d w o u l d co l lapse w h e n c o m p a r i n g to a quaternary aromat i c c a r b o n . 

T h e ac tua l measurement of peak areas can b e done b y us ing the 
integrat ion rout ine w i t h i n the N M R p r o g r a m . N o i s e l e v e l , base- l ine r o l l , 
o v e r l a p p i n g peaks , a n d other effects m a y cause errors, h o w e v e r , a n d better 
a c c u r a c y n o r m a l l y results f r o m use of a p l a n i m e t e r or even f r o m c u t t i n g 
a n d w e i g h i n g techniques . 

I n s u m m a r y , quant i ta t ive 1 3 C N M R is not easy a n d requires some 
extra exper imenta t i on to get the correct condi t ions . E v e n w i t h every 
p r e c a u t i o n poss ib le , the areas m a y st i l l have an inherent error of u p 
to ±5%. 

T h e F u t u r e . T h i s d iscuss ion has been c o n c e r n e d a lmost exc lus ive ly 
w i t h 1 3 C N M R . * H N M R has not f o u n d m u c h use i n p o l y m e r s (because 
o f spec t ra l o v e r l a p ) , b u t the a p p l i c a t i o n o f n e w t w o - d i m e n s i o n a l (or e v e n 
three -d imens iona l ) methods m a y a l l o w for a separat ion that is not poss ib le 
i n a one -d imens iona l s p e c t r u m . C o n t i n u e d i m p r o v e m e n t s i n instrument 
t e chno logy m a y m a k e other n u c l e i accessible . D e u t e r i u m spectra are 
usua l ly r u n o n spec ia l l y p r e p a r e d deuterated c o m p o u n d s ; h o w e v e r , some 
recent w o r k o n d e u t e r i u m at n a t u r a l a b u n d a n c e has o c c u r r e d (a g o o d 
m o d e r n spectrometer c a n detect d e u t e r i u m i n tap water i n a single pulse) . 
S i m i l a r l y , 1 5 N (I = % n a t u r a l a b u n d a n c e o f 0.365?) c o u l d b e c o m e p r a c t i c a l 
(but d i f f i cu l t ) . 

F u r t h e r , advances i n m a g n e t techno logy , p r o b e e lectronics , c o m 
puter capab i l i t i es , a n d pulse sequences w i l l cont inue w i t h the net result 
that 1 3 C N M R w i l l cont inue to b e c o m e easier a n d m o r e useful . 

Applications 
C e l l u l o s i c s . R e u b e n (10) r ev iews the results of 1 3 C N M R analyses 

o f the structures of ce l lulose ethers. Par t i cu lar emphasis is g iven to the 
use o f such d a t a to est imate re lat ive rate constants f or subst i tut ion at the 
d i f ferent h y d r o x y l s i n starting anhydrog lucose units. 

Because these p o l y m e r s are used as th ickeners for water , spectra 
w i t h bet ter S : N ratios are o b t a i n e d f r o m solutions o f d e g r a d e d p o l y 
mers . L e e a n d P e r l i n (11) used a p p r o p r i a t e degradat ion schemes to 
s tudy the d i s t r i b u t i o n of h y d r o x y p r o p y l residues i n ( h y d r o x y p r o p y l ) c e l 
lulose as w e l l as to estimate the characterist ics of p o l y ( p r o p y l e n e oxide) 
s ide chains . P a r t i a l d e p o l y m e r i z a t i o n b y the ac t ion of a c i d or cel lulase 
was also f o u n d to b e a necessary first step i n the charac ter i za t i on of 
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m e t h y l - , ( c a r b o x y m e t h y l ) - a n d (hydroxyethy l ) ce l lu lose samples (12). 
T h e react iv i t ies o f the h y d r o x y l groups of cel lulose w e r e f o u n d to b e i n 
the o rder O H - 2 > O H - 6 > O H - 3 . T h e same order of reac t iv i ty was 
f o u n d b y other w o r k e r s f r o m p r o t o n - N M R analyses of subst i tuted g l u 
coses o b t a i n e d b y h y d r o l y s i s o f ( carboxymethy l ) ce l lu l ose i n aqueous 
H 2 S 0 4 (13). 

D e M e m b e r et a l . (14) r e p o r t e d the use o f 1 3 C - N M R analyses o f 
(hydroxyethy l ) ce l lulose to de te rmine the average c h a i n l ength o f p o l y 
ethylene ox ide) sequences, the degree of subst i tut ion o f ethylene ox ide , 
a n d the average re lat ive degree of d e r i v a t i z a t i o n of the anhydrog lucose 
h y d r o x y l s . 

T h e proper t i es o f ce l lu lose ethers are b e l i e v e d to d e p e n d i n par t o n 
the n u m b e r of moles of c o m b i n e d d e r i v a t i z i n g agent per a n h y d r o g l u 
cose uni t ( M S ) a n d o n the n u m b e r of h y d r o x y l groups that are subst i 
tu ted p e r a n h y d r o g l u c o s e unit ( D S ) . M S c a n be m e a s u r e d b y c lass ical 
c h e m i c a l techniques , b u t r e l i ab le D S analyses are p r o v i d e d p r i m a r i l y b y 
N M R methods (15). 

C e l l u l o s e acetate m a y b e c o m e w a t e r so luble w h e n the D S is m o d e r 
ate ly l o w (16). T h e s o l u b i l i t y does not d e p e n d so le ly o n the D S , h o w 
ever ; s o l u b i l i t y m a y also re f lect the re lat ive D S at the three d i f f erent 
types of h y d r o x y l groups a n d the d i s t r i b u t i o n of substituents a long the 
cel lulose m o l e c u l e (17). 

M i y a m o t o et a l . (18) s h o w e d that the re lat ive D S at i n d i v i d u a l 
h y d r o x y l groups c a n b e d e t e r m i n e d f r o m the 1 3 C - N M R spectra o f r i n g 
a n d O - a c e t y l c a r b o n y l carbons . E x a m i n a t i o n o f water - so lub le a n d i n 
so lub le ce l lulose acetate samples shows that so lub i l i t y can be a c h i e v e d 
b y a c e t y l a t i n g the C - 2 , C - 3 , a n d C - 6 h y d r o x y l groups to about the same 
extent (19). T h i s result p r e s u m a b l y reflects a m o r e e f fect ive d i s r u p t i o n 
of the crysta l l ine character of the ce l lulose than is a c h i e v e d b y select ive 
acety lat ion of the m o r e react ive C - 6 p r i m a r y h y d r o x y l . 

A c r y l a m i d e P o l y m e r s . P o l y m e r s a n d c o p o l y m e r s of a c r y l a m i d e 
are used extens ive ly as th ickeners a n d f locculents . T h e e f f i c i ency of 
these produc t s i n this a p p l i c a t i o n mil i tates against the use o f solutions 
w i t h su f f i c i ent ly h i g h concentrat ions for g o o d analyses. U l t r a s o n i c 
treatment decreases the so lut ion v iscos i ty to manageab le levels (20, 21). 
A n o t h e r exped ient to ach ieve sat is factory reso lut ion is , o f course, to use 
l o w e r m o l e c u l a r w e i g h t versions of the p o l y m e r at e levated sample 
temperatures (22). 

1 3 C N M R at 100.6 M H z w a s used to invest igate the stereoregular i ty 
o f a p o l y a c r y l a m i d e s p e c i m e n p r e p a r e d b y free r a d i c a l p o l y m e r i z a t i o n 
at 70 ° C w i t h c h a i n transfer , to r educe the m o l e c u l a r w e i g h t (22a). T h e 
m e t h i n e resonance was a n a l y z e d for t r i a d a n d p e n t a d p lacements . B e r 
n o u l l i statistics (22b) resu l ted i n a meso t r i a d p lacement p r o b a b i l i t y o f 0.43. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

4

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 
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T h i s is s imi lar to observations w i t h other v i n y l p o l y m e r s a n d indicates a 
sl ight pre ference for syndio tac t i c p lacements . 

C o p o l y m e r s of a c r y l a m i d e a n d a c r y l i c a c i d can b e p r e p a r e d b y free 
r a d i c a l c o p o l y m e r i z a t i o n or b y hydro lys i s o f p o l y a c r y l a m i d e . I n the lat 
ter case, the h y d r o l y s i s cond i t i ons are expec ted to in f luence the 
sequence d i s t r i b u t i o n of res idua l a c r y l a m i d e units a n d , therefore , the 
b e h a v i o r o f the c o p o l y m e r as a f l occulent or th ickener . A care fu l recent 
1 3 C - N M R s tudy b y H a l v o r s o n et a l . (23) s h o w e d that m i l d a lka l ine 
hydro lys i s produces a w i d e spac ing of c a r b o x y l groups a l ong the m a e 
romo leeu le . T h e d i s t r i b u t i o n p r o v i d e d b y a c i d h y d r o l y s i s , b y contrast , 
tends to b l o c k s of c a r b o x y l groups . 

Sequent ia l h y d r o l y s i s procedures w e r e d e v e l o p e d i n w h i c h an i n i t i a l 
l o w l e v e l a lka l ine hydro lys i s step p r e c e d e d a b u f f e r e d a c i d hydro lys i s . 
T h e resu l t ing produc t s conta ined a c r y l i c a c i d b l o c k s of c ont ro l l ed l ength 
a n d d i s t r i b u t i o n (20). S ign i f i cant di f ferences w e r e seen b e t w e e n these 
p roduc t s . F o r e x a m p l e , c a l c i u m t i t rat ion resul ted i n m u c h m o r e exten
sive p r e c i p i t a t i o n o f b l o c k y than r a n d o m c o p o l y m e r s . 

P o l y ( v i n y l a l coho l ) . C o p o l y m e r c o m p o s i t i o n , tac t i c i ty , b r a n c h i n g 
f r equency , a n d m e a n v i n y l a c e t a t e - v i n y l a l c o h o l sequence lengths w e r e 
m e a s u r e d f r o m h igh -reso lut i on 1 3 C - N M R spectra (24). S p e c t r a w e r e 
o b t a i n e d i n D 2 0 solutions at 100.6 M H z . U s e of a h i g h m a g n e t i c f i e l d 
ins t rument is r e c o m m e n d e d ; m u c h of the i n f o r m a t i o n that c a n b e 
d e r i v e d f r o m the d a t a is lost i n a 2 0 . 1 - M H z 1 3 C - N M R s p e c t r u m . P e a k 
assignments w e r e m a d e b y c o m p a r i s o n w i t h those of re lated p o l y m e r s 
a n d e m p i r i c a l a d d i t i v i t y rules. 

M e a n sequence lengths i n p a r t i a l l y h y d r o l y z e d p o l y ( v i n y l a lcohol ) 
are p r e f e r a b l y m e a s u r e d f r o m methy lene c a r b o n resonances of v i n y l 
a l c o h o l a n d v i n y l acetate residues (24, 25). C a r b o n y l c a r b o n resonances 
c a n also b e used i f these bands are c o r re c ted for con f igurat i ona l d i f f e r 
ences (26). T h e m e t h y l e n e c a r b o n r e g i o n of the 1 3 C s p e c t r u m genera l ly 
consists o f three w e l l - r e s o l v e d lines that c a n be assigned to the a l c o h o l -
a l c o h o l , a l coho l -ace ta te a n d acetate-acetate dyads . A s s u m i n g that the 
N O E is essential ly the same a m o n g m a i n - c h a i n carbons (27), the in te 
g ra ted intensities o f these c a r b o n resonances c a n b e used to measure 
c h e m i c a l c o m p o s i t i o n a n d m e a n sequence d i s t r ibut i on . T h e r e l i a b i l i t y o f 
the t e chn ique c a n b e assessed b y c o m p a r i n g N M R analyses of acetate 
content w i t h those f r o m c h e m i c a l or i n f r a r e d analyses. 

T h e s tereochemica l c on f i gura t i on of p o l y ( v i n y l alcohol ) can b e 
assessed f r o m the meth ine c a r b o n resonances. T h i s i n f o r m a t i o n is 
n o r m a l l y not o f great interest because p o l y ( v i n y l alcohol ) d e r i v e d 
f r o m r a d i c a l - p o l y m e r i z e d p o l y ( v i n y l acetate) appears to be atact ic 
(24, 28, 29). 
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B r a n c h i n g is another matter , h o w e v e r . D u n n a n d N a r a v a n e sug
gested (30) that most branches i n p o l y ( v i n y l a lcohol ) w i l l b e n o n h y -
d r o l y z a b l e a n d short, a result o f i n t r a m o l e c u l a r c h a i n transfer to meth ine 
carbons o n the p o l y m e r b a c k b o n e . T h e 1 3 C - N M R area of the quaternary 
b r a n c h p o i n t is not l i k e l y to p r o v i d e a n accurate measure of the n u m b e r 
o f c a r b o n atoms c o n t r i b u t i n g to i t because this c a r b o n w i l l h a v e a v e r y 
l o n g re laxat i on t i m e . H o w e v e r , t rans fo rmat i on o f m e t h i n e to quaternary 
carbons w i l l decrease the m e t h i n e i m e t h y l e n e rat io f r o m the unit va lue 
e x p e c t e d f o r u n b r a n c h e d p o l y m e r s . T h i s rat io has b e e n used to measure 
tota l b r a n c h i n g i n p o l y ( v i n y l a lcohol ) (24). 

A c o m p a r i s o n o f the b r a n c h content f r o m l 3 C N M R w i t h l o n g c h a i n 
b r a n c h i n g f r e q u e n c y f r o m s ize-exc lus ion c h r o m a t o g r a p h y shows that 
s ome 95% o r m o r e o f the branches i n the samples e x a m i n e d w e r e i n d e e d 
short (31). L o n g branches are not d e f i n e d exact ly i n this context . B y 
ana logy w i t h p o l y e t h y l e n e , h o w e v e r , these branches are assumed to 
c o m p r i s e m o r e than six carbons (32). 

Short branches (six carbons or less) c a n p r e s u m a b l y b e character 
i z e d b y c a r e f u l i 3 C - N M R analyses, b u t such d a t a have not b e e n r e p o r t e d 
yet . L a c k i n g also are measurements o f p o l y ( v i n y l alcohols) d e r i v e d f r o m 
v i n y l a c e t a t e - l - o l e f i n c o p o l y m e r s . 

T h e F u t u r e . A l t h o u g h not w i t h o u t their share o f p r o b l e m s a n d 
t e d i u m , 1 3 C - N M R character izat ions o f water - so lub le p o l y m e r s can e v i 
d e n t l y p r o v i d e i n f o r m a t i o n that is not d i r e c t l y ava i lab le f r o m any other 
current m e t h o d . T h e next step i n the sequence of unders tand ing requires 
the establ ishment of the correspondence b e t w e e n p r o d u c t p e r f o r m a n c e 
a n d the s t ruc tura l character ist ics that have b e e n thus revea led . Because 
this l i n k m a y have cons iderab le c o m m e r c i a l va lue , p u b l i c a t i o n of this 
i n f o r m a t i o n m a y be s l ower than d e v e l o p m e n t o f the basic ana ly t i ca l 
techniques . 
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5 
Adsorption and Its Influence 
on Application Properties 

J. E. Glass 

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

General concepts in the adsorption of water-soluble polymers are 
presented and discussed in relation to their use in the applications 
developed in the latter part of this chapter and this book. In most ap-
plications, flocculents are present or induced when the water
-soluble polymer is added. In coating applications, the importance 
of adsorption is further complicated by the variable surface 
energies and surface areas of the dispersed components and the 
presence of preadded stabilizers to minimize flocculation. In 
petroleum applications, adsorption per se does not ensure shale 
stabilization or protect against fluid loss to the reservoir, but ad-
sorption is necessary if a drilling fluid is to function effectively. 
These problems and those associated with protective colloid 
usages are discussed.

General Concepts Governing Adsorption 
T h e a d s o r p t i o n o f water - so lub le p o l y m e r s at var ious types o f interfaces 
is i m p o r t a n t i n m a n y app l i ca t ions . Severa l pert inent r ev i ews (1-7) 
address the nature o f the c o n f o r m a t i o n o f the p o l y m e r i n its a d s o r b e d 
state a n d e m p h a s i z e the results o f studies f r o m d i lu te solutions. These 
data are s e l d o m translatable to the p e r f o r m a n c e of water -so lub le p o l y 
mers i n c o m m e r c i a l app l i ca t i ons . I n the f o l l o w i n g d iscuss ion , f u n d a 
m e n t a l aspects w i l l b e h i g h l i g h t e d b u t not deta i led . T h e data are d is 
cussed i n re lat ion to the p r o b l e m s associated w i t h adsorp t i on i n latter 
sections o f this chapter . 

F o r a d s o r p t i o n to occur , the change i n the free energy o f the system 
must be negat ive . A f a v o r a b l e en t rop i c c o n t r i b u t i o n f r o m the loss o f 
c o n f o r m a t i o n a l f r e e d o m b y the a d s o r b e d p o l y m e r a n d concomi tant ga in 
b y the l i b e r a t e d w a t e r molecu les s h o u l d b e r e a l i z e d . E x a m p l e s c l ear ly 
de l inea t ing the re la t ive in f luence o f the e n t r o p i c c o n t r i b u t i o n are f e w . 
T h e energies o f in terac t i on b e t w e e n w a t e r a n d b o t h the substrate a n d 
the p o l y m e r a n d b e t w e e n the water - so lub le p o l y m e r a n d the substrate 

0065-2393/86/0213-0085$06.00/0 
© 1986 American Chemical Society 
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m u s t b e f a v o r a b l e to p r o v i d e an entha lp i c c o n t r i b u t i o n . E x a m p l e s (1-7) i l 
lus t rat ing the i m p o r t a n c e o f entha lp i c contr ibut ions , except for the sub
s t ra te -water interact ions , are numerous . G i v e n a spec i f i c c h e m i c a l c o m 
pos i t i on , the t h e r m o d y n a m i c funct ions f a v o r a d s o r p t i o n o f h igher 
m o l e c u l a r w e i g h t species. T h i s p r o p e r t y appl ies to adsorp t i on f r o m so lu 
tions o f m o d e r a t e l y l o w concentrat ions a n d to u n f l o c c u l a t e d substrates. 
N u m e r o u s examples o f the m o l e c u l a r w e i g h t d e p e n d e n c e are p r o v i d e d 
i n the r e v i e w s (1-7). 

Entropic Contributions 
E n t r o p i c c o n t r i b u t i o n to the a d s o r p t i o n process is i l lustrated b y the 
u n d e r i v a t i z e d c a r b o h y d r a t e p o l y m e r s d iscussed i n C h a p t e r 1 [Sclerotium 
glucanicum p o l y s a c c h a r i d e ( S G P S ) , guaran , a n d dextran] . A l l o f the car
b o h y d r a t e p o l y m e r s conta in v e r y h y d r o p h i l i c repeat ing segments a n d d o 
not l o w e r the sur face tens ion o f water . T h e f irst , S G P S , is n o t e d for its 
h e l i c a l a n d n e t w o r k structure i n aqueous solutions (8); o f the p o l y m e r s 
c o n s i d e r e d , S G P S w o u l d h a v e the least ent rop i c ga in o n d isso lut ion . 
G u a r a n possesses a r a n d o m c o n f o r m a t i o n i n w a t e r a n d w o u l d ga in a 
greater degree of entrop i c f r e e d o m o n d isso lut ion . D e x t r a n w i t h one of 
its in teruni t r e p e a t i n g b o n d s exo to the p y r a n o s y l r i n g w o u l d exper ience 
the greatest c o n f o r m a t i o n a l f r e e d o m o n d isso lut ion . T h e i r c o n f o r m a 
t i ona l en t rop i c losses o n adsorp t i on w o u l d be inverse ly p r o p o r t i o n a l to 
the ga in o n d i sso lut i on . T h e amounts a d s o r b e d o n p e p t i z e d m o n t m o r i l -
l on i te are i n agreement ( F i g u r e 1) w i t h the e x p e c t e d results. These 
observat ions are c o m p l e m e n t e d b y the adsorpt i on of amylose o n 
m o n t m o r i l l o n i t e . T h e re t rogradat ion o f amylose (i.e., the f o r m a t i o n o f a 
d o u b l e hel ix ) at a m b i e n t t empera ture w o u l d p r e d i c t greater adsorp t i on 
at l o w e r temperatures ( a b n o r m a l b e h a v i o r f or a water - so lub le p o l y m e r ) , 
w h i c h is observed . 

Enthalpic Contributions 
E n t h a l p i c contr ibut ions to the free energy of adsorpt i on i n v o l v e three 
p r i m a r y interact ions (9): p o l y m e r - w a t e r , p o l y m e r - s u b s t r a t e , a n d w a t e r -
substrate. S t r a i g h t f o r w a r d examples (1-7) o f the i m p o r t a n c e o f the first 
t w o types o f in terac t i on exist. T h e nature o f the substrate -water interact ion 
has not b e e n q u a n t i f i e d , p r i m a r i l y due to an obsession, for the past t w o 
decades , w i t h a d s o r b i n g p o l y m e r s o n l y o n m o n o d i s p e r s e d po lys tyrene 
latices. Par t i cu la te systems o f fer a h i g h surface area, w h i c h makes sur
face concentra t i on measurements feasible v i a so lut ion concentrat ion 
measurements . T h e recent d isc losure (JO) o f a synthet ic t e chn ique for 
p r e p a r i n g methacry la te a n d methacry la te -a c ry la te c o p o l y m e r m o n o -
d i spersed latices m a y p e r m i t quant i f i ca t i on of the i m p o r t a n c e of the 
substrate -water c o n t r i b u t i o n i n the near future. T h i s poss ib i l i ty is d is -
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s 
i 
c 

" I 
o 

Temperature °C 

Figure 1. Temperature dependence of adsorption. Substrate: peptized 
montmorillonite. Polysaccharides; •, SGPS; O , guaran;Q, amylose; and V , 

dextran. 

cussed i n context w i t h a p p l i c a t i o n parameters i n a latter sect ion. T h e 
nature of p o l y m e r - w a t e r a n d p o l y m e r - s u b s t r a t e interact ions on adsorp 
t i on are h i g h l i g h t e d i n the f o l l o w i n g paragraphs , after a d iscussion of 
t i m e - a n d concent ra t i on -dependent p h e n o m e n a i n the a d s o r p t i o n 
process. 

P o l y m e r a d s o r p t i o n at an a ir , l i q u i d , or s o l i d inter face exhibits the 
genera l character ist i cs (11a) i l lus t rated i n F i g u r e 2. A t a v e r y l o w c o n c e n 
trat ion , the process is d i f fus i on - contro l l ed . T h e a m o u n t a d s o r b e d , 
re f l e c ted for a h o m o p o l y m e r b y the surface pressure (i.e., the d i f ference 
b e t w e e n the surface tension of water a n d that of the aqueous p o l y m e r 
so lut ion) , increases s l o w l y . A t a m o d e r a t e l y l o w concentrat ion , an 
e q u i l i b r i u m surface pressure is r eached w i t h i n minutes ; at concentrat ions 
greater than 1000 p p m , c o m m o n i n most app l i cat ions , the t ime d e p e n 
dence is essentially undetectable . 

T h e concentra t i on d e p e n d e n c e at e q u i l i b r i u m is i l lus trated i n F i g 
ure 3. A t l o w concentrat ion the p o l y m e r adsorbs as an iso lated c h a i n , 
w i t h a h i g h p r o p o r t i o n of its segments i n the inter face (designated as 
trains) a n d o n l y a s m a l l percentage o f its segments i n the cont inuous 
phase ( loops) . A s the concentrat ion is increased , the l o ca t i on of the seg
ments is r eversed . F e w e r segments are l o c a t e d i n the inter face [ca. 30% 
o n average , b a s e d o n nonaqueous p o l y m e r adsorp t i on studies (lib)]; most 
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Time (h) 

Figure 2. Surface pressure (mN/m) dependence on time (h) of polyvinyl 
methyl ether), viscosity-average molecular weight (Mv)= 5 X 105:0,1 ppm; 

0,10 ppm; •, 1000 ppm; and #, 5000 ppm. 

J 1 i i i i 

2000 4000 6000 
Polymer C o n e , p p m 

Figure 3. Adsorption (g/g) dependence on water-soluble polymer con
centration (ppm). Substrate: peptized sodium montmorillonite. Open 
symbols: adsorbed from freshwater solutions. Closed symbols: from 0.54 
N NaCl solutions. Water-soluble polymers (W-SP): O and •, (hydroxy-
ethyl)cellulose (HEC) (MS = 2.0); A , HEC (MS = 2.0) containing (2-hy-
droxypropyl)trimethyhmmonium chloride (MS = 0.4) (HECN+Me3Cl ; 

polymer was extracted and gave pH 6.7 in clay slurry). 

segments are ex tended n o r m a l to the inter face as loops a n d as ta i l f r a g 
ments . A n ear ly m o d e l (9) represent ing an in ter fac ia l c o n f o r m a t i o n is 
i l lustrated i n F i g u r e 4. 

I f the segments of the m a c r o m o l e c u l e v a r y i n h y d r o p h o b i c i t y , 
a d s o r p t i o n w i l l exh ib i t a s igni f i cant t i m e d e p e n d e n c e even at h i g h c o n 
centrations. A n e x a m p l e of the p h e n o m e n o n is i l lustrated i n F igures 5 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



5. GLASS Adsorption and Its Influence on Application Properties 89 

a n d 6 f or water - so lub le b i o p o l y m e r s . T h e t i m e d e p e n d e n c e is a t t r ibuted 
to t w o p h e n o m e n a : d i f f u s i o n to the inter face a n d in ter fac ia l reor ienta 
t i on . T h e m e c h a n i s m is c l ear ly d e t a i l e d (12) i n a s tudy e m p l o y i n g r a d i o 
tracer (de l ineat ing the short t ime p e r i o d i n v o l v e d i n adsorpt i on at m o d 
erately l o w concentrations) a n d surface tension measurements (del ine
a t ing the rearrangement o f the a d s o r b e d chains to p e r m i t r epos i t i on ing 
o f the m o r e h y d r o p h o b i c segments i n the inter face ) . I f the segments are 
not s ign i f i cant ly d i f f erent i n h y d r o p h o b i c i t y , adsorpt i on f r o m concen -

Figure 4. Generalized conformation for adsorbed polymers. 

0 5 10 
Adsorption Time, h 

15 

Figure 5. Variation of surface pressure (®) and surface concentration (9) 
with time during the adsorption of fi-casein at the air-water interface. The 
substrate was phosphate buffer (pH 7; I = 0.1) at 20 °C and the initial 
protein concentration was 7.3 X 10~5 wt %. Reproduced with permission 

from reference 12. Copyright 1979 Academic. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 
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CM 

I 

Adsorption Time, h 

Figure 6. Variation of surface pressure (O) and surface concentration (•) 
with time during the adsorption of lysozyme at the air-water interface. 
The initial protein concentration was 7.6 X 10~5 wt %, and the remaining 
conditions are as described in Figure 4. Reproduced with permission from 

reference 12. Copyright 1979 Academic. 

t ra ted solutions w i l l restr ict rearrangement w i t h i n the t i m e f r a m e i m p o r 
tant i n most a p p l i c a t i o n processes. 

P o l y m e r - W a t e r Interact ions . T h e i m p o r t a n c e o f the p o l y m e r -
w a t e r i n t e r a c t i o n on the a m o u n t a d s o r b e d at an a i r - or o r g a n i c - a q u e o u s 
inter face is i l lus t ra ted b y the t i m e d e p e n d e n c e o b s e r v e d i n the a d s o r p 
t i o n 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 c o p o l y m e r s (13) of v a r i a b l e acetate 
content or i n cel lulose ethers (11) w i t h ether l inkages o f v a r i a b l e h y d r o -
ph i l i c i t i es . T h e dependenc ies are c o m p r e h e n s i b l e v i a the d u a l m e c h a 
n i s m n o t e d prev i ous ly : d i f fus i on to a n d reor ientat ion i n the inter fac ia l 
r e g i o n . T h e ce l lu lose ether d a t a are g i v e n i n F i g u r e 7 to i l lustrate , later , 
the i m p o r t a n c e o f d i f f e rent types of in terac t i on i n d e t e r m i n i n g the 
a m o u n t o f adsorpt i on . 

W a t e r - s o l u b l e p o l y m e r s w i t h increas ing h y d r o p h o b i c i t y exhib i t 
l o w e r s o l u b i l i t y w i t h increas ing temperature , a n d the effect o f p o l y m e r -
w a t e r interact ions also c a n be o b s e r v e d i n adsorpt i on dependence as a 
f u n c t i o n o f t emperature . E x a m p l e s o f the temperature re lat ionship are 
n o t e d i n the a d s o r p t i o n o f v i n y l a l c o h o l - v i n y l acetate c o p o l y m e r s on 
m o n o d i s p e r s e d po lys tyrene latices (14) a n d for ( h y d r o x y e t h y l ) - a n d 
( h y d r o x y p r o p y l ) c e l l u l o s e o n s i l i ca part ic les (15). T h e latter data are i l lus 
t ra ted i n F i g u r e 8; ( h y d r o x y p r o p y l ) c e l l u l o s e o f m o l a r subst i tut ion ( M S ) 
o f 4.0 prec ip i tates at 45 ° C , w h e r e a notab le increase i n its adsorp t i on is 
observed . T h e i m p o r t a n c e of a d s o r b e n t - w a t e r in terac t ion i n adsorpt i on 
p h e n o m e n a also is o b s e r v e d w i t h b o t h anionic (16) a n d non ion i c (17) 
surfactants . These observat ions w i l l b e s igni f i cant i n the p e r f o r m a n c e of 
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Figure 7. Surface pressure (mN/m) dependence (air-water interface) on 
time (h) for (hydroxyethyl)- (HE) and (hydroxypropyl)- (HP) cellulose 
(1000 ppm): O, M S = 2.40 (HE) and 0.13 (HP); 0 , M S = 1.52 (HE) and 

0.62 (HP); andO, MS = 1.19 (HE) and 1.03 (HP). 

I 1 i i I 
0 20 40 60 

Temp. CO 

Figure 8. Temperature dependence of saturated adsorption (As) of 
moderate molecular weight (hydroxypropyl)cellulose (O) and high molec

ular weight (hydroxyethyl)cellulose (O) onto silica particles. 
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92 WATER-SOLUBLE POLYMERS 

h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r s i n coatings a p p l i c a 
tions (Chapters 19-21) . 

Polymer -Substrate Interactions. W h e n the substrate is m o n t m o r i l -
l on i te , a s igni f i cant d i f f erence i n adsorpt i on re lat ive to that at the 
a i r - a q u e o u s inter face is observed . T h e d i f ference is a f fec ted b y an i o n -
d i p o l e in terac t i on b e t w e e n the ether oxygens o n the p o l y m e r a n d the 
cations o n the surface a n d i n the inter layer o f the c lay (18). F o r example , 
the ce l lulose ethers i l lustrated i n F i g u r e 7 adsorb o n p e p t i z e d m o n t m o r i l -
l on i te ( T a b l e I) i n p r o p o r t i o n to the a m o u n t o f oxye thy lene or o x y p r o -
p y l e n e pendent to ce l lulose or guaran (po lymers discussed i n C h a p t e r 1), 
not i n re lat ion to the h y d r o p h o b i c i t y of the pendent ether l inkages . 

T h e d r a m a t i c nature of this interact ion is ev ident w i t h v a r i a t i o n i n 
the ca t i on . F o r e x a m p l e , s o d i u m m o n t m o r i l l o n i t e is extensively h y d r a t e d 
i n aqueous so lut i on , a n d water - so lub le p o l y m e r s such as ( h y d r o x y e t h y l ) -
ce l lu lose are e n t r a p p e d i n the in ter layer o n r e c o v e r y o f the c lay . E x p a n 
s ion o f the in ter layer does not o c c u r s i gn i f i cant ly w h e n the c a t i o n is c a l 
c i u m a n d ce l lulose ethers are not entra ined i n the inter layer . A notab le 
except i on , h i g h l i g h t i n g the i m p o r t a n c e of the i o n - d i p o l e in terac t ion , is 
the a b i l i t y o f even h i g h m o l e c u l a r w e i g h t (10 6) po ly (oxyethy lene ) to 
penetrate the in ter layer o f c a l c i u m m o n t m o r i l l o n i t e . Its " r e p t a t i o n " (to 
b o r r o w a t e r m f r o m the rheo l ogy area) into the n a r r o w inter layer c h a n 
n e l p r o d u c e s greater s t ruc tur ing (observed i n h igher o rder X - r a y d i f f r a c 
t i on patterns) than o b s e r v e d i n untreated m o n t m o r i l l o n i t e . T h e i n a b i l i t y 
o f ce l lu lose ethers to penetrate the inter layer o f c a l c i u m m o n t m o r i l l o n i t e 
is re latable to their segmental r i g i d i t y (note d iscuss ion i n C h a p t e r 11). 

Substrate-Water Affinity. F o r a d s o r p t i o n to o ccur , R h e b i n d e r (19) 
p r o p o s e d i n 1927 that the p o l a r i t y o f the t h i r d c o m p o n e n t s h o u l d b e inter 
m e d i a t e to the po lar i t i es o f the t w o b o u n d a r y layers . I n the f o l l o w i n g 

Table I. Effect of Cellulose Ethers on the Adsorption and 
dm Expansion of Montmorillonite with Interlayer 

Cations N a + and C a 2 + 

Interlayer 
Spacing (nm) 

W-SP MS Ads(g/g) Na+ Ca2+ 

H E C 4.3 0.98 — 
H E C 2.5 0.70 — — 
H E C 2.0 0.69 2.4 1.53 
HPC 4.0 0.40 1.9 1.90 

N O T E : Abbreviations are as follows: W - S P , water-soluble polymer; 
Ads, adsorption; H E C , (hydroxyethyl)cellulose; and H P C , (hyaroxy-
propyl)eellulose. 
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5. GLASS Adsorption and Its Influence on Application Properties 93 

decades , invest igat ions of l i m i t e d scope e x a m i n e d the extent o f a d s o r p 
t i o n o f d i f f e rent c o m p o u n d s at var ious inter faces ; i n 1941, f our d i f f e rent 
a lcohols w i t h inc reas ing h y d r o p h o b i c i t y w e r e a d s o r b e d (20) f r o m aque 
ous solut ions at a i r , n -heptane , benzene , a n d n-2-hexanone interfaces . 
T h e in ter fac ia l tensions of these phases w i t h water v a r i e d s igni f i cant ly ; 
the s tudy r e v e a l e d the in ter fac ia l free energy as a ma jor de terminant i n 
the a m o u n t of l o w m o l e c u l a r w e i g h t a l c o h o l adsorbed . W i t h i n each 
i n d i v i d u a l l o w m o l e c u l a r w e i g h t a l c oho l adsorp t i on s tudy , the i m p o r 
tance of m u t u a l phase aff init ies (i.e., o f the o rgan i c -aqueous interface) 
o n the a d s o r p t i o n of a t h i r d c o m p o n e n t was addressed . A s imi lar series 
o f exper iments (21) u t i l i z i n g p o l y ( v i n y l alcohol ) ( F i g u r e 9) p r o v i d e s 
p a r a l l e l results; the h igher the in ter fac ia l energy (i.e., the l o w e r the m u 
tual a f f in i ty of the t w o cont inuous phases) , the greater the a m o u n t of the 
t h i r d c o m p o n e n t adsorbed . 

C o a t i n g s A p p l i c a t i o n s . D i f f e r e n c e s i n in te r fa c ia l energies are 
r e a l i z e d i n the e m u l s i o n p o l y m e r i z a t i o n o f a c r y l i c m o n o m e r s w i t h ester 
groups c o n t a i n i n g v a r i a b l e m e t h y l e n e units . Less surfactant is a d s o r b e d 
(16) o n short - chain acry late ester latex interfaces (Tab le II ) . V i n y l ace
tate, l i k e m e t h y l acry la te , latices are v e r y h y d r o p h i l i c . T h e a m o u n t of 

18 

0 5 K) 6 2 0 25 30 
T I M E (min.) 

Figure 9. Pendent drop studies (25 °C): 0.1 wt %, 1.2 X 10s UWy 99.3% 
hydrolyzed poly (vinyl alcohol)-aqueous solution interface with hexane 
(O), benzene (Q), air ( A ) , and ethyl acetate (0). Reproduced with 

permission from reference 21. Copyright 1971 Wiley. 
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94 WATER-SOLUBLE POLYMERS 

Table II. Adsorption and Kinetic Characteristics of 
Polymerization Systems Based on Alkyl Acrylates, 

Styrene, and Various Alkyl Sulfates 

Eflds Aslim 
Monomer Emulsifier (kj/mol) (nm2) 

M A Ci 2 H25S0 4 Na 20.0 1.51 
E A Ci 2 H25S0 4 Na 22.1 0.92 
E A Ci 4H29S0 4Na 23.3 0.82 
E A C i 6 H 3 i S 0 4 N a 24.6 0.74 
B A Ci 2 H25S0 4 Na 25.6 0.67 
H A Ci 2H25S0 4Na — 0.52 
Sty C i 2 H 2 5 S 0 4 N a — 0.48 

N O T E : Abbreviations are as follows: E ads, free energy of adsorption; 
Asiim, adsorption area of surfactant molecule at saturation of the 
adsorption layer; MA, methyl acrylate; E A , ethyl acrylate; BA, butyl 
acrylate; HA, hexyl acrylate; and Sty, styrene. 

s o d i u m l a u r y l sulfate a d s o r b e d (22) at a v i n y l acetate- o r m e t h y l aery l a t e -
aqueous inter face is l o w re lat ive to that o f other a c r y l i c latices ( F i g 
ure 10; the a m o u n t a d s o r b e d is inverse ly p r o p o r t i o n a l to the l i m i t i n g 
area) . R e c e n t l y , a m o d e l (23) was d e v e l o p e d for re la t ing the a m o u n t 
a d s o r b e d to the p o l a r i t y o f the latex. T h e i m p o r t a n c e o f the a m o u n t a d 
s o r b e d to the s tab i l i ty o f the d i spersed phase was not addressed , because 
o f the b r o a d part i c le - s i ze d i s t r ibut i on n o t e d w i t h the m o r e p o l a r latices. 
T h i s result is r e la ted i n par t to the m o n o m e r ' s greater p a r t i c i p a t i o n i n a 
h o m o n u c l e a r m e c h a n i s m d u r i n g an e m u l s i o n p o l y m e r i z a t i o n . C o n c e i v 
a b l y , less s tab i l i zer c oncentra t i on is r e q u i r e d to s tab i l i ze a v i n y l acetate 

cu 2.0 
E 

3 O UJ 
8 4 i . o -D 

CO 
CC - J UJ >-

w ZJ 0.5 
QC 
< 2 

3 
e 5 

< <2 

0.2 - L _L 
0 10 2 0 3 0 4 0 5 0 6 0 

Xl2. MONOMER/WATER INTERFACIAL TENSION, mN/m 

Figure 10. Plot of logarithm of area per molecule of sodium lauryl sulfate 
against monomer-water interfacial tension. Reproduced with permission 

from reference 22. Copyright 1980 Plenum. 
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5. GLASS Adsorption and Its Influence on Application Properties 95 

latex than a h igher energy a c r y l i c or styrene latex, because of the v i n y l 
acetate latex's a f f in i ty for water . 

T h e cohes ive interact ions a m o n g surfactants at f l u i d interfaces w e r e 
e x a m i n e d i n re la t ive ly i d e a l cases. I n c o m m e r c i a l latices, several s tab i l i z 
i n g entities s ign i f i cant ly increase the c o m p l e x i t y of the in ter fac ia l reg ion . 
C h e m i c a l l y at tached carboxy la te (24) or (hydroxyethy l ) ce l lu lose (dis
cussed i n C h a p t e r 18) f ragments are present at most c o m m e r c i a l l a t e x -
aqueous interfaces ; such groups i m p r o v e the f r e e z e - t h a w a n d / o r 
m e c h a n i c a l s tab i l i ty o f the latex. T h e carboxy late surface functions p r o 
v i d e a steric s tab i l i zat ion c o m p o n e n t as w e l l as enhanc ing electrostatic 
repuls ions . T h e latices o f v a r i a b l e m e d i a n size discussed i n C h a p t e r 20 
conta in 1% o f a carboxy la te m o n o m e r i n a m e t h y l m e t h a c r y l a t e - b u t y l 
acry late c o m p o s i t i o n . 

E v e n w i t h a c i d - s t a b i l i z i n g segments, s m a l l part i c le size latices are 
f l o c c u l a t e d i n the presence of water - so lub le p o l y m e r s . A general m e c h a 
n i s m recent ly a c cep ted for this behav io r is vo lume-res t r i c t ed f l o c c u l a -
t i o n ( V R F ) of the latex b y the n o n a d s o r b i n g p o l y m e r . References to the 
e a r l y h i s tory o f this c o n c e p t are g i v e n i n C h a p t e r 21 . U s e o f the c o n c e p t 
i n r e l a t i o n to coat ings w a s recent ly r e p o r t e d (25-27). T h e V R F m e c h a 
n i s m invo lves a c o n t r i b u t i o n to the attract ive force b e t w e e n c o l l o i d p a r 
ticles suspended in a so lut ion of m a c r o m o l e c u l e s w h e n the e f fect ive 
d i a m e t e r of the m a c r o m o l e c u l a r coi ls exceeds the distance b e t w e e n p a r 
t ic les . T h e v o l u m e - r e s t r i c t e d c o n t r i b u t i o n to the net attract ive forces 
b e t w e e n part i c les is a p p r o x i m a t e l y e q u a l to the osmot i c pressure of the 
m a c r o m o l e c u l a r so lut ion . F l o c c u l a t i o n of the latex leads to elastic be 
h a v i o r at l o w d e f o r m a t i o n rates a n d p o o r coatings f l o w o u t . I n h i b i t i o n of 
the f l o c c u l a t i o n m e c h a n i s m b y a d s o r p t i o n of h y d r o p h o b i c a l l y m o d i f i e d , 
water - so lub le p o l y m e r s (Chapters 19-21) can effect osmot i c s tab i l i zat ion 
of the d i spersed phases a n d i m p r o v e rheo logy . 

I n the f u l l y f o r m u l a t e d coat ings , t i t a n i u m d i o x i d e a n d extender 
p igments are present i n a d d i t i o n to the latex. P r e a d d e d stabi l izers a long 
w i t h a n o n i o n i c surfactant (as a w e t t i n g agent) are a d d e d to the p i g 
ments be fore the f o r m u l a t i o n is t h i c k e n e d w i t h a water - so lub le p o l y m e r . 
I f the h igher energy p igments are not p r o p e r l y s tab i l i z ed , the th i ckener 
molecu les w i l l p re ferent ia l ly adsorb or react w i t h these entities. Statist i 
ca l l y , e v e n i n a coatings f o r m u l a t i o n conta in ing h i g h p ig menta t i on , the 
h y d r o p h o b e s are f a v o r e d to react w i t h the greater surface area o f f e r e d 
b y a s m a l l par t i c l e size latex. T h e c o m p e t i t i v e adsorpt i on of the var ious 
c o m p o n e n t s i n a coatings f o r m u l a t i o n p r o v i d e s a c o m p l e x m a t r i x , a n d 
a p p a r e n t l y the h y d r o p h o b i c a l l y m o d i f i e d , water -so lub le p o l y m e r s d is 
cussed i n C h a p t e r s 19-21 d o not associate w i t h any of the d i spersed 
c o m p o n e n t s i n a f u l l y f o r m u l a t e d coat ing . F o r e x a m p l e , h y d r o p h o b i 
c a l l y m o d i f i e d , water - so lub le p o l y m e r s adsorb o n the surfaces of latex 
part ic les w i t h insuf f i c ient surface coverage but are d i s p l a c e d w h e n 
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96 WATER-SOLUBLE POLYMERS 

a p p r o p r i a t e amounts o f s o d i u m l a u r y l sulfate are a d d e d ( C h a p t e r 20). 
T h e observat ions i n these d e t a i l e d but l i m i t e d studies are cer ta in to v a r y 
w i t h changes i n the structure of the s t a b i l i z i n g surfactant(s) . T h e c o m 
p a r a t i v e e f f i c ienc ies a n d r h e o l o g i c a l var iat ions c i t e d i n C h a p t e r 21 
s t rong ly suggest that such h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le 
p o l y m e r s i n f o r m u l a t i o n s c o n t a i n i n g b o t h latex a n d t i t a n i u m d i o x i d e 
pre ferent ia l ly react w i t h the latex. 

P e t r o l e u m A p p l i c a t i o n s . A d s o r p t i o n p e r se does not ensure shale 
s tab i l i za t i on , pro tec t against f l u i d loss to the reservo ir i n h i g h sa l in i ty 
env i ronments , or a v o i d excessive v iscos i ty b u i l d u p at h i g h temperature 
i n the d r i l l i n g o f a w e l l b o r e (Chapters 10-12) , b u t a d s o r p t i o n is neces
sary i f a d r i l l i n g f l u i d is to f u n c t i o n e f fec t ive ly . T h e p r i m a r y chal lenge i n 
ensur ing shale s tab i l i ty is to i n h i b i t m i g r a t i o n of the inter layer ca t i on into 
the l o w e r sa l in i ty d r i l l i n g f l u i d . Po tass ium c h l o r i d e is a d d e d to the fluid 
to increase its c a t i o n content ; h o w e v e r , i n f i e l d test ing ( C h a p t e r 10), a 
p o l y m e r is also a d d e d to ensure integr i ty o f the shale. I n static l a b o r a 
to ry tests, m a n y water - so lub le p o l y m e r s are observed to be e f fect ive but 
f a i l as shale s tabi l izers i n d y n a m i c f i e l d tests. A c r i t i que o f static test 
results is g i v e n i n C h a p t e r 10. T h e incons is tency b e t w e e n l a b o r a t o r y a n d 
f i e l d tests is further h i g h l i g h t e d b y the c h a n g i n g nature of shale c o m p o s i 
t ions w i t h l o c a t i o n . W i t h a l a c k o f d e t a i l e d u n d e r s t a n d i n g o f the a d s o r p 
t i o n b e h a v i o r o f w a t e r - s o l u b l e p o l y m e r s (28) o n d i f f e rent c l a y surfaces 
a n d a n insistence that any test " o u t o f h o l e " is not a v a l i d test, an u n d e r 
s t a n d i n g o f shale s t a b i l i z a t i o n is not i m m e d i a t e l y o n the h o r i z o n . I f the 
t e chn ique associated w i t h a recent rheo log i ca l examinat i on (29) o f c lays 
w e r e c o m b i n e d w i t h a d e t a i l e d k n o w l e d g e o f the shale's c o m p o s i t i o n 
a n d the a d s o r p t i o n b e h a v i o r o f the water - so lub le p o l y m e r s o n the i n d i 
v i d u a l c lays o f a spec i f i c shale i n a d e t a i l e d s tudy , an u n d e r s t a n d i n g 
a l l o w i n g p r e d i c t a b i l i t y i n this area c o u l d b e r e a l i z e d . F r o m the data to 
date , i t is a p p a r e n t that a cohes ive or p o l a r in terac t ion is n e e d e d after 
a d s o r p t i o n o f the p o l y m e r to f o r m a c o n d e n s e d m o n o l a y e r that faci l i tates 
a n i m p e r m e a b l e m e m b r a n e . 

Benton i te p r o v i d e s the shear - th inning rheo logy necessary for d r i l l i n g 
a n d s u r f a c i n g o f so l ids f r o m a w e l l b o r e , b u t r e m o v a l o f such d r i l l so l ids 
f r o m bentoni te is d i f f i cu l t w h e n the m u d is sur faced . T h i s l a ck o f sol ids 
c o n t r o l a n d the h i g h e last ic i ty o f a c l a y - t h i c k e n e d f l u i d (Chapters 9 a n d 
11) necessitated the use o f straight p o l y m e r - t h i c k e n e d aqueous f lu ids or 
p o l y m e r - m o d i f i e d , aqueous bentonite slurries. I n a d d i t i o n to increases i n 
d r i l l so l ids , the v i scos i ty is sensit ive to loss o f the cont inuous phase to the 
f o r m a t i o n . V i s c o s i t y is p a r t i c u l a r l y d i f f i c u l t to c o n t r o l i n env i ronments 
w i t h increas ing sal inity . 

A n i o n i c water - so lub le p o l y m e r s do not r e a d i l y adsorb f r o m aqueous 
solutions but adsorb i n p r o p o r t i o n to the solution's sal inity [ theoret ical ly 
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to the 0.5 p o w e r o f the e lec t ro ly te n o r m a l i t y (30)]. T h e a d s o r p t i o n o f 
( carboxymethy l ) ce l lu lose ( C M C ) a n d p o l y ( a c r y l i c ac id) ( P A A ) o n 
b a r i u m sulfate f r o m basic s o d i u m c h l o r i d e solutions (31) is i l lustrated i n 
F i g u r e 11. B o t h p o l y m e r s are used i n m o n t m o r i l l o n i t e d r i l l i n g f lu ids to 
c o n t r o l f l u i d loss to the reservoir . A l t h o u g h the adsorp t i on b e h a v i o r of 
the t w o p o l y m e r s o n B a S 0 4 is c o m p a r e d , their s t ructura l d i f ferences are 
not d iscussed. T h e carboxy la te groups i n ( carboxymethy l ) ce l lu lose , 
u n d e r the c o m m e r c i a l process condi t ions used to p r e p a r e the d e r i v a t i z e d 
c a r b o h y d r a t e p o l y m e r , h a v e a pre ference to g r o u p o n a g i v e n p y r a n o s y l 
r e p e a t i n g unit (d iscussed i n C h a p t e r 1); this g r o u p i n g t e n d e n c y does not 
o c c u r i n p o l y (acry l i c a c id ) . T h e gross adsorpt i on b e h a v i o r of (car-
b o x y m e t h y l ) c e l l u l o s e a n d p o l y ( a c r y l i c ac id) o n B a S 0 4 is s imi lar . W h e n 
a d s o r b e d f r o m bas ic saline solut ions, the p o l y m e r s are c ont rac ted a n d 
the n u m b e r o f a d s o r b e d segments decreases (p = 0.70) re la t ive to 
f reshwater solutions (p = —1.0). T h e r e f o r e , an increased n u m b e r of the 
a d s o r b e d p o l y m e r ' s segments are ex tended f r o m the substrate surface. 
T h i s s i tuat ion s h o u l d p r o v i d e s tab i l i ty b y b o t h steric a n d e n h a n c e d e lec 
trostatic repuls ions to a d i spersed phase. A para l l e l s tudy of the adsorp 
t i o n o f 29 c a r b o h y d r a t e a n d synthet ic p o l y m e r s on m o n t m o r i l l o n i t e is 
d e s c r i b e d i n C h a p t e r 11. A m o n g the p o l y m e r s s tud ied to e luc idate the 
m e c h a n i s m of f i l t ra t i on c o n t r o l i n saline env i ronments w e r e r i g i d - r o d 
a n d h y d r o p h o b i c a l l y m o d i f i e d water - so lub le p o l y m e r s . 

Free Polymer Cone, (mg/ml) 

Figure 11. Adsorption isotherm of sodium (carboxymethyl)cellulose 
(SCMC), MV = 1X JO 5, and poly(acrylic acid) (PAA), MV = 8X 104, onto 
BaS04 at pH 9: A , SCMC in H20; A , SCMC in 0.1 mol dm'3 NaCl; O, 
PAA in H%0; and PAA in 0.1 mol"3 NaCl. Numbers correspond to 
fraction of segments in trains. Reproduced with permission from reference 

31. Copyright 1982 Academic. 
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98 WATER-SOLUBLE POLYMERS 

V o l u m e - r e s t r i c t e d f l o c cu la t i on a n d interpart i c l e b r i d g i n g , the m e c h 
anisms that have b e e n p r o p o s e d i n t h i c k e n e d latex p e r f o r m a n c e , are not 
v i a b l e i n e x p l a i n i n g the effectiveness of p o l y m e r s i n the f i l t rat ion c o n t r o l 
o f m o d i f i e d benton i te m u d s . O n e o f the 29 p o l y m e r s e x a m i n e d ( C h a p 
ter 11) w a s a h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r ( s tyrene-
m a l e i c a c i d t e r p o l y m e r ( S M A T ) ; d e s c r i b e d i n C h a p t e r 21). T h i s p o l y m e r 
p r o d u c e d an unusual ly smooth bentonite s lurry but not a s lurry ef fect ive 
i n m a i n t a i n i n g f i l t rat ion contro l w i t h increasing salinity. Increasing sal inity 
compresses the e l e c t r i ca l d o u b l e layer s u r r o u n d i n g the bentoni te par t i c l e . 
Increas ing sa l in i ty also co l lapses the c o n f o r m a t i o n o f the po lye l e c t ro ly te i n 
so lut ion a n d effects p o l y m e r a d s o r p t i o n o n the d i spersed components . T h e 
adsorp t i on o f a c ont rac ted po lye lec t ro ly te c o n f o r m a t i o n enhances b o t h 
steric a n d e l e c t r i ca l d o u b l e - l a y e r repuls ions ; these repuls ions i n h i b i t 
flocculation a n d af fect f i l t ra t i on c o n t r o l i n saline solutions. 

I n e x t r e m e l y h i g h temperature reservo irs , f l o c cu la t i on a n d h igher 
viscosit ies are o b s e r v e d ( C h a p t e r 12). D e s i g n e d , l o w m o l e c u l a r w e i g h t 
stabi l izers are used to i n h i b i t increases i n s lurry viscosit ies. O t h e r l o w 
m o l e c u l a r w e i g h t p o l y m e r s of this t ype (e.g., par t ia l l y su l fonated styrene 
m a l e i c a c i d t e r p o l y m e r s ) also are used . B o t h p o l y m e r s c o n t a i n sul fonate 
groups , w h i c h are less sensit ive to d iva l ent ions than carboxy la te groups ; 
genera l ly , sul fonate anions i n h i b i t p r e c i p i t a t i o n o f the p o l y m e r . L i k e l y , 
p a r t o f the p o l y m e r is a d s o r b e d (perhaps i n a spec i f i c m a n n e r re la ted to 
the m o l e c u l a r des ign d e s c r i b e d i n C h a p t e r 12) a n d the sul fonate an ion 
s i m p l y inhib i ts f l o c cu la t i on of the substrate. 

O t h e r A p p l i c a t i o n s . W i t h a transi t ion of supp l i e r base a n d c o m 
petit iveness i n the w a t e r treatment area, an open , broad-base coverage 
o f p o l y m e r s i n water - t reatment appl i cat ions is d i f f i c u l t to ob ta in . 
A d s o r p t i o n is i m p o r t a n t , b u t its in f luence is c o m p l e x because a w i d e v a r i 
ety o f c omponents a n d poss ib le interact ions . A d iscuss ion of adsorpt i on 
re la ted to this area is therefore o m i t t e d . 

A n e q u a l l y c o m p e t i t i v e area is the suspension p o l y m e r i z a t i o n of 
c o m m o d i t y m o n o m e r s v i n y l c h l o r i d e a n d styrene. Water - so lub le p o l y 
mers are used as suspending agents to c o m p l e m e n t agi tat ion i n i n h i b i t i n g 
p a r t i c l e (50-300-/im d iameters ) f l o c cu la t i on . T h e a b i l i t y of the w a t e r -
so lub le p o l y m e r to m i n i m i z e autoc lave f o u l i n g a n d decrease the m e d i a n 
p a r t i c l e s ize of the p last ic part i c les p r o d u c e d is re la ted to the w a t e r -
so lub le p o l y m e r ' s in ter fac ia l a c t i v i ty a n d m o l e c u l a r we ight . A l l o f the 
observat ions to date ind i ca te that the i n t e r f a c i a l v i s cos i ty o f the 
a d s o r b e d p o l y m e r is the parameter of i m p o r t a n c e i n d e t e r m i n i n g a p p l i 
cat ion p e r f o r m a n c e . T h e i m p o r t a n c e o f in ter fac ia l viscosit ies as re f l ec ted 
i n c o a t i n g p r o b l e m s is d iscussed i n C h a p t e r 16. 

A recent theoret i ca l treatment (4) pred ic ts the pre ferent ia l adsorp 
t i o n o f l o w m o l e c u l a r w e i g h t p o l y m e r s [based o n prev ious exper iments 
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f r o m m o d e r a t e l y concentra ted solutions (32a)]. T h e pre fe rent ia l a d s o r p 
t i o n o f l o w m o l e c u l a r w e i g h t fract ions , w h e n they are present i n s m a l l 
amounts i n an in tent i ona l or a c c i d e n t a l p r o d u c t i o n b l e n d , c a n d r a m a t i c a l l y 
increase part i c le - s i ze d is tr ibut ions a n d autoc lave f o u l i n g i n the p r o d u c 
t i o n o f c o m m o d i t y plast ics . A p r e f e r r e d p o l y m e r m o l e c u l a r w e i g h t w a s 
not d e l i n e a t e d (32b) because the i n t e r f a c i a l v i s cos i ty is d e p e n d e n t o n b o t h 
m o l e c u l a r w e i g h t a n d the a m o u n t i n the in te r fa c ia l r eg i on . C o m p l e 
m e n t a r y to the s tab i l i zer i n p r o m o t i n g p a r t i c l e s tab i l i ty are the m i x i n g 
patterns o f f e r e d b y var ious ba f f l e a n d i m p e l l e r designs. T h e latter 
a p p r o a c h has p r e v a i l e d , a n d d i m e n s i o n a l analysis , c o m m o n l y used i n 
s ca l ing u p rec ipes , w a s used i n p r e d i c t i n g (33) par t i c l e - s i ze d i s t r i b u 
t i o n effects. T h e latter a p p r o a c h is not use fu l i n d e s i g n i n g a n o p t i m u m 
par t i c l e geometry , necessary for ensur ing p las t i c i zer acceptance a n d 
m o n o m e r r e m o v a l f r o m the par t i c l e w h i l e m a i n t a i n i n g reasonable p a r t i 
c le density . 
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Viscosity Studies of Hydrophobically 
Modified (Hydroxyethyl)cellulose 

Robert A . Gelman and H o w a r d G . Barth 

Hercules, Inc., Research Center, Wilmington, DE 19894 

Complete dissolution of hydrophobically modified water-soluble 
polymers is sometimes difficult owing to intermolecular interac-
tions mediated by the hydrophobic substituent groups. Studies on 
hydrophobically modified (hydroxyethyl)cellulose demonstrated 
that the hydrophobic interactions must be completely disrupted 
by the solvent to obtain meaningful intrinsic viscosity data. A 
number of solvent systems containing either methanol or surfac-
tants were considered. The results indicate that several systems 
are appropriate for use with these macromolecules. Constants for 
the Mark-Houwink equation for hydrophobically modified 
(hydroxyethyl)cellulose in 0.1% sodium oleate are reported. 

T H E C O N C E P T O F P O L Y M E R I C S U R F A C T A N T S was first c ons idered i n 
the e a r l y 1950s (1,2). S ince that t i m e , a substantial b o d y of l i terature has 
d e v e l o p e d that deals w i t h surface-act ive or a m p h i p h i l i c p o l y m e r s , p a r 
t i c u l a r l y as re la ted to the concept o f steric s tab i l i zat ion (3). W a t e r - i n s o l u 
b l e p o l y m e r systems h a v e b e e n r e p o r t e d (3) a n d are o f interest i n the s tab i l 
i z a t i o n o f part ic les i n nonaqueous m e d i a . Studies (4, 5) o f water -so lub le 
p o l y m e r i c surfactants w e r e m a d e ; these surfactants are usual ly b a s e d 
u p o n po lye lec t ro ly tes . H o w e v e r , f e w reports o f non ion i c water -so lub le 
p o l y m e r s c o n t a i n i n g h y d r o p h o b i c groups exist. L a n d o l l (6) r epor ted 
w o r k o n the a d d i t i o n o f l o n g - c h a i n a l k y l epoxides to cel lulose ethers. 
T h e a d d i t i o n o f l o w levels o f h y d r o p h o b i c groups to p o l y m e r s , such as 
(hydroxyethy l ) ce l lu lose ( H E C ) , results i n alterations o f the m a t e r i a l such 
that the p o l y m e r s n o w possess unusua l r h e o l o g i c a l propert ies (6). S o l u 
tions o f h y d r o p h o b i c a l l y m o d i f i e d (hydroxyethyl ) ce l lu lose ( H M - H E C ) 
e x h i b i t n o n - N e w t o n i a n b e h a v i o r at l o w shear rates, whereas solutions o f 
H E C are N e w t o n i a n under s imi lar condi t ions . T h e concept o f associa
t i ve th i ckeners , mo le cu les that associate i n so lut ion a n d exh ib i t a vas t ly 
d i f f erent rheo logy , l e d to increased industr ia l interest i n this area. 

T h e u n i q u e p r o p e r t y o f H M - H E C is the enhanced so lut ion v iscos i ty , 
a result o f i n t e r m o l e c u l a r h y d r o p h o b i c interact ions a m o n g a l k y l groups . 

0065-2393/86/0213-0101 $06.00/0 
© 1986 American Chemical Society 
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F o r e x a m p l e , H M - H E C conta in ing 1.2S5 (by we ight ) c e ty l groups has a 
B r o o k f i e l d v i s cos i ty (2^ aqueous solution) o f 3 X 10 4 cPs as c o m p a r e d to 
3 X 1 0 2 cPs f o r a H E C s a m p l e o f s i m i l a r m o l e c u l a r w e i g h t a n d h y d r o x y -
e t h y l m o l a r subst i tut ion. 

A l t h o u g h the h y d r o p h o b i c interact ions g ive H M - H E C its u n i q u e 
so lut i on character ist ics , these forces m a k e i t rather d i f f i c u l t to d e t e r m i n e 
accurate in tr ins i c viscosit ies a n d m o l e c u l a r w e i g h t d is tr ibut ions . F u r t h e r 
m o r e , the s o l u b i l i t y o f H M - H E C is h i g h l y dependent o n b o t h the 
a m o u n t a n d c h a i n l ength o f the a l k y l groups . S m a l l increases i n either 
a m o u n t or c h a i n length c a n l e a d to p a r t i a l l y inso lub le products . 

B r o o k f i e l d v i scos i ty measurements are ex t reme ly v a l u a b l e f o r de 
t e r m i n i n g the so lut ion propert ies o f H M - H E C for end-use eva luat i on . 
T h e s e measurements re f lect the extent o f h y d r o p h o b i c in te rmo le cu lar 
interact ions a n d , to a s l ight degree , m o l e c u l a r we ight . H o w e v e r , w h e n 
the so lut ion propert ies o f H M - H E C are charac ter i zed , i n f o r m a t i o n 
r e g a r d i n g the m o l e c u l a r s ize of chains is i m p o r t a n t . These data c a n be 
o b t a i n e d f r o m intr ins i c v i s cos i ty determinat ions . In t ramolecu lar interac 
t ions m a y o c c u r at l o w concentra t i on , w h i c h w o u l d result i n an underes 
t i m a t i o n o f m o l e c u l a r s ize . F u r t h e r m o r e , p o o r s o l u b i l i t y o f H M - H E C 
w i l l l e a d to erroneous results . T h u s , the ob j e c t i ve of our studies was to 
d e t e r m i n e a suitable solvent system for m e a s u r i n g re l iab le intr ins i c v i s 
cosities o f H M - H E C samples . 

Experimental Section 
The H M - H E C samples were prepared as previously reported (6). The chain 
length and level of the linear alkyl hydrophobic group are listed in Tables I-V. 
Viscosity data were determined with Brookfield and Ubbelohde viscometers at 
25 °C. Intrinsic viscosity was measured by a five-point dilution procedure; no 
shear-rate corrections were made for these data. Solutions were made by first 
dissolving the polymer in water, usually overnight, and then adding the appro
priate solvent to obtain the desired final solvent and polymer concentrations. 

Results and Discussion 

Viscosity Studies in Aqueous Solutions. T h e s tandard m e t h o d of 
d e t e r m i n i n g intr ins i c viscosit ies of H E C is to use w a t e r (7) or d i lu te salt 
s o lu t i on (8) as the so lvent . T a b l e I lists the result o f in t r ins i c v i s cos i ty 
de terminat ions m a d e b y us ing a series o f H M - H E C samples i n d i lu te salt 
so lut i on ; these mater ia ls w e r e p r e p a r e d such that the m o l e c u l a r w e i g h t 
o f these samples w o u l d b e s imi lar . T h e d a t a ind i ca te , h o w e v e r , that a 
progress ive decrease i n the intr ins ic v i s cos i ty occurs w i t h b o t h the 
a m o u n t a n d c h a i n l ength o f the substituent h y d r o p h o b e . In t ramolecu lar 
assoc iat ion o f h y d r o p h o b i c groups , w h i c h tends to force the p o l y m e r into 
a m o r e c o m p a c t c o i l , contr ibutes to the l o w e r v iscos i ty . I n a d d i t i o n , the 
so lut ion c l a r i t y o f these samples i n w a t e r varies f r o m clear to h a z y . T h e 
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6. G E L M A N A N D BARTH Viscosities of Hydrophobically Modified HEC 103 

Table I. Intrinsic Viscosity of H M - H E C Samples 
Using 0.02 M K H 2 P 0 4 as the Solvent 

Hydrophobe 

Sample Type Amount0 Mh 

Clc c c 9.28 
A c 8 1.0 8.75 
B c 8 2.5 8.28 
C c 8 3.4 4.12 
D Ci6 0.5 7.55 
E Ci6 0.6 6.24 
F Ci6 0.9 3.78 
G Ci6 1.1 3.31 

?The amount is in units of weight percent of alkyl present. 
b[rj] is the intrinsic viscosity in 0.02 M K H 2 P 0 4 , p H 5.5, at 25 °C. 
c The control was unmodified H E C of the same furnish and prepara
tion conditions as the H M - H E C samples. 

s o l u b i l i t y character ist i cs o f these samples , as expec ted , a p p e a r to have a 
p r o n o u n c e d effect o n intr ins ic v iscos i ty results. 

I n r e l a t e d w o r k , w e f o u n d that the a d d i t i o n o f e i ther a l c o h o l or 
surfactant to H M - H E C solutions d isrupts associat ion b e t w e e n h y d r o 
p h o b i c groups . These c omponents , p a r t i c u l a r l y a lcohols , are general ly 
used i n l i q u i d c h r o m a t o g r a p h y to moderate h y d r o p h o b i c interactions 
b e t w e e n solute a n d the stat ionary phase. A t h i g h concentrat ion , a l c o h o l 
or surfactant molecu les c o m p e t e e f f ec t ive ly f or h y d r o p h o b i c sites o n the 
p o l y m e r ; this ac t i on prevents i n t r a - or in termolecu lar association. 

V i s c o s i t y Studies U s i n g M e t h a n o l . B R O O K F I E L D VISCOSITIES. T h e 
B r o o k f i e l d v i scos i ty o f H M - H E C i n aqueous solutions is p r e d o m i n a n t l y 
a measure o f i n t e r m o l e c u l a r interact ions . Because of the m o d e r a t e shear 
rates i n v o l v e d i n these measurements , the rheo log i ca l propert ies o f 
H M - H E C solutions also p l a y a ro le . In termolecu lar interact ions increase 
w i t h p o l y m e r concentrat ions , that is , the h igher the concentrat ion o f 
h y d r o p h o b e s o r H M - H E C i n so lut ion , the greater the p r o b a b i l i t y o f 
h y d r o p h o b e - h y d r o p h o b e contacts. 

T o test this hypothes is the B r o o k f i e l d v iscos i ty o f H E C (control ) , 
0.60!? (by we ight ) C w H M - H E C , a n d 0.75% C 1 8 H M - H E C , w h e r e C M is 
the l e n g t h o f the h y d r o p h o b i c s ide c h a i n , w a s m e a s u r e d as a f u n c t i o n 
o f p o l y m e r concentrat ion . T h e t w o H M - H E C samples w e r e p r e p a r e d 
f r o m the c o n t r o l ; a l l three samples , therefore , h a d the same c h a i n 
l ength a n d h y d r o x y e t h y l subst i tut ion l e v e l . T h e results are s h o w n 
i n T a b l e I I . B r o o k f i e l d viscosit ies o f b o t h H M - H E C samples , as 
e x p e c t e d , r a p i d l y a p p r o a c h e d the v i scos i ty o f the c o n t r o l as the c o n c e n 
trat ion was decreased . F o r these samples , p o l y m e r concentrat ions of 
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Table II. Effect of H M - H E C Concentration on Brookfield 
Viscosity Using Water as the Solvent 

Concn 
(%) HEC (Control) 0.6! I Cm HM-HEC 0.75% Cm HM-HEC 

2.0 9.3 110.0 246.0 
1.0 3.4 7.0 7.1 
0.50 1.9 2.1 2.2 
0.25 1.4 1.4 1.4 
0.125 1.2 1.1 1.1 

N O T E : The solvent viscosity was 0.9 cP. 

<0.58> w e r e su f f i c i ent ly l o w to e l iminate p o l y m e r associat ion. H o w e v e r , 
the B r o o k f i e l d v iscosit ies at these concentrat ions (<0.5S>) are c lose to the 
so lvent v i s cos i ty . T h u s , measurements are not v e r y accurate at these 
p o l y m e r concentra t i on leve ls , a n d the d a t a must b e in terpre ted w i t h 
c a u t i o n . 

T h e B r o o k f i e l d viscosit ies o f the c o n t r o l a n d the 0.602 C i 8 H M - H E C 
s a m p l e w e r e d e t e r m i n e d i n 502 m e t h a n o l - w a t e r , a n d the results are 
l i s t e d i n T a b l e I I I . A s i n d i c a t e d , b o t h the c o n t r o l a n d H M - H E C h a d 
s i m i l a r viscosit ies over this concentrat ion range. T h e h igher viscosities 
e x h i b i t e d b y the c o n t r o l a n d b y the H M - H E C sample at <0.52 p o l y m e r 
as c o m p a r e d to values o b t a i n e d i n w a t e r ( T a b l e II) re f lect the better 
so lvat ing p o w e r o f the 50? m e t h a n o l - w a t e r solvent. 

INTRINSIC VISCOSITY M E A S U R E M E N T S . A s d iscussed , p o l y m e r as
soc ia t i on o f H M - H E C c o u l d b e e l i m i n a t e d b y m e a s u r i n g viscosit ies at 
l o w p o l y m e r concentrat ion or b y the a d d i t i o n of m e t h a n o l to the so l 
vent . Because of the re la t ive insensi t iv i ty o f B r o o k f i e l d v iscos i ty m e a 
surements to s m a l l changes i n c oncentra t i on a n d so lut ion proper t i es , 
in t r ins i c v i s cos i ty is the measurement of cho i ce . M o r e o v e r , intr ins i c v i s 
cos i ty d a t a c a n b e re la ted to f u n d a m e n t a l m o l e c u l a r parameters that 
are re lated to the h y d r o d y n a m i c v o l u m e o f a p o l y m e r cha in . 

Table III. Effect of H M - H E C Concentration on Brookfield 
Viscosity Using 1:1 Methanol-Water as the Solvent 

Concn (%) HEC (Control) 0.6% C18 HM-HEC 

2.0 17.1 17.3 
1.0 6.1 5.9 
0.50 3.4 3.3 
0.25 2.4 2.4 
0.125 2.0 2.0 

N O T E : The solvent viscosity was 1.8 cP. 
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T h e intr ins ic viscosit ies o f the f o l l o w i n g three test samples w e r e 
d e t e r m i n e d as a f u n c t i o n o f so lvent m e t h a n o l content: H E C (3.60 M S ; 
cont ro l ) , H M - H E C (3.7 M S ; 0.92 C 1 6 ) , a n d H M - H E C (3.8 M S ; 1.02 C 8 ) , 
w h e r e M S is the m o l a r subst i tut ion o f h y d r o x y e t h y l groups . These s a m 
ples w e r e a l l p r o d u c e d f r o m the same cel lulose start ing m a t e r i a l a n d h a d 
s i m i l a r m o l e c u l a r we ights . T h e results are g i v e n i n T a b l e I V , a n d 
r e d u c e d v iscos i ty curves are s h o w n i n F igures 1-3. 

T h e intr ins i c v i scos i ty o f the H E C cont ro l was f o u n d to be i n d e 
pendent o f m e t h a n o l content a n d obeys the H u g g i n s equat ion : 

T?Sp/c = fo] + k'[rjfc (1) 

w h e r e T7s p/C is the r e d u c e d v iscos i ty at concentrat ion C\. 

Table I V . Intrinsic Viscosity and Huggins Constant of H M - H E C 
Samples as a Function of Solvent Composition 

HEC (Control) 1.0% C8 HM-HEC 0.9% C16 HM-HEC 
(3.6 MS) (3.8 MS) (3.7 MS) 

Methanol (%) hi k' M k' M k' 

0 8.57 0.49 7.50 0.57 3.52 2.2 
20 8.63 0.47 7.60 0.55 4.98 2.6 
40 8.81 0.47 7.87 0.46 9.76 0.72 
50 — — — 9.96 0.47 
60 8.59 0.42 7.95 0.44 9.51 0.46 
70 — — — — 9.83 0.46 
80 — — — — 10.10 0.38 

N O T E : Intrinsic viscosities were determined from Martin s equation. The Huggins constant 
was calculated from k' = [(i7Sp/c)i — MlAeifa] ) where T J s p / c is the reduced viscosity at 
concentration c\ (typically 0.1 g/dL). 
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12 . 0 • 

' * — » 1 i i i i I i I 

0.02 0.04 0.06 0.08 0.10 

POLYMER CONCENTRATION, g / d l 

Figure 2. Reduced viscosity as a function of concentration of 1.0% C§ HM-
HEC in water (X) and in 60% methanol (%). 

0.2 -

0.02 0.04 0.06 0.08 0.10 

POLYMER C O N C E N T R A T I O N , g / d l 

Figure 3. Reduced viscosity as a function of concentration of 0.9% C16 HM-
HEC in water (A) 20% methanol (®), 40% methanol (X), 50% methanol 

(o)t and 80% methanol (O). 
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T h e H u g g i n s constant, k', r a n g e d f r o m 0.49 i n water to 0.42 i n the 60? 
m e t h a n o l solvent . G e n e r a l l y , the H u g g i n s constant ranges f r o m about 
0.3 for a g o o d so lvent to about 0.7 at 0 condi t ions . L a r g e r values are 
i n d i c a t i v e of p o l y m e r associat ion (9 ,10 ) . These results demonstrate that 
H E C so lvat i on has increased w i t h increas ing m e t h a n o l content ; h o w 
ever , intr ins i c viscosities r e m a i n at about the same l e v e l ( F i g u r e 1). 

F o r 1? C 8 H M - H E C , as f o r H E C , the k' va lue decreased f r o m 0.57 
i n w a t e r to 0.44 i n 60? m e t h a n o l . A s igni f i cant increase i n intr ins ic v iscos
i t y w a s also observed ; the d a t a , 7.50 i n w a t e r to 7.95 i n 60? m e t h a n o l , 
suggest p o l y m e r expans ion i n the better (methano l -water ) solvent ( F i g 
ure 2) . M o r e scatter o f d a t a w a s n o t e d w h e n w a t e r w a s used as the 
solvent; w i t h the a d d i t i o n of m e t h a n o l , the scatter was e l i m i n a t e d . 

T h e 0.9? Cie H M - H E C sample exh ib i t ed rather unusual v iscos i ty 
b e h a v i o r ( F i g u r e 3) . I n w a t e r a n d 20? m e t h a n o l , the H u g g i n s constants 
are v e r y large , 2.2 a n d 2.6, respect ive ly . T h e s e values i m p l y strong 
p o l y m e r associat ion. O n the basis o f the l o w intr ins i c v iscosit ies , a p p a r 
ent ly this m a t e r i a l is c o n s i d e r e d not to b e c o m p l e t e l y so luble . T h e c u r v a 
ture o f the 20? m e t h a n o l p l o t s ignif ies that the H u g g i n s e q u a t i o n is not 
o b e y e d u n d e r these cond i t i ons . A s the m e t h a n o l concentrat ion is increased , 
a c o r r e s p o n d i n g decrease o f the H u g g i n s constant f r o m 0.72 for 40? 
m e t h a n o l to 0.38 f o r 80? m e t h a n o l occurs . T h e 0.46 v a l u e of k' at 60? 
m e t h a n o l agrees w e l l w i t h that o f the H E C c o n t r o l a n d 1.0? C 8 H M - H E C . 
T h e in t r ins i c v i scos i ty o f the s a m p l e appears to r each a constant v a l u e 
of about 40? methano l . 

Intr ins i c v iscos i ty d a t a as a func t i on of m e t h a n o l c o m p o s i t i o n are 
s u m m a r i z e d i n F i g u r e 4. A t m e t h a n o l concentrations of >40? , constant 
intr ins i c viscosities are o b t a i n e d . T h i s ou t come is a result o f c o m p l e t e 
s a m p l e so lub i l i t y caused b y the e l i m i n a t i o n of h y d r o p h o b i c i n t e r m o l e c u -
lar assoc iat ion . These results are i n agreement w i t h the trends o b s e r v e d 
w i t h k! va lues . A s s h o w n i n F i g u r e 5, k! values a p p r o a c h the l i m i t i n g 
v a l u e o f 0.3 for a g o o d solvent . T h u s , as the percent o f m e t h a n o l 
increases, there are less i n t e r m o l e c u l a r h y d r o p h o b i c interact ions a n d the 
chains b e c o m e h i g h l y so lvated . In t ramolecu lar interactions p r o b a b l y p l a y 
a r o l e w h e n m e a s u r i n g in t r ins i c viscosit ies o f H M - H E C us ing w a t e r as the 
so lvent . A s s h o w n i n F i g u r e 4, the intr ins ic v i scos i ty of 1.0? C 8 H M - H E C 
was s l ight ly smal ler i n w a t e r a n d the H u g g i n s coe f f i c ient was also h igher 
( F i g u r e 5) . These effects m i g h t have b e e n caused b y in t ramo le cu lar 
interact ions , a l though these interact ions appear to b e s m a l l . 

Viscosity Studies U s i n g Sodium Oleate Solutions. S o d i u m oleate 
was chosen as the surfactant f or this s tudy. T a b l e V shows intr ins ic v i s 
cos i ty a n d H u g g i n s constant da ta us ing 0.05?, 0.10?, a n d 0.20? s o d i u m 
oleate solutions. F o r 0.05? s o d i u m oleate, the H u g g i n s constant is 
e x t r e m e l y h i g h ; this result suggests s igni f i cant p o l y m e r association. 
T h i s l e v e l o f surfactant is p r o b a b l y not suf f i c ient to to ta l ly d i s r u p t a l l 
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H20 20 40 60 80 

SOLVENT COMPOSITION» % METHANOL 

Figure 4. Influence of solvent composition on intrinsic viscosity. Key: • 
HEC; X , 0.9% C16 HM-HEC; and 0 , 1 M C8 HM-HEC. 
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Figure 5. Influence of solvent composition on the Huggins constant (kr). 
Key: HEC; X , 0.9% Cm HM-HEC; and 0,1.0% C8 HM-HEC. k' is equal 

to 0.3 for a good solvent and 0.7 for a 6 solvent. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
00

6

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



6. G E L M A N A N D BARTH Viscosities of Hydrophobically Modified HEC 109 

Table V . Intrinsic Viscosity of H M - H E C Samples 
Using Sodium Oleate Solutions 

MSa 

Hydrophobe 0.05% SOb 0.10% SO 0.20% SO 

MSa Type Amount M k' M k' M k' 

3.4 Ci6 0.3 7.2 1.6 13.1 0.5 10.1 0.6 
3.5 0.6 5.2 3.0 11.1 0.5 9.2 0.7 
3.6 Cl6 1.0 7.4 0.9 11.2 0.8 10.3 0.6 

"MS is the molar substitution of hydroxyethyl groups. 
SO represents sodium oleate. 

the i n t e r m o l e c u l a r interact ions . A t the h igher levels o f s o d i u m oleate, 
the H u g g i n s constant decreases to a l o w e r va lue , w h i c h is i n d i c a t i v e 
of n e g l i g i b l e in termolecu lar interact ions. 

B o t h s o d i u m oleate a n d m e t h a n o l appear to b e suitable solvent 
systems f o r d e t e r m i n i n g the weight -average degree o f p o l y m e r i z a t i o n 
( D P W ) o f H M - H E C . T h u s , intr ins ic viscosit ies of a series o f H E C s a m 
ples w e r e m e a s u r e d i n 0.10? s o d i u m oleate. T h e D P W o f the H E C s a m 
ples was p r e v i o u s l y d e t e r m i n e d i n 0.02 M K H 2 P 0 4 b u f f e r b y us ing the 
M a r k - H o u w i n k equat ion (8): 

[rj] = (6.7 X 1 0 - 3 ) ( D P W ) 0 9 2 (2) 

F i g u r e 6 shows the d o u b l e l o g a r i t h m i c p l o t o f intr ins i c v i scos i ty as a 
f u n c t i o n o f D P W f o r H E C samples i n 0.10? s o d i u m oleate. Least-squares 

2.8 3.0 3.2 3.4 3.6 

log W w 

Figure 6. Double-logarithmic plot of intrinsic viscosity as a function of the 
weight-average degree of polymerization for HEC in 0.10% sodium oleate. 
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analysis was used to f i t the data , a n d the s lope a n d intercept w e r e the 
constants for the M a r k - H o u w i n k equat ion : 

[if] = (1.2 X 1 0 - 2 ) ( D P W ) 0 8 8 (3) 

T h i s e q u a t i o n w a s used to d e t e r m i n e the D P W o f a n u m b e r o f H M - H E C 
samples . T h e va lues o b t a i n e d w e r e consistent w i t h those o f the c o n t r o l 
samples . 

Conclusions 
Int r ins i c v i s cos i ty measurements o f H M - H E C i n w a t e r c a n l e a d to m i s 
l e a d i n g results because o f i n t r a m o l e c u l a r assoc iat ion o f the p o l y m e r a n d 
i n c o m p l e t e s a m p l e so lub i l i t y . T h i s ef fect is a result o f h y d r o p h o b i c 
interact ions o f the pendant a l k y l groups a l ong the p o l y m e r c h a i n . T o 
d i s r u p t this associat ion, w e r e c o m m e n d the use o f e ither a l c o h o l or sur
factant so lut i on as solvents. I n the case o f a l c o h o l , studies w i t h m e t h a n o l 
ind i ca te that > 4 0 ? solutions b y v o l u m e i n w a t e r w e r e suf f ic ient to essen
t ia l l y e l iminate h y d r o p h o b i c interact ions. S o d i u m oleate gave re l iab le 
in t r ins i c v i s cos i ty measurements at concentrat ions o f >0 .10? b y w e i g h t . 
I n v i e w o f this , M a r k - H o u w i n k constants w e r e establ ished for 0.10? 
s o d i u m oleate as the so lvent to d e t e r m i n e the D P W o f H M - H E C samples . 
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7 
Application and Function of Synthetic 
Polymeric Flocculents 
in Wastewater Treatment 

P. A. Rey and R. G . Varsanik 

Calgon Corporation, Pittsburgh, PA 15230 

The performance of a polymeric flocculent in wastewater systems 
is influenced by several factors that can be grouped into the 
categories of system variables, polymer-related parameters, and 
operational factors. System variables encompass factors such as 
particle charge, particle size, and solids composition. Polymer
-related parameters include flocculent chemistries and structural 
characteristics that can affect polymer performance. Operational 
factors cover the importance of proper sludge conditioning and 
polymer makeup procedures. The specific advantages and disad-
vantages of a polymer's physical form are discussed. Municipal 
wastewater treatment can be broken into several stages. The pur-
pose of each treatment stage and the reason for the polymer 
application are discussed. Polymers are used to reduce the sus-
pended solids and biological oxygen demand loadings and are 
especially effective in operations at or near design capacity.

THE APPLICATION OF SYNTHETIC FLOCCULENTS for s o l i d - l i q u i d sepa
rat ions is n o w w i d e l y p r a c t i c e d ; e c o n o m i c a n d e n v i r o n m e n t a l restr i c 
tions p r o v i d e the greatest impetus t o w a r d acceptance . I n the 1970s, 
F e d e r a l s t ream d ischarge standards (2) r e q u i r e d m u n i c i p a l waste 
w a t e r p lants to i m p r o v e the ir s u s p e n d e d sol ids a n d b i o l o g i c a l o x y 
gen d e m a n d ( B O D ) r e m o v a l s . T h e most e c o n o m i c a l m e t h o d of u p g r a d 
i n g was b y i m p r o v i n g the s o l i d - l i q u i d separat ion processes w i t h c h e m i 
cals. Po lye lec t ro ly tes , i n m a n y cases, are used to rep lace inorganic 
coagulants such as l i m e , a l u m , a n d F e C l 3 , b u t occas iona l ly p o l y e l e c t r o 
lytes are used as a supp lement . A w i d e range of f locculents ta i l o red to 
satisfy the u n i q u e requ i rements o f each p lant exists. A l t h o u g h re la t ive ly 
f e w m o n o m e r s that are c o m m e r c i a l l y e c o n o m i c a l exist, present t e chno l 
o g y c a n p r o d u c e f l occu lents w i t h a w i d e range o f charge densities a n d 
m o l e c u l a r weights , w h i c h are ava i lab le i n d r y , l i q u i d , or emuls i on f o r m . 

0065-2393/86/0213-0113$08.75/0 
© 1986 American Chemical Society 
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114 WATER-SOLUBLE POLYMERS 

C u r r e n t l y , f l oeeu lat ion remains m o r e an art than a science a n d select ion 
o f the m o s t cost -e f fect ive p o l y m e r for a p a r t i c u l a r a p p l i c a t i o n is deter 
m i n e d b y l abora to ry evaluations f o l l o w e d b y p lant t r ia l . 

Factors That Influence Polymer Performance 
F o r e x a m i n a t i o n o f the p e r f o r m a n c e of a par t i cu lar po lye l e c t ro ly te , the 
most i m p o r t a n t var iab les must b e i d e n t i f i e d . F r o m the large a m o u n t of 
l i terature (2-7) ava i lab le o n var ious aspects o f f l oeeulat ion , the k e y 
parameters a f f ec t ing sett l ing a n d d e w a t e r i n g c a n b e g r o u p e d into the 
categories o f system var iab les , p o l y m e r - r e l a t e d parameters , a n d opera 
t i ona l factors. 

S y s t e m V a r i a b l e s . PARTICLE CHARGE. Par t i c l e charge has one of 
the greatest effects o n c o l l o i d a l s tab i l i ty . U n d e r natura l c ond i t i ons , most 
c o l l o i d a l so l ids f o u n d i n m u n i c i p a l wastewater c a r r y a negat ive charge. I n 
w a t e r , the par t i c l e charge is c o u n t e r b a l a n c e d b y an i on i c a tmosphere 
that deve lops a r o u n d the s o l i d , a n d this p r o p e r t y is k n o w n as the e lec t r i 
c a l d o u b l e l a y e r (8). T h e charge assoc iated w i t h a par t i c l e can be 
i n f e r r e d b y the m e a s u r e d £ po tent ia l . C o l l o i d a l s tab i l i ty can b e a t t r i b 
u t e d to the r epu l s ive forces that arise w h e n t w o s i m i l a r l y charged p a r t i 
cles a p p r o a c h a n d their d o u b l e layers interact . D i s s o l v e d sol ids , organics 
such as h u m i c ac ids or po lysacchar ides , a n d p H have a s igni f i cant effect 
o n this d o u b l e l a y e r . F i g u r e 1 (9) i l lustrates the e f fect o f p H a n d o f t w o 
c o m m o n d i v a l e n t ions o n the £ po tent ia l o f c lay part ic les . A h i g h concen 
trat ion o f cations or adsorpt i on of oppos i te ly c h a r g e d po lye lectro lytes 
causes a c o m p r e s s i o n o f the e l e c t r i ca l d o u b l e layer a n d enhances in terpar -
t ic le contact (10-12). C e r t a i n ions, such as C a 2 + , are also ins trumenta l i n 
p r o m o t i n g a d s o r p t i o n o f p o l y m e r s (13, 14). T h e nature a n d m a g n i t u d e 
o f the p a r t i c l e charge d e t e r m i n e the a m o u n t a n d t y p e o f f l o c cu lent 
n e e d e d to satisfy the charge d e m a n d o f the so l id . 

PARTICLE SIZE. P a r t i c l e s ize is o f ten r e c o g n i z e d as the most i m p o r 
tant factor i n f l u e n c i n g sett l ing a n d d e w a t e r i n g . F i n e part ic les cause tur
b i d i t y or c a n b l i n d f i l ter m e d i a w h e n not e f f ec t ive ly t i e d u p i n the s o l i d -
l i q u i d separat ion process (15). C o l l o i d a l sol ids consume m o r e than their 
fa i r share o f p o l y m e r , based o n their w e i g h t percent of sol ids concentra 
t i o n . T h i s feature is d u e to the increased surface area to mass rat io that 
a c c o m p a n i e s the decrease i n par t i c l e size. F l o c c u l e n t c o n s u m p t i o n is 
d i r e c t l y r e l a t e d to surface area (16-19). I n genera l , this fact is the reason 
that d iges ted s ludge , w h i c h has a smal ler m e a n par t i c l e s ize , has a h igher 
p o l y m e r d e m a n d than undiges ted s ludge . 

SOLIDS CONCENTRATION. P o l y m e r c o n s u m p t i o n is re la ted to the 
n u m b e r o f p a r t i c l e sol ids present . A h igher solids concentrat i on i m p r o v e s 
p a r t i c l e in terac t i on a n d , i n general , results i n better p e r f o r m a n c e at a 
l o w e r p o l y m e r dosage o n a p o u n d per d r y ton basis. 
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+20 

C O M P O S I T I O N O F S O L I D S . T h e c o m p o s i t i o n of was tewater w i l l d e 
p e n d o n m a n y factors . C o n t a m i n a n t s such as prote ins , carbohydrates , 
o i ls , c lays , trace meta ls , c o l o r bod ies , a n d d iges ted matter are c o m m o n 
constituents i n wastewater . Industr ia l sources contr ibute a w i d e var i e ty 
of inorgan i c a n d synthet ic organic c o m p o u n d s to the system. K n o w l e d g e 
of these mater ia l s p r i o r to des ign o f the t reatment p lant c a n prevent 
m a n y headaches . F o r e x a m p l e , c o p p e r ions i n excess o f 100 m g / L are 
toxic to the b i o l o g i c a l system i n s ludge digesters (20) . C y a n i d e s a n d 
phenols m a y also b e present i n i n d u s t r i a l wastes. I n m a n y cases, p r e -
treatment at the indus t r ia l site is r e q u i r e d be fore the wastes enter the 
m u n i c i p a l system. G r o u n d w a t e r in f i l t ra t i on a n d s t o rm sewer runo f f c a n 
have a p r o n o u n c e d ef fect o n the strength of the sewage. F o r instance, i n 
a c o m b i n e d sewer sys tem, the strength o f the sewage (e.g., B O D a n d 
suspended solids) d u r i n g a s t o r m is general ly m u c h l o w e r than n o r m a l 
d u e to the d i l u t i n g ac t i on of the runof f . F a c t o r s such as those m e n t i o n e d 
contr ibute to the uniqueness of the sewage. 
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N u m e r o u s p u b l i c a t i o n s (15, 21-23) are ava i lab le r e la t ing s ludge 
characterist ics to d e w a t e r a b i l i t y . A s a general ru le , h i g h l y m e t a b o l i z e d 
so l ids , such as m a t e r i a l f r o m the ac t i va ted s ludge process , r educe the 
d e w a t e r i n g e f f i c i e n c y as i l lustrated i n F i g u r e 2 (24). M o s t m u n i c i p a l 
waste treatment p lants d e w a t e r a b l e n d o f p r i m a r y a n d waste -ac t ivated 
s ludge . Waste -ac t i va ted sludges genera l ly r equ i re treatment w i t h h i g h l y 
c h a r g e d cat ion i c p o l y m e r s . 

Polymer-Related Parameters. C o m m e r c i a l synthet ic p o l y m e r s are 
genera l ly d e f i n e d as either n o n i o n i c , ca t i on i c , or an ion i c (see T a b l e I ) . 
T h e t y p e o f i onogen i c g r o u p o n the p o l y m e r is ins t rumenta l i n d e t e r m i n 
i n g the ef fect iveness o f a f l o ccu lent , w h i c h depends o n its a b i l i t y to at
ta ch to a p a r t i c l e surface . A d s o r p t i o n m a y o c c u r b y electrostatic attrac
t i o n , c h e m i c a l b o n d i n g , h y d r o g e n b o n d i n g , h y d r o p h o b i c associat ion, 
c o m p l e x f o r m a t i o n , or a n u m b e r o f o ther means (25-28) . T h e energy o f 
b o n d i n g w i l l d e p e n d o n the m a g n i t u d e a n d n u m b e r o f interact ions 
b e t w e e n the charge groups o f the p o l y m e r a n d the par t i c l e surface. 
C h a r g e d p o l y m e r s h a v e a n ex tended c o n f o r m a t i o n i n so lut ion because o f 
in t ramo le cu lar r epu l s i on of their func t i ona l groups . T h i s ex tended c o n 
f o r m a t i o n m a y b e o f some advantage f o r b r i d g i n g b e t w e e n part i c les , 
b u t e lectrostat ic r e p u l s i o n m a y h i n d e r a d s o r p t i o n i f the m o l e c u l e c o n -

0 10 20 30 40 50 60 70 80 90 100 
% Waste Activated Sludge 

100 90 80 70 60 50 40 30 20 10 0 
% Raw Sludge 

Figure 2. Relationship between dewatering rate and sludge composition 
[adapted from Morgan et al. (24)]. Key: polymer A; and •, polymer B. 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 117 

tains too great a n u m b e r of charge groups s imi lar to those o n the sol ids. 
A l t e r n a t e l y , s trong adsorp t i on m a y cause the p o l y m e r to f latten out o n 
the par t i c l e surface ; the result is v e r y l i t t le b r i d g i n g . T h e r e f o r e , d i f ferent 
f l o ccu lent chemistr ies a n d structura l characterist ics c a n have a s ign i f i 
cant ef fect on f l occu lent p e r f o r m a n c e . 

SIGN AND MAGNITUDE OF CHARGE. Anionic and Nonionic Polymers. 
A g o o d m a n y o f the synthet ic po lye lec t ro ly tes used b y indus t ry as f l o c c u 
lents are b a s e d o n p o l y ( a c r y l a m i d e ) . P o l y (ethylene oxide) has some 
l i m i t e d a p p l i c a t i o n i n the treatment of m i n i n g tai l ings (29). T h e most 
c o m m o n f u n c t i o n a l g roup o n an anionic p o l y m e r is a carboxy late i o n 
( - C O O - ) . A m o n g p o l y m e r f locculents , an ion i c p o l y m e r s t e n d to f o r m 
the mos t v i s cous solut ions because o f c h a i n extens ion—the result o f i n t r a 
m o l e c u l a r r e p u l s i o n o f their i o n i z e d func t i ona l groups . P o l y m e r charges 
range f r o m n o n i o n i c (<3% m o l % hydro lys i s ) to s l ight ly c h a r g e d (3-10%) 
to m o d e r a t e l y c h a r g e d (11-25%) to h i g h l y charged (26-40%) to v e r y 
h i g h l y c h a r g e d (+40%). A true n o n i o n i c p o l y ( a c r y l a m i d e ) p o l y m e r is 
rare , a n d a sl ight charge o n some o f the p o l y m e r molecules is acceptab le 
prac t i ce . D i f f e rences i n structure c a n exist b e t w e e n carboxy la te p o l y 
mers m a n u f a c t u r e d b y c o p o l y m e r i z a t i o n a n d those that are h y d r o l y z e d . 
T h e in f luence of p H o n the reac t iv i ty of a c r y l i c a c i d a n d a c r y l a m i d e 
m o n o m e r (30, 31) c a n b e expec ted to af fect p o l y m e r structure. F o r h y 
d r o l y z e d p o l y ( a c r y l a m i d e s ) , the charge d i s t r ibut i on is re lated to the 
i o n i c s trength d u r i n g h y d r o l y s i s (32). T h e u n i f o r m i t y o f charge d i s t r i b u 
t i on is expec ted to v a r y d e p e n d i n g o n condi t ions i n the reactor d u r i n g 
m a n u f a c t u r e . F o r e x a m p l e , n o n i d e a l m i x i n g d u r i n g h y d r o l y s i s of a h i g h -
v i scos i ty so lut ion p o l y m e r w o u l d i n t u i t i v e l y p r o d u c e a n o n u n i f o r m d i s 
t r i b u t i o n o f c h a r g e d mo lecu les or b l o c k s of charge a l o n g the p o l y m e r 
structure. T h i s n o n u n i f o r m d i s t r i b u t i o n can l e a d to a d i f f erence i n per 
f o r m a n c e o f p o l y m e r s w i t h essentially the same b u i l d i n g b l o cks . 

C a r b o x y l a t e p o l y m e r s are c o n s i d e r e d a w e a k po lye l e c t ro ly te a n d 
are sensit ive to p H . A s s h o w n i n F i g u r e 3, m a x i m u m p o l y m e r extension 
occurs at a s l ight ly a lka l ine p H . T h e reason is the i n t r a m o l e c u l a r r e p u l 
s ion o f the func t i ona l groups. T h e ava i lab i l i t y of C a 2 + ions i n the inner 
e lec t r i ca l d o u b l e layer of the sol ids enhances f loeeulat ion w i t h h y d r o 
l y z e d p o l y ( a c r y l a m i d e s ) (33). A t l o w p H (e.g., <4) , h i g h l y charged a n i 
on i c p o l y ( a c r y l a m i d e ) p o l y m e r s are r e la t i ve ly ine f fec t ive f locculents . A t 
this p o i n t , the m a j o r i t y of the c a r b o x y l groups are p r o t o n a t e d a n d are 
re la t ive ly ine f f ec t ive i n a d s o r b i n g to the sol ids . S l i ght ly h y d r o l y z e d a n d 
n o n i o n i c p o l y ( a c r y l a m i d e s ) , w h i c h have a n u m b e r o f a m i d e groups for 
h y d r o g e n b o n d i n g , are general ly selected for these appl i cat ions . 

Cationic Polymers. A v a r i e t y of cat ion ic p o l y m e r s exist because of 
a greater select ion i n cat ionic m o n o m e r s . These p o l y m e r s are m a d e 
p r i m a r i l y b y i n c o r p o r a t i n g amine a n d quaternary amine groups into the 
p o l y m e r mo lecu le . T h e most c o m m o n cat ion ic h o m o p o l y m e r s appear to 
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120 WATER-SOLUBLE POLYMERS 

2 4 6 8 10 12 
PH 

Figure 3. Effect of pH and degree of hydrolysis on 1 g/L of poly(acryl-
amide) solution viscosity. Key (% HYP AM): 35; A , 20; •, 5; and •, 0. 

HYP AM is hydrolized high molecular weight poly(acrylamides). 

b e p o l y ( d i m e t h y l d i a l l y l a m m o n i u m ch lor ide ) a n d condensat ion p o l y -
amines . U n l i k e p o l y a m i n e s , the charge dens i ty o f q u a t e r n i z e d cat ion ic 
p o l y m e r s is not p H dependent . Q u a t e r n i z e d p o l y m e r s are also m o r e 
resistant to degradat i on b y ch lor ine (34). 

I m p r o v e m e n t s i n m o l e c u l a r w e i g h t can be a c c o m p l i s h e d b y c o p o l y -
m e r i z i n g ca t i on i c m o n o m e r s w i t h a c r y l a m i d e b u t o n l y at the expense of 
charge density . A m i n o m e t h y l a t e d p o l y ( a c r y l a m i d e s ) ( A M P A M S ) a n d 
a m i n o m e t h y l a t e d ca t i on i c c o p o l y m e r s ( A M ) have b e e n v e r y e f fec t ive i n 
m u n i c i p a l s ludge treatment . Because o f the t emperature sensit iv i ty of 
the revers ib le a m i n o m e t h y l a t i o n reac t i on , these produc ts are a v a i l 
ab le o n l y i n l i q u i d f o r m . T h e f o l l o w i n g cat ion ic m o n o m e r s are o f ten 
used i n c o m m e r c i a l p o l y m e r s : d i m e t h y l d i a l l y l a m m o n i u m c h l o r i d e 
( D M D A A C ) , [ ( m e t h a c r y l a m i d o ) p r o p y l ] t r i m e t h y l a m m o n i u m c h l o r i d e 
( M A P T A C ) , { [ ( m e t h a c r y l o y l ) o x y ] e t h y l } t r a n e t h y k m m o n i u m methosu l -
fate ( M E T A M S ) , a n d { [ ( m e t h a c i y l o y l ) o x y ] e d i y l } t r i m e t h y l a m m o n i u m 
c h l o r i d e ( M E T A C ) . 

A c o p o l y m e r p r o d u c t is not c o m p o s e d of i d e n t i c a l mo lecu les ; 
rather , a c o p o l y m e r p r o d u c t is a heterogeneous m i x t u r e of p o l y m e r s 
w h o s e b u l k charge is equ iva lent to the i n i t i a l rat io o f m o n o m e r s . F o r 
e x a m p l e , a 75:25 D M D A A C - A M c o p o l y m e r m a y actual ly consist o f a 
m i x t u r e o f D M D A A C h o m o p o l y m e r , a c r y l a m i d e h o m o p o l y m e r , a n d 
s l ight ly c h a r g e d A M - D M D A A C p o l y m e r s . Because the react iv i ty of the 
m o n o m e r s has a s igni f i cant effect o n p o l y m e r c o m p o s i t i o n , m o n o m e r 
reac t i v i ty also w i l l af fect f l occulent p e r f o r m a n c e . B y i m p r o v e d c o n t r o l 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 121 

over the p o l y m e r i z a t i o n process , m o r e homogeneous p o l y m e r c o m p o s i 
tions c a n b e ob t a ined . 

D e p e n d i n g u p o n the des i red charge l eve l o n the p o l y m e r structure, 
cer ta in m o n o m e r s are p r e f e r r e d i n the manufac ture o f the t r i m e t h y l -
a m i n o quaternary d e r i v a t i v e o f a l k y l (acry l i c or m e t h a c r y l i c es ter ) -
a c r y l a m i d e c o p o l y m e r s . A s a r u l e , l o w e r charge dens i ty p o l y m e r s (<20% 
cat ionic ) w e r e p r o d u c e d w i t h M A P T A C , m o d e r a t e l y c h a r g e d p o l y m e r s 
(20-40% cat ionic ) u s e d M E T A M S , a n d the h igher charge dens i ty p o l y 
mers (>40% cat ionic ) w e r e p r e p a r e d w i t h M E T A C . H o w e v e r , r a w 
mater ia ls a n d m a n u f a c t u r i n g costs are st i l l the p r i n c i p a l determinants 
i n se lect ing the m o n o m e r that is most suitable f or a g i v e n charge range . 

Because o f the h i g h l y c o m p e t i t i v e nature o f the was tewater treatment 
business, p o l y m e r a p p l i c a t i o n is d e t e r m i n e d b y the cost-effectiveness o f 
the treatment (35). P o l y m e r m a n u f a c t u r i n g costs are dependent o n the 
a b i l i t y to p r o d u c e or locate a low-cost , h igh -qua l i t y m o n o m e r . T h i s 
p r o b l e m has been a major obstacle to the a p p l i c a t i o n of m a n y synthetic 
o rgan ic p o l y m e r s . F l o c k a n d R a u s c h (36) a n d others (37-40) r e v i e w e d 
m a n y o f these p o l y m e r compos i t i ons a n d their po tent ia l a p p l i c a t i o n . 
H o o v e r (41) c o m p i l e d a c o m p r e h e n s i v e l i terature r e v i e w o n s tructura l 
types o f quaternary p o l y m e r s . 

MOLECULAR WEIGHT AND ASSOCIATED MECHANISMS OF FLOCCULA-TION. A d s o r p t i o n o f cat ion ic h o m o p o l y m e r s occurs p r i m a r i l y through 
electrostat ic a t t rac t ion (42, 43). O p t i m u m f loeeulat ion w i t h this t y p e o f 
p o l y m e r is re lated to the degree o f charge neutra l i zat ion (23,44). D u e to the 
h i g h l y l o c a l i z e d charge neutra l i za t i on u p o n adsorpt i on , these p o l y m e r s 
are genera l ly m o r e e f fect ive i n p r o m o t i n g agg lomerat i on of part ic les 
than s i m p l e inorgan i c e lectrolytes . C a t i o n i c h o m o p o l y m e r s can be l inear 
or b r a n c h e d a n d t y p i c a l l y have m o l e c u l a r we ights o f less than 10^. 
H i g h e r m o l e c u l a r w e i g h t h o m o p o l y m e r s t e n d not to b e e f fect ive o n a 
cos t -per f o rmance basis. M o d e r a t e m o l e c u l a r w e i g h t p o l y m e r s are p r o 
d u c e d b y c o p o l y m e r i z i n g A M w i t h D M D A A C . 

C a t i o n i c c o p o l y m e r s have h igher m o l e c u l a r weights a n d also appear 
to have cons iderab le b r i d g i n g capabi l i t i es , as observed b y their m u c h 
l a r g e r f l o e s t r u c t u r e . T y p i c a l l y , A M P A M S , A M - M A P T A C , A M -
M E T A M S a n d A M - M E T A C p o l y m e r s constitute the h igher m o l e c u l a r 
w e i g h t cat ion ic p o l y m e r s . M o l e c u l a r weights of cat ionic c o p o l y m e r s 
genera l ly range f r o m 10 6 to 10 7 . O p t i m u m b r a n c h i n g o f ca t ion i c c o 
p o l y m e r s is v e r y e f fec t ive i n d e w a t e r i n g o f p r i m a r y a n d ac t ivated 
s ludge (24). F i g u r e 4 i l lustrates the effect of d i f ferent levels of b r a n c h i n g 
agent a d d e d d u r i n g p o l y m e r i z a t i o n o n the f i l t ra t i on rate o f a s ludge 
b l e n d us ing the resultant p o l y m e r s . 

N o n i o n i c a n d an ion i c p o l y m e r s are genera l ly the highest m o l e c u l a r 
w e i g h t p o l y m e r s ava i lab le a n d c a n attach to sol ids b y h y d r o g e n , h y d r o 
p h o b i c , or c h e m i c a l b o n d i n g . P o l y m e r a d s o r p t i o n is general ly c o n -
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122 WATER-SOLUBLE POLYMERS 

100 200 

Polymer Dose (ppm) 

300 

Figure 4. Buchner funnel evaluation of 75:25 DMDAAC-AM copolymers 
on a 50% raw-50%> waste-activated sludge blend [adapted from Morgan 
et al. (24)]. TAMAC is the branching agent, triallylmethylammonium chlo

ride. Key (mol % TAMAC): •, none; 0.4; and • , 0.2. 

s i d e r e d i r revers ib l e because o f the m u l t i p l i c i t y o f b o n d s o n the s o l i d , 
a l though any segment o f the m o l e c u l e is a d y n a m i c system that c a n 
u n d e r g o a d s o r p t i o n a n d desorpt ion . 

P o l y m e r b r i d g i n g o f part ic les is a p r i m a r y m e c h a n i s m for f l oeeula 
t i o n b y h i g h mo le cu lar w e i g h t p o l y m e r s (45). T h i s f i n d i n g imp l i e s that 
l inear p o l y m e r structures w o u l d b e the most e f fect ive ; a l though , m a x i 
m u m sett l ing rates are o b t a i n e d w i t h the highest m o l e c u l a r w e i g h t 
p o l y m e r s (46,47). I n some cases o f sett l ing , a n d p a r t i c u l a r l y i n f i l t ra t i on , 
the most cost -e f fect ive p o l y m e r m a y b e i n the in te rmed ia te m o l e c u l a r 
w e i g h t range . I n set t l ing , at l o w p o l y m e r dosages, the h igher m o l e c u l a r 
w e i g h t p o l y m e r s m a y not h a v e enough molecu les to e f f e c t i ve ly f l o c c u 
late the solids w h i l e the in termediate m o l e c u l a r w e i g h t p o l y m e r s w i l l . 
O n c e the h i g h m o l e c u l a r w e i g h t p o l y m e r reaches a thresho ld dosage, 
the sett l ing rate increases r a p i d l y , surpassing that o f its l o w e r m o l e c u l a r 
w e i g h t counterpart . I n f i l t ra t i on , l o w e r m o l e c u l a r w e i g h t p o l y m e r s t end 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 123 

to h a v e a b r o a d o p t i m u m dosage a n d n e e d less attent ion f r o m the operator . 
A t dosages a b o v e the o p t i m u m , r a p i d d e w a t e r i n g is i n h i b i t e d b y the f loe 
structure . A l s o , excess p o l y m e r m a y b l i n d the f i l ter m e d i a . U n l i k e 
cat ion ic p o l y m e r s , res tab i l i za t i on o f part ic les b y o v e r d o s i n g w i t h a 
n o n i o n i c or an ion i c p o l y m e r is h i g h l y u n l i k e l y . H o w e v e r , the u t i l i t y o f 
these p o l y m e r s is m o s t l y l i m i t e d to p r i m a r y sol ids. 

O p e r a t i o n a l F a c t o r s . T h e e q u i p m e n t t y p e a n d its l o a d i n g are facts 
o f l i f e f or a par t i cu lar p lant a n d contr ibute to the uniqueness o f the 
sys tem. T o b e e f f ec t ive , the p o l y m e r must w o r k u n d e r these cond i t i ons . 
H o w e v e r , p o l y m e r i c f locculents are not a cure -a l l . P o l y m e r s w o r k best 
w h e n e q u i p m e n t is i n g o o d operat ing c o n d i t i o n . P r o p e r e q u i p m e n t 
maintenance has n o substitute. 

POLYMER APPLICATION. P r o p e r c o n d i t i o n i n g o f the s ludge m a y b e 
the s ingle most i m p o r t a n t factor for o p t i m u m e q u i p m e n t p e r f o r m a n c e . 
S l u d g e c o n d i t i o n i n g is a f u n c t i o n o f p o l y m e r dosage, d i l u t i o n water , a n d 
m i x i n g energy . C e r t a i n p o l y m e r s are k n o w n to p e r f o r m better w i t h s ig 
n i f i c a n t m i x i n g , w h i l e the p e r f o r m a n c e o f other p o l y m e r s is e n h a n c e d 
w i t h less strenuous m i x i n g . H o w e v e r , insuf f i c ient c o n d i t i o n i n g of the 
s ludge c a n result i n u n a d s o r b e d p o l y m e r a n d subsequent b l i n d i n g o f the 
f i l ter m e d i a . F i g u r e 5 i l lustrates l o w e r c o n d i t i o n i n g energy f a v o r i n g 
o p t i m u m p e r f o r m a n c e o f a m e d i u m m o l e c u l a r w e i g h t A M P A M , a n d a 
h i g h m o l e c u l a r w e i g h t A M P A M p e r f o r m i n g better w i t h a d d i t i o n a l shear. 
T h e m e d i u m m o l e c u l a r w e i g h t A M - D M D A A C c o p o l y m e r d i d not p r o 
d u c e a shear-resistant f loe w i t h this par t i cu lar s ludge. 

T h e o p t i m u m m i x i n g energy r e q u i r e d to t h o r o u g h l y c o n d i t i o n a 
s ludge var ies w i t h p o l y m e r a n d s ludge (48). P r o p e r app l i ca t i ons for e f f i 
c ient p o l y m e r usage c a n be s u m m a r i z e d as f o l l ows : (1) G o o d f loeeula
t i on depends o n adequate d iss ipat ion of p o l y m e r throughout the suspen
s ion . T h i s d i s s ipa t i on c a n b e a c c o m p l i s h e d b y f e e d i n g across the ent ire 
process s tream at points o f l o c a l turbulence such as p u m p intake , p u m p 
d ischarge , a n d gra t ing across the launder . (2) F l o e e u l a t i o n is not s trongly 
a f f e c ted b y the i n i t i a l c oncentra t i on o f the p o l y m e r stock so lut ion as 
l o n g as suf f i c ient m i x i n g ac companies the p o l y m e r a d d i t i o n (49). G e n e r 
a l l y , w h e r e s igni f i cant m i x i n g exists, increas ing the d i l u t i o n w a t e r can b e 
o f s ign i f i cant va lue i n i m p r o v i n g the p o l y m e r transport to the so l id . (3) 
S taged a d d i t i o n o f p o l y m e r p r o v i d e s i m p r o v e d f loe f o r m a t i o n b y 
r e c o n d i t i o n i n g a n y shear -degraded f loe. (4) A d s o r p t i o n of the p o l y m e r 
onto the s o l i d is r e la t ive ly i r revers ib le a n d excess shear leads to d e g r a d a 
t i on o f the floes. 

A p o l y m e r f o u n d to be e f fect ive u n d e r l ow-shear condi t ions m a y 
not p r o d u c e g o o d results w h e n subjected to h i g h shear. T e s t i n g of f l o c 
culents shou ld b e p e r f o r m e d u n d e r o p t i m u m m i x i n g condi t ions to 
ensure the best eva luat i on for each p o l y m e r . T h e p r o p e r f eed system is 
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4.0 

0.0 I I l 1 
0 10 20 30 

Mix Time (sec) 

Figure 5. Effect of shear on polymer performance in dewatering of pri
mary sludge. Key: •, medium molecular weight AMPAM; •, high molecu
lar weight AMPAM; 75:25 DMDAAC-AM. Polymer dosage was 

5 lb/ton active. 

essential to success ful ly a n d consistent ly treat at an e f fect ive cost-
p e r f o r m a n c e l e v e l . 

PHYSICAL FORM OF POLYMERS AND THEIR APPLICATION. P o l y m e r s 
are genera l ly s u p p l i e d i n e i ther d r y , so lut i on , w a t e r - i n - o i l e m u l s i o n , o r ge l 
f o r m . E a c h p h y s i c a l f o r m has its o w n advantages a n d disadvantages (see 
T a b l e II) . 

Solution Polymers. L i q u i d p o l y m e r s are p r o b a b l y the easiest f o r m 
to a p p l y . C o m m o n l y , a w a t e r e d u c t o r a n d a n i n - l i n e static m i x e r is 
used to p r e p a r e the p o l y m e r so lut ion ; thus, the n e e d f o r a m i x i n g tank is 
e l i m i n a t e d (see F i g u r e 6) . T y p i c a l p r o d u c t s i n this f o r m are A M P A M , 
ca t ion i c h o m o - a n d c o p o l y m e r s , a n d l o w m o l e c u l a r w e i g h t h y d r o l y z e d 
p o l y ( a c r y l a m i d e s ) . L i q u i d p o l y m e r s that c onta in 10-50% act ive m a t e r i a l 
are t y p i c a l l y l o w e r m o l e c u l a r w e i g h t produc t s . H i g h e r m o l e c u l a r w e i g h t 
p o l y m e r s p r o d u c e v e r y v iscous solutions a n d , therefore , general ly c o n 
ta in less than 10% act ive p r o d u c t in so lut ion. C o l d temperatures increase 
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126 W A T E R - S O L U B L E POLYMERS 

Figure 6. Liquid polymer feed system (courtesy of Calgon Corp.). 

the v i s cos i ty o f so lut ion p o l y m e r s a n d m a y cause some d i f f i c u l t y i n h a n 
d l i n g . H o w e v e r , heat t r a c i n g o f b u l k loads or ins ide storage m i n i m i z e s 
this p r o b l e m . S o m e p o l y m e r s that t e n d to a ir o x i d i z e are s tored w i t h a 
n i t rogen cap . 

Dry Polymers. D r y p o l y m e r s p r o v i d e the most ac t ive m a t e r i a l o n 
an "as p r o d u c t " basis . D r y p o l y m e r s are ava i lab l e i n p o w d e r , granular , 
or b e a d f o r m . G e n e r a l l y , the f iner the par t i c l e s ize , the greater the so lu 
b i l i t y rate; h o w e v e r , dust ing also increases. P o l y m e r vendors o f fer a v a r i 
ety o f a u t o m a t e d f e e d e q u i p m e n t to ensure p r o p e r p o l y m e r w e t t i n g a n d 
d isso lut ion (see F i g u r e 7). A h o l d d a y tank is o f ten used after the d isso lv 
i n g tank to p r o v i d e f eed ing o f a consistent so lut ion strength. F e e d i n g o f 
the d r y p o l y m e r too fast f o r adequate d i spers i on is the l e a d i n g cause o f 
" f i sheyes" . F i sheyes are gels o f p o l y m e r that have not f u l l y d i sso lved . 
H i g h - s p e e d m i x i n g (>500 r p m ) or excessive m i x i n g t imes (>1 h) are 
d i s c o u r a g e d because a loss o f p o l y m e r p e r f o r m a n c e c a n result. I n a d d i 
t i o n , h i g h levels o f d i s s o l v e d sol ids a n d d i s s o l v e d o x y g e n c a n r e d u c e 
p o l y m e r ef fect iveness. A f t e r o n l y 24 h , d i lu te p o l y m e r solutions p r e 
p a r e d i n d e i o n i z e d w a t e r are m u c h m o r e e f fec t ive than those p r e p a r e d 
i n h a r d w a t e r . T h e v i s cos i ty o f the p o l y m e r so lut ion l imi t s the m a x i m u m 
r e c o m m e n d e d so lut ion strength to 0.5% for anionic p o l y m e r s a n d 1.0% for 
n o n i o n i c a n d ca t i on i c p o l y m e r s . Solut ions o f d i lu te p o l y m e r s s h o u l d b e 
used w i t h i n 24 h o f p r e p a r a t i o n to m i n i m i z e p r o d u c t degradat ion . 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 127 

Emulsion Polymers. Se l f - inver t ing w a t e r - i n - o i l e m u l s i o n p o l y m e r s 
c o n t a i n i n g a n y w h e r e b e t w e e n 25% a n d 60% act ive p r o d u c t have g a i n e d 
p o p u l a r i t y i n recent years , espec ia l ly cat ionic p roduc t s that range u p to 
60% ac t ive . H i g h m o l e c u l a r w e i g h t an ion ic a n d non ion i c p o l y m e r s c o n 
ta in a p p r o x i m a t e l y 25 -35? ac t ive sol ids . W h e n a p r o p e r m a k e d o w n 
p r o c e d u r e is f o l l o w e d , a p o l y m e r so lut i on c a n b e p r e p a r e d i n less than 
30 m i n . So lu t i on strength is general ly l i m i t e d b y so lut ion v iscos i ty ; h o w 
ever , as a ru le o f t h u m b , a so lut ion o f a p p r o x i m a t e l y 0.5% ac t ive p o l y m e r 
w i l l ensure c o m p l e t e invers ion . T h e rate o f invers ion o f an e m u l s i o n is 
d e p e n d e n t o n the p o l y m e r t y p e . N o n i o n i c emuls ions inver t m o r e s l o w l y 
than the h igher charge p o l y m e r s . A n i o n i c a n d non ion i c emuls ions have 
b e e n success ful ly p r e p a r e d d o w n to as l o w as 0.05$ so lut ion o n an ac t ive 
p o l y m e r basis . T h e l o w e r l i m i t i n single-stage p r e p a r a t i o n o f a d i lu te 
e m u l s i o n p o l y m e r so lut ion is d e t e r m i n e d b y a m i n i m u m surfactant l e v e l , 
necessary for p r o p e r invers ion . E m u l s i o n s are most e f fect ive w h e n 
p r e p a r e d i n po tab le w a t e r o r soft water . H i g h l y d i sso lved sol ids c a n 
i m p a i r e m u l s i o n invers i on . T h e advantages o f an e m u l s i o n are h igher p e r 
cent ac t i ve than l i q u i d a n d faster m a k e d o w n than the d r y p r o d u c t . O f t e n , 
emuls ions are m o r e e f fec t ive than their d r y p o l y m e r counterparts o n a n 
" a c t i v e " basis. A n a u t o m a t e d b u l k f eed sys tem can b e insta l led to m i n i -

Figure 7. Automatic dry polymer feed system (courtesy of Calgon Corp.). 
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128 W A T E R - S O L U B L E P O L Y M E R S 

m i z e operator superv i s i on . E q u i p m e n t c l eanup is a c c o m p l i s h e d b y r u n 
n i n g a saturated b r i n e ( N a C l ) or a d i l u t e b l e a c h so lut ion t h r o u g h the 
m a k e d o w n m o d u l e . C a l g o n ' s e m u l s i o n m a k e d o w n system is i l lustrated 
i n F i g u r e 8. 

Gel Polymers. T h e advantage o f a g e l p r o d u c t is that a h i g h 
m o l e c u l a r w e i g h t p r o d u c t is p r o v i d e d that, u n l i k e d r y p o l y m e r s , has not 
u n d e r g o n e any d e g r a d a t i o n d u r i n g d r y i n g a n d g r i n d i n g . A l s o , ge l p o l y 
mers have f o u n d a p p l i c a t i o n i n areas w h e r e n o e l e c t r i c i ty is ava i l ab l e . 
T h e ge l l o g c a n b e p l a c e d i n water a n d a l l o w e d to dissolve s l o w l y . D i s 
so lut ion is r e la ted to the w a t e r v e l o c i t y , t emperature , a n d the exposed 
sur face area . D r y p o l y m e r s c a n b e a p p l i e d i n a s i m i l a r m a n n e r b y p a r 
t ia l ly f i l l i n g a f ine m e s h b a g , such as a n y l o n s to ck ing , a n d a l l o w i n g the 
p o l y m e r to s o l u b i l i z e (50). F o r other app l i ca t i ons , a spec ia l u n i q u e 
m a k e d o w n system is r e q u i r e d . 

Polymer Applications in Wastewater Treatment 
M u n i c i p a l was te t reatment c a n b e b r o k e n d o w n into the f o l l o w i n g 
stages: 

• p r e l i m i n a r y 
• p r i m a r y c lar i f i ca t i on 
• secondary treatment 
• s ludge t h i c k e n i n g 
• s ludge d e w a t e r i n g 

Figure 8. Emulsion feed system (courtesy of Calgon Corp.). 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 129 

F i g u r e 9 i l lustrates a flow d i a g r a m of a t y p i c a l sewage treatment p lant 
w i t h secondary treatment . A s a ru l e , h igher cat ionic charge a n d h igher 
p o l y m e r dosage are r e q u i r e d w i t h each progress ing stage o f treatment . 
T a b l e III p r o v i d e s a general desc r ip t i on of var ious stages of m u n i c i p a l 
wastewater treatment a n d the p o l y m e r requirements . 

P r e l i m i n a r y T r e a t m e n t . T h e p u r p o s e of p r e l i m i n a r y treatment is 
to r e m o v e larger so l ids , h e a v y inorganics , abras ive mater ia ls , or excess 
oi ls a n d greases that c a n inter fere w i t h further treatment . T h i s r e m o v a l 
c a n b e a c c o m p l i s h e d b y use of grit c h a m b e r s , screens or bar racks , 
c o m m i n u t o r s , aerators, a n d o i l separators. R a w m u n i c i p a l wastewaters 
t y p i c a l l y conta in 100-400 m g / L of suspended solids consist ing of o rganic 
a n d m i n e r a l mat ter . T h e most w i d e l y used p a r a m e t e r to i d e n t i f y the 
organ ic content o f wastewater is B O D . B O D is used to estimate the 
quant i ty of oxygen n e e d e d to b i o l o g i c a l l y s tabi l ize the organic mater ia l . 
G e n e r a l l y , fresh sewage is gray a n d sept ic sludges are b l a c k i n co lor . 
Preaera t i on m a y b e used to i m p r o v e o x y g e n levels i n sept ic wastes. 
P o l y m e r s are genera l ly not a p p l i e d at this stage of m u n i c i p a l wastewater 
treatment unless to adequate ly ensure m i x i n g for p r i m a r y c lar i f i ca t i on . 

P r i m a r y S e d i m e n t a t i o n - C l a r i f i c a t i o n . T h e p r i m a r y stage removes 
o rgan i c a n d inorgan i c mater ia ls b y p h y s i c a l processes a n d i m p r o v e s sus
p e n d e d sol ids a n d B O D r e m o v a l . T h i s stage removes a p p r o x i m a t e l y 
30-60% of the s u s p e n d e d so l ids a n d 30-40% of the B O D . T h e resultant 
s ludge averages 2-10% sol ids , is t y p i c a l l y dense a n d f ibrous i n nature , 
a n d dewaters w e l l . T h e p e r f o r m a n c e of the p r i m a r y c lar i f i er affects the 
extent of s e condary treatment a n d can c o n t r o l o v e r a l l e f f luent qua l i ty . 
P o l y m e r s are o f ten used i n p r i m a r y sed imenta t i on to increase sett l ing o f 
h y d r a u l i c a l l y o v e r l o a d e d units . I n c o r p o r a t i o n of the co l l o ida l - s i ze p a r t i 
cles into the f loe structure results i n s ign i f i cant ly h igher sett l ing rates; 
thus, subsequent unit operat ions are i m p r o v e d . A p p l i c a t i o n of h y -
d r o l y z e d h i g h m o l e c u l a r w e i g h t p o l y ( a c r y l a m i d e s ) ( H Y P A M ) is o f ten 
v e r y e f fec t ive , w h i l e n o n i o n i c p o l y m e r s have f o u n d l i t t le u t i l i ty i n p r i 
m a r y sed imentat i on . T a b l e I V (36, 51-54) i l lustrates the effect that 
an ion i c p o l y m e r s have o n p r i m a r y c la r i f i ca t i on . T h e c o a d d i t i o n of an 
inorgan i c coagulant a n d p o l y m e r is also e f fect ive o n suspended sol ids 
a n d B O D r e m o v a l . T h e f i ve -p lant average for r e m o v a l increased f r o m 
45% to 70% for suspended sol ids a n d f r o m 38% to 55% for B O D . 

I n general , c o n v e n t i o n a l p r i m a r y c lar i f iers w i t h anionic f l occu lent 
add i t i ons o f <1 m g / L w i l l p r o v i d e >50% suspended sol ids r e m o v a l a n d 
>40% B O D r e m o v a l . C a t i o n i c p o l y m e r s , such as A M P A M S or A M -
D M D A A C c o p o l y m e r s , c a n b e used to settle p r i m a r y sol ids, a l though 
cat ion ic p o l y m e r s are general ly not cost-ef fect ive unless a cons iderab le 
a m o u n t of secondary m a t e r i a l or digester supernate is r e c y c l e d . 
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7. REY A N D VARSANIK Polymeric Flocculents in Wastewater Treatment 133 

S e c o n d a r y T r e a t m e n t . T h e purpose o f this stage is to further 
reduce B O D l o a d i n g through the use of mi c roorgan i sms m e t a b o l i z i n g 
the organ ic matter under a c o n t r o l l e d env i ronment , w h i c h results i n a 
b iomass f o r sett l ing. T h e unit processes that are most o f ten i d e n t i f i e d 
w i t h the stage are 

• t r i c k l i n g f i lters, 
• ac t iva ted sludge process , a n d 
• aerob i c a n d anaerob ic d igest ion . 

A s the m e a n c e l l res idence t i m e of the process increases, the surface 
charge o n the o r g a n i c mat te r decreases. A t the same t i m e , b i o p o l y -
mers are p r o d u c e d b y the m i c r o o r g a n i s m s that p r o m o t e sett l ing (55, 
56) . T h e m a j o r i t y of B O D d ischarge f r o m ac t i va ted s ludge , b i o l o g i c a l 
a c t i va ted s ludge , or b i o l o g i c a l treatment p lants is associated w i t h the 
s u s p e n d e d s o l i d s . C a t i o n i c p o l y m e r s o f t h e D M D A A C o r A M -
D M D A A C class are o f ten a p p l i e d for f i n a l c l a r i f i ca t i on to r educe the 
suspended so l ids a n d , there fore , B O D levels i n the ef f luent . I n p a r t i c u 
lar , p o l y m e r s offset s ludge b u l k i n g , h i n d r a n c e o f sett l ing caused b y c o l d 
weather , a n d m i n i m i z e o p e r a t i o n a l upset. G o o d m a n a n d M i k k e l s o n (57) 
a d d e d a ca t i on i c p o l y m e r to the aerat ion tank to i m p r o v e suspended 
sol ids c a p t u r e i n the f i n a l c lar i f i ers . F i g u r e 10 shows that the a p p l i c a t i o n 
of 1 m g / L of p o l y m e r e n a b l e d the r e d u c t i o n of suspended solids i n the 
e f f luent to <20 m g / L , as c o m p a r e d to 700 m g / L w i t h o u t p o l y m e r 
treatment . C a t i o n i c p o l y m e r s react w i t h the an ion i c b i o f l o c to neutra l i ze 

700 

0 20 40 60 80 100 120 140 160 180 200 

Time (hours) 

Figure 10. Effect of a cationic polyelectrolyte on secondary sedimentation 
basin performance. Key: —, 5 mg/L of polymer; —, 1 mg/L of polymer; 
and no polymer. Reproduced with permission from reference 57. 

Copyright 1970 McGraw-Hill. 
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134 W A T E R - S O L U B L E P O L Y M E R S 

a n d b r i d g e the s ludge part i c les . T h e opera t ing p o l y m e r dosage is l o w e r 
than the i n i t i a l t reatment because o f the r e c i r c u l a t i n g nature o f the process . 
P o l y m e r s are n o r m a l l y f e d across the o v e r f l o w w e i r o f the aerat ion bas in 
or the t r i c k l i n g f i l ter e f f luent . W h e n i n o r g a n i c coagulants are used , they 
are genera l ly a p p l i e d to the ac t iva ted s ludge aerat ion b a s i n or the 
t r i c k l i n g f i l ter e f f luent ahead o f the p o l y m e r . P o l y m e r requirements 
increase as the rat io o f b i o l o g i c a l so l ids increase. P r i o r to d i scharge , the 
wastewater ef f luent is d i s in fec ted , usual ly b y ch lor inat i on . 

T R I C K L I N G F I L T E R S . T r i c k l i n g f i l ters are c lass i f i ed as h i g h rate o r 
l o w rate , d e p e n d i n g o n the h y d r a u l i c a n d organ i c l o a d i n g . A tank f i l l e d 
w i t h p e r m e a b l e m e d i a p r o v i d e s a large surface area u n d e r aerob i c c o n d i 
t ions f o r b i o l o g i c a l g r o w t h . T r i c k l i n g f i lters conver t a p p r o x i m a t e l y 
60 -80? o f the process B O D into b i o l o g i c a l s l imes . P r i m a r y s ludge is 
usua l ly b l e n d e d to the h igh -dens i ty , l o w - v o l u m e h u m u s f o r i m p r o v e d 
d e w a t e r i n g . 

A C T I V A T E D S L U D G E P R O C E S S . T h e ac t ivated s ludge process exists 
i n m a n y vers ions . I n genera l , this process consists o f m i x i n g a p o r t i o n o f 
the aerated s ludge to seed the in f luent s t ream o f the aerat ion tank. T h i s 
p r o c e d u r e increases the a m o u n t o f m i c r o b e s f or i m p r o v e d o x i d a t i o n of 
the organics . T h e a c t i v a t e d s ludge process further reduces a p p r o x i 
m a t e l y 70 -90? o f the B O D i n the r e m a i n i n g r a w wastewater . Was te -
ac t iva ted s ludge tends to have a f ragi le f loe structure. 

S L U D G E D I G E S T I O N . D i g e s t i o n is a means o f s ludge s tab i l i zat ion 
that k i l l s nox ious organisms w h i l e r e d u c i n g the v o l u m e a n d mass o f the 
s ludge p r i o r to d e w a t e r i n g . T h e b i o l o g i c a l treatment c a n b e c lass i f ied b y 
the o x y g e n d e p e n d e n c e o f the mic roorgan i sms i n v o l v e d . 

Aerobic Digestion. A e r o b i c d iges t i on is a n extension o f the a c t i 
v a t e d waste process . C o n t i n u a l aerat ion o f the waste s ludge encourages 
endogenous resp i ra t i on (se l f - cannibal ism) o f the b i omass ; a l a rge ly b i o 
l o g i c a l l y s tabi le e n d p r o d u c t results (58). T h e m a i n d i sadvantage o f 
aerob i c d iges t i on is the h i g h energy cost to s u p p l y o x y g e n to the system. 

Anaerobic Digestion. A n a e r o b i c d iges t i on is c a r r i e d out i n a c l osed , 
h e a t e d e n v i r o n m e n t i n the absence o f o x y g e n . A n inert s ludge o f f ine 
par t i c l e s ize is p r o d u c e d , p a r t i c u l a r l y i n the ear ly stages o f d igest ion 
(59). T h e supernate f r o m this process is genera l ly v e r y h i g h i n n u 
trients a n d organ i c m a t e r i a l . A v a l u a b l e b y p r o d u c t o f this process is 
methane . A n a e r o b i c t reatment o f s ludge is s l ower than the aerob i c p r o 
cess a n d reacts s l ower to e n v i r o n m e n t a l changes. 

S l u d g e T h i c k e n i n g . P r i o r to f i n a l d e w a t e r i n g , the s ludge m a y b e 
fur ther t h i c k e n e d to i m p r o v e the e f f i c i e n c y o f the f i n a l process . O f t e n , 
s ludge t h i c k e n i n g w i l l result i n r e d u c e d c h e m i c a l costs i n the d e w a t e r i n g 
stage. G r a v i t y t h i c k e n i n g a n d d i s s o l v e d a ir f l o tat ion are the most 
c o m m o n uni t processes. 
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G R A V I T Y T H I C K E N I N G . A c onvent i ona l g rav i ty th i ckener a l l ows 
sol ids to settle u n d e r the in f luence o f g r a v i t y ; a h igh-so l ids u n d e r f l o w is 
p r o d u c e d . T y p i c a l l y , a th i ckener is des igned for a surface l o a d i n g rate o f 
400 -900 gal lons p e r d a y ( g p d ) / f t 2 a n d c a n p r o d u c e a s ludge o f 5 -6? so l ids . 
A w e l l - r u n t h i c k e n e r c a n ach ieve 50? r e d u c t i o n i n s ludge v o l u m e w i t h a p 
p r o x i m a t e l y 95? so l ids r e covery . T h e s ludge is cont inuous ly s t i r red to 
p r o m o t e channels f o r w a t e r a n d gases to escape d u r i n g dens i f i ca t ion . 
P o l y m e r s are genera l ly a p p l i e d to g r a v i t y th ickeners f o r the f o l l o w i n g 
purposes : (1) to increase the h y d r a u l i c or sol ids l o a d i n g o f the unit , (2) to 
ach ieve h igher dens i ty s ludge b lankets , a n d (3) to i m p r o v e the sol ids 
c a p t u r e i n the th i ckener a n d r e d u c e the r e c y c l e l o a d o n the p lant . 
T y p i c a l l y , ca t i on i c p o l y m e r t reatment w i l l b e about 6 -60 l b / d r y t on o f 
so l ids f or l i q u i d p o l y m e r s a n d 0.5-5.0 l b / d r y ton o f sol ids for d r y p o l y m e r s . 

D I S S O L V E D A m F L O T A T I O N ( D A F ) . D A F , a process used to 
t h i c k e n s ludge , c a n p r o d u c e a floated s ludge o f over 5? sol ids . T h i s 
process is used p r i m a r i l y w i t h waste -ac t ivated sludges a n d is p a r t i c u l a r l y 
su i ted to w a s t e w a t e r c o n t a i n i n g o i l o r grease. P e r f o r m a n c e is h e a v i l y 
i n f l u e n c e d b y the so l ids l o a d i n g . I n genera l , the h i g h e r the sol ids 
l o a d i n g , the l o w e r the c oncent ra t i on o f t h i c k e n e d s ludge a n d the p o o r e r 
the so l ids r e c o v e r y . F i g u r e 11 (60) i l lustrates that p o l y m e r is v e r y 
e f fec t ive i n i m p r o v i n g the sol ids r e c o v e r y o f a f l oa ted s ludge , espec ia l ly 
u n d e r h i g h e r sol ids l o a d i n g . C a t i o n i c p o l y m e r s are usual ly a d d e d to the 
d ischarge s ide o f the pressur i zed w a t e r just p r i o r to flotation; therefore , 
g o o d ag i tat ion is ensured . U n l i k e coagulants , p o l y m e r a d d i t i o n p r i o r to 
pressur i za t i on reduces the ef fect iveness o f the treatment . A w i d e range 
o f p o l y m e r p r o d u c t s has b e e n o b s e r v e d to b e e f fec t ive i n the D A F p r o 
cess. A M P A M S or A M - D M D A A C p o l y m e r s are used p r i m a r i l y o n a c t i 
v a t e d s ludge , w h i l e h y d r o l y z e d p o l y ( a c r y l a m i d e s ) are somet imes a p 
p l i e d i n the t h i c k e n i n g o f r a w s ludge. 

S ludge D e w a t e r i n g . S ludge d e w a t e r i n g is the f ina l s o l i d - l i q u i d step 
be fo re d i sposa l a n d general ly accounts for a large percentage o f the tota l 
c h e m i c a l r e q u i r e m e n t of a p lant . L i m e , f e r r i c ch l o r ide , a n d p o l y m e r s are 
the most c o m m o n chemica l s used at this stage. C h e m i c a l dosages c a n b e 
e x p e c t e d to f a l l w i t h i n the f o l l o w i n g ranges (s ludge, p o u n d s o f p o l y m e r 
p e r d r y t on o f d r y so l ids , p o u n d s o f l i m e p e r t on o f d r y sol ids , a n d p o u n d s 
o f f e r r i c ch l o r ide per t on o f d r y sol ids) , (61): r a w p r i m a r y a n d waste 
ac t ivated , 15-20, 110-300, a n d 40-50 ; a n d d igested p r i m a r y a n d waste 
act ivated , 30 -40 ,160-370 , a n d 80-200, respect ively . 

T h e p o l y m e r cost to treat b lends of sludges c a n be expec ted to 
range f r o m $ 2 - 1 0 / d r y t on for p r i m a r y sol ids to $ 4 - 3 0 / d r y ton for r a w 
plus secondary sludges. P o l y m e r c o n s u m p t i o n w i l l increase w i t h the 
percentage o f b i o l o g i c a l sol ids present. 
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T h e f o l l o w i n g uni t processes are most w i d e l y associated w i t h s ludge 
d e w a t e r i n g : 

• v a c u u m f i l t rat ion 
• centr i fugat ion 
• belt -press f i l t rat ion 
• pressur i zed f i l t rat ion 

Po lye le c t ro ly tes h a v e p r o b a b l y h a d the most p r o f o u n d ef fect o n s ludge 
d e w a t e r i n g o f any s o l i d - l i q u i d separat ion process. V a c u u m fi lters , w h i c h 
w e r e c o m m o n l y ins ta l l ed u p to the mid-1970s, have general ly lost f avor 
to be l t presses a n d s o l i d b o w l centr i fuges . T h e advent o f h i g h m o l e c u l a r 
w e i g h t , h i g h charge dens i ty , ca t i on i c p o l y m e r s , w h i c h f o r m shear-
resistant f loes, can account for m u c h of the shift i n emphasis o n these 
m e c h a n i c a l devices . 
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V A C U U M F I L T R A T I O N . I n v a c u u m f i l t ra t i on , p o l y m e r a d d i t i o n is 
v e r y i m p o r t a n t i n the f o r m a t i o n o f a porous f i l ter cake . P o r o s i t y o f the 
cake is c r i t i c a l for m a x i m u m cake p i c k u p d u r i n g the cake f o r m a t i o n c y c l e 
a n d also p r o v i d e s g o o d a ir f l o w t h r o u g h the c a ke i n the d r y cyc l e . A s 
l o n g as c r a c k i n g o f the cake is not severe, res idua l mois ture w i l l t e n d to 
m i g r a t e w i t h air f l o w . F e e d sol ids to v a c u u m fi lters range b e t w e e n 2.0? 
a n d 10.0? so l ids a n d result i n y i e l d s o f 2 -10 l b / f t " 2 h _ 1 . W i t h p o l y m e r 
treatment , 99? sol ids r e c o v e r y c a n b e o b t a i n e d ; therefore , sol ids re 
c y c l i n g is m i n i m i z e d . 

S o m e t i m e s p o l y m e r s are used i n con junc t i on w i t h l i m e or f e r r i c 
c h l o r i d e . T y p i c a l c h e m i c a l dosages i n v a c u u m f i l t ra t i on are 4 -10 l b / t o n 
for the p o l y m e r a n d 150-300 l b / t o n o f l i m e or 50-125 l b / t o n of f e r r i c 
c h l o r i d e . G e n e r a l l y , a p p l i c a t i o n of a p o l y m e r w i l l r educe the usage rates 
o f the inorgan i c coagulant a n d m i n i m i z e s ludge f o r m a t i o n . W h e n a p lant 
is c o n v e r t e d f r o m inorgan i c coagulants to p o l y m e r s , the f i l ter m e d i a 
must b e eva luated . O f t e n the di f ferences i n f loe characterist ics o f a f l o c 
cu l a t ed s ludge requ i re a d i f ferent w e a v e to m i n i m i z e f loe penetrat ion 
into the f a b r i c . F i l t e r operat ions are general ly eva luated o n p r o d u c t i o n , 
solids capture , a n d cake moisture . 

C E N T R I F U G E S ( B A S K E T S , D I S K , A N D C O N C U R R E N T S C R O L L ) . Sev 
era l types o f centr i fuges are ava i lab le , b u t i n general , p r o d u c t i o n is i n 
f l u e n c e d b y the f e e d rate a n d sol ids l o a d i n g . T y p i c a l l y , i n a cont inuous -
f l o w centr i fuge , s ludge is f e d ax ia l ly w h e r e high-rate sed imentat ion takes 
p l a c e because of centr i fuga l forces. H i g h e r centr i fuga l acce lerat ion can i m 
p r o v e c a k e dryness , a l though excessive shear c a n b r e a k apart the f loe 
structure . P r o p e r a p p l i c a t i o n o f a f l occu lent is essential to f o r m a co 
herent , shear-resistant f loe . T h e p o l y m e r is p r i m a r i l y used to enhance 
sol ids capture . T y p i c a l l y , a h i g h m o l e c u l a r w e i g h t cat ion ic p o l y m e r such 
as A M P A M S or A M - M E T A C c o p o l y m e r s is d i c t a t e d . P o l y m e r dosage 
c a n b e e x p e c t e d to range b e t w e e n 1 a n d 20 l b / t o n but , most l i k e l y , is 
4 -10 l b / t o n . P o l y m e r p e r f o r m a n c e is general ly d e f i n e d b y the cost to 
meet spec i f i cat ions f o r cake sol ids a n d c lar i ty at a constant p r o d u c t i o n 
rate. 

B E L T P R E S S . Be l t presses are s imple a n d re lat ive ly easy to m a i n t a i n . 
W i t h p o l y m e r t reatment , be l t presses c a n b e used to d e w a t e r p r o b l e m 
atic s e condary b i o l o g i c a l a n d p e t r o c h e m i c a l sludges. L o w - s o l i d s i n f l u 
ent is the bane o f d e w a t e r i n g processes such as be l t presses. S ludges 
are f irst f l o c cu la ted to a cottage cheese consistency a n d then d e w a t e r e d 
i n a g r a v i t y dra inage sect ion to a n o n f l u i d consistency , f o l l o w e d b y 
i n c r e m e n t a l l y increased pressure d e w a t e r i n g a p p l i e d b y c o n v e r g i n g 
belts. L a r g e , shear-stable floes are essential for p r o p e r operat ion . C a t i o n i c 
p o l y m e r s such as A M P A M S a n d A M - M E T A M S or M E T A C c o p o l y 
m e r s a r e v e r y e f f e c t i v e i n t h i s a p p l i c a t i o n . O c c a s i o n a l l y , A M -
D M D A A C c o p o l y m e r s or h i g h m o l e c u l a r w e i g h t h y d r o l y z e d p o l y ( a c r y l -
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amides) are cost-ef fect ive. T y p i c a l p o l y m e r dosages range f r o m 4 to 
20 l b / t o n . F i g u r e 12 i l lustrates the ef fectiveness o f several p o l y m e r c o m 
posi t ions i n l a b o r a t o r y tests for grav i ty dra inage o f a p r i m a r y - s e c o n d a r y 
s ludge b l e n d . 

P R E S S U R E F I L T E R S A N D F I L T E R P R E S S E S . Pressur ized f i l t ra t i on is 

used p r i m a r i l y o n i n d u s t r i a l s ludges because o f h i g h c a p i t a l costs a n d l a b o r 
intensiveness. H i g h pressures t end to cause b l i n d i n g o f the f i l ter m e d i a , 
a n d p e r i o d i c washings are r e q u i r e d . P r e v i o u s l y , f loes d e v e l o p e d w i t h 
po lye le c t ro ly tes w e r e c o n s i d e r e d too sensit ive f o r pressures encountered 
d u r i n g the f i l ter cy c l e . H o w e v e r , inorgan i c coagulants , as w e l l as p o l y 
mers , are used successful ly i n this a p p l i c a t i o n . C a t i o n i c p o l y m e r s such as 
A M P A M S , A M - D M D A A C , A M - M E T A C , or A M - M E T A M S c o p o l y 
mers are used i n f i l ter-press appl i cat ions . 

Summary 
A s u m m a r y of p o l y m e r a p p l i c a t i o n i n m u n i c i p a l wastewater treatment is 
g i v e n i n T a b l e V . A s a r u l e , h igher ca t i on i c charge a n d h igher p o l y m e r 
dosage are r e q u i r e d w i t h each stage o f treatment . P o l y m e r i c f locculents 
are used to i m p r o v e suspended sol ids a n d B O D r e m o v a l a n d are p a r t i c u 
l a r l y e f f e c t ive i n i m p r o v i n g the h y d r a u l i c c a p a c i t y o f the un i t processes. 
P o l y m e r s have h a d the greatest i m p a c t o n s ludge d e w a t e r i n g . A major 
t r e n d t o w a r d be l t presses a n d centri fuges has o c c u r r e d w i t h the advent 

ao I l I I I 1 1 1 
40 50 60 70 80 90 100 110 

Dosage (ppm) 'Active' Basis 

Figure 12. Effect of polymer composition on dewatering rate of a pri
mary-secondary sludge blend. Key: high charge, high molecular 
weight AM-METAC; moderate-charge, high molecular weight 
AMPAM; and H , high-charge, moderate molecular weight AM-DMDAAC. 
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o f h i g h m o l e c u l a r w e i g h t , h i g h l y c h a r g e d , ca t i on i c c o p o l y m e r s that p r o 
d u c e strong shear-resistant floes. 

N e w deve lopments i n the area of p o l y m e r technology a n d i m p r o v e d 
a p p l i c a t i o n of these p o l y m e r s l e d to m o r e e f fect ive treatments. Because 
of the w i d e var i e ty i n act ive ingredients a n d , therefore , p r i c i n g o n v a r i 
ous p o l y m e r produc ts , a c o m p a r i s o n shou ld a lways be m a d e o n a cost 
p e r d r y t on of so l ids basis as o p p o s e d to p o u n d s per d r y t o n of so l ids . 
C o n s i d e r a t i o n shou ld also b e g i v e n to e q u i p m e n t costs r e q u i r e d to store 
a n d f e e d the p r o d u c t . Research continues t o w a r d d e v e l o p m e n t of p o l y 
mers w i t h i m p r o v e d cost-ef fect iveness a n d f u n c t i o n a l ef fectiveness. 
C a t i o n i c p o l y m e r s w i l l s t i l l enjoy spec ia l at tent ion i n s ludge d e w a t e r i n g . 
C u r r e n t l y , research is f o cused o n e m u l s i o n t e chno logy a n d s t r u c t u r e -
p e r f o r m a n c e re lat ionships . 
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8 
Metal-Activated Redox Initiation for the 
Synthesis of Low Molecular Weight 
Water-Soluble Polymers 

Kathleen Hughes and Graham Swift 

Rohm and Haas Research Laboratories, Spring House, PA 19477 

Metal-activated redox initiation in aqueous solution, employing 
aqueous peroxide solutions and water-soluble transition metal 
salts, provides one interesting industrial route to low molecular 
weight water-soluble polymers. Synthesis of low molecular weight 
poly (acrylic acids) (Mw 1,000-20,000), using hydrogen peroxide 
and copper salts as the initiator system, is described. Molecular 
weight control is dependent upon reaction temperature, hydrogen 
peroxide level, and hydrogen peroxide to copper salt molar 
ratios. Reaction temperatures of 80-100 °C and hydrogen peroxide 
levels of approximately 1-20 wt % (on monomer) are employed. 
Hydrogen peroxide to copper molar ratios of approximately 50:1 
to 100:1 provide the lowest molecular weight poly(acrylic acids) 
for a given hydrogen peroxide level. Inclusion of low levels 
(<2 wt %) of tertiary amines with the copper salt tends to yield 
lower molecular weight products. No mechanistic studies were 
conducted. 

\ ^ A T E R - S O L U B L E P O L Y M E R S O F L O W M O L E C U L A R W E I G H T ( M w 

<20,000) , p a r t i c u l a r l y h i g h a c i d content p o l y e lectrolytes , such as p o l y -
(acry l i c ac ids ) , f i n d u t i l i t y i n a v a r i e t y o f a p p l i c a t i o n areas, i n c l u d i n g 
i n d u s t r i a l w a t e r treatment , trade-sales paints , a n d detergents. M a n y 
approaches to the synthesis o f l o w m o l e c u l a r w e i g h t p o l y ( a c r y l i c acids) 
are r e p o r t e d i n the patent l i terature : these i n c l u d e aqueous p o l y m e r i z a 
t i on e m p l o y i n g m e r c a p t a n c h a i n transfer agents (I) a n d synthesis i n iso-
p r o p y l a l c o h o l f o l l o w e d b y so lvent exchange to w a t e r (2). R e c e n t l y , w e 
d e v e l o p e d aqueous so lut ion meta l -ac t iva ted redox in i t ia t ion processes 
(3), w h i c h a c c o m m o d a t e fac i l e a n d e c o n o m i c p o l y m e r i z a t i o n o f w a t e r -
so lub le m o n o m e r s such as a c r y l i c a c i d . I n these m e t a l - a c t i v a t e d r e d o x 
processes, h y d r o g e n p e r o x i d e a n d c o p p e r salts are e m p l o y e d f or the 
synthesis o f water - so lub le h o m o p o l y m e r s a n d c o p o l y m e r s . 

0065-2393/86/0213-0145$06.00/0 
© 1986 American Chemical Society 
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A s f irst n o t e d b y F e n t o n i n 1894 (4), i n the presence o f cer ta in m e t a l 
catalysts , h y d r o g e n p e r o x i d e exhib i ts increased o x i d i z i n g ac t i v i ty . These 
F e n t o n ox idat ions are b e l i e v e d to p r o c e e d through the intermediate 
f o r m a t i o n o f h y d r o x y l free radica ls (5): 

F e 2 + + H 2 0 2 — > F e 3 + + O H " + O H 

O u r analyses i n d i c a t e that h y d r o x y l free rad i ca l s in i t iate o u r p o l y m e r 
chains ; h o w e v e r , the c o m p l e t e m e c h a n i s m o f in i t ia t i on is not establ ished. 
I n this c h a p t e r , w e present interest ing f ind ings r e g a r d i n g one i n d u s t r i a l 
a p p r o a c h to the synthesis o f p o l y (acry l i c ac ids) . Results r e g a r d i n g p o l y 
m e r i z a t i o n u s i n g this t y p e o f meta l -ac t iva ted in i t ia t i on as w e l l as the 
d e p e n d e n c e o f p o l y m e r m o l e c u l a r w e i g h t c o n t r o l o n h y d r o g e n p e r o x i d e 
to c o p p e r salt m o l a r ratios are d iscussed. 

Experimental Section 

Synthesis. The poly(acrylic acid) polymers described were all prepared at 
55 wt % solids in deionized water by using gradual addition processes at the 
temperatures indicated under Results and Discussion. Water, the metal salt, and the 
amine (if included) were charged to a 2-L, four-necked flask equipped with a 
mechanical stirrer, a condenser, a thermometer, and addition funnels for the 
gradual additions of the acrylic acid monomer and hydrogen peroxide solutions 
were completed linearly and separately during 2-3 h . Hydrogen peroxide concen
trations of 30 wt % were used. Sulfate salts of the metals were used, and the amount 
of metal used is expressed as parts per mill ion of metal (not metal salt) on monomer. 
Amine and hydrogen peroxide charges are expressed as weight percent active 
ingredient on the monomer throughout the tables. Molar ratios of hydrogen perox
ide to metal salt are based on the total charges of each (i.e., not on the molar ratio at 
each point throughout the gradual addition of hydrogen peroxide). 

Characterization. Characterization of the poly (acrylic acid) samples include 
Brookfield viscosity measurements on samples equilibrated at 25 °C, gas-l iquid 
chromatographic analysis for residual acrylic acid monomer, iodometric titration 
for residual peroxide, and gel permeation chromatography for molecular weight 
measurements. 

Results and Discussion 

S u r v e y o f M e t a l A c t i v a t o r s . T a b l e I d a t a i l lustrate the re la t ive e f f i 
c ienc ies o f c o p p e r , i r o n , a n d manganese as m e t a l act ivators i n 98 ° C 
p o l y m e r i z a t i o n s o f a c r y l i c a c i d w h e n 5% ac t ive h y d r o g e n p e r o x i d e was 
u s e d as the in i t ia to r . I n each case, the sul fate salt w a s used , a n d also i n 
e a c h e x p e r i m e n t , 2? ( d i m e t h y l a m i n o ) e t h a n o l w a s i n c l u d e d . O n the basis 
o f m o n o m e r c o n v e r s i o n a n d use o f h y d r o g e n p e r o x i d e i n this l i m i t e d 
s u r v e y o f m e t a l ac t ivators , c o p p e r is the p r e f e r r e d m e t a l f o r these aque 
ous p o l y m e r i z a t i o n s . A l t h o u g h m o l e c u l a r w e i g h t measurements o n these 
T a b l e I samples w e r e not done , the v i scos i ty at 508? sol ids indicates that 
the c o p p e r sys tem y ie lds the l owest m o l e c u l a r weights u n d e r the c o n d i -
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Table I. Efficiency of Hydrogen Peroxide as an Initiator for Poly(acrylic acid) 
Synthesis in the Presence of Several Transition Metals 

Metal AAa Monomer 25 °C Brookfield 
(on Monomer) Conversion (%) H202 Residue (%) Viscosityb (cP) 

3 8 0 p p m o f C u 2 + 100 5 220 
3 8 0 p p m o f F e 2 + 95 25 8200 
3 8 0 p p m o f M n 2 + 80 50 N A C 

a AA represents acrylic acid. 
bAt m solids. 
C NA is not available. 

tions s t u d i e d . H y d r o g e n p e r o x i d e in i t i a t i on o f aqueous a c r y l i c a c i d 
p o l y m e r i z a t i o n s , us ing the same l e v e l o f h y d r o g e n p e r o x i d e , i n the 
absence o f m e t a l a c t i va t i on under s imi lar react ion condi t ions , y i e lds 
p o o r u t i l i z a t i o n o f h y d r o g e n p e r o x i d e (>70% res idual ) a n d a h igher 
m o l e c u l a r w e i g h t p r o d u c t . 

O n the basis o f the m o n o m e r c o n v e r s i o n a n d h y d r o g e n p e r o x i d e 
u t i l i z a t i o n , the c o p p e r r e d o x transi t ion is m o r e fac i le than the i r o n or 
manganese e lec tron transitions: 

Cu+ — > C u 2 H h C u + 

T h i s o b s e r v e d o r d e r o f m e t a l e f f i c i ency is consistent w i t h the o x i d a t i o n 
potentials f o r these metals (6): 

C u + — > C u 2 + + e~ £ ° = - 0 . 1 5 3 V 

F e 2 + — • F e 3 + + e" E° = - 0 . 7 7 1 V 

M n 2 + — > M n 3 + + e" E° = - 1 . 5 1 0 V 

Effect of Copper to Hydrogen Peroxide Molar Ratio Varia

tions. M e t a l - a c t i v a t e d r e d o x i n i t i a t i o n w a s then p u r s u e d b y us ing 
c o p p e r salt a n d h y d r o g e n p e r o x i d e as the in i t ia t ing system. T h e effect o f 
the h y d r o g e n p e r o x i d e to c o p p e r m o l a r rat io o n p e r o x i d e u t i l i za t i on , 
m o n o m e r convers i on , a n d m o l e c u l a r w e i g h t c o n t r o l i n p o l y ( a c r y l i c ac id) 
synthesis w a s invest igated . T w o h y d r o g e n p e r o x i d e levels w e r e s t u d i e d 
(1 a n d 5 w t % o n the m o n o m e r ) ; a l l exper iments w e r e r u n at 95 ° C , a n d 
1 w t % t r i e thano lamine w a s c h a r g e d to the reactor w i t h the c o p p e r salt. 
D a t a f o r these exper iments are p r o v i d e d i n T a b l e s I I a n d I I I . 

T h e T a b l e I I d a t a i l lustrate the effect o f h y d r o g e n p e r o x i d e to 
c o p p e r m o l a r ratios o n p e r o x i d e u t i l i z a t i o n , m o n o m e r convers i on , a n d 
m o l e c u l a r w e i g h t i n the 1% h y d r o g e n p e r o x i d e exper iments . I n terms o f 
m o n o m e r convers i on , p e r o x i d e u t i l i z a t i o n , a n d m o l e c u l a r w e i g h t , the 
60:1 to 120:1 m o l a r rat io range seems o p t i m u m for these reac t i on 
condi t ions . ^ 

Library 
1155 16th St.. H.W. 

Washington, D.C. 20036 
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Table II. Effect of Hydrogen Peroxide (1%) to Copper Salt Molar Ratios 
on Poly(acrylic acid) Synthesis 

Cu (ppm) 
molojHzOz: 

mol of Cu 
H202 

Residue (%) 
AAa 

Conversion (%) 

Viscosity 
(cP) at 
25 °C Mw M„ 

3600 5:1 0 23 NA NA NA 
1500 12:1 0 54 NA NA NA 
600 30:1 0 82 NA NA NA 
300 60:1 0 100 1000 9800 4140 
150 120:1 11 100 3000 17350 7800 
30 600:1 60 100 72000 49900 13500 

flAA is acrylic acid. 

T o p r e p a r e l o w e r m o l e c u l a r w e i g h t p o l y (acry l i c ac ids ) , w e p e r 
f o r m e d the T a b l e I II exper iments at the 5% h y d r o g e n p e r o x i d e l e v e l 
us ing the reac t i on condi t ions l i s ted i n T a b l e I I I . 

I n these T a b l e I II exper iments , the 60:1 to 150:1 h y d r o g e n p e r o x i d e 
to c o p p e r m o l a r rat ios , as i n the 1% h y d r o g e n p e r o x i d e exper iments , 
a p p e a r to b e i n a n o p t i m u m range f o r these reac t i on cond i t i ons i n terms 
o f m o l e c u l a r w e i g h t c o n t r o l a n d p e r o x i d e u t i l i za t i on . 

E f f e c t o f H y d r o g e n P e r o x i d e L e v e l V a r i a t i o n at C o n s t a n t H y d r o 
gen P e r o x i d e to C o p p e r M o l a r R a t i o . T a b l e I V d a t a s h o w the ef fect o f 
h y d r o g e n p e r o x i d e l e v e l o n m o l e c u l a r w e i g h t at a constant h y d r o g e n 
p e r o x i d e to c o p p e r m o l a r rat io (60:1) u n d e r the same react ion condi t ions 
as i n the T a b l e I I a n d I I I exper iments . T h e s e T a b l e I V d a t a demonstrate 
the d e p e n d e n c e o f m o l e c u l a r w e i g h t o n in i t iator l e v e l at a constant H2O2 
to c o p p e r j m o l a r rat io . F i g u r e 1, a p l o t o f M n vs . 1 / [ H 2 0 2 ] M , i l lustrates the 
T a b l e I V M n data . 

Synthesis o f the l owes t m o l e c u l a r w e i g h t p roduc t s requires h i g h 
leve ls o f c o p p e r as w e l l as h y d r o g e n p e r o x i d e . O v e r the range s t u d i e d , 
the presence o f c o p p e r at even 6000 p p m does not present a so lub i l i ty or 
storage s tab i l i ty p r o b l e m . H o w e v e r , i f des irable , c o p p e r c a n b e e f f i -

Table III. Effect of Hydrogen Peroxide (5%) to Copper Salt Molar 
Ratios on Poly(acrylic acid) Synthesis 

Cu (ppm) 
molofH2C>2: 

mol of Cu 
H2O2 

Residue (%) 
AA 

Conversion (%) 

Viscosity 
(cP) at 
25 °C M w M„ 

1500 60:1 0 100 185 4700 2160 
600 150:1 8 99 320 6250 2820 
300 300:1 26 98 750 8150 3620 
150 600:1 27 99 780 8700 2820 
50 1800:1 52 100 3000 13300 5500 
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Table I V . Vary ing Hydrogen Peroxide Levels at 60;1 Hydrogen Peroxide 
to Copper Salt Mo lar Ratios 

H 2 0 2 

(wt%) Cu (ppm) 
H 2 0 2 

Residue (%) 
AA 

Conversion (%) 

Viscosity 
(cP) at 
25 "C M„ 

1 300 0 100 1000 9800 4140 
5 1500 0 100 185 4700 2160 

10 3000 0 100 110 3520 1600 
20 6000 0 100 40 2450 1120 

c i en t l y r e m o v e d p o s t p o l y m e r i z a t i o n b y us ing w e l l - k n o w n ion-exehange 
techniques . 

E f f e c t o f A m i n e L e v e l . A n o t h e r v a r i a b l e e x a m i n e d was the effect 
o f a m i n e i n c l u s i o n a n d a m i n e l e v e l o n these m e t a l - a c t i v a t e d r e d o x p r o 
cesses. D a t a f o r these exper iments are p r o v i d e d i n T a b l e V . T h e T a b l e 
V e x p e r i m e n t s w e r e r u n at 95 ° C , the c o p p e r l e v e l was 600 p p m , the 
H 2 0 2 l e v e l w a s 5% o n m o n o m e r ( h y d r o g e n p e r o x i d e to c o p p e r m o l a r 
rat io o f 150:1). These T a b l e V data s h o w that inc lus i on o f l o w levels o f a 
tert iary a m i n e , such as tr ie thanolamine , tends to l o w e r the m o l e c u l a r 
w e i g h t a n d i m p r o v e p e r o x i d e u t i l i z a t i o n . T h e ro le o f the a m i n e i n these 

1000 1500 2000 2500 _ 3000 
G P C M n 

3500 4000 

Figure 1. A plot of 1/[H202]'2 is an illustration of the Table IV gel per
meation chromatographic data. These data show the dependence of 
poly (acrylic acid) Mn on the hydrogen peroxide level at a constant hydro

gen peroxide to copper salt molar ratio. 
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Table V . Effect of Amine Inclusion on Poly(acrylic acid) Synthesis 

TEA0 

(wt %) 
H202 

Residue (%) 
AAb 

Conversion (%) 

Viscosity 
(cP) at 
25 °C M , M„ 

0 33 95 655 7000 3280 
1 8 99 325 6250 2820 
2 0 99 275 5600 2500 

fTEA represents triethanolamine. 
A A is acrylic acid. 

react ions is not c o m p l e t e l y u n d e r s t o o d at this t i m e ; h o w e v e r , its func t i on 
m a y b e that o f a chelate . 

E f f e c t o f T e m p e r a t u r e . T e m p e r a t u r e also is a n i m p o r t a n t factor i n 
c o n t r o l l i n g m o l e c u l a r w e i g h t , e f f i c i ency of p e r o x i d e u t i l i za t i on , a n d 
m o n o m e r c o n v e r s i o n . T a b l e V I contains d a t a for exper iments d o n e i n 
the 80 -95 ° C range: h igher t emperature favors l o w e r m o l e c u l a r w e i g h t 
a n d m o r e e f f i c ient p e r o x i d e u t i l i z a t i o n . I n the m e c h a n i s m p r o p o s e d 
(see next sect ion) , f o r this in i t i a t i on , the h y d r o g e n p e r o x i d e serves 
as b o t h the o x i d i z i n g a n d r e d u c i n g agent for the m e t a l ; p r e s u m a b l y , 
the C u 2 + — > C u + t ransi t ion requires h igher temperatures . 

P r o p o s e d M e c h a n i s m . T h e c o m p l e x m e c h a n i s m o f in i t ia t i on i n our 
processes is not f u l l y u n d e r s t o o d . Perox ides , i n c l u d i n g h y d r o g e n p e r o x 
i d e , are c o m m o n l y used to in i t iate a d d i t i o n p o l y m e r i z a t i o n s of acry late 
a n d v i n y l m o n o m e r s . H y d r o g e n p e r o x i d e p r o b a b l y funct ions b y redox 
d e c o m p o s i t i o n to the h y d r o x y l free r a d i c a l (7). A m e c h a n i s m for the 
f o r m a t i o n o f the h y d r o x y l free r a d i c a l that initiates these p o l y m e r i z a 
tions is 

H 2 0 2 + M + — > H O - + O H " + M 2 + 

M * + + H 2 0 2 — > H 0 2 - + M + + H + 

H 0 2 - + H2O2 — > H 2 0 + H O - + 0 2 f 

Table V I . Effect of Temperature on Poly(acrylic acid) Synthesis 

Synthesis 
Temp (°C) 

H2O2 
Residue (%) 

AA 
Conversion (%) 

Viscosity 
(cP) at 
25 °C Mw M» 

95 8 99 320 6250 2820 
90 10 98 500 7150 3240 
80 44 90 1200 11400 4730 
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8. HUGHES A N D SWIFT Metal-Activated Redox Initiation 151 

H O - is a n e f fect ive in i t ia t ing species, a n d N M R analysis o f these p o l y -
(acry l i c ac id ) p o l y m e r s ver i f ies h y d r o x y l e n d groups . A l s o , m o n i t o r i n g 
of the react ion atmosphere ver i f ies the presence of oxygen . 
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9 
Role of Water-Soluble Polymers 
in Oil Well Drilling Muds 

Jack C. Estes 

Amoco Production Company, Tulsa, OK 74102 

The uses and problems of water-soluble polymers in oil well dril-
ling muds are discussed in this chapter. Uses include that of a 
flocculent of the drilled solids, a bentonite clay extender, and a 
fluid-loss reducer, a viscosifier, and a well-bore stabilizer. Because 
well-bore stability and drilling costs are related to the drilling 
rate, a drilling-rate model based on the particle-size distribution 
of the dispersed clays is discussed. The performance of polymer 
extenders with the current American Petroleum Institute ben-
tonite is compared to the performance of extenders used 20 years 
ago. Guidelines concerning desired solids concentrations in a 
drilling fluid and the effect polymers have on this concentration 
are presented. Finally, the future of polymers in drilling is discussed. 

T H E M A J O R G O A L O F D R I L L I N G R E S E A R C H is to s tudy those var iab les 
that in f luence the rate at w h i c h we l l s are d r i l l e d , w h i l e w e l l - b o r e s tab i l 
i t y is m a i n t a i n e d a n d d a m a g e to p r o d u c i n g f o rmat ions is p r e v e n t e d . F o r 
this reason, the proper t i es o f d r i l l i n g f lu ids a n d the effects o f add i t ives 
such as p o l y m e r s a n d electrolytes o n the d r i l l i n g rate a n d f o r m a t i o n sta
b i l i t y are s t u d i e d b y the d r i l l i n g industry . T h i s chapter discusses the use 
o f water - so lub le p o l y m e r s i n o i l w e l l d r i l l i n g m u d s as a p p l i e d b y one 
m a j o r o i l c o m p a n y . S t a n d a r d O i l C o . ( Indiana) , n o w A m o c o C o r p . , p i o 
neered the use of m u d systems that are c a l l e d l ow-so l ids , nond ispersed , 
p o l y m e r - e x t e n d e d ( L S N D ) m u d s . 

Background 
T h e presence o f e l e c t r i ca l charges o n the surfaces o f c o l l o i d a l c l ay p a r t i 
cles i n benton i te slurries has b e e n k n o w n for a l o n g t i m e (J ) . Sc ient i f i c 
investigations o f the effects o f inorgan i c electrolytes i n such suspensions 
w e r e c a r r i e d out b y S t a n d a r d O i l C o . (Indiana) as ear ly as the late 1930s 
a n d cont inue to the present. E a r l y studies concentrated o n the effect o f 

0065-2393/86/0213-0155$06.00/0 
© 1986 American Chemical Society 
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part i c l e - s i ze d i s t r i b u t i o n w i t h i n the suspension o n the r h e o l o g i c a l a n d 
fluid-loss proper t i es ( des c r ibed later) of d r i l l i n g m u d s (2). M o r e recent 
w o r k emphas izes the ef fect o f e lectro lytes o n c l a y minera ls i n shales 
b e i n g d r i l l e d , the effect of fluids o n f o r m a t i o n eva luat ion techniques , 
a n d the nature a n d extent o f f i l trate p e r m e a b i l i t y d a m a g e to p r o d u c i n g 
format ions . 

D u r i n g the 1950s, attent ion was t u r n e d to a s tudy of the interact ion 
o f c lays a n d organ i c e lectro lytes such as sur face -act ive an ion ic deter 
gents a n d water - so lub le p o l y m e r s . T h e detergents eventua l ly f o u n d a 
m a r k e t i n m u d systems r e q u i r i n g emuls ions or i m p r o v e d l u b r i c a t i o n for 
the d r i l l p i p e ro ta t ing against the s ide o f the w e l l bore . L u b r i c a n t s are 
p a r t i c u l a r l y use fu l i n d i r e c t i o n a l we l l s w h e r e the ho le b o t t o m h o r i 
zonta l ly offsets the surface l o ca t i on b y several thousand feet (2). 

T h e uses f o u n d for the water -so lub le p o l y m e r s w e r e m o r e v a r i e d 
than for the detergents . T h e f irst such p o l y m e r s w e r e natura l gums used 
for v i scos i ty c o n t r o l (3). T h e first synthet ic p o l y m e r used i n the f i e l d 
was ( carboxymethy l ) ce l lu l ose to l o w e r the 3 0 - m i n fluid loss o f the m u d 
f i l trate b y us ing an A m e r i c a n P e t r o l e u m Institute (API ) test c e l l (4). 
L a t e r , p o l y ( a c r y l a m i d e ) - c a r b o x y l i c a c i d c o p o l y m e r was used to c o m 
p le te ly flocculate c l a y - f o r m a t i o n sol ids to prevent the sol ids f r o m m a k 
i n g a m u d (5). 

Problems 

S l o u g h i n g Shale . F l o c c u l a t i o n of d r i l l e d solids a l l o w e d for d r i l l i n g 
w i t h a c lear fluid, a n d this a p p r o a c h resul ted i n m u c h faster d r i l l i n g rates. 
U n f o r t u n a t e l y , i n m a n y areas the c lear d r i l l i n g fluids g ready increased the 
p r o b a b i l i t y o f shale f o rmat i ons s l o u g h i n g into the w e l l bo re ; severe ho le 
enlargements are caused , a n d i n some cases, s t i ck ing to the d r i l l p i p e 
results. I n some areas, s o d i u m c h l o r i d e br ines p r e v e n t e d the shale f o r m a 
tions f r o m s l ough ing into the w e l l bore . H o w e v e r , even s o d i u m c h l o r i d e 
w o u l d not w o r k i n other areas, a n d po tass ium or a m m o n i u m salts h a d to 
be e m p l o y e d a l ong w i t h the p o l y m e r flocculents (6). 

W o r k i n recent years d e v e l o p e d our u n d e r s t a n d i n g of this p r o b l e m . 
R e s e a r c h indicates that the w a t e r a c t i v i t y o f the shale is the d e t e r m i n i n g 
fac tor i n w h e t h e r br ines m a d e u p of s o d i u m c h l o r i d e w o u l d s tab i l i ze the 
f o r m a t i o n b e i n g d r i l l e d . Shales that have w a t e r activit ies h igher than 0.77 
c a n b e s t a b i l i z e d b y br ines of m a t c h i n g a c t i v i t y . H o w e v e r , because 0.77 
is the l owest w a t e r a c t i v i t y a c h i e v e d b y N a C l br ines , a n d because the 
s o d i u m i o n is h i g h l y h y d r a t e d , N a C l br ines w i l l des tab i l i ze shales that 
h a v e w a t e r act iv i t ies l o w e r than this. So that the h y d r a t i o n process is 
s l o w e d , less s t rong ly h y d r a t e d cations such as po ta ss ium or a m m o n i u m 
must b e e m p l o y e d a n d p o l y m e r s must be used to coat the shales. T h i s 
area is c u r r e n t l y the subject o f intense research w i t h i n the p e t r o l e u m 
industry . 
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9. ESTES Role in Oil Well Drillings Muds 157 

E f f e c t o f So l ids C o n t e n t . I n we l l s w h e r e d r i l l i n g w i t h p l a i n w a t e r 
o n nat ive m u d was not poss ib le or not des i red , d r i l l i n g faster w h i l e 
m a i n t a i n i n g w e l l - b o r e s tab i l i ty w a s a r e a l p r o b l e m i n the 1950s. M u d 
sol ids s l o w e d the d r i l l i n g rate . W e l l - b o r e s tab i l i ty p r o b l e m s w e r e t i m e 
dependent ; i .e . , the m o r e t i m e i n o p e n ho le , the m o r e l i k e l y the ho le 
w o u l d f a l l i n . I n 1960, a f i e l d survey was c o n d u c t e d i n an at tempt to 
q u a n t i f y the ef fect o f sol ids o n the d r i l l i n g rate. Fee t p e r d a y , n u m b e r o f 
b i t s , a n d n u m b e r o f r i g days to r each a d e p t h of 10,000 ft w e r e t a b u 
l a t e d , a n d a least-squares c u r v e f i t was p e r f o r m e d o n the d a t a corre la ted 
against sol ids content. F i g u r e 1 is the result o f that survey (7). 

S u c h a c o r r e l a t i o n f r o m f i e l d d a t a w o u l d b e d i f f i c u l t t o d a y because 
of the w i d e v a r i e t y of b i ts , r i g p u m p s , a n d m u d systems n o w used. 
H o w e v e r , i n 1960, bas i ca l ly o n l y three types of bits existed: soft, 
m e d i u m , a n d h a r d f o r m a t i o n . A l m o s t a l l h a d steel teeth, nonsea led ro l ler 
bear ings , a n d no jets. T h e b i t designs severely l i m i t e d the f l u i d f l o w rate 
range . T o o l i t t le f l o w a n d the teeth p l u g g e d u p w i t h the d r i l l e d r o c k , 
a n d too m u c h f l o w resul ted i n severe eros ion o f the steel teeth o f the b i t . 
M o s t r i g p u m p s w e r e 16- or 18-in. duplexes w i t h cast i r o n f l u i d ends that 
l i m i t e d the pressure range ava i lab le . T h e r e f o r e , any m a j o r d r i l l i n g rate 

Rig Days, Bits, Fytkiy 

\ 
\ 
\ 

~ \ 
\ 

i , 1 1 
0 5 1 0 1 5 

S o l i d s C o n t e n t , V o l u m e % 
Figure 1. Effect of mud solids. Key: —, bits; , rig days; and - feet per 
day. Reproduced with permission from reference 7. Copyright 1961 Petro

leum Publishing. 
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change f r o m w e l l to w e l l w a s most l i k e l y d u e to f o r m a t i o n d i f ferences 
or the m u d system b e i n g used . 

Because feet p e r d a y , n u m b e r o f b i t s , a n d n u m b e r o f r i g days w e r e 
m a j o r factors i n d e t e r m i n i n g the cost o f the w e l l , an analysis o f F i g u r e 1 
d a t a resu l ted i n the f o l l o w i n g conc lus ions : (1) the sol ids content has a 
m a j o r e f fect o n d r i l l i n g costs, (2) l i t t le sens i t iv i ty to cost factors exists 
a b o v e 5% b y v o l u m e c l a y so l ids , a n d (3) the m a x i m u m sensit iv i ty of the 
var iab les that af fect cost o c c u r r e d b e l o w 5% so l ids . I n other w o r d s , the 
c l a y solids content of a d r i l l i n g m u d must be k e p t b e l o w 5%, i f c o n t r o l 
o f the m u d sys tem was to have any i m p a c t o n the to ta l cost o f d r i l l i n g 
the w e l l . 

I f the shale f o rmat ions h a d a h i g h va lue for w a t e r a c t i v i ty , i .e . , c lose 
to 1.0, then n o p r o b l e m o c c u r r e d i n i m p l e m e n t i n g the conc lus ions of the 
a f o r e m e n t i o n e d s tudy into f i e l d prac t i ce . N e w l y d i s c o v e r e d p o l y m e r 
f locculents c o u l d b e used to d r i l l essential ly w i t h water . H o w e v e r , i f a 
c o l l o i d a l m u d w a s n e e d e d because o f w e l l - b o r e s tab i l i ty p r o b l e m s , h i g h -
pressure zones , o r f o r m a t i o n eva luat i on a n d c o r i n g requ i rements , a m u d 
o f d e s i r e d proper t i es c o u l d not b e m a d e a n d used to d r i l l w i t h o u t 
e x c e e d i n g the 5% b y v o l u m e sol ids content l i m i t . I n fact , most m u d s , 
e v e n w i t h the best o f attent ion, w e r e i n the 6-88? sol ids range. 

B e n e f i c i a t i o n o f B e n t o n i t e . I f s ome p o l y m e r c o u l d b e f o u n d that 
w o u l d increase the v i s cos i ty o f the c l a y suspensions w i t h o u t f l o c c u l a t i n g 
the c lay , then poss ib ly a m u d system c o u l d b e f o r m u l a t e d w i t h suitable 
propert ies w i t h less than 5% c l a y content . I f the m u d was cons idered as a 
B i n g h a m p las t i c (8), su i table propert ies w e r e d e f i n e d as a 1 0 - 1 4 - l b / b b l 
p o l y m e r - e x t e n d e d c l a y s lurry h a v i n g the same apparent v i scos i ty , y i e l d 
p o i n t , a n d f i l t ra t i on proper t i es as a 1 7 - 2 2 - l b / b b l h i g h - q u a l i t y W y o m i n g 
benton i te s lur ry . T h e s e values w e r e 15 c P , 10-15 l b / 1 0 0 f t 2 , a n d less than 
13.5 c m 3 / 3 0 m i n i n a n A m e r i c a n P e t r o l e u m Institute (API ) c e l l , r e 
spec t ive ly (9). 

T h e 5% b y v o l u m e l i m i t f o r tota l c l a y sol ids d i c t a t e d this d e f i n i t i o n , 
because once a m u d c i r c u l a t e d d u r i n g d r i l l i n g , c o m p l e t e r e m o v a l o f a l l 
o f the d r i l l e d so l ids w a s i m p o s s i b l e . T h e rat io o f the d r i l l e d sol ids c o n 
tent to the benton i te content ( D . B ratio) w o u l d a lways be greater than 
1:1 a n d f r equent ly w o u l d exceed 3:1, the m a x i m u m d e s i r e d l i m i t for this 
rat io . F o r the m u d system to have less than the 5% to ta l c l ay sol ids , 
c o m m e r c i a l benton i te content h a d to b e i n the 1 0 - 1 4 - l b / b b l range, the 
i d e a l c oncentra t i on b e i n g 10.5 l b / b b l . H o w e v e r , at this concentrat i on 
bentoni te alone w o u l d not g ive acceptab le m u d propert ies . 

A w o r d c o n c e r n i n g units is a p p r o p r i a t e here. V o l u m e percent is 
used i n f i e l d measurements , because this measurement is d e r i v e d f r o m a 
retort b u t usua l ly is gross ly inaccurate . W e i g h t percent is used to m a k e 
u p l a b o r a t o r y concentrat ions , because this va lue is a w e i g h e d quant i ty . 
Benton i te has a spec i f i c g r a v i t y o f about 2.2 a n d a d r i l l e d solids average o f 
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2.65; thus a 1% v o l u m e a p p r o x i m a t e l y e q u a l to 2.5% b y w e i g h t . O u r 
l i m i t o f 5% v o l u m e is a p p r o x i m a t e l y 42 l b / b b l of c l ay sol ids ; thus, 10.5 
l b / b b l is the i d e a l bentoni te concentrat ion i f a D:B rat io o f 3:1 is not 
exceeded . H o w e v e r , f e w c o m m e r c i a l l y ava i lab le bentonites are ex tend
ab le at this l o w concentrat ion . T h e r e f o r e , it is m o r e reasonable to expect 
a p o l y m e r extender to be able to extend bentonite slurries m a d e u p of 
14 l b / b b l , or less. 

E x t e n s i v e l a b o r a t o r y exper iments w e r e therefore c a r r i e d out i n a 
search for p o l y m e r s that w o u l d react at an e c o n o m i c concentra t i on w i t h 
the bentoni te to p r o d u c e the des i red effect. These exper iments resul ted 
i n the d i s c o v e r y that m i n u t e concentrat ions of some water - so lub le p o l y 
mers ex tended the bentoni te c l a y b y t h i c k e n i n g the m u d w i t h o u t ac tu 
a l l y f l o c c u l a t i n g the sol ids a n d caus ing sett l ing. T h e m u d part ic les d i d 
not settle, a n d the f lu id - loss propert ies ac tua l ly i m p r o v e d , b y decreas ing 
the a m o u n t o f f i l trate f r o m the A P I test c e l l . I n larger p o l y m e r c o n c e n 
trations, the t h i c k e n i n g process was reversed . If the benton i te concentra 
t i o n w a s b e l o w about 14 l b / b b l , the m u d was u n d e s i r a b l y t h i n n e d , so 
that the v i scos i ty was actual ly b e l o w that of the o r ig ina l untreated s lurry . 

A patent (10) was issued i n 1962 d e s c r i b i n g a v i n y l ace tate -male i c 
a n h y d r i d e ( V A M A ) c o p o l y m e r that w o u l d p r o d u c e the r e q u i r e d effect at 
concentrat ions of less than 0.05 l b / b b l . L a b o r a t o r y tests also i n d i c a t e d that 
the p o l y m e r s h o u l d f l occu late l o w - y i e l d c lays f o u n d i n shales. T h i s f i n d i n g 
was corre la ted to £ po tent ia l measurements o n the c lays. Bentonites that 
h a d £ potentials i n the —40- to — 2 0 - m V range w e r e extended ; i l l ites a n d 
other l o w - y i e l d c lays , w h i c h w e r e less negat ive , f l o c cu la ted w i t h the 
p o l y m e r a d d i t i o n . P o l y m e r s that e x h i b i t e d this d u a l b e h a v i o r i n re la t ion 
to £ potent ia l w e r e n a m e d dua l -ac t i on p o l y m e r s . 

F i e l d usage c o n f i r m e d that the dua l -ac t i on p o l y m e r s h e l p e d i n c o n 
t r o l l i n g the D:B rat io to less than 3:1. D r i l l i n g research revea led that the 
l o w e r sol ids also m a d e other d r i l l i n g var iab les m o r e respons ive to 
change , i .e . , b i t se lect ion , w e i g h t o n b i t , r o t a r y speed , a n d h y d r a u l i c s . 
T h i s d i s covery ( I I ) m a d e the prac t i ce o f o p t i m i z e d d r i l l i n g a real i ty . 

P o l y m e r Proper t i e s . W h e t h e r a g i v e n class of p o l y m e r w o u l d act 
as a f l u i d loss reducer , a bentoni te extender , or a f l occu lent was c o n 
s i d e r e d to b e a f u n c t i o n of its m o l e c u l a r w e i g h t as d e t e r m i n e d b y i n t r i n 
sic v i s cos i ty measurements . Intr ins ic v i s cos i ty is an i n d i c a t i o n of a p o l y 
mer 's average m o l e c u l a r w e i g h t , b u t the m o l e c u l a r w e i g h t d i s t r i b u t i o n is 
also an i m p o r t a n t v a r i a b l e that determines p o l y m e r b e h a v i o r i n m u d sys
tems. P o l y m e r s must therefore b e c lass i f ied m o r e c lose ly than just c h e m 
i c a l class a n d average m o l e c u l a r we ight . 

N a r r o w - r a n g e , l o w m o l e c u l a r w e i g h t , water - so lub le p o l y m e r s a p 
pear to f u n c t i o n as f lu id- loss reducers i n c l a y systems, whereas h i g h 
m o l e c u l a r w e i g h t , b r o a d - r a n g e p o l y m e r s seem to f u n c t i o n as f locculents 
or v iscos i f iers i n their o w n r ight . T h e p e r f o r m a n c e o f p o l y m e r s of 
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i n t e r m e d i a t e we ights a n d ranges is not as eas i ly c lass i f i ed , a n d a n a t tempt 
at some sensible c lass i f i cat ion a l ong these lines is i n progress. 

C h e m i c a l class a n d structures are also i m p o r t a n t w h e r e d e g r a d a t i o n 
o f p o l y m e r s occurs f r o m m e c h a n i c a l or temperature effects. Shear degra 
d a t i o n i n a m u d sys tem appears to b e a f u n c t i o n o f b o t h structure a n d 
m o l e c u l a r w e i g h t . Ind i rec t ev idence indicates that temperature l i m i t a 
t ions o f a p o l y m e r i n a m u d sys tem are not i d e n t i c a l w i t h the l imi ta t i ons 
o n the p o l y m e r b y itself . T h i s observat i on is o f p o l y m e r p e r f o r m a n c e i n 
deep , hot holes. I n other w o r d s , the p o l y m e r m a y func t i on i n the m u d 
sys tem at h igher temperatures than l a b o r a t o r y t h e r m a l d e g r a d a t i o n tests 
ind i ca te . 

T h e reason m a y b e that at h i g h w e l l - b o r e temperatures the p o l y m e r 
i n a m u d is also sub jec ted to pressures greater than 10,000 p s i . T h e pres 
sure m a y act to p revent t h e r m a l d e g r a d a t i o n o f the p o l y m e r or the pres 
sure m a y f o r ce a c h e m i c a l r eac t i on w i t h other c o m p o n e n t s of the m u d 
sys tem, to f o r m a stable structure . T h i s r eac t i on , o f course , is d i f f i c u l t to 
s imulate i n most m u d laborator ies , w h e r e a "h igh -pressure " test means 
o n l y 1000 p s i . I f the a f o r e m e n t i o n e d rat ionale is correct , then further 
advances i n p o l y m e r usage i n d r i l l i n g m u d systems w i l l b e cont ingent 
u p o n research c o n d u c t e d above 250 °F a n d 10,000 ps i . 

Discussion of Technical Data 

E f f e c t o n D r i l l i n g R a t e . D r i l l i n g research b y indus t ry was get t ing 
u n d e r w a y i n the late 1950s to address the causes o f the d e t r i m e n t a l 
ef fect o f sol ids i n m u d s o n d r i l l i n g rates. H o w e v e r , 1958 s a w the p o s t w a r 
d r i l l i n g a c t i v i t y p e a k out. A prec ip i t ous d r o p i n r i g count o c c u r r e d i n the 
f o l l o w i n g 2 years , a n d a steady dec l ine o c c u r r e d for the next 13 years. A s 
a result , most c o m p a n i e s c u r t a i l e d or c a n c e l e d their d r i l l i n g research 
efforts. S t a n d a r d O i l C o . ( Indiana) , h o w e v e r , c o n t i n u e d the d r i l l i n g 
research i t h a d started i n 1939 a n d , i n fact , increased its e f fort substan
t i a l l y b y b u i l d i n g i n 1961 a 1500-hp research d r i l l i n g r i g ins ide a f our -
story research b u i l d i n g . 

D r i l l i n g - r a t e exper iments c o m p a r i n g m u d s w i t h v a r y i n g sol ids c o n 
tent w i t h c lear w a t e r usua l ly p r o d u c e a response c u r v e s i m i l a r to that 
s h o w n i n F i g u r e 2 (12). B i t t y p e , r o c k t y p e , w e i g h t o n b i t , r o t a r y speed , 
f l o w rate , b o r e h o l e pressure , t y p e of c l a y so l ids , a n d c h e m i c a l treatment 
in f luence the severity of the response. I n general , a n y t h i n g a d d e d to 
w a t e r causes a r e d u c t i o n i n the d r i l l i n g rate. 

D i f f e r e n t c lays w i l l p r o d u c e a f a m i l y o f curves , so that a h o m o l o 
gous series o f curves a b o v e a n d b e l o w the F i g u r e 2 c u r v e w o u l d result . 
I n a g i v e n c l a y concentra t i on (ho ld ing a l l other var iab les constant) , any 
n u m b e r o f d r i l l i n g rates m a y result, d e p e n d i n g u p o n the t y p e of c lay 
a n d the c h e m i c a l treatment to w h i c h the m u d was subjected. 
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Figure 2. Penetration rate vs. clay-solids content. Key: , 100% drilled 
solids; and —, 100% bentonite solids. The penetration rate of water was 
100%. The left panel is low-solids mud; the right panel is high-solids mud. 
Reproduced with permission from reference 12. Copyright 1960 American 

Petroleum Institute. 

T h e o b s e r v a t i o n that l e d to a v i a b l e theory u p o n w h i c h to base a 
d r i l l i n g - r a t e m o d e l w a s that l ignosul fonate dispersants ( w h i c h thinned) 
cause a decrease i n d r i l l i n g rate , whereas the n e w p o l y m e r extenders 
( w h i c h th i ckened ) p r o d u c e an increase i n d r i l l i n g rate , c o m p a r e d to an 
untreated c l a y s lurry . H o w e v e r , increas ing v iscos i ty genera l ly resul ted i n 
s l ower d r i l l i n g rates. O b v i o u s l y , a dr i l l ing - rate m o d e l b a s e d o n v iscos i ty 
c o u l d not b e m a d e , because the unusual dr i l l ing - ra te increases o b t a i n e d 
w i t h p o l y m e r treatment o c c u r r e d even w h e n the m u d was t h i c k e n e d to 
the po in t w h e r e it w a s a lmost u n p u m p a b l e . 

Because dispersants cause a b r e a k u p o f c l a y part i c les , the p o l y m e r 
extenders w e r e pos tu la ted to d o the reverse , i .e . , t y i n g the c l a y part i c les 
together to shift the part i c le - s ize d i s t r i b u t i o n to the h igher s ide (12). C a r e 
ful part i c l e - s i ze d i s t r i b u t i o n measurements us ing a t i m e - c o n s u m i n g super -
centr i fuga l p r o c e d u r e c o n f i r m e d this theory . 

Benton i te ge l slurries a g e d b y r o l l i n g for 3 weeks h a d a v e r y n a r r o w 
part i c le - s i ze range as measured b y this technique . E i g h t y percent of the 
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part i c les w e r e less than 3 /xm; h o w e v e r , o n l y 13% w e r e less than 1 /xm. I f 
this s lurry (6% sol ids b y we ight ) was d i spersed w i t h l ignosul fonate a n d 
s o d i u m h y d r o x i d e a n d a g e d b y r o l l i n g f o r 3 w e e k s , 100% of the part i c les 
m e a s u r e d w e r e less than 3 /xm a n d 80% w e r e less than 1 /xm (1 /xm was at 
the l o w e r l i m i t o f our measurement a b i l i t y w i t h the supercentr i fuge) . 

P o l y m e r treatment p r o d u c e d an oppos i te effect. T h e s u b m i c r o n 
p a r t i c l e c oncentra t i on ac tua l ly decreased to 6% less than 1 /xm. P a r t i c l e -
s ize d i s t r i b u t i o n then b e c a m e the exp lanat i on of w h y d i f f erent d r i l l i n g 
rates ex isted at the same c l a y sol ids concentra t i on w i t h d i f f e rent c lays 
a n d c h e m i c a l treatment. 

T h i s e f fect w a s m o d e l e d b y c o m p a r i n g the resu l t ing d r i l l i n g rate of 
a g i v e n c lay concentrat ion to the d r i l l i n g rate of c lear w a t e r i n the f o r m 
o f a ra t i o , d r i l l i n g rate o f m u d to d r i l l i n g rate o f w a t e r , D R M : D R W . F o r 
water , the rat io is e q u a l to 1. 

Because any sol ids a d d e d to w a t e r general ly l o w e r the d r i l l i n g rate, 
f o r a m u d D R M : D R W is some n u m b e r less than 1. T h i s rat io w a s re la ted 
to the part i c le - s ize d i s t r ibut i on . F o r convenience , this d i s t r ibut i on was 
d i v i d e d into A , the effect of s u b m i c r o n f ine (F) part i c les , w h i c h p r o b a 
b l y h a d a greater ef fect , a n d B , the ef fect o f coarser (C ) part i c les . T h e 
equat ion then becomes 

D R M : D R W = 1 - A ( F ) - B ( C ) (1) 

w h e r e (F) a n d (C ) ind i cate the pounds per b a r r e l concentrat ion of the 
f ine a n d coarse part i c les , respec t ive ly , i n the m u d system. 

A f t e r d r i l l i n g w i t h 28 d i f f erent m u d systems a n d r u n n i n g the 
par t i c l e - s i ze d i s t r i b u t i o n , a regress ion analysis o f the d a t a resul ted i n a 
va lue for A o f 0.0133, a n d a va lue for B o f 0.00114 (13). T h i s d i s c o v e r y 
was rather s tart l ing because it i n d i c a t e d that the s u b m i c r o n part ic les 
w e r e a lmost 12 t imes m o r e d e t r i m e n t a l to the d r i l l i n g rate than the 
coarser part i c les . T h i s d i s c o v e r y also e x p l a i n e d w h y p o l y m e r - e x t e n d e d 
m u d s d i d so m u c h better than just the r e d u c t i o n i n sol ids content alone 
c o u l d exp la in . 

L a c k of space does not a l l o w a c o m p l e t e discussion of the c o m p l e x 
reasons for the d e t r i m e n t a l effects o f the s u b m i c r o n part i c les . T h e fac 
tors i n v o l v e d i n c l u d e an ef fect o f b o r e h o l e pressure because of f i l t ra t i on 
proper t i es ; the ef fect o f h y d r a u l i c - p r e s s u r e losses d e p e n d e n t u p o n v i s 
cos i ty propert ies , w h i c h de termine the h y d r a u l i c h o r s e p o w e r r e a c h i n g 
the b i t ; a n d the cost o f ma intenance of so l ids - contro l spec i f i cat ions of 
the m u d sys tem (14). I n other w o r d s , those var iab les that w e c o u l d not 
m o d e l d i r e c t l y are i n d i r e c t l y m o d e l e d b y this part i c le -s ize m o d e l . 

O f course , the c e n t r i f u g a l t e chn ique is not p r a c t i c a l to use at the r i g 
site, so a m e t h y l e n e b l u e test ( M B T ) p r o c e d u r e was d e v e l o p e d that 
a l l o w e d es t imat ion of the h i g h l y reac t ive s u b m i c r o n part i c les (15). T h e 
to ta l c l a y content c o u l d b e ca l cu la ted b y m u d w e i g h t or retort va lues , 
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a n d M B T p r o v i d e d an est imate of the bentoni te f rac t i on of these. T h e 
t y p e of m u d sys tem p r o v i d e d the m u l t i p l i c a t i o n factor to a p p l y to the 
M B T - c a l c u l a t e d values . F o r an untreated water gel s lurry , the pounds 
p e r b a r r e l bentoni te concentrat i on f r o m the M B T was m u l t i p l i e d b y 0.13 
(because 13% is less than 1 jum) a n d then entered into e q u a t i o n 1 as the 
concentrat ion for F , a n d the concentrat ion of fines was subtracted f r o m 
the to ta l so l ids content to a r r ive at the concentra t i on for C . I n a 
d i s p e r s e d m u d , the fac tor w a s 0.80, b u t f o r a p o l y m e r - e x t e n d e d m u d , 
the fac tor w a s o n l y 0.06. T h i s m o d e l has b e e n used success ful ly a n d 
cont inuous ly b y S t a n d a r d O i l C o . ( Indiana) , n o w A m o c o , s ince 1967. 
T h e p r o c e d u r e o b v i o u s l y c o u l d b e used to g o o d advantage b y p o l y m e r 
salesmen to m a r k e t water - so lub le p o l y m e r s to the d r i l l i n g industry . 

P o l y m e r E x t e n d e r s f o r B e n t o n i t e . T h e o r i g i n a l bentoni te s p e c i f i 
cat ions w e r e w r i t t e n i n o i l f i e l d terms o f barre ls per t on y i e l d for a 15-cP 
m u d . T h e convers i on to barre ls o f 15-cP m u d per t on of bentonite c lay is 
the c o n c e n t r a t i o n , c, i n p o u n d s p e r b a r r e l r e q u i r e d to y i e l d a 15-cP m u d 
taken f r o m a v iscos i ty p l o t a n d a p p l i e d i n equat ion 2: 

b a r r e l s / t o n = 2000 /c + 2 (2) 

W h e n the V A M A p o l y m e r extender w e n t o n the m a r k e t i n 1960, h i g h -
grade W y o m i n g benton i te a v e r a g e d 105 b b l / t o n y i e l d of 15-cP m u d . 
T r e a t m e n t w i t h V A M A p o l y m e r w o u l d increase this y i e l d to 150-213 
b b l / t o n . T h u s , ha l f the bentoni te usual ly r e q u i r e d c o u l d b e used , a n d at 
last a l o w - s o l i d s m u d o f excel lent propert ies w i t h less than 5% b y v o l u m e 
tota l l o w - d e n s i t y sol ids content , even w i t h a D : B rat io o f u p to 3:1, c o u l d 
b e used to d r i l l . 

T y p i c a l d a t a for A P I W y o m i n g bentonite at var ious concentrat ions , 
taken June 27, 1962, are s h o w n i n T a b l e I. (The test procedures are 
d e f i n e d i n re ference 9.) T h e 6% b y w e i g h t concentrat ion refers to 21 g o f 
c lay i n 350 c m 3 o f tap water . L a t e r speci f icat ions r e q u i r e d that d e i o n i z e d 
w a t e r b e used a n d the v o l u m e be co r rec ted for the effect o f a d d i n g the 
c l a y so l ids , so that 6% b y w e i g h t i n recent tests refers to 22.5 g i n 350 c m 3 

Table I. API Bentonite, June 27, 1962 
(Aged Overnight) 

Concn 
(wt %) 

Plastic 
Viscosity 

(cP) 

Yield Point 
(lb/100 ft2) 

Fluid Loss 
(cm3/30 min) 

3 2 1 22 
4 5 3 10 
5 7 9 7 
6 11 15 6 
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of d i s t i l l e d or d e i o n i z e d water . F o r c o m p a r i s o n purposes , a l l da ta i n this 
chapter used o r i g i n a l p rocedures w i t h d e i o n i z e d water . Propert ies f or 
the benton i t e a lone s h o w n i n T a b l e I are after a g i n g overn ight . P o l y m e r 
extender d a t a o f T a b l e I I w e r e taken after h y d r a t i n g the c l a y o n l y 
20 m i n , a d d i n g p o l y m e r , a n d m i x i n g o n l y 5 m i n . T h i s s tudy was d o n e to 
p r o v e that the p o l y m e r also accelerates the y i e l d t i m e c o n s i d e r a b l y , an 
i m p o r t a n t cons iderat ion i n o i l w e l l d r i l l i n g . A p p a r e n t v iscos i ty versus 
c oncent ra t i on o f the m u d used i n T a b l e s I a n d I I is p l o t t e d i n F i g u r e 3. 

Table II. API Bentonite, June 27, 1962 (Not Aged), 
Extended with 0.05 lb/bbl of Polymer 

Concn 
(wt%) 

Plastic 
Viscosity 

(cP) 

Yield Point 
(lb/100 ft2) 

Fluid Loss 
(cm3/30 min) 

3 4 6 9 
4 10 17 8 
5 12 47 7 
6 12 126 6 

N O T E : bbl is oil field barrel of 42 gal. or 350 lb of water. 

Apparent Viscosity, cp 
1 0 0 - 1 ! 

1 H i i 1 i i 
1 0 1 2 1 4 1 6 1 8 2 0 2 2 

B e n t o n i t e C o n c e n t r a t i o n , l b / b b l 
Figure 3. API bentonite, 1962. Key: •, no extender; and •, polymer 

extended. 
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T h e p o l y m e r extends the benton i te (a l lows the use o f less bentoni te for 
the same v iscos i ty ) , a n d the ex tended c u r v e is above a n d does not cross 
the base c l a y l ine . 

P a r t i c u l a r l y interest ing is the 6 - c m 3 f l u i d loss of the 1962 A P I b e n 
tonite. T h e current A P I speci f icat ions c a l l f or a 6% w e i g h t s lurry to have 
a f l u i d loss o f less than 15 c m 3 . T h i s va lue is a lmost three t imes h igher 
than that of the m a t e r i a l s u p p l i e d i n 1962. 

A l t h o u g h this s i tuat ion is d istress ing for o i l w e l l d r i l l i n g oper 
ators , i t is not the w o r s t s tory as far as c lays are c o n c e r n e d . L o w e r y i e l d 
c lays are n o w b e i n g b l e n d e d w i t h h igher y i e l d c lays , a n d p o l y m e r is 
a d d e d at the m i l l s to achieve e v e n these r e laxed A P I spec i f i cat ions . I n 
l a b o r a t o r y checks , at 6% w e i g h t concentrat ion the y i e l d p o i n t w i l l exceed 
the p las t i c v i s cos i ty b y m o r e than 2:1 i f the bentonite has b e e n treated 
w i t h p o l y m e r . U n f o r t u n a t e l y , this prac t i ce results i n a t h i n n i n g effect at 
l o w e r benton i te concentrat ions w h e n p o l y m e r extenders are a d d e d at 
the r i g site, because of the prev ious p o l y m e r treatment at the m i l l . 

S o m e A P I untreated bentoni te is ava i lab le t o d a y that gives a 
9 2 - b b l / t o n y i e l d a n d c a n s t i l l b e e x t e n d e d b y the operator at the r i g site 
b u t not near ly to the extent of the bentoni te ava i lab le i n 1962. T h i s result 
is s h o w n b y the c u r v e of apparent v i scos i ty versus concentrat ion of the 
m u d used i n T a b l e s I I I a n d I V p l o t t e d i n F i g u r e 4. A g a i n the p o l y m e r -
extended curve is a b o v e a n d does not cross the o r i g ina l c lay curve . 

Table III. API Untreated Bentonite, June 1984 
(Aged Overnight) 

Concn ^lasti?. Yield Point Fluid Loss 
(wt %) Viscosity (ib/100 ft2) (cm3/30min) 
_ _ _ _ — 

4 4 1 17 
5 6 2 13 
6 10 3 12 

Table IV. API Untreated Bentonite, June 1984, 
Extended with 0.05 lb/bbl of Polymer 

Concn 
(wt%) 

Plastic 
Viscosity 

(cP) 

Yield Point 
(lb/100 ft2) 

Fluid Loss 
(cm3/30 min) 

3 4 0 18 
4 7 1 15 
5 10 19 13 
6 15 53 12 
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Apparent Viscosity, cp 
100 n ! 

i H i i 1 i i 
1 0 1 2 1 4 1 6 1 8 2 0 2 2 

Bentonite Concentrat ion, I b / b b l 
Figure 4. Untreated API bentonite, 1984. Key: M, no extender; and •, 

polymer extended. 

M o r e t y p i c a l o f c u r r e n t l y s u p p l i e d A P I bentoni te , h o w e v e r , is the 
h i g h l y t reated benton i te s h o w n b y T a b l e V data . T h i s bentoni te cannot 
b e further e x t e n d e d at the l o w e r concentrat ions (Tab le V I ) . F i g u r e 5 is 
an apparent v iscos i ty p lo t o f this m u d . N o t i c e that the p o l y m e r - e x t e n d e d 
c u r v e crosses the o r i g i n a l c l ay curve at 15 l b / b b l . T h e p o l y m e r actual ly 
thins the m u d at the l o w e r c l a y concentrat ions , w h e r e t h i n n i n g is not 
d e s i r e d , a n d th i ckens at h igher c lay concentrat ions . T h e p o l y m e r is, 
therefore , p r o d u c i n g the reverse effect of w h a t is des i red . 

T h e r e f o r e , instead o f us ing 10-14 l b / b b l of bentoni te a n d a m u d 
system of less than 5% v o l u m e total c l ay sol ids , w e are r ight b a c k w h e r e 

Table V . Example of 1984 A P I Bentonite 
(Aged Overnight) 

Concn 
(wt %) 

Plastic 
Viscosity 

(cP) 

Yield Point 
(lb/100 ft2) 

Fluid Loss 
(cm3/30 min) 

3 3 3 31 
4 4 8 24 
5 5 14 19 
6 10 22 16 
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Table VI. Example of 1984 API Bentonite 
Extended with 0.05 Ib/bbl of Polymer 

Concn 
(wt %) 

Plastic 
Viscosity 

(cP) 

Yield Point 
(lb/100 ft2) 

Fluid Loss 
(cm3/30 min) 

3 3 0 25 
4 6 3 22 
5 8 16 19 
6 10 50 18 

w e w e r e 25 years ago us ing 17-25 l b / b b l ; d i f f i cu l t ies arise i n r u n n i n g a 
l ow-so l ids c l a y - b a s e d m u d w i t h a D:B rat io o f 3:1 w h i l e s tay ing u n d e r 
the 5% b y v o l u m e sol ids l i m i t . 

T h e onset of this s i tuat ion has not b e e n sudden , a n d i n 1967 Stan 
d a r d O i l C o . (Indiana) i n t r o d u c e d a p o l y m e r extender based o n a c r y l i c 
a c i d that w o u l d extend l o w e r y i e l d bentonites better than the V A M A 
c o p o l y m e r (16). A n o t h e r i m p r o v e d p o l y m e r was i n t r o d u c e d i n 1971 
(17). H o w e v e r , e v e n these p o l y m e r s m a y not extend some bentonites 
a l ready p o l y m e r treated b y the supp l i e r , as demonst ra ted b y the a fore 
m e n t i o n e d data . 

Apparent Viscosity, cp 
100 -r ; ! ; ; • 1 

10 

1 1 i i i i i 
1 0 1 2 1 4 1 6 1 8 2 0 2 2 

B e n t o n i t e C o n c e n t r a t i o n , I b / b b l 
Figure 5. Example API bentonite, 1984. Key: •, no extender; and 

polymer extended. 
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Future of Polymers in Drilling 

Prediction 1. I n the i m m e d i a t e future , m o r e expensive o i l - emuls i on 
m u d s w i l l r e p l a c e water -base c l a y m u d s i n expens ive d r i l l i n g areas 
w h e r e s l o w d r i l l i n g rates or d i r e c t i ona l d r i l l i n g causes ho le s tabi l i ty p r o b 
l ems . T h i s r e p l a c e m e n t w i l l acce lerate as m o r e e n v i r o n m e n t a l l y safe oils 
are i n t r o d u c e d a n d a c c e p t e d b y operators a n d government regulators 
a l ike . T h e d e v e l o p m e n t o f synthet ic po ly c rys ta l l ine d i a m o n d c o m p a c t 
b i ts has m a d e these o i l - e m u l s i o n m u d s a v i a b l e a l ternat ive , as m o r e 
soph is t i ca ted operators rea l i ze that l o w e r w e l l costs are a c h i e v a b l e i f 
s o u n d eng ineer ing is a p p l i e d w h e n these v e r y expens ive bits a n d m u d 
systems are used . 

Prediction 2. I n the next decade , as o i l a n d gas reservoirs b e c o m e 
m o r e d i f f i c u l t to f i n d , e x p l o r a t i o n departments w i l l d e m a n d that w i l d c a t 
we l l s b e d r i l l e d w i t h water -based m u d s , to a l l o w for adequate f o r m a t i o n 
eva luat ion o f poss ib le p r o d u c i n g hor izons . Progress ive d r i l l i n g depart 
ments , not w a n t i n g to r e t u r n to s l o w - d r i l l i n g , d i spersed c lay -based 
m u d s , w i l l t u r n to p o l y m e r s to a c c o m p l i s h these object ives . 

H o w e v e r , the p o l y m e r s w i l l not b e extenders , w h i c h are used i n 
m i n u s c u l e quantit ies a n y w a y . D r i l l e r s w i l l w a n t p o l y m e r viscosi f iers 
c a p a b l e o f c l e a n i n g the w e l l b o r e o f d r i l l cutt ings a n d suspend ing w e i g h t 
mater ia ls such as bar i t e a n d hemat i te . D r i l l e r s w i l l w a n t f i l t ra t i on c o n t r o l 
a n d a v a l i d test p r o c e d u r e for f l u i d loss ( p o l y m e r m u d s go r ight t h r o u g h 
A P I f i l ter p a p e r , b u t not through most f o r m a t i o n rocks ) . D r i l l e r s w i l l 
w a n t resistance or to lerance to w e l l - b o r e contaminants f requent ly 
e n c o u n t e r e d such as salt, a n h y d r i t e , or c a l c i u m a n d m a g n e s i u m 
salts. D r i l l e r s w i l l w a n t s tab i l i ty at the h i g h w e l l - b o r e temperatures 
(250-450 °F) f o u n d at d e p t h . 

Prediction 3. P r e d i c t i o n 2 descr ibes w h a t the o i l w e l l d r i l l i n g oper 
ators w i l l l i k e l y w a n t . P r e d i c t i o n 3 is that the operators w i l l get w h a t 
they want . 

W e are a l r eady m a k i n g h i g h t empera ture stable , water - inso lub le 
p o l y m e r s that 20 years ago w e r e c o n s i d e r e d imposs ib l e . S o m e w a t e r -
inso lub le p o l y m e r s are present ly b e i n g m o d i f i e d to r ender t h e m w a t e r 
so lub le . I a t tr ibute the current t h e r m a l l imi tat ions o f current ly ava i lab le 
d r i l l i n g p o l y m e r s to the test condi t ions t rad i t i ona l ly a p p l i e d , i .e. , 1000 p s i 
at 300-500 °F . T h e pressure test cond i t i ons must b e increased some 10-
f o l d i f w e are to u n d e r s t a n d h o w a p o l y m e r w i l l l i k e l y b e h a v e i n a deep 
hot w e l l bo re . 

I p r e d i c t that w h e n these changes are m a d e , some p o l y m e r s that 
w e r e f o u n d unstable at 300 °F a n d 1000 p s i w i l l appear suitable at 400 °F 
a n d 10,000 ps i . 
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P r e d i c t i o n 4. T h e r e f o r e , w i t h i n the next 5-10 years , w i t h the 
increased usage of h igh - temperature p o l y m e r m u d s i n exp loratory we l l s , 
the use o f o i l - e m u l s i o n m u d s s h o u l d d i m i n i s h for d e v e l o p m e n t w e l l s ; 
thereby , the p o l y m e r m a r k e t w i l l be great ly e x p a n d e d . F o r w e are no 
longer t a l k i n g about p o l y m e r concentrat ions of 0.05 l b / b b l b u t 100 t imes 
that a m o u n t , a n d instead of 1500-bbl m u d systems for the t y p i c a l w e l l 
n o w , w e are pro j e c t ing t w i c e that v o l u m e for the deeper we l l s r e q u i r e d 
i n the future . 

Conclusion 
A n u m b e r o f conc lus ions c a n be d r a w n f r o m the d iscuss ion presented i n 
this chapter . O n e conc lus ion is that p o l y m e r s m a y rep lace bentonite as 
the p r i m a r y v i scos i f i e r i n d r i l l i n g m u d . T h e reason is that because b e n 
tonite is so d e t r i m e n t a l to p e n e t r a t i o n rate ( F i g u r e 2) , i f the q u a l i t y c o n 
tinues to deter iorate to a po in t w h e r e l ow-so l ids , nond ispersed m u d s 
cannot b e r u n , m o r e expens ive p o l y m e r s b e c o m e e c o n o m i c a l because o f 
h i g h d r i l l i n g r i g o p e r a t i n g costs. E v e n i f this s i tuat ion does not h a p p e n , 
p o l y m e r s have a b r i g h t future i n the m a k e u p o f d r i l l i n g f l u i d systems. 

T h i s chapter has suggested that e f fect ive p o l y m e r s must be ab le to 
p e r f o r m one or m o r e o f f i ve funct ions i n a d r i l l i n g m u d : (1) a f l o c cu lent 
for d r i l l e d so l ids , (2) an extender for benton i te , (3) a v i s cos i f i e r , (4) an 
agent to r educe f i l t ra t i on loss, a n d (5) a shale s tabi l izer . 

N o one p o l y m e r is l i k e l y to p e r f o r m e q u a l l y w e l l at a l l funct ions , 
n o r is this necessari ly des i rab le . P o l y m e r d r i l l i n g f l u i d systems are there
fore f o r m u l a t e d w i t h t w o or three d i f f erent p o l y m e r s , each des igned to 
p e r f o r m spec i f i c funct ions . 

T h e chapter has d iscussed the l i m i t a t i o n o f p o l y m e r f locculents a n d 
extenders. P o l y m e r viscosi f iers must exhib i t shear t h i n n i n g behav io r , 
w h i l e not b e i n g o v e r p o w e r e d b y the d r i l l e d sol ids m a k i n g m u d a n d thus 
a l l o w i n g the sol ids content to exceed 5% by v o l u m e . P o l y m e r viscosi f iers , 
a lone or i n c o m b i n a t i o n w i t h other mater ia ls , must exhib i t ge l structure 
c a p a b l e o f suspend ing w e i g h t i n g agents, such as bar i te or hemati te . 

T h e chapter has suggested that the current A P I test procedures are 
not adequate for research d e v e l o p m e n t a n d eva luat ion of p o l y m e r m u d 
systems. O f par t i cu lar c oncern is the p e r f o r m a n c e at h i g h temperatures , 
w h i c h needs to b e invest igated at h igher pressures than the A P I tests, 
a n d the f i l t rat ion propert ies , w h i c h must b e c a r r i e d out b y us ing porous 
m e d i a rather than A P I f i l ter paper . 
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Applications of Water-Soluble Polymers 
as Shale Stabilizers in Drilling Fluids 

R. K. Clark 

Production Operations Research Department, Shell Development Company, 
Houston, T X 77001 

Water-soluble polymers are often used in oil and gas well drilling 
fluids as stabilizers for water-sensitive shales encountered in sub-
surface formations. Polymer chemistry, ionic character, degree of 
charge, molecular weight, and other factors play a role in deter
mining the effectiveness of a polymer as a shale stabilizer. Some 
of the more common polymer types that have been used, with 
varying degrees of success, are natural gums (guar, xanthan, and 
flaxseed), cellulose derivatives (carboxymethyl and hydroxy-
ethyl), starches, and high molecular weight acrylate-acrylamide 
copolymers. This chapter reviews laboratory test methods for 
evaluating polymer performance, presents results from one of the 
methods described, and discusses possible shale stabilizing 
mechanisms. 

/APPLICATIONS OF WATER-SOLUBLE POLYMERS i n o i l a n d gas w e l l d r i l l 
i n g f lu ids i n c l u d e use as v i s cos i ty b u i l d e r s , f i l t ra t i on c o n t r o l agents, f l o c -
culents , de f l occu lents , a n d shale s tabi l izers . Shale stabi l izers m a y b e one 
of the least u n d e r s t o o d uses o f p o l y m e r s i n d r i l l i n g f lu ids . P r o b l e m s aris 
i n g f r o m boreho le instab i l i ty resul t ing f r o m adverse interact ions b e t w e e n 
the d r i l l i n g f l u i d a n d c l a y - b e a r i n g shales are a m o n g the m o r e cost ly d i f 
f i cult ies that o c cur i n d r i l l i n g operat ions . M a i n t e n a n c e of a stable b o r e 
ho le is one o f the m a n y funct ions that a d r i l l i n g f l u i d must f u l f i l l . Se lec 
t i on o f the p r o p e r p o l y m e r for i n c o r p o r a t i o n into the system can often 
r e d u c e o r e l iminate shale s tab i l i ty p r o b l e m s , w h i l e a n i m p r o p e r cho ice 
c a n increase w e l l costs s igni f i cant ly . 

Drilling Fluids: Functions and Properties 
T h e most i m p o r t a n t funct ions o f a d r i l l i n g f l u i d are to (1) r e m o v e f o r m a 
t i on cutt ings f r o m the b o t t o m of the hole a n d transport t h e m to the sur
face , (2) p r o v i d e suf f i c ient hydros ta t i c pressure against the f o r m a t i o n to 
prevent i n f l u x o f f o r m a t i o n f lu ids , (3) stabi l ize d o w n h o l e format ions a n d 

0065-2393/86/0213-0171$06.(W0 
© 1986 American Chemical Society 
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172 W A T E R - S O L U B L E POLYMERS 

p r e v e n t h o l e co l lapse , (4) p revent loss o f f l u i d to p e r m e a b l e f o rmat ions , 
(5) c o o l a n d lubr i ca te the b i t a n d d r i l l s tr ing , a n d (6) he lp suspend the 
w e i g h t o f the d r i l l s tr ing a n d cas ing ( I ) . T h e f l u i d is expec ted to p e r f o r m 
these a n d other funct ions s imultaneous ly . 

D r i l l i n g f lu ids are p u m p e d d o w n the w e l l t h r o u g h a h o l l o w d r i l l 
s t r ing , out the d r i l l b i t at the b o t t o m of the hole , a n d b a c k u p to the 
sur face i n the annulus f o r m e d b y the b o r e h o l e w a l l a n d the ro ta t ing d r i l l 
s t r ing . T h e fluid is passed t h r o u g h a series o f v i b r a t i n g screens, h y d r o c y -
c lones , a n d centr i fuges o n the surface to r e m o v e f o r m a t i o n cutt ings , 
w h i c h are d i s c a r d e d . O n e o r m o r e add i t ives are then used to r e turn the 
sys tem to a d e s i r e d set o f p h y s i c a l a n d c h e m i c a l propert ies , after w h i c h 
the f l u i d is p u m p e d b a c k d o w n the w e l l to repeat the c y c l e . T h e f l u i d is 
a d y n a m i c , c i r c u l a t i n g system that changes f r o m d a y to d a y i n response 
to the d r i l l i n g cond i t i ons b e i n g exper i enced . T h e d r i l l i n g f l u i d system 
m a y b e u s e d f o r a f e w days , w e e k s , or months a n d i n some cases is 
r e c o n d i t i o n e d for use o n subsequent w e l l s . 

D r i l l i n g f lu ids are most f requent ly f o r m u l a t e d w i t h w a t e r as the 
cont inuous phase (2). V i s c o s i t y - b u i l d i n g c lays or p o l y m e r s a n d var ious 
o rgan i c chemica l s are a d d e d for c o n t r o l l i n g the rheo log i ca l a n d f i l t rat ion 
propert ies . Water - so lub le p o l y m e r s used for rheo l og i ca l a n d f i l t rat ion 
c o n t r o l i n c l u d e ( e a r b o x y m e t h y l ) - a n d (hydroxyethy l ) ce l lu lose , xanthan 
g u m , s tarch , a n d a c r y l a t e - a c r y l a m i d e c o p o l y m e r s o f var ious c o m p o s i 
t ions a n d m o l e c u l a r we ights . N a t u r a l l y d e r i v e d c o m p l e x p o l y m e r s such 
as l ignosul fonates , l igni tes , a n d p lant tannins m a y b e a d d e d to m o d i f y 
the rheo l og i ca l a n d f i l t rat ion b e h a v i o r o f a d d e d c lays . 

T h e c o m p o s i t i o n o f the w a t e r phase ranges f r o m fresh to h i g h l y 
saline solutions that m a y conta in substantial levels o f so luble c a l c i u m a n d 
m a g n e s i u m ions . W a t e r - b a s e d f lu ids are c o m m o n l y m a i n t a i n e d at an 
a lka l ine p H w i t h s o d i u m h y d r o x i d e , c a l c i u m h y d r o x i d e , or po tass ium 
h y d r o x i d e . T h e resu l t ing c o m p l e x aqueous so lut ion constitutes the e n v i 
r o n m e n t i n w h i c h c o m m e r c i a l c lays a n d p o l y m e r s must w o r k a n d be 
e f fect ive . 

P o w d e r e d , h i g h spec i f i c g r a v i t y sol ids such as bar i t e or hemat i te are 
a d d e d to r e a c h the d e s i r e d f l u i d dens i ty , w h i c h m a y range f r o m 1 to 2.5 
g / c m 3 . T h e dens i ty r e q u i r e m e n t is d i c t a t e d b y the f o r m a t i o n pressures 
that are encountered w h i l e the w e l l is b e i n g d r i l l e d a n d b y the earth 
stresses i m p o s e d o n the f o r m a t i o n . A h igh-dens i ty d r i l l i n g f l u i d m a y c o n 
ta in u p to 40 v o l % suspended sol ids ( f o r m a t i o n so l ids , c o m m e r c i a l c lays , 
a n d w e i g h t i n g mater ia ls ) . T h e spec i f i c c o m p o s i t i o n o f the f l u i d depends 
o n the d o w n h o l e cond i t i ons b e i n g exper i enced . T e m p e r a t u r e s exceed ing 
205 ° C (400 °F) a n d pressures u p to 140 M P a (20,000 psi ) are not 
u n c o m m o n i n deep we l l s . W a t e r - i n - o i l emuls i on (o i l cont inuous phase) 
f lu ids are o f ten used for boreho le s tab i l i ty a n d deep w e l l d r i l l i n g b u t are 
outs ide the scope of this chapter . 
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Shale Composition and Properties 
Shales are f ine -gra ined sed imentary rocks that conta in var ious c lay m i n 
erals , q u a r t z , f e ldspar , ca l c i te , etc. T h e interac t ion b e t w e e n a d r i l l i n g 
f l u i d a n d a shale is d o m i n a t e d b y the response of the c l a y minerals i n the 
shale to contact b y the w a t e r phase o f the f l u i d . T h e most w a t e r -
sensit ive c l a y minera ls are the smectites ( t rad i t i ona l ly k n o w n as m o n t -
mor i l l on i te ) a n d smec t i t e - i l l i t e m i x e d - l a y e r c lays . Shales conta in ing large 
amounts o f i l l i te c a n also exhib i t extreme water sensit ivity . C h l o r i t e a n d 
k a o l i n i t e are c o m m o n l y f o u n d i n subsurface shales b u t are rare ly c o n 
s idered d e t r i m e n t a l to boreho le s tabi l i ty a n d d r i l l i n g operations. 

T h e c l a y minera ls are c o l l o i d a l , h i g h surface area, l a y e r e d a l u m i n o -
sil icates that f requent ly o c cur i n nature as assemblages of th in p la te -
shaped part ic les s tacked face to face l i k e pages i n a b o o k (3). T h e p lanar 
surfaces c a r r y a negat ive charge ar is ing f r o m substitut ion of l o w e r valent 
cations i n the c l a y c r y s t a l latt ice . T h e edges m a y be p o s i t i v e l y or nega 
t i v e l y c h a r g e d d e p e n d i n g o n the env i ronment : pos i t ive at l o w p H a n d 
negat ive at h i g h p H . C a t i o n s assoc iated w i t h the p l a n a r surfaces m a y b e 
loose ly h e l d a n d r e a d i l y exchanged b y other cations or m a y b e t ight ly 
h e l d a n d nonexchangeab le . W a t e r c a n b e d r a w n into the inter layer 
r e g i o n of s ome c lays b y h y d r a t i o n of the exchange cations a n d the s i l i 
cate surface . A n osmot i c f orce ar i s ing f r o m di f ferences b e t w e e n the 
a c t i v i t y o f the in ter layer w a t e r a n d that o f the d r i l l i n g f l u i d c a n result i n 
increases i n l ayer separat ion b e y o n d that o f the i n i t i a l surface h y d r a t i o n . 

Sur face area a n d cat ion-exchange c a p a c i t y are k e y propert ies that 
d e t e r m i n e the response o f a c l a y m i n e r a l to water . T h e same is true of a 
shale (4). Shales h i g h i n smect i te or smec t i t e - i l l i t e m i x e d - l a y e r c lays are 
t y p i c a l l y y o u n g m a r i n e shales that s w e l l a n d m a y disperse c o m p l e t e l y i n 
fresh water . These are the " g u m b o " shales c o m m o n a long the G u l f C o a s t 
that are c h a r a c t e r i z e d b y h i g h surface area a n d mois ture content , m o d 
erate to h i g h cat ion -exchange c a p a c i t y , a n d l o w m e c h a n i c a l strength. A t 
the other e n d o f the scale are the h a r d , b l a c k i l l i t i c shales f o u n d f r o m 
Texas to the R o c k i e s a n d i n m a n y d e e p we l l s . These shales are o lder a n d 
m u c h m o r e h i g h l y c o m p a c t e d than the soft g u m b o shales even though 
they m a y b e f o u n d at or near the surface. A l t h o u g h the total c l ay m i n e r a l 
content m a y exceed 5085, the i l l i t i c shales are l o w s w e l l i n g a n d nond i s -
pers ive a n d are c h a r a c t e r i z e d b y l o w surface area , cat ion-exchange 
c a p a c i t y , mo is ture content , a n d h i g h m e c h a n i c a l strength. I m m e r s i o n 
o f a large c o m p e t e n t p i e ce o f a h a r d i l l i t i c shale i n f reshwater m a y result 
i n d isaggregat ion a l o n g fracture planes into f i r m shale spl inters. 

T h e b o x lists the parameters o f ten m e a s u r e d o n shale samples f o r 
the p u r p o s e o f charac ter i za t i on a n d c lass i f i cat ion . B y c lass i fy ing shales, 
one m a y b e ab le to est imate the d r i l l i n g f l u i d chemis t ry r e q u i r e d to d r i l l 
a g i v e n shale p r o b l e m - f r e e (4). 
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Parameters Measured for Shale Characterization 

Geologic age and depositional environment 
Mineralogy by X-ray diffraction (clay content and 

composition) 
Bulk and grain density 
Cation-exchange capacity 
Surface area 
Moisture content 
Composition of interlayer water 
Water absorption-swelling properties 
Dispersibility 
Mechanical properties (compressive and tensile strength) 

Drilling Fluid-Shale Interactions 
T h e w a t e r phase o f the d r i l l i n g f l u i d c a n d r a m a t i c a l l y alter the p r o p e r 
ties o f exposed subsurface shales. T h e ef fect ranges f r o m s w e l l i n g a n d 
d i spers i on o f soft shales to m e c h a n i c a l spa l l ing o f h a r d shales, a l l o f 
w h i c h c a n severe ly r educe d r i l l i n g e f f i c i ency . T h e c o m p o s i t i o n o f the 
w a t e r phase p lays an i m p o r t a n t ro le i n d e t e r m i n i n g the response. F r e s h 
w a t e r has the most p r o n o u n c e d effect: m a x i m u m al terat ion of the shale 
propert ies results. Increas ing the sal inity reduces the h y d r a t i o n a n d s w e l l 
i n g resu l t ing f r o m w a t e r a b s o r p t i o n b y the shale. Because the m e c h a n i 
c a l strength o f the shale is inverse ly p r o p o r t i o n a l to the mois ture content, 
r e d u c i n g w a t e r a b s o r p t i o n w i l l r e t a r d d e g r a d a t i o n of the m e c h a n i c a l 
propert ies a n d p r o m o t e shale stabi l i ty . 

S o d i u m c h l o r i d e , po tass ium c h l o r i d e , g y p s u m , a n d l i m e are often 
used to r e d u c e the rate a n d m a g n i t u d e o f w a t e r a b s o r p t i o n b y shales. 
B o t h l a b o r a t o r y a n d f i e l d exper iences ind i ca te a pre ference for potas 
s i u m over s o d i u m for shale s tab i l i ty (4, 5 ) . C a l c i u m ions d e r i v e d p r i 
m a r i l y f r o m g y p s u m a n d l i m e are also p r e f e r r e d over s o d i u m ions , b u t 
are less c o m p a t i b l e w i t h the other f l u i d add i t ives . T y p i c a l c oncentra t i on 
ranges f o u n d for the var ious cations w h e n used for shale s tabi l i ty are 
100-1000 m g / L for c a l c i u m , 2000-100,000 m g / L for po tass ium, a n d 
12,000-125,000 m g / L f o r s o d i u m . 

Polymers for Shale Stability 
A d d e d e lec tro lyte m a y not p r o v i d e adequate s tab i l i ty , a n d a p o l y m e r i c 
m a t e r i a l is o f ten n e e d e d . A v a r i e t y of water - so lub le p o l y m e r s have b e e n 
t o u t e d as shale s tabi l i zers f o r use i n d r i l l i n g f lu ids . T h e p o l y m e r m a y b e 
used w i t h one o f the c a t i o n stabi l izers as m e n t i o n e d above or it m a y be 
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used alone, as it o f ten p e r f o r m s other funct ions i n the f l u i d as w e l l . 
S e l e c t i o n o f the p o l y m e r m u s t b e not o n l y o n the basis o f its shale s t a b i 
l i z i n g a b i l i t y , b u t also o n the basis o f its c o m p a t i b i l i t y w i t h the other d r i l l 
i n g f l u i d c omponents a n d w i t h the d o w n h o l e d r i l l i n g condi t ions , p a r t i c u 
l a r l y temperature . 

P o l y m e r s used as shale stabi l izers i n f i e l d appl i cat ions i n c l u d e n a t u 
r a l , m i c r o b i a l , a n d d e r i v a t i z e d po lysacchar ides a n d synthetic h i g h 
m o l e c u l a r w e i g h t a c r y l i c c o p o l y m e r s . P r o m i n e n t a m o n g the p o l y s a c c h a 
r ides are ( carboxymethy l ) ce l lu lose (6), (hydroxyethy l ) ce l lu lose (7), 
s tarch (8), a n d gums such as xanthan (5), f laxseed (9), a n d guar . 
Acry late -acry lamide copolymers are used i n dr i l l ing fluids for m a n y purposes 
i n c l u d i n g shale s tabi l izers (10, I I ) . T h e spec i f i c a p p l i c a t i o n depends o n 
the m o l e c u l a r w e i g h t a n d the degree a n d m a g n i t u d e of charge o n the 
p o l y m e r . These a n d other p o l y m e r s not c o m m o n l y f o u n d i n the o i l f i e l d 
w i l l b e d iscussed i n terms o f l abora tory p e r f o r m a n c e as shale stabi l izers 
i n the f o l l o w i n g sections. 

Laboratory Test Methods for Shale Stabilization 
A large n u m b e r o f methods have b e e n used to assess the p e r f o r m a n c e of 
d r i l l i n g f l u i d add i t ives as shale stabi l izers . U n f o r t u n a t e l y , no s tandard 
m e t h o d is w i d e l y a c cep ted i n the indus t ry . T h e d ivers i ty of test methods 
is p a r t l y d u e to the i n a b i l i t y to accurate ly s imulate the d o w n h o l e e n v i 
r o n m e n t i n the l a b o r a t o r y . E v a l u a t i o n o f d r i l l i n g f lu ids a n d add i t ives is 
also c o m p l i c a t e d b y the d i f f i c u l t y i n o b t a i n i n g suitable shale samples i n 
a large enough q u a n t i t y f or test ing . A l t h o u g h shale is encountered i n 
v i r t u a l l y every w e l l , the state o f the shale cutt ings co l l e c ted at the sur
face usua l ly renders t h e m unsui tab le for test ing. C o r e s are rare ly taken 
i n shale except b y mis take or o c cas iona l ly w h e n shale p r o b l e m s are 
severe. Sur face shale outcrops are b a d l y w e a t h e r e d a n d m a y not be 
representat ive o f subsurface f ormat ions . I n spite o f the d i f f i cu l t i es , su f f i 
c ient shale c a n o f ten b e o b t a i n e d to a l l o w stabi l i ty tests to be c o n d u c t e d , 
a l though some alterat ion f r o m i n s itu propert ies is p r o b a b l e . 

L a b o r a t o r y test ing of s h a l e - f l u i d interact ions inc ludes b o t h static 
a n d d y n a m i c methods . Static methods i n c l u d e i m m e r s i o n - s o a k i n g , 
w a t e r a b s o r p t i o n (15), a n d s w e l l i n g ( l inear v o l u m e t r i c ) (5,12,14) tech
n iques . Stat ic tests assess changes i n the p h y s i c a l size or structure of the 
shale d u r i n g contact w i t h the test f l u i d . S w e l l i n g tests us ing strain gauges 
have b e e n d e s c r i b e d for l o w - (5), m e d i u m - (12), a n d high-pressure (13, 
14) c ond i t i ons . F l u i d a b s o r p t i o n tests c a n b e used to measure the rate 
a n d m a g n i t u d e o f w a t e r u p t a k e u n d e r a v a r i e t y o f c ond i t i ons (15). Salt 
a n d c a t i o n effects are r e a d i l y eva lua ted i n static tests, b u t s t a b i l i z i n g 
p o l y m e r s m a y have l i t t le ef fect o n the s w e l l i n g propert ies o f shales, p a r 
t i cu lar ly w h e n tested under pressure (12). 
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D y n a m i c methods i n c l u d e i m m e r s i o n - s t i r r i n g (16), i m m e r s i o n -
t u m b l i n g (5), c a p i l l a r y suc t ion t i m e (15), t r iax ia l f l o w (17), a n d m i c r o b i t 
d r i l l i n g m a c h i n e (18) techniques . A g i t a t i o n (st irr ing or t u m b l i n g ) o f shale 
cutt ings i n a test f l u i d f o l l o w e d b y s i ev ing is used to de te rmine the p a r t i 
c le size a n d integr i ty of the sample after contact (5,9). T h e d i spers ib i l i ty 
o f the shale c a n b e assessed b y the c a p i l l a r y suct ion test (15). T h e pres
ence o f p o l y m e r s c a n g i v e m i s l e a d i n g results i n the c a p i l l a r y suc t i on test 
as the m o v e m e n t o f f i l t rate t h r o u g h the f i l ter m e d i a is i n f l u e n c e d b y 
so lu t i on v i s cos i ty . W e n z e l used a n apparatus that stirs the test f l u i d over 
a f i x e d shale s a m p l e to d e t e r m i n e the a b i l i t y o f p o l y m e r s a n d salts to 
p revent so f tening a n d c r a c k i n g of shales (16). S t i r r i n g - a n d t u m b l i n g -
t y p e tests appear to be use fu l f or deterrn in ing the p e r f o r m a n c e of p o l y 
mers as shale s tab i l i zers , a l though the test c ond i t i ons d o not s imulate the 
d o w n h o l e env i ronment . 

M o r e soph is t i ca ted d y n a m i c tests f l o w d r i l l i n g f l u i d t h r o u g h shale 
spec imens w i t h (17) or w i t h o u t (18) the shale u n d e r stress. S u c h tests 
assess the a b i l i t y o f the f l u i d chemis t ry to m a i n t a i n the integr i ty of the 
shale u n d e r cond i t i ons that m o r e near ly a p p r o x i m a t e the d o w n h o l e c o n 
d i t i ons . Shale samples used i n the f l o w tests are usua l ly f o r m e d i n the 
l a b o r a t o r y i n a c o m p a c t i o n c e l l as na tura l samples o f suf f ic ient size a n d 
integr i ty are rare ly ava i lab l e f o r m a c h i n i n g to the d imens ions n e e d e d i n 
the test. T h e t r i a x i a l shale tester d e s c r i b e d b y D a r l e y (17) requires a 
5 - cm-d iameter b y 2 . 5 - c m - l o n g sample w i t h a 0 .64-cm hole i n the center 
t h r o u g h w h i c h the test f l u i d is p u m p e d . T h e test spec imens used b y 
S i m p s o n (18) are e v e n larger . T h e shale s t a b i l i z i n g a b i l i t y o f p o l y m e r s is 
m o r e p r o p e r l y e v a l u a t e d i n f l o w tests than i n the static o r t u m b l i n g - s t i r 
r i n g tests, a l though questions arise over the ef fect o f reconst i tut ing the 
shale samples . F l o w tests r e q u i r e rather c o m p l i c a t e d e q u i p m e n t , w h i c h 
is current ly o f l i m i t e d ava i lab i l i t y . 

Laboratory Performance of Polymers a s Shale Stabilizers 
T h e p e r f o r m a n c e o f p o l y m e r s as shale stabi l izers d iscussed i n this sec
t i o n is b a s e d o n the results o f f l o w tests i n the t r iax ia l shale tester d e 
s c r i b e d b y D a r l e y (17). M a n y d i f f erent p o l y m e r s have b e e n eva luated 
b y us ing d i f f erent types of shales a n d test condi t ions . D a t a o n on ly t w o 
shales are g i v e n here because p o l y m e r p e r f o r m a n c e is not i n f l u e n c e d 
great ly b y shale c o m p o s i t i o n . Shales chosen for this s tudy are A t o k a , a 
h a r d , i l l i t i c shale f r o m O k l a h o m a ; a n d P i e r r e , a r e l a t i v e l y soft shale c o n 
t a i n i n g h i g h levels o f s w e l l i n g c lays . T h e c l a y m i n e r a l c o m p o s i t i o n o f the 
shales is g i v e n i n T a b l e s I a n d I I . 

T a b l e I lists t r iax ia l test da ta us ing A t o k a shale a n d a n u m b e r of 
c o m m e r c i a l p o l y m e r s , m a n y i n use as d r i l l i n g f l u i d add i t ives . T a b l e II 
gives s i m i l a r d a t a for P i e r r e shale. P o t a s s i u m c h l o r i d e was used i n most 
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10. CLARK Use as Shale Stabilizers in Drilling Fluids 177 

Table I . Triaxial Test Results with Atoka Shale 

Polymer KCl Time to 
Concn Concn Failure Erosion 

Polymer (g/L) (g/L) (min) (%) 

Polysaccharides 
Potato starch 0.0 30 5 21 

15.0 30 110 9 
50.0 30 m u  <1 

Hydroxypropyl-substituted guar 0.7 30 ss 9 
1.5 30 1380+ <1 

Xanthan gum 1.5 30 21 11 
2.9 0 34 12 

(Carboxymethyl)cellulose f l 1.4 30 38 9 
Acrylate-acrylamide copolymers 

0-10$ acrylate b 1.5 30 100" 12° 
30% acrylate d 

30% acrylate* 
1.5 30 115 11 30% acrylate d 

30% acrylate* 0.7 30 1400+ <1 
1.5 0 1440+ — 
1.5 30 1420+ <1 

10% acrylate / 11.0 0 761 — 
A M P S g 2.0 30 1488+ 2 

Other synthetic polymers 
Polyethylene oxide 1 1 1.5 30 55 12 
Methyl v iny l ether-

maleic anhydride 
L o w viscosity 4.3 0 100 — 
M e d i u m viscosity 4.3 0 321 — 
H i g h viscosity 4.3 0 1267 — 

1.5 30 1380+ 1 
V i n y l acetate-

maleic anhydride 1.5 30 1410+ <1 
V i n y l ether-

vinylpyrrolidone 3.0 30 6 17 

N O T E : The test shale used was Atoka (22% illite, 25% kaolinite, and 3% chlorite). The stress 
level was 3500 psi. + designates no failure at the test time indicated. flThe degree of substitu
tion is 1.0. bThe molecular weight is (1-12) X 1 0 6 . cThis value is an average. <*The molecular 
weight is 1 X 10 6 . eThe molecular weight is 2 X 1 0 6 + . ^The molecular weight is 5 X 10 5 . 
gAcrylamide-methylpropanesulfonate. ^The molecular weight is 6 X 10 6 . 

of the tests, as the presence o f p o t a s s i u m i o n is h i g h l y b e n e f i c i a l f o r 
s t a b i l i z i n g water -sensi t ive shale. N o t e that the p e r f o r m a n c e of some 
p o l y m e r s i m p r o v e s w i t h the a d d i t i o n o f salt a l though p e r f o r m a n c e d i 
minishes for others. Stress cond i t i ons o n the test spec imens w e r e 24 M P a 
(3500 psi) o n A t o k a shale a n d 17 M P a (2500) o n P i e r r e shale. A f l o w rate 
o f 4 m / s (800 f t / m i n ) t h r o u g h the 0 .64-cm ho le was chosen to q u i c k l y 
e rode any shale w e a k e n e d b y the test f l u i d . R a d i a l co l lapse o f the test 
s p e c i m e n w i l l o c c u r w h e n i t c a n no longer w i t h s t a n d the a p p l i e d stress. 
T h e test is e i ther t e r m i n a t e d b y s a m p l e fa i lure or after about 1400 m i n i n 
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Table II. Triaxial Test Results with Pierre Shale 

Polymer KCl Time to 
Concn Concn Failure Erosion 

Polymer (g/Q (g/L) (min) (%) 

Polysaccharides 
Hydroxypropyl-substituted guar 0.0 30 30 28 

3.0 0 720 23 
(Carboxymethyl)cellulose 3.0 0 676 16 

3.0 30 284 16 
(Hydroxyethyl)cellulose 3.0 0 720 23 

3.0 30 1319+ 6 
Xanthan gum 3.0 0 438 19 
Flax meal (10% gum) 15.0 30 203 24 Flax meal (10% gum) 

30.0 30 339 21 
45.0 30 1325 13 

Acrylate-acrylamide copolymers 
30% acrylate* 

Acrylate-acrylamide copolymers 
30% acrylate* 0.7 30 834 19 

1.5 30 1383+ 1 

N O T E : The test shale used was Pierre (21% smectite, 11% illite, and 4% chlorite). The stress level 
was 2500 psi. + designates no failure at the end of the test time indicated. a T h e molecular 
weight is 2 X 1 0 6 + . 

the absence o f fa i lure . A n ef fect ive p o l y m e r is one that w i l l result i n a 
l o n g r u n t i m e w i t h o u t fa i lure a n d w i t h l i t t le sample erosion. 

T h e results g i v e n i n T a b l e s I a n d II c a n b e used to ident i f y p o l y m e r s 
that a p p e a r to b e e f fec t ive i n s t a b i l i z i n g shale a n d those that are ine f fec 
t ive . T a b l e I I I contains a l ist o f p o l y m e r s f o u n d to b e e f fect ive i n t r iax ia l 
tests as i n d i c a t e d b y the data i n T a b l e s I a n d II a n d other data not 
s h o w n . T a b l e I V lists p o l y m e r s f o u n d ine f fec t ive i n s imi lar testing. T h e 
non ion i c po lysacchar ides (hydroxyethy l ) ce l lu lose , h y d r o x y p r o p y l - s u b s t i -

Table III. Polymers Found Effective for Stabilizing Shale 

Molecular Min Effective 
Polymer Weight Concn (g/L) 

Polysaccharides 
(Hydroxyethyl) cellulose 700,000 0.7 
Hydroxypropyl-substituted guar 200,000 1.5 
Flaxseed gum — 3.0 
Potato starch — 30.0 

Acrylate-acrylamide copolymers 
20-40% acrylate 
AMPS* 

>2,000,000 0.35 20-40% acrylate 
AMPS* — 2.0 
Vinyl acetate-maleic anhydride — 0.7 
Methyl vinyl ether-

maleic anhydride high viscosity 0.7 

aAcrylamide-methylpropanesulfonate. 
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Table IV. Polymers Found Ineffective for Stabilizing Shale 

Max Test 
Molecular Concn 

Polymer Weight (g/L) 

Polysaccharides 
(Carboxymethyl)cellulosea 700,000 3.0 
Xanthan gum 5,000,000 3.0 

Acrylate-acrylamide copolymers 
0-10% acrylate 1,000,000-12,000,000 3.0 
30% acrylate <1,000,000 1.5 
70% acrylate 500,000 10.0 

Other synthetic polymers 
Methyl vinyl ether-

maleic anhydride medium and low viscosity 4.3 
Vinyl ether-

vinylpyrrolidone — 3.0 

a The degree of substitution is 1-1.2. 

tu ted guar , a n d f laxseed g u m (sl ightly anionic ) a n d a re la t ive ly n a r r o w 
range o f a c r y l a t e - a c r y l a m i d e c o p o l y m e r s , m o r e c o m m o n l y k n o w n as 
p a r t i a l l y h y d r o l y z e d p o l y a e r y l a m i d e s , a p p e a r to have the most u t i l i t y as 
shale s tabi l izers . These mater ia ls are e f fect ive at l o w concentrat ions i n 
the d r i l l i n g f l u i d a n d are ava i lab le at reasonable cost. Potato starch is 
also e f fec t ive b u t o n l y at v e r y h i g h concentrat ions . T h e a c r y l a m i d e -
methy lpropanesu l f onate ( A M P S ) - t y p e p o l y m e r s l ook p r o m i s i n g but as 
yet h a v e f o u n d o n l y l i m i t e d use i n d r i l l i n g app l i ca t i ons . T h e m a l e i c a n h y 
d r i d e c o p o l y m e r s p e r f o r m w e l l b u t are not current ly used i n d r i l l i n g 
f lu ids because they are not cost e f fec t ive c o m p a r e d to other c o m m e r c i a l 
a n d r e a d i l y ava i lab le p o l y m e r s . 

Shale Stabilizing Mechanisms 
T h e spec i f i c m e c h a n i s m b y w h i c h p o l y m e r s s tabi l i ze shales has not b e e n 
s tud ied i n de ta i l . Tes t shales a n d p o l y m e r s , most o f w h i c h are c o m m e r 
c i a l mater ia ls , are rare ly w e l l charac ter i zed , a n d test methods are p r i 
m a r i l y des igned to d e t e r m i n e p e r f o r m a n c e . T h u s , o n l y l i m i t e d i n f o r m a 
t i on o n the s t a b i l i z i n g m e c h a n i s m is ava i lab le . Descr ip t i ons of shale 
s tab i l i za t i on b y water - so lub le p o l y m e r s range f r o m l o w e r i n g the eros ive 
ac t i on o f the f l u i d at the shale surface b y f r i c t i o n r e d u c t i o n to encapsula 
t i o n o f the shale b y a p o l y m e r c o a t i n g that prevents d is integrat ion . T h e 
true m e c h a n i s m p r o b a b l y l ies s o m e w h e r e i n b e t w e e n a n d m a y d e p e n d 
o n the t y p e o f p o l y m e r i n v o l v e d . 

T h a t p o l y m e r s c a n adsorb o n shale surfaces to r e t a r d d e g r a d a t i o n 
a n d d i spers i on is w e l l - k n o w n (19). N o n i o n i c p o l y m e r s such as ( h y d r o x y -
ethyl )ce l lu lose c a n adsorb o n shale surfaces regardless o f the surface 
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charge . A n i o n i c p o l y m e r s such as a p a r t i a l l y h y d r o l y z e d p o l y a c r y l a m i d e 
must either adsorb o n pos i t i ve edge sites ( w h i c h p r o b a b l y d o not exist i n 
a n a l k a l i n e m e d i a ) , associate w i t h m u l t i v a l e n t cat ions , o r l i n k to the c l a y 
sur face t h r o u g h l i g a n d exchange w i t h a l u m i n u m at a n edge site (20 ,21) . 
A d s o r p t i o n o f an ion i c p o l y m e r s o n c lays u n d e r a lka l ine condi t ions is 
rather l o w , b u t does increase as the i o n i c strength o f the m e d i u m 
increases (22). P r o v i d e d the p o l y m e r has a h i g h m o l e c u l a r w e i g h t a n d is 
rather f l ex ib le , each p o l y m e r m o l e c u l e c a n attach to several exposed 
c l a y platelets ; this at tachment l inks t h e m together a n d retards layer 
separat ion . 

Shale e x p o s e d to the d r i l l i n g f l u i d o n the b o r e h o l e face is c o n f i n e d 
o n a l l b u t one s ide. T h u s , o n l y one surface must b e pro tec ted . S t a b i l i z i n g 
p o l y m e r s a p p e a r to adsorb r a p i d l y o n this exposed surface to p r o v i d e 
the in tegr i ty r e q u i r e d to p revent eros ion b y the f l o w i n g f l u i d . T h i s 
a c t i on , w h e n c o m b i n e d w i t h a s t a b i l i z i n g salt, p a r t i c u l a r l y a po tass ium 
salt, c a n r e d u c e or prevent s w e l l i n g a n d w e a k e n i n g o f the shale i n c o n 
tact w i t h the d r i l l i n g f l u i d . P o l y m e r s are most ce r ta in ly c o n f i n e d to the 
b o r e h o l e sur face as the ir s ize is large re la t ive to the v e r y s m a l l p o r e 
open ings i n the shale. O n l y w a t e r a n d some d i s s o l v e d salts c a n enter the 
inter layer regions o f the shale. S o d i u m c h l o r i d e solutions c a n offset part 
o r a l l o f a n y o smot i c s w e l l i n g f orce , b u t po ta ss ium because o f its s m a l l 
h y d r a t e d i o n s ize c a n m o r e easi ly penetrate the inter layer r e g i o n a n d 
b e c o m e f i x e d o n the c l a y p l a n a r surface a n d eventua l ly r e d u c e the inter 
l a y e r d istance . Po tass ium ions have a f avorab le s ize f o r the surface hex
agona l sites c reated b y the arrangement o f s i l icate tetrahedrons a n d so 
are the p r e f e r r e d m o n o v a l e n t cat ions for i o n i c a l l y b o n d i n g c l a y layers 
together. P o t a s s i u m i o n d i f f u s i o n a n d f i xa t i on i n the inter layer r eg i on are 
s l o w re la t ive to p o l y m e r a d s o r p t i o n at the b o r e h o l e surface . T h e c o m b i 
n a t i o n o f a fast a c t i n g p o l y m e r a n d a s l ower cat ion -exchange - f ixat ion 
process appears to e x p l a i n m a n y of the l abora to ry observat ions r e p o r t e d 
i n the l i terature . 

Field Applications of Stabilizing Polymers 
M a n y o f the p o l y m e r s l i s t ed i n T a b l e I V h a v e h a d successful a p p l i c a 
tions i n s t a b i l i z i n g p r o b l e m shales. D i f f i c u l t i e s arise i n a t t r ibut ing 
i m p r o v e d b o r e h o l e s tab i l i ty to the a c t i o n o f the p o l y m e r or to some 
other fac tor i n the d r i l l i n g process. T h u s , c la ims o f s tab i l i za t i on for a 
p a r t i c u l a r p o l y m e r b y one p a r t y are d i s p u t e d b y others. T h e la ck of a 
w i d e l y a c c e p t e d l a b o r a t o r y test p r o c e d u r e u n d o u b t e d l y adds to the 
con fus ion . 

T h e p a r t i a l l y h y d r o l y z e d p o l y a c r y l a m i d e s a p p e a r to have f o u n d the 
w i d e s t acceptance as shale s tabi l izers w i t h m a n y app l i ca t i ons i n b o t h 
po tass ium c h l o r i d e a n d freshwater systems. S o m e cat ionic p o l y a c r y l a m 
ides are f i n d i n g a p p l i c a t i o n i n h i g h l y saline f lu ids e v e n t h o u g h they are 
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not c o m p a t i b l e w i t h most d r i l l i n g fluid addi t ives . These p o l y m e r s are 
a v a i l a b l e i n a l i q u i d e m u l s i o n f o r m , w h i c h great ly aids i n their a d d i t i o n 
to the d r i l l i n g f l u i d . T h e ce l lu lose p o l y m e r s , starches, a n d xanthan g u m 
are o f ten a d d e d f o r shale s tab i l i ty i n a d d i t i o n to the other funct ions they 
are e x p e c t e d to f u l f i l l . Shale s t a b i l i z i n g p o l y m e r s appear to have b e e n 
most e f f ec t ive i n the h a r d e r , less d i spers ive shales. M a i n t e n a n c e o f 
p o l y m e r concentrat ion a n d d r i l l i n g f l u i d chemis t ry i n soft, g u m m y shales 
is v e r y d i f f i c u l t a n d c a n result i n excessive treatment costs. C o n s i d e r a b l e 
research is s t i l l r e q u i r e d to d e t e r m i n e the spec i f i c m e c h a n i s m b y w h i c h 
p o l y m e r s protec t water -sensi t ive shales a n d to p r o v i d e better gu idance 
o n p o l y m e r select ion. 
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11 
Influence of Water-Soluble 
Polymers on the Filtration Control 
of Bentonite Muds 

S. A. Heinle , S. Shah, and J. E. Glass 
Department of Polymers and Coatings, North Dakota State 
University, Fargo, ND 58105 

The adsorption of various polysaccharides on peptized mont
morillonite is examined, and the influence of the polysaccharides 
on the filtration control properties of polymer-modified bentonite 
drilling muds (at 4.2 wt % or 14.4 lb/bbl) is studied as a function 
of increasing solution salinity. The studies indicate that adsorption 
per se is detrimental to filtration control, but adsorption is neces
sary in saline solutions to inhibit loss of fluid to the formation. 
The ability of an anionic polymer to effect filtration control with 
increasing salinity is related to the nature and amount of anionic 
substituent on the polymer (i.e., the total ionization of the 
macromolecule). 

WATER-BASED DRILLING FLUIDS, i n the 1950s, w e r e t h i c k e n e d w i t h 
benton i te at a n a p p r o x i m a t e concentra t i on of 8.4 w t % (or 28.8 I b / b b l , 
the units c o m m o n l y used i n o i l f i e l d operat ions) . A t this l e v e l , benton i te , 
an a l u m i n a - s i l i c a t e , smect i te c l a y w i t h p late let g e o m e t r y , p r o v i d e s th i ck 
aqueous slurries that are v e r y shear t h i n n i n g . T h e v iscos i ty is l o w at the 
d r i l l b i t ; this l o w v i scos i ty m i n i m i z e s the t o rque necessary f or o p e r a t i o n , 
a n d the v i s cos i ty is h i g h i n other areas o f the w e l l b o r e w h e r e d e f o r m a 
t i o n rates are l o w . T h e h i g h viscosit ies are necessary f or l i f t i n g d r i l l 
so l ids to the surface . Y i e l d stress va lues , cur rent ly v i e w e d as a re f l e c t i on 
o f the m a g n i t u d e o f the v iscos i ty at v e r y l o w shear rates, are i m p o r t a n t 
i n i n h i b i t i n g the sed imentat ion o f d i spersed components . T h i s c a r r y i n g 
c a p a c i t y is p a r t i c u l a r l y i m p o r t a n t i f a h igh -dens i ty c o m p o n e n t such as 
b a r i u m sulfate is a d d e d to the benton i te s lurry to ba lance h i g h over 
b u r d e n pressures i n the f o r m a t i o n . 

I n the d r i l l i n g o f a w e l l b o r e , m a n y porous regions are encountered . 
It is i m p o r t a n t that the v iscos i ty o f the f l u i d not increase unexpec ted ly 
because o f p a r t i a l loss o f f l u i d to the subterranean f o r m a t i o n . Bentoni te 

0065-2398/86/0213-0183$06.00/0 
© 1986 American Chemical Society 
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clays in freshwater are effective in controlling the amount of fluid loss to 
the f o r m a t i o n ; h o w e v e r , f i l t ra t i on c o n t r o l w i t h bentoni te slurries is lost 
w h e n sal ine connate waters are encountered . T h e a b i l i t y o f w a t e r - s o l u b l e 
p o l y m e r s to p r o m o t e f i l t ra t i on c o n t r o l i n m o d i f i e d bentonite slurries 
exposed to increas ing sa l in i ty a n d its re lat ionship to p o l y m e r adsorpt i on 
w i l l b e the focus o f this chapter . T h e ef fect iveness o f p o l y m e r - m o d i f i e d 
benton i te slurries i n re la t ion to straight bentoni te slurries a n d to straight 
p o l y m e r - t h i c k e n e d f lu ids w i l l b e addressed p e r i p h e r a l l y . 

Experimental Section 

Polymer-Modified Bentonite Slurries. Water-soluble polymer (W-SP) mod
ified sodium bentonite slurries were studied at a 4.2-wt % (14.4-lb/bbl, aqueous 
slurry) concentration, a common industry practice. All polymers were employed 
at 0.5 lb/bbl (0.14 wt %) except in certain studies that are indicated. The viscosi
ties and fluid loss behavior were determined with a Fann 35 viscometer and Amer
ican Petroleum Institute (API) standard fluid loss control units, both supplied by 
the Magcobar Division of Dresser Industries. Photographs of the equipment are 
given in Chapter 12. The W-SPs examined were supplied by commercial producers 
(I). The polymer-modified bentonite drilling fluids were prepared by dispersing 
bentonite in aqueous solution under high-shear conditions (Waring Blendor). The 
W-SPs prepared in 1-2-wt % aqueous solutions were added to the dispersed clay 
slurries. Initial studies were in deionized water. In subsequent evaluations, three 
salt levels were employed: 3.3,6.6, and 13.2 wt % (10:1 ratio by weight of sodium 
chloride to calcium chloride). 

Polymer Dissolution. All W-SPs contained adsorbed water (approximately 
5 wt %) and inorganic salts; some polymers contained microorganism debris. The 
ash content of each polysaccharide was detennined by method B of A S T M * D 
3516-76; the water content was determined by thermal gravimetric analysis. The 
ash and water contents were taken into account in preparing the polymer solu
tions. The salts were extracted with an aqueous (25 vol %) -2-methyl-2-propanol 
(75 vol %) mixture and vacuum-dried. Microorganism debris was removed by 
filtration through Millipore polyacetate filters. Concentrated W-SP aqueous solu
tions were prepared by adding the required weight of dried polymer to deion
ized water under vigorous agitation (blender) for approximately 30 s. The 
polysaccharide-dispersed slurries were immediately added to 700 cm 3 of water 
and stirred vigorously (but less so than in the blender) by blade impellers until 
dissolution occurred. The adsorption studies were undertaken at equal viscosities 
using Xanthomonas campestris polysaccharide (XCPS) (2500 ppm) as the stan
dard. Viscosities (1 s - 1) were determined with a Cone/Plate Brookfield R V T 
viscometer (cone angle of 3° and diameter of 4.8 cm). In the salinity studies, 
concentrated freshwater solutions were diluted with concentrated saline solu
tions to obtain final polymer-bentonite slurries of variable salinity. 

Clay Preparation. Bentonite, a commercial product consisting principally 
of sodium montmorillonite, was obtained from Dresser Industries, Magcobar 
Division (Houston, TX). The material was ground and sieved. The clay was 
identified by using the JCPDSJ powder diffraction files (2). One percent aqueous 

•American Society for Testing and Materials 
% Joint Committee Powder Diffraction Standards 
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bentonite suspensions were prepared and kept for 24 h to remove heavier parti
cles such as quartz and iron oxide. The procedure was repeated twice. Homo-
ionic sodium- and potassium-saturated clays were prepared by treating 200 mL 
of a 1% clay suspension with metal chloride solutions (200 mL; 1 M ) for 24 h at 
p H 4 (acetic acid). The procedure, repeated twice, was followed with deionized 
water washings (four times) to remove residual salt. The final suspension was 
made under high shear (blender). In the filtration control studies, bentonite was 
used as received. The peptized sodium montmorillonite in saline solutions con
taining only sodium chloride was employed in the adsorption studies. 

Adsorption on Peptized Montmorillonite Surfaces. In adsorption studies 
from saline environments, the W-SP and peptized montmorillonite must be pre
pared in freshwater and each added to the saline solution. 

Polyelectrolytes will frequently not "yield" the same viscosity as when they 
are dissolved in freshwater. Montmorillonite will flocculate in saline solutions. 
With freshwater mixing of components, reproducible results were obtained in 
most of the saline studies. The components were mixed in glass ampules. After 
component mixing, agitation of the slurry was maintained with gentle stirring via 
micromagnetic polytetrafluoroethylene bars. The clay was separated by centrifu-
gation and the polymer concentration was determined by colorimetric mea
surement (3). The amount of polysaccharide adsorbed was calculated by using a 
standard calibration curve for each polysaccharide. The effect of dilution was 
considered in quantification of polymer loss. Clay suspension concentrations 
were determined by drying 25 mL of the dispersion for 26 h at 110 °C. 

Results and Discussion 

G e n e r a l . T h e re lat ive d r i l l i n g rates w i t h the three types of t h i c k 
e n e d f lu ids d iscussed i n the i n t r o d u c t i o n have been q u a n t i f i e d i n C h a p 
ter 9 a n d i n the patent l i terature (4) ( T a b l e I ) . D r i l l i n g rates are highest 
w h e n o n l y p o l y m e r is used ; h o w e v e r , t h e r m a l ox idat ive a n d m e c h a n i c a l 
d e g r a d a t i o n are o b s e r v e d w i t h p o l y m e r - t h i c k e n e d aqueous f lu ids . T h e 
s lowest d r i l l i n g rate is o b s e r v e d w i t h a straight benton i te m u d . A n a d d i 
t i ona l d i sadvantage o f the straight bentoni te m u d type is the d i f f i c u l t y i n 
r e m o v a l o f d r i l l sol ids w h e n they are sur faced . 

T h e m e c h a n i c a l degradat i on o f straight p o l y m e r - t h i c k e n e d f lu ids 
has b e e n re la ted to extensional de fo rmat ions (5, 6) a n d to the c o n f o r m a -

Table I. Average Drilling Fluid Cost and Penetration 
Rate Through Interval Drilled 

Sample 
No. 

Type of 
Drilling Fluid 

Drilling Fluid 
Cost ($/ft) 

Penetration Ratea 

(ft/h) 

41 polymer-bentonite 5.12 5.37 
42 polymer-bentonite 6.08 5.57 
43 polymer-bentonite 6.33 5.77 
44 invert emulsion (water in oil) 8.50 4.77 
45 low-solids shale control 

drilling fluid 3.33 6.66 
a From reference 4. 
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t i o n o f the p o l y m e r i n so lut ion (5-7) . W h e n p o l y m e r s are u t i l i z e d 
i n var ious r e c o v e r y processes, synthet ic W - S P s are v e r y m e c h a n i c a l l y 
unstable . C a r b o h y d r a t e p o l y m e r s are general ly used w h e n m e c h a n 
i c a l s tab i l i ty is des i red . F e r m e n t a t i o n p o l y m e r s such as X C P S or Sclerotium 
glucanium p o l y s a c c h a r i d e ( S G P S ) (discussed i n C h a p t e r 1) genera l ly 
h a v e greater s tab i l i ty than other c a r b o h y d r a t e p o l y m e r s . T h i s p r o p e r t y has 
b e e n re la ted to the greater c o n f o r m a t i o n a l r i g i d i t y (8) a n d d y n a m i c 
u n i a x i a l extensional v i scos i ty ( D U E V ) o f f e rmentat i on p o l y m e r s (9). 
D U E V data f or the c lass ica l W - S P s are as f o l l ows [ W - S P , concentrat ion 
(wt %), a n d D U E V ( P a s ) ] : X C P S , 1.00, a n d 0.24; H E C , 1.00, a n d 1.22; 
a n d P O E , 0.10, a n d 3.62. T h e rate o f extension f o r the D U E V d a t a 
w a s 100 s" 1 . 

T h e s l o w e r d r i l l i n g rates o b s e r v e d i n straight bentoni te f o rmulat i ons 
are assoc iated w i t h the ir e last i c i ty . T h e e last ic i ty o f a f l u i d c a n b e est i 
m a t e d f r o m e i ther f irst n o r m a l stress d i f ferences ( N i ) o r storage m o d u 
lus ( C ) response as a f u n c t i o n o f measurement f r e q u e n c y o r t i m e after 
d e f o r m a t i o n (JO, 11). Var ia t i ons i n N i as a func t i on o f shear rate a m o n g 
the d i f f e rent types o f f l u i d are i l lus t rated i n F i g u r e 1. T h e straight b e n 
tonite m u d w a s w e i g h t e d w i t h b a r i u m sulfate; the p o l y m e r - t h i c k e n e d 

10"' 10° io' I02 I03 

SHEAR RATE (s'») 

Figure 1. First normal stress difference (Pa) dependence of the shear rate 
(s~2) of fluids commonly used as drilling fluids. Key: bentonite (8.4 wt %) 
containing, ©, 4.2 wt % BaSC>4 and, O, neat: bentonite (4.2 wt%) contain
ing, e, HEC (0.29 wt %; MS = 2.0; M r = 10*), •, 0.29 wt % XCPS, and, CD, 
0.58 wt % XCPS; and clay-free thickened fluids containing HEC (Mr = 106) 
at 0.58 wt % containing, + ,42 wt % CaCh and, O, neat and at 0.29 wt % 

containing, A,42wt% CaCh. 
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f l u i d w a s w e i g h t e d w i t h so lub le c a l c i u m c h l o r i d e . T h e d i f ferences i n JVi 
values p a r a l l e l the re lat ive d r i l l i n g rates. T h e elastic b e h a v i o r of c lays is 
also e v i d e n t i n the ir G ' response after d e f o r m a t i o n ( F i g u r e 2) ; the d a t a 
i l lustrated are taken f r o m the response o f a c l ay - th i ckened coat ing f or 
m u l a t i o n . T h e h i g h elastic response i m m e d i a t e l y after d e f o r m a t i o n is not 
o b s e r v e d i n water - so lub le p o l y m e r - t h i c k e n e d coat ing f o rmulat ions (dis
cussed i n C h a p t e r 21). 

A c o m p r o m i s e i n p e r f o r m a n c e propert ies intermediate b e t w e e n 
those o f a straight p o l y m e r a n d those o f a straight bentonite m u d is 
o b s e r v e d i f the a m o u n t o f benton i te is r e d u c e d to h a l f its o r i g i n a l c o n 
centrat ion a n d the d r o p i n v iscos i ty is rega ined b y p o l y m e r a d d i t i o n . F o r 
e x a m p l e , t h e r m a l o x i d a t i o n , m e c h a n i c a l degradat i on , a n d d r i l l i n g rates 
are in termediate . Less sensit ivity i n v iscos i ty a n d f i l t rat ion c ont ro l losses 
w i t h increas ing sal in i ty is also observed . 

T h e r h e o l o g i c a l b e h a v i o r ( F a n n v i scometer ) o f a 8.4 w t % (28.8 
l b / b b l ) straight benton i te d r i l l i n g f l u i d is i l lustrated i n F i g u r e 3. T h e v i s 
cosities i l lus t ra ted are a p p r o x i m a t e values due to the large d istance 
b e t w e e n concentr i c cy l inders . T h e d a t a also are p l o t t e d as d i a l readings 
versus revo lut ions p e r m i n u t e . I n the l o w revo lut ions p e r m i n u t e range , 
the c o n c a v e c u r v a t u r e ref lects the presence o f y i e l d stress b e h a v i o r . I n a 
p o l y m e r - m o d i f i e d bentoni te d r i l l i n g f l u i d , the a m o u n t o f c l a y is r e d u c e d 
to 4.2 w t % (14.4 l b / b b l ) . T h e rheo log i ca l pro f i les at a m b i e n t t e m p e r a 
ture a n d m o r e m e a n i n g f u l h igher temperature (65 ° C ) data are i l lus -

Figure 2. Complex modulus (G*), storage modulus (C), and dynamic vis
cosity (n') dependence on recovery time (s) after deformation for an inte
rior coating thickened with attapulgite clay. Key: G * ; A , G " ; and O , vj\ 
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RPM (FANN VISCOMETER) 
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Figure 3. Rheological profile of an 8.4 wt % (28.8 lb/bbl) bentonite slurry 
obtained by using a Fann 35 viscometer. Key: closed symbols, viscosity 
(mPa s) dependence on the shear rate (s~*); and open symbols, dial read

ing dependence on spindle revolutions per minute. 

RPM (FANN) 

Figure 4. Rheological profiles of bentonite slurries. Key: • and •, 8.4 (28.8 
lb/bbl); O and •, 4.2 wt % (14.4 lb/bbl); open symbols, 27 °C; and closed 

symbols, 65 °C. 
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t ra ted i n F i g u r e 4. R e d u c i n g the a m o u n t o f benton i te i n the aqueous 
s lurry b y h a l f d r a m a t i c a l l y l o w e r s the v i s cos i ty a n d y i e l d stress charac 
teristics at l o w e r temperatures . T h e use o f d i f ferent types o f W - S P s w i l l 
increase the v i s cos i ty o f the l o w e r 4.2 w t % benton i te s lur ry ; h o w e v e r , 
not a l l o f the W - S P s m a i n t a i n the advantageous y i e l d stress b e h a v i o r o f 
the h i g h - c o n c e n t r a t i o n bentoni te s lurry . F o r e x a m p l e , p o l y m e r s such as 
(hydroxyethy l ) ce l lu lose ( H E C ) a n d p a r t i a l l y h y d r o l y z e d p o l y ( a c r y l -
amide ) increase the v i s cos i ty b u t d o not m a i n t a i n the y i e l d stress b e h a v 
ior ( F i g u r e 5). T h e latter t w o p o l y m e r s are general ly used for shale sta
b i l i z a t i o n (discussed i n C h a p t e r 10). T h e v i n y l a ce ta te -ma le i c a c i d -
c o p o l y m e r p r o v i d e s nei ther shale s tab i l i za t i on n o r rheo l og i ca l b e n e f i c i a -
t i on o f the bentoni te d r i l l i n g f l u i d b u t effects d r i l l sol ids release f r o m the 
f l u i d w h e n it is sur faced at the w e l l bore . T h e p e r f o r m a n c e requirements 
of W - S P s i n bentoni te d r i l l i n g f lu ids are m a n y . 

F i l t r a t i o n c o n t r o l is fac i l i ta ted b y a l ignment of bentonite platelets 
against a porous substrate ( s imulat ing the w e l l - b o r e interface) . T h e 
i n f l u e n c e o f t w o W - S P s as a f u n c t i o n o f c oncent ra t i on o n the a m o u n t o f 
f l u i d loss f r o m a s tandard A P I c e l l (note photographs o f e q u i p m e n t i n 
C h a p t e r 12) i n f reshwater is i l lus t ra ted i n F i g u r e 6. T h e W - S P s are H E C 
[mo lar subst i tut ion ( M S ) = 2.0], a n o n i o n i c ether, a n d s o d i u m ( carboxy -
methy l ) ce l lu lose ( C M C ) [ degree o f subst i tut ion (DS) = 1.46], an an ion ic 
ether. A t l o w W - S P concentrat ions , f i l t ra t i on c o n t r o l o f the bentoni te 
slurries is not a f f e c ted ; h o w e v e r , as a 0 .5-wt % l e v e l o f H E C is 

|Q°I ' • • • « • » « ! | . . . i m l 1—| | | H I 

1 0 ° 10' I O 2 

RPM (FANN) 

Figure 5. Rheological profiles of 4.2 wt % polymer-modified bentonite 
muds. Polymers at 0.5 wt %. Key: open symbols, 1.0 tot %; closed symbols, 
Mr = 106; O and EEC; A and A , hydrolyzed (30 mol %) poly(acryl-
amide); 0 and XCPS; andQ, methyl vinyl ether of maleic acid of low 

molecular weight. 
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POLYMER CONCENTRATION^^*!) 

Figure 6. Fluid loss dependence of 4.2 wt % bentonite slurries on polymer 
[O, HEC; and •, CMC (DS = 1.46)], concentration in freshwater. 

a p p r o a c h e d , r a p i d fluid loss is o b s e r v e d i n the m o d i f i e d m u d . C M C , a n 
an ion i c p o l y s a c c h a r i d e , does not i m p e d e bentoni te f i l t ra t i on c o n t r o l at 
h i g h concentrat ions . H E C adsorbs o n bentoni te d u e to i o n - d i p o l e inter 
act ions (I ) a n d is e n t r a p p e d i n the in ter layer o f c o m p r e s s e d bentoni te 
platelets ; ne i ther a d s o r p t i o n n o r ent rapment occurs w i t h C M C ( D S = 
1.46). C M C does not adsorb f r o m freshwater solutions because o f e lectro 
static repuls ions . 

W i t h inc reas ing sa l in i ty , C M C adsorbs ( F i g u r e 7) inverse ly to its 
degree o f subst i tut ion . T h e same t r e n d is ev ident i n the a d s o r p t i o n of 
v a r i a b l e degree o f subst i tut ion cel lulose sulfate ester W - S P s ( F i g u r e 8). 
A s the degree o f subst i tut ion o f a cel lulose ether decreases, i t becomes 
less so lub le i n w a t e r . A d d i t i o n o f a n e lec tro lyte l i k e N a C l reduces e lec
trostatic r e p u l s i o n b e t w e e n a po lye lec t ro ly te a n d bentonite , a n d N a C l 
reduces the so lvent p o w e r o f water . T h e net result is h igher a d s o r p t i o n 
w i t h dec reas ing degrees o f subst i tut ion . W i t h increas ing degree o f sub 
st i tut ion , C M C is m o r e e f fec t ive i n c o n t r o l l i n g the f l u i d loss o f the b e n 
tonite s l u r r y ( F i g u r e 9) . A synergist ic e f fect also is n o t e d w i t h increas ing 
c o n c e n t r a t i o n w i t h a n y o f the C M C s , b u t o n l y w i t h the h i g h degree o f 
subst i tut ion (1.46) C M C at h i g h concentrat ion is the f i l t rat ion c o n t r o l o f 
n o n m o d i f i e d bentoni te slurries i n freshwater a p p r o a c h e d . Bentoni te s lur
ries w i t h o u t C M C d o not exh ib i t g o o d f i l t rat ion c o n t r o l i n saline 
solutions. 

T h e in f luence o f a w i d e v a r i e t y o f water - so lub le p o l y m e r s at a c o n 
centrat ion o f 0.5 w t % o n the f i l t rat ion c o n t r o l i n 4.2 w t % bentoni te s lur -
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0.50 100 1.50 2 0 0 
CONCENTRATION O F NoCI (N) 

Figure 7. Adsorption (g/g) dependence of variable degree of substitution 
(Dy 0.99; Oy 1.19; and M, 1.46) CMC at equal viscosities on the salinity of 

the aqueous solution. Substrate: peptized sodium montmorillonite. 

<t 0 7 5 -
o 

— i — 1 1 i — 
0 5 0 100 150 ZOO 

CONCENTRATION OF NaCI(N) 

Figure 8. Adsorption (g/g) dependence of variable degree of substitution 
(0,0.7; and •, 1.0) CSE at equal viscosities on the salinity of the aqueous 

solution. Substrate: peptized sodium montmorillonite. 
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Figure 9. Fluid loss dependence of 4.2 wt % bentonite slurries on variable 
degree of substitution 0.99; •, 1.19; and %,1.46) CMC concentration 

in 3.3% saltwater. 

ries w a s e x a m i n e d . T h o s e W - S P s that passed m o r e than 30% o f the w a t e r 
i n 100 m L o f benton i te s lurry u n d e r 100 p s i o f pressure f r o m the A P I c e l l 
w e r e c lass i f ied as p o o r f i l t rat ion-contro l p o l y m e r s [ H E C , (hydroxyethy l ) -
methy l ce l lu l ose , guaran , p o l y ( v i n y l p y r r o l i d o n e ) , p o l y e t h y l e n i m i n e , a n d 
s t y r e n e - m a l e i c a c i d t e r p o l y m e r ] ; those W - S P s i n w h i c h m o r e than 70% of 
the s lur ry f l u i d w a s re ta ined i n the c e l l w i t h i n 7.5 m i n under 100 p s i w e r e 
c lass i f i ed as g o o d f i l t ra t i on - contro l p o l y m e r s [ C M C ( D S = 0.99-1.46), 
( c a r b o x y m e t h y l ) g u a r a n , v i n y l a ce ta te -male i c a c i d c o p o l y m e r , X C P S , 
S G P S , p e c t i n i c a c i d , a lg in i c a c i d , e t h y l a c r y l a t e - a e r y l i c a c i d c o p o l y m e r , 
a n d s o d i u m 2- (aery lamido ) -2 -methy lpropanesul fonate ] . T h e W - S P s that 
decrease the a b i l i t y o f benton i t e to i n h i b i t f l u i d loss i n f reshwater w i t h 
t w o except ions are non ion i c . T h e y h a v e b e e n o b s e r v e d to substantial ly 
a d s o r b b o t h o n the surface a n d , w h e n the ca t i on is m o n o v a l e n t a n d the 
p o l y m e r conta ins ether l inkages , i n the inter layer o f m o n t m o r i l l o n i t e . T h e 
t w o except ions are S G P S a n d po ly ( oxye thy lene ) ( P O E ) . S G P S (dis
cussed i n C h a p t e r 1) f o r m s h e l i c a l , three -d imens iona l n e t w o r k s (12) 
i n aqueous so lut ion that m a y i n h i b i t f l o c cu la t i on o f bentoni te p la te 
lets; P O E exhib i ts a u n i q u e a b i l i t y to o r d e r (J) m o n t m o r i l l o n i t e a b o v e 
that o b s e r v e d i n the untreated c lay . 

A s the sa l in i ty o f the aqueous so lut ion is increased a p p r o x i m a t e l y to 
that o f seawater (3.3 w t % i n w h i c h 0.3% is d iva l ent c a l c i u m ion ) , the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 
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n u m b e r o f W - S P s that ef fect f i l t ra t i on c o n t r o l i n m o d i f i e d bentoni te 
slurries decreases. T h o s e W - S P s w i t h o n l y a s m a l l degree o f an ion i c 
charge b e c o m e ine f f e c t ive w i t h increas ing sal ini ty . I n par t , this ine f fec 
tiveness c o u l d b e re la ted to their a d s o r p t i o n w i t h increas ing sa l in i ty b e 
cause o f depress ion o f d i f fuse d o u b l e layers . A s n o t e d , adsorp t i on p e r se 
cannot b e re lated d i r e c t l y to p o o r f i l t rat ion contro l . 

A d s o r p t i o n f r o m H i g h Sal ini t ies . Sa l in i ty i n the p e t r o l e u m area 
i n v o l v e s b o t h m o n o v a l e n t a n d d i v a l e n t ions , genera l ly i n a 10:1 rat io . A s 
a p a r a l l e l to the f l u i d loss studies, H E C ( M S = 2 a n d 2.5), a salt-
insensit ive p o l y m e r , w a s a d s o r b e d f r o m saline solutions conta in ing b o t h 
N a + a n d C a 2 + iqns . T h e adsorpt i on data w e r e not r e p r o d u c i b l e . T h e 
cat ion -exchange c a p a c i t y o f m o n t m o r i l l o n i t e d i f fers w i t h d i f f erent 
cat ions (be ing greater w i t h C a 2 + than w i t h N a + ) . T h i s c o m p l i c a t i o n 
necessitated that subsequent adsorp t i on studies b e c o n d u c t e d f r o m N a C l 
solut ions o n l y ; h o w e v e r , i n the f i l t ra t i on c o n t r o l test, a 10:1 m o n o v a l e n t 
to d iva l ent ca t i on rat io w a s m a i n t a i n e d . 

I n the presence o f e l ec t ro ly te , e v e n i f i t is o n l y m o n o v a l e n t , m o n t 
m o r i l l o n i t e w i l l f l occulate . I f f l o c cu la t i on occurs , macromo lecu les of 
l o w e r m o l e c u l a r w e i g h t w i l l exhib i t greater adsorpt i on due to the greater 
surface ava i lab le to smal ler h y d r o d y n a m i c v o l u m e s (i.e., l o w e r m o l e c u 
lar w e i g h t p o l y m e r s ) . H i g h e r m o l e c u l a r w e i g h t p o l y m e r s w i l l adsorb 
less. U s i n g a p o s t c o m p o n e n t a d d i t i o n to saline solutions, w e d i d not 
observe a n a d s o r p t i o n dependence o n m o l e c u l a r w e i g h t ( F i g u r e 10); 
therefore , f l o c cu la t i on d i d not occur . 

T h e a d s o r p t i o n behav iors as a func t i on of sa l in i ty o f t w o an ion i c 
p o l y m e r s e f fect ive i n m a i n t a i n i n g f i l t rat ion c ont ro l at h igher salinities are 
c o m p a r e d w i t h C M C at the a p p r o x i m a t e degree o f subst i tut ion levels i n 

$ — £ 

OJ3 0 2 5 0 3 8 0.50 

CONCENTRATION OF NaCl (N) 

Figure 10. Adsorption (g/g) dependence of HEC (MS = 2.0) of variable 
molecular weights JO4; O , JO5; and A , JO6) at 2500 ppm on the salinity 

of the aqueous solution. Substrate: peptized sodium montmorillonite. 
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F i g u r e 11. V i s c o s i t y reduct ions o f cel lulose sulfate ester a n d X C P S so lu 
t ions are less sensit ive to N a C l than is that o f C M C . C a r b o x y l a t e g roups 
are m o r e suscept ib le to charge neutra l i zat ion i n N a C l so lut ion than are 
sul fate ester groups . T h i s feature is r e f l e c ted i n the a d s o r p t i o n b e h a v i o r ; 
desp i te a l o w e r degree o f subst i tut ion , C S E adsorbs m u c h less than 
C M C . X C P S , a h e l i c a l , r i g i d - r o d p o l y m e r i n aqueous so lut i on , also 
adsorbs less t h a n C M C . T h e c a r b o x y l a t e groups o f X C P S are s i m i l a r to 
those o f C M C , b u t the degree o f d issoc iat ion is h igher (13) i n X C P S than 
i n C M C w i t h increas ing i on i c strength, a p r o p e r t y p r o b a b l y associated 
w i t h the d i f f e rence i n c o n f o r m a t i o n a l structure . 

A s the sa l in i ty o f the m e d i u m is increased t o 6.6 w t % a n d f i n a l l y to 
13.2 w t %, o n l y 5 (anionic po lye l e c t ro ly tes w i t h a h i g h charge densi ty ) 
o f the 29 W - S P s e x a m i n e d i n i t i a l l y i n this s tudy e f f e c ted f l u i d loss 
c o n t r o l i n 4.2 w t % (14.4 l b / b b l ) benton i te s lurr ies . O f the f i v e , t w o c o n 
t a i n anions o f a s t rong a c i d [cel lulose sul fate ester a n d s o d i u m 2 - (acry l -
amido ) -2 -methy lpropanesu l f onate ] . T w o conta in anions o f a w e a k a c i d , 
i n h e l i x - f o r m i n g m a c r o m o l e c u l e s [S-130 (14) a n d X C P S ] , a n d one is the 
h i g h degree o f subst i tut ion C M C . T h e ef fect iveness o f the W - S P i n 
p r o m o t i n g f l u i d loss c o n t r o l o f benton i te i n sal ine env i ronments appears 
to b e associated w i t h the nature a n d a m o u n t o f the an ion ic g roup . 

Severa l proposa ls f o r the m e c h a n i s m b y w h i c h an ion i c p o l y m e r s 
p r o m o t e f i l t ra t i on c o n t r o l o f bentoni te slurries i n saline so lut ion c a n b e 
m a d e . T h e mos t f requent is a d s o r p t i o n , b r i d g i n g , a n d f l o c cu la t i o n o f 

0.50 1.00 1.50 2.00 
CONCENTRATION OF NaCl (N) 

Figure 11. Adsorption (g/g) dependence of various anionic cellulose [O, 
CMC (DS = 0.99); 0 , XCPS (DS = 0.7); and O, CSE (DS = 0.7)] poly
mers [CMC, XCPS, and CSE (discussed in Chapter l)]at 2500 ppm on the 
salinity of the aqueous solution. Substrate: peptized sodium mont

morillonite. 
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benton i te part i c les b y the W - S P . T h i s o f ten-c i ted m e c h a n i s m is not 
a p p l i c a b l e to the results presented because the f i ve h i g h l y anionic p o l y 
mers e f fec t ive at h i g h salinities adsorb s igni f i cant ly f r o m such solutions. 
F l o c c u l a t i o n b y a v o l u m e restr ic t ion m e c h a n i s m , discussed i n C h a p t e r 5 
a n d one that is e f f e c t ive i n e x p l a i n i n g p e r f o r m a n c e d i f ferences i n w a t e r -
b o r n e latex coatings (discussed i n C h a p t e r 21), w o u l d seem i n a p p r o p r i 
ate because po lye lec t ro ly tes are m o r e e f fec t ive i n p r o m o t i n g f l o c c u l a 
t i on b y this m e c h a n i s m than non ion i c p o l y m e r s . Bentoni te platelets are 
d i f f e rent f r o m ca ta lys t - s tab i l i zed latt ices ; i n a c i d i c m e d i a , the surface 
edges o f the platelets bear pos i t i ve charges. T h e m e c h a n i s m that w o u l d 
s eem mos t a t t rac t ive a n d has o f ten b e e n i n v o k e d is the pre ferent ia l 
a d s o r p t i o n o f an ion i c p o l y m e r s o n the pos i t i ve edges; this adsorp t i on 
enhances the s tab i l i ty o f the platelets against a house-o f - cards f l o c cu lent 
s tructure i n h i g h l y sal ine solutions. A s d iscussed i n C h a p t e r 10, pos i t i ve 
edges are not thought to exist i n a lka l ine m e d i a , a n d the f o rmula t i ons 
s t u d i e d w e r e a lka l ine ( p H 9). T h e s implest m e c h a n i s m a n d one that is 
consistent w i t h a l l o f the d a t a is f l o c c u l a t i o n o f the m o n t m o r i l l o n i t e p a r 
ticles d u e to decreased electrostatic r epu l s i on . N o n i o n i c p o l y m e r s 
adsorb f r o m f reshwater solutions a n d ef fect a r e d u c t i o n i n electrostatic 
forces a n d loss i n f i l t ra t i on c o n t r o l o f bentoni te slurries. W i t h increas ing 
sa l in i ty , an ion i c p o l y m e r s w i t h l o w charge densities are a d s o r b e d , 
a c c o m p a n i e d b y f l u i d loss. T h e a d s o r p t i o n o f h i g h l y c h a r g e d an ion i c 
p o l y m e r s w i l l result i n less charge r e d u c t i o n , p a r t i c u l a r l y i f the p o l y m e r s 
c o n t a i n a s igni f i cant n u m b e r o f neutra l segments a d s o r b e d as trains o n 
the sur face o f the c l a y a n d the c h a r g e d segments are e x t e n d e d f r o m the 
surface as l oops . E n h a n c e d s tab i l i za t i on to f l o c cu la t i on results f r o m b o t h 
osmot i c a n d electrostatic s tab i l i zat ion ( C h a p t e r 5) of the c l a y part ic les . 

Conclusions 

W i t h t w o except ions , n o n i o n i c p o l y m e r s i n h i b i t the inherent f i l t ra t i on 
c o n t r o l o f bentoni te slurries i n f reshwater . U n t r e a t e d bentoni te slurries 
lose their inherent f i l t rat ion c o n t r o l w i t h increas ing sal ini ty ; the c o n t r o l 
c a n b e r e g a i n e d through the use o f an ion i c W - S P s . H i g h l y anionic p o l y 
mers are r e q u i r e d i n h i g h l y saline solutions. Severa l mechanisms are c o n 
s idered f o r the changes i n f i l t ra t i on c o n t r o l n o t e d w i t h d i f ferent p o l y m e r 
types w i t h increas ing sa l in i ty . T h e m e c h a n i s m consistent w i t h the 
a d s o r p t i o n d a t a o n p e p t i z e d m o n t m o r i l l o n i t e is one o f r e d u c t i o n i n e lec 
trostatic repuls ions a m o n g c l a y part ic les through increas ing so lut ion 
sa l in i ty a n d p o l y m e r adsorpt ion . T h o s e p o l y m e r s w i t h h i g h anionic 
charge densit ies adsorb w i t h increas ing sa l in i ty to p r o v i d e enhanced sta
b i l i t y to the c l a y part ic les , d u e to ex tended loops of an ion i ca l l y c h a r g e d 
segments a n d the increased h y d r o p h i U c i t y such segments p r o v i d e . 
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12 
Water-Soluble Polymers for Aqueous 
Drilling Fluid Additives 

Robert Gow-Sheng Chen and Arvind D . Patel 

Magcobar Group, Dresser Industries, Inc., Houston, T X 77251 

A series of novel sulfonate- and carboxylate-containing, low 
molecular weight, water-soluble polymers was developed for use 
as mud thinners and stabilizers in aqueous drilling fluids. The 
rheology of these polymers in aqueous drilling fluids was  evalu
ated by using the Fann Model 35 VG meter and Fann Model 50C 
viscometer. Viscosity, yield point, gel strength, and filtrate loss 
were utilized to characterize these polymer-treated mud samples. 
Thermal stability was compared with that of existing commercial 
dispersants. The unique composition and functionality, as well as 
the inherent chelating capability, of these polymers make them 
superior dispersants. They significantly reduce viscosity, yield 
point, gel strength, and filtrate loss over a wide range of 
temperatures. 

A Q U E O U S DRILLING FLUIDS H A V E B E E N WIDELY U S E D to d r i l l subterra 
n e a n o i l a n d gas w e l l s . These f lu ids are usua l ly p u m p e d d o w n t h r o u g h 
the d r i l l s t em o f the ro tary r i g , c i r cu la ted a r o u n d the d r i l l b i t , a n d 
re turned to the surface through the annular passage b e t w e e n the d r i l l 
s t em a n d w e l l w a l l . I n mos t d r i l l i n g operat ions , c o n t r o l l i n g the v i scos i ty , 
ge l s t rength , y i e l d po in t , a n d f i l trate loss o f the d r i l l i n g f lu ids w i t h i n a 
g i v e n range is v i t a l l y i m p o r t a n t (J ) . T h i s c o n t r o l is usual ly a c h i e v e d w i t h 
d r i l l i n g f l u i d add i t ives , such as dispersants a n d f i l trate loss c o n t r o l 
agents. 

T r e a t m e n t o f aqueous d r i l l i n g f lu ids w i t h phosphate - conta in ing 
mater ia ls de f locculates c o l l o i d a l c lays a n d d r i l l e d sol ids . H o w e v e r , these 
chemica l s are genera l ly unstable at the h i g h temperatures encountered i n 
d e e p w e l l s a n d , as a result , lose their effectiveness as c o l l o i d a l d i s 
persants. 

L i g n i t e has b e e n used i n aqueous d r i l l i n g f lu ids to c o n t r o l t h i x o -
t r o p y . T h e effectiveness o f l igni te as a dispersant is l i m i t e d because it is 
sensitive to c o m m o n l y encountered contaminants such as g y p s u m a n d 

0065-2393/86/0213-0197 $06.00/0 
© 1986 American Chemical Society 
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d r i l l e d so l ids . A l s o , l ign i te is less e f fect ive as a dispersant i n d r i l l i n g deep 
we l l s w h e r e e levated temperatures are encountered . 

L i g n o s u l f onates c o m p l e x e d w i t h transit ion metals have b e e n used i n 
the past as dispersants (2). T h e y s h o w g o o d d ispers ion propert ies i n 
aqueous d r i l l i n g f lu ids at b o t t o m o f the ho le temperatures b e l o w 320 °F. 

I n recent years , a n inc reas ing ly large n u m b e r o f synthet ic a n d n a t u 
r a l l y o c c u r r i n g water - so lub le p o l y m e r s have b e e n invest igated a n d used 
i n the o i l f i e l d as d r i l l i n g f l u i d add i t ives (3). A n i o n i c p o l y m e r s w i t h car -
b o x y l ie o r su l fon ic a c i d funct ional i t ies are o f spec ia l interest as d i sper 
sants o r f i l trate loss c o n t r o l agents. 

L o w m o l e c u l a r w e i g h t h o m o p o l y m e r s o f a c r y l i c a c i d a n d its a l k a l i 
m e t a l or a m m o n i u m salts have b e e n used as dispersants (4). A c r y l i c a c i d -
a c r y l a m i d e r a n d o m c o p o l y m e r s , p a r t i a l l y h y d r o l y z e d p o l y a c r y l a m i d e s 
a n d p o l y a c r y l o n i t r i l e s , w h i c h are f locculents at h i g h m o l e c u l a r w e i g h t , 
s h o w d i f ferent propert ies a n d act as def locculents at l o w m o l e c u l a r 
w e i g h t (5). Lignosulfonate-graft -poly(acryl ic ac id ) is also c l a i m e d to b e 
a d ispersant (6). These types o f p o l y m e r s , h o w e v e r , are sensitive to 
d i v a l e n t i o n contaminants a n d are o n l y m a r g i n a l l y e f fec t ive i n d r i l l i n g 
f lu ids that c o n t a i n re la t i ve ly h i g h concentrat ions o f c l a y or d r i l l e d sol ids . 

T h e p r e p a r a t i o n p r o c e d u r e a n d v iscos i ty d a t a for sul fonate-con-
t a i n i n g c o p o l y m e r s have b e e n r e p o r t e d earl ier i n great de ta i l (7). Su l f o 
n a t e d s t y r e n e - m a l e i c a n h y d r i d e c o p o l y m e r s have b e e n used as ther
m a l l y stable dispersants (8). H i g h m o l e c u l a r w e i g h t c o p o l y m e r s o f 
2 - (ac ry lamido ) -2 -methy lpropanesu l f on i c a c i d are c l a i m e d to b e e f fect ive 
v iscos i f iers (8-10) , f i l trate loss c o n t r o l agents ( I I ) , a n d fracture a c i d i z i n g 
gellants (12). 

R e c e n t l y w e success ful ly d e v e l o p e d a series o f water - so lub le p o l y 
mers f o r use as aqueous d r i l l i n g f l u i d stabi l izers a n d dispersants (13-15). 
T h i s chapter outl ines the p r e p a r a t i o n a n d labora tory eva luat ion o f these 
p o l y m e r s . 

Experimental Section 

Materials. Reagent grades of acrylic acid, tetrahydrophthalic anhydride, 
2-(acrylamido)-2-methylpropanesulfonie acid, eugenol, maleic anhydride, N-
vinyl-N-methylaeetamide, sodium hydroxide, sodium bisulfite, formaldehyde, 
and potassium persulfate were used as received. Sodium lignosulfonate from 
Georgia Pacific Corporation had a number-average molecular weight between 
1000 and 12,000. 

Graft Copolymerization. A series of graft copolymers was prepared by 
cografting of sodium acrylate, sodium tetrahydrophthalate ( T H P A ) , and sodium 
2-(acrylamido)-2-methylpropanesulfonate [ N a A M P S (Lubrizol Corporation)] 
onto sodium lignosulfonate. The reactions were conducted in a 250-mL three-
necked flask equipped with a mechanical stirrer, a condenser, and a nitrogen 
line. The feed composition of the product, designated C-141, was 33 g of acrylic 
ac id , 24 g of N a A M P S , 23 g of T H P A , and 20 g of sodium lignosulfonate in 180 g of 
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water. The p H of the reaction medium was adjusted to 9.0 with sodium hydroxide. 
The reaction medium was then deareated with nitrogen for 20 min, and 5 g of potas
sium persulfate was added. After 3 h of reaction at 60 °C, the resulting polymer 
was precipitated into acetone. The graft copolymer was further purified by dis
solution in water followed by precipitation into acetone. The product was 
vacuum-dried at 60 °C for 24 h. Conversion, determined gravimetically, was 
99.6f. The number-average molecular weight of the product was 6500. 

Eugenol-Maleic Anhydride-N-Vinyl-N-methylacetamide Terpolymer. A 
series of random terpolymers of eugenol, maleic anhydride, and N-vinyl-N-
methylacetamide (VMA) was prepared in 1,2-dichloroethane by using azobis-
isobutyronitrile as the initiator. The feed composition of the terpolymer, desig
nated P-127, was 30.7 g of eugenol, 46.2 g of maleic anhydride, and 23 g of VMA. 
The reaction procedures were similar to those just described for the preparation of 
graft copolymers. The reaction was carried out at 70 °C for 2 h, and the resulting 
polymer was vacuum-dried at 45 °C for 24 h. Conversion, determined gravimeti
cally, was 98.8%. 

Sulfomethylation. Terpolymer P-127 was further sulfomethylated as fol
lows: 30 g of polymer and 15 g of sodium bisulfite-formaldehyde adduct were 
dissolved in 70 g of water, and the p H of the solution was adjusted to 10.0. The 
reaction mixture was heated at 60 °C for 12 h. The sulfomethylated polymer 
P-127-B was precipitated into acetone and further purified by dissolution in 
water followed by precipitation into acetone. The polymer was vacuum-dried at 
60 °C for 24 h. The number-average molecular weight of the product was 7000. 

Infrared Measurement. Polymer P-127-B was dissolved in distilled water, 
coated onto a silver chloride minicell window, and vacuum-dried at room 
temperature for 1 h. The IR spectrum was recorded with a Perkin-Elmer 283 
spectrophotometer. 

Membrane Osmometry. Number-average molecular weights of the sam
ples were measured with a Knauer membrane osmometer in aqueous 0.2 M 
NaCl solution at 30 °C. Polymer concentrations ranged from 1.0 to 2.5 g/dL. 

Aqueous Drilling Fluid. A 12-lb/gal. aqueous drilling fluid containing 198 
g of barite, 18 g of Wyoming bentonite, 20 g of X-act clay (primarily a calcium 
montmorillonite), and 0.2 g of soda ash in 325 g of tap water was prepared by 
using a Premier mill dispersator at high speed. The aqueous drilling fluid was 
then prehydrated for 24 h prior to use. 

Rheological Measurements. The drilling fluid was contaminated with 4 g 
of gypsum/350 mL of drilling fluid and was then treated with 3 g of polymer 
sample and 6 g of chromium lignosulfonate; the p H of the samples was adjusted 
to 11.0 with sodium hydroxide. Treated samples were rotated constantly in an 
oven for 16 h at each temperature in the sequence 200, 300, 400, and 425 °F. 
Plastic viscosities, yield points, and gel strengths after each aging step were 
determined by using a Fann Model 35 V G meter. 

The viscosity-temperature relationships of the drilling fluids were obtained 
by using a Fann Model 50C viscometer. Samples were heated at 3.8 °F/min 
from 80 to 450 °F and were then cooled. The viscosity was recorded throughout 
the temperature range. The working pressure was kept between 500 and 700 psi. 
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200 W A T E R - S O L U B L E POLYMERS 

American Petroleum Institute Filtrate Loss. Filtrate losses of the drilling 
fluids were measured in Fann filter press cells in accordance with American 
Petroleum Institute approved procedure RP-13B (16). Filtrate losses over a 30-
min period were measured at room temperature at 100 psi. 

Rheology and filtrate loss data for the prepared polymers and similar com
mercial polymers are shown in Table I. 

Results and Discussions 

P o l y m e r D e s i g n . MOLECULAR WEIGHT CONTROL. Controlling 
the molecular weight is vitally important in preparing polymeric defloe-
culents for aqueous drilling fluids. For example, high molecular weight 
poly(acrylic acid) is used as a thickener or a flocculent for aqueous drill
ing fluids, whereas low molecular weight poly(acrylic acid) has been 
used as a deflocculent. Molecular weight can be controlled by regulating 
reaction temperature, solvent, initiation system, monomer and initiator 
concentration, by using scavengers, or by introducing functional mono
mers with high chain-transfer capability. 

Salts of tetrahydrophthalic acid ( T H P A ) (structure I ) are extremely 
useful in preparing low molecular weight water-soluble polymers. Dur-

Table I . Comparative Performance of Commercial 
and Synthetic Dispersant Polymers 

Aging Plastic Yield Initial:10-min Filtrate 
Temp Viscosity Point Gel Loss 

Polymer (°F) (cps) (lb/100 ft2) (lb/100 ft2) (mL) 

Base mud f l without 200 48 9 1:3 — 
polymeric dispersant 300 43 3 1:39 12.2 polymeric dispersant 

425 b b b b 

3 g of sample T c 200 43 27 1:29 — 
300 28 0 1:1 — 
425 59 6 2:23 11.8 

3 g of sample D P d 200 37 22 1:13 — 
300 32 0 1:1 — 
425 50 5 1:14 11.9 

3 g of C-141 200 33 5 1:1 — 
300 31 0 1:1 — 
425 51 10 2:10 9.5 

3 g of P-127-B 200 30 0 2:2 — 3 g of P-127-B 
300 29 0 2:2 — 
425 64 10 2:9 9.0 

aThe base mud is a 12-lb/gal. of fresh water mud containing 6 g of chrome lignosulfonate and 
4 g of gypsum per 350 mL of mud. 
bThe polymer was too thick for this value to be measured. 
^Sample T is the sodium salt of poly (acrylic acid), M n = 5000. 
"Sample DP is the sodium salt of the terpolymer of acrylic acid, acrylamide, and AMPS, 
M N = 4700. The composition is as follows: 78 mol % sodium acrylic acid; 10 mol % acrylamide, 
and 12 mol % NaAMPS. 
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i n g f r ee - rad i ca l p o l y m e r i z a t i o n , T H P A has a h i g h chain-transfer constant 
because of its a l l y l i c resonance. T h e m o l e c u l a r w e i g h t o f T H P A -
conta in ing p o l y m e r s is thereby l i m i t e d . 

S o d i u m l ignosul fonate is an extremely inexpensive sul fonated m a 
ter ia l c o n t a i n i n g h y d r o x y p h e n y l p r o p a n e units (structure II: R = H , 
C H 3 , or SC>3~Na +) . These units p r o v i d e gra f t ing sites w h e r e graft c o p o l y -
m e r i z a t i o n c a n p r o c e e d i n the presence o f a f ree - rad i ca l in i t iator (17, 
18). H y d r o x y p h e n y l p r o p a n e units also regulate the m o l e c u l a r w e i g h t o f 
the resu l t ing graft c o p o l y m e r because o f the ir ro le i n c h a i n transfer. T h e 
n u m b e r - a v e r a g e m o l e c u l a r w e i g h t o f the graft c o p o l y m e r p r e p a r e d b y 
us ing T H P A a n d s o d i u m l ignosul fonate , C - 1 4 1 , was 6500. 

A n a l l y l i c benzene c o m p o u n d , eugeno l (structure III) w a s used i n 
p r e p a r i n g the su l f omethy la ted t e r p o l y m e r , P - 1 2 7 - B , to regulate m o l e c u 
lar w e i g h t . T h e n u m b e r - a v e r a g e m o l e c u l a r w e i g h t of P - 1 2 7 - B was 7000. 

CHARGE DENSITY. C h a r g e dens i ty is also a n i m p o r t a n t parameter 
i n d e s i g n i n g dispersants . C a r b o x y l a t e units i n the p o l y m e r b a c k b o n e 
increase charge dens i ty ; thus, the rheo l og i ca l p e r f o r m a n c e i n u n c o n t a m i -
nated d r i l l i n g f lu ids is enhanced . S o d i u m acry late a n d s o d i u m tetrahy-
d r o p h t h a l a t e w e r e used to enhance the charge dens i ty of graft 
c o p o l y m e r s . 

S o d i u m te t rahydrophtha la te units also exhib i t a che la t ing a b i l i t y ; 
this che la t ing a b i l i t y makes t h e m excel lent d iva lent ca t ion stabi l izers . 
A d d i t i o n a l l y , s o d i u m tetrahydrophthalate units enhance the absorpt i on 
b e t w e e n p o l y m e r s a n d c l a y part i c les a n d reduce f l o w resistance a n d ge l 
d e v e l o p m e n t i n aqueous d r i l l i n g f lu ids . 

N a A M P S is also u t i l i z e d i n p r e p a r i n g graft c o p o l y m e r s . N a A M P S 
units exh ib i t an e n h a n c e d m o n o - a n d d iva lent i o n stabi l i ty at tr ibutable to 
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= 1 

their e x c e p t i o n a l l y h i g h i o n i z a t i o n constant a n d h y d r o g e n - b o n d i n g 
c a p a b i l i t y . 

C o m p o s i t i o n a l analysis o f the graf t c o p o l y m e r w a s not successful , 
because the structure o f s o d i u m l ignosul fonate is p o o r l y d e f i n e d (19). 

S o d i u m maleate w a s used i n p r e p a r i n g p o l y m e r P - 1 2 7 to enhance 
charge dens i ty . I n a d d i t i o n to increas ing charge dens i ty , s o d i u m maleate 
units also chelate c a l c i u m ions encountered i n a d r i l l i n g operat i on . 

P o l y m e r P - 1 2 7 w a s further su l f omethy la ted to in t roduce su l f on i c 
a c i d groups a n d , as a result , to i m p r o v e d i spersab i l i ty i n aqueous d r i l l i n g 
f lu ids . N - M e t h y l a c e t a m i d e funct ional i t ies o f t e r p o l y m e r P - 1 2 7 w e r e 
h y d r o l y z e d u n d e r a lka l ine condi t ions to the c o r respond ing N - m e t h y l -
a m i n e groups , w h i c h w e r e then su l f omethy la ted b y us ing the f o r m a l d e 
h y d e - s o d i u m b isu l f i te a d d u c t . T h e ac t iva ted benzene r i n g a n d b e n z y l 
h y d r o g e n o n eugeno l units p r o v i d e d a d d i t i o n a l reac t i on sites f o r sul fo -
m e t h y l a t i o n . I R spec t ros copy ( F i g u r e 1) w a s used to ana lyze the su l f o 
m e t h y l a t e d p o l y m e r , P - 1 2 7 - B , qua l i ta t ive ly . I R absorbances at 1200 a n d 
1043 c m - 1 c a n b e a t t r ibuted to S = 0 s tretch ing , whereas the absorbance 
at 620 c m - 1 c a n b e a t t r i b u t e d to C - S s tretch ing . These d a t a i n d i c a t e that 
p o l y m e r P - 1 2 7 - B w a s su l f omethy la ted . Q u a n t i t a t i v e analysis o f the 
s a m p l e is i n progress . 

P e r f o r m a n c e . T h e c o n t r o l o f apparent v i s cos i ty , ge l strength, y i e l d 
p o i n t , p last i c v iscos i ty , a n d f i ltrate loss o f the aqueous d r i l l i n g f lu ids is 
ex t reme ly i m p o r t a n t i n a d r i l l i n g operat ion . Unsat i s fac tory p e r f o r m a n c e 
o f the d r i l l i n g f lu ids m a y result i n serious p r o b l e m s . 

A 1 2 - l b / g a l . water -base d r i l l i n g f l u i d c o n t a i n i n g 4 l b o f g y p s u m 
( C a S 0 4 * 2 H 2 0 ) p e r b a r r e l w a s used to evaluate the p e r f o r m a n c e o f the 
samples . T h i s test d r i l l i n g f l u i d represents the severe condi t ions o f d i v a 
lent ca t i on contaminat ions . M o n o v a l e n t ca t ion contaminants , such as 
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Figure I. IR spectrum for polymer P-127-B. 

s o d i u m , are less d e t r i m e n t a l to the d r i l l i n g fluids than d i v a l e n t cations 
such as c a l c i u m . 

G E L STRENGTH. G e l strength is a measure o f the t h i x o t r o p i c p r o p 
erties o f a f l u i d a n d denotes the f o r ce o f f l o c c u l a t i o n u n d e r static c o n d i 
t ions. G e l strengths o f the p o l y m e r - t r e a t e d m u d samples w e r e m e a s u r e d 
b y the F a n n M o d e l 35 V G meter a n d are l i s ted i n T a b l e I. T h e d i f f e r 
ence b e t w e e n the i n i t i a l ge l strength a n d that t a k e n after a 10 -min rest 
p e r i o d is used to judge h o w th i ck the m u d w i l l get d u r i n g the per iods 
w h e n c i r c u l a t i o n is s t o p p e d , for e x a m p l e , w h e n r e m o v i n g the d r i l l i n g 
p i p e . B o t h the ge l strengths a n d the d i f f e rence b e t w e e n the 1 0 - m i n ge l 
a n d i n i t i a l ge l f o r the C - 1 4 1 - a n d P - 1 2 7 - B - t r e a t e d m u d s r e m a i n e d l o w 
throughout the heat a g i n g cyc les . S u c h " f r a g i l e " gels r e q u i r e l o w p u m p 
pressure to start o r restart c i r c u l a t i o n a n d cause f e w e r p r o b l e m s d u r i n g 
d r i l l i n g operat ions . T h e g e l strength di f ferences f or m u d s treated w i t h 
c o m m e r c i a l samples T a n d D P a f ter b e i n g heat -aged at 200 °F are 28 
a n d 12 l b / 1 0 0 f t 2 , r espec t ive ly . S u c h " p r o g r e s s i v e " gels r e q u i r e increased 
p u m p pressure to start c i r c u l a t i o n a n d m a y cause m o r e p r o b l e m s . T h e 
base m u d also exhibits progress ive ge l structure after such heat -aging . 

Y I E L D P O I N T A N D P L A S T I C V I S C O S I T Y . T h e y i e l d p o i n t i n d r i l l i n g 
f lu ids t e r m i n o l o g y is the resistance to i n i t i a l f l o w , or the stress r e q u i r e d 
to start f l u i d m o v e m e n t . T h i s resistance is d u e to e l ec t r i ca l charges o n or 
near the sur face o f c l a y part i c les s u s p e n d e d i n the m u d . T h e y i e l d p o i n t 
o f m u d s treated w i t h C - 1 4 1 a n d P - 1 2 7 - B are w i t h i n the d e s i r e d range 
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after each heat -ag ing c y c l e . H o w e v e r , the y i e l d po ints o f m u d s treated 
w i t h samples T a n d D P increased d r a s t i c a l l y after heat -ag ing at 200 °F 
f o r 16 h . S u c h h i g h y i e l d po ints are usua l ly no t des i rab le i n d i spersed 
aqueous d r i l l i n g f lu ids . 

A q u e o u s d r i l l i n g f lu ids c onta in sol ids that contr ibute to the apparent 
v i s cos i ty . T h e p last i c v i s cos i ty is a measure o f the in terna l resistance to 
f l u i d f l o w a t t r ibutab le to the c o n c e n t r a t i o n , t y p e , shape , a n d s ize o f so l 
ids present . T h e base m u d shows a h i g h e r p las t i c v i s cos i ty after heat-
a g i n g ; this increase ref lects h igher f r i c t i o n b e t w e e n c l a y part i c les . T h e 
plast i c viscosit ies o f p o l y m e r - t r e a t e d m u d s are substantial ly l o w e r . 

V I S C O S I T Y - T E M P E R A T U R E R E L A T I O N S H I P S . T h e v i s c o s i t y - t e m p e r 

ature re lat ionship o f the d r i l l i n g f l u i d is v e r y i m p o r t a n t , because the d r i l l 
i n g f l u i d m a y b e c i r c u l a t e d m a n y t imes w h i l e d r i l l i n g a d e e p w e l l a n d 
m a y b e exposed to d i f f e rent temperature gradients . T h e v i s c o s i t y -
t e m p e r a t u r e re lat ionships f o r d r i l l i n g f lu ids c o n t a i n i n g p o l y m e r s des ig 
n a t e d as T , D P , C - 1 4 1 , a n d P - 1 2 7 - B are d e m o n s t r a t e d i n F i g u r e s 2, 3, 4, 
a n d 5, respec t ive ly . T h e temperature a n d f l u i d v i scos i ty w i t h respect to 
t i m e are represented b y d o t t e d a n d s o l i d l ines , respec t ive ly . D r i l l i n g f lu ids 
c onta in ing p o l y m e r s T a n d D P f locculate at 135 a n d 195 °F , respect ive ly . A s 
the t e m p e r a t u r e increases fur ther , the f l u i d viscosit ies increase d r a s t i 
c a l l y . M u d c o n t a i n i n g C - 1 4 1 f locculates at 415 °F , a n d its v i scos i ty p r o 
f i le is r e l a t i v e l y una f f e c ted b y the heat ing a n d c o o l i n g c y c l e f r o m 

60 120 180 
Time (min) 

Figure 2. Viscosity-temperature profile for drilling fluid containing poly
mer T. The temperature of flocculation was 135 °F. 
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60 120 
Time (min) 

Figure 3. Viscosity-temperature profile for drilling fluid containing poly
mer DP. The temperature of flocculation was 195 °F. 
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Figure 4. Viscosity-temperature profile for drilling fluid containing C-141. 
The temperature of flocculation was 415 °F. 
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Figure 5. Viscosity-temperature profile for drilling fluid containing 
P-127-B. The temperature of flocculation was 380 °F. 

a m b i e n t to 450 °F . T h e m u d c o n t a i n i n g P - 1 2 7 - B flocculates at 380 °F. 
Because the d r i l l i n g fluid m a y b e exposed to such temperatures d u r i n g a 
d r i l l i n g o p e r a t i o n , these results ind i ca te that C - 1 4 1 a n d P - 1 2 7 - B c o p o l y 
mers are e f fect ive i n s tab i l i z ing the rheo logy o f such a fluid. 

Conclusion 
T h e u n i q u e c o m p o s i t i o n o f the l o w m o l e c u l a r w e i g h t water - so lub le 
p o l y m e r s d e s c r i b e d m a k e s t h e m e f fec t ive dispersants f o r aqueous d r i l l 
i n g fluids. 
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13 
Use of Gelation Theory To Characterize 
Metal Cross-Linked Polymer Gels 

Juan A. Menj ivar 1 

Hercules, Inc., Research Center, Wilmington, DE 19894 

This chapter presents a novel approach to characterize metal 
cross-linked polymer gels through the use of gelation theory and 
rheological concepts and measurements. A simple gelation model 
that provides the essential features of a liquid-gel phase diagram 
is used. This model introduces the importance of a critical 
polymer concentration (C*) for gelation and the gel-liquid 
transition temperature (Tc). These two properties of a polymer 
solution or gel determine, to a great extent, the rheological 
properties of fracturing gels. In this work, C* and the Tc are 
determined experimentally by using rheological techniques. Their 
impact on the rheological properties of fracturing gels is 
discussed. 

H Y D R A U L I C F R A C T U R I N G IS A W I D E L Y U S E D M E T H O D f o r s t imula t ing 
the p r o d u c t i o n o f o i l a n d gas format ions . R e p o r t e d l y , about 35-402? o f 
a l l d r i l l e d w e l l s are h y d r a u l i c a l l y f r a c t u r e d , a n d about 25% o f the tota l 
U . S . o i l reserves h a v e b e e n m a d e e c o n o m i c a l l y p r o d u c i b l e b y this 
process ( J ) . 

H y d r a u l i c f r a c t u r i n g is p e r f o r m e d b y in jec t ing the subterranean 
f o r m a t i o n w i t h a v iscous p o l y m e r i c f l u i d c o n t a i n i n g par t i cu la te sol ids 
( p r o p p i n g agents) i n suspension. Suf f i c ient pressure is a p p l i e d to the 
f l u i d to w e d g e o p e n fractures i n the subterranean f o r m a t i o n ( F i g u r e l a ) . 
T h e pressure must b e m a i n t a i n e d w h i l e in jec t ing the f l u i d into the for 
m a t i o n i n o rder to extend the fracture w i n g s . O n c e the des i red n e t w o r k 
of fractures is d e v e l o p e d , the pressure o n the f r a c t u r i n g f l u i d is r e d u c e d 
a n d the p r o p p i n g agent prevents the c o m p l e t e c losure o f the fracture 
( F i g u r e l b ) (2). E v e n t u a l l y , the p o l y m e r is b r o k e n b y e n z y m e s such as 
cellulases or o x i d i z i n g chemica l s such as persul fates , w h i c h reduce the 
viscos i ty o f the f l u i d . 

1 Current address: Pillsbury Research and Development Laboratories, Pillsbury Com
pany, Minneapolis, M N 55414. Correspondence should be addressed to Carl A. Lukach, 
Hercules, Inc., Research Center, Wilmington, DE 19894. 

0065-2393/86/0213-0209$06.00/0 
® 1986 American Chemical Society 
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210 W A T E R - S O L U B L E POLYMERS 

Figure 1. Hydraulic fracturing of producing zone, (a) Injection of fractur
ing fluid; (b) production from fractured producing zone. Reproduced with 

permission from reference 16. Copyright 1985 Hemisphere. 

T y p i c a l f r a c t u r i n g gels c o n t a i n a v a r i e t y of add i t i ves i n a d d i t i o n to 
t h i c k e n i n g a n d c ross - l ink ing agents. These addi t ives are a i m e d at 
i m p r o v i n g spec i f i c funct ions o f the f r a c t u r i n g gels. A p a r t i a l l ist is as 
f o l l o w s ( i , 2 ) : guar g u m , H P G , a n d C M H E C f u n c t i o n as v iscos i f iers 
(0.25-5.00 w t %); borate , t i t a n i u m , a l u m i n u m , a n d c h r o m i u m func t i on as 
c ross - l ink ing agents (0.01-0.10 w t %); po tass ium c h l o r i d e funct ions as a 
c l a y s t a b i l i z i n g agent (0.50-2.00 w t %); bentoni te , s tarch , a n d s i l i ca f lour 
f u n c t i o n as f lu id - loss c o n t r o l agents; thiosul fate salts a n d m e t h a n o l f u n c 
t i on as ant ioxidants ; f luorosurfactants a n d p e t r o l e u m sulfonates func t i on 
as surfactants; e n z y m e s a n d ox id i zers f u n c t i o n as d e g r a d i n g agents; a n d 
s i l i ca sand a n d s intered bauxi te func t i on as proppants . 

T h i s chapter m a i n l y discusses the c ross - l ink ing , rheo l og i ca l , a n d 
t h e r m a l s tab i l i ty proper t i es o f the p o l y m e r t h i c k e n i n g agent a n d its gels. 
T h e p o l y m e r , w h i c h is used for rheo logy contro l , p lays a centra l ro le i n a 
n u m b e r of the des irab le features of a f r a c t u r i n g f l u i d . I m p o r t a n t func 
tions o f this ro le are (1) to p r o v i d e suf f ic ient v i scos i ty to create the 
necessary f racture w i d t h , (2) to l o w e r the f l u i d loss to the f o r m a t i o n , a n d 
(3) to transport a n d d is t r ibute the p r o p p a n t a long the fracture . A l l of 
these funct ions are i n t i m a t e l y re la ted to the r h e o l o g i c a l propert ies o f the 
p o l y m e r solutions a n d gels, as w e l l as to their t h e r m a l stabi l i ty . T h u s , 
r h e o l o g i c a l a n d t h e r m a l s tab i l i ty propert ies o f f ra c tur ing gels are the k e y 
to their p e r f o r m a n c e i n h y d r a u l i c f rac tur ing treatments (3). 
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13. MENJIVAR Characterization of Metal Cross-Linked Polymer Gels 211 

G u a r g u m , its h y d r o x y p r o p y l der iva t ive ( H P G ; I), a n d c e l l u 
lose der ivat ives , p a r t i c u l a r l y ( carboxymethy l ) (hydroxyethy l ) ce l lu lose 
( C M H E C ; II), are the most extensively used po lysacchar ides i n c o m 
m e r c i a l f r a c t u r i n g f lu ids (4). T h e repeat ing units o f these p o l y m e r s 
are s h o w n i n I-III. M e t a l c ross - l inked po lysacchar ide gels are super ior 
to un - cross - l inked po lysac char ide solutions for at least t w o reasons: 
(1) s m a l l amounts o f m e t a l substantial ly increase the v iscos i ty of the o r i g ina l 
p o l y m e r so lut ion a n d the gels m a i n t a i n this h igher v iscos i ty at t y p i c a l 
a p p l i c a t i o n temperatures (200-400 °F) a n d (2) the gels have excel lent 
f r i c t i o n r e d u c t i o n proper t i es . A s a consequence , p o l y s a c c h a r i d e gels 
have the c a p a b i l i t y o f d e v e l o p i n g w i d e r fractures a n d h a v e better p a r t i 
c le transport propert ies . 

A large n u m b e r of metals have been r e p o r t e d to successful ly cross
l i n k p o l y s a c c h a r i d e mater ials (4). H o w e v e r , f rac tur ing f lu ids i n current 
use are c ross - l inked w i t h b o r o n , c h r o m i u m , a n t i m o n y , a l u m i n u m , t i ta 
n i u m , or z i r c o n i u m (4, 5) . 
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212 W A T E R - S O L U B L E P O L Y M E R S 

T h e w o r k presented i n this chapter deals w i t h H P G a n d C M H E C 
p o l y m e r s c ross - l inked w i t h t i t a n i u m c o m p o u n d s . T i t a n i u m cross - l inked 
gels w e r e i n t r o d u c e d i n the o i l f i e l d p r i m a r i l y because of their enhanced 
t h e r m a l s tab i l i ty over the ir predecessors (5). T h e i r use is current ly 
w i d e s p r e a d throughout the industry . F o r the purposes o f this w o r k , 
p o l y m e r gels c r o s s - l i n k e d w i t h t i t a n i u m are used o n l y as a m o d e l system 
to in t roduce general factors that af fect the des ign o f p o l y m e r gels. 

Mechanism of Gelation 
O n a p u r e l y i n t u i t i v e basis , a n u m b e r o f w o r k e r s (3-5) r e p o r t e d that guar 
reacts w i t h metals t h r o u g h a m e t a l - l i g a n d c o m p l e x a t i o n t y p e o f reac 
t i o n , as d e s c r i b e d b e l o w b y e q u a t i o n 1. A m e t a l c o m p l e x is f o r m e d b y 
assoc iat ion b e t w e e n a m e t a l a t o m or i o n ( M B + ) a n d another species, 
k n o w n as the l i g a n d ( L ) , w h i c h is e i ther a n a n i o n or a p o l a r mo le cu le . 
W h e n L is a n u n c h a r g e d unidentate l i g a n d , the f o r m a t i o n of c omplexes 
proceeds i n a s tepwise m a n n e r , w i t h successive rep lacement of w a t e r 
molecules : 

Ki a n d K 2 represent the e q u i l i b r i u m constants f or the react ion . 
A n y o f the n u m e r o u s h y d r o x y l groups o f the guar m o l e c u l e (I) 

s h o u l d b e a b l e to serve as c ross - l ink ing sites. H o w e v e r , because o f the 
p r o x i m i t y a n d cis o r i entat ion o f the h y d r o x y l groups i n the 2- a n d 
3-posit ions o f the m a n n o p y r a n o s e r ings , a n d the 3- a n d 4-posit ions o f the 
ga lac topyranose r ings , the c o m p l e x a t i o n o f metals s h o u l d — o n the basis o f 
the chelate e f f e c t — b e m o r e f a v o r a b l e (6). T h i s ef fect c a n b e e x e m p l i f i e d 
b y c o m p a r i n g the c ross - l ink ing characterist ics o f t i t a n i u m w i t h H P G to 
those o f (hydroxyethy l ) ce l lu lose ( H E C ; III). T h e i r character ist ic cross-
l i n k i n g pro f i les as a func t i on o f so lut ion p H are contrasted i n F i g u r e 2. I n 
the case of H E C , a l l the n e i g h b o r i n g h y d r o x y l groups i n the a n h y d r o g l u -
cose units h a v e a trans c o n f i g u r a t i o n w i t h respect to each other {see III). 
A p p a r e n t l y , this c on f igurat i ona l d i f f e rence b e t w e e n H P G a n d H E C is 
enough to cause d r a m a t i c a l l y d i f ferent c ross - l ink ing prof i les ( F i g u r e 2). 

A n o t h e r interest ing c o m p a r i s o n c a n b e m a d e b e t w e e n the t i t a n i u m 
c r o s s - l i n k i n g p r o f i l e o f C M H E C a n d H P G . I n the case o f C M H E C , the 
ac t ive c r o s s - l i n k i n g sites are the c a r b o x y l groups (II); F i g u r e 2 shows 
that this d i f f e r e n c e b e t w e e n ac t ive f u n c t i o n a l groups i n the t w o p o l y 
mers , C M H E C a n d H P G , causes a d i f f e rence i n their p H cross - l ink ing 
pro f i les . 

T h e ge lat ion curves s h o w n i n F i g u r e 2 suggest the presence o f p r o 
cesses c o m p e t i n g w i t h the c ross - l ink ing reac t i on of the l i g a n d w i t h the 
m e t a l . O n e c o m p e t i n g process is the h y d r o l y s i s of the m e t a l i o n (6). I n 

M ( H 2 0 ) x
n + + L £h M ( H 2 0 ) x _ 1 L f l + + H 2 0 

M ( H 2 0 ) 3 C . 1 L n + + L 5 = i M ( H 2 0 ) x - 2 W + + H a O 

d a ) 

( l b ) 
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0CH2CH20H 

CH-

0CH2-CH20H 

CH2CH20H CH2CH20CH2CH20H 

III 

aqueous solutions, h y d r a t e d m e t a l ions behave as acids a n d thus undergo 
hydro lys i s b y re leas ing one or m o r e protons f r o m c o o r d i n a t e d w a t e r 
molecules : 

M ( H 2 0 ) x
n V = = * M ( H . O ) ^ i ( O H ) ( , | - 1 ) + + H + (2a) 

M ( H 2 Q ) 3 C - 1 ( O H ) ( " 1 ^ > M ( H 2 0 ) x - 2 ( O H ) 2
( n ~ 2 ) + + H + (2b) 

T h e extent o f h y d r o l y s i s depends o n the p o l a r i z i n g character ist ics of the 
m e t a l i o n a n d the p H of the so lut i on . F i g u r e 3 i l lustrates the h y d r o l y s i s 
p r o f i l e of A l 3 + as an e x a m p l e o f the hydro lys i s o f metals (7). 

A t l o w p H cond i t i ons , a c o m p e t i n g reac t i on to the c ross - l ink ing 
r e a c t i o n c a n b e the p r o t o n a t i o n o f the l i g a n d . T h e f o r m a t i o n o f h y d r o x o 
c omplexes c a n b e repressed b y the a d d i t i o n o f a c i d . T h i s a c i d a d d i t i o n 

-
C M H E C / ^ \ H P GUAR 

- • 
H E C 

P O L Y M E R S O L U T I O N 

i i • i i 
0 2 1 6 8 10 12 

PH 

Figure 2. Cross-linking profiles of polysaccharides with titanium acetyl 
acetonate (TiAA). Reproduced with permission from reference 16. Copy

right 1985 Hemisphere. 
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214 W A T E R - S O L U B L E POLYMERS 

Figure 3. Distribution of aluminum species as a function of pH (ionic 
strength is 2.5 X 10~4 M). Reproduced with permission from reference 7. 

Copyright 1980 T. R. Arnson. 

has the ef fect o f m a i n t a i n i n g the m e t a l i o n p r e d o m i n a n t l y as M ( H 2 0 ) / + . 
H o w e v e r , the a c i d also p r o m o t e s p r o t o n a t i o n react ions that i n v o l v e the 
l i g a n d . F o r instance, i n the case of c a r b o x y l i c l igands 

R - C O O ~ + H 3 0 + ^ = k R - C O O H + H 2 0 (3) 

T h e s e p r o t o n a t i o n react ions c o m p e t e w i t h the c o m p l e x i n g ac t i on o f car 
b o x y l i c groups t o w a r d m e t a l ions , p a r t i c u l a r l y b e l o w the p K a o f the car 
b o x y l i c g r o u p . 

T h e e n d result o f the c o m p e t i n g processes is the existence o f an 
o p t i m u m p H range for the ge la t i on o f a p o l y m e r w i t h a m e t a l ( F i g 
ure 2). T h e ge lat ion p r o f i l e o f a par t i cu lar p o l y m e r - m e t a l p a i r depends 
o n the a c i d - b a s e propert ies o f the l igands o n the p o l y m e r a n d the 
hydro lys i s characterist ics o f the m e t a l i o n . 

Gelation Theory 
T h e r e is no d i r e c t ev idence o f the d e t a i l e d reac t i on m e c h a n i s m b e t w e e n 
a p o l y m e r l i k e H P G or C M H E C a n d transit ion metals . S t i l l , c h e m i c a l 
e q u i l i b r i u m concepts c a n b e u s e d to g a i n ins ight to the p h y s i c o c h e m i c a l 
propert ies o f m e t a l - p o l y m e r gels. 

A s i m p l i f i e d m o d e l that descr ibes the ge lat ion c u r v e o f ge lat in was 
p r o p o s e d b y T a n a k a et a l . (8). T h i s m o d e l is b a s e d o n the c h e m i c a l 
e q u i l i b r i u m b e t w e e n unreac ted a n d reac ted l igands : 

un - c ross - l inked l igands (Nc — v)< > c ross - l inked l igands (v) (4) 

K represents the e q u i l i b r i u m constant, Nc represents the i n i t i a l n u m b e r 
o f l i gands that c a n b e e f f e c t i ve ly i n v o l v e d i n a c r o s s - l i n k i n g reac t i on 
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13. MENJIVAR Characterization of Metal Cross-Linked Polymer Gels 215 

b e t w e e n p o l y m e r s , a n d v represents the n u m b e r of cross- l inks f o r m e d . 
T h e n , b y de f in i t i on 

or , rearrang ing 

K = v/(Ne - v) (5a) 

v = NCK/(1 + K) (5b) 

T h e i n i t i a l n u m b e r of e f fec t ive l igands c a n b e c a l c u l a t e d b y us ing the 
m e a n - f i e l d a p p r o x i m a t i o n (8): 

Nc = Vtff (6) 

V represents the to ta l n u m b e r o f latt ice sites, <f> represents the v o l u m e 
f rac t i on of p o l y m e r , a n d / represents the f rac t i on of m o n o m e r s that c o n 
tains act ive c ross - l ink ing sites ( l igands) . 

M o r e o v e r , S toekmayer ' s (9) a n d F l o r y ' s (JO) c r i t e r i o n that an i n f i 
nite n e t w o r k appears w h e n the average n u m b e r of c ross - l ink ing bonds 
p e r p o l y m e r is e q u a l to or larger than 1 c a n be used to arr ive at the 
expression 

<f> = l/(lf)(l + K-1) (7) 

I represents the degree of p o l y m e r i z a t i o n . T h e e q u i l i b r i u m constant, K , 
is re la ted to the s tandard reac t ion free energy, AG° , b y 

K = exp(-AGVRT) (8) 

R is the u n i v e r s a l gas constant a n d T is the absolute t emperature of the 
system. A l s o , AG° is re lated to the change i n entha lpy ( A H 0 ) a n d 
ent ropy (AS°) associated w i t h the f o r m a t i o n o f a c ross - l inked b o n d b y 

AG° = &H° - TAS° (9) 

E q u a t i o n 7 c o m b i n e d w i t h equations 8 a n d 9 gives rise to the f o l 
l o w i n g re la t i onsh ip , w h i c h i n t u r n p r o v i d e s the ge lat ion c u r v e s h o w n i n 
F i g u r e 4. 

T c = A S ° - R In [ (<£ -<£* ) /<£* ] ( 1 0 ) 

w h e r e 0 * = l/(lf2). <f>* = l/(lf2) was o b t a i n e d f r o m equat i on 7, w h e n 
T = 0 so that the c ross - l ink ing reac t ion goes to 100% c o m p l e t i o n (i.e., 
K — oo). Subst i tut ing this va lue for K i n equat i on 7 gives rise to this expres
s ion for the m i n i m u m v o l u m e f rac t ion of p o l y m e r for gelat ion (<£*). 

F i g u r e 4 a n d equat i on 10 l e a d to a n u m b e r of conclusions that are of 
p r a c t i c a l re levance to the des ign of f ra c tur ing gels: (1) A m i n i m u m 
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LIQUID 

1 

POLYMER CONCENTRATION (WT. %) 

Figure 4. Liquid-gel phase diagram. Reproduced with permission from 
reference 16. Copyright 1985 Hemisphere. 

p o l y m e r concentrat ion , necessary f or gelat ion exists. A c c o r d i n g to 
the m o d e l s h o w n here , the m i n i m u m p o l y m e r concentrat ion is inverse ly 
re la ted to the p o l y m e r m o l e c u l a r w e i g h t . (2) T h e l i q u i d - g e l transit ion 
t emperature , T c , is p r i m a r i l y a f u n c t i o n o f the t h e r m o d y n a m i c p r o p e r 
ties assoc iated w i t h the f o r m a t i o n o f c r o s s - l i n k i n g b o n d s (i.e., A H ° a n d 
A S 0 ) . (3) B e y o n d the m i n i m u m p o l y m e r concentrat ion , Tc is p r a c t i 
c a l l y i n d e p e n d e n t o f p o l y m e r concentra t i on a n d p o l y m e r m o l e c u l a r 
w e i g h t . 

T h e a p p l i c a b i l i t y o f c h e m i c a l e q u i l i b r i u m a n d c lass ica l ge la t ion 
concepts has not b e e n genera l ly r e c o g n i z e d i n the l i terature as re la ted to 
m e t a l c ross - l inked f r a c t u r i n g gels. O u r w o r k has been m o t i v a t e d , i n part , 
b y the a v a i l a b i l i t y o f a n e w a n d u n i q u e instrument , the Rheometr i c s 
pressure rheometer (Rheometr i c s , Inc . , P i s c a t a w a y , N J ) , w h i c h p r o v i d e s 
the c a p a b i l i t y o f d o i n g osc i l la tory shear exper iments o n water -based gels 
at t emperatures a b o v e 100 ° C ( n o r m a l b o i l i n g p o i n t o f w a t e r ) . I n this 
chapter , the use o f r h e o l o g i c a l techniques to d e t e r m i n e a n d Tc is 
presented f or the f irst t i m e , a n d the i m p o r t a n c e o f these t w o propert ies 
i n the des ign o f f rac tur ing gels is demonstrated . 

Experimental Determination of Critical Polymer 
Concentration (C*) 
R h e o l o g i c a l m e t h o d s w e r e u s e d to est imate C * r e q u i r e d to f o r m a 
homogeneous gel . I n the f o l l o w i n g discussions, the p o l y m e r concentra 
t i o n w i l l b e expressed i n w e i g h t b y v o l u m e units a n d re f e r red to as C , 
rather than <f> ( v o l u m e p e r v o l u m e ) . T h e rheo log i ca l d a t a presented w e r e 
o b t a i n e d at 25 ° C as f o l l o w s : the in tr ins i c v i s cos i ty was d e t e r m i n e d w i t h 
C a n n o n - F e n s k e c a p i l l a r y v iscometers , l ow-shear viscosit ies w e r e o b 
t a i n e d w i t h a l ow-shear 30 Contrares rheometer ( T e k m a r C o . , C i n c i n -
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13. MENJIVAR Characterization of Metal Cross-Linked Polymer Gels 217 

n a t i , O H ) , a n d the osc i l la tory shear data w e r e o b t a i n e d w i t h a R h e o m e t 
r ics pressure rheometer . 

T h e m e t h o d u s e d is d e p i c t e d i n F i g u r e 5. I n essence, the concentra 
t i on at w h i c h the h y d r o d y n a m i c v o l u m e o f p o l y m e r molecules i n so lu 
t i o n starts to o v e r l a p c a n b e est imated ( F i g u r e 6). T h i s es t imat ion is 
e x p e r i m e n t a l l y a c c o m p l i s h e d b y p l o t t i n g the v iscos i ty ( low-shear spe
c i f i c v iscos i ty ) against the concentrat ion o f p o l y m e r i n so lut ion . A t rans i 
t i o n i n the so lut i on b e h a v i o r o f the p o l y m e r takes p l a c e at C * (Figures 5 
a n d 6) . C * represents the concentrat i on b e y o n d w h i c h p o l y m e r - p o l y 
m e r entanglements b e c o m e s igni f i cant ( I I ) . F r o m the p o l y m e r ge lat ion 
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s tandpo int , C * is i m p o r t a n t because it represents the m i n i m u m p o l y m e r 
concentrat ion a b o v e w h i c h an in f in i te p o l y m e r n e t w o r k c a n b e f o r m e d . 
B e l o w C *, c ross - l ink ing the p o l y m e r chains eventual ly leads to p o l y m e r 
segregat ion . C o n c e p t u a l l y , C * is r e la ted to w h i c h therefore must b e 
dependent o n p o l y m e r m o l e c u l a r we ight . 

T h e ef fect o f p o l y m e r m o l e c u l a r w e i g h t o n C * c a n b e d e t e r m i n e d 
e x p e r i m e n t a l l y ( F i g u r e 7). A s ingle master p l o t o f v i s cos i ty ( l ow shear 
spec i f i c v iscos i ty) versus d imensionless concentrat ion (concentrat ion 
m u l t i p l i e d b y in tr ins i c v i s cos i ty , C[ry]) for solutions o f po lysacchar ides 
c a n b e o b t a i n e d (12). F o r the case of H P G solutions i n 2% K C 1 , the p l o t 
s h o w n i n F i g u r e 7 w a s e x p e r i m e n t a l l y d e t e r m i n e d . T h e intersect ion 
b e t w e e n the t w o straight l ines d e p i c t e d i n F i g u r e 7 occurs at 

T h e in t r ins i c v i s cos i ty , [rj], is d e p e n d e n t o n the p o l y m e r m o l e c u l a r 
w e i g h t as expressed b y the M a r k - H o u w i n k equat ion : 

T h e parameters K a n d af d e p e n d o n the par t i cu lar p o l y m e r - s o l v e n t pa i r . 
a' is usual ly re la ted to the stiffness of the p o l y m e r . F o r the par t i cu lar 

= 3 . 4 / M (11) 

[<n] = KMw
a (12a) 

10,000 I T 

0.1 i i i i m l 1 — • — J -

1 10 
DIMENSIONLESS CONCENTRATION <C[JJ]> 

100 

Figure 7. Master curve of low-shear viscosity against concentration for 
HPG [molar substitution (MS) is 0.5] polymers in 2% KCl 
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case o f guar i n d e i o n i z e d w a t e r , R o b i n s o n et a l . (13) have d e t e r m i n e d 
that the intr ins ic v i scos i ty obeys the re lat ionship 

[rj] = (3.8 X 1 0 - 4 ) M W
0 J 2 (12b) 

T a b l e I lists the c r i t i c a l concentrat ions o b t a i n e d exper imenta l l y for a 
series o f H P G samples w i t h d i f f e rent intr ins i c viscosit ies a n d m o l e c u l a r 
we ights . A c c o r d i n g to these da ta , C * values for these H P G p o l y m e r s 
range f r o m 0.19 g / d L for the highest m o l e c u l a r w e i g h t sample to 
0.27 g / d L for the lowest m o l e c u l a r w e i g h t sample . 

F i g u r e 8 i l lustrates the effect o f p o l y m e r concentrat ion o n the elastic 
propert ies o f H P G cross - l inked w i t h t i t a n i u m acety l acetonate. F o r the 
p a r t i c u l a r H P G s a m p l e used (sample C ) , C * was e x p e r i m e n t a l l y deter 
m i n e d to b e 0.22 g / d L . T h e osc i l la tory shear data s h o w n i n F i g u r e 8 
ind i ca te that at a p o l y m e r concentrat i on o f 0.20 g / d L , the storage m o d u 
lus ( G ' ) , a measure of ge l s trength, remains l o w regardless of cross - l inker 
concentrat ion . H o w e v e r , as the p o l y m e r concentrat ion is g radua l ly 
increased a b o v e 0.20 g / d L , s ign i f i cant ly sti f fer gels can b e m a d e b y 
s i m p l y increas ing the cross - l inker concentrat ion . T h i s rheo log i ca l b e 
h a v i o r suggests that i n d e e d C * represents a g o o d est imate for the m i n 
i m u m p o l y m e r concentrat ion r e q u i r e d to f o r m an inf in i te n e t w o r k . T y p i 
c a l p o l y m e r c o n c e n t r a t i o n s u s e d i n p r a c t i c e r a n g e f r o m 0.24 to 
0.72 g / d L , w h i c h c o r r e s p o n d to a p p r o x i m a t e l y one to three t imes h igher 
values than C * 

Effect of C * o r Polymer Molecular Weight on Rheological 
Properties of Polymer Solutions and Gels 
Because apparent m o l e c u l a r w e i g h t has a s igni f i cant ef fect o n C * (equa
tions 11 a n d 12), p o l y m e r m o l e c u l a r w e i g h t is expec ted also to have a 
s igni f icant i m p a c t o n the rheo logy of H P G solutions a n d gels. F i g u r e 9 
shows the s teady shear v i s cos i ty o f 0 . 5 - g / d L solutions o f a f e w o f the 
H P G samples l i s ted i n T a b l e I . I n this series, the highest m o l e c u l a r 

Table I. C* for Several H P G Samples 

HPG sample M (dL/g) G*(g/dL) M„-1 (X10~6) 

A 18.1 0.19 3.0 
B 16.4 0.21 2.6 
C 15.9 0.22 2.5 
D 15.4 0.22 2.4 
E 13.8 0.25 2.0 
F 13.3 0.26 1.9 
G 12.5 0.27 1.8 

Source: Reproduced with permission from Ref. 16. Copyright 1985 
Hemisphere. 
aMw is the estimated weight-average molecular weight. 
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Figure 9. Apparent viscosity profiles of 0.5 wt % HPG solutions in 2% KCl. 
Key: A , sample A; O , samples B and C; and •, sample G. 
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w e i g h t p o l y m e r (sample A ) exhibits the highest v iscos i ty , a n d the order 
r a n k i n g o f the r e m a i n i n g samples is i n a c c o r d a n c e w i t h their m o l e c u l a r 
we ights . F u r t h e r m o r e , F i g u r e 10 shows that w h e n 0.5 g / d L H P G 
solutions are c ross - l inked w i t h i n c r e m e n t a l amounts of t i t a n i u m ace ty l 
acetonate a n d osc i l la tory shear exper iments are p e r f o r m e d o n the 
resultant gels, the same order r a n k i n g i n a c cordance w i t h the m o l e c u l a r 
w e i g h t o f the s tart ing p o l y m e r is o b t a i n e d . These e x p e r i m e n t a l results 
are i n agreement w i t h the effect o f p o l y m e r m o l e c u l a r w e i g h t o n the 
viscoelast ic propert ies o f synthetic p o l y m e r melts a n d solutions (14). 

F r o m the f rac tur ing f lu ids s tandpo int , the i m p l i c a t i o n of this f i n d i n g 
is that the r h e o l o g i c a l propert ies o f a m e t a l c ross - l inked p o l y m e r ge l c a n 
b e r e la ted to the d i lu te so lut ion propert ies (i.e., intr ins ic v iscos i ty) o f the 
p o l y m e r , as w e l l as to the l ow-shear N e w t o n i a n v i s cos i ty o f the p o l y m e r 
solutions (F igure 7). 

Figure 10. Viscoelastic properties of HPG-TiAA gels. Key: —, sample A; 
—, sample C; and , sample G. Top: 300 ppm TiAA. Bottom: 150 ppm 

TiAA. 
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Effect of Temperature on the Elastic Properties of Metal 
Cross-Linked Polymer Hydrogels 
I n the past , s t u d y i n g the r h e o l o g i c a l b e h a v i o r of m e t a l c ross - l inked 
p o l y m e r h y d r o g e l s at h i g h temperatures was d i f f i cu l t . T h i s p r o b l e m has 
b e e n due to the d i f f i c u l t y of h a n d l i n g a n d m e a s u r i n g the v i scos i ty of 
gels. C o n w a y et a l . (4) a t t e m p t e d to s t u d y these systems u s i n g a c o n 
centr i c c y l i n d e r v i s c o m e t e r a n d r e p o r t e d b r o a d temperature ranges for 
the s tab i l i ty o f H P G a n d C M H E C gels c ross - l inked w i t h a v a r i e t y of 
metals . H o w e v e r , r o ta t i ona l steady shear v i s cometers d o not accurate ly 
d e t e r m i n e the r h e o l o g i c a l propert ies o f v iscoe last ic gels. I n these m e a 
surements , e x p e r i m e n t a l arti facts such as s a m p l e s l ippage at the w a l l o f 
the testing c e l l a n d gel f racture are c o m m o n p l a c e . 

H e r c u l e s has s ince p i o n e e r e d the use o f osc i l latory shear measure
ments to character ize the h igh - temperature rheo logy of f r a c t u r i n g gels. 
A d v a n t a g e s of the os c i l l a tory shear f l o w te chn ique over steady shear 
f l o w measurements are (1) the osc i l latory shear f l o w techn ique is n o n 
des truc t ive a n d therefore does not f rac ture the ge l d u r i n g test ing , (2) it 
a l l o w s c lear - cut d e t e r m i n a t i o n o f the ge l v i scous a n d elastic proper t i es , 
a n d (3) it of fers h igher reso lut ion than steady shear measurements 
o n gels. 

U s i n g the R h e o m e t r i c s pressure rheometer , w e have o b s e r v e d for 
the f irst t i m e an interest ing p h e n o m e n o n w h e n H P G - m e t a l gels are 
heated r a p i d l y . T h i s p h e n o m e n o n is i l lustrated i n F i g u r e 11 for t i t a n i u m 
gels. T h e storage m o d u l u s (G ' ) o f the gels, d e t e r m i n e d at a constant 
os c i l l a t i on f r e q u e n c y a n d strain a m p l i t u d e , remains f a i r l y constant u p to 
a c r i t i c a l t emperature , b e y o n d w h i c h a catastrophic loss o f e last ic i ty takes 

Figure 11. Thermal stability of HPG-TiAA hydrogels. Key: —, 100 rad/s; 
—, 50 rad/s; and , 10 rad/s. 
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p lace . T h i s t emperature is t e r m e d the t h e r m a l b r e a k d o w n temperature 
( T B T ) a n d d e f i n e d as the t emperature at w h i c h the onset of ge l strength 
loss is detected . Interest ingly enough, the T B T appears to b e character is 
t ic o f the p o l y m e r - l i g a n d b o n d a n d therefore can be used to character 
i ze the strength of the c ross - l ink ing b o n d . T h i s f i n d i n g is i n ac cordance 
w i t h e q u a t i o n 10, w h i c h pred i c t s that the Tc is essential ly a f u n c t i o n o f 
the t h e r m o d y n a m i c propert ies associated w i t h the cross- l ink b o n d . F r o m 
a p r a c t i c a l s tandpo int , the T B T of a g iven p o l y m e r - m e t a l ge l defines the 
u p p e r t emperature l i m i t b e l o w w h i c h the h y d r o g e l can be used i n f rac 
t u r i n g jobs. T B T has been f o u n d to be i n d e p e n d e n t of strain a m p l i t u d e 
a n d osc i l la t i on f r e q u e n c y ( F i g u r e 11) a n d , m o r e i m p o r t a n t l y , of cross-
l i n k e r a n d p o l y m e r concentrat ion (F igure 12), p r o v i d e d C > C * . 

O n e of the k e y a n d most str ingent requ i rements f or a f r a c t u r i n g ge l 
is its s tabi l i ty at h i g h temperatures . I n general , as o i l we l l s are d r i l l e d 
deeper , the transport o f p r o p p a n t a l o n g the fractures has to b e done at 
h igher temperatures . There f o re , the c a p a b i l i t y of d e t e r m i n i n g the T B T 
of a n y p o l y m e r ge l is o f great v a l u e for d e t e r m i n i n g its su i tab i l i ty for 
h y d r a u l i c f rac tur ing appl i cat ions . 

F r o m the s tandpo int of des ign ing a ge l w i t h the r ight t h e r m a l s tab i l 
i t y , questions such as the ef fect of t y p e of m e t a l or f u n c t i o n a l g roup of 
the p o l y m e r o n the T B T of a ge l can be easily addressed b y us ing the 
osc i l latory shear technique . F o r example , F i g u r e 13 il lustrates the 
t h e r m a l s tab i l i ty d i f ferences b e t w e e n an H P G - t i t a n i u m a n d an H P G -
a n t i m o n y ge l . M o r e o v e r , i f the c r o s s - l i n k i n g sites o n the p o l y m e r b a c k 
bone are c a r b o x y l groups (as is the case for C M H E C , I I ) instead of the 
cis d io ls o f H P G (I ) , a d i f f e rence i n the t h e r m a l b r e a k d o w n temperature 

L 000 f • « • • • • • 1 • a 

200 
TEMPERATURE C O 

Figure 12. Effect of polymer and cross-linker concentration on thermal 
stability of HPG-TiAA gels. Key; —, 0.50% HPG-300 ppm TiAA; —, 0.33% 

HPG-1200 ppm TiAA; and , 0.38% HPG-600 ppm TiAA. 
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E 

2 

100 
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Figure 13. Effect of metal type on thermal stability on HPG gels. Key: —, 
titanium; and —, antimony. 

o f their gels is o b t a i n e d ( F i g u r e 14). These d i f ferences i n T B T s are p r e 
s u m a b l y d u e to the p a r t i c u l a r en tha lpy a n d e n t r o p y changes assoc iated 
w i t h each l i g a n d - m e t a l b o n d . 

Po lysacchar ides are k n o w n to be l a b i l e to a c i d hydro lys i s a n d o x i d a 
t ive d e p o l y m e r i z a t i o n (15). T h e results s h o w n here w e r e o b t a i n e d under 
e x p e r i m e n t a l cond i t i ons that w o u l d m i n i m i z e p o l y m e r degradat i on . 
S p e c i f i c a l l y , heat ing rates o f a p p r o x i m a t e l y 4 ° C / m i n w e r e used , a n d the 
results w e r e i n d e p e n d e n t o f the absence or presence o f s o d i u m thiosul f ate. 

1,000 

0 100 
TEMPERATURE C O 

Figure 14. Thermal stability of polysaccharide-metal gels: Effect of ligand. 
Key: —, CMHEC-Ti; and —, HPG-Ti. Reproduced with permission from 

reference 16. Copyright 1985 Hemisphere. 
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Conclusions and Recommendations 
M e t a l - l i g a n d c o m p l e x a t i o n react ions c a n e x p l a i n the ge lat ion b e h a v i o r o f 
H P - g u a r a n d C M H E C as a f u n c t i o n o f p H . T h e o p t i m u m p H range f or 
c ross - l ink ing a p a r t i c u l a r p o l y m e r c a n b e a f f ec ted b y t w o a d d i t i o n a l reac 
tions that c o m p e t e w i t h the c ross - l ink ing reac t i on . These reactions are the 
h y d r o l y s i s o f the m e t a l i o n a n d , i n the case o f i on i c p o l y m e r s , the p r o t o n a 
t i on o f the p o l y m e r l igands . 

I n our e x p e r i m e n t a l w o r k , w e have s t u d i e d , f o r the f irst t i m e , m e t a l 
c ross - l inked f rac tur ing gels f r o m the s tandpoint o f c lassical ge lat ion theory . 
O n the basis o f this analysis , w e i d e n t i f i e d a n d exper imenta l l y d e t e r m i n e d 
t w o propert ies that are f u n d a m e n t a l a n d k e y to the p e r f o r m a n c e o f f ractur 
i n g gels. T h e s e proper t i es are (1) a c r i t i c a l p o l y m e r concentrat ion ( C * ) f or 
ge lat ion a n d (2) a g e l - l i q u i d t rans i t ion t emperature ( T c ) , w h i c h charac 
terizes the t h e r m a l s tabi l i ty o f the ge l . 

T h e ef fect o f p o l y m e r m o l e c u l a r w e i g h t o n C * a n d the ef fect o f 
p o l y m e r l igands a n d m e t a l t y p e o n Tc w e r e also demonstrated b y us ing 
n o v e l rheo l og i ca l measurements o f p o l y m e r solutions a n d their m e t a l 
c ross - l inked gels. 
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14 
Fundamental Criteria in Polymer Flow 
Through Porous Media 
And Their Importance in the Performance 
Differences of Mobility-Control Buffers 

G. Chauveteau 

Institut Français du Pétrole, Rueil-Malmaison, France 

Recent fundamental investigations on the relation between macro
molecular properties and flow behavior through porous media of 
high molecular weight water-soluble polymer solutions used in 
enhanced oil recovery processes are described. New experi
mental techniques and analysis methods to characterize molecular 
weight distribution and rheological behavior in shear and partly 
elongational flows are given. For porous media flows at low 
deformation rates, theoretical models for predicting both poly
mer velocity and effective viscosity of polymer solutions as a 
function of macromolecular conformation, macromolecule to 
pore size ratio, and polymer concentration are proposed and 
compared successfully to experimental results. For high deforma
tion rate flows, both thickening behavior and mechanical degra

dation are interpreted at a molecular level and shown to depend 
on stretched molecule to pore size ratios. This new knowledge is 
used to propose guidelines for designing polymers more suitable 
for mobility control. 

T H E U S E O F H I G H M O L E C U L A R W E I G H T W A T E R - S O L U B L E P O L Y M E R S to 
c o n t r o l the m o b i l i t y o f the w a t e r in jec ted into o i l we l l s has cont inuous ly 
increased i n recent years , a n d a qu i te recent r e v i e w (I) r e p o r t e d that a 
large p a r t o f the f i e l d tests w e r e es t imated to b e successful f r o m b o t h 
technica l a n d e c o n o m i c a l points o f v i e w . 

M o r e than 200 papers d e a l i n g w i t h the d i f ferent aspects o f the 
a p p l i c a t i o n o f p o l y m e r s i n e n h a n c e d o i l r e c o v e r y ( E O R ) processes have 
b e e n p u b l i s h e d i n the last t w o decades i n the p e t r o l e u m l i terature since 
the p i oneer p a p e r b y S a n d i f o r d (2). H o w e v e r , the c o m p l e x i t y of p o r e 
shape a n d structure ins ide natura l porous m e d i a , the l a c k of k n o w l e d g e 

0065-2393/86/0213-0227$11.25/0 
© 1986 American Chemical Society 
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a n d m e t h o d s to charac ter i ze p o l y m e r solutions used i n E O R processes, 
a n d some art i facts inherent i n the use o f i n d u s t r i a l p o l y m e r s o f ten c o n 
ta in ing microge l s have l e d to insurmountab le d i f f i cu l t ies i n r each ing 
d e f i n i t i v e interpretat ions of the p h e n o m e n a o b s e r v e d . O n the other 
h a n d , most o f the f irst f u n d a m e n t a l invest igat ions , w h i c h w e r e care fu l l y 
r e v i e w e d b y Savins (3), w e r e p e r f o r m e d i n porous m e d i a h a v i n g large 
pores c o m p a r e d to m a c r o m o l e c u l a r s ize , so that the effects o f the p o r e 
s ize o n rheo l og i ca l propert ies , w h i c h are o f i m p o r t a n c e i n o i l reservoirs , 
w e r e neg l ig ib le . 

I n the last f e w years , the in f luence o f the m a c r o m o l e c u l e to p o r e 
s ize rat io w a s s t u d i e d b o t h theore t i ca l ly a n d e x p e r i m e n t a l l y b y us ing 
w e l l - d e f i n e d porous m e d i a a n d w e l l - c h a r a c t e r i z e d solutions o f xanthan 
gums ( X C P S ) a n d h y d r o l y z e d po ly (ac ry lamides ) ( H P A M ) , w h i c h are 
c u r r e n t l y used for E O R . T h u s , the r h e o l o g i c a l b e h a v i o r i n porous m e d i a 
c o u l d b e r e l a t e d to m a c r o m o l e c u l a r proper t ies . T h i s chapter , w h i c h d i s 
cusses the synthesis o f these n e w studies , a ims to s h o w h o w to use this 
n e w f u n d a m e n t a l k n o w l e d g e for se lect ing p o l y m e r s as a f u n c t i o n o f 
f i e l d condi t ions a n d for des ign ing n e w i m p r o v e d p o l y m e r s . 

H P A M s a n d X C P S s that have b e e n ac tua l ly used i n o i l f ie lds are 
po lye l e c t ro ly tes h a v i n g v a r i a b l e m o l e c u l a r we ights [(2 X 1 0 6 < M w < 15 
X 10 6 ) ( M w is we ight -average m o l e c u l a r we ight ) ] . H o w e v e r , the e x p e r i 
ments d e s c r i b e d w e r e c a r r i e d out m a i n l y b y us ing t w o samples , an 
H P A M a n d a f u l l y p y r u v a t e d X C P S , the m a i n characterist ics o f w h i c h 
are g i v e n . Because the f irst s a m p l e behaves as a f l ex ib le c o i l a n d the 
se cond s a m p l e as a r i g i d r o d , the p h e n o m e n a d e s c r i b e d are thought to 
b e v a l i d f o r a n y p o l y m e r that m i g h t b e d e v e l o p e d i n the future . 

I n the f irst sect ion o f this chapter , s ome bas i c concepts o n p h y s i c o -
c h e m i c a l b e h a v i o r of water - so lub le p o l y m e r s h a v i n g v e r y h i g h m o l e c u 
lar w e i g h t a n d m o r e o r less s t a n d a r d techniques usable f or charac ter i z 
i n g such p o l y m e r s are d e s c r i b e d . T h e se cond sect ion shows h o w to 
d e d u c e , f r o m s i m p l e r h e o l o g i c a l exper iments i n shear a n d p a r d y e longa -
t i ona l f l o w s , some i n f o r m a t i o n essential f or u n d e r s t a n d i n g p o l y m e r 
b e h a v i o r i n porous m e d i a . I n the t h i r d sect ion, n e w theoret ica l mode l s 
ab le to p r e d i c t the effects o f p o r e s ize a n d p o l y m e r concentrat ion o n the 
e f fec t ive v i scos i ty i n nonadsorbent a n d adsorbent porous m e d i a are 
p r o p o s e d a n d c o m p a r e d w i t h e x p e r i m e n t a l results. T h e n , the m a i n f ea 
tures d e t e r m i n i n g the p r o p a g a t i o n o f p o l y m e r slugs t h r o u g h reservoirs 
are a n a l y z e d . I n the last sect ion , s ome a d d i t i o n a l methods suitable for 
test ing E O R p o l y m e r s are g i v e n . 

Characterization of Macromolecules in Solution 

C h e m i c a l Structure . X C P S is an extracel lu lar po lysacchar ide p r o 
d u c e d b y f e r m e n t a t i o n o f the m i c r o o r g a n i s m Xanthomonas campestris. 
Its p r i m a r y structure has b e e n c l ear ly establ ished (4, 5) a n d consists o f a 
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l inear 1—4-l inked D-g lucan c h a i n subst i tuted o n every glucose res idue b y 
a t r i sacchar ide s ide c h a i n (I) . I n the nat ive f o r m , every in terna l mannose 
of the s ide c h a i n is a ce ty la ted , whereas the t e r m i n a l mannose has a v a r i 
ab le degree o f p y r u v a t e subst i tut ion , w h i c h is c l a i m e d to be poss ib ly 
dependent o n b o t h the b a c t e r i a l strain a n d f e rmentat i on condi t ions . 
A f t e r m u c h controversy about the ac tua l c o n f o r m a t i o n o f xanthan , p a r 
t i c u l a r l y o n the quest ion of whether the m o l e c u l e is a single or a d o u b l e 
s trand i n aqueous so lut ion (6-10) , recent ly L e c o u r t i e r et a l . (11) s h o w e d 
that the nat ive xanthan m o l e c u l e is a c o m p a c t d o u b l e he l i x that c a n b e 
ex tended a n d somet imes d issoc iated into t w o single strands d u r i n g 
i n d u s t r i a l treatments after the f e rmentat i on step. W h a t e v e r the con for 
m a t i o n , a n o r d e r - d i s o r d e r transit ion c o r r e s p o n d i n g to the breakage of 
h y d r o g e n b o n d s b e t w e e n t r i sacchar ide s ide chains a n d the b a c k b o n e is 
o b s e r v e d at h i g h temperature a n d l o w i o n i c strength (12-14). Because o f 
the in t r ins i c stiffness o f the xanthan m o l e c u l e i n o r d e r e d state, its d i m e n 
sions a n d thus so lut ion v i s cos i ty are w e a k l y a f f ec ted b y the reservo ir 
water 's sal inity (15). 

Part ia l l y h y d r o l y z e d p o l y ( a c r y l a m i d e ) c a n b e ob ta ined b y h y d r o l y z -
i n g p o l y ( a c r y l a m i d e ) w i t h s o d i u m or po tass ium h y d r o x i d e or b y free-
r a d i c a l c o p o l y m e r i z a t i o n o f a c r y l a m i d e w i t h s o d i u m acry late . T h e 
c h e m i c a l structure o f H P A M is I I . T h e hydro lys i s degree , r , is d e f i n e d as 
the rat io o f the n u m b e r o f acry late groups to the tota l n u m b e r o f a c r y l 
a m i d e a n d acry late func t i ona l groups . T h e va lue of r ranges f r o m 0% to 
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-CH • C H -

c= o 
! 

NH —I 

CH - C H -

I I 

c=o 
I 

K*orNaf Y 

352 f or the p o l y m e r s c u r r e n t l y used i n E O R . T h e c o n f o r m a t i o n i n so lu 
t i on o f these f l ex ib le molecu les , w h i c h has been w i d e l y s tud ied (16-18), 
is v e r y sensitive to the salt content . 

Macromolecular Dimensions. I n d i lu te solutions, the parameter 
c o m m o n l y used to charac ter i ze the e f fect ive size o f p o l y m e r molecules 
is the rad ius o f g y r a t i o n , R G , w h i c h is the root m e a n square d istance o f 
the e lements o f the c h a i n f r o m its center o f g rav i ty . T h e va lue o f R G c a n 
b e d e d u c e d f r o m var iat ions i n the intensi ty o f scattered l i ght w i t h the 
observat ion angle . 

F o r f l ex ib l e co i ls such as H P A M i n sal ted waters , a v i s c o m e t r i c 
rad ius o f g y r a t i o n , R G „ c a n also b e es t imated f r o m v i scos i ty measure 
ments b y us ing the F o x - F l o r y equat ion (19): 

RG* = ([M<t>'-l)m ( l ) 

<pf = 4.2 X 1 0 2 4 cgs is a universa l constant, M r is the m o l e c u l a r w e i g h t , 
a n d [rj]o is the intr ins i c v i scos i ty , w h i c h is the l i m i t i n g v a l u e at zero 
p o l y m e r concentrat i on a n d zero shear rate o f the r e d u c e d spec i f i c 
v iscos i ty : 

[rj]0 = limc~° (n - rjs)/rjsC 
y~0 

(2) 

rj is the p o l y m e r so lut i on v i s cos i ty , rjs is the so lvent v i s cos i ty , C is the 
p o l y m e r concentrat ion , a n d y is the shear rate. 

F o r v e r y h i g h m o l e c u l a r w e i g h t p o l y m e r s , p a r t i c u l a r l y w h e n they 
are d i s s o l v e d i n g o o d solvents, RGl, is usua l ly s l ight ly smal ler than R G 
(19). 

The root mean square end-to-end distance, <r 2 > , is related to R G 2 by 

< r 2 > = n f l G
2 (3) 

w h e r e n = 6 f or u n p e r t u r b e d coi ls a n d n = 7 for m a c r o m o l e c u l e s i n a 
g o o d solvent. 

F o r s e m i r i g i d p o l y m e r chains such as X C P S molecules i n aqueous 
solutions over a w i d e range o f sal inity or H P A M molecules i n w a t e r 
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14. C H A U V E T E A U Polymer Flow Through Porous Media 231 

at v e r y l o w sa l in i ty , the m a c r o m o l e c u l e d imens ions can b e ca l cu la ted 
b y us ing the w o r m l i k e c h a i n m o d e l p r o p o s e d b y K t a s k y a n d P o r o d 
(20) a n d Beno i t a n d D o t y (21) w h e r e R G 2 a n d < r 2 > are expressed 
as a func t i on of their persistence length , q, a n d their contour length , Lc: 

R G 2 = (qLc/3){l - 3/x + (6/x2)[l - (l/x)(l - e~x)]} (4) 

< r 2 > = 2qLc[l - ( l / x ) ( l - e~*)] (5) 

w h e r e x = hjq. 
T h e persistence l ength , w h i c h is equa l to the ha l f - l ength of the K u h n 

statistical segment (20), characterizes the r i g i d i t y of the p o l y m e r m o l e 
cule . F o r p o l y e lectrolytes , the total persistence l ength , q, can b e c o n 
s idered as the s u m of a s tructural part , qs, a n d an electrostatic part , 
qe (22). N e w ref inements c o n c e r n i n g this theory w e r e p r o p o s e d re 
cent ly (23). 

N o ana ly t i ca l so lut ion is ava i lab le to ca lculate the intr ins ic v iscos i ty 
of a w o r m l i k e c h a i n f r o m q a n d Lc, b u t n u m e r i c a l solutions have b e e n 
p r o p o s e d b y Y a m a k a w a a n d F u j i i (24). These calculat ions w e r e recent ly 
used (8) to d e d u c e f r o m the [rj] versus M r d e p e n d e n c e the c o n f o r m a 
t i o n a l character ist ics o f the h i g h l y p y r u v a t e d xanthan s a m p l e w e inves t i 
gated . I n this m a n n e r , this s a m p l e was s h o w n to b e a m o n o s t r a n d e d 
he l ix h a v i n g a persistence l ength e q u a l to 50 n m u n d e r cond i t i ons w h e r e 
the structure is o r d e r e d (0.1 M N a C l ; 0 = 30 ° C ) . T h e var iat ions of this 
persistence length w i t h sal inity w e r e f u l l y a n a l y z e d (15). 

F o r s t r i c t ly r i g i d mo lecu les , the re lat ionship b e t w e e n [17] a n d m a c 
r o m o l e c u l e d imens ions was c a l c u l a t e d for e l l ipso ids (25) a n d rods (26). 
F o r the highest values o f the l ength to d i a m e t e r rat io , p , the re lat ionship 
b e t w e e n p a n d the v iscos i ty factor V 0 = [ 1 7 ] / ^ , w h e r e Vsp is the spec i f i c 
v o l u m e , c a n b e a p p r o x i m a t e d b y p o w e r - l a w funct ions ; v e r y s imi lar 
results are ob ta ined w h i c h e v e r m o d e l is used (27): 

V0 = 0 . 1 4 1 p 1 8 1 2 (el l ipsoids) (6) 

V 0 = 0 .159p 1 8 0 1 (rods) (7) 

O n another h a n d , the l ength o f the r o d , Lc, c a n b e ca l cu la ted f r o m 
MT a n d [17] b y the equat ion (25) 

L c
3 = ( 4 5 / 2 7 r N ) [ r 7 ] M r ( l n 2p - 0.5) (8) 

w h e r e N is A v o g a d r o ' s n u m b e r . 
T h e n , the radius of gyra t i on c a n be ca l cu la ted b y 

R G 2 = L / / 1 2 (9) 

D y n a m i c P r o p e r t i e s . T h e re laxat ion t i m e of m a c r o m o l e c u l e s is a 
use fu l parameter for p r e d i c t i n g their f l o w propert ies . T h e Rouse m o d e l 
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(29), w h i c h descr ibes c o i l e d macromo le cu les as a succession of beads 
l i n k e d b y spr ings , is genera l ly used to ca lculate the longest re laxat ion 
t i m e , TR: 

r R = (6/7r 2)T7 s[77]M r/RT (at zero concentrat ion) (10) 

TR = (6/2)T? S (TJ - ri,)/(riJC)Mt/RT ( for d i lu te solutions) (11) 

R is the constant o f i d e a l gas a n d T is the absolute temperature . 
F o r r i g i d r ods , the r o ta t i ona l re laxat ion t i m e , r f , c a n b e es t imated 

f r o m the ro tat iona l d i f fus i ona l coef f i c ient , D r : 

Tr = l / 2 D f (12) 

T h e theoret ica l va lue o f Dr was p r e d i c t e d b y Burgers (26): 

Dr = (3fcT/7rry s L c
3 ) ( ln 2 p - 0.8) (13) 

w h e r e k is the B o l t z m a n n constant. 
T h e trans lat ional d i f f u s i o n coe f f i c ient , Du c a n b e d e d u c e d f r o m 

quasi -e last ic l ight -scat ter ing measurements . F o r h i g h m o l e c u l a r w e i g h t 
p o l y m e r s , the Dt va lues o f m a c r o m o l e c u l e s are v e r y l o w (—10" 8 c m 2 / s ) 
c o m p a r e d to that general ly o b t a i n e d for s m a l l molecu les (—10~5 c m 2 / s ) . 

Dt c a n b e r e la ted to the h y d r o d y n a m i c rad ius o f m a c r o m o l e c u l e s , 
R/ / , th rough the S t o k e s - E i n s t e i n equat ion : 

Dt = kT/67rrjSRH (14) 

RH is the rad ius o f the h a r d sphere h a v i n g the same t rans lat iona l d i f f u 
s ion coef f i c ient . 

C o n c e n t r a t i o n R e g i m e . T h e propert ies o f m a c r o m o l e c u l a r so lu 
t ions are s trongly dependent o n p o l y m e r concentrat ion espec ia l ly for 
c o i l e d p o l y m e r s a b o v e the o v e r l a p concentra t i on , C * , w h i c h character 
izes the l i m i t b e t w e e n d i lu te a n d semid i lu te systems (30, 31). A b o v e C * , 
m a c r o m o l e c u l a r d imens ions decrease a n d the p h y s i c a l l aws l i n k i n g v i s 
cos i ty a n d d i f f u s i o n coef f ic ients to p o l y m e r concentrat ion a n d m o l e c u l a r 
w e i g h t are ent i re ly d i f f erent (30). 

F o r co i l s , s i m p l e g e o m e t r i c a l arguments suggest that C * is r e c i p r o 
c a l l y r e l a t e d to the intr ins i c v i s cos i ty ; that is , C * [ T J ] = 0.7. H o w e v e r , 
Graess ley (32) r e p o r t e d that , to observe a s igni f i cant ef fect o n d y n a m i c 
propert ies , the concentrat ion must b e h igher , say, C*[rj] — 3 -5 . 

F o r r o d p o l y m e r s , the c oncept o f o v e r l a p corresponds to the c o n 
centrat ion w h e r e the n u m b e r dens i ty o f rods exceeds 1 / L 3 a n d the rods 
c a n n o l onger rotate f ree ly (33 ,34) , b u t the trans i t ion b e t w e e n the d i lute 
a n d semid i lu te r e g i m e is smoother than w i t h f l ex ib le p o l y m e r s a n d per 
t inent values for C * are st i l l debated . 
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Salt Sens i t iv i ty . A s o u t l i n e d , the H P A M m a c r o m o l e e u l e has a 
s tructura l f l ex ib i l i t y that makes it v e r y sensitive to the i on i c env i ronment . 
C a t i o n s h a v e screening effects o n the electrostatic repuls ions b e t w e e n 
c h a r g e d m o n o m e r s , w h i c h decreases the e x c l u d e d v o l u m e a n d then 
m a c r o m o l e c u l a r s ize . D i v a l e n t ions have a stronger ef fect o n v iscos i ty 
than m o n o v a l e n t ions (35) a n d c a n l e a d to the p r e c i p i t a t i o n o f H P A M 
h a v i n g a h i g h h y d r o l y s i s degree , r (36-38). Neverthe less , w h e n m o n o 
va lent ions or an excess o f d iva l ent ions is a d d e d , p o l y m e r redisso lut ion 
is o b s e r v e d (38). M o r e o v e r , f or a g i v e n r va lue , c o p o l y m e r s o f a c r y l a 
m i d e a n d a c r y l i c a c i d , w h i c h have a m o r e sequenced micros truc ture , are 
less stable i n the presence of d iva lent cations than h y d r o l y z e d p o l y m e r s 
(39) a n d increas ing temperature promotes p o l y m e r p r e c i p i t a t i o n (40). 

T h e v i s cos i ty o f s e m i r i g i d xanthan molecu les is m u c h less sensit ive 
to the presence o f ions except i n v e r y l o w sal inity range, b u t its so lub i l i ty 
also decreases as p H decreases or sal in i ty increases (15). 

M a c r o m o l e c u l e s N e a r an Inter face . I n the v i c i n i t y o f a s o l i d - l i q u i d 
inter face , the propert ies o f a p o l y m e r so lut ion are strongly m o d i f i e d 
c o m p a r e d to the propert ies exh ib i t ed i n u n b o u n d e d solutions. 

N e a r a noninteract ive w a l l such as a nonadsorbent so l id surface, 
m a c r o m o l e e u l e centers of mass are ster ical ly e x c l u d e d f r o m the w a l l v i 
c i n i t y . T h i s p h e n o m e n o n , w h i c h has b e e n theoret i ca l ly p r e d i c t e d u n d e r 
static c ond i t i ons f o r b o t h f l ex ib l e (41) a n d r o d l i k e (42) p o l y m e r s , leads 
to a d e p l e t i o n layer at the s o l i d inter face . I n p o l y m e r f l ows through p o r 
ous m e d i a , this d e p l e t i o n layer produces t w o m a i n effects: (1) T h e 
p o l y m e r so lut ion v i scos i ty i n nonadsorbent porous m e d i a is l o w e r than 
i n u n b o u n d e d solutions (43). (2) T h e exc lus ion o f macromolecu les f r o m 
the s lowest s t ream l ines near the w a l l induces a m e a n p o l y m e r v e l o c i t y 
h igher than the solvent v e l o c i t y ; this p o l y m e r v e l o c i t y increases w i t h 
m a c r o m o l e c u l a r d imens ions , a n d , thus, c h r o m a t o g r a p h i c size f rac t i ona 
t i on occurs (44). T h e i m p l i c a t i o n s o f these t w o effects are a n a l y z e d i n 
the next sect ion. 

M o l e c u l a r W e i g h t D i s t r i b u t i o n . V e r y f e w techniques are e f fect ive 
f or d e t e r m i n i n g the m o l e c u l a r w e i g h t d i s t r i b u t i o n of p o l y m e r s used for 
E O R processes. G P C w a s f o u n d to f a i l (45, 46) w h e n a p p l i e d to the 
charac te r i za t i on o f v e r y large m a c r o m o l e c u l e s because h y d r o d y n a m i c 
forces or ient a n d d e f o r m such molecu les a n d thus d i s turb steric e x c l u 
s ion mechanisms . 

D i r e c t observat i on of m a c r o m o l e c u l e s b y e lec tron m i c r o s c o p y (47) 
or measurement o f s ed imentat i on coef f i c ients (48, 49) c a n g ive the 
m o l e c u l a r w e i g h t d i s t r i b u t i o n o f such p o l y m e r s , b u t these methods are 
m a i n l y ana ly t i ca l a n d cannot b e used to p repare p o l y m e r fract ions. 

A n e w c h r o m a t o g r a p h i c technique , c o m m o n l y c a l l e d h y d r o d y n a m i c 
c h r o m o t o g r a p h y a n d b a s e d o n the exc lus ion of suspended part ic les f r o m 
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the s lowest s t ream lines near the p o r e w a l l , was d e v e l o p e d for p ro te in 
(50) a n d latex (51-54) s ize de te rminat i on . P r u d ' h o m m e et a l . (55) a p 
p l i e d this t e chn ique to h y d r o s o l u b l e p o l y m e r f ract ionat ion , b u t the e f f i 
c i e n c y of the s ize separat ion o b s e r v e d w a s p o o r because of the too h i g h 
f l o w rates used i n these exper iments . A s tudy of the in f luence o f shear rate 
a n d p o l y m e r concentra t i on o n xanthan f rac t ionat ion b y h y d r o d y n a m i c 
c h r o m a t o g r a p h y w a s recent ly r e p o r t e d (44). S m a l l slugs of xanthan so lu 
tions w e r e in j e c ted t h r o u g h a porous m e d i u m c o m p o s e d of s i l i c i u m car 
b i d e ( S i C ) part i c les . T h e e f f i c i ency of the f rac t ionat ion is d i s p l a y e d at 
the outlet o f the porous m e d i u m (Figures 1 a n d 2) b y the strong 
decrease of the intr ins i c v i s cos i ty o f xanthan fract ions as the e lut ion 
v o l u m e increases. T h e results s h o w that the exper imenta l condi t ions 
necessary for o b t a i n i n g an ef f ic ient separat ion are qu i te severe: (1) v e r y 
l o w shear rates i n o rder to prevent any shear - induced m a c r o m o l e e u l e 
or ientat ion ( F i g u r e 1) a n d (2) p o l y m e r concentrat ion l o w enough to m i n 
i m i z e v iscous f i n g e r i n g at the t r a i l i n g edge o f the in jec ted p o l y m e r peak 
( F i g u r e 2). U n d e r these cond i t i ons , the c o m p l e t e m o l e c u l a r w e i g h t d i s 
t r ibut ions o f t w o X C P S samples a n d their p o l y d i s p e r s i t y indexes c o u l d b e 
d e t e r m i n e d ( F i g u r e 3). 

M o r e recent ly , an o r i g i n a l size f ract ionat ion technique (56) based on 
the f l o w rate d e p e n d e n t f i l t ra t i on o f m a c r o m o l e c u l e s t h r o u g h n o n a d 
sorbent c a l i b r a t e d pores h a v i n g a rad ius r smal ler than their rad ius o f 
g y r a t i o n , R G , was f o u n d to b e p r o m i s i n g i n ob ta in ing H P A M fract ions. 

Figure 1. Influence of shear rate on XCPS chromatographic fractionation. 
Reproduced from reference 44. Copyright 1984 American Chemical 

Society. 
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Figure 2. Influence of polymer concentration on XCPS chromatographic 
fractionation. Reproduced from reference 44. Copyright 1984 American 

Chemical Society. 

Figure 3. Molecular weight distribution of two XCPS samples. Repro
duced from reference 44. Copyright 1984 American Chemical Society. 
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Figure 4. Fractionation of HPAM by flow rate dependent filtration. Re
produced with permission from reference 56. Copyright 1984 Editions 

Technip. 

A s a n e x a m p l e , the curves i n F i g u r e 4 s h o w that the v i s c o m e t r i c rad ius 
o f g y r a t i o n , RGV, o f the samples c o l l e c t e d at the outlet o f the porous 
m e m b r a n e increases w i t h the shear rate, y. H o w e v e r , this t e chn ique is 
s t i l l t i m e c o n s u m i n g , a n d t e c h n i c a l i m p r o v e m e n t s are i n progress to 
reduce e x p e r i m e n t a l t i m e . 

Charac ter i s t i c s o f P o l y m e r Samples U s e d . T h e t w o samples used 
i n the exper iments w e r e charac te r i zed under our s tandard condi t i ons , 
that is , 0 = 30 ° C , p H 8, a n d 5 g / L N a C l for X C P S a n d 0 = 30 ° C , p H 8, 
a n d 20 g / L N a C l for H P A M . T h e m a i n characterist ics o f the p o l y m e r s 
are g i v e n i n T a b l e I . 

Rheological Properties 
T h e v e l o c i t y f i e l d ins ide porous structures is c o m p l e x even under n o n -
iner t ia l l a m i n a r f l o w cond i t i ons , w h i c h p r e v a i l ins ide a n o i l reservoir . 
M a c r o m o l e c u l e s are subjected to b o t h shear a n d extensional stresses. 

Table I . Polymer Characteristics 

R G R H 
Polymer I P 

(cm3/g) (cm2/g) (nm) (nm) (nm) 

H P A M 0 7.5 X 106 2.1 3800 1.4 X 10"8 240 200 150 
X C P S b 1.8 X 106 1.4 4300 2.4 X 10~8 170 — 115 

ar m. 
bThe degree of substitution of pyruvate is 1. 
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T h u s , the r h e o l o g i c a l charac ter i zat i on o f the p o l y m e r solutions to b e 
used i n E O R processes must i n c l u d e the d e t e r m i n a t i o n o f their v i s cos i ty 
i n b o t h shear a n d extensional f l ows . 

V i s c o s i t y i n Shear F l o w s . V I S C O S I T Y V E R S U S S H E A R R A T E A N D 

P O L Y M E R C O N C E N T R A T I O N . Shear v iscos i ty c a n easi ly b e d e t e r m i n e d b y 
us ing a c o a x i a l - c y l i n d e r v i s cometer des igned for v e r y l o w shear rate m e a 
surements. F o r better a c curacy , m a i n l y for d i lute solutions, spec ia l c a p i l 
l a r y v i scometers p r e v i o u s l y d e s c r i b e d (43) m a y also b e used . T y p i c a l 
curves o f re la t ive shear v i s cos i ty versus shear rate p l o t t e d i n l o g - l o g coor 
dinates are s h o w n i n F i g u r e 5 for the X C P S sample d i sso lved i n salted w a t e r 
u n d e r cond i t i ons (0.1 M N a C l a n d 0 = 30 ° C ) w h e r e m a c r o m o l e c u l e s 
assume an o r d e r e d c o n f o r m a t i o n (43). O v e r the concentrat i on range 
tested, the curves h a v e a s tandard shape. A s the shear rate increases, the f o l 
l o w i n g o c cur : (1) A N e w t o n i a n r e g i m e , i n w h i c h re lat ive v i scos i ty is i n d e 
pendent o f shear rate , y, a n d e q u a l to the zero shear rate re lat ive v iscos i ty , 
iyr,o, is f o u n d . I n this shear-rate range , b o t h c o n f o r m a t i o n a n d or ientat ion o f 
m a c r o m o l e c u l e s are unaf fec ted b y shearing forces a n d ent ire ly g o v e r n e d 
b y B r o w n i a n m o t i o n . (2) A transit ion zone , charac te r i zed b y a c r i t i c a l shear 
rate e q u a l to the inverse o f a rotat ional re laxat ion t i m e , r f , o f the so lut ion 
(57) is revea led . (3) A shear - th inning r e g i m e , i n w h i c h re lat ive v iscos i ty 
decreases w i t h shear rate a c c o r d i n g to a p o w e r l a w w h o s e exponent 2 m is 
negat ive , is d e t e r m i n e d . 

Figure 5. Viscosity vs. shear-rate curve for various polymer rates (XCPS). 
Reproduced with permission from reference 43. Copyright 1982 Society of 

Rheology. 
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O v e r the shear-rate range tested, the exper imenta l data f it v e r y w e l l 
i n C a r r e a u et al. 's (57) m o d e l A . 

rjr = W [ l + (rryf]m (15) 

M o r e o v e r , the p lots o f the var iat ions o f the three parameters rjr,o, rr, 
a n d m versus p o l y m e r concentrat ions (see re ference 43) are used to 
d e r i v e a n a n a l y t i c a l equat i on that gives shear v iscos i ty as a func t i on of 
shear rate f or any p o l y m e r concentrat ions u p to C[rj] — 10. 

I N T R I N S I C V I S C O S I T Y A N D M A C R O M O L E C U L A R D I M E N S I O N S . T h e 

in t r ins i c v i s cos i ty c a n b e d e t e r m i n e d at d i f f erent shear rates b y ex t rapo la 
t i o n , at zero p o l y m e r c o n c e n t r a t i o n , o f the curves o f r e d u c e d spec i f i c 
v i s cos i ty (rjr — l)/C ( F i g u r e 6) . T h i s extrapo lat ion i n the N e w t o n i a n system 
is v a l i d o n l y at l o w p o l y m e r concentrat ions w h e r e the curves o f (r\r — 1)/C 
versus C are straight l ines , that is, f or C < C * . A s expec ted , this l inear i ty 
is l i m i t e d to the c o n c e n t r a t i o n sys tem w h e r e the S i m h a o v e r l a p p a r a m e 
ter C[n]o is less than 0.7. A s a consequence , su f f i c i ent ly numerous a n d 
accurate exper imenta l points are n e e d e d i n this concentrat ion range. 

T h e m e a n m a c r o m o l e c u l a r d imens ions of the xanthan s a m p l e used 
w e r e f irst e s t imated (43) f r o m the va lues o f the intr ins i c v i s cos i ty , 
[rj]o = 4300 c m 3 / g , a n d the c h a i n d i a m e t e r , d = 20 A , b y us ing equations 7 
a n d 8, that is, b y assuming the m o l e c u l e is a r i g i d r o d . T h e equiva lent l ength , 
Leqy was f o u n d e q u a l to 0.82 /xm. M o r e real ist ic ca lculat ions (8) based o n 
the w o r m l i k e c h a i n m o d e l gave a m e a n e n d - t o - e n d d is tance e q u a l to 0.55 
jum for a contour length o f 2 jum. 

Figure 6. Reduced specific viscosity as a function of shear rate (XCPS). 
Reproduced with permission from reference 43. Copyright 1982 Society of 

Rheology. 
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Figure 7. Experimental and theoretical variations of reduced intrinsic vis
cosity vs. reduced shear rate (XCPS). Key: experiments; and —, rod 
theory. Reproduced with permission from reference 43. Copyright 1982 

Society of Rheology. 

S H E E R - R A T E D E P E N D E N C E O F I N T R I N S I C V I S C O S I T Y . T h e shear-
rate d e p e n d e n c e of intr ins ic v i scos i ty is a character ist ic o f b o t h r i g i d i t y a n d 
c o n f o r m a t i o n o f macromo lecu les . T h e results o f the n u m e r i c a l calculat ions 
(25) b a s e d o n the Saito m o d e l (58) f or r i g i d rods w e r e used to p l o t ( F i g 
ure 7, dashed l ine) the theoret i ca l intr ins ic v i scos i ty as a func t i on of 
d imensionless shear rate a = y/Dr, w h e r e Dr is the rotat ional d i f fus i on 
coe f f i c i ent d e t e r m i n e d b y equat i on 12. T h e shear-rate d e p e n d e n c e at h i g h 
shear rates, 2 m = —0.44, is qu i te c lose to the theoret i ca l va lue (25) for 
r i g i d rods . T h e d i f f e rence o b s e r v e d at the onset of shear-rate d e p e n 
dence c a n be e x p l a i n e d b y the overest imat ion of D R ca l cu la ted b y us ing 
the r i g i d - r o d m o d e l . A m o r e real is t i c va lue of Dr b a s e d o n the w o r m l i k e 
c h a i n m o d e l w o u l d g ive a better agreement b e t w e e n theoret ical a n d 
exper imenta l curves . 

S H E A R - R A T E D E P E N D E N C E O F C O N C E N T R A T I O N R E G I M E . U n d e r 

di lu te condi t ions ( C « C * ) , the most usual in termolecu lar interact ion 
parameter is the H u g g i n s constant , kf, w h i c h is d e f i n e d as the second -
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order t e r m coef f ic ient i n the equat ion l i n k i n g v iscos i ty a n d concentrat ion : 

T h e v a l u e o f k! c a n b e c a l c u l a t e d f r o m the slopes o f the curves o f 
(rjr — 1 ) / C versus C. T h e v a r i a t i o n o f kf va lues versus shear rate is p l o t t e d 
i n F i g u r e 8. T h e v a l u e o b t a i n e d i n the N e w t o n i a n sys tem, k' = 0.44, is c lose 
to the theoret i ca l v a l u e , k' = 0.4, e x p e c t e d for p o l y m e r s w i t h o u t any 
spec i f i c interact ions i n the f r ee -dra in ing case (59-61). A t h igher shear 
rates, h y d r o d y n a m i c forces i n d u c e an or ientat ion of m a c r o m o l e c u l e s 
a l o n g s tream l ines, a n d this or ientat ion decreases in termolecu lar interac 
t ions ; thus, k' decreases as 7 increases. A t y > 2000 s" 1 , no interact ions 
(kf — 0) are d e t e c t e d u p to 2400 p p m . T h i s extens ion o f the d i l u t e sys
t e m u p to r e la t i ve ly h i g h p o l y m e r concentrat ions is also e x p e c t e d i n 
p u r e l y s t re tch ing f l o w s , w h i c h also i n d u c e pre f e rent ia l m a c r o m o l e e u l e 
or ientat ion a l o n g s tream l ines. 

I N F L U E N C E O F P O L Y M E R C O N F O R M A T I O N . V e r y s imi lar results_were 

o b t a i n e d re cent ly (62,63) f o r a n u n h y d r o l y z e d p o l y (acry lamide ) ( M w — 
4.5 X 1 0 6 a n d Ip = 2.1), the c h a i n o f w h i c h is f l ex ib le . T h e same 

rir = 1 + C[rj] + fc'C2W |2 (16) 

k' 
0.5-

02-

03-

0 4 -

01-

0 
10 f (see-') 

Figure 8. Shear-rate dependence of the Huggins constant (XCPS). Repro
duced with permission from reference 43. Copyright 1982 Society of 

Rheology. 
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m e t h o d of analysis was used to ca lculate the m a i n characterist ics o f the 
m a c r o m o l e e u l e i n so lut ion w i t h equations 1 a n d 10. T h e intr ins ic v iscos 
i t y w a s f o u n d to decrease m u c h m o r e s l o w l y w i t h shear rate than f o r 
r i g i d rods , a n d the extension of the d i lute sys tem as shear rate increases 
is not so drast ic as w i t h a stiff mo le cu le such as xanthan. 

V i s c o s i t y i n P a r t l y E l o n g a t i o n a l F l o w s . M a n y studies have sug
gested that the p a r t l y e longat iona l nature of f l o w s t h r o u g h porous m e d i a 
was the source o f the t h i c k e n i n g b e h a v i o r (i.e., the increase i n v iscos i ty 
as the f l o w rate increases) o b s e r v e d at h i g h d e f o r m a t i o n rates. T h i s 
hypothes is was recent ly s u p p o r t e d b y studies b o t h i n porous m e d i a 
(64-65), a n d i n c a p i l l a r y systems (66-68) a n d thus the c lose re la t i on 
b e t w e e n the t h i c k e n i n g b e h a v i o r o b s e r v e d i n porous m e d i a a n d i n m o r e 
s i m p l e m o d e l s h a v i n g an e longat ional character is n o w wel l -es tab l i shed . 
Because exper iments i n such m o d e l s are m u c h less t i m e c o n s u m i n g a n d 
g ive results that are m o r e r e p r o d u c i b l e a n d easier to interpret than those 
c a r r i e d out i n porous m e d i a , these exper iments can b e used as a select ion 
m e t h o d f o r E O R p o l y m e r s . M o s t o f the exper iments w e r e c a r r i e d out w i t h 
H P A M , b u t a c o m p a r i s o n w i t h X C P S was also m a d e . 

F L O W - T H R O U G H C A P I L L A R I E S . A f l u i d f l o w i n g through a c y l i n d r i c a l 
c a p i l l a r y exper iences p u r e shear stresses ins ide the c a p i l l a r y b u t also 
extensional stresses i n b o t h entrance a n d exit zones. T h u s , m e a s u r i n g the 
a p p a r e n t re la t ive v i s cos i ty , rjr (i.e., the rat io b e t w e e n to ta l pressure d r o p 
for p o l y m e r a n d w a t e r f l o w ) , versus w a l l shear rate , y, i n capi l lar ies 
h a v i n g the same d i a m e t e r b u t d i f f erent lengths is a s i m p l e w a y to 
s tudy the b e h a v i o r i n e longat ional f l ows . T h e c a p i l l a r y d iameter must 
b e s m a l l e n o u g h to r e m a i n i n the n o n i n e r t i a l r e g i m e o v e r the shear 
range tested i n o rder to ob ta in data representative o f reservoir c o n d i 
tions. T h e results o f such exper iments are s h o w n i n F i g u r e 9. 

A t l o w a n d m e d i u m shear rates b e l o w a c r i t i c a l v a l u e o f y, t e r m e d 
7*, the apparent v i s cos i ty is p r a c t i c a l l y e q u a l to re lat ive shear v i scos i ty 
a n d i n d e p e n d e n t o f c a p i l l a r y l ength . T h i s f i n d i n g means that i n this 
shear-rate range the v i s cos i ty i n the e longat iona l parts o f f l o w , that is , i n 
the in let a n d outlet o f the cap i l lar ies , is near ly e q u a l to the T r o u t o n v i s 
cos i ty ; the ef fect is a neg l i g ib l e c o n t r i b u t i o n to the tota l end-pressure 
loss. H o w e v e r , b e y o n d 7*, h igh-pressure d r o p s that s t rong ly increase 
w i t h the f l o w rate are o b s e r v e d at the ends of cap i l lar ies ; thus, the 
apparent v iscosit ies increase as the l ength- to -d iameter rat io o f c a p i l l a r y 
decreases ( F i g u r e 9) . T h i s b e h a v i o r has b e e n s h o w n recent ly (66, 68) to 
b e d u e to the e l ongat i on o f m a c r o m o l e c u l e s i n the s tretch ing f l o w s i n 
b o t h the entrance a n d the exit o f capi l lar ies . 

T h e c o i l - s t r e t c h t rans i t ion o f a m a c r o m o l e e u l e i n a n e longat iona l 
f l o w theoret i ca l ly occurs w h e n the p r o d u c t of the stretch rate, e, a n d its 
r e laxa t i o n t i m e , r R , reaches a v a l u e c lose to 1 (69, 70). A s the m o l e c u l e 
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100 

HPAM,340ppm 
20g/INaCI,pH*8 
9 = 3 0 ° C 

Shear viscosity 
Apparent viscosity 

2r»0.2mm 

•380 

•770 

10' K)5 10* 10»f 

Figure 9. Effective viscosity in capillaries having different lengths 
(HPAM). Reproduced with permission from reference 67. Copyright 1979 

Elsevier. 

b e c o m e s n e a r l y f u l l y e x t e n d e d i n the f l o w d i r e c t i o n , a h i g h extensional 
v i scos i ty increas ing as the square of its l ength is expec ted (71). H o w e v e r , 
a large extension o f the m a c r o m o l e e u l e a n d consequent ly a h i g h 
extensional v i scos i ty are o b t a i n e d on ly i f the m a c r o m o l e e u l e is subjected 
to this h i g h stretch rate, e, d u r i n g a t i m e t su f f i c ient ly l o n g to achieve this 
e longat ion , it > a, w h e r e a — 4 f or h i g h weight -average m o l e c u l a r 
we ights . T h i s second c o n d i t i o n was p r e d i c t e d theoret ica l ly (70) a n d 
s t u d i e d e x p e r i m e n t a l l y i n p u r e e l ongat iona l f l o w s (72). B o t h cond i t i ons 
are f u l f i l l e d at the entrance o f the cap i l lar ies at h i g h stretch rates ( e r R > 1) 
w h e n the c o n t r a c t i o n ra t i o R/r at the entrance is h i g h e n o u g h (et> a). 
F o r instance , f o r constant stretch rate f l o w s , the p r o d u c t et is e q u a l to 
2 l n ( R / r ) (73). 

E F F E C T S O F G E O M E T R I C F A C T O R S O N T H I C K E N I N G B E H A V I O R . B e 

cause the b e h a v i o r is t h i c k e n i n g o n l y i n e longat iona l parts o f the f l o w , the 
effects o f the cont rac t i on ra t i o , R / r , o n the length o f entrance, L , a n d o n the 
n u m b e r o f contract ions w e r e tested i n c y l i n d r i c a l m o d e l s ( F i g u r e 10) 
h a v i n g the same l o w va lue o f the length-to-radius rat io , l/r = 10. I n 
F i g u r e 10, the apparent re lat ive v i scos i ty has b e e n p l o t t e d as a f u n c t i o n 
o f the w a l l shear rate , y c a l c u l a t e d b y the equat i on y = 4Q/irr3, w h e r e 
Q is the f l o w rate a n d r is the c a p i l l a r y rad ius . T h e curves s h o w the 
f o l l o w i n g : (1) the onset o f t h i c k e n i n g b e h a v i o r (y ~ 1500 s" 1 ) is the 
same i n the three mode l s a n d corresponds to the onset observed i n c a p i l 
laries h a v i n g a greater l ength- to -d iameter rat io (F igure 9) or h a v i n g a 
p r o f i l e d entrance (67). T h i s result is not surpr i s ing because the m a x i -
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m u m e longat iona l rate , e, w h i c h determines m a c r o m o l e e u l e e longat ion , 
is l o c a t e d o n the centra l s t ream l ine a n d thus does not d e p e n d o n the 
exact entrance shape. (2) T h e m a g n i t u d e o f t h i c k e n i n g b e h a v i o r at the 
highest shear rates increases w i t h the contrac t i on rat io as expected . (3) 
T h e existence o f successive contract ions gives a sharper increase i n 
apparent v i s cos i ty just b e y o n d the c r i t i c a l shear rate , 7*. T h i s p h e n o m e 
n o n is d u e to the fact that, i n such a m o d e l , the m a c r o m o l e e u l e p a r t i a l l y 
e l ongated i n the first contrac t i on is not c o m p l e t e l y re laxed u p o n a r r i v i n g 
i n the second contrac t i on . T h e macromolecu le ' s e longat ion is further 
increased i n the second contrac t i on ; a h igher v iscous d iss ipat ion results. 
T h i s ef fect w a s recent ly s tud ied i n de ta i l (74). A s imi lar ef fect of succes
s ion occurs i n porous m e d i a f l o w s . (4) T h e apparent v i scos i ty tends, at 
the highest d e f o r m a t i o n rates, t o w a r d a constant va lue that depends o n 
geometr i c shape. T h i s p lateau va lue p r o b a b l y means that the m a x i m u m 
elongat ion of the m a c r o m o l e e u l e for this geometry has been reached . 

E F F E C T S O F P O L Y M E R C O N C E N T R A T I O N A N D S O L U T I O N S A L I N I T Y . 

These effects w e r e invest igated i n the m o d e l consist ing o f 45 successive ele
ments ( F i g u r e 10). T h e effects o f p o l y m e r concentrat i on are s h o w n i n 
F i g u r e 11: (1) T h e apparent viscosit ies are e q u a l to re lat ive shear v i s 
cosities b e l o w 7*; this f i n d i n g c o n f i r m s the results i n F i g u r e s 9 a n d 10. 
(2) T h e c r i t i c a l shear rate , 7*, decreases s l ight ly as the p o l y m e r c o n c e n 
t ra t i on increases, so that the p r o d u c t 7 * T R , w h e r e TR is the R o u s e re laxa 
t i o n t i m e (equat ion 11), is near ly constant a n d e q u a l to 10. (3) T h e 

i - l — 1 . 1 , 1 , i i 101
 K>2 X ) 3 104 

WALL SHEAR RATE ,s-i 

Figure 10. Effects of some geometric factors on thickening behavior in 
various models (HPAM). Reproduced with permission from reference 65. 

Copyright 1981 Society of Petroleum Engineers. 
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HPAM,20g/l No CI 

» H * 8 t 6 - 3 0 9 C 
c(ppm) 
-1360 

680 
340 

170; 
85 

WALL SHEAR RATE.S"' 

Figure 11. Effects of polymer concentration of thickening behavior in a 
model including successive constrictions (HPAM). Reproduced with per

mission from reference 67. Copyright 1979 Elsevier. 

a p p a r e n t v i s cos i ty at the highest y tends t o w a r d s t a b i l i z e d values that 
increase v e r y s l o w l y w i t h p o l y m e r concentrat ion . 

T h e in f luence o f so lut ion sa l in i ty , w h i c h changes repuls ions b e t w e e n 
c h a r g e d groups a n d thus the static c o n f o r m a t i o n o f m a c r o m o l e c u l e s , is 
s h o w n i n F i g u r e 12. (1) T h e c r i t i c a l shear rate , 7*, decreases as sa l in i ty 
decreases, b u t the p r o d u c t 7 * T R is a l w a y s a p p r o x i m a t e l y constant a n d 
c lose to 10. (2) T h e d i v e r g e n c e f r o m shear - th inning b e h a v i o r b e y o n d 7* 

b e c o m e s sharper as sa l in i ty increases as expec ted . I n d e e d , the c o i l -
stretch t rans i t ion causes a h igher c o n f o r m a t i o n a l change at h i g h sa l in i ty 
because the c o i l is then w e a k l y e x p a n d e d . (3) T h e apparent viscosit ies 
t e n d t o w a r d a s y m p t o t i c va lues that d e p e n d o n l y s l ight ly o n sa l in i ty at 
the highest d e f o r m a t i o n rates. T h i s observat ion means that the viscous 
d i ss ipat ion o n e longated m a c r o m o l e c u l e s does not d e p e n d o n sal inity . 
I n d e e d , the end-pressure d r o p s , w h i c h are re la ted to extensional v iscos 
i t y , w e r e d e d u c e d f r o m these d a t a a n d w e r e f o u n d to b e insensi t ive to 
sal inity . 

EFFECTS OF POLYMER CONFORMATION. T h e b e h a v i o r o f X C P S so lu 
t i on i n the same m o d e l i n c l u d i n g successive contract ions (F igure 13) is q u a l 
i ta t i ve ly s i m i l a r to that o b s e r v e d w i t h p o l y ( a c r y l a m i d e s ) . T h e apparent 
v iscos i ty b e c o m e s h igher than shear v iscos i ty b e y o n d a c r i t i c a l shear 
rate, b u t this t h i c k e n i n g b e h a v i o r i n the e longat ional parts o f the f l o w is 
v e r y sl ight. S u c h a result is qu i te consistent w i t h the interpretat ion o f the 
t h i c k e n i n g b e h a v i o r b y the f l o w - i n d u c e d e longat ion of m a c r o m o l e c u l e s . 
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10° I0 1 I0 8 10 s I0 4 

WALL SHEAR RATE, s - ' 

Figure 12. Influence of salinity on thickening behavior in a model includ
ing successive constrictions (HPAM). Reproduced with permission from 

reference 67. Copyright 1979 Elsevier. 

Figure 13. Effective viscosity in a model including successive constrictions 
(XCPS). Reproduced with permission from reference 43. Copyright 1982 

Society of Rheology. 
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I n d e e d , the e l ongat i ona l v i s cos i ty of a f u l l y ex tended c h a i n is p r o p o r 
t i o n a l to the square o f the contour l ength (71), a n d this contour l ength is 
about 10 t imes smal ler for X C P S than for H P A M . 

M e c h a n i c a l D e g r a d a t i o n i n E l o n g a t i o n a l F l o w s . T h e m e c h a n i c a l 
degradat i on of a n o n h y d r o l y z e d p o l y ( a c r y l a m i d e ) so lut ion w a s s tud ied 
i n cap i l lar ies o f d i f f erent lengths b y us ing a mul t ipass system (75). T h e 
m a i n results o f this s tudy w e r e that d i lu te solutions are not d e g r a d e d i n 
shear f l o w s a n d that d e g r a d a t i o n occurs o n l y i n the entrance o f c a p i l l a r 
ies f o r 7 > 7* w h e n the extens ional forces exer ted o n e l ongated m a c r o 
molecules b y the w a t e r surpass the C-C b o n d strength. 

Flow Behavior In Porous Media 
T h e rheo log i ca l b e h a v i o r o f p o l y m e r solutions i n porous m e d i a is 
e x p e c t e d to d i f f e r f r o m that o b s e r v e d i n c a p i l l a r y systems consist ing i n a 
series o f constr ict ions a n d expansions for t w o m a i n reasons: (1) the geo
m e t r i c shape is m u c h m o r e c o m p l e x a n d (2) the d i m e n s i o n of m a c r o 
molecu les c a n b e c o m e nonneg l i g ib l e c o m p a r e d to p o r e size, m a i n l y i n 
l o w p e r m e a b i l i t y porous m e d i a , w h i c h invo lves an ef fect of p o r e w a l l 
d e p l e t i o n for nonadsorbent m e d i a a n d m o d i f i c a t i o n s of f l o w due to the 
a d s o r b e d l a y e r thickness f or adsorbent ones. So that any p e r t u r b i n g 
d i m e n s i o n a l ef fect c o u l d b e p r e v e n t e d , the in f luence o f geometr i ca l 
shape o f pores was s tud ied i n porous m e d i a w i t h pores v e r y large c o m 
p a r e d to m o l e c u l a r size. 

F l o w - T h r o u g h P o r o u s M e d i a H a v i n g L a r g e P o r e s . Because o f the 
c o m p l e x i t y o f the shape o f pores a n d their arrangement , the m e a n va lue 
o f w a l l shear rate , yPT, i n the p o r e throats o f a porous m e d i u m that 
corresponds to the w a l l shear rate i n c a p i l l a r y systems d e s c r i b e d p r e 
v i o u s l y must be e x p e r i m e n t a l l y d e t e r m i n e d b y f i t t ing the onset of shear-
rate d e p e n d e n c e i n b o t h c a p i l l a r y v iscometers a n d porous m e d i a . F o r 
glass b e a d p a c k s , an exper imenta l equat i on was establ ished (43): 

yPT = 1.7 X 4v(8k<p-l)~°-5 (17) 

v is the f r onta l v e l o c i t y , k is the p e r m e a b i l i t y a n d <p is the poros i ty . T h u s , 
JPT is about 2.45 t imes h i g h e r than the m e a n v a l u e o f the shear rate , ym, 
c o m m o n l y used for glass b e a d packs : 

7m = 2 u ( 2 T M - ° - 5 = 4v(8kT/<p)- 0 5 (18) 

v is the D a r c y v e l o c i t y a n d T is the tortuosi ty , w h i c h is e q u a l to 25:12 for 
sphere packs . 

Be fore the f l o w o f p o l y m e r solutions through stochastic porous 
m e d i a is s tud ied , their b e h a v i o r i n the t w o glass-bead arrangements w i t h 
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three a n d four beads s h o w n i n F i g u r e 14 a n d p r e v i o u s l y suggested i n 
re ference 76 s h o u l d b e d e s c r i b e d . W h e n the p o l y m e r so lut ion f l ows 
t h r o u g h the t r i c u s p i d tr iangle f o r m e d b y the first three beads , the onset 
o f t h i c k e n i n g b e h a v i o r is o b s e r v e d at a c r i t i c a l shear rate , 7* — 1500 s - 1 , 
e q u a l to that f o u n d i n the c a p i l l a r y systems; this result con f i rms the fact 
that entrance shape is not a d e t e r m i n i n g factor . H o w e v e r , w h e n a f o u r t h 
b e a d is a d d e d u p s t r e a m f r o m the three prev ious beads , the c r i t i c a l shear 
rate is near ly 150 s - 1 , that is , about 10 t imes less. T h e e longat ion of m a c -
romolecu les , w h i c h explains the t h i c k e n i n g behav ior , cannot occur i n the 
entrance o f the three u p s t r e a m openings because the d e f o r m a t i o n rates 
are m u c h too l o w (7 ~ 50 s " 1 ) . H o w e v e r , the presence o f b e a d 4 creates 
a f l o w - i n d u c e d d e f o r m a t i o n of m a c r o m o l e c u l e s that is not c o m p l e t e l y 
r e l a x e d w h e n the m a c r o m o l e c u l e s a r r ive i n the entrance o f the o p e n i n g 
1-2-3 . T h e i r re laxat ion t ime is thus increased ; this effect makes poss ib le 
a c o i l - s t r e t c h transi t ion i n o p e n i n g 1-2-3 at a m u c h l o w e r d e f o r m a t i o n 
rate (7 = 150 s" 1) w i t h the b e a d 4 than w i t h o u t b e a d 4 (7 = 1500 s" 1 ) . 

T h e same m e c h a n i s m of p r e d e f o r m a t i o n of m a c r o m o l e c u l e s is 
thought to e x p l a i n w h y the t h i c k e n i n g b e h a v i o r is observed i n porous 
m e d i a at shear rates ( ca lculated b y equat ion 17) such as em — 1, that is, 

1 0 

1 0 2 1 0 3 

SHEAR RATE s"1 

1 0 A 

Figure 14. Thickening behavior in two different glass-bead arrangements 
(HPAM). Copyright 1984 Editions Technip. 

American Chemical Society 
Library 

1155 16th St., M.W. 
Washington, DC 20036 
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about 10 t imes less than i n the c a p i l l a r y m o d e l w i t h successive constr ic 
t ions ( F i g u r e 15). I n d e e d , i n this m o d e l as i n the entrance of capi l lar ies , 
the m a c r o m o l e c u l e s arr ive i n the c o n v e r g i n g sect ion w i t h o u t any 
p r e d e f o r m a t i o n . 

T h u s , the t h i c k e n i n g b e h a v i o r is e x p e c t e d i n porous m e d i a for 
values o f the p r o d u c t era m u c h less than 1. T h e c r i t i c a l va lue o f e m , 
w h i c h is a r o u n d 0.1 for g lass-bead p a c k s , depends o n the p o r e structure 
shape, w h i c h creates the p r e d e f o r m a t i o n o f macromolecu les . 

These exper imenta l results c l ear ly s h o w that the t h i c k e n i n g b e h a v i o r 
i n porous m e d i a is d u e to the e longat ion o f macromo le cu les a n d c a n be 
p r e d i c t e d f r o m the R o u s e re laxat ion t i m e a n d the g e o m e t r i c a l shape o f 
the porous m e d i a . 

F l o w - T h r o u g h N o n a d s o r b e n t S m a l l P o r e s . A n in f luence o f p o r e 
s ize o n the a p p a r e n t v i s cos i ty of p o l y m e r solutions f l o w i n g t h r o u g h p o r 
ous m e d i a h a v i n g s m a l l pores is expec ted f r o m the effects o f b o t h d e p l e t e d 
a n d a d s o r b e d layers . S m a l l pores refer to situations w h e r e the character 
ist ic s ize o f the m a c r o m o l e c u l e is not neg l i g ib l e w i t h respect to the s ize 
o f the pores [ R G > 0.02r] . 

G e t t i n g accurate a n d representat ive d a t a o n f l o w t h r o u g h porous 
m e d i a h a v i n g s m a l l pores is a s o m e w h a t de l i cate p r o b l e m . Precaut ions 
m u s t b e t a k e n to a v o i d art i facts such as those caused b y the presence o f 
e v e n s m a l l amounts o f aggregated m a c r o m o l e c u l e s (77). These so - ca l l ed 
mic roge l s c a n p a r t i a l l y p l u g a porous m e d i u m a n d g ive anomalous ly 
h i g h a p p a r e n t v iscos i t ies m a i n l y at l o w shear rate ( c o m p a r e Se lec t i on o f 
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Figure 15. Comparison of rheological behavior in a glass-bead pack and in 
a model including successive constrictions (HPAM). Reproduced with 
permission from reference 65. Copyright 1981 Society of Petroleum 

Engineers. 
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P o l y m e r s f o r E O R ) . T h e m i c r o g e l s c a n b e r e m o v e d f r o m solutions b y a 
v e r y s l o w f i l t ra t i on m e t h o d p r e v i o u s l y d e s c r i b e d (78). D u r i n g the in jec 
t i on of a p o l y m e r so lut ion into an o i l reservoir , the f e w microge l s c o n 
ta ined i n the so lut ion are re ta ined b y adsorpt i on or m e c h a n i c a l entrap 
m e n t i n a zone l o c a t e d a r o u n d the in ject ion w e l l ; this result decreases the 
solution's in j e c t iv i ty . T h e r e f o r e , get t ing data representat ive of the b e 
h a v i o r o f the so lut ion that w i l l ac tua l ly sweep the o i l f r o m the reservoir 
at large d istance f r o m in jec t ion we l l s invo lves p e r f o r m i n g exper iments 
w i t h p e r f e c d y microge l - f ree p o l y m e r solutions (78). 

N E W T O N I A N R E G I M E . T h e f irst exper iments s h o w i n g the effects of 
p o r e size o n the e f fect ive v i scos i ty of p o l y m e r solutions w e r e c a r r i e d out 
w i t h mic roge l - f r ee solutions o f X C P S f l o w i n g through p o l y c a r b o n a t e 
N u c l e p o r e m e m b r a n e s , w h i c h are nonadsorbent a n d have a w e l l - d e f i n e d 
c y l i n d r i c a l shape (43). T h e e f fect ive viscosities i n m e m b r a n e s h a v i n g 
d i f f erent p o r e sizes are c o m p a r e d i n F i g u r e 16 w i t h shear v iscos i ty . In 
the N e w t o n i a n p l a t e a u , the e f f ec t ive v i s cos i ty is a lways less than the 
b u l k v i s cos i ty a n d decreases w i t h p o r e s ize as e x p e c t e d f r o m the effects 
o f a c o n c e n t r a t i o n - d e p l e t e d layer . O f course , such a result is not f o u n d 
for a m e m b r a n e h a v i n g a p o r e d i a m e t e r less than the m o l e c u l a r s ize 
w h e r e m a c r o m o l e c u l e s a c c u m u l a t e u p s t r e a m f r o m the m e m b r a n e . B e 
cause o f the d i f f erent p o r e l ength to p o r e ra t i o , J / r , o f the m e m b r a n e s used , 
the values o f the e f fect ive viscosit ies b e y o n d the N e w t o n i a n p lateau are 
a f f ec ted d i f f e r e n t l y b y the increased v iscous d iss ipat ion i n the entrance 
(cf. F i g u r e 13) a n d thus are d i f f i c u l t to c o m p a r e . H o w e v e r , because the 
effects o f these d i f f e rent l/r o n the apparent v i scos i ty are expec ted to 

Figure 16. Effective viscosity in polycarbonate membranes (XCPS). Repro
duced with permission from reference 43. Copyright 1982 Society of 

Rheology. 
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b e qu i te n e g l i g i b l e i n the N e w t o n i a n p la teau , an ana ly t i ca l m o d e l , f u l l y 
d iscussed i n re ference 43, is p r o p o s e d to p r e d i c t the e f fect ive v iscos i ty i n 
the pore , r j r p , as a f u n c t i o n o f the p o r e rad ius , r , of the d e p l e t e d layer 
thickness , 8, a n d o f p a r a m e t e r p, w h i c h is the rat io o f the b u l k v i scos i ty , 
rjrb, to the m e a n v iscos i ty i n the d e p l e t e d layer , r]rw: 

r\rp = rjrw[l - ( l / p ) ( l - 6 / r ) 4 ] " 1 (19) 

T h e values o f the e f f ec t ive viscosit ies i n the N e w t o n i a n p la teau ( F i g u r e 16) 
are p r e d i c t e d qu i te w e l l b y equat ion 19. 

S i m i l a r results o b t a i n e d w i t h a n H P A M so lut ion (65) are s h o w n i n 
F i g u r e 17. A s e x p e c t e d , e q u a t i o n 19 gives a g o o d f i t o f the e x p e r i m e n t a l 
d a t a at l o w shear rates i n the N e w t o n i a n p lateau. 

SHEAR-THINNING REGIME. T h e effects o f p o r e size o n the ef fect ive 
v iscos i ty o f X C P S solutions, at shear rates b e y o n d the N e w t o n i a n 
r e g i m e , w e r e s t u d i e d i n c a l i b r a t e d glass b e a d packs i n w h i c h p o r e shape 
is s tat ist ical ly h o m o t h e t i c . F i g u r e 18 shows that the effects of pore s ize , 
w h i c h are m a x i m u m a n d e f f e c t i ve ly p r e d i c t e d b y e q u a t i o n 19 i n the 
N e w t o n i a n p la teau , decrease cont inuous ly as the shear rate increases a n d 
v a n i s h at 3000 s - 1 . T h i s b e h a v i o r is d u e to the shear - induced or ientat ion 
o f m a c r o m o l e c u l e s , w h i c h decreases the thickness o f the d e p l e t e d layer 
u p to a qu i te n e g l i g i b l e va lue at 3000 s" 1 . T h e b e h a v i o r o f X C P S so lu 
tions i n q u a r t z i t i c sandstones (79), w h i c h are nonadsorbent f o r X C P S 
i n the l o w sal inity range, is qu i te s imi lar (F igure 19). M o r e o v e r , as d is 
cussed i n references 43 a n d 79, care fu l measurements o f the ef fect ive 
v i s cos i ty versus the shear rate o f a w e l l - k n o w n p o l y m e r i n nonadsorbent 

50 

20 

1 —r 

HPAM 340ppm 
20g/l NaCI,pH=8 
9 = 30°C 
(x) pore diameter intern 
[y] l/r 

1 r 

Shear viscosity 
-•-»*. Apparent viscosity 

- _ 7 " — - — . 
(2.6) , * ~ ~ 

i i , , . . ,. •' 1 
IO5 ' ib' " "To* ib3 ' ib4 
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Figure 17. Effective viscosity in polycarbonate membranes (HPAM). Repro
duced with permission from reference 65. Copyright 1981 Society of 

Petroleum Engineers. 
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Figure 18. Effective viscosity in glass-bead pack (XCPS). Reproduced 
with permission from reference 43. Copyright 1982 Society of Rheology. 
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Figure 19. Effective viscosity in sandstones (XCPS). Reproduced with 
permission from reference 79. Copyright 1981 Elsevier. 

porous m e d i a c a n l e a d to the d e t e r m i n a t i o n o f the e f fec t ive h y d r o d y -
n a m i c d i a m e t e r o f the ir p o r e throats ( F i g u r e 20) a n d o f the ac tua l w a l l 
shear rates i n these p o r e throats. 

EFFECTS OF POLYMER CONCENTRATION. T h e t w o parameters 8 
a n d rjrw, w h i c h are i n c l u d e d i n equat i on 19, w e r e recent ly (80) r e la ted to 
the d imens ions a n d the c o n f o r m a t i o n o f macromolecu les a n d to p o l y m e r 
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2r 
i/JLm) 

50 100 
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Figure 20. Pore throat diameter determination by polymer flow character
istics. Reproduced with permission from reference 79. Copyright 1981 

Elsevier. 

concentra t i on far f r o m the p o r e w a l l , C&, b y us ing the var iat ions o f 
p o l y m e r concentra t i on versus p o r e w a l l d is tance , w h i c h are p l o t t e d i n 
F i g u r e 21 a c c o r d i n g to the pred i c t i ons o f Casassa a n d c o - w o r k e r s 
(81-83) f o r c o i l e d f l ex ib l e chains a n d o f A u v r a y (42) f o r r o d l i k e 
p o l y m e r s . F o r the d i lu te r e g i m e w h e r e the c o i l d imens ions are constant 
(C[TJ]O < 3.5) a n d f o r p o r e d imens ions m u c h larger than p o l y m e r s ize 
(8/r « 1), the f o l l o w i n g equat ion was d e r i v e d : 

Vrb/Vrp = 1 + 4(1 - p)(S/r)Cb[ri]o + 6(1 - f})(82/r2)Cb
2[rj]0

2 (20) 

w h e r e j3 = Cw/Cb is the rat io o f average concentrat ion i n the w a l l l ayer 
to the concentra t i on far f r o m the w a l l a n d 8 a n d r are respect ive ly w a l l 
l ayer thickness a n d p o r e rad ius . T h e values o f 8 a n d /}, d e d u c e d f r o m 
m a c r o m o l e c u l a r propert ies , are respect ive ly 

p » 0.3 a n d 8 = (6/2fRG ^ 1 .24R G ( for flexible coils) (22) 

A s s h o w n i n F i g u r e s 22 a n d 23, the e x p e r i m e n t a l results are in 
agreement w i t h the pred i c t i ons o f equat i on 20 for b o t h r i g i d a n d f l ex ib le 
p o l y m e r s i n var ious types o f nonadsorbent porous m e d i a h a v i n g d i f f e r 
ent p o r e size. 

fi ^ 0.64 a n d 8 ^ 0.7Leq ( for rigid rods) (21) 
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Figure 21. Schematic diagram of concentration profiles in cylindrical 
pores for rigid and flexible macromolecules. Reproduced with permission 

from reference 80. Copyright 1984 Academic. 
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Figure 22. Comparison of bulk and pore relative viscosities vs. relative 
molecular and pore size (XCPS). Reproduced with permission from refer

ence 80. Copyright 1984 Academic. 

T h e concent ra t i on d e p e n d e n c e o f the e f fec t ive v i s cos i ty is also w e l l 
p r e d i c t e d b y equat i on 20 i n the d i lute systems as s h o w n b y F igures 24 
a n d 25. T h e d e p l e t i o n l ayer thickness , 8, does not change for r i g i d m o l e 
cules i n the s e m i d i l u t e r e g i m e , that is , f o r C > C * (C*[*?]o ~ 3 . 5 ) . H o w 
ever , f o r f l ex ib l e p o l y m e r s , the va lue o f 8 is f o u n d to decrease as 
the p o l y m e r concentrat ion increases b e y o n d C * , a c c o r d i n g to e q u a 
t i o n 23, w h i c h is d e d u c e d f r o m recent p o l y m e r theories b a s e d o n sca l ing 
laws (30): 

8 - 1 . 2 4 R G ( C / e T * (23) 
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The agreement b e t w e e n theory a n d exper iment is f a i r l y g o o d , but 
o b v i o u s l y these e x p e r i m e n t a l d a t a are not yet numerous enough to b e 
taken as a de f in i te test f o r the sca l ing exponent —%. A d d i t i o n a l e x p e r i 
ments are st i l l i n progress. 

F l o w T h r o u g h S m a l l A d s o r b e n t P o r e s . THICKNESS OF ADSORBED 
LAYER. A t t r a c t i v e wa l l s p r o d u c e a d s o r p t i o n of macromo lecu les . I f the 

0 . 6 

0.4 

H P -

0 . 2 

H P A M 
Nuclepores 

0 . 8 

Figure 23. Comparison of bulk and pore relative viscosities vs. relative 
molecular and pore size (HPAM). Reproduced with permission from ref

erence 80. Copyright 1984 Academic. 

Figure 24. Comparison of bulk and pore relative viscosities vs. concentra
tion in SiC packs (XCPS). Reproduced with permission from reference 80, 

Copyright 1984 Academic. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

4

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



14. C H A U V E T E A U Polymer Flow Through Porous Media 255 

civ) 

Figure 25. Comparison of bulk and pore relative viscosities vs. concentra
tion in polycarbonate membranes (HPAM). Reproduced with permission 

from reference 80. Copyright 1984 Academic. 

thickness o f the l a y e r a d s o r b e d o n the w a l l is large enough , this l ayer 
c a n exert a detec tab le in f luence o n the apparent r h e o l o g i c a l charac 
teristics o f a f l u i d f l o w i n g i n a s m a l l pore . T h i s thickness is d e t e r m i n e d 
b y several factors i n c l u d i n g m o l e c u l a r we ight , degree of saturation of 
surface sites b y the p o l y m e r , a n d strength of b i n d i n g . T h e exper iments 
d e s c r i b e d here , w h i c h w e r e c a r r i e d out w i t h H P A M i n a g o o d solvent 
( s tandard cond i t i ons ) , c o n c e r n the w e a k b i n d i n g s i tuat ion w h e r e the a d 
sorbed layer thickness is large. 

I n p rac t i c e , measurement o f the thickness o f a layer o f a d s o r b e d 
p o l y m e r o n the ins ide o f a porous m e d i u m is f requent ly d o n e in f e ren -
t ia l ly b y ca l cu la t ing f r o m a c a p i l l a r y m o d e l the apparent h y d r o d y n a m i c 
rad ius after adsorp t i on on the p o r e wa l l s has o c c u r r e d (65). T h e 
p e r m e a b i l i t y r e d u c t i o n , Rk ( f inal to i n i t i a l p e r m e a b i l i t y rat io ) , due to a 
h y d r o d y n a m i c a l l y i m p e r m e a b l e a d s o r b e d layer h a v i n g thickness en 
ins ide a c y l i n d e r (or equiva lent c y l i n d e r for porous med ia ) h a v i n g a 
radius r is 

Hfe = (1 — eh/r)-4 (24) 

F o r b o t h the sand p a c k a n d sandstones, the values of Rk, w h i c h have 
b e e n p l o t t e d as o p e n s y m b o l s i n F i g u r e 26, c o r r e s p o n d i n the N e w t o n i a n 
p l a t e a u to a n a d s o r b e d l a y e r thickness , 8 — 0.40 jum, s l ight ly h igher than 
RG u n d e r the c ond i t i ons of exper iments (65). T h e t h i c k e n i n g b e h a v i o r 
o b s e r v e d at h i g h f l o w rates is d u e to an extension of the a d s o r b e d m o l e 
cules i n the zones that are e longat ional , such as d o w n s t r e a m of the sand 
grains. 
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HPAM, 340 ppm 
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Figure 26. Effective viscosity in porous media with polymer adsorption 
effects (HPAM). Reproduced with permission from reference 65. Copy

right 1981 Society of Petroleum Engineers, 

E F F E C T O F P O L Y M E R C O N C E N T R A T I O N . I f w e assume that the 
thickness o f the a d s o r b e d layer is una f fec ted b y the presence o f the 
p o l y m e r f l o w i n g t h r o u g h the pores a n d that the a d s o r b e d l a y e r is i m 
p e n e t r a b l e b y this p o l y m e r , a d e p l e t e d l a y e r c o u l d exist o n t op o f a n 
a d s o r b e d layer . U n d e r these cond i t i ons , a n equat i on s i m i l a r to equat i on 
20 w a s p r o p o s e d to ca lculate the apparent v iscos i ty as a func t i on o f p o r e 
size i n adsorbent porous m e d i a (80): 

Vrb/rjrp = 1 + 4(1 - P)(6/r)Ch[ri]o(l - *eh/r) (25) 

T h i s e q u a t i o n e f f e c t i ve ly p red i c t s the exper imenta l results s h o w n i n F i g 
ure 26 w h e r e the rat io b e t w e e n m o b i l i t y r e d u c t i o n ( w h i c h is e q u a l to rjrp) 
a n d p e r m e a b i l i t y r e d u c t i o n is less than the b u l k v i scos i ty a n d decreases 
as the p o r e s ize decreases. 

T h e var iat ions of rjrbRko/rirp versus p o l y m e r concentrat ion measured 
i n a s a n d p a c k are also e f f e c t i ve ly p r e d i c t e d b y e q u a t i o n 25 i n the d i lu te 
sys tem ( F i g u r e 27). T h e result o b t a i n e d i n the semid i lu te system suggests 
a decrease o f b o t h 8 a n d *h i n this r e g i m e as p r e d i c t e d b y s ca l ing l aws . 
H o w e v e r , the existence o f such a d e p l e t e d l a y e r o n t o p of an a d s o r b e d 
layer is c e r ta in ly res tr i c ted to g o o d so lvent situations a n d cannot b e c o n 
s idered as d e f i n i t i v e l y unders tood . A d d i t i o n a l research o n adsorp t i on 
propert ies is o b v i o u s l y needed . 
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P o r e - S i z e D e p e n d e n c e o f T h i c k e n i n g B e h a v i o r a n d o f M e c h a n i c a l 
D e g r a d a t i o n . T h e papers (49, 84, 85) p u b l i s h e d i n the last decade o n 
the m e c h a n i c a l degradat i on i n d u c e d b y f l o w - t h r o u g h porous m e d i a 
h a v e suggested that this d e g r a d a t i o n is g o v e r n e d b y b o t h the d e f o r m a 
t i on rates a n d the l ength o f porous m e d i a . H o w e v e r , an increased p o l y 
m e r degradat i on i n l o w - p e r m e a b i l i t y porous m e d i a has been r e p o r t e d 
(86) b u t was a t t r ibuted to inaccessible pore v o l u m e effects. 

A recent s tudy (63) c a r r i e d out w i t h a microge l - f ree so lut ion o f 
u n h y d r o l y z e d p o l y ( a c r y l a m i d e ) ( M w ~ 4.5 X 10 6 ) f l o w i n g t h r o u g h 
p a c k s o f nonadsorbent glass beads o f re la t ive ly large d iameters (150 a n d 
270 fj,m) s h o w e d that b o t h t h i c k e n i n g b e h a v i o r ( F i g u r e 28) a n d m e c h a n 
i c a l d e g r a d a t i o n ( F i g u r e 29) increase as the p o r e s ize decreases. H o w 
ever , the onset o f t h i c k e n i n g b e h a v i o r does not d e p e n d o n p o r e s ize 
( F i g u r e 28). T h i s pore -s ize d e p e n d e n c e c a n b e e x p l a i n e d as f o l l ows . A s 
l o n g as the m o l e c u l e assumes a c o i l c o n f o r m a t i o n , that is , f or y < y * , its 
d imens ions are qu i te neg l i g ib l e c o m p a r e d to p o r e d imens ions , a n d thus 
the onset o f t h i c k e n i n g b e h a v i o r does not d e p e n d o n p o r e size. H o w 
ever , w h e n e longated i n the t h i c k e n i n g sys tem, the m a c r o m o l e c u l e s m a y 
h a v e lengths c lose to their c o n t o u r l e n g t h , w h i c h is not n e g l i g i b l e c o m 
p a r e d to p o r e s ize . T h e m a c r o m o l e c u l e s are thus sub jec ted to a m e a n 
stretch rate h igher than that exist ing at their center of mass; the result is 
h igher v iscous d i ss ipat ion a n d then h igher m e c h a n i c a l degradat i on for a 
g i v e n m e a n d e f o r m a t i o n rate. 

S u c h a s i tuat ion is e x p e c t e d to o c c u r i n m a n y f i e l d app l i ca t i ons , a n d 
a d s o r p t i o n w i l l increase this p h e n o m e n o n . C o n s e q u e n t l y , the m e c h a n i c a l 
degradat i on is a qu i te severe l i m i t a t i o n for the use of H P A M . 

1.75 

1.25 

HPAM 

Sand Pack 

1 1 / 

- y^' a . 

S 1 1 

Theory 8 const 

a Theory 8 a C " 3 / 4 

b Theory 8 and 

e „ a C - 3 ' 4 

I I 
0 2 4 6 8 10 

Figure 27. Relative bulk and pore viscosities vs. concentration with 
adsorption effects (HPAM). Reproduced with permission from reference 

65. Copyright 1981 Society of Petroleum Engineers. 
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Figure 29. Effect of pore size on mechanical degradation (HPAM). 

Propagation of Polymer Slugs in Porous Media 
T h e s p r e a d i n g out of p o l y m e r slugs d u r i n g their p r o p a g a t i o n through 
reservoirs is a v e r y d e t r i m e n t a l p h e n o m e n o n because it c a n l e a d to a loss 
i n m o b i l i t y c o n t r o l a n d thus to a decrease i n p o l y m e r f l o o d i n g e f f i 
c i ency . T h e m a i n mechan isms e x p l a i n i n g this s p r e a d i n g out are a n a l y z e d 
i n a recent p a p e r (87). 

In f luence o f Inaccess ib le P o r e V o l u m e . D a w s o n a n d L a n t z (88) 
o b s e r v e d that p o l y m e r molecu les m o v e t h r o u g h a porous m e d i u m faster 
than water . T h e y a t t r ibuted this p h e n o m e n o n to the existence o f a pore 
v o l u m e f rac t i on inaccessible to the p o l y m e r because the d imensions of 
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the m a c r o m o l e c u l e s w e r e too large c o m p a r e d to the size of the p o r e 
throats. I f w e d i s regard the case of l o w - p e r m e a b i l i t y natura l cores, the 
p o r e v o l u m e f rac t i on that is s tr i c t ly inaccessible to the p o l y m e r mo lecu le 
is too s m a l l to e x p l a i n the s igni f i cant di f ferences i n v e l o c i t y observed 
b e t w e e n p o l y m e r a n d solvent. H o w e v e r , the pore w a l l exc lus ion of m a c 
romo lecu les d e s c r i b e d p r e v i o u s l y is expec ted to increase p o l y m e r v e l o c 
i t y m o r e s trongly than inaccess ib le p o r e v o l u m e a n d thus to be m o r e 
ab le to e x p l a i n the exper imenta l observations (87-90). 

E f f e c t s o f P o r e - W a l l E x c l u s i o n o n P o l y m e r V e l o c i t y . I f the porous 
m e d i u m is assumed e q u a l to a b u n d l e of cap i l lar ies w i t h rad ius r , the 
v e l o c i t y o f a p o l y m e r m o l e c u l e i n the N e w t o n i a n reg ime can easily b e 
c a l c u l a t e d b y us ing the Po iseu i l l e equat i on a n d the concentra t i on p r o f i l e 
o f r o d l i k e m a c r o m o l e c u l e centers of mass i n the v i c i n i t y of a repuls ive 
w a l l (42). F o r molecu les w i t h l ength Lc a n d for Lc < r , the va lue of R F , 
w h i c h is the rat io o f p o l y m e r ve l o c i ty , vp, to solvent v e l o c i t y , v89 c a n be 
a p p r o x i m a t e d b y (44) 

RF « 1 + (l/2)Lc/r + ( l / 6 ) L c 7 r 2 (26) 

I n the absence of b o t h h y d r o d y n a m i c d i spers ion a n d viscous f inger 
i n g , that is, f o r l o w p o l y m e r concentrat ions a n d at v e r y l o w f l o w rates, 
p o l y m e r v e l o c i t y c a n be p r e d i c t e d b y equat ion 26. T h e v a l i d i t y of this 
equat i on was c h e c k e d b y in jec t ing a s m a l l xanthan so lut ion s lug i n a l o n g 
c o l u m n p a c k e d w i t h s m a l l S i C part i c les . F i g u r e 30 shows g o o d agree
m e n t b e t w e e n exper iments a n d the pred i c t i ons of equat ion 26. T h e 
e x p e r i m e n t a l values o f the lengths of equiva lent r i g i d rods w e r e c a l c u 
la ted f r o m intr ins ic v iscos i ty measurements b y us ing equat ion 8. 

P r o p a g a t i o n o f V i s cous P o l y m e r Slugs. T h e m a i n characterist ic 
features o f the p r o p a g a t i o n o f a xanthan s lug through a nonadsorbent S i C 
porous m e d i u m c a n b e o b s e r v e d i n F i g u r e 31 . T h e p o r e w a l l exc lus ion 
has t w o m a i n effects: (i) b o t h the l e a d i n g a n d the t ra i l ing edges of the 
p o l y m e r s lug m o v e at a m e a n v e l o c i t y h igher than that of a s lug o f s m a l l 
mo lecu les a n d (ii) a separat ion i n m o l e c u l a r w e i g h t is c l ear ly r evea led 
b y the decrease i n intr ins i c v i s cos i ty versus v o l u m e in jec ted at b o t h the 
l e a d i n g a n d t r a i l i n g edges o f the s lug . H o w e v e r , d u e to the too h i g h 
v i scos i ty o f the p o l y m e r s lug , a large d i s s y m m e t r y b e t w e e n the concen 
trat ion pro f i l es at the l e a d i n g a n d t ra i l ing edges o f the s lug is c l ear ly 
observed . 

Because the p o l y m e r so lut ion dens i ty is p r a c t i c a l l y e q u a l to w a t e r 
dens i ty at the p o l y m e r concentrat ions used , n o g r a v i t y ef fect occurs a n d 
the d i s p l a c e m e n t is a l w a y s stable at the l e a d i n g edge of the p o l y m e r 
s lug . H o w e v e r , an increase i n shear rate reduces the effects of p o r e - w a l l 
exc lus ion b y shear - induced or ientat ion of m a c r o m o l e c u l e s a n d thus 
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Figure 30. Comparison between theoretical prediction and experimental 
data for velocity vs. molecular length (XCPS). Reproduced with permis
sion from reference 87. Copyright 1984 Society of Petroleum Engineers. 

Figure 31. Spreading out of polymer slug during its propagation (XCPS). 
Reproduced with permission from reference 87. Copyright 1984 Society of 

Petroleum Engineers. 
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reduces the d i f f e rence b e t w e e n p o l y m e r a n d solvent veloc it ies (F igure 31). 
Increas ing p o l y m e r concentra t i on increases h y d r o d y n a m i c interac 
tions b e t w e e n macromo lecu les . Increased interactions enhance the o r i e n 
tat ion o f the m o l e c u l e a n d thus decrease p o l y m e r v e l o c i t y (87). 

A t the t r a i l i n g edge , the v i scos i ty rat io is u n f a v o r a b l e , a n d thus the 
effects o f v iscous f i n g e r i n g increase m a r k e d l y w i t h p o l y m e r so lut ion v i s 
cos i ty a n d consequent ly w i t h p o l y m e r concentrat ion ; s trong spread ing 
out o f the t r a i l i n g edge results ( F i g u r e 32). M o r e o v e r , the effects of a 
f l o w - r a t e increase are v e r y s ign i f i cant at the t r a i l i n g edge of the s lug ; an 
increase i n the d i spers ion occurs (F igure 33). 

Selection of Polymers for EOR 
S o m e f u n d a m e n t a l c r i t e r ia for se lect ing p o l y m e r s to be used as m o b i l i t y -
c o n t r o l buf fers i n E O R processes c a n b e d e d u c e d f r o m the exper imenta l 
a n d theoret i ca l results. V e r y h i g h m o l e c u l a r w e i g h t f l ex ib le po lye l e c t ro -
lytes such as H P A M are e x p e c t e d (1) to have l o w e r i n j e c t i v i t y due to 
their t h i c k e n i n g b e h a v i o r at h i g h f l o w rates, (2) to b e v e r y sensitive to 
m e c h a n i c a l d e g r a d a t i o n m a i n l y i n l o w p e r m e a b i l i t y reservoirs , a n d (3) 
to b e subjected to c o n f o r m a t i o n a l changes l e a d i n g to decreased v iscos i ty 
a n d e v e n to p r e c i p i t a t i o n i n h i g h l y salted or a c id i c br ines . P o l y m e r s h a v 
i n g a st i f f c h a i n because o f their c h e m i c a l structures, such as b i o p o l y m e r s , 

Figure 32. Concentration dependence of polymer spreading out at the 
trailing edge of the slug (XCPS). Reproduced with permission from refer

ence 87. Copyright 1984 Society of Petroleum Engineers. 
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0.4 0.6 0.8 1 1.2 V/Vp 

Figure 33. Flow-rate dependence of polymer spreading out at the trailing 
edge of the slug (XCPS). Reproduced with permission from reference 87. 

Copyright 1984 Society of Petroleum Engineers. 

are m o r e p r o m i s i n g i n this respect , b u t they must b e p r o t e c t e d against b a c 
ter ia l degradat i on . 

A qu i te i m p o r t a n t a d d i t i o n a l c r i t e r i o n for se lec t ing a m o n g ava i lab le 
c o m m e r c i a l p o l y m e r s is their f i l t e r a b i l i t y . I n d e e d , most i n d u s t r i a l p o l y 
mers c o n t a i n mic roge l s that cause a progress ive p l u g g i n g of the zone 
l o ca ted a r o u n d in jec t ion we l l s ; thus, in jec t iv i ty is r e d u c e d (77, 78). F o r 
p o l y ( a c r y l a m i d e s ) , this p a r t i a l p l u g g i n g leads also to h igher d e f o r m a t i o n 
rates i n u n p l u g g e d pores a n d thus to increased m e c h a n i c a l d e g r a d a t i o n 
at h i g h in jec t ion f l o w rates. 

P r o c e d u r e for T e s t i n g F i l t e r a b i l i t y . A n e w p r o c e d u r e for testing 
the f i l t e r a b i l i t y o f p o l y m e r solutions w a s d e v e l o p e d (77). T h i s p r o c e 
d u r e , b a s e d o n the in jec t ion o f the p o l y m e r so lut ion to b e tested at a l o w 
in jec t i on rate t h r o u g h M i l l i p o r e f i l ters , gave v e r y select ive a n d r e p r o 
d u c i b l e results. 

F i g u r e 34 gives an e x a m p l e o f the results that c a n b e o b t a i n e d b y 
us ing this p ro cedure . T h e X C P S so lut ion o b t a i n e d b y d isso lut ion of a 
p o w d e r (PP) d i sp lays v e r y p o o r f i l t e r a b i l i t y c o m p a r e d to another so lu 
t i o n p r e p a r e d b y s i m p l e d i l u t i o n o f a f e r m e n t a t i o n b r o t h ( P F B ) . S u c h 
f i l t e r a b i l i t y tests c a n also b e p e r f o r m e d i n natura l sandstones ( F i g u r e 
35) , b u t such exper iments , w h i c h g ive the same c lass i f i cat ion b e t w e e n 
p o l y m e r samples , are m u c h m o r e t i m e c o n s u m i n g . 
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Figure 34. Influence of the drying process on filterability (XCPS). Repro
duced with permission from reference 78. Copyright 1984 Society of 

Petroleum Engineers. 

PORE VOLUME INJECTED 

Figure 35. Difference in filterability of XCPS samples through shaly sand
stones. Reproduced with permission from reference 78. Copyright 1984 

Society of Petroleum Engineers. 
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In f luence o f M i c r o g e l s o n the B e h a v i o r i n P o r o u s M e d i a . T h e 
in f luence o f mi c roge l s o n porous m e d i a b e h a v i o r w a s systemat i ca l ly 
s t u d i e d (78) w i t h xanthan solutions i n d i f ferent types o f porous m e d i a . 
Because o f their adsorpt i on o r m e c h a n i c a l entrapment ins ide the porous 
structure, even a f e w microge l s c a n strongly m o d i f y f l o w b e h a v i o r i n 
porous m e d i a . T h e i r presence i n the so lut ion creates a p e r m e a b i l i t y 
r e d u c t i o n even under cond i t i ons w h e r e iso lated macromo lecu les are not 
a d s o r b e d . T h e r e f o r e , the apparent v i scos i ty is s trongly increased , m a i n l y 
at l o w shear rates. A s e x p e c t e d , the ir effects are m u c h greater i n porous 
m e d i a w i t h l o w permeab i l i t i e s (glass-bead packs o f 0.125 jum 2 i n F i g u r e 
36) than i n porous m e d i a w i t h h i g h permeab i l i t i e s (sand p a c k w i t h a 
p e r m e a b i l i t y o f 5 jum 2 i n F i g u r e 37). 

Conclusion 
T h e relat ionships b e t w e e n the rheo l og i ca l b e h a v i o r i n porous m e d i a o f 
aqueous solutions o f h i g h m o l e c u l a r w e i g h t p o l y m e r s a n d their m o l e c u 
lar propert ies that are a n a l y z e d i n this r e v i e w g ive some useful c r i t er ia 
f o r b o t h se lect ing the best p r o d u c t a m o n g a v a i l a b l e p o l y m e r s f or E O R 
app l i ca t i ons a n d des ign ing n e w i m p r o v e d p o l y m e r s . H o w e v e r , the 
a d s o r p t i o n proper t i es o f these p o l y m e r s onto m i n e r a l surfaces (91) a n d 
their s tab i l i ty u n d e r severe sa l in i ty a n d temperature condi t ions are not 
c o m p l e t e l y unders tood . Because these propert ies are also i m p o r t a n t 
c r i t e r i a f or the use o f p o l y m e r s as m o b i l i t y - c o n t r o l buf fers , further f u n 
d a m e n t a l research w o r k is st i l l n e e d e d i n these t w o direct ions . 

WALL SHEAR RATE, s_1 

Figure 36. Effects of microgels on flow-through glass-bead packs (XCPS). 
Reproduced with permission from reference 78. Copyright 1984 Society of 

Petroleum Engineers. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

4

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



14. C H A U V E T E A U Polymer Flow Through Porous Media 265 

WALL SHEAR RATE ,s-1 

Figure 37. Effects of microgels on flow-through sand packs (XCPS). Re
produced with permission from reference 78. Copyright 1984 Society of 

Petroleum Engineers. 
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15 
Anatomy of a Full-Field Polymer-
Augmented Waterflood Project 

P . A . Argabright, J. S. Rhudy, and E. M. Trujillo 
Marathon Oil Company, Denver Research Center, Littleton, CO 80160 

Polymer-augmented waterflooding is the most important and 
widely used oil recovery process utilizing water-soluble poly
mers. From the multitude of available products, only two types 
are extensively used, namely, partially hydrolyzed poly(acryla
mides) (PHPA) and xanthan gum (a biopolymer). Both products 
have the capability of significantly reducing the mobility of 
water, a necessary feature of any water-based enhanced oil re
covery process. The design and ultimate implementation of a 
PHPA-based polymer-augmented waterflood project are dis
cussed in accordance with the following protocol: (1) polymer 
selection, (2) coring, (3) performance (laboratory oil recovery), 
(4) field feasibility tests, (5) modeling, and (6) full-field 
development.

C E R T A I N W A T E R - S O L U B L E POLYMERS are espec ia l ly su i ted f o r a w i d e 
var i e ty o f o i l f i e l d app l i cat ions . These p o l y m e r s are rout ine ly e m p l o y e d 
as d r i l l i n g f l u i d a d d i t i v e s , d i v e r t i n g agents, f l u i d loss add i t ives , a n d d r a g 
reducers , to n a m e a f e w . W i t h recent emphasis o n m o r e e f f e c t i ve ly 
e x p l o i t i n g our domest i c o i l reserves, water -so lub le p o l y m e r s n o w enjoy a 
m a j o r ro le i n a n u m b e r o f enhanced o i l r e c o v e r y processes. P o l y m e r -
a u g m e n t e d w a t e r f l o o d i n g , s u r f a c t a n t - p o l y m e r f l o o d i n g , a n d caust ic -
p o l y m e r f l o o d i n g are the most i m p o r t a n t a n d w i d e l y used e n h a n c e d o i l 
r e c o v e r y processes u t i l i z i n g water - so lub le p o l y m e r s (J ) . F r o m the m u l t i 
tude o f a v a i l a b l e water - so lub le p o l y m e r s , o n l y t w o types are extensively 
used , n a m e l y , p a r t i a l l y h y d r o l y z e d p o l y ( a c r y l a m i d e s ) a n d xanthan g u m 
(a b i o p o l y m e r ) . B o t h produc ts have the c a p a b i l i t y o f s igni f i cant ly r e d u c 
i n g the m o b i l i t y o f water , a necessary feature o f any water -based p r o 
cess des igned to o b t a i n a d d i t i o n a l o i l . 

T h e f o l l o w i n g is a b r i e f r e v i e w o f the course o f events f o l l o w i n g the 
d r i l l i n g o f a successful o i l w e l l . W h e n a p r o d u c t i v e h y d r o c a r b o n f o r m a 
t i o n is t a p p e d , the o i l a n d gas are p r o d u c e d b y the natura l energy o f the 
reservo ir . T h u s , the l i q u i d h y d r o c a r b o n is f o r c e d to the surface v i a a 

0065-2393/86/0213-0269$11.75/0 
® 1986 American Chemical Society 
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n a t u r a l pressure d r i v e . U l t i m a t e l y , this i n s itu energy source d iminishes 
to the p o i n t w h e r e p u m p s are r e q u i r e d to l i f t the o i l to the surface . T h i s 
phase is r e f e r r e d to as primary p r o d u c t i o n a n d t y p i c a l l y accounts for 
a p p r o x i m a t e l y 20% o f the o r i g ina l o i l i n the reservoir . 

I n t i m e , pressure d e p l e t i o n reaches a p o i n t w h e r e insuf f i c ient 
energy is present to d i s p l a c e o i l through the reservo ir to the w e l l . A t this 
t i m e , n e w in jec t i on we l l s are d r i l l e d a r o u n d the o r i g i n a l p r o d u c i n g w e l l 
o r p r o d u c i n g w e l l s are c o n v e r t e d to in jec t i on o f w a t e r o r gas to restore 
the o r i g i n a l reservo ir pressure. T h i s operat i on constitutes secondary r e 
c o v e r y w h e r e b y the in jec ted f l u i d cont inues to force o i l f r o m the r o c k 
interstices to the p r o d u c i n g w e l l . D e p e n d i n g o n the nature o f the reser
v o i r a n d the d e v e l o p m e n t strategy, an a d d i t i o n a l 15-30? of o i l m a y b e 
r e c o v e r e d b y w a t e r f l o o d i n g . W a t e r f l o o d i n g is c o n t i n u e d u n t i l the w a t e r -
t o - o i l rat io o f the p r o d u c e d fluids is so h i g h as to render the operat ion 
u n e c o n o m i c a l . 

A m o r e e f f i c ient a l ternat ive to w a t e r f l o o d i n g is p o l y m e r - a u g m e n t e d 
w a t e r f l o o d i n g . T h i s a p p r o a c h invo lves the a d d i t i o n o f re la t ive ly s m a l l 
quantit ies o f p o l y m e r to reduce the m o b i l i t y o f water . T h e resul t ing 
increase i n o v e r a l l s w e e p e f f i c i ency o f the aqueous phase leads to a c c e l 
erated o i l p r o d u c t i o n . 

A l t h o u g h water - so lub le p o l y m e r s p l a y a n i m p o r t a n t ro le i n a 
n u m b e r o f o i l r e c o v e r y processes, this chapter is restr i c ted to one spe
c i f i c polymer—partially hydrolyzed poly(acryhmide) ( P H P A ) — i n one 
spec i f i c app l i ca t i on—po lymer -augmented waterflooding. A stepwise 
p r o c e d u r e f o r the d e v e l o p m e n t o f a f u l l - f i e l d p o l y m e r - a u g m e n t e d 
w a t e r f l o o d is presented . T h e p r o t o c o l w i l l i n c l u d e the f o l l o w i n g i tems: 

• P H P A select ion, 
• c o r i n g , 
• p e r f o r m a n c e (oi l r e covery ) , 
• f i e l d f eas ib i l i ty tests, 
• m o d e l i n g , a n d 
• f u l l - f i e l d d e v e l o p m e n t . 

X 
n 

P H P A 
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PHPA Selection 

M e c h a n i s m . T h e mechanisms b y w h i c h p o l y m e r s increase the 
e f f i c i e n c y o f w a t e r f l o o d i n g an o i l - b e a r i n g reservo ir are not c o m 
p l e t e l y u n d e r s t o o d . H o w e v e r , the f o l l o w i n g three p h e n o m e n a p l a y 
i m p o r t a n t roles. 

1. I m p r o v e d areal sweep e f f i c i ency (2): A natural conse
quence of w a t e r f l o o d i n g is the generat ion of o i l -dep le ted 
channels h a v i n g a h i g h p e r m e a b i l i t y to water . Subsequent 
w a t e r in jec t ion tends to f o l l o w these " w a t e r e d - o u t " f l o w 
channels . O n the other h a n d , in jec t ion o f a l o w e r m o b i l i t y 
f l u i d ( p o l y m e r solution) establishes a resistance for w a t e r 
to f l o w through these watered -out channels . T h u s , the f l o w 
o f w a t e r is r e d i r e c t e d to the o i l - c onta in ing channels hereto 
fore b y p a s s e d b y water . 

2. V e r t i c a l c o n f o r m a n c e : Reservo irs f or the most par t are 
c o m p o s e d of l a y e r e d r o c k intervals of v a r y i n g p e r m e a b i l i 
ties. A g a i n , in jec ted w a t e r tends to f l o w through the p a t h 
o f least res is tance—the m o r e p e r m e a b l e zone . P o l y m e r 
m a y red i rec t w a t e r f l o w f r o m a h i g h p e r m e a b i l i t y strata to 
a l o w e r p e r m e a b i l i t y strata b y a m e c h a n i s m s i m i l a r to the 
pore - to -pore d e s c r i p t i o n g i v e n i n the areal sweep case d i s 
cussed u n d e r 1. 

3. M o b i l i t y rat io : T h e e f f i c i ency of d i s p l a c i n g o i l b y w a t e r i n 
porous m e d i a is d i m i n i s h e d b y the u n f a v o r a b l e o i l - t o -water 
m o b i l i t y ra t io . T h u s , w a t e r , h a v i n g a l o w e r v i scos i ty than 
the c r u d e o i l , f ingers into the o i l phase , breaks through , 
a n d leaves b e h i n d a cons iderab le a m o u n t of o i l . W h e n a 
p o l y m e r is u s e d , the v i s cos i ty o f w a t e r c a n b e increased ; 
this increase leads to a m o r e favorab le m o b i l i t y rat io a n d 
m o r e ef f ic ient d i sp lacement of o i l . 

A l t h o u g h the re la t ive i m p o r t a n c e of the a b o v e - m e n t i o n e d factors 
i n f l u e n c i n g w a t e r f l o o d i n g is not c o m p l e t e l y unders tood , l o w e r i n g the 
m o b i l i t y o f the d i sp lacement f l u i d is impor tant . 

M o b i l i t y . P H P A reduces the m o b i l i t y o f d i sp lacement w a t e r i n 
porous m e d i a (reservoir r o ck ) b y a c o m b i n a t i o n of (1) increasing the 
water ' s v i s cos i ty a n d (2) reducing the p e r m e a b i l i t y o f the m a t r i x to w a t e r 
(3). A s s h o w n i n F i g u r e 1, P H P A is an e x t r e m e l y e f fec t ive v i scos i ty -
b u i l d i n g p o l y m e r . T h i s characterist ic is a t t r ibuted to its h i g h m o l e c u l a r 
w e i g h t [(3-10) X 1 0 6 ] a n d its re la t ive ly d i s t e n d e d con f igurat ion . D i s tens i on 
o f the p o l y m e r c h a i n results f r o m the electrostatic r epu l s i on o f the nega 
t i v e l y c h a r g e d c a r b o x y l a t e groups (4) i n t r o d u c e d through h y d r o l y s i s or 
c o p o l y m e r i z a t i o n . T h e i n c o r p o r a t i o n o f negat ive groups i n p o l y ( a c r y l a -
m i d e ) also reduces adsorp t i on o f the p o l y m e r o n the r o c k (especial ly 
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150 

PHPA CONCENTRATION, ppm 

Figure 1. Effect of PHPA concentration on viscosity. 

sandstone) sur face (5). T h i s result is an i m p o r t a n t cons iderat ion t o w a r d the 
e f fect ive p r o p a g a t i o n o f p o l y m e r solutions through the reservoir . 

T h e other c o m p o n e n t o f m o b i l i t y , p e r m e a b i l i t y r e d u c t i o n , is 
thought to result f r o m select ive p o r e throat p l u g g i n g i n the porous m e d i a 
b y the v e r y h i g h m o l e c u l a r w e i g h t p o l y m e r mo lecu les (6). C o n t r o l l e d 
p e r m e a b i l i t y r e d u c t i o n is a v e r y e f f i c ient w a y o f r e d u c i n g the m o b i l i t y 
o f water . T o b e e f fect ive , h o w e v e r , P H P A - i n d u c e d p e r m e a b i l i t y r e d u c 
t i o n must b e p r o p a g a t e d u n i f o r m l y throughout the reservoir . 

U n f o r t u n a t e l y , some c o m m e r c i a l l y ava i lab le P H P A s exhib i t face 
p l u g g i n g (7). T h a t is , p e r m e a b i l i t y r e d u c t i o n is greater at the p o i n t o f 
in j ec t i on than at m o r e r e m o t e distances. Essent ia l l y , the reservo ir r o c k 
acts as a f i l ter to r e m o v e u l t rah igh m o l e c u l a r w e i g h t species o r p o l y m e r 
aggregates (microge ls ) . F a c e p l u g g i n g must b e a v o i d e d as i t d r a m a t i 
c a l l y reduces the p e r m e a b i l i t y near the w e l l b o r e ; this fac tor reduces the 
in jec t ion rate a n d thereby pro longs pro jec t l i f e . 

C o m p a r a t i v e B e h a v i o r . A v e r y e f fect ive technique f o r eva luat ing 
the p e r f o r m a n c e o f p o l y m e r s as m o b i l i t y - r e d u c i n g agents is r a d i a l d i sk 
f l o o d i n g (8). T h i s m e t h o d p r o v i d e s i n f o r m a t i o n o n the m o b i l i t y o f f l o w 
i n g p o l y m e r solut ions as a f u n c t i o n o f d is tance f r o m the p o i n t o f in jec 
t i o n . E x p e r i m e n t a l l y , a d i sk o f B e r e a sandstone (6 i n . X 2 in.) c o n t a i n i n g 
a Js- in. -diameter center h o l e is m o u n t e d i n a water t ight , pressure- f i t ted 
c o re h o l d e r . T h e d i sk h o l d e r is e q u i p p e d w i t h f our pressure taps that 
essential ly d i v i d e the d i s k in to f our c oncent r i c d o m a i n s ( F i g u r e 2). T h e 
P H P A so lut i on is in jec ted at a constant rate a n d the pressure ( A P ) 
response r e c o r d e d across the a p p r o p r i a t e pressure taps. W h e n the D a r c y 
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Figure 2. Disk configuration for polymer flooding. Reproduced with per
mission from reference 21. Copyright 1983 Society of Petroleum Engineers 
of the American Institute of Mining, Metallurgical and Petroleum Engineers. 

e q u a t i o n f o r r a d i a l f l o w (equat ion 1) is used , the pressure d a t a c a n b e 
translated to r e c i p r o c a l re lat ive m o b i l i t y ( R R M ) . 

R R M = ^ ° - 4 2 m ( A P ) (1) 
q In (r0/ri) 

w h e r e p, is v i scos i ty ( cP) , k is p e r m e a b i l i t y (d) , h is d i sk thickness ( cm) , 
A P is d i f f e r e n t i a l pressure (psi ) , q is in j e c t i on rate ( c m 3 / s ) , rQ is d i s 
tance to outer tap ( cm) , a n d n is d is tance to inner tap ( cm) . R R M values 
d u r i n g p o l y m e r a n d p o s t p o l y m e r f lush-water in ject ion are c o m p a r a b l e 
to resistance fac tor a n d res idua l resistance fac tor t e r m i n o l o g y also used 
i n the indust ry . 

T h e m o b i l i t y b e h a v i o r ( R R M as a func t i on o f in ject ion vo lume) f or 
a c u s t o m - m a n u f a c t u r e d P H P A is s h o w n i n F i g u r e 3. T h e onset of p o l y 
m e r in j e c t i on results i n a sharp increase i n R R M for a l l r ings a n d a sub 
sequent r a p i d s tab i l i za t i on o f the inner r ings . T h e fact that the outermost 
r i n g (no. 4) has not r eached a constant R R M m a y b e a mani fes tat ion o f 
n o n e q u i l i b r i u m cond i t i ons as regards i o n exchange (observed) . I m p o r 
tant ly , the R R M values for the p o l y m e r increase w i t h increas ing r a d i a l 
d is tance . F o l l o w i n g the P H P A f l o o d (2.5 p o r e v o l u m e s ) , the d isk was 
f lushed w i t h water . A t the e n d o f w a t e r in ject ion , R R M w a s l o w a n d 
e q u a l i n a l l o f the r ings . T h i s result is g o o d e v i d e n c e that f o r this P H P A , 
the i n d u c e d p e r m e a b i l i t y r e d u c t i o n w a s l o w a n d , m o r e i m p o r t a n t l y , u n i 
f o r m throughout the entire d i sk . 
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T h e m o b i l i t y b e h a v i o r o f a c o m m e r c i a l P H P A contrasts m a r k e d l y 
f r o m that o f the a b o v e - m e n t i o n e d c u s t o m - m a n u f a c t u r e d p r o d u c t ( F i g 
ure 4) . T h a t is , the R R M never s tab i l i z ed i n the near- in jector reg ion ( r ing 1), 
w a s the grestest i n r i n g 1, a n d t e n d e d to decrease w i t h increas ing 
r a d i a l d istance . T h e fact that the R R M a r o u n d the injector (r ing 1) 
r e m a i n e d h i g h ( c o m p a r e d w i t h r ings 2-4) after f lush ing w i t h w a t e r 
shows that this p o l y m e r face p lugs . F o r c o m m e r c i a l p o l y m e r s , l a b o r a 
tory m i x i n g procedures r e c o m m e n d e d b y the supp l i e r w e r e used . 

T h e m o b i l i t y behav iors o f the t w o p o l y m e r s are c o m p a r e d i n F i g u r e 5. 
T h e c u s t o m - m a n u f a c t u r e d P H P A shows R R M to b e l owest near the 
in jec tor a n d increas ing w i t h r a d i a l d istance . T h e steady increase i n R R M 
w i t h r a d i a l d i s tance is d u e to the pseudop las t i c nature o f the p o l y m e r 
s o l u t i o n — v i s c o s i t y increases w i t h decreas ing shear rate ( frontal v e l o c 
i t y ) . T h i s b e h a v i o r a l l o w s f o r h i g h in j e c t i on rates i n the f i e l d w i t h e x c e l 
lent m o b i l i t y c o n t r o l i n the b u l k o f the reservo ir . A g a i n , this b e h a v i o r 
results f r o m u n i f o r m p e r m e a b i l i t y r e d u c t i o n (plugging) a n d , m o r e 
i m p o r t a n d y , a h i g h e f fect ive v iscos i ty that increases w i t h distance. 

T h e c o m m e r c i a l P H P A shows a less - than- ideal m o b i l i t y p r o f i l e . 
T h a t is , R R M is greatest a r o u n d the in jector a n d r a p i d l y d imin ishes w i t h 
r a d i a l d is tance . T h e g r a d u a l u p t u r n o f the c u r v e at remote d istance is a 
result o f l o w p e r m e a b i l i t y r e d u c t i o n s u p e r i m p o s e d o n a g radua l ly 
increas ing v iscos i ty . T h i s undes i rab le p r o f i l e arises f r o m excessive n o n 
u n i f o r m p l u g g i n g a r o u n d the in jector w i t h v e r y l o w e f fect ive v iscos i ty 
throughout . A s in j e c t i v i ty is inverse ly p r o p o r t i o n a l to the tota l d i sk R R M 
(near- injector d o m i n a t e d ) , p o l y m e r s that cause no pre ferent ia l w e l l - b o r e 

120 

H 100-

-1000 ppm PHPA IN 500 ppm NaCI—•(« 500 ppm NaCI IN DISTILLED H2O-

60|- / , • 
/ 

/ / 
40 - I - ' / 

s i — ~ j » ; 

/ 

2 3 
INJECTION VOLUME (PV) 

Figure 3. Mobility behavior of custom-manufactured PHPA. Key.O , 
ring 1; •—, ring 2; 0 - - , ring 3; V , ring 4; and A — , total. Repro
duced with permission from reference 7. Copyright 1982 Society of Pe

troleum Engineers of A1ME. 
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0 1 2 3 4 5 

INJECTION VOLUME (PV) 

Figure 4. Mobility behavior of a commercial PHPA. Key.O , ring 1; 
•—, ring 2; O—-, ring 3; V , ring 4; and A—, total. Reproduced with 
permission from reference 7. Copyright1982 Society of Petroleum Engineers 

of MME. 

Figure 5. Comparison of mobility profiles. Reproduced with permission 
from reference 7. Copyright 1982 Society of Petroleum Engineers of MME. 
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p l u g g i n g w i l l g ive b o t h m a x i m u m in jec t iv i ty a n d m o b i l i t y c o n t r o l i n 
d e p t h . 

S a l i n i t y . A n i m p o r t a n t cons idera t i on i n the se lect ion o f a p o l y m e r 
f o r a spec i f i c p o l y m e r - a u g m e n t e d w a t e r f l o o d prospect is the c o m p a t i b i l 
i t y o f the p o l y m e r w i t h the in jec t ion water . P H P A , b e i n g a p o l y e l e c t r o -
l y t e , loses m u c h o f its ef fect iveness i n the presence o f salts (9), p a r t i c u 
l a r l y those c o n t a i n i n g m u l t i v a l e n t cat ions. M o s t f i e l d projects u t i l i z i n g 
mass ive amounts o f p o l y m e r d o not h a v e the l u x u r y o f f reshwater we l l s 
to m a x i m i z e p o l y m e r effectiveness. O n e a l t e rnat ive—water t reatment— 
c a n b e cost p r o h i b i t i v e . T h u s , the e f fec t ive P H P A concentrat ion usual ly 
must b e des igned to a c c o m m o d a t e the ava i lab le water . A s s h o w n i n 
F i g u r e 6, the r e la t i ve v i s c o s i t y o f P H P A at a f i x e d shear rate is a p o w e r -
l a w f u n c t i o n o f sa l in i ty at l o w e r N a C I concentrat ions . A t some h igher 
sa l in i ty , the re la t ive v i scos i ty becomes constant. A s ant i c ipa ted , the sa l in 
i t y to lerance o f P H P A increases w i t h the average m o l e c u l a r w e i g h t , M r . 

T h e in f luence o f salt o n m o b i l i t y b e h a v i o r is s h o w n i n F i g u r e 7. T h e 
m a t r i x ( r ing 2) b e h a v i o r o f R R M is adverse ly a f fec ted b y salt. A s j n the 
case o f v i s cos i ty versus sa l in i ty , R R M increases w i t h increas ing M r , at a 
g i v e n salt concentrat ion . 

M o l e c u l a r W e i g h t . M o l e c u l a r w e i g h t p lays a n i m p o r t a n t ro le i n the 
p e r f o r m a n c e o f P H P A . R R M is a l inear f u n c t i o n o f Mr f o r a h o m o l o g o u s 
series o f P H P A s ( F i g u r e 8) . T h i s i n f o r m a t i o n is h e l p f u l i n screening 
P H P A s f o r a g i v e n reservo i r . T h u s , the P H P A o f c h o i c e s h o u l d h a v e as 
h i g h o f a n Mr as the p e r m e a b i l i t y o f the reservo ir r o c k w i l l tolerate. T h a t 
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NaCI, ppm 

Figure 7^ Effect of salinity on matrix RRM for PHP A. Key; v , M = 4.44 X 
JO6; O, M = 6.07 X106; and 0, M = 7.02 X106. Reproduced with permission 
from reference 7. Copyright 1982 Society of Petroleum Engineers of AIME. 

0 I I I I L 
0 2 4 6 8 

M x 106 

Figure 8. Dependence of RRM on M r . Reproduced with permission from 
reference 7. Copyright 1982 Society of Petroleum Engineers of AIME. 
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i s , MR cannot b e s o j i i g h as to g ive n e a r - w e l l - b o r e p l u g g i n g . A jud ic ious 
t rade -o f f b e t w e e n MR a n d p e r m e a b i l i t y r e d u c t i o n is the k e y to an ef fec
t ive p o l y m e r - a u g m e n t e d w a t e r f l o o d . 

A l t h o u g h a n u m b e r o f methods are c l a i m e d for the measurement o f 
M R , u l t racentr i fugat ion p r o v i d e s the most use fu l da ta (8, 10). U l t r a e e n -
t r i fugat ion c a n also p r o v i d e m o l e c u l a r w e i g h t d is tr ibut ions (a l though 
m u c h m o r e d i f f i c u l t to obta in) as w e l l as M R . F i g u r e 9 c o m p a r e s the 
m o l e c u l a r w e i g h t d i s t r i b u t i o n f o r t w o P H P A s h a v i n g the same M R . T h e 
p r o d u c t h a v i n g the n a r r o w e r m o l e c u l a r w e i g h t d i s t r ibut i on (F igure 3) 
c l e a r l y o u t p e r f o r m s the P H P A w i t h the b r o a d e r m o l e c u l a r w e i g h t d i s t r i 
b u t i o n ( F i g u r e 4) . T h e e n h a n c e d p e r f o r m a n c e o f the P H P A w i t h the 
n a r r o w d i s t r i b u t i o n m a y b e a t t r ibuted to the absence o f the l o w m o l e c u 
l a r w e i g h t species that c o n t r i b u t e l i t t le to v i s cos i ty a n d the exc lus ion o f 
u l t r a h i g h m o l e c u l a r w e i g h t molecu les respons ib le f or excessive p e r m e a 
b i l i t y r e d u c t i o n . H o w e v e r , as m e n t i o n e d ear l ier , the d o m i n a n t factor i n 
face p l u g g i n g is m i c r o g e l , a n art i fact i n p o l y m e r i z a t i o n at h i g h c o n c e n 
trat ion or p o l y m e r iso lat ion (especial ly at e levated temperature) . 

I n s u m m a r y , i n the screen ing o f P H P A s f or use i n a p o l y m e r -
a u g m e n t e d w a t e r f l o o d , cons iderat i on must b e g i v e n to near -we l l -bore 
p l u g g i n g as w e l l as o v e r a l l m o b i l i t y b e h a v i o r i n the reservo ir m a t r i x . 
These d a t a c a n b e generated b y d i sk f l o o d i n g . 

Coring 
O n e p u r p o s e o f c o r i n g is to p r o v i d e reservo ir m a t e r i a l f or l abora tory 
studies . T h e reservo i r c o re is used f o r d i s k f l o o d i n g i n eva luat ing a 
p o l y m e r - a u g m e n t e d w a t e r f l o o d prospect . I n a d d i t i o n , core m a t e r i a l is 
also used for other analyses i n c l u d i n g poros i ty , p e r m e a b i l i t y , f l u i d satu
rat ions , re la t ive p e r m e a b i l i t y curves , c a p i l l a r y pressure data , a n d other 

M x 1 0 6 

Figure 9. Comparison of molecular weight distribution. Reproduced with 
permission from reference 7. Copyright 1982 Society of Petroleum Engi

neers of AIME. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 
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i n f o r m a t i o n r e q u i r e d for geo log i ca l a n d engineer ing analysis o f the 
reservoir . 

F o r l a b o r a t o r y d i sk f loods , a large -d iameter w h o l e core is des irable . 
N o r m a l l y , 5 /4 - in.-diameter cores are ob ta ined . I n most cases, the l ength 
of the core re t r i eva l b a r r e l is 30 ft. 

A w a t e r - b a s e d d r i l l i n g m u d is usual ly the r e c o m m e n d e d c o r i n g 
f l u i d . M u d a d d i t i v e s such as sulfonates, p o l y m e r s , a n d caust ic s h o u l d b e 
a v o i d e d w h e r e poss ib le as they m a y alter core w e t t a b i l i t y or change the 
characterist ics o f the core . 

A geologist s h o u l d b e o n site to descr ibe the core i m m e d i a t e l y after 
i t c o m e s out o f the g r o u n d . T h i s on-site d e s c r i p t i o n us ing a geo log i c 
w o r k - s h e e t f o r m a t inc ludes (1) c o r e - d e p t h footages, (2) the l i tho l ogy , 
(3) the a m o u n t o f o i l s ta in ing , (4) the sed imentary structure, (5) the n u m b e r 
a n d t y p e o f fractures, (6) apparent poros i ty a n d p e r m e a b i l i t y , a n d 
(7) a d d i t i o n a l r emarks to c la r i f y the core descr ip t i on (F igure 10). 

A f t e r the w e l l has b e e n d r i l l e d , the f o r m a t i o n o f interest is l o g g e d . 
T h e suite o f logs chosen m a y v a r y for each par t i cu lar reservoir . I n f o r m a 
t i o n that m a y b e o b t a i n e d f r o m logs inc ludes ho le -s ize v a r i a t i o n , l i t h o l 
ogy , poros i ty , apparent p e r m e a b i l i t y , a n d re lat ive saturations. 

T h e w e l l logs a n d core d e s c r i p t i o n are i n v a l u a b l e f or se lect ing 
representat ive m a t e r i a l for d i sk f l o o d i n g a n d spec ia l core analysis. These 
data are also useful i n w e l l - t o - w e l l correlat ions . 

I m m e d i a t e l y f o l l o w i n g the geo log ic desc r ip t i on , the core (3-ft sec
tions) is s h i p p e d to the l abora to ry i n sealed cy l inders . T h e core sections 
are i m m e r s e d u n d e r p r o d u c e d reservo ir f lu ids . A g a i n , p r o d u c e d w a t e r 
(or c rude ) used to c o v e r the core s h o u l d b e free o f a d d e d chemica l s 
(deemulsi f iers , corros ion inh ib i tors , etc.) . 

F o r the p u r p o s e o f d i sk f l o o d i n g , the core is cut into 2- in . - thick d isks 
w i t h a d i a m o n d s a w . These r o u g h d isks are then t r i m m e d to d i sk h o l d e r 
d imens ions , a n d a M-in. ho le is d r i l l e d i n the center to serve as the in jec 
tor . T h e core is k e p t u n d e r reservo ir f l u i d u n t i l the l abora tory f l o o d is 
c o m p l e t e d . T h i s c o n d i t i o n is r e q u i r e d to m i n i m i z e alterations o f c l a y 
minera ls o r w e t t a b i l i t y . 

Performance 
D i s k f l o o d i n g is used to des ign a n d o p t i m i z e condit ions for a f u l l - f i e l d 
p o l y m e r - a u g m e n t e d w a t e r f l o o d . Because p o l y m e r - f l o o d p e r f o r m a n c e is 
d e p e n d e n t u p o n reservoir characterist ics , ac tual reservoir r o c k a n d f lu ids 
must b e used i n these l a b o r a t o r y tests. C o m p l e x r o c k - f l u i d - p o l y m e r 
interact ions are u n i q u e for each reservo ir . T h e r e f o r e , o n l y fresh, p r e 
se rved core m a t e r i a l c on ta in ing reservo ir f lu ids is r e c o m m e n d e d for use. 
U s e o f u n p r e s e r v e d or restored core or r e f i n e d oils m a y not ref lect exist
i n g reservo ir condi t ions a n d g ive m i s l e a d i n g results. 
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UJ WELL NO. SMITH »1 
CORE NO. 2(12/1/83 3 AM) 

DESCRIPTION/REMARKS 

TOP OF CORE 
HO 
VO 

VO 

VO 

VO 

HC 
VO 

VO 

SANDSTONE; DOLOMITIC. MODERATELY 
SOFT, BROWN, CROSS-BEDDED, DARK 
OIL STAIN 
DOLOMITE; DISTURBED BEDDING 

SANDSTONE; DOLOMITIC, SOFT, 
DARK OIL STAIN THOUGHOUT, 
BLEEDING OIL ALONG FRACTURES AT 

4002', 4014', AND 4015'. 

LARGE SCALE CROSS BEDDING 
VERY FRIABLE FROM 4009'-4014* 

DOLOMITE; WHITE, HARD, BLEEDING 
OIL ALONG FRACTURE AT 4016' 
HORIZONTAL BEDDING 

BLEEDING OIL FROM 4017'-4022' 

ANHYDRITE. VERY HARD. DENSE 

SANDSTONE; DOLOMITIC, MOTTLED 
APPEARANCE, SUCROSIC, MEDIUM OIL 
STAIN, DISTURBED BEDDING 

Figure 10. Well site description of a 5U-in.-diameter core section. 

T e c h n i q u e . F o r the f o l l o w i n g reasons, d isks are p r e f e r r e d over l i n 
ear cores f or p o l y m e r f l o o d des ign . 

• T h e large v o i d v o l u m e r e q u i r e d f or accurate data m e a 
surement is m o r e r e a d i l y ob ta ined w i t h disks . 

• A s p o l y m e r solutions usual ly exh ib i t n o n - N e w t o n i a n (rate-
dependent ) f l o w b e h a v i o r , r a d i a l f loods s imulate the n o n -
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15. A R G A B R I G H T E T A L . Polymer-Augmented Waterflooding 281 

l inear streamlines present i n reservo ir patterns m u c h better 
than l inear floods. 

• Because o f rate effects, l a b o r a t o r y f l oods n e e d to b e c o n 
d u c t e d at f r onta l a d v a n c e rates representat ive of those i n 
the f i e l d . D i s k f loods ref lect these v e l o c i t y gradients . 

• D i s k f l oods r e q u i r e shorter e x p e r i m e n t a l t imes at represen
tat ive f i e l d ve loc i t ies . 

A d i s k h o l d e r is s h o w n i n F i g u r e 11. T h e h o l d e r is d e s i g n e d f o r 
6 - in . -d iameter b y about 2 - in . - th ick d isks . S m a l l e r d iameter d isks c a n b e 
r e a d i l y a c c o m m o d a t e d b y us ing h o l l o w c y l i n d r i c a l inserts. L a r g e -
d i a m e t e r d isks are p r e f e r r e d to m i n i m i z e e x p e r i m e n t a l errors a n d p o t e n 
t ia l edge effects . T h e f lat surfaces o f the d i sk are sealed b y pressur i zed 
b l a d d e r s . In ject ion a n d p r o d u c t i o n o c c u r at a Js-in.-diameter w e l l b o r e 
a n d at the outer l a te ra l area o f the d i sk . A series o f taps a l o n g a rad ius 
a l l o w s m o n i t o r i n g o f pressure b e h a v i o r w i t h d istance . P r o d u c e d f lu ids 
are c o l l e c t e d w i t h a s a m p l e f ract ionator , w h i c h a l l ows for i n c r e m e n t a l 
f l u i d analysis throughout the f l o o d . T h e d i sk f l o o d i n g exper iment is 
m a i n t a i n e d at the des i red reservoir temperature w i t h a constant t e m p e r a 
ture air b a t h . 

I n e a c h d i sk f l o o d , w a t e r f l o o d p e r f o r m a n c e is measured p r i o r to 
in jec t ion o f p o l y m e r . T h i s measurement p r o v i d e s a b e n c h m a r k for each 
spec i f i c d i s k . W a t e r f l o o d d a t a are v e r y b e n e f i c i a l i n separat ing results 

Figure 11. Disk in holder for radial flooding. 
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d u e to r o c k character ist ics f r o m those due to the in jec ted f l u i d system. 
I n genera l , w i t h increas ing r o c k heterogeneity , w a t e r f l o o d o i l r e covery 
e f f i c i e n c y decreases a n d o i l r e c o v e r y b y p o l y m e r f l o o d i n g increases (7). 

N a t i v e (uncleaned) d isks are f l o o d e d i n the f o l l o w i n g sequence: 
(1) degas u n d e r w a t e r or o i l , d e p e n d i n g o n w e t t a b i l i t y ; (2) resaturate w i t h 
c r u d e o i l ; (3) w a t e r f l o o d ; (4) p o l y m e r f l o o d ; (5) extract b y D e a n - S t a r k 
extract ion to o b t a i n res idua l o i l ; a n d (6) c l ean a n d d r y d i sk for p e r m e a 
b i l i t y measurement . 

T e r t i a r y Versus Secondary . " T e r t i a r y " p o l y m e r f loods are c o n 
d u c t e d i n the l a b o r a t o r y to evaluate reservoirs i n w h i c h w a t e r f l o o d 
operat ions h a v e b e e n in i t ia ted . I n tert iary d isk f loods , w a t e r is f irst 
in jec ted ( a p p r o x i m a t e l y 2 p o r e vo lumes) u n t i l a l o w o i l cut is reached . 
T h e n p o l y m e r so lut ion f o l l o w e d b y d r i v e w a t e r is in jec ted . T h e p r o 
d u c e d s a m p l e increments a l l o w the measurement o f o i l cut a n d r e c o v e r y 
versus in jec t ion v o l u m e ( F i g u r e 12). T h e concentrat ion o f p r o d u c e d 
p o l y m e r as a f u n c t i o n of in jec t ion v o l u m e is also o b t a i n e d . P o l y m e r re 
tent ion is c a l c u l a t e d b y m a t e r i a l ba lance . P o l y m e r f l o o d i n g increases the 
o i l cut , a n d o i l (20 c P ) r e c o v e r y is e n h a n c e d o v e r straight w a t e r f l o o d i n g 
(F igure 12). 

" S e c o n d a r y " l a b o r a t o r y f loods are c o n d u c t e d f o r reservoirs that 
h a v e not b e e n sub jec ted to w a t e r f l o o d i n g . I n this case, f o l l o w i n g the 
w a t e r f l o o d , the d i sk is resaturated w i t h c r u d e o i l (10 cP) p r i o r to c o n 
d u c t i n g a p o l y m e r f l o o d o f e q u a l in jec t i on v o l u m e . A n e x a m p l e o f a 
secondary p o l y m e r f l o o d is s h o w n i n F i g u r e 13. A g a i n , p o l y m e r f l o o d i n g 
recovers m o r e o i l than does w a t e r f l o o d i n g a n d requires l o w e r in jec t ion 
v o l u m e s . 

M o b i l i t y R e d u c t i o n . P o l y m e r does not s ign i f i cant ly alter the inter -
f a c i a l tension b e t w e e n o i l a n d w a t e r ; therefore , p o l y m e r f l o o d i n g theo
r e t i c a l l y s h o u l d not r e c o v e r m o r e o i l than c a n u l t i m a t e l y b e r e c o v e r e d 
b y infinite w a t e r f l o o d i n g . H o w e v e r , p o l y m e r does increase w a t e r f l o o d 
o i l r e c o v e r y e f f i c i ency (rate) b y v i r t u e o f r e d u c e d w a t e r m o b i l i t y a n d 
i m p r o v e d s w e e p e f f i c i ency . T h u s , i m p r o v e d v e r t i c a l a n d areal c on for 
m a n c e b y p o l y m e r f l o o d i n g results i n a d d i t i o n a l o i l r e c o v e r y over w a t e r -
f l o o d i n g p r i o r to r each ing a b a n d o n m e n t at an u n e c o n o m i c a l o i l cut . 

A s d iscussed ear l ier , pressure d a t a are r e q u i r e d to s tudy m o b i l i t y 
b e h a v i o r i n l a b o r a t o r y d i s k f l oods . T o t a l m o b i l i t y (X) is e q u a l to the 
s u m m a t i o n o f the mob i l i t i e s o f a l l the phases a n d for two-phase f l o w is 

X = k0/fj,0 + kj\xw (2) 

w h e r e k0 a n d kw are permeab i l i t i e s a n d IJL0 a n d yLw are viscosit ies o f o i l 
a n d w a t e r , respec t ive ly . M o b i l i t y f or d isk f loods m a y b e ca l cu la ted f r o m 
the D a r c y equat i on for r a d i a l f l o w : 
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15. ARGABRIGHT E T AL. Polymer-Augmented Waterflooding 283 

x = q In (fo/fj) ( 3) 

fc(AP) 

w h i c h is s i m i l a r to equat ion 1 for s ingle-phase f l o w . 
A n e x a m p l e o f to ta l d i sk m o b i l i t y versus average w a t e r saturation 

ex ist ing d u r i n g w a t e r f l o o d a n d a subsequent p o l y m e r f l o o d is s h o w n i n 
F i g u r e 14. S i m i l a r da ta are o b t a i n e d for a series o f concentr i c rings us ing 
the pressure taps a l o n g the d i sk rad ius . M o b i l i t y d u r i n g w a t e r f l o o d is 
o n l y d e p e n d e n t u p o n o i l a n d w a t e r permeab i l i t i e s a n d viscosit ies (equa
t i o n 2). H o w e v e r , o i l a n d w a t e r permeab i l i t i e s are saturation dependent . 
D u r i n g the ear ly stages o f a w a t e r f l o o d , m o b i l i t y decreases d u e to 
decreas ing o i l re lat ive p e r m e a b i l i t y a n d a l o w w a t e r re lat ive p e r m e a b i l 
i t y (F igure 14). I n the later stages of a w a t e r f l o o d , m o b i l i t y increases as a 

THROUGHPUT, PORE VOLUMES 

Figure 12. Oil recovery from a 500-millidarcy (500-md) sandstone disk. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



284 W A T E R - S O L U B L E POLYMERS 

0 0.50 1 .0 1.50 

THROUGHPUT, PORE VOLUMES 

Figure 13. Comparative oil recoveries from a 330-md dolomite disk (7). 
Key: —, 1.60-PV waterflood; and , 0.39 PV of 1000 ppm of PHPA and 
1.17 PV of water. Reproduced with permission from reference 7. Copyright 

1982 Society of Petroleum Engineers of AIME. 
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Figure 14. Mobility profile. 
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result o f a l o w o i l re lat ive p e r m e a b i l i t y a n d an increas ing w a t e r re lat ive 
p e r m e a b i l i t y . U p o n in ject ion o f p o l y m e r , a large decrease i n m o b i l i t y is 
e f fec ted . P o l y m e r reduces water m o b i l i t y through increased v iscos i ty 
(nw) a n d decreased p e r m e a b i l i t y (kw). U p o n d r i v e - w a t e r in ject ion , 
m o b i l i t y aga in increases as the aqueous phase v i scos i ty decreases to that 
o f w a t e r . A r e d u c t i o n i n m o b i l i t y remains at the e n d o f p o l y m e r d r i v e 
w a t e r as a result o f p e r m a n e n t p e r m e a b i l i t y loss caused b y e n t r a p p e d 
p o l y m e r . T h e m o b i l i t y r e d u c t i o n b y p o l y m e r is offset i n par t b y a m o b i l 
i t y increase due to a w a t e r re lat ive p e r m e a b i l i t y increase a c c o m p a n y i n g 
a d d i t i o n a l o i l r e c o v e r y ( increased water saturation) . 

Reverse In jec t ion . N o r m a l l y , f l u i d is in jected into the center w e l l 
b o r e . H o w e v e r , f l o w d i r e c t i o n c a n b e r e a d i l y reversed w i t h in jec t ion 
f r o m the outs ide p e r i m e t e r resu l t ing i n p r o d u c t i o n f r o m the center w e l l 
b o r e . Because p o l y m e r so lut ion b e h a v i o r is rate dependent , d i sk f l oods 
are c o n d u c t e d at f i e l d rates (a m e d i a n f r on ta l v e l o c i t y i n the o r d e r o f 
0.25 f t / d a y ) . P o l y m e r f l o o d r e c o v e r y as a func t i on o f v e l o c i t y ( injection 
rate) is s h o w n i n F i g u r e 15 f o r t w o d i f f e rent types o f l i t h o l o g y . O i l r e 
c o v e r y increases w i t h f l o o d i n g v e l o c i t y , the increase d e p e n d i n g o n the 
r o c k - p o l y m e r so lut ion sys tem. E v e n at 3 f t / d a y , pressure gradients are 
not suf f i c ient at a n y l o c a t i o n to r educe o i l saturat ion b e l o w true w a t e r -
f l o o d res idua l (I J , 12). T h a t is , o i l is not d i s l o d g e d because o f viscous forces 
e x c e e d i n g c a p i l l a r y forces . F i g u r e 15 shows that w i t h i n exper imenta l 

0.14 

0.12 -

oE 0.10 

0.08 

O 0.06 

DC 
m 0.04 

0.02 

***** -

Flooded From OUT—TO—IN 

300md 
Sandstone 
Disks 

0.1 1.0 
MEDIAN FRONTAL VELOCITY (Ft/Day) 

10.0 

Figure 15. Tertiary polymer flood oil recovery as a function of flood velocity 
and direction. 
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error , i n w a r d a n d o u t w a r d flooding o f the d isks gave the same o i l r e 
c o v e r y . T h i s result demonstrates that poss ib le c a p i l l a r y pressure e n d 
effects are ins igni f i cant . 

Inject ion m a y b e c o n d u c t e d at a constant rate or at constant pres 
sure. F r o m the s tandpo int o f ins t rumentat ion , constant-rate exper iments 
are p r e f e r r e d . 

D e s i g n P a r a m e t e r s . I n mos t f i e l d p o l y m e r f l o o d app l i ca t i ons , o n l y 
three p o l y m e r des ign var iables exist: structure ( M f , m o l e c u l a r w e i g h t d i s 
t r i b u t i o n a n d b r a n c h i n g ) , concentrat ion , a n d b a n k size. I n some l o c a 
t ions , a cho i ce o f in jec t i on waters is a v a i l a b l e , w h i c h gives a f o u r t h 
des ign v a r i a b l e . 

I n genera l , p e r f o r m a n c e (o i l r e c o v e r y e f f i c iency) increases w i t h 
increas ing p o l y m e r m o l e c u l a r w e i g h t . F i g u r e 16 shows h igher o i l r e c o v 
e ry b y increas ing M r . B o t h v iscos i ty a n d p e r m e a b i l i t y r e d u c t i o n are 
a u g m e n t e d b y increas ing m o l e c u l a r we ight . P o l y m e r retent ion also 
increases w i t h m o l e c u l a r we ight . T h e m a x i m u m m o l e c u l a r w e i g h t suit-

INJECTION VOLUME (PV) 

Figure 16. Effect of M r on polymer flood oil recovery efficiency. 
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15. ARGABRIGHT E T A L . Polymer-Augmented Waterflooding 287 

ab le f or a p a r t i c u l a r reservo ir is l i m i t e d b y m o b i l i t y r e d u c t i o n ( inject iv-
i ty loss) a n d p o l y m e r retent ion considerations. 

F o r a n y g i v e n p o l y m e r t y p e , o i l r e c o v e r y increases as the a m o u n t o f 
p o l y m e r in j e c t ed (dosage) increases. A t the l o w e r p o l y m e r dosages, o i l 
r e c o v e r y increases r a p i d l y . A m a x i m u m re co very is a p p r o a c h e d a s y m p 
to t i ca l l y at h i g h p o l y m e r dosages. T h e ef fect o f increas ing p o l y m e r c o n 
centra t i on at a constant p o l y m e r b a n k size is i l lustrated i n F i g u r e 17. A 
s imi lar p o l y m e r dosage versus o i l r e c o v e r y re lat ionship is s h o w n i n F i g 
ure 18 w h e r e the p o l y m e r concentrat ion is h e l d constant a n d the p o l y 
m e r b a n k s ize v a r i e d . I n F i g u r e s 17 a n d 18 re la t ive ly large p o l y m e r dos 
ages are r e q u i r e d to recover s igni f i cant ly m o r e o i l than can b e ob ta ined 
b y w a t e r f l o o d i n g alone. 

I n a d d i t i o n to p o l y m e r des ign var iab les , the r o c k propert ies c a n 
af fect p o l y m e r f l o o d o i l r e c o v e r y . M a n y o i l - b e a r i n g reservoirs conta in 
m u l t i p l e zones i n a s ingle f o r m a t i o n . I n some reservoirs , f o rmat ions of 
d i f f erent l i t h o l o g y (e.g., carbonate a n d sandstone) are s imultaneously 
f l o o d e d f r o m c o m m o n w e l l s . Reservo irs are not homogeneous over their 
v e r t i c a l a n d areal d imens ions . I n a d d i t i o n to p e r m e a b i l i t y , r o c k v a r i a t i o n 
m a y exist d u e to l o c a l i z e d laminat ions , c ross -bedd ing , d i r e c t i ona l p e r 
m e a b i l i t y , a n d other heterogeneit ies . T h u s , p o l y m e r f l o o d p e r f o r m a n c e 
must b e eva luated b y l a b o r a t o r y f l o o d i n g i n a l l r o c k types represent ing 
s igni f i cant port ions o f the reservoir . 

In m a n y cases, p o l y m e r f l o o d i n g appears to b e m o r e b e n e f i c i a l f or 

POLYMER CONCENTRATION (ppm) 

Figure 17. Polymer flood oil recovery as a function of concentration. 
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288 W A T E R - S O L U B L E POLYMERS 

i n c r e m e n t a l o i l r e co v e ry i n d o l o m i t e than i n sandstone. F i g u r e 19 shows 
a t e r t iary p o l y m e r f l o o d r e c o v e r y i n a d o l o m i t e d i sk us ing i d e n t i c a l 
f lu ids as used i n the sandstone d i sk s h o w n i n F i g u r e 12. T y p i c a l l y , 
w a t e r f l o o d o i l r e c o v e r y is l o w e r i n d o l o m i t e . D a t a i n F i g u r e 15 us ing 
d isks f r o m other reservoirs also s h o w a m u c h greater p o l y m e r f l o o d o i l 
r e c o v e r y i n the carbonate d isks . Surpr i s ing ly , p o l y m e r retent ion is 
genera l ly l o w e r i n carbonate d isks than i n sandstone d isks . P o l y m e r r e 
tent ion m a y b e l o w e v e n i n v e r y l o w p e r m e a b i l i t y (less than 10 m d ) 
carbonate d isks (F igure 20). 

I n m a n y reservoirs , p o l y m e r f l o o d i n g m a y not recover a d d i t i o n a l o i l 
o v e r w a t e r f l o o d i n g . Reservo irs that are not g o o d candidates f o r p o l y m e r 
f l o o d i n g i n c l u d e (1) those that c onta in large amounts o f c l a y or have 
other characterist ics that result i n extremely h i g h p o l y m e r retent ion , 
(2) v e r y homogeneous reservoirs , a n d (3) those h a v i n g v e r y favorab le 
w a t e r - t o - o i l m o b i l i t y ratios. 

I n s u m m a r y , d i sk f l o o d i n g r e l i a b l y measures the effects o f p o l y m e r 
des ign var iab les a n d r o c k propert ies o n o i l r e covery b y b o t h w a t e r f l o o d 
i n g a n d p o l y m e r f l o o d i n g . A later sect ion discusses h o w l a b o r a t o r y 
m o b i l i t y , o i l r e c o v e r y , a n d retent ion d a t a are used to p r e d i c t f i e l d 
p e r f o r m a n c e . 

Field Feasibility Testing 
Because p r e d i c t i o n o f h o w a par t i cu lar reservoir w i l l r e s p o n d to p o l y m e r 
in j e c t i on is a lmost i m p o s s i b l e , an in j e c t i v i ty f i e l d test is n o r m a l l y c o n 
d u c t e d . I n m a n y pro jects , e conomics are h e a v i l y i n f l u e n c e d b y in jec t ion 
rates. Because p o l y m e r solutions are m o r e viscous than water , w e l l h e a d 
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15. ARGABRIGHT E T A L . Polymer-Augmented Waterflooding 289 

pressures s h o u l d increase for c o m p a r a b l e f l o w rates. A s pressures 
a p p r o a c h the m a x i m u m in ject ion pressure, in ject ion rates w i l l decrease 
a c c o r d i n g l y . I n c r e m e n t a l o i l p r o d u c t i o n d u e to p o l y m e r c o u l d b e 
d e l a y e d cons iderab ly b y a r e d u c t i o n i n f i e l d rates. 

D a t a must b e generated i n a l l phases o f the in jec t iv i ty test to f a c i l i 
tate the i m p l e m e n t a t i o n o f the subsequent f u l l - f i e l d , p o l y m e r - a u g 
m e n t e d w a t e r f l o o d . T h e r e f o r e , i n a d d i t i o n to w e l l pressure data a n d 
in j e c t i on rates, i n f o r m a t i o n o n m i x i n g , p u m p i n g , p i p e l i n e f r i c t i o n a l pres 
sure losses, m e c h a n i c a l d e g r a d a t i o n , a n d p o l y m e r so lut ion propert ies i n 
a c t u a l f i e l d in jec t i on w a t e r must b e o b t a i n e d . I n cases w h e r e p o l y m e r is 
m a n u f a c t u r e d o n site, i n f o r m a t i o n o n the i m p a c t o f the f i e l d e n v i r o n -
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1 0 0 0 

1.6 2 . 4 3 . 2 4 . 0 

T H R O U G H P U T , P O R E V O L U M E S 

Figure 20. Oil recovery from an 8-md carbonate disk. 

m e n t o n the p o l y m e r i z a t i o n process is also des i red . M o r e i m p o r t a n t l y , 
h o w e v e r , a f i e l d test gives o i l f i e l d engineers a n d operators a chance to 
w o r k w i t h p o l y m e r a n d p o l y m e r systems so that p r o p e r h a n d l i n g 
b e c o m e s as rout ine as other o i l f i e l d operat ions . F o r these reasons, p r o p 
e r l y d e s i g n e d in jec t iv i ty tests c o u l d m o r e correc t ly b e c a l l e d feas ib i l i ty 
tests because the f eas ib i l i ty o f a c o m p l e t e p o l y m e r - a u g m e n t e d w a t e r -
f l o o d is e x a m i n e d , not just in jec t iv i ty . 

C h o o s i n g a W e l l . O n e o f the m o r e i m p o r t a n t aspects o f feas ib i l i ty 
test ing is in j e c t i on w e l l se lect ion . Severa l requ i rements shou ld b e met . 
T h e w e l l s h o u l d b e representat ive o f the f i e l d average , a n d a h is tory o f 
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15. ARGABRIGHT E T AL. Polymer-Augmented Waterflooding 291 

w a t e r in jec t i on d a t a s h o u l d b e ava i lab le . I n m a n y cases, w a t e r in jec t ion 
we l l s s h o u l d b e s t imulated (cleaned) be fore p o l y m e r f l o o d i n g . 

M a n y d i f f e rent types o f w e l l c o m p l e t i o n s exist; s ome are s h o w n i n 
F i g u r e 21. F o r p o l y m e r f l o o d i n g , open-hole comple t i ons are general ly 
p r e f e r r e d over per forated -ho le comple t i ons because p o l y m e r solutions 
are exposed to a m u c h greater surface area near the w e l l bo re ; this factor 
reduces the a m o u n t o f shear f or a g i v e n f l o w rate. H o w e v e r , open-ho le 
c o m p l e t i o n s are u n c o m m o n because o f associated m e c h a n i c a l p r o b l e m s . 
P e r f o r a t e d - h o l e c o m p l e t i o n s are m o r e p r e d o m i n a n t a n d usual ly must b e 
reper fo ra ted to a h igher dens i ty be fore p o l y m e r in ject ion. 

P o l y m e r - B l e n d i n g Systems. M a n y d i f f erent types o f p o l y m e r -
b l e n d i n g systems exist, b u t bas i ca l l y they c a n b e d i v i d e d into t w o cate
gories : d r y b l e n d i n g a n d concentrate b l e n d i n g . In d r y b l e n d i n g , p o l y m e r 
is s tored as a d r y p o w d e r a n d t ranspor ted to a h o p p e r w h e r e it is f e d 
into a m i x e r cons is t ing o f a funne l - shaped d e v i c e a n d a tangent ia l ly 
f l o w i n g s t r e a m o f d i l u t i o n w a t e r . A s chemat i c o f this t y p e o f sys tem is 
g i v e n i n F i g u r e 22. Because p o l y m e r is d i f f i c u l t to s o lub i l i z e , f i lters are 

Figure 21. Well completions. Key: left, open-hole completion; middle, open-
hole completion with slotted liner; and right, perforated completion. 

WATER 

I 1 SYSTEM 

Figure 22. Polymer blending system. 
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e m p l o y e d to prevent u n d i s s o l v e d p o l y m e r f r o m enter ing the in ject ion 
system a n d caus ing f o r m a t i o n p l u g g i n g . 

C o n c e n t r a t e b l e n d i n g , o n the other h a n d , requires less e q u i p m e n t 
a n d is i n h e r e n t l y m o r e d e p e n d a b l e because this p o l y m e r has never b e e n 
d r i e d a n d is a l r e a d y m i x e d i n c o n c e n t r a t e d f o r m . F o r smal l -sca le o p e r a 
t ions, p o l y m e r c a n b e p u r c h a s e d , s h i p p e d , a n d stored o n site i n c o n c e n 
trated f o r m i n a suitable p o l y m e r h o l d i n g tank. In large-scale operat ions , 
f i n a l b l e n d i n g is o n l y one par t o f an o v e r a l l semicont inuous m a n u f a c t u r 
i n g process . A n o t h e r f o r m o f concentrate b l e n d i n g invo lves P H P A e m u l 
sions w h e r e i n the concentra ted e m u l s i o n is i n v e r t e d b y d i l u t i o n w i t h 
w a t e r . 

O n c e p o l y m e r has b e e n m i x e d w i t h in ject ion water , o x y g e n c o n t a m i 
n a t i o n must b e p r e v e n t e d because o x y g e n c a n i n d u c e degradat i on . T h i s 
p r e v e n t i o n is genera l ly a c c o m p l i s h e d b y b l a n k e t i n g p o l y m e r storage 
tanks w i t h n i t rogen . A s in jec t ion w a t e r m a y conta in b i o c ides , scale, a n d 
c o r r o s i o n i n h i b i t o r s , the p o l y m e r concentrat ion must b e adjusted to 
a c c o m m o d a t e these chemica ls . 

M e c h a n i c a l d e g r a d a t i o n is also i m p o r t a n t , p a r t i c u l a r l y w h e n d e a l i n g 
w i t h v e r y h i g h m o l e c u l a r w e i g h t p o l y m e r s . E q u i p m e n t for h a n d l i n g 
p o l y m e r solutions must b e chosen to m i n i m i z e shear ing forces. 

Polymer Injection Equipment and Instrumentation. A l t h o u g h f i n a l 
d i l u t i o n o f the p o l y m e r concentrate is r e la t ive ly s t r a i g h t f o r w a r d , great 
care must b e t a k e n to m i n i m i z e m e c h a n i c a l degradat i on . A t y p i c a l in jec 
t i o n sys tem f o r a p o l y m e r f eas ib i l i t y test is g i v e n i n F i g u r e 23. T h e p o s i 
t ive d i s p l a c e m e n t p u m p used to d e l i v e r concentrated p o l y m e r into the 
in j e c t i on l i n e m u s t b e d e s i g n e d to d e l i v e r the p r o p e r a m o u n t o f p o l y m e r 
at the m a x i m u m a n t i c i p a t e d d i s charge o r w e l l h e a d pressure. A l t h o u g h 
m a n y pos i t i ve d i sp lacement p u m p s c a n b e used , o n l y a f e w operate w i t h 
a m i n i m u m o f shear. T h i s result w i l l b e d e s c r i b e d m o r e f u l l y u n d e r F u l l -
F i e l d D e v e l o p m e n t . 

M o n i t o r i n g f l o w rates o f p o l y m e r concentrate also requires spec ia l 
e q u i p m e n t . Because these solutions are usual ly v e r y v iscous a n d n o n -
N e w t o n i a n , o n l y a f e w types o f meters are a p p r o p r i a t e — m a s s f l o w 
meters , m a g n e t i c f l o w m e t e r s , a n d o v a l gear meters . O f the three, m a g 
net i c f l o w m e t e r s h a v e b e e n f o u n d to b e p a r t i c u l a r l y use fu l i n the o i l 
f i e l d . 

T h e t h i r d i m p o r t a n t e lement i n the in ject ion system is the static 
m i x e r w h e r e f i n a l d i l u t i o n is m a d e . B a s i c a l l y , the m i x e r consists o f a 
series o f e lements h e l d i n p l a c e i n a straight p i p e . A l t h o u g h the concept 
is r e la t i ve ly s i m p l e , des ign ing mixers f o r p o l y m e r a n d n o n - N e w t o n i a n 
f l u i d s is l a r g e l y e m p i r i c a l . T h e degree o f m i x i n g d e p e n d s o n the f l o w 
r e g i m e ( l aminar o r turbu lent ) , v i s cos i ty ra t i o , f l o w rate ra t i o , a n d c o m 
p o s i t i o n o f the t w o f lu ids . T h e size a n d n u m b e r o f elements d e p e n d o n 
the d e s i r e d h o m o g e n e i t y , m a x i m u m a l l o w a b l e pressure d r o p across the 
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m i x e r , a n d size restrict ions ( length or d iameter ) . Pressure drops shou ld 
b e m i n i m i z e d to prevent shear degradat i on . 

I n a n y p o l y m e r feas ib i l i ty test, instrumentat ion must b e re la t ive ly 
r u g g e d to w i t h s t a n d o i l f i e l d env i ronments . D a t a acqu i s i t i on systems are 
used to m o n i t o r a l l phases o f the test. M i c r o p r o c e s s o r - b a s e d rat io c o n 
trol lers c a n b e used to c o n t r o l the p u m p i n g rate o f concentrated p o l y 
m e r in to the w a t e r - i n j e c t i o n l i n e , p a r t i c u l a r l y w h e n w a t e r rates are 
e x p e c t e d to v a r y o r in j e c t i on w a t e r c omes f r o m a c o m m o n header . A 
g o o d in jec t iv i ty test relies o n v e r y constant in ject ion rates. 

Pressure transducers s h o u l d b e used to cont inuous ly r e c o r d b o t t o m -
h o l e pressure , static m i x e r pressure d r o p , w e l l h e a d pressure, a n d any 
a p p r o p r i a t e l ine pressures. F l o w m e t e r s are used to cont inuous ly measure 
w a t e r rates, p o l y m e r concentrate rate , a n d d i l u t e d p o l y m e r f l o w rate. 
B o t t o m - h o l e a n d surface in jec t ion temperatures shou ld also b e measured 
a n d r e c o r d e d . 

Water Treatment. In ject ion w a t e r q u a l i t y is i m p o r t a n t f o r p o l y m e r 
f eas ib i l i t y tests. A f i l t ra t i on uni t s h o u l d b e insta l led into the w a t e r -
in j e c t i on sys tem. O n e such uni t is s h o w n i n F i g u r e 24. T h i s uni t p r o v i d e s 
q u a l i t y w a t e r as w e l l as d a t a f or f u l l - f i e l d f i l t rat ion des ign . 

Analytical Data Analysis. O b s e r v i n g p o l y m e r propert ies d u r i n g the 
course o f a test c a n ind i ca te po tent ia l p r o b l e m s f or f u l l - f i e l d d e v e l o p 
m e n t . S a m p l i n g procedures must b e des igned to prevent o x y g e n c o n 
t a m i n a t i o n o r shear degradat i on p r i o r to measurement . 

C o n c e n t r a t e d p o l y m e r s h o u l d r o u t i n e l y b e s a m p l e d at b o t h the suc
t i o n a n d d i s charge sides o f the p o l y m e r p u m p . A c o m p a r i s o n o f these 
t w o samples indicates the degree o f m e c h a n i c a l degradat i on a n d also 
u n i f o r m i t y a n d consistency o f the p r o d u c t . 

BACKWASH 
RECEIVING 

TANK 

• REGULATE FLOW TO 
KEEP FILTERED WATER 
TANK AT HIGH LEVEL 

• BACKWASH AUTO UNIT 
WHEN INFLUENT PRESSURE 
GAUGE READS 30 psig 
HIGHER THAN EFFLUENT 

• PUT MANUAL UNIT |"~ 
ON LINE WHILE AUTO UNIT J / 
IS BACKWASHING * -

FILTERED UNFILTERED 
INJECTION INJECTION 

WATER - WATER 

MANUAL I— 
FILTER UNIT 

EFFLUENT 
GAUGE 

TO 
INJECTION 

SYSTEM 
I 

INFLUENT 
GAUGE 

V . I-LUW 

FILTER MEDIA 

NOM. SIZE BED THICKNESS 
MEDIA ( m m ) (in.) 

ANTHRACITE 0.9 18 
FINE GARNET 0.3 12 
COARSE GARNET 1.5 6 
GRAVEL 3.0 8 

AUTO FILTER UNIT 

GATE VALVE 

Figure 24. Skid-mounted filtration unit. 
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D i l u t e p o l y m e r samples s h o u l d r out ine ly b e taken d o w n s t r e a m o f 
the static m i x e r a n d at the w e l l h e a d . R o u t i n e measurements o f these 
samples i n c l u d e B r o o k f i e l d v i s cos i ty , screen factor , concentrat ion , a n d 
a p p a r e n t v i s cos i ty as a f u n c t i o n o f shear rate. I n this case, some m e a 
surements , p a r t i c u l a r l y those o f apparent v i scos i ty , s h o u l d b e taken at 
the m e a s u r e d reservoir bo t t om-ho le temperature . 

F i g u r e s 25 a n d 26 g ive v i scos i ty - shear - rate curves f or w e l l h e a d 
samples t a k e n f r o m t w o d i f f erent in jec t iv i ty tests. T h e large d i f f e rence 
i n proper t i es is d u e p r i m a r i l y to the d i f f e rence i n d i l u t i o n water . A l s o , 
the p o w e r - l a w Theolog ica l m o d e l does not adequate ly m a t c h data over 
the f u l l range o f shear rates. Water - in j e c t i on samples s h o u l d also b e 
taken , a n d a de ta i l ed c h e m i c a l c o m p o s i t i o n shou ld b e ob ta ined . 

Pressure D a t a a n d A n a l y s i s . F o r in terpretat ion o f in j e c t iv i ty tests, 
w e l l h e a d a n d bo t t om-ho le pressures are needed . M a n y t imes b o t h 
s h o u l d b e m o n i t o r e d because w e l l s o r i g i n a l l y o n v a c u u m w i l l b e c o m e 
pressur i zed after several days o f p o l y m e r in ject ion . 

A n e x a m p l e o f b o t t o m - h o l e pressures o b t a i n e d d u r i n g the course o f 
a f eas ib i l i ty test is g i v e n i n F i g u r e 27. Stable readings w i t h w a t e r just 
p r i o r to p o l y m e r a d d i t i o n a n d the subsequent r ise thereafter are f o u n d . 
P o l y m e r must b e in jec ted over a suf f ic ient t i m e p e r i o d such that a r e l a 
t i v e l y s tab i l i z ed pressure is ob ta ined . 

Besides s tab i l i z ed pressure readings , i m p o r t a n t i n f o r m a t i o n c a n b e 
o b t a i n e d f r o m transient we l l - t e s t ing analysis p e r f o r m e d p r i o r to , d u r i n g , 
a n d after p o l y m e r in j e c t i on . W e l l - t e s t i n g analysis is a m a j o r f i e l d o f spe
c i a l i z a t i o n i n p e t r o l e u m eng ineer ing , a n d m a n y b o o k s (13-15) have b e e n 
w r i t t e n o n the subject . T e s t i n g w i t h n o n - N e w t o n i a n p o l y m e r solutions, 
h o w e v e r , is not c o m p l e t e l y unders tood or d e f i n e d . I f in jected p o l y m e r 
solutions are N e w t o n i a n a n d not p a r t i c u l a r l y v iscous , c onvent i ona l 
methods c a n b e used . B u t , f or v e r y v iscous m a t e r i a l d i s p l a y i n g n o n -
N e w t o n i a n character ist ics , c onvent i ona l techniques c a n g ive erroneous 

Figure 25. Rheogram of apparent viscosity as a function of shear rate 
(test A). 
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100 I l i i i 
10-1 100 101 102 103 104 

SHEAR RATE, sec1 

Figure 26. Rheogram of apparent viscosity as a function of shear rate (test B). 
Key: O , Brookfield viscometer; and Ferranti-Shirley viscometer. 

Figure 27. Feasibility test of downhole pressure data as a function of elapsed 
time. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 
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results , a n d n o n - N e w t o n i a n analysis (16-18), a l though st i l l i n its i n f a n c y , 
s h o u l d b e a p p l i e d . 

T a b l e I lists several techniques for a n a l y z i n g in jec t iv i ty data . O f 
course , the m o r e tests that are p e r f o r m e d , the m o r e c on f idence i n the 
da ta . T y p i c a l i n j e c t i v i t y test results are g i v e n i n T a b l e s II a n d I I I . A 
d i f f e r e n c e i n m o b i l i t y be fo re a n d d u r i n g p o l y m e r in jec t ion occurs . I f a 
substant ia l d i f f e rence exists, then p r o b l e m s m i g h t o c c u r w i t h in jec t iv i ty . 
A genera l c r i t e r i a f o r a successful test cannot b e g i v e n because each 
reservo ir must b e treated separately. 

Modeling 
M a t h e m a t i c a l m o d e l s or s imulators are used to he lp unders tand p o l y m e r 
f eas ib i l i t y da ta a n d to p r e d i c t in jec t iv i ty a n d o i l r e c o v e r y for f u l l - f i e l d 
d e v e l o p m e n t . These mode l s use p a r t i a l d i f f e rent ia l equations for f l o w -
t h r o u g h porous m e d i a a n d solve t h e m n u m e r i c a l l y w i t h the a i d of a 
c o m p u t e r . D e p e n d i n g o n the c o m p l e x i t y of the m o d e l , these c o m p u t a 
tions c a n take a n y w h e r e f r o m several minutes to several hours o n r e l a 
t i v e l y h igh -speed computers . O f course, an actual p o l y m e r f l o o d is m u c h 
too c o m p l i c a t e d to b e represented b y a series o f theoret ical equations; as 
a result , s impl i f i ca t i ons a n d var ious assumptions must b e m a d e c o n c e r n 
i n g the mechan isms i n v o l v e d a n d the reservoir characteristics . A l t h o u g h 
most o f these s impl i f i ca t i ons seem c r u d e a n d unreal ist ic , m a n y m o d e l i n g 
attempts have been v e r y successful (19, 20). 

T h e m o d e l i n g process is i terat ive i n nature . A c t u a l f l o o d i n g d a t a are 
m a t c h e d b y c h o o s i n g a p p r o p r i a t e parameters for the m o d e l . I f theoret i 
c a l curves o b t a i n e d f r o m these mode l s d o not m a t c h exper imenta l data , 
then these parameters are c h a n g e d to b r i n g t h e m closer to agreement. As 
a result , m o d e l i n g d e p e n d s qu i te h e a v i l y o n e x p e r i m e n t a l data . T h e 
m o r e d a t a a v a i l a b l e , the m o r e a res t r i c t i on is p l a c e d o n c h a n g i n g these 
parameters a n d , hence , the m o r e con f idence exists i n us ing the s imulator 
for pred i c t i ons . 

T w o re la ted app l i ca t i ons exist w h e r e s imulators are used : l a b o r a 
t o r y - c u r v e m a t c h i n g a n d f i e l d - c u r v e m a t c h i n g . F i r s t , the p o l y m e r s i m u 
lator is used to m a t c h l a b o r a t o r y core f l o o d i n g data , b o t h w a t e r f l o o d 
a n d p o l y m e r f l o o d , u n d e r reservo ir condi t ions . W a t e r cuts, pressure 
d r o p s , e f f luent p o l y m e r concentrat ions , c u m u l a t i v e o i l r e covery , a n d 
some c a t i o n concentrat ions are a l l m a t c h e d b y a t r ia l -and-error m e t h o d 
choos ing a p p r o p r i a t e c o m p u t e r parameters . These parameters are essen
t ia l l y re lat ive permeab i l i t i e s (both dra inage a n d i m b i b i t i o n ) , p o l y m e r 
retent ion isotherms, inaccessible pore v o l u m e , c a p i l l a r y pressure, i o n -
exchange isotherms, v i s c o s i t y - v e l o c i t y re lat ionships , a n d resistance fac 
tors. Severa l tr ials are necessary be fo re a l l e x p e r i m e n t a l curves are 
m a t c h e d w i t h one set o f parameters . T h i s feature i n no w a y , h o w e v e r , 
m a k e s the set u n i q u e . In fact , several d i f f e rent sets of parameters c a n 
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Table III. Summary of Transient Testing Results 

Semilog Type Curve 

Type of 
Test 

Elapsed 
Time (h) 

Infection 
Fluid 

Analysis Analysis 
Type of 

Test 
Elapsed 
Time (h) 

Infection 
Fluid k/fi s k / M s 

Fallof f 1 230-280 water 18.1 -2.0 27.2 -1.4 1.0 
Two Rate 280-330 water 29.6 -2.2 — — — 
Fallof f 3 540-610 polymer 6.8 -0.4 7.1 -2.2 2.7 
aHe is effective viscosity (cP). 

g i v e c o m p a r a b l e matches . A t this p o i n t the m o d e l e r uses some subjec
t ive j u d g m e n t a n d dec ides w h i c h set is reasonable a n d best to use. 

I f a reasonable m a t c h is not o b t a i n e d , then r o c k heterogeneit ies c a n 
b e i n c l u d e d b y increas ing the mode l ' s c o m p l e x i t y such as us ing p e r m e a 
b i l i t y var ia t i ons , l a y e r i n g effects, a n d fractures . O f course, w i t h m o r e 
i n d e p e n d e n t parameters to choose, the chances o f m o d e l i n g e x p e r i m e n 
ta l d a t a increase. A d d e d complex i t i e s , h o w e v e r , increase c o m p u t a t i o n a l 
t imes a n d expenses a n d , w i t h o u t s u p p o r t i n g exper imenta l data , m a k e the 
s imulator less restr ict ive a n d pred i c t i ons m o r e r i s k y . 

F i g u r e 28 is an e x a m p l e of output f r o m a s imula tor used to m o d e l a 
l a b o r a t o r y w a t e r a n d p o l y m e r d i sk f l o o d (21). C o n s i d e r i n g a l l the 
assumptions used i n the m a t h e m a t i c a l equat ions , a r e m a r k a b l e m a t c h 
can b e o b t a i n e d . 

O n c e l a b o r a t o r y d a t a h a v e b e e n m o d e l e d , a f i e l d s imulator is d e v e l 
o p e d . P o l y m e r parameters o b t a i n e d f r o m the l a b o r a t o r y m a t c h are used 

Figure 28. Simulator match of laboratory waterflood and polymer flood. 
Key: -—, disk flood; and , simulator. Reproduced with permission 
from reference 21. Copyright1983 Society of Petroleum Engineers of AIME. 
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for the f i e l d m o d e l . R e s e r v o i r parameters , o f course, are subst i tuted for 
d isk parameters . T h e f o r m a t i o n can be represented either as a h o m o 
geneous sys tem, as a system o f layers , as a f rac tured system, or as other 
var iat ions , d e p e n d i n g o n ava i lab l e geo log ic i n f o r m a t i o n , the w e l l -
c o m p l e t i o n t e chn ique , a n d the c a p a b i l i t y o f the m o d e l . A s i n g l e - w e l l 
m o d e l is n o r m a l l y used to m a t c h d o w n h o l e a n d w e l l h e a d pressures, 
concentrat ions , a n d f l o w rates wi tnessed d u r i n g the feas ib i l i ty test. W e l l -
test ing results f r o m fa l l o f f a n d b u i l d u p tests are espec ia l ly i m p o r t a n t a n d 
must b e s i m u l a t e d w i t h the m o d e l . O n c e a m a t c h is a c h i e v e d , i n situ 
m o b i l i t y d a t a c a n b e es t imated . 

T h e f i n a l step i n s i m u l a t i o n is to d o a c o n c e p t u a l f u l l - f i e l d m o d e l 
i n c o r p o r a t i n g a l l parameters ob ta ined f r o m labora tory a n d in jec t iv i ty 
tests. H o w e v e r , the f u l l - f i e l d m o d e l s h o u l d m a t c h p r i o r w a t e r f l o o d h i s 
t o ry , p a r t i c u l a r l y o i l p r o d u c t i o n rates a n d o i l cuts f r o m i n d i v i d u a l p r o 
d u c i n g w e l l s . T h i s m o d e l i n g is v e r y d i f f i c u l t to d o i n those cases w h e r e 
the reservo irs are re la t ive ly heterogeneous w i t h d i re c t i ona l p e r m e a b i l i 
ties a n d u n d e f i n e d w e l l patterns . Nevertheless , i n a c o n c e p t u a l m o d e l , 
general trends c a n b e p a t t e r n e d even though large d iscrepancies m a y 
exist f o r i n d i v i d u a l w e l l s . O n c e a reasonable f i e l d m a t c h is o b t a i n e d , the 
s i m u l a t o r c a n b e used to p r e d i c t o i l recover ies f or a c o n t i n u e d w a t e r -
f l o o d a n d then , w i t h the i n c l u s i o n o f p o l y m e r parameters , p r e d i c t r e cov 
eries f or a p o l y m e r - a u g m e n t e d w a t e r f l o o d . T h e t w o recover ies c a n then 
b e c o m p a r e d a n d used for e c o n o m i c pred ic t i ons . F i g u r e 29 gives an 
e x a m p l e o f a f i e l d m a t c h o f a w a t e r f l o o d a n d pred i c t i ons o f c o n t i n u e d 
w a t e r f l o o d a n d p o l y m e r f loods . 

0.4 , -
MATCH PREDICTION - - " ~ """" -

0.3 - ^—- 9% PV 
INCREMENTAL 

_ 

0.2 -
/ 

I 
OIL RECOVERY 

-

0.1 -

0 
( 

i i i i i l i i I i 0 
( ) 1 2 3 4 5 6 7 8 9 10 1 

PORE VOLUMES INJECTED 

Figure 29. Simulator match of waterflood and prediction of waterflood and 
polymer flood. Key: , waterflood; and —, polymer flood. Repro
duced with permission from reference 21. Copyright 1983 Society of Petro

leum Engineers of AIME. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

5

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



302 W A T E R - S O L U B L E POLYMERS 

Full-Field Development 

P H P A Source . P H P A is a v a i l a b l e i n a v a r i e t y o f f o r m s . These 
f o r m s i n c l u d e d r y p o w d e r s , emuls ions , a n d gels. E a c h f o r m requires its 
o w n u n i q u e d isso lut ion techn ique f o r f i e l d a p p l i c a t i o n . C o m p l e t e so lu 
b i l i z a t i o n o f the p o l y m e r is the k e y to a v o i d i n g r a p i d face p l u g g i n g i n 
the in jec t i on w e l l . A n o t h e r o p t i o n is to m a n u f a c t u r e the P H P A o n site. 
T h i s a p p r o a c h e l iminates the necessity o f concentrat ing the p o l y m e r f o r 
s h i p m e n t a n d red i s so lv ing o n site. T h e c o m m e r c i a l l y ava i lab le P H P A s 
represent n e a r l y a l l o f the s tandard a c r y l a m i d e p o l y m e r i z a t i o n t e ch 
n i q u e s — s o l u t i o n , e m u l s i o n , redox , a n d r a d i a t i o n — a n d a p p r o p r i a t e disso
l u t i o n techniques are a p p l i e d . T h e negat ive ly c h a r g e d c a r b o x y l a t e 
g roups are i n t r o d u c e d b y e i ther h y d r o l y s i s o f a p r e f o r m e d p o l y ( a c r y l -
a m i d e ) o r t h r o u g h the c o p o l y m e r i z a t i o n o f a c r y l a m i d e w i t h a n a p p r o 
pr ia te a m o u n t o f s o d i u m acry late . 

P a t t e r n . T h e w e l l patterns used for p o l y m e r - a u g m e n t e d w a t e r -
f l o o d i n g are v e r y s imi lar to those o f straight w a t e r f l o o d i n g . M o s t d e v e l 
o p e d f ie lds use some repeated pat tern ( f ive spot, n ine spot, l ine d r i v e , 
etc.) o n a consistent s p a c i n g (5, 10, o r 20 acres, etc.) . I n f ie lds that have 
not b e e n f u l l y d e v e l o p e d f o r se condary r e c o v e r y operat ions , d r i l l i n g o f 
n e w w e l l s , c o n v e r s i o n o f p r o d u c i n g w e l l s to in jec t ion w e l l s (or v i c e 
versa ) , r e c o m p l e t i o n o f a b a n d o n e d w e l l s , o r a b a n d o n m e n t o f o l d w e l l s 
m a y b e r e q u i r e d to o b t a i n the des i red operat ing pat tern . 

M u c h m o r e w e l l w o r k is r e q u i r e d i n f ie lds that h a v e not b e e n d e v e l 
o p e d f o r s e c o n d a r y operat ions . I n this case, exhaust ive geo l og i ca l a n d 
eng ineer ing studies must b e c o n d u c t e d to select a pat tern for the most 
e f f i c ient p r o d u c t i o n o f o i l reserves. 

In jec t ion W e l l C o m p l e t i o n . P o l y m e r molecules subjected to stretch 
rates i n excess o f their natura l re laxat ion t imes m a y b e d e g r a d e d . T h a t is , 
v e r y h i g h stresses ex is t ing o n p o l y m e r molecules u n d e r g o i n g e l onga -
t i ona l d e f o r m a t i o n i n a f l o w cons t r i c t i on (pore throat o f porous med ia ) 
w i l l cause r u p t u r e o f the m o l e c u l e (degradat ion) . P o l y m e r degradat i on 
causes m a i n - c h a i n scission (molecu lar w e i g h t reduct ion) w i t h a c c o m 
p a n y i n g loss o f so lut ion propert ies (v iscosity a n d screen factor ) . T h u s , 
p o l y m e r d e g r a d a t i o n results i n a r e d u c t i o n o f o i l r e c o v e r y e f f i c i ency 
( F i g u r e 30). I n the reservoir , the greatest shear stresses o c c u r i n the v i c i n 
i t y o f the in j e c t i on w e l l b o r e w h e r e the f l o w area is the least a n d the 
f r onta l v e l o c i t y is the greatest. T h e r e f o r e , in jec t ion w e l l s m a y requ i re 
m o d i f i c a t i o n to e l iminate or m i n i m i z e p o l y m e r shear degradat i on . 

L a b o r a t o r y f loods are used to invest igate po tent ia l shear d e g r a d a 
t i o n . Loss o f screen fac tor a n d v i s cos i ty d u r i n g f l o w t h r o u g h a core , a 
mani fes ta t i on o f d e g r a d a t i o n , is m e a s u r e d at a n u m b e r o f in jec t ion rates. 
E m p i r i c a l re lat ionships ( F i g u r e 31) are o b t a i n e d for d e g r a d a t i o n versus 
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Figure 31. Polymer degradation correlated to flux and average grain diam
eter for a 600-md sandstone wedge. Key: O, screen factor; and viscosity. 

cor re la t ing parameters . Screen factor is thought to b e a measure o f 
m o l e c u l a r s ize a n d structure (22). D e g r a d a t i o n causes a m u c h larger loss 
o f screen factor than v iscos i ty ( F i g u r e 31). 

C o r r e l a t i o n parameters have been d e v e l o p e d that conta in b o t h f lux 
(ve loc i ty) a n d r o c k g ra in d iameter terms (23, 24). T h e interst i t ia l v e l o c 
i t y (p) t e r m m a y b e ca l cu la ted f r o m 
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r = q/(A4>Sw) (4) 

w h e r e q is the flow rate , A is the cross -sect ional area , <f> is the p o r o s i t y 
fraction, a n d is the f rac t i ona l w a t e r saturation. T h e average gra in size, 
d p , is ca l cu la ted f r o m p e r m e a b i l i t y , fe, a n d poros i ty , b y 

dp = (1 - 0)/Wl5Ofc/0 (5) 

M a e r k e r (23) has s h o w n that d e g r a d a t i o n c a n b e c o r r e l a t e d to the 
parameter £ L D

M . I n this parameter , c is the stretch rate , or 

c = 2¥/dp (6) 

a n d LD is a d imensionless l ength , or 

LD = L/dp (7) 

w h e r e L is the core l ength . 
Ser ight (24) has r e p o r t e d that b o t h r a d i a l a n d l inear d e g r a d a t i o n 

d a t a can b e corre la ted to v/dp, w h e r e the m a x i m u m f lux exist ing at the 
sandface is used . 

Pred i c t i ons o f f i e l d degradat i on are based o n the actual w e l l c o m 
p l e t i o n t e chn ique parameters a n d e m p i r i c a l degradat i on re lat ionships 
o b t a i n e d i n l a b o r a t o r y f loods . F o r cased a n d p e r f o r a t e d or open-ho le 
c omple t i ons , degradat i on c a n b e p r e d i c t e d o n d ie basis o f average f i e l d 
in jec t ion rates, sandface area , a n d reservoir propert ies (k, <f>, a n d S„,). 

I n m a n y reservo i r app l i ca t i ons , severe p o l y m e r d e g r a d a t i o n is l i k e l y 
to o c c u r i n s t a n d a r d open -ho le or p e r f o r a t e d w e l l - b o r e c omple t i ons . I n 
this case, h y d r a u l i c f r a c t u r i n g a n d p r o p p i n g are genera l ly r e c o m 
m e n d e d . F r a c t u r i n g great ly increases sandface entry area. T h u s , the 
v e l o c i t y i n the reservoir m a t r i x c a n b e great ly r e d u c e d to a va lue w h e r e 
no p o l y m e r degradat i on occurs . A l t h o u g h f r a c t u r i n g tota l ly e l iminates 
p o l y m e r d e g r a d a t i o n i n the f o r m a t i o n m a t r i x , h i g h veloc i t ies ex ist ing i n 
p r o p p e d fractures m a y cause severe degradat ion . F o r this reason, l inear 
l a b o r a t o r y sand-pack f loods (using ac tua l f racture sand p r o p p a n t ) are 
c o n d u c t e d to o b t a i n d e g r a d a t i o n versus the eLD

m parameter . T h i s co r 
re la t i on is used to des ign a p r o p p e d h y d r a u l i c f racture (i.e., sand p r o p -
p a n t s ize , f rac ture w i d t h , a n d f racture length) that w i l l a l l o w in jec t ion 
at the des i red rate w i t h a m i n i m u m o f p o l y m e r degradat ion . 

D i s t r i b u t i o n a n d In jec t i on F a c i l i t i e s . I n general , p o l y m e r can b e 
d i s t r i b u t e d t w o w a y s f o r a f u l l - f i e l d p o l y m e r - a u g m e n t e d w a t e r f l o o d 
pro ject . O n e m e t h o d is to d i lu te concentrated p o l y m e r to its f i n a l c o n 
cent ra t i on i n a c ent ra l f a c i l i t y a n d then p u m p this so lut ion out to in jec 
t i o n w e l l s b y us ing a m a n i f o l d system. F l o w resistance at each w e l l 
de termines in jec t i on f l o w rates. I n most cases, ava i lab le header pressure 
p r o v i d e s c ons iderab ly m o r e f l o w than des i red ; therefore, a f l o w - c o n t r o l 
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15. ARGABRIGHT E T AL. Polymer-Augmented Waterflooding 305 

d e v i c e is n e e d e d at each in ject ion w e l l . T h e cont ro l l ing dev i ce , h o w e v e r , 
must not shear-degrade p o l y m e r solutions. 

A s e c o n d m e t h o d to d i s t r ibute p o l y m e r , p a r t i c u l a r l y use fu l f o r r e l a 
t i v e l y large o i l f i e lds , uses a s o m e w h a t d i f f erent a p p r o a c h . P o l y m e r is 
t ranspor ted i n concentrated f o r m f r o m a centra l f a c i l i t y to d i s t r ibut i on 
centers throughout the f i e l d . These d i s t r i b u t i o n centers house b o t h 
p o l y m e r - h a n d l i n g fac i l i t ies a n d water - in jec t i on faci l i t ies . Water -rate c o n 
t r o l is h a n d l e d as i t w a s d u r i n g w a t e r f l o o d i n g , usua l ly w i t h a s i m p l e 
c h o k e v a l v e . C o n c e n t r a t e d p o l y m e r is a d d e d d o w n s t r e a m o f the v a l v e 
a n d m i x e d w i t h the r e m a i n i n g in jec t ion water . N o restr i c t ive dev ices 
exist d o w n s t r e a m o f the m i x e r to shear-degrade the p o l y m e r ; a v e r y 
e f f i c i ent sys tem results. F i g u r e 32 is an e x a m p l e o f such a system. 
Soph i s t i ca t ed ins trumentat ion is used to m o n i t o r the a m o u n t o f c o n c e n 
t ra ted p o l y m e r d e l i v e r e d to each w e l l a n d p r o v i d e s most o f the auto 
m a t i c shut-of f a n d cont ro l devices . 

D i s t r i b u t i o n centers are des igned to c o n t r o l m a n y we l l s s imultane
ous ly a n d o f fer the advantage o f h a v i n g c e n t r a l i z e d i n f o r m a t i o n . C o m 
puter n e t w o r k i n g systems c a n b e used to c o m b i n e i n f o r m a t i o n f r o m a l l 
d i s t r i b u t i o n centers; an excel lent da ta base f r o m w h i c h to m o n i t o r a 
p o l y m e r - a u g m e n t e d w a t e r f l o o d results. 

Because large c a p i t a l investments are r e q u i r e d for f u l l - f i e l d i m p l e -

^ INJECTION WELLS 

Figure 32. Schematic of the polymer dilution center. 
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306 W A T E R - S O L U B L E POLYMERS 

m e n t a t i o n o f a p o l y m e r f l o o d , a d d i t i o n a l evaluations o f certa in ma jor 
d i s t r i b u t i o n e q u i p m e n t , besides that o b t a i n e d f r o m feas ib i l i ty tests, are 
necessary to m i n i m i z e cost. T w o areas that are re la t ive ly u n i q u e to 
p o l y m e r f l o o d i n g a n d s h o u l d b e s t u d i e d c a r e f u l l y be f o re d e s i g n i n g a 
f i e l d pro ject are p i p e l i n i n g a n d p o l y m e r p u m p s . 

PIPELINING. T r a n s p o r t i n g concentra ted p o l y m e r solutions requires 
k n o w l e d g e o f n o n - N e w t o n i a n f l u i d f l o w a n d measurement o f r h e o l o g i -
c a l parameters . D u r i n g the m a n u f a c t u r i n g process , ex t reme ly c o n c e n 
trated P H P A solutions must b e t rans ferred f r o m one vessel to another. 
A l t h o u g h distances are r e la t i ve ly short , the m a t e r i a l is so v iscous that 
large f r i c t i o n a l pressure d r o p s c a n o c c u r , r e q u i r i n g large a n d expensive 
p u m p i n g systems. F o r t u n a t e l y , these p o l y m e r solutions h a v e b e e n f o u n d 
to o b e y the p o w e r - l a w m o d e l o v e r a v e r y w i d e range o f shear rates 
( F i g u r e 33). T h u s , pressure d r o p s c a n b e ca l cu la ted a n d l ine sizes 
d e s i g n e d f r o m c o n v e n t i o n a l p o w e r - l a w re lat ionships (25) as g i v e n i n 
equat i on 8. 

AP = (8.84 X 10~6)KL 

w h e r e AP is pressure d r o p (psi ) , L is p i p e l ength (ft) , D is d i a m e t e r 
( inside) ( in . ) , Q is f l o w rate ( g p m ) , p is dens i ty ( g / c m 3 ) , N is p o w e r - l a w 
i n d e x (unitless) , a n d K is consistency i n d e x ( cP sN~l). F i g u r e 34 shows a 
t y p i c a l set o f f r i c t i o n a l pressure d r o p ca l cu lat ions f o r a h i g h c o n c e n t r a 
t i o n P H P A so lu t i on . T h e p o w e r - l a w i n d e x , N, is v e r y c lose to 0, i n d i c a t -

SHEAR RATE, sec* 

Figure 33. Rheogram of PHPA solution as a function of concentration. Key: 
•, m PHPA; M, n PHPA; and A , 1.5% PHPA. 
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Figure 34. Frictional pressure drops as a function of flow rate for 6% PHPA 
solution. 

i n g a n e x t r e m e l y n o n - N e w t o n i a n fluid w h o s e f r i c t i o n a l losses are a lmost 
i n d e p e n d e n t o f f l o w rate. P r e d i c t i o n o f other losses, though , such as 
entrance a n d exit ef fects , f l o w - t h r o u g h f i t t ings a n d va lves , is st i l l l a r g e l y 
e m p i r i c a l a l though convent iona l techniques us ing equiva lent p i p e lengths 
are usua l ly used . Shear d e g r a d a t i o n is m i n i m a l at these cond i t i ons 
because f l o w is de f in i t e ly l a m i n a r . 

T h e f i n a l stages o f d i l u t i o n p r o d u c e a p o l y m e r so lut ion that is m o r e 
v iscous t h a n w a t e r a n d m a y b e N e w t o n i a n . H o w e v e r , f r i c t i o n a l pressure 
losses f o r these solutions are ex t remely unusual . G e n e r a l l y , these so lu 
t ions are c lass i f i ed as d r a g r e d u c i n g because f r i c t i ona l pressure losses 
c a n b e less than that o f w a t e r at c o m p a r a b l e f l o w rates e v e n t h o u g h the 
v i s cos i ty is greater . T h i s result , o f course , o n l y occurs w h e r e the f l o w o f 
w a t e r is i n the turbu lent r e g i o n . I f in jec t ion rates a n d p i p e sizes are such 
that l a m i n a r f l o w exists, then pressure drops w i l l b e greater than that o f 
w a t e r w i t h v iscous propert ies d o m i n a t i n g . 

T h e last stage o f p o l y m e r d i l u t i o n produces a m a t e r i a l m o r e h i g h l y 
suscept ib le to m e c h a n i c a l shear than the 1-6% so lut ion precursors . S o m e 
loss o f p o l y m e r proper t i es c a n o c c u r w i t h turbu lent f l o w i n the p i p e l i n e . 
These losses are usual ly s m a l l b u t c a n b e great i f f l o w rates are v e r y 
h i g h , i f r o u g h p ipes are used , o r i f n u m e r o u s f i tt ings a n d restr ic t ive d e 
vices are present be fo re the so lut ion enters the sandface. F i g u r e 35 
shows w h a t c a n h a p p e n i n c o i l e d t u b i n g ( thrott l ing dev i ce ) a n d the 
i m p o r t a n c e o f w a t e r c o m p o s i t i o n o n shear degradat ion . D e g r a d a t i o n is 
m u c h greater i n the presence o f d iva lent ions. 

POLYMER PUMPS. C h o o s i n g a p u m p fo r a p a r t i c u l a r p o l y m e r a p p l i 
c a t i o n is not an easy task because several d i f f e rent types are ava i lab le 
a n d a l l h a v e advantages a n d disadvantages . T h e bas i c i n f o r m a t i o n 
n e e d e d is (1) ava i lab le net pos i t ive suct ion h e a d , (2) m a x i m u m w o r k i n g 
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100% 

GENERALIZED REYNOLDS NUMBER 

Figure 35. Shear degradation of dilute PHPA flowing through tubing. Key: 
0,1000 ppm of PHPA, 640 ppm of Ca2+, and 6500 ppm of TDS; and •, 

1000 ppm of PHPA, no Ca2+, softened tap H20. 

t e m p e r a t u r e a n d pressure , (3) des i red flow rate a n d p u m p speed , 
(4) d e s i r e d p r i c e range , (5) s ize restr ict ions , (6) spec ia l c o n t r o l r e q u i r e 
ments , a n d (7) p o l y m e r so lut ion characterist ics . 

M e c h a n i c a l degradat i on is d i f f i c u l t to p r e d i c t , a n d of ten p i l o t -p lant 
tests are r e q u i r e d to o b t a i n this i n f o r m a t i o n . 

F i g u r e s 36 a n d 37 g i v e results o f a t y p i c a l p i l o t -p lant exper iment 
s h o w i n g the m e c h a n i c a l d e g r a d a t i o n i n a pos i t i ve d i s p l a c e m e n t p u m p — 
i n this case, a s c r e w p u m p . P o l y m e r w a s d i l u t e d w i t h synthet ic reservoir 
w a t e r to a p p r o x i m a t e f i e l d condi t ions as c lose ly as poss ible . Pressure, 
f l o w rate, a n d screen factor measurements w e r e taken u n d e r v a r i e d 
cond i t i ons . D e g r a d a t i o n d e p e n d e d o n v o l u m e t r i c e f f i c i ency a n d p u m p 
speed . 

Injection Water and Produced Fluids. M o s t p o l y m e r flood pros 
pects h a v e ex is t ing water - t reatment fac i l i t ies o n site. F o r p o l y m e r f l o o d 
i n g , c e r ta in a d d i t i o n a l features are necessary that w e r e not c ons idered 
i m p o r t a n t f o r w a t e r f l o o d i n g . O x y g e n levels shou ld b e k e p t b e l o w 
50 p p b , so lub le i r o n s h o u l d b e b e l o w 1 p p m a n d p r e f e r a b l y even l o w e r , 
suspended sol ids must b e m i n i m a l , a n d the o i l content s h o u l d b e k e p t 
b e l o w 100 p p m . I n some cases, fac i l i t ies h a v e to b e u p g r a d e d or m o d i 
f i e d to meet these speci f icat ions . 
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Figure 37. Polymer pump test of shear degradation as a function of volu
metric efficiency. 
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P r o d u c e d fluid t reatment also has to b e u p g r a d e d for p o l y m e r 
floods. P o l y m e r i n p r o d u c e d fluids m a y inter fere w i t h separat ion f a c i l i 
t ies, a n d p r o b l e m s w i t h o i l - w a t e r separat ion c a n b e g i n after p o l y m e r 
b r e a k t h r o u g h at the p r o d u c i n g w e l l s . A n increase i n the p r o d u c t i o n o f 
f ines m a y also o c c u r after b reakthrough . T r e a t m e n t o f the resul t ing o i l -
w a t e r suspens ion is a n art , a n d the exper ience o f establ ished o i l f i e l d 
c h e m i c a l c o m p a n i e s he lps i n s o l v i n g the p r o b l e m . M a n y f i e l d tests are 
o f ten r e q u i r e d b e f o r e a w o r k a b l e so lut ion is o b t a i n e d . 

E n v i r o n m e n t . P H P A , p e r se, is a re la t ive ly nonhazardous c h e m i c a l 
(26). A q u e o u s solutions o f P H P A s h o w v e r y l o w o r a l a n d t o p i c a l t o x i c i 
ties (27). O n the other h a n d , a c r y l a m i d e ( m o n o m e r ) , a c o m m o n c o n t a m 
inant i n P H P A , is a n e u r o t o x i n a n d s h o u l d b e c ons idered a serious 
c u m u l a t i v e t o x i n (26). F o r this reason, i t is essential the l e v e l o f r es idua l 
m o n o m e r i n P H P A must b e m o n i t o r e d to a v o i d p o t e n t i a l p r o b l e m s . T h e 
h i g h t o x i c i t y o f a c r y l a m i d e is s o m e w h a t negated b y its r a p i d d e g r a d a 
t i o n b y so i l b a c t e r i a . 
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16 
Surface Viscoelasticity and Foam 
Stability of Waterborne Polymers 
and Coatings 

Richard R. Eley, Richard A. Zander, and Mark E. Koehler 

Glidden Coatings and Resins Division, Division of S C M Corporation, 
Strongsville, OH 44136 

The dilational surface rheology of two series of waterborne, acid
-functional, amine-neutralized, model polymer systems and com
mercial coatings of similar composition was studied. Within each 
series, the real part of the complex surface dilational modulus 
(derived from a dynamic surface tension experiment) was found 
to correlate better to foam stability than the complex modulus 
itself, the imaginary part (surface dilational viscosity), the bulk 
fluid shear viscosity, or the equilibrium surface tension. A novel 
instrument for measuring the dilational surface viscoelastic prop
erties of aqueous polymer systems is also described. Fast Fourier 
transform analysis was used to remove noise from the data and 
obtain the amplitude and phase relationships of stress and strain 
signals. 

THE PROPERTIES OF SURFACE VISCOELASTICITY and  foam s tab i l i ty 
o f w a t e r b o r n e p o l y m e r systems a n d c o m m e r c i a l coat ings w e r e s t u d i e d , 
a n d the c o r r e l a t i o n b e t w e e n t h e m w a s d e t e r m i n e d . T h i s chapter also 
descr ibes a n o v e l instrument that measures the d i l a t i o n a l surface v i s c o 
elastic proper t i es o f aqueous p o l y m e r systems (J) a n d uses fast F o u r i e r 
t rans f o rm analysis to o b t a i n relat ionships o f stress a n d strain . 

Static and Dynamic Surface Tension 
I n a n y l i q u i d o f at least t w o c o m p o n e n t s , the c o m p o s i t i o n o f the 
l i q u i d - a i r inter face m a y b e d i f ferent f r o m the b u l k , o r subphase , c o m 
p o s i t i o n . T h a t is , a p a r t i t i o n i n g o f the c o m p o n e n t s m a y o c c u r such that 
the surface l ayer is e n r i c h e d i n the m i n o r c o m p o n e n t f or t h e r m o d y n a m i c 
reasons; n a m e l y , the free energy o f the sys tem is m i n i m i z e d b y the p a r t i 
t i on ing . I f the concentrat i on o f a c o m p o n e n t is greater at the inter face 
than i n the b u l k so lut ion , the c o m p o n e n t has a pos i t i ve " sur face excess" 

0065-2393/86/0213-0315$06.00/0 
® 1986 American Chemical Society 
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316 WATER-SOLUBLE POLYMERS 

a n d is sa id to b e surface ac t ive . T h e sur face tens ion ( ident i ca l w i t h the 
sur face free energy p e r un i t area for a l i q u i d i n e q u i l i b r i u m w i t h its 
v a p o r ) o f the m i x t u r e w i l l b e l o w e r e d , re la t ive to that of the p u r e ma jo r 
c o m p o n e n t , b y the presence of the sur face -act ive c o m p o n e n t . W h e n the 
subphase a n d interphase concentrat ions of a l l c omponents are at e q u i l i 
b r i u m , the static , or e q u i l i b r i u m , surface tension w i l l b e measured . 

A n increase i n the sur face area o f a l i q u i d w i l l create n e w surface 
f r o m b u l k l i q u i d . T h e e q u i l i b r i u m concentra t i on o f sur face -act ive c o m 
ponents (surfactant) is l o w e r i n the subphase l i q u i d than i n the surface 
layer , b y d e f i n i t i o n . T h e r e f o r e , the c o n v e r s i o n o f b u l k l i q u i d to surface 
w i l l r e d u c e the surface concentra t i on o f the surfactant ; this r e d u c t i o n 
raises the surface tension. I f the surface is c o m p r e s s e d f r o m e q u i l i b r i u m , 
the surface excess o f surfactant w i l l b e increased , a n d the surface tension 
w i l l d r o p . T h e sys tem, d i s p l a c e d f r o m e q u i l i b r i u m , then relaxes at a rate 
d e p e n d e n t o n the re laxat ion processes ava i lab le to the system. M e c h a 
nisms o f re laxat ion i n c l u d e a d s o r p t i o n - d e s o r p t i o n interchange w i t h the 
subphase a n d m o l e c u l a r re laxat ion w i t h i n the surface layer . T h e d e p e n 
dence of surface tension o n f luctuat ions i n surface area is c a l l e d the 
d y n a m i c surface tension. 

Dynamic Surface Tension and Coatings 
Sur face tension is qu i te un iversa l i n its in f luence o n coat ings , p a r t i c u l a r l y 
for w a t e r - b a s e d systems, a n d c a n either d r i v e or i n h i b i t coatings p r o 
cesses. T h e r e f o r e , w h e t h e r a n d to w h a t degree surface tension m a y v a r y 
d u r i n g a g i v e n process are i m p o r t a n t to k n o w . A l t h o u g h this chapter w i l l 
b e c o n c e r n e d o n l y w i t h d y n a m i c surface tension, coatings p e r f o r m a n c e 
m a y also b e a f f e c t ed b y sur face tens ion gradients that arise f r o m causes 
other than surface area v a r i a t i o n , such as solvent e v a p o r a t i o n (2) a n d 
surface c o n t a m i n a t i o n or inhomogenei t ies (3). 

B i e r w a g e n (3) a n d also K o r n u m a n d R a a s c h o u - N i e l s e n (4) r e v i e w e d 
the ro le o f b o t h static a n d d y n a m i c surface tension i n c o n t r o l l i n g coat
ings defects . S m i t h (5) recent ly d e s c r i b e d the general re lat ionship of 
d y n a m i c surface tension to coatings a p p l i c a t i o n propert ies a n d r e p o r t e d 
o n e x p e r i m e n t a l measurements of the d y n a m i c sur face tension o f 
coat ings - l ike systems. Sur face or i n t e r f a c i a l tension is a fac tor i n the d i s 
p e r s i o n o f p igments a n d the a t o m i z a t i o n o f l i q u i d s a n d a d r i v i n g force 
for d r o p l e t coalescence a n d l e v e l i n g . C r a t e r i n g , f o a m stab i l i ty , substrate 
w e t t i n g , a n d cur ta in s tabi l i ty l i k e w i s e are p h e n o m e n a that are dependent 
o n static or d y n a m i c surface tension (2-9) . 

A n a p p l i e d c o a t i n g w i l l h a v e a h i g h sur face - to -vo lume rat i o , b y 
d e f i n i t i o n . A c o a t i n g must b e c o n v e r t e d f r o m a l i q u i d i n b u l k to a t h i n 
l i q u i d f i l m , b y means of some a p p l i c a t i o n process. U p o n a p p l i c a t i o n , the 
surface area w i l l increase b y a v e r y large factor , at a h i g h rate. (The 
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16. E L E Y E T AL. Surface Viscoelasticity and Foam Stability 317 

sur face area o f a c u b i c d e c i m e t e r o f b u l k l i q u i d increases b y a fac tor o f 
about 3,000,000 w h e n c o n v e r t e d to 20- jum l i q u i d drops a n d then 
decreases b y a fac tor o f 750 w h e n d e p o s i t e d as a 1 -mi l f i lm. ) A s a c o n 
sequence, the surface tension m a y v a r y d r a m a t i c a l l y , as a func t i on of 
b o t h the rate a n d degree o f surface expans ion . T h e propert ies o f the 
coa t ing w i l l b e g o v e r n e d not b y the e q u i l i b r i u m surface tension, b u t b y 
the d e p e n d e n c e of the surface tension o n the change o f surface area o f the 
m a t e r i a l . T h e ef fect iveness o f a surfactant i n a c o a t i n g m a y not necessari ly 
b e i n its a b i l i t y to l o w e r surface tension f r o m the p u r e - l i q u i d va lue (equi 
l i b r i u m effects) b u t rather m a y b e i n the degree to w h i c h the surface 
tension deviates f r o m its e q u i l i b r i u m v a l u e u p o n surface d e f o r m a t i o n 
( d y n a m i c effects) a n d its rate of recovery . There fo re , unders tand ing a n d 
c o n t r o l o f coat ings a p p l i c a t i o n m a y requ i re a k n o w l e d g e of the d y n a m i c 
effects o f a p p l i c a t i o n processes o n the surface or in ter fac ia l tension. 
Surfactants that p r o d u c e s trong d e p e n d e n c e o f surface tension o n surface 
area s h o u l d general ly b e a v o i d e d (5). 

Foam Stability 
F o a m is t h e r m o d y n a m i e a l l y unstable b u t c a n b e s tab i l i z ed i n a k i n e t i c 
sense b y the o p e r a t i o n of t w o factors : (a) h y d r o d y n a m i c factor a n d 
(b) f i l m strength factor (JO, I I ) . T h e h y d r o d y n a m i c factor inf luences the 
rate o f dra inage of l i q u i d out o f the f o a m - f i l m lamel lae f r o m the d u a l 
causes of g rav i ty a n d the c a p i l l a r y suct ion of f l u i d into the P lateau 
b o r d e r s ( F i g u r e 1). T h e h y d r o d y n a m i c f l o w w i t h i n the lame l lae is c o n 
t r o l l e d b y the r h e o l o g y of the b u l k f l u i d a n d the g e o m e t r y o f the f o a m 
a n d also has consequences for the f l o w propert ies o f f o a m i n a b u l k 
sense (12), as w e l l as for the m i c r o s c o p i c f l o w i n v o l v e d i n f i l m drainage . 
T h e f i l m strength fac tor is d e t e r m i n e d b y the in ter fac ia l v iscoelast ic 
propert ies i n d i l a t i o n a n d i m p a r t s to the f o a m l a m e l l a a se l f -heal ing a b i l 
i t y ; this a b i l i t y makes the f o a m l a m e l l a robust w i t h respect to 
d isturbances . 

F i l m r u p t u r e occurs v i a dra inage of in t ra lame l lar l i q u i d so that t h i n 
n i n g o f the l a m e l l a e proceeds to a c r i t i c a l thickness (less than 
1000 A ) , w h e r e u p o n surface instabi l i t ies (waves d u e to t h e r m a l m o t i o n ) , 
enhanced b y v a n der W a a l s forces, cause f i n a l rupture (13, 14). H i g h 
v i s cos i ty or r i g i d i t y o f the surface f i l m of the f o a m l a m e l l a s igni f 
i cant ly retards f i l m dra inage a n d thus inf luences f o a m stabi l i ty v i a 
the h y d r o d y n a m i c factor (14). T h e presence o f a r i g i d surface f i l m or 
ge l results i n v e r y stable f oams . A n e x a m p l e of f o a m of this t y p e is beer 
f o a m , w h e r e a sur face ge l l ayer o f d e n a t u r e d p r o t e i n is i n v o l v e d (7,15). 

I n the concept of inter fac ia l d i la t i ona l elasticity ( P l a t e a u - M a r a n g o n i -
G i b b s effect) (16), the surface f i l m elast ic i ty does not arise f r o m any 
cons idera t i on of m i c r o s c o p i c n e t w o r k structure or m o l e c u l a r entangle
m e n t (i.e., r u b b e r l i k e e last ic i ty) . E l a s t i c i t y refers instead to a restorative 
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Plateaus Border - 3 

Figure 1. Schematic diagram of the intersection of foam lamellae to form 
a Plateau border. The fluid flow is indicated by arrows. CF is capillary-

driven flow. 

flow i n d u c e d b y sur face tension gradients ar i s ing out o f l o c a l d e f o r m a 
t i o n o f f i lms d u e to spontaneous t h i n n i n g (6). I n fact , a r e d u n d a n c y o f 
effects c o u l d occur , because f i l m hea l ing c o u l d b e a ch ieved b y the 
ac t i on o f c a p i l l a r y forces alone. L o c a l t h i n n i n g o f a p lane f i l m neces
sar i ly invo lves a b e n d i n g o f the surface , a n d the resul t ing c a p i l l a r y 
forces w o u l d t e n d to restore the u n i f o r m i t y of the f i l m (13). 

A n u n e q u i v o c a l d i l a t i o n a l e last ic ity effect m a y b e des c r ibed , h o w 
ever ( though surface shear v iscos i ty or p las t i c i ty m a y p l a y a d o m i n a n t 
ro le , i f present) . A m e c h a n i s m o f se l f -hea l ing is i l lustrated i n F igures 1 
a n d 2 (14, 17). F o a m l a m e l l a e intersect at angles ( G i b b s angle) o f 
120° at m e c h a n i c a l e q u i l i b r i u m (15). T h e intersections o f f o a m lamel lae 
are k n o w n as P lateau borders ( F i g u r e 1). In i t ia l l y , the f o a m f i l m is 
t h i n n e d b y dra inage o f l i q u i d into the P la teau borders . T h i s dra inage 
occurs because the pressure w i t h i n the P lateau borders w i l l b e less than 
i n the l a m e l l a e d u e to the c u r v a t u r e o f the b o u n d i n g l i q u i d sur face . T h e 
s u m o f sur face tens ion vectors i n the c u r v e d r e g i o n p r o d u c e s a net 
o u t w a r d thrust or c a p i l l a r y force ; this thrust causes the surface to behave 
as a s tretched m e m b r a n e . L i q u i d is d r a w n into the P la teau borders v i a 
the resu l t ing pressure gradient . T h e flow of l i q u i d into the P la teau 
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16. E L E Y E T A L . Surface Viscoelasticity and Foam Stability 319 

Figure 2. Figure 1 after sweeping of surfactant into Plateau borders by 
capillary flow. MCF is the surface-tension gradient-driven Marangoni 

counterflow. 

borders also sweeps a l o n g surfactant molecules , h o w e v e r . A surface 
tension gradient is c reated so that the f o a m f i l m n o w acts as a stretched 
m e m b r a n e , a n d a M a r a n g o n i c o u n t e r f l o w occurs i n the surface layer ; 
this c o u n t e r f l o w drags subsurface l i q u i d w i t h i t a n d thus restores the 
thickness o f the f o a m l a m e l l a (17) ( F i g u r e 2). T h u s , h i g h d i la t i ona l elas
t i c i ty shou ld c o r r e s p o n d to m o r e stable foams. 

Experimental Section 

Materials. This study consisted of two sample sets representing coatings 
systems, based on two generically different resin types. Both sets were disper
sions of amine-neutralized, acid-functional, polymer resins in a water-glycol 
ether-alcohol cosolvent blend. Set 1 contained an epoxy-acrylic graft copoly
mer, and set 2 was based on a commercial acrylic resin having an acid number 
of 90. Antifoam additives were present in some samples. Set 1 was a visually 
incompatible but stable dispersion, and set 2 was relatively homogeneous. Com
position variations within the sample sets were reasonably broad; these varia
tions roughly approximated the span of practical coatings formulations. 

Wilhelmy Plate Method . The surface tension of liquids is ordinarily mea
sured by equilibrium methods, such as the du Nouy ring, capillary rise, or drop 
volume methods. These methods are generally unsatisfactory for polymer solu-
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320 W A T E R - S O L U B L E POLYMERS 

tions or where surface aging effects may occur (18). The Wilhelmy plate 
method, however, provides an accurate and convenient method of surface ten
sion measurement for such materials (19). 

In the Wilhelmy plate method, a platinum plate or glass slide (roughened to 
minimize the contact angle) is suspended in a liquid, minimally immersed. Capi l 
lary forces due to the curvature of the meniscus act on the plate to produce a net 
downward force, or apparent increase in weight, proportional to surface tension. 
T h e surface tension and weight increase (expressed as a force, F ) are related by 

F = py cos 0 (1) 

where p is the length of the perimeter of the plate in contact with the liquid and 
0 is the angle made by the liquid in contact with the plate. Assuming the contact 
angle is zero, the surface tension, y, is given by 

7 = F / p (2) 

Instrument Design and Data Analysis. The apparatus most often used for 
dynamic surface tension measurements by the Wilhelmy plate method is the 
Langmuir trough (20), in which vertical plane barriers are positioned in the l iq
uid surface and moved in opposition to each other to create the dilation-com
pression cycle. This design has acknowledged drawbacks primarily leakage 
of surface around the barriers and surface wave effects. A novel design was 
selected from the recent literature (I) that circumvents these problems, while 
allowing higher frequencies and strain rates to be achieved. Instead of the moving 
barriers, a porous cylinder (of stainless steel mesh) is used that oscillates vertically 
through the liquid surface, entraining liquid as it does so and thereby creating new 
surface. Simulation of coatings processes requires large, high-frequency deforma
tions. In this respect, the instrument chosen for this work represents an improve
ment over the Langmuir trough method; both strain and strain-rate capabilities 
exceed those of the Langmuir trough method. 

T h e schematic design of the instrument is shown in Figure 3. A variable-
speed gear motor drives a cam wheel. The rotating cam drives a crank shaft, 
which is translated to vertical motion by a slider, to which is attached the 150-
mesh stainless steel cylindrical screen. T h e vertical travel of the cylinder is mea
sured by a "string-pot" position-sensing transducer. The platinum plate is sus
pended from a microforce transducer. The outputs of both transducers are 
recorded on a strip-chart recorder and by a microprocessor interfaced with the 
instrument. The data are later analyzed by a Fortran program. 

Operating frequencies for our experiments ranged from 0.15 to 2.2 rad/s . 
Surface dilation ratios were from 97% to 190$. Stress-strain Lissajous loops 
generated from the force-displacement outputs were generally quite symmetri
cal; this result indicates linear viscoelastic behavior, even for these relatively 
large strains. Strain rates were computed as a two-dimensional average Hencky 
strain rate, H (equation 3), and varied from 0.018 to 0.38 s - 1 . 

H = a>/2n In (1 + A A / A 0 ) (3) 

In equation 3, co is the angular frequency, AQ is the initial surface area, and A A is 
the area increment. The data were taken at a strain rate of 0.25 s _ 1 . 

T h e data analysis incorporated a fast Fourier transform algorithm (Scientific 
Subroutine Program Package for the Digital Equipment Corporation P D P 
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T E S T FLUID 

J A C K E T E D 

B E A K E R 

Figure 3. Oscillating cylinder instrument for dynamic surface tension 
measurement. 

11/44). The raw force and displacement data are transformed from the time 
domain to the frequency domain by the Fourier transform operator. The fun
damental (experimental) frequency is then easily chosen by examination of the 
power spectrum (Figure 4). Noise is edited out by zero-filling all frequencies 
except the fundamental in both the real and imaginary frequency-domain spec
tra for the force and displacement. 

An inverse Fourier transformation is then performed, to recover the noise-
free force and displacement data curves in the time domain. Figure 5 shows a 
raw force data curve superimposed on noise-free data obtained by Fourier 
treatment. Figure 6 shows the same for the relatively noiseless displacement 
data. 

Amplitude and phase-shift information are simultaneously obtained for both 
force and displacement data, by Fourier analysis. The modulus and relative 
phase shift are calculated, as well as the viscoelastic parameters, from equations 
6-10. 
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Measurement of F o a m Stability. Foam stability was evaluated by beating 
air into a standard volume of liquid with a Brookfield counterrotating mixer. 
Foam height was followed as a function of time. The area under the foam 
height-time curve was obtained by numerical integration and was then normal
ized to the initial foam height, to give an average foam lifetime, according to 
Bikerman (15). An advantage of this method of treatment is that the entire 
defoaming curve is taken into account, while the normalization to initial foam 
volume allows us to take account of foam stability, independent of foaming 
ability. In the case of set 1, the foams were so unstable that the average foam 
lifetime could not be computed, so the foam height at 3.5 min was used to 
correlate the data. 

Surface Viscoelasticity. The three-dimensional analogue of the surface 
dilational modulus is the bulk modulus, K, which describes the change in pres-

20 30 40 
Frequency Index (*10_1) 

Figure 4. Power spectrum in the frequency domain from forward Fourier 
transformation. 
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1 
50 
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Figure 5. Superimposed raw and noise-free force vs. time data. Key: 
•, force vs. time (fast Fourier transformation); O , raw data. 

sure, P, for a relative change in volume, V, upon isotropic compression of a 
fluid. K is defined as 

K = dP/d(ln V) (4) 

Polymers often display a time-dependent response to compression; this response 
indicates that K is a complex modulus, describing a viscoelastic response to iso
tropic compression-dilation (21) 

K* =K' + * " (5) 

where K' and K " are the compressional storage and loss moduli, respec
tively (21). 

In most dynamic surface tension experiments, variation in surface area is 
caused mechanically by some means, and the resulting variation in surface ten
sion is measured. The principal quantity derived from the experiment is the sur
face dilational modulus, €, given by 

e = Ay/(AA/A) « d 7 /d ( ln A) (6) 
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The analogy to equation 4 (in two dimensions) is obvious. As stated above, dila
tion or compression of a surface results in a displacement of surface tension from 
its equilibrium value, followed by a time-dependent relaxation toward equilib
rium. Any relaxation process occurring during surface deformation will result in 
a phase difference between the strain (area change) and the resulting stress (sur
face tension change). The dilational modulus (equation 6) is actually a complex 
modulus, therefore, containing both real (energy storage) and imaginary (energy 
loss) components. Complex moduli are most conveniently defined in the fre
quency domain, because the magnitude of the measured stress is dependent on 
both the deformation rate and history (22). Hence, by analogy to equation 5 and 
linear viscoelasticity (21) 

e*(ito) = € ' ( « ) + fc"(<o) = I €*| exp(iS) (7) 
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16. E L E Y E T A L . Surface Viscoelasticity and Foam Stability 325 

where 8 is the phase angle (viscous loss angle) between the maximum strain 
(AA) and maximum stress (Ay) and cu is the angular frequency of sinusoidal 
oscillation of the surface area. Equation 7 can be expanded to 

e* = |e*| cos a + i | e*| sin 8 (8) 

So 

e' = cos 8 e" = [e*|sin 8 (9) 

c' is the dilational storage modulus (modulus of elasticity) (dyn/cm), and e" is 
the dilational loss modulus. Again, by analogy to linear viscoelastic relationships, 
the dynamic surface dilational viscosity, K' (g/s), is obtained by dividing the loss 
factor by the angular frequency. 

*' = (|e*|sin6)/tt> (10) 

Several authors (11, 22-24) have discussed the viscoelastic nature of the surface 
dilational modulus, but in general, only the complex modulus itself is considered, 
rather than the separated real and imaginary components. In this work, in view 
of the fact that the postulated mechanisms of foam stabilization involve pri
marily surface elastic effects rather than viscous effects, a correlation of foam 
stability to the real part of the complex dilational modulus was attempted. 

Results and Discussion 

P l a t e a u - M a r a n g o n i - G i b b s e last ic i ty (16) is general ly a c cep ted as p r o v i d 
i n g an i m p o r t a n t m e c h a n i s m of f o a m stabi l i ty , at least i n the absence of 
s igni f i cant surface shear v i s cos i ty or p las t i c i ty due to surface ge lat ion 
(7). E x p e r i m e n t a l c o n f i r m a t i o n of this is s omewhat meager , h o w e v e r , 
espec ia l ly f or ac tua l coatings systems. M a l y s a et a l . (25) f o u n d a l inear 
re lat ionship b e t w e e n the surface d i l a t i o n a l m o d u l u s a n d the f r o thab i l i t y , 
or gas re tent ion o f d y n a m i c a l l y f o a m e d solutions o f 1-octanol a n d 
1-octanoic a c i d . In this w o r k , the surface d i la t i ona l v iscoelast ic propert ies 
a n d f o a m stab i l i ty d a t a for t w o series o f coatings systems are r e p o r t e d . 
B o t h w e r e b a s e d o n a c i d - f u n c t i o n a l , a m i n e - n e u t r a l i z e d , p o l y m e r resins 
d i spersed i n a w a t e r - c o s o l v e n t b l e n d . O n e series was a p r i m a r i l y hetero -
phase system (set 1), a n d the other was re lat ive ly m o r e homogeneous 
(set 2). T h e f o a m stab i l i ty o f these coatings was measured a n d p l o t t e d 
against the surface rheo log i ca l parameters . 

T h e f o a m i n the first s a m p l e set was o f re la t ive ly l o w stab i l i ty , or 
evanescent f o a m , b e i n g d i ss ipated i n several minutes , for most o f the 
samples . T h i s result i m p l i e s that f or these mater ia ls , surface shear v i scos i ty 
is neg l ig ib l e . S u c h systems can b e a source of d i f f i c u l t y nevertheless i f f o a m 
is generated r a p i d l y e n o u g h i n a n i n d u s t r i a l process . T h e coatings o f set 1 
d i f f e r e d c o m p o s i t i o n a l l y i n re la t ive ly m i n o r w a y s , yet some o f the coatings 
s h o w e d f o a m i n g p r o b l e m s i n process a n d some d i d not . 
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Because the pos tu la ted m e c h a n i s m s o f M a r a n g o n i s tab i l i za t i on o f 
f oams i n v o l v e p r i m a r i l y elastic rather than viscous effects, a corre la t ion 
of f o a m stab i l i ty to the r ea l par t of the c o m p l e x surface d i l a t i o n a l m o d u 
lus , the sur face d i l a t i o n a l e last ic i ty was a t t e m p t e d . T h u s , i n this w o r k , 
the c o m p l e x surface d i l a t i o n a l m o d u l u s was r e so lved into the d i l a t i o n a l 
e last ic i ty a n d the d i l a t i o n a l v i s cos i ty a n d these parameters w e r e p l o t t e d , 
together w i t h the c o m p l e x m o d u l u s , against the measured f o a m stabi l i ty . 
F i g u r e s 7, 8, a n d 9 s h o w the corre la t i on o f the c o m p l e x surface d i l a t i ona l 
m o d u l u s , the surface d i l a t i o n a l v iscos i ty , a n d the surface d i l a t i o n a l elas
t i c i ty , r espec t ive ly , to f o a m height at an a rb i t rary t i m e after agi tat ion for 
set 1. T h e d i l a t i o n a l m o d u l u s o f e last ic i ty correlates best w i t h f o a m sta
b i l i t y . T h e c o r r e l a t i o n is s igni f i cant at greater than the 95% c on f idence 
l e v e l . F u r t h e r m o r e , the t r e n d i n b u l k shear v i s cos i ty o f this set was 
oppos i te to the f o a m stab i l i ty t r e n d ( F i g u r e 10); this result indicates that, 
o v e r the p r a c t i c a l c o m p o s i t i o n range s t u d i e d , the surface e last ic i ty d o m 
inates subphase v i s cos i ty effects a n d is the c o n t r o l l i n g p h y s i c a l p r o p e r t y 
i n the f o a m i n g o f this mater ia l . 

A s t u d y c o m p r i s i n g a larger n u m b e r o f samples f o r m u l a t e d over a 
w i d e r c o m p o s i t i o n range , i n c l u d i n g some w i t h a n t i f o a m add i t ives , is 
r epresented i n set 2. I n a d d i t i o n to the three d i l a t i o n a l v iscoe last i c 
parameters , the e q u i l i b r i u m surface tension a n d b u l k shear v iscos i ty 
w e r e c o m p a r e d to the f o a m l i f e t i m e (F igures 11 a n d 12). C o m p a r i s o n of 
F igures 11-15 show, aga in , the surface d i l a t i ona l m o d u l u s of e last ic i ty is 
the p a r a m e t e r that best correlates w i t h f o a m stabi l i ty , w i t h better than 
99.92 c o n f i d e n c e . ( T h e d a t a i n F i g u r e s 11-15 exc lude a h igh -v i scos i ty 

0 0.5 1.0 1.5 

c*, d y n e / c m 

Figure 7. Complex dilational surface modulus vs. foam height after 
3.5 min for sample set 1. Correlation coefficient = 0.649. 
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0 1 2 3 

K\ gm/sec 
Figure 8. Surface dilational viscosity vs. foam height after 3.5 min for 

sample set 1. Correlation coefficient = 0.096. 

I I 1 
0.2 0.5 0.8 1.1 

ε \ dyne/cm 
Figure 9. Surface dilational elastic modulus vs. foam height after 3.5 min 

for sample set 1. Correlation coefficient = 0.884. 
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Figure 10. Shear viscosity of bulk fluid (shear rate = 37.5 s 1) vs. foam 
height after 3.5 min for sample set 1. 

2 8 . 5 2 9 . 0 3 0 . 0 
X, dyne/cm 

Figure 11. Equilibrium surface tension vs. average foam lifetime for sam
ple set 2. Correlation coefficient = 0.443. 
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ο Ί 1 1 1 

0 . 0 0 . 5 1.0 

η , poise 

Figure 12. Bulk liquid Newtonian shear viscosity vs. average foam lifetime 
for sample set 2. Correlation coefficient = 0.533. 

0 . 0 1.0 2 .0 

ε*, dyne/cm 

Figure 13. Complex dilational surface modulus vs. average foam lifetime 
for sample set 2. Correlation coefficient = 0.795. 
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0.0 0 .5 

Κ', gm/sec 
1.0 

Figure 14. Surface dilational viscosity vs. average foam lifetime for sam
ple set 2. Correlation coefficient = 0.765. 

0.0 0 .3 0 .6 

ε ' , dyne/cm 

Figure 15. Surface dilational elastic modulus vs. average foam lifetime for 
sample set 2. Correlation coefficient = 0.866. 
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s a m p l e that w a s an out l ier o n a l l p lots . I f that p o i n t is i n c l u d e d , the 
correlat ions are indist inguishable . ) 

F o r the c o m p a t i b l e system (set 2), f o a m was m o r e persistent; sev
era l hours w e r e r e q u i r e d for f o a m co l lapse , i n some cases. Sur face shear 
v iscos i ty w a s m e a s u r e d for several o f these, a n d none s h o w e d any s igni f 
i cant n o n - N e w t o n i a n surface character . W e speculate that the l o w e r sta
b i l i t y o f f o a m i n set 1 is d u e to l o w e r surface shear v i scos i ty , or poss ib ly 
conjugate d e f o a m e r effects i n this heterophase system (26).* 

C o m p a r i s o n o f F i g u r e s 14 a n d 15 (also F i g u r e s 8 a n d 9) reveals that 
the d i l a t i o n a l v iscos i ty is general ly s igni f i cant ly greater than the d i l a 
t i ona l e last ic i ty , for b o t h sample sets s tud ied . F u r t h e r m o r e , the phase 
angles for m a n y m e m b e r s of sets 1 a n d 2 r a n g e d f requent ly h igher than 
45°, i n some cases u p to 80°. S u c h b e h a v i o r indicates that re laxat ion v i a 
m i c e l l a r b r e a k d o w n i n the b u l k phase is o c c u r r i n g (27). C o n c e i v a b l y , 
the mice l l es themselves m a y b e surface ac t ive a n d are p l a y i n g a ro le i n 
m o n o l a y e r re laxat ion processes. 

Conclusions 
O v e r a range of c o m p o s i t i o n c o r r e s p o n d i n g to p r a c t i c a l coat ings f o r m u 
lations, the d i l a t i ona l surface elastic m o d u l u s (storage modulus ) corre 
lates bet ter to f o a m stab i l i ty than the c o m p l e x d i l a t i o n a l m o d u l u s , the 
d i l a t i o n a l surface v iscos i ty , the b u l k shear v iscos i ty , or the e q u i l i b r i u m 
surface tension. T h e surface rheo log i ca l parameters as a g roup s h o w e d 
s ign i f i cant ly better corre lat ion to f o a m i n g than b u l k shear v iscos i ty or 
e q u i l i b r i u m surface tension. T h e r e f o r e , for the w a t e r b o r n e coatings sys
tems s t u d i e d , surface d y n a m i c effects are m o r e i m p o r t a n t for the s tab i l 
i ty o f f oams than e q u i l i b r i u m or b u l k effects. 

I n the s tudy of the in f luence of surface d i la t i ona l rheo logy o n f o a m 
b e h a v i o r , the d i l a t i o n a l m o d u l u s s h o u l d be treated as a v iscoelast ic 
m a t e r i a l funct i on . T h e phase angle shou ld b e accurate ly measured , so 
that the c o m p l e x m o d u l u s m a y be r e so lved into storage a n d loss m o d u l i , 
for i m p r o v e d correlat ions to f o a m stabi l i ty . T h e osc i l la t ing c y l i n d e r 
d e v i c e for d y n a m i c surface tension measurement prov ides a r e la t i ve ly 
s t r a i g h t f o r w a r d a n d advantageous m e t h o d for the s tudy of the surface 
v iscoe last ic i ty o f w a t e r b o r n e p o l y m e r systems. 
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17 
Influence of Cellulose Ethers 
on Coatings Performance 

S. G . C r o l l and R. L. Kleinlein 

Sherwin-Williams Research Center, Chicago, IL 60628 

The use of cellulose ethers as thickeners in paint and the conse
quences of that use for the other aspects of paint performance are 
reviewed in this chapter. Although cellulose ethers are modified 
in various ways during production to achieve certain perform
ance, the use of any one cellulosic thickener or combination of 
thickeners is still a compromise. Their primary function is to 
thicken water-based paints and provide application characteris
tics similar to those of oil-based paints. Both the quantity of cellu
losic thickener and its molecular weight influence rheological 
properties of paint. Problems encountered when cellulosics are 
used include roller spatter, imperfect flow and leveling, floccula
tion of latex or pigment, and water sensitivity of the resultant 
coating. However, a balanced formulation with the proper thick
ener choice can reduce these problems. 

 C E L L U L O S E E T H E R S W E R E I N T R O D U C E D after World W a r II as m o r e 
ef f i c ient alternatives to case in , po lysacchar ides , a n d other natura l l y 
o c c u r r i n g water - so lub le m a c r o m o l e c u l e s that w e r e used to t h i c k e n ear ly 
latex pa ints . A s is the case e v e n n o w , the r e q u i r e m e n t w a s to p r o v i d e 
latex paints w i t h the same g o o d rheo log i ca l propert ies as o i l -based paints 
(J). A l t h o u g h m a n y other types o f th ickeners have b e e n d e v e l o p e d as 
po tent ia l rep lacements , ce l lulose ethers cont inue to be the most c o m m o n 
t y p e o f th i ckener f or m a n y latex paints . D e s p i t e their i m p e r f e c t r h e o l o g 
i c a l proper t i es , ce l lulose ethers have m a n y p r a c t i c a l advantages for coat
ings use. T h e i r a b i l i t y to b e used i n a b r o a d range of products a n d their 
c o m p a t i b i l i t y w i t h a w i d e range o f coatings r a w materials m a k e t h e m a 
c o m m o n ingred ient i n m a n y pa int f o rmulas . 

Q u a n t i t a t i v e results i n this chapter c o m e f r o m w o r k done w i t h a 
range o f (hydroxyethy l ) ce l lu lose ( H E C ) thickeners . 

0065-2393/86/0213-0333$06.00/0 
© 1986 American Chemical Society 
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Composition 
C e l l u l o s e ethers are m a n u f a c t u r e d f r o m n a t u r a l l y f o r m e d ce l lulose (2) 
c o n t a i n i n g j3 - l -4 - l inked anhydrog lucose units (structure I). 

C e l l u l o s e is the m a j o r c e l l - w a l l m a t e r i a l o f a l l h igher a n d m a n y 
l o w e r o r d e r p lants . T h e ce l lulose f i ber used to p r o d u c e ce l lu los i c t h i c k 
eners is genera l ly o b t a i n e d f r o m either c o t t o n l inters or w o o d p u l p . 
Because w o o d p u l p is the m o r e e c o n o m i c a l o f these t w o sources, i t is the 
most c o m m o n l y used . H o w e v e r , co t ton l inters p r o d u c e a h igher m o l e c u 
lar w e i g h t ce l lu lose a n d are o f ten used to m a k e the h igher m o l e c u l a r 
w e i g h t grades o f th i ckener . Regardless o f h o w the cel lulose is o b t a i n e d , 
the next steps are p u r i f i c a t i o n a n d treatment w i t h caustic to e l iminate 
c rys ta l l in i ty . T h i s p r o c e d u r e f o rms an intermediate a l k a l i ce l lulose , 
w h i c h is i n t u r n r e a c t e d w i t h an e t h e r i f y i n g agent to p r o d u c e the e n d 
p r o d u c t o f ce l lu lose ether (after n e u t r a l i z a t i o n , extrac t ion , d r y i n g , a n d 
g r i n d i n g ) . F o r better c o n t r o l o f the d i spers i on a n d h y d r a t i o n t i m e of 
ce l lulose ethers, some types are surface-treated. 

I n the bas i c anhydrog lucose unit structure o f cel lulose, the ether 
substituents are t y p i c a l l y l o c a t e d at any or a l l o f the three h y d r o x y l 
groups . T h e average n u m b e r of h y d r o x y l sites o c c u p i e d b y an ether 
g r o u p is c a l l e d the degree o f subst i tut ion ( D S ) . W i t h three ava i lab le 
sites, the m a x i m u m D S is 3. Because some e t h e r i f y i n g groups regenerate 
a d d i t i o n a l h y d r o x y l groups that m a y also b e subst i tuted , an a d d i t i o n a l 
t e r m c a l l e d m o l a r subst i tut ion ( M S ) is also used . M S refers to the moles 
o f substituent g r o u p p e r anhydrog lucose unit . Toge ther these t w o terms 
descr ibe c o m p o s i t i o n a l d i f ferences that c o n t r o l the water s o l u b i l i t y - g e l 
p o i n t o f a g i v e n th i ckener , its suscept ib i l i ty to e n z y m e attack, a n d its 
c o m p a t i b i l i t y w i t h other pa in t r a w mater ia ls . F o r e n z y m e resistance i n 
par t i cu lar , h igher degrees o f subst i tut ion ( D S values) are des i red . 

Types of Cellulosic Thickeners Available 

C h e m i s t r y . T h e most c o m m o n l y used cel lulose ether at present i n 
the pa in t indus t ry is H E C , a l though ( carboxymethyl ) ce l lu lose ( C M C ) 

C H 2 O H 

- O 
OH 

OH C H 2 O H 

O r 
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a n d var ia t i ons of methy lee l lu lose ( M C ) have f o u n d favor i n the past a n d 
cont inue to f i n d extensive use. T h e i r general i d e a l i z e d m o l e c u l a r struc
ture is d i s p l a y e d i n structure II. 

M o s t of the major cel lulose ether types are avai lab le i n ranges of 
m o l e c u l a r w e i g h t , par t i c l e s ize, surface treatment , a n d degree of subst i 
tu t i on . D i f f e r e n c e s i n m o l e c u l a r w e i g h t are r e a d i l y apparent f r o m aque 
ous so lut i on viscosit ies . Viscos i t ies c a n v a r y f r o m 5000 cps at 1% sol ids 
d o w n to 100-200 cps at 5% sol ids or h igher . 

T h e choices o f p a r t i c l e size (fine or granular) a n d surface treatment 
(cross- l inked or not) are d i r e c t l y re lated to the ease w i t h w h i c h a p a r t i c u 
lar q u a n t i t y w i l l d isperse a n d so lub i l i ze d u r i n g pa int manufac ture . 
P r o p e r d i spers i on of the th i ckener part ic les be fore they b e g i n to h y d r a t e 
is ex t reme ly i m p o r t a n t . If p r o p e r d i spers ion is not a ch ieved , ge l part ic les 
( lumps) w i l l f o r m be fore the th i ckener can b e adequate ly d ispersed . I n 
t u r n , these l u m p s w i l l r e q u i r e ex tended m i x i n g or other measures (high 
shear, h i g h temperature , p H adjustment , etc.) be fore b e c o m i n g f u l l y 
s o l u b i l i z e d . In a d d i t i o n to the expense a n d inconvenience , these a d d i 
t i ona l process ing requirements are s i m p l y not possible for some pa int 
m a n u f a c t u r e r s . T h e e n d result is a waste o f th i ckener , m o n e y , a n d t i m e , 
because the l u m p s must be f i l t e red out d u r i n g the f i l l i n g process. 

C o n s e q u e n t l y , the cho i ce of par t i c l e size a n d the pre ference for , or 
against , surface treatment is usual ly m a d e o n the basis o f the a d d i t i o n 
m e t h o d b e i n g used , the m a n u f a c t u r i n g e q u i p m e n t ava i lab le , a n d the 
ease of so lut ion r e q u i r e d . If m a n u f a c t u r i n g capabi l i t i es are l i m i t e d , an 
easier d i spers ing , s l ower to so lub i l i ze grade w i l l n o r m a l l y b e chosen. 

R can be H, C H 3 or CH 2 CH 2 OH 

MC: CH 2 CHOHCH 3 

CMC: CH 2 COONa 
HEC: C H 2 C H 2 O C H 2 C H 2 O H 

II 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
01

7

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



336 W A T E R - S O L U B L E POLYMERS 

M o l e c u l a r W e i g h t . M o l e c u l a r we ights r e f e r r e d to i n this w o r k are 
v iscos i ty -average values , M v . T h e values w e r e d e t e r m i n e d b y intr ins ic 
v i s cos i ty measurements , at 25 ° C ( ± 0 . 1 ) , a c c o r d i n g to s tandard methods . 
T h e M a r k - H o u w i n k constants w e r e taken as 8.435 Χ 10" 5 a n d 0.87 
( supp l i ed b y H e r c u l e s , Inc . ) . Va lues f o u n d for m o l e c u l a r w e i g h t r a n g e d 
f r o m 62,000 to 1,080,000. V iscos i ty -average m o l e c u l a r w e i g h t is usual ly 
c lose to the w e i g h t average , a l though i n general it is s o m e w h a t l o w e r . 

Properties in Paint 
A l t h o u g h a n u m b e r o f the p e r f o r m a n c e observations r e p o r t e d here are 
b a s e d o n years o f d i r e c t exper ience w i t h a v a r i e t y o f d i f f e rent t h i c k e n 
ers, the m o r e q u a n t i t a t i v e results are b a s e d o n a n u m b e r o f f lat a n d 
semigloss paints that w e r e m a d e spec i f i ca l l y f o r this s tudy . I n this w o r k , 
d i f f e rent th i ckener structures (structure I I ) a n d w i d e ranges o f m o l e c u 
lar we ights w e r e s tud ied to ident i f y p e r f o r m a n c e trends. 

A g e n e r a l d e s c r i p t i o n o f the p a i n t f o r m u l a s used i n this s t u d y is as 
f o l l o w s : (1) Inter ior f lat is m a d e w i t h a v i n y l acetate m o d i f i e d a c r y l i c 
latex [nonvo lat i l e m a t e r i a l ( N V M ) equals 55%; w e i g h t p e r ga l l on equals 
11.72 l b ; a n d p i g m e n t v o l u m e concentrat ion ( P V C ) equals 55%]. (2) Inte
r i o r semigloss w a s m a d e w i t h an a c r y l i c latex ( N V M is 44.5%; w e i g h t p e r 
g a l l o n is 10.31 l b ; a n d P V C is 19.9%). (3) E x t e r i o r semigloss w a s m a d e 
w i t h a p o l y e s t e r - m o d i f i e d a c r y l i c latex ( N V M is 46.2%; w e i g h t pe r ga l l on 
is 10.17 l b ; a n d P V C is 18.7%). M o s t o f the results r e p o r t e d here w e r e 
o b t a i n e d w i t h var ious ce l lu lose ethers i n the latex flat f o r m u l a . T h e t w o 
latex semigloss f o r m u l a s w e r e p r e p a r e d i n a s i m i l a r m a n n e r to s tudy 
m a i n l y gloss, adhes ion , a n d flow propert ies . 

Rheology. T h e f u n d a m e n t a l p u r p o s e o f ce l lu lose ethers i n m o d e r n 
paints is that o f a t h i c k e n i n g agent. A s s u c h , ce l lu lose ethers h a v e b e e n 
the subject o f some discuss ion (3-6). Because H E C is the most w i d e l y 
u s e d t y p e o f ce l lu los i c th i ckener i n the p a i n t i n d u s t r y , mos t o f our w o r k 
w a s c oncent ra ted i n this area. C o n s e q u e n t l y , a l l subsequent r e m a r k s a n d 
observat ions w i l l c o n c e r n H E C unless otherwise no ted . 

V I S C O S I T Y AS A F U N C T I O N O F S H E A R R A T E . V i s c o s i t y is one o f the 

most i m p o r t a n t propert ies o f any th ickener . P a i n t propert ies r a n g i n g f r o m 
i n - c a n storage s tabi l i ty to a p p l i c a t i o n characterist ics to f ina l f i l m per f o r 
m a n c e a n d f i l m esthetics are a l l t i e d to the cho i ce o f th i ckener a n d its 
v i s cos i ty character ist ics at d i f f erent shear rates. T h e re lat ionship b e 
t w e e n v i s cos i ty a n d shear rate i n paints t h i c k e n e d w i t h ce l lulos ics , a n d 
i n d e e d solutions o f ce l lu los ics , is shear t h i n n i n g (and m a y b e th ixotrop ic ) 
(see F i g u r e s 1 a n d 2). F i g u r e 1 shows that i n the in ter ior flat f o r m u l a t i o n 
the v i s cos i ty pro f i l es o f p a i n t t h i c k e n e d w i t h l o w a n d h i g h m o l e c u l a r 
w e i g h t (62,000 o r 715,000) H E C are a lmost i d e n t i c a l w i t h those r e p o r t e d 
e l sewhere (3). T h e fact that p e r f o r m a n c e d i f ferences are k n o w n to exist 
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VISCOSITY, Poise 
10*1 

10 1 H 1—ι 1—ι 1—ι 1—ι 1—ι «— 
10~2 10"1 1 10 10 2 10 3 10 4 

SHEAR RATE, sec-1 

Figure 1. Viscosity profiles of the HEC-thickened paint, including un-
thickened. Key: X, M„ 715,000; +, M„ 62,000; andO, unthickened. The 
equivalent HEC weight in water is 1.2% for Mv 715,000 and 4.1% for Mv 

62,000. 

VISCOSITY, Poise 
1 0 2

Ί 

10 -

10° -

1Q-1 _| ,—, 1—ι 1—r 1 I I I ' I ' I r~~ 

1 0 _ 3 1 0 _ 2 ι Q-1 ] 1 0 10 2 10 3 10 4 10 5 

SHEAR RATE, s e e - 1 

Figure 2. Viscosity profiles of the HEC solutions corresponding to the 
paints in Figure 3. Key: Χ, Μυ 715,000; and O, Mv 62,000. The equivalent 

HEC weight in water is 1.2% for Μυ 715,000 and 4.1% for Μυ 62,000. 
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suggests that pa in t propert ies are sensitive to s m a l l v i scos i ty di f ferences 
a n d that propert ies such as l e v e l i n g a n d sag are also in f luenced b y the 
t i m e - d e p e n d e n t nature o f the pa int , w h i c h this t y p e o f g r a p h does not 
show . 

A t v e r y l o w shear rates (0.01-0.10 s" 1 ) , v i scos i ty must b e h i g h 
e n o u g h to p r e v e n t b o t h i n - c a n sett l ing a n d sagg ing after a p p l i c a t i o n , yet 
l o w e n o u g h to p r o v i d e f l o w a n d l e v e l i n g . A t m o d e r a t e l y l o w shear rates 
(10-20 s - 1 ) , v i s cos i ty m u s t b e h i g h enough to p r o v i d e g o o d b r u s h 
p i c k u p . A t h i g h shear rates t y p i c a l o f b r u s h i n g (5000-10,000 s" 1 or 
h i g h e r ) , v i s cos i ty must b e h i g h e n o u g h to g ive g o o d f i l m b u i l d , b u t not 
so h i g h as to cause excessive b r u s h d r a g . G e n e r a l l y , pa int f ormulators 
a i m for viscosit ies o f 500-1000 Ρ at shear rates o f 0.06-0.10 s " 1 , 15-40 Ρ 
at shear rates o f 10-20 s" 1 , a n d 1-2 Ρ at shear rates o f 10,000 s" 1 . T h e 
increase i n v i s cos i ty after b r u s h i n g has ceased (back to l o w shear rate 
values) s h o u l d also b e q u i c k enough to restr ict sagg ing , b u t s l o w enough 
that i t p e r m i t s l e v e l i n g out o f the b r u s h m a r k s . Because m a n y m o d e r n 
pa ints h a v e v e r y l o w y i e l d stresses, one o f ten has to r e l y o n this t i m e 
d e p e n d e n c e o f v i scos i ty to achieve the p r o p e r ba lance . 

THICKENING MECHANISM. T h e shape o f the curves i n F igures 1 a n d 2 
shows that the v i s cos i ty decreases b y severa l orders o f m a g n i t u d e as the 
shear rate is increased . T h a t is , s ome structure i n the so lut ion must b e 
b r o k e n d o w n b y m e c h a n i c a l w o r k . T h e nature o f this structure has b e e n 
the subject o f some s tudy over the years . T h e h i g h m o l e c u l a r w e i g h t 
th i ckener ( M r 715,000) produces a greater degree o f shear th inn ing i n 
so lu t i on than does the l o w m o l e c u l a r grade , a l though paints m a d e w i t h 
these same th i ckener concentrat ions have v i r t u a l l y i d e n t i c a l v iscos i ty 
pro f i l es . T h i c k e n e r concentrat ions for b o t h the paints a n d the aqueous 
solutions w e r e set b y t h i c k e n i n g paints to the same Stormer v iscos i ty . 
S o m e k i n d o f b r i d g i n g m e c h a n i s m for the t h i c k e n i n g o f latex (or other 
part iculate ) systems, w h e r e i n adsorpt ive at tachment of a th ickener 
m o l e c u l e l i n k s a n u m b e r o f part i c les together, w i t h the i m p l i c a t i o n that 
the l inkage is s o m e w h a t remote , has been postulated . N o d i rec t ev idence 
o f this m e c h a n i s m exists, a l though the i d e a seems to b e p laus ib le . 
H o w e v e r , p h o t o m i c r o g r a p h s have cer ta in ly been p u b l i s h e d of latex, 
etc. , f l o c cu la ted i n the presence o f water -so lub le p o l y m e r s (7). T h e 
m e c h a n i s m of f l o c cu la t i on has b e e n p r o p o s e d as a v o l u m e exc lus ion 
ef fect , w h i c h is dealt w i t h i n m u c h m o r e de ta i l e lsewhere (7, 8) . T h e 
increase i n v i s cos i ty i n a f l o c c u l a t e d sys tem is w e l l - k n o w n a n d arises 
f r o m the w a t e r t r a p p e d ins ide the f l occu late not b e i n g ava i lab le to d r a i n 
in to the o v e r a l l sys tem a n d p r o v i d e l u b r i c a t i o n . A l s o , an increase i n v i s 
cos i ty results f r o m the shape o f the flocculate (9). Neverthe less , n o m a t 
ter w h a t the exact m e c h a n i s m of this structure b u i l d i n g is, u n d o u b t e d l y 
f l o c c u l a t i o n is b r o k e n d o w n b y m e c h a n i c a l w o r k a n d reappears n a t u 
r a l l y w h e n the m e c h a n i c a l i n p u t is r e m o v e d . A n o t h e r c o n t r i b u t i o n to the 
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decrease i n v iscos i ty at h i g h shear rates m a y b e the t e n d e n c y for t h i c k 
ener m o l e c u l e s to u n c o i l a n d a l i g n themselves a l o n g the f l o w f i e l d w h e n 
subject to s igni f icant m e c h a n i c a l w o r k . 

T h e high-shear v i s cos i ty seems to b e p r o p o r t i o n a l to the a m o u n t o f 
t h i c k e n e r present a n d represents the c o n t r i b u t i o n due to the v o l u m e 
f r a c t i o n o f th i ckener present , e v e n i n m i x e d th i ckener studies (6). I n 
genera l , p r o b a b l y mo lecu les o f h i g h spec i f i c v o l u m e are m o r e e f f i c ient 
at h i g h shear rates, a l t h o u g h w e k n o w of n o w o r k d i r e c t l y re la ted to this 
effect . 

I f one measures the l ow-shear v i scos i ty o f a p o l y m e r i n so lut ion as a 
f u n c t i o n o f m o l e c u l a r w e i g h t , a change i n b e h a v i o r occurs . A t a c r i t i c a l 
v a l u e o f m o l e c u l a r w e i g h t , the s lope of a l o g a r i t h m i c p l o t o f v i s cos i ty 
versus m o l e c u l a r w e i g h t increases rather q u i c k l y . T h i s increase is asso
c i a t e d w i t h " entang lements " b e t w e e n the p o l y m e r molecu les , w h i c h 
increase the v i s cos i ty great ly (JO, 11). T h i s b reak i n the b e h a v i o r is 
g e n e r a l l y c o n s i d e r e d to o c c u r w h e n the p o l y m e r l ength is t w o to f our 
t imes the l ength b e t w e e n entanglements ; that is , a f e w entanglements are 
n e e d e d to p r o d u c e a s igni f i cant effect. G e n e r a l l y , i n the entangled 
r e g i o n the v i scos i ty increases as the m o l e c u l a r w e i g h t ra ised to the 
p o w e r o f a p p r o x i m a t e l y 3.4. In the l o w m o l e c u l a r w e i g h t e n d , the s lope 
is u n i t y . These values are t y p i c a l o f monod i sperse l inear systems. T h e 
change f r o m one s lope to another is s e l d o m a b r u p t i n prac t i ce . 

F i g u r e 3 is such a p l o t ga ined f r o m a Weissenberg rheogoniometer . 
T h e p l o t shows that H E C , at a concentrat ion o f 0.87% ( w / w ) , exhibi ts 
this p a t t e r n o f b e h a v i o r . T h e shear rate used w a s 0.003 s - 1 . T h e u p p e r 
range has a s lope o f 4.6 (0.3 s t a n d a r d error) a n d the l o w e r range a s lope 
o f 0.8 (±0 .08 s tandard error ) . E x t r a p o l a t i o n o f the t w o lines p r o d u c e s an 
intersect ion at a m o l e c u l a r w e i g h t o f 266,000 (approx imate ly 985 H E C 
segments; see F i g u r e 2). Because H E C is not a l inear , monod i sperse 
p o l y m e r , b u t a po lyd i sperse b r a n c h e d p o l y m e r , this va lue is i n satisfac
tory agreement w i t h the values o f the m o r e i d e a l systems. 

W h e n the h igh-shear v i s cos i ty of the same solutions (16,890 s" 1) is 
p l o t t e d , the m o l e c u l a r w e i g h t at w h i c h the high-shear a n d l ow-shear v i s 
cosities c o i n c i d e ( a p p r o x i m a t e l y 100,000 at this concentrat ion) c a n b e 
seen ( f r o m F i g u r e 3) . T h i s s i tuat ion is not the same as the m o l e c u l a r 
w e i g h t at the change i n s l ope o f the l o w shear v i s cos i ty c u r v e . I f one 
assumes that the t w o extremes of v iscos i ty c o inc ide w h e n there are n o 
entanglements b e t w e e n mo lecu les i n so lut ion , that is , 100,000 is the 
m o l e c u l a r w e i g h t b e t w e e n entanglements , then the factor o f 2.7 to arr ive 
at the m o l e c u l a r w e i g h t o f the b r e a k i n the l ow-shear c u r v e is i n agree
m e n t w i t h theoret i ca l ideas (10, 11). A g a i n , the H E C is not an i d e a l , 
m o n o d i s p e r s e system. I n fact , the slope o f the high-shear v iscos i ty o n 
F i g u r e 3 is 0.54 (0.02 s tandard error ) , w h i c h is not the same as the slope 
of the l o w mo le cu lar w e i g h t , l ow-shear , l o g a r i t h m i c data . 
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LN ( Relative Viscosity 
10 

LN ( Mv ) 

Figure 3. Natural log viscosity vs. natural log Mv at constant concentration. 
Key: X , low shear; and +, high shear. 

T h e s l o w increase i n high-shear v i scos i ty w i t h m o l e c u l a r w e i g h t 
re inforces the v i e w that i n p a i n t , increased high-shear v iscos i ty i n f o r m u 
lat ions u s i n g l o w e r m o l e c u l a r w e i g h t H E C is d u e to the q u a n t i t y o f 
th i ckener present (see E f f i c i e n c y ) . 

EFFICIENCY. E f f i c i e n c y is genera l ly m e a s u r e d i n terms o f the q u a n 
t i ty o f t h i c k e n e r that must b e a d d e d to p r o d u c e a p a r t i c u l a r v iscos i ty . 
T h e f e w e r p o u n d s p e r g a l l o n necessary, the m o r e e f f i c ient the th ickener . 

A s a r u l e , a n increase i n e f f i c i e n c y occurs w i t h increas ing m o l e c u l a r 
w e i g h t n o mat ter w h i c h ce l lu los ic thickeners are b e i n g cons idered . 
U n f o r t u n a t e l y , as w i l l b e discussed later , h i g h m o l e c u l a r w e i g h t br ings 
its o w n p r o b l e m s . I n the p a i n t indus t ry , a pa int is o f ten f o r m u l a t e d to 
h a v e a p r e d e t e r m i n e d v i s cos i ty [general ly w i t h i n a range o f 75-100 K r e b 
units ( K U ) ] as measured o n a Stormer v iscometer . T h e actual v iscos i ty 
chosen d e p e n d s o n the p u r p o s e a n d q u a l i t y o f the f o r m u l a t i o n a n d the 
formulator ' s o w n exper ience . 

A l t h o u g h the S t o r m e r v i s c o m e t e r is r ea l l y a constant-stress v i s c o m e 
ter , the stra in rates that i t imposes f a l l s o m e w h e r e i n the l o w - m i d d l e 
range . I n contrast , the I C I v i s cometer measures v iscos i ty at a shear rate 
o f 10,000 s~l a n d simulates shear ing encountered d u r i n g b r u s h i n g . 

T a b l e I lists results f o r an inter ior f lat latex pa int t h i c k e n e d to 95 K U 
b u t w i t h d i f f erent m o l e c u l a r w e i g h t grades o f H E C . 

T h e m o l e c u l a r w e i g h t decreases as one goes d o w n the c o l u m n s i n 
T a b l e I . M u c h less o f the h i g h m o l e c u l a r w e i g h t m a t e r i a l is r e q u i r e d to 
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Table I. Variation in Thickening Efficiency with Molecular 
Weight of H E C (Interior Flat Formulation) 

Thickener Concn in Paint ICI Stormer 
Mv (wt%) Viscosity (P) Viscosity (KU) 

none 0.000 0.30 — 
1,080,000 0.384 1.10 95 

715,000 0.511 1.10 98 
434,000 0.680 1.35 95 
109,000 1.517 1.80 95 
62,000 1.848 1.80 91 

b r i n g the pa in t base u p to the r e q u i r e d S tormer v iscos i ty . I n con junct ion , 
the increased l e v e l o f m a t e r i a l used results i n h igher values o f the h i g h -
shear v iscos i ty e v e n w i t h decreas ing m o l e c u l a r we ight . 

A l t h o u g h this increase i n high-shear v i scos i ty is a strong pos i t ive fea 
ture , un fo r tunate ly , a negat ive f l o w a n d l e v e l i n g t r e n d is also present. 
(see F l o w a n d L e v e l i n g / S a g Resistance) . 

T h e decrease i n t h i c k e n i n g e f f i c i ency w i t h decreas ing m o l e c u l a r 
w e i g h t is w e l l d o c u m e n t e d . A l s o , some d o c u m e n t a t i o n exists c o n c e r n i n g 
the e f fec t o f degree o f subst i tut ion o n e f f i c i ency (12). Increas ing the 
degree o f subst i tut ion tends to increase the l ow-shear v iscos i ty some
w h a t i n paints t h i c k e n e d to the same Stormer v iscos i ty . T h i s increase i n 
v i s cos i ty is not the p r i m a r y reason for c h o o s i n g a h i g h degree o f subst i tu 
t i o n , h o w e v e r ; the cho i ce is m a d e f or s o l u b i l i t y , f l o w a n d l e v e l i n g , a n d 
e n z y m e resistance reasons as w i l l b e re lated later. 

FLOW AND LEVELING/SAG RESISTANCE. T h e a b i l i t y o f a p a i n t sur
face to l e v e l itself is most i m p o r t a n t i n b r u s h i n g app l i ca t ions . O b v i o u s l y , 
the b r u s h m a r k s s h o u l d d i sappear be fore the pa in t dr ies . T h i s feature is one 
o f the m o s t d i f f i c u l t f o r latex paints i n e m u l a t i n g o i l - based paints . I f a 
p a i n t is l o w enough i n v i s cos i ty to se l f - l eve l r e a d i l y , i t m a y sag, that is , 
f o r m runs or d r i p s d o w n a v e r t i c a l surface. A ba lance must a l w a y s b e 
m a i n t a i n e d b e t w e e n the t w o requirements . 

A quant i ta t ive measure o f l e v e l i n g c a n b e o b t a i n e d b y t r a c i n g the 
surface p r o f i l e o f a d r a w n - d o w n pa int f i l m after i t has d r i e d . T h e results 
l i s t ed i n T a b l e I I w e r e o b t a i n e d b y us ing a T a l y s u r f (Rank P r e c i s i o n 
Industr ies , L t d . , E n g l a n d ) p ro f i l ometer . A l l the paints l i s ted i n T a b l e I 
w e r e f o u n d to h a v e p o o r f l o w a n d l e v e l i n g a n d gave a center- l ine aver 
age ( C L A ) greater than the e q u i p m e n t c o u l d measure ( m a x i m u m is 0.40 
m i l ) . C o n s e q u e n t l y , so that d i f ferences c o u l d b e o b s e r v e d , the paints 
w e r e d i l u t e d a n d remeasured . S t o r m e r viscosit ies o f d i l u t e d paints 
r a n g e d f r o m 77 to 79 K U ( n o w at the l o w e r e n d o f the f o r m u l a t i n g 
s p e c t r u m ; they started at 95 K U ) . T h e results are g iven i n T a b l e I I . 
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A l o w v a l u e o f C L A , or the equ iva l ent sine w a v e a m p l i t u d e o f the 
b r u s h m a r k s , is o b v i o u s l y a s ign o f g o o d l e v e l i n g p e r f o r m a n c e . T h e 
i m p r o v e m e n t w i t h increas ing m o l e c u l a r w e i g h t seems to b e associated 
m o r e w i t h the decreas ing quant i ty o f th i ckener than any intr ins ic f l o w 
p r o p e r t y o f h i g h m o l e c u l a r w e i g h t H E C . T h i s feature has b e e n f o u n d 
e l sewhere f o r other w a t e r - s o l u b l e th ickeners (6) a n d appears to b e 
c o m m o n l y a c c e p t e d (4). S o m e studies m a i n t a i n that m o l e c u l a r w e i g h t 
has n o ef fect o n l e v e l i n g a n d formulat ions m a d e w i t h increas ing q u a n t i 
ties o f l o w e r m o l e c u l a r we ights s h o w no r e d u c t i o n i n l e v e l i n g p e r f o r m 
ance (3). T h i s p r e m i s e runs counter to our o w n experience . A poss ib le 
e x p l a n a t i o n f o r this d i s c r e p a n c y lies i n the m a r k e d ef fect f i l m thickness 
p l a y s o n l e v e l i n g . A n a l y s i s has s h o w n that l e v e l i n g i m p r o v e s as the c u b e 
o f f i l m thickness (5). C o n s e q u e n t l y , paints w i t h s ign i f i cant ly better f i l m 
b u i l d w h e n b r u s h - a p p l i e d w i l l h a v e a d is t inct advantage i n p r o d u c i n g 
the best f l o w a n d l eve l ing . 

W h e n the f l o w o n d r a w d o w n s is r a t e d , f i l m b u i l d is essential ly c o n 
stant a n d f l o w d i f f erences are not d u e to f i l m thickness d i f ferences . F i g 
ure 4 shows the d i f f e r i n g flow propert ies o f t w o paints i n this series. 
B o t h w e r e a p p l i e d w i t h the same t h r e a d e d d r a w d o w n b a r a n d d r i e d 
u n d e r the same c o n d i t i o n s , b u t p a i n t A , f o r m u l a t e d w i t h h i g h m o l e c u l a r 
w e i g h t ce l lu los i c , shows better flow than pa int B , f o r m u l a t e d w i t h l o w 
m o l e c u l a r w e i g h t m a t e r i a l . 

I n the ex t reme case, a n y t e n d e n c y f o r excessive flow (especial ly at 
h igher f i l m thicknesses) must also b e b a l a n c e d against sag resistance. I n 
p r i n c i p l e , a pa in t that flows w e l l w i l l also sag. T h i s t endency is d e m o n 
strated i n F i g u r e 5, w h e r e t w o paints w i t h d i f f e r i n g amounts o f sag are 
s h o w n . F o r this test (Les l ie sag) , paints are d r a w n d o w n i n s t e p p e d 
increments o f thickness , each inc re m e nt separated b y a th in no t ch . P e r 
f o r m a n c e is then ra ted b y the thickest c oa t ing that has not sagged. 

G e n e r a l l y , the c o n c e p t o f a y i e l d stress o r s l o w v i s cos i ty r e c o v e r y is 
i n v o k e d to e x p l a i n the sag resistance o f paints t h i c k e n e d w i t h cel lulose 

Table II. Leveling of Variously Thickened Paints 

HEC 
M„ 

Stormer 
Viscosity 

(KU) 

CLAa 

Amplitude 
Equivalent Sine 

Wave (5) 
HEC 

M„ 

Stormer 
Viscosity 

(KU) mil μm mil μm 

1,080,000 78 0.16 4.1 0.25 6.3 
715,000 79 0.14 3.6 0.22 5.6 
434,000 77 0.14 3.6 0.22 5.6 
109,000 78 0.36 9.1 0.57 14.5 
62,000 78 0.32 8.1 0.51 13.0 

°Center-line average (CLA) is the average value of the surface profile 
above and below the center line; C L A can be converted to an equiv
alent sine wave amplitude. 
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17. C R O L L A N D K L E I N L E I N Cellulose Ethers and Coatings Performance 343 

Figure 4. Talysurf leveling charts for two paints. Paint A (left) was formu
lated with medium-high molecular weight (715,000) cellulosic material. Paint 

Β (right) 'was formulated with low molecular weight (62,000) material. 

ethers. T h e th i ckener i m p a r t s structure to the latex pa int , w h i c h requires 
a c e r t a i n a m o u n t o f w o r k d o n e to it f o r the structure to b r e a k d o w n a n d 
a l l o w f l o w . I f the y i e l d stress is greater than the shear stress d u e to g r a v 
i t y , then the p a i n t w i l l not sag. O b v i o u s l y , i f the p a i n t f i l m is too th i ck 
a n d the b r u s h m a r k s are too p r o n o u n c e d , then sag is l i k e l y to o c c u r 
because the " o v e r h a n g i n g " w e i g h t cannot b e suppor ted . 

P a i n t t h i c k e n e d w i t h cel lulose ether tends to have g o o d sag resis
tance at the expense o f f l o w a n d l e v e l i n g , a l though , i n prac t i ce , a f o r m u -
la tor c a n des ign a ce l lu los i ca l ly t h i c k e n e d pa in t that has g o o d sag p e r 
f o r m a n c e a n d retains respectable f l o w a n d l e v e l i n g propert ies . 

SPATTER. Spatter is the t e n d e n c y o f paints w i t h s igni f i cant exten-
s ional v i s cos i ty to f o r m strings that b r e a k u p into droplets , w h i c h are 
then f l u n g f r o m the r o l l e r onto other surfaces. T h e r e f o r e , the surfaces 
that are not m e a n t to b e p a i n t e d must b e c o v e r e d f o r qu i te a d istance 
a r o u n d the p a i n t i n g area. 

Glass p u b l i s h e d the de f in i t i ve w o r k o n spatter (13). H e f o u n d , i n 
s t u d y i n g H E C a n d other types o f th ickeners , that the tendency to spatter 
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344 W A T E R - S O L U B L E POLYMERS 

Figure 5. Leslie sag charts for two paints. Paint A (left) was formulated with 
medium-high molecular weight (715,000) cellulosic material. Paint Β (right) 

was formulated with low molecular weight (62,000) material. 

w a s increased s ign i f i cant ly b y increased m o l e c u l a r we ight , i n paints 
t h i c k e n e d to the same v a l u e o f S t o r m e r v iscos i ty . T h i s t endency has 
s ince b e e n c o n f i r m e d i n ( h y d r o x y p r o p y l ) m e t h y l c e l l u l o s e (3). T h e w o r s t 
spatter i n Class ' s s tudy w a s i n pa int that w a s t h i c k e n e d w i t h p o l y e t h 
y l ene o x i d e or a c r y l a m i d e - a c r y l i c a c i d c o p o l y m e r . H E C f a r e d v e r y w e l l 
b y c o m p a r i s o n . C l a s s also d iscussed the re lat ionship b e t w e e n spatter a n d 
m o l e c u l a r w e i g h t through the extensional v iscos i ty p r o d u c e d b y h i g h 
m o l e c u l a r w e i g h t p o l y m e r s i n so lut ion. 

F i g u r e 6 shows the spatter results o b t a i n e d i n our l abora tory . F o r 
this w o r k , each o f the pa ints w a s ro l l e r a p p l i e d (Rubberset N o . 7330 
a l l -purpose 7 - in . ro l l er w i t h M-in. p i le ) to a u n i f o r m v e r t i c a l surface 
l o c a t e d d i r e c t l y a b o v e a b l a c k p last i c p a n e l . A u n i f o r m a n d consistent 
n u m b e r o f passes w a s m a d e w i t h each pa int . 

T h e panels presented i n F i g u r e 6 s h o w our results w i t h v a r y i n g 
m o l e c u l a r w e i g h t grades o f H E C i n the in ter ior semigloss f o r m u l a . A s 
e x p e c t e d , s igni f i cant d i f ferences w e r e o b s e r v e d a n d are d i r e c t l y re la ted 
to the m o l e c u l a r w e i g h t grade o f th i ckener used . T h e h i g h m o l e c u l a r 
w e i g h t g r a d e o n the left p r o d u c e s s ign i f i cant ly m o r e spatter than the 
l o w e r m o l e c u l a r w e i g h t grades to the r ight . D e s p i t e these rather d r a 
m a t i c d i f f erences , spat ter ing is a p r o b l e m w i t h any m o l e c u l a r w e i g h t 
g r a d e c o m m o n l y used . N o t even the se ldom-used l owest m o l e c u l a r 
w e i g h t grades are spatter free. 
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Figure 6. Bhck spatter panels for three paints. The left panel is paint made 
with high molecular weight (1,080,000) grade HEC. The center panel is paint 
made with medium molecular weight (434,000) grade HEC. The right panel 

is paint made with low molecular weight (109,000) grade HEC. 

Table III. Scrub Resistance of Paint as a Function 
of H E C Molecular Weight 

M„ HEC[%(w/w)] Scrub Cycles0 SD 

Flat Interior Paint 
none 0.000 125 ±15 

1,080,000 0.384 103 ± 3 
715,000 0.558 92 ± 3 
434,000 0.680 97 ± 3 
109,000 1.517 72 ±10 
62,000 1.848 58 ± 3 

Semigloss Interior Paint 
none 0.000 850 ±100 

1,080,000 0.246 763 ±70 
715,000 0.295 682 ±35 
434,000 0.588 615 ±60 
109,000 1.361 530 ±100 

aScrub cycles are average values. 
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W a t e r Resistance . S C R U B R E S I S T A N C E . T h e results presented i n 
T a b l e I I I w e r e o b t a i n e d b y t h i c k e n i n g the same p a i n t base to 95 K U b y 
u s i n g H E C s o f d i f f e rent m o l e c u l a r we ights . T h e scrub resistance test is 
d e s c r i b e d i n A m e r i c a n Soc ie ty f or T e s t i n g a n d Mater ia l s ( A S T M ) 
D 2 4 8 6 - 7 9 (14a). It consists o f a p p l y i n g a f i x e d a m o u n t o f p a i n t to a p a r 
t i cu lar substrate a n d then s c r u b b i n g the coatings i n a consistent fash ion 
w i t h a G a r d n e r w a l a b i l i t y m a c h i n e u n t i l the pa int is r e m o v e d a l o n g the 
p a t h o f the s c r u b b i n g act ion . 

T h e f irst obse rv a t i o n f r o m T a b l e I I I is that the paints c o n t a i n i n g 
H E C have l o w e r scrub values than those w i t h o u t th ickener . A poss ib le 
m o l e c u l a r w e i g h t t r e n d t o w a r d l o w e r scrub resistance is p a r t i c u l a r l y 
no t i ceab le w i t h l o w m o l e c u l a r we ights . T h i s t r e n d m i g h t b e expec ted o n 
the basis o f the a m o u n t o f water - so lub le m a t e r i a l present. W h e n the 
h i g h e r m o l e c u l a r w e i g h t grades c o m m o n l y used i n latex paints are c o m 
p a r e d , o n l y m i n i m a l scrub di f ferences are seen. 

O n e c a n see the large d i f f e rence i n s c rub resistance b e t w e e n the 
t w o f o r m u l a t i o n s a n d also that d i f f e rent f ormulat ions m a y b e m o r e or 
less sensitive to var iat ions i n m o l e c u l a r w e i g h t of the H E C used to 
t h i c k e n t h e m . S c r u b resistance depends not o n l y o n the ce l lu los ic th i ck 
ener b u t also o n the other ma jo r a n d m i n o r constituents of pa int . 

Figure 7. Photos of adhesion panels vs. Mv; the paints were thickened to 
the same Kreb unit. The results of the tape adhesion tests of paint applied 
over an aged alkyd surface are shown for the following HEC-grade paints 
(left to right): Mv 1,080,000 (high); Mv 715,000 (medium); Mv 434,000 

(medium); and Mv 109,000 (low). 
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W E T A N D D R Y A D H E S I O N . T h e t e r m " w e t a d h e s i o n " has been used i n 
the pa int i n d u s t r y to c over a great var i e ty o f testing methods (14b) a n d a 
m u l t i t u d e o f " s ins " . T h e results s h o w n here i n F i g u r e 7 w e r e o b t a i n e d b y 
tape adhes ion tests at var ious t imes after the pa in t w a s a p p l i e d over a n 
a g e d a l k y d surface . T h i s a l k y d surface was generated b y a i r - d r y i n g a 
s t a n d a r d t rade sales semigloss a l k y d f o r a m i n i m u m o f 1 m o n t h at r o o m 
temperature . E a c h test pa int was then d r a w n d o w n over this surface a n d 
a l l o w e d to aga in a i r - d r y for var ious per i ods o f t ime . A t each test p e r i o d , 
3 M adhes ive tape ( N o . 610) was a p p l i e d to the test area w i t h u n i f o r m 
pressure a n d r e m o v e d (both be fore a n d after s c r i b i n g the test area). A n y 
v a r i a t i o n i n the a m o u n t of pa int r e m o v e d was r e c o r d e d . A s ev ident f r o m 
F i g u r e 7 (higher m o l e c u l a r w e i g h t grade o n the le f t ) , no t r e n d re la ted to 
the m o l e c u l a r w e i g h t o f the th i ckener exists. I n p a r t i c u l a r , this t y p e o f 
test seems to b e v e r y insensit ive to s m a l l changes i n H E C content a n d 
p r o b a b l y reflects the v e r y s m a l l p r o p o r t i o n o f th i ckener present c o m 
p a r e d to the latex. 

G l o s s . G loss is a measure o f the re f lec tance o f a p a i n t a n d is a n 
i m p o r t a n t f o r m u l a t i n g ob jec t ive . A glossy p a i n t f i l m is not o n l y one that 
is c o m p a r a t i v e l y r i c h i n p o l y m e r i c b i n d e r (latex) b u t also one i n w h i c h 
the p igments a n d latex part ic les are w e l l d i spersed . F l o c c u l a t e d part ic les 
t e n d to scatter l ight d i f fuse ly a n d interna l ly ; this scattering reduces gloss. 
A l t h o u g h changes i n the a m o u n t o f th i ckener or th i ckener m o l e c u l a r 
w e i g h t m i g h t b e expec ted to have a s igni f icant effect o n gloss, w e d i d 
not observe any ef fect i n our s tudy . W e saw n o gloss di f ferences i n any 
o f the var ious paints c o n t a i n i n g d i f f erent th i ckener structures or m o l e c u 
l a r w e i g h t s . D e s p i t e their w i d e s p r e a d use i n semigloss pa ints , ce l lu los i c 
th i ckeners are also o c cas iona l ly assoc iated w i t h a haze d e v e l o p m e n t o n 
d r y p a i n t f i l m s . A l t h o u g h this h a z e c a n n o r m a l l y b e w i p e d o f f w i t h a 
d a m p c l o t h , it is s t i l l o f c o n c e r n to m a n y formulators . D e s p i t e l o o k i n g 
c a r e f u l l y f o r a n y o c c u r r e n c e o f this p r o b l e m i n our w o r k , w e d i d not 
observe any . 

C o l o r A c c e p t a n c e . O n e o f the most c r u c i a l character ist ics o f a 
t in ted p a i n t is its c o l o r acceptance . I rrespect ive o f d r y i n g condi t i ons or 
m e t h o d o f a p p l i c a t i o n (rol ler , b r u s h , or spray ) , a pa int shou ld a lways 
h a v e a n i d e n t i c a l a n d consistent co lor . T h i s feature is i m p o r t a n t , not o n l y 
f r o m c a n to c a n b u t also m o r e i m p o r t a n t l y w h e r e d i f f e rent methods o f 
a p p l i c a t i o n have b e e n used s ide b y s ide , f o r example , w h e r e a r o l l e d 
surface has b e e n t o u c h e d u p w i t h a b r u s h . Idea l ly , a p i g m e n t shou ld b e 
p e r f e c t l y d i s p e r s e d i n a p a i n t sys tem; then each b a t c h s h o u l d b e the 
same , a n d each m e t h o d o f a p p l i c a t i o n w i l l p r o v i d e the same co l o r i n d e 
pendent o f the m e c h a n i c a l d i spers ing p o w e r o f the m e t h o d . 

C o m m o n l y , c o l o r acceptance is eva luated b y a r u b - u p m e t h o d . I n 
this test, a pa int is b r u s h e d or r o l l e d onto a s tandard substrate a n d then 
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348 W A T E R - S O L U B L E POLYMERS 

r u b b e d i n a c i r c u l a r m o t i o n at var ious t imes o f d r y w i t h the operator 's 
t h u m b or f inger , a l though r e c e n d y less operator -dependent procedures 
h a v e b e e n t r i e d (3). R o l l e r a p p l i c a t i o n is a l ow-shear a p p l i c a t i o n i n c o n 
trast to the h i g h shear o f b r u s h i n g o r the ex t remely h i g h shear o f a f inger 
r u b u p . A n y d i f f erences b e t w e e n the r u b b e d area a n d the b r u s h e d or 
r o l l e d b a c k g r o u n d are a measure o f the increased p i g m e n t d i spers ion 
caused b y the r u b b i n g a c t i o n . T h i s test is a qua l i ta t i ve assessment o f the 
p i g m e n t o r latex f l o c cu la t i on i n a pa int ; i d e a l l y none shou ld occur . 

F i g u r e 8 shows r u b ups f o r a series o f paints m a d e w i t h a select ion 
o f ce l lu los i c th i ckeners . A g a i n , the h igher m o l e c u l a r w e i g h t th i ckener is 
o n the le f t . F r o m these t y p i c a l results, w e c o n c l u d e d that a l l o f the co l o r 
a c ceptance results i n our s tudy w e r e sat is factory a n d that o n l y m i n i m a l 
d i f f e rences w e r e a t t r ibutab le to the t y p e a n d m o l e c u l a r w e i g h t g rade o f 
t h i c k e n e r used . A l t h o u g h this c o n c l u s i o n is i n d e e d true f or the current 
s tudy , past exper ience makes us ex t remely cautious i n ex tend ing this 
f i n d i n g to a n y other p a i n t o r t i n t i n g systems. O u r t i n t i n g s tudy w a s 
l i m i t e d to the one inter ior f lat f o r m u l a a n d t w o d i f ferent tints ( carbon 
b l a c k a n d r e d i r o n ox ide ) . A s such , w e m a d e n o a t t empt to invest igate 
the m a n y f o r m u l a , r a w m a t e r i a l , a n d t int ing system variat ions that 
s trongly in f luence this subject. 

F r e e z e - T h a w Stab i l i ty . F r e e z e - t h a w stabi l i ty o f a l l paints w a s also 
c h e c k e d , b u t n o c o m p o s i t i o n a l t r e n d re lated to the type or m o l e c u l a r 
w e i g h t g r a d e o f ce l lu lose ether w a s o b s e r v e d . Regardless o f the cho i ce 
o f ce l lu lose ether used , a l l the paints o f a g i v e n f o r m u l a p e r f o r m e d i d e n 
t i ca l l y (either a l l passed o r a l l f a i l e d d e p e n d i n g o n the f o r m u l a ) . 

Figure 8. Rub ups for color acceptance of paints made with various HEC-
grade paints. The left panel is paint made with high molecular weight 
(1,080,000) grade HEC. The center panel is paint made with medium molecu
lar weight (434,000) grade HEC. The right panel is paint made with low 

molecular weight (62,000) grade HEC. 
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D e g r a d a t i o n . A l t h o u g h thickeners have a large effect o n the rheo 
l o g i c a l proper t i es o f pa int , they are present i n v e r y s m a l l quantit ies . 
C o n s e q u e n t l y , a n y d e g r a d a t i o n , w h e t h e r it b e b y b i o l o g i c a l ac t i on or 
o therwise , c a n h a v e drast i c consequences. F o r e x a m p l e (15), ox idat ive 
m e c h a n i s m s , w h i c h seem to b e d o m i n a n t i n r e d u c i n g v iscos i ty , can 
decrease the S t o r m e r v iscos i ty b y as m u c h as 15-30 K U . 

M i c r o r g a n i s m s f e e d o n ce l lu los i c mater ia ls b y p r o d u c i n g e n z y m e s 
that b r e a k d o w n the cel lulose into sugars that the m i c r o r g a n i s m can 
m e t a b o l i z e . A l t h o u g h the g r o w t h o f these microorgan isms c a n poss ib ly 
b e p r e v e n t e d (or they m a y b e k i l l e d ) b y a d d i n g a preservat ive , the best 
s tratagem is to p revent t h e m f r o m gett ing into the pa in t i n the first 
p lace . O n c e these enzymes are present , the suscept ib i l i ty o f ce l lulose to 
attack increases as the n u m b e r o f unsubst i tuted glucose units increases 
(16). M o r e e v e n l y spaced subst i tut ion a l o n g the th ickener m o l e c u l a r 
b a c k b o n e w i l l restr ict the p o s s i b i l i t y o f e n z y m e attack a n d m i n i m i z e the 
resul t ing degradat i on o f propert ies . 

O t h e r w o r k (17) has f o u n d that the presence of oxidants f r o m latex 
m a n u f a c t u r e , f or e x a m p l e , po tass ium persul fate , promotes the d e g r a d a 
t i on o f the th i ckener a n d thus the v iscos i ty o f the pa int . T h e degradat i on 
not o n l y reduces the t h i c k e n i n g e f f i c i ency b u t also p rov ides nour ishment 
for m i c r o o r g a n i s m s a n d thus makes the s ituation worse . 

F o r the best tota l resistance to degradat i on , pro tec t i on against loss 
o f v i s cos i ty shou ld i n c l u d e a c o m b i n a t i o n o f g o o d housekeep ing , use of 
an e f fec t ive preservat ive , a n d care to m i n i m i z e the poss ib le presence of 
ox idants . 

P a i n t M a n u f a c t u r e . T h e k e y to successful pa int manufac ture w i t h 
ce l lu los i c thickeners is p r o p e r d ispers ion of the d r y th ickener . W h e t h e r 
one is m a k i n g a th i ckener so lut ion or a th ickener s lurry or just a d d i n g the 
th i ckener d i r e c t l y to the pa int as a d r y p o w d e r (or through an eductor ) , 
m a x i m u m w e t t i n g a n d d i spers i on o f the th i ckener part i c les must b e 
a c h i e v e d b e f o r e they b e g i n to h y d r a t e . T o h e l p i n this area , the user 
needs to b e a w a r e o f several factors c o n t r o l l i n g h y d r a t i o n t ime . These 
factors i n c l u d e t empera ture , p H o f the m a t e r i a l b e i n g t h i c k e n e d ( w i t h i n 
l i m i t s increased temperature a n d p H p r o m o t e h y d r a t i o n ) , a n d cho i ce o f 
the th i ckener t y p e a n d grade . A s m e n t i o n e d prev ious ly , the t y p e o f ether 
substituent g r o u p a n d the presence or absence o f surface treatment 
great ly in f luence so lub i l i ty characterist ics . 
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18 
Grafting Reactions of (Hydroxyethyl)-
cellulose During Emulsion 
Polymerization of Vinyl Monomers 

D. H . Craig 

Research Center, Hercules, Inc., Wilmington, DE 19894 

The aqueous phases of vinyl-acrylic and all-acrylic latexes manu
factured in the presence of (hydroxyethyl)cellulose (HEC) were 
analyzed for residual HEC content and HEC molecular weight 
distribution by using colorimetry and high-performance size
-exclusion chromatography, respectively. Vinyl acetate monomer, 
contrary to traditional thought, grafted very little to HEC, 
although acrylic monomers grafted extensively under the same 
emulsion polymerization conditions. In both cases extensive deg
radation of the HEC molecular weight occurred. A scheme is 
proposed whereby radicals generated along the HEC backbone, 
a result of chain transfer from initiator to protective colloid, 
mediate both the HEC grafting reaction and HEC molecular 
weight reduction to an extent that depends on the relative reactiv
ities of the monomers used. 

THE COMPOUND (HYDROXYETHYL)CELLULOSE (HEC) IS WIDELY EMPLOYED as a pro tec t ive c o l l o i d i n the c o m m e r c i a l manufac ture of v i n y l 
acetate c o n t a i n i n g h o m o p o l y m e r a n d c o p o l y m e r latices des t ined for use 
as b i n d e r s i n latex paints ( I ) . T h e m a i n reasons for this usage are that 
l o w levels o f H E C i m p a r t g o o d m e c h a n i c a l s tab i l i ty a n d process ing 
characterist ics to the latex, p a r t i c u l a r l y under lean surfactant condi t ions . 
In c o m m e r c i a l pa int latices, l o w levels of surfactants are r e q u i r e d to 
m i n i m i z e the w a t e r sensit iv i ty of the d r i e d f i l m . T h e s m a l l amounts o f 
H E C that are used to rep lace the c o r respond ing ly h igher surfactant 
levels a c tua l l y i m p r o v e the f i l m f o r m a t i o n a n d d u r a b i l i t y o f pa int latices 
as w e l l b y p r o v i d i n g a latex surface that is m o r e c o m p a t i b l e w i t h p i g 
ments a n d b y c o n t r o l l i n g the rate of w a t e r e v a p o r a t i o n ; thus, p r o p e r 
coalescence of latex part ic les is a l l o w e d . 

T h e e n h a n c e d m e c h a n i c a l s tab i l i ty i m p a r t e d to v i n y l acetate b a s e d 
latexes b y i n c l u s i o n o f H E C i n the p o l y m e r i z a t i o n r e c i p e has t r a d i t i o n -

0065-2393/86/0213-0351$06.00/0 
® 1986 American Chemical Society 
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a l l y b e e n e x p l a i n e d as ar i s ing f r o m the extensive gra f t ing of v i n y l acetate 
onto the H E C b a c k b o n e ; this g ra f t ing p r o v i d e s H E C - e n c a p s u l a t e d latex 
part i c les that are s t a b i l i z e d s ter i ca l ly . T h i s feature has b e e n s u r m i s e d 
f r o m the genera l ly h i g h chain- transfer constants o f the p o l y ( v i n y l ace
tate) r a d i c a l d e t e r m i n e d f r o m b u l k , so lut ion , or suspension p o l y m e r i z a 
t i o n measurements , w h e n c o m p a r e d to the chain-transfer constants of 
o ther rad i ca l s d e r i v e d f r o m m o n o m e r s o f ten used i n e m u l s i o n p o l y m e r i 
z a t i o n , such as m e t h y l methacry la te (2,3). T h e k n o w n tendency for p o l y -
( v i n y l acetate) to c h a i n transfer to itself (4) s e e m e d to c o n f i r m this 
v i e w p o i n t . H o w e v e r , the t r a d i t i o n a l theory does not p r o v i d e a n e x p l a n a 
t i o n as to h o w the g r o w i n g p o l y ( v i n y l acetate) r a d i c a l , w h i c h w o u l d b e 
l o c a t e d i n the g r o w i n g p o l y m e r part i c l es , c h a i n transfers to H E C , w h i c h 
is present i n the aqueous phase . U n t i l recent ly , n o de f in i t i v e studies 
addressed this issue. 

R e c e n d y , studies h a v e b e g u n to a p p e a r d e t a i l i n g the c h e m i s t r y o f 
H E C i n the presence o f persul fate init iators a lone (5-8) o r u n d e r the 
c o n d i t i o n s o f v i n y l acetate e m u l s i o n p o l y m e r i z a t i o n (9-14). D o n e s c u et 
a l . (5) suggested that H E C a n d persul fate f o r m a r e d o x p a i r at the h i g h 
temperatures encountered i n t h e r m a l l y c a t a l y z e d emuls i on p o l y m e r i z a 
t i o n a n d s h o w e d that the a c t i v a t i o n energy f o r the d e c o m p o s i t i o n o f 
persu l fate w a s l o w e r i n the presence o f H E C . T h i s result w a s c o r r o b o 
ra ted b y K i s l e n k o et a l . (7), w h o d e t e r m i n e d the ac t ivat ion energy for 
persul fate d e c o m p o s i t i o n to b e 20.8 a n d 34.0 k c a l / m o l i n the presence 
a n d absence o f H E C , respec t ive ly . S t e p i n et a l . (11) a n a l y z e d the p o l y 
m e r so l ids o f a d i b u t y l m a l e a t e - v i n y l acetate c o p o l y m e r synthes ized i n 
the presence o f H E C a n d f o u n d H E C - g r a f t c o p o l y m e r s as w e l l as 
the expec ted d i b u t y l m a l e a t e - v i n y l acetate c o p o l y m e r s . T h e authors 
stated that the H E C - g r a f t c o p o l y m e r s are concentrated at the par t i c l e 
inter face ; this feature ensures c o l l o i d a l s tabi l i ty . J a k u b e c a n d C h o c h o l a t y 
(14) d i s c o v e r e d a system to suppress the ox idat ive degradat i on of H E C 
d u r i n g persu l fate - in i t ia ted e m u l s i o n p o l y m e r i z a t i o n of v i n y l acetate 
b y e m p l o y i n g f o rmate salts; the p r o d u c t i o n o f h igh-v iscos i ty v i n y l 
acetate h o m o p o l y m e r dispersions results. 

I n contrast to v i n y l acetate, persul fate - in i t iated emuls i on p o l y m e r i 
z a t i o n o f a c r y l i c m o n o m e r s or v i n y l - a c r y l i c m o n o m e r b l ends o f h i g h 
a c r y l i c content , i n the presence o f H E C , resul ted i n extreme t h i c k e n i n g 
a n d eventua l coagu la t i on , espec ia l ly at re la t ive ly h i g h p o l y m e r solids 
(i.e., greater than 30%). T h u s , the benef i ts o f H E C s tab i l i za t i on , such as 
m e c h a n i c a l s tab i l i ty at l o w surfactant levels , w e r e not r e a l i z e d i n a l l 
a c r y l i c latices (J ) . T h i s contrast i n b e h a v i o r re lat ive to that o f v i n y l ace
tate h a d genera l ly b e e n e x p l a i n e d as b e i n g due to the l a c k o f g ra f t ing o f 
a c r y l i c m o n o m e r s onto H E C ; this l a ck o f g ra f t ing prevents the f o r m a 
t i o n o f the pro te c t i ve l ayer o f H E C at the par t i c l e inter face , a d i rec t 
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18. CRAIG Grafting Reactions of HEC 353 

extrapo lat ion of the chain-transfer constant studies m e n t i o n e d for v i n y l 
acetate (2,3). 

Never the less , the po tent ia l i m p r o v e m e n t s i n a c r y l i c latex s tabi l i ty 
resul t ing f r o m the successful in corpora t i on of H E C fostered research 
a i m e d at the d e v e l o p m e n t o f processes p e r m i t t i n g the i n c l u s i o n o f H E C 
(or r e l a t e d c o m p o u n d s ) d u r i n g the e m u l s i o n p o l y m e r i z a t i o n o f a c r y l i c 
m o n o m e r s (15-22). F o r instance, processes have b e e n patented (15, 16) 
w h e r e b y the p r o t e c t i v e c o l l o i d is g r a d u a l l y a d d e d d u r i n g the course o f 
p o l y m e r i z a t i o n , w h i c h p r o v i d e latices o f coarse part i c l e size a n d h i g h 
v iscos i ty . H i g h - s o l i d s H E C - s t a b i l i z e d a c r y l i c latices w e r e p r o d u c e d 
through the a d d i t i o n o f b r o m o t r i c h l o r o m e t h a n e 2 -5 m i n after the f o r m a 
t i on o f " p o l y m e r m i c e l l e s " (17). A l t e r n a t i v e l y , use o f H E C pretreated 
w i t h p e r o x i d i c c o m p o u n d s ( 18,19) or use o f h i g h l y d e g r a d e d starch (20) 
as a p r o t e c t i v e c o l l o i d e n a b l e d the p r o d u c t i o n o f l o w - v i s c o s i t y a c r y l i c 
latices o f h i g h s tab i l i ty (18,19) or latices o f increased b l o c k i n g resistance 
(20). T w o p a r t i c u l a r l y convenient methods p r o d u c e d l ow-v i s cos i ty , 
shear-stable H E C - c o n t a i n i n g a c r y l i c p o l y m e r dispersions through the 
s i m p l e i n c l u s i o n o f water - so lub le " regulators " , such as mercaptoace t i c 
a c i d or c y c l o h e x y l a m i n e (21), o r " e m u l s i o n s tab i l i zers " , such as a l l y l 
a l c o h o l (22), a l o n g w i t h the H E C at the b e g i n n i n g o f the p o l y m e r i z a t i o n 
react ion . 

O n l y i n one instance was any exp lanat ion g i v e n as to w h y any of the 
a f o r e m e n t i o n e d a c r y l i c systems ac tua l ly w o r k e d . O g a t a a n d W a k a b a y a -
shi (22) suggested that the graft p o l y m e r i z a t i o n reac t ion b e t w e e n a c r y l i c 
or m e t h a c r y l i c m o n o m e r a n d the pro tec t ive c o l l o i d was m o d e r a t e d b y 
the presence o f a l l y l a l c o h o l a n d re la ted substances; the coagu la t i on that 
w o u l d o r d i n a r i l y result f r o m the b r i d g i n g o f the latex part ic les was p r e 
v e n t e d . T h i s exp lanat ion was contrary to t rad i t i ona l thought (v ide supra) 
b u t nevertheless m o r e r e a d i l y e x p l a i n e d the t h i c k e n i n g o f H E C - c o n 
ta in ing a c r y l i c systems be fore coagulat ion occurs . 

W i t h these arguments i n m i n d , w e establ ished a p r o g r a m to he lp 
de f ine the c h e m i s t r y o f H E C u n d e r the condi t ions encountered d u r i n g 
the p r o d u c t i o n o f H E C - s t a b i l i z e d a c r y l i c a n d v i n y l - a c r y l i c c o p o l y m e r 
latices. Results f r o m that s tudy are presented here. 

Experimental Section 
A series of polymerization reactions were carried out according to the proce
dures outlined in Tables I-III by varying the levels of the components as listed. 
A number of variations of the recipe in Table I were run including (1) the pres
ence and absence of the water-soluble regulator (i.e., chain-transfer agent) tri-
ethanolamine (TEA) (2), an extension of the work detailed in reference 21, 
which showed that stable, low-viscosity polymer dispersions were produced 
only in the presence of water-soluble regulators; (2) the substitution of an 85:15 
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Table I. Acrylic Emulsion Polymerization Recipe 

Parts by 
Mixture Component Weight (%) 

1 water 45.00-53.00 
Triton X-102û 0.00-2.00 
sodium dodecyl benzenesulfonate 0.00-0.50 
potassium persulfate (5%) 2.00-4.00 
HECb 0.00-1.00 
regulator or stabilizer (TEA) C 0.00-1.00 
monomer 10.00 

2 potassium persulfate (5%) 0.00-2.00 
3 monomer4 34.00 

total 100.00 

N O T E : The procedure used was as follows: (1) add mixture 1 to 
kettle under an N2 blanket and heat to 85 °C; (2) begin addition of 
mixture 3 via the metering pump; (3) add mixture 2 after 50% of 
monomer has been added; and (4) maintain at 85 °C for 2 h beyond 
addition of monomer. 
û Triton X-102 is a-[4-(l,l,3,3-tetramethylbutyl)phenyl]-u>-hy-
droxypoly (oxy-l,2-ethanediyl). 
b H E C is (hydroxyethyl)cellulose [Natrosol 250 LR H E C (Hercules, 
Inc.), 5% aqueous Brookfield viscosity = 93 cP and weight-average 
molecular weight = 80,000]. 
C T E A is triethanolamine. 
dThe monomer is composed of butyl acrylate (42.7%), methyl 
methacrylate (56.8%), and methacryhc acid (0.5%). 

Table II. V i n y l Acetate-Acrylic Emulsion 
Polymerization Recipe 

Parts by 
Mixture Component Weight (%) 

1 water 43.60 
sodium bicarbonate (5%) 1.44 
Aerosol A-102" 1.40 
Triton X-102 0.70 
H E C b 0.50 

2 monomer* 10.00 
3 potassium persulfate (5%) 

monomerc 

2.48 
4 

potassium persulfate (5%) 
monomerc 38.00 

5 Aerosol A-102 0.88 
total 100.00 

N O T E : The procedure used was as follows: (1) add mixture 1 to 
kettle under an Ν2 blanket and heat to 85 °C; (2) add mixture 2 and 3 
and when refluxing subsides, begin addition of step 4 via the metering 
pump; (3) add mixture 5 after 50% of monomer addition; and 
(4) maintain at 85 °C for 2 h after completion of monomer addition. 

eAerosol A-102 is the disodium salt of the sulfosuccinate half-ester 
of ethyoxylated fatty alcohol. 
b H E C is Natrosol 250 MR H E C (Hercules, Inc.) (2% aqueous Brook-
field viscosity = 5000 cP and weight-average molecular weight 
= 650,000) or Natrosol 250 LR H E C (see Table I). 
c The monomer is composed of vinyl acetate (85%) and butyl acrylate 
(15%). 
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Table III. Vinyl Acetate Homopolymer Emulsion 
Polymerization Recipe 

Mixture Component 
Parts by 

Weight (%) 

1 water 43.45 
HEC° 1.96 
potassium persulfate 0.15 

2 vinyl acetate 10.00 
3 sodium bicarbonate (5%) 1.44 
4 vinyl acetate 43.00 

total 100.00 

NOTE: The procedure used was as follows: (1) add mixture 1 to 
kettle under N2 blanket and heat to 85 °C; (2) add mixtures 2 and 3 
and when refluxing subsides, begin adding mixture 4 via metering 
pump; and (3) maintain at 85 °C for 2 h beyond final addition of vinyl 
acetate. 
flSee Table II for a description of H E C . 

mixture of vinyl acetate and butyl acrylate for the acrylic monomer mixture 
listed; (3) the portionwise versus batch addition of the persulfate initiator; and 
(4) the slow addition of all the monomer feed versus the semibatch method 
listed. 

The resulting latices were characterized for pH, Brookfield viscosity, aver
age particle diameter (Coulter nanosizer), grit content (visual assessment), and 
mechanical stability (10 min in a Waring blender at the highest setting). The 
samples subjected to high shear were analyzed for both particle size and 
viscosity. 

For determination of the amount of grafted H E C , the latices were centri-
fuged at 17,000 rpm to remove the polymer solids, and the supernatant liquid 
was analyzed by high-performance size-exclusion chromatography (23) for the 
concentration of residual H E C (estimated by the area under the chromatogram 
tracing) and H E C molecular weight distribution. The estimates of H E C concen
tration determined from the chromatograms were refined by colorimetric 
determination of H E C (24). Controls were run whereby the latex was produced 
in the absence of H E C and postthickened with H E C after cooling to room 
temperature. Analysis of these latices proceeded as described. In addition, sol
vent extraction and fractionation of the centrifuged polymer solids were per
formed on a number of samples to distinguish between grafted and physically 
absorbed H E C . 

Results and Discussion 
T o distinguish between grafted H E C and absorbed H E C , we ran a 
number of experiments, including the synthesis of control latices in the 
absence of H E C (according to Table I) with subsequent postaddition of 
H E C . Centrifugation of these latices and analysis of the supernate 
revealed that 100% of the postadded H E C remained in the aqueous 
phase with no reduction in molecular weight (see Table IV, which pro-
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v i d e s some t y p i c a l a n a l y t i c a l data o n latices p r e p a r e d a c c o r d i n g to 
T a b l e I ) . In a d d i t i o n , extensive solvent extractions of selected p o l y m e r 
sol ids samples o b t a i n e d f r o m c e n t r i f u g i n g d e m o n s t r a t e d that o n l y l o w 
levels (<10%) o f the total gra f ted H E C w e r e extractable , a l though 10-20% 
o f the a c r y l i c res in conta ined inso luble (and therefore cross- l inked) 
m a t e r i a l . A l l o f these exper iments s u p p o r t e d the i n d i c a t i o n that the l a t i 
ces p r o d u c e d f r o m T a b l e I h a d l i t t le t endency to adsorb H E C a n d that 
v i r t u a l l y a l l o f the H E C associated w i t h the latex p o l y m e r sol ids w a s 
g r a f t e d (i.e., c o v a l e n t l y b o u n d ) . Because most o f the H E C w a s r e cov 
e r e d w h e n a v i n y l a c e t a t e - b u t y l acry late m o n o m e r m i x t u r e was subst i 
t u t e d f o r the a c r y l i c m i x t u r e l i s t ed i n T a b l e I ( T a b l e I V , last e x a m p l e ) , 
ex trac t ion o f the p o l y m e r sol ids of these latices was not p e r f o r m e d (v ide 
in f ra ) . 

F i g u r e 1 i l lustrates the l inear increase i n the a m o u n t o f H E C gra f ted 
versus the a m o u n t present d u r i n g p o l y m e r i z a t i o n for an a c r y l i c latex 
p r e p a r e d i n the absence o f c o n v e n t i o n a l emuls i f iers or water - so lub le 
regulators . Interest ingly , w h a t l i t t le H E C r e m a i n e d i n the aqueous phase 
o f the latexes p r e p a r e d f o r F i g u r e 1 w a s extensive ly d e g r a d e d , as i l l u s 
t rated i n F i g u r e 2, w h i c h p r o v i d e s the h i g h - p e r f o r m a n c e s ize-exclusion 

1.0 -

I 1 I I I I I I I I 1 
0.1 0.3 0.5 0.7 0.9 

HEC C0NC e (wt„ %) 

Figure 1. Weight percent grafted HEC vs. initial concentration of HEC. 
All acrylic latices were produced according to Table I except in the 
absence of surfactants and TEA. Concentrations are based on the total 

recipe. 
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/ 
D / 

/ 

VOID 
VOLUME 

0 \ 12 14 16 
INJECT 
SAMPLE ELUTION D I S T A N C E ( c m ) 

Figure 2. Size exclusion chromatography of residual HEC in the aqueous 
phase of the latices of Figure 1. Key: A, 0.1% HEC initial; B, 0.3% HEC initial; 

C, 0.5-1.0% HEC initial; and D, HEC standard. 

c h r o m a t o g r a m s (23) o f the r e s i d u a l H E C i n the aqueous phase o f the 
latices o f F i g u r e 1. F i g u r e 2 shows plots of the detector response versus 
e lut i on d istance , w h i c h prov ides a measurement of m o l e c u l a r w e i g h t 
d i s t r i b u t i o n : the l o w m o l e c u l a r w e i g h t species (for instance, glucose) 
e l u t i n g w i t h the v o i d v o l u m e at a p p r o x i m a t e l y 26 c m versus the h igher 
m o l e c u l a r w e i g h t (i.e., undegraded ) H E C s tandard e lut ing at 17 c m . A t 
a l l concentrat ions , the res idua l H E C elutes at v e r y l o w m o l e c u l a r w e i g h t 
b e t w e e n 19 a n d 22 c m . C o m p a r i s o n to dextran standards has establ ished 
that this range represents a dextran-equiva lent m o l e c u l a r w e i g h t o f 
60,000 (19 cm) -20 ,000 (22 c m ) versus a dextran-equiva lent m o l e c u l a r 
w e i g h t o f 180,000 at 17 c m . T h e data i n F igures 1 a n d 2 strongly ind i cate 
that b o t h g r a f t i n g a n d o x i d a t i v e d e g r a d a t i o n o f H E C o c c u r extens ive ly 
d u r i n g the emuls i on p o l y m e r i z a t i o n o f a c r y l i c m o n o m e r s . 

F i g u r e s 3 a n d 4 p r o v i d e data o n the ef fect o f increas ing concentra 
tions o f T E A o n the same react ions o f H E C de ta i l ed b y F i g u r e s 1 a n d 2, 
under the same condi t ions . O b v i o u s l y , the use of water -so lub le regu la 
tors (21) suppressed b o t h the gra f t ing a n d ox idat ive degradat i on reac 
tions o f H E C ; this suppress ion suggests that a c o m m o n intermediate 
exists f or b o t h reac t i on p a t h w a y s . Because a latex o f l o w e r v iscos i ty was 
p r o d u c e d i n the presence o f T E A despi te the fact that m o r e H E C (of 
h i g h e r m o l e c u l a r we ight ) r e m a i n e d i n the aqueous phase , i t is c lear 
that the h i g h v iscos i ty o f H E C - s t a b i l i z e d a l l - a c r y l i c latices m a n u f a c t u r e d 
a c c o r d i n g to t r a d i t i o n a l rec ipes is a d i rec t result o f the a c r y l i c - H E C 
gra f t ing reac t i on a n d not d u e to a s i m p l e t h i c k e n i n g ef fect o f res idua l 
water - so lub le H E C . 
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U l 

0.1 0.3 0.5 0.7 

TEA C 0 N C . (w t . %) 

0.9 

Figure 3. Relative weight percent grafted HEC vs. initial concentration of 
TEA. All-acrylic latices were produced according to Table I except in the 
absence of surfactants. Concentrations are based on the total recipe. 

HEC = 1.0%. 

VOID 
VOLUME 

INJECT 
SAMPLE ELUTION DISTANCE(cm) 

Figure 4. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the latices of Figure 3. Key: A, 0% TEA; B} 0.25% TEA; C, 0.50% TEA; 

and D, HEC standard. 
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18. CRAIG Grafting Reactions of HEC 359 

T h e ef fect o f d e l a y i n g the a d d i t i o n o f t r ie thano lamine at suitable 
t i m e interva ls , b e g i n n i n g at the start o f the p o l y m e r i z a t i o n reac t i on , is 
i l lus t ra ted i n F i g u r e s 5 a n d 6. These react ions w e r e r u n i n the presence 
o f surfactants , H E C , a n d T E A a c c o r d i n g to T a b l e I . T h e most d r a m a t i c 
d a t a are p r o v i d e d i n F i g u r e 6, w h i c h shows that a t i m e d e l a y o f 20 m i n 
be fo re T E A a d d i t i o n to the reac t ion vessel (total reac t ion t i m e a p p r o x i 
m a t e l y 5 -6 h) p r o d u c e d a latex whose s ize-exc lusion p r o f i l e is i n d i s t i n 
gu i shab le f r o m that o f a latex to w h i c h n o T E A w a s ever a d d e d (see 
F i g u r e 4, c u r v e A ) . D a t a o b t a i n e d f r o m exper iments d e l a y i n g the a d d i 
t i o n o f H E C , a l though not as d r a m a t i c , exh ib i t s imi lar trends (Figures 7 
a n d 8) . A p p a r e n t l y , most o f the gra f t ing a n d degradat i on o f H E C occurs 
ear ly i n the course o f p o l y m e r i z a t i o n , perhaps d u r i n g in i t ia t ion . T h i s 
o c c u r r e n c e is reasonable because the concentrat ions o f b o t h the p e r s u l 
fate in i t ia tor a n d H E C are highest at this stage. 

F u r t h e r e v i d e n c e f o r ear ly g r a f t i n g a n d d e g r a d a t i o n is p r o v i d e d i n 
F i g u r e 9, w h i c h shows that H E C was m o r e extensively gra f ted a n d 
d e g r a d e d w h e n a l l o f the in i t ia tor was a d d e d at the b e g i n n i n g of the re 
ac t i on ( curve A ) versus a p o r t i o n w i s e a d d i t i o n of the in i t ia tor ( curve B ) . 

T h e m o d e r a t i n g ef fect o f surfactants o n the gra f t ing a n d d e g r a d a 
t i on react ions o f H E C is i l lustrated i n F i g u r e 10. A l t h o u g h the m o d e r a t 
i n g ef fect appears substant ial i n the presence o f T E A , the total r e d u c t i o n 
i n g r a f t i n g d u e to the presence o f surfactants w a s re la t ive ly s m a l l i n a l l 

1 0 1 5 2 0 

T I M E ( m l n . ) 

Figure 5. Relative weight percent grafted HEC vs. time of TEA addition. 
All-acrylic latices were produced according to Table I in the presence of 
1.0% Triton X-102,0.15% SDBS, and 0.5% HEC. Concentrations are based on 

the total recipe. SDBS = sodium dodecyl benzenesulfonate. 
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I N J E C T 
S A M P L E 

V O I D 
V O L U M E 

1 4 1 6 1 8 2 0 

E L U T I O N D I S T A N C E ( c m ) 

Figure 6. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the latices of Figure 5. Key: A, time = 0 min; B, time = 5 min; C, 

time — 20 min; and D, HEC standard. 
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Figure 7. Relative weight percent grafted HEC vs. time of HEC addition. 
All-acrylic latices were produced according to Table I in the presence of 
1.0% Triton X-102,0.15% SDBS, 0.5% TEA, and 0.5% HEC. Concentrations are 

based on the total recipe. 
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- t h 
I N J E C T 
S A M P L E 

1 2 1 4 1 6 1 8 2 0 

E L U T I O N D I S T A N C E ( c m ) 

Y O I D 
V O L U M E 

Figure 8. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the latices of Figure 7. Key: A, time = 0 min; B, time = 5-30 min; and 

C, HEC standard. 

V O I D 
V O L U M E 

I N J E C T 
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E L U T I O N D I S T A N C E ( c m ) 

Figure 9. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the acrylic latices produced according to Table I in the presence 
of 1.0% Triton X, 0.15% SDBS, 0.5% TEA, and 0.5% HEC: A, all the initiator was 
present at the beginning: B, half of the initiator was present at the beginning 
and half was added after 50% monomer addition; and C, HEC standard. 
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VOID 
VOLUME 

11 •' 

INJECT 
SAMPLE 

12 14 16 18 20 22 

ELUTION DISTANCE(cm) 

24 26 

Figure 10. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the acrylic fotices produced according to Table I in the presence and 
absence of surfactants. Key: A, no surfactant, no TEA, and 0.5% HEC; B, 
1.0% Triton X, 0.15% SDBS, 0.5% HEC, and no TEA; C, no surfactant, 
0.5% TEA, and 0.5% HEC; D, 1.0% Triton X-102,0.15% SDBS, 0.5% TEA, and 

0.5% HEC; and E, HEC standard. 

cases. These d a t a i m p l y that surfactants par t i c ipate i n gra f t ing reactions 
as w e l l . A l t h o u g h gra f t ing react ions o f surfactants are k n o w n (25), 
it appears that surfactants d o not c o m p e t e e f f e c t ive ly w i t h c o m p o u n d s 
such as H E C for the free radica ls generated d u r i n g in i t ia t ion . 

Perhaps m o r e interest ing than most o f the data presented so far are 
the s ize -exc lus ion chromatograms o f F i g u r e 11. C u r v e A represents the 
H E C s t a n d a r d , c u r v e Β the res idua l H E C i n the latex supernate of an 
a l l - a c r y l i c latex p r e p a r e d i n the presence o f H E C a n d surfactants a n d i n 
the absence o f T E A (accord ing to T a b l e I ) , a n d c u r v e C the res idua l 
H E C p r o f i l e o f the latex supernate generated w h e n the a c r y l i c m o n o 
mers o f c u r v e Β h a v e b e e n r e p l a c e d b y a n 85:15 m i x t u r e o f v i n y l acetate 
a n d b u t y l acry late , a l l other things b e i n g equa l . O n e c a n i m m e d i a t e l y 
spot the extensive H E C d e g r a d a t i o n b u t d is t inct l a c k o f H E C gra f t ing 
that occurs i n the v i n y l - a c r y l i c system. C o n t r a r y to t r a d i t i o n a l thought , 
v i n y l acetate has m u c h less t endency to graft onto H E C than d o a c r y l i c 
m o n o m e r s u n d e r the cond i t i ons encountered i n 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 s e observat ions l e d to a n extensive invest igat ion o f the synthesis 
o f H E C - s t a b i l i z e d v i n y l acetate h o m o p o l y m e r a n d c o p o l y m e r latices 
(see rec ipes i n T a b l e s II a n d III ) . T y p i c a l da ta are p r o v i d e d i n T a b l e V 
a n d F i g u r e 12, a l t h o u g h , u n l i k e a c r y l i c systems, a m o d e r a t e degree o f 
v a r i a b i l i t y w a s o b s e r v e d i n the m a n u f a c t u r e o f the latices. A s expec ted , 
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Figure 11. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the latices produced according to Table I in the presence of 
1.0% Triton X-102, 0.15% SDBS, 0.5% HEC, and no TEA. Key: A, HEC 
standard; B, all-acrylic monomer mixture of Table I; and C, vinyl-acrylic 

monomer mixture of Table II, in the recipe of Table I. 

Figure 12. Size-exclusion chromatography of residual HEC in the aqueous 
phase of the latices produced according to Table II (curve C) and Table III 

(curve B). Curve A is HEC standard. 
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18. CRAIG Grafting Reactions of HEC 365 

v e r y l i t t l e g ra f t ing o f H E C o c c u r r e d despite the h i g h reac t iv i ty o f H E C 
t o w a r d d e g r a d a t i o n i n these systems. T h e c h r o m a t o g r a m s p r o v i d e d i n 
F i g u r e 12 s h o w that l i t t le d i f f e rence exists i n the gra f t ing or d e g r a d a t i o n 
react ions o f H E C i n the presence o f v i n y l acetate m o n o m e r alone versus 
an 85:15 m i x t u r e o f v i n y l acetate a n d b u t y l acry late or i n the presence or 
absence o f surfactants. These exper iments c o n f i r m e d that v i n y l acetate 
has l i t t l e t e n d e n c y to graft onto H E C , despi te the h i g h reac t iv i ty o f the 
p o l y ( v i n y l acetate) r a d i c a l . 

Scheme I. Proposed scheme outlining the chemistry of HEC in the presence 
of persulfate and acrylic monomers under standard emulsion polymerization 
conditions. 
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A l t h o u g h the data presented are contrary to establ ished exp lana 
t ions, they are c o m p l e t e l y consistent w i t h Scheme I . T h u s , free radica ls 
generated a l o n g the H E C b a c k b o n e b y c h a i n transfer f r o m persul fate 
a n i o n rad ica ls c a n act as c o m m o n intermediates for in i t ia t ing either 
gra f t ing or ox ida t ive degradat i on . In the presence of react ive a c r y l i c 
m o n o m e r s , extensive gra f t ing w i l l o c c u r unless ar t i f i c ia l l y c on t ro l l ed v i a 
regulators such as T E A , w h i c h appear to func t i on b y p r e v e n t i n g the 
f o r m a t i o n o f H E C p o l y m e r radica ls i n the first p lace . Precedence for 
this result a l r e a d y exists i n the l i terature (26). I n the presence o f less 
reac t ive m o n o m e r s such as v i n y l acetate, s ign i f i cant ly less H E C gra f t ing 
occurs w h i l e persu l fa te -med ia ted o x i d a t i v e degradat i on predominates . 
T h i s l a c k o f H E C g r a f t i n g s h o u l d not in f luence the w e l l - k n o w n self-
b r a n c h i n g o f p o l y ( v i n y l acetate) (4) a r i s ing f r o m c h a i n transfer to p o l y m e r 
r e s i n , w h i c h occurs i n the p o l y m e r part i c l es a n d not i n the aqueous phase 
as does the p r o p o s e d scheme. 

Conclusions 
U n d e r s i m i l a r e m u l s i o n p o l y m e r i z a t i o n condi t ions , v i n y l acetate m o n o 
m e r has m u c h less o f a t e n d e n c y to graft to H E C re la t ive to a c r y l i c 
m o n o m e r s than was p r e v i o u s l y thought . T h e extensive gra f t ing o f 
a c r y l i c m o n o m e r s to H E C produces the character ist ic v i scos i ty b u i l d u p 
that occurs p r i o r to coagulat i on i n t rad i t i ona l a c r y l i c - H E C latex systems. 
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19 
Advantages and Disadvantages 
of Associative Thickeners 
in Coatings Performance 

F . G. Schwab 

Coatings Research Group, Cleveland, OH 44114 

The introduction of new coatings raw materials is usually accom
panied by enthusiastic descriptions of their apparent advantages. 
In critical evaluations, the stated claims may be confirmed or dis
proved or new advantages may be discovered. Usually some dis
advantages are uncovered during the long and demanding proc
ess of formulating, manufacturing, and marketing the resulting 
products. This review examines the effects of associative thicken
ers on the performance of waterborne latex coatings, from the 
consumers viewpoint and from the perspective of the coatings 
manufacturer. 

R E P L A C I N G ANY RAW M A T E R I A L i n a coatings f o r m u l a t i o n requires as 
the f irst step the d e t e r m i n a t i o n o f a l l o f the propert ies o n w h i c h the r a w 
m a t e r i a l has an effect. T h i s statement is obv ious b u t is also a p r i n c i p l e 
that is o f ten i g n o r e d . Severa l examples i l lustrate this statement: (1) Bas i c 
l e a d si l icates w e r e f o r m e r l y used i n exter ior latex w o o d p r i m e r s to i n -
s o l u b i l i z e w o o d tannins a n d prevent t h e m f r o m sta in ing latex topcoats . 
W h e n use o f the l e a d c o m p o u n d s i n consumer products was p r o h i b i t e d 
b y l a w , they w e r e r e p l a c e d w i t h var ious lead- free alternates. A l t h o u g h 
these substitutes b l o c k e d the tannins, sometimes as e f fec t ive ly as the 
l e a d mater ia ls , some formulators o v e r l o o k e d the fact that the bas ic l e a d 
si l icates also c o n t r i b u t e d to c o r r o s i o n resistance. A s a result , some of the 
lead- free , s t a i n - b l o c k i n g p r i m e r s e x h i b i t e d severe na i lhead rust ing . (2) T h e 
r e p l a c e m e n t o f asbestos f ibers i n coatings is another example . M a n y 
f o rmulat i ons c o n t a i n i n g asbestos substitutes f a i l to dup l i ca te the p e r f o r m 
ance o f the asbestos-containing products because the formulators over 
l o o k e d either the f i l m re in for cement or the c o n t r o l of consistency p r o p 
erties i m p a r t e d b y asbestos. (3) A f i n a l e x a m p l e invo lves the non ion i c 
surfactants o f the e thoxy la ted p h e n o l type . A f e w years ago, w h e n 

0065-2393/86/0213-0369$06.00/0 
© 1986 American Chemical Society 
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370 W A T E R - S O L U B L E POLYMERS 

these surfactants w e r e i n short s u p p l y a n d rep lacements w e r e sought, 
our s tudy ( u n p u b l i s h e d data) s h o w e d that these produc t s a f f ec ted at least 
e ight pa int propert ies . L o c a t i o n o f substitutes that a p p e a r e d to b e g o o d 
equiva lents w a s re la t i ve ly easy o n l y to f i n d o n c r i t i c a l e x a m i n a t i o n that 
the substitutes f a i l e d to m a t c h the contro ls i n one or m o r e o f e ight 
propert ies i m p o r t a n t i n a coating's p e r f o r m a n c e . 

C e l l u l o s e ethers w e r e the d o m i n a n t th ickeners i n latex paints f o r 
several decades . T h e i r attr ibutes are d iscussed i n C h a p t e r 17. R e c e n t l y , 
h y d r o p h o b i c a l l y m o d i f i e d ( H M ) , water - so lub le p o l y m e r s [a gener ic 
s t ructure o f the 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 d urethane 
( H E U R ) t y p e is g i v e n i n C h a p t e r 21] w e r e d e v e l o p e d that o v e r c o m e 
some ma jor de f i c ienc ies inherent w i t h ce l lu lose ethers. These n e w t h i c k 
eners are r e f e r r e d to as associat ive th ickeners i n the coat ings indus t ry . 
A l t h o u g h associative thickeners present a n o p p o r t u n i t y f or i m p r o v i n g 
pa in t proper t i es , they also have shortcomings i n c o m p a r i s o n w i t h c e l l u 
lose ethers. T h i s o v e r v i e w , based o n i n f o r m a t i o n generated i n m y l a b o r a 
tory , examines the effects of associative thickeners of the H E U R type o n 
the a p p l i c a t i o n p e r f o r m a n c e o f latex paints ; their advantages are r e cog 
n i z e d , a n d the c o m p r o m i s e s that must b e c ons idered i n r e p l a c i n g the 
t i m e - p r o v e n cel lulose ether thickeners are discussed. 

Associative Thickeners: Advantages and Disadvantages 
W h e n the var ious associative thickeners w e r e i n t r o d u c e d , the c l a i m e d 
advantages w e r e f a i r l y s i m i l a r . T h e advantages a n d d isadvantages 
observed are s u m m a r i z e d i n T a b l e I. 

R h e o l o g y . Paints c o n t a i n i n g associat ive thickeners have h igher v i s 
cos i ty at the shear rates d e v e l o p e d d u r i n g a p p l i c a t i o n . T h i s p r o p e r t y 
keeps the a p p l i c a t o r f r o m s p r e a d i n g too l i t t le pa int over too large an 

Table I. Associative Thickeners: H E U R Type 

Advantages Major Disadvantages Potential Disadvantages 

Controlled spreading 
Improved flow, leveling 
Cost savings 
Less roller spatter 
Improved compatibility 
Resistance to bacterial attack 
Convenient liquid form 

phase separation 
Hiring or roll-up 
sensitivity to variation in 

formulation changes 

blocking and softer films 
freeze-thaw instability 
color problems 
water resistaneea 

alkali resistance3 

wet, chalk adhesion 
exterior durability 
open time 

aThese properties are real in hydrophobically modifed, alkali-swellable latex (LASHM) 
thickeners, which have gained acceptance in low-cost interior coatings. If the concern is the 
scrub resistance of and water-sensitivity of interior coatings, cellulose ethers would be the 
thickener of choice. In low-cost formulations, if higher viscosities at high shear rates are to be 
achieved, LASHM-type thickeners are the preferred types. 
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19. S C H W A B Associative Thickeners and Coatings Performance 371 

area w i t h a b r u s h or ro l l er . C o n s i d e r i n g that the r e c o m m e n d e d f i l m 
thickness f o r one coat of most c o n s u m e r coat ings is about as th i ck as a 
sheet o f b o n d p a p e r , the i m p o r t a n c e o f p r o p e r f i l m thickness becomes 
v e r y apparent . A n o t h e r advantage of associative thickeners is that they 
i m p a r t excel lent f l o w a n d l e v e l i n g to latex paints , propert ies not usual ly 
at ta inable w i t h ce l lu los ics . P r o d u c t i o n of latex paints w i t h a l k y d - l i k e 
f l o w a n d l e v e l i n g is re la t ive ly easy; h o w e v e r , this operat ion can also 
cause a p r o b l e m : the latex paints have an a f ter - f l ow tendency . T h e user 
c a n a p p l y the pa in t , observe w i t h sat is fact ion its excel lent l e v e l i n g , a n d 
then, several minutes later, f i n d numerous sags that cannot b e correc ted 
because the pa int has a l ready set u p . T h i s p r o b l e m can b e a v o i d e d , b u t 
usua l ly w i t h some c o m p r o m i s e i n other propert ies . U s i n g associative 
th ickeners p lus other add i t ives (cel lulosics or c lays ) , the f o r m u l a t o r c a n 
v a r y i n d e p e n d e n t l y the h i g h - a n d l ow-shear viscosit ies o f a latex pa int 
over a f a i r l y w i d e range to o b t a i n the des i red rheo logy over a s p e c t r u m 
of p o o r - (i.e., l ow-cost ) to exce l lent -qual i ty paints . 

C o s t Savings . A l t h o u g h associative thickeners are m o r e expensive 
than ce l lulose th ickeners , l o w e r pa int costs are o f ten o b t a i n e d w i t h the 
f o r m e r th ickeners because o f their c o n t r o l l e d s p r e a d i n g a n d i m p r o v e d 
f l o w propert ies . Because th i cker , smoother f i lms are ob ta ined , the 
v o l u m e sol ids or the p r i m e p i g m e n t ( t i tan ium d iox ide ) content c a n b e 
l o w e r e d w i t h o u t a n u n f a v o r a b l e ef fect o n h i d i n g p o w e r . T h i s feature 
results i n r e d u c e d r a w mater ia ls costs, i l lus t rated i n T a b l e II f or c o m 
m e r c i a l paints that are so ld for the same e n d uses. Pa int C contains an 
associative th ickener . 

I m p r o v e d C o m p a t i b i l i t y . I m p r o v e d c o m p a t i b i l i t y w i t h latices 
y ie lds h igher gloss a n d less porous f i lms . I m p r o v e d c o m p a t i b i l i t y w i t h 
co lorants gives better acceptance of t in t ing co lors , reduces the quant i ty 
of co lorant r e q u i r e d , a n d i m p r o v e s the co lor stabi l i ty . 

O t h e r A d v a n t a g e s . A n y o n e w h o has a p p l i e d p a i n t w i t h a ro l l e r is 
a w a r e o f spatter (discussed i n C h a p t e r 17), w h i c h is a nuisance that c a n b e 
r e d u c e d or e l i m i n a t e d w i t h associative thickeners . T h i s p r o p e r t y is an 
inherent advantage re la ted to their l o w m o l e c u l a r w e i g h t . A n o t h e r 
advantage is their e n z y m a t i c s tab i l i ty . U n l i k e the ce l lulos ics , associa
t ive thickeners d o not p r o v i d e f o o d for bac ter ia . S o m e associative 
thickeners are s u p p l i e d i n l i q u i d f o r m , w h i c h offers convenient ease 
of i n c o r p o r a t i o n . 

M a j o r D i s a d v a n t a g e s : Phase Separat ion a n d P i c k i n g . O i l - b a s e d 
paints usua l ly s h o w c lear l i q u i d separat ion a n d p i g m e n t sett l ing after 
a g i n g i n the c a n , a n d the c o n s u m e r w i l l a c cept this. L a t e x paints are 
c h a r a c t e r i z e d as re la t ive ly free o f separat ion a n d settl ing. M a n y c o m p a -
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Table I I . Commercial Paints Comparison 

Property Paint A Paint Β Paint C 

Pounds of T i O 2 / 1 0 0 gallons 336 283 218 
High-shear viscosity (P) 0.9 0.8 1.6 
Contrast ratio a 

Drawdown b 0.985 0.969 0.954 
Brushout f o 0.972 0.940 0.969 

Spreading rate of brushout (ftVgal.) 541 570 404 

value of 1 equates to complete hiding. 
b Figures are averages from three operator results. Although all three paints had the same 
recommended spreading rate (400 f t 2/gal.), only paint C applied at that rate on brushing tests. 
The others were overspread by more than 35%. Paint C, containing 118 lb less of titanium 
dioxide/100 gal. than paint A, had approximately equal hiding to paint A because of its 
greater film thickness when applied by brush. 

nies w o u l d not a t t empt to m a r k e t a n e w latex p a i n t that exhib i ts phase 
separat ion to any s igni f i cant extent. Paints c onta in ing associative t h i c k 
eners have a m u c h greater tendency to separate than those t h i c k e n e d 
w i t h a ce l lu los i c . T h e separat ion can take several forms. A c lear l i q u i d 
layer c a n b e o n t o p , somet imes u p to an i n c h i n d e p t h , a n d the co lorant 
c a n also f loat into this layer . P i g m e n t sett l ing c a n occur . T h e phase sepa
ra t i on p r o b l e m is a serious one. M a n y f o r m u l a t i n g var iables have an 
effect o n i t . R e m i x i n g is not acceptable to the consumer . 

W h e n some latex paints conta in ing associative thickeners are a p 
p l i e d b y b r u s h or ro l l e r over cer ta in undercoats or aged pa int layers , the 
d e p o s i t e d f i l m is p i c k e d u p o n the s e c ond pass o f the a p p l i c a t o r . T h e 
n e w l y a p p l i e d p a i n t is thus s t r i p p e d a w a y f r o m the base coat . T h i s 
p r o p e r t y has b e e n t e r m e d " l i f t i n g " , " p i c k i n g " , or " r o l l u p " . T h i s p r o b l e m 
resul ted i n r e m o v a l f r o m the m a r k e t o f an associative th i ckener o f the 
seventies (i.e., S M A T , d iscussed i n C h a p t e r 20). M o s t formulators n o w 
have p r o p r i e t a r y techniques for bypass ing this p r o b l e m . 

O t h e r p o t e n t i a l p r o b l e m s ( l isted i n T a b l e I) must be eva luated . If 
the t w o p r o b l e m s d iscussed c a n b e o v e r c o m e a n d the r h e o l o g y is not 
negated b y cer ta in f o r m u l a t i o n components (discussed i n C h a p t e r 20), 
poss ib ly whatever other c o m p r o m i s e s necessary c a n be e n d u r e d , u n t i l 
g r a d u a l i m p r o v e m e n t s i n the secondary p r o b l e m s can be m a d e . 

Problems from a Manufacturing Viewpoint 
C o a t i n g s f ormulators under take a ma jor pro ject i n t r y i n g to r ep lace c e l 
lulos ics w i t h associative thickeners . U s e f u l pract ices i n this process 
i n c l u d e a c a r e f u l s tudy of the effects of o r d e r o f a d d i t i o n of ingred ients , 
f i l m p r o p e r t y d i f f e rence re la ted to test ing procedures , a n d t i m e -
d e p e n d e n t changes , p a r t i c u l a r l y i n r h e o l o g i c a l propert ies . W i t h associa
t ive th i ckeners , a c o r re la t i on a m o n g f i l m propert ies (i.e., th ickness , f l o w 
a n d l e v e l i n g , gloss, a n d h id ing ) ob ta ined f r o m f i lms p r e p a r e d b y s tand-
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19. SCHWAB Associative Thickeners and Coatings Performance 373 

a r d industr ia l tests (i.e., d r a w d o w n b l a d e procedures) a n d f i lms p r e 
p a r e d b y ac tua l a p p l i c a t i o n w i t h b r u s h or ro l l er m a y not agree because 
the rate of d e f o r m a t i o n di f ferences b e t w e e n the t w o prepara t i on 
procedures . 

W h e n m a n y tens of thousands of gal lons of latex pa in t have b e e n 
m a d e i n a p lant over the years us ing f a m i l i a r mater ials a n d procedures , 
c o n v i n c i n g a p r o d u c t i o n m a n a g e r that a n e w m e t h o d is necessary 
for e f fec t ive use o f a n e w r a w m a t e r i a l is somet imes v e r y d i f f i c u l t . W i t h 
associative th ickeners , n e w m a n u f a c t u r i n g procedures are f requent ly 
r e q u i r e d . S o m e associative thickeners are v iscous mater ials a n d are d i f f i 
cu l t to hand le i n d r u m s . F r e q u e n t l y , premixes or preneutral izat ions are 
r e q u i r e d for best results. T h i s step is an extra p r o d u c t i o n operat ion . 

V a r i a t i o n s of m o r e than 1 Ρ i n h igh-shear v i s cos i ty of a f o r m u l a 
c o n t a i n i n g exact ly the same types a n d amounts of ingredients , but m a d e 
b y d i f ferent procedures , can o c c u r w h e n associative thickeners are 
e m p l o y e d . T h e o rder of a d d i t i o n is p a r t i c u l a r l y c r i t i c a l w i t h associative 
th ickeners . E n s u r i n g that the s p e c i f i e d a d d i t i o n o rder is c a r r i e d out i n 
the p l a n t m a y b e d i f f i c u l t . F o r e x a m p l e , p r o d u c t i o n personne l m a y not 
l i k e the o d o r of a spec i f i c p r o d u c t a n d therefore a d d the c o m p o n e n t last, 
regardless o f the spec i f i ed procedures . 

W i t h associative th ickeners , the paint v iscos i ty w i l l take longer to 
s tab i l i ze , re lat ive to that for f ormulat ions t h i c k e n e d w i t h cel lulose ethers. 
Q u a l i t y - c o n t r o l p r o b l e m s c o u l d result. A l s o , b o t h l ow-shear a n d h i g h -
shear viscosit ies s h o u l d b e m o n i t o r e d for p r o p e r q u a l i t y contro l . Because 
s m a l l var ia t ions i n some ingred ients (discussed i n s i m p l e systems o n a 
f u n d a m e n t a l basis i n C h a p t e r 20) c a n af fect the h igh - shear - l ow-shear 
v i scos i ty re la t i onsh ip , p r o b a b l y n e w procedures w i l l have to b e estab
l i shed to h a n d l e f a c t o r y b a t c h adjustments . Procedures f or d e t e r m i n i n g 
c o m p l e x interact ions as a func t i on o f t ime shou ld b e establ ished. T h e 
s implest a n d most sensitive tests are rheo log i ca l ones. 

S o m e associat ive th ickeners r e q u i r e d i f f i c u l t c l eanup procedures ( I ) . 
F o r e x a m p l e , one associative th ickener requires a m i x t u r e of e thoxy-
e t h a n o l - m e t h a n o l - w a t e r , a n d the l i terature* states that best results are 
o b t a i n e d at 80 ° C (176 ° F ) , f o l l o w e d b y a hot w a t e r r inse at 49 ° C 
(120 ° F ) . M a n y p a i n t plants w o u l d f i n d these requ i rements extremely 
inconvenient . F o r this same th i ckener , the l i terature r e c o m m e n d s that 
transfer l ines b e h e l d b e t w e e n 60-79 ° C (140-175 ° F ) , w h i c h is also not 
p r a c t i c a l i n m a n y plants . 

T h e po tent ia l advantages to b e ga ined w i t h associative thickeners 
are v e r y i m p o r t a n t ones. T h e y just i fy the v e r y extensive l abora to ry 
d e v e l o p m e n t w o r k that is r e q u i r e d to f o rmula te t h e m into w a t e r b o r n e 
latex coatings. 
R E C E I V E D for review February 19, 1985. A C C E P T E D December 9, 1985. 

*Rohm and Haas Bulletin No. 81A40 "Experimental Rheology Modifier QR-708," pages 
6 and 7. 
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20 
Effect of Surfactants and Cosolvents 
on the Behavior of Associative Thickeners 
in Latex Systems 

J. C. Thibeault, P. R. Sperry, and E. J. Schaller 

Research Laboratories, Rohm and Haas Company, Spring House, PA 19477 

Adsorption isotherms and viscosity-shear-rate profiles of model 
anionic and nonionic associative thickeners with acrylic latices are 
strongly dependent on the latex particle size and system surfactant 
and cosolvent content. The adsorption data indicate a level of 
latex-thickener interaction substantially greater than that with the 
conventional nonassociative thickener (hydroxyethyl)cellulose. 
Addition of sodium dodecyl sulfate surfactant or butyl Carbitol 
water-miscible cosolvent results in desorption of the associative 
thickeners from the latex surface and produces concomitant 
changes in rheology. These effects provide the coatings formu
lator with a unique means of independently adjusting the viscos
ity at both low shear rate (leveling, sagging, and settling) and 
high shear rate (brushing and film build). 

FORMULATING A LATEX PAINT requires care fu l adjustment o f the f i n a l 
r h e o l o g y . V i s c o s i t y at h i g h shear rates must be c o n t r o l l e d i n a n a r r o w 
range to g ive suf f i c ient f i l m b u i l d a n d h i d i n g w i t h o u t extreme b r u s h or 
ro l l e r d r a g , w h i l e low-shear -rate v iscos i ty must b e h i g h enough to p r e 
vent sett l ing d u r i n g storage a n d excessive sagging after a p p l i c a t i o n b u t 
l o w e n o u g h to a l l o w the f l o w a n d l e v e l i n g necessary for o p t i m u m 
appearance (J ) . H i s t o r i c a l l y , rheo l og i ca l c o n t r o l i n latex coatings has 
b e e n a c h i e v e d w i t h h i g h m o l e c u l a r w e i g h t water - so lub le p o l y m e r s such 
as ce l lulos ics a n d po lyacry la tes , w h i c h t h i c k e n b o t h b y e n t r a p p i n g w a t e r 
mo lecu les w i t h i n their h i g h l y s w o l l e n p o l y m e r coi ls a n d b y c h a i n 
entang lement (2). A l t h o u g h such thickeners have b e e n used qu i te suc
cess fu l ly over the years , they suffer ce r ta in l imi ta t i ons w i t h respect to 
their v i s cos i ty - shear rate pro f i l es , w h i c h are inherent i n their t h i c k e n i n g 
m e c h a n i s m (3-5) . 

R e c e n t l y , a n u m b e r of n e w thickeners have b e e n d e v e l o p e d (6) that 
t h i c k e n b y an ent ire ly d i f ferent m e c h a n i s m a n d that o f fer the coatings 

0065-2393/86/0213-0375$06.00/0 
© 1986 American Chemical Society 
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f o r m u l a t o r the po tent ia l f or s igni f i cant i m p r o v e m e n t s i n rheo logy . These 
th i ckeners are r e l a t e d to the t r a d i t i o n a l th ickeners i n that they are b a s e d 
o n s i m i l a r water - so lub le p o l y m e r s , a l though genera l ly o f s o m e w h a t 
l o w e r m o l e c u l a r w e i g h t . T h e k e y d i f f e rence is that they also c o n t a i n 
h y d r o p h o b i c groups , w h i c h a l l o w t h e m to associate w i t h var ious other 
h y d r o p h o b i c c o m p o n e n t s o f the coat ing . A s i m p l e i l lustrat ion of some of 
the p r a c t i c a l d i f ferences b e t w e e n convent i ona l thickeners a n d associa
t i ve th i ckeners is s h o w n i n T a b l e I w h e r e some k e y r h e o l o g i c a l p a r a m e 
ters are g i v e n f or three latex paints , w h i c h are i d e n t i c a l except for the 
th i ckener . T h e first p a i n t l i s ted contains a c o m m e r c i a l ( h y d r o x y e t h y l ) -
ce l lu lose ( H E C ) representat ive o f c o n v e n t i o n a l thickeners . T h e other 
t w o conta in t w o recent ly c o m m e r c i a l i z e d associative thickeners based , 
r espec t ive ly , o n n o n i o n i c a n d an ion i c water - so lub le p o l y m e r backbones . 

S t o r m e r v i scos i ty is a l ow-shear v iscos i ty o b t a i n e d f r o m a p a d d l e 
v i s c o m e t e r w i d e l y used i n the pa int indus t ry . Shear rate , a l though not 
w e l l - d e f i n e d , is es t imated to b e about 50-100 s~ l . T h i s is the shear-rate 
r e g i o n that de termines propert ies such as b r u s h p i c k u p a n d p o u r a b i l i t y 
a n d is re la ted to w h a t is general ly r e g a r d e d as the consistency o f the 
pa int . A l t h o u g h the S t o r m e r v iscos i ty is g i v e n i n arb i t rary K r e b units , the 
i m p o r t a n t po in t w i t h r e g a r d to our present p u r p o s e is that the paints i n 
T a b l e I h a v e b e e n ad justed to s imi lar l ow-shear viscosit ies b y v a r y i n g 
the th i ckener use l e v e l . T h u s , the low-shear t h i c k e n i n g ef f ic iencies o f our 
three th ickeners are inverse ly p r o p o r t i o n a l to these use levels . C l e a r l y , 
assoc iat ive th ickeners c a n span a w i d e range o f l ow-shear e f f ic iencies . 
H o w e v e r , u n l i k e convent i ona l thickeners , this e f f i c i ency is not neces
sar i ly l i n k e d to m o l e c u l a r we ight . T h u s , the l o w m o l e c u l a r w e i g h t 
n o n i o n i c associative th i ckener is s ign i f i cant ly m o r e e f f i c ient at a l o w 
shear rate than the substantial ly h igher m o l e c u l a r w e i g h t (hydroxye thy l ) -
ce l lulose , w h i l e the intermediate m o l e c u l a r w e i g h t anionic associative 
t h i c k e n e r is less e f f i c ient . W e w i l l s h o w later that this d i f f e rence i n 
e f f i c i ency correlates w i t h di f ferences i n the degree o f associative 
character b u i l t into the p o l y m e r s . 

I C I v i s cos i ty is a high-shear-rate v i scos i ty (10,000 s" 1 ) that correlates 
w e l l w i t h p e r f o r m a n c e i n app l i cat ions processes such as b r u s h i n g , 
r o l l i n g , a n d s p r a y i n g . I C I viscosit ies can b e o b t a i n e d b y us ing associative 

Table I. Properties of Thickeners 

Amt of Stormer ICI 
Thickener Viscosity Viscosity 

Thickener Type M w (lb/100 gal) (KU) (P) Leveling 

(Hydroxyethyl)cellulose 850,000 3.34 81 0.43 2 
Nonionic associative 40,000 0.60 82 0.20 8 
Anionic associative 400,000 4.75 83 0.90 7 
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20. T H I B E A U L T E T A L . Behavior of Associative Thickeners in Latex Systems 377 

th i ckeners that are b o t h h igher a n d l o w e r than those o b t a i n e d b y us ing 
convent i ona l thickeners ( T a b l e I ) . I n a sense, h o w e v e r , the l o w va lue 
o b t a i n e d w i t h the n o n i o n i c associative th i ckener is m i s l e a d i n g . I f the I C I 
d a t a are n o r m a l i z e d to the same th i ckener use l e v e l , the n o n i o n i c associ 
at ive th i ckener is s ign i f i cant ly m o r e I C I ef f ic ient i n terms of po ise per 
p o u n d than either of the other thickeners . 

A s a n as ide , this last fact p r o v i d e s the basis for a v e r y use fu l f o r m u 
la t i on t r i c k . T h e degree of assoc iat ion, a n d therefore the low-shear -rate 
e f f i c i ency , o f associative thickeners can be g radua l l y decreased b y the 
c a r e f u l a d d i t i o n of surfactants or cosolvents . Because this means the 
t h i c k e n e r use l e v e l c a n b e increased , a n d w i t h it the I C I v i s cos i ty , w h i l e 
the same S t o r m e r v i scos i ty is m a i n t a i n e d , a m e t h o d for i n d e p e n d e n t l y 
ad jus t ing the h i g h - a n d l ow-shear viscosit ies that c a n b e of substant ia l 
p r a c t i c a l va lue to the coatings f o r m u l a t o r is ob ta ined . 

L e v e l i n g , a l though not a p r i m a r y rheo log i ca l parameter , is neverthe
less an i m p o r t a n t one i n charac ter i z ing the p e r f o r m a n c e of a paint . 
L e v e l i n g is a measure of the a b i l i t y of a coa t ing to f l o w o u t after a p p l i c a 
t i o n so as to ob l i terate any surface i r regular i t ies , such as b r u s h m a r k s , 
p r o d u c e d b y the a p p l i c a t i o n process (7). I n the present case w e h a v e 
r a t e d l e v e l i n g sub ject ive ly o n a scale o f 0 to 10 b y c o m p a r i n g brushouts 
o f each p a i n t to a series o f s tandards . Because l e v e l i n g is a v e r y l o w 
shear rate process , r o u g h l y 1 0 _ 1 s - 1 or less, the h i g h l e v e l i n g values 
o b t a i n e d for our t w o assoc iat ive th ickeners re la t ive to that of the H E C 
i m p l y that they have m u c h l o w e r viscosit ies at v e r y l o w shear rates. T h i s 
result is v e r y genera l a n d i l lustrates one o f the p r i m a r y advantages of 
associative thickeners over convent i ona l nonassociat ive thickeners . 

T h e p r e c e d i n g il lustrates some of the rheo log i ca l propert ies charac 
teristic o f associative th i ckener t h i c k e n e d systems. I n w h a t f o l l ows , the 
results o f some d i re c t measurements of the degree o f l a t e x - t h i c k e n e r 
assoc iat ion for t w o m o d e l associat ive th ickeners u n d e r var ious c o n d i 
t ions are d i scussed , a n d an a t t empt is m a d e to relate these results to 
r h e o l o g i c a l b e h a v i o r . A l t h o u g h l a t e x - t h i c k e n e r associat ion is o n l y one of 
the m a n y associative interact ions that can occur i n p r a c t i c a l associative 
t h i c k e n e r systems, u n d e r m a n y cond i t i ons this assoc iat ion is the d o m i 
nant in terac t i on i n terms o f the o v e r a l l r h e o l o g i c a l b e h a v i o r of the 
system. 

Experimental Section 
Two model associative thickeners were examined in this study, one a low 
molecular weight ethylene oxide based urethane copolymer containing a rela
tively high overall weight fraction of hydrophobe and the other the ammonium 
salt of an anionic acrylic copolymer of significantly higher molecular weight and 
lower hydrophobe content. Although not identical with the commercial associa
tive thickeners of Table I, these associative thickeners are very similar and when 
compared directly show virtually identical behavior. Latices employed are 
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approximately monodisperse with average diameters of 50, 90,140, 300, 340, and 
600 nm. All are copolymers of butyl acrylate and methyl methacrylate of 
approximately 0 °C glass temperature and contain about 1% of copolymerized 
carboxylic acid groups. These copolymers were prepared as described pre
viously (3) with 0.4% ammonium persulfate initiator and 0.05-3.05% sodium 
dodecyl benzenesulfonate surfactant. 

All systems were adjusted to pH 9 with ammonia. Thickener adsorption 
measurements were carried out by centrifuging the equilibrated thickener-latex 
mixtures and analyzing the separated serums for free thickener. In the nonionic 
case, this analysis was conducted by using a modification of a colorimetric 
method originally developed for nonionic polyethylene oxide surfactants (8). 
For the anionic case, 0.1% 9-vinylanthracene was included during the thickener 
synthesis to serve as a fluorescent tag. Viscosity-shear-rate curves shown are a 
composite of data from several instruments: a Brookfield SynchroLectric vis
cometer with U L adapter, a Haake Rotovisco RV2 viscometer, and an ICI cone 
and plate viscometer. 

Results and Discussion 
F i g u r e 1 shows a d s o r p t i o n isotherms for the t w o m o d e l associat ive 
th ickeners o n a 300 -nm-d iameter a c r y l i c latex at 25 v o l % sol ids. D a t a are 

4 0 

3 0 

0 

M E C 

0 1 2 3 4 

WEIGHT % THICKENER IN CONTINUOUS PHASE 

Figure I. Adsorption isotherms for H EC, nonionic associative, and anionic 
associative thickeners with a 300-nm latex. Key: A , anionic; nonionic; 

and HEC. 
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also shown for a typical nonassociative H E C thickener (Natrosol 250 G R 
from Hercules, Inc.) (3). The strong adsorption observed for the associa
tive thickeners relative to that for H E C even at very low thickener con
centrations is direct evidence for the associative nature of these 
thickeners. 

The shapes of the associative thickener adsorption isotherms in Fig 
ure 1 resemble that of the classical Langmuir isotherm, with the strong 
adsorption observed at very low thickener concentrations gradually 
leveling off as the thickener level increases and the latex surface 
becomes saturated. Such behavior is consistent with a simple model in 
which localized hydrophobic sections of the predominantly hydrophilic 
thickener attach themselves to hydrophobic binder sites on the latex sur
face. Because the associative thickener molecules are multifunctional in 
the sense that each contains two or more hydrophobes, the result is a 
three-dimensional transient network in which the latex particles serve as 
the branch points and the thickener molecules act as the cross-links. Sim
ilar to a permanently cross-linked polymer network, these cross-links 
resist the stretching that must occur when the system begins to flow; 
thus, the cross-links contribute to the apparent viscosity of the system. 
O f course, the transient nature of the cross-links, that is, the fact they are 
continually forming, breaking, and re-forming, allows the system to flow 
rather than just de-form as would be the case in a permanently cross-
linked system. 

As a final point with reference to Figure 1, the initial slope of the 
adsorption isotherm is significantly greater for the nonionic associative 
thickener than for the anionic. Because both thickeners appear to have 
fairly similar saturation values, this property implies that the former is 
more strongly associated with the latex surface than the latter. The 
greater association of the nonionic associative thickener can be attrib
uted to its higher hydrophobe content making it a more highly associative 
thickener than the anionic associative thickener. 

Figure 2 shows viscosity-shear-rate profiles for a 300-nm latex at 25 
vol % solids and containing 2% thickener by weight on the continuous 
phase. The extreme shear thinning behavior observed with H E C 
(Natrosol 2 5 0 M R ) is typical of thickeners of this type and illustrates their 
primary limitation with respect to coatings rheology. Clearly, for such a 
system to maintain both a high enough high-shear-rate viscosity for good 
film build and hiding and a low enough low-shear-rate viscosity for 
good leveling is impossible. The two associative thickeners, on the other 
hand, show a much more Newtonian profile, particularly in the low-
shear-rate region, and therefore allow a more equitable balance of high-
and low-shear-rate viscosity. Put in slightly different terms, if the thick
ener levels are adjusted so as to give similar viscosities at some 
intermediate shear rate (e.g., the Stormer shear rate), the two associative 
thickeners, because of the flatness of their rheology profiles, must give sub-
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1 0 0 0 0 0 

0.1 1 10 100 1000 10000 

SHEAR RATE 1/SEC 

Figure 2. Viscosity-shear-rate profile for HEC, nonionic associative, and 
anionic associative thickeners with a 300-nm latex. Key: , HEC; 

—, nonionic; and , anionic. 

stantial ly l o w e r viscosit ies at v e r y l o w shear rates than H E C . T h i s p r o p 
erty , as d i scussed earl ier , translates into m a r k e d l y better l e v e l i n g 
behav io r . 

T h e shapes o f the latex-assoc iat ive th ickener rheo logy prof i les can 
b e u n d e r s t o o d i n terms o f the transient n e t w o r k p i c t u r e of la tex -assoc ia 
t ive th i ckener systems i f t w o f a i r l y reasonable assumptions are m a d e : 
(1) that the v i scos i ty o f a par t i cu lar latex-assoc iat ive th ickener system is 
d i r e c t l y r e la ted to the n u m b e r of cross- l inks present at any g i v e n t i m e 
(as is the m o d u l u s o f a p e r m a n e n t l y c ross - l inked p o l y m e r ne twork ) a n d 
(2) that the b r e a k i n g a n d r e - f o r m i n g of i n d i v i d u a l cross- l inks occur b y 
b o t h t h e r m a l a n d shear - induced processes. A t v e r y l o w shear rates, the 
t h e r m a l processes w i l l c l ear ly d o m i n a t e a n d the e q u i l i b r i u m concentra 
t i o n o f cross- l inks w i l l r e m a i n a p p r o x i m a t e l y constant at the t h e r m a l 
va lue i n d e p e n d e n t o f the shear rate; the result is N e w t o n i a n - l i k e v iscos 
i ty . A s the shear rate approaches a n d then exceeds some cr i t i ca l va lue , 
h o w e v e r , shear - induced processes w i l l start to p l a y a b igger a n d b igger 
ro le a n d the e q u i l i b r i u m concentrat ion of cross- l inks w i l l decrease 
r a p i d l y w i t h inc reas ing shear rate, hence the s u d d e n d o w n w a r d t u r n i n 
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the associative th i ckener v iscos i ty -shear -rate curves of F i g u r e 2 i n the 
10-100-s" 1 r eg ion . 

O n e feature obv ious i n F i g u r e 2 is the fact that the an ion ic associa
t ive th i ckener system is s ign i f i cant ly less v iscous than the non ion i c asso
c ia t ive th i ckener system despi te the substant ia l ly h igher m o l e c u l a r 
w e i g h t of the f o r m e r . T h e n o n i o n i c associative th i ckener is a m u c h m o r e 
e f f i c ient associat ive th i ckener ( for latex) than the an ion i c associat ive 
th i ckener ; this feature is tota l ly consistent w i t h the b e h a v i o r seen earl ier 
i n the pa in t data . B o t h results, of course, must be re lated to the c o n c l u 
s ion r e a c h e d p r e v i o u s l y f r o m the i n i t i a l slopes of the associative t h i c k 
ener a d s o r p t i o n i sotherms, that is , that the n o n i o n i c associative th i ckener 
associates m o r e strongly w i t h the latex than the anionic associative 
th ickener . 

I n a d d i t i o n to s t ruc tura l var ia t ions i n the th i ckener , var iat ions i n the 
latex are also e x p e c t e d to af fect the o v e r a l l degree of associat ion of the 
latex -assoc iat ive th i ckener system. O n e s i m p l e v a r i a t i o n that shou ld 
h a v e a r e a d i l y r a t i o n a l i z e d effect is latex par t i c l e size. F i g u r e 3 shows 

WEIGHT % THICKENER IN CONTINUOUS PHASE 
Figure 3. Effect of latex particle size on the adsorption of a nonionic asso

ciative thickener. Key: • , 50 nm, 90 nm; A , 140 nm; Φ, 300 nm; and 
• , 600 nm. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
02

0

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



382 W A T E R - S O L U B L E POLYMERS 

a d s o r p t i o n isotherms for our m o d e l non ion i c associative th ickener on 
f ive a c r y l i c latices o f par t i c l e size r a n g i n g f r o m 50 to 600 n m . N o t e that 
b o t h the saturat ion v a l u e a n d the i n i t i a l s lope appear to increase as the 
p a r t i c l e s ize decreases; this result indicates an increase i n the degree o f 
l a t e x - t h i c k e n e r assoc iat ion. S u c h b e h a v i o r is c l ear ly d u e to the inverse 
re lat ionship b e t w e e n surface area a n d part i c l e size. A s s u m i n g that the 
average n u m b e r o f h y d r o p h o b i c b i n d i n g sites ava i lab l e o n the latex sur
face p e r uni t area depends o n l y o n the c o m p o s i t i o n o f the latex, one 
w o u l d expec t the saturat ion v a l u e also to b e inverse ly re la ted to par t i c l e 
s ize. A s i m i l a r result is e x p e c t e d for the i n i t i a l s lope of the i so therm i f 
one adds the a d d i t i o n a l assumpt ion that the latex-assoc iat ive th i ckener 
b i n d i n g constant is also o n l y a func t i on o f the latex c o m p o s i t i o n . 

V e r y s i m i l a r results are o b t a i n e d w i t h the an ion ic associative t h i c k 
ener as is s h o w n i n F i g u r e 4. 
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WEIGHT % THICKENER IN CONTINUOUS PHASE 

Figure 4. Effect of latex particle size on the adsorption of an anionic asso
ciative thickener. Key: B , 50 nm; A, 90 nm; —, 140 nm; Φ, 340 nm; and 

600 nm. 
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T h e greater association o c c u r r i n g w i t h the s m a l l par t i c l e size latices 
s h o u l d also translate into h igher viscosit ies i n m u c h the same w a y that 
the greater associat ion o f the n o n i o n i c associative th i ckener y ie lds h igher 
viscosit ies than the anionic associative th ickener . T h i s feature is i l lus 
t rated b y the v i scos i ty - shear - rate pro f i les for 25 v o l % sol ids 50-, 90-, a n d 
300 -nm latices c o n t a i n i n g 1% n o n i o n i c associat ive th i ckener s h o w n i n 
F i g u r e 5. 

T h e results presented so far have d e m o n s t r a t e d that, because o f their 
to ta l ly d i f f erent t h i c k e n i n g mechan isms , the rules g o v e r n i n g the t h i c k e n 
i n g characterist ics o f associative th ickener conta in ing latex systems d i f f e r 
great ly f r o m those b a s e d o n c o n v e n t i o n a l thickeners . T h e nature o f the 
associat ive t h i c k e n i n g m e c h a n i s m also gives rise to another i m p o r t a n t 
p r a c t i c a l d i f f e rence b e t w e e n associative a n d nonassoc iat ive thickeners . 
Because h y d r o p h o b e - h y d r o p h o b e assoc iat ion is a nonspec i f i c t ype o f 
interact ion , other h y d r o p h o b i c components i n the f o r m u l a t e d coat ing 

100000 -

10 100 1000 

SHEAR RATE 1 /SEC 

10000 

Figure 5. Effect of latex particle size on the viscosity-shear-rate profile of 
a nonionic associative thickener. Key: —, 50 nm; , 90 nm; 

and , 300 nm. 
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c a n h a v e a substant ia l e f fect o n the f i n a l r h e o l o g y w h e n associat ive 
th i ckeners are present . F o r e x a m p l e , F i g u r e 6 shows the ef fect o f a d d e d 
s o d i u m d o d e c y l sulfate (S D S ) surfactant o n the adsorp t i on of our m o d e l 
assoc iat ive th i ckeners o n a 300 -nm a c r y l i c latex (either 2% an ion i c or 1% 
n o n i o n i c o n cont inuous phase ; 25 v o l % sol ids latex) . Because S D S can 
also b i n d to the h y d r o p h o b i c sites o n the latex sur face , i t c ompetes w i t h 
the associat ive th i ckener for these sites; the result is increas ing desorp -
t i on o f the associative th i ckener w i t h increas ing surfactant concentrat ion . 

N o t e that i n F i g u r e 6 w e see once again the effects of the d i f f e r i n g 
associat ive characters o f our t w o m o d e l associat ive thickeners . A l t h o u g h 
0.5^ S D S is necessary to c o m p l e t e l y d i sp lace the strongly associative 
n o n i o n i c associat ive th i ckener f r o m our 300 -nm a c r y l i c latex, the same 
result is a c h i e v e d for the w e a k l y associative anionic associative th i ckener 
w i t h about a 0 . U S D S . A s w e w i l l s h o w later , this feature has a p r o f o u n d 
effect o n the p r a c t i c a l b e h a v i o r of these t w o materials . 

0.00 0.25 0.50 0.75 1.00 

WEIGHT % SURFACTANT 
(on continuous phase) 

Figure 6. Desorption of nonionic and anionic associative thickeners from a 
300-nm latex by sodium dodecyl sulfate. Key: M, anionic; and A, nonionic. 
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T h e effect o f d i f f e r i n g degrees o f associative interact ion o n the a b i l 
i t y o f a la tex -assoc iat ive th i ckener system to resist sur fac tant - induced 
d e s o r p t i o n c a n also b e seen w i t h re ference to latex var iat ions . S D S desorp -
t i o n curves f o r our m o d e l n o n i o n i c associat ive th i ckener as a f u n c t i o n o f 
latex par t i c l e size are s h o w n i n F i g u r e 7 (condit ions ident i ca l w i t h those 
o f F i g u r e 6) . Cons is tent w i t h the a d s o r p t i o n isotherms, w h i c h s h o w a de 
crease i n the m a g n i t u d e o f l a t e x - t h i c k e n e r association w i t h increas ing 
p a r t i c l e s ize , the a m o u n t of S D S n e e d e d to c o m p l e t e l y d i sp lace the 
th i ckener also decreases w i t h increas ing par t i c l e size. 

F i g u r e 8 shows the effect o f the S D S desorpt ion i l lustrated i n F i g 
ures 6 a n d 7 o n rheo l ogy . T h e r a p i d decrease i n the l ow-shear (100-s - 1 ) 
v i scos i ty o f the n o n i o n i c associative th i ckener ( A T ) w i t h a d d e d S D S is 
c l ear ly a result o f the associat ive th i ckener desorpt i on process. N o t e that 
the v i scos i ty bo t t oms out at about 0.5% S D S , the same l e v e l necessary for 
c o m p l e t e associative th i ckener desorpt ion . T h e s o m e w h a t d i f ferent 

Figure 7. Desorption of a nonionic associative thickener from various par
ticle size latices by sodium dodecyl sulfate. Key: •, 50 nm;^, 90 nm; A , 

140 nm; · , 300 nm; and • , 600 nm. 
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5 0 0 -

0 .0 0 .3 0 .6 0 .9 1.2 

WEIGHT % SURFACTANT 
(on c o n t i n u o u s p h a s e ) 

Figure 8. Effect of sodium dodecyl sulfate on the viscosity of a 300-nm 
latex with associative thickeners. Key: , nonionic/low shear; —, an
ionic/low shear; , anionic/high shear; and —-, nonionic/high shear. 

shape o f the n o n i o n i c - h i g h - s h e a r c u r v e is d u e to the fact that at v e r y h i g h 
shear rates (10,000 s _ 1 ) the A T - l a t e x assoc iat ion contr ibutes v e r y l i t t le to 
the o v e r a l l v i s cos i ty o f the system. T h u s , the p r i n c i p a l effect o f S D S o n 
high-shear v i s cos i ty is not d u e to A T de so rp t i on b u t rather to other 
p h e n o m e n a b e y o n d the scope o f the present discussion. 

A s o m e w h a t s imi lar exp lanat ion c a n b e used to rat iona l i ze the shape 
o f the a n i o n i e - l o w - s h e a r c u r v e . Because our m o d e l an ion i c associative 
th i ckener is b o t h m u c h m o r e w e a k l y associative a n d o f h igher m o l e c u l a r 
w e i g h t than our m o d e l n o n i o n i c associat ive th i ckener , i t th ickens less b y 
the associat ive t h i c k e n e r - l a t e x associat ion m e c h a n i s m a n d m o r e b y the 
t r a d i t i o n a l h y d r o d y n a m i c v o l u m e m e c h a n i s m . T h u s , even large changes 
i n the l e v e l o f associat ive t h i c k e n e r a d s o r p t i o n result i n o n l y s m a l l 
changes i n the to ta l v i s cos i ty , a n d once aga in the o v e r a l l shape o f the 
c u r v e is c o n t r o l l e d b y other p h e n o m e n a . 

E v e n t h o u g h the w e a k assoc iat ion o f our m o d e l an ion ic associative 
th i ckener contr ibutes v e r y l i tt le to the o v e r a l l v iscos i ty o f the system, this 
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associat ion is ex t remely i m p o r t a n t i n d e t e r m i n i n g the shape o f the 
v iseos i ty -shear -rate pro f i l e . T h e s igni f i cance o f this result is i l lustrated i n 
F i g u r e 9, w h i c h shows the ef fect of a d d e d S D S o n the S t o r m e r v i scos i ty 
a n d l e v e l i n g b e h a v i o r of t w o associative th ickener t h i c k e n e d gloss 
paints . N o t e that a l though the pa int c onta in ing the anionic associative 
th i ckener shows a stable S t o r m e r v iscos i ty out to qui te h i g h surfactant 
levels , l e v e l i n g is i m p a i r e d substant ia l ly at l o w e r surfactant levels . T h e 
e x p l a n a t i o n f or this i m p a i r m e n t has, o f course , to d o w i t h the fact that 
the an ion i c associative th i ckener is d i s p l a c e d f r o m the latex surface b y 
the S D S . O n c e c o m p l e t e d i sp lacement has o c c u r r e d , the associative 
th i ckener is i n ef fect no longer an associative th ickener a n d begins to 
take o n the p o o r l e v e l i n g character ist ics o f a h i g h m o l e c u l a r w e i g h t 
water - so lub le p o l y m e r . 

0.0 0.4 0.8 1.2 1.6 2.0 2.4 

% S D S O N L A T E X SOL IDS 

% S D S O N L A T E X SOL IDS 

Figure 9. Effect of sodium dodecyl sulfate on the rheology of associative 
thickener based paints. Key: , anionic; and —, nonionic. 
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Figure 9 also illustrates another interesting point with regard to the 
practical behavior of associative thickener thickened systems. Note that 
for the nonionic associative thickener adding surfactant leads to a sharp 
decrease in viscosity but has little effect on flow, while for the anionic 
associative thickener the converse is true. This rather profound differ
ence in behavior can be explained by invoking nothing more than the 
differences in the associative character of the two associative thickeners. 
Thus, the nonionic associative thickener, which is strongly associative 
and owes essentially all of its thickening ability to latex-thickener associ
ation, loses this ability rapidly as this association is weakened by surfac
tant. However, because the associative thickener associates so strongly, it 
is never completely displaced from the latex at any realistic surfactant 
levels and always manages to retain at least some vestiges of its associa
tive nature and the excellent flow which accompanies it. The anionic 
associative thickener, on the other hand, is less associative, losing its flow 
more readily. But, because the associative thickener gains little in the 
way of thickening power from its association with the latex in the first 
place, it has little to lose when that association is broken. 

Effects similar to those illustrated in Figures 6 -9 are also seen when 
water-miscible cosolvents are added to associative thickener-latex sys
tems. This effect is illustrated in Figure 10 for butyl Carbitol and our 

WEIGHT % BUTYL CARBITOL 
(on continuous phase) 

4 8 12 

WEIGHT % B U T Y L C A R B I T O L 
(on continuous phase) 

Figure 10. (left) Desorption of a nonionic associative thickener from a 
300-nm latex by butyl Carbitol. (right) Effect of butyl Carbitol on the 
viscosity of a 300-nm latex with a nonionic associative thickener. Key: , 

low shear; and —, high shear. 
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m o d e l n o n i o n i c th i ckener (condit ions ident i ca l w i t h those o f F i g u r e 6). 
E v e n t h o u g h the gross b e h a v i o r appears s imi lar , the u n d e r l y i n g reasons 
for this b e h a v i o r m a y b e qu i te d i f ferent . T h u s , p r o b a b l y , espec ia l ly i n 
v i e w o f the substantial levels o f solvent n e e d e d to b r i n g about s igni f i cant 
associat ive th i ckener d i s p l a c e m e n t , the coso lvent ef fect results f r o m 
changes i n the p a r t i t i o n i n g o f the associative th ickener because o f changes 
i n the nature o f the so lvent phase rather than any d i rec t c o m p e t i t i o n 
b e t w e e n the coso lvent a n d the associative th ickener for latex b i n d i n g 
sites as is b e l i e v e d to b e the case w i t h surfactants. 
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21 
Influence of Water-Soluble Polymers on 
Rheology of Pigmented Latex Coatings 

J. E. Glass 

Department of Polymers and Coatings, North Dakota State University, 
Fargo, N D 58105 

The components of a coating are examined with respect to the 
mechanism each exhibits in determining the rheological response 
of the total formulation. In particular, the sensitivities of formula
tions containing hydrophobically modified, water-soluble poly
mers are addressed. The sensitivities are examined systematically 
with variation in the following formulation components: pigment 
volume concentration, percent nonvolatiles, formulation sta
bilizers (i.e., dispersant and surfactant levels), latex type and size 
distribution, and thickener type and molecular weight. A quantita
tive interpretation of the sensitivities observed across this broad
-spectrum investigation cannot be offered because there are too 
many variables with matrix interactions that are difficult to quantify 
statistically, but general trends in this new area of technology are 
discussed. 

THE INFLUENCE OF VARIATION IN FORMULATION COMPONENTS on 
coating rheology and on the sensitivity of formulations containing 
hydrophobically modified, water-soluble polymers (known in the coat
ings area as associative thickeners) will be discussed in this chapter. 
Hydrophobically modified, acid-swellable latex thickeners will not be 
discussed. 

A multiplicity of interactions can influence the associations of a 
water-soluble polymer (note the general discussion in Chapter 5) with 
the dispersed components of a coatings formulation. In pigmented 
waterborne latex coatings, this matrix of interactions can potentially 
interrupt the association between the hydrophobes of the hydrophobi
cally modified, water-soluble polymer and the latex. If higher surface 
energy pigments, particularly T i 0 2 , are not properly stabilized, adsorp
tion will occur on these higher energy surfaces. Low molecular weight 
copolymers containing carboxylate groups are added to the formulation 
to ensure pigment dispersion. A formulation surfactant also is added to 

0065-2393/86/0213-0391$07.50/0 
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ensure d i spersed c o m p o n e n t stabi l i ty . T h e f o r m u l a t i o n surfactant is 
general ly a n o n i o n i c ethoxylate t y p e , whereas the surfactant used i n the 
synthesis o f the latex is an ion i c or an a n i o n i c - n o n i o n i c c o m b i n a t i o n . A s 
d iscussed i n C h a p t e r 5, n o n i o n i c surfactants w i l l genera l ly d i sp lace a n i 
onics f r o m the sur face o f latex part i c les . I f the h igh -energy p i g m e n t sur
faces are su i tab ly s t a b i l i z e d , associat ion b e t w e e n the h y d r o p h o b e s o f the 
h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r a n d the latex is 
f a v o r e d o n a statist ical basis. A cohes ive interac t ion b e t w e e n the s tab i l i z 
i n g mo ie t i es a n d the h y d r o p h o b e s o f the th i ckener appears to b e i m p o r 
tant i f the des i red propert ies o f the coa t ing are to b e ob ta ined . 

W i t h the m u l t i t u d e o f c o m p o n e n t s i n a p i g m e n t e d w a t e r b o r n e latex 
c oa t ing , d i r e c t e v i d e n c e o f assoc iat ion is d i f f i c u l t to o b t a i n . I n d i r e c t e v i 
dence is f o u n d i n the c o m p a r i s o n o f r h e o l o g i c a l pro f i l es ( F i g u r e 1) a n d 
t h i c k e n i n g e f f i c i ency data ( T a b l e I) i n the f o rmulat i ons c o n t a i n i n g a 
s m a l l (117-nm)-part ic le latex. H i g h e r high-shear-rate viscosit ies ( H S V s ) 
a n d l o w e r low-shear-rate viscosities ( L S V s ) are observed w i t h water -
so lub le p o l y m e r s c o n t a i n i n g h y d r o p h o b e s at th i ckener concentrat ions 
c o m p a r a b l e to those o f ce l lu lose ethers r e q u i r e d to ach ieve a g i v e n K r e b 
uni t ( K U ) v i s cos i ty (an i n d u s t r i a l measurement prac t i ce i n f o r m u l a t i n g 
w a t e r b o r n e coat ings) . W i t h o u t h y d r o p h o b e m o d i f i c a t i o n , l o w m o l e c u l a r 

SHEAR RATE (s*1 ) 

Figure 1. Viscosity (Pas) dependence on the shear rate (s'1) of an interior 
coating formulation: 57% PVC, 32% NVV, 90-KU-containing small-particle 
(100-nm), all-acrylic latex. Water-soluble thickeners: (B) (Hudroxypropyl)-
methykellulose; (O) SMAT; (O) HEUR 708; (<)Mr 10* poly(oxyethy
lene); and (>) Mr 10s poly(oxyethylene). Reproduced with permission 
from reference 11. Copynght 1984 Oil and Colour Chemists' Association. 
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21. GLASS Influence on Rheology of Pigmented Latex Coatings 393 

Table I. Thickener Studies for Mechanistic Interpretation 

Concn 24-h Viscosity 
Thickener (wt%) (KU) 

Mr 1.8 Χ 1 0 4 poly(oxyethylene) 7.51 92 
M r 1.0 Χ 105 poly(oxyethylene) 3.10 89 
H E U R 708 0.40 91 
SMAT 0.46 93 
H P M C a 0.36 93 

e H P M C is (hydroxypropyl)methylcellulose. 

w e i g h t (18,000) po ly (oxye thy lene ) ( P O E ) p r o v i d e s the l o w e r L S V a n d 
h igher H S V des i red , b u t the r h e o l o g y is r e la ted to the concentrat ion (7.5 
w t %) a n d m o l e c u l a r w e i g h t o f the th i ckener e m p l o y e d , not to an associ 
at ion . T h e coa t ing t h i c k e n e d w i t h this m o l e c u l a r w e i g h t P O E imparts 
r h e o l o g y a p p r o x i m a t e l y e q u a l to those c o n t a i n i n g h y d r o p h o b i c a l l y m o d i 
f i e d , water - so lub le p o l y m e r s , b u t the latter are e f fect ive at a 10- fo ld l o w e r 
concentrat i on . A n increase i n P O E m o l e c u l a r w e i g h t (100,000) decreases 
the a m o u n t r e q u i r e d to effect a g i v e n K r e b unit v i scos i ty (a v iscos i ty 
assoc iated w i t h a m o d e r a t e 25-75-s" 1 shear rate) , b u t the L S V s increase 
a n d H S V s decrease, a general p h e n o m e n o n n o t e d i n smal l -par t i c l e latex 
f ormulat ions t h i c k e n e d w i t h n o n m o d i f i e d water - so lub le p o l y m e r s . T h e 
gener ic structures of t w o h y d r o p h o b i c a l l y m o d i f i e d thickeners [an 
e thoxy la ted urethane ( H E U R 708) a n d a m o d i f i e d s t y r e n e - m a l e i c a c i d 
t e r p o l y m e r ( S M A T ) ] are i l lustrated i n structures I a n d II. B o t h h y d r o 
p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r s are e f fect ive i n p r o m o t i n g 
the r h e o l o g i c a l response ( F i g u r e 1) o f the l o w e r m o l e c u l a r w e i g h t P O E 
w i t h o u t large amounts of e ither h y d r o p h o b i c a l l y m o d i f i e d , w a t e r -
so luble p o l y m e r r e q u i r e d to achieve the s tandard f o r m u l a t i o n K r e b unit 
v iscos i ty . 

These changes a n d the sensitivities that arise i n coatings w i t h h y 
d r o p h o b e m o d i f i c a t i o n of water - so lub le p o l y m e r s are r e v i e w e d to 

Ο Ο U Ί Η 

R-hhWO-CHt-CHt^O-C-N-R- Ν- C*OCHtKMt*ir|- 0-C-N-R' 
Η Η Η Η 

R - C . - C κ . ·ο -««β 

R ' = C - C . n s ' " 4 

R 8 CT - C M : Structura* or* al encompassing 
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II 

unders tand the i n d i v i d u a l contr ibut ions a n d the c o m b i n e d interactions 
o f f o r m u l a t i o n components o n a coating's rheo logy . 

Influence of Thickener-Dispersed Component Interactions on 
Low-Shear-Rate Viscosities 

G e n e r a l . A W e i s s e n b e r g rheometer has been e m p l o y e d ( J , 2) to 
s imulate cond i t i ons d u r i n g a p p l i c a t i o n of a coat ing . T h e coat ing is 
sheared at a c o m p a r a t i v e l y h i g h rate (ca. 3000 s" 1 ) ; after a constant v i s 
cos i ty response is reached , the d e f o r m a t i o n is instantaneously changed to 
a l o w d e f o r m a t i o n rate (v ia an osc i l latory mode ) a n d the viscous a n d 
elastic responses are o b s e r v e d w i t h t ime . 

H S V s a n d L S V s are a f f e c ted b y severa l f o r m u l a t i o n var iab les . T h e 
in f luence o f the t w o k e y components , the th i ckener a n d the latex, a n d 
their synergies , o n the l o w d e f o r m a t i o n rate r e covery (3) o f the a p p l i e d 
c o a t i n g is i l lustrated i n F i g u r e 2. T h e three thickeners are an a c r y l i c 
a c i d - e t h y l acry late c o p o l y m e r , H E C , a n d an a lka l i - swe l lab l e latex that has 
expandab le surface a c i d segments a n d is not h y d r o p h o b i c a l l y m o d i f i e d . 
T h e i r in f luence o n the coating's r e covery response i n the protec t ive c o l 
l o i d s t a b i l i z e d , v i n y l - a c r y l i c latex f o r m u l a t i o n is understandable i n terms 
o f the t h i c k e n e r s degree o f so lvat ion b y w a t e r a n d decreased self-
associat ion. A surpr i s ing ly strong re lat ionship (3) b e t w e e n the coating's 
f l o w o u t a n d the p r o x i m i t y of the thickener 's s o lub i l i t y parameter to that 
o f w a t e r [17-23 ( k c a l / c m 3 M ) ] w a s n o t e d . W i t h the h i g h elastic response of 
the la tex -ac id swe l lab l e th i ckener ( w h i c h is not h y d r o p h o b i c a l l y m o d i 
f i ed ) , the in f luence of latex par t i c l e s ize o n the f ormulat ion ' s r h e o l o g i c a l 
response is neg l ig ib le . 

T h e other latex invest igated i n this s tudy (response i l lustrated i n 
F i g u r e 2) is that of a s m a l l (117-nm) a l l -acry l i c resin. Smal l -par t i c l e 
latices w e r e p r e f e r r e d i n the ear ly 1960s because of their better p i g m e n t 
b i n d i n g e f f i c i ency . T h e h i g h elastic response of the smal l -par t i c l e latex 
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1000 

900 

ε 8oo ο c >» 
•σ < 
& 3 0 0 

200 

100 

° 0 20 40 60 80 100 120 140 

TIME, sec 

Figure 2. Time dependence of G * recovery: 11212 paints; 90 KU. Strain 
amplitude is 28 μm. Open symbols, 347-nm vinyl acetate-butyl acrylate 
(BMD) latex with Η EC-stabilizing segments chemically attached to the 
surface; closed symbols, 117-nm all-acrylic (SMD) latex. Thickener: (Ο, Φ) 
acrylic acid-ethyl acrylate copolymer (PAAC), (A, A) HEC; and (Π, M) 
alkali-swellable latex thickener (MAP). Reproduced with permission from 
reference 14. Copynght 1978 Federation of Societies for Coatings 

Technology. 

even with the most hydrophilie thickener is the consequence of floecula-
tion of the small-particle latex, which results in poorer flowout, and a 
film integrity dependent on the thinnest sections of the film. 

Parameters influencing the flowout time of a coating that could be 
controlled by formulation components are shown in equation 1 (4): 

h = η/σΧ3 (1) 

where t% is the half-life (s) for an amplitude decrease in surface irregular
ity; η is the non-Newtonian viscosity (Pa s) (the influence of the elastic 
component on the response was not recognized); σ is the surface tension 
at the coating-air interface; and X is the film thickness of the applied 
coating. The film thickness is primarily influenced by the coating's H S V , 
which can be affected by the median particle size (5) of the latex. Thus, 
the better pigment binding efficiency of small-particle latices sought by 
coatings chemists of the 1960s is offset by their poor flowout produced 
by unfavorable viscosities at both high and low shear rates (5) 
(Figure 3). 
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SHEAR STRESS—dynes/cm 2 

SHEAR STRESS—dynes/cm 2 

Figure 3. Viscosity dependence on particle-size distnbution: (a) high shear 
rate and (b) low shear rate. Curve A is paint with 0.63-μτη latex. Curve Β is 

paint with 70% 0.63-μτη latex and 30% 0.103-μπι latex. 

A s w a t e r b o r n e latex coatings i m p r o v e d to g r a d u a l l y d o m i n a t e a l l 
segments o f the trade-sales m a r k e t , the i n a b i l i t y to ach ieve g o o d flowout 
w i t h s m a l l par t i c l e size latices was mechan i s t i ca l l y in te rpre ted as an 
i n t e r b r i d g i n g p h e n o m e n o n (6-9) . I n the ear ly 1970s, one of the m a n u f a c 
turers o f cel lulose ethers i n t r o d u c e d (10) S M A T . T h e t e r m o n o m e r 
w a s a h y d r o p h o b e - m o d i f i e d styrene m o i e t y o b t a i n e d f r o m the react ion 
o f a n o n y l p h e n o l ethoxylate (40 m o l average) o x y a n i o n w i t h v i n y l b e n z y l 
c h l o r i d e . D u r i n g the same a p p r o x i m a t e t i m e p e r i o d , H E U R , another 
h y d r o p h o b e - m o d i f i e d water - so lub le p o l y m e r , w a s i n t r o d u c e d to the 
E u r o p e a n coatings industry . 

T h e in f luence o f b o t h types of h y d r o p h o b e - m o d i f i e d water -so lub le 
p o l y m e r s o n the r h e o l o g y o f a s m a l l par t i c l e s ize latex is i l lus t rated i n 
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F i g u r e 4; the viscosit ies at l o w shear rates are l o w e r a n d viscosit ies at 
h i g h shear rates are h igher than o b s e r v e d i n f o rmulat i ons p r e p a r e d f r o m 
the same g r i n d b u t t h i c k e n e d w i t h a cel lulose ether. T h e m o l e c u l a r 
w e i g h t , m o l e c u l a r w e i g h t d i s t r i b u t i o n , a n d surface tension of aqueous 
h y d r o p h o b e - m o d i f i e d , water -so lub le p o l y m e r s are g iven (11) i n T a b l e I I . 

M e c h a n i s t i c Interpretation of LSV Response. T h e l o w e r L S V s 
p r o d u c e d b y the h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r s can 
be in te rpre ted i n terms o f an elastic response (as re f l ec ted i n first n o r m a l 
stress d i f ferences , N\) o f the c o a t i n g f o r m u l a t i o n . I n dispersions conta in 
i n g o n l y a water - so lub le p o l y m e r a n d a n H E C - s t a b i l i z e d latex, the s lope 
approaches a v a l u e o f 2 at l o w shear rates ( F i g u r e 5). T h i s re lat ionship is 
d e f i n e d (12,13) i n equat ion 2 

Nl = (2) 

w h e r e Ni is the f irst n o r m a l stress d i f f e rence (Pa) , Ψ is its coe f f i c ient , 
a n d 7 2 i is the shear rate ( s _ 1 ) . I n a series o f c o m m e r c i a l paints (14), such 
a re lat ionship w a s not o b s e r v e d ( F i g u r e 6) a n d the Ni b e h a v i o r was 
in te rpre ted i n terms o f y i e l d stress characterist ics . I n studies c o m p a r i n g 
h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r a n d cel lulose ether 

SHEAR RATE (sH) 

Figure 4. Viscosity (Fas) dependence on the shear rate (s~1) of an interior 
formulation; 57% PVC, 32% NVV, 120-KU-containing small-particle 
(117-nm), all-acrylic latex. Water-soluble thickeners: (CD) HEC-MHR; 
(O) SMAT; (Q) HEUR 708; ( 0 ) HEUR 200; (o ) HEUR 100; (A) HEUR 
L 75; and ( ν ) HEUR LR 8500. Reproduced with permission from refer

ence 11. Copyright 1984 Oil and Colour Chemists' Association. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

a-
19

86
-0

21
3.

ch
02

1

In Water-Soluble Polymers; Glass, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1986. 



398 W A T E R - S O L U B L E POLYMERS 

Table II. Molecular Weight and Surface Tension Data of 
Aqueous Solutions (0.1 wt %) of Synthetic Thickeners 

Polydispersity Surface Tension 
Thickener Mw M„ (Mw/Mn) (mN/m) 

H E U R 100 10,848 8,679 1.3 49 
H E U R 200 93,992 46,638 2.0 56 
H E U R 708 37,051 23,216 1.6 54 
SMAT 32,331 6,395 5.1 58 

thickened formulations, the predicted slope is approached in the hydro
phobically modified, water-soluble polymer thickened coatings (Fig
ure 7 ) ; thus, these thickeners are effective in inhibiting flocculation of the 
dispersed components and thereby yield stress behavior. The elasticity 
reflected in the complex modulus recovery data (Figure 4) is also 
reflected in Ni-y (Figure 8) analysis of the same coatings (i.e., the slope 
approaches 2 in the protective colloid stabilized, vinyl acetate-acrylate 
latex formulation when the thickener is the well-solvated acrylic acid-
ethyl acrylate copolymer) paralleling the low G * recovery. 

1 0
1 1 ·— ι — - — . . . . . ..i .— I 

1 0 1 0 ° 101 102 10? 

S H E A R R A T E , sec 1 

Figure 5. First normal stress difference dependence on the shear rate of 
aqueous water-soluble polymer solutions thickened to —127 KU. The 
aqueous solutions also contained a vinyl-acrylic latex in amounts equiva
lent to that used in formulation 11212. For latex and thickener identification, 
see the legend to Figure 2. Reproduced with permission from reference 14. 

Copyright 1978 Federation of Societies for Coatings Technology. 
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LU 
Ο 
Ζ 
LU 
OC 
LU 

CO 
CO 
LU 
OC 

< 
OC 
O 

CO 
DC ΙΟ"1 10P 101 

SHEAR RATE, sec"1 

103 

Figure 6. Shear-rate dependence of the first normal stress difference 
(commercial trade-sale paints). Key: •, E-80; Ο, A-95; Δ , F-97; <·, CN-
103; andO, G-86. Reproduced with permission from reference 14. Copy

right 1978 Federation of Societies for Coatings Technology. 

101 102 103 

SHEAR RATE (s"1 ) 

Figure 7. Shear-rate dependence of first normal stress difference of inte
rior formulations containing small-particle (117-nm), all-acrylic latex. 
Water-soluble thickeners: (Ο, <Z> ) H EC; ( ν , ν ; SMAT; and (D , \Z\) HEUR 

708. Open symbols, 90 KU; hatched symbols, 105 KU. 
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400 W A T E R - S O L U B L E POLYMERS 

Figure 8. Shear-rate dependence of the first normal stress difference of an 
interior formulation (90 KU). For latex and thickener identification, see the 
legend to Figure 2. Reproduced with permission from reference 14. Copy

right 1978 Federation of Societies for Coatings Technology. 

A n a l ternat ive exp lanat ion to the interpart i c l e b r i d g i n g p h e n o m e n o n 
c o m m o n l y c i t e d b y coat ings chemists f o r the p o o r f l o w o u t o f s m a l l p a r 
t i c l e s ize lat ices a n d a v i a b l e exp lanat i on o f these data c a n b e f o u n d b y 
the integrat ion o f several i n d i v i d u a l research studies. I n the late 1950s 
theoret i ca l (15) arguments b a s e d o n e n t r o p y concepts p r e d i c t e d phase 
separat ion o f h i g h m o l e c u l a r w e i g h t p o l y m e r solutions c o n t a i n i n g latex. 
E x p e r i m e n t s i n s i m p l e u n p i g m e n t e d systems (16-18) have s u p p o r t e d 
the concept ; recent a d d i t i o n a l ref inements (19, 20) have b e e n repor ted . 

W i t h either the S M A T - or H E U R - t y p e thickeners , the h y d r o p h o b e 
moiet ies are c a p a b l e o f exchang ing or in terac t ing w i t h the s t a b i l i z i n g 
surfactant , p a r t i c u l a r l y i f the s tab i l i zer is an an ion i c surfactant , c o m 
m o n l y used i n the synthesis o f smal l -par t i c l e latices. C o h e s i v e interac 
tions w i t h the surfactant(s) s tab i l i z ing the latex w o u l d anchor that part of 
the h y d r o p h o b e - m o d i f i e d , water - so lub le p o l y m e r to the surface , p a r t i c u 
l a r l y at l o w shear rates. W i t h a n i n c r e a s i n g n u m b e r o f h y d r o p h o b e s at
tached to a g i v e n h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r , 
greater s tab i l i t y o f the assoc iat ion w o u l d b e r e a l i z e d , a n d this feature , 
c o m b i n e d w i t h a greater n u m b e r o f cont iguous , so lvated oxyethy lene 
chains p e r i p h e r a l l y b l a n k e t i n g the d i spersed components , c o u l d be 
e x p e c t e d to p r o v i d e greater s tabi l i ty to the smal l -par t i c l e latex to f l o c c u -
la t i on . F l o c c u l a t i o n of the d i spersed c o m p o n e n t s w o u l d have increased 
their e f fect ive v o l u m e f rac t i on b y inc lus i on (and thereby remova l ) o f the 
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cont inuous aqueous phase, increas ing viscosities at l o w d e f o r m a t i o n 
rates (21, 22) . I f the h y d r o p h o b i c a l l y m o d i f i e d thickeners associate w i t h 
the d i s p e r s e d c o m p o n e n t s o f the f o r m u l a t i o n a n d p r o v i d e osmot i c s t a b i l i 
za t i on (discussed i n C h a p t e r 5) to inh ib i t f l o c cu la t i on , the L S V s w o u l d 
r e m a i n l o w , w i t h better f l o w o u t o f the a p p l i e d coat ing . 

T h i c k e n e r In f luence o n H S V . T h e t h i c k e n e r s in f luence o n the 
coating 's H S V is i m p o r t a n t . A h igher H S V inhib i t s o v e r s p r e a d i n g d u r i n g 
a p p l i c a t i o n , a n d v i a a th i cker f i l m , H S V also inf luences the f l o w o u t o f the 
a p p l i e d coa t ing (equat ion 1). 

W i t h c o n v e n t i o n a l water - so lub le p o l y m e r s , the H S V is d e t e r m i n e d 
b y the a m o u n t u s e d to t h i c k e n the f o r m u l a t i o n to a g i v e n K r e b uni t ; this 
a m o u n t is c o n t r o l l e d b y the m o l e c u l a r w e i g h t a n d c o n f o r m a t i o n a l f l e x i 
b i l i t y o f the m a c r o m o l e c u l e . W i t h l o w e r m o l e c u l a r w e i g h t th ickeners , 
greater quantit ies c a n b e a d d e d a n d h igher H S V s a c h i e v e d (2) ( F i g 
ure 9) . C o m b i n a t i o n s o f m o l e c u l a r weights a n d c h e m i c a l types can 
therefore b e used to ba lance the e c o n o m i c s of a c h i e v i n g H S V s a n d 
i n f l u e n c i n g the f l o w o u t of the a p p l i e d coat ing . T h e re lat ionship de l ine 
ated i n F i g u r e 9 is v a l i d across a b r o a d s p e c t r u m of water -so lub le p o l y 
mers . T h e c o m m o n a l i t y is that the th i ckener must b e a true p o l y m e r 
(i.e., >30,000 i n m o l e c u l a r we ight ) a n d d e v o i d o f p e n d a n t h y d r o p h o b e 
units. 

T h e i n c o r p o r a t i o n o f pendant surfactant h y d r o p h o b e s i n a w a t e r -
so luble p o l y m e r removes the H S V l i m i t a t i o n . T h i s r e m o v a l is i l lustrated 
c lear ly i f f o rmulat ions [at a 35% p i g m e n t v o l u m e concentrat ion ( P V C ) ] 
are p r e p a r e d at f our K r e b unit levels (80, 90, 105, a n d 120) a n d their 
H S V s presented as a f u n c t i o n o f the a m o u n t o f th i ckener r e q u i r e d (11) 
to ach ieve each K r e b unit v iscos i ty ( F i g u r e 10). I f the th i ckener remains 
associated w i t h the d i spersed components at h i g h shear rates, their e f fec
t ive h y d r o d y n a m i c r a d i i w i l l b e larger than the to ta l ly d i spersed c o m p o 
nents, a n d h igher H S V s w i l l b e r e a l i z e d . 

Sensitivity of Hydrophobically Modified, Water-Soluble Polymer 
Thickened Formulations 
F o r m u l a t i o n s t h i c k e n e d w i t h h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le 
p o l y m e r s are sensit ive to c o m p o n e n t changes. T h e sensit ivity inc ludes 
v a r i a t i o n i n r h e o l o g i c a l a n d a p p l i e d f i l m propert ies to changes i n P V C 
(11, 23), latex t y p e a n d part i c l e - s i ze character ist ics (24), d ispersant a n d 
f o r m u l a t i o n surfactant types a n d levels (22), percent n o n volat i les (25), 
the coso lvent e m p l o y e d w h e n a d d i n g co lorants , etc. E x a m p l e s are g i v e n 
i n the f o l l o w i n g sections for the first f our var iab les . 

P i g m e n t V o l u m e C o n c e n t r a t i o n . A l t h o u g h most o f the h y d r o p h o b i 
c a l l y m o d i f i e d , water - so lub le p o l y m e r t h i c k e n e d formulat ions p r o v i d e a 
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(b) 
4 % 

4.4 -
UJ 

<S 4J0-

TOTAL WEIGHT % HYOROXY ETHYL CELLULOSE 

Figure 9. High shear viscosity dependence on the chemical structure of 
synthetic water-soluble polymers and molecular weights, (a) Synthetic 
polymers: (O) polyoxyethylene (POE); (A) 89% vinyl alcohol-vinyl acetate 
(11%) copolymer (PVA1); (Ώ) 99% PVA1; (O) PVP; and (Q) SMA-Na2

+. 
Mean molecular weight of synthetic water-soluble polymers: H = greater 
than 0.4 X105; and L = less than 0.4 X 10s; (b) Blends of different molecular 
weight HECs. Reproduced with permission from reference 2. Copy

right 1975 Oil and Colour Chemists' Association. 
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THICKENER WT. % 

Figure 10. Viscosity (Pa s) at 104 s _ I shear-rate dependence on the weight 
percent thickener required to attain Stormer viscosities of 80, 90,105, and 
120 KU in a 35% PVC interior formulation. Component symbols are given 
in the legend to Figure 4. Reproduced with permission from reference 11. 

Copyright 1984 Oil and Colour Chemists9 Association. 

H S V - w e i g h t percent re la t i onsh ip c o m p a r a b l e or super ior to that of a 
ce l lulose ether t h i c k e n e d f o r m u l a t i o n , a sensi t iv i ty to var iat ions i n P V C 
exists ( c ompare F igures 10, 11, a n d 12) i n most h y d r o p h o b i c a l l y m o d i 
f i e d , water - so lub le p o l y m e r t h i c k e n e d coatings. O n l y S M A T a n d one of 
the H E U R types m a i n t a i n a general H S V - w e i g h t percent insensit iv i ty 
to v a r i a t i o n i n P V C . 

T h e sensi t iv i ty to P V C v a r i a t i o n cannot b e unders tood i n terms of 
th i ckener m o l e c u l a r w e i g h t or surface tension d a t a (Tab le II ) . A l i m i t e d 
in terpretat ion c a n be m a d e b y re turn ing to the v iscos i ty -shear -rate p r o 
files a n d b y e x a m i n i n g the y i e l d stress pecul iar i t ies of some h y d r o p h o b i 
ca l l y m o d i f i e d , water - so lub le p o l y m e r t h i c k e n e d coatings. I n the 35^ 
P V C formulat i ons , var iat ions a m o n g h y d r o p h o b i c a l l y m o d i f i e d , water -
so lub le p o l y m e r s i n the L S V area [80- a n d 1 2 0 - K U formulat ions (F igures 
13 a n d 14)] are ev ident , p a r t i c u l a r l y i n the H E U R 200 f o rmulat i ons . A s 
the P V C is decreased ( I I ) (the 1 2 0 - K U f o r m u l a t i o n results i n F i g u r e 14 
shou ld b e c o m p a r e d w i t h the data i n F i g u r e 4) , the L S V s of the H E U R 
200 c o a t i n g increase. W i t h o n l y the th i ckener l e v e l increas ing i n b o t h 
compar i sons , the d i s t inc t ly h igher L S V s , not observed i n the other 
h y d r o p h o b i c a l l y m o d i f i e d , water -so lub le p o l y m e r formulat ions , appear 
to denote t h i c k e n e r - t h i c k e n e r associations i n the H E U R 200 coatings 
( I I ) . I f h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r associations 
exist at the expense of th i ckener -d i spersed c o m p o n e n t interact ions , f loe -
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I I i I i I 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 
THICKENER WT. % 

Figure 11. Viscosity (Pas)at IQt-s'1 shear-rate dependence on the weight 
percent thickener required to attain Stormer viscosities of 80, 90,105, and 
120 KU in a 45% PVC intenor formulation. Component symbols are given 
in the legend to Figure 4. Reproduced with permission from reference 11. 

Copyright 1984 Oil and Colour Chemists' Association. 

2 0 | — , , , , , . 
. 2 0 .90 .40 . S O .60 .70 .80 . 9 0 LOO 1.10 

THICKENER WT % 

Figure 12. Viscosity (Pa s) at I0 4-s _ I shear-rate dependence on the weight 
percent thickener required to attain Stormer viscosities of 80, 90,105, and 
120 KU in a 57% PVC interior formulation. Component symbols are given 
in the legend to Figure 4. Reproduced with permission from reference 11. 

Copyright 1984 Oil and Colour Chemists' Association. 
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.0' -

I 1 1 1 

10° 10' ΙΟ2 ΙΟ 3 ΙΟ 4 

SHEAR RATE (s-1) 

Figure 13. Viscosity (Fa s) dependence on the shear rate (s'1) of an inte
rior formulation: 35% PVC; 32% NVV; and 80 KU. Thickener symbols are 
given in the legend to Figure 4. Reproduced with permission from refer

ence 11. Copyright 1984 Oil and Colour Chemists' Association. 

SHEAR RATE (s"') 

Figure 14. Viscosity (Pa s) dependence on the shear rate (s"1) of an inte
rior formulation: 35% PVC; 32% NVV; and 120 KU. Thickener symbols are 
given in the legend to Figure 4. Reproduced with permission from refer

ence 11. Copyright 1984 Oil and Colour Chemists' Association. 
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4 0 6 W A T E R - S O L U B L E POLYMERS 

cu la t i on of the d i spersed components w o u l d be expec ted ; h igher L S V s 
a n d l o w e r gloss i n the d r y f i l m result . A l o w e r gloss equ iva lent to the 
ce l lulose ether t h i c k e n e d f o r m u l a t i o n is o b s e r v e d (JJ ) i n H E U R 200 
coatings. 

T h i s in terpre ta t i on of the p e r f o r m a n c e is s u p p o r t e d b y the y i e l d 
stress b e h a v i o r as a func t i on of P V C . Y i e l d stress b e h a v i o r was assessed 
b y the c o n v e n t i o n a l m e t h o d used b y coatings chemists , the C a s s o n e q u a 
t i on (26, 27) (equat ion 3): 

r f 5 = rjoo 0 5 + ro°- 5 /7 0 - 5 (3) 

w h e r e η is the v i s cos i ty (Pa s) at a g i v e n shear rate y (s" 1 ), η™ is the v i scos i ty 
at a h igher , l i m i t i n g shear rate , a n d T O is the y i e l d stress. 

T h e y i e l d stress ( re f lec ted i n the s lope o f the l ine ; F i g u r e 15) u n d e r 
goes a t rans i t ion b e t w e e n 35% a n d 45% P V C , w i t h a d r a m a t i c decrease i n 
the aggregat ion i n d e x at l o w e r P V C s i n the ce l lu lose ether t h i c k e n e d 
f o r m u l a t i o n . T h e d a t a f o l l o w a t r e n d p r e v i o u s l y o b s e r v e d (28). M o s t o f 
the h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y m e r t h i c k e n e d f o r m u 
l a t i o n changes i n y i e l d stress w i t h v a r i a t i o n i n P V C are s m a l l a n d w i t h i n 
e x p e r i m e n t a l error . T h e notab le except ion is the H E U R 200 formulat ions 
w h e r e the y i e l d stress values increase w i t h decreas ing P V C , an unusua l 
o c currence i n w a t e r b o r n e latex f o rmulat ions . T h e y i e l d stress values a n d 

I 1 I I I 
~0 0-2 0-4 0-6 OS 1-0 

(SHEAR RATE) s 1 / 2 

Figure 15. Casson plot: the slope of the lines reflects (equation 3) the yield 
stress value of the formulation. Thickener symbols are given in the legend 
to Figure 4: 32% NVV; and 105 KU. Reproduced with permission from 

reference 11. Copyright 1984 Oil and Colour Chemists' Association. 
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21. GLASS Influence on Rheology of Pigmented Latex Coatings 407 

L S V s r e m a i n l o w at a l l P V C levels w i t h the other h y d r o p h o b i c a l l y m o d i 
f i e d , water - so lub le p o l y m e r s ; these p o l y m e r s associate to var iab l e 
extents w i t h the d i spersed components a n d , through the osmot ic s tab i l i 
za t i on m e c h a n i s m , prevent d ispersed c o m p o n e n t f l o ccu lat ion . 

L a t e x . A second e x a m p l e of the sensit iv ity of h y d r o p h o b i c a l l y 
m o d i f i e d , water - so lub le p o l y m e r s to changes i n f o r m u l a t i o n ingredients 
is o b s e r v e d w i t h v a r i a t i o n i n the latex. I n h y d r o p h o b i c latices o f s imi lar 
c ompos i t i ons , a m a r k e d par t i c l e size ef fect occurs ; H S V s decrease w i t h 
increas ing m e d i a n size u p to a p p r o x i m a t e l y 350 n m . T h i s p h e n o m e n o n 
c a n b e offset b y changes i n surface c o m p o s i t i o n . F o r e x a m p l e , w h e n a 
s m a l l , a l l - a c r y l i c latex ( F i g u r e 12) is r e p l a c e d w i t h an a p p r o x i m a t e l y e q u a l -
s i z e d s t y r e n e - a c r y l i c b i n d e r ( F i g u r e 16) or w i t h a larger , m u l t i m o d a l 
par t i c l e size v i n y l acetate -acry late latex (F igure 17), d r a m a t i c variat ions 
i n H S V - w e i g h t percent re lat ionships a m o n g most o f the h y d r o p h o b i 
c a l l y m o d i f i e d , water - so lub le p o l y m e r t h i c k e n e d formulat ions occur . I n 
the s m a l l par t i c l e s ize c o m p a r i s o n , the latices are of s imi lar surface ener
gies (discussed i n C h a p t e r 5). T h e smal ler styrene latex contains a h i g h l y 
c a r b o x y l a t e d surface , w h i c h is d i f f i c u l t to ach ieve (29) a n d must i n v o l v e 
a c o r e - s h e l l synthesis. T h e surface o f the a l l -a c ry l i c latex is l i g h t l y 
c a r b o x y l a t e d ; this surface is p r o d u c e d b y a semicont inuous process. A 
d r a m a t i c d i f f e rence i n surface structure occurs ; the large v i n y l - a c r y l i c 
b i n d e r is s t a b i l i z e d w i t h c h e m i c a l l y at tached H E C fragments (discussed i n 
C h a p t e r 18) a n d a non ion i c (e.g., e thoxy lated nony lpheno l ) surfactant. 

T h e most no tab le d i f f e rence i n the s m a l l par t i c l e latex f o r m u l a t i o n 
c o m p a r i s o n (F igures 12 a n d 16) is the re lat ive i m p r o v e m e n t i n p e r f o r 
mance (25) of H E U R 200 in the s ty rene -ac ry l i c latex f o r m u l a t i o n . T h e 

200 

2 
100-

f i 
Ο -
ο 1 

2 . · 
> 2 

0 0.5 1.0 
THICKENER Wt.% 

Figure 16. Viscosity (Pa s) dependence on the shear rate (s~*) of an inte
rior formulation: 57% PVC; 32% NVV; and 80 KU. Thickener symbols are 
given in the legend to Figure 4. The latex in this formulation is a 160-nm 

styrene-acrylic latex. 
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408 W A T E R - S O L U B L E POLYMERS 

ω 2001-

THICKENER Wt. % 

Figure 17. Viscosity (Fa s) dependence on the shear rate (s~*) of an inte
rior formulation: 57% PVC; 32% NVV; and 80 KU. Thickener symbols are 
given in the legend to Figure 4. The latex in this formulation is a multi
modal 347-nm vinyl acetate-butyl acrylate latex with Η EC-stabilizing seg
ments chemically attached to the surface. Reproduced with permission 
from reference 23. Copyright 1984 Oil and Colour Chemists' Association. 

decreases i n H S V s for a g i v e n w e i g h t percent th i ckener i n H E U R 100 
t h i c k e n e d a n d S M A T - t h i c k e n e d coatings c onta in ing the v i n y l - a c r y l i c 
latex are also d r a m a t i c . 

A l t h o u g h a s igni f i cant d i f f e rence exists i n part i c le - s ize character is 
tics a n d the in ter fac ia l moiet ies s tab i l i z ing the latices c o m p a r e d i n F i g 
ures 16 a n d 17, f e w e r var iat ions i n h y d r o p h o b i c a l l y m o d i f i e d , w a t e r -
so lub le p o l y m e r inf luences o n H S V b e t w e e n the v i n y l - a c r y l i c latex a n d 
s tyrene -aery l i e latex f o rmulat i ons w e r e n o t e d than b e t w e e n the latter a n d 
the a l l - a c r y l i c latex f o r m u l a t i o n at 57% P V C . These d i f ferences must b e 
re la ted to the h y d r o p h i l i c i t i e s o f the latex's surface (discussed i n C h a p 
ter 5), c o m p l e m e n t e d b y the h y d r o p h i l i c i t y a n d structural features o f the 
s tab i l i z ing moiet ies . 

P e r c e n t N o n v o l a t i l e s b y V o l u m e . T h e studies d e s c r i b e d above 
w e r e c o n d u c t e d at a v a r i e t y o f P V C levels , b u t at a constant N V V c o n 
centrat ion o f 32%. V a r i a t i o n i n the percent nonvolat i les l e v e l p r o v i d e s 
a d d i t i o n a l insight i n the p e r f o r m a n c e o f the d i f ferent th ickeners a n d 
the ir m e c h a n i s m o f t h i c k e n i n g . L e v e l s o f 2285 a n d 42% N V V w e r e 
a c h i e v e d b y v a r y i n g the a m o u n t of w a t e r i n the f o r m u l a t i o n ; the v a r i 
ations w e r e m a d e c o n c o m i t a n t w i t h var ia t i ons i n the P V C of the f o r m u 
la t i on . W h e n the percent N V V l e v e l w a s v a r i e d , less th i ckener was 
r e q u i r e d to ach ieve a g i v e n K r e b uni t v i s cos i ty i n f o rmulat i ons conta in 
i n g greater sol ids levels . F o r c o m p a r i s o n o f p e r f o r m a n c e d i f ferences i n 
v a r i a b l e percent N V V formulat ions , a w e i g h t percent o f th i ckener was 
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21. GLASS Influence on Rheology of Pigmented Latex Coatings 409 

se lected f r o m a r b i t r a r y values o f 100 m P a s for H S V s a n d 10 P a s for 
L S V s a n d then n o r m a l i z e d w i t h respect to the amount of w a t e r present 
(25), to o b t a i n h i g h (en) a n d l o w (ei) e f f i c i ency factors. 

A s n o t e d ear l ier , L S V s (v ia elastic contr ibut ions ) are increased b y 
sel f -associat ion o f the th i ckener or f l o c cu la t i on o f components . F l o c c u l a -
t i o n also increases the v i scos i ty b y i n c l u s i o n of the cont inuous phase. 
E x a m i n a t i o n o f the v i s c o s i f y i n g e f f i c i e n c y at l o w shear rates as a f u n c 
t i on o f b o t h v a r i a t i o n i n the P V C a n d percent N V V reveals t w o d i s t inc 
t ive features regardless of the th i ckener : (1) e\ is s ign i f i cant ly m o r e sensi
t ive to increases i n the percent N V V l e v e l o f the f o r m u l a t i o n than to 
changes i n P V C a n d (2) i n 42? N V V formulat i ons , e\ increases w i t h 
decreas ing P V C . These features are ev ident i n f ormulat ions t h i c k e n e d 
w i t h H E C a n d H E U R 708 (F igures 18 a n d 19, r espec t ive ly ) . T h e p r e -
s t a b i l i z a t i o n o f p i gments v i a entha lp i c interact ions w i t h a d ispersant sta
b i l i z e r p r o v i d e s greater s tabi l i ty to these " h a r d " T i 0 2 spheres than that 
p r o v i d e d b y a d s o r b e d an ion i c o r a n i o n i c - n o n i o n i c surfactants to the 
" so f t " latex. A s the percent N V V l e v e l is increased , a m a r k e d increase i n 
ei ( F i g u r e 18) i n H E C - t h i c k e n e d formulat ions occurs . T h e increase i n e\ 

Figure 18. LSV efficiency factor (e\) dependence on percent NVV and 
PVC in small-particle, all-acrylic latex formulations thickened with 

HEC-MHR. 
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4 1 0 W A T E R - S O L U B L E POLYMERS 

Figure 19. LSV efficiency factor (e\) dependence on percent NVV and 
PVC in small-particley all-acrylic latex formulions thickened with 

HEUR 708. 

c a n be mechan i s t i ca l l y re la ted to v o l u m e restr i c ted f l o c cu la t i on , p r i 
m a r i l y , o f the a l l - a c r y l i c latex c o m p o n e n t . R e l a t i v e l y l i t t le change i n 
H E U R 708 f ormulat ions at 22% a n d 32% N V V coatings occurs ; this fea
ture c a n b e in te rpre ted i n terms o f o smot i c s tab i l i za t i on of the d i spersed 
components b y associat ion of h y d r o p h o b i c a l l y m o d i f i e d , water -so lub le 
p o l y m e r s . O n l y i n the c r o w d e d 42% N V V f o r m u l a t i o n does the osmot i c 
s tab i l i ty p r o v i d e d b y the assoc iat ion f a i l , a n d this fa i lure is most notab le 
w h e n the rat io o f latex to p i g m e n t is highest. 

T h e en d e p e n d e n c e o n P V C a n d percent N V V var ia t ions is s i m i l a r 
to that o b s e r v e d i n e\ studies except that the increase i n the eh p lane is 
greatest w i t h H E U R 708 ( F i g u r e 20). T h i s increase w o u l d b e expec ted i f 
associat ion resu l ted i n an increase i n the h y d r o d y n a m i c v o l u m e of the 
latex a n d a n y f l o ccu lant structures w e r e d i s r u p t e d at h i g h d e f o r m a t i o n 
rates. T h e increases i n eh w i t h an increase i n percent N V V i n H E U R 200 
a n d H E C formulat ions are re la t ive ly smal l . 

D i s p e r s a n t a n d F o r m u l a t i o n Surfactant E f f e c t s . I n the f o r m u l a t i o n 
studies d e s c r i b e d , a non ion i c surfactant , h a v i n g an average h y d r o p h o b e 
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Figure 20. HSV efficiency factor (eh) dependence on percent NVV and 
PVC in small-particle, all-acrylic latex formulions thickened with 

HEUR 708. 

l ength o f 15 c a r b o n atoms a n d an average ethoxylate c h a i n l ength of 
n ine , was a d d e d to ensure d i spers i on s tab i l i ty . A n o n i o n i c f o r m u l a t i o n 
surfactant is n o r m a l l y se lected over an an ion i c posts tab i l i zer to ach ieve 
adequate f r e e z e - t h a w stabi l i ty , less w a t e r sensit ivity , a n d greater co lor 
d e v e l o p m e n t i n the a p p l i e d f i l m . I n p a r a l l e l w i t h the adsorp t i on studies 
d iscussed i n C h a p t e r 5, n o n i o n i c n o n y l p h e n o l surfactants ( w i t h average 
ethoxylate c h a i n lengths of 4 a n d 40) w e r e e m p l o y e d as f o r m u l a t i o n sta
b i l i z e r s . T h e short e thoxylate c h a i n l ength surfactant is d i spers ib le b u t 
not w a t e r so lub le . T h e surfactant e x h i b i t e d a r e m a r k a b l e a b i l i t y to 
e q u a l i z e the H S V s ( c o m p a r e F i g u r e s 21 a n d 22) o f h y d r o p h o b i c a l l y 
m o d i f i e d , water - so lub le p o l y m e r t h i c k e n e d coatings. 

Stat ist i ca l analysis of the H S V d a t a i n the v a r i a b l e f o r m u l a t i o n sur
factant studies r e v e a l e d that the e q u i v a l e n c y a f f ec ted b y the h y d r o 
p h o b i c , l o w ethoxylate n o n y l p h e n o l d ispersant resul ted f r o m a d r a 
m a t i c decrease i n the e f f i c i ency of a l l h y d r o p h o b i c a l l y m o d i f i e d , 
w a t e r - s o l u b l e p o l y m e r s , except H E U R 200. I n the H E U R 200 t h i c k e n e d 
f ormulat ions , a moderate increase i n H S V was observed . Par t of the data 
f r o m this statist ical s tudy is presented i n F i g u r e 23 for a 35% P V C for 
m u l a t i o n conta in ing the s m a l l a l l - a c ry l i c latex. 
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Figure 21. HSV dependence on the weight percent of thickener required 
to attain Stormer viscosities of 80, 90,105, and 120 KU in a 35% PVC, 32% 
NVV formulation containing a small-particle (100-nm), all-acrylic latex 
and nonylphenol surfactant with four ethoxylate units. Component sym

bols are given in the legend to Figure 4. 
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Figure 22. HSV dependence on the weight percent of thickener required 
to attain Stormer viscosities of 80, 90,105, and 120 KU in a 35% PVC, 32% 
NVV formulation containing a small-particle (100-nm), all-acrylic latex 
and nonylphenol surfactant with 40 ethoxylate units. Component symboh 

are given in the legend to Figure 4. 
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Figure 23. HSV efficiency in terms of slopes (mPa s/thickener wt %) of 
thickeners in a 35% PVC, 32% NVV formulation containing small-particle 
(100-nm), aU-acrylic latex: dependence on the formulation surfactant. 

Component symbols are given in the legend to Figure 4. 

L S V sensitivit ies to v a r i a t i o n i n the concentrat ion o f the s tandard 
9 m o l e thoxylate s tab i l i zer are observed . A decrease b e l o w a cer ta in p l a 
teau l e v e l i n surfactant concentrat ion results i n an increase i n the L S V s 
(denot ing f l o c cu la t i on ) . A g a i n , a notab le except i on i n this s tudy w a s 
o b s e r v e d i n f o rmulat i ons c o n t a i n i n g H E U R 200; an extreme sensit iv i ty 
to surfactant concentrat ion was o b s e r v e d w i t h no obv ious v iscos i ty 
p l a t e a u , e v e n w i t h this s t a n d a r d f o r m u l a t i o n sur factant at h i g h 
concentrat ions. 

V a r i a t i o n s i n L S V s w e r e ev ident w h e n the concentrat ion of a p i g 
m e n t d ispersant (i.e., a l o w m o l e c u l a r w e i g h t c o p o l y m e r c o n t a i n i n g car -
b o x y l a t e groups) was v a r i e d i n h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le 
t h i c k e n e d f ormulat ions . A n increase i n L S V s w o u l d b e expec ted o n l y at 
l o w dispersant concentrat ions , a n d this increase was o b s e r v e d i n f o r m u 
lations t h i c k e n e d w i t h h y d r o p h o b i c a l l y m o d i f i e d , water - so lub le p o l y 
mers conta in ing the H E C - s t a b i l i z e d , v i n y l - a c r y l i c latex. 

Adsorption and Hydrophobically Modified, Water-Soluble 
Polymer Structural Effects 
T h e c o m b i n e d d a t a i n F i g u r e 1 a n d T a b l e I , c o m p l e m e n t e d b y the i n f l u 
ence o f f o r m u l a t i o n c o m p o n e n t changes o n the coating's rheo logy , i n d i -
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cate the i m p o r t a n c e of associat ion of the h y d r o p h o b i c a l l y m o d i f i e d , 
water - so lub le p o l y m e r w i t h the latex. A d d i t i o n a l da ta de l ineat ing the 
i m p o r t a n c e o f h y d r o p h o b e s , c h e m i c a l l y a t tached to the water - so lub le 
p o l y m e r , are p r o v i d e d i n star-shaped p o l y m e r s synthes ized f r o m the 
i sophorone -d i i so cyanate t r i m e r (Scheme I) b y us ing b o t h n o n y l p h e n o l -
c a p p e d a n d m e t h o x y l - c a p p e d oxyethy lene chains w i t h greater than 40 
ether l inkages (31). T h e s m a l l - p a r t i c l e , a l l - a c r y l i c latex f ormulat ions are 
the most d e m a n d i n g of the formulat ions s tud ied . T h e H S V s ( F i g u r e 24) 
o f coat ings c o n t a i n i n g the a l l - a c r y l i c latex are dependent o n b o t h the 
m o l e c u l a r w e i g h t a n d the presence o f at tached h y d r o p h o b e structures. 

T h e r e m a i n i n g quest ion pertains to the p e r f o r m a n c e di f ferences 
a m o n g c o m m e r c i a l H E U R types ; this quest ion cannot b e a n s w e r e d o n 
the basis o f their s l ight d i f ferences i n surface tension b e h a v i o r or i n their 
m o r e cons iderab le v a r i a t i o n i n m o l e c u l a r we ights ( T a b l e II ) . T h e d i f f e r 
ences p r o b a b l y are re la ted to var iat ions i n the f r e q u e n c y of h y d r o p h o b e 
sequences a n d to the c h e m i c a l structure o f the h y d r o p h o b e unit . M u l t i 
p l e h y d r o p h o b e s c o u l d p r o m o t e a greater degree o f assoc iat ion s tab i l i ty 
at h igher shear rates a n d therefore h igher viscosit ies . T h e f r e q u e n c y a n d 
p r o x i m i t y o f p l a c e m e n t c o u l d m a i n t a i n p o l y m e r - p o l y m e r associations at 
l o w shear rates a n d p r o m o t e par t i c l e f l o c cu la t i on (as p r o p o s e d for the 
H E U R 2 0 0 - a l l - a c r y l i c latex f o r m u l a t i o n ) . S u c h interact ions w o u l d de 
p e n d o n the nature o f the cohes ive interact ions a m o n g the h y d r o p h o b e 
a t tached to the th i ckener , the structure o f the la tex - s tab i l i z ing moiet ies , 
a n d the cohes ive interact ions b e t w e e n these t w o structural units . I n a d d i 
t i o n , the other d i spersed c o m p o n e n t s — a l l o f h igher surface energy than 
the latex (discussed i n C h a p t e r 5 ) — m u s t b e p r o p e r l y s t a b i l i z e d or the 
th i ckener w i l l p re ferent ia l ly adsorb o n or interact w i t h these h igher 

3-4 
H 

Scheme I. Reaction diagram for the synthesis of an associative thickener 
from an isophorone-diisocyanate trimer. 
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Figure 24. HSV (Pa s) dependence on thickener concentration (wt %): 
( x> ) star NP 5000; (&) star MPEG 5000; (0 ) HE UR 70S; and (Ώ, Ε , M ) H EC 

of variable molecular weights. 

energy surfaces. With small particle latices, where the use of hydrophobi
cally modified, water-soluble polymers offer unique coatings rheology, 
the geometry of the water-soluble polymer appears to be less important 
than the moieties stabilizing the latex. For example, S M A T is as effective 
as the best H E U R thickener in formulations containing the lightly 
carboxylated all-acrylic latex, but S M A T is very ineffective in formula
tions containing H E C fragments attached to the latex's surface. 

Conclusions 
The importance of cohesive interactions among surfactant moieties to 
the stability of emulsions was highlighted more than 30 years ago. The 
structures stabilizing latices are, however, more complex, and the influ
ence of such groups on cohesive interactions with the hydrophobes of 
hydrophobically modified, water-soluble polymers has not been as
sessed. Furthermore, the geometry of the water-soluble polymer that has 
been hydrophobically modified is not specific, in that the desired coat
ing rheology can be affected by both star- and comb-type architecture 
in the most demanding formulation (i.e., wherein the latex is a small-
particle, all-acrylic resin). From the investigations to date, apparently the 
architecture, molecular weight, and hydrophobe structures require 
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c o o r d i n a t i o n i f o p t i m u m c o a t i n g r h e o l o g y is to be r e a l i z e d . T h i s f ine 
t u n i n g of var iab les i n the p e r f o r m a n c e of h y d r o p h o b i c a l l y m o d i f i e d , 
water - so lub le p o l y m e r s w i l l b e the ob ject o f numerous future invest iga 
tions a n d w i l l i n c l u d e app l i cat ions outs ide the coatings area. 
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22 
Rheology: A Unique Synthesis and 
Characterization of Water-Reducible 
Epoxy-Acrylic Graft Copolymers 

James T. K. Woo and Richard R. Eley 

Glidden Coatings and Resins Division, Division of S C M Corporation, Strongsville, 
O H 44136 

High molecular weight epoxy resins were grafted with styrene
-methacrylic monomers; the epoxy-g-(styrene-methacrylic acid) 
copolymer was water reducible when neutralized with a base. 
Grafting was achieved by using a very high level of free-radical 
initiator. The level of free-radical initiator used to prepare 
these epoxy-g-acrylic copolymers plays an important role in 
the properties and performance of the material. A higher level 
of free-radical initiator favors a higher level of grafting and 
increased blister resistance on spraying. Casson viscosity and 
measured high-shear-rate viscosity both decrease with increasing 
initiator level. The correlation of the two effects is discussed 
mechanistically. 

THE STRUCTURE AND PROPERTIES OF MULTICOMPONENT POLYMERS 
have attracted a great d e a l o f interest recent ly . F o r most p o l y m e r s (I ), the 
f o r m a t i o n of homogeneous mixtures w i t h each other is o f ten t h e r m o d y -
n a m i c a l l y u n f a v o r a b l e . T h e k e y is to p r o d u c e microheterogeneous p o l y 
m e r i c systems so that each c o m p o n e n t p o l y m e r can st i l l reta in most o f 
its i n d i v i d u a l propert ies w h i l e c o n t r i b u t i n g i n a synergist ic w a y to p r o 
v i d e n e w m i c r o s c o p i c propert ies for the m a t e r i a l as a w h o l e . O n e w a y to 
p r o d u c e such a c o m p a t i b l e system is b y graft c o p o l y m e r i z a t i o n . 

E p o x y resins are used extensively i n the coat ing industry . I n papers 
1-4 o f this series, synthesis a n d character i zat ion of epoxy -g - ( s tyrene -
m e t h a c r y l i c ac id) c o p o l y m e r s w e r e d e s c r i b e d . I n this chapter , w e p r e 
sent the results o f r h e o l o g i c a l studies b y t w o d i f f e rent m e t h o d s o f a ser
ies o f graft c o p o l y m e r s synthes ized w i t h d i f ferent f ree - rad i ca l in i t iator 

N O T E : This paper is part 5 in a series. 

0065-2393/86/0213-0417$06.00/0 
© 1986 American Chemical Society 
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levels. The application performance of the coatings is interpreted in 
terms of the rheological properties. 

Experimental Section 
Synthesis of the epoxy-g-(styrene-methacrylic acid) copolymer was reported 
(2-8). The structure of the graft polymer on the average contained two graft 
chains per epoxy molecule. The molecular weight of the epoxy is 9000, and the 
molecular weight of the acrylic graft chain is 830. From a starting composition of 
80 parts of epoxy, 7 parts of styrene, and 13 parts of methacrylic acid, the final 
product consists of the following: (1) 47% of the epoxy is ungrafted, (2) 61% of 
the styrene-methacrylic acid is ungrafted, and (3) 39% of the styrene-methacrylic 
acid is grafted onto 53% of the epoxy. 

Flow curves (shear rate-shear stress profiles) were obtained on the materials 
by using the Ferranti-Shirley cone and plate viscometer (9) to a 7000-s-1 maxi
mum shear rate. The Casson viscosity (high-shear viscosity) was obtained by 
extrapolation of a Casson plot to infinite shear rate (10). The high-shear-rate 
rheological properties were measured directly by means of a high-pressure capil
lary rheometer (11). 

Results and Discussion 
Grafting of epoxy resins by reaction of carboxyl-epoxide functionalities 
has been known for many years (12). The carboxyl-bearing molecules 
can be fatty acids or acrylic copolymers containing carboxyl functionali
ties. The reaction is normally catalyzed by the presence of a base. Graft
ing of epoxy by carbon-carbon bond formation was first reported by 
Ceresa (13) in which methyl methacrylate was grafted onto the epoxy 
resin with a free-radical initiator. In this work, carboxyl-containing mon
omers were grafted onto high molecular weight epoxy resins via carbon 
to carbon bonds, giving a hydrolysis-resistant polymer. Graft copolymers 
of epoxy resin made by an ester synthesis route lack this property due to 
the hydrolytic instability of the ester linkage. 

Al l emulsions are thermodynamically unstable (14) because their 
interfacial area is orders of magnitude greater than the interfacial area of 
the corresponding coagulated systems. A so-called "stable emulsion" is in 
reality a metastable system. The input of a certain activation energy is 
necessary for coagulation to occur, and the higher this activation energy, 
the higher the metastability of the emulsion. 

The mechanism of stabilization of polymeric oil-in-oil emulsions 
consists of the following: (1) incompatibility of polymers causes the 
phenomenon of phase separation of polymers in solution; (2) this phase 
separation causes the force that drives the graft copolymer into the inter
face of polymeric oil-in-oil emulsions and the graft copolymer in essence 
behaves like a mediator between two incompatible polymers, as most 
graft copolymers behave as emulsifiers; and (3) this behavior causes the 
formation of coalescence barriers. Without the phenomenon of phase 
separation, due to a repulsion of dissimilar polymer chains, a graft 
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copolymer would have no reason to accumulate in the interface of 
an immiscible polymer solution. For stabilization of a polymeric oil-in-oil 
emulsion, a graft copolymer must accumulate in the interface of the 
emulsion and form a protective coating around the emulsion droplets, a 
so-called coalescence barrier (14). 

In the case of the epoxy-acrylie graft copolymer, the epoxy is not 
soluble in the acrylic monomer mixture at even as low as 10% solution. 
However, 1-n-butoxyethanol is a solvent for both the epoxy resin and 
the styrene-methacrylic acid polymer. 1-n-Butoxyethanol can, therefore, 
pass freely between the free epoxy resin and free styrene-methacrylic 
acid copolymer phases. The interface is comparable to a semipermeable 
membrane in osmosis. However, 1-butanol, which is the other cosolvent, 
cannot pass freely between the two polymer phases because 1-butanol is 
a solvent for the styrene-methacrylic acid copolymer but a nonsolvent 
for the epoxy resin. Free epoxy resin and free styrene-methacrylic acid 
copolymer cannot pass freely through this interface. The purpose of the 
grafted epoxy-styrene-methacrylic acid copolymer is to lower the bar
rier at the interface so that a stable oil-in-oil emulsion is first obtained 
and then, upon neutralization with a tertiary amine (dimethylethanol-
amine), a stable emulsion in water is obtained. 

The application (15) of these graft copolymers made with different 
free-radical initiator levels is listed in Table I. 

Table I shows the effect of the increasing initiator level as the test 
dispersion series is traversed from 1% to 10% initiators. T w o critical 
parameters in the application of coatings to cans are coverage and blister 
resistance. Coverage refers to the property of obtaining a thin coating 
that is blemish and pinhole free. The minimum weight of dry polymer in 
the can that can be obtained while still maintaining blemish-free coatings 

Table I. Effect of Increasing Initiator Level as Dispersion 
Series Moves from 1% to 10% Initiator 

Free-Radical 
Initiator Rased Dispersion (%) 

Expt on Total Coverage Blister 
No. Monomers (%) NVa ANb (mg/can) (mg) 

1 1 22.8 85.9 120 120 
2 2 22.5 85.7 120 130 
3 3 23.1 90.5 120 130 
4 5 22.4 88.1 110 215 
5 7 21.5 90.6 130 230 
6 10 22.6 93.0 120 250 

NOTE: All values are averaged from several observations. 
°NV is nonvolatiles. 
b A N is acid number (NV). 
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is d e t e r m i n e d b y an e lec tr i ca l test. T h e resistance to b l i s ter ing , or solvent 
p o p p i n g , o n the other h a n d , refers to the a b i l i t y o f the coat ing to p r o 
d u c e a t h i c k f i l m w i t h o u t b l i s t e r i n g d u r i n g the b a k e process . T a b l e I 
gives values o f these parameters for several coatings. C l e a r l y , coatings 
such as 1-3 w o u l d f i n d l i m i t e d u t i l i t y o n a c o m m e r c i a l l ine because o f a 
n a r r o w a p p l i c a t i o n w i n d o w ( inab i l i ty to o b t a i n h i g h f i l m w e i g h t w i t h o u t 
b l i s ter ing ) . O n the other h a n d , coatings m a d e f r o m dispers ions 4 -6 
represent systems o f greater c o m m e r c i a l u t i l i t y i n that coatings o f d i f f e r 
ent f i l m w e i g h t s c a n b e o b t a i n e d f r o m the same sys tem f o r use i n p a c k 
a g i n g d i f f erent k i n d s o f beverage . 

F r o m prev ious (4, 6-8) w o r k , the a m o u n t o f g ra f t ing appears to be 
a d i rec t func t i on o f f ree - rad i ca l in i t iator concentrat ion . 

T h e m o l e c u l a r w e i g h t d a t a o f these e p o x y graft c o p o l y m e r s m a d e 
w i t h d i f f erent levels o f f r ee - rad i ca l in i t ia tor (2) are s h o w n i n T a b l e II. 
T h e m o l e c u l a r w e i g h t is d e t e r m i n e d b y ge l p e r m e a t i o n c h r o m a t o g r a p h y 
( G P C ) . 

T h e m o l e c u l a r w e i g h t does not seem to b e a fac tor except i n the 
c o p o l y m e r m a d e w i t h 1% f r ee - rad i ca l in i t iator . These m o l e c u l a r w e i g h t 
d a t a are f o r the graft c o p o l y m e r m i x t u r e that inc ludes the free e p o x y 
res in , free a c r y l i c c o p o l y m e r , a n d the graft c o p o l y m e r . T h e l e v e l o f free-
r a d i c a l in i t ia tor s h o u l d have the same ef fect o n the m o l e c u l a r w e i g h t o f 
the graft s ide c h a i n . 

A search i n the l i terature r e v e a l e d that the length o f the graft s ide 
c h a i n affects the rheo logy o f the system. F o r e x a m p l e , short b r a n c h type 
graft c o p o l y m e r s o f d e x t r a n - g - [ p o l y ( a c r y l a m i d e ) - c o - s o d i u m acrylate] 
s h o w less v i s cos i ty d r o p d u e to a t emperature increase than p o l y m e r 
w i t h f e w e r b u t l o n g branches (16). Shor t , m o r e f requent , graft chains 
(R. R . E l e y , u n p u b l i s h e d data) are k n o w n to be i n a m o r e f o l d e d c o n 
f o r m a t i o n , resu l t ing i n a r e d u c t i o n i n v i scos i ty , w h i l e less f requent , l o n g , 
graft chains are k n o w n to g ive h i g h v iscos i ty due to aggregat ion. 

Table I I . G P C Data of Grafted Copolymers Made with 
Different Levels of Free-Radical Initiator 

Expt Free-Radical 
No. Initiator (%) M n

G M 2
C 

1 1 8,480 26,680 
12,960 

64,800 
2 2 4,440 

26,680 
12,960 32,120 

3 3 4,000 12,880 35,080 
4 5 4,200 13,240 35,160 
5 7 3,904 13,000 40,400 
6 10 4,120 14,120 42,400 
7 15 4,920 17,720 72,400 

aMn is number-average molecular weight. 
b M w is weight-average molecular weight. 
C Mζ is z-average molecular weight. 
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I n p o l y e t h y l e n e - g - p o l y a c r y l o n i t r i l e graft c o p o l y m e r (17), f or the 
same a c r y l o n i t r i l e (15%) content the c o p o l y m e r w i t h short , f requent 
grafts ( M n = 1200) has a l o w e r c r y s t a l l i n i t y than those w i t h longer , less 
f requent grafts ( M n = 2500). 

T h e par t i c l e size of the e m u l s i o n f r o m the epoxy-g- ( s t y r e n e - m e t h 
a c r y l i c ac id ) graft c o p o l y m e r s m a d e w i t h d i f f e rent levels of f r ee - rad i ca l 
init iators w a s r e p o r t e d (6). T h e par t i c l e size of the emuls i on f o r m e d is 
inverse ly re la ted to the f r e e - r a d i c a l in i t ia tor concentrat i on . T h e reason 
for this co r re la t i on is b e l i e v e d to be the increased a m o u n t o f graft co 
p o l y m e r (emulsi f ier ) f o r m e d w i t h an increased l e v e l o f f r ee - rad i ca l 
in i t iator . 

T h e C a s s o n v i scos i ty d a t a o f these epoxy-g - ( s t y r e n e - m e t h a c r y l i c 
ac id ) , g ra f t c o p o l y m e r s m a d e w i t h d i f f e rent levels o f f r ee - rad i ca l i n i t i a 
tors is s u m m a r i z e d i n F i g u r e 1. A c o r r e l a t i o n b e t w e e n C a s s o n v i scos i ty 
a n d the l e v e l o f f r e e - r a d i c a l in i t ia tor used i n p r e p a r i n g the graft c o p o l y 
mers seems to o c cur . T h e c o p o l y m e r s w i t h l o w levels o f f r ee - rad i ca l 
init iators have h i g h C a s s o n viscosit ies , a n d the c o p o l y m e r s w i t h h i g h 
levels o f f ree - rad i ca l init iators have l o w C a s s o n viscosit ies. 

R h e o l o g y a n d S p r a y a b i l i t y . S p r a y a b i l i t y is d e f i n e d as adequate c o v 
erage of the substrate, w h i c h is assumed to be re lated to adequate 
a t o m i z a t i o n , p lus acceptable bl ister (solvent p o p p i n g ) resistance. T h e 

1.50 

UJ 1.25-

Ο 
* 1.00-
>-

ϋ 
CO 

2 0.50-
O 
0) 

< 0.25-
ϋ 

4 8 12 
INITIATOR LEVEL (%) 
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Figure 1. Dependence of Casson viscosity on initiator. 
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b r e a k u p of a l i q u i d jet i n airless spray is m a i n l y d u e to a ir resistance 
encountered b y the jet l e a v i n g the n o z z l e a n d is also p r o m o t e d b y t u r b u 
l ence w i t h i n the l i q u i d i tsel f at that p o i n t (18). O t h e r factors i n f l u e n c i n g 
the b r e a k u p a n d a t o m i z a t i o n process are the exp l i c i t r h e o l o g i c a l p r o p e r 
ties o r m a t e r i a l funct ions : the shear v iscos i ty , extensional v iscos i ty , a n d 
b u l k a n d surface v iscoe last ic i ty . Easiest to measure is the shear v i s c o s i t y -
shear rate p r o f i l e , o r f l o w c u r v e , w h i c h m a y b e a n a l y z e d a c c o r d i n g to 
the C a s s o n m o d e l (JO). T h e C a s s o n v iscos i ty ( inf inite shear v iscos i ty) 
w a s taken as an i n d i c a t o r o f v iscos i ty u n d e r high-shear-rate condi t ions , 
such as those i n v o l v e d i n the a p p l i c a t i o n o f coat ings b y airless spray . 
T h e C a s s o n v iscos i ty , h o w e v e r , is at best a n a p p r o x i m a t i o n to the v iscos
i t y at some u n s p e c i f i e d h i g h shear rate , h igher than the m a x i m u m shear 
rate o f the test r u n . I n this l abora to ry , i t w a s o b s e r v e d that the v a l u e o f 
the C a s s o n v iscos i ty does i n fact d e p e n d o n the m a x i m u m e x p e r i m e n t a l 
shear rate used (19). 

T h e c o a t i n g mater ia ls w e r e tested b y us ing a h igh-shear-rate p n e u 
m a t i c c a p i l l a r y rheometer to o b t a i n a m o r e re l iab le i n d i c a t o r o f the v i s 
cos i ty a p p r o p r i a t e to the a p p l i c a t i o n process (22). F o r n o n - N e w t o n i a n 
f lu ids , such as coat ings , the shear rate e x p e r i e n c e d d u r i n g a g i v e n a p p l i 
c a t i o n process d e p e n d s o n the f u n c t i o n a l re la t ionship o f the v i s cos i ty 
a n d shear stress. T h e samples w e r e f o r c e d t h r o u g h a prec i s i on -bore glass 
c a p i l l a r y at h i g h , constant pressure. I n this w a y , the samples exper i enced 
a constant average shear stress but v a r y i n g shear rates, exact ly as i n the 
ac tua l s p r a y i n g process. E x p e r i m e n t a l shear rates w e r e i n the range 
30,000-350,000 s~l. 

T h e pred i c t i ons o f the C a s s o n equat i on a n d the actual high-shear 
viscosit ies w e r e c o m p a r e d a n d are p l o t t e d i n F i g u r e 2. T h e C a s s o n v i s 
cos i ty correlates to the high-shear v i scos i ty (at constant shear stress) for 
these mater ia ls . T h e regression l ine was f o r c e d through the o r i g i n ; a 
co r re la t i on coe f f i c ient of 0.98 was ob ta ined . A p lo t o f the high-shear-rate 
viscosit ies versus in i t ia tor l e v e l is s i m i l a r i n appearance to F i g u r e 1 (see 
F i g u r e 3) . 

W e b e l i e v e that b l i s t e r ing is r e la ted to the s tab i l i ty o f the e m u l s i o n 
t o w a r d the v e r y h i g h shear rates encountered i n airless spray . T h a t is, 
pos tspray v i scos i ty loss, a l l o w i n g excessive sag, m a y b e the k e y to this 
p r o b l e m . T h e greater resistance to b l i s t e r ing w i t h increas ing in i t iator 
l e v e l m a y b e d u e to the presence o f a m o r e e f fec t ive in te r fa c ia l coales
cence barr i e r resul t ing f r o m re la t ive ly m o r e gra f t ing , as d e s c r i b e d p r e 
v i o u s l y . A n o t h e r fac tor c o u l d b e i m p r o v e d a t o m i z a t i o n o f the h igher 
in i t ia tor l e v e l mater ia ls , due to the l o w e r v iscos i ty . A l s o , at the l o w e r 
v i scos i ty , the v e l o c i t y of the l i q u i d s t ream is h igher , at constant shear 
stress. S m a l l e r a t o m i z e d d r o p l e t s ize is f a v o r e d b o t h b y h igher jet v e l o c 
i t y a n d b y l o w e r l i q u i d v i scos i ty . T h e mass transfer rate (loss o f v o l a 
tiles) d u r i n g spray is increased b o t h b y greater a t o m i z a t i o n a n d b y the 
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w o o AND ELEY Rheology of Epoxy-Acrylic Graft Copolymers 
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Figure 2. High-shear-rate viscosity vs. Casson viscosity. R = 0.98 (forced 
through origin). 

X 
Ο 
X 

0 4 8 1 2 1 6 
IN I T IATOR L E V E L (%) 

Figure 3. High-shear-rate viscosity vs. initiator level. 
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higher particle velocity; a higher postspray viscosity and greater sag 
resistance result. 
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Poly(2-ethyl-2-oxazoline): A New Water
-and Organic-Soluble Adhesive 

Thomas T. Chiu, Bruce P. Thill, and William J. Fairchok 

The Dow Chemical Company, Midland, MI 48674 

Poly(2-ethyl-2-oxazoline) is prepared by the ring-opening poly
merization of 2-ethyl-2-oxazoline with a cationic initiator. Many 
of the polymer's characteristics stem from its molecular structure, 
which has a backbone of alternating two carbon atoms and one 
nitrogen with a pendent propionyl group off the nitrogen. 
Rheologically, the behavior of poly(2-ethyl-2-oxazoline) is more 
Newtonian and relatively shear stable compared to that of 
common thermoplastics. The polymer's broad solubility, ranging 
from water and acetonitrile to methylene chloride, leads to appli
cations of miscible polymeric systems. Single glass transition 
temperatures have been observed in a number of blends with 
poly(2-ethyl-2-oxazoline). The unique property of poly(2-ethyl-2-
oxazoline), being water soluble and hot meltable, suggests utilities 
such as heat sealing of disposable products, water remoistenable 
hot-melt adhesives, and other adhesion-enhancement applications. 

A H E B E H A V I O R A N D PROPERTIES O F POLY ( 2 -ETHYL - 2 -OXAZOLINE) 
( P E O X , a trademark of D o w Chemical), a novel tertiary amide poly
mer, are described in this chapter. This polymer is prepared by a cationic 
ring-opening polymerization of 2-ethyl-2-oxazoline (1-5). Many applica
tions (6-11 ) of poly(2-ethyl-2-oxazoline) were reported. This chapter pre
sents the physical property background of poly(2-ethyl-2-oxazoline); the 
physical factors suggest its utility as an adhesive or as a compatibilizing 
agent. 

Experimental Section 

2-Ethyl-2-oxazoline. 2-Ethyl-2-oxazoline is both a reactive intermediate for 
aminoethylation and a unique monomer. The synthesis of oxazolines has been 
extensively reviewed (3). One method of preparation for 2-ethyl-2-oxazoline is 
via alumina-catalyzed dehydration in the vapor phase to cyclize N-(2-hydroxy-
ethyl)propionamide (4). 2-Ethyl-2-oxazoline is a clear, colorless liquid with a 
musky amine-like odor. Its boiling point and freezing point are 128 and —62 °C, 
respectively. 2-Ethyl-2-oxazoline is very soluble in most solvents, including ace
tone, methylene chloride, diethyl ether, toluene, and hexane. 

0065-2393/86/0213-0425$06.00/0 
© 1986 American Chemical Society 
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C H 2 — C H 2 
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C 2 H 5 
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poly(2-ethyl-2-oxazoline) 
2-ethyl-2-oxazoline 

Polymerization. The 2-ethyl-2-oxazoline used is available from Dow 
Chemical. This compound was dried prior to polymerization by passage through 
a column containing 4 - Â molecular sieves that had been activated by drying at 
170 °C/25 torr for 24 h. The dried 2-ethyl-2-oxazoline was protected from con
tact with moist air. The water content of 2-ethyl-2-oxazoline was determined by 
Karl Fischer titration. Water levels below 20 ppm were considered acceptable. 

Methyl tosylate (Aldrich Chemical) was used as received as the initiator 
throughout this study. 

Polymerizations were performed in sealed ampules. Ten grams (0.101 mol) 
of dried 2-ethyl-2-oxazoline was delivered to a carefully dried ampule, and the 
appropriate amount of 0.538 M methyl tosylate in dry ethyl acetate was added. 

Monomer-to-initiator ratios of 200-2000 were employed. The ampule was 
cooled in methylene chloride-dry ice, evacuated to approximately 5 torr, and 
sealed. After being warmed to room temperature, the ampules were placed in a 
150 °C oil bath for 15 h. The ampules were removed, cooled, and opened, and 
the conversion was determined by percent nonvolatiles after 15 min at 225 °C/25 
ton*. Conversions were typically greater than 99& 

Molecular Weight Determination. Poly(2-ethyl-2-oxazoline) molecular 
weights were determined by size-exclusion chromatography (SEC) on TSK-
G6000PW and G5000PW columns. A sample of polymer at a concentration of 
0.25% by weight in 0.1 M sodium phosphate buffer at pH 7.0 was eluted with the 
same solvent at 1.0 mL/min. Detection was by U V at 214 nm. The columns were 
calibrated with a sample of poly(2-ethyl-2-oxazoline) polymer of broad molecu
lar weight distribution standard that was characterized by a coupled SEC-low-
angle laser light scattering (LALLS) technique. Data acquisition and reduction 
were computer-assisted. Number-average molecular weight__(Mn), weight-
average molecular weight (Mw), z-average molecular weight (M z), the ratio of 
M w to M n (M w :M n ) , and integral and differential molecular weight distribution 
curves were obtained from the SEC analyses. 

Density. A value of 1.14 g/cm 3 was obtained by using a density gradient 
column according to ASTM D-1505-79. 

Refractive Index (no25). A flat disk of poly(2-ethyl-2-oxazoline) was pre
pared by using a heated Pasadena Hydraulics, Inc., platen press and 1-in. disk 
mold. A portion of the disk was cut out and mounted on the prism of a Bausch & 
Lomb Abbe refractometer. A liquid of higher refractive index was placed 
between the prism and disk. The sample temperature was maintained at 25 °C. 
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Vicat Softening Temperature. The Vicat softening temperature was ob
tained according to American Society for Testing and Materials (ASTM) 
D-1525-82. 

Glass Transition Temperature (Tg). T g was obtained by using a Du Pont 
1090B thermal analyzer and 910 differential scanning calorimeter and following 
ASTM D-3418-82. 

Thermogravimetric Analysis (TGA). An analysis was made by using a 
Du Pont 1090B thermal analyzer and a 951 thermogravimetric analyzer. 

Melt Blending. Poly(2-ethyl-2-oxazoline) was melt blended with other 
polymers at 190 °C for 10 min in an oil-heated Brabender mixer. The polymer 
blends were ground in a Wiley mill with a 16-mesh screen and stored in glass 
bottles. 

Results and Discussion 
P h y s i c a l Properties. Po ly (2 -ethyl -2 -oxazol ine) is amorphous . It has 

a T g o f 55 ° C w h e n m e a s u r e d o n a q u e n c h e d sample . W i t h an 
u n q u e n c h e d s p e c i m e n , the Tg ranges f r o m 69 to 71 ° C . 

T h e p o l y m e r has a V i c a t t e m p e r a t u r e o f 70 ° C . D e p e n d i n g o n its 
m o l e c u l a r w e i g h t , po ly (2 -ethyl -2 -oxazo l ine ) exhibits a so f tening range o f 
110 to 120 ° C . T h e t h e r m a l s tab i l i ty o f the p o l y m e r is except iona l ly 
g o o d . F i g u r e 1 shows a T G A of a M w 500,000 p o l y m e r . N o substantial 

%wt. 
Loss 

100 

500,000 M w PEOX 380' 

^ *—400° 

Air& N 2 Atmospheres 10°C/Min. 

Air-

- /A 

Weight Loss 
1 />98%,450°C 

350 0 400 
Temperature, C 

450 500 

Figure 1. Thermal gravimetric analysis of a Mw 500,000 poly(2-ethyl-2-
oxazoline). The air and nitrogen atmospheres changed at a rate of 

10 °C/min. 
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d e g r a d a t i o n occurs u n t i l 380 ° C (716 °F) i n air a n d 400 ° C i n a n i t rogen 
atmosphere . 

T h e p o l y m e r ' s r e f rac t i ve index o f 1.520 ± 0.001 c o i n c i d e n t a l l y 
matches that o f glass. T h i s fact m a y suggest uti l i t ies w h e r e a close m a t c h 
o f re f rac t ive indexes is p r e f e r r e d i n certa in g l a s s - p o l y m e r systems. 

Bheology. A s an a m o r p h o u s l inear p o l y m e r , po ly (2 -e thy l -2 -oxazo -
l ine) exhibits a rather unexpec ted rheo log i ca l behav ior . F i g u r e 2 shows 
the v i scos i ty o f m o l t e n p o l y m e r p l o t t e d against v a r y i n g shear rates at 
170 ° C . A po lys tyrene ( M w = 275,000) c u r v e was i n c l u d e d for re ference of a 
w e l l - k n o w n pseudoplast i c mater ia l . T h e l o w e r the m o l e c u l a r w e i g h t o f 
the p o l y m e r , the m o r e the b e h a v i o r o f the p o l y m e r approaches N e w 
ton ian b e h a v i o r . U n d e r the high-shear condi t ions o f a V i c k e r s vane 
p u m p , a f o r m u l a t e d aqueous so lut ion o f M w 200,000 po ly (2 -e thy l -2 -
oxazol ine) r e ta ined three-quarters o f its i n i t i a l v i scos i ty after 260 h of test 
opera t i on . T h i s b e h a v i o r is genera l ly mani f es ted i n the excel lent me l t 
flow a n d re la t ive shear s tab i l i ty o f the p o l y m e r i n h a n d l i n g a n d 
process ing . 

T h e so lut ion propert ies o f po ly (2 -ethyl -2 -oxazo l ine ) w e r e s tud ied . 
Intr ins i c v iscosit ies w e r e d e t e r m i n e d for f our samples o f the p o l y m e r 
w i t h m o l e c u l a r weights of 50,000, 100,000, 200,000, a n d 500,000 i n aque
ous solut ions (12). F i g u r e 3 p lots l o g [77] versus l o g M . T h e M a r k - H o u -
w i n k equat ion d e d u c e d is 

[η] = (6.5 X 1 0 - 4 ) M 0 5 6 

T h e v a l u e o f the exponent o f M b e i n g 0.56 ind icates that w a t e r is near ly 
a Θ solvent for the p o l y m e r . C o n s e q u e n t l y , h i g h concentrat ions of the 
p o l y m e r i n aqueous so lut i on can b e h a n d l e d w i t h o u t excessive t h i c k e n 
i n g . A c o m p a r i s o n of v i s cos i ty versus percent concentrat i on i n w a t e r for 
the p o l y m e r a n d four other water - so lub le p o l y m e r s is s h o w n i n F i g u r e 4. 

Shear Rate (sec."1 ) 

Figure 2. Viscosity of poly(2-ethyl-2-oxazoline) vs. shear rate at 170 °C. 
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20000 40000 100000 200000 400000 
Molecular Weight 

Figure 3. Intrinsic viscosity vs. the molecular weight of an aqueous solu
tion of poly(2-ethyl-2-oxazoUne) at 25 °C. [η] = 6.5 X 10~4M056. 

100,000 r 

10,000 

1,000 h 

Brookfield Vise, 
(cps) 21°C 

Polyvinyl Pyrrolidone K-90 _ 
PEOX 350,000 M w 

0 1.0 20 30 40 
Wt. % Concentration 

Figure 4. Aqueous solution viscosity vs. the concentration of poly(2-ethyl-
2-oxazoline) compared to that of other water-soluble polymers. The 
weight-average molecular weight was 300,000 for Klucel Type G; 400,000 
for Polyox N-3000; 125,000 for Gelvatol 20-90; and 350,000 for poly(2-
ethyl-2-oxazoline). The number-average molecular weight was 360,000 for 

poly( vinylpyrrolidone). 
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A t c o m p a r a b l e concentrat ions , solutions of po ly (2-ethyl -2 -oxazol ine) 
a p p e a r to b e severa l orders o f m a g n i t u d e less v iscous than ( h y d r o x y p r o -
py l ) ce l lu lose ( K l u c e l ) , po ly (e thy lene oxide) (Po lyox ) , p o l y ( v i n y l alcohol ) 
(Ge lvato l ) , a n d p o l y ( v i n y l p y r r o l i d o n e ) . 

S o l u b i l i t y a n d C l o u d P o i n t . T a b l e I highl ights the so lub i l i ty o f 
po ly (2 -ethyl -2 -oxazo l ine ) i n var ious solvents arranged a c c o r d i n g to their 
s o lub i l i t y parameter , δ. T h e p o l y m e r has an unusual ly b r o a d so lub i l i t y i n 
solvents r a n g i n g f r o m c h l o r o f o r m , m e t h y l acetate, methy lene c h l o r i d e , 
acetoni tr i l e , e thanol , a n d w a t e r . W a t e r has b e e n n o t e d to b e a r o o m -
temperature 0 solvent f o r the p o l y m e r . A t e levated temperatures , the 
p o l y m e r tends to d r o p out o f the so lut ion a n d exhib i ts a c l o u d p o i n t as 
s h o w n i n F i g u r e 5. F o r a h igher we ight -average m o l e c u l a r w e i g h t p o l y 
m e r o f 350,000, the c l o u d p o i n t is 62.0 ° C ; a l o w e r we ight -average m o l e c u 
lar w e i g h t p o l y m e r o f 70,000 has a c l o u d p o i n t o f about 64.5 ° C . T h e 
c l o u d p o i n t o f an aqueous so lut ion o f the p o l y m e r c a n b e ra i sed b y the 
a d d i t i o n o f a surfactant o r a better so lvent , such as a g l y c o l , w h i c h is 
m i s c i b l e w i t h water . 

P o l y m e r B l e n d s . O x a z o l i n e p o l y m e r s m a y b e c o n s i d e r e d as 
p o l y m e r i c analogues o f Ν,Ν-dimethyl formamide ( D M F ) (13): 

Table I. Solubility of Poly(2-ethyl-2-oxazoline) 

δ Solvent Solubility 

7.0 
7.4 
7.8 
8.5 
8.9 
9.3 
9.3 
9.3 
9.3 
9.5 
9.6 
9.7 
9.9 

10.0 
11.9 
12.7 
12.7 
13.3 
14.5 
23.4 

n-pentane 
diethyl ether 
diisobutyl ketone 
η-butyl acetate 
toluene 
perchloroethylene 
dibutyl phthalate 
chloroform 
methyl ethyl ketone 
ethylhexanol 
methyl acetate 
methylene chloride 
acetone 
dioxane 
acetonitrile 
nitromethane 
ethanol 
propylene carbonate 
methanol 
water 

pe 

Ρ 
Ρ 
Ρ 
Ρ 
Ρ 
Ρ 
S f c 

S 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

*P is less than 2% by weight. 
bS is greater than 25% by weight. 
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CH3 CH3 

I 
C 

/ \ 
H Ο 

DMF 

-̂CH2 

I 
C 

L .C2H5 ο 
poly(2-ethyl-2-oxazoline) 

This suggests that poly(2-ethyl-2-oxazoline) could be a broadly com
patible polymeric solvent. This suggestion was verified by the observa
tion that a number of blends (14) with the polymer exhibit miscibility 
such that single TG values resulted for the systems. Some of the polymers 
found to be miscible with poly(2-ethyl-2-oxazoline) polymer are sty-
rene-acrylonitrile copolymer, acrylonitrile-butadiene-styrene copolymer, 
and phenoxy resin. Partial miscibility was observed with vinylidene 
chloride-vinyl chloride copolymer. 

Applications. Many of the novel utilities of poly(2-ethyl-2-ox-
azoline) stem from its polymeric-solvent nature. Compounding with 
poly(2-ethyl-2-oxazoline) enhances the adhesion of some polymer sys-

Temperature, °C 

65 

1 4 0 2 8 0 
M o l e c u l a r w e i g h t χ 1 0 3 

Figure 5. Cloud point of poly(2-ethyl-2-oxazoline) of four different 
molecular weights. The concentration of poly(2-ethyl-2-oxazoline) was 1.0% 

in water. 
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432 W A T E R - S O L U B L E POLYMERS 

terns to polar substrates. In some blends, the addition of poly(2-ethyl-2-
oxazoline) modifies the fluid permeability. A n example of this modifica
tion would be the improved moisture transmission through a blend of 
plasticized poly (vinyl chloride) and poly(2-ethyl-2-oxazoline). In other 
instances, controlled release of specific ingredients may be achieved via 
formulations with poly(2-ethyl-2-oxazoline) into a carrier matrix. 

The rheological and thermal properties of poly(2-ethyl-2-oxazoline) 
allow it to be applied either from solution or by the hot-melt technique. 
Such an adhesive coating can be employed directly and used in a 
moisture-activatable system or in a heat-sealable construction. 

Poly(2-ethyl-2-oxazoline) applied from aqueous solutions adheres to 
aluminum foil, cellophane, nylon, poly (vinyl alcohol), poly (methyl meth-
acrylate), and poly(ethylene terephthalate). Poly(2-ethyl-2-oxazoline)*s 
adhesion compares very favorably with that of poly(vinylpyrrolidone) 
or poly(vinyl alcohol) as shown in Table II. In a composite system, 
chopped fiberglass sized with a formulation containing P E O X - b r a n d 
polymer has been used to reinforce a styrene-acrylonitrile copolymer. 
Outstanding tensile strength and Izod impact have been noted. 

Summary 
Poly(2-ethyl-2-oxazoline) is unique because of the combination of its 
properties: 

• nonionic; 
• soluble in water and polar organic solvents; 
• low viscosity; 
• polymer compatibility; 
• thermoplastic; 
• high thermal stability; 
• adhesion enhancement; and 
• low hazard. 

Table II. Adhesion of Poly(2-ethyl-2-oxazoline), Poly(vinylpyrrolidone) and 
Poly(vinyl alcohol) to Plastic-Metal Films 

Substrate 

Poly(2-ethyl-
2-oxazoline), 
Mw 500,000 

Poly( vinyl-
pyrrolidone), 
Mn 360,000 

Poly( vinyl 
alcohol), 

Mw 125,000 

Aluminum foil pass pass fail 
Cellophane pass fail pass 
Nylon pass fail fail 
Poly(vinyl alcohol) pass fail .— 
Poly(methyl methacrylate) pass fail fail 
Poly(ethylene terephthalate) pass fail fail 

N O T E : The Scotch Tape test (Scotchbrand 600 tape) was used. 
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23. C H I U E T A L . Poly(2-ethyl-2-oxazoline ) 433 

The physical properties of the polymer allow it to be utilized in 
both hot-melt and solution adhesives for dissimilar materials. The adhe
sion properties of the polymer may be activated by heat or moisture. 
Because it is water soluble, adhesives formulated with the polymer pro
vide recyclability. Many innovative applications of the polymer are sug
gested by its combination of properties. 
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438 WATER-SOLUBLE POLYMERS 

Applications 
coatings, 93-96 
petroleum, 96-98 

Applications of 1 3 C NMR 
acrylamide polymers, 80-81 
cellulosics, 79-») 
future trends, 82 
poly(vinyl alcohol), 81-82 

Aqueous drilling fluids 
filtrate loss, 200* 
performance, 203-206 
preparation, 199 
rheologicaj measurements, 199 

Associative thickeners 
adsorption isotherms, 378-379 
advantages, 370*, 371 
cleanup procedures, 373 
cost savings, 371,372* 
degree of association, 376 
difference from conventional thickeners, 

376*, 377 
disadvantages, 370/ 
effect of hydrophobic components, 383, 

384-386/ 
effect of latex particle size on adsorption, 

381-382/ 
effect of latex particle size on viscosity-

shear-rate profile, 383/ 
effect of sodium dodecyl sulfate on 

rheology, 387/ 
effect of water-miscible cosolvents, 388/, 

389 
efficiency of nonionic vs. anionic, 381, 

384,388 
improved compatibility, 371 
leveling, 377 
phase separation, 371-372 
picking, 372 
problems from a manufacturing 

viewpoint, 372-373 
quality-control problems, 373 
rheology, 370-371 
stormer viscosity, 376* 
synthesis, 414 
use of new manufacturing procedures, 

373 
viscosity, 376f, 377 
viscosity-shear-rate profiles, 379-380/ 

Axial, definition, 6 
Axial ratios, heated vs. unheated pectins, 

66, 67f 

Β 

Belt press, use in sludge dewatering, 137, 
140/ 

Bentonite 
beneficiation, 158 
clay preparation, 184-185 
filtration control of muds, 183-195 
polymer extenders, 163-167 
thickener agent for drilling, 183 

Bentonite slurry, rheological profiles, 187, 
188/ 

Biopolymers, definition, 31 

Bit design, effect on drilling rate, 157 
Blistering 

definition, 420 
influencing factors, 422,424 
values for coatings, 419*, 420 

Branching, effect on water solubility, 14-17 
Brookfield viscosities, effect of 

hydrophobically modified 
(hydroxyethyl)cellulose concentration, 
103,104f 

C 

1 3 C NMR 
applications, 79-82 
qualitative analyses, 76-77 
quantitative analyses, 77-79 

1 3 C - N M R analytical techniques 
advantage over Ή NMR, 72 
background, 72 
factors affecting choice of spectrometer, 

73 
future trends, 79 
instrumentation, 72-74 
sample preparation and resolution, 74-76 
spectrum, 76-79 

Carbohydrate polymers 
chemistry, 3-4 
structural features that affect water 

solubility, 14-25 
Carboxylate anions, properties, 19 
Carboxylate groups, characteristics, 17 
Carrageenans, structure and properties, 

24-25 
Cassion viscosity data, epoxy-g-

(styrene-methacrylic acid) graft 
copolymers, 421 

Cationic polymers 
copolymer composition, 120-121 
improvements in molecular weight, 120 
use as flocculents, 117,120-121 

Caustic concentration, effect on reactivity, 
9-11 

Cellobiose, structure, 6 
Cellulose 

basic anhydroglucose unit, 334 
description, 334 
effect of caustic concentration, 10 
reactivities of the hydroxyl groups, 80 
solubilization through derivatization, 9 

Cellulose acetate, water solubility, 80 
Cellulose ethers 

advantages for coatings use, 333 
color acceptance, 347, 348/ 
composition and structure, 334 
degradation, 348-349 
efficiency, 340,341* 
flow and leveling-sag resistance, 341, 

342*, 343/, 344 
freeze-thaw stability, 348 
gloss, 347 
paint manufacture, 349 
replacement by hydrophobically 

modified water-soluble polymers, 
370 
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I N D E X 439 

Cellulose ethers—Continued 
spatter, 344, 345/ 
thickening mechanism, 338-339,340/ 
water resistance, 344-347 

Cellulose sulfate ester 
stability, 22 
synthesis, 19 

Cellulosic thickeners, 334-335 
Cellulosics, 1 3 C - N M R analyses, 79-80 
Centrifuges, use in sludge dewatering, 

137 
Chair form, definition, 5-6 
Characterization of macromolecules in 

solution 
chemical structure, 228-230 
concentration regimen, 232 
dynamic properties, 231-232 
macromolecular dimensions, 230-231 
macromolecular near an interface, 233 
molecular weight distribution, 2X3-236 
salt sensitivity, 233 

Charge density 
effect of sodium maleate, 202 
effect of carboxylate units, 201-202 
sodium tetrahydrophthalate, 202 

Chemical heterogeneity, 49-52 
Clay minerals 

composition, 173 
response to water, 173 

Coatings, effect of surface tension, 316-317 
Coatings applications 

effect o f nocculation, 95 
effect of preadded stabilizers, 95-96 
effect of stabilizers, 95 
interfacial energies, 93, 94/ 

Coatings performance, influence of 
cellulose ethers, 333-349 

Color acceptance for paint 
effect of molecular weight, 348/ 
evaluation by a rub-up method, 347, 348/ 

Column calibration for size-exclusion 
chromatography 

average molecular weight determination, 
44-45 

broad molecular weight distribution 
approach, 45 

curve construction, 44 
Mark-Houwink approach, 45 
universal calibration procedure, 45-46 

Commercial partially hydolyzed 
poly (acrylamide), mobility behavior, 
274, 275/, 276 

Commercial trade-sale paints, shear-rate 
dependence of the first normal stress 
difference, 397, 399/ 

Composition of solids, dewatering rate vs. 
composition, 115,116/ 

Concentration regimen of macromolecules, 
232 

Coring 
coring fluid, 278 
laboratory flooding of core, 279 
purpose, 278-279 
size of core, 279 

Coring geologic description of core, 279, 
280/ 

Counterion binding, heated vs. unheated 
pectins, 66, 67f, 68/ 

Coverage 
definition, 419 
values for coatings, 419# 

Critical polymer concentration 
effect 

of elastic properties, 219, 220/ 
of polymer molecular weight, 218, 219f 
on rheological properties of polymer 

solutions and gels, 219, 220-221/ 
experimental determination, 216-219 
low-shear specific 

viscosity-concentration profiles, 
217/, 218 

solution behavior transition, 217/,218 
Custom-manufactured partially hydrolyzed 

poly (acrylamide), mobility behavior, 
273, 274/, 275 

D 

Data analysis, surface tension 
measurements, 320-321,322-324/ 

Degradation of cellulosic thickeners, effect 
of microogranisms, 348-349 

Degree of polymerization, weight average, 
determination, 109-110 

Degree of substitution, definition, 334 
Design parameters for field polymer flood 

applications 
bank size, 287, 288/ 
concentration, 287/ 
rock properties, 287-288, 289-290/ 
structure, 286/, 287 

Dextran, description, 20 
Disk flooding 

design parameters, 286-290/ 
mobility reduction, 282-285 
purpose, 279 
reverse injection, 285/, 286 
schematic, 281 
technique, 280-282 
tertiary vs. secondary floods, 282, 

283-284/ 
Dissolved air flotation, description, 135, 

137/ 
Drilling fluid-shale interactions, effect of 

water phase on shale properties, 174 
Drilling fluids 

description, 171-172 
vs. drilling rates, 185f, 186-187/ 
method to assess additive performance 

as shale stabiliers, 175-176 
Drilling rates 

vs. clay-solids contents, 160,161/, 162-163 
vs. drilling fluid, 185f 
effect 

of bit design, 157 
of elasticity of a fluid, 186/-187/ 
of polymer extenders, 161-163 
of sloughing shale, 156-157 

effect of solids content, 157/, 158 
Dry polymers, automatic feed system, 126, 

127/ 
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440 W A T E R - S O L U B L E P O L Y M E R S 

Dynamic properties of macromolecules, 
calculation, 231 

Dynamic surface tension 
definition, 316 
influence on coatings, 316-317 

Dynamic testing methods of shale-fluid 
interactions, description, 176 

Ε 

Efficiency 
effect of degree of substitution, 341 
measurement, 340 
variation with molecular weight, 340,341r 

Elasticity, definition, 317,318 
Electroviscosity, description, 39,40/ 
Elongational strain rate 

cause, 43 
effect on polymer shear degradation 

during size-exclusion 
chromatography, 42-43 

Elution volume of a polymer, definition, 
32-33 

Emulsion polymerization 
acrylic recipe, 353, 354f, 355 
grafted (hydroxyethyl)cellulose 

determination, 355 
latex characterization, 355 
vinyl acetate homopolymer, 353, 355r 
vinyl acetate-acrylic recipe, 353, 354f, 

355 
Emulsion polymers 

advantages in wastewater treatment, 
127-128 

feed system, 128/ 
Emulsions, thermodynamic stability, 

418 
Enthalpie contributions to adsorption 

coatings applications, 93, 94r,f, 95-96 
interactions, 86-87 
polmer-substrate interactions, 92f 
polymer-water interactions, 90,91/,92 
substrate-water affinity, 92,93/ 

Entropie contributions to adsorption, 
temperature dependence, 86, 87/ 

Epoxy resins, grafting by reaction of 
carboxyl-epoxide functionalities, 418 

Epoxy-g-(styrene-methacrylic acid) 
copolymer 

properties, 418 
structure, 418 
synthesis, 418 

Equatorial bonds, definition, 6 
Ethylene oxide 

addition to caustic, 10 
reactivity, 10 
selective of addition, 10 
slurry process, 11 

2-Ethyl-2-oxazoline 
polymerization, 426 
properties, 425 

Eugenol 
molecular weight control, 201 
structure, 201-202 

Eugenol-maleic anhydride-n-vinyl-n-
methylacetamide terpolymer 

IR measurement, 199 
IR spectroscopy, 202, 203/ 
membrane osmometry, 199 
preparation, 199 
sulfomethylation, 199, 202 
viscosity-temperature relationship, 204, 

206/ 
Exterior semigloss paint, definition, 336 
Extracellular polysaccharides 

fermentation synthesis, 8-9 
solution properties, 9 

F 

Face plugging, definition, 272 
Fenton oxidations, mechanism, 146 
Field feasibility testing 

advantages, 288-290 
injection well selection, 290, 291/ 
polymer injection equipment and 

instrumentation, 292, 293/, 294 
polymer-blending systems, 291/, 292 
pressure data and analysis, 295-300 
water testing, 294/ 

Field-curve matching in feasibility 
description, 300-301 
example of simulator output, 301/ 

Film strength factor, description, 317 
Filtration control of bentonite slurries 

adsorption vs. degree of substitution, 190, 
191/ 

adsorption-bridging-flocculation 
mechanism, 194-195 

fluid loss dependence on polymer 
concentration, 189,190/, 192/ 

montmorillonite flocculation mechanism, 
195 

preferential adsorption of anionic 
polymer mechanism, 195 

vs. type of water-soluble polymer, 190 
Fisheyes, definition, 126 
Flocculation, mechanism, 338-339 
Flocculation mechanisms, polymer 

bridging of particles, 122-123 
Flow behavior of macromolecules in 

porous media 
flow through nonadsorbent pores, 

248-254 
flow through porous media having large 

pores, 246-248 
flow through small adsorbent pores, 

254-257 
pore-size dependence of thickening 

behavior and of mechanical 
degradation, 257-258 

Flow through capillaries, relative viscosity 
measurements, 241,242/ 

Flow through nonadsorbent small pores 
effects of polymer concentration, 251, 

252, 253-255/ 
Newtonian regimen, 249/, 250/ 
problems with microgels, 248-249 
shear-thinning regime, 250, 251-252/ 
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INDEX 441 

Flow through small adsorbent pores 
effect of polymer concentration, 256, 

257/ 
thickness of adsorbed layer, 254-255, 

256/ 
Flowout, phase separation, 400-401 
Flowout time of a coating, influencing 

parameters, 395, 396/ 
Foam, properties, 317 
Foam stability 

bulk liquid Newtonian shear viscosity vs. 
average foam lifetime, 326, 329/, 331 

complex dilational surface modulus 
vs. average foam lifetime, 326, 329/, 

331 
vs. foam height, 326/ 

equilibrium surface tension vs. average 
foam lifetime, 326, 328/, 331 

film strength factor, 317 
hydrodynamic factor, 317, 318/ 
interfacial dilational elasticity, 317, 

318-319/ 
measurement, 322 
Plateau-Marangoni-Gibbs elasticity, 

325-331 
shear viscosity vs. foam height, 326, 328/ 
surface dilational elastic modulus 

vs. average foam lifetime, 326, 330/, 
331 

vs. foam height, 326, 327/ 
surface dilational viscosity 

vs. average foam lifetime, 326, 330/, 
331 

vs. foam height, 326, 327/ 
Fracturing gels 

effect of metal type on thermal stability, 
223, 224/ 

stability at high temperatures, 223 
performance in hydraulic fracturing 

treatments, 210 
polysaccharides used in fluids, 211 

Freeze-thaw stability of paint, effect of 
thickener, 348 

Full-field development for polymer-
augmented waterflooding 

distribution and injection facilities, 
304-309 

environmental hazards, 310 
injection water and produced fluids, 308, 

310 
injection well completion, 302 
partially hydrolyzed poly (acrylamide) 

source, 302 
well patterns, 302 

G 
Galactomannans, derivatization, 14 
Gel polymers, advantages in wastewater 

treatment, 128 
Gel strength of aqueous drilling fluids, 200f, 

203 
Gelation 

mechanism, 212-214 
theory, 214-216 

Gelation theory 
liquid-gel phase diagram, 215, 216/ 
model, 214-216 
use of pressure rheometer, 216 

Geometric factors, effects on thickening 
behavior, 242, 243/ 

Gloss 
definition, 347 
effect of thickener or thickner molecular 

weight, 347 
a(l-4)-Glucopyranose, effect of branching 

on water solubility, 15-16 
/3(l-3)-Glucopyranose, effect of branching 

on water solubility, 16-17 
Glyceraldehyde, structure, 3-4 
Glyocogen, structure, 15 
Graft copolymers, preparation, 198-199 
Grafted epoxy-strene-methaerylic acid 

copolymer 
application with various free radical 

initiator levels, 419f 
Casson viscosity data, 421/ 
effect of free-radical initiator on particle 

size, 421 
effect of molecular weight, 420f, 421 
purpose, 419 

Grafted (hydroxyethyl) cellulose 
amount, 355-356 
amount vs. initial concentration during 

acrylic latex polymerization, 356/ 
degradation, 356, 357/ 
effect of increasing concentration of 

triethanolamine, 357, 358/ 
effect of surfactant, 359, 362/ 
effect of time 

of (hydroxyethyl) cellulose addition, 
359, 360-361/ 

of initiator addition, 359, 361/ 
of triethanolamine addition, 359-360/ 

grafting of acrylic monomer vs. vinyl-
acrylic system, 362, 363/ 

molecular weight distribution, 356, 357/ 
Grafting 

Casson viscosity, 4211 
effect of free-radical initiator on particle 

size, 421 
effect of molecular weight, 420f, 421 
function of free-radical initiator 

concentration, 419f, 420 
Gravity thickening, description, 135 
Guaran, derivatization, 13 

H 

Heated pectins 
axial ratios vs. unheated pectins, 66, 67f 
counterion binding vs. unheated pectins, 

66, 67f, 68/ 
degree of polymerization vs. unheated 

pectins, 64, 65/,t, 66-67 
dissociation, 62, 63t, 63-64/ 
heated vs. unheated pectins, 64, 65/,t, 66, 

67f 
Hexoses, structure, 4 
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442 WATER-SOLUBLE POLYMERS 

High-shear-rate viscosities 
vs. amount of thickener required, 401, 

403/ 
dependence on chemical structure, 401, 

402/ 
effect or formulation variables, 394, 395/ 
thickener influence, 401 

High-shear-rate viscosity 
effect of latex size, 407-408/ 
effect of percent nonvolatiles, 410, 411/ 

Huggins constant 
definition, 105,107 
for sodium oleate solutions, 107,109f 
vs. solvent composition, 107,108/ 

Hydraulic fracturing 
additives to improve performance, 210 
description, 209, 210/ 
role of polymer thickening agent, 210 

Hydrodynamic chromatography 
description, 233-234 
influence of polymer concentration on 

chromatographic fractionation, 234, 
235/ 

influence of shear rate on 
chromatographic fraction, 234/ 

Hydrodynamic factor, description, 317, 318/ 
Hydroiyzed poly(acrylamides) 

characteristics, 236* 
chemical structure, 229-230 
molecular weight distribution, 234,236/ 
salt sensitivity, 233 
use in enhanced oil recovery processes, 

228 
Hydrophobically modified 

(hy droxyethy 1) cellulose 
Brookfield viscosity measurements, 102 
enhanced solution viscosity, 101-102 

Hydrophobically modified thickeners, 
structures, 393-394 

Hydrophobically modified, water-soluble 
polymer thickened formulations, 
401-413 

Hydrophobically modified, water-soluble 
polymers, molecular weight and 
surface tension data, 397,398* 

(Hydroxy ethyl) cellulose 
adsorption isotherms, 378/, 379 
1 3C-NMR analyses, 80 
chemistry in the presence of persulfate 

and acrylic monomers, 365 
grafting of vinyl acetate, 351 
production of acrylic and vinyl-acrylic 

copolymer latices, 353 
thickening mechanism, 338-339, 340/ 
use as protective colloid, 351 
viscosity vs. shear, 336, 337/, 338 
viscosity-shear-rate profiles, 379, 380/ 
viscosity studies, 101-110 

I 

Injection water and produced fluids, 
treatment for polymer-augmented 
waterflooding, 308,310 

Injection well selection 
requirements, 290-291 
well completion types, 291/ 

Instrument design, surface tension 
measurements, 320-321/ 

Instrumentation for 1 3 C NMR 
field lock system, 73-74 
number designation of spectrometer, 72 
pulsed Fourier transform spectrometers, 

72 
resolution factors, 73 

Interfacial dilational elasticity 
description, 317, 318-319/ 
mechanism of self-handling, 318-319/ 

Interior flat paint, definition, 336 
Interior semigloss paint, definition, 336 
Interunit positional bonding 

description, 19-23 
effect on water solubility, 14 

Intramolecular electrostatic effects 
electroviscosity, 39, 40/ 
K D vs. ionic strength, 38, 39/ 

Intrinsic viscosity, description, 159 
Intrinsic viscosity measurements 

Huggins constant, 105,107,108/ 
vs. methanol composition, 107,108/ 
vs. solvent composition, 105*,f, 106/, 107 

Ion exchange interactions, mobile-phase 
selection for aqueous size-exclusion 
chromatography, 34-35 

Ion exclusion interactions, mobile-phase 
selection for aqueous size-exclusion 
chromatography, 35 

Ion inclusion interactions, mobile-phase 
selection for aqueous size-exclusion 
chromatography, 35-36 

Ionizing groups 
effect of branching on water solubility, 

16-17 
effect on water solubility, 14 

L 

Laboratory-curve matching in feasibility 
tests 

description, 297-298 
example of simulator output, 300 

Laboratory testing of shale-fluid 
interactions, static methods, 175 

Latex-associative thickener association 
adsorption isotherms, 378/ 
effect of hydrophobic components, 383, 

384-386/ 
effect of latex particle size 

on adsorption, 381-382/ 
on viscosity-shear-rate profile, 383/ 

effect of water-miscible cosolvents, 388/, 
389 

experimental procedures, 377-378 
viscosjty-shear-rate profiles, 379, 380/ 

Latex paint, 375-376 
Latex variation 

effect of size, 407-408/ 
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I N D E X 443 

Latex variation—Continued 
sensitivity, of hydrophobically modified, 

water-soluble polymer thickened 
formulations, 407 

Leveling, definition, 377 
Leveling of paint 

center-line average, 341, 342* 
effect of molecular weight, 342f 
flow properties for two paints, 342, 343/ 
quantitative measurement, 341 
sag charts for two paints, 342, 343/ 

Lignosulfonates, effectiveness as a 
dispersant, 198 

Line width 
definition, 74 
effect of high viscosity, 75 
effect of relaxation times, 75 
resolution, 74-75 

Linear hydrocarbons, ring formation, 5-6 
Low-angle laser light scattering 

advantages, 47 
limitations, 47-48 
principles, 46-48 
Rayleigh factor, 47 

Low molecular weight water-soluble 
polymers, metal-activated redox 
initiation, 145-151 

Low-shear-rate viscosity 
dependence on thickener concentration, 

414, 415/ 
dispersant and formulation surfactant 

effects, 413 
effect of formulation variables, 394, 395/ 
effect of percent nonvolatiles, 409-410/ 
influence of thickener-dispersed 

component interactions, 394-401 

M 

Macromolecular dimensions, calculation, 
230-231 

Macromolecules near an interface, effect 
on properties, 233 

Macromolecules in porous media, flow 
behavior, 246-258 

Macromolecules in solution 
characterization, 228-236 
rhelogical properties, 236-246 

Maltose, structure, 6 
β( 1 -4)-Mannopyranose 

effect of branching on water solubility, 
16-17 

structure, 16 
Mechanical degradation, pore-size 

dependence, 257, 258f 
Mechanical degradation in elongational 

flows, results, 246 
Mechanism, of polymer-augmented 

waterflooding, 271 
Membrane osmometry 

experimental procedures for pectin, 
59-60 

theory, 58-59 

Metal-activated redox initiation processes 
for poly (acrylic acid) synthesis 

effect of amine level, 149,150i 
effect of copper to hydroden peroxide 

molar ratio variations, 147,148f 
effect of hydrogen peroxide as an 

initiator, 146,147* 
effect of hydrogen peroxide level 

variation, 148,149r,f 
effect of temperature, 150* 
proposed mechanisms, 150-151 

Metal cross-linked polymer gels, 
characterization, 209-225 

Metal cross-linked polymer hydrogels, 
effect of temperature on elastic 
properties, 222-225 

Metal cross-linked polysaccharide gels 
gelation mechanism, 212-214 
gelation theory, 214-.216 
metals used in fracturing fluids, 211 
vs. un-cross-linked gels, 211 

Methylene blue test procedure, estimation 
of submicron particles in drilling mud, 
162-163 

Mobile-phase selection for aqueous size-
exclusion chromatography 

adsorption, 36-38 
ion exchange, 34-35 
ion exclusion, 35 
ion inclusion, 35-36 

Mobility behavior 
for commerical partially hydrolyzed 

poly(acrylamide), 274, 275/, 276 
for custom-manufactured partially 

hydrolyzed poly (acrylamide), 272, 
274-275/ 

influence of salt, 276,277/ 
reduction by polymer, 282-283, 284/, 285 

Mobility of displacement water in oil well 
drilling, viscosity vs. partially 
hydrolyzed poly (acrylamide) 
concentration, 271,272/ 

Modeling of polymer feasibility tests 
field-curve matching, 300,301/ 
full-field model, 301 
iterative process, 297 
laboratory curve matching, 297, 300/ 

Molar substitution, definition, 334 
Molecular weight, role in performance of 

partially hydrolyzed poly (acrylamide), 
276, 277-278/ 

Molecular weight distribution, 
hydrodynamic chromatographic 
technique, 233-234 

Molecular weight of cellulose esters, 336 
Molecular weight of flocculents, 121,122/ 

Ν 

Newtonian regimen, effective viscosity in 
nuclepore membranes, 249-250/ 

Nigeran, structure, 24 
Non-size-exclusion effects, viscosity effects, 

39, 40/ 
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444 WATER-SOLUBLE POLYMERS 

Nonuniformity in repeating structure 
advantage, 23-24 
effect on water solubility, 23 

Number-average degree of polymerization 
heated vs. unheated pectins, 64, 65/,t, 66, 

67* 
unheated pectins, 60, 61* 

Number-average molecular weight for 
pectin 

end-group titration procedures, 60 
membrane osmometry procedures, 59-60 

Ο 

Oil well drilling 
primary production, 269-270 
secondary recovery, 270 

Oil well drilling muds 
background investigations, 155-156 
problems, 156-160 

Operation factors of flocculation 
physical form of polymers and their 

application, 124-128 
polymer application, 123-124/ 

Ρ 

Packings, high peformance for aqueous 
size-exclusion chromatography 

polymeric based, 41-42 
silica based, 40-42 

Paint formulas, 336 
Paint manufacture, proper dispersion of the 

dry thickener, 349 
Partially hydrolyzed poly (acrylamide) 

application in polymer-augmented 
waterflooding, 270-310 

factors affecting performance, 276, 
277-278/ 

mobility behavior, 273, 274-275/, 276 
structure, 270 

Particle charge, effect on colloidal stability, 
114,115/ 

Particle size, effect on settling and 
dewatering, 114 

Pectin 
aggregation, 57 
concentration-dependent dissociation, 66, 

68,69/ 
dilute solution properties, 57-69 
function, 57 
membrane osmometry, 57-69 
number-average molecular weight, 57 

Pectinic acid 
egg-crate complex formation, 22-23 
product types, 18 
structure, 17-18 

Pentoses, structure, 4 
Peptized montmorillonite surfaces, 

adsorption, 185 
Percent nonvolatiles by volume, effect on 

thickener performance, 408-410 

Performance of aqueous drilling fluids 
gel strength, 200*, 203 
viscosity-temperature relationships, 204-206/ 
yield point and plastic viscosity, 204 

Petroleum applications 
filtration control, 98 
fluid loss control, 96, 97/ 
removal of drill solids, 96 

Physical forms of polymers, advantages 
and disadvantages, 124,125*, 126-128 

Pigment volume concentration 
sensitivity of hydrophobically modified, 

water-soluble polymer thickened 
formulations, 401, 403 

viscosity vs. shear rate, 403, 405/ 
viscosity vs. weight percent thickener, 

403, 404/ 
vs. yield stress behavior, 406/, 407 

Pigmented latex coatings, influence of 
water-soluble polymers on rheology, 
391-415 

Pipelining 
frictional pressure drops vs. flow rate, 

306, 307/ 
power-law model, 306/ 
shear degradation, 307, 308/ 

Poly(acrylic acid) polymers 
characterization, 146 
synthesis, 146 

Polyiacrylic acid) synthesis 
effect of amine level, 149,150f 
effect of copper to hydrogen peroxide 

molar ratio variation, 147,148* 
effect of hydrogen peroxide level 

variation, 148,149* 
effect of temperature, 150* 
efficiency of hydrogen peroxide as an 

initiator, 146,147* 
proposed mechanism, 150-151 

Poly (2-ethy 1-2-oxazoline) 
adhesion, 423* 
applications, 431-432 
cloud point, 430, 431/ 
density, 425 
glass transition temperature, 427 
melt blending, 427 
molecular weight determination, 426 
physical properties, 427-428 
polymer blends, 427 
preparation, 425-426 
refractive index, 426 
rheology, 428 
solubility, 430* 
solution profiles, 428, 429/, 430 
thermal gravimetric analysis, 427/, 428 
thermogravimetric analysis, 425 
Vicat softening temperature, 427 
viscosity vs. shear rate, 427 

Poly-j3( 1-3)-glucopyranose, 21 
Poly [a- ( 1 -6) -D-maltotriose], description, 

20-21 
Polymer applications in wastewater 

treatment 
description of stages, 129, 131* 
preliminary treatment, 129 
primary clarification, 129, 132* 
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I N D E X 445 

Polymer applications in wastewater 
treatment— C o n t i n u e d 

secondary treatment, 133/, 134 
sludge dewatering, 135-138 
sludge thickening, 134-135 
summary, 138-139f, 140 

Polymer-augmented waterflooding 
anatomy, 269-310 
coring, 278-279, 280/ 
description, 270 
environmental hazards, 310 
field feasibility tests, 288-297 
full-field development, 302-310 
modeling, 297, 300-301 
oil recovery, 279-288 
partially hydrolyzed poly (acrylamide), 

271-278 
stepwise procedure, 270 

Polymer-blending systems 
concentrate blending, 292 
dry blending, 291/, 292 

Polymer concentration, effect on thickening 
behavior, 243, 244/ 

Polymer concentration effects on flow 
behavior 

bulk and pore relative viscosities vs. 
relative molecular and pore size, 
252, 253-255/ 

diagram of profiles in cylindrical pores, 
251, 252/ 

Polymer conformation, effect on thickening 
behavior, 244, 245/, 246 

Polymer design 
charge density, 201-202 
molecular weight control, 200-201 

Polymer distribution for a polymer-
augmented waterflood project 

dilution center schematic, 305/ 
methods, 304, 305/ 
pipelining, 306-308/ 
polymer pumps, 307-308, 309/ 

Polymer enhanced oil recovery 
fundamental criteria, 261-262 
selection, 261-264 

Polymer extenders 
apparent viscosity vs. extender 

concentration, 164/, 165-166, 167/ 
effect on drilling rate, 161-162 
yield for bentonite, 163-167 

Pol [ymer flocculent performance, effect of 
sludge conditioning, 123 

Polymer injection equipment and 
instrumentation 

instrumentation, 294 
monitoring flow rates of polymer 

concentrate, 292 
positive displacement pumps, 292 
static mixer, 292, 294 
typical system for a feasibility test, 292, 

293/ 
Polymer-modified bentonite slurries 

preparation, 184 
rheological profiles, 189/ 

Polymer-related parameters of flocculation 
molecular weight and associated 

mechanisms of flocculation, 121-123 

Polymer-related parameters of 
flocculation—Continued 

sign and magnitude of charge, 117 
typical synthetic polymeric structures, 

116-117,118-119* 
Polymer properties 

effect of pressure, 160 
intrinsic viscosity, 159-160 

Polymer pumps 
mechanical degradation vs. volumetric 

efficiency and pump speed, 308, 
309/ 

selection criteria, 307-308 
Polymer shear degradation 

elimination by injection well 
modification, 302, 303/ 

investigation by laboratory floods, 302, 
303/, 304 

predictions of field degradation, 304 
Pol [ymer shear degradation during size-

exclusion chromatography, influencing 
parameters, 42-43 

Polymer slugs in porous media, 
propagation, 258-261 

Polymer-substrate interactions 
effect of cation, 92 
effect of cellulose ethers, 92* 

Polymer-water interactions 
temperature dependence, 90, 91/,92 
time dependence, 90, 91/ 

Polymeric-based high-performance 
packings for aqueous size-exclusion 
chromatography 

advantages and disadvantages, 41 
characterization, 41, 42-43* 

Polymeric flocculent performance, 
influencing factors, 114-128 

Polymeric flocculents, application and 
function in wastewater treatment, 
113-140 

Polymeric surfactants, background, 101 
Polymerization systems, adsorption and 

kinetic characteristics, 93, 94/ 
Polymers, use as shale stabilizers, 

174-175 
Polymers in drilling, future, 168-169 
Polymers as shale stabilizers 

effective polymers, 178*, 179 
ineffective polymers, 178, 179* 
laboratory performance test results, 176, 

177-178* 
Polysaccharide gels, 211 
Polysaccharides, classification by natural 

function, 6-9 
Polyvinyl alcohol), 1 3 C - N M R analyses, 

81-82 
Preliminary wastewater treatment, 

purpose, 129 
Pressure data analysis for polymer 

feasibility tests 
example of bottom-hole pressures, 295, 

296/ 
injectivity test results, 297, 299-300* 
techniques, 295, 297, 298* 

Pressure filters and filter presses, use in 
sludge dewatering, 140 
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446 WATER-SOLUBLE POLYMERS 

Primary sedimentation-clarification in 
wastewater treatment, effect of 
chemical treatment, 129,132i 

Propagation of polymer slugs in porous 
media 

concentration dependence of polymer 
spreading out at the trailing edge of 
the slug, 261/ 

effects of pore-wall exclusion on 
polymer velocity, 259, 260/ 

flow-rate dependence of polymer 
spreading out at the trailing edge of 
the slug, 261, 262/ 

influence of inaccessible pore volume, 
258-259 

spreading out of slug during 
propagation, 259, 260/, 261 

Q 

Qualitative analysis of 1 3 C NMR 
assignment of peaks, 76-77 
standard conditions, 76 

Quantitative analyses for 1 3 C NMR 
disadvantages, 79 
inverse gated decoupling, 77-78 
recovery of magnetization, 78 
size of computer memory, 78 
temperature effect on resolution, 78 

R 

Radial disk flooding 
description, 272-273 
disk configuration, 272, 273/ 

Radius of gyration, definition, 230 
Raw material in a coatings formulation, 

effect of replacement, 369-370 
Rayleigh factor, definition, 47 
Resolution for 1 3 C NMR 

definition in terms of line width, 74 
influencing factors, 74-75 

Reverse injection, description, 285/, 286 
Rheological measurements of aqueous 

drilling fluid, 199, 200# 
Rheological properties of macromolecules 

in solution 
mechanical degradation in elongational 

flows, 246 
viscosity in partly elongational flows, 

241-246 
viscosity in shear flows, 237-241 

Rheological properties of polymer solutions 
and gels, effect of polymer molecular 
weight, 219, 220-221/ 

Rub-up method for testing color 
acceptance in paint, description, 
347,348/ 

S 

Saccharides, structure, 4 
Sag resistance of paint, charts for two 

paints, 341-342, 343/ 

Salinity effect 
on adsorption, 193,194/ 
on filtration control for water-soluble 

polymers, 194 
in polymer-augmented waterflooding, 

276-277/ 
Salt sensitivity of macromolecules, 233 
Sample preparation for 1 3 C NMR 

filtration, 75-76 
reference to an internal standard, 76 

Sclerotium glucanium polysaccharide, 
description, 21-22 

Scrub resistance of paint 
effect of constituents, 346 
effect of molecular weight, 344,345f, 346 

Secondary polymer floods 
description, 282 
oil recovery, 282, 284/ 

Secondary wastewater treatment 
effect of a cationic polyelectrolyte on 

secondary sedimentation basin 
performance, 133/, 134 

purpose, 133 
unit processes, 133-134 

Selection of partially hydrolyzed 
poly(aciylamide) 

comparative behavior, 272-276 
mechanism, 271 
molecular weight, 276-278 
salinity, 276 

Selection of polymers for enhanced oil 
recovery 

fundamental criteria, 261-262 
influence of microgels on behavior in 

porous media, 264-265/ 
procedure for testing filterability, 262, 

263/ 
Selectivity of ethylene oxide addition 

effect of caustic level, 10-11 
effect of water, 11,12/ 

Selectivity of propylene oxide, reactivity 
profiles, 11,13/ 

Sensitivity of hydrophobically modified, 
water-soluble polymer thickened 
formulations 

dispersant and formulation surfactant 
effects, 410-413 

latex variation, 407-408 
percent monvolatiles by volume, 408-410 
pigment volume concentration, 401, 

403-406/, 407 
viscosity vs. shear rate, 403-405/ 

Shale formations, sloughing into the well 
bore, 156-157 

Shale stability, polymers, 174-175 
Shale stabilization, laboratory test methods, 

175-176 
Shale stabilizers, laboratory performance of 

polymers, 176 
Shale stabilizing mechanisms, 179-180 
Shales 

characterization, 173-174 
composition, 173 
drilling fluid interaction, 174 
polymers for stability, 174-175 
response to water, 173 
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INDEX 447 

Shear degradation 
vs. molecular weight, 160 
vs. structure, 160 

Shear-thinning regimen 
effective viscosity in glass bead packs, 

250, 251/ 
effective viscosity in sandstones, 250, 

251/ 
pore throat diameter determination, 

250-251, 252/ 
Silica-based high-performance packings for 

aqueous size-exclusion 
chromatography 

characterization, 41, 42-43i 
composition, 40-41 

Size-exclusion chromatographic 
distribution coefficient, definition, 33 

Size-exclusion chromatography 
absolute molecular weight detectors, 

46-49 
calibration curve, 32, 33/ 
chemical heterogeneity, 49-52 
column calibration, 43-46 
high-performance packings, 40 
mobile-phase selection, 34-38 
non-size-exclusion effects, 38-40 
polymer shear degradation, 42-43 
separation mechanism, 32-34 

Sludge dewatering 
description, 135 
unit processes, 136-137,140 

Sludge digestion, description, 134 
Sludge thickening, unit processing, 134-135 
Slurry process 

reaction profiles, 11,12/ 
use in maintaining viscosity control, 11 

Small particle size latex, influence of 
hydrophobically modified, water-
soluble polymers, 396-397/ 

Sodium lignosuff onate 
molecular weight control, 201 
structure, 201 

Sodium oleate solutions 
Huggins constant, 107,109f 
intrinsic viscosity, 107,109i,f 
weight-average degree of 

polymerization, 109/, 110 
Solids concentration, effect on particle 

interaction, 114 
Solids content, effect on drilling rate, 

157-158,160-163 
Solution polymers 

feed system, 124,126/ 
products, 124, 126 

Solution salinity, effect on thickening 
behavior, 243-244, 245/ 

Spatter 
definition, 344 
effect of molecular weight, 344, 345/ 

Sprayability 
definition, 421 
influencing factors, 422 

Stabilization of polymeric oil, mechanism, 
418-419 

Stabilizing polymers, field applications, 
180-181 

Starch, 14 
Static surface tension, definition, 315-316 
Static testing methods of shale-fluid 

interactions, description, 175 
Storage polysaccharides, 6-7 
Stormer viscometer, measurement of 

viscosity, 340 
Stormer viscosity, definition, 376 
Structural polysaccharides, 7-8 
Substrate-water affinity, effect of 

interfacial energy, 92, 93/ 
Sugars, 4 
Surface tension measurements 

data analysis, 319 
instrument design, 320-322 
materials, 319 
measurement of foam stability, 322 
surface viscoelasticity, 322-325 
Wilhelmy plate method, 319-320 

Surface viscoelasticity, surface dilational 
modulus, 323-325 

Surfactant effects 
high-shear-rate viscosity, 410, 411-413/ 
low-shear-rate viscosity, 413 

Suspension polymerization of vinyl 
chloride and styrene, 98-99 

Synthesis of low molecular weight 
poly (acrylic acids), methods, 145 

Synthetic water-soluble polymers, 
definition, 31 

System variables of flocculation 
composition of solids, 115-116 
solids concentration, 114 

Tertiary polymer floods, oil recovery, 282, 
283/, 285/ 

Tetrahydrophthalic salts acid 
molecular weight control, 200-201 
structure, 200-201 

Thermal breakdown temperature 
characterization cross-linking bond 

strength, 223/ 
definition, 223 

Thermal stability, metal cross-linked 
polymer hydrogels, 222-223/ 

Thickeners 
influence on high-shear-rate viscosities, 

401 
properties, 376f 

Thickening behavior 
effect of solution salinty, 243-244, 245/ 
effects of geometric factors, 242, 243/ 
effects of polymer concentration, 243, 

244/ 
effects of polymer conformation, 244, 

245/, 246 
in glass-bead pack vs. model including 

successive constrictions, 247, 248/ 
in two different glass-bead arrangements, 

246, 247/ 
pore-size dependence, 257, 258/ 

Thickening mechanism of paints 
effect of entanglements, 339, 340/ 

American Chemical Society 
Library 

1155 16th St . , N.W. 
Washington, D C 20036 
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448 W A T E R - S O L U B L E P O L Y M E R S 

Thickening mechanism of paints— 
Continued 

high-shear viscosity vs. amount of 
thickener present, 339 

high-shear vs. low-shear viscosity, 339, 
340/ 

mechanism of flocculation, 338 
Titanium cross-linked polysaccharide gels 

acid addition, 213-214 
competing reactions, 212-213 
cross-linking characteristics, 212 
hydrolysis of metals, 213, 214/ 
mechanism gelation, 212-214 

Trickling filters, description, 134 
Types of cellulosic thickeners, 334-336 

U 

Unheated pectins 
axial ratios vs. heated pectins, 66, 67f 
counterion binding vs. heated pectins, 66, 

67f, 68/ 
degree of polymerization vs. heated 

pectins, 64, 65/,t, 66, 67f 
number-average degree of 

polymerization, 60, 61f 
van't Hoff plots, 60, 61-62/ 

V 

Vacuum filtration, use in sludge 
dewatering, 137 

Vinyl acetate, grafting to 
(hydroxyethyl)cellulose, 351-366 

Vinyl acetate latices, percent 
(hydroxyethyl) cellulose grafted, 362, 
364r, 365 

Viscometry 
limitations, 49 
principle of operation, 48 

Viscosity 
high shear rate vs. Casson, 422-423 
high shear rate vs. initiator level, 422, 

423/ 
of cellulose thickener, 336, 337/, 338 
viscosity as a function of shear rate, 336, 

337/, 338 
Viscosity effects 

macromolecular crowding, 39-40 
viscous fingering, 39-40 

Viscosity in partly elongational flows 
effects of geometric factors on 

thickening behavior, 242, 243/ 
effects of polymer concentration and 

solution salinty, 243, 244-245/ 
effects of polymer conformation, 244, 

245/, 246 
flow through capillaries, 241, 242/ 

Viscosity in shear flows 
influence of polymer conformation, 240/, 

241 
intrinsic viscosity and macromolecular 

dimensions, 238/ 

Viscosity in shear flows—Continued 
shear-rate dependence 

of concentration regimen, 239-240/ 
of intrinsic viscosity, 239/ 

viscosity vs. shear rate and polymer 
concentration, 237/, 238 

Viscosity studies of hydrophobically 
modified (hydroxyethyl)cellulose 

experimental procedures, 102 
in aqueous solutions, 102, 103i 
using methanol, 103-107 
using sodium oleate solutions, 107-110 

W 

Wastewater treatment 
application of polymeric flocculents, 

113-140 
flow diagram, 129, 130/ 

Water mobility, control by high molecular 
weight water-soluble polymers, 
227-264 

Water resistance of paint, wet and dry 
adhesion, 346/, 347 

Water solubility, effects of structural 
features, 14-25 

Water-soluble cellulose ethers 
commercial importance, 9 
degree of substitution, 9 
molar substitution, 9 
production, 9 
reaction profiles, 11,12-13/ 
relative reactivities of addices, 9-10 

Water-soluble polymer-latex coating 
interactions 

first normal stress difference on shear 
rate, 397,398/ 

influencing factors, 391-392 
rheological profiles, 392/, 393 
thickening efficiency data, 392, 393* 

Water-soluble polymer-latex interactions 
importance of hydroprobes, 414, 415/ 
peformance differences, 414-415 

Water-soluble polymers 
adsorption, 85-99 
applications in oil and gas well drilling 

fluids, 171 
characterization, 71-82 
definition, 31-32 
dissolution, 184 
drilling fluid additives, 197-206 
effect of filtration control in modified 

bentonite slurries, 192-193 
effect of salinity on filtration control, 194 
role in oil well drilling muds, 155-169 

Water-soluble thickeners, shear-rate 
dependence of first normal stress 
differences, 398, 399-400/ 

Water treatment for polymer feasibility 
tests, filtration unit, 294/ 

Waterborne latex coatings, flowout 
problems, 396 

Waterborne polymers and coatings 
foam stability, 315-331 
surface viscoelasticity, 315-331 
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Weight-average degree of polymerization, 
determination, 109-110 

Wet and dry adhesion of paint, effect of 
molecular weight, 346jf, 347 

Wilhelmy plate method, description, 
319-320 

X 

Xanthan gums 
characteristics, 236f 
chemical structure, 228-229 

Xanthan g u m s — C o n t i n u e d 
molecular weight distribution, 234, 235/ 
salt senstivity, 233 
use in enhanced oil recovery processes, 

228 
Xanthomonas campestris polysaccharide, 

description, 22 

Y 

Yield stress of paint, effect on sag 
resistance, 344 
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