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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are
not accepted. Papers may include reports of research as well
as reviews, because symposia may embrace both types of
presentation.
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PREFACE

THE STATE OF THE ART for water-soluble polymers was the topic of a
workshop and symposium conducted in 1984, the first since a similar
symposium was organized for the 164th National Meeting of the
American Chemical Society in New York in 1972 by N. M. Bikales.

The symposium upon which this book is based included sessions on
polymer synthesis and characterization and on the performance of water-
soluble polymers in applications areas. The applied areas included water
treatment, petroleum, coatings, detergency, textiles, and the use of water-
soluble polymers as protective colloids in the emulsion synthesis of acrylic
and vinyl acetate latices and in the production of poly(vinyl chloride) by
suspension processes. Due to space limitations, many of the presentations
in both the workshop and the symposium are omitted from this book. A
detailed symposium on the synthesis and characterization of water-
soluble polymers is planned for the 194th National Meeting of the
American Chemical Society in New Orleans in August 1987.

In applications, cost-effectiveness defines the polymers of choice. A
detailed description of the polymers complementing evolution in
mechanical techniques in water-treatment processes is given in this
book. The solution properties of importance in the use of water-soluble
polymers both in petroleum recovery processes and in coatings applica-
tions are solution rheology, adsorption, and stability. The relative
importance of these parameters in their use in a variety of petroleum
processes, which include drilling and fracturing, and in coatings applica-
tions is discussed in this volume. The aqueous solution characteristics of
poly (2-ethyl-2-oxazolines), a product that may contribute significantly to
adhesive technology in the next decade, are also described.

The most significant advance in water-soluble polymers during the
past decade has been their modification with hydrophobic moieties.
Publications on polymeric surfactants, or water-soluble polymers, with a
moderate percentage of hydrophobic groups that significantly lower the
surface tension of water are abundant. None of the materials described in
this “prior art” relate to the technology being developed with water-
soluble polymers that contain surfactant-type hydrophobes that are
“appropriately placed”. This type of water-soluble polymer was devel-
oped for use in lubricating fluid formulations where they are accepted
commercial materials. The use of hydrophobically modified, water-

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.pr001

soluble polymers in the petroleum recovery areas has been explored, but
has not yet achieved acceptance. Products structurally different from the
polymers being used in lubrication fluids are achieving commercial
acceptance in cosmetic and coatings applications. Their solution charac-
teristics in the presence of conventional, low molecular weight surfactants
appropriate to their use in the cosmetic area are given in this book. Their
value from a consumer’s viewpoint and their mechanistic differences with
conventional water-soluble polymers used in coatings applications are
also discussed. Hydrophobically modified, water-soluble polymers of the
type discussed in this volume will receive significant attention during the
next decade.

I express my appreciation to those who participated in the sympo-
sium from which this book was developed.

J. E. GLASS

Department of Polymers and Coatings
North Dakota State University

Fargo, ND 58105-5516

December 1985

Xii
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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.

THE CHEMISTRY OF CARBOHYDRATE POLYMERS is an infrequent sub-
ject in college curricula. These macromolecules can be appropriately
introduced with the chemistry (1, 2) of the simple three-carbon mole-
cule, glyceraldehyde, which is the monomeric prototype for poly-
saccharides. The middle carbon is asymmetric (i.e., four different
groups are bonded to the center carbon); the two optical isomers (dis-
tinguished by the direction in which they rotate plane-polarized light) that
result are illustrated in structure I. In the dextrorotatory compound,
designated by a D prefix, the hydroxyl group is placed to the right of the
asymmetric carbon (C®) with the aldehyde group positioned above. In
the levorotatory compound (L prefix), the hydroxyl function is placed to
the left of the asymmetric carbon atom. As additional carbons (with
their hydroxyl functions) are added to this three-carbon molecule,
the number of isomers increases by 2", where n is the number of asym-
metric carbons. The D or L classification continues to apply to the

0065-2393/86/0213-0003$07.25/0
© 1986 American Chemical Society
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4 WATER-SOLUBLE POLYMERS

second to last carbon in the structural formula, regardless of the number
of carbons in the molecule. The saccharides are polyhydroxylic com-
pounds with a pendant carbonyl group and can be represented by the
formula (CH,0),. Pentoses (n = 5) and hexoses (n = 6) are the most
abundant; the six-carbon molecules are the most important industrial
class. The large number of asymmetric carbon atoms gives rise to 16
possible hexose isomers (half are of the D configuration, Chart I, and the
remainder are of the L configuration).

Sugars exist as cyclic structures in which six-membered pyranose
rings are favored over five-membered furanose rings. Open-chain, free
sugars have not been isolated, but some sugars have been detected in
trace amounts in solution equilibrium with their closed, ring forms. The
closed, ring-form sugars arise by internal condensation of a hydroxyl

CHO ?BO ?HO ?BO
H-é-OH HO-?-H H-C-OH HO-C-H
] \ ]
H-C-OH H-C-OH HO-?-H HO-C-H
H-é-OH H—é-OH H-?-OH H-%-OH
H-C-OH H-C-OH H-C-OH H-C-OH
] ] ] \
CHZOH CHZOH cnzon cnzon
Allose Altrose Glucose Mannose
9ﬂ0 ?HO 9H0 ?HO
H-?-OH HO-?-H H-?-OH HO-?-H
H-?-OH H-?-OH HO-?-H HO-?-E
HO-?-H HO-?-H HO-?-H HO-?-H
H-?—OH H-?-OH H-?-OH B-?-OH
CHZOH CHZOH CHZOH CHZOH
Gulose Idose Galactose Talose

Chart 1. D isomers of hexose.
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CH,0H hoo

Scheme 1. Equilibrium between D-glucose and a-D-glucopyranose (ring
form; shown in the Haworth projection).

group with the carbonyl moiety to form an acetal group. Cyclization cre-
ates an additional asymmetric center at the reactive carbon position, now
designated the anomeric carbon. Thus, D-glucose cyclizes preferentially by
reaction of the hydroxyl group on carbon 5 (numbered sequentially down
the open-chain structure from the aldehyde carbon) with the aldehyde car-
bonyl to form a six-membered ring (Scheme I). The newly created
hydroxyl group on carbon 1 can position above or below the plane of
the ring. With the pyranose ring drawn according to the Haworth con-
vention as in Scheme I, the pendant hydroxymethyl group of D sugars
lies above the ring plane while the corresponding group in the L series
lies below. Within either series, the isomer with the anomeric hydroxyl
group below the ring is called the o anomer; the corresponding hydroxyl
lies above the plane in the 8 anomer. The connection of rings through
two different anomeric bonds is an important feature in carbohydrate
polymers.

When linear hydrocarbons are structured in rings, the bond angles
between contiguous carbon atoms in a six-carbon ring prohibit planar
projections. The rings buckle and assume various conformations. Six-
carbon rings are known to exist most frequently in a chair form [struc-
ture IT (a = axial and e = equatorial)] in which substituent bonds to ring
carbons, hydrogen, or hydroxyl functions are axial or equatorial. Axial

I
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6 WATER-SOLUBLE POLYMERS

bonds are those parallel with the ring’s general axis of symmetry. Equa-
torial bonds lie in the approximate plane of the ring (with its greater
continuum of electron density) and generally have different reactiv-
ities than axial bonds. Of the conformations possible for the pyranose
ring, the one that minimizes steric repulsions among axially disposed
hydroxyls and the hydroxymethyl group is favored. Accordingly, the
conformation depicted in structure II is preferred by both anomers
of D-glucose because it positions the bulky hydroxymethyl and hydroxyl
groups on carbons 2, 3, and 4 in equatorial positions.

The difference between a and B linkages is illustrated by using the
glucopyranosyl unit in the construction of two disaccharides (structure
IIIa and b). If two glucopyranosyl molecules are joined through equatorial
bonds, the linkage is referred to as 8 and the product is cellobiose. If
glucopyranosyl units are joined through an axial linkage of one unit,
an « linkage is formed, and the product is maltose. Cellobiose is the basic
unit of cellulose (structure IIla) and maltose is the basic unit of starch
(structure IIIb)—two of the world’s most abundant polymers.

Classification of Polysaccharides by Natural Function: Storage,
Structural, and Extracellular

In general, the simple distinction of « versus g8 linkages between mono-
mer units determines the function of polysaccharides in plant cells. Stor-
age polysaccharides provide an energy supply for plant or animal cells.
Generally, storage polysaccharides possess an axial-equatorial bond (i.e.,
an a linkage) between the 1- and 4-positions of adjacent glucose units. In
plant cells, this energy source is starch, either amylose (linear macro-
molecules of maltose units) or amylopectin (a branched maltose macro-

H,OH CH,OH
0 o 0

HO

Illa
cu,on
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1. GLASS  Water Solubility in Carbohydrate Polymers 7

molecule). In animal cells, the energy source is a highly branched ar-
rangement of maltose units, glycogen.

Structural polysaccharides provide the rigidity and elasticity needed
to protect cells. Generally, structural polysaccharides are characterized
by equatorial-equatorial bonds (i.e., B linkages) between glucopyranosyl
units and, like storage polysaccharides, their macromolecular structure
varies with variation in life form. Unmodified cellulose is the primary
structural polysaccharide of plants. The B linkage produces a nearly
linear, extended macromolecular conformation (structure IV), which
permits close packing of polymer chains; this close packing in turn
encourages intermolecular hydrogen bonding (and crystallinity) be-
tween adjacent chains with minimum entropy loss to produce the rigid-
ity required in a structural material. The « linkage of storage polysac-
charides imparts a helical conformation to the glucopyranosyl chain
(structure V). The helix inhibits extensive interchain associations; there-
fore, the helix is unfit as a structural entity but excellent as an energy source
because rapid degradation for energy release is not hampered by the
necessity of first breaking strong intermolecular attractions.

o c.OM o O OM
o
(o] o) n

Ry

«7‘?@?@?
£ 00 04

\Y%
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8 WATER-SOLUBLE POLYMERS

In the lower animal forms (insects, spiders, and crabs), the C-2
hydroxyl group in cellulose is replaced with an N-acetylamino group
(structure VI) to produce chitin (3-5). In many life forms, this polymer
functions as the adhesive in a predominantly calcium carbonate matrix.
In higher life forms, amino acids are attached to the C-3 hydroxyl.

CH,y
f=0
\éo% 0% } O%I/
HO H-¥=o CH,OH
Hs
VI

Certain monosaccharides occur more frequently than others in
industrially important carbohydrate polymers. The monomeric units are
glucose, mannose, and galactose. In the glucopyranosyl ring, the
hydroxyl groups are equatorially positioned in the favored conforma-
tion. Mannopyranose is the C-2 epimer of glucose (i.e., the hydroxyl is
axial not equatorial); galactopyranose is a C4 epimer of glucopyranose.

Intricate structural variations will affect solubility and occasion solu-
tion properties not observed in the structures discussed previously; these
characteristics are found in polysaccharides produced by microorgan-
isms through fermentation synthesis. These extracellular polymers are
secreted by microorganisms either as (1) a capsule layer of polysaccha-
ride that clings to the outside of the cell wall or as (2) a slime composed
of polysaccharide that accumulates near the cell but eventually diffuses
into the aqueous medium. The slime has greater commercial potential
because of the ease of recovery. Fermentation polysaccharides can be
divided into two classes: (1) the simple polysaccharide homopolymers
produced by the action of a single enzyme in the presence of the
microorganism to produce a water-soluble polymer; and (2) the struc-
turally complex heteropolysaccharides requiring the sequential actions
of a group of enzymes produced by the microorganism.

The synthesis of carbohydrate polymers by fermentation processes
represents a more complex commercial process than those used in
obtaining water-soluble polymers by a slurry process (e.g., in the deriva-
tization of cellulose or guaran discussed below) because of the generation
of highly viscous solutions. The viscosity arises both from the conversion of
monomer (e.g., glucose) to polymer and from an increase in the number
of microorganism bodies. The increase in viscosity, particularly the
pseudoplasticity of the solutions, imposes mixing problems beyond the
general capability of standard production equipment to ensure the
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1. GLASS Water Solubility in Carbohydrate Polymers 9

necessary transport of oxygen and other ingredients to the microorgan-
ism. The reader is referred to other treatises (6, 7) for these and other
complexities in fermentation processes.

The solution properties of fermentation polymers that form helical
aggregates in aqueous solutions are unique with respect to the viscosity
retention at higher temperatures and to mechanical (discussed in Chap-
ter 11), thermal-oxidative and acid-catalyzed degradation, and fermenta-
tion polymers have therefore found cost-effective use in many areas of
application.

In the remaining sections of this chapter, derivatization techniques
and factors affecting the position of adduct substitution in the modifica-
tion of cellulose and the structural features that affect water solubility in
underivatized carbohydrate polymers are discussed.

Solubilization through Derivatization

As noted previously, cellulose is insoluble in aqueous solutions because of
intra- and intermolecular hydrogen bonding. Disruption of the polar
bonding sequences can be achieved through esterification or etherifica-
tion (of the anhydrides) to cellulose. Nonuniform addition occurs until the
backbone is highly substituted. To achieve water solubility, the fully sub-
stituted cellulose ester must be partially hydrolyzed. The commercially
important esters are used in plastics and other applications, not as water-
soluble polymers.

Water-soluble cellulose ethers are commercially important. Their
production involves the base-catalyzed addition of one or a combination
of two of the following four adducts: methyl chloride (CH;Cl), the
sodium salt of a-chloroacetic acid (a-CICH,CO, Na'), ethylene oxide,
and propylene oxide. As in the commercially important esters, mixed
ether adducts are produced to meet specific application requirements.

Two of the adducts, CH;Cl and a-CICH,CO; Na®, are added under
mole equivalent caustic conditions to produce methylcellulose and (car-
boxymethyl)cellulose (CMC). The degree of substitution (DS; see Chap-
ter 4 for NMR analysis) required to achieve water solubility is lower
with the anionic grouping (1.3 versus 0.6). The degree of substitution
achieved in the caustic-catalyzed addition of ethylene or propylene
oxide is difficult to determine experimentally because the generation of
new reaction sites with the addition of each adduct. The molar substitu-
tion (MS) of adduct per glucopyranose group can be quantified experi-
mentally (8) and the amount of substitution in oxide derivatives is
reported as an MS value.

The relative reactivities (8) of three of these adducts with the three
carbon-containing hydroxyl positions (C-2, C-3, and C-6) available on
each repeating unit under high caustic conditions are as follows [substit-
uent, relative reactivity (ks:ka:ke:k., where k. is the relative reactivity of
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positions generated by the addition of ethylene oxide to any of the pyra-
nose hydroxyls)]: methyl chloride, 5:1:2; sodium chloroacetate, 2.0:1.0:2.5;
and ethylene oxide, 5:1:8:12.

The addition of CH;Cl and a-CICH;CO; Na* requires equivalent
amounts of caustic, generating 1 mol of NaCl per mol of adduct reacted.
The addition of ethylene or propylene oxide is catalytic and exothermic.
This characteristic with the explosive potential of oxides, and the genera-
tion of a new, more reactive anion with each oxide added (the new,
more reactive anion promotes chaining and nonuniformity of substitu-
tion), has resulted in the use of a slurry process for the addition of oxide
units to cellulose products. For achievement of uniform substitution in
oxide derivatizations, a moderate concentration of caustic is required.
The moderate caustic concentration (e.g., an alkali-to-cellulose ratio of
0.37 or 6.8 M) complemented by the presence of a suitable water con-
centration (discussed later) disrupts the hydrogen bonding present in cel-
lulose and promotes the availability of all hydroxyl functions for substi-
tution. The similarity in reactivity ratios between high molecular weight
(hydroxyethyl)cellulose prepared via the slurry process (9) and that
observed from low molecular weight, water-soluble, regenerated cellu-
lose (10) supports this hypothesis.

Variation in ethylene oxide reactivity with the three pyranose
hydroxyls with caustic concentration was also demonstrated in the latter
studies. The water solubility ensured the availability of all hydroxyl
groups, which is not true in some commercial derivatization processes.
The relative reactivities as a function of sodium hydroxide concentration
observed in this study are as follows [sodium hydroxide concentration
(M), reactivity ratio (ko:ks:ke:k.)]: 0.75 M, 3.0:1.0:3.0:1.5; 2.50 M,
4.0:1.0:5.5:4.0; and 4.50 M, 4.7:1.0:8.5:12.0.

At the moderately high caustic concentration (4.50 M), a decided
preference for the addition of ethylene oxide to the primary hydroxyl
position (i.e., C-6 and the oxyanions generated on oxide addition) is
observed; as the caustic level is decreased, little selectivity in addition
occurs. A combination of two mechanisms was offered for this variance:
(1) a decrease in reactivity of the C-6 hydroxyl with decreasing base
(10, 11) due to a sheath of water around the primary hydroxyl and (2) a
decrease in reactivity with increasing caustic of the secondary hydroxyls
due to adduct formation between the base and the vicinal diols of the 2-
and 3-carbon positions (10, 12). Additional complexities due to a neigh-
boring group effects have also been indicated (13). A third mechanism
has been recently (14) suggested for this variance. A decreasing contribu-
tion of intramolecular hydrogen bonding of the C-3 hydroxyl to the C-2
oxyanion is proposed with increasing caustic. This results in high acidity
of the C-2 hydroxyl at low caustic and a low acidity at high caustic.

In Water-Soluble Polymers; Glass, J;
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The caustic sensitivity of ethylene oxide placement noted in the
above glucopyranose oligomer study has been used in controlling the
placement of ethylene oxide in derivatizing high molecular weight cellu-
lose via a slurry process (9) (the dispersant is generally an alcohol or
ketone). The slurry process is used to maintain viscosity control. In the
catalyzed ethoxylation of cellulose, 6.8 M NaOH is employed. A water
concentration between 9 and 13 wt % containing 6.8 M caustic is effective in
disrupting crystallinity and intra- and intermolecular hydrogen bonding
to facilitate the availability of all hydroxyl groups. If this combination is
used in the slurry addition of ethylene oxide to cellulose and the adduct is
added to an MS of 1.0, the caustic concentration can then be decreased to
0.1 M and the ethoxylation continued to achieve a water-soluble (hydroxy-
ethyl)cellulose. Direct ethoxylation of cellulose in a slurry process using a
0.1 M caustic concentration throughout results in nonuniform addition and
a water-insoluble (hydroxyethyl)cellulose even if highly substituted. Par-
tial neutralization at an intermediate MS of a standard 6.8 M slurry facili-
tates the availability of all glucopyranose hydroxyls if the intermediate
molar substitution product is not dried. Continued ethoxylation under
lower caustic concentrations facilitates equal substitution among the
three available positions. This approach permits greater substitution at
the C-2 position, and thereby, greater stability to enzymatic degradation
9, 15, 16). The importance of the amount of water added to the slurry
is evident in the substitution patterns (9) reflected in the percentage of
unsubstituted vincinal diol and of unsubstituted anhydroglucose units as
a function of the molar substitution of ethylene oxide. There is a dra-
matic difference in the unsubstitution patterns between 4 and 7 to 10
wt % water levels or between the 7 to 10 and 13 wt % concentrations
(Figure 1). The former transition reflects the amount of water required
(17) to complement caustic in affecting the availability of all of the glu-
copyranosyl hydroxyls; the latter transition is believed to be related to a
change in the reactivity ratios by a lower caustic concentration in the
cellulose-water matrix of the dispersed slurry at the higher water level.

The importance of water in changing the distribution pattern of
oxyethylene placement suggests that the relative placement of CH;Cl
and a-CICH;CO; Na" substituents would follow similar selectivity for
the C-6 hydroxyls if these adducts were added at a caustic level. This
selectivity has been observed (14).

When an anion is added to propylene oxide, only 2-4% of the
oxyanion generated is primary; the predominant species is secondary
(Scheme II). Due to steric and inductive effects, the secondary oxyanion
should be less reactive; more uniform substitution in cellulose derivatiza-
tion results. This uniform substitution is reflected in the reactivity profile
(Figure 2). The results are in part reflective of the greater selectivity in
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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) 13 wt % water. The alkali-to-cellulose ratio was 0.37.
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Scheme I1. SN2 reaction intermediate of propylene oxide.

oxyanion reactivity of propylene oxide relative to that of ethylene oxide.
This difference is illustrated in the selective reaction (14) of propylene
oxide with the oxyethylene end groups of an intermediate molar substi-
tution (hydroxyethyl)cellulose (MS = 1.0).

Both amylose and guaran are derivatized to low molar substitution
levels. High degrees of substitution except in limited application areas
are not necessary; the precursors are water soluble, and low levels of
substitution will improve their temperature solubility or facilitate addi-
tional purification of the precursors. Two primary polymer classes that

Percent
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1 1 1 1 1 1
00 10 20 30 40 50 60
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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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are derivatized for such purposes are starch and the galactomannans.
Direct derivatization of such polymers in their high molecular weight
form would result in significant viscosity due to their solubility. In guar
gum (guaran, discussed in a later section) derivatizations, borate ions (at
a 100-ppm concentration) complex with the 2,3-cis diols (i.e., axial-equa-
torial stereochemistry) on both the manno- and galactopyranose units
present in guaran to minimize solubility. This reactivity of the vicinal
diol structure, particularly with borates and titanates, represents a situa-
tion where a molecule’s stereochemistry is closely related with its utiliza-
tion. This relation is used in applications where viscous gels under high
temperature and pressure conditions are required, for example, in frac-
turing of petroleum and gas wells for increased productivity. This appli-
cation is discussed in Chapter 13.

Structural Features That Affect Water Solubility in Underivatized
Carbohydrate Polymers

Four structural features impart aqueous solubility to carbohydrate
polymers.

The first is branching. Branches on the macromolecular chain will
disrupt intermolecular associations and thereby promote solvation.

The second is ionizing groups. Ionizing groups such as car-
boxylate, sulfonate, or sulfate anions are readily solvated by water, and
such groups inhibit intermolecular associations through electrostatic
repulsions.

The third is interunit positional bonding. The most abundant poly-
saccharides are formed by condensation through the 1- and 4-carbon
units (designated 1—4). This bonding provides a highly symmetrical
structure and facilitates intermolecular association between units of dif-
ferent chains (i.e., if the connecting bond is a B linkage). Bonding
through the 1- and 3-carbon units (1—3) imparts less symmetry and pro-
duces slightly better solubilization (e.g., solubility in aqueous-caustic
media). Too few examples of 1—2 bonding exist to make a generaliza-
tion concerning solubility characteristics. Linkage through the 1- and 6-
carbon positions dramatically improves aqueous solubility. The 5-6 car-
bon-carbon bond is external to the pyranosyl ring and provides an
entropic contribution to solubilization through increased rotational free-
dom in the solubilized state. The linkage external to the pyranosyl ring
also provides a greater distance between rings.

The fourth is nonuniformity in the repeating structure. Nonunifor-
mity can be obtained by (1) alternation of the type of monosaccharide
units linked (i.e., to produce a heteropolysaccharide), (2) variation of the
linkage position (e.g., 1—4 alternating with 1—3, 1—2, and 1—6), and (3)
variation in the anomer linkage (i.e., alternating « with 8).
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The first three solubilization concepts are supported with specific
examples.

Branching. «(1—4)-GLUCOPYRANOSE. Storage polysaccharides
offer the best example of the effectiveness of branching in providing
solubilization. The a linkage of glucose units does not confer true solu-
bility to amylose (the minor component of most starches) but does create
an improvement of several orders of magnitude over B-linked units.
Amylopectin (structure VII), glycogen (structure VIII), and amylose
(structure V) all contain a backbone composed of a(1—4) linkages;
amylopectin and glycogen differ only by the frequency of branched
chains from the 6-carbon hydroxyl, and true solubility is achieved in
these polymers (18).

When a macromolecular chain is highly branched as in amylopectin
or glycogen, the thickening power of the polymer is compromised. The
effective sweep volume for a given molecular weight is lower than that
of the linear macromolecule. The problem of inadequate thickening by

VIl
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starch is in part economic. Starch is abundant and can be isolated with a
molecular weight of 1 million, but commercial starches have low molec-
ular weights, since low-cost rectification procedures result in molecular
weight degradation. Many commercial starches have very low molecular
weights because of intentional degradation (e.g., oxidation) to achieve
effects other than thickening.

B(1—4)-MANNOPYRANOSE. If the branching consists of short seg-
ments, spaced randomly, solubility can be achieved without compromis-
ing the macromolecule’s ability to thicken. Locust bean and guar gums
are examples of this type of carbohydrate polymer; the backbone struc-
ture is a repeating mannopyranosyl unit. The unbranched 2-carbon epi-
mer of cellulose, ivory nut mannan, unlike cellulose is not easily swol-
len by caustic and water. The placement of one-unit galactopyranosyl
branches from the 6-carbon of the repeating mannopyranosyl units
(in locust bean and guar gums) causes solubilization without com-
promising the rheological properties of the macromolecule.

Locust bean gum is obtained from carob trees and contains an aver-
age of six mannopyranosyl units for every galactopyranosyl branch. The
polymer achieved commercial acceptance in a wide variety of applica-
tions, but the limited growth potential of carob trees restricted its avail-
ability. When it was realized that the polysaccharide in guar gum seeds
was structurally similar to that in locust bean gum, and that the
potential availability of guaran was significantly greater, the utilization
of locust bean gum diminished. The mannose-to-galactose ratio (2:1) in
guaran is lower than that in locust bean gum (6:1). Originally, the
galactose branches in guaran were thought to be alternating (as il-
lustrated in structure IX). Research over the past decade (19-22)—
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combining periodate oxidations with statistical analysis and detailed
chromatographic separation of enzymatically degraded polymer residues
(23)—has shown that the galactose branches are randomly placed;
sequence runs with no branch attachments and sections where the
branches occur in contiguous sequences exist. However the galacto-
pyranosyl residues are spaced, the units are effective in disrupting inter-
chain associations and thereby promoting solubilization without com-
promising the inherent overall thickening potential of the main chain.

B(1—3)-GLUCOPYRANOSE. Short-chain branching in this family of
carbohydrate polymers affects solubility with dramatic viscosifying
properties. For organizational purposes, this class will be discussed
under Interunit Positional Bonding.

Ionizing Groups. Carboxylate, sulfonate, and sulfate groups are
the most frequently found ionic substituents in polysaccharides, with the
former the more abundant.

Carboxylate groups (-CO;H) are weak acids; their salt forms are
readily solvated by water and the charges inhibit intermolecular associa-
tions between chains. One of the most widely used commercial poly-
mers, carboxymethylcellulose (CMC), relies on such solubilizing groups.
The technology associated with the derivatization of cellulose to form
CMC is discussed under Solubilization through Derivatization. Two
naturally occurring structural analogues, pectinic and alginic acids, are
illustrated in structures X and XI, respectively.

Pectinic and alginic acids, like CMC, have a backbone comprised of
1—4 positional linkages between monosaccharide units (24, 25). Unlike
CMC, the carboxylate function is the C-6 carbon and the acid function is
not linked to the 6-, 3-, or 2-carbons as in CMC. When the acid function-

CcYs
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ality is attached to the 5-carbon, the structure is designated as a uronic
acid.

Pectinic acid is isolated from citrus fruits. Two types of products
are available commercially. As a thickener and gelling agent, pectinic
acid is commercially available in low- and high-methoxyl grades. In the
high-methoxyl product, at least 50% of the C-5 appendage exists as
methyl esters units. The high-methoxyl grades are gelled through hydro-
phobic bonding. Thickening is obtained in an acid medium, which low-
ers the free carboxyl ion content; the lower free carboxyl ion content
permits greater interchain association, which is potentiated by dehydrat-
ing agents (sucrose, glycerine, etc). The dilute aqueous solution proper-
ties of pectins are discussed in Chapter 3.

A second example of a naturally occurring carboxylated polymer is
alginic acid, isolated from giant kelp, found in the Pacific Ocean off
southern California and Australia. Alginic acid can be produced by a
number of different algae; the best known is Macrocystis pyrifera. Like
starch, alginic acid can be isolated in high molecular weight, if care is
taken in its rectification. Alginic acid contains unique block arrange-
ments of B-D-mannopyranosyluronic acid and a-L-gulopyranosyluronic
acid monomer units (structure XI). The structure of gulose is given in
Chart 1. This unusual copolymer arrangement was produced by nature
millenniums before the uniqueness of block copolymers was recognized
by synthetic polymer chemists.

Alginic acid, like pectinic acid, can be used as a gelling agent
through either the presence of divalent cations or the use of an acidic
medium. In general, a maximum viscosity is realized at a pH of 3.0-3.5.
Alginic acid polymers differ in structure with different types of algae,
which cause variations in the ratio of mannuronic to guluronic acid units.

Both the mannose and gulose monomer units of alginic acid have
the 2-carbon hydroxyl group in axial placement; in a Haworth conven-
tion of the pyranosyl ring, the 2,3-vicinal hydroxyl groups are in a cis
position (i.e., both above the plane of the ring). This position is in con-
trast to the trans arrangement of the vicinal hydroxyl groups in the
glucose- and galactose-based polysaccharides discussed previously,
where the 2-carbon hydroxyl is equatorially positioned. The cis vicinal
hydroxyl arrangement also is observed in guaran polymers; the cis
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arrangement is very reactive to multivalent ions (e.g., calcium, borates,
and titanates).

Carboxylate anions are the salts of weak acids and are therefore
susceptible to significant charge shielding in saline solutions. Without
high charge densities between repeating units that maintain the extended
polyion rod conformation through charge repulsions, the polymer col-
lapses (in highly saline solutions) and the viscosity of the solution
decreases. If the anion is the salt of a strong acid (e.g., a sulfonate or
sulfate group), saline solutions are less effective in decreasing viscosities,
increasing adsorption, etc. Such carbohydrate polymers are known (e.g.,
the carrageenans) and are discussed under Nonuniformity in Repeating
Structure. A modified cellulosic (cellulose sulfate ester) of this type has
been reported (26, 27). Uniform substitution can be achieved on cellu-
lose by first nitrating and then exchanging the substituents with sulfate
groups. The reaction sequence is illustrated in Scheme III. The econom-
ics of production for a commercial synthesis of this type will be less
favorable than those encountered with CMC. Some superior characteris-
tics for cellulose sulfate ester solutions have been observed and are dis-
cussed in Chapter 11.

Interunit Positional Bonding. A third factor important to achieving
water solubility is variation in the interunit bonding position. The sym-
metrical 8(1—4) bonding found in cellulose and ivory nut mannan pro-
motes an extended, near-planar macromolecular conformation that facil-
itates inter- and intramolecular hydrogen bonding, crystallite formation,
and insolubility. Derivatization to obtain aqueous solution solubility of
cellulose was discussed in the preceding section.

When the interunit bonding is g(1—3) as noted in the fermentation
polymer curdlan, solubility is apparent in hydrogen-bond breaking and
alkaline solutions. A B(1—3) bonding arrangement promotes helical

20H OH.ON%
o’ N‘O! o~
HO OH DMF ONO ONO
+ 3HNO;
DMF Qs ROH s
= 07+ NO, GO n o~
ONO
OSOH

+ RONO or HONO

Scheme II1. Synthesis of cellulose sulfate ester.
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structures as was noted in the a(1—4)-glucopyranosyl polymer (amy-
lose). An a(1—6) bonding unit permits greater rotational freedom than
bonding through a ring hydroxyl, and the C-6 position also increases the
distance between glucopyranosyl units; both factors favor water
solubility.

Two polysaccharides made by single-enzyme action and demon-
strating the importance of positional substitution patterns in promoting
aqueous solubility are the dextrans (3-5) and 1—6-bonded maltotriose
polymer (3-5).

Dextran is a polysaccharide that exhibits 1—6 unit bonding; dextran
is produced from sucrose by the action of glucosyltransferase, an
enzyme from the bacterium Leuconostoc dextranium, which transfers
the glucose unit to the growing dextran polymer. The most common
dextran consists of glucose monomers, 95% of which are linked by
a(1—6) bonds (structure XII); the remaining 5% are generally linked by
1—4 bonds, producing a branched structure. Approximately 80% of the
side branches are only one glucose unit; the remaining 20% are chains of
variable length when produced from B-511 enzyme (U.S. Department of
Agriculture laboratory code system). The specific enzyme systems of
different bacteria produce the structural variations described. Com-
plexing abilities of dextran are determined primarily by the position
of the branched units and are of importance in biomedical applications
where dextran is used as a plasma extender, a drug carrier, and as a
solubilized salt complexer.

Another example of 1—6 interunit bonding is illustrated by poly
[@-(1—6)-D-maltotriose] (structure XIII) produced from starch by the
yeast Pullularia pullulans. The a(1—4) linkages of starch are retained in
the three-unit segments; the three-unit sequence constitutes about 94% of
the macromolecule. Approximately 6% of the segments are four units in
length (not illustrated). The ambient temperature solubility not realized
on a long-term basis in amylose and realized only with a cost-thickening

XII
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penalty in amylopectin is obtained through the 1—6 position bonding
which occurs after every three or four 1—4 bonding units.

As noted under Branching, poly-B(1—3)-glucopyranose is solu-
ble in alkaline solutions, but cellulose [i.e., poly-B(1—4)-glucopyranose]
is not soluble. Solubility in neutral or acidic solutions in the poly-8-
(1—3)-glucopyranose family can be achieved if branching is introduced.
Such a polysaccharide is synthesized by the enzymes of the yeast Sclero-
tium glucanium (SGPS) (28). The structural formula is illustrated in
structure XIV; a glucopyranosyl branch occurs on every third main-
chain unit. The associations in SGPS leading to helical aggregates are
sufficient to promote three-dimensional structures that are not soluble in
saline or low-temperature solutions (<10 °C). If the branching occurs at a
greater or lesser frequency, aqueous solubility is decreased (29).

At moderate molecular weights (500,000 g/mol), SGPS is a very
effective thickener because of its rodlike behavior in aqueous solutions;
helices composed of three macromolecular chains are formed as well as
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three-dimensional networks (30, 31). The associations inducing the heli-
cal structures can be disrupted by the addition of dimethyl sulfoxide to
the aqueous solution (32).

Helical structures also can be formed from the B(1—4) repeating
structure (i.e., the insoluble cellulose macromolecular chain). This fer-
mentation polysaccharide, known as xanthan gum, is elaborated by the
bacterium Xanthomonas campestris (XCPS). The structure (33, 34) of
XCPS is given in structure XV. The helical structures of both SGPS and
XCPS provide a unique solution behavior that is compared with other
less-structured carbohydrate polymers in Chapter 11.

Even when optimized, none of the three solubility factors, even in
some rather unique arrangements provided in fermentation products,
yield water-soluble polymers with the solution characteristics necessary
for adequate performance in many applications. The carboxylated
polymers (CMC, XCPS, and pectinic and alginic acids) are sensitive
to the presence of divalent cations; alginic and pectinic acids precipi-
tate via “egg-crate” complexes (35, 36) (Scheme IV) in the pres-
ence of low concentrations of calcium ion. The carboxylated fermenta-
tion polymer XCPS is sensitive to precipitation by divalent ions at a solu-
tion pH above 8-9 and in neutral divalent ion solutions at higher
temperatures (>50 °C). In addition, XCPS is sensitive to borate ion
cross-linking, as is alginic acid, due to the presence of cis vicinal diols in
the branched units. The uronic acid polymers, pectinic and alginic
acids, are unstable in alkaline solutions. The C-6 carbonyl group acti-
vates the proton attached to the C-5 carbon, and a B-elimination of
the C4-bonded residue (Scheme V).

Cellulose sulfate ester is not as sensitive to divalent ions. This ester’s
rigidity in fresh water solutions provides many solution properties
associated with the helical fermentation polymers, but the ester group
in cellulose sulfate ester is not hydrolytically stable.
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Scheme IV. Schematic of egg-crate complex formation of alginic or
pectinic acid.

?Mo
C=0

o

Scheme V. Instability of uronic acid structure.

Despite these limitations the structural versatility available in
carbohydrate polymers appears to offer the possibility of obtaining
water-soluble polymers capable of meeting the performance demands in
many applications. With this thought, the fourth alternative to achieving
water solubility in carbohydrate polymers is considered.

Nonuniformity in Repeating Structure. Variation in the repeating
unit (i.e., heteropolysaccharide rather than homopolysaccharide) and
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alternation in the interunit bonding pattern (combining both anomeric
and positional changes) should in concept provide the means to obtain
aqueous solution solubility without
1. losing viscosifying power as noted in the a(1—6) or the
highly branched a(1—4) structures;
2. the salt sensitivity in helical structures noted in the g(1—4)
polyelectrolytes (i.e., XCPS); and
3. the multiplicity of problems cited in 1 and 2 with the heli-
cal B(1—3) class of carbohydrate polymers.

Realizing an optimum in aqueous solution properties through multi-
ple bonding patterns with variable pyranosyl units appears reasonable,
but providing specific examples in support of the concept is an elusive
task. Theoretical efforts (37-40) that consider conformational energy,
primarily estimating the configurational entropy per residue and estimat-
ing the degree of rotational freedom of torsional angles (structure XVI),
could offer insight if the methods were quantitative tools. Unfortunately,
the state of the art in such efforts is unrefined.

A limited example of the irregularity in structure thought to over-
come the limitations discussed is found in nigeran (structure XVII). This
carbohydrate polymer contains variation in the interunit positional bond-
ing pattern, but the repeating monomer and anomeric linkage are con-
stant. Studies of this polymer have been limited primarily to the solid
state (41, 42). The carrageenans, extracted from seaweed and harvested
on the coasts of Maine and Massachusetts, are other examples. Although
the repeating unit is constant (galactopyranose), the anomeric linkage
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varies with the interunit bonding patterns; the anomeric and positional
patterns alternate as 8(1—3) and a(1—4) linkages. This class, however, is
also not entirely suitable in that the main chain (structure XVIII:
k-carrageenan, R = H; (-carrageenan, R = SO3~) contains sulfate ester
groups. From the general solubility concepts discussed, it might be ex-
pected that the carrageenans would be readily soluble in aqueous solu-
tions and saline insensitive. This class of polymer, however, readily gels
with salts of monovalent io s (e.g., Kt or NH,"). Gelation is related to
helix formation and subsequent desolvation.

Agarose (structure XIX) is weakly anionic and is structurally similar
to the carrageenans. The polymer is soluble in hot (100 °C) aqueous
solutions but gels at ambient temperatures from moderately concen-
trated solutions. Agarose contains residues of 3,6-anhydro-a-L-galactose
that are considered in the carrageenans to promote gelation (36). Thus,
agarose is not a suitable example of what might be conceptually possible
in aqueous solubility and solution properties.

Conclusions

The primary problem in projecting structural relationships for water sol-
ubility in carbohydrate polymers is exemplified in the behavior of poly-
B(1—6)-glucopyranose. This problem relates to residual crystallinity. The
water solubility of the anomeric a(1—6) isomer (i.e., dextran) is justified
on its positional substitution pattern. That the difference in anomeric
bonding would not affect insolubility is expected; however, this polymer
appears to have an optimum gel formation temperature in the 5-25 °C
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range. Stipanovic proposed (43) that the gelation mechanism involves
crystalline regions that act as cross-links or junction zones to establish a
three-dimensionally stabilized network structure. The naturally occur-
ring B isomer contains approximately 10% acetylation and does not gel.
The low degree of glucopyranose branching might also be a factor in
inhibiting gelation in the anomeric (a) polymer (i.e., dextran).

Long usage of carbohydrate polymers has not to date provided suf-
ficient fundamental insights to project what might be achieved with
structural variations in carbohydrate polymers. Controlled synthetic
products to delineate structure-aqueous solution properties would pro-
vide direction and advance our understanding sufficiently for theoretical
projections to be of value. The type of insights possible with current
instrumental techniques [beautifully demonstrated in the g(1—6)-gluco-
pyranose study (43)] offers the possibility of adding significantly to
what has been inherited over the milleniums in this family of macro-
molecules. The reader who desires greater detail on each class of car-
bohydrate polymer discussed in this brief chapter is referred to the
recent series on The Polysaccharides, by Aspinall (44).
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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.

WATER-SOLUBLE POLYMERS represent a major class of polymers
comprising biopolymers as well as synthetic macromolecules. Biopoly-
mers consist of nucleic acids, proteins, and polysaccharides. Synthetic
water-soluble polymers comprise a large group of commercially useful
products such as modified cellulosics, poly(ethylene glycol), poly(vinyl
alcohol), poly(acrylic acid), poly(acrylamide), and a host of other poly-
mers. Inorganic polymers, such as polyphosphates, also fall into this
category. Most applications of synthetic water-soluble polymers depend
mainly on their viscosifying, rheological, and surface-activity properties.
As a result, water-soluble polymers find uses in many areas ranging from
food additives to flocculating agents.

To be water soluble, these polymers must contain hydrophilic or
ionic groups either as part of the backbone or as pendent groups.

0065-2393/86/0213-0031$07.25/0
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Because synthetic polymers may contain rather hydrophobic regions, a
correct balance between hydrophobic and hydrophilic-ionic groups
must be met to impart water solubility. In the case of polysaccharides,
glycosidic linkages and high hydroxyl content render them water solu-
ble. For proteins, the presence of amide and hydrophilic-ionic pendent
groups leads to water solubility. In addition to chemical structure,
branching, polymer stereoregularity, and configuration, as in the case of
polysaccharides, also play a major role in controlling solubility.

Molecular weight distribution and average molecular weights are
highly useful parameters in predicting end-use properties of these poly-
mers. Size-exclusion chromatography (SEC), also referred to as gel
permeation chromatography (GPC), is the premier characterization
technique used to measure these physical properties. However, because
of the presence of hydrophilic, ionic, and hydrophobic groups in water-
soluble polymers, a number of non-size-exclusion effects can lead to
erroneous results. The object of this chapter is to review the causes and
to present guidelines for eliminating these effects. Furthermore, state-of-
the-art developments in SEC are described in the areas of new high-
performance packings and detector systems. Chromatographic ap-
proaches that can be used to estimate the chemical heterogeneity of
polymers will be explored. Finally, a brief discussion of alternative
chromatographic techniques to determine molecular weight distributions
will be considered. A comprehensive review of all aspects of SEC is
beyond the scope of this chapter; therefore, readers should refer to ref-
erences 1-3 for past reviews of aqueous SEC and references 4-10 for
recent books on SEC.

Principles of SEC

The separation mechanism of SEC is based on the differential extent of
permeation of polymers into and out of porous particles packed into a
chromatographic column. Large molecules, which cannot penetrate the
pores of the packing, elute first followed by lower molecular weight
components that are able to enter the pores. The pore volume available
to a polymer is thus a function of the hydrodynamic volume and, to
some extent, the shape of the macromolecule.

Figure 1 represents a typical calibration curve obtained from SEC
in which the log (molecular weight or hydrodynamic volume) is plotted
versus elution volume, V,. The elution volume of a polymer is

Ve = Vo + KDVi (1)

where V, is the interstitial volume of the packed bed, V; is the pore
volume of the packed bed, and Kp is the chromatographic distribution
coefficient defined as the ratio of the polymer concentration within the
pores of the packing (V;) and the polymer concentration in the intersti-

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch002

2. BARTH Use of Aqueous Size-Exclusion Chromatography 33

kp = 0 kp = 1
T T
2
(7]
[-4
3
=]
e
€
(-
S
1 1
Vo V.r==V°+Vl

Figure 1. Typical SEC calibration curve. Kp is the SEC distribution

coefficient, V. is the polymer elution volume, V, is the interstitial or

exclusion volume, V is the packing pore volume, and V' is the total perme-

ation volume. Reproduced with permission from reference 11. Copyright
1984 Astor Publishing Corp.

tial volume, V,, Kp = C;/C,, where C; and C, are the solute concentra-
tions in the pore and interstitial volumes, respectively. Thus, Kp ranges
from zero for excluded polymer, V, = V,, to unity for a polymer that can
freely diffuse into the packing, V., = Vr = V,+V,, where V7 is the total
permeation volume of the column.

From a thermodynamic consideration (5, 1I), Kp can also be
defined as

Kp = exp(AS/R) (2)

where R is the gas constant and AS is the entropy change generated
when the polymer diffuses from the mobile phase into the pores of the
packing. In SEC, the separation is governed strictly by entropic rather
than enthalpic contributions in contrast to other chromatographic tech-
niques. Because of this fact, the separation depends only on molecular
size.

An important objective in developing SEC methods, which will be
treated in the next section, is to ensure that enthalpic interactions
between the polymer and chromatographic packing are absent. Elution
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of the polymer after V7 is indicative of non-size-exclusion effects. How-
ever, as will be discussed, even if Kp < 1, there is no guarantee that the
separation is based on size exclusion. This point is especially true for
polyelectrolytes.

Mobile-Phase Selection for Aqueous SEC

Mobile-phase composition must be selected to prevent enthalpic interac-
tions between polymer and packing. In the case of polyelectrolytes, poly-
mer-packing interactions can be caused by electrostatic as well as
hydrophobic forces, whereas for nonionic, water-soluble polymers,
hydrophobic forces as well as hydrogen bonding can lead to adsorption.
Electrostatic interactions can be classified as ion exchange, ion exclusion,
and ion inclusion. Intramolecular electrostatic interactions, which occur
with polyelectrolytes, also contribute to non-size-exclusion effects.

Ion Exchange. Most chromatographic packings have anionic
groups that can act as cation exchange sites. For example, in the case of
silica-based packings, residual silanol groups are responsible for ion
exchange of cationic polymers. Packings may also contain carboxyl
functional groups that can also behave as weak exchange sites depend-
ing on the mobile-phase pH. In the presence of ion-exchange sites, cationic
polyelectrolytes may show severe tailing extending beyond the total
permeation volume. Depending on the extent of this type of adsorption,
Kp may be quite large and the polymer may be irreversibly adsorbed
and not elute.

One possible method of eliminating this effect is to reduce the pH
of the mobile phase to below 4 to prevent dissociation of silanol or car-
boxyl groups on the packing. An increase of mobile-phase ionic strength
will also aid in the prevention of ion exchange. Depending on the nature
of the packing and the charge density and molecular weight of the
polymer, an ionic strength between 0.05 and 0.6 M may be required. If
these approaches are unsuccessful, a cationic compound, such as a low
molecular weight quaternary ammonium compound, may be added to
the mobile phase to compete with the sample for active sites (12). Alter-
natively, small amounts of sample added to the mobile phase may also
be employed to deactivate adsorptive sites.

Because of ion-exchange and other electrostatic interactions, bare
silica packings should never be used in SEC of polyelectrolytes. Surface-
modified silica packings should always be used to reduce the amount of
surface silanol groups. Most commercially available high-performance
silica packings for aqueous SEC consist of a chemically bonded station-
ary phase containing diol functional groups. Another way of overcoming
cation exchange is to employ packings derivatized with anion-exchange
groups (13). This approach produces a cationic charged surface; thus,
adsorption of similarly charged polymers is eliminated. A commercial
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packing, CATSEC (SynChrom, Inc., Linden, IN), is available, which con-
sists of polyethylenimine-coated silica. This packing is useful for the
SEC analysis of cationic polyelectrolytes (I14). Obviously, the packing
cannot be used for anionic polymers and, as discussed later, the ionic
strength of the mobile phase must be adjusted to eliminate ion exclusion
(see references 15-18 for papers dealing with SEC of cationic
polyelectrolytes).

Ion Exclusion. When an anionic polyelectrolyte approaches the
surface of packing containing anionic groups, the polymer cannot read-
ily diffuse into the pores of the packing because of electrostatic repul-
sive forces. This effect, first reported by Neddermeyer and Rogers (19),
is termed ion exclusion. As a result, peaks elute earlier than expected and
can lead to severe overestimation of molecular weights. Also, the elution
volume of the polymer varies with injected concentration accompanied
by peak fronting. Interestingly, SEC of chemically heterogeneous ani-
onic polymers can cause rather unusual appearing multimodal molecular
weight distributions if ion exclusion is not eliminated (20).

So that ion exclusion can be eliminated, the pH of the mobile phase

‘should be decreased (pH < 4) and the ionic strength increased. Depend-

ing on the nature of the polyelectrolyte and packing, an ionic strength
between 0.01 and 0.2 M should be sufficient to eliminate this effect.

Ion Inclusion. Ion inclusion is a rather unusual non-size-exclusion
effect that is a result of the establishment of Donnan membrane equili-
brium between ionic solutes in the interstitial volume (V,) and those
within the pores of the packing (V;) (21). The interface between V, and
V; can be considered as a semipermeable membrane. In the presence of
polyelectrolyte molecules, which have Kp < 1, associated counterions that
have Kp = 1 (i.e., counterions that can freely diffuse into and out of
pores) act as a driving force to pull more polyelectrolyte into V; to
equalize the chemical potential between V; and V, (22). This effect leads
to an increase in Kp or underestimation of the molecular weight of the
polyelectrolyte. The magnitude of this effect is related to the charge
density of the polyelectrolyte (23, 24). The effect that permeable coun-
terions have on the elution behavior of polyelectrolytes can be negated
or overcome by the addition of low concentrations of electrolyte to the
mobile phase (21). However, this addition gives rise to a totally per-
meated “salt peak” eluting at Vr that may interfere with molecular
weight distribution measurements. So that this type of interference can
be eliminated, the addition of a low pore-size column (~60-100 A)
helps to separate the salt peak from the polymer envelope (25, 26).

In addition to salt peaks arising from ion inclusion, another source
of error can come from ion exchange between counterions associated
with the polymer and ions from the mobile-phase electrolyte. For exam-
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ple, in the case of sodium (carboxymethyl)cellulose (CMC) chromato-
graphed in an acidic mobile phase (25)

Na,CMC + YH* — Na, ,H,CMC + YNa*

excess sodium ions from the injected sample will appear at Vr. Also,
mobile-phase mismatch during sample preparation is an important cause
of salt peaks, especially if fairly high ionic strength mobile phases are
employed.

Adsorption. Adsorption is an all-encompassing term in which
V. > Vr; it takes into account a variety of enthalpic interactions that can
occur between polymer and packing. As previously discussed, ion
exchange can be eliminated by increasing the ionic strength or decreas-
ing the pH of the mobile phase (27). Hydrogen bonding, which can occur
especially with polysaccharides, can be eliminated by the addition of
guanidine hydrochloride (28) or urea (29) to the mobile phase. Hydro-
phobic interactions, which can occur with polyelectrolytes as well as
nonionic water-soluble polymers, may be reduced or eliminated by
either decreasing the ionic strength or polarity of the mobile phase or by
adding an ionic surfactant. Furthermore, the stationary phase should be
fairly hydrophilic and should have relatively few hydrophobic sites.

In addition to aqueous mobile phases, water-methanol solvents
were used to analyze water-soluble cellulosics (20). Nonaqueous mobile
phases such as dimethylformamide (30-33) and dimethyl sulfoxide (34),
which are excellent solvents for polar and ionic polymers, were also
employed with and without added electrolytes. These mobile phases not
only reduce hydrophobic interactions between polymer and packing but
also help to prevent polymer aggregate formation.

Figure 2 illustrates these various types of interactions using low
molecular weight test solutes (35). In these experiments, the Kp values
are measured as a function of mobile-phase ionic strength by using a
high-performance packing material consisting of a glycerylpropylsilyl
stationary phase bonded onto porous silica particles (100-A pore size).
Because of the low molecular weights of these solutes, the Kp values
should be close to unity if size exclusion were the mechanism of separa-
tion. In the case of benzyl alcohol, Kp increases from 1.4 to 1.9 as the
ionic strength is increased to 2.4 M. This result is indicative of hydro-
phobic interaction. With arginine, a basic amino acid, Kp decreases from
1.35 when water is used as the mobile phase to unity when the ionic
strength is increased to 0.1 M. Adsorption, in this example, is caused by
ion exchange with residual silanol groups of the packing. Glycyltyrosine,
a hydrophilic dipeptide, shows no evidence of adsorption, and its elution
behavior is independent of ionic strength. At low ionic strengths, citrate
ions are ion-excluded from the pores of the packing because of electro-
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Figure 2. Dependence of the distribution coefficient, Kp, of test solutes on
mobile-phase ionic strength. Adapted from reference 35 and used with
permission. Copyright 1980 Preston Publishing Co.

static repulsive forces between solute and packing. This effect is
reduced by increasing the ionic strength to about 0.4 M.

Although these and other low molecular weight test solutes (35)
serve as useful probes for the characterization of SEC packings, opti-
mum mobile phase compositions established with these solutes may not
be applicable to polymers. Because of multiple and cooperative interac-
tions that occur with macromolecules, non-size-exclusion effects are usu-
ally much more severe and require further mobile-phase modifications.
Furthermore, many water-soluble polymers contain ionic, hydrophilic,
and hydrophobic groups so that a correct balance between mobile-phase
ionic strength and polarity must be maintained to avoid adsorption.

In addition to measurement of Kp as a function of mobile-phase
ionic strength to determine whether or not adsorption is occurring,
another approach, which is also applicable to organosoluble polymers, is
to measure Kp as a function of temperature. According to equation 2, Kp
should be almost independent of temperature if the separation is based
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strictly on entropic considerations. The universal calibration method (see
Column Calibration) can also be tested on well-characterized samples—
in the absence of adsorption or other secondary mechanisms, [9]M ver-
sus V, plots of chemically dissimilar polymers should fall on the same
line.

Summary. For optimization of SEC mobile-phase composition,
first a well-deactivated packing, either silica or polymeric based, which
has minimal residual silanol or ionic sites must be selected. Furthermore,
so that hydrophobic interactions can be avoided, the stationary phase
must be fairly hydrophilic and contain as few hydrophobic groups as
possible.

High ionic strength, low-pH mobile phases should do well for
polyelectrolytes. Under these conditions, ionic interactions between
sample and packing are minimized and the polymer is in a contracted
state. As a result, small differences in mobile-phase composition will not
affect elution volume. In addition, smaller pore size packings can be
employed. This effect is important in high-performance SEC in which
high-resolution large pore size packings (4000 A) are not commercially
available. Finally, when high ionic strength mobile phases are used, the
effect of chemical heterogeneity of ionic groups on molecular size is
reduced. However, the major disadvantage, of which one should be
aware, is the enhancement of hydrophobic interactions at high ionic
strength levels.

Other Non-Size-Exclusion Effects

Intramolecular Electrostatic Effects. Polyelectrolytes have unique
solution properties because of the presence of ionic groups along the
chain. When dissociated, these groups electrostatically repel one another;
this result leads to chain expansion. If an electrolyte is added to the solu-
tion, the chain contracts because of electrostatic shielding of these repul-
sive forces. As a result, Kp is a function of mobile-phase ionic strength
(25, 26). This effect can be seen in Figure 3 in which Kp of CMC is
plotted versus mobile-phase ionic strength (25). Kp is a strong function
of mobile-phase ionic strength up to a molar ionic strength of ~0.2.
Beyond this region, Kp appears to level off. This effect is caused by
molecular contraction; this fact is demonstrated by a plot of intrinsic
viscosity, [n], which is a measure of the hydrodynamic volume of a
polymer, versus ionic strength. As indicated, log [n] decreases with
decreasing ionic strength (25); this result suggests molecular contraction.
When mobile phases are developed for the SEC of polyelectrolytes, the
effect of ionic strength on [7] should be determined; the ionic strength at
which a minimum [5] is obtained should be employed if possible.
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Figure 3. Effect of ionic strength on intrinsic viscosity, [n], and dis-
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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 Kp 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-
troviscous 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. Two mechanisms have been proposed: macro-
molecular crowding and viscous fingering (37). In macromolecular

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch002

40 WATER-SOLUBLE POLYMERS

Ve

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.

crowding, the conformational entropy of a polymer is reduced as poly-
mer chains begin to overlap. As a result, Kp increases with increased
polymer concentration when the critical concentration is reached. The
term viscous fingering is used to define a phenomenon, also observed in
enhanced oil recovery, in which the less viscous mobile phase breaks (or
fingers) through the more viscous injected sample plug; distorted peaks
result. Because this type of peak distortion can be reproducible, the
appearance of multimodal distributions or shoulders may not be real. In
high-performance SEC, macromolecular crowding may occur with
samples having relative viscosities ranging from 1.1 to 1.8; viscous finger-
ing has occurred at relative viscosities of 2.1-2.6 (25, 38, 39).

The obvious method of eliminating these effects is to reduce sample
concentration. So that sufficient detector response is obtained, the injec-
tion volume may have to be increased or a more sensitive detector
employed. Depending on the viscosity temperature coefficient of the
polymer solution, increasing the column temperature may also help.
(This temperature increase also increases column performance.) The
mobile phase should also contain enough electrolyte to contract the
polyelectrolyte.

Commercially Available High-Performance Packings
for Aqueous SEC

In the past 5-6 years, a number of high-performance packings were
developed for aqueous SEC (I-3). These packings are divided into
silica-based (LiChrospher Diol, EM Laboratories, Elmsford, NY; Syn-
chropak GPC, SynChrom, Inc., Linden, IN; uBondagel and Protein
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I-Series, Waters Associates, Milford, MA; TSK-SW, Toya Soda, Ltd.,
Tokyo, Japan; and Shodex AQpak, Showa Denko K.K., Tokyo, Japan)
and polymeric-based (TSK-PW, Toya Soda, Ltd., Tokyo, Japan;
Spheron, Lachema, Brno, Czechoslovakia; Shodex OHpak and Shodex
Ionpak, Showa Denko K.K., Tokyo, Japan; and Plaquagel, Polymer
Laboratories, Inc., Shropshire, England) packings. Because of the fairly
intense electrostatic interactions caused by silanol groups, unmodified
silica packings are not considered because of their limited usefulness in
aqueous SEC. (See references 1 and 2 for a complete description of
molecular weight separation ranges of high-performance and conven-
tional packings.) For the most part, silica-based packings for aqueous SEC
consist of glycerylpropylsilane [Si(CH,);OCH;CHOHCH;OH] and re-
lated diol stationary phases. An exception is uBondagel, which contains a
polyether-bonded phase (40). CATSEC is a polyethylenimine-coated
silica, where the amino groups impart a positive charge on the packing;
therefore, these groups are suitable for the analysis of cationic polyelec-
trolytes (14). Because of the stability and inertness of silica-based packings,
these packings can also be used with nonaqueous mobile phases as well.

Hydrophilic polymer packings are becoming more popular, and a
number of these packings are now commercially available. The TSK PW
series contain -CH;CHOHCH,O- groups (41) and can be obtained in a
wide range of pore sizes (42). Spheron, a poly(hydroxyethyl methacry-
late) packing, is available in a variety of particle sizes, the smallest being
25-40 um. Shodex OHpak is a macroporous methacrylate-glycerol co-
polymer (43). A rather interesting packing is Shodex Ionpak, which is a
sulfonated poly(styrene-divinylbenzene) gel. Finally, a cross-linked
poly(acrylamide) packing, Plaquagel, was recently introduced.

In general, large pore size, high-performance silica packings are dif-
ficult to produce and use because of the lack of mechanical stability. In
addition, some of those packings that are available (>1000 A) have
rather broad pore-size distributions (44, 45). Because of the rigid, inert
structure of silica, these packings can be used in a wide variety of
mobile phases without loss of column performance caused by swelling
or shrinkage as is the case with polymeric packings. Polymeric packings
generally exhibit higher resolution for low molecular weight samples
(oligomers); these packings are available in larger pore sizes and are
more pH stable than silica packings. However, these packings are usu-
ally more hydrophobic because of the vinyl backbone and nonpolar
cross-links.

Pfannkoch et al. (35) reported on the characterization of packings
by measuring the Kp of low molecular weight test probes as a function
of mobile-phase ionic strength. Results of their study using citrate, argi-
nine, and phenylethanol to measure ion-exclusion, ion-exchange, and
hydrophobic interactions, respectively, are shown in Tables I-III. The
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Table 1. Kp of Citrate as a Function of
Mobile-Phase Ionic Strength

Mobile-Phase Ionic Strength®

Column 0.026 0.12 0.24 240
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 uBondagel 0.39 0.73 0.80 0.88

SOURCE: Reproduced with permission from reference 35. Copyright
1980. Preston Publishing Co.

2The mobile phase consisted of pH 7.05 phosphate buffer of the
ionic strengths indicated.

electrostatic interactions could be eliminated by the use of 0.1-0.2 M
ionic strength mobile phases. However, rather severe adsorption was
encountered, especially for uBondagel and Shodex OHpak, when tested
for hydrophobicity (Table III).

Polymer Shear Degradation

Only recently was the topic of polymer shear degradation during SEC
addressed (46-49). Mechanical degradation of polymers is a compli-
cated phenomenon and depends on a number of parameters including
wall shear rate, elongational strain rate, polymer concentration, the
nature of the solvent, and the chemical structure of the polymer.

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

Mobile-Phase Ionic Strengthe

Column 0026 0.12 024 0.60 1.20 2.40
TSK SW 3000 130 105 102 1.00 — 0.98
Synchropak GPC 100 135 106 101 — — 098
LiChrosorb Diol 153 115 1.05 099 — 1.07
TSK SW 2000 157 106 1.02 099 — 0.98
Waters I-125 170 123 116 108 — 1.05
Waters uBondagel 175 111 106 1.02 — 1.00

Shodex OHpak B-804 2.06 1.16 1.07 1.02 102 —

SOURCE: Reproduced with permission from reference 35. Copyright
1980 Preston Publishing Co.

“The mobile phase consisted of pH 7.05 phosphate buffer of the
ionic strengths indicated.
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Table III. Kp of Phenylethanol as a Function of
Mobile-Phase Ionic Strength

Mobile-Phase Ionic Strength®

Column 0.026 0.12 024 060 120 240
Synchropak GPC100 144 149 153 163 181 233
TSK SW 3000 147 150 153 161 181 235
Waters I-125 183 188 188 203 229 3.03
TSK SW 2000 195 202 210 230 271 4.01

LiChrosorb Diol 249 256 264 293 352 5.31
Waters uBondagel 532 519 537 597 7.44 1147
Shodex OHpak B-804 6.36 6.65 696 847 1096 —

SOURCE: Reproduced with permission from reference 35. Copyright
1980 Preston Publishing Co.

“The mobile phase consisted of pH 7.05 phosphate buffer of the
ionic strengths indicated.

Although each of these parameters was reviewed in detail (45), appar-
ently elongational strain rate and polymer concentration are highly criti-
cal factors.

Elongational strain rate is caused by the converging-diverging
flow behavior of the mobile phase as it passes through a packed bed.
As a result, the polymer experiences extensional forces that, if high
enough, could lead to chain rupture (50). If entangled polymers are
present, caused by the overlapping of chains, elongational forces are
concentrated at polymer junction regions; this effect enhances chain
cleavage (49).

So that the occurrence of polymer shear degradation is reduced,
relatively low linear velocities (flow rates) should be employed and
dilute polymer solutions injected. Furthermore, for reduction of shear
and elongational strain rates, small packing particle sizes (<10 um)
should be avoided especially when analyzing fairly high molecular
weight polymers (>500,000).

The complex hydrodynamics involved in an SEC system make it
difficult to give more detailed guidelines. Obviously, a considerable
amount of work is needed in this field to define the influence of SEC
operational parameters on polymer shear degradation.

Column Calibration

Although qualitatively comparing normalized SEC peak profiles to a
control and examining peak shapes to discern molecular weight differ-
ences among samples are very useful approaches, the determination of
average molecular weights and molecular weight distributions is usually
more informative. This determination requires that either the SEC sys-
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tem must be calibrated or a molecular weight detector must be
employed. The best method uses primary, monodisperse polymer
standards chemically and structurally similar to the sample; secondary
standards, which are chemically dissimilar to the sample, give apparent
molecular weights and should be used with caution; the method using
broad molecular weight distribution standards requires extensive data
processing and is useful only if the calibration curve is linear; the uni-
versal calibration method is good for characterizing chemically heteroge-
neous or branched polymers, but Mark-Houwink constants or a visco-
metric detector is needed and non-size-exclusion effects must be absent;
absolute molecular weight detectors, i.e., low-angle laser light scattering
and viscometry, are becoming increasingly more popular. This section
presents an overview of each of these procedures; however, for a more
detailed account, see references 6 and 7.

In SEC, the size of a polymer governs the separation process. The
logarithm of a molecular size parameter, that is, molecular weight or
hydrodynamic volume, for a series of monodisperse polymer standards
is plotted versus elution volume or Kp to construct a calibration curve.
As long as the polymer standards used to construct the calibration curve
and the sample that is being analyzed are chemically similar, average
molecular weights and the molecular weight distribution of the sample
can be easily determined from

M, = SN.MY/SNM; @)

where N; is the number of moles and M, is_the molecular weight at a
given incremental elution volume; if x = 0, M, = M, (number-average
molecular weight), if x = 1, M, =M, (weight-average molecular ar weight),
if x =2, M, = M, (z-average molecular weight), and if x = 3, M, = M,,
(z + 1 average molecular weight).

Unfortunately, relatively few commercially available water-soluble
polymer standards that are well characterized exist. Nonionic standards
include dextrans (Pharmacia Fine Chemicals, Piscataway, NJ, and
Research Plus, Inc., Bayonne and Denville, NJ), pullulan (Showa Denko
K.K., Tokyo, and Polymer Laboratories, Shropshire, England), oligosac-
charides (V-Labs, Covington, LA), poly(ethylene oxide), and poly-
(ethylene glycol) (Toyo Soda and Polymer Laboratories). Sulfonated
polystyrene, an anionic standard, can be obtained from Polymer Lab-
oratories or Pressure Chemical Co. (Pittsburgh, PA). The cationic
standard poly(2-vinylpyridine) can be obtained from Pressure Chemical
Peptides and Proteins can be used for ampholytic standards. Ampholytic
standards, proteins, are supplied by Research Plus. If standards are not
available that are chemically similar to the sample, apparent molecular
weight data can still be obtained from a “secondary” standard (I). How-
ever, the chemical composition and molecular conformation of the stan-
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dard should be fairly close to that of the sample for meaningful results.
Nevertheless, this calibration approach is easy and useful for deter-
mining only the relative molecular weight differences among samples as
in the case of process or quality control. (In the analysis of organosoluble
polymers, polystyrene is a commonly used secondary standard.)

If the sample can be fractionated and one (or two) well-charac-
terized fractions of known number and weight-average molecular
weights obtained, a broad molecular weight distribution approach can
be employed to calibrate the column. In this method, an iterative proce-
dure is used to construct a calibration curve from M, and M, values.
However, this approach requires appropriate computer software and,
more importantly, can only be used with confidence to define the linear
portion of a calibration curve.

When primary calibrants are not available or if the sample consists
of branched or chemically heterogeneous polymers, then the calibration
curve should be based directly on molecular size to obtain correct
molecular weight data. This calibration can be done conveniently by the
use of the universal calibration method first proposed by Benoit et al.
(51). The theory is based on the fact that each elution volume increment
will contain polymers of equivalent hydrodynamic volume. For a given
chromatographic system, a plot of hydrodynamic volume, M[n], versus
V. for all types of polymer should fall on the same line. For a given
elution volume increment

(M, = [n]eM: 4)

where the subscripts represent different polymers.

In practice, a calibration curve consisting of [n]iM; plotted versus
V. is constructed with a series of polymers of known molecular weight.
The corresponding molecular weight of the unknown (M;) at each elu-
tion volume can be obtained through the Mark-Houwink equation

[n] = KM* (5)

where K and a are constants for a given polymer-solvent system at a
specified temperature. By combining equations 4 and 5, we obtain

log My = (a; + 1)/(as + 1) log M, + 1/(a; + 1) log (Ki/K;)  (6)

Thus, Mark-Houwink constants of the sample must be known or a vis-
cometry detector employed to use the universal calibration approach.
Because of the availability of well-characterized, highly monodis-
perse polystyrene standards, which cover a broad molecular weight
range, silica-based packings for aqueous SEC may be calibrated with
these standards by using an organic mobile phase, for example, toluene,
chloroform, or tetrahydrofuran. After calibration, an aqueous mobile
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phase is then employed for the analysis of the water-soluble polymer
samples. By means of the universal calibration procedure, average
molecular weights may be calculated. For this method to work, non-
size-exclusion effects must be absent. The column, of course, must be
eluted with mobile phases of intermediate polarity to convert from an
organic to an aqueous mobile phase.

Absolute Molecular Weight Detectors

The ideal SEC detection system is capable of determining absolute
molecular weights of polymers. Assuming that the resolution of an SEC
column is sufficiently high such that each elution volume increment con-
tains monodisperse polymer, that is, M, = M,,, then detection systems
based on any classical molecular weight measurement can, in principle,
be used as an absolute molecular weight detector. Because of incom-
plete separation caused by peak dispersion and limited column resolu-
tion, absolute M, and M,, values are not possible unless rigorous band-
broadening corrections are employed (52). Although methods based on
M, measurements have been reported such as end-group analysis (53)
and vapor pressure osmometry (54), these detectors are limited to the
determination of low molecular weight components.

By far, the most popular absolute molecular weight deteciors are
low-angle laser light-scattering photometry (LALLS) and viscometry,
both of which are commercially available. Chromatix (LDC/Milton-
Roy, Sunnyvale, CA) manufactures two models: KMX6, which is a more
versatile instrument, and CMX 100, a lower cost unit designed specifi-
cally as an SEC detector. Toyo Soda Manufacturing Co., Ltd. (Tokyo,
Japan) has introduced an online LALLS unit, Model LS8, which is avail-
able in the United States only through special order. Wyatt Technology
Corp. (Santa Barbara, CA) has just recently come out with a multiangu-
lar, flow-through detector (Model Dawn F) that can be used to deter-
mine not only M,, but also the radius of gyration of polymers, a useful
measurement for characterizing polymer branching. In addition to a
number of laboratory-designed viscometric detectors reported in the
literature (55-58), a commercial flow-through unit designed for online
measurements is available from Viscotek Corp. (Porter, TX) (59).

As discussed in the next sections, polymer concentration must be
known at each elution volume increment to calculate molecular weights
or intrinsic viscosities. In view of this, a concentration-sensitive detector,
such as a differential refractometer, must be present in line with the
absolute molecular weight detector. The time delay between both detec-
tors must be known for proper indexing of detector responses.

Low-Angle Laser Light Scattering. In Rayleigh light scattering,
incident light, I,, interacts with a macromolecule; a temporary dipole
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moment that oscillates in phase with I, is induced. The macromolecule
then acts as a radiation source and emits light in all directions. The inten-
sity of scattering is a function of the scattering angle and proportional to
moleculatr weight and polymer concentration. Because we are interested
in the scattering caused by the polymer, a term called the excess Ray-
leigh factor, Ry, is used that is simply the scattering intensity of the solu-
tion, 4s(s0m), minus the scattering intensity of the solvent, igsa), normalized
with respect to I, and the scattering volume, V:

—Es — lﬂ(soln)I_‘IiB(solv) (7)

R, is a function of the scattering angle, which in turn depends on the
mass and radius of gyration of the macromolecule; however, if mea-
surements are made at fairly low angles with respect to the incident
beam, molecular weights can be obtained by using

Kc/R, = 1/M,, + 2Asc (8)

where c is the polymer concentration, A; is the second virial coefficient,
and K is an optical constant defined as

K= 2rn? ( dn )2(1 +cos?6) )

MN \ dc

where n is the refractive index of the solvent, A is the wavelength of the
incident beam, N is Avogadro’s number, and dn/dc is the specific
refractive index increment of the polymer solution.

Assuming that perfect resolution can be obtained in an SEC system,
then each volume increment that passes through the detector is mono-
disperse, or M,, in equation 8 is equal to M; in equation 3. Thus, with an
SEC-LALLS system, average molecular weights, molecular weight dis-
tribution, cumulative distribution, and polydispersities can be directly
computed. In addition, branching parameters (52, 60-62) can be esti-
mated. Because of LALLS’s high sensitivity toward high molecular
weight polymers, SEC-LALLS can also be used to detect the presence
of trace amounts of high molecular weight components in samples.

A number of limitations are present with LALLS. The accuracy of
the measurements depend on the degree to which dn/dc and A, are
known. Because these parameters depend on chemical composition and
molecular weight, appropriate corrections should be made when dealing
with chemically heterogeneous or highly polydisperse samples. As pre-
viously mentioned, calculated M, values will be somewhat higher than
true values because of imperfect resolution. This overestimation will
lead to an underestimation of polydispersity.
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One of the most serious errors arises from the fact that the LALLS
sensitivity decreases with decreasing molecular weight. Depending on
the polydispersity and molecular weight range of the sample, the low
molecular weight region may be truncated; an overestimation of M,
results. If relatively small amounts of high molecular weight material are
present, higher average molecular weights may be underestimated
because of poor response from the concentration detector. However, a
number of possible approaches to correct these effects such as increas-
ing the amount of injected solution and curve fitting exist. These limita-
tions will be covered in detail in a forthcoming review (63). Finally,
LALLS photometers are expensive, in excess of $20,000, and require
data acquisition and processing capabilities.

Viscometry. The principle of operation of the viscometric detector
is based on measuring the pressure drop, AP, across a capillary tube
(8, 60):

AP = kn (10)

where 7 is viscosity and k is a constant that depends on flow rate and the
dimensions of the capillary tube. When the pressure drop, AP,, in a ref-
erence capillary is measured, the relative viscosity of the SEC effluent
can be easily determined:

e = AP/AP, (11)
Because
[n] = ("_rel:i) = <%> (12)
c | =0 c /] =0
then
[n] = < M;_/.éfﬂ_)) . (13)

The polymer concentration, c, is measured by a concentration detector
in series with the viscosity detector and is assumed to be close to zero
for all practical purposes.

With known Mark-Houwink constants, the molecular weight of the
polymer at each elution volume increment can be determined by using
equation 5. If these constants are not known, the universal calibration
procedure can be employed, that is,

M, = [nhMi/[n)e (14)

where subscript 2 is for the unknown polymer. Furthermore, since both
[n] and molecular weight are known, branching parameters can be eas-
ily determined.
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Recently, a commercial differential viscometer has been made
available by Viscotek Corp. (59). The unit can be used both offline as
well as coupled to an SEC system. This instrument is based on a fluid
analogue of a Wheatstone bridge network. Limitations of this instrument
are similar to those of LALLS with the added constraints that tempera-
ture and flow rates must be well controlled, although with the balanced
bridge design tight temperature control may not be necessary (59).
Because shear rate through the capillary ranges from 1 X 103 to 5 X 10°
s}, the potential of shear degradation of high molecular weight samples
and the flow behavior of non-Newtonian polymers need further study.
Nevertheless, the detector offers many interesting features and should
prove to be a highly useful SEC detector.

Chemical Heterogeneity

Chemical heterogeneity in synthetic water-soluble polymers results from
differences in reactivity ratios among the monomers used in the synthe-
sis. In naturally occurring or modified water-soluble polymers, such as
polysaccharides, heterogeneity may be induced during biosynthesis, iso-
lation, or modification. For example, during demethylation of pectin,
nonuniform regions of polygalacturonic acid may occur depending on
reaction conditions. In the case of CMC, in which alkali cellulose is
reacted with monochloroacetic acid, substitution can take place on C,
G, and Cg hydroxyls of the anhydroglucose group. Although reaction
kinetics of each vary (64), eight possible combinations of (carboxy-
methyl)glucoses are present in CMC: (tricarboxymethyl)glucose; three
(dicarboxymethyl)glucoses (C; and C;, C; and Cg, and C; and Cs), three
(monocarboxymethyl)glucoses (C;, Cs, and Cg), and unsubstituted an-
hydroglucose.

The variation of chemical composition with molecular weight is
termed chemical heterogeneity of the first kind as illustrated in Figure 5.
If the chemical composition varies for macromolecules of equivalent
chain length (degree of polymerization) (Figure 6), this is called chemi-
cal heterogeneity of the second kind.

By use of concentration and specific detectors in series (Figure 7),
polymer chemical heterogeneity can be determined. Concentration
detectors based on measurements involving spectrophotometry, differ-
ential refractometry, dielectric constants, flame ionization (moving belt
type), and nephelometry (mass detector) can be used. The response of
these detectors may depend to some extent on molecular weight, chemi-
cal composition, and sample concentration. For accurate measurements,
calibration curves or response factors are required. The most commonly
used specific detectors are UV and IR spectrophotometers although oth-
ers, even including pyrolysis GC (65), have been reported.
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POLYMER CONCENTRATION

log(m.wt.)

Figure 5. Chemical heterogeneity of the first kind where F1, the fraction
of monomer in a copolymer, varies as a function of molecular weight.

POLYMER CONCENTRATION

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

Multidetector requirements to determine the chemical heterogeneity
of polymers are as follows: for refractometer and n — 1 wavelength
measurements

R= E?:lKiCi

A =ac,

An—l = Gnp-1Cn-1
and for n wavelength measurements

A= ac)

A, = aq.c,

R is refractive index (RI) response, K is RI response factor, A is absorb-
ance, a is absorptivity, and ¢ is concentration. For a polymer containing
n different monomers, then either a concentration-sensitive detector and
n — 1 wavelengths must be monitored or n wavelengths must be used
assuming, of course, that the monomers have distinct absorbance regions.

The simplest way of treating the data from dual detectors is to ratio
the peak heights of the specific detector to the concentration-sensitive
detector at a given elution volume across the peak profile. These mea-
surements should be corrected for nonlinear detector response behavior.
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The resulting ratios are then superimposed on the molecular weight dis-
tribution. Positive or negative deviations in these plots signify regions of
chemical nonuniformity. Another, more quantitative approach is to
normalize the specific detector response at each elution increment with
respect to the integrated signal intensity of the selective detector. With
appropriate response factors, monomer mole or weight fractions can be
computed.

Although this technique works well for copolymers, more complex
polymers may require several injections each monitored at different
wavelengths. With the introduction of high-performance liquid chroma-
tographic diode-array and rapid-scan detectors with computer capabil-
ity, this type of analysis is greatly simplified (66). In addition, Fourier
transform IR also holds great promise for compositional analysis of
complex polymers.

For determination of chemical heterogeneity of the second kind,
cross fractionation is required (67). One possible approach is to collect
fractions of equivalent hydrodynamic volume and separate them on a
second column. The second system may consist of a reversed-phase, ion-
exchange, or liquid-solid chromatographic column. This approach has
been termed orthogonal chromatography by Balke (66-68), and the
reader should refer to his excellent reviews (66, 69) for a complete discus-
sion. Although this technique has been used to characterize organosolu-
ble polymers, no literature regarding water-soluble polymer character-
ization exists.

Future Trends

SEC is the premier polymer characterization technique for determining
molecular weight distribution. However, the analysis of water-soluble
polymers, especially polyelectrolytes, requires careful choice of mobile-
phase composition and column packing. Although packing pore-size
selection and band-broadening corrections were not discussed in this
chapter, these topics should also be addressed for optimizing SEC anal-
ysis to obtain meaningful data. The use of new HPLC detectors such as
LALLS, viscometry, diode-array and rapid-scan spectrophotometers,
and Fourier transform IR, which are now commercially available, will
greatly extend the capability and usefulness of SEC especially for the
analysis of branched and chemically heterogeneous polymers. Other
online detection systems, such as dynamic light scattering and flow-
through NMR spectrometers, are on the horizon.

With the introduction of high-performance packings, viscosity
effects and the potential of polymer shear degradation have placed
severe constraints on the applicability of SEC for the analysis of high
molecular weight polymers. In view of this, alternative separation tech-
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niques, such as field flow fractionation, have great promise for the anal-
ysis of ultrahigh molecular weight polymers. Although rather time con-
suming and experimentally difficult to use, ultracentrifugation, practiced
for many years, has been underutilized for the characterization of syn-
thetic polymers. Considering that ultracentrifugation is an absolute
method of determining molecular weight distributions and can also be
used to estimate chemical heterogeneity, the use of this method unfortu-
nately has decreased over the years.

Column liquid chromatographic techniques, such as liquid-solid,
normal-phase, ion-exchange, and reversed-phase chromatography, ap-
pear to hold great promise for characterizing polymers especially when
mobile-phase gradients are used. Because these separations are usually a
function of several mechanisms, that is, SEC and adsorption, polymers
are separated on the basis of both molecular weight and chemical com-
position. Nevertheless, considering the high peak capacity and resolution
of HPLC, a great deal of information can be obtained about the nature
of a sample.
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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 lim.-o m/c, where c is
concentration, number-average molecular weights (M,) from
osmometry approached the M, 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(1-4)-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)
X 10* for protonated citrus pectins, whereas Pals and Hermans (6) found
M, to be 4.6 X 10* for the sodium salt of citrus pectin. More recently,
Jordan and Brant (7) reported an M, of 4.9 X 10* 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, 10),
and electron microscopy (11) indicated that pectins aggregate in solu-
tion. Aggregation is further supported by a preliminary observation that
M, 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. coPgright.
Published 1986, American Chemical Society

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch003

58 WATER-SOLUBLE POLYMERS

increased sensitivity and reliability, together with a better theoretical
understanding of aggregating systems (13), have prompted us to reex-
amine the osmotic properties of pectins to reconcile these various
observations.

Theory

A plot of reduced osmotic pressure, m/c, against concentration, c,
according to the van’t Hoff limiting law (14) yields

w/c = RT(1/M, + Bc) (1)

for a polydisperse system, M,, from the intercept of a straightline. (R is the
gas constant and T is the absolute temperature.) For a polyelectrolyte,
the second virial coefficient, B, obtained from the slope of a van't Hoff
plot contains three contributions

B =B, + By — Bu (2)

B, and By are positive contributions arising from the Donnan effect and
polymer-polymer interactions, respectively, whereas By is a negative
contribution due to preferential solvation effects (13).

So that structural information from equation 1 can be obtained, sep-
aration of the various contributions to B is necessary. Thus, protonated
and neutralized pectins were measured in 0.05 M NaCl. Under these
conditions, we assumed for the protonated form, which is a weak car-
boxylic acid

Biy ~ Bun = O 3)
Thus, from equation 2
By = Byu (4)

Here the subscript H refers to the protonated form of pectin.

Previously (8), we showed that the root mean square radii of gyra-
tion (R;) of pectins measured over the pH range 3.7-7.3 are the same
within experimental error. Thus

Buna = Buu (5)

Here, the subscript Na refers to the neutralized form. If we further
assume

B[[l,Na =0 (6)
Then
Bina= Bn, — By (7)
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Given the above approximations, the axial ratio (L/d) of pectin can be
obtained from solutions of protonated pectin by (14)

L/d = ByM,/1000V,V, (8)

Here V, and V, are partial specific volumes of solvent and polymer,
respectively, and L/d is the ratio of macromolecular length to diameter.

Furthermore, the effective charge (Z.;) on neutralized pectins can
be obtained from second virial measurements on protonated and neu-
tralized pectins by (14)

Zess = [4(Bna — BH)A_'InZM:;/lOOOVl]W 9)

Here m; is the molality of added salt, in this case NaCl.
Moreover, the fraction of dissociated counter ions, &, can be calcu-
lated from equations 10 and 11:

a = Zey‘f/zs (10)
and
Z, = DP,(1 — ¢)X¢ (11)

where Z, is the stoichiometric charge on neutralized pectin, DP, is the
number-average degree of polymerization, ¢ is the mole fraction of
galacturonate residues containing methyl esters, and X is the mole frac-
tion of galacturonate residues in pectin.

Experimental Section

Materials. Commercial citrus pectins with degrees of methy! esterification
(DM) 35, 58-60, and 70 were gifts from Bulmers 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 pH 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, AC 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 =
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 = 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 7 at ¢ < 0.1 g/dL were scat-
tered. Thus, experiments were conducted to obtain reliable values of #/¢ when ¢
=0.1 g/dL.

On the assumption that a slow approach to equilibrium produced scattered
w/c values for ¢ < 0.1 g/dL, the approach to equilibrium was followed by
measuring 7 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 .
The apparent number-average molecular weight, MiPP, 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, 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 DM of 35 or 37, the data were too scattered to obtain M, or B.

End-Group Titration. The M, 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 allowed to proceed for a minimum of 16 h. Within the precision of
our measurements, M, 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,,.

Results and Discussion

Unheated Pectins. As indicated in Table I, DP, by membrane
osmometry for the unheated pectins was found to be significantly higher
than values by end-group titration. The M, values for the high-methoxy
pectins (DM-70 and DM-72-73) in both acid and neutralized forms
ranged between 3.5 X 10* and 4 — 10*. These values are comparable to
those found by Owens et al. (5) but somewhat lower than the values
obtained by Jordan and Brant (7) or Pals and Hermans (6). The van’t
Hoff plots are shown in Figures 1 and 2. Correlation coefficients from
linear least squares were =0.97. If pectin aggregates as indicated by a
value of AGR, > 1 (AGR, is M,0:M,kcr, where EGT is end-group
titration; see Table I), then at ¢ = 0.1 g/dL, n/c must decrease with
increasing concentration until a minimum is reached. Initial studies at
¢ =0.1 g/dL gave scattered values of 7/c. Studies were initiated to see if
scattered w/c values were caused by a slow approach to equilibrium.
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Table I. DP, and AGR, for Unheated Pectins
Dp,
a AGR,’
End-Group Osmometry
DM Analysis Na H Na H
0 297+ 4.0 39+ 1 — 1.3+0.2 —
35 50.7t 9.0 183+11 — 36109 —
37 328+ 35 89+ 1 — 2.7+0.3 —
57 659+ 1.2 213+ 1 219+ 4 3.210.6 3.3%0.1
58-60 66.0+ 8.6 252+ 34 20110 38+%11 3.0£0.5
70 67.61+10.9 218+10 200+ 4 3.2+0.7 3.0£0.5
72-73 60.0+ 1.2 219+ 6 213+ 3 3.7£02 3.6+0.1

‘;The values were determined within 24 h of solution preparation.
AGR, = M, 0:M, gcr (EGT is end-group titration).

REDUCED OSMOTIC PRESSURE (w/C[cm(H,O)-dI/g]

!

1 1

0O 02 04 06 08 10
CONCENTRATION (g/dl)

Figure 1. van’t Hoff plots for sodium salts of unheated pectins. Key: § ,
DM = 0; ®, DM = 37;[0, DM = 35; O, DM = 58-60; O, DM = 57; A,
DM =70.
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Figure 2. van’t Hoff plots for protonated and sodium salts of unheated
pectins. Key: O, DM = 57, Na*; A, DM =70, Na*; B, DM = 70, H*; and
A, DM =57, H*.

Dissociation of Heated Pectins. With one exception, M2 for ¢ =
0.6 g/dL, as calculated from equation 1 with B = O, decreased slowly
with time. We concluded that such was probable by fitting M3
against time by the linear least-squares procedure. Correlation coeffi-
cients (Table II) were moderately to highly negative, except for the low-
methoxy protonated pectins. Examination of the data in Figure 3 reveals
that the high- (DM-70 and 72-73) and medium- (DM-57 and 58-60)
methoxy pectins in the protonated form and the low-methoxy pectins
(DM-35 and 37) in the sodium form required several days of incubation
before a decrease in M3® was observed. Thus, for these cases, data
were not fitted to a linear least-squares equation in view of the lag time
between incubation and an observed decrease in M*?, In the case of
low- and medium-methoxy pectins in the sodium form, M%® appeared
to decrease linearly with time, whereas the low-methoxy pectin in the
protonated form remained unchanged. These trends are shown more
clearly in Figure 4, in which the data were normalized for molecular
weight by the ratio (Mia*:M3¥) (i.e., M at time ¢ divided by the
apparent value extrapolated to ¢+ = 0). The overall rate (dMi*®/dt) in
order of DM is medium > high > low. Furthermore, at constant DM, the
rate is more rapid for the sodium salt than the protonated form.
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Table II. Decrease of M2PP as a Function of Time (Days) in 0.047 M NaCl and
0.003 M NaNj, for Pectins

H Na

DM —k®X10% b2X 107 Corr Coeff —kX102 bX10~> Corr Coeff

35 —-17 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 314104 —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 14102 25.5+0.1 —0.998

a

bk is the slope.
b is the intercept.

30k Na*
Zbém\
ST T s 57
73
20
s 37
10 1 1 1
40 H*

[%0]
(3]
[ 4

w

o
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/
[S. 3]
® ~
D
o
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(3]
T

APPARENT NUMBER AVERAGE MOLECULAR WEIGHT (Ma™)x 1073

L

15

ot

5 |
TIME (days)

Figure 3. MZP? as a function of time for protonated and sodium salts of

pectin. The concentration was 0.6 g/dL. Top (for Na*): @, DM = 57; A,

DM = 70; A, DM = 73; O, DM = 35; and @, DM = 37. Bottom (for

H*): A, DM =70; A, DM = 73; 0, DM = 35; ®, DM = 57; O, DM =
58-60; and B, DM = 37.
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Figure 4. M7: MZP as a function of time for protonated and sodium

salts of pectin. The concentration was 0.6 g/dL. Top (for Na*): O and W,

DM = 35 and 37; A and A, DM = 70 and 73; and O and @, DM = 57.

Bottom (for H*): O and B, DM = 35 and 37; A and A, DM = 70 and
73; and O and @, DM = 57 and 58-60.

_ Comparison of DP, for Unheated and Heated Pectins. A decrease
in M#® could be caused by changes in molecular weight, second virial
coefficient, or a combination of the two. Thus, after following the
decrease in M for 8-15 days, samples were diluted on the final day
and van’t Hoff plots obtained (Figure 5). In one case, the sodium salt
with DM-58-60, the van’t Hoff plot was obtained after treating the sam-
ple according to the procedure under End-Group Titration. A compari-
son of the data in Table III with that in Table I revealed that AGR, for
the heated and equilibrated pectins was lower than for the unheated
pectins. A comparison of second virial coefficients (B in Table IV)
revealed these coefficients were greater for the heated pectins. Gener-
ally, for comparable samples and conditions, the percentage change in
M2» is less than the percentage change in M,. For example, M for
the medium-methoxy, protonated pectins dropped by about 8% (Figure
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1
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REDUCED OSMOTIC PRESSURE (=/C[cm(H,0)-dI/
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Figure 5. Typical van’t Hoff plots for heated and equilibrated pectins
after 8-15 days. Key: B, DM = 0, Na*; 0, DM = 37, Na*; A, DM =70, Na™;
®, DM = 58-60, Na*; O, DM = 58-60, H*; and &, DM = 70, H*.

Table III. DP, and AGR, for Heated Pectins

DP,

(0) t AGR,’

End-Group smomety .
DM Analysis Na H Na H
0 297+ 40 51t 1 — 1.7+£0.3 —
35 507+ 9.0 126+ 1 — 2.5+0.5 —
37 328+ 35 94+ 3 — 29104 —

57 659+ 1.2 186+ 2 155+ 2.8+0.5 24+£0.5

58-60 66.0t+ 8.6 196+13 146*
70 67.6+109 178+ 7 170+
72-73 60.0+ 1.2 206+11 171*1

*AGR, = M, o/M, kcr.

3.0£0.6 2.2+0.3
2.6+0.5 2.6+05

3
4
7
0 34+02 29+02
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4) in 8 days, whereas M, decreased by about 30% (cf. Tables I and III).
Interestingly, for comparable samples, the percentage drop in M, of the
protonated form is either equal to or greater than the percentage change
in M, for the sodium form. For high- and medium-methoxy pectins, a
comparison of sodium and protonated forms also revealed no significant
difference in AGR, for the unheated pectins (Table I).

Comparison of Axial Ratios (L/d) and Counterion Binding for
Heated and Unheated Pectins. When L/d was calculated by using
equation 8, a value of 0.62 was taken for V, of the pectins and 0.56 for
poly(galacturonic acid) (I18). V), was taken as that of water. For the
medium-methoxy protonated pectins, L/d appears to have increased
somewhat with heating and equilibration, whereas heating and equilibra-
tion appeared to have no effect on the axial ratio of high-methoxy pectin
(Table IV).

The low-methoxy protonated pectin gave scattered data when van’t
Hoff plots were attempted. The solubility of poly(galacturonic acid)
was too limited to obtain van’t Hoff plots. Nevertheless, L/d and By
were calculated by the following procedure. PG was assumed to be a
rod (19) with a virtual bond length of 5 A (i.e., the length of a monomer
unit along the x axis) (20). Thus, the overall length (L) was calculated
from the product of the virtual bond length and the DP,. Furthermore,
when the diameter (d) was estimated to be 10 A, an approximate value
of L/d could be obtained and an approximate By calculated from equa-
tion 8 (Table IV).

Unlike the protonated pectins, van’t Hoff plots were obtained for all
the neutralized pectins, so that values of 1 — & (fraction of bound coun-
terions) were obtained from equations 9-11. A value of 0.78 was used for
X¢ in equation 11 (8). Counterion binding decreased for the heated and
equilibrated pectins compared to the unheated (Table IV). Furthermore,
for either heated or unheated pectins, 1 — « increased with decreasing
DM due to decreasing charge density. Decreasing the fraction of esteri-
fied carboxyl groups (¢) is analogous to the progressive neutralization of
a poly(acrylic acid) (21) (Figure 6) or increasing the percentage of
charged residues in a copolymer containing a mixture of charged and
uncharged comonomers (22).

Concentration-Dependent Dissociation. In light of the findings
that pectin dissociation required activation and that, in four of six cases,
several days of lag time ensued between activation and an observed
decrease in M3, a series of critical experiments were performed to
test the hypothesis that pectins undergo a concentration-dependent dis-
sociation. The experiments are described under End-Group Titration.
Remarkably, the minima in the van’t Hoff plots of Figure 7 are evidence
that neutralized pectins with a DM between 73 and 35 and protonated
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Figure 6. Counterion binding as a function of degree of esterification [(1

— €) X 10?] for heated and unheated pectin. Data for 0.015 N poly(acrylic

acid) were taken from reference 21. Key: @, unheated pectin; &, heated
pectin; and O, 0.0151 N poly(acrylic acid).

pectin with DM-72-73 undergo concentration-dependent dissociation in
the concentration range below 0.1 g/dL. Although not shown, the
DM-70, 57, and 58-60 pectins behave similarly. Values of n/c at the
intercept were calculated from M, values obtained by end-group
titration.

We note that in the absence of activation and the observance of a
lag time, our results were consistent with the osmotic pressure results of
previous investigators (5-7). Only after activation and observance of a
lag time were we able to obtain /¢ values sufficiently free of scatter in
the <0.1-g/dL range to observe reproducible minima in van’t Hoff
plots. Thus, we were able to recognize the concentration-dependent dis-
sociation of pectin, whereas others failed.

In cases where dissociation is accompanied by large free-energy
changes, the concentration range of nonlinearity should be rather nar-
row. Thus, the van’t Hoff plots in Figure 7 could arise from dissociating
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Figure 7. van’t Hoff plots demonstrating concentration-dependent dissoci-

ation of pectin. Values at the intercept were calculated from end-group

titrations. Key: 0, DM = 35, Na*; @ and &, DM =73 or 57, Na*; and (),
DM =73, H".

systems that form nonideal aggregates (13) under the influence of rela-
tively large free-energy changes.
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I3C-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.

POLYMERS MAY DIFFER 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) (I, 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. An absolute analytical technique for detection
of mean sequence distribution, branching, and other structural features
has appeared only recently, in the form of 3C NMR spectroscopy.

This chapter summarizes the state of the art of the characterization
of the structure of water-soluble polymers by *C-NMR. Examples are
given of the application of these techniques to several important poly-
mers. Most practical developments are so recent that very few reports
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link performance to variations in sequence distribution, substituent
placement, branching, and so on. Therefore, this important topic is left
to future reviews.

BC Analytical Techniques

Introduction. The application of *C-NMR spectroscopy to prob-
lems in polymer science is now well established. Continued advances in
theory, coupled with instrument improvements, make the technique
more useful in obtaining precise and detailed information about poly-
mers. The application of NMR to aqueous systems offers some interest-
ing possibilities and some unique problems.

The great advantage of *C NMR over '"H NMR is the larger chemi-
cal shift range (200 ppm for carbon versus 10 ppm for protons). Rela-
tively small structural variations can result in distinct spectral differences
in *C NMR. Under normal conditions of spectral determination, each
carbon appears as a single line without the complexity of spin-spin cou-
pling found in 'H NMR. Thus, under proper conditions, a great deal of
information can be obtained.

Instrumentation. Because the present concern is with polymers in
solution, a high resolution spectrometer is used. (The instrumentation
required for solids is somewhat different.) Further, because the nucleus
under observation is carbon, the discussion is restricted to pulsed Fourier
transform spectrometers. (Possibly, future developments will eliminate
the use of the Fourier transform techniques, but this usage is the current
mode.) Normally, the accuracy of the interpretation will depend on the
degree of dispersion, the resolution, and the signal-to-noise level (S:N).
The challenge is to obtain a spectrum with good signal and well-resolved
(separated) and narrow peaks in the shortest possible time.

Most commercial spectrometers are marketed with some number
attached to the name. This number normally refers to the proton fre-
quency for that particular magnet. Thus, numbers such as 100, 200, 500,
and so on mean that these spectrometers operate at 100, 200, and 500
MHz for protons. The corresponding carbon frequency is about one-
quarter (factor of 0.251) of the proton frequency; for example, a 400-
MHz spectrometer measures *C NMR at 100.6 MHz. [Occasional lapses
occur in this general practice, particularly in continuous wave (CW)
spectrometers. For example, the Perkin-Elmer R-12 and R-24 instru-
ments both operated at 60 MHz, while the R-32 is a 90-MHz spectrome-
ter. The Varian 360 is a CW permanent magnet 60-MHz spectrometer
and should not be confused with a Nicolet 360, which operates at 360
MHz. The Varian CFT-20 is really an 80-MHz spectrometer that is “dedi-
cated” to carbon.]
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In NMR spectroscopy, the chemical shift range and chemical shift
in parts per million (ppm) are independent of field strength. On the
other hand, the frequency range is directly proportional to field strength.
So that the 200-ppm range on a 100-MHz spectrometer (25 MHz for
carbon) is covered, a 5000-Hz region must be scanned. The range would
be 10,000 Hz (10 kHz) on a 200 instrument and 20 kHz at 400 MHz. If
line width, defined as the width at half the maximum height of a reso-
nance peak, does not change, then the chances of overlap will decrease
greatly as field strength increases. This relationship leads to a general
rule: use the highest field magnet that can be found.

In pulsed experiments, S:N is roughly proportional to the square
root of the number of scans. So that S:N is increased by a factor of 2,
four times as many scans must be run, with four times as much machine
time. However, other ways to improve sensitivity exist.

The signal in NMR spectroscopy is approximately proportional to
the field strength. Thus, changing from an 80-MHz spectrometer to a
250-MHz machine should result in a signal enhancement by a factor of
more than 3 with a time reduction of a factor of at least 9.

Improvements in electronics, particularly in probe design, also serve
to increase the signal. For example, a new 250-MHz instrument may
actually be better than an old 400-MHz unit and is probably a factor of 5
better than an old 80-MHz spectrometer. This consideration leads to
another general rule: all other things being equal, use the newest spec-
trometer available.

Most new spectrometers are designed for multinuclear use and are
supplied with broad-banded tunable probes. Although these probes are
more versatile, they usually will not have the sensitivity of a fixed-
frequency probe. Thus, a specific carbon probe will give better results
than a multinuclear probe that can be tuned to carbon.

The size of the sample can also be important in determining the
resolution and S:N. (S:N can be doubled by doubling the amount of
sample.) Proton spectra are normally run in 5-mm tubes although the
usual size for carbon spectra is 10 or 15 mm (double the radius and four
times the sample). The resolution may not be as good in a 10-mm sam-
ple, but this factor is not usually important with polymers because the
lines are naturally wide. However, a fixed-frequency 5-mm probe may
give better results than a 10-mm tunable probe. The correct sample size
may well be dictated by the spectrometer hardware.

Multiple scan accumulation requires a field lock system, particularly
with iron core magnets. This system is provided by locking on a
deuterium signal that is normally provided by the solvent. In the case of
aqueous samples, this signal can be provided by the addition of a small
quantity of D;O. (Some spectrometers can be equipped with an external
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lock system.) However, spectrometers equipped with superconducting
solenoids (supercon magnets) can often operate without a lock; the field
in these spectrometers may be so stable, over the time required to get a
good spectrum, that the need for a deuterium lock is obviated and, in
the present case, ordinary water can be used. Small amounts of drift
may cause some line broadening, but this problem is not important so
long as this broadening is less than the natural line width and does not
result in an unacceptable loss of resolution.

Finally, the spectrometer should be equipped with variable-temper-
ature capability and with computer capability (software and hardware)
to carry out special experiments.

Advances in technology are such that it is now possible to obtain a
spectrum in 1 h on a 5-mm sample that would have taken 24 h on a
10-mm sample 5 years ago. Probably, the 1 h will be reduced to minutes
in the near future. This rate of advance has always been true in the
history of NMR: possibly, a spectrometer that is state-of-the-art when
ordered is obsolete by the time it is delivered.

Sample Preparation and Resolution. The care required in prepar-
ing a sample of a polymer for ®*C NMR is often less critical than for
small molecules, but some important points need to be considered.

In NMR spectroscopy, resolution is usually defined in terms of line
width (width at half-height). Line width can be influenced by both the
sample and the spectrometer: the narrower the line, the closer two lines
can be to one another and still be resolved. Any nucleus can have a
natural line width, which is a characteristic of the nucleus and of the
chemical surroundings. This line width is determined by the relaxation
rate and becomes narrower as the lifetime of the excited state becomes
longer. For 3C NMR of small molecules in dilute solution, this natural
line width is usually less than 1 Hz. However, as the molecular weight
increases, or as the viscosity increases, the overall molecular motion is
slowed and dipolar relaxation (T;) increases; the result is that the line
width increases. For this reason, the line widths found in the *C NMR
spectra of polymers are inherently larger than those for small molecules.

Some aspects of resolution are at the control of the spectroscopist.
The magnetic field homogeneity must be maximized and lines must
have the proper Lorentzian shape; that is, the magnet must be properly
shimmed. The sample solution must properly fill the coils in the probe-
head and be free of both solids and paramagnetic impurities; for exam-
ple, a trace of metallic nickel or iron can cause severe line broadening.
Sample tubes should have a very uniform wall thickness, be very
straight, and be concentric. These requirements usually imply that the
quality of the tube increases with the price. The sample is normally
rotated (spun) on its long axis at a rate of 20-30 Hz to average out field
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inhomogeneities over the entire sample. This rotation can introduce
spinning side bands that may interfere with the spectrum, but spinning is
required for really high resolution work. Finally, the magnetic field must
be kept constant during multiple scan accumulations, and keeping the
magnetic field constant is normally done by locking as mentioned
earlier.

As noted previously, line widths in the 3C NMR of polymers tend
to be broad, and some of this broadness is related to relaxation times.
However, a broad line may also be due to the unresolved near superpo-
sition of a series of narrow lines; that is, particular carbons within a
polymer molecule may each have a narrow line but a range of chemical
shifts that is slightly greater than the line width. The net result will be an
apparently broad line that is really the summation of a distribution of
much narrower lines. In this case, an increase in magnetic field could
result in peak structure developing as the lines are pulled farther apart.

For these reasons, the initial studies on any polymer should be done
at low solution viscosities (low concentrations), in good-quality tubes,
with spinning and with an internal lock, and at as high a field as possible.
If, at this point, the lines are wide (>5 Hz), then simplifications can be
made. Increased concentration will improve S:N and shorten run times.
Spinning of the sample may not be necessary, and spinning side bands
can then be eliminated. A lock signal need not be used, and the sample
would not require addition of D,O.

Line widths are adversely affected by high viscosity, and viscosity
should be kept as low as possible. One approach is to increase the sam-
ple temperature, and in this respect, water (or D,O) is a good solvent
because it has a relatively high (100 °C) maximum temperature. (We
have used water up to 130 °C in sealed tubes.) However, increased
temperatures can cause other problems. First, a temperature increase
causes a decrease in the population difference between spin states
(smaller magnetization) with the result that S:N decreases. Second, the
relaxation time increases and a longer delay must be allowed between
pulses, particularly in quantitative work. Third, the polymer may
degrade at elevated temperatures over the time of the run. Finally, some
polymers, such as poly(vinyl alcohol), have a negative solubility coeffi-
cient in water and may precipitate as the temperature is increased.

High molecular weight polymers may give very viscous solutions
even at low concentrations. A somewhat novel approach to viscosity
reduction is the use of mechanical shearing to modify a polymer. This
shearing is accomplished by exposing the solution in an ultrasonic
cleaner bath. However, demonstration that the polymer is unchanged
may be necessary, at least in terms of its NMR spectrum.

The standard practice is to remove all solids from an NMR sample
by filtration. The usual line broadening caused by solids may not be
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important in *C NMR, and a very viscous solution may be difficult to
filter. For this reason, sometimes polymer and solvent can be added to
the tube and dissolution allowed to occur in the NMR tube. Any solid
particles do not contribute to the NMR signal (very broad lines), but a
polymer that is not completely soluble may yield anomalous results if
the soluble material is not representative of the whole polymer.

Finally, NMR spectra have to be referenced to some internal stan-
dard. Tetramethylsilane [(CHs),Si], the usual *C standard, cannot be
used in aqueous solution, and water does not contribute any peaks that
can be used for calibration. The aqueous standard (CHj3);SiCD.CO,Na
contributes the three extra lines to the spectrum (split further by deu-
terium), and its ionic (soaplike) nature could adversely affect solution
characteristics. Probably the best standards are small water-soluble
organics that give one or two sharp lines in the spectrum; for example,
both methanol and p-dioxane give single lines and tert-butyl alcohol
gives one strong and one weak peak. The material chosen should not
have a peak in the polymer absorption region and should, in a separate
experiment, be referenced to a more usual silylated standard in the
aqueous polymer medium. (Chemical shifts are somewhat solution
dependent.) Obviously, the standard chosen should not cause the poly-
mer to precipitate.

The Spectrum. NMR spectroscopy has both qualitative and quan-
titative aspects. For 'H NMR this differentiation is immaterial, but for
3C NMR the two aspects should be considered separately.

QUALITATIVE ANALYSES. The standard conditions for *C NMR on a
particular spectrometer should be well-defined. Broad-band decoupling
(removal of all C-H couplings) will normally be used. Probably, two-
level decoupling should be used to prevent overheating: a low level of
decoupling power sufficient to maintain the nuclear Overhauser effect
(NOE) is applied during waiting periods and a high level of power is
applied during the acquisition. Most new systems operate with de-
coupling programs such as a Mlev or Waltz, and these programs should
be used if available.

The importance of magnetic relaxation is more apparent under
Quantitative Analyses, but some relaxation delay should be allowed
between pulses. This delay is particularly important if a small number of
quaternary carbons are present; rapid pulsing can cause their bands to
disappear.

At this stage, the digital resolution and S:N should be such that abso-
lutely all peaks are visible; that is, a small peak should be detectable if it
has 5% of the intensity of the strongest peak.

The peaks obtained must be assigned to polymer structural features.
This assignment might be straightforward (an ester peak at 175 ppm) or
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not (e.g., a small peak at 62 ppm). The spectrum could be run again in
the off-resonance decoupling mode in which case methyl groups show
up as quartets, -CH,- as triplets, -CH as doublets, and quaternary car-
bons as singlets. However, for a polymer, this situation can become very
messy, and a pulse sequence that modulates the spectrum according to
the C-H couplings [J modulated (6), Dept (7), etc.] is much better to
use. These spectra usually require about the same amount of time as
broad-band decoupling and can probably be run instead.

The application of two-dimensional (2-D) spectra to polymer work
is not common, probably because these spectra are easiest to do in the
proton-proton sense (8). However, carbon-proton correlations should
prove to be useful (for example, a quaternary carbon will not correlate
with any Hs), and the potential for carbon-carbon correlations, at the
natural abundance level, is even greater.

The assignment of functionality at this level may be easy or diffi-
cult, but the next level of assignment can be more critical and is certainly
more difficult. As mentioned previously, small structural variations can
cause observable spectral differences. The structural variations can
include any or all of the following: tacticity (diad, triad, etc., level),
propagation anomalies (head-to-head versus head-to-tail placements),
and sequence distribution variations in copolymers. Determining which
of these variations, or which combination of these variations, is respon-
sible for a set of peaks may not be easy, and each polymer may have to
be treated differently. For example, if the sample is a homopolymer,
sequence distribution variations are ruled out and propagation anoma-
lies can cause large shifts that could possibly be calculated by using
empirical correlations. Tacticity considerations can be greatly simplified
if a method exists that allows for the synthesis of a stereoregular version
of the polymer.

Finally, if all else fails, synthesis of compounds that correspond to
oligomers of the polymer of interest might be necessary. Unambiguous
syntheses such as these can be extremely challenging in both an intellec-
tual and technical sense.

QUANTITATIVE ANALYSES. One of the very useful features of 'H
NMR on a CW spectrometer (single slow sweep) is that peak area is directly
proportional to the number of Hs producing that peak. Therefore, hy-
drogens can be counted by NMR. This feature carries over into proton
spectra obtained with an FT spectrometer. Carbon, on the other hand, is
more difficult to determine quantitatively. Broad-band decoupling of
hydrogen introduces an NOE; NOE is a dipolar effect that operates
through space. A theoretical maximum enhancement of nearly 2 is often
observed for all carbons, including quaternary, in polymers. For quantifi-
cation of ®C spectra, the data must really be accumulated in a
decoupled mode but with no NOE. This accumulation is normally done
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by running a sequence in which the decoupler is transmitting only dur-
ing the time of the acquisition. The C-H coupling disappears very
rapidly (microseconds) after the power is turned on and the NOE grows
in at the same rate as T,. This form of decoupling is known as inverse
gated and should eliminate the NOE. [This feature is true only if the
acquisition time (a system-defined parameter) is much shorter than the
relaxation time and this relationship is not always true of polymers.]

Some feel for “rotating frame” and “angle of magnetization” is
required to understand the next phenomenon. A discussion of these con-
cepts is found in any NMR textbook (9). The maximum signal is
obtained for a 90° pulse angle. (The 90° pulse angle must be constant
across the entire sweep range.) For the second accumulation to be iden-
tical with the first, the magnetization must be allowed to return to its
initial value. The recovery of the magnetization is a first-order process
with a rate constant equal to 1/T;. Recovery to exactly the same value
would obviously require a time approaching infinity; as a compromise, a
time equivalent to 5 times the longest T is usually suggested. Carbon
relaxation times in polymers are typically less than a few seconds. How-
ever, T; values of 5-10 s were observed, and these values dictate delays
of 30 s-1 min. The T, values may need to be measured experimentally.
This measurement is relatively easy to do by a number of techniques,
but the measurement does require further experimentation. (This should
be compared to a nonquantitative spectrum that would be obtained with
full NOE at a repetition rate of 5-50 pulses/min.) Thus, the requirement
for quantitative data greatly increases the amount of machine time
required.

The use of elevated temperatures to improve resolution has already
been mentioned. However, a higher temperature lowers the inherent
sensitivity (more scans required) and increases T; values (more time
between scans) by increasing molecular motion. A compromise has to be
achieved between the amount of machine time available and quality of
data required. This compromise may not be based on purely scientific
considerations.

One further parameter needs to be considered in association with
quantitative work—the size of computer memory required. The spec-
trum produced by an FT spectrometer is an analogue plot of digitized
data (the algorithm joins the data), and how many data points are
required to accurately reproduce a peak must be considered. A rough
guide is to have at least five points per peak. For a wide peak, this
number might be easy, but care must be taken with narrow peaks. The
number of points per frequency unit can be increased by decreasing the
frequency width observed (this action increases acquisition time) or by
increasing the data size (this action increases acquisition time and pro-
cessing time). A sweep width and memory size suitable for a qualitative
analysis may not be correct for a quantitative spectrum.
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Under some circumstances some of these warnings can be ignored.
For example, consider a polymer that contains acid and ester functional-
ities and that has the two sets of carbonyl signals separated. That all the
acid carbonyl carbons are more or less equivalent in terms of their
NOE:s and their relaxation rates can then be assumed, and thus internal
relative areas are correct regardless of the acquisition parameters. The
same should also be true between the ester carbonyls. However, the
approximation would be stretched to compare acid and ester carbonyls
and would collapse when comparing to a quaternary aromatic carbon.

The actual measurement of peak areas can be done by using the
integration routine within the NMR program. Noise level, base-line roll,
overlapping peaks, and other effects may cause errors, however, and better
accuracy normally results from use of a planimeter or even from cutting
and weighing techniques.

In summary, quantitative *C NMR is not easy and requires some
extra experimentation to get the correct conditions. Even with every
precaution possible, the areas may still have an inherent error of up
to £5%.

The Future. This discussion has been concerned almost exclusively
with 3C NMR. 'H NMR has not found much use in polymers (because
of spectral overlap), but the application of new two-dimensional (or even
three-dimensional) methods may allow for a separation that is not possible
in a one-dimensional spectrum. Continued improvements in instrument
technology may make other nuclei accessible. Deuterium spectra are
usually run on specially prepared deuterated compounds; however, some
recent work on deuterium at natural abundance has occurred (a good
modern spectrometer can detect deuterium in tap water in a single pulse).
Similarly, ®N (I =%, natural abundance of 0.365%) could become practical
(but difficult).

Further, advances in magnet technology, probe electronics, com-
puter capabilities, and pulse sequences will continue with the net result
that *C NMR will continue to become easier and more useful.

Applications

Cellulosics. Reuben (10) reviews the results of *C NMR analyses
of the structures of cellulose ethers. Particular emphasis is given to the
use of such data to estimate relative rate constants for substitution at the
different hydroxyls in starting anhydroglucose units.

Because these polymers are used as thickeners for water, spectra
with better S:N ratios are obtained from solutions of degraded poly-
mers. Lee and Perlin (11) used appropriate degradation schemes to
study the distribution of hydroxypropyl residues in (hydroxypropyl)cel-
lulose as well as to estimate the characteristics of poly(propylene oxide)
side chains. Partial depolymerization by the action of acid or cellulase
was also found to be a necessary first step in the characterization of
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methyl-, (carboxymethyl)- and (hydroxyethyl)cellulose samples (12).
The reactivities of the hydroxyl groups of cellulose were found to be in
the order OH-2 > OH-6 > OH-3. The same order of reactivity was
found by other workers from proton-NMR analyses of substituted glu-
coses obtained by hydrolysis of (carboxymethyl)cellulose in aqueous
HeSOy (13).

DeMember et al. (14) reported the use of *C-NMR analyses of
(hydroxyethyl)cellulose to determine the average chain length of poly-
(ethylene oxide) sequences, the degree of substitution of ethylene oxide,
and the average relative degree of derivatization of the anhydroglucose
hydroxyls.

The properties of cellulose ethers are believed to depend in part on
the number of moles of combined derivatizing agent per anhydroglu-
cose unit (MS) and on the number of hydroxyl groups that are substi-
tuted per anhydroglucose unit (DS). MS can be measured by classical
chemical techniques, but reliable DS analyses are provided primarily by
NMR methods (15).

Cellulose acetate may become water soluble when the DS is moder-
ately low (16). The solubility does not depend solely on the DS, how-
ever; solubility may also reflect the relative DS at the three different
types of hydroxyl groups and the distribution of substituents along the
cellulose molecule (17).

Miyamoto et al. (I8) showed that the relative DS at individual
hydroxyl groups can be determined from the *C-NMR spectra of ring
and O-acetyl carbonyl carbons. Examination of water-soluble and in-
soluble cellulose acetate samples shows that solubility can be achieved
by acetylating the C-2, C-3, and C-6 hydroxyl groups to about the same
extent (19). This result presumably reflects a more effective disruption
of the crystalline character of the cellulose than is achieved by selective
acetylation of the more reactive C-6 primary hydroxyl.

Acrylamide Polymers. Polymers and copolymers of acrylamide
are used extensively as thickeners and flocculents. The efficiency of
these products in this application militates against the use of solutions
with sufficiently high concentrations for good analyses. Ultrasonic
treatment decreases the solution viscosity to manageable levels (20, 2I).
Another expedient to achieve satisfactory resolution is, of course, to use
lower molecular weight versions of the polymer at elevated sample
temperatures (22).

13C NMR at 100.6 MHz was used to investigate the stereoregularity
of a polyacrylamide specimen prepared by free radical polymerization
at 70 °C with chain transfer, to reduce the molecular weight (22a). The
methine resonance was analyzed for triad and pentad placements. Ber-
noulli statistics (22b) resulted in a meso triad placement probability of 0.43.
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This is similar to observations with other vinyl polymers and indicates a
slight preference for syndiotactic placements.

Copolymers of acrylamide and acrylic acid can be prepared by free
radical copolymerization or by hydrolysis of polyacrylamide. In the lat-
ter case, the hydrolysis conditions are expected to influence the
sequence distribution of residual acrylamide units and, therefore, the
behavior of the copolymer as a flocculent or thickener. A careful recent
BC-NMR study by Halvorson et al. (23) showed that mild alkaline
hydrolysis produces a wide spacing of carboxyl groups along the mac-
romolecule. The distribution provided by acid hydrolysis, by contrast,
tends to blocks of carboxyl groups.

Sequential hydrolysis procedures were developed in which an initial
low level alkaline hydrolysis step preceded a buffered acid hydrolysis.
The resulting products contained acrylic acid blocks of controlled length
and distribution (20). Significant differences were seen between these
products. For example, calcium titration resulted in much more exten-
sive precipitation of blocky than random copolymers.

Poly(vinyl alcohol). Copolymer composition, tacticity, branching
frequency, and mean vinyl acetate-vinyl alcohol sequence lengths were
measured from high-resolution *C-NMR spectra (24). Spectra were
obtained in D;O solutions at 100.6 MHz. Use of a high magnetic field
instrument is recommended; much of the information that can be
derived from the data is lost in a 20.1-MHz *C-NMR spectrum. Peak
assignments were made by comparison with those of related polymers
and empirical additivity rules.

Mean sequence lengths in partially hydrolyzed poly(vinyl alcohol)
are preferably measured from methylene carbon resonances of vinyl
alcohol and vinyl acetate residues (24, 25). Carbonyl carbon resonances
can also be used if these bands are corrected for configurational differ-
ences (26). The methylene carbon region of the *C spectrum generally
consists of three well-resolved lines that can be assigned to the alcohol-
alcohol, alcohol-acetate and acetate-acetate dyads. Assuming that the
NOE is essentially the same among main-chain carbons (27), the inte-
grated intensities of these carbon resonances can be used to measure
chemical composition and mean sequence distribution. The reliability of
the technique can be assessed by comparing NMR analyses of acetate
content with those from chemical or infrared analyses.

The stereochemical configuration of poly(vinyl alcohol) can be
assessed from the methine carbon resonances. This information is
normally not of great interest because poly(vinyl alcohol) derived
from radical-polymerized poly(vinyl acetate) appears to be atactic
(24, 28, 29).
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Branching is another matter, however. Dunn and Naravane sug-
gested (30) that most branches in poly(vinyl alcohol) will be nonhy-
drolyzable and short, a result of intramolecular chain transfer to methine
carbons on the polymer backbone. The *C-NMR area of the quaternary
branch point is not likely to provide an accurate measure of the number
of carbon atoms contributing to it because this carbon will have a very
long relaxation time. However, transformation of methine to quaternary
carbons will decrease the methine:methylene ratio from the unit value
expected for unbranched polymers. This ratio has been used to measure
total branching in poly(vinyl alcohol) (24).

A comparison of the branch content from *C NMR with long chain
branching frequency from size-exclusion chromatography shows that
some 95% or more of the branches in the samples examined were indeed
short (31). Long branches are not defined exactly in this context. By
analogy with polyethylene, however, these branches are assumed to
comprise more than six carbons (32).

Short branches (six carbons or less) can presumably be character-
ized by careful *C-NMR analyses, but such data have not been reported
yet. Lacking also are measurements of poly(vinyl alcohols) derived from
vinyl acetate-1-olefin copolymers.

The Future. Although not without their share of problems and
tedium, 3C-NMR characterizations of water-soluble polymers can evi-
dently provide information that is not directly available from any other
current method. The next step in the sequence of understanding requires
the establishment of the correspondence between product performance
and the structural characteristics that have been thus revealed. Because
this link may have considerable commercial value, publication of this
information may be slower than development of the basic analytical
techniques.
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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

The adsorption of water-soluble polymers at various types of interfaces
is important in many applications. Several pertinent reviews (I-7)
address the nature of the conformation of the polymer in its adsorbed
state and emphasize the results of studies from dilute solutions. These
data are seldom translatable to the performance of water-soluble poly-
mers in commercial applications. In the following discussion, funda-
mental aspects will be highlighted but not detailed. The data are dis-
cussed in relation to the problems associated with adsorption in latter
sections of this chapter.

For adsorption to occur, the change in the free energy of the system
must be negative. A favorable entropic contribution from the loss of
conformational freedom by the adsorbed polymer and concomitant gain
by the liberated water molecules should be realized. Examples clearly
delineating the relative influence of the entropic contribution are few.
The energies of interaction between water and both the substrate and
the polymer and between the water-soluble polymer and the substrate

0065-2393/86/0213-0085$06.00/0
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must be favorable to provide an enthalpic contribution. Examples (1-7) il-
lustrating the importance of enthalpic contributions, except for the sub-
strate-water interactions, are numerous. Given a specific chemical com-
position, the thermodynamic functions favor adsorption of higher
molecular weight species. This property applies to adsorption from solu-
tions of moderately low concentrations and to unflocculated substrates.
Numerous examples of the molecular weight dependence are provided
in the reviews (1-7).

Entropic Contributions

Entropic contribution to the adsorption process is illustrated by the
underivatized carbohydrate polymers discussed in Chapter 1 [Sclerotium
glucanicum polysaccharide (SGPS), guaran, and dextran]. All of the car-
bohydrate polymers contain very hydrophilic repeating segments and do
not lower the surface tension of water. The first, SGPS, is noted for its
helical and network structure in aqueous solutions (8); of the polymers
considered, SGPS would have the least entropic gain on dissolution.
Guaran possesses a random conformation in water and would gain a
greater degree of entropic freedom on dissolution. Dextran with one of
its interunit repeating bonds exo to the pyranosyl ring would experience
the greatest conformational freedom on dissolution. Their conforma-
tional entropic losses on adsorption would be inversely proportional to
the gain on dissolution. The amounts adsorbed on peptized montmoril-
lonite are in agreement (Figure 1) with the expected results. These
observations are complemented by the adsorption of amylose on
montmorillonite. The retrogradation of amylose (i.e., the formation of a
double helix) at ambient temperature would predict greater adsorption
at lower temperatures (abnormal behavior for a water-soluble polymer),
which is observed.

Enthalpic Contributions

Enthalpic contributions to the free energy of adsorption involve three
primary interactions (9): polymer-water, polymer-substrate, and water-
substrate. Straightforward examples (I-7) of the importance of the first
two types of interaction exist. The nature of the substrate-water interaction
has not been quantified, primarily due to an obsession, for the past two
decades, with adsorbing polymers only on monodispersed polystyrene
latices. Particulate systems offer a high surface area, which makes sur-
face concentration measurements feasible via solution concentration
measurements. The recent disclosure (10) of a synthetic technique for
preparing methacrylate and methacrylate-acrylate copolymer mono-
dispersed latices may permit quantification of the importance of the
substrate-water contribution in the near future. This possibility is dis-
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Figure 1. Temperature dependence of adsorption. Substrate: peptized
montmorillonite. Polysaccharides; O, SGPS; O, guaran; ), amylose; and V,
dextran.

cussed in context with application parameters in a latter section. The
nature of polymer-water and polymer-substrate interactions on adsorp-
tion are highlighted in the following paragraphs, after a discussion of
time- and concentration-dependent phenomena in the adsorption
process.

Polymer adsorption at an air, liquid, or solid interface exhibits the
general characteristics (11a) illustrated in Figure 2. At a very low concen-
tration, the process is diffusion-controlled. The amount adsorbed,
reflected for a homopolymer by the surface pressure (i.e., the difference
between the surface tension of water and that of the aqueous polymer
solution), increases slowly. At a moderately low concentration, an
equilibrium surface pressure is reached within minutes; at concentrations
greater than 1000 ppm, common in most applications, the time depen-
dence is essentially undetectable.

The concentration dependence at equilibrium is illustrated in Fig-
ure 3. At low concentration the polymer adsorbs as an isolated chain,
with a high proportion of its segments in the interface (designated as
trains) and only a small percentage of its segments in the continuous
phase (loops). As the concentration is increased, the location of the seg-
ments is reversed. Fewer segments are located in the interface [ca. 30%
onaverage, based on nonaqueous polymer adsorption studies (11b)]; most
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Figure 2. Surface pressure (mN/m) dependence on time (h) of poly(vinyl
methyl ether), viscosity-average molecular weight (M,)=5 X 10°:O), 1 ppm;
O, 10 ppm; @, 1000 ppm; and @ , 5000 ppm.
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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)trimethylammonium chloride (MS = 0.4) (HECN*MesCl~;
polymer was extracted and gave pH 6.7 in clay slurry).

segments are extended normal to the interface as loops and as tail frag-
ments. An early model (9) representing an interfacial conformation is
illustrated in Figure 4.

If the segments of the macromolecule vary in hydrophobicity,
adsorption will exhibit a significant time dependence even at high con-
centrations. An example of the phenomenon is illustrated in Figures 5
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and 6 for water-soluble biopolymers. The time dependence is attributed
to two phenomena: diffusion to the interface and interfacial reorienta-
tion. The mechanism is clearly detailed (12) in a study employing radio-
tracer (delineating the short time period involved in adsorption at mod-
erately low concentrations) and surface tension measurements (deline-
ating the rearrangement of the adsorbed chains to permit repositioning
of the more hydrophobic segments in the interface). If the segments are
not significantly different in hydrophobicity, adsorption from concen-

Figure 4. Generalized conformation for adsorbed polymers.
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Figure 5. Variation of surface pressure (®) and surface concentration (@)

with time during the adsorption of B-casein at the air-water interface. The

substrate was phosphate buffer (pH 7; 1 = 0.1) at 20 °C and the initial

protein concentration was 7.3 X 10~° wt %. Reproduced with permission
from reference 12. Copyright 1979 Academic.
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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 1075 wt %, and the remaining

conditions are as described in Figure 4. Reproduced with permission from
reference 12. Copyright 1979 Academic.

trated solutions will restrict rearrangement within the time frame impor-
tant in most application processes.

Polymer-Water Interactions. The importance of the polymer-
water interaction on the amount adsorbed at an air- or organic-aqueous
interface is illustrated by the time dependence observed in the adsorp-
tion of vinyl acetate-vinyl alcohol copolymers (13) of variable acetate
content or in cellulose ethers (11) with ether linkages of variable hydro-
philicities. The dependencies are comprehensible via the dual mecha-
nism noted previously: diffusion to and reorientation in the interfacial
region. The cellulose ether data are given in Figure 7 to illustrate, later,
the importance of different types of interaction in determining the
amount of adsorption.

Water-soluble polymers with increasing hydrophobicity exhibit
lower solubility with increasing temperature, and the effect of polymer-
water interactions also can be observed in adsorption dependence as a
function of temperature. Examples of the temperature relationship are
noted in the adsorption of vinyl alcohol-vinyl acetate copolymers on
monodispersed polystyrene latices (I4) and for (hydroxyethyl)- and
(hydroxypropyl)cellulose on silica particles (15). The latter data are illus-
trated in Figure 8; (hydroxypropyl)cellulose of molar substitution (MS)
of 4.0 precipitates at 45 °C, where a notable increase in its adsorption is
observed. The importance of adsorbent-water interaction in adsorption
phenomena also is observed with both anionic (16) and nonionic (17)
surfactants. These observations will be significant in the performance 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, MS = 2.40 (HE) and 0.13 (HP); ¢ , MS = 1.52 (HE) and
0.62 (HP); and O, MS = 1.19 (HE) and 1.03 (HP).
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Figure 8. Temperature dependence of saturated adsorption (A;) of
moderate molecular weight (hydroxypropyl)cellulose (O) and high molec-
ular weight (hydroxyethyl)cellulose (00) onto silica particles.
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hydrophobically modified, water-soluble polymers in coatings applica-
tions (Chapters 19-21).

Polymer-Substrate Interactions. When the substrate is montmoril-
lonite, a significant difference in adsorption relative to that at the
air-aqueous interface is observed. The difference is affected by an ion-
dipole interaction between the ether oxygens on the polymer and the
cations on the surface and in the interlayer of the clay (18). For example,
the cellulose ethers illustrated in Figure 7 adsorb on peptized montmoril-
lonite (Table I) in proportion to the amount of oxyethylene or oxypro-
pylene pendent to cellulose or guaran (polymers discussed in Chapter 1),
not in relation to the hydrophobicity of the pendent ether linkages.

The dramatic nature of this interaction is evident with variation in
the cation. For example, sodium montmorillonite is extensively hydrated
in aqueous solution, and water-soluble polymers such as (hydroxyethyl)-
cellulose are entrapped in the interlayer on recovery of the clay. Expan-
sion of the interlayer does not occur significantly when the cation is cal-
cium and cellulose ethers are not entrained in the interlayer. A notable
exception, highlighting the importance of the ion-dipole interaction, is
the ability of even high molecular weight (10°) poly(oxyethylene) to
penetrate the interlayer of calcium montmorillonite. Its “reptation” (to
borrow a term from the rheology area) into the narrow interlayer chan-
nel produces greater structuring (observed in higher order X-ray diffrac-
tion patterns) than observed in untreated montmorillonite. The inability
of cellulose ethers to penetrate the interlayer of calcium montmorillonite
is relatable to their segmental rigidity (note discussion in Chapter 11).

Substrate-Water Affinity. For adsorption to occur, Rhebinder (19)
proposed in 1927 that the polarity of the third component should be inter-
mediate to the polarities of the two boundary layers. In the following

Table 1. Effect of Cellulose Ethers on the Adsorption and
doo1 Expansion of Montmorillonite with Interlayer
Cations Na* and Ca®*

Interlayer
Spacing (nm)
W-SP MS Ads(g/g) Na* Ca?*
HEC 43 0.98 — —
HEC 2.5 0.70 — —
HEC 2.0 0.69 24 1.53
HPC 4.0 0.40 1.9 1.90

NOTE: Abbreviations are as follows: W-SP, water-soluble Eo(l:rmer;
Ads, adsorption; HEC, (hydroxyethyl)cellulose; and HPC, (hydroxy-
propyl)cellulose.
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decades, investigations of limited scope examined the extent of adsorp-
tion of different compounds at various interfaces; in 1941, four different
alcohols with increasing hydrophobicity were adsorbed (20) from aque-
ous solutions at air, n-heptane, benzene, and n-2-hexanone interfaces.
The interfacial tensions of these phases with water varied significantly;
the study revealed the interfacial free energy as a major determinant in
the amount of low molecular weight alcohol adsorbed. Within each
individual low molecular weight alcohol adsorption study, the impor-
tance of mutual phase affinities (i.e., of the organic-aqueous interface)
on the adsorption of a third component was addressed. A similar series
of experiments (21) utilizing poly(vinyl alcohol) (Figure 9) provides
parallel results; the higher the interfacial energy (i.e., the lower the mu-
tual affinity of the two continuous phases), the greater the amount of the
third component adsorbed.

Coatings Applications. Differences in interfacial energies are
realized in the emulsion polymerization of acrylic monomers with ester
groups containing variable methylene units. Less surfactant is adsorbed
(16) on short-chain acrylate ester latex interfaces (Table II). Vinyl ace-
tate, like methyl acrylate, latices are very hydrophilic. The amount of
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Figure 9. Pendent drop studies (25 °C): 0.1 wt %, 1.2 X 10° M,,, 99.3%

hydrolyzed poly(vinyl alcohol)-aqueous solution interface with hexane

(O), benzene (Q), air (A), and ethyl acetate (o). Reproduced with
permission from reference 21. Copyright 1971 Wiley.
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Table II. Adsorption and Kinetic Characteristics of
Polymerization Systems Based on Alkyl Acrylates,
Styrene, and Various Alkyl Sulfates

Eads Aslim
Monomer Emulsifier (kJ/mol) (nm?)
MA Ci2Hg5S04Na 20.0 1.51
EA Ci12H255S04Na 22.1 0.92
EA Ci14H2%S04Na 23.3 0.82
EA C16H31804Na 246 074
BA Ci12H25S04Na 25.6 0.67
HA C 12H%SO4Na — 052
Sty CpHsSO4Na —_ 0.48

NOTE: Abbreviations are as follows: E.4s, free energy of adsorption;
Adlim, adsorption area of surfactant molecule at saturation of the
adsorption layer; MA, methyl acrylate; EA, ethyl acrylate; BA, butyl
acrylate; HA, hexyl acrylate; and Sty, styrene.

sodium laury] sulfate adsorbed (22) at a vinyl acetate- or methyl acrylate-
aqueous interface is low relative to that of other acrylic latices (Fig-
ure 10; the amount adsorbed is inversely proportional to the limiting
area). Recently, a model (23) was developed for relating the amount
adsorbed to the polarity of the latex. The importance of the amount ad-
sorbed to the stability of the dispersed phase was not addressed, because
of the broad particle-size distribution noted with the more polar latices.
This result is related in part to the monomer’s greater participation in a
homonuclear mechanism during an emulsion polymerization. Conceiv-
ably, less stabilizer concentration is required to stabilize a vinyl acetate

~ 2.0

£
y NI

s
e MA\.VA
§5‘1.o—— S

2 F 3

o

52 €A 3
- PA o
I g
Ww 305k BA }
<

3 st
¢8
<m =

&

0.2 ] L t J I J

o 10 20 30 40 50 €0
712, 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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latex than a higher energy acrylic or styrene latex, because of the vinyl
acetate latex’s affinity for water.

The cohesive interactions among surfactants at fluid interfaces were
examined in relatively ideal cases. In commercial latices, several stabiliz-
ing entities significantly increase the complexity of the interfacial region.
Chemically attached carboxylate (24) or (hydroxyethyl)cellulose (dis-
cussed in Chapter 18) fragments are present at most commercial latex-
aqueous interfaces; such groups improve the freeze-thaw and/or
mechanical stability of the latex. The carboxylate surface functions pro-
vide a steric stabilization component as well as enhancing electrostatic
repulsions. The latices of variable median size discussed in Chapter 20
contain 1% of a carboxylate monomer in a methyl methacrylate-butyl
acrylate composition.

Even with acid-stabilizing segments, small particle size latices are
flocculated in the presence of water-soluble polymers. A general mecha-
nism recently accepted for this behavior is volume-restricted floccula-
tion (VRF) of the latex by the nonadsorbing polymer. References to the
early history of this concept are given in Chapter 21. Use of the concept
in relation to coatings was recently reported (25-27). The VRF mecha-
nism involves a contribution to the attractive force between colloid par-
ticles suspended in a solution of macromolecules when the effective
diameter of the macromolecular coils exceeds the distance between par-
ticles. The volume-restricted contribution to the net attractive forces
between particles is approximately equal to the osmotic pressure of the
macromolecular solution. Flocculation of the latex leads to elastic be-
havior at low deformation rates and poor coatings flowout. Inhibition of
the flocculation mechanism by adsorption of hydrophobically modified,
water-soluble polymers (Chapters 19-21) can effect osmotic stabilization
of the dispersed phases and improve rheology.

In the fully formulated coatings, titanium dioxide and extender
pigments are present in addition to the latex. Preadded stabilizers along
with a nonionic surfactant (as a wetting agent) are added to the pig-
ments before the formulation is thickened with a water-soluble polymer.
If the higher energy pigments are not properly stabilized, the thickener
molecules will preferentially adsorb or react with these entities. Statisti-
cally, even in a coatings formulation containing high pigmentation, the
hydrophobes are favored to react with the greater surface area offered
by a small particle size latex. The competitive adsorption of the various
components in a coatings formulation provides a complex matrix, and
apparently the hydrophobically modified, water-soluble polymers dis-
cussed in Chapters 19-21 do not associate with any of the dispersed
components in a fully formulated coating. For example, hydrophobi-
cally modified, water-soluble polymers adsorb on the surfaces of latex
particles with insufficient surface coverage but are displaced when
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appropriate amounts of sodium lauryl sulfate are added (Chapter 20).
The observations in these detailed but limited studies are certain to vary
with changes in the structure of the stabilizing surfactant(s). The com-
parative efficiencies and rheological variations cited in Chapter 21
strongly suggest that such hydrophobically modified, water-soluble
polymers in formulations containing both latex and titanium dioxide
preferentially react with the latex.

Petroleum Applications. Adsorption per se does not ensure shale
stabilization, protect against fluid loss to the reservoir in high salinity
environments, or avoid excessive viscosity buildup at high temperature
in the drilling of a well bore (Chapters 10-12), but adsorption is neces-
sary if a drilling fluid is to function effectively. The primary challenge in
ensuring shale stability is to inhibit migration of the interlayer cation into
the lower salinity drilling fluid. Potassium chloride is added to the fluid
to increase its cation content; however, in field testing (Chapter 10), a
polymer is also added to ensure integrity of the shale. In static labora-
tory tests, many water-soluble polymers are observed to be effective but
fail as shale stabilizers in dynamic field tests. A critique of static test
results is given in Chapter 10. The inconsistency between laboratory and
field tests is further highlighted by the changing nature of shale composi-
tions with location. With a lack of detailed understanding of the adsorp-
tion behavior of water-soluble polymers (28) on different clay surfaces
and an insistence that any test “out of hole” is not a valid test, an under-
standing of shale stabilization is not immediately on the horizon. If the
technique associated with a recent rheological examination (29) of clays
were combined with a detailed knowledge of the shale’s composition
and the adsorption behavior of the water-soluble polymers on the indi-
vidual clays of a specific shale in a detailed study, an understanding
allowing predictability in this area could be realized. From the data to
date, it is apparent that a cohesive or polar interaction is needed after
adsorption of the polymer to form a condensed monolayer that facilitates
an impermeable membrane.

Bentonite provides the shear-thinning rheology necessary for drilling
and surfacing of solids from a well bore, but removal of such drill solids
from bentonite is difficult when the mud is surfaced. This lack of solids
control and the high elasticity of a clay-thickened fluid (Chapters 9 and
11) necessitated the use of straight polymer-thickened aqueous fluids or
polymer-modified, aqueous bentonite slurries. In addition to increases in
drill solids, the viscosity is sensitive to loss of the continuous phase to the
formation. Viscosity is particularly difficult to control in environments
with increasing salinity.

Anionic water-soluble polymers do not readily adsorb from aqueous
solutions but adsorb in proportion to the solution’s salinity [theoretically
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to the 0.5 power of the electrolyte normality (30)]. The adsorption of
(carboxymethyl)cellulose (CMC) and poly(acrylic acid) (PAA) on
barium sulfate from basic sodium chloride solutions (31) is illustrated in
Figure 11. Both polymers are used in montmorillonite drilling fluids to
control fluid loss to the reservoir. Although the adsorption behavior of
the two polymers on BaSOj, is compared, their structural differences are
not discussed. The carboxylate groups in (carboxymethyl)cellulose,
under the commercial process conditions used to prepare the derivatized
carbohydrate polymer, have a preference to group on a given pyranosyl
repeating unit (discussed in Chapter 1); this grouping tendency does not
occur in poly(acrylic acid). The gross adsorption behavior of (car-
boxymethyl)cellulose and poly(acrylic acid) on BaSO; is similar. When
adsorbed from basic saline solutions, the polymers are contracted and
the number of adsorbed segments decreases (p = 0.70) relative to
freshwater solutions (p = ~1.0). Therefore, an increased number of the
adsorbed polymer’s segments are extended from the substrate surface.
This situation should provide stability by both steric and enhanced elec-
trostatic repulsions to a dispersed phase. A parallel study of the adsorp-
tion of 29 carbohydrate and synthetic polymers on montmorillonite is
described in Chapter 11. Among the polymers studied to elucidate the
mechanism of filtration control in saline environments were rigid-rod
and hydrophobically modified water-soluble polymers.
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Figure 11. Adsorption isotherm of sodium (carboxymethyl)cellulose
(SCMC), M, = 1 X 10°, and poly(acrylic acid) (PAA), M, = 8 X 10%, onto
BaSOy at pH 9: A, SCMC in H;O; A, SCMC in 0.1 mol dm™3 NaCl; O,
PAA in H,0; and @, PAA in 0.1 mol3 NaCl. Numbers correspond to

fraction of segments in trains. Reproduced with permission from reference
31. Copyright 1982 Academic.
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Volume-restricted flocculation and interparticle bridging, the mech-
anisms that have been proposed in thickened latex performance, are not
viable in explaining the effectiveness of polymers in the filtration control
of modified bentonite muds. One of the 29 polymers examined (Chap-
ter 11) was a hydrophobically modified, water-soluble polymer (styrene-
maleic acid terpolymer (SMAT); described in Chapter 21). This polymer
produced an unusually smooth bentonite slurry but not a slurry effective
in maintaining filtration control with increasing salinity. Increasing salinity
compresses the electrical double layer surrounding the bentonite particle.
Increasing salinity also collapses the conformation of the polyelectrolyte in
solution and effects polymer adsorption on the dispersed components. The
adsorption of a contracted polyelectrolyte conformation enhances both
steric and electrical double-layer repulsions; these repulsions inhibit
flocculation and affect filtration control in saline solutions.

In extremely high temperature reservoirs, flocculation and higher
viscosities are observed (Chapter 12). Designed, low molecular weight
stabilizers are used to inhibit increases in slurry viscosities. Other low
molecular weight polymers of this type (e.g., partially sulfonated styrene
maleic acid terpolymers) also are used. Both polymers contain sulfonate
groups, which are less sensitive to divalent ions than carboxylate groups;
generally, sulfonate anions inhibit precipitation of the polymer. Likely,
part of the polymer is adsorbed (perhaps in a specific manner related to
the molecular design described in Chapter 12) and the sulfonate anion
simply inhibits flocculation of the substrate.

Other Applications. With a transition of supplier base and com-
petitiveness in the water treatment area, an open, broad-base coverage
of polymers in water-treatment applications is difficult to obtain.
Adsorption is important, but its influence is complex because a wide vari-
ety of components and possible interactions. A discussion of adsorption
related to this area is therefore omitted.

An equally competitive area is the suspension polymerization of
commodity monomers vinyl chloride and styrene. Water-soluble poly-
mers are used as suspending agents to complement agitation in inhibiting
particle (50-300-um diameters) flocculation. The ability of the water-
soluble polymer to minimize autoclave fouling and decrease the median
particle size of the plastic particles produced is related to the water-
soluble polymer’s interfacial activity and molecular weight. All of the
observations to date indicate that the interfacial viscosity of the
adsorbed polymer is the parameter of importance in determining appli-
cation performance. The importance of interfacial viscosities as reflected
in coating problems is discussed in Chapter 16.

A recent theoretical treatment (4) predicts the preferential adsorp-
tion of low molecular weight polymers [based on previous experiments
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from moderately concentrated solutions (32a)]. The preferential adsorp-
tion of low molecular weight fractions, when they are present in small
amounts in an intentional or accidental production blend, can dramatically
increase particle-size distributions and autoclave fouling in the produc-
tion of commodity plastics. A preferred polymer molecular weight was
not delineated (32b) because the interfacial viscosity is dependent on both
molecular weight and the amount in the interfacial region. Comple-
mentary to the stabilizer in promoting particle stability are the mixing
patterns offered by various baffle and impeller designs. The latter
approach has prevailed, and dimensional analysis, commonly used in
scaling up recipes, was used in predicting (33) particle-size distribu-
tion effects. The latter approach is not useful in designing an optimum
particle geometry, necessary for ensuring plasticizer acceptance and
monomer removal from the particle while maintaining reasonable parti-
cle density.
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Viscosity Studies of Hydrophobically
Modified (Hydroxyethyl)cellulose

Robert A. Gelman and Howard 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.

THE CONCEPT OF POLYMERIC SURFACTANTS was first considered in
the early 1950s (1, 2). Since that time, a substantial body of literature has
developed that deals with surface-active or amphiphilic polymers, par-
ticularly as related to the concept of steric stabilization (3). Water-insolu-
ble polymer systems have been reported (3) and are of interest in the stabil-
ization of particles in nonaqueous media. Studies (4, 5) of water-soluble
polymeric surfactants were made; these surfactants are usually based
upon polyelectrolytes. However, few reports of nonionic water-soluble
polymers containing hydrophobic groups exist. Landoll (6) reported
work on the addition of long-chain alkyl epoxides to cellulose ethers.
The addition of low levels of hydrophobic groups to polymers, such as
(hydroxyethyl)cellulose (HEC), results in alterations of the material such
that the polymers now possess unusual rheological properties (6). Solu-
tions of hydrophobically modified (hydroxyethyl)cellulose (HM-HEC)
exhibit non-Newtonian behavior at low shear rates, whereas solutions of
HEC are Newtonian under similar conditions. The concept of associa-
tive thickeners, molecules that associate in solution and exhibit a vastly
different rheology, led to increased industrial interest in this area.

The unique property of HM-HEC is the enhanced solution viscosity,
a result of intermolecular hydrophobic interactions among alkyl groups.
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For example, HM-HEC containing 1.2% (by weight) cetyl groups has a
Brookfield viscosity (2% aqueous solution) of 3 X 10* cPs as compared to
3 X 102 cPs for a HEC sample of similar molecular weight and hydroxy-
ethyl molar substitution.

Although the hydrophobic interactions give HM-HEC its unique
solution characteristics, these forces make it rather difficult to determine
accurate intrinsic viscosities and molecular weight distributions. Further-
more, the solubility of HM-HEC is highly dependent on both the
amount and chain length of the alkyl groups. Small increases in either
amount or chain length can lead to partially insoluble products.

Brookfield viscosity measurements are extremely valuable for de-
termining the solution properties of HM-HEC for end-use evaluation.
These measurements reflect the extent of hydrophobic intermolecular
interactions and, to a slight degree, molecular weight. However, when
the solution properties of HM-HEC are characterized, information
regarding the molecular size of chains is important. These data can be
obtained from intrinsic viscosity determinations. Intramolecular interac-
tions may occur at low concentration, which would result in an underes-
timation of molecular size. Furthermore, poor solubility of HM-HEC
will lead to erroneous results. Thus, the objective of our studies was to
determine a suitable solvent system for measuring reliable intrinsic vis-
cosities of HM-HEC samples.

Experimental Section

The HM-HEC 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. The standard method of
determining intrinsic viscosities of HEC is to use water (7) or dilute salt
solution (8) as the solvent. Table I lists the result of intrinsic viscosity
determinations made by using a series of HM-HEC samples in dilute salt
solution; these materials were prepared such that the molecular weight
of these samples would be similar. The data indicate, however, that a
progressive decrease in the intrinsic viscosity occurs with both the
amount and chain length of the substituent hydrophobe. Intramolecular
association of hydrophobic groups, which tends to force the polymer into
a more compact coil, contributes to the lower viscosity. In addition, the
solution clarity of these samples in water varies from clear to hazy. The
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Table I. Intrinsic Viscosity of HM-HEC Samples
Using 0.02 M KH;PO, as the Solvent

Hydrophobe

Sample Type Amount® [n]?
C1° —° - 9.28
A Cs 1.0 8.75

B Cs 2.5 8.28

C Cs 34 4.12

D Cis 0.5 7.55

E Cis 0.6 6.24

F Cis 09 3.78

G Cs 11 3.31

“The amount is in units of weight percent of alkyl present.

[n] is the intrinsic viscosity in 0.02 M KH2POy4, pH 5.5, at 25 °C.
“The control was unmodified HEC of the same furnish and prepara-
tion conditions as the HM-HEC samples.

solubility characteristics of these samples, as expected, appear to have a
pronounced effect on intrinsic viscosity results.

In related work, we found that the addition of either alcohol or
surfactant to HM-HEC solutions disrupts association between hydro-
phobic groups. These components, particularly alcohols, are generally
used in liquid chromatography to moderate hydrophobic interactions
between solute and the stationary phase. At high concentration, alcohol
or surfactant molecules compete effectively for hydrophobic sites on the
polymer; this action prevents intra- or intermolecular association.

Viscosity Studies Using Methanol. BROOKFIELD VISCOSITIES. The
Brookfield viscosity of HM-HEC in aqueous solutions is predominantly
a measure of intermolecular interactions. Because of the moderate shear
rates involved in these measurements, the rheological properties of
HM-HEC solutions also play a role. Intermolecular interactions increase
with polymer concentrations, that is, the higher the concentration of
hydrophobes or HM-HEC in solution, the greater the probability of
hydrophobe-hydrophobe contacts.

To test this hypothesis the Brookfield viscosity of HEC (control),
0.60% (by weight) C;s HM-HEC, and 0.75% C;s HM-HEC, where Cis is
the length of the hydrophobic side chain, was measured as a function
of polymer concentration. The two HM-HEC samples were prepared
from the control; all three samples, therefore, had the same chain
length and hydroxyethyl substitution level. The results are shown
in Table II. Brookfield viscosities of both HM-HEC samples, as
expected, rapidly approached the viscosity of the control as the concen-
tration was decreased. For these samples, polymer concentrations of
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Table II. Effect of HM-HEC Concentration on Brookfield
Viscosity Using Water as the Solvent

Concn
(%) HEC (Control) 0.6% C;3 HM-HEC 0.75% C33 HM-HEC
2.0 9.3 110.0 246.0
1.0 34 70 71
0.50 19 2.1 2.2
0.25 14 14 14
0.125 1.2 1.1 L1

NOTE: The solvent viscosity was 0.9 cP.

<0.5% were sufficiently low to eliminate polymer association. However,
the Brookfield viscosities at these concentrations (<0.5%) are close to the
solvent viscosity. Thus, measurements are not very accurate at these
polymer concentration levels, and the data must be interpreted with
caution.

The Brookfield viscosities of the control and the 0.60% C;s HM-HEC
sample were determined in 50% methanol-water, and the results are
listed in Table III. As indicated, both the control and HM-HEC had
similar viscosities over this concentration range. The higher viscosities
exhibited by the control and by the HM-HEC sample at <0.5% polymer
as compared to values obtained in water (Table II) reflect the better
solvating power of the 50% methanol-water solvent.

INTRINSIC VISCOSITY MEASUREMENTS. As discussed, polymer as-
sociation of HM-HEC could be eliminated by measuring viscosities at
low polymer concentration or by the addition of methanol to the sol-
vent. Because of the relative insensitivity of Brookfield viscosity mea-
surements to small changes in concentration and solution properties,
intrinsic viscosity is the measurement of choice. Moreover, intrinsic vis-
cosity data can be related to fundamental molecular parameters that
are related to the hydrodynamic volume of a polymer chain.

Table IIL Effect of HM-HEC Concentration on Brookfield
Viscosity Using 1:1 Methanol-Water as the Solvent

Concen (%) HEC (Control) 0.6% C1s HM-HEC
2.0 17.1 17.3
1.0 6.1 59
0.50 34 3.3
0.25 2.4 2.4
0.125 2.0 2.0

NOTE: The solvent viscosity was 1.8 cP.
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The intrinsic viscosities of the following three test samples were
determined as a function of solvent methanol content: HEC (3.60 MS;
control), HM-HEC (3.7 MS; 0.9% Cy), and HM-HEC (3.8 MS; 1.0% Cs),
where MS is the molar substitution of hydroxyethyl groups. These sam-
ples were all produced from the same cellulose starting material and had
similar molecular weights. The results are given in Table IV, and
reduced viscosity curves are shown in Figures 1-3.

The intrinsic viscosity of the HEC control was found to be inde-
pendent of methanol content and obeys the Huggins equation:

e = [n] + K'[n]’c (1)

where 7. is the reduced viscosity at concentration c;.

Table IV. Intrinsic Viscosity and Huggins Constant of HM-HEC
Samples as a Function of Solvent Composition

HEC (Control) 1.0% Cs HM-HEC 0.9%C ;s HM-HEC

(3.6 MS) (3.8 MS) (3.7 MS)
Methanol (%) [n] K ] K ] K
0 8.57 049 1750 0.57 352 2.2
20 8.63 047 1760 0.55 498 2.6

40 8.81 047 787 0.46 9.76 0.72

50 — — — 9.96 0.47

60 8.59 042 795 0.44 9.51 0.46

70 — — — — 9.83 0.46

80 _ _ _ — 10.10 0.38

NOTE: Intrinsic viscosities were determined from Martin’s equation. The Huggins constant
was calculated from k' = [(nsp/c) 1 — [n]1/(c1[n]”) where nsp/. is the reduced viscosity at
concentration c; (typically 0.1 g/dL).
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Figure 1. Reduced viscosity as a function of concentration of HEC in
water (X) and 60% methanol (@).
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Figure 2. Reduced viscosity as a function of concentration of 1.0%4 Cs HM-
HEC in water (X) and in 60% methanol (@).
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Figure 3. Reduced viscosity as a function of concentration of 0.9% C; HM-
HEC in water (A) 20% methanol (®), 40% methanol (X), 50% methanol
(o), and 80% methanol (O).
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The Huggins constant, k', ranged from 0.49 in water to 0.42 in the 60%
methanol solvent. Generally, the Huggins constant ranges from about
0.3 for a good solvent to about 0.7 at 6 conditions. Larger values are
indicative of polymer association (9, 10). These results demonstrate that
HEC solvation has increased with increasing methanol content; how-
ever, intrinsic viscosities remain at about the same level (Figure 1).

For 1% Cs HM-HEC, as for HEC, the k' value decreased from 0.57
in water to 0.44 in 60% methanol. A significant increase in intrinsic viscos-
ity was also observed; the data, 7.50 in water to 7.95 in 60% methanol,
suggest polymer expansion in the better (methanol-water) solvent (Fig-
ure 2). More scatter of data was noted when water was used as the
solvent; with the addition of methanol, the scatter was eliminated.

The 0.9% C,¢ HM-HEC sample exhibited rather unusual viscosity
behavior (Figure 3). In water and 20% methanol, the Huggins constants
are very large, 2.2 and 2.6, respectively. These values imply strong
polymer association. On the basis of the low intrinsic viscosities, appar-
ently this material is considered not to be completely soluble. The curva-
ture of the 20% methanol plot signifies that the Huggins equation is not
obeyed under these conditions. As the methanol concentration is increased,
a corresponding decrease of the Huggins constant from 0.72 for 40%
methanol to 0.38 for 80% methanol occurs. The 0.46 value of k' at 60%
methanol agrees well with that of the HEC control and 1.0% Cs HM-HEC.
The intrinsic viscosity of the sample appears to reach a constant value
of about 40% methanol.

Intrinsic viscosity data as a function of methanol composition are
summarized in Figure 4. At methanol concentrations of >40%, constant
intrinsic viscosities are obtained. This outcome is a result of complete
sample solubility caused by the elimination of hydrophobic intermolecu-
lar association. These results are in agreement with the trends observed
with k' values. As shown in Figure 5, kK’ values approach the limiting
value of 0.3 for a good solvent. Thus, as the percent of methanol
increases, there are less intermolecular hydrophobic interactions and the
chains become highly solvated. Intramolecular interactions probably play
a role when measuring intrinsic viscosities of HM-HEC using water as the
solvent. As shown in Figure 4, the intrinsic viscosity of 1.04 Cs HM-HEC
was slightly smaller in water and the Huggins coefficient was also higher
(Figure 5). These effects might have been caused by intramolecular
interactions, although these interactions appear to be small.

Viscosity Studies Using Sodium Oleate Solutions. Sodium oleate
was chosen as the surfactant for this study. Table V shows intrinsic vis-
cosity and Huggins constant data using 0.05%, 0.10%, and 0.20% sodium
oleate solutions. For 0.05% sodium oleate, the Huggins constant is
extremely high; this result suggests significant polymer association.
This level of surfactant is probably not sufficient to totally disrupt all
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Figure 4. Influence of solvent composition on intrinsic viscosity. Key: @
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Figure 5. Influence of solvent composition on the Huggins constant (k’).
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Table V. Intrinsic Viscosity of HM-HEC Samples
Using Sodium Oleate Solutions
Hydrophobe 0.05% SO® 0.10% SO 0.20% SO
MS® Type Amount [9] kX [9] kX [n] K

34 Cis 0.3 72 16 131 05 101 06
3.5 Cis 0.6 52 30 111 05 92 07
3.6 Cis 1.0 74 09 112 08 103 06

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

the intermolecular interactions. At the higher levels of sodium oleate,
the Huggins constant decreases to a lower value, which is indicative
of negligible intermolecular interactions.

Both sodium oleate and methanol appear to be suitable solvent
systems for determining the weight-average degree of polymerization
(DP,,) of HM-HEC. Thus, intrinsic viscosities of a series of HEC sam-
ples were measured in 0.10% sodium oleate. The DP,, of the HEC sam-
ples was previously determined in 0.02 M KH;PO, buffer by using the
Mark-Houwink equation (8):

[n] = (6.7 X 107%)(DP,,)"** (2)

Figure 6 shows the double logarithmic plot of intrinsic viscosity as a
function of DP,, for HEC samples in 0.10% sodium oleate. Least-squares

1.2}

log [n]

0.8}

2.8 3.0 3.2 3.4 3.6
log D'Pw

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 fit the data, and the slope and intercept were the
constants for the Mark-Houwink equation:

[n] = (12 X 107*)(DP,)** 3)

This equation was used to determine the DP,, of a number of HM-HEC
samples. The values obtained were consistent with those of the control
samples.

Conclusions

Intrinsic viscosity measurements of HM-HEC in water can lead to mis-
leading results because of intramolecular association of the polymer and
incomplete sample solubility. This effect is a result of hydrophobic
interactions of the pendant alkyl groups along the polymer chain. To
disrupt this association, we recommend the use of either alcohol or sur-
factant solution as solvents. In the case of alcohol, studies with methanol
indicate that >40% solutions by volume in water were sufficient to essen-
tially eliminate hydrophobic interactions. Sodium oleate gave reliable
intrinsic viscosity measurements at concentrations of >0.10% by weight.
In view of this, Mark-Houwink constants were established for 0.10%
sodium oleate as the solvent to determine the DP,, of HM-HEC samples.
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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 solid-liquid sepa-
rations is now widely practiced; economic and environmental restric-
tions provide the greatest impetus toward acceptance. In the 1970s,
Federal stream discharge standards (I) required municipal waste-
water plants to improve their suspended solids and biological oxy-
gen demand (BOD) removals. The most economical method of upgrad-
ing was by improving the solid-liquid separation processes with chemi-
cals. Polyelectrolytes, in many cases, are used to replace inorganic
coagulants such as lime, alum, and FeCls, but occasionally polyelectro-
lytes are used as a supplement. A wide range of flocculents tailored to
satisfy the unique requirements of each plant exists. Although relatively
few monomers that are commercially economical exist, present technol-
ogy can produce flocculents with a wide range of charge densities and
molecular weights, which are available in dry, liquid, or emulsion form.

0065-2393/86/0213-0113$08.75/0
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Currently, flocculation remains more an art than a science and selection
of the most cost-effective polymer for a particular application is deter-
mined by laboratory evaluations followed by plant trial.

Factors That Influence Polymer Performance

For examination of the performance of a particular polyelectrolyte, the
most important variables must be identified. From the large amount of
literature (2-7) available on various aspects of flocculation, the key
parameters affecting settling and dewatering can be grouped into the
categories of system variables, polymer-related parameters, and opera-
tional factors.

System Variables. PARTICLE CHARGE. Particle charge has one of
the greatest effects on colloidal stability. Under natural conditions, most
colloidal solids found in municipal wastewater carry a negative charge. In
water, the particle charge is counterbalanced by an ionic atmosphere
that develops around the solid, and this property is known as the electri-
cal double layer (8). The charge associated with a particle can be
inferred by the measured { potential. Colloidal stability can be attrib-
uted to the repulsive forces that arise when two similarly charged parti-
cles approach and their double layers interact. Dissolved solids, organics
such as humic acids or polysaccharides, and pH have a significant effect
on this double layer. Figure 1 (9) illustrates the effect of pH and of two
common divalent ions on the { potential of clay particles. A high concen-
tration of cations or adsorption of oppositely charged polyelectrolytes
causes a compression of the electrical double layer and enhances interpar-
ticle contact (10-12). Certain ions, such as Ca’*, are also instrumental in
promoting adsorption of polymers (13, 14). The nature and magnitude
of the particle charge determine the amount and type of flocculent
needed to satisfy the charge demand of the solid.

PARTICLE SIZE. Particle size is often recognized as the most impor-
tant factor influencing settling and dewatering. Fine particles cause tur-
bidity or can blind filter media when not effectively tied up in the solid-
liquid separation process (15). Colloidal solids consume more than their
fair share of polymer, based on their weight percent of solids concentra-
tion. This feature is due to the increased surface area to mass ratio that
accompanies the decrease in particle size. Flocculent consumption is
directly related to surface area (16-19). In general, this fact is the reason
that digested sludge, which has a smaller mean particle size, has a higher
polymer demand than undigested sludge.

SOLIDS CONCENTRATION. Polymer consumption is related to the
number of particle solids present. A higher solids concentration improves
particle interaction and, in general, results in better performance at a
lower polymer dosage on a pound per dry ton basis.
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+20

Zeta Potential (mv)
k-]
I

Figure 1. Effect of divalent ions on the surface properties of a clay slurry
mixture. Top: Ca’*. Key: @, none; B, 150 ppm; and ¢, 400 ppm. Bottom:
SO£™. Key: @, none; R, 1500 ppm; and ¢, 4000 ppm.

COMPOSITION OF SOLIDS. The composition of wastewater will de-
pend on many factors. Contaminants such as proteins, carbohydrates,
oils, clays, trace metals, color bodies, and digested matter are common
constituents in wastewater. Industrial sources contribute a wide variety
of inorganic and synthetic organic compounds to the system. Knowledge
of these materials prior to design of the treatment plant can prevent
many headaches. For example, copper ions in excess of 100 mg/L are
toxic to the biological system in sludge digesters (20). Cyanides and
phenols may also be present in industrial wastes. In many cases, pre-
treatment at the industrial site is required before the wastes enter the
municipal system. Groundwater infiltration and storm sewer runoff can
have a pronounced effect on the strength of the sewage. For instance, in
a combined sewer system, the strength of the sewage (e.g., BOD and
suspended solids) during a storm is generally much lower than normal
due to the diluting action of the runoff. Factors such as those mentioned
contribute to the uniqueness of the sewage.
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Numerous publications (15, 21-23) are available relating sludge
characteristics to dewaterability. As a general rule, highly metabolized
solids, such as material from the activated sludge process, reduce the
dewatering efficiency as illustrated in Figure 2 (24). Most municipal
waste treatment plants dewater a blend of primary and waste-activated
sludge. Waste-activated sludges generally require treatment with highly
charged cationic polymers.

Polymer-Related Parameters. Commercial synthetic polymers are
generally defined as either nonionic, cationic, or anionic (see Table I).
The type of ionogenic group on the polymer is instrumental in determin-
ing the effectiveness of a flocculent, which depends on its ability to at-
tach to a particle surface. Adsorption may occur by electrostatic attrac-
tion, chemical bonding, hydrogen bonding, hydrophobic association,
complex formation, or a number of other means (25-28). The energy of
bonding will depend on the magnitude and number of interactions
between the charge groups of the polymer and the particle surface.
Charged polymers have an extended conformation in solution because of
intramolecular repulsion of their functional groups. This extended con-
formation may be of some advantage for bridging between particles,
but electrostatic repulsion may hinder adsorption if the molecule con-

w
o
I

Relative Dewatering Rate
ey N
=} =}
| |

| 1 ] ] | ] ] 1 1

0.0
0O 10 20 30 40 50 60 70 80 90 100
% Waste Activated Sludge
100 90 80 70 60 50 40 30 20 10 O
% Raw Sludge

Figure 2. Relationship between dewatering rate and sludge composition
[adapted from Morgan et al. (24)]. Key: ®, polymer A; and B, polymer B.
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tains too great a number of charge groups similar to those on the solids.
Alternately, strong adsorption may cause the polymer to flatten out on
the particle surface; the result is very little bridging. Therefore, different
flocculent chemistries and structural characteristics can have a signifi-
cant effect on flocculent performance.

SIGN AND MAGNITUDE OF CHARGE.  Anionic and Nonionic Polymers.
A good many of the synthetic polyelectrolytes used by industry as floccu-
lents are based on poly(acrylamide). Poly(ethylene oxide) has some
limited application in the treatment of mining tailings (29). The most
common functional group on an anionic polymer is a carboxylate ion
(-COO™). Among polymer flocculents, anionic polymers tend to form
the most viscous solutions because of chain extension—the result of intra-
molecular repulsion of their ionized functional groups. Polymer charges
range from nonionic (<3% mol % hydrolysis) to slightly charged (3-10%)
to moderately charged (11-25%) to highly charged (26-40%) to very
highly charged (+40%). A true nonionic poly(acrylamide) polymer is
rare, and a slight charge on some of the polymer molecules is acceptable
practice. Differences in structure can exist between carboxylate poly-
mers manufactured by copolymerization and those that are hydrolyzed.
The influence of pH on the reactivity of acrylic acid and acrylamide
monomer (30, 31) can be expected to affect polymer structure. For hy-
drolyzed poly(acrylamides), the charge distribution is related to the
ionic strength during hydrolysis (32). The uniformity of charge distribu-
tion is expected to vary depending on conditions in the reactor during
manufacture. For example, nonideal mixing during hydrolysis of a high-
viscosity solution polymer would intuitively produce a nonuniform dis-
tribution of charged molecules or blocks of charge along the polymer
structure. This nonuniform distribution can lead to a difference in per-
formance of polymers with essentially the same building blocks.

Carboxylate polymers are considered a weak polyelectrolyte and
are sensitive to pH. As shown in Figure 3, maximum polymer extension
occurs at a slightly alkaline pH. The reason is the intramolecular repul-
sion of the functional groups. The availability of Ca?" ions in the inner
electrical double layer of the solids enhances flocculation with hydro-
lyzed poly(acrylamides) (33). At low pH (e.g., <4), highly charged ani-
onic poly(acrylamide) polymers are relatively ineffective flocculents. At
this point, the majority of the carboxyl groups are protonated and are
relatively ineffective in adsorbing to the solids. Slightly hydrolyzed and
nonionic poly(acrylamides), which have a number of amide groups for
hydrogen bonding, are generally selected for these applications.

Cationic Polymers. A variety of cationic polymers exist because of
a greater selection in cationic monomers. These polymers are made
primarily by incorporating amine and quaternary amine groups into the
polymer molecule. The most common cationic homopolymers appear to
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100 —

Brookfield Viscosity (cps)

Figure 3. Effect of pH and degree of hydrolysis on 1 g/L of poly(acryl-
amide) solution viscosity. Key (% HYPAM): ¢, 35; A, 20; B, 5; and @, 0.
HYPAM is hydrolized high molecular weight poly(acrylamides).

be poly(dimethyldiallylammonium chloride) and condensation poly-
amines. Unlike polyamines, the charge density of quaternized cationic
polymers is not pH dependent. Quaternized polymers are also more
resistant to degradation by chlorine (34).

Improvements in molecular weight can be accomplished by copoly-
merizing cationic monomers with acrylamide but only at the expense of
charge density. Aminomethylated poly(acrylamides) (AMPAMS) and
aminomethylated cationic copolymers (AM) have been very effective in
municipal sludge treatment. Because of the temperature sensitivity of
the reversible aminomethylation reaction, these products are avail-
able only in liquid form. The following cationic monomers are often
used in commercial polymers: dimethyldiallylammonium chloride
(DMDAAC), [(methacrylamido)propyl]trimethylammonium chloride
(MAPTAC), {[(methacryloyl)oxy]ethyl}trimethylammonium methosul-
fate (METAMS), and {[(methacryloyl)oxy]ethyl}trimethylammonium
chloride (METAC).

A copolymer product is not composed of identical molecules;
rather, a copolymer product is a heterogeneous mixture of polymers
whose bulk charge is equivalent to the initial ratio of monomers. For
example, a 75:25 DMDAAC-AM copolymer may actually consist of a
mixture of DMDAAC homopolymer, acrylamide homopolymer, and
slightly charged AM-DMDAAC polymers. Because the reactivity of the
monomers has a significant effect on polymer composition, monomer
reactivity also will affect flocculent performance. By improved control
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over the polymerization process, more homogeneous polymer composi-
tions can be obtained.

Depending upon the desired charge level on the polymer structure,
certain monomers are preferred in the manufacture of the trimethyl-
amino quaternary derivative of alkyl (acrylic or methacrylic ester)-
acrylamide copolymers. As a rule, lower charge density polymers (<20%
cationic) were produced with MAPTAC, moderately charged polymers
(20-40% cationic) used METAMS, and the higher charge density poly-
mers (>40% cationic) were prepared with METAC. However, raw
materials and manufacturing costs are still the principal determinants
in selecting the monomer that is most suitable for a given charge range.

Because of the highly competitive nature of the wastewater treatment
business, polymer application is determined by the cost-effectiveness of
the treatment (35). Polymer manufacturing costs are dependent on the
ability to produce or locate a low-cost, high-quality monomer. This
problem has been a major obstacle to the application of many synthetic
organic polymers. Flock and Rausch (36) and others (37-40) reviewed
many of these polymer compositions and their potential application.
Hoover (41) compiled a comprehensive literature review on structural
types of quaternary polymers.

MOLECULAR WEIGHT AND ASSOCIATED MECHANISMS OF FLOCCULA-
TION. Adsorption of cationic homopolymers occurs primarily through
electrostatic attraction (42, 43). Optimum flocculation with this type of
polymer is related to the degree of charge neutralization (23,44). Due to the
highly localized charge neutralization upon adsorption, these polymers
are generally more effective in promoting agglomeration of particles
than simple inorganic electrolytes. Cationic homopolymers can be linear
or branched and typically have molecular weights of less than 10°.
Higher molecular weight homopolymers tend not to be effective on a
cost-performance basis. Moderate molecular weight polymers are pro-
duced by copolymerizing AM with DMDAAC.

Cationic copolymers have higher molecular weights and also appear
to have considerable bridging capabilities, as observed by their much
larger floc structure. Typically, AMPAMS, AM-MAPTAC, AM-
METAMS and AM-METAC polymers constitute the higher molecular
weight cationic polymers. Molecular weights of cationic copolymers
generally range from 10® to 10”. Optimum branching of cationic co-
polymers is very effective in dewatering of primary and activated
sludge (24). Figure 4 illustrates the effect of different levels of branching
agent added during polymerization on the filtration rate of a sludge
blend using the resultant polymers.

Nonionic and anionic polymers are generally the highest molecular
weight polymers available and can attach to solids by hydrogen, hydro-
phobic, or chemical bonding. Polymer adsorption is generally con-
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Figure 4. Biichner 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 R, 0.2.

sidered irreversible because of the multiplicity of bonds on the solid,
although any segment of the molecule is a dynamic system that can
undergo adsorption and desorption.

Polymer bridging of particles is a primary mechanism for floccula-
tion by high molecular weight polymers (45). This finding implies that
linear polymer structures would be the most effective; although, maxi-
mum settling rates are obtained with the highest molecular weight
polymers (46, 47). In some cases of settling, and particularly in filtration,
the most cost-effective polymer may be in the intermediate molecular
weight range. In settling, at low polymer dosages, the higher molecular
weight polymers may not have enough molecules to effectively floccu-
late the solids while the intermediate molecular weight polymers will.
Once the high molecular weight polymer reaches a threshold dosage,
the settling rate increases rapidly, surpassing that of its lower molecular
weight counterpart. In filtration, lower molecular weight polymers tend
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tohave a broad optimum dosage and need less attention from the operator.
At dosages above the optimum, rapid dewatering is inhibited by the floc
structure. Also, excess polymer may blind the filter media. Unlike
cationic polymers, restabilization of particles by overdosing with a
nonionic or anionic polymer is highly unlikely. However, the utility of
these polymers is mostly limited to primary solids.

Operational Factors. The equipment type and its loading are facts
of life for a particular plant and contribute to the uniqueness of the
system. To be effective, the polymer must work under these conditions.
However, polymeric flocculents are not a cure-all. Polymers work best
when equipment is in good operating condition. Proper equipment
maintenance has no substitute.

POLYMER APPLICATION. Proper conditioning of the sludge may be
the single most important factor for optimum equipment performance.
Sludge conditioning is a function of polymer dosage, dilution water, and
mixing energy. Certain polymers are known to perform better with sig-
nificant mixing, while the performance of other polymers is enhanced
with less strenuous mixing. However, insufficient conditioning of the
sludge can result in unadsorbed polymer and subsequent blinding of the
filter media. Figure 5 illustrates lower conditioning energy favoring
optimum performance of a medium molecular weight AMPAM, and a
high molecular weight AMPAM performing better with additional shear.
The medium molecular weight AM-DMDAAC copolymer did not pro-
duce a shear-resistant floc with this particular sludge.

The optimum mixing energy required to thoroughly condition a
sludge varies with polymer and sludge (48). Proper applications for effi-
cient polymer usage can be summarized as follows: (1) Good floccula-
tion depends on adequate dissipation of polymer throughout the suspen-
sion. This dissipation can be accomplished by feeding across the entire
process stream at points of local turbulence such as pump intake, pump
discharge, and grating across the launder. (2) Flocculation is not strongly
affected by the initial concentration of the polymer stock solution as
long as sufficient mixing accompanies the polymer addition (49). Gener-
ally, where significant mixing exists, increasing the dilution water can be
of significant value in improving the polymer transport to the solid. (3)
Staged addition of polymer provides improved floc formation by
reconditioning any shear-degraded floc. (4) Adsorption of the polymer
onto the solid is relatively irreversible and excess shear leads to degrada-
tion of the flocs.

A polymer found to be effective under low-shear conditions may
not produce good results when subjected to high shear. Testing of floc-
culents should be performed under optimum mixing conditions to
ensure the best evaluation for each polymer. The proper feed system is
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Figure 5. Effect of shear on polymer performance in dewatering of pri-

mary sludge. Key: B, medium molecular weight AMPAM; @, high molecu-

lar weight AMPAM; ¢, 75:25 DMDAAC-AM. Polymer dosage was
5 Ib/ton active.

essential to successfully and consistently treat at an effective cost-
performance level.

PHYSICAL FORM OF POLYMERS AND THEIR APPLICATION. Polymers
are generally supplied in either dry, solution, water-in-oil emulsion, or gel
form. Each physical form has its own advantages and disadvantages (see
Table II).

Solution Polymers. Liquid polymers are probably the easiest form
to apply. Commonly, a water eductor and an in-line static mixer is
used to prepare the polymer solution; thus, the need for a mixing tank is
eliminated (see Figure 6). Typical products in this form are AMPAM,
cationic homo- and copolymers, and low molecular weight hydrolyzed
poly(acrylamides). Liquid polymers that contain 10-50% active material
are typically lower molecular weight products. Higher molecular weight
polymers produce very viscous solutions and, therefore, generally con-
tain less than 10% active product in solution. Cold temperatures increase
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Figure 6. Liquid polymer feed system (courtesy of Calgon Corp.).

the viscosity of solution polymers and may cause some difficulty in han-
dling. However, heat tracing of bulk loads or inside storage minimizes
this problem. Some polymers that tend to air oxidize are stored with a
nitrogen cap.

Dry Polymers. Dry polymers provide the most active material on
an “as product” basis. Dry polymers are available in powder, granular,
or bead form. Generally, the finer the particle size, the greater the solu-
bility rate; however, dusting also increases. Polymer vendors offer a vari-
ety of automated feed equipment to ensure proper polymer wetting and
dissolution (see Figure 7). A hold day tank is often used after the dissolv-
ing tank to provide feeding of a consistent solution strength. Feeding of
the dry polymer too fast for adequate dispersion is the leading cause of
“fisheyes”. Fisheyes are gels of polymer that have not fully dissolved.
High-speed mixing (>500 rpm) or excessive mixing times (>1 h) are
discouraged because a loss of polymer performance can result. In addi-
tion, high levels of dissolved solids and dissolved oxygen can reduce
polymer effectiveness. After only 24 h, dilute polymer solutions pre-
pared in deionized water are much more effective than those prepared
in hard water. The viscosity of the polymer solution limits the maximum
recommended solution strength to 0.5% for anionic polymers and 1.0% for
nonionic and cationic polymers. Solutions of dilute polymers should be
used within 24 h of preparation to minimize product degradation.
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Emulsion Polymers. Self-inverting water-in-oil emulsion polymers
containing anywhere between 25% and 60% active product have gained
popularity in recent years, especially cationic products that range up to
60% active. High molecular weight anionic and nonionic polymers con-
tain approximately 25-35% active solids. When a proper makedown
procedure is followed, a polymer solution can be prepared in less than
30 min. Solution strength is generally limited by solution viscosity; how-
ever, as a rule of thumb, a solution of approximately 0.5% active polymer
will ensure complete inversion. The rate of inversion of an emulsion is
dependent on the polymer type. Nonionic emulsions invert more slowly
than the higher charge polymers. Anionic and nonionic emulsions have
been successfully prepared down to as low as 0.05% solution on an active
polymer basis. The lower limit in single-stage preparation of a dilute
emulsion polymer solution is determined by a minimum surfactant level,
necessary for proper inversion. Emulsions are most effective when
prepared in potable water or soft water. Highly dissolved solids can
impair emulsion inversion. The advantages of an emulsion are higher per-
cent active than liquid and faster makedown than the dry product. Often,
emulsions are more effective than their dry polymer counterparts on an
“active” basis. An automated bulk feed system can be installed to mini-

HOPPER AND
VIBRATORY FEEDER

INFRARED
HEAT LAMP

Figure 7. Automatic dry polymer feed system (courtesy of Calgon Corp.).
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mize operator supervision. Equipment cleanup is accomplished by run-
ning a saturated brine (NaCl) or a dilute bleach solution through the
makedown module. Calgon’s emulsion makedown system is illustrated
in Figure 8.

Gel Polymers. The advantage of a gel product is that a high
molecular weight product is provided that, unlike dry polymers, has not
undergone any degradation during drying and grinding. Also, gel poly-
mers have found application in areas where no electricity is available.
The gel log can be placed in water and allowed to dissolve slowly. Dis-
solution is related to the water velocity, temperature, and the exposed
surface area. Dry polymers can be applied in a similar manner by par-
tially filling a fine mesh bag, such as a nylon stocking, and allowing the
polymer to solubilize (50). For other applications, a special unique
makedown system is required.

Polymer Applications in Wastewater Treatment
Municipal waste treatment can be broken down into the following
stages:

e preliminary

e primary clarification

e secondary treatment

o sludge thickening

o sludge dewatering

MAKE-DOWN
MODU!

& S\l POLYMER
j SOLUTION

—
POLYMER
SOLUTION

A

DRAIN LINE

Figure 8. Emulsion feed system (courtesy of Calgon Corp.).
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Figure 9 illustrates a flow diagram of a typical sewage treatment plant
with secondary treatment. As a rule, higher cationic charge and higher
polymer dosage are required with each progressing stage of treatment.
Table III provides a general description of various stages of municipal
wastewater treatment and the polymer requirements.

Preliminary Treatment. The purpose of preliminary treatment is
to remove larger solids, heavy inorganics, abrasive materials, or excess
oils and greases that can interfere with further treatment. This removal
can be accomplished by use of grit chambers, screens or bar racks,
comminutors, aerators, and oil separators. Raw municipal wastewaters
typically contain 100-400 mg/L of suspended solids consisting of -organic
and mineral matter. The most widely used parameter to identify the
organic content of wastewater is BOD. BOD is used to estimate the
quantity of oxygen needed to biologically stabilize the organic material.
Generally, fresh sewage is gray and septic sludges are black in color.
Preaeration may be used to improve oxygen levels in septic wastes.
Polymers are generally not applied at this stage of municipal wastewater
treatment unless to adequately ensure mixing for primary clarification.

Primary Sedimentation-Clarification. The primary stage removes
organic and inorganic materials by physical processes and improves sus-
pended solids and BOD removal. This stage removes approximately
30-60% of the suspended solids and 30-40% of the BOD. The resultant
sludge averages 2-10% solids, is typically dense and fibrous in nature,
and dewaters well. The performance of the primary clarifier affects the
extent of secondary treatment and can control overall effluent quality.
Polymers are often used in primary sedimentation to increase settling of
hydraulically overloaded units. Incorporation of the colloidal-size parti-
cles into the floc structure results in significantly higher settling rates;
thus, subsequent unit operations are improved. Application of hy-
drolyzed high molecular weight poly(acrylamides) (HYPAM) is often
very effective, while nonionic polymers have found little utility in pri-
mary sedimentation. Table IV (36, 51-54) illustrates the effect that
anionic polymers have on primary clarification. The coaddition of an
inorganic coagulant and polymer is also effective on suspended solids
and BOD removal. The five-plant average for removal increased from
45% to 70% for suspended solids and from 38% to 55% for BOD.

In general, conventional primary clarifiers with anionic flocculent
additions of <1 mg/L will provide >50% suspended solids removal and
>40% BOD removal. Cationic polymers, such as AMPAMS or AM-
DMDAAC copolymers, can be used to settle primary solids, although
cationic polymers are generally not cost-effective unless a considerable
amount of secondary material or digester supernate is recycled.
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Secondary Treatment. The purpose of this stage is to further
reduce BOD loading through the use of microorganisms metabolizing
the organic matter under a controlled environment, which results in a
biomass for settling. The unit processes that are most often identified
with the stage are

e trickling filters,
e activated sludge process, and
e aerobic and anaerobic digestion.

As the mean cell residence time of the process increases, the surface
charge on the organic matter decreases. At the same time, biopoly-
mers are produced by the microorganisms that promote settling (55,
56). The majority of BOD discharge from activated sludge, biological
activated sludge, or biological treatment plants is associated with the
suspended solids. Cationic polymers of the DMDAAC or AM-
DMDAAC class are often applied for final clarification to reduce the
suspended solids and, therefore, BOD levels in the effluent. In particu-
lar, polymers offset sludge bulking, hindrance of settling caused by cold
weather, and minimize operational upset. Goodman and Mikkelson (57)
added a cationic polymer to the aeration tank to improve suspended
solids capture in the final clarifiers. Figure 10 shows that the application
of 1 mg/L of polymer enabled the reduction of suspended solids in the
effluent to <20 mg/L, as compared to 700 mg/L without polymer
treatment. Cationic polymers react with the anionic biofloc to neutralize

700

Effluent Suspended Solids, mg/|

11 | | ] | ] ] |
O 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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and bridge the sludge particles. The operating polymer dosage is lower
than the initial treatment because of the recirculating nature of the process.
Polymers are normally fed across the overflow weir of the aeration basin
or the trickling filter effluent. When inorganic coagulants are used, they
are generally applied to the activated sludge aeration basin or the
trickling filter effluent ahead of the polymer. Polymer requirements
increase as the ratio of biological solids increase. Prior to discharge, the
wastewater effluent is disinfected, usually by chlorination.

TRICKLING FILTERS. Trickling filters are classified as high rate or
low rate, depending on the hydraulic and organic loading. A tank filled
with permeable media provides a large surface area under aerobic condi-
tions for biological growth. Trickling filters convert approximately
60-80% of the process BOD into biological slimes. Primary sludge is
usually blended to the high-density, low-volume humus for improved
dewatering.

ACTIVATED SLUDGE PROCESS. The activated sludge process exists
in many versions. In general, this process consists of mixing a portion of
the aerated sludge to seed the influent stream of the aeration tank. This
procedure increases the amount of microbes for improved oxidation of
the organics. The activated sludge process further reduces approxi-
mately 70-90% of the BOD in the remaining raw wastewater. Waste-
activated sludge tends to have a fragile floc structure.

SLUDGE DIGESTION. Digestion is a means of sludge stabilization
that kills noxious organisms while reducing the volume and mass of the
sludge prior to dewatering. The biological treatment can be classified by
the oxygen dependence of the microorganisms involved.

Aerobic Digestion. Aerobic digestion is an extension of the acti-
vated waste process. Continual aeration of the waste sludge encourages
endogenous respiration (self-cannibalism) of the biomass; a largely bio-
logically stabile end product results (58). The main disadvantage of
aerobic digestion is the high energy cost to supply oxygen to the system.

Anaerobic Digestion. Anaerobic digestion is carried out in a closed,
heated environment in the absence of oxygen. An inert sludge of fine
particle size is produced, particularly in the early stages of digestion
(59). The supernate from this process is generally very high in nu-
trients and organic material. A valuable byproduct of this process is
methane. Anaerobic treatment of sludge is slower than the aerobic pro-
cess and reacts slower to environmental changes.

Sludge Thickening. Prior to final dewatering, the sludge may be
further thickened to improve the efficiency of the final process. Often,
sludge thickening will result in reduced chemical costs in the dewatering
stage. Gravity thickening and dissolved air flotation are the most
common unit processes.
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GRAVITY THICKENING. A conventional gravity thickener allows
solids to settle under the influence of gravity; a high-solids underflow is
produced. Typically, a thickener is designed for a surface loading rate of
400-900 gallons per day (gpd)/ft? and can produce a sludge of 5-6% solids.
A well-run thickener can achieve 50% reduction in sludge volume with ap-
proximately 95% solids recovery. The sludge is continuously stirred to
promote channels for water and gases to escape during densification.
Polymers are generally applied to gravity thickeners for the following
purposes: (1) to increase the hydraulic or solids loading of the unit, (2) to
achieve higher density sludge blankets, and (3) to improve the solids
capture in the thickener and reduce the recycle load on the plant.
Typically, cationic polymer treatment will be about 6-60 1b/dry ton of
solids for liquid polymers and 0.5-5.0 1b/dry ton of solids for dry polymers.

DISSOLVED AIR FLOTATION (DAF). DAF, a process used to
thicken sludge, can produce a floated sludge of over 5% solids. This
process is used primarily with waste-activated sludges and is particularly
suited to wastewater containing oil or grease. Performance is heavily
influenced by the solids loading. In general, the higher the solids
loading, the lower the concentration of thickened sludge and the poorer
the solids recovery. Figure 11 (60) illustrates that polymer is very
effective in improving the solids recovery of a floated sludge, especially
under higher solids loading. Cationic polymers are usually added to the
discharge side of the pressurized water just prior to flotation; therefore,
good agitation is ensured. Unlike coagulants, polymer addition prior to
pressurization reduces the effectiveness of the treatment. A wide range
of polymer products has been observed to be effective in the DAF pro-
cess. AMPAMS or AM-DMDAAC polymers are used primarily on acti-
vated sludge, while hydrolyzed poly(acrylamides) are sometimes ap-
plied in the thickening of raw sludge.

Sludge Dewatering. Sludge dewatering is the final solid-liquid step
before disposal and generally accounts for a large percentage of the total
chemical requirement of a plant. Lime, ferric chloride, and polymers are
the most common chemicals used at this stage. Chemical dosages can be
expected to fall within the following ranges (sludge, pounds of polymer
per dry ton of dry solids, pounds of lime per ton of dry solids, and pounds
of ferric chloride per ton of dry solids), (61): raw primary and waste
activated, 15-20, 110-300, and 40-50; and digested primary and waste
activated, 30-40, 160-370, and 80-200, respectively.

The polymer cost to treat blends of sludges can be expected to
range from $2-10/dry ton for primary solids to $4-30/dry ton for raw
plus secondary sludges. Polymer consumption will increase with the
percentage of biological solids present.
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Figure 11. Effect of polymer on float concentration and effluent sus-
pended solids as a function of solids loading [adapted from Noland et al.
(60)].

The following unit processes are most widely associated with sludge

dewatering:

e vacuum filtration

e centrifugation

@ belt-press filtration

o pressurized filtration
Polyelectrolytes have probably had the most profound effect on sludge
dewatering of any solid-liquid separation process. Vacuum filters, which
were commonly installed up to the mid-1970s, have generally lost favor
to belt presses and solid bowl centrifuges. The advent of high molecular
weight, high charge density, cationic polymers, which form shear-
resistant flocs, can account for much of the shift in emphasis on these
mechanical devices.
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VACUUM FILTRATION. In vacuum filtration, polymer addition is
very important in the formation of a porous filter cake. Porosity of the
cake is critical for maximum cake pickup during the cake formation cycle
and also provides good air flow through the cake in the dry cycle. As
long as cracking of the cake is not severe, residual moisture will tend to
migrate with air flow. Feed solids to vacuum filters range between 2.0%
and 10.0% solids and result in yields of 2-10 Ib/ft™> h™. With polymer
treatment, 99% solids recovery can be obtained; therefore, solids re-
cycling is minimized.

Sometimes polymers are used in conjunction with lime or ferric
chloride. Typical chemical dosages in vacuum filtration are 4-10 l1b/ton
for the polymer and 150-300 Ib/ton of lime or 50-125 1b/ton of ferric
chloride. Generally, application of a polymer will reduce the usage rates
of the inorganic coagulant and minimize sludge formation. When a plant
is converted from inorganic coagulants to polymers, the filter media
must be evaluated. Often the differences in floc characteristics of a floc-
culated sludge require a different weave to minimize floc penetration
into the fabric. Filter operations are generally evaluated on production,
solids capture, and cake moisture.

CENTRIFUGES (BASKETS, DISK, AND CONCURRENT SCROLL). Sev-
eral types of centrifuges are available, but in general, production is in-
fluenced by the feed rate and solids loading. Typically, in a continuous-
flow centrifuge, sludge is fed axially where high-rate sedimentation takes
place because of centrifugal forces. Higher centrifugal acceleration can im-
prove cake dryness, although excessive shear can break apart the floc
structure. Proper application of a flocculent is essential to form a co-
herent, shear-resistant floc. The polymer is primarily used to enhance
solids capture. Typically, a high molecular weight cationic polymer such
as AMPAMS or AM-METAC copolymers is dictated. Polymer dosage
can be expected to range between 1 and 20 1b/ton but, most likely, is
4-10 Ib/ton. Polymer performance is generally defined by the cost to
meet specifications for cake solids and clarity at a constant production
rate.

BELT PRESS. Belt presses are simple and relatively easy to maintain.
With polymer treatment, belt presses can be used to dewater problem-
atic secondary biological and petrochemical sludges. Low-solids influ-
ent is the bane of dewatering processes such as belt presses. Sludges
are first flocculated to a cottage cheese consistency and then dewatered
in a gravity drainage section to a nonfluid consistency, followed by
incrementally increased pressure dewatering applied by converging
belts. Large, shear-stable flocs are essential for proper operation. Cationic
polymers such as AMPAMS and AM-METAMS or METAC copoly-
mers are very effective in this application. Occasionally, AM-
DMDAAC copolymers or high molecular weight hydrolyzed poly(acryl-
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amides) are cost-effective. Typical polymer dosages range from 4 to
20 Ib/ton. Figure 12 illustrates the effectiveness of several polymer com-
positions in laboratory tests for gravity drainage of a primary-secondary
sludge blend.

PRESSURE FILTERS AND FILTER PRESSES. Pressurized filtration is
used primarily on industrial sludges because of high capital costs and labor
intensiveness. High pressures tend to cause blinding of the filter media,
and periodic washings are required. Previously, flocs developed with
polyelectrolytes were considered too sensitive for pressures encountered
during the filter cycle. However, inorganic coagulants, as well as poly-
mers, are used successfully in this application. Cationic polymers such as
AMPAMS, AM-DMDAAC, AM-METAC, or AM-METAMS copoly-
mers are used in filter-press applications.

Summary

A summary of polymer application in municipal wastewater treatment is
given in Table V. As a rule, higher cationic charge and higher polymer
dosage are required with each stage of treatment. Polymeric flocculents
are used to improve suspended solids and BOD removal and are particu-
larly effective in improving the hydraulic capacity of the unit processes.
Polymers have had the greatest impact on sludge dewatering. A major
trend toward belt presses and centrifuges has occurred with the advent

50

Relative Dewatering Rate
N w »
(=) (=) (=)

=
(=}

00— 1L 1101
40 50 60 70 80 9 100 110

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 W, high-charge, moderate molecular weight AM~-DMDAAC.
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of high molecular weight, highly charged, cationic copolymers that pro-
duce strong shear-resistant flocs.

New developments in the area of polymer technology and improved
application of these polymers led to more effective treatments. Because
of the wide variety in active ingredients and, therefore, pricing on vari-
ous polymer products, a comparison should always be made on a cost
per dry ton of solids basis as opposed to pounds per dry ton of solids.
Consideration should also be given to equipment costs required to store
and feed the product. Research continues toward development of poly-
mers with improved cost-effectiveness and functional effectiveness.
Cationic polymers will still enjoy special attention in sludge dewatering.
Currently, research is focused on emulsion technology and structure-
performance relationships.
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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) (M,, 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 oroducts. No mechanistic studies were
conducted.

WATER-SOLUBLE POLYMERS OF LOW MOLECULAR WEIGHT (Mw
<20,000), particularly high acid content polyelectrolytes, such as poly-
(acrylic acids), find utility in a variety of application areas, including
industrial water treatment, trade-sales paints, and detergents. Many
approaches to the synthesis of low molecular weight poly(acrylic acids)
are reported in the patent literature: these include aqueous polymeriza-
tion employing mercaptan chain transfer agents (1) and synthesis in iso-
propyl alcohol followed by solvent exchange to water (2). Recently, we
developed aqueous solution metal-activated redox initiation processes
(3), which accommodate facile and economic polymerization of water-
soluble monomers such as acrylic acid. In these metal-activated redox
processes, hydrogen peroxide and copper salts are employed for the
synthesis of water-soluble homopolymers and copolymers.

0065-2393/86/0213-0145$06.00/0
© 1986 American Chemical Society
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As first noted by Fenton in 1894 (4), in the presence of certain metal
catalysts, hydrogen peroxide exhibits increased oxidizing activity. These
Fenton oxidations are believed to proceed through the intermediate
formation of hydroxyl free radicals (5):

Fe** + HyO,—Fe** + OH™ + -OH

Our analyses indicate that hydroxyl free radicals initiate our polymer
chains; however, the complete mechanism of initiation is not established.
In this chapter, we present interesting findings regarding one industrial
approach to the synthesis of poly(acrylic acids). Results regarding poly-
merization using this type of metal-activated initiation as well as the
dependence of polymer molecular weight control on hydrogen peroxide
to copper salt molar ratios are discussed.

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 million 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-liquid
chromatographic analysis for residual acrylic acid monomer, iodometric titration
for residual peroxide, and gel permeation chromatography for molecular weight
measurements.

Results and Discussion

Survey of Metal Activators. Table I data illustrate the relative effi-
ciencies of copper, iron, and manganese as metal activators in 98 °C
polymerizations of acrylic acid when 5% active hydrogen peroxide was
used as the initiator. In each case, the sulfate salt was used, and also in
each experiment, 2% (dimethylamino)ethanol was included. On the basis
of monomer conversion and use of hydrogen peroxide in this limited
survey of metal activators, copper is the preferred metal for these aque-
ous polymerizations. Although molecular weight measurements on these
Table I samples were not done, the viscosity at 50% solids indicates that
the copper system yields the lowest molecular weights under the condi-
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Table 1. Efficiency of Hydrogen Peroxide as an Initiator for Poly(acrylic acid)
Synthesis in the Presence of Several Transition Metals

Metal AA°® Monomer 25 °C Brookfield
(on Monomer) Conversion (%) H30; Residue (%) Viscosity® (cP)
380 ppm of Cu?* 100 5 220
380 ppm of Fe* 95 25 8200
380 ppm of Mn%* 80 50 NA°
2AA represents acrylic acid.
b At 50% solids.
°NA is not available.

tions studied. Hydrogen peroxide initiation of aqueous acrylic acid
polymerizations, using the same level of hydrogen peroxide, in the
absence of metal activation under similar reaction conditions, yields
poor utilization of hydrogen peroxide (>70% residual) and a higher
molecular weight product.

On the basis of the monomer conversion and hydrogen peroxide
utilization, the copper redox transition is more facile than the iron or
manganese electron transitions:

Cut — Cu?* — Cut

This observed order of metal efficiency is consistent with the oxidation
potentials for these metals (6):

Cut — Cu®* + e E°=-0.153 V
Fe?* — Fet + e E°=-0771V
Mn?* — Mn**+e  E°=-1510V

Effect of Copper to Hydrogen Peroxide Molar Ratio Varia-
tions. Metal-activated redox initiation was then pursued by using
copper salt and hydrogen peroxide as the initiating system. The effect of
the hydrogen peroxide to copper molar ratio on peroxide utilization,
monomer conversion, and molecular weight control in poly(acrylic acid)
synthesis was investigated. Two hydrogen peroxide levels were studied
(1 and 5 wt % on the monomer); all experiments were run at 95 °C, and
1 wt % triethanolamine was charged to the reactor with the copper salt.
Data for these experiments are provided in Tables II and III.

The Table II data illustrate the effect of hydrogen peroxide to
copper molar ratios on peroxide utilization, monomer conversion, and
molecular weight in the 1% hydrogen peroxide experiments. In terms of
monomer conversion, peroxide utilization, and molecular weight, the
60:1 to 120:1 molar ratio range seems optimum for these reaction

conditions. American Chemical Society
Library
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Table II. Effect of Hydrogen Peroxide (1%) to Copper Salt Molar Ratios
on Poly(acrylic acid) Synthesis

Viscosity

mol of HyOy: H0, AA° (cP) at . _

Cu (ppm) mol of Cu Residue (%) Conversion (3) 25°C M., 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

9AA is acrylic acid.

To prepare lower molecular weight poly(acrylic acids), we per-
formed the Table III experiments at the 5% hydrogen peroxide level
using the reaction conditions listed in Table III.

In these Table III experiments, the 60:1 to 150:1 hydrogen peroxide
to copper molar ratios, as in the 1% hydrogen peroxide experiments,
appear to be in an optimum range for these reaction conditions in terms
of molecular weight control and peroxide utilization.

Effect of Hydrogen Peroxide Level Variation at Constant Hydro-
gen Peroxide to Copper Molar Ratio. Table IV data show the effect of
hydrogen peroxide level on molecular weight at a constant hydrogen
peroxide to copper molar ratio (60:1) under the same reaction conditions
as in the Table II and III experiments. These Table IV data demonstrate
the dependence of molecular weight on initiator level at a constant H;O,
to copper molar ratio. Figure 1, a plot of M, vs. 1/[H;O0:J, illustrates the
Table IV M, data.

Synthesis of the lowest molecular weight products requires high
levels of copper as well as hydrogen peroxide. Over the range studied,
the presence of copper at even 6000 ppm does not present a solubility or
storage stability problem. However, if desirable, copper can be effi-

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

Viscosity

mol of HyO;: H>0, AA (cP)at __ —

Cu (ppm) mol of Cu Residue (%) Conversion (%) 25°C M, 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 IV. Varying Hydrogen Peroxide Levels at 60:1 Hydrogen Peroxide

to Copper Salt Molar Ratios
Viscosity

H30, H>0, AA ( cP ) at _ —_—
(wt %) Cu (ppm) Residue (%) Conversion (%) 25°C My, 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

ciently removed postpolymerization by using well-known ion-exchange
techniques.

Effect of Amine Level. Another variable examined was the effect
of amine inclusion and amine level on these metal-activated redox pro-
cesses. Data for these experiments are provided in Table V. The Table
V experiments were run at 95 °C, the copper level was 600 ppm, the
H,;0; level was 5% on monomer (hydrogen peroxide to copper molar
ratio of 150:1). These Table V data show that inclusion of low levels of a
tertiary amine, such as triethanolamine, tends to lower the molecular
weight and improve peroxide utilization. The role of the amine in these

1.0 *
09 o

08 e

0.7 oy
0.6 -

0.5 /"

1/Square Root H2O2

0.4 a"‘
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Figure 1. A plot of 1/[H20: ] is an illustration of the Table IV gel per-

meation chromatographic data. These data show the dependence of

poly(acrylic acid) M,, 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

Viscosity
TEA® H;0; AA® (cP) at — _
(wt %) Residue (%) Conversion (%) 25°C M, M,
0 33 95 655 7000 3280
1 8 99 325 6250 2820
2 0 99 275 5600 2500

2TEA represents triethanolamine.
bAA is acrylic acid.

reactions is not completely understood at this time; however, its function
may be that of a chelate.

Effect of Temperature. Temperature also is an important factor in
controlling molecular weight, efficiency of peroxide utilization, and
monomer conversion. Table VI contains data for experiments done in
the 80-95 °C range: higher temperature favors lower molecular weight
and more efficient peroxide utilization. In the mechanism proposed
(see next section), for this initiation, the hydrogen peroxide serves
as both the oxidizing and reducing agent for the metal; presumably,
the Cu?* — Cu" transition requires higher temperatures.

Proposed Mechanism. The complex mechanism of initiation in our
processes is not fully understood. Peroxides, including hydrogen perox-
ide, are commonly used to initiate addition polymerizations of acrylate
and vinyl monomers. Hydrogen peroxide probably functions by redox
decomposition to the hydroxyl free radical (7). A mechanism for the
formation of the hydroxyl free radical that initiates these polymeriza-
tions is

HzOg + M+ B HO' + OH_ + M2+
M** + H,0, — HO,- + M* + H*
H02° + HgOg — Hzo + HO- + OzT

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

Viscosity
Synthesis Hy0; AA (cP) at - —
Temp (°C)  Residue (%) Conversion (%) 25°C My M,
95 8 99 320 6250 2820
90 10 98 500 7150 3240
80 44 90 1200 11400 4730

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch008

8. HUGHES AND SWIFT Metal-Activated Redox Initiation 151

HO-: is an effective initiating species, and NMR analysis of these poly-
(acrylic acid) polymers verifies hydroxyl end groups. Also, monitoring
of the reaction atmosphere verifies the presence of oxygen.
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Role of Water-Soluble Polymers
in OQil 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 polymersin drilling is discussed.

THE MAJOR GOAL OF DRILLING RESEARCH is to study those variables
that influence the rate at which wells are drilled, while well-bore stabil-
ity is maintained and damage to producing formations is prevented. For
this reason, the properties of drilling fluids and the effects of additives
such as polymers and electrolytes on the drilling rate and formation sta-
bility are studied by the drilling industry. This chapter discusses the use
of water-soluble polymers in oil well drilling muds as applied by one
major oil company. Standard Qil Co. (Indiana), now Amoco Corp., pio-
neered the use of mud systems that are called low-solids, nondispersed,
polymer-extended (LSND) muds.

Background

The presence of electrical charges on the surfaces of colloidal clay parti-
cles in bentonite slurries has been known for a long time (1). Scientific
investigations of the effects of inorganic electrolytes in such suspensions
were carried out by Standard Oil Co. (Indiana) as early as the late 1930s
and continue to the present. Early studies concentrated on the effect of
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particle-size distribution within the suspension on the rheological and
fluid-loss properties (described later) of drilling muds (2). More recent
work emphasizes the effect of electrolytes on clay minerals in shales
being drilled, the effect of fluids on formation evaluation techniques,
and the nature and extent of filtrate permeability damage to producing
formations.

During the 1950s, attention was turned to a study of the interaction
of clays and organic electrolytes such as surface-active anionic deter-
gents and water-soluble polymers. The detergents eventually found a
market in mud systems requiring emulsions or improved lubrication for
the drill pipe rotating against the side of the well bore. Lubricants are
particularly useful in directional wells where the hole bottom hori-
zontally offsets the surface location by several thousand feet (2).

The uses found for the water-soluble polymers were more varied
than for the detergents. The first such polymers were natural gums used
for viscosity control (3). The first synthetic polymer used in the field
was (carboxymethyl)cellulose to lower the 30-min fluid loss of the mud
filtrate by using an American Petroleum Institute (API) test cell (4).
Later, poly(acrylamide)-carboxylic acid copolymer was used to com-
pletely flocculate clay-formation solids to prevent the solids from mak-
ing a mud (5).

Problems

Sloughing Shale. Flocculation of drilled solids allowed for drilling
with a clear fluid, and this approach resulted in much faster drilling rates.
Unfortunately, in many areas the clear drilling fluids greatly increased the
probability of shale formations sloughing into the well bore; severe hole
enlargements are caused, and in some cases, sticking to the drill pipe
results. In some areas, sodium chloride brines prevented the shale forma-
tions from sloughing into the well bore. However, even sodium chloride
would not work in other areas, and potassium or ammonium salts had to
be employed along with the polymer flocculents (6).

Work in recent years developed our understanding of this problem.
Research indicates that the water activity of the shale is the determining
factor in whether brines made up of sodium chloride would stabilize the
formation being drilled. Shales that have water activities higher than 0.77
can be stabilized by brines of matching activity. However, because 0.77
is the lowest water activity achieved by NaCl brines, and because the
sodium ion is highly hydrated, NaCl brines will destabilize shales that
have water activities lower than this. So that the hydration process is
slowed, less strongly hydrated cations such as potassium or ammonium
must be employed and polymers must be used to coat the shales. This
area is currently the subject of intense research within the petroleum
industry.
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Effect of Solids Content. In wells where drilling with plain water
on native mud was not possible or not desired, drilling faster while
maintaining well-bore stability was a real problem in the 1950s. Mud
solids slowed the drilling rate. Well-bore stability problems were time
dependent; i.e., the more time in open hole, the more likely the hole
would fall in. In 1960, a field survey was conducted in an attempt to
quantify the effect of solids on the drilling rate. Feet per day, number of
bits, and number of rig days to reach a depth of 10,000 ft were tabu-
lated, and a least-squares curve fit was performed on the data correlated
against solids content. Figure 1 is the result of that survey (7).

Such a correlation from field data would be difficult today because
of the wide variety of bits, rig pumps, and mud systems now used.
However, in 1960, basically only three types of bits existed: soft,
medium, and hard formation. Almost all had steel teeth, nonsealed roller
bearings, and no jets. The bit designs severely limited the fluid flow rate
range. Too little flow and the teeth plugged up with the drilled rock,
and too much flow resulted in severe erosion of the steel teeth of the bit.
Most rig pumps were 16- or 18-in. duplexes with cast iron fluid ends that
limited the pressure range available. Therefore, any major drilling rate

Rig Days, Bts, Fi/Day

0 5 10 15
Solids Content, Volume 7%

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 from well to well was most likely due to formation differences
or the mud system being used.

Because feet per day, number of bits, and number of rig days were
major factors in determining the cost of the well, an analysis of Figure 1
data resulted in the following conclusions: (1) the solids content has a
major effect on drilling costs, (2) little sensitivity to cost factors exists
above 5% by volume clay solids, and (3) the maximum sensitivity of the
variables that affect cost occurred below 5% solids. In other words, the
clay solids content of a drilling mud must be kept below 5%, if control
of the mud system was to have any impact on the total cost of drilling
the well.

If the shale formations had a high value for water activity, i.e., close
to 1.0, then no problem occurred in implementing the conclusions of the
aforementioned study into field practice. Newly discovered polymer
flocculents could be used to drill essentially with water. However, if a
colloidal mud was needed because of well-bore stability problems, high-
pressure zones, or formation evaluation and coring requirements, a mud
of desired properties could not be made and used to drill without
exceeding the 5% by volume solids content limit. In fact, most muds,
even with the best of attention, were in the 6-8% solids range.

Beneficiation of Bentonite. If some polymer could be found that
would increase the viscosity of the clay suspensions without flocculating
the clay, then possibly a mud system could be formulated with suitable
properties with less than 5% clay content. If the mud was considered as a
Bingham plastic (8), suitable properties were defined as a 10-14-1b/bbl
polymer-extended clay slurry having the same apparent viscosity, yield
point, and filtration properties as a 17-22-1b/bbl high-quality Wyoming
bentonite slurry. These values were 15 cP, 10-15 1b/100 ft?, and less than
13.5 ¢cm3/30 min in an American Petroleum Institute (API) cell, re-
spectively (9).

The 5% by volume limit for total clay solids dictated this definition,
because once a mud circulated during drilling, complete removal of all
of the drilled solids was impossible. The ratio of the drilled solids con-
tent to the bentonite content (D:B ratio) would always be greater than
1:1 and frequently would exceed 3:1, the maximum desired limit for this
ratio. For the mud system to have less than the 5% total clay solids,
commercial bentonite content had to be in the 10-14-1b/bbl range, the
ideal concentration being 10.5 Ib/bbl. However, at this concentration
bentonite alone would not give acceptable mud properties.

A word concerning units is appropriate here. Volume percent is
used in field measurements, because this measurement is derived from a
retort but usually is grossly inaccurate. Weight percent is used to make
up laboratory concentrations, because this value is a weighed quantity.
Bentonite has a specific gravity of about 2.2 and a drilled solids average of
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2.65; thus a 1% volume approximately equal to 2.5% by weight. Our
limit of 5% volume is approximately 42 Ib/bbl of clay solids; thus, 10.5
Ib/bbl is the ideal bentonite concentration if a D:B ratio of 3:1 is not
exceeded. However, few commercially available bentonites are extend-
able at this low concentration. Therefore, it is more reasonable to expect
a polymer extender to be able to extend bentonite slurries made up of
14 Ib/bbl, or less.

Extensive laboratory experiments were therefore carried out in a
search for polymers that would react at an economic concentration with
the bentonite to produce the desired effect. These experiments resulted
in the discovery that minute concentrations of some water-soluble poly-
mers extended the bentonite clay by thickening the mud without actu-
ally flocculating the solids and causing settling. The mud particles did
not settle, and the fluid-loss properties actually improved, by decreasing
the amount of filtrate from the API test cell. In larger polymer concen-
trations, the thickening process was reversed. If the bentonite concentra-
tion was below about 14 Ib/bbl, the mud was undesirably thinned, so
that the viscosity was actually below that of the original untreated slurry.

A patent (10) was issued in 1962 describing a vinyl acetate-maleic
anhydride (VAMA) copolymer that would produce the required effect at
concentrations of less than 0.05Ib/bbl. Laboratory tests also indicated that
the polymer should flocculate low-yield clays found in shales. This finding
was correlated to { potential measurements on the clays. Bentonites that
had { potentials in the —40- to —20-mV range were extended; illites and
other low-yield clays, which were less negative, flocculated with the
polymer addition. Polymers that exhibited this dual behavior in relation
to { potential were named dual-action polymers.

Field usage confirmed that the dual-action polymers helped in con-
trolling the D:B ratio to less than 3:1. Drilling research revealed that the
lower solids also made other drilling variables more responsive to
change, i.e., bit selection, weight on bit, rotary speed, and hydraulics.
This discovery (11) made the practice of optimized drilling a reality.

Polymer Properties. Whether a given class of polymer would act
as a fluid loss reducer, a bentonite extender, or a flocculent was con-
sidered to be a function of its molecular weight as determined by intrin-
sic viscosity measurements. Intrinsic viscosity is an indication of a poly-
mer’s average molecular weight, but the molecular weight distribution is
also an important variable that determines polymer behavior in mud sys-
tems. Polymers must therefore be classified more closely than just chem-
ical class and average molecular weight.

Narrow-range, low molecular weight, water-soluble polymers ap-
pear to function as fluid-loss reducers in clay systems, whereas high
molecular weight, broad-range polymers seem to function as flocculents
or viscosifiers in their own right. The performance of polymers of
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intermediate weights and ranges is not as easily classified, and an attempt
at some sensible classification along these lines is in progress.

Chemical class and structures are also important where degradation
of polymers occurs from mechanical or temperature effects. Shear degra-
dation in a mud system appears to be a function of both structure and
molecular weight. Indirect evidence indicates that temperature limita-
tions of a polymer in a mud system are not identical with the limitations
on the polymer by itself. This observation is of polymer performance in
deep, hot holes. In other words, the polymer may function in the mud
system at higher temperatures than laboratory thermal degradation tests
indicate.

The reason may be that at high well-bore temperatures the polymer
in a mud is also subjected to pressures greater than 10,000 psi. The pres-
sure may act to prevent thermal degradation of the polymer or the pres-
sure may force a chemical reaction with other components of the mud
system, to form a stable structure. This reaction, of course, is difficult to
simulate in most mud laboratories, where a “high-pressure” test means
only 1000 psi. If the aforementioned rationale is correct, then further
advances in polymer usage in drilling mud systems will be contingent
upon research conducted above 250 °F and 10,000 psi.

Discussion of Technical Data

Effect on Drilling Rate. Drilling research by industry was getting
under way in the late 1950s to address the causes of the detrimental
effect of solids in muds on drilling rates. However, 1958 saw the postwar
drilling activity peak out. A precipitous drop in rig count occurred in the
following 2 years, and a steady decline occurred for the next 13 years. As
a result, most companies curtailed or canceled their drilling research
efforts. Standard Oil Co. (Indiana), however, continued the drilling
research it had started in 1939 and, in fact, increased its effort substan-
tially by building in 1961 a 1500-hp research drilling rig inside a four-
story research building.

Drilling-rate experiments comparing muds with varying solids con-
tent with clear water usually produce a response curve similar to that
shown in Figure 2 (12). Bit type, rock type, weight on bit, rotary speed,
flow rate, borehole pressure, type of clay solids, and chemical treatment
influence the severity of the response. In general, anything added to
water causes a reduction in the drilling rate.

Different clays will produce a family of curves, so that a homolo-
gous series of curves above and below the Figure 2 curve would result.
In a given clay concentration (holding all other variables constant), any
number of drilling rates may result, depending upon the type of clay
and the chemical treatment to which the mud 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.

The observation that led to a viable theory upon which to base a
drilling-rate model was that lignosulfonate dispersants (which thinned)
cause a decrease in drilling rate, whereas the new polymer extenders
(which thickened) produce an increase in drilling rate, compared to an
untreated clay slurry. However, increasing viscosity generally resulted in
slower drilling rates. Obviously, a drilling-rate model based on viscosity
could not be made, because the unusual drilling-rate increases obtained
with polymer treatment occurred even when the mud was thickened to
the point where it was almost unpumpable.

Because dispersants cause a breakup of clay particles, the polymer
extenders were postulated to do the reverse, i.e., tying the clay particles
together to shift the particle-size distribution to the higher side (12). Care-
ful particle-size distribution measurements using a time-consuming super-
centrifugal procedure confirmed this theory.

Bentonite gel slurries aged by rolling for 3 weeks had a very narrow
particle-size range as measured by this technique. Eighty percent of the
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particles were less than 3 um; however, only 13% were less than 1 um. If
this slurry (6% solids by weight) was dispersed with lignosulfonate and
sodium hydroxide and aged by rolling for 3 weeks, 100% of the particles
measured were less than 3 um and 80% were less than 1 um (1 um was at
the lower limit of our measurement ability with the supercentrifuge).

Polymer treatment produced an opposite effect. The submicron
particle concentration actually decreased to 6% less than 1 um. Particle-
size distribution then became the explanation of why different drilling
rates existed at the same clay solids concentration with different clays
and chemical treatment.

This effect was modeled by comparing the resulting drilling rate of
a given clay concentration to the drilling rate of clear water in the form
of a ratio, drilling rate of mud to drilling rate of water, DRM:DRW. For
water, the ratio is equal to 1.

Because any solids added to water generally lower the drilling rate,
for a mud DRM:DRW is some number less than 1. This ratio was related
to the particle-size distribution. For convenience, this distribution was
divided into A, the effect of submicron fine (F) particles, which proba-
bly had a greater effect, and B, the effect of coarser (C) particles. The
equation then becomes

DRM:DRW =1 — A(F) — B(C) (1)

where (F) and (C) indicate the pounds per barrel concentration of the
fine and coarse particles, respectively, in the mud system.

After drilling with 28 different mud systems and running the
particle-size distribution, a regression analysis of the data resulted in a
value for A of 0.0133, and a value for B of 0.00114 (13). This discovery
was rather startling because it indicated that the submicron particles
were almost 12 times more detrimental to the drilling rate than the
coarser particles. This discovery also explained why polymer-extended
muds did so much better than just the reduction in solids content alone
could explain.

Lack of space does not allow a complete discussion of the complex
reasons for the detrimental effects of the submicron particles. The fac-
tors involved include an effect of borehole pressure because of filtration
properties; the effect of hydraulic-pressure losses dependent upon vis-
cosity properties, which determine the hydraulic horsepower reaching
the bit; and the cost of maintenance of solids-control specifications of
the mud system (I4). In other words, those variables that we could not
model directly are indirectly modeled by this particle-size model.

Of course, the centrifugal technique is not practical to use at the rig
site, so a methylene blue test (MBT) procedure was developed that
allowed estimation of the highly reactive submicron particles (15). The
total clay content could be calculated by mud weight or retort values,
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and MBT provided an estimate of the bentonite fraction of these. The
type of mud system provided the multiplication factor to apply to the
MBT-calculated values. For an untreated water gel slurry, the pounds
per barrel bentonite concentration from the MBT was multiplied by 0.13
(because 13% is less than 1 um) and then entered into equation 1 as the
concentration for F, and the concentration of fines was subtracted from
the total solids content to arrive at the concentration for C. In a
dispersed mud, the factor was 0.80, but for a polymer-extended mud,
the factor was only 0.06. This model has been used successfully and
continuously by Standard Oil Co. (Indiana), now Amoco, since 1967.
The procedure obviously could be used to good advantage by polymer
salesmen to market water-soluble polymers to the drilling industry.

Polymer Extenders for Bentonite. The original bentonite specifi-
cations were written in oil field terms of barrels per ton yield for a 15-cP
mud. The conversion to barrels of 15-cP mud per ton of bentonite clay is
the concentration, ¢, in pounds per barrel required to yield a 15-cP mud
taken from a viscosity plot and applied in equation 2:

barrels/ton = 2000/¢ + 2 (2)

When the VAMA polymer extender went on the market in 1960, high-
grade Wyoming bentonite averaged 105 bbl/ton yield of 15-cP mud.
Treatment with VAMA polymer would increase this yield to 150-213
bbl/ton. Thus, half the bentonite usually required could be used, and at
last a low-solids mud of excellent properties with less than 5% by volume
total low-density solids content, even with a D:B ratio of up to 3:1, could
be used to drill.

Typical data for APl Wyoming bentonite at various concentrations,
taken June 27, 1962, are shown in Table 1. (The test procedures are
defined in reference 9.) The 6% by weight concentration refers to 21 g of
clay in 350 cm?® of tap water. Later specifications required that deionized
water be used and the volume be corrected for the effect of adding the
clay solids, so that 6% by weight in recent tests refers to 22.5 g in 350 cm?

Table 1. API Bentonite, June 27, 1962
(Aged Overnight)

Plastic

Concn X X Yield Point Fluid Loss
(wt %) V’?ﬁ‘l’f)’t” (Ib/100 f2)  (cm/30 min)
3 2 1 2
4 5 3 10
5 7 9 7
6 11 15 6
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of distilled or deionized water. For comparison purposes, all data in this
chapter used original procedures with deionized water. Properties for
the bentonite alone shown in Table I are after aging overnight. Polymer
extender data of Table II were taken after hydrating the clay only
20 min, adding polymer, and mixing only 5 min. This study was done to
prove that the polymer also accelerates the yield time considerably, an
important consideration in oil well drilling. Apparent viscosity versus
concentration of the mud used in Tables I and II is plotted in Figure 3.

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

Concn Vl.’lastz_c Yield Point Fluid Loss
(wt %) '?‘é‘l’,s)“ y (Ib/100 f£?)  (cm®/30 min)
3 4 6 9
4 10 17 8
5 12 47 7
6 12 126 6

NOTE: bbl is oil field barrel of 42 gal. or 350 Ib of water.
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Figure 3. API bentonite, 1962. Key: B, no extender; and O, polymer
extended.

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch009

9. ESTES Role in Oil Well Drillings Muds 165

The polymer extends the bentonite (allows the use of less bentonite for
the same viscosity), and the extended curve is above and does not cross
the base clay line.

Particularly interesting is the 6-cm?® fluid loss of the 1962 API ben-
tonite. The current API specifications call for a 6% weight slurry to have
a fluid loss of less than 15 cm3. This value is almost three times higher
than that of the material supplied in 1962.

Although this situation is distressing for oil well drilling oper-
ators, it is not the worst story as far as clays are concerned. Lower yield
clays are now being blended with higher yield clays, and polymer is
added at the mills to achieve even these relaxed API specifications. In
laboratory checks, at 6% weight concentration the yield point will exceed
the plastic viscosity by more than 2:1 if the bentonite has been treated
with polymer. Unfortunately, this practice results in a thinning effect at
lower bentonite concentrations when polymer extenders are added at
the rig site, because of the previous polymer treatment at the mill.

Some API untreated bentonite is available today that gives a
92-bbl/ton yield and can still be extended by the operator at the rig site
but not nearly to the extent of the bentonite available in 1962. This result
is shown by the curve of apparent viscosity versus concentration of the
mud used in Tables III and IV plotted in Figure 4. Again the polymer-
extended curve is above and does not cross the original clay curve.

Table IIL. API Untreated Bentonite, June 1984

(Aged Overnight)
Concn VPlazt;; Yield Point Fluid Loss
(wt %) ’?ﬁ ?) y (Ib/100 f£)  (cm®/30 min)
3 2 1 20
4 4 1 17
5 6 2 13
6 10 3 12

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

Concn Vl;l:f)illct Yield Poirztt Fi hgid Loss
(wt %) (oP) y (Ib/100 f)  (cm?®/30 min)
3 4 0 18
4 7 1 15
5 10 19 13
6 15 53 12
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Figure 4. Untreated API bentonite, 1984. Key: B, no extender; and O,
polymer extended.

More typical of currently supplied API bentonite, however, is the
highly treated bentonite shown by Table V data. This bentonite cannot
be further extended at the lower concentrations (Table VI). Figure 5 is
an apparent viscosity plot of this mud. Notice that the polymer-extended
curve crosses the original clay curve at 15 Ib/bbl. The polymer actually
thins the mud at the lower clay concentrations, where thinning is not
desired, and thickens at higher clay concentrations. The polymer is,
therefore, producing the reverse effect of what is desired.

Therefore, instead of using 10-14 1b/bbl of bentonite and a mud
system of less than 5% volume total clay solids, we are right back where

Table V. Example of 1984 API Bentonite

(Aged Overnight)
Concn Vzlz‘zt;ct Yield Point Fluid Loss
(wt %) (cP) y (Ib/100 f2)  (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 VI"lastz_ct Yield Point Fluid Loss
(wt %) ';ﬁ‘;,j’ y (Ib/100 £) (cm®/30 min)
3 3 0 25
4 6 3 29
5 8 16 19
6 10 50 18

we were 25 years ago using 17-25 Ib/bbl; difficulties arise in running a
low-solids clay-based mud with a D:B ratio of 3:1 while staying under
the 5% by volume solids limit.

The onset of this situation has not been sudden, and in 1967 Stan-
dard Oil Co. (Indiana) introduced a polymer extender based on acrylic
acid that would extend lower yield bentonites better than the VAMA
copolymer (16). Another improved polymer was introduced in 1971
(I17). However, even these polymers may not extend some bentonites
already polymer treated by the supplier, as demonstrated by the afore-
mentioned data.

Apparent Viscostly, cp

100

/(’
2
eV
r 7
o ‘.

1 T T

10 12 4 16 18 20 22

Bentonite Concentration, Ib/bbl

Figure 5. Example API bentonite, 1984. Key: B, no extender; and O,
polymer extended.
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Future of Polymers in Drilling

Prediction 1. In the immediate future, more expensive oil-emulsion
muds will replace water-base clay muds in expensive drilling areas
where slow drilling rates or directional drilling causes hole stability prob-
lems. This replacement will accelerate as more environmentally safe oils
are introduced and accepted by operators and government regulators
alike. The development of synthetic polycrystalline diamond compact
bits has made these oil-emulsion muds a viable alternative, as more
sophisticated operators realize that lower well costs are achievable if
sound engineering is applied when these very expensive bits and mud
systems are used.

Prediction 2. In the next decade, as oil and gas reservoirs become
more difficult to find, exploration departments will demand that wildcat
wells be drilled with water-based muds, to allow for adequate formation
evaluation of possible producing horizons. Progressive drilling depart-
ments, not wanting to return to slow-drilling, dispersed clay-based
muds, will turn to polymers to accomplish these objectives.

However, the polymers will not be extenders, which are used in
minuscule quantities anyway. Drillers will want polymer viscosifiers
capable of cleaning the well bore of drill cuttings and suspending weight
materials such as barite and hematite. Drillers will want filtration control
and a valid test procedure for fluid loss (polymer muds go right through
API filter paper, but not through most formation rocks). Drillers will
want resistance or tolerance to well-bore contaminants frequently
encountered such as salt, anhydrite, or calcium and magnesium
salts. Drillers will want stability at the high well-bore temperatures
(250-450 °F) found at depth.

Prediction 3. Prediction 2 describes what the oil well drilling oper-
ators will likely want. Prediction 3 is that the operators will get what
they want.

We are already making high temperature stable, water-insoluble
polymers that 20 years ago were considered impossible. Some water-
insoluble polymers are presently being modified to render them water
soluble. I attribute the current thermal limitations of currently available
drilling polymers to the test conditions traditionally applied, i.e., 1000 psi
at 300-500 °F. The pressure test conditions must be increased some 10-
fold if we are to understand how a polymer will likely behave in a deep
hot well bore.

I predict that when these changes are made, some polymers that
were found unstable at 300 °F and 1000 psi will appear suitable at 400 °F
and 10,000 psi.
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Prediction 4. Therefore, within the next 5-10 years, with the
increased usage of high-temperature polymer muds in exploratory wells,
the use of oil-emulsion muds should diminish for development wells;
thereby, the polymer market will be greatly expanded. For we are no
longer talking about polymer concentrations of 0.05 Ib/bbl but 100 times
that amount, and instead of 1500-bbl mud systems for the typical well
now, we are projecting twice that volume for the deeper wells required
in the future.

Conclusion

A number of conclusions can be drawn from the discussion presented in
this chapter. One conclusion is that polymers may replace bentonite as
the primary viscosifier in drilling mud. The reason is that because ben-
tonite is so detrimental to penetration rate (Figure 2), if the quality con-
tinues to deteriorate to a point where low-solids, nondispersed muds
cannot be run, more expensive polymers become economical because of
high drilling rig operating costs. Even if this situation does not happen,
polymers have a bright future in the makeup of drilling fluid systems.

This chapter has suggested that effective polymers must be able to
perform one or more of five functions in a drilling mud: (1) a flocculent
for drilled solids, (2) an extender for bentonite, (3) a viscosifier, (4) an
agent to reduce filtration loss, and (5) a shale stabilizer.

No one polymer is likely to perform equally well at all functions,
nor is this necessarily desirable. Polymer drilling fluid systems are there-
fore formulated with two or three different polymers, each designed to
perform specific functions.

The chapter has discussed the limitation of polymer flocculents and
extenders. Polymer viscosifiers must exhibit shear thinning behavior,
while not being overpowered by the drilled solids making mud and thus
allowing the solids content to exceed 5% by volume. Polymer viscosifiers,
alone or in combination with other materials, must exhibit gel structure
capable of suspending weighting agents, such as barite or hematite.

The chapter has suggested that the current API test procedures are
not adequate for research development and evaluation of polymer mud
systems. Of particular concern is the performance at high temperatures,
which needs to be investigated at higher pressures than the API tests,
and the filtration properties, which must be carried out by using porous
media rather than API filter 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, TX 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 in oil and gas well drill-
ing fluids include use as viscosity builders, filtration control agents, floc-
culents, deflocculents, and shale stabilizers. Shale stabilizers may be one
of the least understood uses of polymers in drilling fluids. Problems aris-
ing from borehole instability resulting from adverse interactions between
the drilling fluid and clay-bearing shales are among the more costly dif-
ficulties that occur in drilling operations. Maintenance of a stable bore-
hole is one of the many functions that a drilling fluid must fulfill. Selec-
tion of the proper polymer for incorporation into the system can often
reduce or eliminate shale stability problems, while an improper choice
can increase well costs significantly.

Drilling Fluids: Functions and Properties

The most important functions of a drilling fluid are to (1) remove forma-
tion cuttings from the bottom of the hole and transport them to the sur-
face, (2) provide sufficient hydrostatic pressure against the formation to
prevent influx of formation fluids, (3) stabilize downhole formations and
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prevent hole collapse, (4) prevent loss of fluid to permeable formations,
(5) cool and lubricate the bit and drill string, and (6) help suspend the
weight of the drill string and casing (I). The fluid is expected to perform
these and other functions simultaneously.

Drilling fluids are pumped down the well through a hollow drill
string, out the drill bit at the bottom of the hole, and back up to the
surface in the annulus formed by the borehole wall and the rotating drill
string. The fluid is passed through a series of vibrating screens, hydrocy-
clones, and centrifuges on the surface to remove formation cuttings,
which are discarded. One or more additives are then used to return the
system to a desired set of physical and chemical properties, after which
the fluid is pumped back down the well to repeat the cycle. The fluid is
a dynamic, circulating system that changes from day to day in response
to the drilling conditions being experienced. The drilling fluid system
may be used for a few days, weeks, or months and in some cases is
reconditioned for use on subsequent wells.

Drilling fluids are most frequently formulated with water as the
continuous phase (2). Viscosity-building clays or polymers and various
organic chemicals are added for controlling the rheological and filtration
properties. Water-soluble polymers used for rheological and filtration
control include (carboxymethyl)- and (hydroxyethyl)cellulose, xanthan
gum, starch, and acrylate-acrylamide copolymers of various composi-
tions and molecular weights. Naturally derived complex polymers such
as lignosulfonates, lignites, and plant tannins may be added to modify
the rheological and filtration behavior of added clays.

The composition of the water phase ranges from fresh to highly
saline solutions that may contain substantial levels of soluble calcium and
magnesium ions. Water-based fluids are commonly maintained at an
alkaline pH with sodium hydroxide, calcium hydroxide, or potassium
hydroxide. The resulting complex aqueous solution constitutes the envi-
ronment in which commercial clays and polymers must work and be
effective.

Powdered, high specific gravity solids such as barite or hematite are
added to reach the desired fluid density, which may range from 1 to 2.5
g/cm®. The density requirement is dictated by the formation pressures
that are encountered while the well is being drilled and by the earth
stresses imposed on the formation. A high-density drilling fluid may con-
tain up to 40 vol % suspended solids (formation solids, commercial clays,
and weighting materials). The specific composition of the fluid depends
on the downhole conditions being experienced. Temperatures exceeding
205 °C (400 °F) and pressures up to 140 MPa (20,000 psi) are not
uncommon in deep wells. Water-in-oil emulsion (oil continuous phase)
fluids are often used for borehole stability and deep well drilling but are
outside the scope of this chapter.
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Shale Composition and Properties

Shales are fine-grained sedimentary rocks that contain various clay min-
erals, quartz, feldspar, calcite, etc. The interaction between a drilling
fluid and a shale is dominated by the response of the clay minerals in the
shale to contact by the water phase of the fluid. The most water-
sensitive clay minerals are the smectites (traditionally known as mont-
morillonite) and smectite-illite mixed-layer clays. Shales containing large
amounts of illite can also exhibit extreme water sensitivity. Chlorite and
kaolinite are commonly found in subsurface shales but are rarely con-
sidered detrimental to borehole stability and drilling operations.

The clay minerals are colloidal, high surface area, layered alumino-
silicates that frequently occur in nature as assemblages of thin plate-
shaped particles stacked face to face like pages in a book (3). The planar
surfaces carry a negative charge arising from substitution of lower valent
cations in the clay crystal lattice. The edges may be positively or nega-
tively charged depending on the environment: positive at low pH and
negative at high pH. Cations associated with the planar surfaces may be
loosely held and readily exchanged by other cations or may be tightly
held and nonexchangeable. Water can be drawn into the interlayer
region of some clays by hydration of the exchange cations and the sili-
cate surface. An osmotic force arising from differences between the
activity of the interlayer water and that of the drilling fluid can result in
increases in layer separation beyond that of the initial surface hydration.

Surface area and cation-exchange capacity are key properties that
determine the response of a clay mineral to water. The same is true of a
shale (4). Shales high in smectite or smectite-illite mixed-layer clays are
typically young marine shales that swell and may disperse completely in
fresh water. These are the “gumbo” shales common along the Gulf Coast
that are characterized by high surface area and moisture content, mod-
erate to high cation-exchange capacity, and low mechanical strength. At
the other end of the scale are the hard, black illitic shales found from
Texas to the Rockies and in many deep wells. These shales are older and
much more highly compacted than the soft gumbo shales even though
they may be found at or near the surface. Although the total clay mineral
content may exceed 50%, the illitic shales are low swelling and nondis-
persive and are characterized by low surface area, cation-exchange
capacity, moisture content, and high mechanical strength. Immersion
of a large competent piece of a hard illitic shale in freshwater may result
in disaggregation along fracture planes into firm shale splinters.

The box lists the parameters often measured on shale samples for
the purpose of characterization and classification. By classifying shales,
one may be able to estimate the drilling fluid chemistry required to drill
a given shale problem-free (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

The water phase of the drilling fluid can dramatically alter the proper-
ties of exposed subsurface shales. The effect ranges from swelling and
dispersion of soft shales to mechanical spalling of hard shales, all of
which can severely reduce drilling efficiency. The composition of the
water phase plays an important role in determining the response. Fresh-
water has the most pronounced effect: maximum alteration of the shale
properties results. Increasing the salinity reduces the hydration and swell-
ing resulting from water absorption by the shale. Because the mechani-
cal strength of the shale is inversely proportional to the moisture content,
reducing water absorption will retard degradation of the mechanical
properties and promote shale stability.

Sodium chloride, potassium chloride, gypsum, and lime are often
used to reduce the rate and magnitude of water absorption by shales.
Both laboratory and field experiences indicate a preference for potas-
sium over sodium for shale stability (4, 5). Calcium ions derived pri-
marily from gypsum and lime are also preferred over sodium ions, but
are less compatible with the other fluid additives. Typical concentration
ranges found for the various cations when used for shale stability are
100-1000 mg/L for calcium, 2000-100,000 mg/L for potassium, and
12,000-125,000 mg/L for sodium.

Polymers for Shale Stability

Added electrolyte may not provide adequate stability, and a polymeric
material is often needed. A variety of water-soluble polymers have been
touted as shale stabilizers for use in drilling fluids. The polymer may be
used with one of the cation stabilizers as mentioned above or it may be
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used alone, as it often performs other functions in the fluid as well.
Selection of the polymer must be not only on the basis of its shale stabi-
lizing ability, but also on the basis of its compatibility with the other drill-
ing fluid components and with the downhole drilling conditions, particu-
larly temperature.

Polymers used as shale stabilizers in field applications include natu-
ral, microbial, and derivatized polysaccharides and synthetic high
molecular weight acrylic copolymers. Prominent among the polysaccha-
rides are (carboxymethyl)cellulose (6), (hydroxyethyl)cellulose (7),
starch (8), and gums such as xanthan (5), flaxseed (9), and guar.
Acrylate-acrylamide copolymers are used in drilling fluids for many purposes
including shale stabilizers (10, 11). The specific application depends on
the molecular weight and the degree and magnitude of charge on the
polymer. These and other polymers not commonly found in the oil field
will be discussed in terms of laboratory performance as shale stabilizers
in the following sections.

Laboratory Test Methods for Shale Stabilization

A large number of methods have been used to assess the performance of
drilling fluid additives as shale stabilizers. Unfortunately, no standard
method is widely accepted in the industry. The diversity of test methods
is partly due to the inability to accurately simulate the downhole envi-
ronment in the laboratory. Evaluation of drilling fluids and additives is
also complicated by the difficulty in obtaining suitable shale samples in
a large enough quantity for testing. Although shale is encountered in
virtually every well, the state of the shale cuttings collected at the sur-
face usually renders them unsuitable for testing. Cores are rarely taken
in shale except by mistake or occasionally when shale problems are
severe. Surface shale outcrops are badly weathered and may not be
representative of subsurface formations. In spite of the difficulties, suffi-
cient shale can often be obtained to allow stability tests to be conducted,
although some alteration from in situ properties is probable.

Laboratory testing of shale-fluid interactions includes both static
and dynamic methods. Static methods include immersion-soaking,
water absorption (15), and swelling (linear volumetric) (5, 12, 14) tech-
niques. Static tests assess changes in the physical size or structure of the
shale during contact with the test fluid. Swelling tests using strain gauges
have been described for low- (5), medium- (12), and high-pressure (13,
14) conditions. Fluid absorption tests can be used to measure the rate
and magnitude of water uptake under a variety of conditions (15). Salt
and cation effects are readily evaluated in static tests, but stabilizing
polymers may have little effect on the swelling properties of shales, par-
ticularly when tested under pressure (12).
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Dynamic methods include immersion-stirring (16), immersion-
tumbling (5), capillary suction time (15), triaxial flow (17), and microbit
drilling machine (18) techniques. Agitation (stirring or tumbling) of shale
cuttings in a test fluid followed by sieving is used to determine the parti-
cle size and integrity of the sample after contact (5, 9). The dispersibility
of the shale can be assessed by the capillary suction test (15). The pres-
ence of polymers can give misleading results in the capillary suction test
as the movement of filtrate through the filter media is influenced by
solution viscosity. Wenzel used an apparatus that stirs the test fluid over
a fixed shale sample to determine the ability of polymers and salts to
prevent softening and cracking of shales (16). Stirring- and tumbling-
type tests appear to be useful for determining the performance of poly-
mers as shale stabilizers, although the test conditions do not simulate the
downhole environment.

More sophisticated dynamic tests flow drilling fluid through shale
specimens with (17) or without (18) the shale under stress. Such tests
assess the ability of the fluid chemistry to maintain the integrity of the
shale under conditions that more nearly approximate the downhole con-
ditions. Shale samples used in the flow tests are usually formed in the
laboratory in a compaction cell as natural samples of sufficient size and
integrity are rarely available for machining to the dimensions needed in
the test. The triaxial shale tester described by Darley (17) requires a
5-cm-diameter by 2.5-cm-long sample with a 0.64-cm hole in the center
through which the test fluid is pumped. The test specimens used by
Simpson (18) are even larger. The shale stabilizing ability of polymers is
more properly evaluated in flow tests than in the static or tumbling-stir-
ring tests, although questions arise over the effect of reconstituting the
shale samples. Flow tests require rather complicated equipment, which
is currently of limited availability.

Laboratory Performance of Polymers as Shale Stabilizers

The performance of polymers as shale stabilizers discussed in this sec-
tion is based on the results of flow tests in the triaxial shale tester de-
scribed by Darley (17). Many different polymers have been evaluated
by using different types of shales and test conditions. Data on only two
shales are given here because polymer performance is not influenced
greatly by shale composition. Shales chosen for this study are Atoka, a
hard, illitic shale from Oklahoma; and Pierre, a relatively soft shale con-
taining high levels of swelling clays. The clay mineral composition of the
shales is given in Tables I and II.

Table I lists triaxial test data using Atoka shale and a number of
commercial polymers, many in use as drilling fluid additives. Table II
gives similar data for Pierre shale. Potassium chloride was used in most

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch010

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 1371+ <1
Hydroxypropyl-substituted guar 0.7 30 83 9
1.5 30 1380+ <1
Xanthan gum 1.5 30 21 11
2.9 0 A4 12
(Carboxymethyl)cellulose® 14 30 38 9
Acrylate-acrylamide copolymers
0-10% acrylate” 15 30 100° 12°
30% acrylate? 15 30 115 11
30% acrylate® 0.7 30 1400+ <1
1.5 0 1440+ —
1.5 30 1420+ <1
70% acrylate’ 11.0 0 761 —
AMPS® 2.0 30 1488+ 2
Other synthetic polymers
Polyethylene oxide” 1.5 30 55 12
Methy! vinyl ether-
maleic anhydride
Low viscosity 43 0 100 —
Medium viscosity 43 0 321 —
High viscosity 43 0 1267 —
1.5 30 1380+ 1
Vinyl acetate-
maleic anhydride 15 30 1410+ <1
Vinyl ether-
vinylpyrrolidone 3.0 30 6 17

NOTE: 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. 2The degree of substitu-
tion is 1.0. ®The molecular weight is (1-12) X 108, ¢This value is an average. 4The molecular
weight is 1 X 106, ¢eThe molecular weight is 2 X 108+. fThe molecular weight is 5 X 10°.
gAcrylamide-methylpropanesulfonate. #The molecular weight is 6 X 108.

of the tests, as the presence of potassium ion is highly beneficial for
stabilizing water-sensitive shale. Note that the performance of some
polymers improves with the addition of salt although performance di-
minishes for others. Stress conditions on the test specimens were 24 MPa
(3500 psi) on Atoka shale and 17 MPa (2500) on Pierre shale. A flow rate
of 4 m/s (800 ft/min) through the 0.64-cm hole was chosen to quickly
erode any shale weakened by the test fluid. Radial collapse of the test
specimen will occur when it can no longer withstand the applied stress.
The test is either terminated by sample failure or after about 1400 min in
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Table IL. Triaxial Test Results with Pierre Shale

Polymer  KCl  Time to
Concn Concen  Failure  Erosion

Polymer (g/L) (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
30.0 30 339 21
45.0 30 1325 13

Acrylate-acrylamide copolymers :
30% acrylate® 0.7 30 834 19
15 30 1383+ 1

NOTE: 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. ?The molecular
weight is 2 X 106+,

the absence of failure. An effective polymer is one that will result in a
long run time without failure and with little sample erosion.

The results given in Tables I and II can be used to identify polymers
that appear to be effective in stabilizing shale and those that are ineffec-
tive. Table III contains a list of polymers found to be effective in triaxial
tests as indicated by the data in Tables I and II and other data not
shown. Table IV lists polymers found ineffective in similar testing. The
nonionic polysaccharides (hydroxyethyl)cellulose, hydroxypropyl-substi-

Table IIL. Polymers Found Effective for Stabilizing Shale

Molecular Min Effective
Polymer Weight Concen (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 >2.000,000 0.35
AMPS*® — 2.0
Vinyl acetate-maleic anhydride — 0.7
Methyl vinyl ether-
maleic anhydride high viscosity 0.7

4Acrylamide-methylpropanesulfonate.
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Table IV. Polymers Found Ineffective for Stabilizing Shale

Max Test
Molecular Concn
Polymer Weight (g/L)
Polysaccharides
(Carboxymethyl)cellulose® 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

“The degree of substitution is 1-1.2.

tuted guar, and flaxseed gum (slightly anionic) and a relatively narrow
range of acrylate-acrylamide copolymers, more commonly known as
partially hydrolyzed polyacrylamides, appear to have the most utility as
shale stabilizers. These materials are effective at low concentrations in
the drilling fluid and are available at reasonable cost. Potato starch is
also effective but only at very high concentrations. The acrylamide-
methylpropanesulfonate (AMPS)-type polymers look promising but as
yet have found only limited use in drilling applications. The maleic anhy-
dride copolymers perform well but are not currently used in drilling
fluids because they are not cost effective compared to other commercial
and readily available polymers.

Shale Stabilizing Mechanisms

The specific mechanism by which polymers stabilize shales has not been
studied in detail. Test shales and polymers, most of which are commer-
cial materials, are rarely well characterized, and test methods are pri-
marily designed to determine performance. Thus, only limited informa-
tion on the stabilizing mechanism is available. Descriptions of shale
stabilization by water-soluble polymers range from lowering the erosive
action of the fluid at the shale surface by friction reduction to encapsula-
tion of the shale by a polymer coating that prevents disintegration. The
true mechanism probably lies somewhere in between and may depend
on the type of polymer involved.

That polymers can adsorb on shale surfaces to retard degradation
and dispersion is well-known (19). Nonionic polymers such as (hydroxy-
ethyl)cellulose can adsorb on shale surfaces regardless of the surface
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charge. Anionic polymers such as a partially hydrolyzed polyacrylamide
must either adsorb on positive edge sites (which probably do not exist in
an alkaline media), associate with multivalent cations, or link to the clay
surface through ligand exchange with aluminum at an edge site (20, 21).
Adsorption of anionic polymers on clays under alkaline conditions is
rather low, but does increase as the ionic strength of the medium
increases (22). Provided the polymer has a high molecular weight and is
rather flexible, each polymer molecule can attach to several exposed
clay platelets; this attachment links them together and retards layer
separation.

Shale exposed to the drilling fluid on the borehole face is confined
on all but one side. Thus, only one surface must be protected. Stabilizing
polymers appear to adsorb rapidly on this exposed surface to provide
the integrity required to prevent erosion by the flowing fluid. This
action, when combined with a stabilizing salt, particularly a potassium
salt, can reduce or prevent swelling and weakening of the shale in con-
tact with the drilling fluid. Polymers are most certainly confined to the
borehole surface as their size is large relative to the very small pore
openings in the shale. Only water and some dissolved salts can enter the
interlayer regions of the shale. Sodium chloride solutions can offset part
or all of any osmotic swelling force, but potassium because of its small
hydrated ion size can more easily penetrate the interlayer region and
become fixed on the clay planar surface and eventually reduce the inter-
layer distance. Potassium ions have a favorable size for the surface hex-
agonal sites created by the arrangement of silicate tetrahedrons and so
are the preferred monovalent cations for ionically bonding clay layers
together. Potassium ion diffusion and fixation in the interlayer region are
slow relative to polymer adsorption at the borehole surface. The combi-
nation of a fast acting polymer and a slower cation-exchange-fixation
process appears to explain many of the laboratory observations reported
in the literature.

Field Applications of Stabilizing Polymers

Many of the polymers listed in Table IV have had successful applica-
tions in stabilizing problem shales. Difficulties arise in attributing
improved borehole stability to the action of the polymer or to some
other factor in the drilling process. Thus, claims of stabilization for a
particular polymer by one party are disputed by others. The lack of a
widely accepted laboratory test procedure undoubtedly adds to the
confusion.

The partially hydrolyzed polyacrylamides appear to have found the
widest acceptance as shale stabilizers with many applications in both
potassium chloride and freshwater systems. Some cationic polyacrylam-
ides are finding application in highly saline fluids even though they are
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not compatible with most drilling fluid additives. These polymers are
available in a liquid emulsion form, which greatly aids in their addition
to the drilling fluid. The cellulose polymers, starches, and xanthan gum
are often added for shale stability in addition to the other functions they
are expected to fulfill. Shale stabilizing polymers appear to have been
most effective in the harder, less dispersive shales. Maintenance of
polymer concentration and drilling fluid chemistry in soft, gummy shales
is very difficult and can result in excessive treatment costs. Considerable
research is still required to determine the specific mechanism by which
polymers protect water-sensitive shales and to provide better guidance
on polymer selection.
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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 Ib/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, in the 1950s, were thickened with
bentonite at an approximate concentration of 8.4 wt % (or 28.8 Ib/bbl,
the units commonly used in oil field operations). At this level, bentonite,
an alumina-silicate, smectite clay with platelet geometry, provides thick
aqueous slurries that are very shear thinning. The viscosity is low at the
drill bit; this low viscosity minimizes the torque necessary for operation,
and the viscosity is high in other areas of the well bore where deforma-
tion rates are low. The high viscosities are necessary for lifting drill
solids to the surface. Yield stress values, currently viewed as a reflection
of the magnitude of the viscosity at very low shear rates, are important
in inhibiting the sedimentation of dispersed components. This carrying
capacity is particularly important if a high-density component such as
barium sulfate is added to the bentonite slurry to balance high over-
burden pressures in the formation.

In the drilling of a well bore, many porous regions are encountered.
It is important that the viscosity of the fluid not increase unexpectedly
because of partial loss of fluid to the subterranean formation. Bentonite
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clays in freshwater are effective in controlling the amount of fluid loss to
the formation; however, filtration control with bentonite slurries is lost
when saline connate waters are encountered. The ability of water-soluble
polymers to promote filtration control in modified bentonite slurries
exposed to increasing salinity and its relationship to polymer adsorption
will be the focus of this chapter. The effectiveness of polymer-modified
bentonite slurries in relation to straight bentonite slurries and to straight
polymer-thickened fluids will be addressed peripherally.

Experimental Section

Polymer-Modified Bentonite Slurries. Water-soluble polymer (W-SP) mod-
ified sodium bentonite slurries were studied at a 4.2-wt % (14.4-1b/bbl, aqueous
slurry) concentration, a common industry practice. All polymers were employed
at 0.5 1b/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
(1). 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 determined by method B of ASTM®*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?® 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™') were determined with a Cone/Plate Brookfield RVT
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 JCPDS$ 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
pH 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

General. The relative drilling rates with the three types of thick-
ened fluids discussed in the introduction have been quantified in Chap-
ter 9 and in the patent literature (4) (Table I). Drilling rates are highest
when only polymer is used; however, thermal oxidative and mechanical
degradation are observed with polymer-thickened aqueous fluids. The
slowest drilling rate is observed with a straight bentonite mud. An addi-
tional disadvantage of the straight bentonite mud type is the difficulty in
removal of drill solids when they are surfaced.

The mechanical degradation of straight polymer-thickened fluids
has been related to extensional deformations (5, 6) and to the conforma-

Table 1. Average Dirilling Fluid Cost and Penetration

Rate Through Interval Drilled
Sample Type of Drilling Fluid  Penetration Rate®

No. Drilling Fluid Cost ($/ft) (ft/h)
41 polymer-bentonite 5.12 537
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

%From reference 4.
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tion of the polymer in solution (5-7). When polymers are utilized
in various recovery processes, synthetic W-SPs are very mechanically
unstable. Carbohydrate polymers are generally used when mechan-
ical stability is desired. Fermentation polymers such as XCPS or Sclerotium
glucanium polysaccharide (SGPS) (discussed in Chapter 1) generally
have greater stability than other carbohydrate polymers. This property has
been related to the greater conformational rigidity (8) and dynamic
uniaxial extensional viscosity (DUEV) of fermentation polymers (9).
DUEYV data for the classical W-SPs are as follows [W-SP, concentration
(wt %), and DUEV (Pa-s)]: XCPS, 1.00, and 0.24; HEC, 1.00, and 1.22;
and POE, 0.10, and 3.62. The rate of extension for the DUEV data
was 100 s7!,

The slower drilling rates observed in straight bentonite formulations
are associated with their elasticity. The elasticity of a fluid can be esti-
mated from either first normal stress differences (N;) or storage modu-
lus (G’) response as a function of measurement frequency or time after
deformation (10, 11). Variations in N as a function of shear rate among
the different types of fluid are illustrated in Figure 1. The straight ben-
tonite mud was weighted with barium sulfate; the polymer-thickened
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Figure 1. First normal stress difference (Pa) dependence of the shear rate

(s1) of fluids commonly used as drilling fluids. Key: bentonite (8.4 wt %)

containing, @, 4.2 wt % BaSOy4 and, O, neat; bentonite (4.2 wt %) contain-

ing, ®, HEC (0.29 wt %; MS = 2.0; M, = 10° ), 0, 0.29 wt % XCPS, and, [0,

0.58 wt % XCPS; and clay-free thickened fluids containing HEC (M, = 10°)

at 0.58 wt % containing, @, 42 wt % CaCly and, O, neat and at 0.29 wt %
containing, A, 42 wt % CaCl,.
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fluid was weighted with soluble calcium chloride. The differences in N,
values parallel the relative drilling rates. The elastic behavior of clays is
also evident in their G’ response after deformation (Figure 2); the data
illustrated are taken from the response of a clay-thickened coating for-
mulation. The high elastic response immediately after deformation is not
observed in water-soluble polymer-thickened coating formulations (dis-
cussed in Chapter 21).

A compromise in performance properties intermediate between
those of a straight polymer and those of a straight bentonite mud is
observed if the amount of bentonite is reduced to half its original con-
centration and the drop in viscosity is regained by polymer addition. For
example, thermal oxidation, mechanical degradation, and drilling rates
are intermediate. Less sensitivity in viscosity and filtration control losses
with increasing salinity is also observed.

The rheological behavior (Fann viscometer) of a 84 wt % (28.8
Ib/bbl) straight bentonite drilling fluid is illustrated in Figure 3. The vis-
cosities illustrated are approximate values due to the large distance
between concentric cylinders. The data also are plotted as dial readings
versus revolutions per minute. In the low revolutions per minute range,
the concave curvature reflects the presence of yield stress behavior. In a
polymer-modified bentonite drilling fluid, the amount of clay is reduced
to 4.2 wt % (14.4 Ib/bbl). The rheological profiles at ambient tempera-
ture and more meaningful higher temperature (65 °C) data are illus-
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Figure 2. Complex modulus (G*), storage modulus (G'), and dynamic vis-
cosity (n' ) dependence on recovery time (s) after deformation for an inte-
rior coating thickened with attapulgite clay. Key: O, G*; A, G”; and O, 7'.
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Figure 3. Rheological profile of an 8.4 wt % (28.8 Ib/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.
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Figure 4. Rheological profiles of bentonite slurries. Key: Jand B, 8.4 (28.8
Ib/bbl); O and @, 4.2 wt % (14.4 Ib/bbl); open symbols, 27 °C; and closed
symbols, 65 °C.

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



Publication Date: May 5, 1986 | doi: 10.1021/ba-1986-0213.ch011

11. HEINLEETAL.  Filtration Control of Bentonite Muds 189

trated in Figure 4. Reducing the amount of bentonite in the aqueous
slurry by half dramatically lowers the viscosity and yield stress charac-
teristics at lower temperatures. The use of different types of W-SPs will
increase the viscosity of the lower 4.2 wt % bentonite slurry; however,
not all of the W-SPs maintain the advantageous yield stress behavior of
the high-concentration bentonite slurry. For example, polymers such as
(hydroxyethyl)cellulose (HEC) and partially hydrolyzed poly(acryl-
amide) increase the viscosity but do not maintain the yield stress behav-
ior (Figure 5). The latter two polymers are generally used for shale sta-
bilization (discussed in Chapter 10). The vinyl acetate-maleic acid-
copolymer provides neither shale stabilization nor rheological beneficia-
tion of the bentonite drilling fluid but effects drill solids release from the
fluid when it is surfaced at the well bore. The performance requirements
of W-SPs in bentonite drilling fluids are many.

Filtration control is facilitated by alignment of bentonite platelets
against a porous substrate (simulating the well-bore interface). The
influence of two W-SPs as a function of concentration on the amount of
fluid loss from a standard API cell (note photographs of equipment in
Chapter 12) in freshwater is illustrated in Figure 6. The W-SPs are HEC
[molar substitution (MS) = 2.0], a nonionic ether, and sodium (carboxy-
methyl)cellulose (CMC) [ degree of substitution (DS) = 1.46], an anionic
ether. At low W-SP concentrations, filtration control of the bentonite
slurries is not affected; however, as a 0.5-wt % level of HEC is
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Figure 5. Rheological profiles of 4.2 wt % polymer-modified bentonite

muds. Polymers at 0.5 wt %. Key: open symbols, 1.0 wt %; closed symbols,

M, = 10%; O and @, HEC; A and A, hydrolyzed (30 mol %) poly(acryl-

amide); O and ¢, XCPS; and @, methyl vinyl ether of maleic acid of low
molecular weight.
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Figure 6. Fluid loss dependence of 4.2 wt % bentonite slurries on polymer
[O, HEC; and v, CMC (DS = 1.46)], concentration in freshwater.

approached, rapid fluid loss is observed in the modified mud. CMC, an
anionic polysaccharide, does not impede bentonite filtration control at
high concentrations. HEC adsorbs on bentonite due to ion-dipole inter-
actions (I) and is entrapped in the interlayer of compressed bentonite
platelets; neither adsorption nor entrapment occurs with CMC (DS =
1.46). CMC does not adsorb from freshwater solutions because of electro-
static repulsions.

With increasing salinity, CMC adsorbs (Figure 7) inversely to its
degree of substitution. The same trend is evident in the adsorption of
variable degree of substitution cellulose sulfate ester W-SPs (Figure 8).
As the degree of substitution of a cellulose ether decreases, it becomes
less soluble in water. Addition of an electrolyte like NaCl reduces elec-
trostatic repulsion between a polyelectrolyte and bentonite, and NaCl
reduces the solvent power of water. The net result is higher adsorption
with decreasing degrees of substitution. With increasing degree of sub-
stitution, CMC is more effective in controlling the fluid loss of the ben-
tonite slurry (Figure 9). A synergistic effect also is noted with increasing
concentration with any of the CMCs, but only with the high degree of
substitution (1.46) CMC at high concentration is the filtration control of
nonmodified bentonite slurries in freshwater approached. Bentonite slur-
ries without CMC do not exhibit good filtration control in saline
solutions.

The influence of a wide variety of water-soluble polymers at a con-
centration of 0.5 wt % on the filtration control in 4.2 wt % bentonite slur-
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Figure 7. Adsorption (g/g) dependence of variable degree of substitution
(0, 0.99; 1, 1.19; and B, 1.46) CMC at equal viscosities on the salinity of
the aqueous solution. Substrate: peptized sodium montmorillonite.
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Figure 8. Adsorption (g/g) dependence of variable degree of substitution
(O, 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 (B, 0.99; ¥, 1.19; and @, 1.46) CMC concentration
in 3.3% saltwater.

ries was examined. Those W-SPs that passed more than 30% of the water
in 100 mL of bentonite slurry under 100 psi of pressure from the API cell
were classified as poor filtration-control polymers [HEC, (hydroxyethyl)-
methylcellulose, guaran, poly(vinylpyrrolidone), polyethylenimine, and
styrene-maleic acid terpolymer]; those W-SPs in which more than 70% of
the slurry fluid was retained in the cell within 7.5 min under 100 psi were
classified as good filtration-control polymers [CMC (DS = 0.99-1.46),
(carboxymethyl)guaran, vinyl acetate-maleic acid copolymer, XCPS,
SGPS, pectinic acid, alginic acid, ethyl acrylate-acrylic acid copolymer,
and sodium 2-(acrylamido)-2-methylpropanesulfonate]. The W-SPs that
decrease the ability of bentonite to inhibit fluid loss in freshwater with
two exceptions are nonionic. They have been observed to substantially
adsorb both on the surface and, when the cation is monovalent and the
polymer contains ether linkages, in the interlayer of montmorillonite. The
two exceptions are SGPS and poly(oxyethylene) (POE). SGPS (dis-
cussed in Chapter 1) forms helical, three-dimensional networks (12)
in aqueous solution that may inhibit flocculation of bentonite plate-
lets; POE exhibits a unique ability to order (I) montmorillonite above
that observed in the untreated clay.

As the salinity of the aqueous solution is increased approximately to
that of seawater (3.3 wt % in which 0.3% is divalent calcium ion), the
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number of W-SPs that effect filtration control in modified bentonite
slurries decreases. Those W-SPs with only a small degree of anionic
charge become ineffective with increasing salinity. In part, this ineffec-
tiveness could be related to their adsorption with increasing salinity be-
cause of depression of diffuse double layers. As noted, adsorption per se
cannot be related directly to poor filtration control.

Adsorption from High Salinities. Salinity in the petroleum area
involves both monovalent and divalent ions, generally in a 10:1 ratio. As
a parallel to the fluid loss studies, HEC (MS = 2 and 2.5), a salt-
insensitive polymer, was adsorbed from saline solutions containing both
Na* and Ca?' igns. The adsorption data were not reproducible. The
cation-exchange capacity of montmorillonite differs with different
cations (being greater with Ca?' than with Na*). This complication
necessitated that subsequent adsorption studies be conducted from NaCl
solutions only; however, in the filtration control test, a 10:1 monovalent
to divalent cation ratio was maintained.

In the presence of electrolyte, even if it is only monovalent, mont-
morillonite will flocculate. If flocculation occurs, macromolecules of
lower molecular weight will exhibit greater adsorption due to the greater
surface available to smaller hydrodynamic volumes (i.e., lower molecu-
lar weight polymers). Higher molecular weight polymers will adsorb
less. Using a postcomponent addition to saline solutions, we did not
observe an adsorption dependence on molecular weight (Figure 10);
therefore, flocculation did not occur.

The adsorption behaviors as a function of salinity of two anionic
polymers effective in maintaining filtration control at higher salinities are
compared with CMC at the approximate degree of substitution levels in

)
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2
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o013 0.25 0.38 0.50
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Figure 10. Adsorption (g/g) dependence of HEC (MS = 2.0) of variable
molecular weights (O, 10%; O, 105; and A, 10°) at 2500 ppm on the salinity
of the aqueous solution. Substrate: peptized sodium montmorillonite.
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Figure 11. Viscosity reductions of cellulose sulfate ester and XCPS solu-
tions are less sensitive to NaCl than is that of CMC. Carboxylate groups
are more susceptible to charge neutralization in NaCl solution than are
sulfate ester groups. This feature is reflected in the adsorption behavior;
despite a lower degree of substitution, CSE adsorbs much less than
CMC. XCPS, a helical, rigid-rod polymer in aqueous solution, also
adsorbs less than CMC. The carboxylate groups of XCPS are similar to
those of CMC, but the degree of dissociation is higher (13) in XCPS than
in CMC with increasing ionic strength, a property probably associated
with the difference in conformational structure.

As the salinity of the medium is increased to 6.6 wt % and finally to
13.2 wt %, only 5 (anionic polyelectrolytes with a high charge density)
of the 29 W-SPs examined initially in this study effected fluid loss
control in 4.2 wt % (14.4 Ib/bbl) bentonite slurries. Of the five, two con-
tain anions of a strong acid [cellulose sulfate ester and sodium 2-(acryl-
amido)-2-methylpropanesulfonate]. Two contain anions of a weak acid,
in helix-forming macromolecules [S-130 (}4) and XCPS], and one is the
high degree of substitution CMC. The effectiveness of the W-SP in
promoting fluid loss control of bentonite in saline environments appears
to be associated with the nature and amount of the anionic group.

Several proposals for the mechanism by which anionic polymers
promote filtration control of bentonite slurries in saline solution can be
made. The most frequent is adsorption, bridging, and flocculation of
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Figure 11. Adsorption (g/g) dependence of various anionic cellulose [0,
CMC (DS = 0.99); Q, XCPS (DS = 0.7); and O, CSE (DS = 0.7)] poly-
mers [CMC, XCPS, and CSE (discussed in Chapter 1)] at 2500 ppm on the

salinity of the aqueous solution. Substrate: peptized sodium mont-
morillonite.
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bentonite particles by the W-SP. This often-cited mechanism is not
applicable to the results presented because the five highly anionic poly-
mers effective at high salinities adsorb significantly from such solutions.
Flocculation by a volume restriction mechanism, discussed in Chapter 5
and one that is effective in explaining performance differences in water-
borne latex coatings (discussed in Chapter 21), would seem inappropri-
ate because polyelectrolytes are more effective in promoting floccula-
tion by this mechanism than nonionic polymers. Bentonite platelets are
different from catalyst-stabilized lattices; in acidic media, the surface
edges of the platelets bear positive charges. The mechanism that would
seem most attractive and has often been invoked is the preferential
adsorption of anionic polymers on the positive edges; this adsorption
enhances the stability of the platelets against a house-of-cards flocculent
structure in highly saline solutions. As discussed in Chapter 10, positive
edges are not thought to exist in alkaline media, and the formulations
studied were alkaline (pH 9). The simplest mechanism and one that is
consistent with all of the data is flocculation of the montmorillonite par-
ticles due to decreased electrostatic repulsion. Nonionic polymers
adsorb from freshwater solutions and effect a reduction in electrostatic
forces and loss in filtration control of bentonite slurries. With increasing
salinity, anionic polymers with low charge densities are adsorbed,
accompanied by fluid loss. The adsorption of highly charged anionic
polymers will result in less charge reduction, particularly if the polymers
contain a significant number of neutral segments adsorbed as trains on
the surface of the clay and the charged segments are extended from the
surface as loops. Enhanced stabilization to flocculation results from both
osmotic and electrostatic stabilization (Chapter 5) of the clay particles.

Conclusions

With two exceptions, nonionic polymers inhibit the inherent filtration
control of bentonite slurries in freshwater. Untreated bentonite slurries
lose their inherent filtration control with increasing salinity; the control
can be regained through the use of anionic W-SPs. Highly anionic poly-
mers are required in highly saline solutions. Several mechanisms are con-
sidered for the changes in filtration control noted with different polymer
types with increasing salinity. The mechanism consistent with the
adsorption data on peptized montmorillonite is one of reduction in elec-
trostatic repulsions among clay particles through increasing solution
salinity and polymer adsorption. Those polymers with high anionic
charge densities adsorb with increasing salinity to provide enhanced sta-
bility to the clay particles, due to extended loops of anionically charged
segments and the increased hydrophilicity such segments provide.
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Water-Soluble Polymers for Aqueous
Drilling Fluid Additives

Robert Gow-Sheng Chen and Arvind D. Patel
Magcobar Group, Dresser Industries, Inc., Houston, TX 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 QUEOUS DRILLING FLUIDS HAVE BEEN WIDELY USED to drill subterra-
nean oil and gas wells. These fluids are usually pumped down through
the drill stem of the rotary rig, circulated around the drill bit, and
returned to the surface through the annular passage between the drill
stem and well wall. In most drilling operations, controlling the viscosity,
gel strength, yield point, and filtrate loss of the drilling fluids within a
given range is vitally important (I1). This control is usually achieved with
drilling fluid additives, such as dispersants and filtrate loss control
agents.

Treatment of aqueous drilling fluids with phosphate-containing
materials deflocculates colloidal clays and drilled solids. However, these
chemicals are generally unstable at the high temperatures encountered in
deep wells and, as a result, lose their effectiveness as colloidal dis-
persants.

Lignite has been used in aqueous drilling fluids to control thixo-
tropy. The effectiveness of lignite as a dispersant is limited because it is
sensitive to commonly encountered contaminants such as gypsum and
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drilled solids. Also, lignite is less effective as a dispersant in drilling deep
wells where elevated temperatures are encountered.

Lignosulfonates complexed with transition metals have been used in
the past as dispersants (2). They show good dispersion properties in
aqueous drilling fluids at bottom of the hole temperatures below 320 °F.

In recent years, an increasingly large number of synthetic and natu-
rally occurring water-soluble polymers have been investigated and used
in the oil field as drilling fluid additives (3). Anionic polymers with car-
boxylic or sulfonic acid functionalities are of special interest as disper-
sants or filtrate loss control agents.

Low molecular weight homopolymers of acrylic acid and its alkali
metal or ammonium salts have been used as dispersants (4). Acrylic acid-
acrylamide random copolymers, partially hydrolyzed polyacrylamides
and polyacrylonitriles, which are flocculents at high molecular weight,
show different properties and act as deflocculents at low molecular
weight (5). Lignosulfonate-graft-poly(acrylic acid) is also claimed to be
a dispersant (6). These types of polymers, however, are sensitive to
divalent ion contaminants and are only marginally effective in drilling
fluids that contain relatively high concentrations of clay or drilled solids.

The preparation procedure and viscosity data for sulfonate-con-
taining copolymers have been reported earlier in great detail (7). Sulfo-
nated styrene-maleic anhydride copolymers have been used as ther-
mally stable dispersants (8). High molecular weight copolymers of
2-(acrylamido)-2-methylpropanesulfonic acid are claimed to be effective
viscosifiers (8-10), filtrate loss control agents (11), and fracture acidizing
gellants (12).

Recently we successfully developed a series of water-soluble poly-
mers for use as aqueous drilling fluid stabilizers and dispersants (13-15).
This chapter outlines the preparation and laboratory evaluation of these
polymers.

Experimental Section

Materials. Reagent grades of acrylic acid, tetrahydrophthalic anhydride,
2-(acrylamido)-2-methylpropanesulfonic acid, eugenol, maleic anhydride, N-
vinyl-N-methylacetamide, 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 (THPA), and sodium
2-(acrylamido)-2-methylpropanesulfonate [NaAMPS (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
acid, 24 g of NaAMPS, 23 g of THPA, and 20 g of sodium lignosulfonate in 180 g of
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water. The pH 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
99.6%. 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 pH 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 12-1b/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 pH 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 VG 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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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 L.

Results and Discussions

Polymer Design. MOLECULAR WEIGHT CONTROL. Controlling
the molecular weight is vitally important in preparing polymeric defloc-
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 (THPA) (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)  (Ib/100 ft%) (Ib/100 ft*)  (mL)
Base mud® without 200 48 9 1:3 —
polymeric dispersant 300 43 3 1:39 12.2
495 L b b b
3 g of sample T¢ 200 43 27 1:29 —
300 28 0 1:1 —
425 59 6 2:23 11.8
3 g of sample DP? 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 —
300 29 0 2:2 -
425 64 10 2:9 9.0

“The base mud is a 12-Ib/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, = 5000.

4Sample DP is the sodium salt of the terpolymer of acrylic acid, acrylamide, and AMPS,
M,,=4700. The composition is as follows: 78 mol % sodium acrylic acid; 10 mol % acrylamide,
and 12 mol 4 NaAMPS.
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ing free-radical polymerization, THPA has a high chain-transfer constant
because of its allylic resonance. The molecular weight of THPA-
containing polymers is thereby limited.

Sodium lignosulfonate is an extremely inexpensive sulfonated ma-
terial containing hydroxyphenylpropane units (structure II: R = H,
CHjs, or SO;"Na*). These units provide grafting sites where graft copoly-
merization can proceed in the presence of a free-radical initiator (17,
18). Hydroxyphenylpropane units also regulate the molecular weight of
the resulting graft copolymer because of their role in chain transfer. The
number-average molecular weight of the graft copolymer prepared by
using THPA and sodium lignosulfonate, C-141, was 6500.

An allylic benzene compound, eugenol (structure III) was used in
preparing the sulfomethylated terpolymer, P-127-B, to regulate molecu-
lar weight. The number-average molecular weight of P-127-B was 7000.

CHARGE DENSITY. Charge density is also an important parameter
in designing dispersants. Carboxylate units in the polymer backbone
increase charge density; thus, the rheological performance in uncontami-
nated drilling fluids is enhanced. Sodium acrylate and sodium tetrahy-
drophthalate were used to enhance the charge density of graft
copolymers.

Sodium tetrahydrophthalate units also exhibit a chelating ability;
this chelating ability makes them excellent divalent cation stabilizers.
Additionally, sodium tetrahydrophthalate units enhance the absorption
between polymers and clay particles and reduce flow resistance and gel
development in aqueous drilling fluids.

NaAMPS is also utilized in preparing graft copolymers. NaAMPS
units exhibit an enhanced mono- and divalent ion stability attributable to
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their exceptionally high ionization constant and hydrogen-bonding
capability.

Compositional analysis of the graft copolymer was not successful,
because the structure of sodium lignosulfonate is poorly defined (19).

Sodium maleate was used in preparing polymer P-127 to enhance
charge density. In addition to increasing charge density, sodium maleate
units also chelate calcium ions encountered in a drilling operation.

Polymer P-127 was further sulfomethylated to introduce sulfonic
acid groups and, as a result, to improve dispersability in aqueous drilling
fluids. N-Methylacetamide functionalities of terpolymer P-127 were
hydrolyzed under alkaline conditions to the corresponding N-methyl-
amine groups, which were then sulfomethylated by using the formalde-
hyde-sodium bisulfite adduct. The activated benzene ring and benzyl
hydrogen on eugenol units provided additional reaction sites for sulfo-
methylation. IR spectroscopy (Figure 1) was used to analyze the sulfo-
methylated polymer, P-127-B, qualitatively. IR absorbances at 1200 and
1043 cm™ can be attributed to S=0 stretching, whereas the absorbance
at 620 cm™ can be attributed to C-S stretching. These data indicate that
polymer P-127-B was sulfomethylated. Quantitative analysis of the
sample is in progress.

Performance. The control of apparent viscosity, gel strength, yield
point, plastic viscosity, and filtrate loss of the aqueous drilling fluids is
extremely important in a drilling operation. Unsatisfactory performance
of the drilling fluids may result in serious problems.

A 12-lb/gal. water-base drilling fluid containing 4 b of gypsum
(CaS0O42H:0) per barrel was used to evaluate the performance of the
samples. This test drilling fluid represents the severe conditions of diva-
lent cation contaminations. Monovalent cation contaminants, such as
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Figure 1. IR spectrum for polymer P-127-B.

sodium, are less detrimental to the drilling fluids than divalent cations
such as calcium.

GEL STRENGTH. Gel strength is a measure of the thixotropic prop-
erties of a fluid and denotes the force of flocculation under static condi-
tions. Gel strengths of the polymer-treated mud samples were measured
by the Fann Model 35 VG meter and are listed in Table I. The differ-
ence between the initial gel strength and that taken after a 10-min rest
period is used to judge how thick the mud will get during the periods
when circulation is stopped, for example, when removing the drilling
pipe. Both the gel strengths and the difference between the 10-min gel
and initial gel for the C-141- and P-127-B-treated muds remained low
throughout the heat aging cycles. Such “fragile” gels require low pump
pressure to start or restart circulation and cause fewer problems during
drilling operations. The gel strength differences for muds treated with
commercial samples T and DP after being heat-aged at 200 °F are 28
and 12 1b/100 f&, respectively. Such “progressive” gels require increased
pump pressure to start circulation and may cause more problems. The
base mud also exhibits progressive gel structure after such heat-aging.

YIELD POINT AND PLASTIC VISCOSITY. The yield point in drilling
fluids terminology is the resistance to initial flow, or the stress required
to start fluid movement. This resistance is due to electrical charges on or
near the surface of clay particles suspended in the mud. The yield point
of muds treated with C-141 and P-127-B are within the desired range
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after each heat-aging cycle. However, the yield points of muds treated
with samples T and DP increased drastically after heat-aging at 200 °F
for 16 h. Such high yield points are usually not desirable in dispersed
aqueous drilling fluids.

Aqueous drilling fluids contain solids that contribute to the apparent
viscosity. The plastic viscosity is a measure of the internal resistance to
fluid flow attributable to the concentration, type, shape, and size of sol-
ids present. The base mud shows a higher plastic viscosity after heat-
aging; this increase reflects higher friction between clay particles. The
plastic viscosities of polymer-treated muds are substantially lower.

VISCOSITY-TEMPERATURE RELATIONSHIPS. The viscosity-temper-
ature relationship of the drilling fluid is very important, because the drill-
ing fluid may be circulated many times while drilling a deep well and
may be exposed to different temperature gradients. The viscosity-
temperature relationships for drilling fluids containing polymers desig-
nated as T, DP, C-141, and P-127-B are demonstrated in Figures 2, 3, 4,
and 5, respectively. The temperature and fluid viscosity with respect to
time are represented by dotted and solid lines, respectively. Drilling fluids
containing polymers T and DP flocculate at 135 and 195 °F, respectively. As
the temperature increases further, the fluid viscosities increase drasti-
cally. Mud containing C-141 flocculates at 415 °F, and its viscosity pro-
file is relatively unaffected by the heating and cooling cycle from

4600
_ 4400 &
8‘ ~
< L
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2 £
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Figure 2. Viscosity-temperature profile for drilling fluid containing poly-
mer T. The temperature of flocculation was 135 °F.
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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.

ambient to 450 °F. The mud containing P-127-B flocculates at 380 °F.
Because the drilling fluid may be exposed to such temperatures during a
drilling operation, these results indicate that C-141 and P-127-B copoly-
mers are effective in stabilizing the rheology of such a fluid.

Conclusion

The unique composition of the low molecular weight water-soluble
polymers described makes them effective dispersants for aqueous drill-
ing fluids.
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Use of Gelation Theory To Characterize
Metal Cross-Linked Polymer Gels

Juan A. Menjivar!
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 (T.). 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 T. are
determined experimentally by using rheological techniques. Their
impact on the rheological properties of fracturing gels is
discussed.

HYDRAULIC FRACTURING IS A WIDELY USED METHOD for stimulating
the production of oil and gas formations. Reportedly, about 35-40% of
all drilled wells are hydraulically fractured, and about 25% of the total
U.S. oil reserves have been made economically producible by this
process (1).

Hydraulic fracturing is performed by injecting the subterranean
formation with a viscous polymeric fluid containing particulate solids
(propping agents) in suspension. Sufficient pressure is applied to the
fluid to wedge open fractures in the subterranean formation (Figure 1a).
The pressure must be maintained while injecting the fluid into the for-
mation in order to extend the fracture wings. Once the desired network
of fractures is developed, the pressure on the fracturing fluid is reduced
and the propping agent prevents the complete closure of the fracture
(Figure 1b) (2). Eventually, the polymer is broken by enzymes such as
cellulases or oxidizing chemicals such as persulfates, which reduce the
viscosity of the fluid.
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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.

Typical fracturing gels contain a variety of additives in addition to
thickening and cross-linking agents. These additives are aimed at
improving specific functions of the fracturing gels. A partial list is as
follows (1, 2): guar gum, HPG, and CMHEC function as viscosifiers
(0.25-5.00 wt %); borate, titanium, aluminum, and chromium function as
cross-linking agents (0.01-0.10 wt %); potassium chloride functions as a
clay stabilizing agent (0.50-2.00 wt %); bentonite, starch, and silica flour
function as fluid-loss control agents; thiosulfate salts and methanol func-
tion as antioxidants; fluorosurfactants and petroleum sulfonates function
as surfactants; enzymes and oxidizers function as degrading agents; and
silica sand and sintered bauxite function as proppants.

This chapter mainly discusses the cross-linking, rheological, and
thermal stability properties of the polymer thickening agent and its gels.
The polymer, which is used for rheology control, plays a central role in a
number of the desirable features of a fracturing fluid. Important func-
tions of this role are (1) to provide sufficient viscosity to create the
necessary fracture width, (2) to lower the fluid loss to the formation, and
(3) to transport and distribute the proppant along the fracture. All of
these functions are intimately related to the rheological properties of the
polymer solutions and gels, as well as to their thermal stability. Thus,
rheological and thermal stability properties of fracturing gels are the key
to their performance in hydraulic fracturing treatments (3).
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Guar gum, its hydroxypropyl derivative (HPG; I), and cellu-
lose derivatives, particularly (carboxymethyl)(hydroxyethyl)cellulose
(CMHECG; II), are the most extensively used polysaccharides in com-
mercial fracturing fluids (4). The repeating units of these polymers
are shown in I-III. Metal cross-linked polysaccharide gels are superior
to un-cross-linked polysaccharide solutions for at least two reasons:
(1) small amounts of metal substantially increase the viscosity of the original
polymer solution and the gels maintain this higher viscosity at typical
application temperatures (200-400 °F) and (2) the gels have excellent
friction reduction properties. As a consequence, polysaccharide gels
have the capability of developing wider fractures and have better parti-
cle transport properties.

A large number of metals have been reported to successfully cross-
link polysaccharide materials (4). However, fracturing fluids in current
use are cross-linked with boron, chromium, antimony, aluminum, tita-
nium, or zirconium (4, 5).
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The work presented in this chapter deals with HPG and CMHEC
polymers cross-linked with titanium compounds. Titanium cross-linked
gels were introduced in the oil field primarily because of their enhanced
thermal stability over their predecessors (5). Their use is currently
widespread throughout the industry. For the purposes of this work,
polymer gels cross-linked with titanium are used only as a model system
to introduce general factors that affect the design of polymer gels.

Mechanism of Gelation

On a purely intuitive basis, a number of workers (3-5) reported that guar
reacts with metals through a metal-ligand complexation type of reac-
tion, as described below by equation 1. A metal complex is formed by
association between a metal atom or ion (M"*) and another species,
known as the ligand (L), which is either an anion or a polar molecule.
When L is an uncharged unidentate ligand, the formation of complexes
proceeds in a stepwise manner, with successive replacement of water
molecules:

M(H;0)* + L & M(H,0),.L" + HO (la)
M(H:0)u L + L &2 M(H;0),osLs™ + H;0 (1b)

K, and K, represent the equilibrium constants for the reaction.

Any of the numerous hydroxyl groups of the guar molecule (I)
should be able to serve as cross-linking sites. However, because of the
proximity and cis orientation of the hydroxyl groups in the 2- and
3-positions of the mannopyranose rings, and the 3- and 4-positions of the
galactopyranose rings, the complexation of metals should—on the basis of
the chelate effect—be more favorable (6). This effect can be exemplified
by comparing the cross-linking characteristics of titanium with HPG to
those of (hydroxyethyl)cellulose (HEC; III). Their characteristic cross-
linking profiles as a function of solution pH are contrasted in Figure 2. In
the case of HEC, all the neighboring hydroxyl groups in the anhydroglu-
cose units have a trans configuration with respect to each other (see III).
Apparently, this configurational difference between HPG and HEC is
enough to cause dramatically different cross-linking profiles (Figure 2).

Another interesting comparison can be made between the titanium
cross-linking profile of CMHEC and HPG. In the case of CMHEC, the
active cross-linking sites are the carboxyl groups (II); Figure 2 shows
that this difference between active functional groups in the two poly-
mers, CMHEC and HPG, causes a difference in their pH cross-linking
profiles.

The gelation curves shown in Figure 2 suggest the presence of pro-
cesses competing with the cross-linking reaction of the ligand with the
metal. One competing process is the hydrolysis of the metal ion (6). In
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aqueous solutions, hydrated metal ions behave as acids and thus undergo
hydrolysis by releasing one or more protons from coordinated water
molecules:

M(H;0),"* —— M(H;0),-,(OH)" "+ + H* (2a)
M(H;0),-1(OH)®" 1t ——— M(H;0),-2(OH),"?* + H* (2b)

The extent of hydrolysis depends on the polarizing characteristics of the
metal ion and the pH of the solution. Figure 3 illustrates the hydrolysis
profile of AP* as an example of the hydrolysis of metals (7).

At low pH conditions, a competing reaction to the cross-linking
reaction can be the protonation of the ligand. The formation of hydroxo
complexes can be repressed by the addition of acid. This acid addition

5.0F
= CMHEC HP GUAR
2 40}
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b
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=
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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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Figure 3. Distribution of aluminum species as a function of pH (ionic
strength is 2.5 X 10~* M). Reproduced with permission from reference 7.
Copyright 1980 T. R. Arnson.

has the effect of maintaining the metal ion predominantly as M(H,O),"".
However, the acid also promotes protonation reactions that involve the
ligand. For instance, in the case of carboxylic ligands

R-COO~ + H;0*'——— R-COOH + H;0 (3)

These protonation reactions compete with the complexing action of car-
boxylic groups toward metal ions, particularly below the pK, of the car-
boxylic group.

The end result of the competing processes is the existence of an
optimum pH range for the gelation of a polymer with a metal (Fig-
ure 2). The gelation profile of a particular polymer-metal pair depends
on the acid-base properties of the ligands on the polymer and the
hydrolysis characteristics of the metal ion.

Gelation Theory

There is no direct evidence of the detailed reaction mechanism between
a polymer like HPG or CMHEC and transition metals. Still, chemical
equilibrium concepts can be used to gain insight to the physicochemical
properties of metal-polymer gels.

A simplified model that describes the gelation curve of gelatin was
proposed by Tanaka et al. (8). This model is based on the chemical
equilibrium between unreacted and reacted ligands:

un-cross-linked ligands (N, — v)fé‘) cross-linked ligands (v) (4)

K represents the equilibrium constant, N, represents the initial number
of ligands that can be effectively involved in a cross-linking reaction
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between polymers, and » represents the number of cross-links formed.
Then, by definition

K=v/(N. —v) (5a)
or, rearranging
v=N.K/(1+ K) (5b)

The initial number of effective ligands can be calculated by using the
mean-field approximation (8):

N, = V¢*f? (6)

V represents the total number of lattice sites, ¢ represents the volume
fraction of polymer, and f represents the fraction of monomers that con-
tains active cross-linking sites (ligands).

Moreover, Stockmayer’s (9) and Flory’s (10) criterion that an infi-
nite network appears when the average number of cross-linking bonds
per polymer is equal to or larger than 1 can be used to arrive at the
expression

¢ =1/(f)(1 + K™) (7)

l represents the degree of polymerization. The equilibrium constant, K,
is related to the standard reaction free energy, AG®, by

K = exp(—AG°/RT) (8)

R is the universal gas constant and T is the absolute temperature of the
system. Also, AG® is related to the change in enthalpy (AH°) and
entropy (AS°) associated with the formation of a cross-linked bond by

AG°® = AH° — TAS° (9)

Equation 7 combined with equations 8 and 9 gives rise to the fol-
lowing relationship, which in turn provides the gelation curve shown in
Figure 4.

AH°

T =R (6= °1/4°] 1o

where ¢°* = 1/(If*). ¢* = 1/(lf*) was obtained from equation 7, when
T = 0 so that the cross-linking reaction goes to 100% completion (i.e.,
K — ), Substituting this value for K in equation 7 gives rise to this expres-
sion for the minimum volume fraction of polymer for gelation (¢*).
Figure 4 and equation 10 lead to a number of conclusions that are of
practical relevance to the design of fracturing gels: (1) A minimum
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Figure 4. Liquid-gel phase diagram. Reproduced with permission from
reference 16. Copyright 1985 Hemisphere.

polymer concentration, ¢°, necessary for gelation exists. According to
the model shown here, the minimum polymer concentration is inversely
related to the polymer molecular weight. (2) The liquid-gel transition
temperature, T,, is primarily a function of the thermodynamic proper-
ties associated with the formation of cross-linking bonds (i.e., AH® and
AS°). (3) Beyond the minimum polymer concentration, ¢*, T, is practi-
cally independent of polymer concentration and polymer molecular
weight.

The applicability of chemical equilibrium and classical gelation
concepts has not been generally recognized in the literature as related to
metal cross-linked fracturing gels. Our work has been motivated, in part,
by the availability of a new and unique instrument, the Rheometrics
pressure rheometer (Rheometrics, Inc., Piscataway, NJ), which provides
the capability of doing oscillatory shear experiments on water-based gels
at temperatures above 100 °C (normal boiling point of water). In this
chapter, the use of rheological techniques to determine ¢* and T, is
presented for the first time, and the importance of these two properties
in the design of fracturing gels is demonstrated.

Experimental Determination of Critical Polymer

Concentration (C*®)

Rheological m