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ABSTRACT

Copolymer structure has a marked effect on solution properties
and thus behavioral characteristics of water-soluble copolymers
utilized in enhanced oil recovery. The ability of random and graft
copolymers to maintain large hydrodynamic volumes in dilute
solutions in the presence of mono- and divalent electrolytes is
critical for mobility control. The differences in viscosity behavior
are described for a series of random and graft copolymers of acryl-
amide with sodium-2-acrylamido-2-methylpropane sulfonate
(NaAMPS), diacetone acrylamide (DAAM), and sodium acrylate
{NaA) as a function of polymer microstructure, temperature, con-
centration, and added electrolytes. Copolymers of AM-NaAMPS
show enhanced salt tolerance and phase stability over their AM-
NaA counterparts with similar compositions and molecular weights.
The AM-DAAM copolymers show unusual solution behavior with in-
creases in viscosity in the presence of added salt.
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I. INTRODUCTION

Dwindling domestic reserves, high prices, and uncertainties of
future feedstocks have encouraged scientists and engineers to explore
new avenues for recovering additional petroleum from reservoirs de-
pleted by conventional recovery techniques. These methods, collec-
tively referred to as enhanced oil recovery (EOR), may account for
over 25% of the total United States crude oil production by the year
2000 according to some estimates [1, 2].

A. Enhanced Qil Recovery Technology

A newly drilled oil formation generally has enough natural pres-
sure to force the reservoir oil to the well bore where it rises or is
pumped to the surface. Upon depletion of the natural pressures, only
20-30% of the original oil in place is normally recovered during this
primary production phase. Increased oil recovery is possible by
pressure maintenance during the latter stages of primary production
or repressurization after depletion of the natural drive energy.

Injection of fluids (generally water solutions) into the formation
significantly improves the sweep of oil from the porous rock toward
producing wells. Water flooding has proven to be the most practical
approach and currently represents approximately half of the current
United States daily oil production [1].

Substantial quantities of oil remain trapped in the pore space of
reservoir rock even after water flooding. Therefore, a number of
additional enhanced oil recovery methods are currently used such
as: Thermal, carbon dioxide, and chemical flooding. Chemical flood-
ing techniques include the use of surfactants, miscible hydrocarbons,
alcohols, alkali, and polymers. This report will deal only with poly-
mers potentially useful in simple polymer flooding or micellar poly-
mer flooding,

The major problems encountered in simple water flooding are re-
lated to "fingering™" of the injected water through the mobile fluid
front, resulting in premature breakthrough to the production wells.
The produced water-to-oil ratio then climbs until oil recovery is no
longer economically feasible. To reduce fingering, high molecular
weight, water-soluble polymers may be added to the injection water
to increase viscosity. The solution becomes less mobile than the oil,
resulting in increased sweep efficiency. Additionally, surfactants
may be injected to precede a polymer flood (micellar polymer flood-
ing) for even more efficient recovery. The relative merits of chemi-
cal methods, ongoing field projects, and some economic calculations
have recently been reviewed [3].

In order to obtain mobility control in a flood, the displacing fluid
should have a mobility equal to or lower than the mobility of the oil.
The mobility ratio, M, is normally expressed:
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A k_/
M=Y-_W w (1)
A Kol
AW and )\0 represent the mobility of the water and oil, respectively;

k represents permeability of reservoir rock to each phase; and p
represents viscosity., The addition of certain water-soluble polymers
increases viscosity of the water phase and may in some instances re-
duce the permeability of the porous rock to water. In heterogeneous
reservoirs of various porosities and fracture zones, the resistance to
water can be significantly increased and the degree of fingering re-
duced so that a more uniform fluid front is developed.

The physical and chemical interactions that polymer solutions en-
counter in the field are extremely complex. The polymer must per-
form at relatively high temperatures for long periods of time under
various conditions of pH, ionic strength (with various ion types),
pressure, flow rate, and substrate heterogeneity. The polymer must
resist shear degradation and must not adsorb permanently to the rock
surface. Multivalent cations present in the aqueous solution can lead
to intermolecular interactions on charged polymers causing cross-
linking, gel formation, precipitation, and pore clogging. The variety
of pore sizes in reservoir rock can cause chromatographic effects on
the macromolecules. Since the larger molecules are excluded from
smaller pores, they bypass them in route to larger pores. Polymer
slug dispersion eventually occurs, resulting in loss of mobility con-
trol. Additionally, oil entrapped in small pores may be completely
bypassed. This portion of the rock is referred to as "excluded' pore
volume or "inaccessible' pore volume.

In order for a polymer to be economical in EOR, it must produce
large viscosity increases at low concentrations {i.e., < 1000 ppm);
therefore, large solution dimensions of the macromolecules must be
maintained. Several commercially available polymers are being
field tested. Most data, to date, have been obtained for polyacryl-
amides and biologically produced polysaccharides. High molecular
weight polyacrylamides and their partially hydrolyzed derivatives
are available at 2.0 + 0.30 $/1b, while the polysaccharides may re-
quire 2.5+ 0,35 $/lb. At 2.0 $/Ib the cost of a 1000 ppm solution of
polymer would be 0.69 $/barrel [4, 5].

B. Structural Requirements of EOR Polymers

The possibility of increased efficiency and thus better economics
in future years will depend upon new laboratory discoveries. Present
commercial polymers, with one or two exceptions, have not been
tailored for EOR use. The most important requirements for candidate
water~soluble polymers for EOR can be related to the fundamental
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parameter hydrodynamic volume (HDV). HDV has a firm theoretical
basis and is measurable by a number of techniques including classical
light scattering, quasi-elastic light scattering, viscometry, and ultra-
centrifugation. Measurements of polymer microstructure, polymer-
solvent interaction, chain extension, etc. can be used to correlate
polymer performance under specific conditions to HDV.

The importance of HDV can be readily seen by examining Eq. (1).
Mobility control ratio values are smaller as the viscosity of the
water phase is higher. Large viscosity increases at low concentra-
tions can be realized only with molecules maintaining large solution
dimensions. Therefore, the polymer should not drastically lose vis-
cosity at operating temperature or in the presence of NaCl, CaClZ,
or other electrolytes.

Dimensions of macromolecules may be too large for adequate
permeability. The size of the polymer in solution affects its degree
of entrapment and adsorption during flow through the porous reser-
voir rock. Additionally, the pore size distribution of the medium de-
termines the extent of permeation, resulting in chromatographic sepa-
ration of chains of different size (size exclusion chromatography).

Obviously, choice of polymer can have a large effect on perfor-
mance based on the above considerations alone. Other practical con-
siderations aside from cost include: method of dissolution; shearing
effects during mixing or injection; gellation; and biological, thermal,
or oxidative degradation.

The structures of a variety of commercial and some selected labor-
atory polymers with potential in EQR are illustrated in Fig. 1. Syn-
thetic polymers (I-III) can be polymerized to high molecular weights
and exhibit exceptionally high solution viscosities, but shear degrada-
tion and viscosity loss in the presence of electrolytes (especially a
problem with Type II) can lead to loss of mobility control. Biopoly-
mers IV and V and other related polysaccharides have moderately
high viscosities due to their extended chain structures in solution and
are not as sensitive to viscosity loss in the presence of electrolytes.
However, they are prone to biological degradation and present some
handling and filtration problems. Modified natural polymers, includ-
ing starch derivatives and cellulose derivatives VI and VII, have been
used for a number of oil field applications but lack properties neces-
sary for mobility control in EOR. A recent review of the uses of
polymers II and IV-VIIL, in the oil field, is given in Ref. 6.

The extended chain dimensions of natural polysaccharides and the
immense viscosity increases observed in our laboratories for cer-
tain acrylamide copolymer compositions have led to investigations of
both synthetic copolymers and graft copolymers derived from natural
polymers [7-17]. The promising solution properties of copolymers
VIII-X of Fig. 1 will be discussed in relationship to molecular struc-
ture, grafted chain length, and composition in this report.
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FIG. 1. Synthetic and natural polymers for potential utilization in
oil field applications.
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II. EXPERIMENTAL

A. Syntheses of Random and Graft Copolymers

Random copolymers of acrylamide with sodium acrylate (NaA)
[7, 16], sodium-2-acrylamido-2-methylpropane sulfonate (NaAMPS)
[7, 11-13, 16], and diacetone acrylamide (DAAM) [16] were synthe-
sized in aqueous solutions with persulfate initiators as previously
reported. Graft copolymers of dextran with polyacrylamide [8-10,
17], poly(acrylamide-co-NaA) [15, 17], and poly(acrylamide-co-
NaAMPS) [14, 17] were prepared utilizing controlled Ce(IV) initia-
tion.

B. Structural Determinations and Viscosity
Measurements

Elemental analyses were performed by Galbraith Laboratories
of Knoxville, Tennessee. Infrared spectra were obtained using a
Perkin-Elmer 567 Grating Infrared Spectrophotometer. Carbon-13
nuclear magnetic resonance spectrometry experiments were con-
ducted with a JEQL FX-90Q Spectrometer. A Knauer Membrane
Osmometer was utilized to determine number-average molecular
weights. Gel permeation chromatography measurements were con-
ducted with a Waters Associates ALC 300 with Model R401 refrac-
tive index detector. A series of controlled porous glass columns
were used with 0.4 M Nast 4 28 the mobile phase. Viscosity mea-

surements were performed with Cannon~Ubbelohde four-bulb shear
dilution capillary viscometers.

ITI. STRUCTURE-PROPERTY RELATIONS
OF TAILORED MODEL COPOLYMERS

In order to assess the effects of molecular structure on solution
behavior, several series of synthetic copolymers were prepared with
controlled microstructures and molecular weights. Three comono-
mers, sodium acrylate (NaA), sodium-2-acrylamido-2-methylpropane
sulfonate (NaAMPS), and diacetone acrylamide (DAAM), were utilized
to prepare random copolymers with acrylamide (AM). Further, dex-
tran was grafted with those comonomers at feed compositions resulting
in optimal viscosity enhancement, Selected structural and behavioral
properties of these copolymer systems are presented in the following
discussion. Emphasis has been placed on viscosity, phase behavior,
and salt tolerance.
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A. Random Copolymers of Acrylamide

1. Reactivity Ratios, Microstructure, and Molecular Weight

Reactivity ratio studies were conducted utilizing classical Fine-
man-Ross [18], Kelen- Tiidos [19], and Mayo-Lewis [20] approaches
for the AM-NaA, AM-NaAMPS, and AM-DAAM monomer pairs. As
expected, these comonomers (Table 1) copolymerize randomly in
aqueous conditions with added electrolytes. Under these conditions,
copolymer compositions were varied by changing feed compositions
(Table 2). Copolymer compositions were confirmed by elemental
analyses, infrared spectroscopy, and carbon-13 NMR spectrometry.
Mean sequence lengths, u, were then determined statistically utiliz-
ing the method of Igarashi [21]. Molecular weights were measured
by membrane osmometry.

2. Solution Properties and Phase Behavior

Typical polyelectrolyte behavior is observed for the AM-NaA
(Fig. 2) and AM-NaAMPS (Fig. 3) copolymers with added electro-
lyte. Linear relationships between zero-shear intrinsic viscosity,
7] 0’ and the inverse square root of ionic strength are observed in

aqueous sodium chloride solutions for both copolymer types. The
slopes of the line and the magnitude of [n] o 2re measures of salt sen-

sitivity and are quite dependent on polymer structure. At high ionic
strengths, charge-charge repulsions along the macromolecular back-
bone are minimized and chain dimensions become smaller.

The effects of comonomer structure were, therefore, evaluated in
NaCl solutions of 0.257 M. Interestingly, the highest viscosities were
found for NaA-10-4 in the AM-NaA series and AMPS-1-4 in the AM-
NaAMPS series (Table 3). In fact, maxima in the respective plots of
[n]q vs mol% charged comonomer occurred at approximately 10 mol%

( Figs. 4 and 5).

The absolute values of [n] o Vere higher in 0.257 M NaCl solutions

for the AM~-NaAMPS copolymers as compared to AM-NaA copolymers
of similar microstructures (Table 3), despite the fact that these co-
polymers have similar molecular weights. Copolymer AMPS-1-5 with
a mean sequence length ratio of 8.2 exhibited a viscosity twice as
large as that of NaA-10-4 with a mean sequence length ratio of 8.8.

Although it is tempting to explain the above results or differences
in ion binding due to pKa differences in the sulfonated and carboxyl-

ated comonomers, other factors including hydrophobicity and conforma-
tion are certainly important.

The AM-DAAM series was synthesized (Table 2) in order to probe
hydrophobic effects. The DAAM comonomer mimics the NaAMPS
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TABLE 2, Structural Information

Composition? Mean sequence

Sample Mol% Mol% M, x 107 ® fength
number AM comonomer g/mol EaM  “comonomer
AMPS-1-5 90.5 9.5 1.11 £ 0.05 9.0 11
AMPS-2-5 81.0 19.0 1.08 £ 0.06 4,6 1.1
AMPS-3-5 72,1 27.9 0.92 + 0.06 3.1 1.2
AMPS-7-5 34.3 65.7 0.80 + 0.04 1.4 2.1
DAAM-11 88.9 111 0.76 +0.04 84 1.1
DAAM-21 77.2 22,8 0.73 £0.04 4.3 1.2
DAAM-31 68.6 31.4 0.70 + 0.03 2.9 1.4
DAAM-41 58.8 41.2 0.65+0.03 2,2 1.6
NaA-10-4 90.1 9.9 0.96 £+0.05 10.8 1.0
NaA-20-4 84.2 15.8 0.77 £0.05 54 1.1
NaA-35-5 58.3 317 0.69 +0.04 2.9 1.2
NaA-50-4 58.3 417 0.43 £0.03 2.0 1.4
NaA-65-4 46.8 53.2 0.25 +0.02 1.5 1.7

aFrom elemental analysis.
From membrane osmometry.
CStatistically calculated from reactivity ratios.

monomer with the exception that it has no formal ionic charge. Sur-
prisingly, these copolymers at certain compositions actually exhibit
viscosity increases with addition of NaCl to their aqueous solutions
(Fig. 6). In 0.257 M NaCl a maximum in the [7] ; vs mol% DAAM

plot (Fig. 6) is observed. This maximum, however, appears near
20% rather than near 10% as observed for the charged copolymers.
Since light-scattering measurements indicate lower values of the
second virial coefficient in aqueous NaCl as compared to distilled
water, chain extensions due to conformational restrictions and/or
cooperative associations are obviously important in viscosity be-
havior.

The effects of ion binding on divalent calcium ions are readily ob-
served with AM-NaA copolymers. Solution turbidimetry studies were
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FIG. 2. Zero-shear intrinsic viscosity of AM-NaA copolymers
as a function of ionic strength ~1/* in NaCl aqueous solution (¢ =
NaA-10-4, 4 = NaA-35-5, @ = NaA-50-4,9 = NaA-65-4),

conducted to assess phase behavior as a function of polymer concen-
tration, CaC12 concentration, and temperature. Figure 7 illustrates

typical phase separation of copolymer NaA-30-4 at 1500 ppm. The
critical temperature for phase separation is plotted as a function of
wt% CaClz. Above Tc’ turbidity is observed and little viscosity is

retained. This phenomenon is extremely important since the most
widely used mobility control polymers in EOR are of the AM-NaA
type.

Previous studies in our labs have shown that phase behavior is
also a function of copolymer composition for the AM-NaA copolymers
[17]. Quite significant is the fact that no separation of phases was
observed for either the AM~-NaAMPS series or the AM-DAAM series.

Temperature effects on viscosity are also important for practical
applications of polymers in EOR since many petroleum reservoirs
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FIG, 3. Zero-shear intrinsic viscosity of AM-NaAMPS copoly-
mers as a function of ionic strength~*/% in aqueous solutions (o =
AMPS-1-5, = = AMPS-2-5, 4 = AMPS-3-5, @ = AMPS),

reach elevated temperatures. Figure 8 shows the relative insensitivi-
ty of two AM-NaAMPS copolymers over the 30 to 70°C range. The
AM-NaA polymers are more sensitive; however, the AM-DAAM co-
polymers show the greatest loss in viscosity over that range

(Fig. 9).
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TABLE 3. Structural Information

)
Composition [n] 0 in g

Sample Mol% Mol% 0.257 M NaCl,

number AM comonomer dL/g Feomonomer
AMPS-1-5 90.5 9.5 29.5 8.2
AMPS-2-5 81,0 19.0 23.0 4.2
AMPS-3-5 72.1 217.9 13.2 2.6
AMPS-17-5 34.3 65.7 12.8 0.7
DAAM-11 88.9 11.1 14.3 7.6
DAAM-21 7.2 22.8 15.8 3.5
DAAM-31 28.6 31.4 14.6 2.1
DAAM-41 58.8 41.2 8.8 1.4
NaA-10-4 90.1 9.9 14.1 10.4
NaA-20-4 84,2 15.8 9.0 5.0
NaA-35-5 68.3 31.7 8.6 2.4
NaA-50-4 58.3 41.7 52 1.5
NaA-65-4 46.8 53.2 3.2 0.9

aFrom elemental analysis.

B. Graft Copolymers of Dextran

1. Dextran-g-Poly(Acrylamides)

The effects of combining polysaccharides with known chain extend-
ing capability and high viscosity random copolymers were examined
by utilizing a modified Ce(IV) grafting technique [7, 10, 17]. Dextran,
a well-characterized, water-soluble polysaccharide of wa = 500,000,

was chosen as a substrate on which acrylamide was to be grafted. The
copolymers (Type VIII, Fig. 1) were prepared under specified condi-
tions to eliminate homopolymer formation and to control the number
and length of the grafted chains as well as total molecular weight.
Copolymers were characterized by viscometry, size exclusion chro-
matography, and elemental analysis. Enzymatic and chemical hydroly-
sis techniques were used to separate the poly(acrylamide) grafts from
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FIG. 4. Effect of feed composition on zero-shear intrinsic vis-
cosity in 0.257 M NaCl of AM-NaA (e ) copolymers at high conver-
sion.

the backbone. Subsequent molecular weight analysis allowed calcula-
tion of grafting efficiency [7, 10, 17]. Structural data for the model
graft copolymers are given in Table 4.

Total molecular weights of the graft copolymers varied from 1.5
to 7.0 million. As the number of grafting sites increases for these
polymers of similar molecular weight, the hydrodynamic volume de-
creases as measured by the size exclusion chromatograms in Fig.
10. Those polymers with largest dimensions elute near the void
volume of the column set. Interestingly, graft copolymer PC-5, with
an average number of grafting sites of 2.5 per dextran chain and a
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FIG. 5. Effect of feed composition on the zero~shear intrinsic
viscosity in 0.257 M NaCl of AM-NaAMPS (o ) copolymers at high
conversion.

molecular weight of 3.2 million, shows a larger kinematic viscosity
(Fig. 11) over all shear rates than homopolyacrylamide of molecular
weight 5-6 million. Similar comparisons can be made with PC-3 or
PC-4 and homopolyacrylamide of 4.0 million molecular weight. Ap-
parently, for low numbers of long-chain grafts, chain extension by
the polysaccharide backbone can be significant. Similar behavior has
been reported by Butler et al. [22] for acrylamide-grafted starch co-
polymers.
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FIG. 9. Zero-shear intrinsic viscosity in 0.257 M NaCl(aq ) as a

function of temperature. Copolymer samples: © = DAAM-2 1,' =
DAAM-31.

2. Dextran-g-Poly(Acrylamide-co-Sodium Acrylates)

Graft copolymers of Type IX (Fig. 1) seem potentially useful for
EOR since they should offer large dimensions due to backbone rigidity,
side-chain copolymer composition, and anionic charge. Additionally,
the possibility of intrachain chelation of divalent species could possibly
prevent crosslinking, precipitation, and eventual pore clogging.

Attempts to synthesize Type IX systems from Ce(IV) grafting of co-
monomers AM and NaA onto dextran were unsuccessful due to binding
of Ce(IV) to NaA, However, selective hydrolysis of the side chains of
model graft copolymers (Type VIII) yielded Type IX copolymers. The
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FIG. 11. Kinematic viscosity as a function of shear rate for
model graft copolymers PC-0 to PC-5 in H,0 at 25°C, ¢ = 0.20
g/dL.

degrees of hydrolysis varied from 25 to 60%. Mole fractions of the
acrylamide, sodium acrylate, and anhydroglucose units are given in
Table 5 along with structural data for partially hydrolyzed poly-
acrylamide (HP series). Data for the parent graft copolymers are
given in Table 4,

The effect of graft copolymer structure on aqueous solution vis-
cosity is shown in Fig., 12, The zero-shear intrinsic viscosity at
30°C in 0.5 M NaCl increases as the sodium acrylate content of the
graft copolymer increases. Since samples in the PC-0 series and
the PC-5 series exhibit higher viscosity than those in the PC-7
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TABLE 5, Structural Data for Dextran-g-Poly(Acrylamide-co-
Sodium Acrylates) and Poly(Acrylamide-co-Sodium Acrylates)
Prepared by Partial Hydrolysis Utilizing Aqueous NaOH

Elemental analysis, Copolymer
70 composition
Sample 2 b S Hydrolysis,
number C H N FAG FAM FSA 0

PC-01 41.85 578 10,05 0.070 0.661 0.269 28.9
PC-02 40.77 5.37 9.24 0.070 0.624 0.306 32.9
PC-03 39.48 5.53 572 0.070 0.399 0.531 57.1

PC-51 41.23 580 10.31 0.075 0.691 0.234 25.3
PC-52 40.62 556 9.24 0.075 0.629 0.296 32.0
PC-53 40.45 5.33 5,43 0.075 0.371 0.554 59.9

PC-71 42.27 6.09 10.31 0.060 0.665 0.275 29.3
PC-72 41.39 554 9.06 0.060 0.597 0.343 36.5
PC-73 37.97 501 5.37 0.060 0.386  0.554 59.0

HP-1 41.20 5.42 10.31 - 0.644 0.356 35.6
HP-2 41,85 5.89 10.36 - 0.637 0.363 36.3
HP-3  40.84 5.16 9.03 - 0.569  0.431 43.1
HP-4  39.45 5.07 8.40 - 0.548  0.452 45,2

3Mole fraction of anhydroglucose units.
Mole fraction of acrylamide units.
CMole fraction of sodium acrylate units\

series over a wide range of charge density, the length of the grafted
chain seems more important than total molecular weight of the graft
copolymer. The graft copolymers of the PC-5 series, having few
long chains, exhibit higher viscosity than comparative linear models
(HP series), although the latter have higher molecular weights (5-6
million) than the former (3.2 million). These effects are similar to
those observed for the unhydrolyzed graft copolymers (Type VIII)
and seem to indicate some structural advantages of grafting,

The effects of added electrolytes on solution viscosity were in-
vestigated (Fig. 13) while maintaining a constant shear rate of 100
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FIG. 12. Zero-shear intrinsic viscosities of hydrolyzed polymer
samples as a function of charge density (FSA) at 30°C, 0.5 M NaCl

agqueous solution.

-1

s~ ". The divalent calcium ion had a much stronger effect in reducing
viscosity than the sodium ion. The viscosities of the polymer samples
decreased rapidly with addition of small amounts of CaClz, showing

the effects of ion-binding to the carboxylate side chains.
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3. Dextran-g-Poly(Acrylamide-co-Sodium-2~Acrylamido-2-
Methylpropane Sulfonates)

Dextran-g-poly( AM-co-NaAMPS) (Type X) copolymers were syn-
thesized utilizing a modified Ce(IV) grafting technique in which AM
and NaAMPS were grafted onto a precomplexed dextran. The study
was complicated by binding of the Ce(IV) ion with NaAMPS and by
homopolymerization of NaAMPS. However, controlled oxidation of
the dextran prior to grafting gave higher monomer conversion and
better control of the number of grafting sites.

Structural compositions of the graft copolymers are given in
Table 6 including the total weight-average molecular weight, the
weight fraction of the grafted chains [7, 14, 17], and the mole frac-
tions of the respective anhydroglucose, AM, and NaAMPS units.
Kinematic viscosities in 0.1 M NaCl and 0.5 M NaCl solutions at
100 s~ ' are shown in Table 7.

Those graft copolymers with low mole fractions of NaAMPS ex-
hibit the highest viscosities in sodium chloride solutions. The higher
values in 0.1 M NaCl, as compared to 0.5 M NaCl, are due to incom-
plete charge masking along the backkone. The increased viscosity of

TABLE 7. Physical Data for Dextran-g-Poly(AM-co-NaAMPS)

rsxigg:; ]’“zsraumpsa “-“1\1:11A1vu>sb My X107 7,5 cS n e
LS-V-411 0,042 0.050 1.75 2.84  2.84
LS-V-412 0.093 0.112 1.87 3.24  2.80
LS-V-421 0,117 0.142 1.86 3.83  2.74
LS-V-422 0.155 0.192 1.81 4,06  2.67
LS-V-431 0.179 0.224 1.81 3.21  2.13
LS-V-432 0.273 0.346 1.94 3.03  2.04
LS-V-441 0.340 0.447 1.89 2.92  1.95
LS-V-442 0.460 0.658 1.75 2.03  1.47

3Mole fraction NaAMPS in the polymer.
bMole fraction NaAMPS in the grafted chains.
Kmematlc vxscosxty of polymer in 0.1 M NaCI/H O, C = 1000 ppm,
=100s*, T = 30°C.
Kmematic viscosity of 0.5 M NaCl/HZO C = 1000 ppm, y = 100
, T =30°C,
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FIG. 14. Effect of added electrolytes on the kinematic viscosity of
graft copolymer LS-V-421 scales: ionic strength (I), weight % NaCl

(o), and CaCl2 (2).

these compositions in salt, as compared to the homopolymers of AM
and NaAMPS (especially those graft copolymers having less than 10
mol% NaAMPS in the side chain), has also been observed for random

copolymers of AM with NaAMPS (Type III) [7, 13, 16].

Salt sensitivity studies have been conducted for the dextran-g-
poly(AM-co-NaAMPS) containing 11.1% NaAMPS at a concentration of
1000 ppm (Fig. 14). This copolymer exhibited viscosity loss up to an
ionic strength of 0.6 (approximately 3.4% NaCl or 2.2% CaCl, by

weight). Of considerable importance, however, is the fact that no
phase separation occurs for any of the AM-NaAMPS-grafted dextran
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compositions up to 10 wt% CaClz. The copolymers of Types II and

IX with sodium acrylate units are, by contrast, highly susceptible to
phase separation.

IV. CONCLUSIONS

Copolymer structure has a marked effect on solution behavior of
water-soluble, random, and graft copolymers synthesized in this
work. Large hydrodynamic volumes are measured in ageuous solu-
tions of random copolymers of acrylamide with NaA, NaAMPS, and
DAAM comonomers. The ability of these copolymers to maintain
large dimensions in the presence of sodium chloride and calcium
chloride can be directly related to copolymer composition and, more
appropriately, microstructure, The differences in salt sensitivity
of the AM-NaA copolymers, as compared to the AM-NaAMPS copoly-
mers of similar composition, can be attributed to differences in ion
binding of sodium and calcium ions to the carboxylate and sulfonate
anions, respectively. However, the distance of the charged group
from the backbone certainly influences conformation and chain exten-
sion, especially in electrolyte solutions. This effect is clearly demon-
strated by the nonionic DAAM copolymers. Properties of the grafted-
dextran copolymers such as salt sensitivity and viscosity are largely
due to the composition and length of the grafted chains. In some cases,
however (those with reasonably large dextran backbones and a few
long chain grafts), molecular dimensions appear to be greater than
those of the random copolymers of the same composition and compar-
able molecular weights. Although all the copolymers of polyelectro-
lyte nature show viscosity loss with added electrolytes, those contain~
ing NaAMPS units do not phase separate in the presence of CaCl2 over

a wide range of solution temperatures. Polymers, therefore, of AM-
NaAMPS and dextran-g-AM-co-NaAMPS can be prepared which show
increased salt tolerance and phase stability as compared to their AM-
NaA counterparts. In addition to seeking a theoretical basis for these
observations, further studies will be conducted on adsorption, entrap-
ment, and polymer-surfactant compatibility for these systems. An
optimization of cooperative effects along the macromolecular back-
bone such as those present in proteins and nucleic acids may lead to
tailoring of more efficient systems for use in enhanced oil recovery.
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