DosISe 5213

-~

Quarterly
Progress Report

for

Responsive Copolymers For Enhanced

Petroleum Recovery

DE-AC22-92BC 14882

Charles McCormick
and
Roger Hester
Department of Polymer Science
University of Southern Mississippi
Hattiesburg, MS 39406
Contract Beginning Date September 22, 1992
Contract Third Year Ending Date September 21, 1995
Current Year DOE Award $295,500
Contracting Officier's Representative Jerry F. Casteel

‘Joa1ay) Aouofe Kue 10 JUSWIUILAOK) §9)BIS PSNUN)
9y} JO 9SO} 309[Ja1 10 2)e)S A[UIESSI0U JOU Op UIISY passaidxos sioyine jo suotnido pue
SMa1A 9] ‘Joasoys AousGe Aue JO JUSUWILISAOLN $3)BIS PINUN 3Y) Aq FuLIoAE) JO ‘UOnEpUIWE
-wi0091 “quawdsIopud sy A|duwl JO 91NINISUcO K[IIBSSI00U JOU SI0P ISIMISYIO IO ‘ISINjoRjnuBW
“YIewspe] ‘oweu oper} Aq 391AI5S J0 ‘ss9003d ‘jonpoid [erdrowoes siyoads Aue 0y uidIay 0Ud
-19J9Y ‘51311 poumo Ajorealrd oFuLIjur 10U pInOM s §31 1BY) Syuasaide Jo ‘pasofosip ssac01d
10 “pnpoid ‘smeredde ‘uonewrojur ue jo ssouinjosn Jo ‘ssauspo[duios ‘Aorinsoe 9y Joj Aupiq
-1suodsal 10 Ayjiger] [e8s] Aue sswmnsse Jo ‘payduut Jo ssaidxs ‘Ajuersem Aue soyeuwr ‘ssakojduro
115y Jo Aue Jou ‘Joaroyy Kouade Aue IOU JUSUIUIIACK) $9IBIS P[] 3Y) ISYIION JUIWUIIACD)
soye1s paun) ayp Jo AouaBe ue Aq porosuods Yiom jo junoode ue se paredord sem jrodar siyL

_\ TINIVIDSIA

for the time period of

March 21, 1995 - June 22, 1995

DISTRIBUTION OF THIS DOCUMENT 1S UNLIM!TEDLW




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




A, Task 1. Hydrophobically Modified, Fluorescently Labeled
Acrylamide/Acrylic Acid Copolymer Synthesis -

Copolymers exhibiting associative thickening behavior in aqueous media
have become increasingly important in the formulation of pharmaceuticals,
cosmetics, agricultural chemicals, and coatings.1-3 Not only are the rheological
properties desirable, but also the opportunity for phase transfer of hydrophobic

ingredients into microheterogeneous domains is intriguing. The commercial
| devélopment of such systems is currently hindered by a lack of fundamental
understanding of the parameters which control domain organization.

Of special interest to our group have been 1) the elucidation of the
mechanism of associative thickening and 2) the tailoring of thickeners with
reversible associations responsive to changes in pH, ionic strexigth, temperature, or
shear stress. An especially attractive polymeﬁzation technique, termed "micellar”
polymerization, first reported independently by Evani4 and by Turner, et. al.,5
utilizes a surfactant to solubilize a relatively low mole percent of a hydrophobic
monomer in water for copolymerization With a hydrophilic monomer.

In this report, we examine the role of surfactant-to-monomer ratio (SMR) in
the reaction medium on microstructure utilizing the N-[(1-pyrenyl-
sulfonamido)ethyl] acrylamide (APS) monomer as a fluorescent label. Comparison
is made with previously reported terpolymers of identical AM/AA compositions with
N-(4-decyl)-phenylacrylamide as the hydrophobic monomer. Unlike the uncharged
copolymer of AM/APS, however, the AM/AA/APS terpolymers of this study do not
show intermolecular associative thickening, apparently due to insufficient liaisons
of hydrophobic microdomains even at high concentrations of terpolymer.

Materials

Materials. The following materials were purchased from Aldrich and used as

received unless otherwise noted: acrylamide, sodium dodecyl sulfate (SDS) and




acrylic acid (vacuum distilled before use), KoSoOg (recrystallized from water). All
other materials we purchased commercially and used as received. |
Monomer and Model Compound Synthesis. The syntheses of N-[(1-
pyrenylsulfonamido)ethyl]acrylamide (APS,) and the water soluble model
compound, 2,4-dimethyl-N-[(1-pyrenylsulfonamido)ethyllglutaramide (PSGL), have
been reported previously.8

Co- and Terpolymer Synthesis and Purification. The general procedures for
terpolymer synthesis by micellar polymerization have been described earlier.10,11,12
Polymerizations were conducted at 50 °C for 3.5 hr in deionized water. A total
monomer concentration of 0.44M was used and [monomer] : [KoSoOg] was 3000:1.
Feed ratios for the terpolymers were as follows: AM, 0.695; AA, 0.300; APS, 0.005.
The surfactant (SDS) to APS molar ratio, SMR, was varied in successive
polymeﬁzations at 40, 60, 80 and 100. A control polymer of AM and AA was also
synthesized in the presence of SDS (0.132M) with an AM:AA ratio of 0.70:0.30. The
AA monomer was used in its acidic form (below pH 4 during polymerization) and
neutralized during purification. Polymers were isolated by precipitation into
acetone followed by drying and redissolution in water. After one week, the pH was
adjusted to 7-8 and the polymers were dialyzed against deionized water using
SpectraPor No.4 dialysis tubing (MW cut-off 12-14K) for an additional week. The
samples were then lyophilized to a constant weight.

Solution Preparation. Stock solutions of the copolymer and terpolymers were
prepéred at 0.2-0.5 g/dl. in deionized water. After dissolution, the pH of the
polymer solutions was adjusted to 7.1- 7.5 using pL: amounts of concentrated HCI or
NaOH solutions unless otherwise noted. Dilutions were made with deionized
water. For 0.5M NaCl solutions, dry NaCl was added to solutions identical to the

ones described abdve. Dilutions were made with 0.5M NaCl.



A. Task 2. Characterization of Molecular Structure and Solution Behavior
Instrumentation and Analysis

Co- and Terpolymer Composition. Copolymer composition was determined by
elemental analysis (M-H-W Laboratories, Phoenix, AZ). A previously published
method using a combination of elemental analysis and UV spectroscopy was
employed to determine terpolymer compositions.11,12 UV spectra of dilute solutions
(0.02g/dL:) of terpolymers in water were obtained and the amount of APS
incorporation was determined at 352 nm (e = 24000 M-lem-1)8.

UV/VIS Spectroscopy. UV/VIS spectra were obtained on a Hewlett-Packard
Model 8452A Photodiode-Array Spectrophotometer. Polymer concentrations were
0.02g/dL in water ([APS] = 4-x10'6 mole/L).

Steady-State Fluorescence Spectroscopy. Steady-state fluorescence spectra
were obtained with a Spex Fluorolog 2 Fluorescence Spectrophotometer equipped
with a DM300OF data system. Slit widths were maintained at 1-2 mm. Emission
spectra were obtained by excitation at 340 nm while monitoring the emission from
350 to 600 nm. Monomer intensities were recorded at 400 nm and excimer
intensities were recorded at 519 nm. Spectra were normalized at 400 nm.
Excitation spectra were obtained by exciting from 250 to 400 nm while monitoring
the emission intensity at either 400 nm (monomer emission) or 519 nm (excimer
emission). Due to lower emission intensities for the excimer species, excimer
excitation spectra were normalized to monomer excitation at 350 nm. All spectra
were corrected for photomultiplier response by an internal correction provided by
the manufacturer.

Time-Resolved Fluorescence Spectroscopy. Time-resolved fluorescence data
Wére obtained with a Edinburgh Analytical Instruments FLLO0OCDT single photon

counting instrument equipped with an H, filled nanosecond flashlamp. 104 counts

in the maximum channel were taken. Fluorescence lifetimes were obtained from




fits of the decay profiles utilizing software provided by the manufacturer, which
employs the standard iterative deconvolution method.

Viscometry. Viscosity measurements were conducted on a Contraves LS-30 low
shear rheometer at 25 °C and a shear rate of 6 s1. V
Classical and Dynamic Light Scattering. Refractive index increments for
classical studies were obtained on a Chromatix KMX-16 Laser Differential
Refractometer at 25 °C. A Spectra -Physics 127 laser operating at 632.8 nm was
used for all light scattering studies. Data points for classical studies were taken at
multiple angles at 25°C using a Brookhaven Instruments model BI-200SM
automatic goniomenter interfaced with a Brookhaven Instruments personal
computer. Zimm plots were constructed using software provided by the
manufacturer. Polymer solutions of 2.0 x 104 g/mL at pH 7.3-7.5 in 0.5M NaCl
were filtered through Millipore 0.45um filters to remove dust and diluted with
filtered 0.5M NaCl. Dynamic light scattering studies were performed at 90° and
the signals were processed with a Brookhaven Instruments model BI-2030AT
autocorrelator. Data were analyzed using the algorithm CONTIN and associated
software provided by the manufacturer. Pblymer solutions of 2.0 x 104 g/mL at pH
7.3-7.5 in 0.5M NaCl were filtered through tygon tubing filter loops using Millipore
0.45um ﬁlters to remove dust. Typical filtration times were 14-48 hours. Multiple
analyses were performed to insure reproducibility.

The fluorescently labeled polyelectrolytes of this study, P2-P5, were
prepared from acrylamide (AM), acrylic acid (AA), and N-[(1-
pyrenylsulfonamido)ethyllacrylamide (APS). The structures of these monomers and
the resulting terpolymers are shown in Figure 2. The synthesis of APS and the
Wé.ter-soluble model compound 2,4-dimethyl-N-[(1-pyrenylsulfonamido)-
ethyllgluconamide (PSGL) (Figure 1), have been reported in an earlier study8. The

polymerization procedure has also been detailed previouslyl2. In this study AM is




utilized as the major hydrophilic component since it is readily polymerized to high
molecular weight in aqueous media. AA copolymerizes readily -with AM and
. provides ionizable groups along the polymer backbone. The composition of
AM:AA:APS in the feed was 69.5:30.0:0.5. Potassium persulfate KoSoOg, a water
soluble initiator, was used in a ratio of 3000:1, [total monomer]:[initiator]. These
feed ratios provided a series of high molecular weight, moderate charge-density
polyelectrolytes which contain small numbers of hydrophobic APS units.
Terpolymerizations were carried out in deionized water at 50 °C under micellar
reaction conditions utilizing sodium dodecylsulfate (SDS) as the surfactant to
solubilize the hydrophobic APS comonomers. The SMR or surfactant to monomer
ratio is defined by Equation 1 below:

_[SDS] v
S-MR__[APS] (1)

[SDS] is the molar concentration of surfactant and [APS] is the hydrophobic APS
comonomer molar concentration. The SMR may be varied to control the average
number of hydrophobic monomers per micelle, n, as predicted from the Poisson

distribution by:
N [H]

n = o=
[SDS]-CMC 2)

where CMC is the critical micelle concentratioﬁ of SDS in this system and N is the
aggregation number of SDS.13,14 At the polymerization temperature and monomer
concentrations of this study, a CMC value of 6.5 x 10-3 mole/L, was obtained for
SDS.12 An aggregation number of approximately 60 is generally accepted for SDS.
Equation 2 is appropriate if the aggregation number of the micelle is not
significantly altered by the presence of the hydrophobic monomers. This

assumption should be quite valid at low values of n.




Steady-state fluorescence emission spectra for P2-P5 are shown in Figures 3

and 4 (concentration of 0.02g/dL and a pH of 7.1-7.5). Emission spectra in water

(Figure 3) and in 0.5M NaCl (Figure 4) are qualitatively identical and exhibit both

normal, or "monomer" fluorescence, from approximately 360 to 450 nm as well as

excimer fluorescence from 450 to 600 nm (see figure insets). These data are

summarized in plots of I/l in deionized water (O) and 0.5M NaCl (@) vs. SMR

(Figure 5). The dilute solution spectra in Figures 3 and 4 support the existence of

"blocky” microstructures in terpolymers P2-P5 at < 0.2 mole% of the APS

chromophore.
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Figure 1. Structures of the fluorescent monomer, APS, and its water soluble model

compound, PSGL.
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Figure 2. Synthesis of AM/AA/APS Terpolymers P2 -P5.
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Figure 3. Fluorescence Spectra of terpolymers P2-P5 in water. Inset: Excimer
region from 450 to 600 nm for P2 (SMR 40), P3 (SMR 60), P4 (SMR 80), and P5

(SMR 100).
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Figure 4. Fluorescence Spectra of terpolymers P2-P5 in 0.5M NaCl. Inset:
Excimer region from 450 to 600 nm for P2 (SMR 40), P3 (SMR 60), P4 (SMR 80),
and P5 (SMR 100).
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terpolymers. P2-P5 in water and 0.5M NaCl.
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Figure 5. Ip/I)[ as a function of the SMR (Equation 1) used in polymerization for




" Background

eSS

.~ As.explained iv.the last report, the extensional. flow. behayior of dilute polymer solutions .. ... .. ..

through packed bgds of solid spheres was modeled by assuming that a single polymer molecul'es_
could be considered as a spring, with module§ G, and a dashpot, with viscosity n , connected in
parallel.

The polymer molecules are elongated and compressed as they passes through the bed and
energy is converted to heat as the macromolecules are cyclically strained. This degradation of

the fluid kinetic energy to heat increases solution resistance to flow through the bed.

Extensional Flow Model
Fluid resistance is usually expressed as a normalized solution flow resistance, NSFR . At very

low polymer concentrations (¢ n, , approaches zero) the NSFR is defined as

AP, - AP,
NSFR=—*—°

o “int‘rc

In the above relationship AP_and AP are the solution and solvent pressure drop across the
packed bed, respectively. The polymer solution extensional flow model can be expressed in a
dimensionless formate by using a Deborah number, De = [4¢Q1]/[®(D,, d)z ¢xdG], anda

dimensionless coil viscosity, H = [pn_n, ]/ n. See nomenclature for symbol descriptions.

intr]

»

N

3(48)* (¢ S, )?
175 1 +4 % De?

The effects of the porous media geometry on NSFR are accounted for in the first term of the
model and in the definition of the Deborah number. The dimensionless Deborah Number is the
ratio of polymer coil response time, A = /G and 1/w, the process extension time. As shown by
the above relationship, with a constant dimensionless coil viscosity the NSFR will be a

maximum when the Deborah number, De, equals 1/27n . Any increase in the dimensionless

coil viscosity, H, will increase the NSFR regardless of the Deborah number. Typical behavior of




The above model for extensional flow in a porous media indicates that for a polymer to be a
good candidate as a mobility control agent in enhanced oil recovery the polymer should : 1)
Have a high solution intrinsic viscosity. This increases H and thus fluid resistance to flow. 2)
Have a coil viscosity which is low. This always increases H ,which is desirable, but also lowers
the coil response time, A , which is undesirable because a greater fluid extensional flow field
stress is required to elongate the polymer. These stresses are not usually present when flooding a
reservoir. 3) Have a coil modules which is low. This enables polymer extension at lower fluid

flow field extensional stresses which occur at lower fluid flow rate through the porous media.

Polymer analysis using the solution extensional flow model is presently being performed. Table I
list the polymer systems that have been studied to date and the model parameters associated with
~ each polymer. After additional polymers have been analyzed a universal relationship between
intrinsic Visébsity and coil viscosity may be found. If so, thén polymer performance in enhancing
fluid resistance during flooding will be made more predictable and efforts to synthesize

polymers with desired solution rheological properties can be better directed.

NOMENCLATURE
Table I
Symbol Descriptions

Description

mass concentration of polymer in solution

Deborah Number, equalto w n /G

packing spherical diameter

polymer coil modules

dimensionless coil viscosity, equal to [pr 1, 1/n

AP: ~AP0( 1+ nintrc)/[APo( 1+ ninlrc) nintrc]




QT - itd Votammetric Flow Rafé-
t T time
P o - solivent pressure dop across the bed ERUE A A
AP, solution pressure drop across the bed
¢ bed porosity
n coil viscosity
L polymer intrinsic viscosity
13 factor used to relate coil path length to d, equal to 3/4
A coil response time
K, solvent shear viscosity
P polymer monomer density
» coil cycle frequency
'} packed bed tortuosity
REFERENCES

1. Hester, R. D, C. L. McCormick, DOE Quarterly Report for DE-AC22-92BC-14882, June 23,

¥ 1995

2. Durst, F., R. Hass, Rheol. Acta 20, 179, 1981.

3. McCormick, C. L., K. P. Blackman, J. Poly. Sci., Poly. Chem, A24, 2635, 1986.

4. McCormick, C. L., K. P. Blackman, D. L. Elliott, J. Poly. Sci., Poly. Chem, A24, 2619, 1986.




"ou] ‘s90URIOSAJOJ w0} (SPIx0 SuS[AyR)AI0d (3

Jeded 1sinq woy eep

‘SISK[0IPAY 9, £1 Ynm apruelhioesjod

pazAjo1pAH (o Added 1sanq woyy viep ‘SISA[0IpAY 9, ¢ yim aprwejlroedjod pazAjospAH (p Joded 1sinq woy
BIep opiwejl1oedjog (0 (1 21nS1] 995) uonenUIOUOd JwAjod 019z 03 BIEP VEINV/INY Sunendesxe 4q pourelqo synsay (q
pcSIOWOUOW PIOR JIOUBINGIAYIOW- ¢ -OPIWLAIOE-¢ PUE SPIUEBAIOE WO PIZISIYIUAS SJOIUIODON ] ) WOy JswAjodo) (8
1270 00LT ¥1'o 01¢ 144 , 67 001 0012 9L 0ld
SO1°0 00L7 6£0°0 ors £€ 67 0S 0017 9L ,04d
960°0 00¢ 880°0 011 86 (114 ool 096 87 ,0ldd
8¥0°0 00¢ 150°0 0S1 rL 6¢ 0S 096 87 ,0dd
090°0 00LY o 91 se 6¢ 0s 0021 g€ JAVAH
§50°0 001€ 95°0 9 6T 6¢ M4 0027 11 WA VdH
110 001€ LS'0 19 S'€ 6¢ 0S 0027 1 JAYdH
£L0°0 001 (A 97 e 6¢ ST 0062 61 JAVd
SP1°0 001y (4 Lt LA™ 6¢ 0s 0067 61 SV
0 00gY 06°0 6 b8 62/S1 0 009 14! JYEWV/IAY
1444 00 LT 8'9 81 S1 99y 009 14! TYINV/INY
14 4 00cy 6’1 I 07 67 99¢% 009y 148 YHINV/INV
9L70 00€y €1 8’8 1 ST 991 009% 14 YVINV/INV
9L’0 00<y ! 0’6 €1 67 991 009¥ 14! WYHINV/INY
ST0 00<r (4} LL v'6 ST 149 009y 144 TYHNV/INY
sT0 00¢y 0’1 I1 01 67 14 009y 14 VAINV/INV
Y dosw 01 X OI X up 01 X
1 (1% Jajoumer(] iy, Lo / dukp astod 7Ig o /3 8/ »01 X
ssojuols 0apAH asuodsoy snpnpoy K)SEISIA aroydg o lle} L)1S00SIA oom /3 oAy,
uau( Le] Hve} i) 1D Buppey uognjog | oisunu( IM IO RwAog
TWAOS [DEN N S 0 UOTIN[OS JOWAJ0J 10] SHNSIY [CUOISUIXY Pod PIPYd: 1 A 1dV.L




Dimensionless
Coil Viscosity, H

80

L T~ - 6
/s R
60 V4 1- = ~ . 5
NSEFR /s .

/ ’ ‘ / \ 4

40 A -
/’I/

20 7
/

Deborah Number, De

Figure 1 : Normalized Solution Flow Resistance (NSFR) Dependence
Upon Deborah Number and Dimensionless Coil Viscosity




