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Oil Recovery at High Brine Salinity Conditions Using Amphoteric Terpolymer

The viscosity and the oil recovery ability of high molecular weight amphoteric terpolymer (ATP) were tested
in different brines and compared with hydrolyzed poly(acrylamide) (HPAM) which is traditionally used in
enhanced oil recovery (EOR). The results show that ATP provides higher viscosity at brine salinity ranging
from 200 to 300 g-L™. This may give ATP an advantage over HPAM in high salinity reservoirs, which are
abundant in Kazakhstan. Moreover, comparative polymer flooding experiments were carried out by injecting
0.25 wt.% ATP and HPAM dissolved in 200 g-L™* brine into sand packs. The HPAM flooding in high perme-
ability (1.77 Darcy) sand pack leads to the increase of the oil recovery factor (ORF) by 18.5 % after 1 PV of
brine injection. On the other hand, the injection of ATP into the low permeability (0.6 Darcy) sand pack re-
sults in the ORF increase by 28.5 %. The obtained results show that ATP has the potential to become an al-
ternative to HPAM in 200 g-L™ and higher brine salinity reservoirs.

Keywords: amphoteric terpolymer, hydrolyzed poly(acrylamide), antipolyelectrolyte effect, sand pack model,
water flooding, polymer flooding, oil recovery factor.

Introduction

Water is usually used to displace oil from matrix rocks. However, because of the unstable displacement
front due to the differences in oil and water viscosities and the heterogeneous nature of matrix rocks the oil
production rates often decline with the increase in water production [1].

If water viscosity is increased by dissolving high molecular weight polymers in it, the problem of vis-
cous fingering and premature breakthrough can be minimized [2]. Such polymers are an important topic of
modern research due to their practical application. For example, polyacrylamide is widely used in
wastewater treatment, paper production, and oil industry because of its thickening, flocculation, and rheolog-
ical properties [3, 4].

Even though different polymers were tested over the years, hydrolyzed polyacrylamide (HPAM) has
found the widest application due to its low cost; commercial availability; remarkable capability to increase
viscosity; acceptable and adjustable injectivity; and resistance to microbial degradation [5].

However, if cations are present in water the negative charges on the polymer chain are screened and as
a result, the hydrodynamic volume of the polymer molecule is reduced [5, 6]. Thus, at higher salinities, high-
er concentrations of HPAM are required to achieve the target viscosity. Moreover, at extremely high salinity
and temperature, the HPAM chains will coil up and precipitate [6].

Amphoteric copolymers and terpolymers can swell and enhance the viscosity in high salinity reservoirs,
which is crucial for enhanced oil recovery (EOR) [7, 8]. The remarkable resistance of polyampholytes to
high salinity makes them attractive for the application where thickeners are required in concentrated brine
solutions [2, 9-13]. Special attention should be given to the hydrophobically associating polyampholytes
which combine self-assembly and adjustable charge balance [14-17]. The application of acrylamide-based
polyampholytes in EOR and drag reduction was reviewed in [18].

In this regard, amphoteric polyelectrolytes have great potential, because in high-salinity water anions
and cations disperse macromolecular chains by reducing the electrostatic attraction between positively and
negatively charged monomers. As a result, the viscosity of the solution increases [19]. The main problems of
oil fields in Kazakhstan are the viscosity of oil and high salinity of reservoir water, which in some regions
reaches 163-232 g-L™" and even higher. To solve these problems, it is recommended to use specially de-
signed amphoteric terpolymers (with an “anti-electrolyte effect) that can increase the viscosity of brine [20-
25].
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In this study, we compare the oil recovery efficiency of high molecular weight amphoteric terpolymer
AAM-AMPS-APTAC = 80:10:10 mol.% with HPAM in sand pack models at high salinity conditions.

Experimental

Materials

Monomers — acrylamide (AAm, 97 % purity), 2-acrylamido-2-methylpropanesulfonic acid sodium salt
(AMPS, 50 wt.%), (3-acrylamidopropyl) trimethylammonium chloride (APTAC, 75 wt.% in water), and
ammonium persulfate (APS, 98% purity) were purchased from Sigma-Aldrich Chemical Co., and used with-
out further purification. Commercially available hydrolyzed polyacrylamide (HPAM) (Flopaam 3630S, 98%
purity SNF) with a hydrolysis degree of 30% and average molecular weight of 17.2 million Dalton was used
as received.

Sand pack model
To simulate the oil displacement by water and polymers, 3-cm-diameter and 5-cm-length sand packs
were used. The size of the sand grains varied between 0.25 and 0.5 mm. Initially, the sand packs were vacu-
umed and saturated with brine. The porosity of the models was determined by using the following formula:
Vv, -V,

in

==in "4 100 %,
0= 6

where ¢ — the porosity, %; V,, — the injected volume, cm?; V, — the dead volume, cm?; V, — total vol-

ume of the sand pack, cm?

Next, brine was injected through the sand packs at different flow rates and constant registration of pres-
sure. Darcy equation was used to calculate permeability at 100 % water saturation. Table 1 presents the re-
sults of the porosity and permeability calculations.

Table 1
Properties of the sand packs
Sand pack Pore volume, cm® Porosity, % Permeability, Darcy
1 10.6 30 0.62
2 11.9 33.7 1.77
Brine
Table 2 demonstrates a list of brines with different salinities and chemical composition.
Table 2

Total salinity and chemical composition of synthetic brines

: T
Total salinity, g-L™ C,\j’;éf““a“‘é*agf:alts’l\ﬁglé|2
200 180 10 10
232 208.8 11.6 11.6
250 225 12.5 12.5
275 247.5 13.75 13.75
300 270 15 15

Oil
Crude oil from Karazhanbas oil field well #1913 was used. Oil viscosity and density at 30°C are equal
to 420 mPa-sec and 0.93 g-cm™>, respectively.

Methods

Elemental analysis of ATP and HPAM samples was performed using Vario EL-11l elemental analyzer
(Elementary Analyze System GmbH, Hanau, Germany). The dynamic viscosity of polymer solutions was
measured by Ubbelohde viscometer at 24 and 60 °C. The sand pack experiments were done through core
flooding apparatus “YUK-C (2)” (Russia).
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Results and Discussion

Synthesis and characterization of AAm-APTAC -AMPS and HPAM

Synthesis and characterization of the AAmM-AMPS-APTAC amphoteric terpolymer containing
80 mol.% AAm, 10 mol.% AMPS, and 10 mol.% APTAC with the weight-average molecular weight
(M,, = 2.9-10° Dalton) and the average number molecular weight (M, = 2.1-10° Dalton) are comprehensively
described elsewhere [23, 24] (Fig. 1).
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Figure 1. Repeating monomeric units and composition (mol.%)
of AAm-AMPS-APTAC amphoteric terpolymer

Hydrolyzed polyacrylamide (HPAM) (Flopaam 3630S, 98% purity, SNF) with a hydrolysis degree of
30 % and an average molecular weight of 17.2-10° Dalton was used for the comparative experiments. The
hydrolysis degree of HPAM 30 % means that the sample contains 70 mol. % of acrylamide (AAm) and 30
mol.% of sodium acrylate (SA) in the macromolecular chain (Figure 2).
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Figure 2. Repeating monomeric units and composition (mol.%) of HPAM

Table 3 presents the results of the elemental analysis of AAm-AMPS-APTAC and HPAM.

Table 3
Results of elemental analysis of AAM-AMPS-APTAC and HPAM
Samoles Monomer ratios in terpolymer and Percentages of elements, wt. %

P copolymer, mol. % Found/Calculated N, % C,% H, % S, %
ATP AAmM APTAC AMPS Found 11.54 43.58 8.32 3.18
80 10 10 Calculated 15.34 47.83 7.11 3.19

HPAM AAmM SA Found 8.49 38.29 6.46 0

70 30 Calculated 11.84 43.52 5.36 0

Table 3 shows that the experimentally found and theoretically calculated amounts of elements C, N, H,
and S are in good agreement. This confirms that the composition of the AAmM-APTAC-AMPS
(80:10:10 mol.%) terpolymer insignificantly deviates from the initial monomer composition in the feed. In
the case of HPAM, the experimentally found and theoretically calculated amounts of elements C, N, and H
are somewhat different. This is reasonable because the commercially available samples for oil recovery usu-
ally contain some impurities.
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Viscosity of AAm-APTAC-AMPS and HPAM in synthetic brine

Figure 3 demonstrates the dynamic viscosities of amphoteric terpolymer AAM-AMPS-APTAC and
HPAM versus the polymer concentrations at 24 and 60 °C in 250 g-L™* synthetic brine. The gradually de-
creasing dynamic viscosities of ATP and HPAM upon dilution testify to the absence of polyelectrolyte effect
leading to the unfolding of macromolecular coils.
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Figure 3. Dynamic viscosity of ATP and HPAM versus the polymer concentration
in 250g-L™* synthetic brine at 24 and 60 °C

Figure 4 represents the dynamic viscosities of ATP and HPAM in brine solutions. The dynamic viscosi-
ty of 0.25 wt.% ATP solutions increases steadily from 7.45 to 14.25 mPa-s with the increase in the salinity
from 200 to 300 g-L™. Whereas the dynamic viscosity of HPAM solution increases from 6.78 to 9.31 mPa-s
upon the salinity increase from 200 to 250 g-L™*, however, the further increase in the salinity up to 300 g-L™*
causes a sharp falling of HPAM viscosity. This is explained by the precipitation of HPAM as a result of the
“salting out” effect.

The increase of the dynamic viscosity of amphoteric terpolymer in high saline solution because of the
screening of the positively and negatively charged monomers by anions and cations of salts leads to the un-
folding of macromolecular chains. This phenomenon is called the antipolylectrolyte effect. The dynamic vis-
cosities of ATP solutions are higher than that of HPAM. It is explained by the unfolding of the AAm-AMPS-
APTAC terpolymer molecule at high temperature and salinity.
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Figure 4. Salt-dependent dynamic viscosities of 0.25 wt.% amphoteric terpolymer (a) and HPAM (b) at 24°C (1)
and 60°C (2) in the range of 200-300 g-L™ brine salinity
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Sand pack flooding
Water and oil saturation

The saturation of the models with 200 g-L™ brine was done after vacuuming to calculate the porosity
(Table 1). Figure 5 shows the injection pressure change during the oil saturation process for the 0.62 D and
1.77 D sand packs. As can be seen, for the low-permeability sand pack model, the oil injection pressure
reached 0.044-0.051 MPa and stabilized without further growth. For the high-permeability sand pack model,
the oil injection pressure stabilized at 0.020-0.024 MPa. This is two times less than the oil saturation pres-
sure for the low-permeability sand pack model. In addition, the mass of saturated oil in each model was cal-
culated based on the material balance, and equal to 8.78 and 9.67 g for the 0.62D and 1.77D sand packs, re-

spectively.
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Figure 5. The oil injection pressure versus time during the oil saturation process

Water and polymer flooding

Figure 6 shows the oil cut versus the number of injected pore volumes. Water injection resulted in the
production of almost the same portions of oil in both tests, even though in the case of low permeability
(0.62D) sand pack, the injection pressure was significantly higher (Figure 7). The injection of the polymer
solutions into this model shows that ATP provides a higher increase in oil production than HPAM does.
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Figure 6. Oil cut versus injected pore volumes during water injection and polymer flooding by ATP (-m-) and HPAM (-e-)
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The permeability of sand pack model is 0.62D (1) and 1.77D (2). Flow rate — 0.15 cm®min *. Temperature — 30 °C
Figure 7. The injection pressure versus time during water and polymer flooding

Figure 8 illustrates the oil recovery factor (ORF) obtained during water and polymer flooding processes.
Water injection allowed to produce 34.7-36 % of oil. Whereas the injection of 0.25 wt.% ATP and HPAM
solutions in 200 g-L™ brine into the 0.6D and 1.77D sand packs increased the oil recovery factor after water
injection by 28.5 % and 18.5 %, respectively. Thus, 0.25 wt.% ATP produced 10 % more oil than HPAM.
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Figure 8. Oil recovery factor registered during ATP (- m -) and HPAM (—e—) polymer flooding experiments

Conclusions

The results of the elemental analysis demonstrate that the composition of AAM-AMPS-APTAC
terpolymer insignificantly deviates from the composition of initial monomer feed upon polymerization.

AAM-AMPS-APTAC terpolymers exhibit improved viscosifying behavior in high salinity media be-
cause of their polyampholytic nature and can find practical applications in EOR. For example, the increase of
brine salinity from 200 to 300 g-L™ at 24 °C leads to the increase of the dynamic viscosity of 0.25 % ATP
solution from 7 to 14 mPa-s. Whereas the dynamic viscosity of HPAM solution increases from 6 to 9 mPa-s
upon the salinity increase from 200 to 250 g-L™ and then suddenly declines at 300 g-L™ because of the severe
polymer precipitation. This phenomenon is explained by hydrolyzed polyacrylamide poor solubility at 270—
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300 g-L . The obtained viscosity measurement results indicate that the amphoteric terpolymer is more stable
at high brine salinity than HPAM.

The injection of 0.25% amphoteric terpolymer and HPAM solutions prepared in 200 g-L™ brine into the
0.62 and 1.77 Darcy sand packs resulted in the increase of the oil recovery factor by 28 and 18%, respective-
ly. These results show that the amphoteric terpolymer has a higher oil displacement capacity than HPAM.

The introduction of the amphoteric terpolymer as an alternative to HPAM at extremely high salinity
conditions adds to the relevance and novelty of this study.

However, some significant shortcomings of this study are

1) Limited number of sand pack flooding experiments;

2) The use of models with relatively low pore volume, which increases the probability of errors in oil
recovery calculations;

3) No polymer retention measurements were done.

Thus, the future research will focus on the flooding tests with polymer retention measurements by using
large pore volume sand packs and cores.
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AM@orTepJik TepnoauMepai KOJIIAHY APKbLIbI
JKOFapbI TY3/1bI OPTA KAFIAHBIHIA MYHAH OHAIPY

JKorapel MonexkymanblK canMakTel amdorepmi TeprmonuMepniH (ATII) TYTKBIpABIFEI MEH MYHaiIbl
BIFBICTBIPBIN IIBIFApy KaOimeTi opTypii TY3IBl EpITIHAUIEepHe CHIHAIFAH JXOHE MYHAWIBIH OHIMIUIIrH
apTTRIpy/ia ASCTYPJ TYpAe KOJNIAHBICTAFBl THAponu3neHreH noiuakpuaaMmuamer (ITIA) canbicThIppUFaH.
Hormxenep ATIT 200-gen 300 r/m-re neifiHTi TY3ABI epiTIHIUIEpAE >KOFaphl TYTKBIPIBIKTHI KaMTaMachl3
eTeTiHiH kepcereni. by Kasakcranna kenrten ke3zeceTiH TY3ABUIBIFBI )KOFaphl cy Koiimanapbeiaga ['TIA-meH
canbicteiprania ATII-ra eneyini apTHIKIIBLIBIK Oepe ananpl. COHBIMEH KaTap, HOJMMEpIIK aiaay OoibIHIIa
canbIcTeIpManbl TaXipuodenep 0.25 % wmaccansik yiaecteri amgoTtepii tepronumep MeH ['TIA-ubiH 200-300
I/ TY37Abl CyJarbl epiTIHIIepiH KYMABI MOZENbre aiiay apkKeuibl xkyprizingi. ['TIA epitinaiciMeH »XoFapsl
otkizrimri (1.77 Jdapcu) KymMasl MOAeb apKbUTbl alimay 1PV Ty3mel cymeH aiiayFa caibICTBIpFaHAa MyHau
eHzipy ko3d¢unuentin (MOK) 18.5%-ra aprreipasl. Exinmi sxarsiHad, etkisrimriri Temen (0.6 Jlapcn)
kymusl mozenbre ATI aitmaynma MOK-Ti 28.5%-Fa nmeitin skorapeiiatThl. AnbiHFaH HOTIKeNep ATII-HbH
200 r/1 5)x0HE 0JjaH Ja KOFaphl TY31bI ¢y Koiimanapberaga ['TIA-Fa Gamama 6oJia aJaTeIHBIH KOPCETE.

Kinm co30ep: amdotepnix Teprnommumep (ATII), rugponnsaeHrer moauakpuiaMui, aHTAIOIUIIEKTPOINTTIK
3¢ deKT, THIFBI3IBIK MOJETI, Cy apKbUIbI aiifay, HMOJMMEp epiTiHAIiCIMeH aiinay, MyHaiiibl BIFBICTHIPY
K03(duIeHTi.

H. Myxawmerra3sl, U.11. I'yccenos, A.B. I1laxBopoctoB, Xelkku Tenxy
Jlo0b14a He(pTH B YCI0BUAIX BHICOKOI MUHEPATH3ALNHU
¢ MpUMeHeHreM aM(OTEPHOro TepHoJIuMepa

B crarbe mpoTecTHpOBaHBI PEOJOTMUECKUE CBOWCTBA M HE(TEBBITECHSIONAs CHOCOOHOCTH BBICOKOMOJIE-
kymsipHoro amdoreproro tepmonmumepa (ATII) B Bomax ¢ pa3nmmuHOil MuHepamm3anued. PesynbraTs
CPaBHUBAJIMCh C YAacTUYHO TI'WAPOIM30BaHHBIM nonuakpuiamunoM (UITIA), KoTopeli TpaaUILMOHHO
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Oil Recovery at High Brine Salinity Conditions ...

UCIIONIB3YeTCsl Ul yBenuueHus no0bunM HepTH. Pesymbrartel mokasamu, yro ATII obnamaer Oombieit
BSI3KOCTHIO B auana3oHe Munepanuzanuu ot 200 no 300 r/a. Oto maér ATII npeumymectso nag UI'TIA B
IUIacTax ¢ BBICOKOW MHHepaim3aiueil Bombl, KOoTopelx B Ka3zaxcrane maBonbHO MHOTO. CpaBHHTEIBHBIE
SKCIIEPUMEHTHI 110 MONMMEPHOMY 3aBOJHEHHIO NPOBOAWINCH MyTéM 3akadku 0,25 mac.% amdoTtepHOro
tepriosmMepa u UI'TIA, pactBopeHHBIX B Bozie ¢ MuHepanu3anuelt 200 1/i1 B HAaCHITHBIE IeCUYaHbIe MOJIEIIH.
3akauka UI'TIA B BeIcOKOmpoHHmaeMmyro moxenb (1,77 [lapcu) mpuBena K yBeNHUYeHHIO Koddduimenrta
BeitecHenus Hedru (KBH) Ha 18,5% mocie 3akauky oHOTro mopoBoro o0bséMa Bojsl. COOTBETCTBEHHO, IIPH
3akauke am(poTepHOro TeprmoauMepa B Huskomponuiaemyto (0,6 Jlapcu) mozenrs KBH Obu1 yBenuueH Ha
28,5%. IomyueHHble pe3ynbTaThl nokaszany, 4to ATII moxer crath anprepHatuBoit UI'TIA B ycnoBusx, rae
MHHepaIn3aius Boapl npesbiraet 200 r/m.

Kniouesvie cnosa: amdpoTepHBIA TeprnoauMep, THAPOIN3BAHHBIN MONMHAKPHIAMU, aHTHIIOIHAICKTPOIUTHEIH
3¢ deKT, HackIITHAs MOJENb, 3aBOAHCHNUE, TIOJIMMEpHOE 3aBOAHEHNE, KOA()(UINECHT BEITECHEHUS HEPTH.
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