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Salt tolerant acrylamide-based quenched polyampholytes for polymer flooding

In our previous papers [1, 2] we considered the behavior of linear and crosslinked polyampholytes based on
fully charged anionic monomer — 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS) and
cationic monomer — (3-acrylamidopropyl)trimethylammonium chloride (APTAC) in aqueous-salt solutions,
swelling and mechanical properties. In the present paper we report the applicability of salt tolerant amphoter-
ic terpolymers composed of AMPS, APTAC and acrylamide (AAm) in enhanced oil recovery (EOR). The
amphoteric terpolymers of different compositions, particularly [AAm]:{AMPS]:[APTAC] = 50:25:25;
60:20:20; 70:15:15; 80:10:10 and 90:5:5 mol.% were prepared by free-radical polymerization, identified and
their viscosifying ability with respect to reservoir saline water (salinity is 163 g-L") at 60 °C was tested. It
was found that due to polyampholytic nature, the AAm-AMPS-APTAC terpolymers exhibited improved
viscosifying behavior at high salinity water. As a result, the appropriate salt tolerant sample
[AAm]:[AMPS]:[APTAC] = 80:10:10 mol.% was selected for polymer flooding experiments. Polymer flood-
ing experiments on high permeable sand pack model demonstrated that only 0.5 % oil was recovered by am-
photeric terpolymer. While injection of polyampholyte solution into preliminarily water flooded core sample
resulted in the increase of oil recovery up to 4.8—5 %. These results show that under certain conditions the
amphoteric terpolymers have a decent oil displacement ability.

Keywords: polyampholyte terpolymers, viscosifying ability, high permeability, homogeneity, porous media,
oil viscosity, incremental oil recovery (IOR), reservoir heterogeneity conditions.

Introduction

Oil and gas sector remains one of the main components of the economy of Kazakhstan, and its devel-
opment will determine the prospects for the state economy. The problem of enhanced oil recovery (EOR) is
especially important for Kazakhstan to enter into the world’s top five oil exporters.

Nowadays many water-soluble polymers have been intensively developed and explored as viscosity-
enhancing and flocculating agents, food additives, etc. [3—5]. Polyacrylamide and its derivatives have been
successfully employed in wastewater treatment, papermaking and oil industry due to their thickening ability,
flocculation and rheological behaviors [6—8].

The most widely used synthetic EOR polymer is polyacrylamide (PAA) and its derivatives [9—12]. This
polymer is usually used in hydrolyzed polyacrylamide (HPAM) form to achieve higher viscosity within a
certain range of brine salinities [13]. Unfortunately, HPAM may undergo a severe hydrolysis and precipitate
at high temperature and brine salinity [14]. In this context, designing suitable polymers for EOR from high-
temperature and high-salinity reservoirs is a challenging task. In fact, relatively high oil viscosity and brine
salinity are common phenomena for Kazakhstani oil reservoirs. For example, the viscosity of Karazhanbas
field oil may be higher than 350 cp, while brine salinity of Zhetibay and Moldabek fields may exceed
150 g-L™". In polymer flooding technology, stable oil displacement is realized through the reduction of
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oil/water viscosity ratio by using HPAM and other polymers [15]. Unfortunately, the high salinity of make-
up water requires higher polymer concentrations to provide a certain viscosity value [16], which may in-
crease the production cost of recovered oil. Moreover, high water salinity may cause polymer precipitation in
the porous media of a rock, which results in permeability damage [14] and polymer waste. In order to over-
come these problems, we suggest to use as viscosifying agent (or water thickeners) the tailor made amphoter-
ic terpolymers AAm-AMPS-APTAC that possess the thermal stability and are able to swell and increase the
viscosity in saline water due to specific, so called “antipolyelectrolyte” effect [17, 18]. Previous studies
[19-21] indicated that many polymers containing AAm and ionic monomers can be used for EOR process
[22-31].

In this work a series of ternary polyampholytes with different molar concentrations of AAm, AMPS,
and APTAC were synthesized and tested as oil recovery agent by using sand pack model and artificial high
porosity core. The obtained results are perspective for development of novel salt- and temperature tolerant
amphoteric terpolymers for EOR.

Experimental

Materials

Acrylamide (AAm, purity >98.0 %), 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS,
98 wt.% in water) and (3-acrylamidopropyl) trimethylammonium chloride (APTAC, 75 wt.% in water), and
ammonium persulfate (APS, 99 % purity) were purchased from Sigma-Aldrich Chemical Co. and used with-
out further purification.

To provide the sand pack flooding experiments, 250—-500 um sand grains were packed into 8.3 cm
length and 4.3 cm diameter steel cylinder (Fig. 1a, b). The porosity and permeability of the sand pack were
equal to 44 % and 16 Darcy, respectively. The model was saturated with 100 gL' East Moldabek
(well#2092 M-II) brine and East Moldabek oil (well# 2027 M-III-U-I). The viscosity and density of oil sam-
ple were equal to 138 cp and 0.8916 g-em™ at 25 °C. Brine water solution was injected into the sand pack
model at the rate of injection 0.1 cm’-min™".

The core flooding experiments were carried out with core sample of 4.4 cm length and 2.9 cm diameter
with permeability 5 Darcy (Fig. 1c). The artificial high porosity core sample with pore volume 24.12 cm’
(porosity is 83 %) and Karazhanbas oil (well# 1913) were used. Viscosity and density of selected oils were
equal to 420 cp and 0.93 g-cm™ at 30 °C and 64 cp and 0.907 g-cm™ at 60 °C. Brine solution with concentra-
tion of 163 gL' was used for core flooding test. 0.5 % polymer solution was injected into the core at the rate
of 1 cm’min".

a b c

Figure 1. Sand pack (a, b) and artificial high porous core (¢)

Methods

"H NMR spectra of AMPS-APTAC-AAm terpolymers in D,O were registered on impulse Fourier NMR
spectrometer Bruker 400 MHz (Bruker, Germany).

The sand pack and core flooding experiments were conducted with the help of special core flooding set
up "VUK-C(2)" (Russia).

The viscosity of polymer solutions was determined by glass capillary viscometer with diameter
1.47 mm. Oil density and viscosity were determined by Stabinger viscometer.
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The following procedures for sand pack and core flooding tests were used: 1 — vaccum saturation of
the porous media with brine; 2 — brine displacement by oil (drainage); 3 — oil displacement by brine (im-
bibition); 4 — polymer injection.

The sand pack-flooding test was conducted at room temperature and injection rate 0.1 cm’-min”'while
the core flooding was performed at 60 °C and injection rate 1 cm’-min™.

Results and Discussion

Synthesis and characterization of AAm-AMPS-APTAC copolymers

Acrylamide-based quenched polyampholytes AAm-AMPS-APTAC with molecular weights (5-6)-10°
Daltons were synthesized via conventional free radical (co)polymerization in the presence of APS at 60 °C
during 4 h at various molar ratio of initial monomers [AAm]:[AMPS]:[APTAC] = 50:25:25, 60:20:20,
70:15:15, 80:10:10 and 90:5:5 mol.% (Fig. 2).
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Figure 2. Preparation protocol of ternary polymers AAm-AMPS-APTAC

The results of '"H NMR spectra of AAm-AMPS-APTAC registered in D,0 along with initial and final
molar compositions of monomers are shown in Fig.3. The molar composition of AAm-AMPS-APTAC
terpolymers was estimated from the integral peaks of methyl groups that belong to AMPS and APTAC mon-
omer units. It is seen that experimentally found molar compositions of terpolymers deviate from the theoreti-
cally prescribed by 1-2 mol.% that are within the experimental error. Earlier the isoelectric points (IEP) of
AMPS-APTAC copolymers were found around of pH 6.1 £ 0.1 [1]. Taking into account that acrylamide is
nonionic (or neutral) monomer presenting in the composition of terpolymers, one can expect that the values
of the IEP will be close to AMPS-APTAC copolymers.
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Figure 3. "H NMR spectra and molar composition of AAm-AMPS-APTAC terpolymers.

Sand pack flooding experiments

Figure 4 demonstrates mass of produced oil versus injected water volume and photos of effluents. The
volume of each effluent sample is 10 cm’, whereas the pore volume (PV) of the model is 55 cm’. As seen
from Figure 4 water breakthrough occurred before the injection of the first 10 cm® water (= 0.18 PV) and oil
production started to decline after 0.18 PV of injected water into the model. Water flooding oil recovery fac-
tor (ORF) demonstrates that the water flooding resulted in displacement of approximately 25.7 % of oil ini-
tially in place (OIIP) (Fig. 5).
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Figure 4. Dependence of mass of produced oil (curve 1) and water (curve 2) vs injected water volume.
Insert is photos of each effluent containing 10 cm’ of fluid

30
i & ]
e 20
S
o
I~
© 10
0
0 10 20 30 40

Injected volume, cm?®
Figure 5. Dependence of ORF vs injected volume of water

Injection of 0.5 % brine solution of AAM-AMPS-APTAC terpolymers into high permeable sand pack
model stepwise increases oil production (Fig.6). For instance, injection of AAM-AMPS-APTAC (50-25-25
and 60-20-20 mol.%) increases the oil recovery up to 0.35 %, while ORF is 0.51 % when terpolymers
70—-15-15, 80—10-10 and 90-5-5 mol.% are injected. Thus, polymer flooding experiments on high permea-
ble sand pack model demonstrated that only 0.51 % oil is recovered by amphoteric terpolymers in compari-
son with water flooding.

0 50 100 150
Injected volume, cm?

e — 50-25-25; A —60-20-20; m — 70-15-15; ¢ — 80-10-10; o — 90-5-5 mol. %

Figure 6. Dependence of ORF on injected volume of 0.5 % brine solution of AAm-AMPS-APTAC terpolymers
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Core flooding experiments
In the next series of experiments 0.5 % solution of AAM-AMPS-APTAC (80-10-10 mol.%) in
163 g-L"' brine was injected into preliminarily water-flooded core sample. The reason is that among the test-
ed AAm-AMPS-APTAC terpolymers the highest viscosity in brine exhibited amphoteric terpolymer with
composition of 80—10-10 mol.%. (Table 1).

Table 1

Dependence of the dynamic viscosity of AAm-AMPS-APTAC on composition of terpolymers

%gﬁfi‘ﬁggﬁﬁfg oL% 90:5:5 80:10:10 | 70:15:15 60:20:20 50:25:25
Dynamic viscosity, mPa-s™ 5.5 10.4 6.7 8.0 6.6

The injection of 0.5 % solution of AAM-AMPS-APTAC (80—10-10 mol.%) in brine into the pre-water
flooded core sample resulted in a notable oil recovery increase. Figure 7 clearly shows the increasing of the
mass of produced oil in the course of polymer flooding.
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Figure 7. Mass of produced oil vs the produced volume of fluid in the course of water flood ()
and polymer flood (m). Injected polymer solution is 0.5 % AAm-AMPS-APTAC (80-10-10 mol.%)
in 163 g-L'1 brine. Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm’min’

The increase of the pressure drop at the beginning of polymer flooding also indicates that the in-situ
polymer solution viscosity is higher than that of water, and the higher viscosity results in more favorable oil
mobility ratio between the displacing and the displaced fluids (Fig. 8).
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Figure 8. Change of pressure drop vs injected volume in the course of water flood (==) and polymer flood (===).
Injected polymer solution is 0.5 % AAm-AMPS-APTAC (80-10-10 mol.%) in 163g-L™" brine.
Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm®min’
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As seen from Figure 9 the ORF increased by 4.8-5 % due to injection of 0.5 % polymer solution. This
is explained by increasing of the viscosity of brine solution (or viscosifying) due to disruption of intra- and
interionic contacts between oppositely charged AMPS and APTAC moieties demonstrating antipoly-
electrolyte effect. In pure water, the electrostatic attraction between oppositely charge macroions leads to
formation of compact structure and low viscosity. In saline water the anions and cations of salts screen the
electrostatic attraction between positively and negatively charged macroions and the macromolecular chain
expands. This phenomenon leads to increasing of the solution viscosity and consequently to viscosifying ef-
fect. In its turn the viscosification of brine solution leads to decreasing of the mobility ratio (M;) which is
defined as ratio of displacing phase mobility (water) to displaced phase mobility (oil). It is commonly ac-
cepted that in polymer flooding, favorable M is achieved by increasing the viscosity of water.

25
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Figure 9. Dependence of ORF vs produced volume in the course of water flood (®) and polymer flood (m).
Water flooding trend is shown by the dashed line (===). Injected polymer solution is 0.5 % AAm-AMPS-APTAC
(80—10—-10 mol.%) in 163g-L™" brine. 0.5 % solution of AAm-AMPS-APTAC (80-10-10 mol.%) in 163 g-L™" brine.
Karazhanbas oil 64 cp at 60 °C. The injection rate is 1 cm’-min™

It is interesting to evaluate the state of core samples after polymer flooding experiment. For this pur-
pose, the sand pack model was cut into two pieces and the interior walls along with injection and outlet faces
were analyzed (Fig. 10). Interior walls of core sample contain some amount of adsorbed polymer solution
while the injection face of the core is less oil saturated than the outlet face. This fact confirms the oil dis-
placement by amphoteric terpolymer in the course of injection of polymer solution.

Figure 10. The view of core sample after the testing.
Core cut along the axis (a), injection () and outlet (c) faces of core sample
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Conclusions

Salt tolerant acrylamide-based quenched polyampholytes were synthesized from acrylamide (AAm),
anionic (AMPS) and cationic (APTAC) monomer units by free radical polymerization. The compositions of
amphoteric terpolymers were established by 1H NMR spectroscopy. Amphoteric terpolymers showed a good
solubility in oilfield water with the salinity 163 g'L"'. Among the terpolymers the highest viscosity in brine
exhibited amphoteric terpolymer AAm-AMPS-APTAC with composition 80—10—10 mol.%. Sand pack and
core flooding experiments were carried out with 0.5 % of AAm-AMPS-APTAC (80-10-10 mol.%) solution
in 163g-L"" brine for Karazhanbas oil at 60 °C. In sand pack flooding experiments, the injection of different
AAmM-AMPS-APTAC recipes resulted in only 0.5 % ORF increase. However, in the core flooding tests the
injection of AAm-AMPS-APTAC (80-10—10 mol.%) solution resulted in 4.8—-5 % ORF increase. The in-
crease of pressure drop during polymer flood indicated improvement the mobility ratio in comparison with
water flooding.

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP08855552).
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Ty3raTe3imai akpujaMua Heri3iHaeri sKorapbl 3apsATAJIFAH
nmoiuamM@oJIUTTEPI Kep KbIPTHICHIHA aliaay

ANIBIHFBI MaKaJaJlap/ia aBTOpJIAp TOJBIFBIMEH 3apsiATalFaH aHHOHBI MOHOMEp — 2-aKpUJIaMHI0-2-METHII-
1-mponancynb$oH KbIUKbUIEL HaTpuil Ty3bl (AMIIC) »xoHe KaTHOHABI MOHOMep — (3-akpuiamumgo-
nporn)tpuMerniammonuid xiopuni (AIITAX) Herisinze Ty3iIreH ChI3BIKTBI JKOHE aiikaca OailaHBICKaH
nonuaMpOIUTTEPAIH CYJIbI-TY3/bl epITIHAIIEPICT ICiHY )KOHE MEXaHUKAIIBIK KACHETTEePiH KapacThIpbl. OChl
Makaiajaa MyHai eHIipyai jkakcapThulFaH KammbiHa kentipy kesinge AMIIC, APTAX »xoHe akpuiaaMHATEH
(AAM) TypatsIH, Ty3FaTe3iMai aM(oTepii TepHoIMMepIIepAiH KOJMaHbITy MYMKIHAITT Typasbsl XxabapiianraH.
Op Typii Kypamaarsl amorepii TepnosmmMepep, atan aiftkanga [AAM]:[AMIIC]:[APTAX] = 50:25:25;
60:20:20; 70:15:15; 80:10:10 xone 90:5:5 mMon.% 06oc pagviKaiIabl TOJUMEpIEY OMICIMEH IaibIHAAIIbI,
aHBIKTANIBI XKOHE omapasiH 60 °C TeMrepaTypaia Ty3Ibl CyFa (Ty3bUIBIFEI 163 I-1') KATBICTBI TYTKBIPIBIK
Kabineri Tekcepinai. AMdoTepini Teprnoanmepiep moarnamMQoauTTik cunarra oosraHasIkTaH, AAM-AMIIC-
APTAX Teproaumepiepi TY3IbUIBIFBI JKOFAphI CyJap/a KOFaphl TYTKBIPIBIK KacHeTTepiH kopcerTi. COHBIH
HoTkeciHae, Tysraresimai [AAm]: [AMIIC]:[APTAX] = 80:10:10 mon.% yarici momumepai aitmay
Toxipubeci yuriH tanaan aneiaabl. [lonuMep epiTiHaiciH aiinay TaxipuOeci )KOFapbl OTKI3TIIITIr 6ap KYM/IbI
Mozenbae amdorepii TepronuMmepaiH kemeriMeH Tek 0,5 % MyHa#IblH ajbIHFaH IIBIFBIMBIH KOPCETTI.
AnppiH-aja CyMeH KaHBIKKaH KEepH YITici apKpuibl mojnam(OiHT epiTiHAiciH aiijay OapbIChlHAa MyHail
OHAIPYIiH koFrapbuIaysl 4,8—5,0 % neiiin apTTsl. by HoTIoKEeNIEp amdoTepii TepnoauMepiep s Genrini 6ip
JKaFainapaa MyHaAH B! BIFBICTEIPY KaOlleTiHe ne eKeHIIrH KopceTesi.

Kinm co30ep: monmuam@onuT TepronmMepiepi, TYTKBIPIBIK KaOileTi, >KOFapbl ©TKI3TiIUTIri, OipTeKTiiri,
KEyeKTi OpTa, MyHall TYTKBIPJIBIFBI, MYHal OHIIPYAIH XKOFapbUIayhl, KAOATTHIH O1pTEKTLIITI.

H. Myxawmerrassi, WLIL. I'ycenos, A.B. lllaxBopoctos, C.E. Kynaiibeprenos
CoseycToiiuuBble CHIbHO3APSIKEHHbIE MOJTHAM (POTUTHI

Ha OCHOBE aKpW/JIaMHuaa AJH IMOJUMEPHOIro 3aBOAHCHUA

B mpenpirymux craThsx aBTOpaMH pacCMOTPEHBI MOBEICHUE JIMHEHHBIX M CIIUTHIX ITOIHaM(OINTOB Ha OC-
HOBE CHJIBHO3APSKCHHOI'O AHUOHHOIO MOHOMEpAa — HATPUEBOH coimM 2-aKpuiaMuio-2-MeTuil-1-mpo-
nancynbpoHoBoi kucnotsl (AMIIC) m kaTtHoHHOro MoHOMepa — (3-aKpHJIAaMHUIOIIPOIIIIT)TPUMETHII-
ammonuit xiopuna (AIITAX) B BogHO-COJIEBEIX pacTBOpax, Ha0yXaHHEe M MEeXaHHMYECKHEe CBOWCTBa. B Ha-
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CTOAIILICH CTaThe COOOLIACTCS O NPUMEHUMOCTU COJNECTOHKHX aM(OTEpPHBIX TEPIOIUMEPOB, COCTOALIMX M3
AMIIC, AIITAX u akpuiamuzaa (AAM) Ul OJIMMEPHOTO 3aBOAHEHUs. AM(OTEpHbIE TEpHONIUMEpPhI pa3-
JUYHOTO cocTtaBa, a uMeHHO [AAM|:;[AMIIC];[AIITAX]=50:25:25; 60:20:20; 70:15:15; 80:10:10 u
90:5:5 mM011.%, OBUTH IPUTOTOBIEHB! CBOOOAHOPAANKAIBHON HOJIMMepU3anueil, HASHTUPUIIMPOBAHBI M UX 3a-
TyIaomas CiocoOHOCTh MPOTECTHPOBaHA MPUMEHHUTEIHFHO K INIACTOBOHN (COJICHON) BOAE HE(TIHOTO pe3ep-
Byapa (comenocts 163 r-r') mpu 60 °C. HaiizeHo, uto Grarozaps monuaM(oIHTHONR NPUPOIE TEPIIOTHMEpbI
AAM-AMIIC-ATITAX moka3any yiIydmIeHHbBIH 3arymalomui 3 GeKT Ipu BEICOKOI COJICHOCTH BOIBL. B pe-
3yJIbTaT€ 3TOTO JUIS OSKCIIEPUMEHTOB II0 IOJMMEPHOMY 3aBOJHEHHIO BBIOPAH COJECTOMKMI oOpaser
[AAM]:[AMIIC]:.[AIITAX]: = 80:10:10 m01.%. IlonumepHoe 3aBOJHEHHE HA BBICOKOIIPOHUIIAEMOH Iecda-
HOM MoJenu nokasaino, 4ro tonsko 0,5 % HedT u3BiIekaercss aMm(poTepHbIM TeproauMepoM. Toraa kak 3a-
Kauka pacTBopa nonuamdonura B obpasel] KepHa, MPeABapPUTENbHO HACHIIIEHHOTO BOJON, IPHBOINUT K yBe-
nudeHuto u3BnedeHus Hehtu 10 4,8-5,0 %. OTu pe3ynpTaThl HOKa3bIBAIOT, YTO MPH ONPEICICHHBIX YCIOBH-
AX aM(OTEpPHBIE TEPIIOIMMEPBI CIIOCOOHBI B JOCTATOYHON CTEIEHU U3BJIEKATh HEDTD.

Kniouesvie cnosa: TEPHOJIMMEPLL HOJII/IaM(i)OJII/ITOB, 3aryujaronias CHOCO6HOCTL, BBICOKAsA MPOHUIAEMOCTD,
OJHOPOAHOCTDL, IMOpHUCTasd Cpe€la, BA3KOCTH He(i)TI/I, YBEIIMYUCHUC He(i)TeOTIIa‘{I/I, yCi10BHUsA HEOJHOPOJHOCTHU
iacra.
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