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Beenenue

B coBpeMeHHOM MuHpe 3amacoB TSKETBIX W BBICOKOBS3KUX HedTeH
3HAUUTEIHHO OOJIbIlIE, YEM 3aMacoB JIETKUX M MaNOBSI3KUX Hedrei. Tsxenbie u
BBICOKOBSI3KME HE(MTU SIBISIOTCS BaXKHEHIIICH YacThIO CBHIPhEBOUM 0a3bl HEDTSIHOU
oTpaciu kKak B Poccum, Tak u B psane Apyrux HedremoObIBaronux crpad mupa. B
CBSI3M C 3TUM, pa3pab0TKE MECTOPOKICHUN BBICOKOBI3KMX HedTel yaensieTcs: Bce
0oJIbllIee BHUMAHHUE.

B nocnegnee Bpemsi caMbIMU pacpOCTPAaHEHHBIMU METOJIAMH YBEINYECHUS
HePTIHON OTIaun 3alexed HeTHU C BBICOKOUM BSI3KOCTHIO CTAHOBATCSI TEIIOBBIC
METO/Ibl — BEITECHEHUE HE(PTHU C TOMOIIIBIO TTapa, ITUKINYECKOe HarHETaHUE Tapa B
IJIACT M TPABUTAMOHHOE JIPEHUPOBAHME I[IPU HArHeTaHuuM mnapa. lakoe
BO3JCMCTBME Ha TiacT npuMeHsiercss B ocHoBHOM B Kanane, CIIIA, bpasunun,
Benecyane, Poccum u Kurae. M3 npoexkToB yBenuyeHUss HEPTSAHOM OTHAYH,
BBITIOJTHEHHBIX B MHUPE C MPUMEHEHUEM TEIUIOBBIX METOJOB 3a nociuennue 40 ner
92 % npOeKTOB CBS3aHBI C 3AKaYKOU Iapa.

CoyeTanue MapoTEILUIOBOTO  BO3ACUCTBUS € (UBHKO-XUMHUYECKUMHU
METO/JIaMH, B YAaCTHOCTH, C TPUMEHEHHEM TEPMOTPOIIHBIX Tele00pa3yroImmx
KOMIIO3UIIMKA,  YBEJIWYMBAIONIMX  OXBaT  IUlacTa  3aKaykou  1mapa, W
HEe(DTEBBITECHAIONINX  KOMIIO3UIMK,  0OECHeuMBAIONIUX  JOTOJHUTEIHHOE
BBITECHEHUE HE(PTH, yBeIUUUBAIOT 3P(HEKTUBHOCTH TPOBOJAUMBIX MEPOIIPUATHM MO
yBEIMYECHHIO HePTsHOM  otnauu. KommiekcHble  METOIbl, COYETaIoIlue
MapoTeryioBoe M (HU3MKO-XMMHYECKOE BO3JCHCTBME HA TIUIACT, HAXONIATCS B
HavajapHOM craguu. OOmas TEHACHIUS pPa3BUTHS ATUX palbOT yKa3bIBaeT Ha
BO3pACTaHUE POJIA TETIOBBIX METOJIOB JOOBIYHM, OCOOCHHO B COUETAHUU C (PU3UKO-
XUMHUYECKUM BO3/ICHCTBUEM.

AKTYyanbHOCTh JIaHHOM MAaruCTepCKOM JUCCEpPTAIMU 3aKIIOYAETCAd B
W3YYCHUU BIUSHUS TaKOTO (PU3MKO-XUMHUYECKOTO METOJ[a YBEIUYCHUS HeTSIHOU
OT/Iaud, KaK TPUMEHEHHE Iee00pa3yroniux KOMIIO3UIIUNA COBMECTHO C TEIJIOBBIM

-MapOIUKINYECKON 00paboTKOM, HAa KO3 (HUIIMEHT He(PTEBHITECHEHHUS.



OObeKTaMu WCCIIEIOBAHUS SIBIISTFOTCS: MOJIETh BBICOKOBSI3KOW HEDTH H
MJIACTOBOM  BOJBI MEPMOKAPOOHOBOW 3alleKH Y CHHCKOTO MECTOPOXKICHUS,
JIE3UHTETPUPOBAHHBIN KEPHOBBIM MaTepuan (Mojeilb KapOOHATHOTO KOJUIEKTOpa),
reseoOpasyroniue kommo3uiuu Nel u Ne2®.

[lens pabGoThl 3akitouanach B HMCCIEIOBAHWU BIMSHUS TeleoOpa3yromux
KOMITO3UIIMA Ha KOA(GOUIMEHT BBITECHEHUS He(DTH TEepMO-KapOOHOBOM 3aiieku
Y CHHCKOTO MECTOPOK/ICHHUS B YCIOBUIX, MOACIUPYIOIIMX IJIACTOBBIE.

3agaun, TIOCTaBJIICHHbIE B  IPOILIECCE BBIMNOJHEHUS  MarucTEepPCKOU
JMCCEepTaLNN:

— IlpuBecTtn 0630p METO/IOB yBeIMUEHUS HEPTSIHOM OTAaYH;

— IoaroroButh He(PTE-BOAOHACKIIICHHBIE MOACIN HEOJHOPOIHOTO TIacTa
epMOKapOOHOBOI 3a1€KU Y CHHCKOTO MECTOPOXK]ICHHUS,

— IlpoBect (QuabTpallMOHHBIE UCIBITAHUS MOJICJIM HEOJHOPOJIHOTO
nacrta, 00padboTaTh U OOCYAUTH PE3YIbTATHI, CAENATh BBIBOJILI 00 3(PPEeKTUBHOCTH
MPUMEHEHUS TeJIe00pa3yIoMNUX KOMITO3UIINH ;

— Paccuurtarh mnpesanonaraeMyr0 3KOHOMUYECKYH0 3(G(PEKTUBHOCTH OT
MPUMEHEHUS pacCMaTPUBAEMOUN TEXHOJIOTHH;

— OI11eHUTh BO3MOKHBIE BpPEJHBIE M OMacHbIe (haKTOPhI MPU BBHIMOTHEHUHU

HUCCJIEIOBAHUM.



AHHOTANUA

B nHactosmee BpeMs TspKelble, BRICOKOBSI3KHE HEDTH pacCMaTPHUBAIOTCS B
KaueCcTBE OCHOBHOIO  pe3epBa MHpPOBOM  qoObrun  HedTu. HeykioHHO
MPOTPECCUPYIONINE TOTPEOHOCTH MHUPOBOM IKOHOMHUKHU B YTIJIEBOJOpOJaX OymyT
YIOBIIETBOPSITECS B OCHOBHOM 3a CYET OCBOCHHMS HOBBIX He(TenT00bIBAIOIIMX
PErMOHOB, MPEUMYIIECTBEHHO B TMOJSIPHBIX OO0JAcTSIX TIUIAHETHI, a TaKke
pa3pabOTKN MECTOPOXKICHUN TSKEIBIX, BBICOKOBS3KMX He(Te W OUTYMOB,
3amachbl KOTOPHIX B MHUpE NMPUMEPHO B 5 pa3 MPEBBINIAIOT 3arachl OCTATOYHOU
JErKOM HePTH ¢ Majoll M cpeaHell BA3KOCThIO. [103TOMy B HacTosiiiee Bpems
aKTyaJbHa pa3pabd0TKa METO/J0B, COCOOCTBYIOIIMX HAaUOOJIEe MOTHO PEATM30BaTh
MOTEHIIMAT MECTOPOXKICHUHN TSHKEJION M BRICOKOBSI3KOM HEPTH.

Marucrtepckass ~ AuccepTalMsl — IOCBSIIEHA  BONPOCY  HCCIEIOBAHMS
NpUMEHEHUsT (PU3UKO-XUMUYECKUX METOJOB YBEJIMYCHUS HEPTIHOM OTHauu C
UCIIOJIb30BAaHUEM Teieo0pasylolmux KoMmo3uiii. B mpoliecce BbIMOMHEHUS
paboThl HCCIEAYETCS BIUSHHUE MPUMEHEHMS Teeo0pas3yroluX KOMITO3UIMN Ha
kod(dduieHT BbiTecHeHUsT HedTH. JlMccepTanus COCTOMT U3 MSATH YacTeil:
JUTEpaTypHbId 0030p, IKCIEpUMEHTaIbHAsl 4YacTh, OOCYXKIEHHUE pe3yJIbTAaToOB,
(bMHAHCOBBII MEHEPKMEHT U COITUAIbHAS OTBETCTBEHHOCTb.

B nmepBoii uWactTM JUIUIOMHOTO TIPOEKTa pPacCMATPUBAIOTCS OOIIUE
CBEJICHUS, CBSI3aHHBIE ¢ HEPTSAHOU OTAauei, MPUBOAUTCS OOIIas Kiaccudpukaius
METOJ/IOB YBEJIMYEHUsI HEPTAHON OTAauu U Oojee MoAPOOHO M3ydaroTCsl (PU3UKO-
XUMUYECKUE METO/IBI.

Hedtsanas ormaga — 310 OTHOIIEHHME oObeMa H3BJICKAEMOM W3 IIacTa
He(pTH K HayaJdbHBIM 3amacam, cojaepkamumcst B racte. [lonstue HedTsaHas
oT/aya MmoaApa3yMeBaeT JiBa BUJA: TeKyias u koHeuHas. Hedtanas ornagya — 310
OTHOIIICHHE O0bemMa H3BJIEKaeMOW M3 IJilacTa HeTU K HAYaIbHBIM 3amacam,
conepxammmcs B Tuiacte. [lonstre HedTaHAS OT/Hava MOapa3yMeBaeT J1Ba BUIA:
Tekymas U koHeuHas. OObIYHO HEDTSIHYIO OTAa4dy MPEACTABIISIIOT B CICAYIONIEM

BUJIE:



KHeq)T = KBbIT * KOXB * I'<3a13
rae Kuyr. — K039 QUITMEHT BHITECHEHUS TIJIACTOBOM HE(PTH;
Koxs.— KO3(pduLIMEHT OXBaTa miacTa pa3padoTKOi;
Kias. — KOO PUIIMEHT 3aBOTHEHUS 3AJICHKHU.
OU3UKO-XUMUYECKUE METO/bl YBEIMUCHUS HEPTIHOW OTIAUYM JIENATCA Ha S

TPy

— BbITeCHEHHME He(TH BOAHBIMH pacTtBopamu IIAB (Bkirouas mneHHbIE
CUCTEMBI);

— TIOJIMMEPHOE BBITECHEHHE HEPTH (pacTBOpPaMM);

— TIEJIOYHOE BbhITeCHEHUE HedTU (pacTBOpaMu);

—  MUIEUIIPHO-TIOIMMEPHOE BBITECHEHNE HE()TH KOMITO3UIIUSIMHI XUMHUYIECKUAX
peareHTOB

— BBITECHEHUE HE(DTU PACTBOPUTEIISIMHU.

B pabote ucciemyercs BIUsSHUE BTOPOW TPYMHIbl (DUIUKO-XUMUYECKUX
METO/IOB, BBITCCHCHHE HEe(PTH pacTBOpaMH IIOJIMMEPOB, B YaCTHOCTH C
UCITIOJIb30BAHUEM T€JIe00Pa3yIOMIMNX KOMITO3UIIUM.

Bo BTOpOIi yacTu nuccepTanyy paccMaTpPUBAIOTCS BOMPOCHI, CBSI3aHHBIE C
MOATOTOBKOM K TIPOBEICHHUIO DKCIIEPUMEHTAIBLHOW YacTh pPaboOThl, OMUCAHUEM
HCITI0JIb3yeMOT0 00OPYIOBAHMS M OCYIIIECTBICHUEM MPUKIIATHBIX UCCIIETOBAHMM.

DKCIEPUMEHTHI MPOBOIMIINCH Ha YCTAHOBKE (PM3MUECKOTO MOJICTUPOBAHHUS
HEOJHOPOJIHOTO TIacTa B YCIOBHUSX, MOJICTUPYIOIIMX HAYAIbHYIO U TO3IHIO0
CTaJuu pa3paboTKu MepPMO-KapOOHOBOM 3aJIeKH Y CHHCKOTO MECTOPOXKIACHHUS, TIPH
temriepatype 60—200 °C.

Y cTaHOBKA COCTOUT U3 YETHIPEX OCHOBHBIX YACTEM:

— HCCIIeAyeMbIe KUAKOCTH (He(Th, BOja, reJie00pa3yroIIHii pacTBOP);

— KOJIOHKH C MOJIENIbIO KapOOHATHOTO KOJUIEKTOPA,

— KOHTPOJIBHO-U3MEPUTEIbHBIC TTPUOOPHI;

— CHCTeMa TMOJJCpXKaHUs ITOCTOSHHOTO MJaBJICHUS W TEMIIepaTyphl B

MOACIN KOJUICKTOPA.



ITpu UCCIIEIOBAaHU U (GUIBTPAITMOHHBIX XapaKkTepUCTUK u
HE(TEBBITECHAIOMIEH CIMOCOOHOCTH KOMMO3HUIIMM HCHOJB30Bajl  HACBHIMHYIO
MOJENb IUIACTa, COCTOSIIIYIO U3 JIE3UHTETPUPOBAHHOIO KEPHOBOTO MaTepuaia Wi
Mpamopa, IMpPECHYK BOAY WM MOJENIb IUIACTOBOM BOABI Y CHHCKOIO
MECTOPOXKJICHUSI ¢ MHUHepanu3amuer 62.1-74.7 1/1 M W30BSA3KOCTHYIO MOJICIb
He(TU Y CUHCKOTO MECTOPOXKICHHUS (IeTa3upOBaHHYIO TEPMOCTAOMIN3UPOBAHHYIO
He(Th ¢ nobasnenuem 30 % KepocuHa).

O} heKTUBHOCTh MPUMEHEHHUS TeIe00pa3yoMNX KOMIIO3UIMK H3ydalu
P TICPBUYHOM BBITECHEHUHU HE()TH U B TIPOIIECCE BHITECHEHUS OCTATOYHON HEPTH
BOJOW M MapoM U3 ABYX NapaJjIeNbHBIX KOJOHOK C Pa3IMYHON MPOHUIIAEMOCTHIO,
a Takke B YCJIOBHSX, MOJCIUPYIOIIUX MAPOIMUKINYECKYI0 00paboTKy
JOOBIBAIOIIUX CKBAYXKHUH.

B  Tperpeli  uWactm  OPUBOAATCA ~ pE3YJbTaThl  IPOBEAECHHBIX
(GUIBTPAIIMOHHBIX ~ UCMBITAHUW, TMPOBOAMUTCS  aHAIW3 U WHTEPIpETAIHs
NOJIy4eHHBIX JAaHHbIX. llociie aHamu3a QOpMyNIHpPYIOTCS OCHOBHBIE BBIBOJBI,
OCHOBAHHBIE Ha MOJYYEHHBIX 3aBUCUMOCTSX.

Tepmorponnbie komno3zuuu Nel u No2 oOpasyroT renu, KOTOpble MOTYT
OJIOKUpPOBaTH TMPOPHIB  BOJABI WM Tapa B JOOBIBAIONIMX CKBOXHHAX C
temriepatypoit 60-220 °C, BwiIepXuBaTh TpaaueHThl nabieHus 60—-140 atm/m.
[Ipennoxennsie reneobOpazyronme kommo3uimuu Nel u  Ne2 Moryt ObITh
PEKOMEHJIOBaHBI ISl OTPAHUYEHHUS BOJOIPUTOKA B JIOOBIBAIONIMX CKBAKMHAX,
OPUMEHATBCA B IIMPOKOM TEMIEpPaTypHOM HWHTEpBaje, B TOM YHCIE B
COBOKYITHOCTH ¢ TEPMHUYECKUMH METOAaMHU yBeJIWuYeHUsI HePTSHOW OoTHauu — Mnpu
MapOTEIIOBOM U MapOLMKINYECKOM BO3/ICHCTBUU Ha IJIACT.

[Ipu 3akauke reneoOpasyrommx  kommozumuii Nel w  No2 B
NapoHarHeTaTeNbHbIC, MMAPOIUKINYECKUE WIA PEarupyromue JI00BIBAIOIINE
CKB&)KHHBI ¢ 3a00iTHOI Temmepatypoit oT 60 10 220 °C HenmocpenCTBEHHO B IJIACTE
IMPOUCXOIUT O0pa30BaHUE HAHOCTPYKTYPUPOBAHHOW CHUCTEeMbI '"Tenb B remne" c
MOBBIIIEHHBIMUA  BSI3KO-YIPYTUMH ~ XapaKTEPUCTUKaAMU. ITO MOPUBOAUT K

CCIICKTUBHOMY OI'paHUYCHUIO BOIOIIPHUTOKA, HU3MCHCHUIO HaIpaBJICHUA



(GUIBTPAIIMOHHBIX TTOTOKOB, CHIYKEHUIO 0OBOTHEHHOCTH, OTPAHUYEHHUIO TIPOPHIBOB
3aKauMBaeMOro paboyero areHra B JOOBIBAIONIUME CKBaXKHHBL. OXugaeMbli
pe3ynbTaT — uHTeHcudukanusa 1o0brun HegTu 1 npupoct KUH na 15%.

B derBepToii WacTM TPOBENEH pacyeT IKOHOMHYECKOW 3I(PHEKTUBHOCTH
3aKa4yKy rejeo0pasyronedl KOMMO3UIMU MpU peXuMe padoThl CKBaXKHUHBI B
pexuMe  peareHTOUMKIMKH. Kommanus  monydaeT mHOpuObUIb 32 CUET
JOTIOTHUTEIHPHOTO HE(TEeBBITECHEHUS. Pe3ynbTaThl pacueTra SKOHOMHUYECKOTO
s dexTa Moka3pIBalOT BHICOKYIO 3P(HEKTUBHOCTH JAHHOW TEXHOJIOTUH, MOTYyYECHUE
CYIIECTBEHHOT'O MPUPOCTA MPUOBLIH 32 CUET OOJIBIINX 00BEMOB JTOMOTHUTEIBHOTO
He(dTeBbITeCHEHNA. CPOKH OKYITA€MOCTH COCTABIISIIOT MEHEE OJIHOTO TO/1a.

B nfToil 4YacTM AMIUIOMHOTO TIPOEKTAa PAcCMOTPEHA COLMAJIbHAS
OTBETCTBEHHOCTh  JIa0OpaHTa, MPOBOJSILIETO NPHUKIAJHBIE  HCCIEAOBAHMUS.
Onucanbl BHUIBI BPEAHOTO BO3JACHCTBUSL Ha OKpyxawiyw cpeny. [Iposenen
aHaJIM3 BCEX OMACHBIX M BPEAHBIX (PAKTOpOB pabodeil 30HBI U BO3MOXKHOCTH

HCAOMMYIICHUS UX ITPOABICHUA.



A review on chemical flooding methods applied in enhanced oil recovery

In spite of the recent worldwide interest for alternative sources of energy,
with especial and strategic interest in fuels derived from renewable products, the
situation of petroleum in many countries stills drives much concern. Brazil, for
example, is continuously advancing in the discovery of novel oil reservoirs and in
the devise of potential ways to exploit oil both onshore and offshore. Many
research projects are joining industry and university personnel, aiming to improve
the technology to enhance oil productivity. In addition to the primary recovery
techniques and several physical methods conceived as enhanced oil recovery
(EOR) methods, the development of EOR processes based on operations which
involve chemicals is greatly promising, many of which employing surfactants.
Knowledge on the interfacial properties between oil, water and solid rock
reservoirs, especially under extreme conditions, with occasional presence of
natural gas, is important to better implement the EOR method. In view of this,
surfactant-based chemical systems have been reported by innumerous academic
studies and technological operations throughout the years as potential candidates
for EOR activities. In this article, focus is given on recent advances effected by the
application of chemical methods in oil recovery.

One of the most challenging activities in the petroleum industry refers to
exploration and  further  exploitation of old and novel oil
reservoirs. The intrinsic, natural capacity of fields to produce oil is promoted via
primary recovery techniques. Due to physical constraints, e.g. reduced well
pressure or high level of oil trapping, productivity is hindered and eventually
ceases. During the recovery process, the original balance is perturbed and changes
in the composition of the crude oil occur, which induce important effects on the
reservoir wettability. At this point, provided economical aspects are observed and
fulfilled, secondary and tertiary enhanced oil recovery (EOR) methods can be
implemented, especially in locations where heavy oils or mature fields are

encountered.



Mannhardt and Svorstol (2001) thoroughly investigated several reservoir
cores (limestone, dolomitic limestone, calcitic dolomite and dolomite), to conclude
that 15% of them were strongly oil-wet, 65% were oil-wet, 12% had intermediate
wettability and 8% were water-wet. Bearing in mind that the majority of the
petroleum reserves currently detected are accommodated in carbonate matrices,
modification of the wettability of such reservoirs is a very important issue when
further oil recovery is desired.

These EOR methods are devised with the purpose of overcoming the
capillary forces which are responsible for the retention of a large amount of the
residual oil in underground reservoirs, and are normally quantified by the Young-
Laplace equations in Interfacial Sciences. Therefore, knowledge about the rock
structure (typically, type of material and sizes and distribution of pores) is
important to establish the extent of relative oil and water saturations, which are
affected by the capillary pressure (Pc) generated thereby. In fact, capillary’
pressure is a very useful parameter when classifying a rock sample as oil- or water-
wet. Equation 1 gives the value of Pc in terms of the local interfacial tension, vy,
and the curvature of the interface (C), which is determined by the pore radius, R,

and the contact angle, 0.

2ycost

R
(1)

Furthermore, surface wettability is intrinsically related to contact angle,
particularly in the oil reservoirs, where often water, oil and gas phases may be in
contact. The spreading coefficient a can be defined, as in Equation 2, in terms of
the interfacial tensions developed between each pair of contacting phases, namely
the solid-gas (y°¢), the solid-liquid (y°“) and the liquid-gas (y-©) interfaces, and is

useful to describe the wetting properties of a rock matrix.

(2)



Direct measurements of yS(’ are rather difficult to make. However, when
equilibrium is established at the contact point of all three phases, according to the

finite contact angle 0 between the two fluids and the rock, then equation 3 holds:

5G 5L LG
¥ =y> + y 7 cosl

3)

The equilibrium pressure thus established can be altered by injection fluids
during oil wells prospection. The composition of such fluids is based on mixtures
of liquids and solids, in various compositions according to each specific
application. Among the parameters to be observed when selecting the most
appropriate fluid are pressure, temperature, chemical factors, economical factors
and contamination levels.

Figure 10 is a simplified chart of some EOR methods normally carried out in
petroleum exploitation activities. Many secondary methods basically involve
perturbation of the unproductive reservoir via some physical modification, for
example, water, gas or steam flooding, however with low final oil recovery. In
particular, miscible and thermal methods can be useful to alter the viscosity and
thereby the mobility of oil trapped in rocks due to some interfacial effect, with a
combination of the above-mentioned capillary forces and viscous forces. As a
result, more oil can be driven out of the pores. Thermal methods, for instance,
mainly comprise steam injection or in situ combustion, but some specific
techniques may be applied, either separately or combined with each other. In
addition to the ones shown in Figure 10, one may cite the steam-assisted gravity
drainage (SAGD), the wateralternating-with-gas process (WAG), the steam-
alternating solvent process (SAS), the expanded-solvent SAGD process (ES-
SAGD) and the vapor extraction process (VAPEX).

In all cases, it is important to consider the distribution of fluids in a reservoir
(water, oil and even gas, which can be accommodated in a rock reservoir). This

ultimately enables removal of oil via an appropriate extraction process. Therefore,



surface properties like wettability must be investigated and properly accounted for.
In the majority of oil reservoirs, water preferably wets the solid surfaces.

As far as surface properties are concerned, oil extraction activities are
greatly optimized by EOR methods that employ some kind of chemical technique,
and find huge applicability when secondary methods fail to improve reservoir
productivity. Some of these techniques are cited in Figure 10, with particular

emphasis to the ASP methods (AlkalineSurfactant-Polymer).
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Figure 10 — Some enhanced oil recovery methods (LPG = liquefied
petroleum gas).

The lowering of tensions between water and oil is the main driving force that
enables the use of such methods. Changes in fluids viscosities upon addition of
chemicals like polymer mixtures are also observed and present some advantages.
Seawater injection may improve oil removal efficiency, partly because of varying
ionic strength and surface charge.

Surface phenomena are ubiquitous in EOR activities. It is not surprising,
then, that operations based on surfactant and/or polymer adsorption phenomena
can be potentially advantageous, because of the interesting physicochemical
properties of micellar solutions, emulsions, fracturing fluids and, in special,
microemulsions. The ability of surfactant molecules to adsorb onto surfaces and
modify their properties, and also to interact with polymers and other chemical

species, creates many possibilities to be examined and tested. Also, the



heterogeneous geological nature of the oil reservoir must always be considered
when selecting a suitable chemical system to be used in oil recovery. Different
surfactant and/or polymer molecules can be used with this purpose, but the search
for the best system involves careful investigation on the formulation that provides
the highest yields, especially in mixed systems. Compatibility between the
different species tested, in terms of chain length, hydrophilic-lipophilic balance
(HLB) and chemical nature for example, is one aspect to be initially examined.
Furthermore, very extreme conditions established by varying pH, temperature,
pressure and composition (salt and inorganic compounds) are encountered in the
reservoirs, and novel surfactants with a potential to be used in EOR activities must
support such conditions and interact favorably with other chemicals.
Biodegradability is also desirable, as in alkylpolyglucosides and pyrrolidones.
Regarding this, scattering techniques, surface tension measurements and
calorimetric experiments, in particular, can be successfully carried out in order to
provide valuable information on how surfactants and polymers, when mixed
together under specific conditions, interact to provide certain final properties useful
in EOR activities. When studying interactions between polymers and surfactants,
an experimental parameter similar to the critical micelle concentration (CMC) is
introduced as the critical aggregation concentration (CAC). At the CAC, a
cooperative process develops whereby surfactant micelles are formed and become
enfolded by the flexible polymer macromolecules. The reader is encouraged to
consult some reports by Loh and co-workers for further explanation on such
techniques and analyses of some experimental results with chemicals that can have
potential applications in EOR.

A typical surfactant-based flooding process applied in petroleum fields is
illustrated in Figure 11. Surfactant solutions are injected into an appropriate site,
away from the production well, in order to create very low interfacial tensions that
will enable the mobilization of oil trapped in the reservoir, when other
nonchemical methods fail to improve the extraction efficiency. Normally, a mobile

zone should be maintained, with propitious mobility ratios, and this can be



achieved by incorporating polymers and alkali in the surfactant formulation, thus
characterizing the ASP mixtures or solutions. An oil bank is then formed by the
mobilized oil, which is ultimately driven to the production well for enhanced
recovery.

In contrast, oil reservoirs could be damaged by insoluble residues left by the
surfactantand/or polymer-based formulations, with obvious environmental impacts.
In view of this, a continuously developing line of research aims to propose novel
chemical systems to be used in EOR activities, with the purpose of minimizing or
even eliminating this problem. The paramount importance of surfactant-based
chemical systems, however, has been demonstrated by innumerous academic
studies and technological operations throughout the years. In this article, we aim to
focus on the recent advances obtained by the application of chemical methods in
oil recovery.

Evolution of the chemical methods in eor activities

In general, EOR chemical methods are classified in terms of the main
chemical agents used to modify the equilibrium established in the reservoirs after
recovery via conventional or physical methods. We particularly focus our attention
on general EOR activities involving the use of polymers, surfactants, foams and
certain chemicals such as alkali (see Figure 10), or suitable mixtures containing
them, as in polymer-alkaline, surfactant-polymer and alkaline-surfactant-polymer
(ASP) flooding mixtures. The aim in using such varied systems is to reach the
target recovery factor for the 70% of the original oil in place which, in average,
still remains in the reservoirs after conventional production, basically via a
flooding mechanism which expels the oil out of the pores of the rock (for instance,
the surfactant-based flooding process depicted in Figure 11).

In surfactant flooding, adsorption phenomena like chain interactions in
solution and self-assembly, which affect interfacial tension and interfacial rheology
and occur within the reservoir porous medium, play an essential role in

determining the final oil recovery factor.
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Figure 11 — Schematic of a surfactant-based flooding process applied to a
petroleum field.

The efficiency of the process is reduced because of surfactant loss by
adsorption, impairing the reduction of interfacial tension between residual water
and crude oil, which ultimately renders the process technically unviable. It is
reported on the literature that surfactants should be used at concentrations above
the CMC for ionic molecules and around the CMC value for nonionic ones. In
particular, when multivalent ions are present in the water, surfactant solubility may
be hindered, via specific mechanisms which can be dependent on temperature. The
choice of the more appropriate surfactant to be used in EOR applications,
therefore, must also contemplate these aspects, as in the case of selecting or
synthesizing a surfactant whose Krafft point is lower than the minimal temperature
detected in the desired application.

Although applied in surfactantbased processes, for example with micellar
solutions, emulsions or even microemulsions, this methodology is also suggested
for other EOR activities employing chemicals, particularly when polymer-
surfactant synergistic effects or interactions are to be investigated. This

optimization or simulation approach has been frequently reported, as a means of



reducing material loss or consumption and of increasing efficiency, allowing for
selection of an appropriate EOR process based on the reservoir characteristics and
intended results. This is particularly the case when chromatographic separation
effects involving the surfactant molecules take place during specific applications,
as in surfactant-alkaline flooding. Material loss is also caused by adsorption on
reservoir rocks, precipitation and changes in rock wettability. The optimization
also involves combination of different techniques, as reported by Babadagli and
co-workers (2005), who indicate the use of a waterflooding process followed by
injection of dilute surfactant solutions when dealing with a fractured carbonate
reservoir containing light oil. These techniques, when combined, yield higher final
oil recovery than the individual waterflooding or surfactant flooding methods.

Microemulsions are also potential candidates in enhanced oil recovery,
especially because of the ultra-low interfacial tension values attained between the
contacting oil and water microphases that form them. Microemulsion-assisted EOR
injection was first attempted in 1963 by the Marathon Oil Company, which
designed a process called Maraflood® . Later, in the early 1970’s, Healy and Reed
reported on some fundamentals of microemulsion flooding, especially viscosity,
interfacial tension and salinity, relating the results on phase behavior of self-
assembled systems to the Winsor’s concepts.

The British Petroleum (BP) oil company devised a method whereby co-
injection of a low-concentration mixture of surfactant and biopolymer is effected,
denominated LowTension Polymer Flood (LTPF). Austad et al. (1994ab) discuss
on the physicochemical aspects involved in this method, particularly on the
importance of understanding the interactions existing within specific
polymersurfactant and microemulsion systems applied in EOR. The studies of
Austad and co-workers evolved during the 1990°s on chemical flooding of oil
reservoirs, with detailed reports on positive and negative effects of chemicals in oil
recovery. These include: ¢ Use of xanthan gradient at constant salinity in a three-
phase LTPF process, in Berea sandstone samples, with alkyl-o-xylene sulfonate as

surfactant, n-heptane as oil, and NaCl solution as injection fluid, observing



chromatographic separation of surfactant and polymer under certain conditions;
Adaptation of the LTPF process mentioned above to include the presence of
xanthan and dodecyl-o-xylene sulfonate as surfactant in the aqueous mixture used
as injection fluid, constituting a so-called lowtension polymer water flood
(LTPWF) process, which is not effective if the surfactant concentration is
relatively low; ¢ Use of an alkyl propoxy-ethoxy sulfate-type surfactant in a
LTPWF process, which is further enhanced by dissociative surfactantpolymer
interactions in solution and by the effect of polymer on the flow performance of
the surfactant in the porous media; ¢ Investigation on the effects of physical
parameters, like temperature and pressure, and system composition on the
optimum conditions for application of multicomponent chemical systems in EOR;

 Experimental observation of the imbibition mechanism of brine solutions
in water-wet or mixed-wed, low-permeable chalk material in the presence and
absence of surfactant molecules, aiming for the recovery of oil originally found in
the reservoir samples submitted to different aging times in the n-heptane-crude oil
mixtures used; ¢ Observation of the spontaneous imbibition of low-permeable
chalk material with aqueous solutions of alkyltrimethyl ammonium bromides
(cationic surfactants) and alkylpropoxyethoxy sulfates (anionic surfactants), which
are capable of enhancing water wettability, enabling studies on both oil-wet and
water-wet chalk samples ; « Use of chemical systems comprising xanthan and
copolymers, alkylpropoxyethoxy sulfates, crude oil, n-heptane and synthetic
seawater to observe dynamic adsorption phenomena of surfactants onto sandstone
core samples, as an adaptation of the LTPWF process ; ¢ Possibility to alter the
original wettability of chalk reservoirs by tuning the properties of surfactant
systems, namely the values of CMC, HLB and interfacial tension, besides any
steric effects derived from specific surfactant structures, as in ammonium
quaternary salts (e.g. dodecyltrimethyl ammonium bromide and similar molecules).
As a result, imbibition rates may be altered and increase oil recovery rates.

In these reports, Austad and co-works have compared cationic, anionic and

nonionic surfactants, showing that cationics are more efficient. Also, the



paramount role of spontaneous imbibition, whereby capillary forces draw a wetting
fluid into a porous medium, is evident in EOR activities employing surfactant-
and/or polymer-based mixtures. This is opposed to the forced imbibition
phenomena, which occur mainly due to viscous displacement (Babadagli, 2007).
The occurrence of imbibition via spontaneous mechanisms is especially
interesting in fractured reservoirs. Morrow and Mason (2001) report on researches
that indicate the use of surfactants expanding from laboratory to field tests.
However many results are obtained for specific reservoirs, and much has yet to be
understood. For example, the spontaneous water imbibition into oil-wet carbonate
cores which present a wide variation in porous structure is reported by Standnes
and co-workers (2002), who tested a nonionic ethoxylated alcohol and
dodecyltrimethyl ammonium bromide as surfactants. This EOR process was
efficiently implemented because of alterations in the wettability of the cores, from
oil-wet to water-wet conditions. This is an important experimental result, since
spontaneous imbibition usually will not occur in preferentially oil-wet reservoirs
and the imbibition rates are generally low when surfactants are added, due to
decreasing capillary forces occurring because of reduction in the oil-water
interfacial tension. The surfactant CMC is again an important property that must be
observed when designing its EOR application. According to the same authors,
because the CMC decreases with increasing salinity at relatively low temperatures
(ambient to 40°C), the oil recovery from oil-wet carbonate rock samples is
delayed, which does not seem to be case when temperature is increased to around
70°C. Also, certain surfactants are more capable of changing the rock wettability
from oil-wet to more water-wet conditions, like the cationic ones derived from
coconut oil reported by Standnes and and co-workers (2002), and to less oilwet
conditions, like the ethoxylated nonionic and anionic structures investigated by
Ayirala and co-workers (2006), apparently below their CMC’s. This is a clear
indication that all physical and chemical aspects involved in such applications must

be properly accounted for.



Babadagli (2007) reports on the dynamics of capillary imbibition effected
in Berea sandstone and Indiana limestone by mixtures of Triton® X-100 (a
polyethoxylated nonionic surfactant), sodium chloride and polyacrylamide in
different compositions, further enhanced by the action of heat, providing
information on specific conditions that cause weak or strong capillary imbibition in
both water- and oil-wet matrices. Later, Babadagli compared different EOR
processes (waterflooding, thermal, and chemical with surfactant, with polymer and
with NaCl brine) in the same rock samples (Berea, with 20% porosity and 500
milidarcies permeability; and Indiana, with 17% porosity and 8.5 milidarcies
permeability) with respect to oil viscosity, matrix wettability and matrix boundary
conditions. With Berea sandstone and heavy oil samples, significant increases in
ultimate recovery and recovery rates were observed with the use of
toctylphenoxypoly-ethoxyethanol as nonionic surfactant, as compared to the
application of brine. These effects are far more pronounced than those detected
with the Indiana limestone. In this case, only slight increases in recovery are
noticed when the surfactant is added, the same being observed in assays employing
polyacrylamide as polymer. Complementing these observations, Yildiz and co-
workers (2006) also discuss on the effects that core shape have on spontaneous
imbibition (cylindrical cores possessing the highest rates, square prism cores
featuring intermediate ones, and triangular prism cores being the least effective). It
should not be forgotten, however, that careful selection of surfactant structures and
identification of the effects that surfactant properties have on capillary imbibition
must always guide the implementation of the EOR process.

Interestingly, foams can be applied in EOR and stimulation activities with
advantages over physical techniques, such as gas or steam injection, and
surfactant- and/or polymer-based processes, provided tuning of the
physicochemical properties of foams is undertaken in order to enable their
technological applications. The main properties of foams which are exploited in
EOR are higher viscosity than that of gases, their dispersed nature, which affects

mobility and permeability in the porous medium, and low density, which helps



reducing the effects of gravity forces, fingering and channeling flow, thereby
improving the occupation in a heterogeneous reservoir and enhancing sweep and
displacement efficiencies. In heterogeneous fracture systems, actually, the foam-
assisted sweep efficiency can be improved by greatly reducing the amount of
surfactant needed, due to fact that the foam will be able to occupy smaller
fractures, thus requiring less surfactant solution. However, in low-permeability
matrices (1 to 10 milidarcies), the rate and mechanism of foam propagation are not
fully understood, partly because of limitations due to pressure gradients established
after foam injection, which affect its stability. Moreover, Mannhardt and Svorstol
(2001) highlight the necessity of selecting a suitable surfactant at a sufficient
concentration required for foam propagation, which derives from surfactant
adsorption on the reservoir surface, by combining propagation rate with foam
viscosity and oil saturation.

In enhanced or tertiary oil recovery techniques, a profusive research area is
dedicated to the design and implementation of novel chemical methods, mostly as
adaptations of common processes already in place. In particular, mixtures of
surface-active chemical substances can be incorporated in injection formulations,
aiming for further oil displacement which can be effected by attaining ultra-low
interfacial tensions and reduced fluid viscosity in the oil reservoirs. In this review,
we have aimed to highlight some recent advances in the use of chemicals in EOR,
focusing on the fundamental aspects involved in the reported applications.
Knowledge about interfacial science, physicochemical properties of chemical
systems and geological characteristics of the rock matrices is required in order to
devise high-yield processes, often aided by optimization and modeling techniques.
The technological importance of surfactant-based self-assembled systems is once
again pointed out, as the central subject of the works carried out by many research

groups throughout the years.



3akJIroueHue

MpoBeaeH 0630p MEeTOA0B yBENMYEHWNS HEPTAHOMN OTAAUN.

—  IloaroToBiieHbl MOAEINM HEOAHOPOJHOrO IUIACTa MEPMOKApOOHOBOM
3aJ1eKU Y CHHCKOTO MECTOPOKICHHUS ¢ Ta30BOH MpoHUIaeMocThio 0.8—6.3 MM, ¢
OTHOIIICHHUEM TPOHUIIAEMOCTH KOJIOHOK wmojaenun B 1.5-4 pa3za. IIpoBenenHo
MOCIIeI0BAaTEIbHOE BOJO- U HEPTEHACHIIIIEHNE MOJIETU C ONPECICHUEM TOPOBOTO
o0OBbeMa.

—  IIpoBenensl (UIBTPAIIMOHHBIE UCHBITAHUS MOJIETH HEOHOPOIHOTO
miacta U reneoOpasyrommx coctaBoB Nel um Ne2 mpu ycnoBusiX: HHTEpBAI
temriepatyp koseonercs 60-200°C, ckopoctu Quubtpanuun — 1 mi/m,
MPOTHUBOAaBICHUH — 19 atMm.

—  VYcTaHOBJEHO, YTO  BbIpaBHMBAHHE W  IepepacipeiesieHue
(UIBTPALIMOHHBIX IOTOKOB B PE3yJIbTaT€ MPUMEHEHUS Treneo0pa3yronmx
KOMITO3UIIMM CIIOCOOCTBYET YBEIMYEHHUIO OXBaTa IUIacTa, 4YTO MPUBOAUT K
JOTIOJTHUTENIBHOMY BBITECHEHHUIO He(TH OJsarojapsi BOBJICUEHUIO B Pa3padOTKY
HU3KONpOHUIaeMoro kosuiektopa Ilpupoct kosdduirienta HepTEeBbITECHEHUS
COCTaBUJI 110 00JIee HU3KOMPOHHUIIAEMBIM KOJI0HKaM OT 8 10 39 %, B cpennem 22%;
10 BBICOKOMPOHUIIAEMBIM KOJOHKaM OT 6 10 29%, B cpennem 14 %; no monenu B
1esioM — ot 6 10 39 %, B cpennem 18 %.

—  Paccumrana npennonaraeMasi 3KOHOMU4eckast 3pPEeKTUBHOCTH OT
MpUMEHEHUS TeXHOJOTuu. [TpuobLIs MpenpusTUs COCTaBUT OoJee
100miH.pyOsel 3a cYeT AOMOJIHUTENBHOTO 0TOOpa HEPTH, CPOKU OKYTAEMOCTH
COCTaBIIAIIOT MeHee 1 roja.

—  OreHeHbI BCE BO3MOXHBIE BPETHBIE M OMACHbIE ()aKTOPHI TIPH
MPOBEJCHUN UCCIICIOBAHUN.

Takum 00pa3oM, HCCIIEIOBaHHBIE Telie00pa3yromue KOMIO3UIIUA MOTYT
NPUMEHSATHCA B IIHPOKOM TEMIEPaTypHOM HWHTEpBaje, B TOM YHCIE B
COBOKYITHOCTH C TEPMHUYCCKUMH METOJaMH YBEIMUYCHUS HEPTIHOW OTIa4M, MpHU

CCTECTBEHHOM PpEXHME pPa3padOTKH W B PEXKHUME PearcHTOIUKINICCKON



ob0pabotku. Kpome 3TOr0, nccienoBaHHbIe resie00pasyroniie KOMIIO3UIIUA MOTYT
OBITh PEKOMEHJOBAaHBI JJII OTPAaHUYCHUS BOJOIPHUTOKA ¥ THAPOU3OJISIIUU

JIOOBIBAIOIINX CKBaYKUH.



