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Abstract

Low effectiveness of primary and secondary recovery technigaased an
intensive investigaon and implementation of enhanced oil recovery (EOR) metfdus.
present study is focused on chemical EOR in carbonate reservoirs that is usually
challenging. It is known that more than a half of hydrocarbgpodits in the world are
concentrateth cabonatethat are mainly located in Northern Africa, Kazakhstan, Russia,
and the Middle East.

Chemical EOR implies the injection gblymers, surfactants, alkaliandtheir
mixtures. Surfactarbased flooding employment may be challengimg carbonate
resevoirs mainly due tohigh surfactant adsorption loss ahdrsh reservoir conditions
(high temperatures and brine salinitiead tostability and activity reduction of surfactant
molecule$. As the majority of anionic surfactants lose their stability urlghn salinity
(up to 200 g/ L) and high reser vo-nhonioncemper at
surfactants attract the attention of researchers. They contain two hydrophilic groups in the
structure, namely an ethylene oxide chain and a functionapgsulfate, sulfonate, or
carboxylate). Ethoxylated alcohols with a carboxylic group are called alkyl ether
carboxylates (AECs). Due to their two hydrophilic gro@&HCOO- andi CH.CH.0-),
they exhibit both anionic and nonionic properties, demonstrataig tolerance and
temperature stability. The common abbation for AEC surfactants is «EyA
(alternatively,ChEmA, CxE,C, GEO,C, or AEC/-Na), wherey denotes the number of
ethylene oxide units, ands the number of carbon atoms in #ikyl chain.However, the
stability of AECs is dependent on the structure, particularly the length of ethylene oxide
chain.

The main idea of using surfactant flooding in carbonates is decrease of residual oll
saturation through a combination of mechanisms that cartievad during surfactant
flooding, namely interfacial tension decrease and wettability alteration towardswedter
Thus, thisstudy presents evaluation of alkyl ether carboxylate surfactants in carbonates.
The main goal of the present work is to stuldg effect of molecular structure 8EC

surfactants on their performance in fldidid and rockfluid interactions that directly



influence on surfactant flooding effectivenebserfacial performance, wetting ability,
adsorption capacity and displacemefiiciency were examined as the key properties that
determine the chemical flooding efficiency and economic feasibility. Experimental studies
were completed with molecular dynamics simulations to scale up the experimental data
and analyze the interfaciptoperties of a larger amount of AECs, as well as correlate it
with their structures (alkyl chain and etlyofkagment lengths). This thess concluded

with an optimization of a commercial AEGased surfactant blend by screening and
evaluation of adsorgin inhibitors that are stable under high temperature and high salinity
conditions.

This work combines traditional and “tigp-date approaches such esrefloodng
with in-situ saturation contrahnd molecular dynamics simulations. Application of both
experinental and numerical methods allows the acquisition of a comprehensive dataset on
AEC's behavior, filling a scientific gap that exists in the area of ethoxylated surfactants use
in EOR. The findings described in this study show that AEC surfactants arésioigpm
agents for carbonate reservoirs.

The main findings of the present study demonstrate that the performance of AEC
surfactants is highly influenced by their molecular structure, and mainly dgrtgth of
ethylene oxide chain. It was found that the E6gment length increase leads to
compressibility reduction of surfactant molecules on the phase boundadgemedse of
molecular packing density. Salinity has a strong impact of interfacial behavior of AECs in
contact with both oil and ok. In the presnce of electrolytes the interfacial tension
decreases, and wetting ability improv@arfactant composition with:gEzA demonstrated
the contact angle decrease from dabtil 20cin the system rockvaterair; oil recovery
achieved by this surfactawas72.5%.Static alsorption of AEC surfactants onto carbonate
rock is high (reaches9 mg/grock), so consequently some agents decreasing adsorption
loss should be applied. Adsorption inhibitors alternative to commonly uks&its avere

successfully tested drdescribed in this work.
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Thesis organization

This work presents a detailed study of alkyl ether carboxylates as agents for
surfactant flooding in carbonates and covers all areas of their performance such as stability,
fluid-fluid interactions, rocKluid interactions, fluid fow in porous medium and
optimization of a commercial composition. The thesis is organized into chapters, and the
short summary of each chapter is listed below:

Chapter 1 is aiterature review that summarizttee challenges of oil recovery in
carbonates ahmain challenges related to surfactant flooding in carbonate layers. Also, it
describes the principle of surfactant flooding and possible technological solutions that can
help overcoming the related difficulties and introduces the aniwmn@nic surfa@nts.

Chapter 2 correlates the stability issues with molecular structure of AECs and
discusses their interfacial behavior and temperature and salinitysadfetihe FT. The
possible mechanisms goeoposed and illustrated.

Chapter 3 presents the resutif molecular dynamics simulations of AECs on the
boundary watedecane at 2&. This chapter discusses the molecular structure effect on
orientation of surfactant molecules at the interphase.

Chapter 4 presents a comprehensive evaluation offlaickinteractions of AEC
based surfactant compositions with carbonate rock: wetting ability, zeta potential and
adsorption capacity. The mechanisms of action are analyzed and supported with novel
techniques.

Chapter 5 describes a coreflooding test withe}( satwation control. Two methods
of recovery factor determinaticare discussed through material balance and saturation
analysis.

Chapter 6 discusses application of chemicals (alkalis and polyelectrolytes) for
reducing adsorption loss of a novel commerci@lCAased surfactant blend in harsh
reservoir conditions.

Chapter 7 concludes the results obtained in the present work, namely application of
anionicnonionic surfactants in EOR and various approaches for their laboratory testing

and presents recommendasdor future research.
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Chapter 1. Introduction

1.1.Carbonate oil reservoirscharacterization and development challenges

According toliteraturedata[1i 4] and market analysisonductedoy commercial
companie$5,6], more than 60% of oil reserves in the world are located in carbonate layers.
The general view of geographic distribution of carbonate, siliciclastic and other

petroleum basingorldwideis shown inFigurel.
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Figurel. Geographical distribution gfetroleum basins in terms of reservoir lithol¢gy

Carbonate oil reserves refer to oil deposits that aredfan carbonate rock
formations, which are made up of sedimentary rocks such as limestone, dolomite, and
marble that are composed primarily of calcium carbonate (CAC&ahd dolomite
CaMg(CQ)2. These rocks are formed in the result of marine animals' reraggregation,
such as coral and algae skeletons and shie#ghonate oil reservoirs are foundilifferent
geological settings, including shallow marine environments, reefs, and deepwater basins.
They are typically formed in warm, tropical environmemtBere the conditions are
favorable for the growth of marine organisf6s8i 10]. The largest hydrocarbon reserves
have been found and are cuntlg being developed iNorthern Africg Kazakhstan, Russia,
and the Middle Eagi0].

Oil and gas in carbonate reservoirs &veated inthe pore spaces of the rock.
Porosity and permeability are two iompant properties dayersthatare directly connged
with the productivity and recovery of oil and gas. Porosity refers to the amount of pore
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space within the rock, which is the space between the grains or crystals that make up the
rock. Incarbonategorosity is typically created by the dissolution of the calcium carbonate
minerals that make up the rock by acidic fluids, such as groundwater or hydrocarbons
(secondary porosity)he porosity of carbonate rocks can range from less than 1% to more
than 300, depending on the depositional environment and the degree of diagenesis (the
process by which sediment is compacted and cemented indq10¢kl].

Permeability refers to the ability of fluids to flowrtdugh the rock, and is
determined by the size, shape, and connectivity of the pore spaces. In carbonate reservoirs,
permeability is often controlled by the presencdo@f-permeabilitymatrix andnatural
fractures, which can enhance the connectivity ofpibre spaces and increase the flow of
fluids through the rockin such system the waterflooding channels move through high
permeability streak (Darcy range) and leave thep@nmeability matrix (mDarcy range)
unsweptBesides thatthe presence of fraces can also make the reservoir more complex
and difficult to model and predi¢i0,11] Carbonate reservoirs are characterized with
multi-scale heterogeneity that results in a complex porp&tyneability (poro-perm)
relationshipand poor pore connectivitifigure2 demonstrates typical correlation between
porosity and permeahtyi in sandstones and carbonates, and it can be observed that there

is no linear relatioship for carbonates contrary to sandstdaésl 1]
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Figure2. Typical porositypermeabilityrelationship for (a) sandstone rock and (b)
carbonatd11]
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Second challenge @il recovery in carbonatestieck surface hydrophobicify2].

It was reported that the ailetness of carbonatesainly occurs due t@l) adsorption of
polar oil components onto the rock surfagigch as resins and asphaltenasd (2)
adsorption of carboxylic acids (palmitic, stearic, benzfi8) 16]. The wettability in the
reservoir determines the spreading of fluidsl dheir relative permeability valuelh a
waterwet reservoir, e nonwetting fluid tends to occupy the larger pores, creating
binding routes, while the wetting fluid spread among small poié2,13]. In an oilwet
reservoir, water resides in the larger pores while olil fills the smaller[d@ksT herefore,
spontaneous water imbibition in the pore network is weak and has a low recovelry rate.
thesewetting conditions, aignificantvolume of oil remains trapped in smaller pores after
waterflooding, and the residual oil saturation prevails to be [Ag/19] To achieve
effective fluid imbibition and successful oil displacement, the imbibing fluid has to
overcome the capillary forces in microchanrigls and this may be possible if the
wettability of the rok surface tends to be wateet[4,18,20,21]

Hence, two main issues contribute to the low efficiency of oil production in
carbonatedrirst, complex heterogeneous structure and pore nef&2&3] Second, the
complex wettability due to adsorbed polar components of[4diB,24] Also,
implementation of some EOR techniques such as chemical flooding is complichigd by
reservoir tenperatues and brine salinitig@specially hardness ions €and Md*) that is
a common issue in the reservoirs located in the Middkt[E5].

Consequently, the development of carbonates is associated with many difficulties
that result in low averagal recovery factor value thaibes not exceed 358&fter primary
and secondary recovery theds implementatiof22,26] Thus about 60% of liquid
hydrocarbons (HC) remain unswdfi. To analyze the recovery techniques suitable for
complex carbonate layers, it is necessary to characterize the fluid flow behavior in the

porous medium.
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1.2.Fluid flow characteristics in carbonate reservoirs

The canplex texture and pore network of carbonates usually result from their
depositional history and later diagend@2]. At all levels of carbonate rocks, including
pores, grains, and textures, there rhaydifferences, known as heterogen€eltyere are
threemaintypes of porosity in carbonate rockstergranular, vuggy, and fracture porosity,
each with its unique properties affecting fluid flow.

Intergranular porosity is the porosity found betweengttaéns of the rock matrix.
It is the most common type of porosity in carbonate rocks and is connected, meaning that
fluids can flow freely through the pores. Vuggy porosity is unconnected and created by the
dissolution of minerals such as calcite by watering diagenesis. Vugs are irregularly
shaped and vary in size, from tiny to very large. Fracture porosity is caused by stresses
during deposition, which can cause the rock to fracture and create open pathways for fluids
to flow through.The interplay ofthese three types of porosities makes fluid pathways
complex and direbt influences well productivity22,26,27] In fractured reservoirs, fluids
may infiltrate into the fractures from the rock matrix via sddgorption mechanism,
resulting in oilmigrationfrom the matrix to the fracture netwoj®]. The schematic fluid

migration in vuggy carbonate reservoirs is destarted irFigure3 [2].
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Figure3. Flow media in the fractured vuggy reserviodified from[2]
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Wettability of the rock surface determines the spreading of fluids in the porous
medium and is the key factor tifiid propagation during the flooding processgure4
demonstrates the pore cross smttwvhere the wetting phase is located near the rock grains,
and thenonwetting fluid occupies the large pores and can be easily displaced. Thus, the

oil reservoir is preferred to be wateet [12].

Rock grains Wetting phase Non-wetting phase
(oil) (water)

Figure4. Pore cross section with distribution of wetting and-n@tting phaseModified
from [12]

The indicator of wettability is contact ang{€A) that is defined as the angle
between the solid surface and the tangent to the droplet of the liquid at the point of contact
Figure5.Cont act angl e can béd wataiaosi uFigereba j28]) syst em
or Airwaterk a i Figurepb, [29]). The CA is always measured througiie more
dense phase and labeledi@30]. When the liquid wets the surface completéhg contact
angle is zerowhen the liquid does not wet the surface attlal, contact angle is 180The
intermediate values indicate the degree of wetting of the surface by the Tigeianain
classification is given iffablel. However, the contact angle chosen as the cutoff varies i
the literaturd31,32]

It should be noted that surface roughn@sgure5c) hasa significant efiect on the
contact line bkeavior and therefore the CA values may vary on macete (mm)and
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micro-scale( € f1p,24] In addition the wettability of carbonate rocks can be mixest,
i.e. having different preferences depending on saturation hidi®yyhat complicates the
developmenif28]. In rocks with mixed wettability micrpores are watewet while larger
pores are oilvet, or vice versdt was reported in past literatudeat among 50 evaluated
reservoirs,84% of carbonates were @ilet, 8%1 intermediatenvet and only 8% were

waterwet [33].

Oil-wet Intermediate-wet W ater-wet
a) 400° <@ < 180° 80° < 0 < 100°

water water water

Figure5. Wettability of reservoir rock based on contact angle measurenfantseck
wateroil contact; (b) rockwaterair contact; (c) contact line on a rough surfadedified
after[28,29,31,34]

Tablel. Rock wettability classificatiof82]

Type Contact anglef( A)
Waterwet 07 80
Intermediatewet 807 100
Oil-wet 1007 160
Strongly oilwet 1607 180
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During the water flooding, driving pressure, gravity, and capillary forces all work
together.The water displacesil by flowing through the connected andggy porosity of
the rock matrix, and the driving force is the pressure difference between the injection well
and the production well. Capillary pressure arises due to the interaction of fluids with the
rock surface and can cause the flow of fluids todstricted2,35].

Capillary pressurdPc) is the pressure dérence across the curved interface
between two immiscible fluid phases that interact in a narrow capillaryadbean be
expressed as follonaccording to Youngd.aplace equatiof30,36}]

C
Ca
C

(1)

Wherel is oil-water IFT,d is the contact angle amgbre is the porethroatradius
Paw is the pressure in a nametting phase, andwHs pressure in a wetting phaséhe
capillary presure can be positive or negative dependinglaalue asc 0 ©d 0 f or t he
rangeof 0 >d > 90 andc o s @for 90> d > 180.

To achieve the effective production, the displacing fluid shouldcovee the
capillary forces.When the P>0, the capillary fores provide a driving force for
spontaneous imbibition and effective fluid propagatiegative capillary pressure, on the
other hand, implies that more water pressure is required to release more oil in the case of
imbibition. In waterwet systems, the cilary pressure is positive throughout the majority
of the saturation range. The capillary pressure can be positive or negative as the wettability
shifts toward oHwetness, meaninipat some of the surface will sarb oil and some will
absorb watef30,37] The illustration ofcapillary pressure in narrow tubes is given in
Figure 6. The hydrophilicity of carbonates can be increassithg severamethods (1)
changingbrine ionic composition(2) addingsurfactants(3) adding nanoparties or (4)
heating the reservoir through steam or hot water inje¢dipn
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Water-wet capillary, P, > 0 (6 < 90°) Flow direction

~
Water _ _g_ I'_

Oil-wet capillary, P, < 0 (6> 90°) : Flow direction

Water

Figure6. A simplified demonstration of water displacing oil in hydrophilic and
hydrophobic channel8/odified after[37]

Overall, carbonate oil reservoirs are an important source of oil and gas, and their
development requires a combination of geological, engirgeramd technological
expertise. Various enhanced oil recovery (EOR) techniques are implemented in oil
reservoirs that are selected based on field lithological characteristics and water cut, olil
properties, thermobaric conditions, economic feasibility, sicg and other important
factors. The EOR methods applied for carbonate oil reservoirs are reviewed in the next

section.

1.3.Enhanced oil recoverymethods for carbonates

As it was discussed before, the two main challenges of carbonate reservoirs
effective development are (1gomplex structure andigh heterogeneityand (2) rock
surface oHwetnessFigure7 demonstratethe application of EOR methods by lithology.
It can be seen that the number of implemented pjacsandstone reservoifg8%) is
significantly higher than in carbonate€l8%) due to the complexity of their
developmen[38]. These ststics indicate the potential for the advancement of carbonate

reservoir development methods.
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Figure7. Statistics of EOR methods implementation by lithol@ggsed on 1507
projects)[38]

Despite demonstrating the technical feasibility of different EOR methods in
carbonate reservoirs, gas injection (either continuously or in WAG mode) remains the most
widely usedEOR technique in this type of rock formation. However, gas injection
implementation is limited to oil gravity and reservoir pressure values. Thermal EOR
methods have made a relatively minor contribution to global oil production from carbonate
reservoirs.As for chemical EOR, @ymer flooding is the maimethod proven to be
effective in carbonate formatior2,38]. Implementation of chemitdlooding allows
avoiding the breakthrough of injected gas and thus result in improved sweep effj2iency
Polymer flooding is used for displacing fluid viscosity increase and sweep efficiency
improvement due to reduction of mobility ratiolwa [39,40] Although the polymer
injection can lead tonore effective oil displacemerdn essential amount of trapped and
adsorbed oil remains in carbonate layers. To produce this oil, surfactants should be
injected[41,42]
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1.4.Surfactant flooding in carbonates

For many years, significant efforts have been made to recover trapped oil from
conventional mature reservoirs using surfactant injection as a-watbstflood
procedurd4?2]. Surfactants areommonlyusedto improve microscopic sweep efficiency
on the pore leveahrough residual oil saturation reductidrneir main capabilities areock
wettability alterationtowards more watewet and odwater interfacial tensioreduction
that lead tocapillary number(Nc) value increase[35,43] Capillary number is a
dimensionless ratio of pdlary and viscous forcd85,41,44,45]

6 - —, (2)

Wheres is the velocity of the displacing fluid, is the viscosity of the displacing
fluid, G is the oitwater interfacial tensiord is the contact anglélypical waterflooding
projects correspont a capillary numben the range froml0” to 10°. In order to produce
additional oil from the waterflood, the capillary number needsetincrease untit10°
that can be achieved by capillary forces reduction, nathalydd decreasg28,46] To
remove di from pores, the differential pressure must be combined with other forces to
overcome the high capillary pressi48].

The interfacial tension is attributed to the energy that keeps the stabilized interface
between nomiscible phases. When IFT decreases, it becomes easier to destroy-the two
phase contact and thus reduce capillary forces and improve interface elgktidi8} As
it was discussed aboveegttability defines the spreading of water and hydrocarbon phases
in porous medium, as well as the aitfinof immiscible fluids for a specific solifB6].
Wettability alteration (WA) towards watevetnessleads to capillary forcedecreaseand
thus recoverymprovementAlthough it has been discussed in great detail, there is still
disagreement over the respective contributioris IFBI reduction and wettability
modification.Deng et al[32] foundthat IFT reduction alone leads to improved residual
oil recovery in all wettability cases.nCcontrary, the wettability alteration effect varies
because of initial wetting conditionBhe main types of surfactants applied in EOR should
be discussed.
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All surfactants can be divided into two main groups based on the type of
hydrophilic parti ionic and nonioniclonic surfactant, it their turn, can be classified into

anionic, cationic and zwitterion[d9,50] They are schematically shownHigure8.

Hydrophilic head Hydrophobic tail
(soluble in water) (soluble in oil)

®
o
®
o

Nonionic
(no charge)

Anionic
(negative charge)

Cationic
(positive charge)

Zwitterionic
(both positive and
negative charge
depending on pH)

Figure8. Main types of surfactantsased on headgroup charge

Molecules of nonionic surfactants are neutral and have no charge in water. Their
hydrophilic parts do not dissociate in water and thus the main force that governs the
dissolution is hydrogen bonding between oxygen atoms in surfactant headgroups and water
moleculed42,43,51] The main types used in EOR al&oxylatedalcohols (fatty alcohol
ethoxylates, fatty alcohol propoxylates, alkylphenol ethoxylates) and shbgaed
surfactants (aMpolyglucosids). Nonionic surfactants are ménused asco-solvents
during chemical flooding. Their main limitation is cloud painstability loss at specific
temperatires in the presence of sgdgl].

Anionic surfacénts dissociate into metal cation and a big anion that is negatively
charged. The main examples of anionic surfactantsafic@ sulfates, alpha olefin
sulfonates, methyl ester sulfonates, alkylbenzene sulfosaléssuccinates. Besides that,
anionic sufactants with two hydrophilic groups are known such as ethoxylated sulfates,
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sulfonates and carboxylat¢43,50,52] They demonstrate a bettsalinity resistance.
Anionic surfactantare mainly employed in EOR because of their strong ability to reduce
oil-water IFT[43] but they have not demonstrated good wettability alteration properties
[53,54] The main limitations ofanionic surfactantsise are (1) poor temperature and
salinity tolerance and (2gncdencyto high adsorption in carbonates so some additional
chemicas$ should be added to decrease the adsorptiofgb4s5].

Cationic surfactantsarry a positive charge when dissociated in wathe main
classes are quaternary ammonium salts, aoxites and ethoxylated amingf]. They
are not able to achieve ultralow interfacial tension values like anionic ones, but have
demonstrated a good wetting ability in carbonate rocks due to rembeaalsorbed oil
component$57].

Amphoteric (zwitterionic) surfactantsrcg both positive and negative charge after
dissociation in water depending on pH valDespite their promising properties (stability
in harsh reservoir conditions, IFT reducti@tc) there are no known field projects with
zwitterionic surfactants becs@ of their high cost.

The main restrictions of surfactant flooding implementation in carbonates are the
following: (1) high temperature, (2) high salinity and hardness ions content and (3)
significant adsorption of anionic surfactants onto carbonate [&f}k Harsh reservoir
conditions (HTHST high temperature and high salinity) cause the stabibgs |of
surfactant compositions. Bourdarot and Ghedan in 2®B] reported the stability
limitations of surfactants and polymers available in commercial scale that are shown in
Figure 9. It can be seen that surfactant flooding can be conducted only under low and
moderate temperatures and salinities. Surfac@mpositions with high salinity tolerance
degrade at high temperatures and vice versa. However, over the past 10 years, new products

have been released to the market able to maintain more severe cofisi#tj60%
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Figure9. Salinity-temperature cross plot to compare conditions of offshore fields to
market available surfactants analymers. Redrawn frorfb8]
Hence, not all classes of surfactants are suitable for applicatioarhorates,
especially in reservoirs with harsh conditiombe effectiveness of surfactant flooding is
mainly influenced by IFT reduction, wettability alteration and surfactant retention on the

rock surfacdg61,62] Thus, all these three aspects will be discussed in next paragraphs.

1.4.1. Interfacial tension reduction

The interfacial tension isighly influenced by such factors as salinity, temperature,
alkane carbon number (ACNYf oil and surfactant molecular structuf@s,51] The
optimum surfactant concentration is usually selected on the base of lap@atening
taking into accounthe CMC value of @articula surfactant and target conditions.

The quantity of surfactant molecules per unit surface area determinetetfecial
tension of surfactant solutions. The decredBé&ds caused by a given surfactant's higher
surface concentration of surfastanolecule463]. However, the interfacial concentration
of surfactants is a necessary condition but not sufficient ®he.key factor in IFT
reduction is surfactanteolecular size, which is reflected in the crssstional area of the

molecules that are adsorbjiéd].
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Electrolyteshave a stronger impact on anianisurfactants that are negatively
chargel in the agueous phase, asalinity effectrefersto two factorsFirst is surfactant
solubility in water decrease. Consequently, surfactant partitioning in oil phase improves
due to the saltingut effect. Second@ounterionseducehe electrostatic repulsion between
similarly charged heads of surfactant molecules, thus making it easier for the molecules to
achieve the interface. The ability of bivalent cationg*Gmd Mg* to binding with
surfactant molecules fEgher than that of Naons[64i 66]. The effect of counterions type

on molecular pcking is shown ifrigure10.

e > e ,
| 1 | 1
] ]

888 [ X ] OOO.

Figurel10. Schematic illustration of counterion effect on molecular packing of anionic
surfactants. Modified frorf66]

Temperature also plays a significant role in interfacial behavior of surfactants,
especially of nonionic oness they lose stability when the temperature incredseso
destruction of hydrogen bonds betwesmfactant and water atecules[35,64] Besdes
that, temperature growth accelerates the adsorption rate of surfactant molecules at the
interface that leads to IFT drop. Another explanation is attributed to oil viscosity reduction
that also inpu in surfactant migratiorate[51].

Oil properties, namely alkane carbon number and conteattofe components
(resinsand asphalteneg)so play a significant role in surfactant molecules gearent on

the oilwater interface Oil active components may affect the characteristics of mixed
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adsorption layer othe boundary with wateiThis mechanism of oil polar components
effect on IFT was proposed by S.S.Shiig] and is illustrated ifrigure11. The authors
suggest that resins and asphaltenes influence on molecular packing density of surfactants
through interactions with hydrocarbon tails of surfactant molecules.

@ S e ® @
..
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Figurell Schematic mixed adgaion layer of surfactants and resins/asphaltenes-at oll
water interface

The significance of all these factors (temperature, salinity and hardness ions
content oil alkane carbon numbeexplain why the surfactant compositions are selected

individually for each chemical flooding project.

1.4.2. Wettability alteration by surfactants

Wettability plays an important role in chemical flooding, and a relative contribution
of IFT reduction and wettability shift is still discus4dd,68] As wettability modifiers for
carbonates, almost all kinds of surfactants used in enhanced oil recovery (EOR) were
invedigated.Yao et al[69] performed a statistical analysis of surfactants tested as wetting
fluids for huff-n-puff injection in carbonate rocks based on data reported in dwenti
publications.The data shows that cationic surfactants dominate the distribution, with the
remaining surfactants falling into the following categories: anionic (28%), nonionic (19%),
zwitterionic (4%), gemini (1%), and combinations (12%). In additiemtype of surfactant
affects the wettability shift process, and the mechanisms will be discussed b@|ob].
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Standnes and Austatlidieda list of surfactantwith a focus maden cationic ones
of the cetrimonium bromide {TAB family [54,72] The authorsfound that cationic
surfactantgestored the hydrophilic surface character by irreversibly desorbing carboxylic
oil components from the chalk. In atidn, a spontaneous imbibition test that lasted 30
days at 70AC resulted in the displacement of
wettability alteration (WA) by the authors involved the formation of ion pairs between
negatively charged adsorbed @oloil components and positively charged cationic
surfactants, which was followed by the "washing" of these oil compof@hts2] The
chemical structurbas a strong impact anil displacement efficiency and decreases in the
following order: GoT A B 1aTABC> C16TAB > CsTAB [54].

Zwitterionic or amphoteric surfactants are chemicals with both negatively and
postively charged head groups in their structi4®], and the charge of the molecule
depends on the pH value of the systemetal.[73] tested the wetting ability of several
betaines in carbonates through contact angle measurements and a spontaneous imbibition
test i n Amott cel | s atThe ®d&tAC anglenwdhlues farltwon i t y o
surfactant samplesdo pped f r om 9 5 Aadtitonaidresoveryprodu@d A. The
by thesesurfactang imbibition after water imbibition stage@as 14% and 6%, respectively.
Han et al[74] reported that a betairtgpe amphoteric surfactant reduced the contact angle
of a carbonate rock sample fradmbmAIC6GATrt @31 3ak
Another of that kind of surfactant recovered 50% of the oil and displayed a contact angle
val ue of 6tiefapplicktionvoBamphotergurfactants on an industrialade is
limited due to their expensivast[44].

Anionic surfactants are less efficiantwettability alteratiorthan cationic ones as
they cannot permanently desorb the carboxylic components of54jl However,
numerous researchraups have conducted-depth studies on the wetting properties of
anionic surfactantsThe proposed mechanism of wettability alteration by anionic
surfactants implies hydrophobic interactions of surfactant tails with adsorbed oll
components followed by ¢éhformation of a doublayer structurg54,75] Hydrophobic

interactions are weaker and more easily broken than electrostatic interactions created by
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cationic surfactants. As a result, the change irtaldity toward the watewet condition

is reversiblg54,75] Chen and Mohanty evaluated Enordet A092 surfactant (a branched
C16 alkoxyl sulfonate with 9 EO groups) dissolved in seawater as a wetting fluid for the
dolomitic core. The authors reported that A092 shifted the wettability towards aweiter

state and displaced 53p#6] and 709477]of oi |l at 100AC in spontan

with sone additives to the surfactant composition. Jarrahian et al. compared the wetting
ability of cationic G2TAB, nonionic Triton %100, and anionic SDS surfactants and
described their mechanism through TGA (thermogravimetric analysis), AFM (atomic force
microopy), and FTIR (Fourier transform infrared spectroscopy) analjséswettability
of the ock changed to neutrsie t (¢ o nt a ¢ ks aaasult bfesodiani do@6ylA
sulfate (SDS) surfactant adsorption on the rock surface due to hydrophobic ioteracti
mechanism. Nonionic and cationic surfactants demonstrated better effectivensssh
TritonX-1 00 decr eased t RETABUAN tuinlf75]420-%60A and
Nonionic surfactants have shown promisingutes in wettability alterationVu et
al. [78] examined the wetting abilityof several nonionic surfactants of Tegritol
(ethoxylated C11-C15 secondary alcohol), Igepal (nonyl phenoxy poly(ethyleneoxy)
ethanol), and Neodol (Ci215 linear ethoxylated alcohol) series.Icta crystals aged
with variousnaphthenic acids dissolved in decane were used as rock samples, and the
experimentswer conducted i n delgepahsurlagamt swpassedrthe a t
other compounds in terms of effectiveness with a 51% oil recoBagy. et al.[70]
evaluated twosecondary alcohol ethoxylates (SAEand SAEL5) as wettability
modifiers. Contact angle measurements on cadeiteplegevealedhat bothSAE-9 and
SAE-15 reduced CA values, and SAES achieved 47% oil recovery t 50AC in
presence of NaCl ardaCt saltsand SG* ions. SAE surfactants can be used in mixtures
with anionic sulfonates to increase the cloud point and expand the range of reservoir
conditions where they can besed[79]. Souayeh et al. developed a eceffective
wettability alteration (WA) process based on a combination of polyethoxylated nonionic
surfadant with lowsalinity brine [80]. Contact angle measurements showed that the
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wettability changed from oilvet to wateiwet state. TGA analysis results proved that

nonionicsurfactants partly removezrboxylic oil compoundg30].

1.4.3. Adsorption of surfactas onto carbonate rock

The leading cause of reduced surfactant flooding efficiency and economic
performance is the loss of surfactants in the reservoir. Depending on the mechanism, it can
be divided into precipitation, phase trapping, and adsorgtiomeious factors, including
oil saturation, rock mineralogical composition (primarily clay content), reservoir
temperature, brine salinity, the presence of divalent metal cations, and surfactant structure,
all affect the adsorption of surfactants on rfitf 42,45,81,82]

Adsorption can be considered as the distribution of the adsorbate (the substance to
be adsorbed) between tiikerface andhe bulk solutionThis process can take platée
interface is energetically mogppealingto the surfactant molecules than the bulk. The
adsorption process is driven by covalent bonding, electrostatic attraction, hydrogen
bonding formation of moleclar associatesolvation, and desolvation. Total adsorption is
usually the combined result of all or several of these fof88k Depending on the
interactions involved, the adsorption can be practichliged into physical and chemical.
Physical adsorption is caused by electrostatic interactions, hydrogen bonds, and
interactions between kyophobic sites/radicaldt is a weak and reversible process,
characterized by a high velocity of a process and the formation of multil&@ralent
bond formation results in irreversible chemical adsorption with substantial energy changes.
The definingcharacteristics of chemisorption are low rate of the process and the formation
of monolayers[84]. In a system where the ionicrfactants and the rock surface are
charged, electrostatic interactions play a leading role in adsorption.

It is commonly known thathe carbonate rocks are predominantlyvegt or mix
wet becauseof adsorbed surfaeactive oil components such as resinsphaltenes, or
carboxylic acid415,54,85] The surface charge of calcite is related to the reservoir brine
pH and zero point of charge (ZPC) that determines the excessive species on the surface

[86]. The surface is negatively charged above ZPC, and positive below ZPC that varies in
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the range between 8 and 9.5 for calfite]. As it was acgeted that brine pH in carbonates

is below ZPC, the calcite surface chargmdsto be positive[32,71] Thus, both
hydrophilic and hydrophobic interactions can occur between the adsorbed polar oil
components and the injected surfactants. In the case of hydrophilic interactions, ionic pairs
form betweensurfactant "heads" and the polail componentg87]. In hydrophobic
interactions, intermolecular bonds are forna@dongthe "tail" of the surfactat molecule

and the adsorbetbmponent®f oil [54].

1.4.4. Application of surfactant adsorption inhibitors

The loss of anionic surfactant due to adsorption is a severe issue of dHedfica
processes in carbonate reservoirs. Thus, several strategies have been proposed to reduce
surfactat adsorption on the rock. Application cédtionic surfactants (they adsorb much
less than anionic surfactants), salinity gradients during injectionaddithg adsorption
inhibitors to the compositiofd2]. Socalled "sacrificial agents" are used as surfactan
adsorption inhibitors, and they can be divided into three maoupg: alkalis,
polyelectrolytes andanoparticles. The first group includes organic and inorganic alkalis,
which can change the charge of the rock surface to negative. The second grotgesomp
polyelectrolytes ready to be more actively adsorbed than the surfactan{8&e&0].
Finally, nanoparticles are solid ultrafine peles with the diameter ranging between 10
and 100 nm (sometimes up to 500 nm). They are arranged at the interface thus not allowing
surfactant molecules to adsorb on the rock surface. The schematic mechanisms of alkalis,

polyelectrolytes and nanopatrtislaction are shown iRigure12.

Alkali ’ Polyelectrolyte Nanoparticles ]

b gb ok gk o b o o -I--I'-I--I--I"I'-I-'I' o ok cp b b o g g

Figure12. Mechanism of different adsorption inhibitors action
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One of the most common inhibitors of surfactant adsorption is alkali. Most
surfactants e in oil production are anionic, and the carbonate rotjpisally charged
positively. When a negative potential is created between reservoir brine and rock due to
hydroxide ions OH the surfactant molecules repel, resulting in reduced adsofBtRn
The recommended pH range is 90612. The most
hydraxide NaOH and sodium carbonate R&s [52,93] The main limitation of using
them as adsorption inhibitors in hard water with high TDS content is the possibility of
precipitation. As a result of salts' reaction in brine with alkali, insoluble or poorly soluble
hydroxides can be formd84]. In harsh reservoir conditionalternative alkalis have been
investigated94i 96].

Recently,sodium metaborate NaB@as suggesteds an alternative to traditional
alkalis [97,98]. It is a chelating agent and forrmemplexes wittcalcium and magnesium
cations increasindhe surfactantompatibility threshold with divalent cations to 6000 ppm
insolution[92]. At | ow temperatures (55AC) asd water
of ~20k ppm, the compositiotsatcontain an anionic surfactant, polymer, and 3.75% or
2.4% of sodium metaborate are stable. In the first case, the surfactant adsorption on the
carbonate rock is 0.197 mg¥fgck; in the second case, it is 0.231 mgigk The oll
recovery factor obtained from the core flooding experiments was 99% and 94%,
respectively{95].

Sodium tetraborate NB4O; was proposed as a less expensive alternative to
sodium metaborate. It canatease the adsorption of alkylbenzene sulfonate onto kaolinite
surface in the presence of 10 g/ L NacCl at 30
and sodium metaborate despite the lower pH v§®9. The performance of sodium
tetraborate was also evaluated by Azam €jt180,101] Its application as an additive to
an alkyl sulfonate surfactant decreased adsorption value from 0.96 until 0.280clgAd
2 5 AC. saBdstore was used in this study, and the pH value reached 10.5.

Ammonium hydroxide NdDH has also been considered as a component of ASP or
AS flood formulationd11,15,16] Sharma et a[95] developed an ASP composition that

contained 3% NEDH alkali. Experiments showed ththe surfactant adsorption on the
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carbonate rock was 0.25 mgfack, and the oil recovery factor was 87.5%. This result
indicates that ammonium hydroxide was stable under reservoir conditions and has not led
to precipitation and pore space blockage.

Sodum silicate NaSiO: was also used as an alternative to alkali in various
surfactant flooding scenari¢$04]. The surfactant adsorption on the rock was 0.15 mg/g
rock, and the oil recovery factor w&9.6%.

In addition to inorganic alkalis, the use of organic ones suchsoaum
polyaspartatgsodium salt of polyaspartic acid) is possible sh#nity tolerance is higher
than of inorganic alkalis sodium carbonate, hydroxide, and metaborate. Sodium
polyaspartate can be used in brines comprising, ®ag?*, F&*, SF*, B&* ions [105].
However, the sodium polyaspartate effectiveness as an adsorption inhibitor méesfs fu
investigation.

One moreorganic alkali isethanolamine €H7NO [19,20] The introduction of
ethanolamine to surfactacwmposition leads to a further reduction in interfamakion at
the boundary with oil andrecovery factor increase. However, the ethanolamine
performance as an adsorption inhibitor requires further research.

Polyelectrolytes are the second type of dmiai agent used to decrease the
adsorption loss of anionic surfactants. They shbel@f the same charge wihirfactant
molecules andxhibitthe ability to adsorb more actively onto the rock surface than anionic
surfactants. This mechanism is callembrhpetitive adsorption"Electrostatic repulsion
develops between the solid surface and surfactants when electrolytes are preferably
adsorbed on rock and produce a negatively charged[B8/&9,108]

ShamsiJazeyi et aJ88,89,108]investigate a list of ©dium polyacrylatesvith
different molecular weights supplied by several manufactufidrs.results showed that
polyacrylates' molecular wght and concentration play cruciadle in the competitive
adsorption processThe icreasing the polyaylate massleads toits efficiency
improvementbutis limited with themass value of 4500 Da. At this mass and above, the
desorption of molecules from the rock surface is almost impossible. Thus, the

recommended molecular weight of saai polyacrylates 4500 Da. It should be noted that
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surfactanthas noeffect on the adsorption of polyacrylate, and the amount of surfactant
adsorbed can be decreased by almost an order of magnitude in its presence.

Sodium polystyrene sulfonate (PSS)another polyeleadtyte that decreases
surfactant adsorption onto the rock surface. The effectiveness of PSS as a "sacrificial" agent
has been studied under high salinity conditions over 300 lg/was found that the
effectivenesslepends on PSS molecular weight, and isinine above 20 kDa. Application
of PSS can reduce adsorption by five tirfle39].

It is a challenge to select or develop surfactant compositions suitable for target
reservoir, especially if it has harsh conditions. Aggilon and main properties of anionic

nonionic surfactants with two hydrophilic groups is discussed in next section.

1.5.Alkyl ether carboxylate surfactants

As the majority of surfactants used in sandstones are not stable or not suitable for
carbonates, thresearchers from industry and academia are searching the new effective
chemicals.A particular focus is currently made on nonieamonic surfactants. Alkyl
ether sulfates show tolerance to brines with high hardness ions content, but their use is
limted t o 60AC. Al kyl ether sulfonates demonst
production cost is higfb9]. Hence, alkyl ether caolxylate (AEC), or fatty alcohol
pol yoxyethyl ene ether carboxyl a[lk67,1dur f act an
114]

Carboxylates, or soaps like sodium stear&eHzsCOON3g, are perhaps the
earliest known surfactanf$15]. Their primary benefits include low cost and excellent
biodegradability; nevertheless, in brines containing divalent catioffsa@id Md*, they
have a tendendy form sediments. To solve this problem, a number of oxyethylene (EO)
units were introduced into the molecule, thus expanibgydrophilic part. As a result,
alkyl ether carboxylates with  structure = RO(fHH.O),CH.COONa or
R(CH.OCH.)n,COONa were obtaire49,50,115] They havetwo hydrophilic groups-(
CH.COO and i CH2CH20-) and hence exhibit both anionic and nonionic properties

displaying temperature stability and salt tolerance. AEC surfactants are usually abbreviated
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as GE/A (elseCnEnA, CkE/C, GEOQ/C, AKEC/)-Na), where x ishe number of carbon
atoms in the alkyl chain, and y is the number of ethylene oxide [6its14,116] The
general structure is given Figurel3.

‘o"vov’“o"vowowowo”@

Ethylene oxide chain — E Alkyl chain — C

Carboxylic group
(sodium salt) - A

Figure13. General structure and abbreviation of alkyl ether carboxylates by the example
of sodium tridecetty carboxylate GE7A

Interfacial behavior.Liu et al.[66] investigated the behavior of sodium laurdth
C12EO3C carboxylate synthesized in a home laboratoryi Ci14alkanes were used as
hydrocarbon phase. The temperature and salinity effect on dynamic interfacal teas
investigated. The temperatures from 30 t
NaCl, CaC}, MgCl.. The authors found that the sodium chloride concentration has no
significant impact on the IFT value. At the same time, the presence oémlivctions in

the solution leads to the IFT decreassil an ultralow value of T mN/m at temperature

85AC. Mor eover, magnesium ions have a mor e

than calcium ions. Adding a nonionic fatty alcohol polyoxyethgl&;2E; to nonionic
anionic G2EQsC results in an ultralow IFT value of 2nN/m in the presence of sodium
and calcium chlorides i n t he-dodegase asrthe at
hydrocarbon phadé5].

S.S.Shend67] evaluated the terfacial performancef anioniecnonionic AEC
series synthesized in their laborgtorhe surfactant moleculesntainedvariousnumbers
of EO units, and the alkyl chain length also varieealkbnes, crude oil, and several oil
models were used as hydrdoan phasesBy calculating the space taken up by AEC
molecules at the interface, the authors came to the conclusion that the quantity of

oxyethylene units and hydroph#ipophilic balance (HLB) are crucial factors in the IFT
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reduction. The oxyethylene ain forms a spiral located on the border between two
immiscible phasedAt the contact, the AEC molecules with shorter EO chains produce a
denser adsorption layer.
Zhang et al[117] compared the surface properties of AEC with branched and linear
hydrocarbon chains with 5 and 7 EO units abbreviatedi@&SG&-Na and AsEC;-Na. The
authors experimentally determined static and dynamic surface tension values and
compared these surfactantso6 foaming and wet
ether carboxylates with branched alkyl chains more effectively reduce surface tension than
AEC with a linear one. The CMC value of a surfactant with 5 EO units is lower than that
of an AEC with 7 EO groups. The authors propose thgE@s-Na molecules adsorb onto
the interface faster tham#&Cr-Na.
Belhaj et al.[60] described a partitioning behavior of binary surfactant mixture
consisting of commercially available alkyl ether carboxylate and alkyl polyglucoside
(APG), which increases salt tolerance and thermal stability. The authors investigated long
term stabiliy (90 days), and civater interfacial tension of surfactant compositions with
different mixing ratios under reservoir conditions reproduced in the laborétory
temperatures 80 and 106AC and various brine
Wetting ability. Researchgroups from different universitietested ACs as
wettability modifiers Standnes and Austadvaluatedhe effectivenes®f an AEC with 9
EO groups of Ak y mieralizatiorofe-45 g/a[54]. Bhé suBorssfaurnt
that Akypo surfactant solution decreased the advancing contact angle ortkéedlcite
surface until the val uepumebrind B8kj® durfactantgara r e d = Wi
be imbibed into the porous media in significant amounts but showed low displacement
efficiency and swept only traces of @#]. It should be noted that the highest activity of
AECs is known to occur in the presence of salts and he&orgexample, AECseduce
the interfacial tension between oil and water to extremely low level$i(1@®2 mN/m)
when bivalent cations like €aand Mg* are present and when the temperature is high
( 70AC an d59,68,66067,142,11820] Souayeh et al[121] studied the
performance of alEC Soloterra 938 irartificial brine and a dited brine (197 ¢/ and
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1.97 g/L, respectively) under the temperatur@ & AT@e results revealed that a 8%
surfactantsolution in a low salinity brineeducedthe contact angle of the aiet calcite
from 160A t oreaddvérpfdctorinm a spontamesus imbikétidn i n
test.The authors also discovered that adding a nonionic ethoxylated alcohol to an anionic

sampl e 619
AEC can increase its efficien¢$21].
Adsorption capacity.The adsorption of AECs on the rock is also a subject of
interest. Herawati et aJ122] recently studied the adsorption of an AEC with the linear
structure on sandstone with -@eontmorillonite and kaolinite clayS'hen the authors
correlated the adsorption of surfactamigh wetting ability. The study showed that the
contact angle and adsorption have an inverse relationship: the higher the adsorption, the
lower the contact angle (stronger wetness is attaiisdhaj et al. studied the adsorption
of an AECbased surfacta composition and alkyl polyglucoside (APG) under harsh
reservoir conditions separately and in a mixf@fel]. Sand rock (mainly quartz) was used
106 AC,

The highest adsorption value was about 2 mrgflx at 1wt. % of surfactant, but

as the adsorbent, the operationtempet ur e was and brine
extensively increased in the presence of crude oil due to surfactant partitioning in the
hydrocarbon phagd&23,124] An increased interest in aniomonionic surfactants during

the last 10 years resulted in many publications that describe their performance under

various conditions. A brief summary of pidbled data is given ifiable?2.

Table2. Recent experimental studies of AECs rdltkd interactions

Reference | Surfactant | Rock ;e(r:n perature, S/aLllnlty, Experiments | Main outcomes
AEC-
based Static The adsorption
commercia| Quartz adsorption capacity of AEC and
[114] I blend in | (model) 106 32 test and APG was 2 mg/g anc
mixture prediction 5.6 mg/g at 1 wt.%
with APG
ﬁaESC; d Berea Dynamic Dynamic adsorption
[59] .| sand 100 30 adsorption in| on the sand was 0.2
commercia .
| blend grains a sandpack | mg/g
Soloterra | Iceland Contact AEC decreased the
[121] 938 Spar 75 196 angle, zeta | contact angle from
P potential, 160A to 1
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spontaneous| recovered 61%
imbibition OO0IP
test
Commerci Contact WA from a strong
al AECs angle oil-wet to a strong
with linear | Iceland measuremen| waterwet state was
[125] and Spar 75 196 S, T_GA, aghleved by an AEC
branched static . with the ghomest
structure adsorption | alkyl chain (most
test hydrophilic)
Quartz, Static .
quartz+m adsorption ngor;'p%r;r érf]e
[122] CuEA | Ontmorill | g 7.42 test, contact | o\ rfactant, the
onite, angle smaller CA
quartz+ka measuremen )
- achieved.
olinite S

1.6.Laboratory methods of surfactant flooding performance assessment

The aim of surfactant screening in laboratorytas find an effective and

economically feasible formulatigf1]. Technical screening criteria of surfactantdudes

several basic requirementst) (stability under ambient and reservoir conditicarsl

compatibility with alkalis or polymers present in the composjt{@ IFT value of 18 i

10° mN/m, (3)adsorptioron rocklower than 1 mg/gock (typically 0.17 0.2 mg/grock),

(4) commercial avdability and economic feasibility and (5) incorporation in EQAR6].

The screening proceduigcludesa number of standard tests thahde divided in

two groups: (1) conducted in bulk and ¢@nducted in porous media. A workflowafull

screening procedure is schematically illustrate&igure 14, but not all experiments are

usually performd.
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Figurel4. A comprehensive workflow of surfactant selectj8]

A typical screening starts with a compatibility (with brine) and stability tests (under
reservoir conditions).Then, stable compositions are selected and used +dwatér
interfadal tension measurementseral techniques of IFT measuremeats known,
such as spinning drop for measurements in dynamic mode, and Du Noui ring method and
Wilhelmy plate for static measurements. IFT measurements can be supplemented with a
phase behavidest with oil, i.e. salinity scamfter that, wettability modification of core
chips and adsorption capacitystatic regime are evaluatftil,44,51]

After the first part of screening is finished, the most promising surfactant
formulatiors are examined in the porous mediulncommonly used method of surfactant
oil displacement ability assessment is coredlng test that allows to mimic fluid flow
under reservoir conditiorj28]. Corefloodng can be conducted in core cylindrical samples
or sandpack models composed of crushed rd&tdious techniques are applied for
saturation control depending on practicability and technical capabdliisas emputed
tomographyf127], X-ray scanning128] or NMR [129].
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There is an opinion in recent literature that the future of surfactant screening
belongs to microfluidicg51]. Microfluidics studies the movement and diistrtion of
liquids in nane, micro- and macroscale. The experiments are conducted in transparent
microfluidic chips that are typically produced from polymers or silicaeoed with glass.

A characteristic advantage of using microfluidics for EOR is the ability to visualizesingle
phase or multphase fluid flow in the pore space. Thanks to this, it is possible to analyze
both the flow at the microscaigith the distributimn of phases and hidden local effects
[130i 133].

According to Sheng¢1], minimum three tests should be conducted: stability test,
salinity scan and cefloodng. However, the program may be changed dependingrgat
object properties. For examplea low-permeability unconventional layers the main focus
should be made on wetting ability of surfactants, while in conventional reservoirs IFT still
has thedeading role.The behavior of surfactants on molecular scale can be studied with

computational instruments such as molecular dynamics.

1.7.Computational methods for surfactant performance assessment

As the number of experiments that can be conducted isetinwith time and
availability of synthesized samples, computational methods capfied to scale up the
studies. Besides that, simulations of surfastéthavior can providaolecular insight of
their aggregation, interactions, arrangements Mtecular dynamics (MD) simulation is
a powerful computational method for studying the behavior of surfactant molecules at the
molecular level. The principle of MD simulation is to use a numerical approach to simulate
the motion and interaction of atoms andlecales in a system, based on classical
mechanice&nd statistical thermodynamifk34i 138].

In the context of surfactants, MD simulations can be used to study the behavior of
surfactant molecules at liquldjuid or liquid-solid interfaces, as well as in bulk solutions.
The simulations are based on a detailed description of the a@weicintractions
between the surfactant molecules and other components in the system, such as water

molecules, oil molecules, and solid surfaddse MD simulations are typically performed
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by dividing the system into a large number of small "particles” (atomsotecules) and
numerically integrating the equations of motion for each particle over a period of time. The
motion of each particle is determined by the forces acting on it, which are calculated based
on the interactions witother particles in the systgaB9 141].

1.8.Summary and problem statement

Carbonate reservoirs are at the leading area of research curiémlymain
challenges of carborest development areock heerogeneity anail-wetness that make
production processiore complex. To produce trapped oil left in hydrophobic reservoirs
after waterflooding, surfaant injection should be applieds surfactants are able to
decrease the residual oil saturationtbe pore level. Howeverhé main challenges of
surfactant flooding implementation in carbonates ardil) temperature, (2) high brine
salinity with hardness ions and (3) adsorption of anionic surfactants onto carbonate rock.

The industrial problem déffective surfactant flooding in carbonate reservoirs can
be solved through scientific approa&pecialists @& seeking for novel solutions, namely
projectdesigns and chemicalShere are three possible solutions for surfactant flooding
technology impreement. (1) Firstit is suggested to shift the focus frodetailed
evaluation of surfactants that decrease the IFT until ultralow values®éf 10* mN/m to
the studies of compositions that effectively change the wettability from hydrophobic to
hydrophlic. It is usuallydifficult or evennot possible to combine both effects achieved.
(2) Besides this, selection of surfactants should be done on molecular level for target
conditions with application of computational techniques. (3) The screening ofaaiemi
compositions should be improved, mainly using visualization tools for saturation control
such as microfluidics or Xay scanning.

To solve thesemblems, a systematic methodologprk should be done. Thus,
concerning the effective wettability shithe current focus is made on anien@nionic
surfactants with two hydrophilic rgups that demonstrate promising salinity and
temperature toleranceas well asinterfacial performanceTheir behavior is highly
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influenced by molecular stcture and should & discussed omicro- and macroscale
applying computational and experimental approaches.

As it was already discussedet effectiveness of surfactant fiing is highly
influenced by interfacial tension, wettability alteratiamnd adsorptionvalues, as weas
fluid flow characteristicsAll thesefeaturesareusuallyevaluated in laboratory according
to a standard screening procedure that is customized for each project depending on
reservoir propertiesTypically, two series of tests are conducted: inkbarhd in porous
medium. A commonly known method for oil displacing ability asseent is corefloadg
experiment that requires complsample preparation and effective saturatiwonitoring
techniques. However, a technology that is rapidly evolving anthgito take a regular
place in surfactant screening is microfluidibat enables visual assessment of fluid flow
This technique is promising, but still needs improvementaataptation for sustainable
implementation irpetroleum industryDetailed analyis of surfactant properties requires
molecular level approach. One of the examples is molecular dynamics simulations that give
insights oninterfacial behavior of surfactants mainly on fhfidid interface.

Overall,as modern EOR need new effectivenfiotations and wpo-date evaluation
techniquedoth on micre and macroscale, detailed study of ethoxylated surfactants and
the role of ethoxy chains in surfactants is important.tifibsiscombines experimental and
computational approaches that allovebsain a full picture omolecule structure ariohear
EO chain effect on main properties of AEC surfactants.

1.9.Research goal and research objectives

The main goalof the present work is to study the effect of molecular structure of
alkyl ether carboxyl® surfactants on their performance in fHigid and rockfluid
interactions that directly influence on surfactant flooding effectiverasther, it was a
target to link theoretical knowledge and practical application through an optimization of a
complex commercial AEGbased surfactant composition designed for the use in a real
carbonate field.
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This work combines classic and advancapproaches of surfactant flooding
evaluation, including molecular dynamics simulations and fluid #ealuation with X
ray saturation monitoringThese paths allow obtaining a full picture of surfactant
performance before SWCT(Bingle well chemical tracer tesij pilot test.Theresearch

objectivesare the following:

1 Correlation of molecular structure of AECs with thatnstability and salinity
tolerance. Investigation of interfacial performance and analysis of obtained trends

under various temperature and stability conditi@isapter 2)
The results were published iBcerbacova, A, Kopanichuk, 1., & Cheremisin, A2023). Effect of

temperature and salinity on interfacial behavior of alkyl ether carboxylate surfaPintdeum Science
and Technologyl-20.

1 Scaling up the experimental data using molecular dynamics simulations and analyzing
the interfacial behaviasf AECs with various molecular structures, namely alkyl chain

and ethoxy fragment lengtii€hapter 3)
The results were published iopanichuk, I.,Scerbacova, A. Ivanova, A., Cheremisin, A., &
Vishnyakov, A. (2022). The effect of the molecular struetaf alkyl ether carboxylate surfactants on

the oilwater interfacial tensiodlournal of Molecular Liquids119525.

1 Evaluation of rockluid interactions of AECs with carbonate rock. Study of wetting
ability of AECs as a key property of surfactants dguighemical flooding. Comparison
with published data and analysis of mechanism. Determination of adsorption capacity

and analysis of governing forc@&Shapter 4)

The results were published i&cerbacova, A. Kozlova, E., Barifcani, A., Phan, C. M., Karamd ., &
Cheremisin, A. (2023). RotFkluid Interactions of Alkyl Ether Carboxylate Surfactants with
Carbonates: Wettability Alteratios;Potential, and AdsorptiolEnergy & Fuels

1 Improvement of a coreflooding tedesign through including a shint stage that is

typically applied for lowpermeability (shale and tight) reservoirs (Chapter 5).
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1 Optimization of a commercial AEGased surfaant blend by screening and evaluation
of adsorption inhibitors that are stable under high temperafi 0 Aa@d high salinity
conditionsi 201 g/L(Chapter 6)

The results were published iBcerbacova, A. Ilvanova, A., Grishin, P., Cheremisin, A., Tokea, E.,
Tkachev, |., Sansiev, G., Fedorchenko, G. & Afanasiev, |. (2022). Application of alkalis,
polyelectrolytes, and nanoparticles for reducing adsorption loss of novel anionic surfactant in carbonate
rocks at high salinity and temperature conditioBslloids and Surfaces A: Physicochemical and
Engineering Aspect$53, 129996.
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Chapter 2. Effect of temperature and salinity on stability and interfacial

performance of alkyl ether carboxylate surfactants

2.1. Motivation

As it was cocluded from the literature revievan average recovery factor after
waterflooding in carbonates is about 35%, and consequently various EOR techniques
should be applied to improve oil production. To reduce residual oil saturation in porous
media and mobilieg trapped oil, surfactant flooding should be applied. Howeaer,
successful field project should be designed properly starting from snfaomposition
selectiorusing a labmtory screeningSurfactants of the same class can behave differently
dependiig on their molecular structure, and optimal chemicals may be selected for
particular field conditions when the main trends in their behavior are known.

Stability and interfacial performance dhe boundary with oil determinthe
applicability of surfactais in EOR.In this chapterwe investigate thbasicproperties and
behavior of alkyl ether carboxylate surfactaassagents for chemic&8OR. Four linea
AECs, i.e.CuiEsA, CuEnA, CioE4A, and Ci2E7A were examined. The thermal silélp
and salinity takrance werecorrelated with the molecular structure of AECEhe
temperatures considered were moderate2 5 AC50C,4@C a n d. SAirdHARS
moderateand variedrom 0 to 1@000 ppm, and the effect main cations present in reservoir
brines N&, C&*, Mg?*, and anions GISQy, HCOs was studiedeparately and in mixtures.

IFT on the boundary with-decane and crude oil was evaluated with the spinning dro

tensiometry method. The main mechanisms of AEC molecules orientation were discussed.

2.2. Materials and Methods

2.2.1. Materials
Surfactants. This research used four commercially available alkyl ether
carboxylate surfactants with a different number of EO units. AECs with linear structures

were selected for the study to enable assessment of E®atthhydrocarbon fragment
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lengths on thie performance The main properties of surfactants are specifieGainle 3,

and chemical structures are showifrigurel5.

Table 3. Main properties of surfactants used in this study

- Sodium laurettb | Sodium lauretill | Sodium trideceti | Sodium tridecetty
Characteristic
carboxylate carboxylate carboxylate carboxylate
Abbreviation CiiEsA Ci1iE1lA CiE/A CiE/A
Number of EO 5 11 4 7
units
Molecular 442 706 412 544
weight, g/mol
Manufacturer Kao Chemicals Kao Chemicals Nikko Chemicals | Nikko Chemicals
Europe Europe
Appearance Clear, viscous Clear, viscous Light yellow, Light yellow,
P liquid liquid viscous liquid viscous liquid
Surfactant
content, Wt 60 70 100 100
a) Na _Ow(\o,n\/o\/\o/\/o\/\o/\/\w\/\

o]

b) NOw0~0rp~0rg~ i 0rpgAOrg A Oingassassa
0 /\/O\/\ /\/O\/\\/\/\V/\/\/\
c) Ny 0
0
d) Nao\rf\of\vo\/\o/\/o\/““o/\\/o\/\o”\,/\/\/’\/\/\\/

0

Figurel5. The structures of the surfactants used: a) Sodium laGretéinboxylate; b)

Sodium lauretkl1 carboxylate; ¢) Sodium tridecedhcaboxylate; d) Sodium tridetie-7
carboxylate

Salts Artificial brines with different salinities were prepared on the base of
deionized water. Inorganic salts sodium chloridaCl, calcium chloridedehydrate
CaCbL 2,8, magnesium chloride hexahydrat®lgCloL 628, sodium bicarbonate
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NaHCGO;s, sodium sulfatdNaxSCQs, magnesium sulfate heptahydridgSQul. 7.8 were of
chemical grade. All chemicals were used as received.

Hydrocarbon phaseNormatd ecane with purity O099% from
used as a model hydrocarbon ph&®eide oil was obtained from a carbonate field with a
reservoir temperature of wftiAvateraontdntwaslass de hydr
than 0.3 wt.% Oil densty was measured with Mettler Toledo D4 Excellence, and the
viscosity measurements were performed with a rheometer Anton Paar MCRH02.
composition was determined through chromatographic analysis with Agilent 7890B
SimDis. The oil composition is shown Figure16 and mairmproperties are summarized in
Table4.

Table4. Oil properties at ambient pressure

Properties Values
Density at 25AC, 0.88
Density at 7O0AC, 0.85

Dynamic viscosity 22.38
Dynamic viscosity 8.03
Saturates (wt%) 28.98
Aromatics (wt%) 24.60

Resins (wt%) 9.15
Asphaltenes (wt%) 10.89
Light fractions (wt%) 26.38
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Amount (wt%)

o LRI 10011 ‘I

C5 C7 C9 C11C13C15C17 C19 C21 C23 C25 C27 C29 C31C33C35C37C39 -
Oil component

Figurel6. Chromatographic analysis of oil sample
2.2.2. Methods

Surfactant solutions preparatiorSynthetic brines were prepared by dissolving the
specified amount of salts in deionized water. The list of brines is showiahte 5.
Surfactant solutions were obtained by dilutimgquiredamount of surfactant in brine and
mixing with a magnetic stirrer for 1 hour. Then the solutions were left to equilibrate for at
least 8 hours (typically overnight). All bris@andsurfactant compositions were prepared
at ambient temperature.

Thermal stability and salinity tolerance testhe stability test included two stages:
pre-screeningand main experimentTo perform the prescreening, surfactant solutions
with an active matteconcentration of 1 wt% were prepared in artificial brines with various
NaCl contentthe pH was not adjusted with acid or alkali. As AECs may oxidize in the
presence of oxygen at elevated temperatures, the oxygeemaged from each solution.
Vials weefi wa s hed o0 wiand lkachartiticial drgne was purged with fdr ~10
minutes to remove the dissolved oxygen. Further, each solution was also treated with N
for several minutes and nitrogen "cap" was cref®@dl42] The stability of AECs was
assessed at room temperature (285 AC) , 4,0 ACC0AG,0ALLnd 7O0AC.
used in this experiment with the rangecohcentrations from 0 to 10 wt% with a step of
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1 wt%. NaCl concentrations of Mt% and 20nt% also were tested, but all AECs lost

their stabilityin such conditionsAs such, the gxeriments were conducted in moderate

salinities up to 1@vt%. The compositions were inspected visually for 14 days and all

changes were noted such as opalescence, turbidity, precipitation, and stratification.

individually and in mixtureat two temperatures (room anddZ). The list of brines used

In the main experiment, the effect wérious aions and cationsvas evaluated

in the study is given ifiable5. One batch of the solutions was left at ambient temperature,

and another was placed into the oven
evaluated visually during 14 days.
Tableb. List of brines used in this study
Brine '\ﬁ% ' Cv\?t%’ MVETE;(IJZ’ M\%tso/?" Na‘;tso/?" Ne\‘/\';it(;lq" s;?r:iatly, s;?r:iatly, Stlroenr:;th, pH
wt% mol/L M
DI 0 0 0 0 0 0 0 0 0 5.65
S1 2 0 0 0 0 0 2 0.342 0.342 6.17
S2 5 0 0 0 0 0 5 0.856 0.856 6.52
S3 10 0 0 0 0 0 10 1.711 1.711 6.49
C1 0 0.1 0 0 0 0 0.1 0.009 0.027 6.65
c2 0 0.5 0 0 0 0 0.5 0.045 0.135 6.14
C3 0 1 0 0 0 0 1 0.090 0.27 6.73
M1 0 0 0.1 0 0 0 0.1 0.011 0.033 5.95
M2 0 0 0.5 0 0 0 0.5 0.053 0.159 6.91
M3 0 0 1 0 0 0 1 0.105 0.315 6.95
MS1 0 0 0 0.1 0 0 0.1 0.008 0.032 8.46
MS2 0 0 0 0.5 0 0 0.5 0.042 0.168 7.21
MS3 0 0 0 1 0 0 1 0.083 0.332 6.71
SS1 0 0 0 0 0.1 0 0.1 0.007 0.021 9.23
SS2 0 0 0 0 0.5 0 0.5 0.035 0.105 6.52
SS3 0 0 0 0 1 0 1 0.070 0.210 7.11
SBC1 0 0 0 0 0 0.1 0.1 0.012 0.012 9.03
SBC2 0 0 0 0 0 0.5 0.5 0.060 0.060 9.23
SBC3 0 0 0 0 0 1 1 0.119 0.119 947
H1 5 0.1 0.1 0 0 0 5.2 0.875 0.916 6.59
H2 5 0.5 0.5 0 0 0 6 0.953 1.15 5.77
H3 5 1 1 0 0 0 7 1.051 1.441 6.00
H4 5 0.1 0.1 0 0.1 0 5.3 0.882 0.937 6.63
H5 5 0.5 0.5 0 0.5 0 6.5 0.998 1.255 6.19
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Conductivity and pH measurement&lectrical conductivity was measuredor
critical micelle concentration (CMCJetermination pH and conductivity measurements
were performed with the Mettler Toledo SevenCompact pH/Cond S213 unit at room
temperature The unitwas calibrated beforevork with the stadards supported by the
manufacturer. Each measurement was repeated three times to calculate the arithmetic
mean.

Interfacial tension measurement$ET was determined for (1) temperature effect
evaluationin prescreening (2) critical micelle concentratiodetermination, and (3)
interfacial behavior analysis of AECs.

The dynamic interfacial tension betweerdecane and surfactant solutions was
measured with a spinning drop method usartgnsiometer Kruss SDThe procedure is
based on image analysis ofine ¢ a n spinoingdirdp shape (light hydrocarbon phase)
surrounded by an aqueous solution (heavy phase). A glass capillary tube was filled with a
waterbased solution, and a PTFE plug was filled with a hydrocarbon phase. Then, the
capillary was closed ith that plug and inserted into the tensiometer. After the rotation was
started, the drop of the hydrocarbon phase forjh48,144] When the target temperature
was achieved, the measurement startedaTheb i ent t emper ature of 25A
one of 70AC, a temperature in one carbonate
The temperature devi at iezane, vilaasd aju@aussal@ions De n's i t
were measured under appropriate temapures with density meter Mettler [€do D4
Excellence All measurements were conducted until the interfacial tension meanings
appeared stable (d[e566m5]i on N2%) for 30 min

2.3. Reslts and discussion
2.3.1. Preliminary screening of selected AECs
The solubility, thermal stability and salinity tolerance of four AE2s assessed
in this testNaCl content was gradually increased from 0 to 10 wt% avgkep of 1 wt%
namely0, 1, 2, 34, 5, 6, 7, 8, @nd 10 wit%. The temperature rangew s et from 23 A
70AC23ACe. 40AC, 50 ATBe conbedtrtdn of suradtan® &as Cwt%.
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The results are presentedTiable6: clear solutios are marked with green, opalescent
with orange, turbid or stratifieidwith red.

Table6. Summary of stability test results after 14 days
23AcC
NaCl content, wio

Surfactant

pH

7.13
7.96
7.85
7.62

CuEsA
CuEnA
CiEsA
Cr2E7A

40AC
NaCl content, W

Surfactant

CuiEsA
CuEnA
CroEsA
CiE7A

50AC
NaCl content, Wk

Surfactant

CuEsA
CuEnA
Cr2EsA
CiE7A

60 AC
NaCl content, W

Surfactant

CuEsA
CuEuA
Cr2E4A
CiE7A

70AC
NaCl content, w#

Surfactant

CuEsA
CuEuA
Ci2E4A

Ci2E7A




As one can se€1E1:1A with 11 ethylene oxide units in the structure was stable in
the full range of conditions considel in the experiment. On contrag;E4A with the
shortest EO chain lost stability at room temperature when 3 wt% of NaCl was added. When
the temperature wa €1FA agdtieErA bécame npalésteAt@ the AE Cs
presence of NaCl. Thus, it cae concluded that the increased EO chain length leads to a
higher salinity tolerance because of the formation of hydrogen bonds with water
moleculeq125]. Considering the stability test results, the most si@ble 1A andCoE7A
were selected for further investigation.

As the temperature has a significant effect on the stability of AECs, it was decided
to evaluate the impact of temperature on the interfacial performangecahe was used
as a hydrocarbon phase totabh more uniform results.he IFT between decane and
aqueous solutions @h1E11A andCi2E7A in deionized weer and in the presence of 2%t
NaCl was measured at 25AC, 40AC, 50AC, 60AC,
in each composition was 1t%. The results are shown kigurel17. It was found that the
IFT gradually decreased with the temperature growth. However, the effect was not
significant and the IFT values remained within the same order of mdgnithus, it was
decided to continue the experiments at two temperatures to deaterise trends2 5 A C
and 70AC usi nQiEtAvaodCisEwAr f act ant s

—=— C11E11A, 0% NaCl

94 —e— C11E11A, 2% NaCl
C12E7A, 0% NaCl

—v— C12E7A, 2% NaCl

Interfacial tension (mN/m)
(4]

Temperature (°C)

Figurel?. Interfacial tension o€1:E1:A andCi2E7A on the boundary ith n-decane as a
function of temperature (the concentration of surfactant in each solution is 1 wt%)
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2.3.2. Critical micelle concentration of AECs

Surfactant molecules adsorb on thewsditer boundary, thus building more contact
between two immiscible pkas and reducing the interfacial tension. When surfactants
concentrate on the interface, the hydrophilic part of the molecule interacts with the water
molecules, and the hydrophobic part interacts with the hydrocaf66yigt5] CMC is a
key parameter that describes surfactant behavior and indicates the concentration region
where the surface activity is optimuifhe critical micelle concentration @h:E11A and
C1oE7A was determined using two method®lectrical conductivity measurements and
interfacial tension determination.

The CMC value corresponds to the breakpoint of the conductivity curve slope
plotted versus surfactant concentration. The shiaifp &f the slope can be explained by
the binding of counterions with micelles and the following formation of agglomerates that
are less mobile than surfactant mononig4$,147] The conductivity measurement results
are shown irFigure18. The CMC ofC11E11A surfactant was found to be 0.025 wt%, and
the CMC value oC1,E7A was 0.05 wa.

10000

1000 -

100 -

10 3

Conductivity (uS/cm)

0.1+ T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Surfactant concentration (wt.%)

Figurel18. Conductivity versus surfactant concentration at room temperature
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Figure 19 shows the IFT as a function of surfactant concentratiwter 25and

7 0 Ao€C1iEniA (a) and G2E7A (b). Solutions were prepared based on deionized water,

and the surfactant concentrations varied from 0.001 to 1 wt%. Typical characteristic IFT

profiles were obtained.
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Figurel9. IFT profiles of (a)C11E11A and (b) G2EZA 1 n

DI water at 25

One can see that the IFT Gi2E7A decreases sharply with increasing surfactant

concentration in the region before CMC and then goes into a plateau starting from 0.1 wt%

wher e

t he |l FT i s

7.

08 and

tidely. 2ZT'this behidviomis a t

explained by more surfactant molecules being adsorbed at the interface and replacing the

solvent molecules as the concentration incref@e66] The CMC experimental value of
C12E7A was determined as 0.05 wt%. The I&T this point is 8.22 mN/m (26) and

8.94mN/ m

(70AC) .

The IFT pattern folC11E11A is slightly different fromCi2E7A, and its values are

lower. The IFT decreases with increasing @ntcation in the prE€MC region, passes

through a minimum, rises slightly, and forms a constant trend starting from 0.05 wt%. The

I FT

v al

ues at t his

point

ar e

6. 02 and 3.

surface behavior was described flyarg et al.[117]: the surface tension profile for an
AEC surfactant with 5 EO units 8milar to that described in this papgérE-A, and for
an AEC with 7 EO groups is identical @1E11A.
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The critical micelle concentration Gt1E1:A was determined to be 0.025 wt% with
| FT values 4.08 and 3.03 mN/ mhrotngthditheand 70 A
CMC value for an AEC with a larger oxyethylene chain is lower than for an AEC with
fewer EO units, which is different from nonionic surfactants with analogous structures.
This outcome agrees with the results published iy et al [119].

According toRosen[49], the CMC of ionic surfactants in water decreases with
increased carbon atoms number. The CMC is twice as low wimeettaylene group is
added to a straight saturated alkyl chain. In the cas&:8h:A and CioE7A, the CMC
value of the second one is greater by approximately two times. Consequently, the
hydrophilic part of the molecule contributes more significantly ia tiase. According to
S.S.Sheng67], oxyethylene units play a key role in IFT reduction, and only an optimal
number of them will lead to lower IFT values. The authors hypothesize that the EO chain
is twisted in a spiral shape at the-wihter interface, and the increase o tthain length
can result in two factors simultaneously. These factors are an expansion in distance
between adsorbed molecules at the interface due to the steric effect with a decrease in
packing density (C1&£18) and an increase in the area occupied Hpcant molecules
(C6-C10). The alkyl chains of the surfactants studied in this work are C12 and C13, roughly
in the middle of this distribution. Thus, the higher number of EO units and the surface area
occupied by the surfactant molecules has a morefisgm effect on the IFT than dense
molecular packingthe density of molecular packing is determined by the area occupied
by one molecule at the interfaf48]). Wang et al[149] suggested a similar model of
AECs orientationit is schematically illustrated iRigure20. This explanation refers to the
orientation of the molecules in deionized water in the absence of electrolytes. Presumably,
increasing the EO chain length reduces the repulsive forces between the carboxylic groups,
simplifying the brmation of micelles and making the process eafld®]. This
phenomenon makes the AEC surfactants different from nonionic ethoxylated alcohols as
an invese relationship wasbserved for nonionic surfactants with similénusture: the

longer the EO chain is, the higher the CMC value in both experimdrsimulation150].
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The assumption that the EO chain plays a more significanirdfd reduction is
supported by the CMC values obtained through static surface tension measurements
described bySong et al[151]. Among three AECs with identical heads and different
hydrocarbon chain lengths 1€, C14, C16), the CMC of the surfactant with the longer

chain C16 was the smallest.

C12E7A C11E11A
@
@ o
PY ®
o ®
oil o oil @
water ¢ ® water ¢ ® ]
®
@
o ®

@® - oxygen atom

Figure20. Schematic orientation @12E7A and GiE11A on oil-water interface

The I FT values for both s weCEMregiomthans at
at 25AC, and once the CMC is reached, the
at high temperature. Similar results were reported Bwglhaj et al. [60] for
alkylpolyglucoside and alkyl ethararboxylate surfactants and their mixtures. This is
caused by the higher mobility of the surfactant molecules at elevated temperatures and the
better solubility of the hydrophobic part of the surfactant molecules in water.
Consequently, the adsorptiontbe surfactant at the interface is more adiB&e144,152]

The temperature increase significantly affeéeisE11A surfactat behavior in pre
CMC and posCMC regions Figurel9). The IFT decreases noticeably atC@ompared
to 250C after the critical micelle concentration is reached. In contrast, the temperature rise
has no significat effect onC12E7A behavior. In both cases, the temperature increase has
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almost no impact on the CMC value. The experimental data obtained were analyzed using

the adsorption isotherm. The CMC values were determined more accurately.

2.3.3. Adsorption isdierm fitting
The Langmuir equation simply describes the adsorption isotherm of surfactants on

any oilwater interface as followd.53]:

- - 3

where @ is the interfacfKisekaegmuiofs @omsutrdr
the adsorption limit, an€ is the equilibrium concentration of a suraat in the bulk
phase. This work aims to find the direct dependence between the interfacial tension and the

bulk surfactant concentration. Gibbs isotherm was used to do this:
Qr z2¢Y"%Qat o6 4)

where 29 i s the Iiistheemderatare. Applying equation@n@d), wen d T
c an o ICxdapendence by integratiphb4]:

1zl zCY®agp 0 8h (5)
w h e pis theooitwater IFT in the absence of a surfactant at temperatueguation )
shows a decrease in the IFT with an increase in the concentration of a surfactant. The
equation D) is used to fit the experimental IFT values of the surfaalananewater
systems with GE11A and GoE7A surfactants by anonlinear regession model (NLS).
Equation (5is relevantonlyiiCO CMC. T h e cmdwBsTcaloulatédasetheamea
of &% CMC). Thus, the preliminary location of CMC as the concentration was chosen,
where the decrease in the IFT value stops. Then the exact location of CMC as the

intersection point of the cg(eeFigureRlfwereand t he

found.All discussed parameters are listed able7.
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Table7. Adsorption parameters in systems without salt

Surfactant | T, eme, MN/M CMC, wt% CMC, mmol/kg | K, kg/imol | Go, O nvo
25 5.4 0.0099 0.14 3.5e10 0.53
CuEnA
70 3.7 0.013 0.18 6.7e5 14
25 6.5 0.082 15 2.1e9 0.53
CiE/A
70 55 0.082 15 2.6e6 0.74
20.8) CizErA 30 2) CuEriA
25°C = 25°C
25 e | * 70°C]| 25 e 70°C|
E E
= pd
E 20 * E 20+
S . 5
2 15 e 2 15
P e
T o
g 10 ¢ ‘g 10
= =

(]
1

0

1E-5

Figure21. The adsorption isotherm fori¢E7A (a) and GiE11A
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Points are experimental values; lines are regressions estimated by the equation (3)

2.3.4 Effect of temperature and electrolytes stability of AEC surfactants

In this test, sodium laurethl carboxylate and sodium trickth 7 carboxylate were

examined for salinity tolerance and temperature resistance at 25 afd TBe

concentration of GE11A was 0.25 wt%, and of GE7A was 0.5 wt% in each solutioBuch

concentrations were chosen as ones suitable for potential fgtications. The

compositions of all brines are givenTiable5, and the results of idays observations are

shown inTable8. Thus, GiE11A was stable under all range @dnsidered conditions due

to a longer EO chairCi2E7A was significantly influenced by divalent cations?Cand

Mg?* and HCQ anion. In the presence of calcium ions,2BESA solutions became
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opalescent at room temperature.?¥gnd HCQ' ions lead to stality limitations at high

temperatures only.

Table8. Summary of stability test results after 14 days

CiEA CuEnA
Brine ID
25AC 70AC 25AC 70AC
DI clear clear clear clear
S1 clear clear clear clear
S2 clear clear clear clear
S3 clear clear clear clear
C1 opalescent opalescent clear clear
Cc2 opalescent opalescent clear clear
C3 opalescent opalescent clear clear
M1 clear opalescent clear clear
M2 clear opalescent clear clear
M3 clear opalescent clear clear
MS1 clear opdescent clear clear
MS2 clear opalescent clear clear
MS3 clear opalescent clear clear
SS1 clear clear clear clear
SS2 clear clear clear clear
SS3 clear clear clear clear
SBC1 clear opalescent clear clear
SBC2 clear opalescent clear clear
SBC3 clear opalescent clear clear
H1 clear opalescent clear clear
H2 opalescent opalescent clear clear
H3 opalescent turbid clear clear
H4 clear opalescent clear clear
H5 opalescent turbid clear clear
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2.3.5. Effect of temperature aredectrolyteson interfacal behavior of AEC surfactants
Brine salinity can dramatically influence the interfacial behavior of surfactants and
even decrease the IFT by several orders of magnitude. This work investigates the effect of
salts in different reservoir brines NaCl, Ca®iigCl,, N&SQs, MgSQ;, NaHCQ [44] on
interfacialtension. The list of brines used in this study is showraisie5. The temperature
impact was also assessed. Surfactant concentrations of 10 times the experimental CMC
values werelrosen for further research: W%% for CioE7A and 0.25wt% for Ci1E11A.
Monovalent cations concentratioreffect on IFT of AECs Sodium chloride NaCl
is the most common component of reservoir brines, and its content can exceed 10 wt% in
some cases. Four NaCl concentrations of 0, 2,db;18rwt% were introduced to solutions
with fixed sufactant concentrationgzigure 22 shows the IFT trend at the-decane

boundary with increasing sodium chloride content in the water phase.
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Figure22. The interfacial tension as a function of NaCl concentration fge/8 and
Cu1E11A at 25 (a) and 7@ (b)
It can be seen frorRigure22that the addition of salt leads to an IFT decrease, and
its effect on the interfacial behavior of££7A is more significant and appears nonlinearly.
When 10 wt% of NaCl is added, the IFT reduces by order of magnitude compared to IFT
values in deionized water and is O0OTH®6 and

IFT of C11E11A decreases linearly with increased salt content and achieves the value of less
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than 1 mN/m only when 10 wt % NacCl i st added a
should be noted that this conclusion was made only for the considegedafasalinity.

According toLiu et al. [66] and Cao et al.[64], the behavior of surfaghts is
influenced by the addition of electrolytes. First, the solubility of surfactant in the aqueous
phase decreases, followed by further partitioning into the oil phase. Second, counterions
reduce the electrostatic repulsion between surfactant headgradnich are charged
similarly, more surfactant molecules concentrate at thevatér interface and facilitate
IFT decline[49]. It was observedgure22) that the NaCl concentration has little effect
on the IFT of sodium laurethl carboxylate compared to sodium trideeéttarboxylate.

As was discussed previously, the interfacial tension depends on the molecular packing and
adsorpion density of surfactant molecules on the phase bourjd&b}. Hence, we can

suggest that GE7A molecules with a shorter EO chain and a closer molecular packing are

more affected by sodium ions. Accardly, the second tendency driven by the presence of
electrolytes contributes more to the IFT reduction, namely the weakened electrostatic
repul sive force between the surfactantsod hea

The temperature elevation has a more significant effect on suraet#éimta longer
oxyethylenechain than on ones with fewer Effoups in both the absence and presence of
salt. As the temperature increases, the molecular motion in the system speeds up. Hydrogen
bonds existing between water molecules and oxygen atomisylerstoxide chain of the
AEC molecule break up with the temperature elevation and cause higher affinity of
surfactant to oil phagd.56]. This results in decreased IFT values, and the mechanism is
similar to increasing the concentration of electroly63.

Divalent cations concentration effect on IF&f AECs The effects of calcium and
magnesium chlorides were evaluated individually and in a mixture with sodium chloride
(described below). Bivalent ttans have a more powerful ability to decrease the
electrostatic repulsion between hydrophilic parts of surfactant moldé4leand lead to
lower IFT values but can also lead to precipitations in some casgshe concentrations
of CaCk and MgC# in reservoir brines are usually lower than of NaCl, model brines with

smaller calcium and magnesium content than sodium were considered.
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Figure23 shows the impact of 0, 0.1, 0.5, 1 wt% Mgah the IFT of surfactants
on the border with4decang155]. Similar to N4, the presence of the Migons has a more
substatial effect on sodium trideceth carboxylate GE-A. With the addition of 0.1 wt%
MgClz, the IFT reduces by order of magnitude when heated © @Ad is 0.21 mN/m. It

can be noted that the temperature effect decreases with magnesium chloride concentratio

growth.
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Figure23. The interfacial tension as a function of Mg€bncentration for ©E;A and
Cu1E11A at 25 (a) and 7@ (b)

The identical calcium chloride concentrations (0, 0.1, 0.5, and 1 wt%) were used to
assess the efte of calcium ions on IFT. According to datafigure 24, adding even a
small amount of calcium chloride to4E-7A, such as 0.1 wt%, leads to IFT reduction by
one order of magnitude at 25 and two orders of magnde when heated to 70 (0.22
and 0.06 mN/m, respectively). The salt effect rapidly reaches saturation, and further
introduction of salt does not lead to a decrease in interfacial tension. The temperature
increase influence does not depend on the coratetrof calcium chloride.

In the case of sodium laureli carboxylate GE11A (Figure24), the influence of
calcium ions is not so significant and comparable to that of magneBigor€23). We

can say the experimental values are within the measurement error. The IFT remains in the
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same order of magnitude at both €5and elevated temperatures of @Qnot declining

below 1mN/m. The salt effect is not reaching saturatiand the IFT decreases linearly

with the MgCh or CaC} concentration growth. The temperature rise leads to reduced
interfaci al tension by half compared to val
amount in the considered range. The temperaturete$fasimilar to described previously

in section2.3.2.
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Figure24. The interfacial tension as a function of Ca@ncentration for €E;A and
Cu1E11A at 25 (a) and 7@ (b)

Our results are different from those reported_lwyet al.[66]. The authors say that
the effect of magnesium chloride on alkyl ether carboxylat&E@C is more vital than
that of calcium chloride. The degree of the counterion binding with tfeectamt molecule
decreases as its hydrated radius increases and can be arranged as follows in our case:
Na'< Mg?*< Ca". This relationship can be seen in theEZA case, where the surfactant
molecules are more densely packed. Concerning tita 8, theinfluence of calcium and
magnesium cations is identical, although they have different hydrated Itagias
schematically shown iRigure10.

As mentioned above, the introduction of electrolytes leads to dedrsakmility
of surfactants in water. In the stability test result, we found th&/& partly loses stability

in the aqueous phase in the presence of calcium ions. At the same time, the lowest IFT at
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the boundary with decane is achieved, and we canuwdscthat the oikoluble nature of

this surfactant is enhanced in the presence 6fi@as as a result of the salthoyt effect
[157]. Furthermore, ©E7A with a shorter EO chain and more dense molecular packing at
the oilwater interface is influenced by calcium ions many timemnger than GE11A at
both 25 and 70AC.

Effect of anions on IFT of AECsSulfate S@ and bicarbonate HGOions are
common anions in reservoir brines and can affect thevatér interfacial tension. Thus,
the behavior of AEC surfactants in the preseoc®laSQ:, MgSQi,, and NaHC® was
evaluated at 25 and 70AC under ambient pres
concentrations of salts were 0, 0.1, 0.5, and 1 wt%. The concentrationEiACis
0.25wt%, and G2E7A is 0.5wt% in each solution BtCMC region).

Figure 25 showsthe influence of Ng&5Qs concentration on the IFT of considered
surfactants at 25 and 70AC. The behavior is
cations M@* and C&*, asshown inFigure23 andFigure24. At 25AC, the | FT
both G1iE11A and G2E7A are almost equal but slightly lower for the first surfactant with a
longer EO chain.n addition, the impact of N&CQ, concentration is not noticeable, as the
IFT does not change with salt content growitkhlaghi et al[155] reported similar results:
the IFT change of a nonionic surfactamton X-100 in the pos€CMC region is negligible
in the presence of sodium sulfate.

As it was discussed previously, the temperature has more impagiACthan
C12E7A with a shorter EO chain. The data fréfigure25 confirm this idea as IFT values
of sodium laureth 1 car boxyl ate are reduced by half ¢
compared to 4.2 mN/m at 25AC. This behavior
(2wt% NaCl) solution shown inFigure 22. On the contrary, sodium trideceth
carboxylate is not influenced by temperature growth aiSla salt concentration. This
can be explained by the better ability of bivalent cations @ad Md¢"* to decrease the
electrostatic repulsion between polar heads of anionic surfactant molecules.

Figure26shows the IFT plotted vs. magnesium sulfate concentration. The behavior

of both surfactants repeats their performance in theepce of magnesium chloride
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(Figure23). We can conclude that magnesium cations have a stronger effect on surfactant
behavior, while the contribution of sulfate ions is not substantial. Generally, anions have a

less significant effect on anionic surfactants than cations.
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Sodium bicarbonate NaHG®@an occur in the reservoir as a brine constituent and
a component of chemical flooding formulations. As showiTable 5, NaHCQ in a
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solution can maintain a higher pH in the slightly alkaline range, namely. 8 be IFT of
CuEnA and G2E7A as a function of NaHC&concentration is plotted iRigure27. The
behavior of surfactants is similar to their performance inS¥a solutions: the IFT
decrease is more significant in the case ofEGA with a longer EO chain, but the
temperature rise has almost no effect on both surfactants. Despite the alilkalisfto
positively affect the oilvater IFT, wettability alteration, and emulsification in combination

with surfactant$103], NaHCQ has no significant impact on AECs considered.
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Figure27. The interfacial tension as a function ofHNaOs concentration for GE;A and
CuEuA at 25 (a) and 7@ (b)

Hard brine effect on IFT of AEC#fter considering the effects of Navig®*, C&*,
SO and HCQ ions individually, five artificial brines were composed with a constant
sodium chloride concentration of 5 wt%: H1, H2, H3, H4, H5. All brines are characterized
in Table5. The interfacial tension values as functions of brine type are shdviguire28.
The IFT of G2E7A in H5 brine was not measured due to poor stabfibdium lauretill
carboxylate behaor in hard brines repeats its characteristics in magnesium chloride
(Figure23a) and calcium chloride={gure24a) solutions at 2%. The temperature effect
is more evidenin this case, and the IFT of {£11A reaches values below 1 mN/m at €0

We can see that the difference between IFT values at 25 a@dintreases with higher
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salt concentration and is 5.75 for H3 brine. Noticeably, H3 brine has the highest salinity

ard ionic strength and thus has the strongest impact on IFT values of AECs.
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Figure28. The interfacial tension as a function of hard brine type igE£\ and
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The interfacial tension of sodium tridecétltarboxylate in H1 and H2 hard brines
is lower than in the presence of Mg®©hly but higher than in solutions of CaCThus,
we can say that the calcium ions halre most significant impact on:§E7A interfacial
behavior. The temperature effect for H1 and H2 brines is almost equal, and the IFT values
at 25AC are approximately 2.5 times higher
interfacial tension decrease8 15 ti mes when heated compared
behavior of AECs in H4 brine is similar to that in H1; likewise, H5 almost repeats the H2
case. Thus, we can conclude that the influence aof $@s is negligible for alkyl ether

carboxylates. The ra#fs obtained are summarizedTiable9.

Table9. The summary of the results obtained

Interfacial tension on the boundary witlkdacane, mN/m
Brine CiE7A CuEnA
25AC 70AC 25AC 70AC
DI 6.62 5.60 5.74 3.84
S1 3.31 2.50 4.70 2.10
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S2 1.57 0.91 3.97 1.22
S3 0.56 0.26 3.20 0.47
C1 0.28 0.08 4.21 1.77
Cc2 0.26 0.07 3.58 1.44
C3 0.22 0.06 3.28 1.29
M1 1.42 0.21 3.66 1.88
M2 0.88 0.21 3.23 1.42
M3 0.35 0.13 3.19 1.28
MS1 1.42 0.21 4.32 1.91
MS2 0.81 0.18 3.97 1.69
MS3 0.53 0.14 3.78 1.54
SS1 4.92 3.12 4.63 2.55
SS2 4.80 4.10 4.27 2.49
SS3 4.25 3.55 4.21 2.48
SBC1 5.31 5.22 4.10 3.18
SBC2 5.27 4.50 3.56 281
SBC3 4.24 3.81 3.31 2.64
H1 0.51 0.20 3.53 0.96
H2 0.35 0.14 3.11 0.69
H3 0.20 0.02 3.01 0.52
H4 0.38 0.17 3.20 0.94
H5 - - 2.86 0.51

Effect of hydrocarbon phase on IFTOIl from a carbonate field with a reservoir
temperature of 70AC was wused as a natur al
conducted with a mordable AEC GiE11A. The IFT values between 0.28% CiiEnA
solutions in hard brinesT@ble 5) on the boundary with-di ecane and oi | at
compared irfFigure29. The FT values between surfactant solutions and oil are lower than
between rdecane in the presence of salts. IFT values at the boundary with decane are lower
only in deionized water, although the values are almost equal. As was discussed previously,
electrolykes decrease the electrostatic repulsion between similarly charged surfactant heads
and allow surfactant molecules to reach thenater interface, thus decreasing the IFT.
Besides that, crude oil contains polar components, such as aromatics, resins, and
asphaltenes, which can influence the original arrangement of surfactants at the
interface[64]. S.S.Sheng et d67] proposed an adsorption model of AEC surfactants and
aromatics/asphaltenes at the interface. According to this model, AECs with a more dense
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packing are more affected by polar oil components and thus can produce lowEhéFT.

model is schematically illustrated igure1l. In the case of GE11A the IFT decrease is

negligible, and we can conclude that its molecular packing does not allow the polar oil

components to influence the arrangement on the interface.
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2.4.Conclusions

In this study, two AEs (GiEnnA and GoE/A) were selected for further

at

70AC ¢

investigation based on stability test resulise effect of temperature and salinity onithe

interfacial behavior was evaluated through dynamic interfacial tension measurements on
Oisshapedst ¢ Wwelleylganeda i | 8 L

the boundary withq e cane an

d

at 25 and 70AC, and

model of surfactant adsorption at the liqligilid interface, which satisfactorily describes

cri

tical mi c el

e

concent

the experimental data, was used to refine the CMC vahage accurately. It was found

that the temperature increase has no significant impact on CMC values for both surfactants.

The interfacial tension fo€11E11A andCi2E7A inthe preCCM r egi on
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t han at 25AC, and aé¢treadrrevéerdess and IMICdedressesrmo@ c h e d |

actively at high temperature. Noticeably, the difference betwed#nh @ IFT values before

and after heating is greatdihus, we concluded that temperature rise has a stronger impact
on surfactants with a larger dk and a higher number of EO units than surfactants with
fewer EO groups.

Unlike the temperature, salinity has a more substantial effect& ACinterfacial
behavior. With increasing salt concentration, the interfacial tension decreases linearly in
C11E11A solutions and nonlinearly i€12E7A ones. In the case @12E7A, the salt effect
quickly reaches saturation regardless of the salt type. The influence of calcium and
magnesium chlorides is almost identical fanE:iA but different forCi2E7A, with the
impact of calcium ios being stronger. Anions have lesgstantial impact on the IFT of
AECs compared to cations, especially hardness ior$, G4g?*. In the presence of salts
mixtures (hard brine), the adsorption of the surfactant on the Jiquiidl interface reaches
saturation in both cases. Finally, in the presence of salt, the temperature influence is more
significant for C11E11A than Ci2E7A. Polar components of the oil cannot affect the
interfacial molecular arrangement of AECs when the adsorpénsity is insufficient. An

example of @E11A demonstrated this.
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Chapter 3. Investigation of molecular structure effect on mterfacial

behavior of AECs using molecular dynamicsimulations

3.1. Motivation

According to the experimental resutiistained in previous chaptehe molecular
structure of AECs, and patrticularly the length of EO chain strongly influence on their
interfacial performanceHowever, it is timeconsuming to experimentally evaluate a long
list of surfactant samples, and seroomputational techniques may be helpful for this
purposeMolecular dynamics is an effective technique that provides the information about
arrangement of surfactant on the molecular leVéle main idea of using thaolecular
dynamics simulation in thisvork is to evaluate a wider range of \EnA (CiEyA)
surfactantghan it can be done experimentally. this chapter, two primary tasks were
resolved: (1) IFT values obtained through experimental and numerical methods were
compared and (2) the structyveoperty relationship was established, i.e. how EO and alkyl
chain length affects the adsorption of surfactant moleculegwd-liquid phase boundary.

To do this,precise IFT profils of C11E11A and G2E7A in deionized water on the
boundary with Adecane wre experimentally obtained as referencése data was
interpreted with the RedlieReterson adsorption model tHated the experiments well.
Then, he excess surface density of the surfaatawiecules atlecanewater interfacavas
calculated withRedich-Peterson model and compared with the mobaculynamics
simulations

Simulations of surfactants with different lengths of the alkyl tail and ethylene oxide
head segments revealed general tendencies related to the surfactants interactions in the

layer.
3.2. Modelsand methods

Experimental data. Interfacial tension measurementgere performed with

C11EniA and G2E7A surfactantghat were described in secti@r?. N-decane was used as
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hydrocarbon phasdFT measurement proceduat 25 and 70C was alsodescribed in
section2.2.

Molecular dynamics simulationsThe MD simulations were performed by the
GROMACS software package (version 202Q18H2,163]using a time step of 2 fs. Two
different forcefields describing the molecular interactions were tried: TrAFR R united
atom forcefield aimed at accurate predictions of phase equilibria and partition coefficients
at a wie range of conditiorfd64i 167], and OPLSAA that prioritizes molecular structure
description164]. Both aspects are important for surfactantasfembly161].

Sodium was chosen as the counterion, and all carboxytsagsumed dissociated.
Water was represented by the TIP4P/2005 model, a simplgdintr forcefield[165].
TIP4P/2005 accurately reproduced the interfacial tension with water using TraPPE
parameterizations of 0jll61]. The Madrid 2019 scaled charges model represents sodium
and chloride ionswhich showed good compatibility with the TIP4P/2005 water model
[166].

VMD package[167] was utilized for molecules representation and visualization.
Coulombic (longrangeelectrostatic) interactions were computed with the particdsh
Ewald (PME) method.

The simulation boxes were constructed by placing water molecules and surfactant
layers around the hydrophobicdecane) phase. The size of each layer was calculated for
each case according to the expéatlensity of each liquid. The initial box sizeas
5x5x20nm? in all simulations. The perttic boundary conditions (PBC) weeapplied in
all directions, and thus two interfaces faubetween water and hydrocarbon phases.
Different numbers of surfactant molecyl@® to 100 were placed at each side of the
hydrocarbon layer corresponding to obtain surface concentr@toralues from 0.4 to
2.0nm. These concentrations accaeator the concentrations before the CMC, near the
CMC and above the CMC of surfactants. All surfactant moleculesd#dythe interface
in the course of the &@re simulation run.lt mears thati n s i mu Icauld beo n s
approximated as the surface concentrations, because the dissolution of the surfactant in

water and decane wagligible.
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After the boxwas constructed, energy minimizatiomas performed with the
steepest descent algorithm to i@voverlaps and ensure a smooth simulation start, and a
short NVT equilibrationwas carried out to avoid higbressure gradients. Then NPT
simulation at lbar wascarried out with the volume and potential energy monitored to
ensure proper equilibration thia always reached in less than 1 ns. The interfacial tension
was equilibrated with another 3 ns NVT run, and then the productiowagperformed
for 10 ns in NVT ensemble with the velocityscale thermostat. The structural
characteristics such as dibution functions and density profilesere calculated from
recorded trajectories. The interfacial tensicasdetermined from the difference between
the normal and lateral components of the pressure tensor in a standard fashion. The error
barswere obtaned by mean square deviation. This technique only produces reasonable
results with uniform films parallel to they plane. Strong inhomogeneity rough interfaces
and micelles lead to unphysical (typically negative) interfacial tension at a high
concentratia of surfactantAll suspicious points we removed from consideration.

Adsorption isotherm model fittingExperimental results of IFT wesmalysed and
described with an adsorption modétcording to the Gibbs adsorption equation:

Qr B3Q‘ -'Y3QI 1o, (6)
in the dilute stfactant solution approximatiocoefficient — is related to the surfactant
dissociation. We assumthat — ¢ (that is, surfactant molecules are completely
dissociated, and the charge of the counteridn.igt higherc the adsorbed layer is dense,
3 depends ow only slightly, and therefore Q¥4 t - 'Y3Y Above CMC,c stops
growing ascr increases (it, in fact, decreases as the surfactant is added to the sysiem,
the dilute solution appximation is no longer valid) anglbecomes almost constaht,
I . The interfacial tension at CMC is typically arour@i@®mN/m and cannot be exactly
measured in our experiments, but can (as the CMC itself) be reasonably estimated from the
crossove from the linear decay to nearly constant

Since’ @ is available in a relatively narrow concentration interval close to CMC

(in our experiments just as in the majority of published papers), in order to build a
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relationship betweeh, c,a n d €ineed®to approximate the adsorption isotherm over
the entire range. In our case, surfactant adsorption can be reasonably described by the
RedlichPeterson (RP) model, which covers a sufficient variety of isotherm shapes typical

to surfactant adsorptior Bquidd liquid interfaces and is thermodynamically consistent:

wheredhB, andb are constant®  Eresults in the Langmuir equation that describes the
adsorption of hard spheres at the flat interface, amsftbharacterizes the softness of the
effective repulsion between surfactant molecules, which originates, first of all, from the
electrostatic nature of the repulsion between the charged carboxylate ions, and next, from

the entropic repulsion between B© fragments. At higls,pL 60 and thus:

d - o+ 9B —, (8)
This can be applied to equation (7), which can now be integrateld by r at her t han

dnc, from any rithehideconcentrapoo riegion: |

ror CY'™¥—3 3), )

which makes 3 a linear dependence. Equation 9 allows estimatiom ¢fthe
hypothetical adsorption at which the interfacial tension approachegs zero 1, which
means thesurface is no longer stable and corrugation becomes visible in MD
configurations. One may note that the isotherm atbidle p e n d s aodhA/Byratm n b
bis an important structural parameter that can be directly determined from either
experimental or imulation results at higle. Individually, constants A and B can be

estimated by fitting tp value:

oo, Y'Y Yy — (10)
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Simulation results 3 are treated with the same RP equation. Unfately, the
CMC is not known for the model surfactants (for molecular models, it is complicated to
obtain reliably). Parameter b can be esti mat
to the simulated isotherm, which enables a comparisonaffhe r el at i onshi p ob

in simulations to the experimental data.

3.3. Results and discussion
3.3.1.Thermodynamic analysis e results

The interfacial tension of the decawater interface in the absence of surfactant at
a given temperatur€ is denotd @ .3he xperimental data was taken fr{i68] and
waterdecane IFT at ambient conditions was set as 46 mNimanalysis of past literature
showed that there is no agreement in the deeater IFT value and it varies fror0
mN/m until~56 mN/m.

Figure 30 compares simulated and experimental temperature dependences of
waterdecane IFT obtained with TraPPE and OPLS forcefields. One can see that-TraPPE
UA slightly overestimates and OPL&A significantlyunderestimatgso. Thus, OPLSAA

forcefield was not used in further calculations.
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Figure30. Validation of TraPPEJA+TIP4P/2005 model and OPLSA+TIP3P water
model by decarigvater system, experimental data from
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3.3.2. Experimental adsorptiasotherm fitting

The decanavater IFT in the presence of AECs was measunece detailed than
in section2.32.wher e we obtained experimental CMC va
behavior. Knowing the CMC range, we analyzed more concentrations in gios te
determine CMC more precise and describe the surfactant adsorption isotherms en liquid
liquid interface more properlyFigure 31 shows the experimental results for both
surfactants (GE1A and GoE7A) at two temperatures: 2B and 70C. The interfacial
tension is plotted as a function of the total surfactant content in the sgsteéfhe
dependence df @ is typical for any surfactadibaded interface at high Below CMCc
acr, that is, the total concemation approximately equals the concentration in equilibrium
bulk molecular solutiomr, since the surfactant amount at the interface is negligible.

The experimental data were fitted well with the RP model.diaries practically
linearly with In(c) acerding to Gibbs theory, and from the slope, we have determined the
adsorbed monol ayer density andcmcvaluefamec e ar ea
shown inTable 10. We have to note a relatively low paramefer which effecti
describes the interactions of the surfactant molecules in the monolayer. In AEC surfactants,
the interactions of the nonionic EO head segment with decane are more or less favorable
(analysis can be found jh69]). The charged carboxylate has a strong preference for water.
As a result, the surfactant molecules grijoe freedom of motion with respect to the phase
boundary, which likely contributes to lowbrv a |l ue s . We should note t
differs within the error margin between the two surfactants and temperatures. The same is

observed in the simulations.
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Figure31. Experimental isotherms foridE11A (a) and G2E7A (b) fitted with the RP
model. Filled circlesT = 298 K; open triangles: = 343K

Table10. Summary of experimental and simulation results: surfactant properties
(holecular mass, hydrophitigoophilic balance, critical micelle conceniiat),
adsorption and interfacial tension at CMC determined from experimental data obtained in
the paper, coefficients of the Redlclireterson equation obtained from the simulation,
hypothetical adsorption that corresponds to zero IFT

Surfac CMC, gmc, | lefw 2
tant | M- 9@/mol | HLB | T, K mmol/kg | mN/m | nm? AlB b Lo, M
Cu1EoA 222.3 20.9 | 298 - - - - 0.49 3.7
CuEA 398.5 26.1 | 298 - - - - 0.73 2.2
CuEsA 442.6 27.4 | 298 - - - - 0.77 1.8
CuEA 530.7 299 | 298 - - - - 0.80 1.6
298 0.11 5.6 3. 4N(0. 87N
CuEnA 706.9 35.2 1.3 = ~ 1.4
343 0.24 3.9 3.3NO0O. 85N
CuEizA 7950 37.8 | 298 - - - - 0.79 15
CuEi16A 927.2 41.7 | 298 - - - - 0.75 15
CiE/A 432.5 33.3 | 298 - - - - 0.70 2.0
CsE/A 488.6 31.4 | 298 - - - - 0.80 1.6
298 1.50 6.9 19Noj0. 88N
CiE7A 5447 29.5 1.5 ~ ~ 1.6
343 1.84 6.1 2. 0NO. 87N
CisE/A 600.8 27.6 | 298 - - - - 0.81 1.6

3.33. Comparison of experimental data with simulated isotherms
Figure 32 relates the interfacial tension to theterfacial concentration of a
surfactant. This dependence is pretty much

4) and, correspondingly, log( t he points with a @liwereupted
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excluded from the fit). However, the almostdarg | ) dependence in the ¢
surprising. Such a dependence was observed for all surfactants in this work. It should be

noted that the existing attempts to extrgicty )  a diquitl interfacesdrom experiments

resulted in strongly nehnearg( | ) at | ower adsorption. Qur fi
experimenthdata is also shown iRigure32. Then we obtainetd= 0.85 for G:E11A and

b=0.85 for G2E7A at 25C. Our values db are very close tdbse fitted to the experimental

data, within the error margin.

(b)

o

——RP, fit to MD
o MD

—RP, fit to MD
O ™MD

- - —RP, fit to expt - - = RP, fit to expt

.C 0.2 04 06 0.8 1.0 00 02 04 06 08 10

r/r, /o

Figure32. MD isotherms for GEniA (a) and GXE7A (b) at25AC s cal ed by t he |
zero surfactant concentratignand the estimated lateral density of the sagfan b at |
which g=0

3.34. Orientation of surfactant molecules at decesager interface
Figure33 demonstrates exemplary snapshots of the surfactant layer at the-decane
water interface obtained with TraPRitcefield using VMD package As | i ncreases
interface becomes | e=s29 nm?htasrrpugh, amd surfadtantn a | | vy ,
molecules leave thiaterfacial layer and move into the surrounding bulk phases, although
the simulation box size and timeeainsufficient to model the equilibrium between the
micellar solution and the interfacial layer. The valugobtained for this configuration is
negative, which confirms that subigh surface density is unphysical.
The configurations of AECs on watdecane interface obtained through molecular

dynamics simulations support the hypothesis described in th2.Btand schematically
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illustrated inFigure20. The ethylene oxide chain is twisted at the intertawe oriented to

thewater.

Figure33. Snapshots of the equilibrated decavaterC1iEniA s y s t =In0 na’t(@)
and @ = 2.0 nn? (b). Water is cyan, decane is orange, surfactant tail is green, head is red,
sodium is yellow

3.35. The effects of head and tail length on surfactant adsorption and the interfacial tension
In order to find he effects of the molecular structure on the adsorption behavior of
AEC surfactants, we examine two series of model molecules with different ratios of the
alkyl tail lengthn to the EO segment lengtin. We alter the head length foriEmA
surfactants andhe tail length for GE7A surfactants. One can see the complete list of
molecules inTable10, wherem = 0 corresponds to a fatty acithe adsorption isotherms
are calculated and analyzed for all considered sariéctin the decaneater system.
Figure34shows the effect of the head length of the surfactatiteoadsorption, interpreted
with the compressibility maAlsunfactaetsnthis and
sequence have the same tail length of 11 C groups.
The EO segments interact with each othesulh entropic forces: the neighboring
EO chains restrict the conformations available to each other and therefore experience soft
repulsion, which shouldtrengthen aEO chain lengtl{m) increases. In polymer brushes
with mobile attachment points, the repulsion increases proportionaftp and for
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dependence on the brush density different scaling laws were proposeditierdere It
wasexpected tht the layer becomes less dense and less compressible at coastém
uncharged hydrophilic segment becomes longer. At tawhe surfactant behaves
according to the expewgdecetsessigndicantly vitetheshdasior pt i o
length, meoe than 2 times am increases from 0 to 7. At the same tirbeparameter
increases as the head length increases, indicating that the adsorption mechanism is
approaching the Langmuir isotherm. However, what is quite unexpected from the general
theory is tlat both parameters reach a plateau after the head length in the molecule reaches
about 8 groups. Even doubling the head length from 8 to 16 groups has no visible effect on
the adsorption limitHowever, the experiments showed a significant effect of E@hcha
length(m= 7 andm= 11)on the behavior of AECs that was discussed in detalhapter

2.

(a) taillength =11CH, (b) tail length = 11 CH,
1.0- 4!
L 1
08 e o { * % } 3-
0.6 )
= ¥ £, S
0.4- e . . \ I
0.2 17
0.0 : : : | o | _ | |
0 4 8 12 16 0 4 ) 12 16
head length, CH,OCH, head length, CH,OCH,

Figure34 The dependence of the adsorpti®n par ame
(b) on the hydrophilic ethyleneoxidegseentm of the AEC surfactants with the same
alkyl tail length (G1). The adsorbed monolayer becomes less compressible and the
maximum adsorption decreases withuntil the segment reaches approximately 8
ethyleneoxide monomers. At higher bothb a n & begome independent of the segment
length

The other effect wetudied washe effect otthe tail length of the surfactant tdme
adsorption par amet er3.hWe eheedthe sdyenca af sudactant i on | |
molecules with the same head lengtk 7 and increasken from 4 to 16 Figure35 shows

that the tail length has only a tiny effect on AEC surfactants' adsorption belizouidting
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the tail length from 4 to 8 groups has qualitatively the same sféacincreasing the head
length: an increase in beta and a decrease in the adsorption limit, but quantitatively the
effects of head and tail are not even comparable. Further increases in tail length over 8
groups have no effect at all.

(a) head length =7 CH,OCH, (b) head length =7 CH,OCHj,
1.0 247
0.8 ;/—F—{»‘;—/—' 18 | T
'.*II . . * ™
0.6
[==% g 1.24
0.4- S
—
0.2- 0.61
0.0- 0.01
4 8 12 16 4 8 12 16
tail length, CH» tail length, CH,

Figure35. The dependence of the adsorpts on parar
(b) on the hydrophobic alkyl tail lengthof the AEC surfactants abnstant
ethyleneoxide segmerdrigth of 7 monomers

3.4. Conclusions

Using combinabn of experiments and MDsimulations, we explore the
performance of AEC surfactants at the alkarader interface. Two exemplary compounds,
CuE11A and GoE7A, were studied experimentally at 25 and@0and a wider range of
systems was modeled with MOAECs display the behavior characteristic of ionic
surfactants, with a reasonably linear relationship between the IFT and the logarithm of the
bulk surfactant concentration about two decimal orders above CMC, indicating that the
surfactant monolayer is cloge saturation and adsorption nearly invariant of the bulk
surfactant concentration. The CMC values are determined from the crossover from
logarithmic dependence of the interfacial tension on the bulk concentration to constant, and
the results are consistenith the earlier published data on AEC surfactants.

The effective interactions within the layer are interpreted in terms of the
compressibility parametér. Theb values we obtain are visibly lower thanol< 1 reduces

the RP model to the Langmuir model). The compressibility is related to substantial freedom
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of motion of the surfactants with respect to the desaater interface, as the interactions
betwea the EO and alkyl segments are reasonably favorable, while the dissociated
carboxylates have a strong preference for water. Based on the interpretation of the MD
results, we demonstrate the dependence of the surface concentration of the surfactant in the
adsorbed layer and surfactairfactant inteactions within the layer interactions the

i miting surf aomrtheclengttc @& nnhe hyarophabic ang hydrophilic
segments. Alkyl chain length has almost no influence on the monolayer properties since it
is smaller or comparable in length toetlsolvent molecules. The alkyl tail strongly
influences the CMC but causes almost no lateral forces within the monclégeEO
segment length strongly influences the adsorbed monolayer properties: an increase in
length reduces the compressibility andréases the density, but only for< 8. Then, the
influence of the EO segment length becomes much weaker, which may be related to the
interplay between steric repulsion between the EO segments and the electrostatic repulsion
between the charged heads.

Desp te the possibility of ndigital screen
significant limitations. Thus, a very short time may be considered (in ps to ns scale) and
simulation box size is very small (nm scatempared to real scale of oilfield or even a
core sample Besides this, unphysical results may be obtaimedome casesvhen
temperature or ions are added to the sys@omcerning all above, the method currently
cannotfully replace laboratory experiments.
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Chapter 4. Rock-fluid interactio ns of alkyl ether carboxylate
surfactants with carbonate rock: wettability alteration, zeta potential,

and adsorption

4.1. Motivation

The previous chapters demonstrated that behavior of surfactants on thédiajdid
interfaces is highly influenced blyeir molecular structure and reservoir conditions, mainly
temperature and brine saliniuring the flooding process, injected compositions contact
and interact with oil and with rock creating a system-brine (surfactant composition)
r o ¢ Knierstanohg of interaction mechanisms of surfactant molecules with rock is
crucial for surfactant flooding design development. The wetting ability of surfactants
inputs in capillary number reduction, and adsorption capacity determines economic
feasibility of the poject.

This part of work provides a set of experiments that characterize the behavior of
AECs during the interactions with carbonate rockclRfluid interactions of GE11A and
C1E7A in carbonateswere evaluatedwetting ability, zeta potential, and saption
capacity.Contact angle measurements with sessile drop technique were used as main test
for wettability evaluation. To do this, core plates from a carbonate reservoir were used and
evaluated ass, after aging in oil and after treatment with satéat compositions selected
on the base of studies conducted in Chapten® Chapter .3Then,a novel approach of
wettability alterationmechanism assessment through RBekl pyrolysis was described
and applied Carbonate rock fine particles were usedsiatic adsorption test armbta
potential measurements. The main godhaf experiment was to determine the maximum
adsorption capacity and adsorption mechanism in deionized water and in the presence of
ions. All mechanisms were analyzed, and the mairegning forces were suggested and

explained.
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4.2. Materials and methods
4.2.1. Materials

Surfactant compositions. This chapter used two AECs, sodium laureth

1llcarboxylate GEi11A and sodium trideceti carboxylate GE;A. CiiEniA, with a

molecular weighof 706 g/mol and 11 units in the oxyethylene chain, is a clear, viscous

liquid. The molecular weight of 2E7A is 544 g/mol, with seven EO units and appears as

a yellowish clear, viscous liqui€haracteristics of surfactants were givef @&ble 3.

Six surfactant compositions in different brines were developed based on stability

screening and interfacial behavior evaluation described in the previous part of the present

work 2.3. The main characteristics afisadant compositions are showmTable11.

Table11. Surfactant compositions and IFT values on the boundary with oil

Surfactant . Total IFT

. Brine - NaCl, | CaCh, | MgCl,, | NaSO,, '

Surfactant| concentration, salinity, o o N o mN/m
Wi% ID W% wt% wt% wt% wit% (oil,
DI 0 0 0 0 4. 29N
CuEnA 0.25 Hard1 6.0 5 0.5 0.5 0.57NR
Hard2 6.5 5 0.5 0.5 0.5 0. 44K
DI 0 7.32NK
CiE7A 0.5 Softl 5 1. 45N
Soft2 5.1 5 0.1 1. 16N

Oi.,L.Crude oi | from a carbonate field

for the experiments; the main properties warmmarizedn Table4.
Rock samplesCore samples of carbonate kogere obtained from an oilfield and
represent the limestone. For wettability evaluation, two core cylinders with a diameter of

35 mm were cut into plates 5 mm thick and extracted with toluene in the Soxhlet apparatus

Wi

for 7 days to remove free oil and cantinations. For the static adsorption test, the core

was
140

crushed
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The mineralogy ofrock samples was determined through ama¥X diffraction
analysis (XRD)172,173]usingHuber G670 unit. Thdiffractogram of a crushed sample
if given inthe Appendix The main peak observed indicates that the rock is 100% calcite

CaC@Q, and no impurities are present in the sample.

4.2.2 Methods

Rock characterization.Rock microstructure and lithology weercharacterized
through petrographical thisection(3& m) anal ysi s with a ZEI SS AX
microscope. Higiresolution 2D microstructural visualization of rock sample surface was
done with a Thermo Fisher Scientific Quattro S scanning eteatroroscope (SEML72i
174]. SEM images were done before aging, after aging in oil, and after treatment with
surfactants to show the qualitative changes in wettability and explain the wettability
alteration mechasm[32].

RockEval pyrolysis studiesRock-Eval (RE) pyrolysis studies were performed
with a HAWK Resource Workstation (Wildcat technologies) according to asich
PyrolysisTOC temperature program. RE pyrolysis is a decomposition (evaporation and
cracking) of organic matter by heating in an inert atmosphere. It is typically used to
estimate the oiandgasgeneration potential and thermal maturity for orgamadter in the
rocks and to assess the hydrocarbon group composition in the regé&®jr3 he grinded
rock sample in a crucible was placed into tt
the constant heat i nigert atmasphereoof helrd folowediibyn i n  a
oxidation in air. The output RE pyrolysis parameters were S0, S1, and S2 peaks measured
in mgHC/grock according to the temperature output. SO peak corresponds to gaseous
hydr ocar bonisofreelod(@gdC)hy dSrilocar bons) (300AC), a
formed by HC of kerogen cracking in case of source rock or heavy oil components
(including paraffins, resins and asphaltenes) in the reservoirs or unconventional resources
[1761 178]. Each sample was analyzed at least twice. In this work, a-Reakpyrolysis
technique was proposed for the qualitative characterization of rock wettability change and

description of the surfactants' mechanism of action. The method can quanstyfime
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action of the surfactant, namely, whether it washes away the adsorbed hydrocarbons or
adsorbs on the rock itself.

First, we qualitatively and quantitatively compared the amount of organic matter
on the surface of the original rock (after toluereaning) and samples aged in oil. Second,

we obtained pyrograms of pure surfactants. In this step, a drop of surfactant dissolved in

deionized water was placed on crushed pure calcites@@d ci ned i n an oven

remove all residual organic substaacThird, we obtained pyrograms of rock samples that
were treated with surfactant compositions after being aged in oil. We compared them with
pyrograms of pure surfactant and aged rock and got an insight into the mechanism of the
rock-surfactant interaabins.

Wettability studies (aging procedure and contact angles measurementsy.
wettability was assessed on the macro level through contact angle measur@ments.
workflow of the experiment is illustrated iRigure 36. Carbonates are known to be
predominantly odwet or mixwet [14], so the initial wettability of the samples plays a
crucial role. Thus, the core slices were aged withtaitestore the original wettability
according to the methodology proposed byn&tees and Austafb4]. After the slicesvere

q

cleaned with toluene and dried, they were pl
stored for 14 days at 70AC. Next, each sampl
and dried at room temperature. Finally, thevegt calcite slices we soaked in surfactant

solutions for 48 hours at 70AC to assess the

brines, the volume of surfactant solution was 20 mL in each jar. After soaking in surfactant
solutions, core plates were washed with deiediwater and dried in the oven for 1
hour[57,121] It should be noted that polyoxyethylene units degrade in the presence of
oxygen [60,179] under high temperatures, and it was removed from each surfactant
composition by purgingvith nitrogen and creating a "nitrogen c4p6].

Thus, three series of contact angle measurements were performed: before aging (as
is), after aging in oil, and after treatment with surfactants. The measurements were
conducted with Kruss Drop Shape Analyzer 30S at ambient pressutterapdrature.

Deionized water was used as a wetting fluid. The water droplet volume in experiments was
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4 ¢L. At |l east 10 drops of DI water were pl a
core plate, and the CA was measured after the equilibratiencdntact angle value was

calculated as an average mean, and the standard deviation was detgir84i]

Figure36. Workflow of wettability evaluation experiment

Zeta potential measurementdn this experiment|/imestone fine particles with
diamee r of 140 ¢ Theywara mepared acdording to the methodology
illustrated inFigure37. The sample from a carbonate field was crushed into particles of 1
4 mm first. Then, limestone was extracted veitforoform to remove oil and impurities in
DeanStark apparatus. Further, the clean particles were crushedlustd e m (f or z e
potert i a l measurements) and 2Rdagrgmocedurewasst at i c

applied for this experiment.

| | Extraction

\
with toluene in Crushed core :
Corgsample SRS Dean-Stak oine | R
“as-is” P 7 el apparatus to partlcles 250/ expaiinant
clean the core 140 ym ‘ B
‘ samples \ ;

N s ./ N -4 \_ )

Figure37. Methodology of limestone rock powder preparation

The methodologyf zeta potential evaluatiomas developed based on Ding and
Rahman[181] and Lara Orozco et al[182]. To prepare a calcite suspension, 10 mL of
brine/surfactant solution was placed into a2D vial, and 0.1 g of rock powder was added.

96



No acid or base were introduced to adjust the pH. Then, the solutions were ultrasonicated

for 30 minutes to obtain homogeneous dispersions and left to equilibrat8 fmurs at

room temperature. After equilibration, 5 mL of the supernatant was transferred into another

vial, and the zeta potential was measured with Zetasizer Nano ZS (Malvern Panalytical).

The capillary cell DTS1070 was filled with 1 mL of the suspemsnd equilibrated for 3

mi nutes at 25AC. Each measur emenruns.Wles perfo
operation temperature of the instrument i s
have a significant standard deviation. Thus, all the measamts were performed at

2 5 A183].

Static adsorption testA static adsorption test was performed with crushed
limestone from a carbonate field and surfactant compositions. The beiguii
concentration of surfactant remained in the aqueous phase after contact with rock was
measured through potentiometric titration with sodium tetraphenyl borat€ #Baas a
titrant using an automatic titrator Mettler Toledo T5 Excellence. To prepsaenple for
the analysis, 1 mL of surfactant solution was added to a titration breaker and diluted with
~40 mL of deionized water. Then, 2 mL of 0.1 mol/L Be&illution was added for sample
activation, and 1 mL of polyvinyl alcohol solution was addeddieve a finely dispersed
precipitatg/184].

As the concentration of surfactant in a chemical composition for EOR is typically
above CMC, the range of concentrations was selected in the&CptiStregion. First, a
calibration cuve was built for each surfactant composition. Second, the equilibrium
surfactant concentrations were determined to obtain adsorption isotherms.

In this experiment, 3 gnwock) Of crushed rock was placed into a glass jar and 15 g
(meurf) Of surfactant saition was added. The composition was purged with nitrogen to
remove dissolved oxygen in order to prevent the oxidation of AECs under heating. Then
the jars were sealed, manually shaken, and placed into an oven for 24 howfx dthe0
solution was centnifged for 30 minutes at 2500 rpm to separate the rock particles, and the

supernatant was used for the analys&185] Knowing the surfactant concentrations in
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the solution beforeGp) and after Ceq) contact with the rock, the adsorption valyg \Was

determind using the formula below

, (11)

4.2.3. Equilibrum adsorption models

Adsorption isotherms built based on static adsorption test results were fitted to two
parameter equilibrium adsorption models, namely Langmuir, Freundlich and Temkin.
Langmuir isotherm was introduced to describe gas adsorption orsadigtes and used
to characterize the performance of -smrbents[186,187] It supposes a monolayer
adsorption, in which molecules are solely adsorbed at particular, homogeneous locations
with no contact wh each other. Once the adsorbatdecules have filled the active sites,
no more adsorption is possib&14,186] The Langmuir isotherm is describdelow
[188]:

n —— : (12)
The linear form of the mathematical expression is given ir{E[186]:
- (13),

wherer] is the amount of surfactant adsorbed (mmy/ck), 7 is the maximum adsorbed

value (mg/grock),0 is the equilibrium surfactant concentration in aqueous phase (mg/L),

0 is the Langmuir adsorption constant (L/mg). To determine the equation parameters,
should be plotted versus and the straight line equation has to be obtained where

corresponds to the slope,is the irtercept.

Freundlich isotherm model is the earliest one introduced to describe the reversible
polymolecular adsorption characterized with various types of active sites and formation of
multilayers. The concept of this model is that the more amount of adsash the higher
the adsorption than can be described with a péaveidependenci86]. This isotherm is
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particularly often used in studies of adsorption on porpaterialsand powders andan
be described with the E@4 [189]:

n ovo (14)
The linearized form of the Freundligsotherm model expression can be written as
in EQ.(15) [186]:

G a8 -aé , (15),

wherev is the Freundlich adsorption constant (L/mg), arns a constant which shows
the adsorption strength. To obtain the adsorptiarapeters] 17 should be plotted
versus 16 , where-is the slope, andl & is the intercept.

Temkin adsorption isotherm was introduced to describe chemisorption processes
and takes into account the adsorbent and adsorbatcitme[190]. According to Temin
model, the reduction in heat of adsorption as a function of temperature for all molecules
present in the layer is assumed to be linear rather than logarithmic as surface coverage
increase$187]. The Temkin isotherm is described in Ef6)[186]:

A —ad 8 (16)

The linearized form of the Temkin isotherm model expression can be presented as
in Eq.(17) [186]:

N —0 8 —0é (a7),

where'Yis a universal gas constant 8.314 J/(mol'¥is temperature (K)p is the Temkin
constant related to the heat of adsorption (J/mibl),is Temkin equilibriumbinding

constant (L/g). To obtain the model parametdrshould be plotted versiisié , where

— is the slope, and—a& @ is the intercept.
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4.3. Results and discussion
4.3.1. Rock characterization and agingpil

Calcite rock samples were characterized before and after aging with oil using
different techniques: SEM images, contact angle measurements, and RE pyrolysis studies.
The aging time with crude oil was selected as 14 days. The time of aging wasdetrbas
the analysis of the studies published previously. There was found no common methodology
of core aging before wettability modification with wetting fluids. Yao et [@ll]
summaized that the typical aging time for mineral plates is up to one week, and for core
plugs, it is more than one week. Thus, Standnes and AlGStesbaked calcite crystals for
30 minutes at room temperature in model oils that contained fatty acdg.dd al[191]
reported that carbonate rock (Indiana limestone was used in their work) became¢ olil
after 0.5 days of contact wit hweméss.Daset 90AC ¢
al.[799soaked Il cel and Spar -pdagstShamaiendd]maged a't 120
calcite mineral pl ates i n oli2l]agéddcelanBSparo 7 day
samples for 3 we e k[492]pdrforiied A Satisticalamalysisofecoree t  a |
samples with different mineral compositions soaked in various oils. The authors observed
no significant changes in contact angle values after 35 days of aging. However, after 14
days of aging, the rock surladecomes oilvet with an average CA value higher than
105A.

The sample is represented by limestone (mudstone according to Dunham's
classification of carbonate ro§k93]). The rock thirsection microphotograph is shown in
Figure38. The rock is predominantly composafdmnicrocrystalline calcite with local areas
of recrystallization. Calcite matrix holds 95% of the structure, porosity is less than 5%, and
single isolated cracks are noted. Samples with low porosity were chosen for the
experiments to decrease the surfemeghness during the CA measuremehkigure 39
demonstrates SEM images of carbonate rock samples before (b}an@)a&ging in olil.
The samples are composed of fine calcite crystals with the sizé&@f Im . Pores are n
common, the size is within 05%g m. Recrystallization areas a

crystals larger than 5 m. Accor di ng tEM imdgedifFigure8®h the scal e S
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samples are characterized by comparable surface roughness, microstructure, and porosity.
There are no any apparent differences in rock microstructure before and after aging.
However, theesults of RE pyrolysis analysis confirm the adsorption of hydrocarbons on
calcite. It can be seen froRigure40 that a negligible quantity of HCs was present in an
initial rock sample cleaned with toluene. Aferaking in oil for 14 days, a significant
amount of liquid hydrocarbons that correspond to the S1 peak were observed in the oil film
that covered the samples. Heavy oil components such as resins and asphaltenes that
correspond to the S2 peak of the pyeogiwere also present in the aged core sample. From
the temperature profile of the heating rate:
4 to 9 mins, and peak S2 appears in the period between 9 and 15 minutes. It should be noted
that polar oil comporgs from heavy fractions mainly cause the hydrophobicity of

carbonate rockgL3].

Figure38. Microphotograph of thirsection, Ii areas of calte recrystallization, 2
calcite matrix, arrows indicate single poresi. local recrystallization of calcite micrite,
B i area with single pores
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Figure39. SEM images of calcite samples before (A) and after (B) oil agingwarro
indicate pores. Microstructure is identical before and after aging

Sample Temperature °C Adjusted
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Figure40. Pyrograms of calcite samples before and after agiFlg.iRetl line indicates
temperature, black lines are pyrograms of samples
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Contact angle measements were performed to evaluate the wettability change
before and after the treatment of carbonate rock samples with oil. As was reported before
[31,191] the surface is clagied as watew e t wi t h CA values | owe
intermediatevet wi th CA ranging-wleromtaldAiing fT10M 1
results are shown iRigure4l. As one can see, the initial surface wasrmttiatewet
with contact angll®g Ar amditeg fagomg8wWAth oil
ol-wetness was observed, talnld7 At.h eT h@GA wea rtiaebd | fi
samples became more uniform, thus allowing us to compare thedsffedher surfactant

treatment.

+ | Clean sample

[ After aging

140 +

120

Contact angle (°)
&8 3 @® 3

%]
o
1

[=]

Sample number

Figure41l. Contact angle values of initial core samples and aged in oil-(ratdrair
contact, ambient conditions)

4.3.2.Wetting ability evaluation
Contact angle measurements were perforfoedarbonate rock surface wettability
assessment at the macro level. The CA values after treatment with surfactant compositions
were compared with contact angles after oil aging. As presentédure42a andTable
12, sodium lauretill carboxylate GE11A is ineffective in deionized water. The average
CA of the sample is 115N3A, which is higher
109N7A. This f aogthe insafficiend interastiorp df @i reotbculbs
with adsorbed oil components. When salts are present in brine, the CA decreases
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significantly. Thus, when the solution contam#/t% of NaCl and Wwt% of CaC} and
MgCl> (Hardl artificial brine, Table 11), the rock surface becomes waiest,
characteri zed by Tha addtin of @5t% blaSaf(Hari2 akifchl
brine) has no significant effect on{€11A wetting ability resulting in a contact anglalue
of 51N11A. TnhHardlGAd Hard2 huirees are close and compatible. The
difference is within the limits of the instrument error and the entire method. It was reported
that wettability alteration \WA) depends on brine salinity with the stgast ability of
calcium C&* and sulfate Sg¥ ions to change the wetness towards a preferential wweter
state[17,194] This hypothesis was supported by the results obtained in the present work.
The wetting ability of GiE11A correlates with its interfaciglerformance. Wheat least
5wt% of NaCland 1wt% of CaCk and MgC} are added to the solution, the IFT on the
boundary with oil decreases until the value less than 1 mN/m compared to 4.29 mN/m in
DI wat erTabeil 70AC,

It can be seen frorRigure42b that sodium tridecetli carboxylate GE7A has a
strong tendency to hydrophilize the surface. Likewise the performanqetai/l CioE7A
with a shorter EO chain is moagtive in the presence of salts. Thus, in deionized water, it
decreases the CA value from SwWBNEIAbrineo 27 N12
Softl), the contact an gWieen@sofsedsmdsulfaem 11 3 N4
NaSQsis added to theamposition (brine SoftZlablell) , t he CA decreases f
t o 2 gdbleIR, Calcium ions were not added to the brine compositions due to the
stability limitationsof Ci2E7A. It can be concluded that 0.1%1f NaSQu is a negligible
concentration and has no positive effect on the wetting ability of the surfactant. The
comparison of contact angle profiles fanEi1A in Hard1 brine and GE7A in Softl brine
is shownin Figure 43a,b.
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a) Sodium laureth-11 carboxylate C,,E ;A b) Sodium trideceth-7 carboxylate C,,E;A
140 B Aged sample 140 _ !‘ Aged sample
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Figure42. Contact angles values before and after treatment with surfactant compositions:
(a) GiiE11A, (b) CioE7A (rock-waterair contact, ambient conditions)

Al -
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Figure 43. Contact angle profiles of DI water on the-aded calcite chips surface after
soaking in (a) @E1A_Hardl and (b) ©E7A_Softl solutions (rockvaterair contact,
ambient conditions)

As alkyl ether carboxylates contain ahyene oxide chain, their behavior can be
compared with that of nonionic ones. The wettability alteration by nonionic surfactants,
namely ethoxylated alcohols, was studied by several researchers. Our results are in
accordance with findings reported bgset al.[17,79]that surfactants with fewer ethylene
oxide units make the surface more wat@t. This can be explained by the capacity of
surfactants tanteract with adsorbed oil components. The shorter the EO chain, the more
hydrophobic surfactant is. Thus, if a surfactant is well soluble in oil and interacts with oil
components, it will be a good wetting agent. When the EO chain is longer, the stirfactan

is more hydrophilic and consequently better watduble. Therefore, the shorter tHeO
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fragment is, the better it hydrophilizes the r¢tK]. A more detailed explanation of the

WA mechanism is given in the next section.

Table12 Contact angle values of clean carbonate rock samples, aged with oiated tr
with surfactants

D Contact angle, A
Initial (asis) Oil-aged Treated with surfactan
CuEuA (DI) 87 N 11 109 N 7 115 N 3
CuEuA (Hardl) 108 N 2 118 N 9 44 N 5
CuEuA (Hard2) 102 N 2 105 N 6 51 N 11
C12E7A (DI) 95 N 9 108 N 5 27 N 12
C12E7A (Softl 95 N 10 113 N 4 17 N 5
C12E7A (Soft2) 86 N 14 111 N 7 20N09

4.3.3. Carbonate rock characterization after treatment with surfactants

It was reported that four techniques indicate qualitative wettability changes in the
rock surface: SEM, infrarespectroscopy, thermogravimetric analysis, and atomic force
microscopy[32]. TGA is an appropriate method to specify the amount of components
adsorbed onto th@ck surfacd32,75] It indicates the weight loss of the rock sample as a
function of temperaturdn past literaturehlermogravimetric analysis was applied for the
analysis of rock wettability after the adsorption of organic adifisl95 197], as well as
after treatment with surfactanfg5,80,198] The results of TGA analysis point to the
removal of physisorbed and chemosorbed compounds from the surface, and the
decomposition of the rodd.95]. In this work, we propose to use the pyrolysis method for
gualitative WA analysis as a TGA alternative. Ra&okal pyrolysis is a welknown
approach for organic matter characterizatjdi5,178] However, it was not used for
wettability alteration and surfactant adsorption investigation before. Thus, we suggest the
application of the Rocleval pyrolysis method for the evaluation of the WA mechanism
with surfactantslt allows determining the types and amount of hydrocarbons washed by
surface active agents. Further, the method enables estimating whether the surfactant

molecules have adsorbed onto the rock surface or not. The advantage of the RE pyrolysis
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method over tb TGA technique is that it allows for an indication of the temperature of
hydrocarbon evaporation "washed" with surfactants.

First, a pyrogram of aged carbonate rock sample was obtained as a baseline, as
shown inFigure40. Second, pyrograms of surfactants in deionized water were captured
for reference. For this purpose, a drop of surfactant solution was placed onto the rock
sample calcined at 550AC to remove alll hyd
explained m section 2.2.4Figure 44 demonstrates the profiles GhiE11A and GoE7A
surfactants. It can be observed that the temperature profiles are similar since the structure
of the AECs used in this study differs ontpthe alkyl tail and ethylene oxide chain lengths.
Third, rock samples after treatment with surfactants were analyzed. Finally, all results were

analyzed and compared.
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Figure44. Pyrograms of surfactants on pure calcite (cattineat 550 AC)

The comparison of GE11A pyrograms is shown iRigure45, where the blue line
corresponds to the initial core sample, and the red line corresponds to the surfactant profile.
Green, lilac, and orang@és correspond to samples soake@iiE11A dissolved in DI,

Hardl, and HardZlable11) artificial brines, respectively. It can be seen that all surfactant
compositions remove a significant part of hydrocarb&asticularly liquid hydrocarbons

that correspond to the S1 peak, as well as heavy polar oil components such as resins and
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asphaltenes (S2 peak on the pyrogram). However, no significant difference can be noted
between the profiles of three core samplestéeavith different surfactant compositions
(brine salinity varied). Only theigE11A_Hard1 pyrogram (lilac linefigure45) is slightly
lower than pyrograms that correspond QB A_hard2 and GE11A_DI, and it @an be
concluded that it washes more hydrocarbons. This is in agreement with contact angle
values,Tablel2 (except of GiE11A in DI watercas@. Besides that, no surfactant adsorbed
can be indicated in the tempena profile as no peak on the"lfinute is observed. Yet,
it was found from the contact angle measurement restiggare42) thatCi1E11A was not
effective in deionized water. The observation can be explainéabinterfacial activity
of AECs with oil in the absence of salts that was discussed in the s2&ian

Thus, it can be summarized that sodium laufgthcarboxylate only washes a
certain amount of hydrocarbons but does not adsorb onto the rock stofateg a double
layer via the "coating" mechanism. Despite quite good wetting ability in the presence of
salt (the contact angle values were 44N5A
respectively), the water drop did not fully spread over the surffagere 43.

Figure46illustrates the pyrograms @h-E7A surfactantThe blue line corresponds
to the initial core sample, and the red line corresponds to the surfpobéite; purple,
cyan, and orange lines conform to the core samples treated witPAGn DI, Softl, and
Soft2 brines, respectively. According to the data obtained, each composition removes a
particular amount of hydrocarbons, the forms of S1 and S2 peaksto this. Unlike
sodium lauretHl1 carboxylate, GE7A, with a shorter EO chain, adsorbs onto the rock
surface. The profiles of samples soaked in surfactant composition based on Softl and Soft2
brines (cyan and orange lindsgure46) demonstrate this. A peak on minute 10 nearly
reproduces the main peak of surfactant itself. Presumably, their shapes are not entirely
identical due to some amount of heavy hydrocarbons that were not thoroughly washed by
the surctant, and thus remained on the sample surface. Ti&ACDI temperature
profile (purple lineFigure46) demonstrates that the composition washes more HCs, but
no surfactant has adsorbed onto the surface. Téle qge minute 10 repeats the shape of

the oilaged core sample. These results are supported by the contact angle fabilees (
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12). The CA after calcite slice soakingin£7A di ssol ved i n

de.i

oni

The average CA values for samples treated withfEf in the presence of salts are

significantly

ower |, i

e .

17N5A and

better effectiveness ofi€E7A can be explained by its adsorption indicatedigydyrolysis

results.It was reported that the wettability alteration and adsorption of surfactants are in

direct correlatiorj199]. Specifically, the higher the adsorption, tbeer the contact angle

of wetting fluid onto the rock surface. Notably, ethoxylated surfactants with shorter EO

chains are more likely to adsorb onto carbonate rock, provide high surface coverage and

thus also demonstrate a better WA performdh@el 99]
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4.3.4. Mechanism analysis of wettability alteration with AECs

Hammond and UnsaJ200,201] reported that surfactants might change the
wettability towards watewet through "coating" and "cleaning" ntemisms. The coating
mechanism implies the adsorption of surfactant molecules onto the rock surface due to
hydrophobic interactions with hydrocarbons. Cleaning means desorption or "washing" of
oil components from the rock via complex formation with sudiattmolecules.
Hydrophobic interactions are significantly weaker tharmpair formation202], and it was
consideredhat cationic surfactants (form ion pairs) are much more effective as wettability
modifiers compared to anionic and nonionic oriéd4]. Then, it was found that
hydrophilization directly correlates with the adsorption of surfactant.

We suppose that AECs used in this work demonstrated both mechanisms. All
surfactant compositions removed a certain amount of adsorbed hydrssablod only
C1oE7A surfactant in the presence of ions coated the rock surface (that was illustrated
through pyrolysis analysis). The obtained resultSigure42 andTable12 demonstrated
that the integrated mechanism of cleaning and coating could lead to a successful wettability
alteration. Several researchers described the combined WA mechanism. D44 &t al.
introduced a model of wettability modification by ethoxylated nonionic surfactants that
involved both cleaning and coating processes.,Btstactants covered the rock through
the hydrophobic interactions between their tails and adsorbed oil components, forming a
temporary watewet surface. Then, water assisted by surfactant molecules swept the oil
and thus cleaned the solid surface. Aftet, surfactant molecules occupied the cleaned
area on the solid surfaccreating a strong hydrophizone.

Jarrahian et al[75] described the WA mechanism of a nonionic TritehQ0
evaluated through TGA analysis. The authors found that TritbBXadsorbed onto the
rock surface via pol ar i zgadnddesorbedthe stearee hcelct r on s
from the surface. Then, the stearic acid molecules adsorbed on the surfactant layer through
interactions with the hydrophobic tails. This resulted in a weak wageicondition of
dolomite. Since AECs have no benzene ring it hei r structure (cons

electrons), the interactions with oil components may occur betw€p-O-CHol
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ethylene oxide fragments through hydrogen bonding and the formation of bilayers or
hydrophobic interaction80,121] In the present case; {E11A was presumably performed

in accordace with the cleaning mechanism aedhoved a part of hydrocarbons from the
rock surface. In contrast €A demonstrated a combined mectsani It washed a certain

guantity of hydrocarbons and then occupied active sites of calcite through hydrogen

bonding of ethoxy units with hydroxyl and carboxylic grof@8]. A brief summary of

WA mechanisms with surfactants is showTablel13.

Table 13. Comparison of proposed wettability alteration mechanisms based on

experimental and theoretical results

Reference| Surfactant | Rock Exper_|mental Mechanism proposed
techniques
Thereis no surfactant adsorption from th
Numerical meniscus. It occurs when the meniscus
[200] _ _ simulations of passes through and depends on the
coating mechanisms| driving velocity, i.e. the time for
adsorption
When a surfactant able to alter wettabili
Numerical imbibes spontaneously and acts by a
[201] _ _ simulations of Acl ggadnipmr ocess, t hyg
cleaning mechanismg propagates faster that when only
Acoatingd mechani s
Substance Contact angle
Triton X- of measurements, TGA| Adsorption on rock surface due to
[75] 100 . AFM, FTIR, zeta polarization of -electrons and ion
_ crystalline : . . )
(nonionic) . potential exchange with stearic acid
dolomite
measurements
Secondary
alcohol Combination of fico
ethoxylates, Cortact angle . -
Iceland mechanisms leads to a better wettability
[17] Nonylphen measurements, . : .
Spar L ; alteration. WA is enhanced at high
ol kinetic analysis .
temperatures and short EO chain length
ethoxylates
(nonionic)
Two possible mechanisms are propose!
Polyethoxyl Contact angle (1) Adsorpyon of surfactant via
hydrophobic interactions followed by
ated Iceland measurements, TGA
[80] . surfactant double layer. (2) Hydrogen
Surfactants | Spar FTIR, zeta potential ) ‘
o bonding between EO groups and hydro:
(nonionic) measurements : .
or carboxylic groups of adsorbed oil
components on the rock.
Combination of fico
present | CHEuA : Contact angle mechanisms leads to a better wettability
CoE7A Limestone | measurements, Rock .
study (anionic) Eval ovrolvsis. SEM alteration andlepends on surfactant
PYTOIYSIS, structure. Both coating and cleaning wit
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surfactants were detected with Re€kal
pyrolysis

4.35. Zeta potential of carbonate rock particles

Zeta potential shows the rock surface charge, which is a key parameter in studying
the mehanism of surfactant adsorptif203]. First, theg-potential of fine rock particles
(140 €em) in deionized water and artificial
surface charge of the limestone in DI water was negative, na16§ mV ata pH value
of 5. 6. Il n br i ne spotéhaal vehq postivedin thheaange Zromt 4 & ¢
+5mV. This is supported by the data described in the literdf0®,204] Kasha et al.

[204]r e p o r t e dpotentich af pute ltadcitegpowder in DI water wasigige at pH
values below 6 and became n e goaténiiavbecormes p H=6
positive in the presence of salts and higher pH values. This may be explained by the fact

that C&" ions are strong potential determining ions for calcitetand change the charge

of limestone rock particld204].

In this work, 2ta potential measurements were performed with clean rock powder
that was not aged in oil. It should be noted that interacbefrgeen surfactant molecules
and oil film are discussdd wettability evaluation exparients, and in adsorption and zeta
potential measurementie interactions occurred between surfactants and clean rock.
These conditions were createdsimulate morecleaty the processes of adsorption and
wettability as the hydrophobicity of the rock surface is ensured by the adsorption of heavy
oil componentg$13], and the highest adsorpti@f surfactants occurs on clean negatively
charged calcite surface.

Figure 47 demonstrates the pH change after rock particles equilibration in
surfactants cmt@ygia gaiuds iofaacks It veas fdurtidat the pH values
increased after the equilibration fror65until 9-10. This occurs due to calcite dissolution
and the release of hydroxyl ions Othat could increase the adsorption of surfactant
molecules on the rock surfaf@9]. This is supported e observation that in the presence
of surfactants in water, limestone particles have a net negative charge. That indicates on

the adsorption of anionic surfactant molecules on the limestone particles. After adding salts
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into surfactant solutions, the agbotential is still negative with the decreased magnitude.
In the case of GE-7A, the zeta potential isl 2 . 9 IN\Oin Wrine that contained \t.%
NaCl (Softl) and1l 4 N énV if brine with 5wt% NaCl and 0.1vt.% NaSQu (Soft2). The

di f f e r -patediad between these two compositions is due to the presence®0ONa
and consequently S®ions in Soft2. As for GE11A , -potential was negative but close

to 0. This can be explained by the high noise level of the zetasizer that took place because

of high brine conductivity. However, sulfate ions8@ gai n h av e-potemtiali np ut

value that was lower for Hard2 brine
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Figure47. pH of surfactant solutions before and after equilibration with fine rock
particles and zetagpential values (ambient conditions)

4.3 6. Static adsorption of AECs and mechanism evaluation

Static adsorption test was performed for 4 compositions discussed previously in
this work (Table11), namely G:E1:A in DI water and Hard1 brine, and#-A in DI water

and Softl brine. The main purpose was to compare the adsorption behavior of AECs with

different EO chain lengths and the salinity effect. Surfactant concentrations in the post

e X p e wi%) ana the addorptibroisbtherms
obtained are given iRigure48. The higher experimental adsorption value was achieved

CMC region were consided int h i s

by Ci11E11A in deionized water and was 9.23 mgagk at an initial arfactant concentration

of 0.75wt%. Notably, both surfactants showed similar trends in deionized water and then

comparably changed their behavior in the presence of salts despite the molecular structure
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variations. Also, the adsorption values of:EGA with a shorter EO chain were
significantly lower.

As shown inFigure48, the adsorption of ZE11A in deionized water (blue line)
gradually increased until it reached a plateau at a value of ~9-roakg At high
concentrations, the adsorption slightly reduced, indicating a desorption process that took
place due to full surface coverage and saturation. This phenomenon was described in past
literature and was attributed to micellar exclusion at high surfactant cosoams in the
postCMC region. Thus, the active sites of the rock surface are charged similarly and repel
the micelles from the roekquid interfacial area back to the solution volume resulting in
an adsorption decrea$@9,205] In the case of GE7A in DI water (orange line), the
adsorption pattern is close taiE11A in DI: it increases until a value of ~4 mgfgck and
then slightly reduces. This behavior can be characterigeadaaomolecular adsorption
with a monolayer formatiofil86]. The amount of adsorbed surfactant was lower for
C12E7A with fewer EO units in the structure. The EO chain length effect was discussed in
the literature for nonionic ethoxylated surfactand€ It was reportedhat increased EO
fragment leads to higher adsorption onto silica at a fixed hydrophobic chain length
[206,207] However, the behavior of AECs different, and it was found that the longer
EO fragment caused higher adsorption onto crushed limestone. Presumably, this occurs
due to the formation of hydrogen bonds between the ethoxy chain and the rock surface's
OH- or COG ions.

Salinity has a sigficant effect on the equilibrium adsorption profiles of both
AECs. As shown irFigure48, the behavior of GE1:1A in Hardl brine (purple line) and
C12E7A in Softl brine (green line) changed similarly: the adsompgradually increases
and does not reach a plateau that indicates the formation of multi298fsind a change
of the adsorption type from anomolecular in DI water to a polymolecular in brines.
Again, the adsorption values ofi{€11A are significantly higher than ofi€E7A. Similar
adsorption profiles were obtained by Belhaj efl4] for an AEGbased surfactant blend
onto quartz samples at 106AC and salinity
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The adsorption of surfactants oninerals is significantly affected by the surface
charge. Thes-potential of limestone rock powder in deionized watas negative and
negatively charged AECs were supposed to repulse from the rock surface resulting in lower
adsorption. However, the adsorption values were higher in DI water in the considered range
of concentrations (0.1 1 wt%) and it can be supposed tledectrostatic interactions are
not the leading force in the adsorption of ethoxylated surfactaritee presence of cations
Na', Ca* and Md*, carbonate rock particles' zeta potential was positive, which means the
reduced repulsive forces betweenkrand surfactant. Thus, higher adsorption of anionic
nonionic surfactants was expected. However, the amount of surfactant losses decreased,
and the behavior (adsorption isotherm profile) changed. Jian |@04I,. found that the
salinity did not affect the adsorptiasf nonionic ethoxylated surfactants on different
minerals (calcite, dolomite) and explained that it was not governed by electrostatic
interactions with minerals, but mainly occurred due to hydrogen bonding. As for charged
AECs, the presence of ions cantfly break the hydrogen bonds, and consequently, the
electrostatic interactions contribute to the adsorption process leading to the formation of
multilayers. The isotherms obtaindeidure48) support this idealhe adsorption implies
a complex of interactions that needs further investigation to be explained more

appropriately.
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4.3.7. Equilibrium adsorption models

The experimental data were analyzed with-pamameter equilibrium adsorption
models: Langmuir, Freundlich, and Temkin. The results and model parameters are
presented irFigure 49 and Table 14. The fittings for GiE11A and G2E7A in DI water
showed a good agreement with the Langmuir model that describes the monolayer
formation of the adsorbate as a finite prodd$6]. This is confirmed by the vads of
determination coefficient Rhat is 0.9507 for GE11A and 0.8823 for GE/A.

The fitting results for AECs in brines are different.f:A in Hard1 brine that
contained N§ C&* and Md* cations is better described by the Freundlich model with
R?=0.8516. The best®alue for G,E7A in Softl brine was 0.6452, also obtained with the
Freundlich model introduced for multilayer adsorption description with various active sites
[186,208] These results support our previous explanations of the salinity effect on the
adsorption of AECs.

An inverse relationship was observed concerning the correlation of adsorption
capacity and the wetting ability of AECs1:€11A has $iown higher adsorption on crushed
limestone samples, but the wetting ability was comparably loE& demonstrated
lower adsorption in a static test but strong hydrophilization properties of core plates aged
in oil. This can be explained by the differentrfaces involved in these processes. In the
case of the wettability evaluation experiment, surfactant molecules first interacted with oil
film components. It was discussed that a more hydrophobic surfactgitAGn this
study) more likely dissolves ioil and thus leads to a wettability shift. Upon contact with
crushed clean rock with a "freslibare) surface, the interaction occurs more actively
between GEUA.

Tablel4. Isotherm parameters for Langmuir, Freundlich, and Tremiodels

Value
Isotherm mode{ Parameter—— = "B | CuEwA (Hardl)| CuExA (DI) | CuEoA (Softl)
R? 0.9507 0.7138 0.8823 0.4819
Langmuir KL 8.3934 69.619 3.7694 13.416
o 9.7656 6.8400 5.4142 2.0820
Freundlich R? 0.9051 0.8516 0.5400 0.6452
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Kr 10.4387 7.6612 4.1997 2.5008
n 2.3912 5.5525 2.7816 2.4509
R? 0.8566 0.7546 0.4525 0.5717
Temkin A 70.119 1470.8 235.30 32.030
B 1260.2 2734.7 4031.8 3874.6
a)CE{,A (D) 15 b) C,E,,A (Hard1)
12 ® Experiment ® Experiment
Langmuir Langmuir
104 Freundlich 10 4 Freunglich
—— Temkin —— Temkin
.
—~ 81 = 1 ®
3 35 e i
£ s
o * o 7
2 2
0 [
0.0 02 04 06 08 10 0.0 02 04 06 08 10
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4.4. Conclusions

Figure49. Adsorption isotherm models and experimental data

This work investigated the wetting ability and adsorption capacity of linear alkyl

ether carboxylate surfactants in carbonates. The contact angle measurements showed that

both sodium lauretil carboxylate GEi1:1A and sodium tridecetfi carbaxylate GoE7A
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decrease water CA unti l values are | ess than

in the wettability alteration of carbonate rock. These findings were supported by the Rock
Eval pyrolysis studies. In this study, RE pyrolysis was psedoas a technique for
surfactant performance characterization after contact with rock as an alternative to
thermogravimetric analysis. The static adsorption test showed that the adsorption values of
Cu1E11A were higher than of GE7A in both DI water andrines. The presence of salts
caused the change in adsorption type from monomolecular to polymolecular for both
AECs. The following conclusions can be drawn from the results:

1 AECs washed some adsorbed oil compounds from the rock surface. All
compositions emoved a significant amount of free oil, as well as heavy oil components
(resins, asphaltenes), according to the pyrolysis studies. This was indicated by the changes
in S1 and S2 peaks on the pyrograms of rock samples treated MEh/ACand GoE7A
surfa¢dant compositions.

1 The most effective rock hydrophilization is attributed to surfactant adsorption onto
the rock surface. Presumably, the adsorption occurs due to hydrophobic interactions
between remained oil components and surfactant tails. The full Wehanesm includes

both cleaning and coating processes.

1 The degree of ethoxylation has a strong effect on the wetting properties of AECs.
C12E7A, with a shorter EO chain, demonstrated a better ability to wet the carbonate rock
than GiE1iA. This can be expined with a certain amount of£&7A adsorbed on calcite.

1 According to interfacial analysis, salinity has a significant effect on the
performance of AECs as wetting agents in carbonates. The wetting ability increases in the
presence of ions, as well agtimterfacial activity.

1 The findings obtained in this study support the outcomes made by other researchers
in previous works, namely, better performance was observed with surfactants that follow
the coating mechanism adsorbing onto the rock surface.

i The suggested approach of WA mechanism analysis through RE pyrolysis method
can be applied to different types of surfactants and their mixtures, and thus the performance

of complex chemical compositions for enhanced oil recovery can be quantified effectively.
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1 The adsorption of GE11A with a longer EO fragment was found to be higher due

to hydrogen bond formation between the ethoxy chain ando©BOO ions of the rock
surface.

1 Salinity has a significant effect on the adsorption behavior of AECs. In thenpeese

of ions in brine, hydrogen bonds are partially destroyed, and electrostatic interactions
contribute to the adsorption process making possible formation of polylayers when
surfactant molecules interact with the rock surface and with each other.

1 A betterwetting ability of GoE7A can be explained kg strong tendency to dissolve

in oil film that covered the core plate as it is more hydrophobic because of the shorter EO
chain. The higher adsorption of€1:A can be interpreted with its more likely intetiaos

with the clean "fresh" surface of carbonate samples.

The findings reported in this work have shown that AECs have a good ability to
decrease oilvater interfacial tension and modify the wettability of carbonate rock. Thus,
this type of surfactantsan be recommended for application in EOR compositions in
moderate and harsh reservoir conditions. Besides that, the conclusions made in this study

can be used as a basis for further research work.
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Chapter 5. Core flooding test with X-ray saturation control

5.1. Motivation

In previous chapters, a sequence of tests was condaintet to determine main
trends in the behavior of AEC surfactants depending on their molecular structure and
surrounding conditions. Investigation tife ability of swufactants to decrease capillary
number through

Core flooding is a commonly used methodnafter and gashased compositions
displacement efficiency evaluatiorhe main goals of such experiments(@jeassessment
of recovery factor achiedeby a chemicalor gasinjection and (2) measurements of
dynamicresidual oil saturatioduring corefloodingo obtain relative permeabilitylhis
data is used in further reservoir simulations to predict the oil production in time and
evaluate project economic feasihjlit

For a highquality study,precisefluid saturation control should be performed that
is not always trivialSuch techniques as NMR and CT scanmihgamples can be applied
for this purpose after the samples are extracted from the core hRktmntly in-situ
saturation monitoring (ISSMyith X-rayshas become a traditionally usextthod of fluid
saturation determination in commercial core flooding t&sigically, it is a 1D saturation
measurement as a function of core model lergith time.This mehod allowsavoiding
the systematierrors characteristic for mass balance method

The present core flooding test was conducted with a most promising surfactant
compositionCi2E7A that demonstratedptimal set of properties, namellfT, wetting
ability and adsorptioncapacity The water floodingstagewas followed by surfactant
flooding with a 48hours shuin for imbibition that resulted in additional amount of
extracted oil.Typically, this stage is included in corefloding tests with-jpsvmeability
sampeks when hufh-puff process is reproduced in the experimbmthe section of results
interpretationwe compare two approaches of recovery factor calculation based on mass

balance and »ay scanning data.
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5.2. Materials and methods
5.2.1. Materials

Oil. Crude oil Table4) was dehydrated and deasphalted by saturating with nitrogen
at elevated pressure (12 MPa) and temperatui€&hd then filtering the oil through a
sequence of mechanical filters 20-050m. Thi s procedure was
precipitation of asphaltenes under reservoir conditions during the experimeydsasitle
damage opore spaceThen, oilwas doped witi5% 1-iodooctane as a contrast fofrxy
scanner.The oil density was easured withbAnton Paar DMA 4200M under reservoir

temperaturef 7 0 A@l ambient and reservoir pressufiele15.

Table15. Densityand viscosityof oil used in core flooding test undarget conditions
Pressure, MPa Temperatu Density, g/mL Viscosity

Degassed oil

Atmospheric 0 0.8500 8.030
7
Reservoir, 12 - -

Oil modified with 15 wt% liodooctane

Atmospheric 0 0.9353 5.790
7
Reservoir, 12 0.9133 2.920

Injected composions. Based on wettability, IFT and adsorption studies,
surfactant composition wasasen for a core flooding testifei 5wt% NacCl, surfactant
T 0.5wt% C12E7A in 5wt% NaCl. The rheological properties were measured at ambient

and reservoir presseiand temperature of @. The results are shown Trable 16.

Table16. Density and viscosity of injected fluids used in core flooding test under target

conditions
Pressure, MPa Temperature A C Density, g/mL Viscosity
Brine (5% NacCl)
Atmospheric 25 1.0327 -
Atmospheric 30 1.0310 -
Atmospheric 40 1.027 0.800
Atmospheric 70 1.0004 0.500
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Reservoir 12) - -

Surfactant solution (0.5%:6E7A in 5% NaCl)

Atmospheric 20 1.0004 0.500
Reservoir(12) - -

Core samplesLimestone core samples from a carrier were selected for the
experiment as representativenodel ro&. The elemental composition was determined
with a portableX-ray fluorescence spectrome@iympus Vanta §209]. It was found that
the calcium is a predominant element and no impurities are present in th€ymo&ers
with the length of 60 mm and diameter of 30 mm were manufactured from theFitpoie
50. Then they were dried at 1&5 until constant weightvas achievedThe porosity and
permeability were measured widm automated gas permeamgieo r 0 s i mePtPeor AP K
using helium as a probe gas as it does not cause washout of salts and hydrocarbons from
the pore spacé he main properties abck samples are given fable17: dimensions,
porosity, permeability and mass.

Figure50. Limestone samples with diameter of 30 mm

Tablel17. Main properties of limestone samples used in core flooding test

Samp Mass Diameter, | Length, | Volum Porosity Permeability(He), Pore
volum

le (dry), g mm mm e, cn¥ (He), % mD
e, cn¥
1 81.88 29.11° 60.58 40.31 23.59 32.74 951
2 76.35 28.96 59.94 39.47 27.63 38.99 10.91
3 81.51 29.17 59.73 39.91 23.03 28.19 9.19

Before the experiment, core samplesendnied until constant mass and theacuumed

After that,corecylinders were fully saturated with brine (5% NaCl).To do this, water
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was pressurized at 20 MPa in a saturafar.create residual water saturati@onnate

water) samples werdoaded inb Atmospheric Model AR250-008-0 core holders and
centrifuged f oin capilBry pressure sefrigetateddcniifDge RC 4500
(Vinci-Technologies)The program used was a capillary test, and the process corttéined
steps with different rotatiospeed: 300, 500, 700, 900, 1100, 1300, 1500, 1700, 1900,
2200, 2500, 3000, 3500, 4000 and 4500 rpapillary pressure curves (capillary pressure

vs water saturation) were obtained for each sample, and the maximum capillary pressure
achieved was considetes one that corresponds tarSThe residual water content was
determined through mass balance, tedfree pore volume was calculated. The results are
given inTable 18. Thus, the pore volume of the whole eanodel was 27.52 cinThe

main core model properties are specifiedable19.

Table18. Pore volume in core samples

Sample Pore volume, cfh Residual water volume, ¢v| Free pore volumegm®
1 9.51 0.59 8.92
10.91 0.72 10.19
9.19 0.78 8.41
Total 29.61 2.08 27.52

Table19. Core model characterization data

Parameter Value

Length (cm) 18.03

Crosssectional area (cth 6.64

Porosity (%) 24.75

Abs gas pernability (mD) 32.73

Pore volume (cr) 29.61

Free pore volume (cin 27.52
Connate water (ctd PV) 2.08 /0.07
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5.2.2. Methods

Experimental setup.The laboratory setup for core flooding testas a PIK-
OFP/EP apparatus from Geologi&quippedwith an X-ray transparent core holder RIK
CP. The setup was designedaxperimentallydetermine the residual oil saturation, relative
phasepermeability displacement efficiencigy X-ray method.The main units are three
high-pressure pumps, pressure and differenpiE@ssure sensors, pressure gauges, a
backpressure regulator (to maintain reservoir pressure at the outlet), valves, and a
controlling computer with signal transcers. A graduated (0.2 mL) test tudred scales
wereused to measure the volume and masgyofd fluids at the backpressure regulator
(BPR) outlet. Continuous supply fitiids is ensured by a system of pneumatic valves and
pressuresensors under computer contrAlcore tolder wasplacedinto X-ray apparatus
with a help of mobile hydraulic cran&he in-situ saturatiormonitoringwas performed
with a linear Xray scannerg source and detector moving along the kadkesimplified

scheme of the core holder is demonstratdeignre51.

detector
heating [
element BPR
ot
ety test
tube
& l
E scale
= A\

X-ray source

Figure51. Scheme oK-ray transparent core holder connection with a heating element to
PIK-OFP/EP hydraulic system
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Thesetup generacheme is shown iRigure52, where 1i heat chamber, Rthree
groupsof two-piston pumps, 8 piston column with water, # piston column with oil, 5
pressure sensor and manometer at the core holder inlpte6sure sensor and manometer
at the core holder outlet,i7differential pressure sensors with a pneumaticesalstem,

81 bypass pneumatic valvej ore holder107 heating system of Xay transparent core
holder,117 PIK-CP block (leaesteel chamber with Xay linear scanning systermi)? i
BPR, 37 separator, 471 crimp pressure maintenance purtipi scak. The general view
of the setup is shown fRigure53.

Figure52. Scheme of experimental setup
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Figure53. Experimental setufor core flooding experimenfa) thegeneral view, (b)
core holder withX-ray scanner

Experimental design.Core samples were placed in a core holder in order of
decreasing permeability, namedgmple2 (38.99 mD)i samplel (32.74 mD)i sample3
(28.19 mD) The coreflood test consesl of five main stepg1) The first stage included
coremodelpreparationcore holdemassembly and loading into setup, and thermostatting.
Then, the core model was fully saturated with oil. After the reservoir temperatureCof 70
was achieved, the systewas aged at reservoir pressure of 1224 1 dayto create the
hydrophobic wettability of the carbonate rogR) On stage 2, fine (5% NaCl) was
injectedwith the rate 0.1 mL/mimntil steady state, indicated by stabilizatiorpoéssure
drop stabiliationand Xray scanner indication§3) Surfactant solution was injected with
the rate 0.1 mL/min unté$teady state(4) Then, system was shut for 48 hours under
reservoir conditions (M, 12 MPa) to facilitate surfactamnhbibition. (5) Surfactant
injection was cortued with the rate of 0.tL/min until steady statg6) Surfactant was

injected with an increased rate of 0.5 mL/min until steady st scheme of coreflood
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experiment is depicted iRigure 54. The confinement pressure was 22 MPa, and the
backpressure 12 MPa.

The time of 1 dayfor core model agingvas chosen based on our previous
experience of conducting experiments with this oicokeflooding test was performéu
an X-ray computed tomogray scan (General Electric v|tome|x L240 CT system) using
core cylinders of 8 mm diameter. The main purpose was to inject oil in the sample, then
displace it with brine and evaluate the wettability change on pore level. It was found that
the core surface bbame hydrophobic after 1 day of contact with oil and no significant
changes were observed during further aging. The results are published by Kumar et al.
[210]

After the injection of fluids was finished, the core model was washed by benzene
alcohol injection, dried and vacuumed. Then, it was filled with artificial brinet%

NaCl) and sanned to ofatin the reference Xay profile by water.

Saturation control.When applying ISSM method, the saturation is determined not
directly. The attenuation of-Xays or gamma rays as they pass through the core holder, the
core plug, and the fluids with is used to infer the saturation of the core samples rather
than directly measuring [L27,202] The attenuation of Xay beams can be defined as

follows:

- 0 ’ (18)

WhereOis the intensity of the original -Xay source;Qs the intensity measured
during the flooding procedure at the detectrs the attenuation coefficient of the material
(typically known for standard materials used in coreflood tdst$yveen sourcend
detectord is the thickness of the mater[aP8].

To obtainaccuratesaturation profiles, thieng scanning is performedith the step
of 2 mmwhenan X-ray source and detector are moving along the core model when the

injection is stopped. Thielll scanning takes2 hours.Short scans are made every 10 mm
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to check for stabilization are measure saturation at certain flooding points. They are made

during injection and take about 20 minutes.

s ™
Sample selection and
characterization

N J (
— Thermostatting
e N L
Vacuuming, water
saturation
p
A /
— Core model saturation with oil, aging at 70°C for 1 day
e N

o

Creation of residual water
saturation in the centrifuge

e N
~ g | | Brine injection until pressure drop stabilization (0.1
mL/min)
e R
\ J
Core flooding test —
L ) - N
| | Surfactant injection until pressure drop stabilization
(0.1 mL/min)
\. J

p
— “Shut-in” for 48 hours for surfactant imbibition J

-
— Surfactant injection with increased rate (0.5 mL/min) }

-
Figure54. Scheme of coredbding experimental design

Injection rate selectionThe injection rateof oil on the first stage of experiment
was calculated using the formula below taking into account the value of linear rate of the
fluid in the reservoir is 1 fay[212]:

1 :)

&) — , (19)

Wherew is linear hjection rate (set as 1 m/day);s injection rate]Ois cross section
area of the core model, is porosity,”Y is residual water saturation aid is residual

oil saturation. Thus, the injection ralewas set as 0.dm*/min.
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