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Abstract

Consideringlow recovery rateand techniquesincertainties faced by traditional
enhanced oil recoveryEQR) techniques, especially the methods of chemical and
engineeredvater flooding this thesis develops emerging nanotechnologies for EOR
applications. Five areas were studied ranging from water flooding, surfactant flooding,
microemulsion flooding, polymer flooding to nanoparticle mobility studies.

Firstly, rutile ellipsoid TiG: nanoparticlegNPs)were synthesised and stabilised by
tri-sodium citrate thydrate for brine floodingh waterwet Berea sandstone corée
results showd that the oil recovery depended on NPs concentration and volume
injected: 10 ppm Ti®@hadthe highest total oil recovery while 500 ppndhiae highest
increment recovery aftéhe breakthroughThe EOR effects weratributed to the log
jamming effects and probably wettability change towards water wetting.

Following this, nanopaittles were pposed as surfactant carrier to address the issue
of excess adsorption of surfactants during a chemical EOR prod¢esads$orption of
surfactang blend of 25%anionic alkylaryl silfonates XOF-25S) and 75% alcohol
ethoxylatedvas found being reduced bgramercial TiQ nanoparticle in dolomite and
silica cores The surfactant concentration was determined by chemical oxidation
demand (COD) method. Surfactant adsorption in rock grain matrix was found to have
a direct relationship with the nanoparticle reimt

To address the problems associated with conventrmai@bemulsion floodingin-
situ synthesised iron oxide NPsvere proposed tostabilize the oil-in-water
microemulsiontexture prevent surfactant from detachingorh the interfaceand
forming viscaus phase in produced pandmobilize moreoil asincreasingheparticle
concentrationCore flooding experiments showed the promise of the nanoparticle

engineered microemulsion.



To address the polymer degradation issue at high temperature duringienahd
polymerflooding, SiO, NPs were used tamprove the saltolerance rheological
propertiesand thermal stability ofiydrolysed polyacrylamide (PAM), as well as its
EOR potential. The EOR experiments at 5C showed that the oil recovery was
increased t069.6% with 0.5 wt% HPAM seeded with 0.6 wt% SiQPs, compared to
a plainbrineflooding efficiency of 56.%6.

Finally, the migration properties afianoparticleswvere investigated ircolumns
packed with glass beadsaturatedvith brine at various s$iaities up to API standard
The luminescentarbon particles were used and a nearly full breakthrough behaviour
(100% ofC/Co) was observed even in API brine fenB carbon dots. Controversially,
the breakthrough behaviour waéscounted in calcite limésne matrix. The good
thermal stability and mobility enalbllee carbon dotact as reservoir sensarsandstone
rock, and detection of the saturation degree of hydrocarbon in sandstone core was
demonstrated.

The work conducted in the thesis showed thatgseomise of nanopatrticles for EOR

applications at the laboratorial scale, and future work shall be planned at large scales.

Keywords: nanoparticles, enhanced oil recovery, microemulsion, surfactant, polymer,

particle migration, nanoparticle sensor
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Chapter 1

Introduction

1.1 Global concerns

Global energy consumption is set to increase drastically over the coming decades,
with most of this demand being met fssil fuels. The U.S. Energy Information
Administration(EIA) released the&lnternational Energy Outlook Repprin 2017 that
suggeste@nergy use in all other engse sectors would group more quickly fr@ens
to 2040[1]. Even though the report highlights the fastest growing energy resaweces
renewableand nuclear, with consumption neasing by an average 2%B/ear and
1.5%/yearover that period, respective\Although consumption of nonfossil fuels is
projected to grow faster than fossil fuelssBil fuels(including liquid fuel, natural gas
and coaljre still predicted to suppiround77% of world enegy consumption through
to 2040.Among them, natural gas will show a strong growing rate48t lyear, while
petroleum and other liquid fuel wilhcrease by 0%/year andstill remain the largest
source of energy, despite of that their share of the world energy consumptity slig
declining from 33% in 2(&.to 31% in 2040 Figurel-1).

Howeverthe era of finding fieasy oil o is co
become more reliant on fossil fuels produced from-camventional reervoirs and
from enhanced oil recovery (EOR) processes. It is estimated that the average oll

recovery rate from mature oilfields around the world is typically 2@996 of the
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original oil in place (OOIP)2]. Therefore, techniques that can improve reservoir
characterisation and enhance oil recovery are crucidinding a solution to the

challenge of meeting the evgrowing energy demand.

2015
250

petroleum and other liquids
coal e ‘
150

100

50 /__// nuclear

0

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figurel-1. World energy consumption by energy soysoedicted by EIA in 2017

19902040 (quadrillion British thermal ursix[1].

1.2 Oil recoverymethods

Primary oil recoveryrefers to the process of extracting hydrocarbon either \@a th
natural rise (such as gdsive, waterdrive and gravity drainage) to the surface of the
reservoir or via pump jacks and other artificial lift equipment. The hydrocarbon can be
derivedby a differential pressurbowing toward the well and up to surfadegcause
the reservoir pressure is considerably higher than the bdttdepressure inside the
wellbore[3]. Howeverbecause driving mechanism for primary oil recovery is different
andthe reservoir pressu@eclinesnaturally because of productiomhe oil recovery
efficienciesthrough primary methodre various and normally not higd.

Water flooding isusually considered as the most commonly used secondary oil
recovery methodwhere water is injected into the oil reservoir to support pore pressure

in the reservoir and thereby stimulgieduction [4]. This method is typically can
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mobilize an additional 30% of the oil reges, though the figure could be more or less
depending on the oil and of the rock surroundingidwever,water floodingstill has
several limitation, such as compatibility of the planned injected water with the
reservoiros ¢ onn ahe ejected water with therresezvoiardgef. i o n
Especially, it isnot efficient for heavy and exttzeavy oil recovery due to the huge
viscosity difference between water and oils, leading to low sweep effid@hcy

Rather than simply trying to force the oil up to the surface, as did the previous two
methods, enhanced oil recovery seeks to alter the properties of displacing fluids

hydrocarbonand even the oil reservdis make it more conducive to eattion[7].

1.3 Current enhanced oil recoveryproceses

Currently EOR techniquesicluding thermal, gasjection, chemical methods,
engineered water flooding and othdrave been used in physical situations where

primary and secondary oil recovery methodh&fficient (Figurel1-2).

ENHANCED
OIL RECOVERY
METHODS

|
| | [
[ Thermal | [ Gaseous | [ Chemical |
| |

| | \ \ | L | |
Hot || Electro- || Cyclic ||Continuous|| In-situ i Water injection . Alternated
Water ||magnetic || Vapor || Vapor || Combustion Microbiological a}nttlerfggg'o" Vibration wéqje‘?cg'ﬁ’gé’;s
Ore .
‘ I I | Prospection Explosives
Miscible Miscible Miscible Miscible
CO, No Rich gas Dry Gas
1 Polymers Foams Surfactants :;'I‘uat‘i@ﬁs
Immiscible Immiscible Miscible
CO, No LPG
Alkaline
Surfactant and
Polymer solutions

Figurel-2. Classification of current EOR methgds 9].
Gas injectionas shown irrigurel-3, which uses gases suchregtural gasnitrogen

or carbon dioxideg(C(O,), accounts for nearly 80 of EOR production in the United
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States[10]. Among them, C®@is most commonly used for miscible displacement
because it is less expensive than liquefied petroleum gasasneliable source from
the fossil fuel power plarjiL1]. Gas injection omiscible flooding is presently the most
commonlyused approach in EOR. Miscible floodisgeferring tointroduce miscible
gasa into the reservagirto maintainreservoir pressure and improve oil displacement

efficiency by reducing the interfacial tension between oil and water.

Injected CO, CO; and Qil expands and moves
encounters trapped oil oil mix towards producing well

Figurel-3. Crosssection illustrating how carbondioxd e and water <can
residual oil from a subsurface roftkmationbetween well$11].

Thermal injecton accounts for 48 of EOR production in the United States, with
most of it occurring in Californi§l2]. In this approachyarious methods are used to
heat the crude oil in the formation to reditseviscosity and/or vaporize part of the oil
and thus decrease the mobility ratiecluding Cyclic steam stimulation (CSS), steam
flooding, fire flooding (insitu combustion), and steam assisteavijy drainage (SAGD)

[13]. Thoseprocesss, in moscaseshave to be cyclical to ensure success of thermal
injection Figure 1-4). Thermal methodare applicabldor oil reservoir with high oil

saturation and porositfzor these processegdt from the fire reduces oil viscoségd

helps vaporize reservoir water to steam. The steam, hot water, combustion gas and a

bank of distilled solvent all act to drive oil in front of the fire toward production wells
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Figure1-4. Crosssecton illustrating howthe hot steancan be used theat andoush
residual oil from a subsurface rock formation between ik

Chemicalmethods involve process that injeci of chemical formulation, such as
surfactant, polyme alkaline, foams, emulsion slug alkalinesurfactanipolymer
mixture formulation, and emulsigmolymer formulationto reduce the mobility ratio
between displacing fluid and hydrocarbon, and/or to increase the capillary number by
reducing théFT betweerpil and water phasg$5, 16] The theory relating toremical
EOR can be referred to Sectidmd, while current popular EOR manners practiced
worldwide in chemical methods are discegseparately below.

1 Surfactants, eithan-situ formulated from the original crude oil or carried by
the injected brine in the process of flooding, can accumulate at the oil/water interface
and lower the IFT between crude oil and water, and consequantlizes the oil
trapped by capillary force after water flooding proddss24]. Ideally, the surfactant
is required to remain wataoluble at elevated temperature and ionic strength, capable
to generate ultrale IFT and havdow adsorption on reservoir rock (better economic

feasibility). The viscosity for surfactant solution is usually not high enough to reduce



the mobility ratio, therefore it has to be used in parallel with polymer flooding, as shown
in Figure1-5.

1 Polymer is usually employed in a small quantity to thicken the displacing water.
The primary purpose of polymer is to control the mobility ratio. Polymer can reduce the
mobility ratio by increasing the viscosity of displaciqipase and by causing
disproportionate permeability reduction (DPR). The effect of DPR gdferthe
phenomena whereby many wasaiuble polymers and polymer gel reduce the
permeability of water flow to a much greater extent than for oil/ gas flow. Among
severalmechanism proposed to interpret the DPR effggathway segregation and
polymer absorption are believed as the dominant mechanisms for DPR when polymer
solution are usefR5-29]. However, polymer cannot dace the IFT efficiently. lis
usually applieccouplel with surfactars.

1 Alkaline flooding refers to adding alkali into the injection fluids. The
mechanism D alkaline flooding is complex, whicltontairs emulsification with
entrainment, emulsification wit entrapment, emulsification with coalescence,
wettability reversal, wettability gradients, -@hase swelling, disruption of rigid films,
and lowlIFT [30, 31] Different mechanisms could be attributed to chemical properties
of the crude oil andhe reserviv rock. However, mosof researchagree that acidic
components in the crude oil are the most important factors for alkali flooding.

1 Alkaline-surfactarpolymer (ASP) flooding is a kind of flooding strategy
combining surfactant flooding, polymer floodirmgnd alkaline flooding32-34]. It is
primarily proposed to reduce the amount of surfactant required through the formation
and sequestering divalent cation dnesitu generation oflynergetic surfactant with
alkaline in oil reservoif35, 36}

The synergic effects of those chemscabhn recover large amount of water flood
residual oil by decreasing IFT which contributes to an increased capillary number and
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consequently a higher microscopic efficien(@s explained in Sectiod.4), and
reducing the wateoill mobility ratio which renders a macroscopic sweep efficiency.
The reduction in IFT is introduced by a synergistic inteoacof added surfactant and
in-situ generated soaps by alkali reacting with naturally occurring organic acid in the
crude 0il[37-39]; while polymer is used for increasing viscosity. ASP method can
significantly reduce the amount of surfactant required to recovery oil. Typically ASP
formulations involves 0.2 PV of 1% surfactant and 0.5% alkhlased by 0.3 PV or
more of a solution containing 1000 ppm polymer. It is typically followed by a
freshwater injection to optimize chemicals recovery and then chasing flood with drive
water Figurel-5). [40]

Production facilities
Production well

Injection Injection
well pump

B ovevee [ rovmersotion [ s [ 07 snawater
Figurel-5. Schematic of polymer/surfactant floodif#g].

Engineeredwater flooding usually refers to tuning the ionic composition of the
i njecting brine, and it is more popul ar/l
di fferent publ i dasigheoWater Flodiby Srell[4d]edhdeancece d t o
lon Marmagement (AIMSM® by ExxonMobil [42], dow Salinity Water Flood
( L oS abyBp [43] and BSmart Water Floodingby several authors in recently

published article$44]. The wettability alteration by ionic activity on the rock surface

is identified as the main mechanism beloidecoveryimprovedby low salinity water
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flooding, which has obtained greater support compared to other possible mechanisms.
However, other mechanisms such as IFT reduction, electric double layer expansion, and
rock dissolution are also fourtd contribue in releasing trapped oil in laboratory
investigatios[45]. Other engineered water flooding includes adding nanoparticle to the
displacing fluids to mobilize more oil. However, the mechanisms betandparticle

enhanced oil recovery are still controversial as reviewed in Set&on

1.4 Theory of enhancedoil recovery

1.4.1 Overall oil recovery efficiency

Based on the material balance of oil reservoir, the overall oil recovery efficiency
(O ) can be calculated agjuation 11:
O — Equationl-1
Where,0 is the volume of accumulate oil recovered via flooding processes, OOIP is

the Original Oil in Place, which usually shasthe total oil content of an oil reservaoir.

@ Microscopic Sweep
WATER ———» % — OIL

RESERVOIR ROCK

—

Areal Sweep

PRODUCING
INJECTION @ ®  woL
WELL

LHuaniyq deams didoasoadepy Jo0 doamg [vonga A
e

WATER OIL AND WATER
l Vertical Sweep T
WATER
OIL
INJECTION WELL PRODUCING WELL

Figurel-6. Schematic of macroscopic and microscagdficiency[8, 46].
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It is defined that the overalD (equation 12) is affected by macroscopic or
volumetric sweep efficiencyd ) which indicates the effectiveness of the displacing
fluids to sweep the oil zone volumetrically, and the microscopic displacement efficiency
(O ) which is a measure of the effectiveness to mobilized the oil trapped in pore space
by capillary forcd29, 47] shownin Figure1-6.

0O O © 000 Equationl-2
Where,O is the areal displacement efficien®, is vertical displaement efficiency.

1.4.2 Factors controlling macroscopic sweep efficiency

The macroscopic displacing efficien€® ) is principally affected by geological
heterogeneity in the reservoir, which affects the spatial distribution of porosity and
permeabiity The channels or | ayers with high
zons0) all ow water f | ow p s kypassingthetoil cantadgdy t hr
in the portion of reservoir with low permeabilifyigurel-7), resulting in an early water
breakthrough and reduc&a .

Theeffect of geologicaheterogeneity is intensified when injectiadisplacing fluid
with a large viscosity contrast with oil. The effect of heterogeneity on oil recovery can
be characterized iyre mobility ratio, for instance gas is injectetstead of water for
oil recovery[48-51]. The mobility ratio is generally defined as the mobility of the
displacing phase divided by the mobility of the displaced phase, waithe expressed
by equatiorl-3 [52]:

o —FT— — — Equationl1-3

where k. usually refers to relative permeability, refers to dynamic viscosity, the
subscriptw represents displacing phase (usually water), anduhscripto is for the

displaced phase (usually oil). The ratio shows the mobility of the injecting fluid to that



of the oil phase, and the effect is dependent on the relative permeability and the viscosity
ratio.

Unfavourable mobility usually occurs whére value is greater than 1, and water is
moving forward in a fingelike front. Whereas, a favourable mobility usually happens
when there is a large viscosity contrast between the displacing fluid and displaced
phase, whicimore likely to result ira pistortlike displacement of oil from the injection

well to the production well, as shownFkigurel1-7.

Production well Production well
a) b)
il
Water
flooding with
unfavorable
mobility ratio
Injection well Injection well

Figure1-7. (a) Flooding with poor mobility controlp] Flooding with good mobility
control

Viscosity control, like adding polymer to increase the viscosity of displacing phase
or reducing the viscosity of oil phase Hyermalmethod like seamassisted gravity
drainage (SAGD)is regarded as main way tchéeve a favourable mobilitjoreover
achievinggood mobility control in combination with other mechanisnuding low
interfacial tension(IFT) or wettability alteration isalso essential forany successful

EOR.
1.4.3 Factors controlling microscopic sweep fficiency

In waterwetting reservos, the typical microscopic displacement efficien&y ()
from water flood is 70% or less, this is mainly because the oil is trapped in pore space

by capillary forceandis also contributed trelative permeability properties tiferock
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[2]. The latter usually determines the mobility of water and oil when flowing through
the pore space.

In waterwetting reservoirs, the capillary forces can be overcome by viscous force or
gravity force. The competition between capillary force and viscous fergeverned

by the dimensionless Capillary Numis&y(equation 14):
0o — Equationl-4

where' is the dynamic viscosity of injected fluid @gAi s Dar cybés Avel oc
is the interfacial tension (N/m)in the circumstance of low capitlanumber (usually
in the order of 13- 10°), flow in porous medias dominated byapillary forces and
capillary trapping is likely to happen. Therefore, to increase oil recovery, either the
viscosity of brine should be increased significantly or the o/w IFT should be brought
downto ultralow level (< 10> mN/m) [53]. For high capillary numbethe trapped oil
will be mobilized becausthe capillary forces are negligible compared to the viscous
forces

The relative importance of capillary force and gravity force can be characterized by

normalzed bond numbex, (equation 15) [54]:

Yy

0 Equationl-5
whereY” is thedensity difference between oil and wat@is gravity accelerationQ
is the absolute permeabiliff) is the relatie permeability of water phagejs the
contact angle of wetting phase on the rtdabtal trapping numbei (equation 16) is
derived from the combimeeffect of capillary and bond number:
06 o0 O Equationl-6
It should be noticed that the oil recovery affected by capillary forces differs

fundamentally between notiractural and fractural reservoirs. In a roactured

reservoir, Lowering the w/o IFT and consequently reducing thdlargpfore is
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necessary to mobilized the large volume of residual oil trapped in pore space after water
flooding. While in fractured reservoir, spontaneous imbibition of water due to strong

capillary force is essential to achieve a high recovery efigigsb].

1.5 Challengefaced by currentEOR technologies

Although thermal methebhas been commercially used in heavy oil reservoirs in Canada,
Brazil, China and USA, etcit is facing big economic and environmental challenges.
The use of steam for all stedmased injection methods, means an intensive energy
consumption as well asrigeg CQ emission ascribed to the steam generation from
methane, increasing both the economic and environmental Tostssedwater brings
issues such as the handling of large volumes of liquids, and extra dehydration facility
for oil and water separatidi3]. The application of SAGD, specifically, is restricted
by a series of geological and geometric factors, including sufficient reservoir thickness,
high horizontal and vertical reservoir homogeneity for the formation of uniform steam
chamber, andapd permeability to enable the efficient flow of the fluj8§, 57]

While, issuesrelated to gs floodinginclude segregation, viscous figurinthe
concern of lagterm CQ sequestration in oil reservpand stable sourcef CO; gas
[10, 13]

Since 1976,the US department of Energy conducted several pilot trials to evaluate
the potential of surfactant/polymer flooding for enhanced oil recowémjortunately
the results are generallysdippointing. Met oil recovered are generally less than 5%
compared with watefflooding, regardless of the chemical flooding technologies
(surfactant/water, surfactant/polymer, surfactant/Cidam, and surfactants/thermal
recovery)58]. However, some controversary information can be fdrord the review
of Olajire et al[8]: the earliest field testing of ASP flooding at West Kiehl, Wyoming

had reached 26% OOIP with an additional pricgt of less than $2.00 per incremental
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barrel, over the next 2.5 years after its start. Another ASP pilot test, a Minnesula field
located contiguous to the Kiehl field, increased recovery by 28% of OOIP (1,143,000
bbls) and incremental costs were estimated.42 $/bbl. Other chemical oil recovery
recording include 21% OOIP for Cypress, 24% OOIP for Bridgepang 17% for
Tanner filed.

In China, &:emical floodinghas beerstudied and tested for more than 20 years
though with several pilots of differentalesand there have bedr3 field cases (pilots
and commercial scale) reported. Among them, five are from Damdgost of the
cases are in small scale operatioasd all in sandstone reservoirs. A tertiary pilot
application of the ASP process initidte Sept.1994 in the west central area of Daging
oilfield has increased the average pilot area oil production rate from 36.7 to 91.5 m3/d,
and decrease the water éwam 82.7 to 59.7%8].

ASP flooding is still facing some major challenges in produced fluid handling on its
way to commercial applicatiorsuch as selecting chemicdlsrge chemical quantities
required, scaling of the Wébore equipment, and surfactant precipitation [8}c.

With todayo6s t-Rolgnen @A\P) oagdy AlkaliRuifaktarPolymer
(ASP) floods are applicable to sandstone reservoirs only. However, suHackgmer
(SP) seems to be a feasible recovery process in both carbonate (e.g., Midland Farm Unit,
Texas) and sandstone reservoirs. Actually, surfactant injection is the only ahemic
method used recently as a well stimulation and wettability modification of carbonate
reservoirsin addition,chemical EOR methods are not expected to make an important
contribution in oil production from carbonate reservoirs during the next one or two
decades. However, chemically based gas and watewo#hsitategies (e.g., gels and
foams) will continue to contribute optimizing water, gas or WAG projects in carbonate

reservoirs in the near futufg9].
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1.5.1 High cost for developing new surfactant

In selecting chemicals for an ASP flood, it is necessary to consider availability,
quantities required, cost, performance, and logistics. All of these factors are critical due
to the large quantities usually requiréo flood one field, which can run into the
hundreds of millions of pound8].

Prior to the filed implementation of this technigtiee research and development
(R&D) of new EOR surfactant is usually expensamal takes long operation cycles,
becauséey process parameters néedbe optimized through a series of test procedures
Extensive screening test methods have been develapednimize the cost and
evaluated the potential increment recovery factor of the tested surfactant compositions
[60-63]. R&D of new surfactast for EOR purposesshould considersurfactant
properties, reservoir roclettability, brine salinity, and reservoiemperature and
pressurg adsorptionpropertiesunder static and dynamic condition and displacement
studies under reservoir conditioj@s 13].

Genaeally, surfactant is composed of a hydrophobic group{mmar and oHsoluble)
and a hydrophilic group (polar and wasaiuble). The nomolar group is usually
hydrocarbon chain with-88 carbon atoms, which is may or may not branched, whereas
the polargroup is normally constituted by charged moieties. Based on the type of polar
group, surfactant can be categorized into four groups: anionic surfactant containing
negatively charged hydrophilic group (ecprboxylate ¢ / /), sulphate(3 / ),
sulfonate 3 / ), cationic surfactant bearing positive charge (eegyl ammonium
bromide ¢ ( # ( " ¥ Laurylamine hydrochloridé#( # ( . ( # 1)), non
ionic surfactant whose polar groupshiydrophilic part is soluble in water regardless of
no obvious charge overall (e.gBolyoxyethylene alcohat ( T#(# (0 1 (

n=8-18, m=315), and zwitterionic surfactant having both positive and negative charge
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(e.q. 2. (#(# 1 (long chain amino acid) # ( . 3
(alkyldimethylpropanesultaine)p4].

R&D of new class of polymer is also technigaltlifficult or economically
unfavourabledue to very limited types of polymer to date. Presently there are two sets
of polymer for enhancing oil recovery: synthetic polymers and biopolymers [63]. The
most utilized ptymers today are the synthetic and partially HPAM (hydrolysed
polyacrylamide), the modified natural polymers ahe biological polysaccharide,
xanthan [64,65]. The natural polymers and their derivatives include HEC (hydroxyl
ethyl cellulose), guar gum and sodium carboxymethyl cellulose,

carboxyethoxyhydroxyethylcellulose.
1.5.2 High concentration required

The economic®f surfactant EORat the oil field site is usually determined by
bundle of parameters such as the cost of surface facilities, displacing tinids
requirement of additional well drilling, oy al ty, taxes, and most
of oil [65]. However, the cosiof surfactant, which includes the primary investment to
purchase surfactant and the costaiibring surfactant needed to replace the surfactant
absorbed in oil reservoir, is usually half or more of the total project[66st67]
Therefore, surfactant flooding at lower surfactant concentration can reduce the overall
cost significantly.

However, 1 is reported that théonic surfactant shoulde implementedat the
concentration aboveritical micelle concentration (CMC), and even for namnic
molecular the surfactant should be used at the concentration arounf68M&t CMC
concentration, surfactants tend to form micelles and all additeddd#d surfactants
also form micelles.Consideringthe large scale of oil reservoilarge amount of

surfactanis needed to formulawdisplacing fluid
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Surfactant flooding usually carried out in three formscellar, microemulsion and
ASP, ut manyof themareused atconcentration, as seen from theddture review
below.For example osurfactant flooding imicellar, Bourréet al.[69] reported that
the O/W micellar contain-42% surfactant (also hds6% alcohol, 250% hydrocarbon,
and 4090% water), and the W/O micelles consit6-12% surfactant (also composed
of 1-4% alcohol, 38B0% hydrocarbon, and 1%5% water).

Microemulsion is another type of surfactant flooding, wigckiso not commercially
possible because it usually constitutes e6% surfactant and-3% cosolventalcohol)
[70-72]. Flaaten et al[.73] used 2 WP total surfactant concentration including 0.5 to 2
wt% cosolvent. Bera et 4l/4] prepared the microemulsion with r@mic surfactants
(Tergitol 15S-5, Tergitol 1557 and Tergitol 155-9) at concentration of 0.4 wt%
which is around their CMC. Eveor ASP flooding, which is proposed to reduce the
amount ofsurfactant required through the formation and sequestefindjvalent
catiors and insitu generation of syrgetic surfactant with alkain oil reservoir[35,
36], the concentration of surfactants used in pilotstesstuisually 0.10.5% [75, 76]
which is still higher considering the large amount of fluids required.

Resarch indicates that surfactant mixsiaemore efficient to reduce IFT thaa
single surfactant. For example, Ro$&8] believed that surfactant with branched/multi
hydrophobic chain, & surfacant mixture can generate uliav IFT. The mixture of
Aerosol TR and Aerosol OT at ratio of 1:8 can reach ultralow IFT value in all decane,

dodecane, and tetdecane, even at surfactant concentrdtarer than0.06 wt%.
1.5.3 Retention in porous media

Retenton of surfactant/polymer ithe porous medidi.e. reservoir rockis the main

contribution to surfactant loss in chemical EOR processes. Retention is a term that
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covers all the mechanisms inducing the concentration ofcsan#polymer in the bulk

fluids when they propagate in the porous media.

1.5.3.1 Theory for surfactant/polymer adsorption

Investigation of surfactant adsorption is an old subject that usually based on the
difference of surfactant concentration in solution before and after flothnogghthe
rock. In general the adsorption of surfactant @wolid surface is attributed to several
forces including: electrostatic force, chemical interaction (covalent bondioigpolar
lateral interactions, hydrophobic interaction between the hydrocarbonschath
hydrophobic sites on the solid, hydrogen bonding, solvation, and desolvation energy
[77]. The total adsorption is usually the integrated result of some or all of the forces
above[78].

An asorption isotherm is usually applied to indectite depletion of surfactadue
to adsorption. The adsorption isotherm ifamic surfactant absorbing onto a opposite
charged surface, which is callé8omasundararruerstenadisotherm[78], can be
subdivided into four regions when plotted on a-log scale, as shown igure 1-8,
whichshows an exaple that the adsorption of sodium dodecyl sulfate on alufvfija
The region | happens at low surfactant concentration and is due to the electrostatic
interaction ketween the individual isolated charged surfactant species and solid surface.
The adsorption isotherm is governed by GdClyapman equation with a unity slope
when the ionic strength is constant. In Region Il, surfactant began to aggrpgate
reaching a treshold concentratigmnd form solloids because of the lateral interactions
between the adsorbed species. Under the accumulating results of lateral interaction and
the stilkactive electrostatic interaction, the adsorption density soars up shagly
increasing he surfactant concentration ine&on Ill, the solid surface will be

electrically neutralized by the surfactant ions. Thus lateral interaction is only the driving
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force for surfactant adsorptioleading to a reduced slope. ledton IV, the sudctant
concentration approachif@@MC, any further increase in the concentration just give rise

to the micellization in bulk solution, instead of changing the adsorption density.
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Figure 1-8. Isotherm for onic surfactant adsorption on the opposite charged solid
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Figurel-9. Nonionic surfactant adsorption on solid surf§8e.
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While the for the nofionic surfactant, the adsorption is usually reversible with little
hysteresisKigure 1-9). As the electrostatiattractionis not operative, the adsorption
density is several orders of magnitude lower than that for ionic surfactant.

For the anionienonionic surfactant mixture, they usually synergistically absorb on
the solid surface, which is attributed to the hydrophobic interaction between the two
surfactants as well as the reduction of electrostatic repulsion between the anionic head
groups which are shielded from each other by the nonionic surfactant mol&djles
The initial electrostatic interaction provides sufficient hydobic site for

hemimicellar type adsorption of nonionic species.

1.5.3.2 Review of surfactant retention

Many researchers have investigated the effects of different phgiseroical
properties of solution, such as d#8, 68] temperature and ionic strength on the
retention of surfactarj22].

Higher salinity can compress the electrical double layer of the hydrophilic group of
a surfactant that decreases the function
layerof rock. As a result, the adsorptioniohic surfactant typically increases with an
increase of salt concentratif2v]. Considering the phase behaviourma€roemulsion
the Winsor Il microemulsion at optimum salinity is favourable because the oil
microemulsion and watanicroemulsionmterfaces have equal and low IFT. When the
salinity is higher than the optimum value, the surfactant can be trapped in the residual
microemulsionin Type Il conditions because the greater wat@roemulsion IFT
reducing oil mobilization. In contrast, gally less than the optimal lower water
microemulsion IFT which can keep surfactant trapped in a lower phase microemulsion
and increasing ciinicroemulsion IFT[73]. Therefore, design stable surfactant system

in saline aqueous environment and reducing surfactant retention are very important in
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any chemical flood, since the soft water may be aitable and soften the very hard,
high salinity formation brine in the reservoir can be experidii@& Fortunately,
research in this area has achieved a lot by using surfactant mixture, and selecting high
performance surfactant.

Liu et al. [82] has shown that surfactant mixtures are aqueous stable at higher
electrolytes and divalent cation concentratiofidaaten et al[73] conducted phase
behaviour experiments for the microemulsion mixed by two -pgtiormance
surfactants: Petrostep®S1:16G- 7PO- 3 / ) and Petrostep®S2 (€:160S). Even in
highsalinity, the emulsion showed a good performance. Through core floodihigand
performance liquid chromatographfRLC) analysis, the surfactant mixture showed
high oil recovery and low surfactant retentiora hard, saline environment without the
need for a prdélooding.

Bo et al.[83] showed the potential of utilizing Gemini surfactants in harsh reservoir
conditions for EOR applications. Gemini surfactant molecules have excellent aqueous
stability even in high salinity and properties that can lower maximum adsorption
densitiesmorethan the conventional single chain surfactants.

Through phase behaviour, Ka al. [83] found that Dtype (branched) surfactant
requires lower concentration to reach CM@d both surfactantsroke the emulsion
phase at a salinity of 5 wt% NacCl.

Temperature and pressure also influences the adsorption of surfactargrenires
rock surface. Bera et aJ22] illustrated that the adsorption capacity of surfactant
decreases with the increase of temperature, which was due to the viscosity reduction
that increased the rate of diffusiofthe adsorbed surfactants molecule inside pores.
Moreover temperature would change the adsorption capacity of the rock surface,

depending on whether the adsorption process is exothermic or endothermic.
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1.5.3.3 Review of polymer retention

The amount of polymeabsorbed depends on the nataféhe polymer and the rock
surfaceRetention of polymemostly consists of polymer adsorption. Somesieay
involve mechanical entrapment of polynmaacromoleculesn porous media, and to
some extent hydrodynamically p@ed polymer molecules in stagnant zoj@¢sZitha
et al.[84] examinedthe influence of polymer concentration and permeability on the
retention of high molecular weight naonic polyacrylamide (PAAm) during flow in
granular porous mediaPark et al.[85] found that concentratiemduced polymer
adsorption caused ngroportionally enhanced oil recovery with increase in polymer
concentration below 1000 ppiand decrease above 1000 ppm.

The retention mechanisfar several common polymetsydrolyzed polyacrylamide
(HPAM) andpolyacrylamide PAM), in porous mediaave beeknown to some extent
[86-88]. However, even thugh heviscosity and flooding properties hydrophobically
associating polyacrylamide (HAPAM) has beeported inseveral recent studi¢86,

89], there isstill insufficient studyregarding their behaviour aktention in porous
media.There could b&argedifference retention behaviour between HAPAM and PAM,
due to the existence of hydrophobic associative grongpHAPAM backbong90]. The
research by Lu etl.a[90] shows that the dynamic and static retention of PAM was
smaller than that of HAPAM correspondingly. For both the HAPAM and PAM, the

static retention was higher than dynamic retention.
1.5.4 Chemical degadation

1.5.4.1  surfactant degradation

Another type ofchemical loss could be the degradationsoffactant/polymerni
reservoir. Karnanda etl.[91] explained theemost of the surfactant solutions have a

cloud point temperature beyond which the surfactant becomes ineffective and drops out
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of the aqueous solution, and the solution becomes cloudy and measuring the IFT or
other parameters become almost impossiBl@factant phase separation at high
temperature could lead to the reduction of surfactant concentration in agueous phase,
thus exhibiting poor performance to redutFT. Most of the experiments in the
literature indiate that temperatures above 120 resultsin either degradation or

precipitation of most of the surfactgeg]
1.5.4.2 Polymer degradation

Many of polymers typically also suffer from degradationreservoir environment,
resulting in precipitatn and chemical degradation at high salinities and temperature .
For instanceweak polyelectrolytespoly (acrylic acid) (PAA), is watesoluble with
the presence of 1 M NaCl at relatively high temperatures but tend to precipitate when
divalent cation C# is introduced at room temperat(jés-95].

Partially hydrolyzed polyacrylamides (HPAM)widely used as polymer additive
for mobility control in oil reservoirs, and it has been tested at the field R&|©6,

97]. However, t has been found that there are a few problems hindering the successful
application of HPAM for EOR applications, notably the polymer degradation issue
under high temperature and high salinionditions[98].

As most of theeservois that requires EOR have high temperatioegxample he
temperature in Shengli oilfielieh china is above 85 °(®9], and there are thousands of
oil and gas well with temperature up to 1201G0], HAPM would experience a serious
viscosity reduction under such temperatures, which wouldbsed by thenpairment
of hydrophobic effect due to the increased mobility of the polymer chains and the
resultantoss of interchain liaisonsnd increasedopolymer solubility101-103].

Another problem is th poor salt resistance of HPAM in hot oil reservoirke

salinity in a real oil field are usually higlior examplethe API brinecontains 8 wt%
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NaCl and 2 wt% Cagli.e., 1.8 M total ionic strengtlj}04], and the salinitpf Shengli
oilfield in China isusuallyhigher than 30,000 ndg' ! in which the total amount of €a

and Mgd*e x c e e d s '8 BoOtempayalute above 60 °C, the acrylamide groups
within the HPAM polymer would experience a hydrolysis process to form acf9&ite

or carboxylic[105] groups. The final hydrolysed anionic polyelectrolytes are sensitive
to the presence of inorganic salt (especially divalent cations such*aar@aVig),
which is commonly present in oil reservoirs. If the degree of hydrolysis betaame
high, HPAM polymer tenslto precipitate due to the complexes formed between the
polymer and divalent catioj$06]. In addition, the shielding of the rtual repulsions
between carboxylic groups along the HPAM skeleton detad the decrease of
hydrodynamic volume, resulting in a viscosity reduc{ib®/-109]. It has been shown
that the higher salt concentration alg corresponds to a lower temperature limit for

the applicability of HPAM for EOR applicatio$10].

1.6 ResearchMotivation

Nanotechnology is a science regarding the manipulation of matter in an atomic,
molecular, or supramolecular scale, involving very small structures in the 1 nm to 100
nm range. Nanoparticles are therefore of great intévetste oil and gas sector at the
moment for a variety of reasons, mainly due tartemall size large surface/volume
ratio, modifiable surfacdransportation abilitiefor other materials, and customizable
migration properties.

Recently, nanoparticle@NPs) has been proposed as a potential material to improve
reservoir characterization and to increase oil producfidri-113]. Compared to
conventional chemicalapplied in oil/gas reservar nanoparticle (NPs) possesses
severaldvantages. I thought that the small sipé particles(< 200 nm)would allow

them to pass through pore throats of a reservoir rock and be delivered to the parts of the
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pore network where they can make an active and significantehfferin some way.
The addition or deposition of different nanoparticles conddlify the displacing fluid
effective properties such as viscosit¥14-116], IFT [117, 118] and dielectric
properties[119], change the peeability of the rock matri120], or alter the rock
surface wettability118, 121] In addition, the sizelependent properties (i.e., optical,
magnetic, electrical, therrqghysical and interfacial properties) dPscan be used as
sensitive dowrhole sensors to target locations that are inaccessible by conventional
methodq113, 122, 123]
Because of low EOR efficiency and techniques uncertainties faced by chemical EOR

andengineered water floodings reviewed in &ctionl1.5, particular attention is given
to engineered water flooding astiemical EOR in my sai studies in this thesis. The
main motivations are included below:
1 Waterflooding is not usually regarded as EOR procegssssit is combined with

some otheflooding methodsHere we will 1se nanoparticle to modify ¢hwater

flooding as EOR process, in the meantime explore the possible mechanism

associated with NPassistd water flooding.

= anoparticle loaded with surfactants

Micella formed by surfactants

Case A: conventional surfactant injection method;
Case B: enhanced surfactant delivery by using nanoparticle, nanoemulsion, encapsulated surfactant, etc. and
triggered release of surfactant when contacting with oil phase, or approaching the area in interest.

Figure 1-10. Enhanced surfactant delivery for improving the efficiency of surfactant

flooding processPicture is adapted from R¢l.24]
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Reduce the retention of surfactant in porous matrixes. Insteexyenting novel
surfactant, the usage of present surfactant can be improved to reduce the adsorption,
precipitation and phase changeseagrervoir rocFigure1-10).

Add nanopatrticle in emulsion to stabilizeetbtructure and increase its viscasity
Investigatevhether the nanoparticle can improvephe | y rthermd and salinity
tolerance in the reservoir environment;

Nanoparticle transport behavior ieservoir environment is related ite majority

of the gplications, thus investigating the particle transport behamioeservoir

environmenis necessary.

1.7 Thesisoutline

The layoutof this thesis is shown iRigurel-11.

Chapter One Introduce the industryelated background inforation and basic

theories obnhanced oil recoveryA comprehensive review of the challesgssociated

with currentEORis done is this chapter

Chapter Two: Literature reviewof nanoparticles for enhanced oil recovery application

and the proposed mechams found in current literatures. Two main common issues

related to EOR, namely nanopatrticle stability and mobility in reservoir, arelafdfied

in this chapter

Chapter Three: This chapterstudes the EOR potentialthrough core flooding

experiment byisingTiO2 nanoparticleand examingthe current mechanisms proposed

in literatureto explain the observed EO&fects As nanoparticle is stabilized by

surfactant which would also contribute to the oil recovery, this cha@kso® identify

the contibutions from the stabilizer and the naadjxrles, and discuss tip@ssibleoil

recovery mechanisnegpplicable in the nanoparticissisted recovery process.
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Chapter four: This chapter is to demonstrate the concept of using engineered
nanoparticle as caer to reduce the surface retention in porous media and thus as an
alternative way to improve surfactant flooding efficiency instead of inventing new
category of surfactanthe retention propeyriof surfactantoupling with TiQ NPswas
investigated in ie different types of reservoir rogkto evaluate thenfluence of
substraten surfactant retention.

Chapter Five: in this chapter the iron oxide NPs were synthesized in the-arhter

(o/w) microemulsion by am-situ method which is distinguished tbe prefabricated
method. The joint network composed of nanoparticle and surfactant are thought to
strengthen the texture of o/w emulsion shelimprove the viscosity of microemulsion,

and to prevent the surfactant from detaching with the interfabes timprove

mi croemul sionés core flooding performanc
Chapter Six: In this chapter,HPAM solution seeded by SiOnanoparticle as
crosslinkemwere preparedand therheological propertiesf hybridswere investigated
under high temperature. The impact @frious nanoparticle loadirgy temperaturg

aging time and electrolyte concentrasoln the rheological behaviour were
investigated. The dynamic viscosity and viscoelastic properties were also checked to
clarify the contribution of NPs on the improvemehpolymer rheological properties.
Chapter Seven carbon dots (CDs) was found in this chapter to have a good transport
ability in glass column packed with micro glass beads, regardless of the influence of
nanoparticle concentration and ionic strength.n&Ds arestronglyhydrophili their

good mobilitywereapplied to detect the oil saturation.

Chapter Eight: Main conclusions and suggestions for future work are

provided here.
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Starting with TiO2 NPs as
presentative of metal oxides

Check the EOR Check the EOR
potential of TiO,, mechanism
as there are many proposed in
literatures saying current literature
metal oxide NPs is
useful for EOR.
Not
Not reliable reliable
Explore new ways to apply
nanotechnology for EOR
j Study a common issue
NPs siabilized related to all NanoEOR:
NPs to reduce ; - NPs for polymer NPs transport in porous
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Figurel-11. Layout of thehesis
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Chapter 2

Literature review

2.1 Nanoparticle for upstream hydrocarbon exploration

The use oNPsfor upstream industry has received intensive attention since 2008,
when an internationally recognizedesearch organization, Advanced Energy
Consortium (AEC) wasfoundedby t he University of Texa
Economic Geologyto achieve transformational understanding of subsurface oil and
natural gas reservoir through the deployment of unique raci nanesensof125].

Since thenmuch work has been conducted arah be generally categorized (gse
Table2-1), (i) t he devealgoepnmedn tt yopfe oocf detithosa stto
limitation of seismic andelectromagnetic(EM) techniques and to provide better
reservoir characterizatiqh22, 123, 126](ii) the use of NPs as property modifiers, i.e.,

to alter rock wettability andFT at the oil/water interface in order to increase oil
recovery rat¢117, 118, 121, 127[iii) the use of NPs for conformance control such as
nanoparticlestabilized emulsions, and gelation materials to block #aw pathg[128,

129j]; (iv) the use of NPs as additive to develop smart drilling fluids by optimizing its
properties like yield stress, viscosigel strength, fluids loss, andtér cake surface
morphology{130-133]. Nanoparticle foEORapplicationwill be described specifically

in Section2.2
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Table 2-1. Challenges faced byhé oil and gas industry and solutions that

nanotechnology offers

Nanotechnology
Industry Challenge _
Resolution

Drilling bit lifetime Anti-wear coatings

Pipe and tanker _ . '
Anti-corrosion coatings

Reduced downtime corrosion
and better componen Gashydrate formation Dendrimers
lifetime Marine fouling Anti-fouling coatings

_ . Nanoparticle adsorptio
Fines migration _
of and removal of fines

Filtration and Gas separation
separation of oll Toxic metal removal Nanoporous
emulsions before membranes

Oil water separation
downstream

Improvement of
catalysts lifespans an( Nanocatalysts

operating efficiencies

Heavy oil
displacement and In-situ nanocatalysts
recovery
Recovery of vast Nanoparticlesmodified drilling muds
amount of residual oil Nanosensors for reservoir characterisation
left in reservoirs Nanoparticles dispersions in surfactant flooding

2.2 Nanoparticles for enhanced oil recoveryapplication

Following an explsion of hype and speculationse ofhanoparticle for chemical
EORIs beginning to seeome advances. Howeyérhas to be admitted that the research
in this field is just at the beginning. Most of the studies are at the laboratorylsgle
and many contradictory results have been reported, especially regarding the effect of

nanoparticles on EOR. For instandgéendraningratet al. [135] showed that the
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maximum oil recovery was increased by 14.29% of OOIP by usingr@id@particles,
whereas Bayat et gl112] observed only a 2% increase over OOIPdnhanceabil

recovery using Si@nanopatrticle.
2.2.1 Nanoparticles-assistedwater flooding

In the past few years, there had been extensbsearch about usingaked
nanoparticle or functionalizednanoparticlefor enhanced oil recovg. However, he
investigationsranging fromwhattype of paticle isgood for EORwhat concentratio
is beneficial, through to the mechanism of nano EOR and to what extent the
nanoparticle can increase the oil recovery, are far from conclusive and definite. Some
conflicting results are review below.

Bayat et al[112] appliedAl.Os (40 nm, 60 rig), TiOz (10- 30 nm, 56100 nt/g),

Si0, (20 nm, 160 rfig) at low concentratiorof 0.005 wbb as the agent foenhanced

oil recovery in intemediate limestone at various temperatditeey found thatl .03
hadthe better ability to reduce capillary force and the lowest tendency to be adsorped
in porous media, which is followed by TiGCore flooding experiments show that both
Al203 and TiQ showed better results in EOR compared to,%i0all temperatures.
Similar to Bayatet ab s r ¢ Ehteaabi @tha[136] found the0.01%anataseTiO2
NPssolutioncouldrecover 80% of the oil after injecting two pore volumes at optimum
conditionsat optimum conditions, while wategcovered only 49%The mechanism is
attributed to wettability change towards wateatw

However, silica NPs is the miowidely used nanoparticle the literaturefor EOR
applicatiors. CountertoBa y at 6 s, Safaei et &l.fL37Fabed the carbonate core in
thelipophobichydrophlic polysilicon nanoparticlewith concentration ranging froth
to 0.5 wt% for 20 days. The experiments show that increasnmaggarticle

concentration caused a retioo in the contact angldor oil depositing on carbonate
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cores,from initial contact agle of 87°.There wereno oil recovery experiments in this
study.Roustaei et a[117] used the partially hydrophobic fumed silica (AEROSIL R
816) in watetwet sandstone for flooding experimenyselding up to25.43% oil
recovery. The research carried out byt al.[118] showed that hydrophilic silica NPs
can reduce the IFT betwedme oil and water phase, thusleasingthe oil trapped by
capillary force, and resulting an increase recoveryof about 45% compared ttrine
flooding. Maghzi et al[138] found that thaultimate efficiencyfor silica nanofluid(0.1
wt%) flooding increased by a factor of 8.7% in comparison to distilled water flooding.
Hendraningraet al.[135] employal hydrophilic silica athree concentrationsf 0.01,

0.05 and 0.1 wt%andobserved that IFtlecreases as nanofliddncentration increases
and that indicates a potentigor EOR. The displacemengfficiency wasas high as
14.2%%. Similar work conductedy Li et al.[118]in glass micromodel flooding system,
showed that injecting hydrophilic silica NP8.01, 0.05 and 0.1 wt%gt 7 nm ino
sandstone (308100 mD) after brinélooding can increase ttwl recovery about-%$%
compared with brine flooding. The mechanism is attributed to the reduced IFT and
tailoring of the wettability of solid surface towards more water wet. Maghzi[ai38]
found that thaultimate efficiencyfor silica nanofluid(0.1 wt%) flooding increased by

a factor of 8.7% in comparison to distilled water flooding. Tinisrement in olil
recovery wasaisedto 26% by increasing siliclPsweight percent fron®.1 wt% to

3.0 wt%.

With the advancement in nanosciences, some researchers have investigated the use
of other metal oxides NPs and proven their ability as EOR agents and their advantages
over SiQ NPs. Ehtesabi et a[127, 136] found thatanataseTiO. NPs in low
concentratior{0.01%)couldrecoverultimate80% of theOOIP after injecting two pore
volumes at optimum conditiorms a laboratorgcale while water flood only recovered

49% of oil. Meanwhile, Haroun et a[139] proposed a new EOR method, called
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electrokinetics (Ek-assisted nanofluid flooding. They compared thlemate oil
recoveryperformances of several NPs £§8g, CuO and NiO)looding, immediately
after the waterflooding stage witlor without the assisstance of EK (direct current
voltage of about 2 VV/cmip the carbonate cores from Abu Dhabservoirsand found
that CuO produced better results thanGzeand NiO due to exhibiting both higher
density and electrical conductivity.

Luo et al.[140] arethe first to presdrthe tertiary oil recovery experiments by using
graphenebased Janus amphiphilicm@sheets at a low concentratiat®.005 wbo and
0.01 wfo. The result from core flooding measurements showed that dil
enhancement efficienag 15.2% The enhanced oilecovery is attributed to several
mechanisméFigure2-1): (i) the accumulation of nanosheets at théewedter interface,
(ii) the appearance of climbing films, and (iii) the generation of elastic interfacial films

may be responile for the high oil recovery efficiency.
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Figure2-1. Schematic illustration of oil displacement mechanisms Qlimbing film

encapsulation mechanism for wateet surface.B) Sluglike displacement mechasm.

The figureis taken from[140].

In conclusion, research using nonfunctionalized nanoparticle for EOR is

sometimes cdnoversary in terms of thearameters such asanoparticle type,
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concentration, EOR efféx and mechanisms. The reason behind this coultlbeo
conflicting EOR mechanism, amdnopartite dispersibilitymobility problensin harsh
reservar environmens (high temperature, high pressure, high saliretgistence obil
phase and porous mediand mostexperiments were done in the las would be
reviewed inSection2.4. One approch to improve the dispersibilitiinanoparticles and
tailor their properties f0EORapplication is to covalently attaslirfactant opolymers
to the nanoparticlsurface, which is regarded as nanoparadssted surfactanbr

polymer floodingin the lieterature review below.

2.2.2 NPs assurfactant carrier

One of the critical isssan enhance oil recovery is the loss of surfactants due to
their adsorption on resenvaocks[20, 141] Adsorption of surfactant ireservoir rock
would increase the quantity of surfactant needed, resulting in a lower economic
viability. Moreover, surfactant loss by adseoptimpairs the reductioof oil/waterFT,
leading to decrease of EOR efficier[&y.

In theoil reservoir, the adsorption isotherm depemals large extenbn the type of
surfactant used, and the morphology and mineralogy of reservoir rock. It is also
determined by the presence of other surfactants/polymers/al¢@ials pH, the type
and strength of electrolytes in formation wtdB]. For example,ite adsorption of an
anionic surfactant system blended by nonylphd&rgthoxysulfonate (6EOS) and
dodecytbenzenesulfonate (DDBS) was studied by Fjelde et[&B] using static (in
kaolinite) and longerm dynamic adsorption (in North Sea reservoir core). Botlscase
showedthat a selective adsorption takes place from the dual system until the most stable
micelles was obtained and the adsorption of DDBS is remarkabher than that for
6EOS.Alhassawi et al[67] studied the adsorption 8odium dodecyl sulfatgsSDS in

free- and complexstate on solid surface mixed by sandstone, oil shale, and kaolinite.
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The results show that without complexing witkcyclodextrin, the adsorptioof SDS
was 64 76% higher whennclusionin acomplex caseCurbelo et al[142] investigated
the adsorption of two neinic surfactants in sandstoneores with different
ethoxylation degree The results show that ENP95 wdlsmaller ethoxylation degree
of 9.5 has a higherdaaption than ENP150 with a highethoxylation degree of 15.
ShamsiJazeyi et al[20] examined the competition adsorption between anionic
surfactant blend (constituting Neod®l and I0S18.8) and sodium polyacrylate on
dolomite, and found that sodium polyacrylate with molecular weight aboviicalcr
value can reduce the surfactant adsorption significantly, while the adsorption of sodium
polyacrylate was not influenceA.c cor di ng t o B g22Jatheeaanionial . 0 s
(SDS) and no#ionic surfactan{Tergitol 15S-7) showed higher adsorption efficiency
on clean sand particle at low pH, but the cationic surfactant (CEA®) the opposite
trend.Increasing salinity facilitatethe adsorption of SDS on the clean sand patrticle.
Nanoparticls (NPs) have beenwidely used forcontrolled drug delivery inthe
nanomedcine field[144-149]. Due to tailoring or potentialipetter mobility of
nanoparticle in porous media, the ability of nanoparticles as a carrier for
surfactants/polymers in porous media is onetloé emergingimplementations of
nanotechnology for enhanced oil recovery proced:<0, 150]
However, research in thoncept takingnanoparticleas surfactant/polyer carrier
for controlled delivery, is just at the emerging pha&agartalebi et al[19] showed
that the adsorption of surfactant on rock surface was generally reduced in the presence
of nanopattles. Liborio De Avila et al[150] also evaluad the usagef polystyrene
nanoparticks as surfactant carrieable to pass through the porous media to deliver
surfactant at the water/oil interface. They concluded mlaatoparticles coated with
nonylphenol ethoxylate were successful to reduce the water/oil interfacial tension and

had potential to be used as surfactant carriers for EOR. Yu Ei54l found that
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particles stabilized by polystyrene sulfonad#t-maleic acid show a good adsorption
tendency at the oil/water interface but low adsorption at the rock surface (~0.09 mg/m
which could contribute to less actant adsorption dhe solid surfaceln summary

due to the small numbpublications irthis field, studying thenanoparticlessurfactant
carrier and reducing surfactant adsorption on rock surface feofarconclusive and
sufficientto justify the conceptdue to the limitationaow described below:

Previous researclack investigationof the effecs of different type of reservonock
on nanoparticle asa carrier for controlledsurfactantdelivery. It has been long
recognized that the rock suraenergy and surface chemistry caosighificantlyaffect
the behaviour of surfactant adsorption and NPs retentifitb2-154]. Careful
characterization othe rock surface is fundamental to understand the parteffests
on the wettability, the adhesion force ahdbehaviourof porescale flow[133, 155]
Consequentlyit is still unclear if NB canwork as an effective surfactant carrier for
enhance oil recovery applieansin all types of reservoir rock.

In addition there is nbany information or discussion about retention of NPs inside
porous media and isffect on surfactant delivery in porous medimnversely, most
research to date smphasisinghow the presencef surfactant affestthe transport
behaviourof NPs in porous medifl56-160], instead of focusing on the concept of

using nanoparticketo facilitate surfactant delivery in porous media.
2.2.3 NPsassisted microemulsin flooding

Surfactant floodig has being commercially used f@tot scale for enhanced oll
recovery after primary and secondary recovery particularly in USA and (1itibh In
surfactant floothg, adsorption ofamphiphilic surfactant at the oil/water interface
reduces the IFT and consequently reduces the fluids capillary force and mobilizes the

oil trapped after waterflood process. However, surfactant is usually not sufficient to
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increase the igcosity of displacing fluidshence polymers arasually needed in
surfactant slug to increase the viscosity of the injected fluithe eficiency of
surfactant EORalso drops due to the impairment of IFT reduction between residual
water and crude oil cged by elevated temperature, unfavourable salinity and surfactant
adsorption in oil reservoif20], which would ultimately reduce the economic

availability of this technic.
2.2.3.1 Microemulsion for enhanced oil recovery

Compared to surfactant flooding, microemulsionavebeen used as potential
canddates for chemical EOR, because of its higher ability to generate-loMvaFT
[161] andhigher viscosity than general surfactant solwgjd®]. As a consequencée
additional recovery irthe case of microemulsion flooding is higher than surfactant
flooding[16]. A successful microemulsion flood pilot test has been completed by Exxon
in a watereebut portion of the Weiler sal, Loudon Field, Fayette County, lllinois,
USA[161]. In 1963 Marathon Oil Company also used microemulsion floo&mgwvn
asthe Maraflood procesdgo displace petroleum from reservoir rocks the first time
[9]. Afterwards numerous studiésve been under takea assess the properties of
microemulsions, especially viscosigurface tension and resistivity in EQES).

However, the olin-wateremulsion stabilizedy traditional surfactanor polymer
can be degraded or deformed graduallyhie oil reservoir by the surrounding high
temperature and high salinif%29, 162] and the mobility control by this surfactant

stabiized emulsion is usually not sufficient to some exf&a9)].
2.2.3.2 Phasebehaviour of microemulsion

Phase behavior screening helps robust evaluation of favorable microemulsion
formulationsWinsor[163] first described the phase behavior of microemulsions, which

include four general types of phase equilibria:
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1 Winsor I. the surfactant is preferentially soluble iater and otin-water (o/w)
microemulsions form. The surfactamth water phase coexists with the oil phase
where surfactant is only present as monomers at small concentration.

1 Winsor II: the surfactant is mainly in the oil phase and wiaterl (w/0)
microemulsions form. The surfactamth oil phase coexists with the surfactaaior
agueous phase (Winsor lII).

1 Winsor lll: a threephase system where a surfactadh middlephase
(microemulsion) coexists with both excess water and oil surfaptaort phass. It
contains almost all of the surfactants in the system. Therefore, it hadoultra
interfacial tension. Middigphase microemulsion is also called type Ill, or Winsor
type lll. This microemulsion is crucial in enhanced oil recovery. Therefore, the
favourite composition of a microemulsion for enhanced oil recovery is Wigper
I [16].

1 TypelV: a singlephase (isotropic) micellar solution, that forms upon addition of a
sufficient quantity of amphiphile (surfactant plus alcohol).

Depending on surfactant type and sample environment, types |, Il, Il or IV form
preferentially, the dominant typeeing related to the molecular arrangement at the
interface. As illustrated iRigure2-2, phase transitions are brought about by increasing
either electrolyte concentration (in the case of ionic surfactants) or temperatugxfor n
ionics). Table 2-2 summarizes the qualitative changes in phase behaviour of anionic

surfactants when formulation variables are modified [22].
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(non-ionic surfactants)
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(ionic surfactants)

Figure2-2. Winsor classificationrad phase sequence of microemulsions encountered
as temperature or salinity is scanned for-ramc and ionic surfactant respectively.
Most of the surfactant resides in the shaded area. In thephase system the midédle

phase microemulsion (M) is in etjbrium with both excess oil@) and water (W).

Table 2-2. Qualitative effect of several variables on the observed phase behaviour of

anionic surfactants. Taken from REf64].

Scanned variables (increase) Ternary diagram transition
Salinity (I 1 |

Oil: Alkane carbon number I 1| I

Alcohol: low molecular weight o

Alcohol: high molecular weight (I 1 |

Surfactant: lipophilic chain length (I 1 |

Temperature (1 I |

2.2.3.3 Nanoparticle-assisted microemulsion for flooding

Nanoparticles are very active and energetic materials with a high tendency to form
nanotextured surfaces in combination with surfactants, resulting in a significant change
in the interfacial properties of the syst. Nanoparticls can also be used to sthie
emulsion and beyond that NB&bilized or cestabilized emulsion has several

advantages over sole surfactanggbilized emulsion.
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Firstly, nanoparticle can stabilize microemulsion atlow concentration. Zhang et
al. [165] found that stable toluera-water emulsioacan be formed both at 24 °C and
55 °C, with nanoparticle silica concentration only higher than 0.2 wt%. Pei[£28)].
presented that emulsion stabilized by 0.1 wt% CTAB and various concentration of silica
NPs (NP20) ranging from 0.01 wt% to 0.&t% remain stable over the tested period
of 60 days, and even the smallest conediain of 0.01 wt% gave the best equilibrium
stability.

Secondly, microemulsianstabilized by nanoparticdkehave better temperature
tolerarce, higher viscoelastic propertiaésd enhanced surface viscoelasticity. Sun et al.
[166] found that the halfife time of SO./SDS foam was increased significantly
compared to SDS foam. The lestanding shape of Gp/SDS foam revealed the
increased viscoelasticityue tothe adsorption of &) at the interfae preventing the
foam interfacial layer from deforming. Zhang e{¥8.7] also presented that NPs can
induce highly stable emulsion by being irreversibly attached at the o/w interface and
forming a nanoparticle monolayer. Their expgnts show that extremely stable
toluene/water and water/toluene emulsjas well as stable@-in-watef167], can be
made when silica NPsO c oZfadetalfl68foundahat i s O
the emulsion which is created by adsorption of surfactant coated NPs at the O/W
interface had a higheviscosity than its original components, thus adding another
mechanism to oil recovery by controlling the W/O mobility ratio.

Thirdly, addition of nanoparticle can facilitate the mobility control for heavy oil
recovery. Through phase behaviour and rhgyptess, Pei at al[129] found that adding
nanoparticlsin the system of surfactastabilized emulsion can not only improve the
emulsion stabilitybut also the bulk viscosity. The coreflooding expenms further
confirmed thatco-stabilized by NPs and surfactanémulsion showed a remarkably

higher oil recovery efficiency than that without nanopargideecause NPs thicken the
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mobility of emulsion thus improve the sweep efficiency which is obsemveatie
microchannelEsmaeilzadeh et 4lL69] found that adding negatively chargedZNPs
considerably increased the surface activities for all of the investigated surfactant: SDS,
CTAB and LA7 and decrease thET, which isbeneficial for mobilizing oil at the
microscale.

Last but not the least, nanopartisiean improve the economic viability by reducing
surfactantusage andetention in reservoir roa{19, 170, 171]According to Zaid et
al. [168], introducing particls led to in-situ emdsification even when the surfactant
concentration was lower thaéine CMC whichled to the conclusion that reducing IFT
is not necessary for higher oil recovery efficienégng et al[172] explained that an
increase of surface tension I6T between surfactant coated nanoparsieled air/oll
phase may be caused by the decrease irfréeesurfacnt molecules present in the

solution due to the surfactant adsorption on the surfatteeofinoparticle.
2.2.4 NP-assisted plymer flooding

The most utilized polymers today aresynthetic and partially hydrolysed
polyacrylamide (HPAM), the modified natural polymers and the biological
polysaccharide,anthan173, 174] HPAM has attracted a great deal of attentiotihe
petroleum industry over the last a few decades, ranging from the treatfneaste
waterproduced from oil extractiofiL75], low-grade oil sand orprocessing176] to
EOR[177, 178]

To alleviate the problemsentioned abovén Sectionl.5.4 afew strategies have
been applied to improvéne performance of HPAM durinfiooding, which can be
categorised as: mobility control, copolymerization, and forming organic /inorganic
nanocomposites. For examptesearcH179, 180]showed that by forming polymers

with low-enough mobility, the freshwater polymer bank could displace the oil and brine
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ahead of it with the minimum mixing in higsalinity reservoirs. Various functional
groups such as the sulfoagbup, annular material, and hydrophoitmonomes have
been introduced into PAM for copolymerizatigh81, 182] The copolymerized
acrylamide wih a monomer group -acrylamide2-methylpropane sulphonic acid
(AMPS) showed similar properties to that for HPA98].

However, as reviewed iisectiorl.5 polymer flooding is usually hindered by
materialretentionand thermal and salt degradation in oil resgrvandthe cost to
develop and test novel polynsds usually high.Adding properlyselected inorganic
nanoparticles into polymer solutions can reinforce the intermolecular hydrophobic
associations by forming polymer/inorganic nanocomposite hydrogelsmgmove the
rheological behaviour of polymer solut®nt is expected that the hybridization of
appropriate nanoparticles with a polymer could improve its bulk mechaaraihe
thermal properties by strengthening the network structure of polymeat€onain
inorganic constituents that have drawn attentiwoiuding clay minerals[183-185],
layered double hydroxides (LDHE)86-188], CNTs[189] and graphene oxide (GO)
[190, 191]and metal oxide nanoparticlg92], etc.

Parizad et a[193] added S@®, NPs into xanthan gum in order to improve the water
based drilling fluidsd performance. |t w
condctivity were increased by 88and 154, respectivelyResearch by Kennedy et al.
[194] showed that adding 10% NPsxanthan gum gave rise to enhanced viscosity and
viscoelastic moduli. Moreover, ramping temperatuen 25 °C to 85 °C, the complex
modulus for solution of Xanthan gum containing 10%Sas relatively constant,
indicating that nanoparticles counteracted the effect of temperature on the material
properties.

The dispersion of Si© nanoparticles into aHPAM to form HPAM&lica

nanocomposite hydrogel has been recently investigated. Bhardwdjl&23keported
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that synthesised PANBIO, nanocomposites showed improved thenmasistance and
high thermal stability behaviosirMaghzi et al[195] showed that the viscosity of PAM
was increasetyy introducing SiQ nanoparticles and the oil recovery efficiency was
also 10% higher durg a polymer flooding process.

It shall benoted thatmostof these studiewere either focused on the temperature
effect or the salinity effect, and experiments evperformed in a limited range with
insufficientunderstanishg of NPsloading on the variation of NPs/polymer hybrids, and
how the polymer entanglemestitucture is changed with addinanoparticle. The long
term behaviour of the formed narwmposites (e., up to a few weeksinder reservoir

like conditions isalsolittle understood

2.2.5 NPs for reservoir characterization

2.2.5.1 The limitation of traditional reservoir probing methods

One overriding problem for successful water flooding or tertiary exploration is
related to the probing and mapping subsurface reservoirs that cannot be seen. However,
in practice there are many assumptions, involving a bench of parameters like reservoir
geometry, flud properties, reservoir deptlithblogy and rock properties, hydroban
saturation, etc., made by reservoir engineer in the modelling of a large volume of
formation [251]. Taking the carbonate reservaivkich contain 5860% ofthevo r | d 6 s
oil and gas reserves [252hs an example, many lematrix-porosity carbonate
resevoirs are productive because permeability is controlled by fractures and faults.
Understanding basic fracture properties is critical in reducing geological risk and
therefore reducing well costs and increasing oil recovery.

Lowering probes into boreholesone ofthetraditional ways to acquire information
from the oil reservoir, but the information is insufficient by being sourced from a single

6-inch hole [253]. Images obtained through seismography, on the other hand, is another
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way to map the reservoiHowever, it gives too broad view due to their imaging
quality and resolution inadequacies [251, 254]. For example, in carbonate rock
formation, fractures having apertures that are measured in millsnetrgeobodies
only centimetres across, allow ifis moving at several Darcies, andgss matrixed

oil. These kind of dimensions cannot be detected by seismic devices and data fro
logging is handicapped by insufficien¢sulting data. Subsequently, the faultefin
drawn on reservoir structummaps canot depict an actual permeability pathway.
Furthermore, a solid understanding of the regional sttas regimes is needed in
order to filter out fracture swarms which may not be contributing to premature fluid
breakthroughs. Even combing these two wagether, does not enable for the mapping
of these higkpermeable fractures or geobodies.

Techniques using natural tracers and isotogessell as various artificial tracers, are
now contributing to obtain the flow pattern, velocity field and well carityn and the
data can also be used to upgrade a reservoir model. For example, the combination of
partitioning tracer and conservative tracer was used to estimataquneousgphase
liquid (NAPL) in porous media [255, 256]. Adding wslbecific DNAbased tcer to
the hydraulic fractung fluid, enable determinatiomhether connectivity exists between
drilling sites and ground or drinking water, thus reducing the issue of uncertainty in
liability and improving information on well maintenance [257].

However, current traces suffer from some limitations. The dye and radioactive
chemical tracers can be helpful locally, but generally do not reveal the actual pathway
that is taken by the host fluid from the entry well to the detection well [50]. DNA sracer
is thelack of stability in environments with low pH or abundamtrobiotic activity
[257]. Molecular tracers, due to their small size, tend to diffuse into the small pores of

a matrix (as compared with larger tracers), and thus take longer periods of tiavelo t
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between the injection well and the production well. Additionally, adsorption of the

molecular tracers can also be a factor, requiring the injection of much larger quantities.
2.2.5.2 Concept of nanosensor for reservoir characterization

Recently, injection bNPs has been proposed as a potential means to improve both
reservoir characterization and understanding of oil displacement mechanism [39, 41,
50, 258, 259]as shown ifrigure2-3. Similar to DNAtraces, the intrinsic informabn-
coding capacity (particle type, shape, coating, etc.) allows discrimination between two
or more particle tracers coming from different sources or released at different times.

Particlewith good mobilitycan also be used as carrier to transport cargohwdan be

Injection Recovery Analysis

@ carbon black
probe molecule

—% polymer chain

i Rock
% nanoreporter

Figure 2-3. Schematic diagram of subsurface oil detection by nanoreporters.
Nanoreporters transport probe molecules through downhole rocks followed by
selectively releasing them when the roocBntains oil. Theinterrogation of the
nanoreporter at the production well will give quantitative information of the oil content
based upon the amount of theobe molecule remaining on the nanorepoRgture

taken from[122].

changed by subsurface environment, or released to the NAPL. The capabilities of

nanoparticls might also become limitless if compositing special functionalization,
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responsive to reservoir temperature [2Z85], pressure [263], chemical (e.pH51],

oil [50], water, gas and mineral type), selective to rock porosity and permeability [266],
and resposive to ultrasound or ultraiolet [229, 230] and magnetic field [267, 268]. It

can be expected that the use of certain #mased agents may soon lead to the
development and deployment of sensing and intervention devices that can help delineate
the watefflood front, identify bypassed oil, and map super permeabilibezonsitu

in the underground.
2.2.5.3 The challengefor successful nanosensesr

However, due to the often encountered hostile and extreme reservoir conditions, the
first challenge should baddresed is how to synthesis prop@&anoparticle that are
able to withstand high temperature, high pressure and salinity, which are encountered
commonly in oil reservoir. Secondly, the transport behaviour of these novel particles
should be investigated sufficidy. Nanoparticle are expected to have significantly
different transport behaviour in porous media compared with organic molecular because
of their more rigid structurfl96].

One of the current attempts to address these challendescribedaboveis by
injecting carbon nanopartidéhrough wellbores into one of the phasethereservoir
For exampleBerlin et al. [197] selected oxidized carbon black (OCB) as core and
sequestered a polyvinyl alcohol (P\JAshell. This carbon based nanoparticle, PVA
OCB, displayed good stability and transport abilitythre field rocks andselective
release of hydrophobic compounds when contacting with hydrocarbon, but it suffered
from stability problem at higher temperature (70 °C) and in positively charged dolomite
rocks. To address these problerilsyang et al[122] chase PVA with appropriate
molecular weight to keep the PVYACB NPs stable in high tempersgu and also

switched the NPs core from OCB to a carboxyl grbupctionalized carbon black
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(fCB) to improve its migration behaviour in various porous media. Other alternative
carbon materials have been evaluated to transport in subsurface environnuele incl
graphene oxide nanoparticld$6, 198, 199]waterdispersed aggregation of fullerene
(C60)[196, 200] carbon nanotubg201-203], to name but a few. Buat vital problem
associated with these materials is that it is difficult to detect the particle at low
concentration, andnone of those applicatiosn are targeted for reservoirlike
environmens, which is quite differento thenormal subsurface.

With only a few studiethatcan be found, using luminescent parsdiar reservoir
characterizton is rarely reported, ndineir migration behaviour in porous medidang
et al. [204] investigatedthe retention behaviour of CdSe quantum dots coated with
polyacrylic acidoctylamine (PAAOA). Kini et al.[205] demonstrated the stability and
transportproperties of CdSe QDs at high ionic strength and elevated temperature in
Berea sandstone core, which is targeting for the application of oil explorastiould
be pad special attention that thesert of QDs areisually hightoxic andcontaminate

for the environmentMoreover,t is hard to separatbesefrom the crude oil.

2.3 Nano-enhanced oil recoverymechanisns

Multiple possible mechanisms have been proposed to explain the effect of
nanoparticles on EOR, including: (i) viscosity increase for nitghtontrol [89], (ii)
substrate wettability chang&l7, 118, 121, 127{]iii) the effect of structural disjoining
pressurg127, 206, 207] (iv) the reduction of the displacing fluid/dFT [117, 118,

208, 209] and (v) the sealled logjamming effec{111, 210] However none of them
have been foud to proviéé sufficient explanation forll of the observed EOR
enhancenm@s.For instance, for the structural disjoining pressure to be effective, a very

high nanoparticle concentration is required (>30% by vol[Zfh&]). Consequently, it

- 46 -



is difficult to invoke this mechanism to explain the results of most published work

because these have utilized very small particle con¢remisgi.e., in the ppm range).
2.3.1 Wettability alteration

Wettability is the term used to describe thatigk adhesion of two fluids @ solid
surface.Giraldo et al.[212] showed that wettability plays an important role in oil
recovery processes and reservoir productivity. It is a major factor controdipitary
pressuretheflow and spatial distribution difuids(relativepermeabilityand saturation)
in porous mediaCurrently, there are three main experimental methods that are
commonly used by researchers ¥attability measurement: the contact angleéhud,
the Amott test anthe core displacement tegtmong them, the contact angle method

is the most universal used approach to determeteability (Figure2-4).

Figure 2-4. Measurement of contact angles for watdr systems; (&) show
measurements using a drop of water surrounded hyetilability changing from water
wet to oil wet and (df) show dops of oil surrounded by watewxettability changing

from water wet to oilvet
2.3.1.1 Towards water wetting or oil wetting?

The nanoparticke depsitionon the surface of reservoir rock could change its

wettability. However, controverseexists among literaturegegarding whether the
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wettability alteratiortowards water wet or oil wet lseneficial for EORKarimi et al.
[121] proved that Zr@nanoparticles suspensioanchangecarbonate system from eil
wetting to watemwetting by formation of composite surfaces, as a resulobparticles
being adsorbednto the solid surfaces. Theoretioadels presented that the wettability
wasbeingtunedby altering area fractions ¢iie nanostructure, partition coefficient of
the materials forming nanostructures, and surface roughhebsuld be noted that the
wettability may be changed by adsorption of surfactant which is not considered in the
theoretic analysis. Ehtesabt al.[127] studied the contact angle porous media
component before and afteore flooding. They foundiO2 deposition reduces the
contact angle of water droplet from 125 * 3° to 90t\v@iich is regarded as the main
reason for enhanced oil recoveBayat et al[112] appliedAl2O3, TiO., SIO, asthe
agent for enhanced oil recovery in inteediate limestone at various temperature. They
concluded thatthe intermediatewet limestone sample was changea waterwet
through NPs adsorption, and as a result, the reduction of capillaeyi$atte dominant
factor for EOR. Similar results of tuning the substrate wettability towams water
wetting for recoveringnoreoil is observed by Ref137]

However, the wettabillityalterationtowards water wet is not always beneficial for
oil recovery.Onye et al[213] concluded that neutrand hydrophobic nanopartisle
are good for EOR in watevet rock,becausen this kind of rock hydrophilic particle
yeild poorrecovery fators by switching already water wet rocks to strongly water wet.
Sometimes, even the wettability changing towards oil wet is helpful to mobilized more
oil. Roustaei et a[117] used the partially hydrophobic fumed silica (AEROSIL R 816)
in waterwet sandstone for flooding experimenessulting inoil recoveryincreased by
25.43% and 14.556 for two samples injection. The mechanismas attributed to

significant reduction of IFT antbck wettability chaging from water wet toward eil
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wet in a light oil reservoir. However, in this research, they did not clarify the

contribution between these two mechanisms.
2.3.1.2  The reason of wettability change triggered by NPs

Someresearchers try to anaky the reasons why the NPs can result in wettability
alterationof rock surfaces byxamining the microscopic mghology change after
depositionwith the nanoparticle. For example, Karimi et a[121] andAl-Anssari et
al. [214] proved thalNPs aderbed oncalcite formng nano textured surfaceand thus

change the surface free energg shown irFigure2-5 andFigure2-6.

Figure2-5. SEM images of an cilvet carbonate rock aged in (Ajveen 80 + Span 85
+ glycerin + LA2and 0% ZrQ NPs (B) Tween 80 + Span 85 + glycerin + LAZH+05
g/ml ZrQ, nanopartle, and (C)Tween 80 + Span 85 + glycerin + LA20t1 g/ml

ZrOo nanoparticleFigure istaken from[121].
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Topography Deflection signal nm

Figure2-6. Atomic force microscopymages of a calcite surface used in the experiments
before (upper image) and after (lower image) manaalification. The RMS surface
roughness before nammodification was 32 nm, which is very smooth. After nanofluid
treatment (0.5 wt% &hin 10 wt% NaCl bine for 4 h) the RMS surface roughness
increased to 1300 nm. Different colours refer to variations in height (black: 0 nm, white:

peak height = 640 nm [upper image], 1300 nm [lower imdg&}|.
2.3.2 Structural Disjoining pressure

The structural disjoining pressure (SDP) effect was proposed by Wasan & Nikolov
[206]. The SDP is different from the conventional disjoining pressure, which is a result
of the LondorVan der Waals force that has a short range. It has been demonstrated that
the structural disjoining forces generated from the ordering of nanoparticles in a
confined wedge (structuring) and the influence can extend to a film depth of a few
nanoparticle diameters (long rang@p6]. The origin of the structural disjoining

pressure is due to the confinement of the particles in the film region as opptseid t

-50 -



greater freedom of location in the bulk liquid. The layering arrangement of the particles
gives rise to an excess pressure in the film, the structural disjoining pressure, which has
an oscillatory decay profile with the film thickne@Sgure 2-7). A result of such a
structure force is that nanofluids could exhibit a good spreading capability in confined
spaces. Such forces have been observed (i) to be able to change the macroscopic contact
angle of a liquid dropld215-217], (ii) to stabilize liquid filmg218], and (iii) to lift an

oil droplet from a wall in an aqueous soluti@®7, 219223].

o O
© o X (@] 1/b O o O Manoparticle
o BJ,- o o o suspension
{ il o

7N

Qil droplet Qil draplet
Nanoparticle
film tension Spreading part!
Ay gradient Viedge Flim farce Wedge-Film

Figure2-7. Nanoparticle structuring in the wed§ém resulting instructural disjoining

pressure gradiefiitim tension gradient at theedge vertexFigure is taken frorf219].
2.3.3 Interfacial tension reduction

IFT is oneo f the main parameters riusoedndt o d
movement in porousmedia.As the EOR theory reviewed fBectionl.4, lowering the
w/o IFT and consequently reducing the capillary fore is necessary to mobikzkzdge
volume of residual oil trapped in pore space after water floodiagoparticle have
been considered as a potential agent to reduce IFT, which is one of theenhanisms

for Nano-enhanced oil recoveri]NanoEOR.
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Hendraningrat et a[135, 209, 224Jmeasured the IFT between synthetic oil and
nanofluids by the pendadtop method. The results showed that adding NPs into brine
reduced the IFT from 14.7 mN/m @3 mN/m. In addition, increasing nanofluid
concentration from 0.0Wt% to 0.05wt% decreasedhe IFT from 9.3 mN/m to 5.2
mN/m. Therefore, IFT is sensitive to nanofluid concentration, dedreases as
nanofluid concentration increasds. et al.[118] and Parvazdavanet al.[120] also
carried out simarexperiments to study the effect of SIIPs on IFT, and they believed
that SiIQ NPs have more impaon IFT reduction than wettability alteration.

However some researcBhows that the presence of nanopartgie mairy for
alterating surface activitgr facilidating the formatiorof the emulsification process,
reducing IFT is not the main contribution for EOR. For examiplé&eresearchrom
Esmaeilzadebt al [169], as increasing the concentration of ZNIPs coated by CTAB
or LA7, the IFT of nheptane /water and air/water systems did not change obviously
under various surfactant concentrations. However,,240s can alter the surface
activity of SDS molecules at bothheptane /water and air/water interfacé means
in some casesurfactanicoated NPs can influendde IFT, but depending on the
surfactant type.

Zaid et al.[168] found that the size of ZnO naoparticle affected the potential of oil
recovery via inducingn emulsification process-situ, because cloudy solution was
observed during the teswhich indicated th@ccurance of an emulsiiton procees.
The larger particle gave a higher increase of oil recovery, andOalSG-1100
nanofluid could mobilize more oil even through it has smaller pastiben ZnGRM
nanofluid. They also concluded that ultoav IFT isnot necessary to creespontaneous
emulsification in alielectric nanofluid floodingBai et al.[225] alsoacquireda same

conclusion with Zaid et glthat emulsification plays a more important role for enhanced
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oil recovery compared with IFT, although a relatively low IFT is required for the

occurrence of emulsification.
2.3.4 Mobility control

The mobility ratias generally defined as the mobility of the displacing phase divided
by the mobility of the displaced phasehich can be expressed by
'rQ '?‘Q '?‘Q ¢

0 —7— o

Wherek; usually refers to relative permeability,refers to viscosity, theubscript
avorepresergdisplacing phase (usually watgihe subscripéodis for displacegphase
(usually oil) The ratio showthe capability of the injecting fluid to that of the oil phase
and the effect is dependent on the relative permeability and the viscosityGabid.
mobility control is obtained when thaescosity of the injected fid is higher than the
viscosity of theoil in the reservoir and can lead to a pistie displacement athe oil
from the injecton well to the production well

A method for achieving high viscosities of the injected phaseggaad mobility
control is tirough generation of foams and emulsiomisich can form in the presence
of surfactants or nanoparticles. Unlike surfactants, nanoparhieles the advantage
that they can irreversibly adsorb to a licligliid or gasliquid interface, forming very
stablefoams ancemulsionsHowever, bare nanoparticles may be too hydrophobic or
hydrophilic fa stabilizing an interfaceNPs shouldbe tailoredby coating with
surfactant or polymeior a specific interface and applicatif#26].

Another method is fowaterfloodmobility control by using nanopartick where a
low-viscosity nanomaterial is eajected with the waterflood and will travel through
the highest permeability regior(§igure 2-8). Activated by designed triggers, the

payload system will burst to release expandable polymers and crosslinkers to create a
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plug, diverting water to legsermeable areas of the reservoir resulting in increased

sweep efficiency in waterflood applications.

Injection Coinjected Released
1} rticles polym

e, temperatu
and pH triggered

With
nanoparticles &

Without |
nanoparticles §z

Figure 2-8. Early payload delivery concept with napahancedvaterflow blocker to

mitigateundesirable water flow through higlermeability zones.
2.3.5 Pore Channels Plugging

Pore channel plugging can be causedwy mechanisms: mechanical entrapment
andlog-jamming[111]. Mechanical entrapment occurs because the diameter of injected
components is larger than poreaohelshat they flow throughwhile the bg-jamming
is plugging of pore channels that are larger than each NP.

When a nanofluid flow$rom pores to throats, the narrowing of flow area and the
differential pressure will lead to a velocitycrease of th@anofluid. The small KO
molecules will flow faster than the NPs causing accumulatiowPs at the entraecof
the pore throatd{gure2-9). NPs accumulation and blockagesofallpore throats due
to logjammingleads to the pssure building up in thadjacenpore throat, forcing out
the oil trappedOnce the oil is freed, the surrounding pressure drops and the plugging
graduallydisappears and the NPs start to flow with the watkt, 210]Hendraningrat
et al[227] observed the logamming effect during singiphaseflooding waterwet

Berea sandstone, throudHferential pressure and microscopitsualization
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Nanofluid

Nanoparticles

Figure2-9. Schematic of pore channel plugging caused bydogning [111].
2.3.6 Other mechanisms

Themechanisnfor NanoEORdepends otthe flooding methods includingare NPs
flooding, NPs coated with surfactant/polymer, NPs as cross linker to strengthen the
polymer networkingNPsstabilized emulsion and foams, ettlso change with oil type,
reservoir rock, salinity of displacing fluidEhere are some otherechanismscluding
preventingasphalkéneprecipitation[228-230], nanocatkysts[231], andthe appearance

of climbing films[140].

2.4 Difficulties for Nano-enhanced oil recovery

2.4.1 Nanoparticle stability in harsh environment

The nanoparticles are most commonly dispersettienbase fluid with little or no
ionic strength, under room temperature and pressure. Unfortunately, the conditions in
oil reservoir is que different with those in the laboratory. The subsurface reservoir
usually has high salinitiesianic Strength 3.77 M in API brine) and elevated
temperatures (up to 150 °C), which presents technical challenges, such as aggregation

as well as excessive r@garticle adsorption on mineral surfaces, due to the compression
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of electrical double layeland stronger Brownian motiof232-234]. Therefore,
fabricationof suitable nanoparticéghat can be stable in reserike environmergis
essential for successfully application.

Another concern is that the stability of nanopartickell affect the properties of
injection fluids, like viscosity, IFT with oil phase, density, etc., which is essential for
successful EORLearning from the experience of nanoflui@35-239], the displacing
fluid property modification will be significantly affected by the choice of nanoparticle
material, particle concentration, mbiglogy and stabilityn salinewater.However in
all referenceinvolved inSection2.2.], the staility of NPs in synthetic brinaith high
ionic strength was not mhienough attention and littlexformation regarding NPs
stability can be foud.

The iterature review below will reach to the lates$earch on nanoparticle stability
affected by electrolyte, surfactant and temperature, whichharenain influencing

factors encountered in oil resen®ir
24.1.1 Effect of electrolyte typesand strength

Metin et al. [240] studied the stability of silica dispersion withoutrfactant,
specifically focusingon how the critical salt concentration (CSC) for different salts,
namely NaCl, CaG) BaCb and MeCl, affects the stability o& silica dispersion.
Divalent cations M¢§, Ca&* and B&" are more effective in destabilizing silica
nanoparticle dispersion than the monovalent cation Nae CSC for Ng which is
1.5% just after fabrication, is about 1@fes more than for Mg, C&* and B&".
Moreover, Md" is the most effective in destabilizing the silica particles. The CSC is
independent of silica concentration, arah be loweredt high temperature.

According toAgarwal et al[241], kerosenesa nonpolar fluid is less responsive to

charged particles antthus electrostatic stabilization was not found to be effective in
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kerosene based nanofluids. On the other hand, steric stabilization, works avedinin
polar medium like kerosene, where the surfactant chains keep nanoparticles apart,
effectively due tdhigher osmotic pressure builgp between the hydrocarbon chains of
surfactant.

Ehtesabi et a[127] applied anatase and amorphousslni@noparticles in sandstone
for enhanced oil recovery. They checked the nanoparticle stability in 180000 acCl
after 24h and 48, and concluded that nanofluid can be stabilized at ledst\v2Hdich
Is enough for the EOR application.

Results fronFrench et al[242] show that 45 nm titanium dioxide particles readily
form stable aggregates with an average diameter -@059m at pHD4.5 in a NaCl
suspension adjusted to an ionic strength of 0.0045 M, further lead to the formation of
micron-sized aggregates within 15 min by increasing the ionic strength to 0.0165 M. At
all other pH values tested (5882), micronsized aggregates form less than 5 min,
even at low ionic strength (0.00840099M with NaCl). It is also observed that the
aggregation is more easily to be introduced in the presence of divalent cations such as
ca*

Solovitch et al[243] aqquiredsimilar results in terms of ionic strength, namely, at
low electrolyte concentration (£M), the size oNPreached around 500n in 20min.
In addition, the aggregation rate measured at pH 5 was always higher than that obtained
at pH 8and maximum in both cases a1

Bouhaik et al[244]focused on the modelling of stability of TA@anoparticles based
on DerjaguinLandauVerwey-Overbeek(DLVO) theory with only three adjustable
parameters (theinimum separation distance between NPs, the Hamaker constant, and
the effective interaction radius of the particle). Their model predicted very well the
stability ratios of TiQ NPs measured at different pH values and over a broad range of

ionic strengthgKCl aqueous solution).
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2.4.1.2 Stabilization by surfactant/polymer

Extensiveresearch have been under taksnusingan NP stabilizer to overcome
particle aggregation in reservdike environment with high temperature and high
pressure, but with limited succd245]. The NP stabilizetike surfactant and polymer
canphysically introduce a steric repulsion force, which fill the vacancy of electrostatic
repulsion between particles because of the charge screening at high ionic strength.
However, surfactant is not always a gdd# stabilizerat high ionic strengtiand high
temperatureAt high temperature, the bonding between nanopasteld surfactant can
be damagedir46, 247] On the contrary, dgmeric stabilizers have the potential to
prevent NHlocculation if the pure polymer does not undergo phase separation, and can
provide sufficient steric and electrosteric stabilization.

According to a review paper from Ghadimi et{a#7], popular surfactants that have
been used to stabilize nanoparticle can be listed as sodium dodecyl sulphate (SDS),
sodium  dodecylbenzenesulfonate (SDBS, salt and oleic acid,
cetyltrimethylammoniumbromide (CTAB), dodecyl trirhglammonium bromide
(DTAB) and sodium octanoate (SOCT), hexadecyltrimethylammoniumbromide
(HCTAB), polyvinylpyrrolidone (PVP) andum aabic. Choosing the right surfactant
Is important to stabilize nanopartisle

Hwang et al[248, 249]added SDS in fullerene andulti-wall carbon nanotube
(MWCNT) nanofluids, which improed the stability of nanoparticles in aqueous
suspensions. The result could be explained that the hydrophobic surfaces of MWCNTs
and fullerene are modified hydrophilically and that the repulsion forces between the
suspended particles increase dueatoincease of zeta potentialiang et al[250]
formulated sable homogeneous dispersions of carbon nanotubes (CNTg)SI3B as

the dispersantThe study showed that after 150 h, no precipitation is found for
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CNT/SDS dispersions, exhibiting an extreme stabiyt this experment was done
under theeoom temperature.

A polymer coating that imparts the sterepulsion (main)electrostatic or electro
steric (minor) stability is another important way to ensure nanoparticle remain
unaggregatedVeak mlyelectrolytes such as polfacrylic acid), poly(vinylpyridine)
and poly (styrenesulfonate) provide moderate stability, but carsumceptible to
changes inionic strength, and elevated temperatuf#s4, 251254] High ionic
strengths leado chargescreening, whereas elevated temperatures disrupt favourable
hydrogen bonding; both leed) to reduced polymeric hydratiorgnd eventually
nanoparticle flocculationEspecially divalent ions areknown to be problematic,
because they sharply redymlymeric hydration via specific ion complexati@b5].

The most promising approaches to date have relied on strongly anionic
polysulfonates thatre known to remain moderately hydrated at high ionic strengths.
Highly acidic sulfonated polymers exhibit low €abinding affinities and remain
soluble evemt high temperatures, especially those containing high levptaystyrene
sulfonate (PSS) or-2crylamide2-methylpropanesulfonate (PAMP&B-27in [245]).
Bagaria et al[245] reported an amine functionztd iron oxide core (for reservoir
imaging) modified by the covalent attachment of an anionic polyh2wacrylamide
2-methylpropanesulfonate (AMPS)ia multiple acrylic acid sitesin a different
approachHwang et al[122] reported a carbon blaagkanoreporter to which kght
sulfonated poly(vinyl alcohol) was covalgnttonjugated via ester linkage$his
particle can surviven API brine at 100 °C. Following that research, they grafted
PVA(2k) with 2000g/mol molecular weight ontohie carboxyfunctionalized carbon
black (CB)core by condensation of the hydroxyl growbpshe PVA with the carboxyl

groups through & , NitNjclohexylcarbodiimide (DCC) coupling reactifit?3].
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Bagaria et al[104] report a rare example of steric stabilization of imxide

nanoparticlesgrafted with poly(2acrylamide2-methylpro@nesulfonateo-acrylic

acid) (poly (AMPS-co-AA)) that not only display colloidal stability in standard API

brine (8% NaCl + 2% Caéelby weight) at 90 °C for 1 month but also resist undesirable

adsorption on silica surfaces (0.4% monolayer NPs).

Table2-3: Summary of nanofluid fabrication and stability

Investigator NPs Base fluid Surfactant & pH Fabrication Characterization Stability
method method
Hwang et al.  [Carbon black (CB), Deionized ISDS, 1 wt%. ISEM,
[256] “0 nm, initial 0.5 ater (DW) Electrophoretic
Wt%, ight scattering
ELS)
Hwang et al.  |Ag, 35 nm, initial  silicon oil Oleic acid,1 wt%. ISEM,
[256] 0.5 wt%, DC-704, Dow Electrophoretic
Corning Inc.) ight scatering
Au, 1.65 nm toluene N/A Directly by ELS) thermal
Spherical chemical reaction conductivity
method and thermal
diffusivity did
not change over
48 h for the
nanofluids at
ower volume
fractions. (not
sure it is for all
of the four
samples or just
for CNF)
Zhang etal.  |Al,05 20NmM DW N/A Sonic thermal
[257]) Spherical conductivity
ITREIBER et al. and thermal
[258] TiO,, 40nm DwW N/A Sonic diffusivity did
Wang et al. Spherical not change over
[259] | period of 48 h
CuO, 33nm DW N Sonic for the
spherical nanofluids at
CNF DW SDS 1.5 mass%  [Sonic ower volume
average length 10 fractions. (not
e m aliandeter sure it is for all
150 nm of the four
Cu, average 26m, DW SDBS stirred thoroughly samplesor just
spherical or near and ultrasonicated for CNF)
spherical, 0.05 wt% for at last 15min
Zhu et al[260] (Al,Os, 100 nt/g, DW ISDBS stirred thoroughly
15/ 50 nm, 3965 and ultrasonicateq
Kg/m® for at last 15mi
LotfizadehDeh |Al,Os, average size Ethylene |anionic dispersant, [Sonication XRD: crystalline
kordi et al. of 13 nm, glycollwater ~ mass ratio of structures and
[261] concentrabns mass ratio, [SDBSaluminaNPs purity of the
range from 0.01 up £0:40) of 1:1 Rlumina NPs.

to 1 vol%,
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Table 23 contnued

ICTAB, SDS and K
Laurate
Detail in original

aper

Investigator NPs Base fluid Surfactant & pH Fabrication Characterization Stability
method method
Esmaeilzadeh [ZrO, DW & n- ISDS, concentration Ultrasonic stable for
et al.[262] 0.001, 001 and 0.05heptane 0.001, 0.01, 0.1, 1, several hours
Agarwal et al. g of ZrQ, per 100 |and 5times of CMC
[241] mL H,O
ZrO, DW, n- IC12TAB, Ultrasonic Pendant drop stable for
0.001, 0.01 and 0.0theptane concentration Ultrasonicate 30 technique for several hours
g of ZrO, per 100  kerosene 0.001, 0.01, 0.1, 1, min for 0.05% to Liquidi liquid volume
mL H,O |and Stimes of CMC B h for 1% IFTs; fraction less
Al,O3, 13 nm and LA7, KrussNr.2215 than 0.2% were
50 nm Kimyagaran Tensiometer for very stable
Emrooz, Liquidi vapor more than 10
IConcentration surface tensions days)
0.001, 0.01, 0.1, 1, Vetasizer;
|and Stimes of CMC Brookfield
Oleic acid LVDV -1l digital
optimumvolume Vviscometer;
atio (0.3) of oleic
|acid to alumina
particle)
Kole and Dey |Al,Os, <50nm, Engine coolant jpleic acid Ultrasonication be stable for
[263, 264] volume fraction halfand for 3h, more than 80
between 0.001 and half mixture of homogenized for days
0.015 propylene 1 h by magnetic
glycol and force agitation
ater)
Maghzi etal. SiO;, 14 nm, 200 ater Polyacrylamide Polymer in water; Brookfield DV-  placed one
[265] m?g, 0.048 g/m powders, Homogenizer for |Il Ultra month in a
Concentration 48 hours at 100 rheometer, closed
0.5 g polymerto  fpm fransparent
0.5 g silica NPs and bottle far from
499 g distilled Ultrasonication degrading
ater). for 1 h then factors such as
stir for 48 hours ight and heat,
after adding no precipitation
surfactant |and significant
colour alteration
n sample
detected.
Amraei etal. SiO,, 2-5nm, ater or Tween stir
[266] paraffin B0, Span 80l,.auric
plcohot3EO,

2.4.2 NPsmobility in long distance

In terms of particle for reservoir application, especially for reservoir diagnosis, they

should has the ability to be transported a desired distaom the injection well. This

means the particles should exhibit little retention in sedimentary rock and minimal

formation damag§243]. However there idlittle report regardingparticlewhich has a

breakthroughability ashighas 1006 as reported
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2.5 Conclusion

As many of current investigatisrare using metal oxides nanopatrticle for enhanced
oil recovery research in this thesidasts with TiO> NPs, a typical metal oxides
nanoparticleto examine the current propoSE@R mechanissiwhich are reviewedi
Section2.3. This workwill also involveinvestigation omanofluidstabilization in high
salinity water and¢haracterization

Following this trial study, the work in this thesis vakploremorepotential ways to
apply thenanotechnologyor enhanced oil recoverguch as nanoparticle as carrier to
reduce the surfactant retention in reservoir rock and nanoparticle to stabilize the
structure of microemulsion, in order to address the problem reviev&estion2.2

Nanoparticle transport in porous media which is essential for the coreflooding
experimenwill also beinvestigated to address the problem reviewed in Se2tbn

Idea of the layout of this thesis has alsemillustrated ifrigure1-11.
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Chapter 3

TiO2 nanoparticleassisted wateflooding in Berea

sandstones

3.1 Introduction

Traditionally, many EOR techniques target the oil remaining after waterflooding.
Waterflooding is generally not congiced an EOR method unless it is combined with
some other flooding methods. this Chapter, we examinettie EOR potential foFiO>
NP engineered waterfloodingnd the mechanissrbehind it

It has been noted that some stabilizers (either surfactants pershsts) were
generally used to stabilizéPsin water or brine, but their characterization and effects
on recovery have seldom been considdfgs, 204] These stabilizers alone could
affect significantly effedve reservoir properties especially viscosity and interfacial
tension(IFT) [24, 267] and hence have an EOR efféonsequently it is unclear if the
observed effect has been due to the stabilizer$yfiseor a combination of both.

A systematic study of the effect of rutile Hi@Psassisted EOR in a sandstone rock
is reported in this work. To address thereantlimitations discussed i@hapter 2 both
rock samples and nanomaterials were carefully characterized, including nanopatrticle
stability in fluids of different salinity. Individual experiments were performed by-core
flooding with brine alone (BF), brine witktabilizer (BSF), and with a stabilized

suspension of nanofluids in brine (i.e., brine + stabiliaéPs) flooding (NF) to clearly
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identify the contributions from the stabilizer and tiNPs. The nanoparticle
concentrations before and after floodingperiments were determined, atite effects

of stabilizer and nanoparticle concentration on the mobility and EOR effect during the
secondary water flooding were assessed, as well as-@epth discussion of the

possible mechanisms.

3.2 Nanoparticle preparation and Characterisation

3.2.1 Raw Materials

Synthetic brine (nominally 0.M NacCl in deionized water, laboratory grade) was
used as the formation liquid and the base fluid for dispersing nanopaticél
experiments. The density of brine was measured as 1.000@24171 ghL, pH
6.72 0.2 and dynamic viscosity 0.80.01 mPa3 at 25 °C. The oil phase wéakgh
Viscosity IndexHVI) hydraulic60 minerabil, a highly refined mineral oil that consists
of saturated aliphatic and alicyclic hydrocarbons, which has sitgesf 0.868 ghL
and a dynamic viscosity of 42.78.16 mP& at 25 °C The oilis less volatile and
consequently has physical properties that are more stable than oils of greater volatility,
allowing more reliable data to be produced over longer expetime

There is the potential for confusing concentration of the suspension brine with
concentration ofNPs in the brine. Consequently, throughout this work we have used
the protocol that we use only the iword 0
whichtheNPsar e suspended and reserve the word
of NPs per volume of suspension solution.

Titanium dioxide (TiQ) NPs were synthesized from titanium (Ill) chloride (T#Ll
precursors (Sigma Aldrich, UK) using a lmgthermal reaction. Various stabilizers

including trisodium citrate diydrate (SCD, Fisher Scientific), sodium dodecyl sulfate
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(SDS, Fisher Scientific), polyvinylpyrrolidone (PVP, Fluka, Switzerland), polyethylene
glycol 2000 (PEG, Schuchardt, Germamggtyltrimethylammonium bromidéCTAB,
Fisher Scientific), TritorLO0 (Sigma Aldrich) and Suwannee river falacid (SRFA,

IHSS, USA) were used to stabilikd’s in the brine.
3.2.2 Nanopatrticle fabrication

In a typical synthesis, 4.1mL of 1.5M TiClz was added to 256L of agitated
distilled water. The pH of the system was adjusted td@B2Bat room temperature by
using NaOH and HCI. The solution was stirred by a magnetic stirrer at room
temperature overnight for rutile phase synthesis. After the synthesis, extensive dialysis
was performed to remove impurities from the NP dispersion.

a) b)

Intensity (%)

10 0 1000
Size (nm)

Figure3-1. (a) TEM images for rutile anatase Ti®IPs, and (b) particle size spectrum

from the Dynamic Light Scattering (DLS) method.

The morphology of the synthesized particles was examined using a transmission
electron microscop€TEM, FEI Tecnai TF2) as shown inFigure 3-1 (a). The
synthesizedNPs were in cylindrical shape, with a diameter of approximately 260
nm and aspect ratio in the rang8.7mhe specific surface area of rutile npadicle was
determined at 85.3 20 m%g (Acorn AredM, XiGo Nanotools Corporate)The

hydrodynamic particle size distribution th1 M NaCl solution figure 3-1 (b)) was

measured using a Malvern Nanosizer, basedhe dynamic light scating (DLS)
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method, which shows a distribution betweerd®0 nm peaking at 207.74.4 nm. The

zeta potential of the dispersion was measure@2a¢§” 1.04 mV.

3.2.3 Viscosity

The viscosity wadeing measured by Anton Paar MCR 381cone-plate module
(Figure3-2) is applied for the measuremeintwhichthe shear rate does not depend on
radial digance. The diameter for the comamely the measure system (CP50), is 50
mm, and the gap between seetwo plates ipre-set by the manufacture at standard
value 0f0.098 mm, leadingo a desired sample volume of 0.8L. Actually, plae-
plate measure system (PR3 also availablebut the calibration test with it was not
convincing and determining agper gap which can provide accurate data was difficult
to achieveg[268] hence it wasiot employed in our measment.The shear rate was

being changed from 109 to 1000s™.

0
|

While, mis the angular velocity and theis angle. This equation means when using

coreplate geometry, the influence of radius on the viscosity can be removed.

< FOaT

Rotating Cone

Fluid Sample &

n Peltier Element

Figure3-2. Schematic diagram of copate measure system.
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The machine is calibrated by the standard oil regutaréfteroccasionafteparation

for the purpose of maintenan@&gure3-3), and before eactime of measurement, de

ionized water whosg@ynamic)viscosity is alreadknown(0.89 mPas) underthe room

temperature is used for checking the accutatyure3-4).

1450
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7 1300
O
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Figure3-3. Standard oiViscosityfor the rheometetalibrationb y u s
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Figure3-4. Measure the viscosity of Blenized water before each formal

measurement.
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3.2.4 Interfacial tension(IFT)

There are several popular methods for measulfiig including Pendat drop,
Wilhelmy plate, Du Nouy ringnd Spinning Drop method. In general, interface tension
of 102-10" mN/m is referred to as low inflace tension, and that of loweratin10?
mN/m as ultrdow interface tensiorilhe Pendent dromethod isusuallyvalid for IFT
higher than & mN/m, but notfor low/ultralow IFT.For ultralow IFT it can be measured
by spinning drop method, which refeto use a rotating horizontal tubentaininga
dense fluidin which adrop of less dense sample is placgtarting to deform into an
elongated shapéhe elongation stops when the interfacial force is balanced with the
centrifugal forcd63].

For pena@nt drop method, the shape of a drop of liquid hanging from a syringe tip is
detamined from the balance dérces that include the surface tension of that liquid.
The surface ol-T at the liquid interface can be related to the drop shape through the

following equation:

Yy’ O00Y
[
I
dx/ds = cos ¢
dz/ds =sin ¢

do/ds=2+Pz-(sind )/ x

Figure3-5. Shape factor calculation in Pendent drop metltogure and equations are

taken fromTechnex websitf269].
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Where7 is the surface tensioy” is difference in density between fluids at interface;
G is the gravitational constary; is the radius of drop curvature at agexs shape

factorwhich is determined blgigure3-5 and its equations
3.2.5 Morphology

By using a focused electronic beam to scan the surface of specimens and collecting
emitted secondary electrons from the sample which are excited by primary focused
electrons, the scanning electron microscopes (SEM) allmaging surfaces of the
samples, and thusly investigating the roughness, quality afidéthe s ual 0 appea
the samples. Conventionally, SEM relies on electron interactions at the surface,
therefore in order to avoid accumulation of the electrostdtarges at the sample
surfaces, specimens should be conductive. Nonconductive specimens can be coated
with an ultrathin gold or carbon layer (hanometers thick) either bywksuum sputter

coatingor by highvacuum evaporation.

Electron
Beam

Electron Gun

Anode

Magnetic

Scanner

Scanning

Electron
Detector
—_—

Secondary
Electron
Detector

Specimen

Figure3-6. Schematic diagramf FEI Quanta 650 FEESEM scanning electron

microscopd270].

-69 -



In this thesis, the morphaies of allrock samples were observed by SENE(
Quanta 650 FEESEM). Images of the employed SEM instrument used in this work

and its schematic diagram is presenteBigure 3-6.
3.2.6 Concentration

Ultraviolet-Visible (UV-Vis) spectrophotometer can be used to determine the
NPs concentration by the ligldbsorbed or reflectetty the sample. This
technique can also be used &mquiring theabsorption or reflection spectrum of
the substancdsased omBeerLambert lawm(Equation 31) [126]. TheBeerLambert
law states that the absorbance intensity is proportional to the concentration of
absorbing species in the stitun and the path length

I 116 -aw Equation3-1
WhereA is the measured absorbaneés a wavelengtidependent molar absorptivity
coefficientwhen woking in concentration units of molarity, b is the path length, and c

is the analyte concentration.

Figure3-7. Flow cell for U\V-Vis spectrophotometdor the experiments conducted in
this thesis.

In this fudy, an U\Visible spectrophotometer (UV 1800, Shimadzu) was

empl oyed to measure the absorption sp

concentration in both static (in &édque
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option) modes. For dynamic mode guartz flow cell was applied to allow the
fluids passing through, as shownFigure3-7.

Before measuring the concentration of unknown samplesection3.5.5 the
calibration curvewas generated for each concentra@dra proper wavelength

which was selected to make sure the maximum absorbance is not out of range
(Figure3-8).

= 10 ppm at WL=295 nm
44 50 ppm at WL=290 nm
4 100 ppm at WL=250 nm
+ 500 ppm at WL=300 nm
34 —— 10 ppm fitted curve
—— 50 ppm fitted curve

A
y=0.03676+0.04048x
R?=0.9982

///y’=0.0633+0.02796x

Gé 1 —— 100 ppm fitted curve
8 = 500 ppm fitted curve . * R*=0.9988
5] s
= = y=0.00495+0.00211x
-~ R®=0.9968
1 - ,,_//
_ . y=0.02081+0.01008x
. e _ R*=0.9971
04 o e g
I v I v I ) I T 1 T )
0 20 40 60 80 100
C/C, (%)

Figure3-8. The calibration profile to determine the concentration of;T@nofluid

collected in SectioB.5.5

3.3 Core sample peparation and characterisation

3.3.1 Berea sandstone

Berea sandstonéigure 3-9) is a commoly used clastic reservoir analogue within
the hydrocarbon industry. Consequently, its behavior is-kvelivn with regard to an
extremely wide range of parameters and characteristics. Berea sandstone is a
moderately poroug'~ 0.18i 0.25) sandstone with a high permeabilky-(100- 1000
mD, 9.87x10 - 9.87x10" m?). It is isotropic and homogeneous, and is composed of
well-sorted subroundel grains in the range 70400 pm. The grains are predominantly
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guartz (85 to 90%and feldspar (3 to 6%) and are cemented by quartz, dolomite (1 to

2%), clays (6 to 8%), and trace amounts of iron sulpHRiz$).

Figure 3-9. Scanning electron microscope image of a broken surface of the Berea
sandstone clearly showing wslbrted subrounded grains and a homogeneous and

isotropic microstructure.
3.3.2 Porosity

The hdéium porosimeteemployed to measure the porosity of casagorking based
onBoyl eds | aw. The helium gas in the refe
cell. After expansion, the resultant equilibrium pressure is measured. Helium has
advantagesver other gases because: (1) its small molecules rapidly penetrated small
pores, (2) it is inert and does not adsorb on rock surfaces as air may do, (3) helium can
be considered as an ideal gas (i.e., z = 1.0) for pressures and temperatures usually
employed in the test, and (4) helium has a high diffusivity and therefore affords a useful
means for determining porosity of low permeability rocks.

Theschematic diagram of théelium porosimeter apparatus is showfigure3-10.

Before putting the rock in the core holder, volumes ofiNd % need to be acquired
through standarsteelbillets. Then keep the exhaust and connection valve closed, open
the fill-in valve until the pressure in reference cylinder gg¢aRund 100 psi) and then

close this valve; Keep the filh and exhaust valve close, open the connection valve to
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build an equilibrium pressure i the volume system, which is corresponding to the
sum of W and \4, subtracting the volume of graingMin. The relationship can be
illustrated by théequation3-2 below:

W 0w 0 WU Equation3-2

Calibrate the porosimeter after each 5 times measuteme

v A ® v
i )
]
Gasin Fill-in connection Exhaust
valve valve valve

Figure3-10. Schematic diagram of porosimeter

The porosity, Archimedes saturation weight and dry weight were measured after each
cycle of cleaning in order to verify that the cleaned rogks cleanig method is
described in SectioB.3.7) had similar properties to those of their native state. The dry
core weight was measured after 2 days drying in an oven at 70°C. The porosity was
determined by bothelium pycnometry and #himedes (buoyancy) methods. For the
Archimedes method, the rock samples have to be fully saturated by brine with known
density in a vacuum desiccator for 4 hours to make sure they were 100% saturated. The
pore volume, grain volume, grain density can hi&uwated from the recorded dry,
saturated and suspended masses, as shown in Table 1. As expected, the Archimedes
porosity was slightly smaller than the helium porosity, due to the size, polarity and large
molecular weight of water compared to helium. #llir cores had similar porosities
and pore volume. However there is a moderate variation of the permeability, ranging

from 99195 mD.
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Table 3-1. Basic rock properties

Archimedeanethod

No. | Length | Diameter| Bulk Pore | Porosity | Grain Grain goerl(l)usrirt] Permeability
(mm) (mm) Volume | Volume (%) Volume | Density (%) y (mD)
(mL) (mL) (mL) | (g/mL)

SZ1| 65.030| 38.018 72.96 13.46 19°0 59.52 | 2.61°0 | 21.200 | 150.920.39

SZ2 | 64.749| 37.922 72.52 13.42 18°0 59.10 | 2,580 | 21.080 | 138.460.80

SZ3 | 65.470| 37.886 73.56 13.40 18°0 60.16 | 2.66°0 | 20.820 | 98.730.59

SZ4 | 66.109| 37.884 74.26 13.84 19°0 60.43 | 2.61°0 | 21.00 | 195.460.56

3.3.3 Permeability

Permeability indicates the ability of oil reservtirallow petroleum liquid passin
through its interconnected pores, which is depterate effective porosity. The
permeability is affected by rock grain size, grain shape, grain size distribution (sorting),
grain packing, and the degree of consolidation and cementation (Talies2also
affected by claymineralspresent, especially when fresh water is present. Some clay,
particularly smectites and montmorillonites, swell in fresh water and can completely
block pore spaces. The permeability can be calculated by tsirfgllowing Darcyd s

law.
V) -— Equation3-3

where:U is apparent fluid flow velocity (cm/sJQis the permeability of the porous
rock (D);* is the viscosity of the floimg fluid (cP),Q 'Q dis the pressure gradient in
the flow direction (atm/cm); an@is the distance in the direction of flow (cm).

The key to acquire a correct absolute watemeability is to get a reliableressure
drop when brinas flowing through the core plugdefore permeability measurement,
thedriedrockswas saturateth a deaerator for at least 4 houf@hen thedifferential
pressure was acquireced line inFigure3-11) by introducing a backrpssurgBP) of

200 psi for around 40 minutethen removing the back pressure control, abrdng
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the pressure drop when increasing the injectiow rate at steps 0f30, 60, 120, 240

and 480mL/min, andbrought down in theeverserend.

USBH Application - 11 November 2014 16:08:47 to 11 November 2014 18:08:22

Differential-PX400USBH442347 - psi D* [-280

IA hBFZ/ l\ﬂ ﬂ\ﬁ I\jo BP m
/U WM |
- ( | -

\ 240

| 420 |

240
Woarepire

120

=
30

1610 1615 1620 1625 1630 1635 1640 1645 1650 1655 1700 1705 1710 1715 1720 1725 1730 1735 1740 1745 1750 1755 1800 1805

Figure 3-11. Pressure files saved in the format generated by pressure transducer

software.
3.3.4 Wettability

The contact angle an#Ts were measured using a KSV CAM 28@ical contact
angle and surface tensitensiometerlt uses a high speed CCD camera to record drop
shape, then fits the Yourgaplace equation to the drop image for calculation of surface

or IFTs, as described in Secti@n
3.3.5 Capillary pressure and pore sizealistribution

Becaus mercury cannot wet most subsurface and not spontaneously penetrate fine
pores by capillary action, it can only be forced into fine pores by applying an external

pressureFigure3-12is the schematic diagram ofencury porosity measurement.
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Mercury

Pore throat

Pore

Figure3-12. Schematic diagram of mercury porosity
The resisting force™O is proportional to the diameter of pore thrday, (the surface
tension of mercury and the cosine of contact ard)lelfus it can be calculated as:
0 “ Oé+
The external force can be calculated as:
O 06 ¢0* O
When the esisting force is just overcome, theearxtal force should be equal to the
resisting force. Thus, the diameter of pore throat (D) can be calculated as:
0O 1 AT
This equation is calletheWashburn equation. By measuring the volume of mercury
that intrudes into porous media for each pressure, the volume of pores in the
corresponding size class is known. The surface tension of the mercury is usually 480
dyne/cm and d is the contact angle betwe
140°. Manitoring mercury volume intruded as a function of pressure permits the
generation of pore size/volume distributions from the Washburn equation.
Mercury Intrusion Capillary Pressure (MICP) was used to determine the pore size
distribution. The measurement&m conducted on a small piece of Berea sandstone,
representing an offut from the core plugs used in the flooding experiments. The

porosity was 19%, similar to the helium pycnometry values showkigure3-1. The
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specific pores area from MICP measurements was 12@)l ihcan be concluded from
Figure 3-13 that 88% of pore throat diameter centralized in-IB& pm range,
providing a mean diameter of 14.09 um, with 6&6epthroat diameter was below 227
nm. This size is very close to the hydrodynamic diameter of the rutile ellipsoids
nanoparticles, which implies that some pore throats would be blocketheyy

nanoparticles.
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Figure 3-13. A Berea sandstoneore sampleg(SZ13) characterisation by MICP. (a)
Mercury injection capillary pressure curve showing the presgdasi§) required to
effect a change in mercury saturation in the sampkexi). (b) Inverted pore throat

radus spectrum showing a welkefined characteristic pore throat size 6f 70 pm.
3.3.6 Morphology and mineralogy

An examination of the morphology of grains and pores in the core samples, as well
as an elemental analysis were carried out using scanning electrascope (SEM,
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Figure3-14. (a) SEM of the Berea sandstone with pores shown in black, silica grains in
light gray and feldspar in white; (b) higher magnification SEM image of feldspar and
porosity between silica grains; (c) EDX spectrum of sand grain showing peaks only for

silicon and oxygen; (d) EDX analysis of feldspars.

FEI Quanta 650 FEESEM) and integrated energljspersive Xray spectroscopy
(EDX, Oxford X-max 80 SDD) with INCA 350 dtware. It can be seen frorRigure
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3-14 that the majority of the pore sizes were above several micrometers, while
confirming that the grins were composed of silivath minor contributions from clays

(calcium, iron and aluminum).

3.3.7 Core samplescleaning

A group of wateiwet Berea sandstones with permeability ranging from 98.73 mD to
195.46 mD were selected as core plugs in this study. All cores were cleaned by the
Soxhlet Extractor methogFigure 3-15) before initial flooding and between each
subsequent cycle of flooding. This cleaning procedure used dichloromethane (DCM, or
methylene chloride) as the solvent, which is immiscible with water and has a boiling
point of 40.1°C. This cleaning mcess would typically last 7 to 10 days in order to
ensure that solvent has extracted all possible oil from the core. After cleaning, the
restored core sample was oven dried atG@or 2 days to allow it return to its native

condition.

Condenser

Heater

Figure3-15. Schematic diagram of a Soxhlet Extractor
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3.4 Core flooding experiments

3.4.1 Setup description

A flooding system was set up to reveal the nanopatéistested water potential for
EOR andFigure3-16 shows the integrated experimental instrumentsFagdre 3-17
shows theschematic vievof the coreflooding setup. A Hassler type of core holder, in
which the core was loaded, was located vertically andatgd by a customized stand.
Fluid was injected through the cenelder vertically upwards. Inside the holder, the
core was enclosed in an elastic rubber sleeve, upon which was applied a radial
overburden pressure of 1500 psi over the rock sample. Tdgsyre was introduced by
injecting pressure oil by the high pressure hydraulic hand pump (P142, ENERPAC). An
inlet and outlet port in each end plug allowed upstream and downstream flow lines and
pressure transducers to be attached. Adpaeksure regulatavas used to raise the pore
pressure inside the core during brine saturation stage, to ensure that gas bubble are

completely removed from the cefieoding system at the start of the experiment.

Figure3-16. Coreflooding experiment setup
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Figure3-17. Schematic flow diagram for the flooding system
3.4.2 Formal Coreflooding procedure

To clarify the effect of potential influence of stabilizers, three cyclewaier
flooding tests were conductéBigure 3-18). The experiments of each cycle included
four stages:

1 Brine saturation a flow rate of 2mL/min for 6 pore volumes (PV);
1 High Viscosity Index (HVI) 600il saturation aa flow rate of 17mL/min until
an O6irreduci bl &H=2Wamaszachieged;t ur ati on of
1 Flooding stage at flow rate of OmdL/min for 3 PV.
9 Core cleaning and ready for the next cycle.

This simulates secondary flooding of the reservoir.

Each set of experimenbegan with a wateftooding with only the synthetic brine
(BF) followed by a wateflood with the synthetic brine and the nanoparticle stabilizer
but no nanoparticles (BSF), and finally nanoflooding using the synthetic brine, stabilizer
and different conagrations of nanoparticles (NF). The cores were cleaned as discussed

earlier between each watdooding cycle.
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During each flooding experiment, graduated cylinders marked imD.dlivisions
were used to collect the effluent liquid in order to deterntirezblume of oil and water.
During NF experiment, effluent samples were collected manually during the flooding
process and a total of 4B effluent samples of 1.BL each were collected. The
nanoparticle size distribution of the effluents was determirfédine by the DLS
device, and UWis spectroscopyintroduced in )was used to measure the particle
concentration. The determination of concentration was based on the comparison of the
effluent absorbance againstestablished calibration curve betwelka absorbance and
nanoparticle concentratiohe concentration of nanoparticle suspension entering
cores, Co, and the concentration of sample collect€d,were applied to generate
breakthrough curves @/Coas a function of pore volumes passing throtighporous
medium. Detailed sample characterization was conducted for nanofluids after the

flooding experiments.

Stage 1 Stage 2 Stage 3 Stage 4
Extract

Extract

Rock

Extract

RocK

Collect

Figure 3-18. Coreflooding procedure to examine the oil recovery potential of brine,

stabilizer and nanopatrticles.
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3.5 Resultsand discussion

3.5.1 Nanofluid stability

For any practical application, nanoparticles have to be stabilized properly in the
presence of various ions similar to the composition of brine. The stabilization
mechanism could be eithetedsc [271], electrostatid272] or a combination of both.
Many researchers have reported that nanoparticle cannot be stabilized easily in high
salinity water[240-244], especially when the ionic strength exceeds the critical salt
concentration (CSC]R40]. The presence of ions, especially divalent cations such as
Mg?*, C&" and B&'{242], could significantly reduce the stability due to the
compres®n of theelectric double laye234, 273]

The agglomeration kinetics of Ti@inder the influence of a number of stabilizers
mentioned above were assessed inN.&and 1M NaCl concentrations in order to
determire the right stabilizing agent. In this exercise, the 2Ti@anoparticle
concentration was 500 ppm and the pH was adjusted ‘@.8.&hen gentle magnetic
stirring was applied. lsurfactant concentration wéged at 0.3 wt% relative to water
content excepSRFA whose concentration was 100 ppm. Theamesults are given in
Figure 3-19. Regardless of the stabilizer, an increase in the brine salinity clearly
increases particle siz&igure 3-19a). SCD showed the best performance in terms of
particle size and was chosen for the following further experiments.

The patrticle size and zeta potential evolution of four SEibilized nanofluids of
different concentrations from 10 pgm500 ppm in a 0.M NacCl brine were measured
over a two week period following their fabrication, as showirigure 3-19%. There
was a slight increase in size for almost all concentrations, but always remnaimerg
than 240 nm after two weeks. Absolute ues of zeta potential often saw sharp

decreases in the first 4 days, becoming more stable during the remainder of the two
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week period, at aroun@7° 3 mV for the 50, 100 and 500 ppm concentration samples,
and below -18 mV for the 10 ppm sample. Extrapolation implies that the low

concentration sample would become stable at alidti8 mV after about 3 weeks.
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Figure3-19. Stablity of TiO2 nanoparticles (rile ellipsoids), (a) average particle size
comparison for different stabilizers and two brine salinities0dnd 1M NacCl), and
(b) temporal behaviour of the average particle size (open symbols) and zeta potential
(solid symbols) for four different Tighanoparticle concentrations (10, 50, 100 and 500

ppm) in a 0.IM NacCl brine solution stabilized by SCD)
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3.5.2 Fluid properties

a) 0%+ —= Brine <« 0.3wt% SCD
1 ._ ¢ 10ppm —&— 50 ppm
0824 @ v 100 ppm —#— 500 ppm
0914 KR
0 .
©
o 0.90
E ]
£ 0.89-
(2]
3
2 0.88-
> ]
0.87 ‘
] -y ——
0.86 \4"/
L) ) ’. I v 1 N 1 X I
0 200 400 600 800 1000
Shear Rate (S)
b) 50
49
T 48
s |
E a7
o 4
L
2 46 -
O ]
'_
T 45
8 B
T 444
J]
£

A
[&)
[

S
)
L

Brine 0.3 wt% SCD 10 ppm 50 ppm 100 ppm 500 ppm
Fluids

Figure 3-20. (a) Dynamic viscosity, and (bfFT of the 0.1M brine alone, th&®.1 M
brine with 0.3%wt SCD stabilizer, and the stabilized brine with 10, 50, 100 and 500
ppm of TiG nanoparticles.

The dynamic viscosities of the base flitine), base fluid with stabilizer and all
four nanofluids are shown ikigure 3-20a. The dynamic viscosity for theligh
Viscosity Index (HVI)mineral oil was also measured at 41.2 @PEhis relatively high
dynamic viscosity is beneficial, reducing the irreducible water saturdtida 25% in

a waterwetting rock.
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The introduction of the stabilizer (SCD) alone reduced the viscosity significantly,
but the effective viscosity returned to almost the level of the initial brine after the
inclusion of nanoparticles. The effect of particle concentration oeftéetive dynamic
viscosity was therefore small due to the low particle concentration.

The addition of SCD alone slightly ireased the IFT of brines shown irFigure
3-20b, reaching about 47.990.11 mN/m for arSCD concentration of 0.3 wt%. The
variation of IFT of nanofluids was also small, having a maximum value of 48.8Y

mN/m at 50 ppm and a minimum of 4424639 mN/m at 500 ppm.
3.5.3 Rock property changes

The absolute permeability and helium porosity weresuesd after each flooding
cycle to track whether the rock itself was damaged or modified by thefloodeng
processes. The results are summarizefigare 3-21, which show that the change of
porosity from cordlood to coreflood was small for all rock samples, with the largest
variation in the range of 2% for sample SZ2. Nearly constant porosity was observed for
both samples SZ3 and SZ4 during different stages of the flooding.

The permeability experienced a grafter the BF and BSF flooding, but the change
was small after the NF floodirfggure3-21b. This suggests that the stabilizer used may
have a deteriorating effect on the permeability. Some stabilizers may|padiahin
inside the rock during the flooding and reduce the permeability value. The nanoparticle
alone may not cause the reduction in the permeability, and instead samples SZ2 and
SZ4 showed that the permeability are slightly increased after the NF ritpodi
suggesting perhaps that some stabilizer was removed during the NF flooding phase.
This clearly shows the importance of proper selection of stabilizers. As the porosities

and absolute permeabilities for all rocks after NF flooding were very closest dffter
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BSF flooding, two of the cleaned rocks (SZ1 and SZ2) were selected for 5 ppm and 20

ppm NF flooding respectively.
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Figure3-21. Variations of (a) sample helium porosity, and (b) sample pdaititgdor
original coresamples and for restored cores after cél@ding with brine (After

Brine), brine and stabiliser (After SF) and ndlumding (After NF).

3.5.4 Core-flooding results

While we measured the oil and brine production regularly duringeaetilooding
(as shown iFigure3-22), we paid particular attention to the cumulative oil production,

and hence the oil saturation at three main interest points:-timealgh (BT) saturation,
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saturation at 1PVand ultimate saturation. The former value showed the practical oil
amount when the breakthrough occurs, whereas the last one showed the maximum
amount of oil that can be recovered for a given flooding. In the experiments, the
breakthrough was identified wh the first drop of water was produced at the
downstream of the core by removing the delay caused by dead volume. It was observed
that additional oil recovery becomes small after about 1 PV and the cumulative oll

recovery (COR) was calculated at 3.2 Pywhich time no more oil could be collected

for another 20 minutes.
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Figure3-22. Examples of the volume of oil recovered from 0 to 1 PV expressed as a
percentage of the initial oil saturation. The stahilis€.3 wt% SCD, and data is given
for synthetic brine (BF), synthetic brine with stabiliser (BSF) and for synthetic brine,
stabiliser and six different concentrations of Ti@anoparticles. The breakthrough

points are marked Ined five-pointed stars.
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Figure 3-23. Oil recovery at breakthrough expressed as a percentage of the initial oil
saturation for synthetic brine (BF), synthetic brine with stabiliser /surfactant (BSF) and
for synthetic brine, stabilis@nd six different concentrations of Ti@anopatrticles. The

stabiliser (labelled as surfactant here) is 0.3 wt% SCD.
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Figure 3-24. COR at breakthrough (blue bars) and at the end of flooding (red bars)
expressed as a percentage of the initial oil saturation for six different concentrations of
TiO2 nanoparticles, together with the amount of oil produced after breakthrough (solid
diamonds and lines) expressed as a percentage of the oil in place at breakifineugh

stabiliser is 0.3 wt% SCD.
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Figure3-22 shows that there was a rapid recovery of oil immediately following the
fluid injection and before oil breakthrough. In this part of the €lm@d the aqueous
fluid pustes the oil out of the sample in a qupstonlike displacement process, and
the oil recovery increases approximately linearly with the volume of injected displacing
fluids. This linear increase in oil production ends after the injection of about 0.4 PV,
when brine breakthrough occurs.

The cumulative oil recovery at breakough is shown ifrigure3-22. The BT point
was observed at about 0.25 PV for the brine only (BF) and brine with stabiliser floods
(BSF), andm the range of 0.35 to 0.45 for Ti@anofluid flooding (NF) with different
concentrations of nanoparticles. Brine only flooding resulted in an average of 30.3%
recovery of the oil originally in place (OOIP), and a similar value (i.e.,98D\sas
found forflooding with a mixture of brine and stabiliser (BSF). This shows that the
influence of the 0.3 wt% SCD stabilizer on the oil recovery was negligible in this work.
However it should be noted that this is not a universal conclusion. Other stabilizers
espe@lly some designed surfactants, could affect the oil recovery rate significantly,
and their effects shall be identified appropriately in any experiments to illudieate t
nanoparticle effectFigure 3-23 clearly $iows that adding Ti®nanoparticle can
increase the oil recovery rate significantly but in a-hoear manner. At lower particle
concentrations, the oil recovery rate increases with the increase of particle
concentration, reaching a peak value at aboys#, after which it starts to decline.
About 35.8% of the oil originally in place was recovered at the lowest concentration of
nanoparticles tested, i.e. Srppcompared to the use of brine aldB86.3%). The best
oil recovery of those scenarios testedswaout 39.8% of OOIP, which occurred for a
nanoparticle concentration of 20 ppm. This represents nearly a 31.4% increase in oil
recovery compared to watooding with plain synthetic brine or brine with stabiliser

but no nanoparticles. However, furthecrease of particle concentration resulted in a
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decrease in the enhancement of oil recovery compared to the plain brine and brine with
stabilizer cases. For a nanoparticle flooding with a concentration of 500 ppm, an oil
recovery of only 31.8% of OOIP waghieved at the breakthrough, representinky

4.95% enhancement of oil recovery over flooding with brine or brine with stabilizers
but no nanoparticles. Detailed discussions are in the below section.

The COR at the end of the experiment is shown tegetlith that at breakthrough
in Figure3-24. The general dependence of the COR on particle concentration was found
to be similar to that at breakthrough, but the peak value occurred for a 10 ppm nanofluid,
with a btal oil recovery of 43.75% of OOIP, representing a 44.39% increase Birthe
scenario.

Unlike the breakthrough case, there was no substantial decrease in total COR at the
end of the experiment for nanofluids with concentrations greater than 20 ppm because
these fluids progressively exhibited a large gosiakthrough production of oil. Despite
having the lowest recovery at breakthrough, the 500 ppm nanofluids achieved a COR
at the end of the experiment of 40.9% of OOIP, second only to the total recotiegy of
10 ppm nanofluid. The 500 ppm nanofluid mobilized an additional 13.3% of the oil in
placeat breakthroughpoint We have attributed the mechanism for gastakthrough
enhancement of of Bmmirogdcobfomome Ppbogs
which then forces oil to be produced from adjunct pores where it was previously

trapped. This mechanism is discussed in the following sections.
3.5.5 Nanoparticle migration behaviour during flooding

3551 Pressure profiles among different flooding cycles

Examples of thre differential pressure profiles that were measured during different
stages offlooding are shown irFigure 3-25. The nanoparticle concentration in this

figure is 500 ppm and occurs in the data represented byridngles. Thebehaviour
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indicated in the figure suggests that ajagming effec{111, 210]may be significant

in the coreflood with the 500 ppm nanofluid.
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Figure 3-25. Pressure profiles for brinedd..0 M NacCl, black poirts), brine with
stabiliser/surfactant (red points) and a 500 ppm:Ti@ghofluid (blue points) flooding
on core SZ4. The pressures should the same at the start, at which time there is still oil
to be introduced by the leading deamlume. The differential igssure offsets between
each of the flooding profiles is caused by small permeability differences between
flooding cycles as shown iRigure3-21).

The increased pressure for the nanofluid suggests that a portion of the nalespartic
became temporarily stuck in the core, reducing the permeability, and increasing the
pressure. Subsequent decrease of pressure may be caused byltekage of the
jammed particles. It was thought that the accumulation of nanopatrticle at the entrance
of pore throats would produce a higher pressure at the adjunct pore channel, in which
the oil trapped would be mobilized. Similar observations were reported by previous
research111, 210] The presence of oil phase may promote the jamming effect as the
nanoparticles were fliused to the o#water interfaces and were confined there. The

enriching of particle concentration at the oil/water interface has been identified by a few
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prior studieg274-276], where it isconcludedhat the naopatrticles tend to stay at the
oil/water interface and the energy'Q required to detach the nanoparticle from the
interface ishigh, as long as the particle is not completely watetr or oitwet More

analysis can be fourid Section5.5.1
3.5.5.2 Nanoparticle breakthrough behaviour

Ultra-violet spectrophotometer measurements have been used to monitor the amount
of nanopatrticles transported through the core sanfle measurements Figure
3-26 show that nanoparticle transport is strongly dependent on the nanoparticle
concentration. The outlet to inlet concentration rafi;., generally decreases with
increasing particle concentration. For example, for a 10 ppm nanoparticle commentrat
breakthrough was achieved quickly withC, approaching unity at 0.43 PV just as the
first drop of nanofluid emerged from the core. The 50 ppm nanopatrticle sample showed
a similar early breakthrough at 0.39 PV but with a reduced concentration of
nanogrticles in the emerging fluid>{C, =0.7), implying that up to 30% of the injected
nanoparticles are remaining within the core. At higher nanofluid concentrations (100
ppm and 500 ppm) the concentration of nanoparticles in the breakthrough fluid is even
less C/Co =0.65 andC/C, =0.18, respectively) with most of the injected nanoparticles
remaning inside the coreHigure 3-26). The peak concentration for the 500 ppm
nanofluid flood was reached at 1.69 PV, and reximum transport ability stayed
below 20% (i.e.C/C, <0.2).

Each flooding experiment was followed by an injection of a further 4 PV of plain
synthetic briné0.1 M NacCl)in order to check if the particles were strongly stuck inside
the rock. This brine gstflooding process was conducted after the end of the nanofluid
flooding at 3.2 PV for all experiments. The results (i.e., fighst part oFigure3-26)

show that significant amount of NPs can be cleanedrouot the cores immediately
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following the brine flooding. However after another about 3 PV, no more nanoparticles

can be driven out, suggesting that some nanoparticles remain trapped in the cores.

Further calculation shows that, for the highest concentréii@m ppm) flooding, 19.66

mg of nanoparticles in total (87.2% of the total injected amount) were deposited in the

rock during nanofluid flooding and remained trapped there, which corresponds to about

17.15 mg of TiQ nanoparticle per square meter of grsumface, which represents an

coverage of 0.92% of the rockos
nanoparticles are deposited as a monolayaile 3-2).
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Figure 3-26. Particle breakthrough ability during flooding with four different

concentrations of Tionanofluid and subsequent pdistoding with synthetic brine. £

is the concentration of initial fluids before NF flooding.

Fine particle migration in pous medium is an area of extensive research interest

[196, 277] It is known that the mobility of particles is affected by four main

mechanisms; (i) blockage, (ii) adsorption, (iii) straining, and (iv) gravityrssatation.

The adsorption effect would be small in this study because our nanoparticles are

negatively charged, and the zeta potential of Berea sandstone is negative at high ionic
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strength [278] and the range of pHs encountered in these experiments and in
hydrocarbon reservoirf234, 279, 28Q] The gravity sedimentation effect is also
expected to be smalue to short residence time of particles in the core and the effect
of Brownian motion.

Table 3-2. Nanopatrticle retained in core samples during nanofluid flooding.

Core | NP Total NP| NP mass| NP Total internal| Mean retained Mean area of
No. conc. | mass retained in| retained in| pore  surface NP trapping| internal pre surface
(ppm) | (mg) core (mg) | core (%) | area () density coated (%)

(mg/n¥)
SZ1 | 10 0.375 -0.133 NA 154.73 NA NA
Sz2 | 50 1.685 0.776 46.0 152.58 0.005 0.08
SZ3 | 100 3.786 2.248 59.4 157.26 0.014 0.22
Sz4 | 500 19.659 | 17.152 87.2 158.32 0.108 0.92

In this work, it appears that the particle migration was affected mostly bythroi
blockage and straining (i.e., a gggmming effect), as well as thegzsence othe oll
phase. Thelockageeffect is highly dependent on the particle concentrg#d8a]. This
is supported by pore sizmalysiof the Berea sandstonéigure3-13andFigure3-14),
the latter of whichshows that around 6% of pore throats are under 220 nm when
subjected to quantitative image analysis, i.e., less than the hydrodynamic diameter of
nanoparticle Figure 3-1b). These relative dimensions suggest stipripat the
blockage could take place, especially when the fluid contains high concentrations of
nanoparticles. Consequently, {gmming of high concentrations of nanoparticles is
consistent not only with the relative dimensions of the pores and nactgsarti
themselves, but also with the dataown inFigure3-25 andFigure3-26, making it an
important factor influencing particle migration and implying that high nanogeartic
concentrations should be avoided in nanoEOR.

In order to examine the NP migration behaviour without the presence of oil, 100 ppm

nanofluids were injected into Berea sandstone directly after brine saturatien. Th
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comparative resultsFgure 3-27) show that the nanoparticles present a faster
breakthrough in the presence of oil. Significant amount of nanoparticles were detected
at the exit of the core sample at about 0.8 PV in the presence of oil, but their @resenc
was delayed to about 1.5 PV in the absence of the oil phlasBerea sandstone used
in this work is strongly watewet. Consequently, the water phase occupies the pore
spaces close to the grain surfaces and the oil phase occupies discrete dropsctectonn
ganglia in the centre of pores, which are continuous through pore throats when they are
sufficiently wide and can modify the electrical and hydraulic connectedness of the fluids
in the poreg282].

The transport of the nanopatrticles is confined to the aqueous phase becaude the rut
ellipsoids TiQ nanoparticles used in this work are watat. The early breakthrough
for the transport of nanoparticles in the preseaf oil exhibited irFigure3-27 occurs
because the nanoparticles are owed to be transported in the water phase that initially
occupies only a fraction of the pore volume. Consequently any given volume of injected
nanofluids, expressed in pore volumes, will displace more than its apparent volume of
water phase and hence amgdly travelling through the core more efficiently. That
same nanofluid is also displacing oil, which is produced, so that the injection of
nanofluids becomes apparently less and less effective as the nanoflooding progresses,
explaining why the data fohé displacement in the presence of oil appears to start
effectively with a breakthrough at about 0.5 PV, but becomes less efficient after about
1.4 PV. By contrast, in the absence of an oil phase the nanofluids have the entire pore
volume to travel througlduring the entire injection process. The breakthrough is

consequethy delayed until about 1.2 PV.
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Figure 3-27. Nanoparticle transport during ceileoding with a 100 ppntable TiQ
nanofluid with and withat presence of oil. The ratio of the concentration of
nanoparticles at the outlet to that of the inletQdy) is shown as a function of pore

volumes of nanofluid injected.
3.5.5.3 Particle size distribution

The particle size distribution of the effluent samples wxamined by the dynamic
light scattering (DLS) method. It was interesting to observe that the hydrodynamic size
of nanopatrticle showed a bimodal distribution, which has also been repoEéatesgabi
et al.[126]. Consequently, altugh the size distribution of the injected samples show
a range of about 100 nm to 400 nm (Figure 2b), the effluent shows a population of
nanoparticles in the range 10 nm to 100 nm and a larger group, ranging from about 100
nm to 400 nm. It is clear thaapsage through the rock has effectively separated the two
size fractions.

The peak patrticle sizes of the two modes and a measurement of their ranges at
different flooding volumes are shown kigure 3-28. It is interesting to note that the

smaller and larger fractions of nanoparticle occur in the effluent, but the middle range
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does not. This implies that it is the nanoparticles of intermediate size that become
trapped in the cores. This implies that the choice abparticle size is a critical one

for designing an efficient nanoEOR process.
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Figure 3-28. Effluent nanoparticle size distributions for nanofluid effoeding with
different nanoparticle concentrations) @ ppm, (b) 50 ppm, (c) 100 ppm, (d) 500
ppm.

As discussed above, a few particle migration mechanisms were responsible for the
particle mobility, and among those, the Jagnming effect could form large loose
agglomerates, responsible for the formingtled large particle population. It is also
interesting to note that for all nanopatrticle flooding scenarios, the particle size for the
larger population of nanoparticles decreased from around 300 nm to around 100 nm as

the flood progressedigure3-28.
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3.6 NanoEOR mechanisms

The results so far clearly show that wsthbilized nanofluids can increase oil
recovery, and that the effect is strongly dependent on the nanoparticle concenttation. A
nearly 33% increase of akcovery at breakthrougthis methochas gone beyond our
initial expectation. As reviewed briefly in the introduction section, many potential
mechanisms have been proposed for the nanoparticle enhancement of oil recovery, but
none is weHaccepted as yet

We have seen in Section 3.5 that-Jagiming is likely happen after breakthrough,
especially for high nanoparticle concentrations, such as 100ppm and 500 ppm in this
research, and this may contribute to enhancement of oil recovery. We will examine

othermechanisms in depth in this section.
3.6.1 The effect of mobility ratio modification

The value oM was larger than unity in this work, indicating a higher water mobility
than that of the oil. Under these conditions the displacing fluid (brine, brine and
stabiiser and nanofluids) would invade the rock through aumdform front, resulting
in an early breakthroughwhich is supported b¥igure 3-22. Clearly reducing the
mobility ratio could lead to khigher oil recoveryFigure3-20a shows that the effective
viscosity of the nanofluid was almost independent of nanoparticle concentration within
the 5 ppm to 500 ppm range used in this work. However, the produc&toilg3-29)
shows a smallreduction in viscosity, which isattribute to contamination by
nanoparticles. It is still unclear about the effect of nanopatrticles on relative permeability
curves. There have been a few limited sts@ich show that the inclusion of different
nanoparticles could affect the relative permeability ratio significgdd®@] and this
modification might be through the modification of the wettability of the rock by the
deposition of nanopatrticles, as will Bscussed later.
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Figure 3-29. Viscosity of produced oil for synthetic brine (BF), synthetic brine with
stabiliser/surfactant (BSF) and for synthetic brine, stabiliser and four different

concentrations of T nanopatrticles.
3.6.2 The capillary effect

One of the proposed mechanisms for nanoEOR requires that nanoparticles reduce
the oil/waterlFT and consequently improve the oil recovgry7, 118, 209, 283We
have alreag shown that the influence of nanoparticles on the dynamic viscosity and
IFT are small in this work (as shownkigure3-20). The calculated Capillary Number
is of the order of 10, which is too small to increasd recovery by freeing residual oil.
Jeong suggested thide capillary number should be of the order of Dd higher in
order to produce a significant enhancement of oil recd284]. Clearly the influence

of the capillary effect was not, therefore, responsible for the observed nanoEOR effect.
3.6.3 The structural disjoining pressure effect

As shown byRef. [207], the SDP could be important forobilising individual oil

droplets. However as suggested earlier, the droplet form of asl umlikely in the
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current experiments. In addition there are two major concerns for such an approach,
namely, the concentration effect and the transient g##édf. The modellingesults of

SDP show that the increase in wettability with concentration islinear and it only
becomes important at high particle volume concentrations (i.e., 320%)219, 222]
However most ohanoEOR experiments reported were based on very dilute nanofluids
with typical concentrations of below 1% in weight. The structural disjoining pressure
may not be that important although nanoparticles have artepde migrate into the
microlayer to form ordered soliike layers.Of note though, wittthe increase of local
concentration, the increased viscous effect could become important and should be
considered as well. Another concern is that the modeling asedlon the steady state,

and only the equilibrium shape of the meniscus under the action of an oscillatory
structural disjoining pressure was calculated. Such a model could be only valid during
the flooding if the oil displacement time is much longer ttieat of forming ordered

nanoparticle layers.
3.6.4 The surface wettability effect

Nanoparticle deposition and subsequent rock surface wettability modification has
been proposed by a few researchers in order to explain the nanoEOR effect. For
example, Li et aJ118] found that nanoparticlesan change an already wateet rock
surface to a more wateret surface, while Karimi et §L.21] found that an oilvet rock
surface can be made to be strongly watet by ZrQ nanoparticles, leading to a
considerable amount of oil recovery.

By contrast, Roustaei et §.17] haveargued that changing the rock surface towards
oil-wet could change the role of the capillary force from a barrier to a driving force,
which would be beneficial for oil recoverySeveral author$l127, 213, 283]have

proposed that the main mechanism for nanoEOR is wettability change of rock surface
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from either water or oil wet to neutral wettability. In ouperiments the Berea
sandstone were wateret, but measuremenigs Figure 3-30 have indicated that
saturation of the sandstone with increasing concentrations of nanoparticles can change
it to have an even higher mess to water, contributing to an increase in the recovery

factor.
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Figure3-30. Evolution of the wetting angle furewater of Berea sandstone immersed
in mineral oil andpre-saturated with varying conatations of TiQ nanoparticleswith

only onedropphotograph as an inset.
3.6.5 Possible reasons for observed EOR effect

Having examined the known possible mechanisms that could cause the enhancement
of oil recovery concomitant upon cefleoding with nanofluds thatis observed in this
work, it can be saithat mobility control, logamming and wettability changes may all
have a role to play. However, it is difficult to quantify the exact contribution of each.
Additional experiments are currently being carriedt in order to clarify the

contribution of each mechanism.
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3.7 Conclusions

A systematic study of the effect of rutile Ti@anoparticle assisted brine flooding
was conducted in this work. Comprehensive characterization of the rock sample and
nanomaterialsbefore and after the flooding was carried out. The relative EOR
contributions from the stabilizer and the nanoparticles have been identified. The effect
of using different concentrations of Ti@anoparticles has also been studied. Finally,
the known pogble mechanisms of nanopartiessisted secondary flooding have been
examined. The main conclusions of the research may be summarized in the following
points:

1 Tri-sodium citrate diydrate (SCD), was found to have mnoegligible
influences on the effectivgproperties of brine, which were returned to
approximately those of the plain synthetic brine by the addition of nanoparticles.

1 Small concentrations provided higher enhancement of oil production at
breakthrough, with a 20 ppm concentration providing draeocement of 39.8%
of OOIP compared to a value of 30.3% for wdteoding with plain synthetic
brine. Whereas an oil recovery of only 31.8% of OOIP was achieved at
breakthrough for 500 ppm.

1 The best total cumulative recovery occurred for a 10 ppm nadoflith a total
oil recovery of 43.75% of OOIP, representing a 44.39% increase on the plain
waterflooding scenario.

1 Postbreakthrough oil production was better for larger concentrations of
nanoparticles. At the end of the flood, the 500 ppm nanofluidilred an
additional 10.% of the original oil in place after breakthrough, which was
partially attributed to a logamming effect.

1 The concentration of particles trapped in the core after flooding increased with
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the increase of particle concentrationsm®oof these nanoparticles could be
removed from the core by subsequent flooding with plain synthetic brine, while
some crossed into the oil phase, lowering its viscosity marginally.

Different to the original mono particle size distribution, the efflueisd a
bimodal distribution, and varied during the flood, which suggested that particles
underwent a complicated morphology change process during the core flooding
process.

The wettability study shows that the wateet Berea sandstone used in this
work became progressively more wateet by saturation with fluids with
increasing concentrations of nanopatrticles.

An analysis of the possible mechanisms for the enhanced oil recovery due to
nanoparticles suggested that while the exact causes are unknowreat, ihes

EOR effect in our experiments occurs through a combination of mobility ratio

modification, rock wettability modification and lggmming effet.
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Chapter 4

TiO2 nanoparticles to reduce surfactant adsorption |

porous medias

4.1 Introduction

From the literaire review inChapter 2deliveringsurfactanby NPsin porous media
is a new conceptwith just small numberpublicationsto date To further justify this
concept this work aims to answer two basic questionsvhetherNPs can act as a
carrier for surfactant delivery imll common porous media, and iiyvhat is the
relationship betweenanoparticlanigration and surfactant retention in porous media
In thisChapter a blend of commercial aniorédkylaryl sulfonatesnd noniort acohol
ethoxylated surfactantgsasused to form microemulsigrandthe optimumsalinity for
emulsion fabricationdetermined.A comprehensive collection of reservoir rocks
including calcite, dolomite, sandstgnblack and red limestones, were used and
characterized. The effect of TiGhanoparticles on the delivery of surfactant blend,
including the adsorption and transport in saturated porousameth different rock

grain matrixwas then investigated, as well as the adsorption mechanisms.

4.2 Materials

4.2.1 Rockand surfactantsamples

Analytical grade materials incluay nhexane, sodium chloridpropyl alcoholand
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Figure4-1. Molecular structure for (8 lkylaryl SulfonatesOF-25S , and (b) The eo

surfactam Alcohol EthoxylatedTaken from Ref{145]

Figure4-2. A collection ofrocks:(a) silica, (b) black limestone(c) red limestone(d)
dolomite ande) calcite

Titanium (IV) oxide NPs IP25,21 nm primary particle size (TEM}Jj 99.5% trace
metals basis SigmaAldrich) were purchased fronSigmaAldrich. The anionic

alkylaryl aulfonates (XOF25S, Sulfonic acid of Alkylate H250 (C14 C30) was
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providedby HuntsmarCorportion and & molecular structure is shownhigure4-1la.
The nonionic alcohol ethoxylated (EAC1213/7EQ) was purchased from Mistral
chemical companyand its molecular structure is showrFigure4-1b.

Five different reservoir rockgFigure 4-2) were crushedand sieved (ASTM
Standard Testing SieveRetsch Ltd to obtain smalgrainswith relative homogeneous
size distribution between 2%0n and 425 um. fien 10 g of grain samples wereckad
into glass tubes . = 2.44 cm,packing length=2.1 cm) to generateconsolidated
packing columns for core flooding tests. To prevent particles from being flushed out
from the packing column, a PTFE filerembrandrom Millipore (pore size of 10 pin

was placed at both ends of the column.

4.2.2 TiO2 NPscoated with surfactant

TiO2 NPswere selected in this study as carti@facilitate surfactant delivery in
porous media, because it had been used as assistant agent for water floGtaqgén
3, and alsobeenwidely investigatedfor enhance oil recovery application by other
researcherpl27, 285, 286]TiO2 suspensions were prepared by dispersing 0.00R g/m
of TiOz into aqueous solution containing 0.003 g/reurfactant blendat optimum
salinity (4 wt%) and optimum composition (25% XQBS plus75% EA), as
determiredin Sectiond.4. TheNP suspensiongere mixed using sonic dismembrator
(Model 705, Fisher scientific kd.) runningatan amplitude of 2% for 15 minutegrior
to eachdynamicadsorptiortest. The zeta potential of Ti&NPs wasmeasured asl0.1
mV by Malvern Nanosizer, based on ttiygnamic light scattering (DLS) methdeigure
4-3b showsthe hydrodynamic size distribution of TAQPs in surfactant solutiorwith

an average sizef 147 nm

- 107 -



4.2.3 FTIR analysis

The particle coated with surfactant was separated from the 20 mL bulk suspension
by being centrifugedt 10,000 rpnfor 30 min(Thermo Scientific megafuge 16R). The
settled particles wereollected andvashed with 5 b de-ionized water and dried in
oven a#0 °Cfor 48 hoursFTIR was employed for analysing TA@Ps before and after
coakd with surfactantsFigure4-4 shows the FTIR spectra of pure surfactants, pure

TiO2 NP anddried TiO2 NP collected as sedimentation from centrifuge

Intensity (%)
©
!
\\-“‘“——M_‘.__‘_\_“
l/-/
.//

‘"
O-IIIIIi’ ..-..IIIIIIII.II.II

100 1000 10000
Size (nm)

Figure4-3. (a) TEM images of TiQ NPs; (b) Hydrodynamic sizelistribution of TiQ
NPsin surfactant solution.

The absorption band at 1180 ¢fior XOF 25S and functionalized NPs correspond
to the stretching vibrations of S@Qroup. The broad intense absorption in the range of
600-900 cm’ for pure TiQ is associatd with the vibrations of the bonds-Diand Ti
O-Ti [287]. The vibratons observed in the 855, 946 and 1096 &on EA areattributed

to the stretches of -O-C bond in ethoxylated group of ER88, 289] A strong
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absorption peaks also found at 3400 crit for EA, attributng to the Oi H bending
vibration. For pure TiG® NP and functiodlized TiO» NP in aqueous phaséhe
absorption peak at 1600 ¢nis attributed to the HD-H stretching vibrations of water.
The intensity of the peak at 3400 ¢rsignificantly decreasefor functionalizd TiQ
NPs compared to the pure omehich stronglyevidencs the decline of thesurface

hydroxyl number after the modshtion of NPs with surfactant.
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Figure4-4. FTIR spectra of pure surfactants, pur®&ZandsedimenfTiO2 NP.

4.3 Core sample preparation and characterization

The bulk rock sampleserecrushed int@mall grainsand sieved into the size ranging
from 425 pm to 600 puniChegrainmorphology andanineralogywereanalysed by SEM
and EDS asdescrbed inSectiors 3.2.5and3.3.6 The wettability wasletermined by
optical contact angle meten the polished rockhunk surface.BET methodwas

employed to determen the specific surface area of the rock powdbsr using
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Micromeritics TriStar 3000 systemTheir surface roughnessas characterizedby

NPFLEX 3D from Bruker company.

4.3.1 Morphology and element analysis

Figure4-5. SEM photosf crushed sandstone graiia) in low resolution; (b) in high

resolution.

Figure 4-6. (a) Elemental mapping afandstae using an energy dispersive-rdy
spectroscopic, insés the mappingarea (b) distribution of aluminium components in
analysed region.

The surface morphologies of different rock samples were examined by SEM, as
shown inFigure4-5. Big particles with rough surfaces can be found in the SEM images.
EDX analysis was done for specific points or interested areas on sample surfaces to

detect the elements and mineralogyg(re 4-6), which demonstrates that Si and O
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composed as major elements. In addition, the corresponding EDX micrographs proved
the existence afilicate crystals as majorityraction and aluminosilicate mineral as a

minor fraction.

7.00 KV E 4m 7 &

Figure4-7. SEM photos of (a) black and (b) red limestone.

Figure 4-8. Elemental mapping of (a) black and (b) red limestone using an energy

dispersive Xray spectroscopiclhe nsets are mapping areas
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Limestone is aedimentary rock whichis composed of &arge amount o€alcium
carbonatenineralwith some variable agunts ofsilica. SEM photosn Figure4-7 show
thatthe grains of limestone are irregularly shaped and-evgditallized grains are very
rare. DX mapping Figure4-8) indicatesthe existence of manganese and iron in both
types oflimestone. The black limestone contains higher amount of magnesium oxide
minemal, which is the main reason for thiack colour. Goethite or hematiare probable
the mineralogy of iron in the red limestone as previously investigated by Cdi3tal.
however the existence of hematite is the reason of red colour in limestone rock. The
elemental mapping also verifies the existence of clay mineakimifa and silica

composition) in the limestone rocks.

det | HFW
20.00 kV/ETD | 143

Figure 4-9. (a) SEM photos andb) Elementalanalysisof dolomite using energy

dispersive Xray spectroscopic.
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Figure 4-10. (a) SEM photos andb) Elemental mapping otakite using energy
dispersive Xray spectroscopic.

According tohigh-resolutionSEM image (1824%) of dolomite Figure4-9), thetiny
starlike crystalsare found on the surface of dolomitéhe EDX analysis shes that the
composition of stalike crystals is the sameith thesubstratethat appear in different
crystal structures. The SENlnagesof calcite rock show the existence ©Olits
structureinside the carbonate rock. Moreover the vein of silica minsrdétected in

calcite rock as shown fRigure4-10.
4.3.2 Roughness analysison-contact 3Dobservationsand measurements

The roughnessof rock samples were observed and analyseatactlessoy 3D
NPFlex, with value Bted inTable4-1. Before measurement, the crushed rock powders
which were used as the packing material in d®d$actant flooding experiments, were
stuck on same plates to form a homogeneous layer. The measunaseatdne on the
surface of rock powder/area randomly selected from the plate. The measure area in both

X and Y dimension rangdrom 0 to a fewmillimetres
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Table4-1. Analytical results of roughness for f@ifent rock samples

Black _ Red _
Parameters| Dolomite ) Sandstone| Calcite
limestone limestone

S (Hm) 0.438 0.745 1.216 0.716 0.403

S (um) 2.256 2.869 3.845 2.566 2.086

S (um) 88.204 116.133 119.615 100.097 103.87

S/ (um) -63.306 -66.816 -74.942 -80.03 -78.485

S (um) 151.511 182.949 194.557 180.127 182.355

Note: S, is the aithmetic mean heighindicating the average absolute roughness value
z(x,y) in measured are&;,, is rootmean squared height, which expresses the root mean
squared of rough valugx,y); S, is themaximum peak heighBurface peak is an area
above the average level of the surfaégeis maximum valley height. Surface valley is

an area below the average level of the surf8cis; maximum height.
4.3.3 Specific surface area and surfaceharge of rock

The averagespecific surface area ahifferent rocks (258125 un) was measured
using BET nitrogen adsorption analysis taree repeatd he surface charge of different
rocks was obtained using electrophoresis measurements of crushgd@8pdRock
particles below 4%um were collected and suspended inioigized water. The large
particles weresedimenedafter 1 hour and the remaining suspension was centritaiged
speed 06000 for 30 minutes. The size of particles in suspensas estimated between
3-4 um based on the stokes law. The electroptiormobility of particleswvas then
measuredy using a Malvern gtasizeiat pH ~7 and datas preseted inTable4-2. It
is validated thateta potential masured by this method dgaite close to the results from
Alotaibi et al.[290], Ourresults show thatll rocks hae negatre surface charges with
magnitude in the sequend@olomite (least negative) <calcite<black limestone<red

limestone <silica (most negative).
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Table4-2. Main parameters for differembcks.

. Black . : .
Rock type Silica : Red limestong Dolomite Calcite
limestone
Specific
0.877 + 1.460+
surface area 0.884+ 0.003 | 3.00+0.004 | 2.540+0.021
0.001 0.001
(m?/g)
Electrophoretic
o -1.58 +
mobility 0.09 -1.07+0.07 |-1.14+0.04 -0.83+0.05 | -1.00+0.07
( € mcily '
Zeta potential
-20.6 -14.2 -15.2 -11.1 -12.1
(mV)
Contact angle | 20.0%2.5 | 68.230.25 | 37.88:058 29.831.5 33.66:2.5
4.3.4 Wettability analysis of rock
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Figure4-11. Contact angleof brine droplet(4 wt% NaCl)at 22 °C onpolished rock

surface The inset is example of droplet photo taken by the optical contact angle meter.

Side images of water drops on polishredk pieces were taken byhagh speed

cameramounted on the KSV tensiometer. The imagebrafe drop (at the optimum

salinity) sitting on polished substrate were recorded in both fast moder{tedal) for

120 pictures and normal mode (ihterval) for 240 pictures. The images at steadyesta
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when the contact angle was almosthenged areshown inFigure 4-11, and the
correspondingontact angle valuesepresentedn Table4-2. According to theesults,
the black limestone and silica has the lowest and highest degree of water wettability

between rocksrespectively.

4.4 Surfactant preparation and characterization

4.4.1 Stability of surfactant solution

Critical micelle concentration (CMC) of XGE5S was detrmined by interfacial
tension measurement and conductivity method as indicateéigure 4-12. The
conductivity of anionic surfactant solution increslseearly with increasing surfactant
concentration until it @ache 2.4x10° g/mL, beyond which théncreased rate of
conductivityis slightly reduced. This point on the graph where conductivity changes its
slopeis identified as the CMCThe CMC for alcohokthoxylatess equal to 15x16
g/mL according to the repbreleased byiuman & Environmental Risk Assessment

(HERA) [[269]].
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Figure4-12. Critical micelle concentration (CMC) of XOE5s.

10

Generally in ASP/SP flooding the surfactant concentration is in the range ©0.2

wit%. In this study, a surfactant concentratd®.3 wt%(combined by 0.15 wt2OF-
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25S and 0.15 wt%A) was selectedscandidatedor measuring surfactant adsorption
in porous mediaAs long-term stability are important factors in design of an injectable
surfactant slugit will be necessary to find a suitable composition for formulating
singlephase aqueous surfactant solutions at different salirfigsre4-13a shows the
XOF-25S surfactant solution samples (b8, 0.3 wt% at different salinities.
According toFigure 4-13a, the XOF-25S solution presentdoudy stateor evennot
solubleat a salinity higher than ®&t%. Then,EA surfactant (0.15 wt%) was added as
additiveto obtain singlephase solutions foKOF-25S surfactan{0.15 wt%)at higher
salinities. Thenonionic EA co-surfactantis capable of increasing resistancenhigh
salinity due to the ethylene oxadgroups in the structure &A, which transferdghe
unsolvale surfactants tde solvable as shown by theroducedtlear aqueous solution

in Figure4-13b.

Figure4-13. (a) XOF-25S surfactant solution at different saliniti¢is) blendof XOF-

25S andEA surfactant slution with equal weight percentagedifferent salinities.
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Figure 4-14. Interfacial tension between mineral oil aX®DF-25S solution (0 and 2
wt% salinity, because the surfactant was not soluble at salinity higher than 2 wt%, the
IFT data for pureXOF-25S solution was not available), and blendX@F-25SEA
solution with equal weightercentage

Figure 4-14 illustrates the interfacial tension between mineral oil ad@F-25S
solution (0 and 2 wt% salinity), arldend of XOF-25Sand EAsurfactantwith equal
weightfraction (0.15 wt%) According tothe resultsthe interfacial tensions &OF-
25SEA blender are lower than those f%OF-25Smicroemulsiongdue tothe synergic

effect of these twsurfactants ondecreasing IFT291].
4.4.2 Optimum Salinity and blend ratio

Optimum salinity of surfactants solution for their ability to give lowest interfacial
tensions in oHbrine systems is important for flooding processes. Optimum salinity is
usuallyobtained byisualizingwinsor type Il microemulsions in ebbrine In order to
find out how the solutiosalinity change affects the surfactant functionality, the static
glasspipette tests were performed-ddtane was selected #w oil phasebecause

optimal salinities of surfactants solution againstatane is nearest to those of the same
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surfactants agast many crude 0il$292]. 1 wt% propyl alcohol as csolvent was
added to samples foetter visualization of phase behawitvoweve this value can be
adjusted to commercial composiig Moreover, it should be notic#that finding clear
solutions near optimal conditions in surfactant solution is more applicable when the

formulations contain considéa® alcohol or other esolvent.

Salinity wt%

b) 5.0- .

Salinity (Wt%)
Figure4-15. (a) Equilibrium phase behaviour etirfactanhybrids of XOF25SandEA
(mass ratio 1:13olutions with equal volumes ofattane at 70 °@nd various salinity
from 0 to 7wt% NacCl; (b) IFT betveen mineral oil and surfactant blending solutions at
different salinity.
In order to determineptimum salinity glass sample tubes (pipettes) were filled by
1 mL surfactant solution containing 0.003 gf XOF-25Sand EA(mass ratio 1)lat

different sahity and 1 nb n-octane. Pipettes wesealed first at the bottom and after

-119 -



being filled with samplethey werealso sead from the top, followed b¥4 days aging

in ovenat 60 °C. Each sample was monitoréaring this periodo assessheir state

after reaching equilibrium conditiorzigure4-15ais a photograph of a salinity scan for
surfactant solutions with equal volumes ebcetane at 60 °C. A large middle phase
microemulsion indicates an optimal formulation using surfactdihs optimal salinity

range in his case is approximately 4t In the next set of the experiments, the IFT
measurements were performed between mineral oil and surfactant solutions at different
salinities that has been showrFigure4-15b.

Figure4-16 shows the phadeehaviour of solutions at 4 %t salinity fora surfactant
solution blended at different ratids this case, the scan includes Winsor IEéywith
bluish oil in water miooemulsion and Winsor Il for blend of XGE5SandEA while
there is not any microemulsion formation in absenc&Af Microemulsions with
higher solubilistion parametewere oberserved faample containing 25%0F-25S

which was an composition féine sufactant blend ithe next experiments.

Figure4-16. Phase behavioff gurfactant solutions at 4 % salinity for different blend

ratio of XOR25SandEA (wt%).
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4.4.3 Determine of surfactant concentration

The rumber of carbon atom in both surfactant structures is similar. Therefore
Chemical Oxygen DemandCQOD) method was used for measuring the surfactant
concentration by determining the quantity of oxygen that required to oxidize carbon in
surfactant matter ia collecting solution. The reagent concentrations were adjusted so
that the method can be applied for samples having a surfactant concerdragon
than 0.004 g/m.

2 mL of sample, L sulphuric acid (HSQy) and 2.5mL of potassium dichromate
(K2Cr207) solution (0.250 N) were mixedor 1 hour at 110 °C in a reflux flasind
employed to eliminate loss of sample by volatilization. The flask was then cooled to
room temperature, followed by adding & of distilled water to dilute the solution.
Three drop®f ferroin indicator was addl to the solution anthe excess dichromate
was titratedwith standard ferrous ammonium sulfateekN20sS,, Fe(NH:)2(SQu)2
0.06 N) to the end poifL44]. At the endooint the color of solutionchanged sharply
from bluegreen tareddishhue

2 KCr,O; + 8H.SQY  2,SOK+ 2 Cr(SQ); + 8 H.0 + 30,

COD of sample, was calculated as follow:
CODasmg QL =

where,A is volume offerrous ammonium sulfat@nL) used for titration of the blank
solution (without carbon element)B is volume & ferrous ammonium sulfaténL)
consumed for sample titration of the sampld,is normality offerrous ammonium

sulfateandVol is volume of samplenfL) used for the test.
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