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Abstract

Conventionabil production mé&ods produce approximately otierd of the initial oil in place
from a reservojron averageThe remaining oil is a large attractive target for Enhanced Oil
Recovery (EOR) techniques. Recently, the potential of using naibgain EOR methods
has beerexploredwith some promising resulfsom preliminary evaluations. Howevethe
application of nanoparticles in real oil reservoirs is limited by knowledge gapssability

of nanopatrticles in thiajectionor formation wéercontaining diverse types and concatibns

of ions isa challengelt is still unknown whether and under which conditior@oparticles
can sefassemblet the oil-water interface and alter thd-evater interfacial propertie3he
wettability alteetion capacity of nanoparticlesisually investigated by contact angle
measurements is affected by subtle experimertafacts hence, the result of conventional
contact angle measurements may not be reliable to evaluate the effect of nanopartiaes o
wettability of substratedMoreover the mechanism of wettability alteration by nanoparticles
is not clear yet.

The stability of nanoparticles in the aqueous phase is the primary chatienggng
nanoparticlesn reservoir conditionsNanoparticles arextremelyunstable in highsalinity
seawater or formation watérypically, seawater or formation brine is ugedwaterflooding

and EOR purpose$herefore, if we want to modify the fluiduid or fluid-rock properties by
injecting nanoparticle enhancedater, therthe stability of the nanopatrticles in high salinity
seawater or formain brine is extremely importanf novel method to stabilize silica
nanoparticles in seawater is propodédst, thestability of silica nanoparticles in the presence
of different ions is investigate@heresults show that the presence of multivateninterions

in the electrical double layaf nanoparticles can destabilize silica nanoparticles. To reduce



the concentration gdositive multivalent ions around silica nanoparticlenethodc a |l | €d A H
protededd0 i s proposed and its effecti v-potestials i s t
and pH measuremeniSxperimental results show that the H+ protected methodnautdly

adding hydrochloric acid (HCI) to the solution, can effectively stabilize silica nanoparticles in
seawater.

By investigating the controlling parameters of nanoparticle attachméme aterface(bulk
suspension propertigacluding theconcentrabn of nanoparticles, concentration of HCI,
salinity, size and charge of nanoparticles and operating conditienstemperature and
pressutand coupling them with nanoparticlesd st
which silica nanoparticlecan reduce oilvater interfacial tension are experimentally
investigated.The maximum IFT reduction occurs when there is a packed monolayer of
nanoparticlesat the oitwater interfaceFor instance,ricreaghg nanoparticledconcentration

and salinity to their optimum valuevould lead toachievingsmaller IFT values. Further
increasing the concentration of nanoparticles and saliniypridethe optimum valuean
destabilize the nanoparticles and increase their average size in the salhigtncan redoe

the number ohanopatrticles at the interface and tintrease the IFT valuén general, the
minimum IFT occurs when the surface energy reduction due to the adsorption of hanoparticles
is minimum, i.e. the chance of nanoparticles desongofrom the inerfacedue to thermal
fluctuations (especially in the elevated temperatures) isdndlaggregation of nanoparticles

in the bulk solution is initi|d We believe that IFT reduction is partially but not fully
responsible for incremental oil recovery gezathan wateflooding alone. We test our

hypothesis by conducting silica nanoparticles in seawater flooding experimentally and



comparing the results with simulations that examine the effect of a) IFT reduction only and b)
the effect of altering the relae permeability, wettability, and IFT reduction.

The mechanism of wettability alteration by silica nanopartis@svestigate. The impact of
experimentamethodsn conventional contact angle measurements on the wettability alteration
data is evaluatedn conventional contact angle measurements, the rock samples are either
aged with (immersed in) nanoparticlitsid before conducting the experiments or contacted

with the nanoparticlefuid before the oil droplet is attached to the rock substrate. In both
cases, hanoparticles exist in the-roitk interface before initiating the contact angle
measurements (pxisting nanoparticles)A real reservoir scenario wad be to inject the
nanoparticlefluids into an already established equilibrium condition ofveglterrock. Hence,

the contact angle measurements are modified w@siegv displacement contact angle method

to represent the injgon of nanoparticlefluids into a reservoirThe impact of preexising
nanoparticles on the contact angle measurenisrgagamined for simple @decane, NaCl

brine, pure substrates) and complex (crude oil, seawater, and reservoir rock) systems at various
wetting conditions othe substrates (watewet and oHwet). The effect ofthe surface and
nanoparticle charge on the contact angle is evaluated by adjusting the aqueosslptigse

We also differentiatdbetween the disjoining pressure mechanism and diffusion of silica
nanopaitles through the oil phase by testing the attachment of nanoparticles on the rock
surface.The results illustratéhat a substantial portion of the wettability alteration ability of
nanoparticles reported iheliterature may be attributed to the metlodaneasuring the contact
angles where nanoparticles can adsorb at the rock sample before contact angle measurements.
Silica nanoparticles are shown to further reduce the contact angle (make the substrate more

waterwet) only when we have watgret condition initially. Under oitlwet conditions,



nanoparticlexauseno notable change on the contact angjlee synergic effect of structural
disjoining pressure and capillary pressure reductiught be a possible mechanism of
wettability alteration in the watewet conditions. In otwet conditions, the only possible
mechanismis capillary pressure reductiorthis chapter ispresentedas a papein the
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1.CHAPTERE

| ntroduction and Overview



1.1. Motivation

British Petroleurd §BP) 2035 Energy Outlookl] estimated that global energy demand will
increase 30% by 2035. The U.S. Energy Information Administrg@pnpredicted that
worldwide petroleum and liquid fuel consumption will increase from 90 million barrels per
day in 2012 to 121 rion barrels per day by 2040. This demand must be met by discovering
new oil fields or maximizing oil recovery from already discovered and producing oil fields.
The chance of finding new large petroleum fieldsnegligible Hence, maximizing oil
extracton from existing reservoirs through Enhanced Oil Recovery (EOR) methods appears to

be an accessiblgayto meet this demand.

The natural energy of a hydrocarbon reservoir is sufficient to produce only a small fraction of
the initial hydrocarbons in plac&emaining oil is trapped because of the interplay between
the viscous, gravity and capillary forces in the porous media. general EOR refers to
implementation of a recovery method that increases the recovery of oil beyond what the
primary and secorady methods (natural production apdessure maintenance with gas or
water, respectivelywould normally be expected to yield. On average, conventional production
methods produce approximately one third of the initial oil in place from a reservoir. The

remahning oil is a large attractive target fle©ORtechniqueg3].

Recently, there has been a growing interesthm application of nanoparticles in EOR
processef4-8]. Nanoparticles are defined as particeth asize, at least in one dimension,
between 1 to 100 nii®]. Due to their ufa-small size and high surfaggea to volume ratjo
they can penetrate pores and alter the -fackl and fluid-fluid properties favorably.
Nanoparticleenhanced wateftooding, or simply nanopartickeOR, may result in extra olil

recovery from oil r es er vfluid amsl robkjuid properges.i n g
2



Numerous studieBaveevaluate the effectiveness of nanoparticEOR on oil recoveryvith

some promising outcomelsased onpreliminary results [5-7, 10, 11] The majority of
researchers believe that the EOR potential of nanoparisctesoughtwo importantfactors
oil-water interfacial tensiofiFT) reduction12-15], and wettabilityalteration of reservoir rock
surface [16-19]. Despite all these efforts, theregsll a long way to apply nanoparticles in
real oil reservoirs as an EOR technigugeside the feasibility of storage and transport of
nanopatrticledluids (especially for offshore reservoirs), the kredge gap is the main
limitation to the application ofnanoparticlesn the oil fields The goas of this researchvere

to characterize andssess the behauioof nanopatrticles imealistic reservoir watdiaqueous

one phasesolution), two phases (oil and water), and three phases (oil, water, and rock) to

address some of the most fundamental challeofi® nanoparticleEOR methods

1.2. Problem statement

Three maintechnicalobstaclesto using nanoparticles as a water flooding addiiivehe

realistic reservoirare:

1. Stability of nanoparticles: The gability of nanoparticles in high salinitypultivalent
ionic solutions is the first and foremost challenge in the application of nanoparticles in
practical EOR techniqueBornanoparticleso alter fluid-fluid or rockfluid properties,
they must be dispersed in seawater or formation watbeaso major waer resources
for water flooding and EOR processes. Unlike nanoparticles in deionized water or low
salinity brine solutiog, nanopatrticles are extremely unstable in seawatar bigh
salinity formation water.

2. Effect of nanoparticles on fluidfluid interactions: It is still unclearwhether and

under which conditionsianoparticlesan reduceil-water interfacial tensionlET).

3



The controlling paramet er s -waferimedatgthear t i c |

influence of bulk suspension propertiethe( concentration of nanoparticles,
concentration of stabilizer, salinity, and surface charge and size of nanoparticles in the
suspension) and operating conditions (temperature and presstine)seifassembly

of nanoparticlesirestill unknown or debate

Effect of nanoparticles on rockfluid interactions: The ability of nanoparticles to
alter the wettability of reservoir rock is stileing studiedUnfortunately, most studies
that haveevaluated the effectiveness of nanoparticles in wettability alteratiadheby
contact angle methobaveoverestimated the effect of nanopartictige to the method
of contact angle measuriffgecaus@anoparticles can adsashthe rock sample before
contact angle measurement$ie mechanism of wettability alteration by nanopatrticles
is still unknown;it is still unclear how nanoparticles canakéhe rock surface to alter
the wettability of substrater detach the oil droplet fro a surfaceln practical EOR,
we are dealing with three multicomponent, interconnected, complex syfstentgch
minor changes in one phase can lead to severe alterations in the interfacial properties
between phaseblanoparticles must be dispersedhia aiqueous @ise which contains
various types andconcentrationsof ions The interactios betweenthe ions and
nanoparticleglictatethe characteristics of nanopatrticles (particle size-getential,
etc) in the aqueous solutioBimilarly, the oil phase magontain many surface active
components like asphaltene and naphthenic acidsich can interact with
nanoparticles athe oil-water and o#rock interface. In reality, the rock sample is a
heterogeneous, nesmooth, mixedvet substrateomposed of variousiinerals.The

electrical charge of minerals can vary when contacted with an ionic fluidcabhses



alteration of the electrostatic repulsion between substrate and nanoparticles and
consequently can either attract or repel the nanoparticles. Hencepléheofr
nanoparticles must be evaluated considering multicomponent complex fluids and real
formation rock.

In this thesiswe addressdthese three obstacles to facilitate gpplication of nanoparticles

in real reservoirs.

1.3. Thesis structure

This thesionsiss of six chapterss follows:

Chapter One presents the motivatiomhafstudy, states thegblemand provides the structure

of the thesis.

Chapter Two provides a literature reviewr@noparticleEORtechniqueand the fundamental
surface chemistry conceptahich are required to evaluate the interactions between
nanoparticlegheaqueouphaseopil phase, and rock surfad®e mainly focusednthestudies
that have investigated untreatgtica nanoparticlewithout additional additive<haptertwo

will form the basis of a review article that we will soon submit.

Chapter Three has been published in the Journal of Fuel, and deffwrefé=ctive parameters
in the aggreg#on of silica nanoparticlesproposng a novel method to stabilize silica

nanoparticles in seawater (H+ protected method).

Chapter Fourhas beerpublished in theJournal of Molecular Liquids and describes the
behaviar of silica nanoparticles at the @iulater interfaceexplainingwhether and under which

conditions silica nanopatrticles can alter flfiid interactions.



Chapter Fivehas beemublished by theSociety of Core Analysis (SCA), and inclus a
comparison of the wettability alteration capacity of silica nanoparticleisnple and complex
systems, evaluation of the impact of qepdsing nanoparticles athe oil-rock interface,
assessment of the mechanism of wettigb#lteration by nanoparticleand the effect of

nanoparticles and rock surface charge on the wettahitéyation capacity of nanopatrticles.

Chaptersix contains a summary, nolusions, and recommendatsfor future work



2. CHAPTER TWO

L iterature Review



2.1. Nanoparticle-EOR

EOR is used to recover post water flood or gas flmotiile andmmobile residual oil frona
reservoir by altering the fluifluid or fluid-rock properties to overcome the capillary, viscous,
and gravity forcesThe goal of any EOR process is to achievega ultimate recovery factor

by reducing the mobility ratio and/or increasing the capillary number. Mobility ratio (M) is
defined as the mobility of the displacing fluid over the mobilitthefdisplaced fluid (equation

1). The mobility of a phase_() is the effective permeability of that phadle)(divided by its

viscosity(* ) and mathematically defined as equation 2:

0 = (2-1)

Il
R (2-2)

The mobility ratio can be reduced by decreasing oil viscosity, increasing water viscosity,
increasing the effective permeability to oil, or decreasing the effective permeabitiyg
displacing fluid. Capillary number is defined as the ratio of the usdorces to the capillary
forces. It was reported thathree orders of magnitude increase in capillary number will result
in recovery of 50% of the oil fromwaterflooded reservoir antharan increase of four orders

of magnitude is required to disp&100% oil from a corf20]. EOR methods are generally

divided into four brad groupg21, 22}

1 Thermal (steam/hot water injection, combustion, etc.)

1 Miscible/Immiscible gas injection (GOhydrocarbon gas, nitrogen, air, etc.)

1 Chemical (alkali, surfactant, polymer, nanoparticles, smart water, etc.)

1 Other (microbial, electrical, leaching etc.)



Nanoparticle enhanced water floodingr simply nanoparticldluid EOR, is a relatively new
chemicalEOR techniquewhich may result irxtra oil recovery from oil reservoirs by altering
r es er v ofiuid andl roékiluid prdperties.Diverse types ohanopatrticles are tested to
explore their potentlan EOR. Some of these nanoparticles and the majgcomesof the
experiments are listed ifable2-1. As shown i the table, the positive effect diversetypes
of nanoparticlesn oil recovery iobserved through coffiooding, micromodekxperiments
IFT, and contact angle measuremebigferent concentrations of NaCl solutianetypically
used aghe aqueous phass&ilica nanoparticles (silica dioxid&iO,) are the most common
nanoparticles tested by researchers and their positive effect on oil reabtreyaboratory
scale is showrln this researclwe focusedon the behaviar of silicananoparticles in aqueous
solutiors (one phagebetweertwo phases (oil and water), amdthree phases (oil, water, and

rock surface).

Table 2-1. Effect of nanoparticles on enhanced oil recovery

Type of Major Major results Aqueous phase Rock Type Reference
nanoparticles experiments

Silica dioxide Micromodel 10% to 20% increase i 3.6 wi%NaClBrine [23]
(SiOy) (WAG) oil recovery solution

Silica dioxide . Up to 14% increase in oi 0 . Berea

(SiOy) Coreflooding recovery 3.0 wt% NaClIBrine Sandstone [14]

33% IFT reduction, 34%
oil viscosity reduction

. . for aluminum oxide
Aluminum oxide

(Al205) IFT and Ol .
S . . . 37% IFT reduction, 24% 0 .
T|t_an|um oxide viscosity oil viscosity reduction 0.3 wt% NaCl Brine Limestone [24]
(TiOy) measurements o .
. s for titanium oxide
Silica dioxide
(SIG) 42% IFT reduction, 8%
oil viscosity reduction
for silica dioxide
S|I_|ca dioxide Coreflooding 17% increase in ol Dl-water Sandstone [8]
(Si0y) recovery
— o —
PoWS'“an Coreflooding Up to 30% increase in o 3.0 wt% Brine Sandstone [25]
nanoparticles recovery
Nanoparticles increas
Silica dioxide . oil recovery up to 14 % 0 . Berea
(SIOy) Coreflooding in high permeability 3.0 wt% Brine sandstone [26]

rock, but no guarantee t
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Type of Major Major results Aqueous phase Rock Type Reference
nanoparticles experiments

increase oil recovery ir
low permeability rocks.

Zirconium
dioxide (ZrQ)
Calcium
carbonate Primar
(CaCQ) y Based on contact angl
T o screening by -
Titanium dioxide measurements,  silico
: contact angle I .
(TiOy), dioxide and calcium
- . measurements, :
Silicon dioxide corefloodin carbonate nanoparticle
(SIOy) g are selected. -89 wt% NacCl Brine of 812wt%  Carbonate [27]
. . and spontaneous . AR
Magnesium oxide . """ increase in oil reavery
imbibition i~
(MgO) . observed for both silicor
: . experiments for o .
Aluminum oxide dioxide and calcium
the selected X
(Al203) : carbonate nanoparticles
. . nanoparticles
Cerium oxide
(CeQ)
Carbon nanotube
(CNT)
20° contact  angle
Silica dioxide !;T lznd contact reduction is observed il Seawater 28]
(Si0y) 9 the case of 0.05 wt¥

measurements .
nanoparticles

The objective ofnanoparticleEOR is to mobilize and recover the immobile oil from oil
reservoirs.Several mechanismare suggested for nanoparti®@®R including: oil-water
interfacial tension reductid@9-31], wettability alteratiorf16-18, 32], increasing the viscosity

of the injection fluid [33], pore channel plugging34], in-situ emulsification [35], and
preventingasphalteng@recipitation[36, 37] Despite these conjectures, it is still unclear why
nanoparticles mobilize oil gangli@he experimental results reported in the literature regarding
the effect of nanoparticles on fluftiid and rockfluid interactions areontroversialandin
some casesontradictory The lack of knowledge about the interactions at the filuid and
rock-fluid interfaces and the impact of nanoparticles in such interadtiavecaused imprecise
analysis of laboratory resulttn order tounderstand the reasons behind the controversial
results in thenanoparticleEOR methodsijt is requiredto be familiar with the intermolecular

forcesat play innanoparticleEOR methods.
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2.2. Basic concepts

The major intermolecular forces manoparticleEOR suspensions argan der Waals forces,
electrostatic forces, steric interaction, bridging, hydrophabieractions and hydration
solvation interactios [38]. The balance between these forces governs the stabilityeof
nanoparticlesn bulk solution, andhe adsorption ofthe nanoparticlesat the fluid and rock
interfaces

2.2.1. van der Waals Interaction

Van der Waals forces are typicalijtractive forceswhich arise from dipoliedipole, dipole
induced dipole, and London (instantaneous induced dipdleced dipole) interactior89].
The effective distance ofin der Waals forcas normally limited to less than 10 nj#0]. Van
der Waals interactiabetween two equally sidespherical particles can be calculated using

thefollowing equation41]:

— (2-3)

where R is the particlesd radi usnpanogarticles t he
and Az is the Hamaker constarfthe Hamaker constant can be obtained usirgHamaker
constant of particle (surface) number!1 (), bulk solution { ), and particle (surface)

number 2 ) using equation-2 [42]:
| 5§ & & & (2-4)

Thevan der Waals attraction forcég () for aspherical particléwith radiusR) and a surface
(similar to the adsorption of nanoparticledts oil-water interfaceor rock surfacgcan also

be obtained usinthefollowing equation43]:
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— — (2-5)
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2.2.2. Electrostatic forces

Electrostatic repulsion forseare influenced bythe surface charge of nanoparticles (or a
surface) andheionic strength othesurroundhg medium[44]. Electrostatic force is typically

active within the electrical double layer extension of a charged patrticle (or a syd#agejhe

idea ofanElectrical Double Byer(EDL) wasintroduced by Helmholt46] andimproved by
Gouy-Chapman and Steffd7, 48] When a charged particler surfacg contactsan ionic

fluid, at the first layer from the surface, a dense layer of opposite charge ions (Gons)er
adsorbednto its surface due to chemical interactiohfiri s | ayer i s call ed t
the second ring (or layer) from the surface, the number of ceiomestill exceedgha of
similar-ions. lons interact with the surface via Caulus forces and can move freely under the
influence of electric forces or thermal motions. In this layer, the concentration of cmnger

decrease with increasing distance from the Stern layer to the outer limit where electro
neutrality is reachefft7]. This layer is known as the "diffuse lay¢49]. Figure 2-1 depicts

the distribution of ions surrounded a negatively charged particles (or charged surfece).

el ectrical double | ayer is definedthasutet he di
boundary of t,imoerpodating both Stera and difluse ¢ayerbe thickness of

this | ayer ( kno wn wilachande ldepending erbthemric streagthgt theo )
solvent.Increasing ionic strength of the solution compesshe EDL and shortens the Debye

length. The Debye Lengtl{ (in nanometers) is a function of the valence (Zi) and number
density ofith ion in the solutionMb),thes y st embés t emperature (T in

permittivity of the solutionf and can be calculated using following equafei:
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ﬂ (2-6)
HB HyH
wheree is the elementary charge of an electron (€)is absolute permittivity (F/C) and

i s the Boltzmannds constant. The el ectrost at

particles with diameter &, can be calculateais[51]:

five — AL 1 g 4+ @

Nae g gk g HAH 4 + (2-8)
Equation2-8 is known aghe linear PoissofBoltzmann approximatiofb0]. Ther is called
the reduced surface potential and is a function of surface charge of particjesnf the

systembs [Blmperatur e

N
woqyr Q M
| 'HT 40— (2-9)
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Figure 2-1. The schematic diagram of ion distribution around a charged patrticle (a), a charged
surface (b), and the effect oincreasng salt concentration on the electrical double layer of a
charged particle (c), and a charged surface (d) (aftdb2]).

For the case of spherical particle (P) with radius of R and surface potential ©f and a
plate surface (S) with the surface potential ©f (comparable to the adsorption of
nanoparticles athe oil-water interface), theslectrostatic repulsion forcesO( ) can be
calculated using following equati¢&3]:

o ..y 5 &P Qwnou O
ot 0 Qwno O

ror a4 @y O (2-10)

where+ ([ ) is the inverse Debye length, D is the distance between the nanoparticle and

the surface.

2.2.3. DLVO theory

The DLVO theory presented by Derijaguin, Landau, Overbeegld Verwey[54, 55] was
primaiily used to predict thetability ofacolloidal suspension in a bulk solution by comparing
the net attractionv@n der Waals) and repulsion (electrostatic) forces on the particiss.

currently the cornerstone of our understanding about the interactions between partiges in

14



solution, adsorption of components to the interface, and particle deposition to planar substrates

[56]. The DLVO profile can be obtained by calculating the net potgbdal55}

0Qa) € 0Q¢E 00QW® (2-11)
In the DLVO theory, as depicted Figure2-2, thenet potential is plotted verstise distance
between two particles. Colloid particlesistovercome the energy barrier to aggregate in the
bulk soluton (or adsorb at the interfacerock surface)A larger energy barriesignifiesmore
resi stance to parti clSagandgereaayybagigrssatetymcallyfoumd ads
in lowerionic strength solutions. As the ion (salt) concentration increases, the electrical double
layer around charged particles compresttesefore, the electrostatic repulsive force reduces.
However the ion (salt) concentration does not affectite der Waals attractive forcg$6].
Hence, the net repulsion energy decreases without changing the attraction and, subsequently,
the energy barrier decreases. In taeecwhere there is no significamntergy barrier, particles
are said theint hei r Apri mary mi niimkigusé2-2pAgdregatiandf a | as
particles occur if particles are at primary minimum potenfldle secondary minimum
normally does not influence the aggregation kinetics. Particles in the secondary minimum can
coalescence without changing their original sidee to a mild attractive force between
particles. The aggregation of particles in the secondamymum can be easily broken by

external forces such as shear or mechanical f¢53¢s
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Figure 2-2: Schematic ofthe DLVO profile [56]

TheDLVO profile is more sensitive to the presence of multivalent ions than monovalent ions.
As shown inFigure2-3, very small concentrations of multivalent ions can remove the energy
barrier and causéleaggregatiomf particlegor adsorption of particles at the interface). Also,

it is observed that in additido ionic strength and ion type, the aggregation of particles is also
influenced by the charge type (positive or negative) of.ipNe will discuss these effects in
chapte three) For instance, the stability of negatively charged partisldgctated mainly by

the negatively charged multivalent ions and positive ions do not hsigmiéicant effect on

the aggregation dhenegatively charged particl¢s8, 59] As a result, the accuracy of DLVO

theory in the presence of multivalent ions decreases.
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Figure 2-3: Changing the DLVO profile with altering NaCl concentration (left) and MgCl.
concentration (right) [58]

The DLVO theory wagroposed based on comparing two independent foreemafer Waals
(attractive) forces and electrostatic (repulsive) forBesearcheraterdeveloped this theory
to accountfor the effect of other forces (non DLVO forces) such as steric fd6fes61]

hydrationsolvation interactiofi62, 63]and hydrophobic interactior{64, 65] These models

are classified in a general group of exten@ed/O theory.

2.2.4. Steric repulsion forceand bridging

Each atom within a molecule can only occupy a limited space. When atoms come closer
together, the energy dhe system increasedue to overlapping electron cloufs6]. An
increase in the energy of the system when atoms appezathotheis known as steric
repulsion orsteric hindrance. When two particles wahadsorbed polymer or surfactant on
their surface appachto each otherasshown inFigure2-4, theentropy per adsorbed molecule
decreasescausing desorption andsimultaneousncrease in the interfacial energy. Hence,
additional work is required to brintpe particles together anthe particles repel each other
[67]. Under certain circumstances, however, high molecular weight polymers can adsorb on

separate particles and draw them together. giemomenois known as bridging flocculation
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[68]. Bridging between particles occurs under conditiwhenparticles are not totally coated

by the polymericor surfactantspecies. If particles are fully covered with polymeirs
surfactantsbridging can take place only if there is either detachment of some portion of the
already adsorbed polyméor surfactantjon a particle, to provide sites for attachment of
polymer(or surfactantjractions adsorbed on other particles, or polympelymer(surfactant
surfactantponding itself. It is suggested that maximum flocculation occurs when the fraction
of particle surface covered by polymer molecules is close to 0.5. For steric stabilization and
bridging flocculation by adsorbed polymeos surfacant there is still no satisfactory

guantitative theor{67].

YRS
f?a s
llfﬁ:@

Lﬂl“ffé\n

Figure 2-4: Schematic diagram of bridging and steric foces[69]

Bridging

Steric effect

2.2.5. Hydration force

When charged surfaces are contacted wistter, the surfaces induce some changes in the
adjoining layers of watefl he properties of this thin layer (known as the hydration layer) differ
from the bulk waterOverlap of hydration layers of two approaching particles (surfaces) causes
some interactin, whichis called hydration forcgr0].

The hydration force is a strong shasihge repulsive force that acts between polar surfaces

separated by a thin layer of water, which decays epigsinentially with decay lengths of
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about 1 nm[71]. Although there are some theoretical explanatiormuiakhe origin ofa
hydration force (e.g. watestructuring models, imageharge models, excludedlume
modek, and dielectriesaturation modelg/2]), colloidal science researchers generally believe

that despite the proposed explanations, the origin of hydration repulsion remains [7i3¢lear

2.2.6. Hydrophobic interaction

Hydrophobic particles (surfaces) have a tendency to clump together when placed in polar
solvents (typically water). This tendency is knowntlashydrophobic effect. Hydrophobic

surfaces can minimize their contact with water by hydrophobic interadgtiohgl'lhi s f or c e
caexi st naturally or be i nduce[d6. Myyd rtolpehodd £ o0
f osice muchcempangdr der Waals forces and its
much I[odrbdElydr ophoDb(ifcb eitrnteeerna cttwioonequal l'y si ze

wi Bhr adicuiash dfe R al cul ated as:
, , Q
@) ¢ YLAPD— (2-1 »

wherer and]l are empirich parameters that range betwed®50 mJ/nt and 12 nm,

respectively.

2.3. Interfacial tension (IFT) reduction

Interfacial tension is a property of the interface between two immiscibles fihech arises
from the net inward forces on the moleculesheffluids at the boundary of two phade$].

The IFTis commonly expressed by mN/m or dynes/cm, which are equal. Distribution of fluids
in the porous media is mainly determined thg oil-water interfacial tension. Generally,
reducing IFT vale can drive immobile oil, causé drops to flow easily through porousedia

and increasingil recovery. However, the magnitude of IFT reduction required to mobilize the
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immobile oil is controversialSome authors beliewbat2 or 3 ordes of magnitude decreas

in the IFT value is nEessary to initiate the movement of immobile[@il]; others stated that

even less than one order of magnitude IFT reduction can be sufficient to observe a significant
increase in oil remvery[78]. IFT reduction can increase the capillary numisdnrchis defined
astheratio of viscausforces to capillary forcelg9]. The mathematical model for the capillary

number iggiven bythe following equatiof80]:
0 —, (2-13

where U is Darcy velocity, * is the viscosity of displacing fluid, is the oil-water
interfacial tension, and—is the contact angle betwetre oil-waterrock interface. Based on
the classic capillary desaturation curves, as shiowsigure 2-5, by increasing the capillary
number bgond the critical capillary number, less residual oil can be yeeldThe critical
capillary number for wetting and navetting phases is different andeager capillary number
is required to mobilize the wetting phd8d., 82] Most researchers propose tkiz critical

capillary number can be achievedtie ultralow IFT values (0.1 to 0.01 mN/rf9, 81]
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Figure 2-5: Plot of capillary numberd sffect on oil residual saturation[83]

IFT reduction can atsaffect the relative permeabilif81, 84] Although somemall changes

in the relative permeability curves are reported when the IFT value decreases to less than 5
mN/m[85, 86] More remarkable changeanonly be expected for ultdow IFT (0.1 to 0.001

mN/m) [81]. Wettability alterationis arother parametexhich canaffect thecapillary number
andtherelative permeability during nanopartide€OR[87]. The wettability alteratiof rock

surfacedy nanoparticles will be discussed in the next section.

Surfactants arthe most commommaterialswidely used to reduce the IFT val{#8]. Surface
adive agents or surfactants a@mponergwith at least one hydrophilic and one hydrophobic
portionin their moleculesWater molecules in the aqueous phtdean equal forcein all
directions. Hence, the net force is zero for these moleddéegever,as shown irfFigure2-6,

the molecules in the interface aeperienciig unequal forces frorthe water molecules and
oil molecules. More unbalanced foroa the interface molecules leads to more-water

interfacial tension. By increasing the similarities of the structure or intramolecular forces in
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two phases, the IFT valugecreases. Surfactants, due to tlnphiphilic nature, tend to
accumulate at the interface. By replacing the original oil or water molecules at the interface
with surfactants, the interaction in the interface canHagdrom oil-water molecules tthe
oil-hydrophobic part of surfactant and waksdrophilic part ofthe surfactant. Since the
interactions between hydrophobjmortion of surfactantoil and hydrophilic portion of
surfactamwater are much stronger than-wiater interactions, the tension the interface
reducessignificantly [89]. The IFT value depends directyn the replacement of water
molecules with surfactant molecules at the interface. The maximum IFT reduction occurs when
the oilwater inteface is saturated with a monolayer of surfactants
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Figure 2-6: Schematic diagram of surfactant effect on the intermolecular force balance of
marginal molecules at oidwater interface

The IFT reduction potential of nanoparticles is not conclusive. Some autlectaredthat

nanoparticles can be considered as potential agents to reduce the IFT12dlde 9692];
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however opposing opinions can also be found in the literaf@8e95]. Using a surfactanto
stabilize nanopatrticlegrovoked this contradictiomm some cass. Some researchers believe
that nanoparticles alone cannot influence the IFT value significantiwever, whena
surfactant is addedhe synergistic effect of nanoparticles and surfactants can reduce the IFT
value [93, 9698]. However Hendraningratet al. [14] showed that 0.05 W& silica
nanoparticles dispersed in 3w of NaCl brine decreasail-brine IFTfrom 19.2 Nm/m to

7.2 Nm/m Adel et al.[99] reported that silica nanoparticles and alumina nanoparticles can
reduce IFT value; however, silica nanoparticlesnanee effective than alumina nanoparticles.
Although most authors believe nanopatrticles can reduseaddr IFT ,howeverits magnitude

may not be sufficient to significantly increaskrecovery Table2-1 summarizethe effect of

nanoparticle®n oil-water interfacial tension in the literature.

Table 2-2: The effect of different nanoparticles on odwater IFT

Size . )

Type of Conc. . Initial  Final
Nanoparticles (()r]:rw)P (Wt%) Aqueous phase Oil phase IET IET Reference
(Sg:gz’)” oxide 7 005 3wi%NaCl Crudeoil 19.20 16.90  [100]
(S'S':CO‘;; oxide 12 5  5wi%NaCl Crudeoil 21 21 [101]
Silicon oxide 0 Light
502) 12 04 5w%NaCl 20 . 265 195 [90]
Silicon oxide 0 Heavy
(5i02) 12 04 S5wNacl o . 283 7.3
(S'S':Cooz'; oxide 21-40  0.05 3wt%NaCl Crudeoil 192 7.9 [14]
(Sé':gz)” oxide 15 1 Purewater  Hexane 51 51 [93]
Silicon oxide 2070 0.4 5wt% NaCl Crudeoil 265 38.4 102
(SIOy)
Iron oxide
(Fo0) 2035 0.3 2.25
Aluminum oxide 2.5 wt% NaCl Propane 38.5 [91]

40 0.3 2.75
(Al209)
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Type of Size oo Initial  Final

Nanoparticles ?rirw)P (Wt%) Aqueous phase Oil phase IET IET Reference
Silicon oxide
(SiOy) 10-30 0.3 1.45
Aluminum oxide 2 wt% .
Zirconium 2 wt% ,
dioxide (ZrQ) 40 0.5 NaCl+CTAB Crude oil 8.46 1.85
Non-ferrous %. \'/DV:;EHO 004
metal 0.001 ' Crude oil 31.4 9.2 [8]

: 110 wit%
nanoparticles

Sulphanole

The mechanism of IFT reduction by nanopatrticles is simildrabofsurfactants. The presence

of nanopatrticles ahe oil-water interface alters the force balancetwninterface molecules.
Increase or decrease in the IFT value depends on the strength of molecular interactions between
oil-nanoparticle molecules and wat@noparticle molecules at the interface compared to the
original oil-water molecular interactionStronger interactiongesult inlower IFT valueq89].

Similar to surfactantsa tightly packed monolayer of nanoparticles at the interface leads to

lower IFT value[104].

Controversial results regarding the effect of nanopatrticles on the IFT valuarisefyom the

fact that it is still unclear whether and under which conditions nanoparticlexdsab onto

the oilwater interface For instance, it is reported that silica nanoparticles are extremely
hydrophilic and have more tendency to remain in the agueous phase instead of settling at the
interface; for nanoparticleso adsorb at the interfac¢heir surface must be modified by
surfactants or polymers to reduce the hydrophilicity of silica nhanoparticles and increase their
tendency to adsb onto the oiwater interfac¢105]. Changng the wettability of nanoparticles

by surfactants depends on the relative concentrations of nanoparticles and surfactants. As

shown n Figure 2-7, by increasing the concentration of surfactant in the solution, the
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adsorption of surfactant as individual ions changes the wettability particles and provides

a partially hydrophobiclwaracter to the surfacthus nanoparticles can be adsorbetb the
interface and reduce the -ovater interfacial tensioi.he hydrophobic property of the surface
increases with surfactant concentration; however, by further increase of surfactant
concentation, a surfactant bilayer will form and make tia@moparticles hydrophilic aggie3].

Lan et al.[106] suggested a range for the concentration of silica nanoparticles and CTAB
surfactantWithin that range, the nanoparticlasd the surfactant molecules can interact with
each other to reduce the paraffin oil and aqueous phase IFT more/libanusingCTAB

alone. According to their results, the IFT decreases when CTAB concentrations are lower than
0.01 mM and the nanoparticlercentration is less than 1 wt.%hey observed that by
increasingnanoparticle§concentrathn to 2 and 5 wt %IFT increasesHowever at higher

CTAB concentrations (greater than 0.01 mM) IFT increases versus hanoparticle concentration.
To conclude, theyeported a concentration range of less than 0.1GiAMB and between 0.01

and 1 wt% for silica nanoparticlesvithin which just enough CTAB molecules can settle at
thenanoparticlesd surface to modify them to
interface and promote IFT reductiodafari et al.[106] proposed that silica nanoparticles
without surfactants can adsodnto the oil-water interface. However, the reduction of
interfacial energy due tthe adsorption of namparticles is not sufficient to have irreversible
adsorption. Hence, nanoparticles may desorb from the interface. They canttiatian
elevatedemperature can increase the chance of nanoparticles idgdooin the interface due

to thermally exciting tke nanoparticles.

Oil phase properties such as oil composition, concentration of natural surfactants,

concentration of polar compomis, etc. can affe¢ET reduction with or without nanoparticles

25



For instancegcrude oil may contain natural surfactanfsaphthenic acids and asphaltgne
consequentlyhe aqueous properties such as type and concentration of ions can directly affect
the distribution of these surfactants in the oil or water pHa&$ Thepresence of salt in the
agueous solution can alter the electrostatic forces at the interfactheaefibre the natural
surfactant8distribution at the interfacé&laphthenic acids presentcrude oil can accumulate

at the interface due ta saltingout effect and lower the IFT108]. Adsorption of charged
nanoparticle onto the oil-water interface mayalso changethe distribution of natural
surfactantsat the interfaceHence, based on the concentration of these surfactants in the oil
phase, different IFTrends may be obtained the same aqueous phase fautdifferent oil
phase systemsFurthermore,the oil composition can affedhe strength of molecular
interactions between eianoparticle molecules and watenoparticle molecules at the

interface which dictatesthe ultimate IFT value

+
I
. _ R R B
~ Wt e
'_’/- + 4 W = '_./"--i- 'I
! N L. ot
. +-..._J; e
+ 3 A
++/P?'j g
+ 7
Claetegle Y Pl
- G \ ot o
S A ST O S
—_ . ._ﬁ,_-b,v ._"
. -'po‘\] ‘e J‘Q‘\H\"
e dr- ~
R Ol

Figure2-7:.Schemati c representation of nanoparticl esé
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2.4. Wettability Alteration

Wettability is the preferential tendency of a solid (reservoir rock) to be in contact with one
fluid in the presence of another fluid. In wateet reservoirs, water preferentially wets the
rock surfaceas shownn Figure2-8, where the apparent contact angleetween the rock and
water is less than 90In oil-wet reservoirs, the oil attaches on the rock surface and the apparent
contact angle is greater than 90n the case of neutral or intermediate wettability, no
preference is shown by the rock to either flliifi9]. Generally, for an oibrine-rock system,
the rockis considered as watgret when the apparent contact angle between a waipletir
and rock is less than 75htermediate wet if the contact angle is betweedd 085 and oil wet

if the contact angle is 105180°[110, 111]

SRR
Water-Wet Intermediate-Wet
(0°<©<75%) (105° <6 < 180°) (75°<©<105°)

Figure 2-8: Schematic diagram of different wettability status

It is reported that nanoparticles can alter the wettability of reservoir rock drooil-wet
towarda waterwet condition[16-18, 32]which might befavorable for oil recoveryin fact,
wettability alteration is proposed d&se main mechanism for nanopartidOR methods.
Wettability can be measured on the surfacasaflid substrate usintpe contact angle method,
or within the entire core plug usiriige Amott Wettability tes[112] or U.S. Bureau of Mines
(USBM) method113]. The wettability ofacore is represented ltlye wettability index (WI),

which can be alculated bythefollowing equation:
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w0 i i (2-14)
wherei andi arethe displacemery-water ratio and the displacemehy-oil ratio,

respectively, and can be calculated as:

| 3B1TOAkKAS G w06 (2-15)

3DiI 1T OAT ERAOOQm Q0 Q
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(2-16)

The wettability indexcanbe a number betweeth and 1 where 1 is strongly watexet, -1 is
strongly oilwet and 0 is neutral wettabilifyl14]. Li et al. [115] showed that hydrophobic
nanoparticleshave no effect on the WI of corehoweve, hydrophilic nanoparticles can
increase the WMoghaddam et a[27] observed that spontaneous imbibition increases in the
presence of silica nanoparticlestire aqueous phasdue tothe wettability alteration toward

thewaterwet condition.

The wettability alteration of the rock surface in the presenceaobparticles is mainly
examinedusing thecontact angle measurement methdle effect of nanoparticles dhe
wettability alteration of different rock surfaces is listed able2-3. Here, the focus is placed

on the contact angle measurement methigl.illustrated in the tablefor different rock
surfaces regardless of their initial wettability, the presence of nanapest alteredthe
wettability of the rock surface towaalmorewaterwet condition Researchergypically use

the conventional contact angle measurement method to evaluate the wettability alteration
capacity of nanoparticlesn this method, the substrates are either aged with (immersed in)
nanoparticlefluids before conducting the experiments or contacted with nanopdilticie

before the oil dropleas introduced to the rock surface

28



Table 2-3: Effect of nanoparticles on the oilwater-rock contact angle

Tube Aqueous Conc. Oil phase Rock Type Aging method Initial Final  Refer
yp phase (wt%) CA CA ence

Silicon oxide  5wt%

(Si0y) NaCl 2 Aged in 12230 [116]
Zirconium n-decane Calcite nanoparticles
dioxide 0.05 fludfor3fhrs 155 44
(ZI'Oz)
Silicon oxide 5 wt% Light Crude Laid in
(SIOy) NacCl 0.4 oil nanoparticles 1355 66
" . Sandstone . [90]
Silicon oxide 5 wt% 0.4 Heavy Crude fluid at room 130 101
(SiOy) NacCl ' oil temperature
Iron oxide 134 100
(Fe0s) Aded |
Aluminum 25wt 0.3 Propane Ngﬁorl)grticle
oxide (AbO) brine 0.3 Sandstone solution for 3 131 95 [91]
(NaCl) 0.3 hrs
Silicon oxide
(SiOy) 132.5 82
Silicon oxide 3 wt% . Berea
(SiOy) NaCl 0.1 Crude all Sandstone 54 22 [14]
Aluminum 2 wt% . .
oxide (Al:05) NaCl 0.5 Crude oil Submerg_ed in 129 124
. nanoparticles
. . Dolomite . [103]
Zirconium 2 Wi% fluid for 48
dioxide NaCl 0.5 Crude oil hrs 135 129
(ZI’Oz)
Titanium 0.5 wt% .
Oxide (TiOy) NaCl 0.01 Crude oil Sandstone 125 90 [117]
— . 5
Sliconoxide  3Wt% o5 Crydeoil  Quartz 131 112 [100]

(SIOy) NacCl

The mechanism of wettability alteration of reservoir rock in the presemamoparticlefluids

is not clear yet. The traditional concepts of simple liquid spreddit®], due to the complex
interactions between the nanoparticles and the solid surface, do not appigirtoparticle
fluid [119]. Kondiparty et al.[120] experimentally evaluated the dynamic spreading of
nanoparticlefluid by directly observing the selayering of nanoparticles from both the top
and side views simultaneously using an advanced optical technidpag. reache the

conclusion that the thrgghase contact line spontaneously decreases to reach an equilibrium
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condition. Then, nanoparticles form ordered structures in the confinement of thetiasee

contact region This ordering in the wedgdm area causes arxia pressure in the film
compared tahe bulk solution and sepaga theoil drop from the surface. This pressure is
known as fAstruct ur A scheaticsdiagrannaf pilgdrogp rereosas byr e 0 .
structural disjoining pressure is illustratedrigure 2-9. Sefiane et al[121] reported that the

change in the contact angbé oil, water and rock surface can be dueatcombination of

Astructural disjoining pressureo and fAadsorp

Wedge-film

Figure 2-9: Nanoparticle assemblingm wedge film causes to structural disjoining pressure
(After [120])

The wettability alteration of substrates using nanopartialds is sensitivdo many factors
including: nanoparticle size and concentration, drop size, primary contact angle of the droplet
[122], particle charge, surface wettability of nanoparti§¢le3], charge and roughnestthe
substrate, concentration of stabilizer, type and concentrations of ions in the nanoghuiitles
bulk pressure and temperature, etc. Wasal. §t22] testeda canola oil drop spreading on a
glass surface when surrounded by silica nanopadiltles They pointed out that by
increasing the concentration of nanoparticles, the structural disjoiresgyse and spreading

rate of nanoparticleBuid increases. They also notttthat the spreading rate of nanoparticle
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fluid decreased with a decrease in the dr@plume. Wang and W[123] examined the effect

of particle charge and dace wettability of thenanoparticles on oil drop detachment from a
surface using molecular dynamic simulation. Their simulattwowed that full detachment of
anoil droplet from a solid surface by nanoparticles is possible when the charge of particles
exceeds a threshold valuehey concluded that highcharged hydrophobic nanoparticles have
the best performance in oil detament. Lim et al[124] demonstratethatanoil drop detaches

faster when the temperature and hydrophilicity of the substrate increases.
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3CHAPTER THREE

Insight into the Stability of Hydrophilic Silica
Nanoparticles in Seawater for Enhanced Oil Recovery
Implications (Paper 1, Published)

This chapter has begublished; Sofla, Saeed Jafari Daghlian, Lesley Anne James, and Yahui
Zhang. "Insight intohe stability of hydrophilic silica nanopatrticles in seawater for Enhanced
oil recovery implications.Fuel 216 (2018): 55%71.
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Abstract

The stability of nanoparticles in the aqueous phase is a major challenge in the application of
nanoparticles inEnhanced Oil Recoveryn&noparticleEOR) processes. Previous studies
evaluated the performance of nanoparticles for EOR purposes; either deionized water or water
at very low ionic strength was used. Nanoparticles can be easily dispersed in the deionized or
low salinity water, whereas they are extremely unstable in high salinity seawater or formation
water. Typically, seawater or formation brine is injected for witd@ding and EOR purposes.

If we want to change the fluiffuid or fluid-rock properties binjecting nanoparticle enhanced
water, then, the stability of the nanopatrticles in high salinity water is extremely important. In
this work, a method to stabilize silica nanoparticles in seawater is proposed. First, the
aggregation of silica nanoparticlesthe presence of different ions is investigated. The results
show that the presence of positive multivalent ions in the electrical double layer around
nanoparticles can destabilize silica nanoparticles. In order to reduce the concentration of
positve mul t i val ent ions around sili"paohacopanbDi
proposed and its effectiveness is tested by particle size, turbiditypatetatial, and pH
measurements. The effect of the concentrations of nanoparticles and HCI cability sf

silica nanoparticles in seawater is evaluated. Experimental results show" thaitéttion,

which can be obtained by adding HCI to the solution, can effectively stabilize silica
nanoparticles in seawater. The experiments show that the siaaagarticles in the seawater

directly depends on the concentration of nanoparticles and inversely to the HCI concentration.

KEYWORDS: Enhanced Oil Recovery, Silica Nanoparticles, Stability of nanoparticles,

Electrical Double Layer, DLVO theory

3.1. Introduction

Recently, there has been a growing interest in application of nanoparticles in the Enhanced Oill

Recovery (EOR) processes. Numerous experimental works has been published discussing the
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effect of nanoparticles on increasing oil reco@ry, 10, 11] It is reported that nanoparticles

can adsorb atiquid-liquid interfaces and reduce interfacial tensif#®9-31]. Whether
nanoparticles adsorb at the interface or they change theatgl interfacial tension is still an
ongoing debate. It is accepted that this phenomenon occurs because the adsorption lowers the
total energy of the systefh25]. Furthermore, nanoparticles can alter surface wettability from

oil-wet to watetwet[16-18, 32]which is favorable for oil recovery.

One of the most important challenges in dipplication of nanoparticles for EOR methods is

their stability in an aqueous solution. Nanoparticle dispersion in the aqueous phase is not a
thermodynamically stable. Dispersed nanoparticles are always subject to Brownian motion

with frequent collisions &ween them. The stability of a dispersion is thus determined by the

nature of the interactions between the particles during such col[is&&)s Although the

potentid of silica nanoparticles in EOR processes is widely studied and their effectiveness is
well-documente(i7, 127, 128] the applications of hydrophilic silica nanopatrticles are limited
because the nanoparticlesd high energetic h)

to be easily agglomerat¢t29].

In most studies which evaluated performance of nanoparticles for EOR purposes with
wettability, IFT measurement and cefleoding experiments, either deionized water or water

at very low ionic strength (especially NaCl brine) is udetj 13, 19, 35130-133]. However,
nanoparticles are extremely unstable in seawater, formation water and concentrated ionic
solutions of multiple types and charges of ions. Water flooding and EOR tgragspecially

for offshore reservoirs, use seawater. Even higher salinity formation water is present in the
reservoirs as well. The stability of nanoparticles in these fluids is crucial for any successful

nanoparticleEOR processes. In this paper, nanoparticle stability in mixed ionic solutions is
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systematically investigated and a method to stabilize hydrophilic silica nanoparticles in
seawater is proposed. We first examine the effect of the most common ions in seawser o
stability of silica nanopatrticles. Based on the results of these experiments, a new method is
proposed to stabilize silica nanopatrticles in seawater. Second, the effectiveness of proposed
method, using hydrochloric acid, in the stability of silicam@articles in seawater is tested by
particle size, turbidity, zetpotential and pH measurements. Furthermore, in each part, the

results of experiments are compared with DLVO theory.

3.2. Theory of nanoparticle stability

Colloidal systems consist of one or raalispersed phases and one continuous phase. On the
nanoescale, due to an increase in the surface area and possible changes in the structure and
composition of the surface, surface energy, and consequently the total energy of the system,
increases. Nanop#les tend to aggregate to reduce the surface energy, thereby making a
colloidal dispersion at the narszale northermodynamically stable. Particles in the colloidal
systems are always subject to Brownian motion and collisions frequently occur between
particles. The nature of interaction between the particles during these collisions determines
their stability in the solution. Van der Waals, electrical double layer, steric interaction,
bridging, hydrophobic and hydratiegolvation interaction are six maiypes of particle

particle interaction forces that can exist in the dispersion me@3®n The sum of the
attractive (van der Waals, bridging, and hydrophobic forces) and repulsive d€tttacal

double layer force, steric effect, and hydration force) forces between individual particles
govern the stability and aggregation of particle dispersions. In general, to prepare a stable
dispersion or to kinetically slow the aggregation, repulébrees between particles should

overcome attractive forcg$34].
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Derijaguin, Landau, Overbeek and VerwBy, 55]proposed the DLVO theory to explain the
stability of colloids in the absence of any polymer or surfactant. This theory combined two
independent van der Waals attraction and electrostatic repulsion forces, explainatispers

mechanisms of colloids in the polar solution.

Electrical double layer: Helmholtz[46] first introduced and termed the idea of the electrical
double layer, which was later extended by G@hapman and Steid7, 48] The electrical

double layer is a structure that appears on the surface of a charged surface when it is exposed
to a fluid. The first layer, theurface chargéeither positive or negative), is comprised of
ionsadsorbednto the surface due to chemical interactions. This layer, widuoBists of a

dense layer of ions of the opposite charge (cotintes) that form around the nanoparticle, is
known as the fAStern | ayero. The second | aye
charge via th€oulomb forcs, electricallyscreeninghe first layer. This second layer is
loosely associated with the surfaceislimade of free ions that move in the fluid under the
influence ofelectric attractiorandthermal motiorrather than being firmly anchored. It is thus

called the "diffuse layef49]. The high concentration of courdiens within the diffuse layer
gradually deczases with increasing distance from the nanoparticle until equilibrium is reached
with the ion concentration in the bulk of the solvé#i]. The distribution of ions in the

electrical double layer around negatively charged nanoparticles is illustmdgpire3-1.
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Based on the electrolyte theories, interactions in the low ionic strength solutions decrease
exponentially with distance or the Debye screening length. By inogethe ion concentration

in the solution, due to effective screening of charges over short distances, this length decreases
monotonically[135]. Greater nanopatrticle surface charge and longer Debye length leads to
increasing nanoparticle stability in the aqueous sol(itid6, 137] The thickness of the double

layer is a function of ionic strength. The ionic strength can be defifd@8&s

(3-1)
where z and c are the charge number and molar concentratitimiofi, respectively. The

Debye length{ T OQ ) in nanometer can be calculated%8]:
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(3-2)

where e is the elementary charge of an electron (C), T is the temperature {K9,(F/C), -

is absolute and solution relative dielectric constant,i s t he Bol t zmakmnds co!
is the number density of ionin the bulk solution. Thelectrostatic repulsion between two

equally sized spherical particles witR® v (where ‘Qis the reciprocal of Debye length

(¢ & and w is the radius of spherical nanoparticles in nanometer) can be calculated by

[51]:

ZLjdestz »7  gm (3-3)
Tre |

where[ is the reduced surface potential and can be calcula{éd]as

)
g "THIi+ T (3-4)
1

where % is the potential on the surface. For a surface chésgelgelow 30 mV or'Qd v,

the electrostatic potential can be calculated by linear PeBsttmmann approximatiofb0]:

Ted  Zbtorr Ewf (3-5)

Surface charge of hydrophilic silica nanoparticle: It is well documented thawvhen a
nanoparticle is immersed in an aqueous solution, the protonation/deprotonation capacity of the
particle surface is a key parameter for the charge transfer between solvent and patrticle. The
relative basicity or acidity of the solvent and the partictiicates the direction of protonic
transfer[139, 140] Two protonation reactions (reaction R1 and R2) are suggested far silic

nanoparticles (seasoFigure3-2) [141].
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Ai EERT Eq (R1)

1 ke Fm (R2)

Due to the presence of a functional group containing oxygen on the surface of silica
nanoparticles, the solutionds pH can signif
Because oxygen can be protonated or deprotonated to become ¢hd&jeld is impossible

to directly measure the Stern potential. Instead, the zeta potential (E), the patethteal

shear plane close to the Stern plane, can be experimentally measured and is often used as a
measure of the surface potenfiz8]. The surface charge of the hydrophilic silica nanoparticles

as a function of pH is well documented in the litera{®® 143, 14]. As shown inFigure

3-3, the surface charge of silica nanopatrticles is virtually unchanged for a pH greater than 6,

and its poinbf zerocharge (pzc) occurs wh the pH is between 2 and 3.

Figure 3-2: Schematic diagram of sidebinding model for silica dioxide[139]
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