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Preface
Enhanced oil recovery (EOR) methods are usually applied to improve the recovery rate
of trapped oil from the porous and permeable reservoir after the secondary recovery
process is over. The polymer method is one of the chemical EOR methods however, its
efficacy is highly affected by the reservoir conditions which makes them unsuitable for
EOR, particularly at high-temperature conditions. One of the methods to improve the oil
recovery performance of EOR polymer is to use nanoparticles (NPs) such as SiO2 and
TiO2. These NPs, along with EOR polymer, are expected to develop nanocomposites,
which can be stable at reservoir conditions for successful EOR projects. The designed
nanocomposites generally stable in nature due to charged colloidal particles such as, NPs,
and are widely accepted in the petroleum industry due to their high stability, greater
surface area, high surface to volume ratio, better thermal, electrical, and rheological
properties which exhibits superior control over the reservoir parameters, viscous
fingering, and early water breakthrough, however studies on improvement on the thermal
stability of nanocomposites, rheology and their production performance in the presence
of harsh reservoir conditions need attention. Thus, this study aims at the synthesis of
nanocomposites of SiO2 and TiO2 in the base solution of an EOR polymer (derivatives of
acrylamide i.e. polyacrylamide/hydrolyzed polyacrylamide) of a typical EOR
concentration of 1000 ppm. The synthesized nanocomposites are characterized for
dispersion stability, thermal stability, and rheological properties and suitably compared
with the conventional polymer method. Simultaneously, the performance of
nanocomposites for oil recovery is evaluated followed by the discussion on associated
environmental issues of NP retention in porous media. Furthermore, the role of these
nanocomposites of SiO2 and TiO2 NPs is explored as a foaming agent in the stabilization
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of surfactant foam for effective CO2 utilization in oilfield applications and measured the
flow properties of these foams at reservoir equivalent high pressure and high-temperature
conditions.
In this work, a novel formulation of nanocomposites using NPs (SiO2 and TiO2)
and oilfield polymer polyacrylamide (PAM)/hydrolyzed-polyacrylamide system is
investigated for the formulation of stable nanocomposites fluid system and compared
with the one stabilized by conventional polymer system. The conventional oilfield
polymer PAM/HPAM, NPs such as, SiO2 (0.5-2.0 wt%), and TiO2 (0.01-0.1 wt%) are
used. The stability of the nanocomposites based fluid system is investigated through
different technique/methods and compared with the conventional polymer fluid system
and silica nanocomposites. The techniques/methods used to study the stability of
nanocomposites is performed using visual appearance, dynamic light scattering (DLS),
ultraviolet-visible spectroscopy (UV-Vis), and electrical conductivity. Further, the
formation of nanocomposites of silica and titania is verified using a field emission
scanning electron microscope (FESEM) imaging followed by a mapping technique.
Furthermore, the rheological properties such as viscosity and viscoelastic properties
(storage modulus: Gꞌ; and loss modulus: Gꞌꞌ) of nanocomposites are measured and
compared with one of the conventional polymer fluid systems. The results showed that
the nanocomposites improved the dispersion stability of conventional silica
nanocomposites via reducing the size of nanocomposites via less homoagglomeration of
silica and also provides stable rheological behavior of polymer methods which is
favorable for EOR practices.
Further, the effect of reservoir salinity on the stability and rheological properties
of nanocomposites is discussed. Salt ions generally screen-out the surface charge of the
NPs, rendering them unstable. Mostly, showed premature agglomeration resulting
iv

clusters of larger size are formed, which is one of the factors responsible for the changes
in stability and rheological properties of nanocomposites.

However, the colloidal

stability of nanocomposites is re-established through the inclusion of an anionic
surfactant sodium dodecyl sulfate (SDS) in the silica nanocomposites system. The
stabilized nanocomposites are then tested dispersion stability, rheological properties
followed by oil recovery from a porous sand-pack enriched with varying salinity.
However, SDS role on nanoﬂuid stabilization in a saline environment is also generalized
for enhanced oil recovery (EOR) applications in a porous media enriched with varying
salinity. With increasing salinity, the cumulative oil recovery from sand-pack reduced
and reached the minimum level of 48% original oil in place (OOIP) at 3 wt% NaCl which
is 58% OOIP without salinity. Oil recovery re-established to 55% OOIP in presence of
increasing SDS concentration, which is remarkable for nanoﬂuid applicability in a saline
environment where conventional methods typically show challenges.
Besides, it is also observed that the homoagglomeration of SiO2 NPs, which leads
to premature sedimentation of large NP clusters, is one of the reasons for the loss in
thermal stability as well as rheological stability at elevated temperature which can affect
the complete EOR operations. However, this can be improved by incorporating a
thermally conductive co-stabilizer, which not only reduces the homoagglomeration of
SiO2−SiO2 NPs but also improves their rheological properties. The use of titania (TiO2)
NPs in improving the thermal stability and rheological properties of silica
nanocomposites in HPAM for high-temperature applications. TiO2 concentration is kept
low and constant (0.1 wt %), whereas the SiO2 concentration is varied from 0.1 to 1.0 wt
%. In nanocomposites synthesis, water-soluble HPAM of 1000 ppm is used as a viscosity
enhancer. Different techniques such as visual inspection, dynamic light scattering,
ultraviolet−visible (UV−vis) spectroscopy, thermogravimetric analysis, and field
v

emission scanning electron microscopy are used to characterize nanocomposites. The
thermal stability and rheological properties of silica nanocomposites are found to be less
stable. However, the TiO2 inclusion controlled the rate of homoagglomeration in silica
NPs, resulting in SiO2 −TiO2 nanocomposites of least size, and better dispersion and
thermal stability (only 78% mass loss) are observed in nanocomposites of silica and
titania. Thus, thermally stable nanocomposites of improved flow behavior are proposed
for oil field applications where conventional fluid may find limitations. Finally, the
enhanced oil recovery potential of silica nanocomposites is studied and compared with
the one of silica and titania at real oil field conditions of high temperature (90 °C) and
saline environment of 5 wt % NaCl. The oil recovery potential of conventional silica
nanocomposites is increased by 12% original oil in place, with the inclusion of 0.1 wt %
TiO2 in the system.
Further, the novel nanocomposites of SiO2 and TiO2 are examined for the most
promising method to improve chemical oil recovery via wettability alteration, which is
associated with colloidal particles such as nanocomposites. However, nanocomposites
showed limitations due to nanoparticle (NP) agglomeration which may result in pore
blockage during its injection in porous media. The unsuccessful recovery of injected NPs
is increased their footprints, which is becoming a serious environmental issue. Therefore,
the use of a co-stabilizer i.e. TiO2 (0.05 and 0.1 wt%) that not only reduces NP
agglomeration in the silica fluid system but also improves its wetting property and oil
recovery from synthetic sand-packs. In nanocomposites synthesis, surfactant [anionic:
sodium dodecyl sulfate (SDS) and nonionic: triton x (Tx-100)] is used to find
improvements in wettability alteration, interfacial tension (IFT) reduction, and oil
recovery results of nanocomposites. With surfactant, the wetting property of SiO2 - TiO2
nanocomposites is found superior (strong water-wet) as confirmed by maximum (67%)
vi

reduction in contact angle. Also, the IFT of crude oil is reduced by ~91% which increased
the chemical oil recovery by ~78% from sand-pack. Importantly, nanocomposites use in
porous media is associated with environmental concern. Therefore, each nanocomposites
is repetitively (3 times) flooded through sand-pack and NP retention is examined using
three different methods (contact angle, UV-vis, and FESEM analysis) and suitably
compared to find the least NP retention in porous media. For surfactant treated
nanocomposites (SiO2- TiO2), NP retention of 0.034-0.074 wt% is determined while its
value is significantly higher (0.31 wt%) for conventional silica fluid system. Finally, it is
concluded that NP retention of conventional silica NPs can be reduced through the
selection of a proper co-stabilizer that may help to protect the subsurface from formation
damage and other associated environmental issues.
In the letter part of the work, the formulated nanocomposites are used for
stabilizing surfactant added CO2 foam for effective utilization of CO2 in oil recovery
practices. Generally, the challenges of viscous fingering and low mobility control limit
the direct gas injection for EOR application. Thus, CO2 foams gained a great area of
interest in oilfield which has significant mobility control and also may extend their
application by formulating the aqueous phase with novel materials. The SiO2 - TiO2
nanocomposites are more stable than the conventional fluid system which has shown
great potential to enhance the stability of the sole solution and expected that it may help
to enhance the thermal and rheological stability of CO2 foams. Thus, in this study,
nanocomposites of silica and titania along HPAM are used for the application in
nanocomposites stabilized CO2 foam for effective utilization of CO2 in oil recovery
practices. The thermal and rheological behavior of CO2 foam stabilized by
nanocomposites is studied which showed enhancement in rheological properties.
Furthermore, the flow properties of nanocomposites stabilized foams suggest that the
vii

presence of TiO2 NPs may enhance the thermal and rheological behavior at elevated
temperature and pressure. Also, the recent study suggests that the presence of TiO2 NPs
reduces the size of foam bubbles and that foam bubbles showed enhancement in
rheological properties (viscosity, and viscoelastic) due to closed packing of smaller sized
foams at elevated pressure conditions.
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Thesis Organization
Chapter 1: The first chapter summarizes the basic introduction of chemical EOR
methods using polymers, surfactant, and colloidal solutions. This chapter also insights
the fundamentals of colloidal science in oil recovery followed by the stability challenges
of conventional nanofluid at reservoir conditions.
Chapter 2. In this chapter, first, nanocomposites of silica and titania is formulated
in PAM solution followed by the discussion on stability using several methods. The
rheological properties such as viscosity and viscoelastic properties (storage modulus: Gꞌ
and loss modulus: G") of nanocomposites is studied and compared with the one of
conventional polymer and nanofluid. The results showed that the nanocomposites which
was prepared by the addition of TiO2 NPs in silica nanofluid, improved the rheological
behavior of conventional nanofluid.
Chapter 3. Generally, saline environment destabilizes the nanocomposites
through premature agglomeration resulting clusters of large size are formed, which is one
of the factors responsible for the changes in stability and rheological properties of
nanofluid. Thus, in this chapter, the colloidal stability of nanocomposites is re-established
through the inclusion of an anionic surfactant and concludes that the use of surfactant is
beneficial for colloids application in oilfield where salinity becomes a limiting factor.
Chapter 4. The synthesis of nanocomposites is studied in presence of hydrolyzed
HPAM for high temperature applications. The thermal stability and rheological
properties of nanocomposites are measured at high temperature. The flooding experiment
showed significant improvement in oil recovery, which was obtained by nanocomposites
(SiO2 and TiO2) at high-temperature where conventional fluid showed limitations.
Chapter 5. SiO2/TiO2 nanocomposites were treated in presence of anionic and
nonionic surfactants and understood their role in oil recovery applications through
xxviii

wettability alteration and interfacial tension (IFT) reduction of crude oil. Also, NP
retention in porous media was evaluated using different approaches such as DLS, UVvis, FESEM, and mapping. Generally, the retention of NPs in porous media is an
environmental concern, which can be reduced by the use of nanocomposites. In this
chapter, it was established that the sole silica NPs showed higher order of retention as
compared to the nanocomposites.
Chapter 6. As per the information from previous studies, it is now well
established that SiO2  TiO2 nanocomposites are more stable than conventional fluid.
Thus, in this chapter, nanocomposites are used for the application in surfactant stabilized
CO2 foam for effective utilization of CO2 in oil recovery practices. The thermal and
rheological behavior of CO2 foam stabilized by nanocomposites was studied.
Furthermore, the flow properties of nanocomposite stabilized foams were studied at
reservoir equivalent high pressure and high-temperature conditions.
Chapter 7. This chapter contains conclusions from the dissertation and future
scope of synthesized nanocomposites for various industrial applications including
oilfield/oil recovery at real field conditions.
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Chapter 1
Introduction and Literature Survey

1.1 Background
Most of the world energy demand are usually meet from crude oil energy which
have shown great impact to the nations in field of economic, industrial to households,
and transport. The greater dependency on hydrocarbon energy imposes an additional
encumbrance to oil reservoirs, which are progressively declining and leading to reduced
oil production. The increased demand of these crude oil energy is the clear indication of
more hydrocarbon production from matured oil reserves using the advanced oil recovery
techniques. Generally, the oil recovery methods are classified in three different categories
i.e. primary oil recovery, secondary oil recovery and tertiary or enhanced oil recovery
(EOR) as drown in Figure 1.1.

Figure 1.1. Classification of oil recovery methods.
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Figure 1.2. Time domain representation of oil recovery.
Using primary and secondary oil recovery techniques, only 30-40% of original
oil in place (OOIP) was able to recover resulting significant amount of oil is leaving
behind as residual oil in reservoirs pores [1–4]. Figure 1.2 shows the time domain
representation of oil recovery. The production of the residual oil from the existing oil
reserves is becoming a biggest challenge for hydrocarbon exploration industries. Thus,
the development of new technologies/methods in EOR is required which can be
competent to curtail existing challenges of oil recovery and may increase the overall oil
production from existing reservoirs to meet the global energy demands. Figure 1.3.
Shows the typical energy trend of crude oil and the share of other energy sources in %.
Previously, several EOR techniques have been explored and implemented in
order to improve oil recovery from the reservoirs. Generally, EOR methods are
implemented after primary and secondary recovery by keeping a vast zone of residual oil
as primary target in mind. The target zone of oil reserves mainly experiences changes in
fluid and rock properties by the injection of chemicals, gas, heat, and microbes, etc. The
fundamental goal of these chemicals is to alter the trapped oil properties in reservoir pores
followed by the mobilization of oil towards production well. The common methods of
2

EOR is mainly chemical flooding, gas injection, thermal, and microbial EOR which
greatly helps to improve oil recovery via reduction in viscosity of crude oil and alteration
in wetting property of the reservoir rocks, and interfacial tension (IFT) of the crude oil.

Figure 1.3. World energy supply during (a) 2014 and (b) forecast for 2035 (adapted from
statistical review of world energy June 2014); MTOE stands for “Million Tons of Oil
Equivalent”, a unit of energy equivalent to 41.868 PJ [5].
In chemical EOR, different chemicals/chemical solutions are utilized and injected
to reservoir. The injected chemicals hold key responsibilities of reducing crude oil
viscosity by means of chemical interaction, IFT reduction, and wettability alteration of
porous and permeable reservoir rock. Through the change in these properties, chemical
EOR becomes an important method dislodge the trapped oil from pores improve the oil
production. Miscible EOR method are based on the injection of miscible gases (CO2,
natural gas, and N2) which create miscibility with crude oil at reservoir conditions. The
miscibility of these gases with the crude reduces the viscosity of crude oil and enhances
oil production. Thermal EOR methods comprise the generation of heat through in-situ
combustion and use this energy to mobilize heavy crude oil. Thermal EOR method are
3

unsuitable at greater depth and for thin pay zone, which enables non-thermal EOR
methods more prodigious for oil production [6]. Figure 1.4 showed the schematic of
wettability alteration mechanism of reservoir rock.

Figure 1.4. Wettability alteration study using contact angle measurement on solid
interface.
Chemical EOR techniques received great interest due to its better efficiency,
reasonable cost, and technical and economical feasibilities [7]. Thus chemical EOR
method become more promising and widely used in 1980s when the crude oil prices were
higher. The technological advancements and the design of new chemicals also modify
the design of these methods to greatly enhance the oil production. As a result, these EOR
fluids and chemical methods are being tested for complex reservoir rocks where it can
work and improve the efficiency of oil recovery. The basic reservoir properties which
must be altered by these chemicals are mainly rheological properties which are beneficial
to maintain mobility ratio, and push the crude oil and injected chemicals towards
production well. A better oil recovery can be expected by the introduction of advanced
chemicals such as nanomaterials, which are thermally stable and surface active to show
greater impact on reservoir conditions and simultaneously improve oil recovery via better
IFT reduction, mobility ratio, and flow behavior.
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1.2 Chemical EOR Status
The chemical EOR method is usually applied to improve the recovery rate of
trapped oil from porous and permeable reservoir after secondary recovery process is over.
Polymer injection is one of the important chemical EOR methods that uses viscous
polymeric solutions to increase the oil recovery from the reservoir. In this method, the
viscosity of the displacing fluid is controlled by viscosifying nature of polymer, which
helps to maintain mobility ratio and displaces oil from pore throats. In general, polymer
injection or polymer flooding is more effective when water flood shows limitations due
to fractures, high permeability zones, or in heavy oil [8]. Thus, the injected polymer
solution should be non-Newtonian and shear-thinning fluid where viscosity of fluid
decreases with an increase in shear rate [9]. However, the efficacy of polymer flood is
highly affected by the harsh reservoir conditions, which reduce their efficiency for EOR
applications particularly at high-temperature conditions. At high-temperature, the
polymer chains exhibit shorting of chain length due to thermal degradation which reduces
viscosity of polymer solution and limits their potential for oil recovery [10]. Similar to
that, surfactant flooding, another important method of chemical EOR, is suitable for oil
recovery applications. In surfactant flooding, surfactant solutions are injected into the
reservoir and the surfactant reduces IFT between oil and injected fluid. As a result, it
increases the crude mobilization from pores and more oil is expected to come at the
surface [11]. Formation salinity have shown adverse effect on polymer/surfactant
viscosity, and makes them unfavorable for oil recovery [12]. Thus, it is clear that reservoir
conditions such as temperature and salinity may show detrimental effect on rheological
properties of injected fluid which demand for the better design of a polymer and
surfactant solution at complex reservoir conditions.
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1.2.1 Polymers
In general, polymer flooding is used under certain reservoir conditions that lower
the efficiency of a regular waterflood, such as fractures or high-permeability regions;
channel or redirect the flow of injected water. Adding a water-soluble polymer to
waterflood allows water to move through greater pore thoats reservoir rock, resulting in
higher contact of water with trapped oil. In the process, the volumetric sweep gets
improved resulting oil moves effectively towards production wells. Often, injectivity will
be one of the critical factors. Therefore, the polymer solution should be a non-Newtonian
and shear-thinning fluid; wherein viscosity of fluid decreases with increasing shear rate.
In polymer flooding, a water-soluble polymer is added to the floodwater. This increases
the viscosity of water. There are three potential ways in which polymer flooding makes
the oil recovery process more efficient: (1) through the effects of polymers on fractional
flow, (2) by decreasing the water/oil mobility ratio, and (3) by diverting injected water
from zones that have been swept. The most important preconditions for polymer flooding
are reservoir temperature and the chemical properties of reservoir water. At high
temperature or with high salinity in reservoir, a polymer cannot be kept stable and
polymer concentration will lose most of its viscosity.
Polymer flooding is primarily used when the viscosity of crude oil is higher or to
target a large pay zone. The polymers used in oilfield applications are of two types; (1)
biopolymers and (2) synthetic polymers. The biopolymers mainly include xanthan gum,
scleroglucan, hydroxyethylcellulose, carboxymethylcellulose, welan gum, guar gum,
schizophyllan, mushroom polysaccharide, cellulose, and lignin. On the other hand, the
typical synthetic polymer used in oil recovery are derivatives of acrylamide such as
polyacrylamide (PAM), hydrolyzed polyacrylamide (HPAM), and co-polymers of
acrylamide (Figure 1.5). It is noteworthy that field application of PAM, HPAM, and
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xanthan gum are the most widely reported for polymer flooding. Thus, nanofluid
preparation in the base solution of these polymers may add value for additional oil
recovery.

Figure 1.5. Chemical structure of typical oilfield polymer (a) Polyacrylamide (PAM),
and (b) Partially hydrolyzed polyacrylamide (HPAM).
1.2.2 Surfactant
Surfactant is defined as a long-chain molecule which consists of a pair of head
and tail group. The head group is generally associated with hydrophilic nature however,
tail group shows hydrophobic nature. The hydrophobic tail group may be a long-chain
hydrocarbon, fluorocarbon, a siloxane chain, or a short polymer chain. The hydrophilic
head group may be anionic, cationic, amphoteric, or non-ionic. Thus, surfactants can be
categorized based on the hydrophilic head group. In anionic surfactant, the hydrophilic
group is negatively charged whereas, cationic surfactants are positively charged. The
hydrophilic group in non-ionic surfactant does not dissociate in an aqueous solution. The
solubility of nonionic surfactants in water is mainly due to the hydrogen bonding between
the hydrophilic groups and water. Moreover, the amphoteric surfactant is defined as the
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dissociation of the hydrophilic group (both negatively and positively charged) in the
aqueous solution [13].
Besides, the properties of these surfactants change below and above the critical
micelle concentration (CMC). The surface-active ions/molecules present in the surfactant
generally form micelles of large aggregates after dissociation in aqueous phase. CMC
value of surfactants may vary with their type and molecular structure [14]. Also, the CMC
for surfactants may change with the temperature and salinity. The surfactant to be used
in oilfield applications must have a higher concentration than CMC for better utilization
in IFT reduction, wettability alteration, and considerably higher sweep efficiency. Thus,
CMC of surfactant becomes a major criterion for surfactant utilization in oil recovery
projects. Now, it is a general tendency that surfactant (at CMC) may show higher
adsorption on reservoir rocks, whereas no further increment in surfactant adsorption
occurred at higher concentration than CMC [15]. Thus, using surfactant higher than CMC
is always beneficial. There are numerous methods which are in practice to determine
CMC value of any surfactant using its phytochemical properties vs surfactant
concentration. CMC value can be determined using surface tension measurements,
conductivity measurements, infrared spectroscopy, and nuclear magnetic resonance
spectroscopy. The cheapest method to define CMC value is surface tension
measurements using a stalagmometer or electrical conductivity measurements.
Surfactant flooding is an effective EOR method in oil recovery practices, which
considerably reduces IFT and makes larger oil production after water flooding [14].
Generally, surfactant flooding process increases oil recovery by lowering IFT between
oil and injected surfactant solution. A surfactant system should have the ability to lower
oil-water IFT as this is very important in the mobilization of residual oil [16]. It should
also be able to propagate through the reservoir without losing this important ability.
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Contrary to these requirements, surfactant slug usually breaks down under very high
temperatures [14–16]. Adsorption of surfactants on rock surfaces and high salinity of
reservoir brines also lead to the precipitation of surfactants [17]. These are some of the
important problems encountered by surfactants as they move through the reservoir. The
most common primary surfactant used in the petroleum industry is petroleum sulfonates
produced by sulfonating a pure organic chemical, an intermediate molecular weight
refinery stream, or crude oil [18].
1.2.3 Nanoparticles and nanofluids
The development of new technology (nanotechnologies) has become imperative
to satisfy the ever-growing and insatiable need for energy [19]. Nanoﬂuid technology, as
a part of nanotechnology, is a great area of interest where well-designed materials, i.e.,
NPs at nanoscale levels are used to address challenges with conventional chemicals in
harsh reservoir conditions. These NPs have a higher surface area to volume ratio and
unique properties, such as high adsorption potential, heat conductivity, superficial
electrical conductivity, and higher surface energy due to the more exposed surfaces. Thus,
nanoﬂuid, which is a colloidal suspension of NPs(1–100 nm) in base ﬂuid such as water,
oil, glycol, and polymeric solutions [20–23], offers promising advantages for various
industrial applications including oil industry. The preparation of nanofluid using
polymeric solution is an added advantage with polymer flooding in the domain of oil
recovery where inherent properties of NPs may improve the efficacy of polymer solution
in harsh reservoir conditions. For oilfield applications, different NPs such as silica,
titania, alumina, copper oxide, aluminum oxide, and zinc oxide were used to design
nanoﬂuids in oilfield industries [21,24–26]. Among all, silica NPs have gained
widespread recognition due to their economic feasibility and abundant presence in the
reservoir. The successful application of nanoﬂuids embraces some prerequisites such as
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stable suspension of NPsin base ﬂuid, long-term dispersion stability, and negligible
agglomeration of NPs in the nanoﬂuids [20,21,27–32]. Therefore, a nanoﬂuid meeting
prerequisites made them superlative for petroleum industry in recent years. The various
reports are available that confirm that the addition of NP provided unique modifications
in properties of base ﬂuid which extended the applicability of nanoﬂuids for oil recoveries
[33], drilling and completion [26], exploration [34], ﬂuid loss control [35], fine migration
control [36,37], wellbore stability [38], interfacial tension reduction, and wettability
alteration [21]. Recently, chemical EOR method composed of nanofluid flooding, was
explored as a field trial in Colombia [39] and it has shown great potential of NPs for
improved oil production. The key mechanism for increased oil recovery was identified
as structural disjoining pressure, wettability alteration, IFT reduction, and viscosity
contrast of the injected fluid [20,21,40,41]. More recently, the addition of NPs to
conventional EOR chemicals has been studied and reported to yield novel materials with
excellent and fascinating properties. For example, polymeric nanofluids, a synergistic
combination of NPs and polymers, were found to possess improved rheological
properties and stability for application in the presence of high-temperature and highsalinity conditions [22,23].
1.3 Types of nanofluid
The nanofluid, defined as uniform NP distribution in solution, generally produces
higher physical and thermal stability than conventional fluid. These nanofluids are
prepared by dispersing NPs in water using laboratory based mixers and stirrers. The
water-based nanofluid showed favorable results for oil recovery and other oilfield
applications as demonstrated by Youssif et al. [42] who formulated silica nanofluid in
water and found significant improvement in oil recovery via change in reservoir rock and
fluid properties. Al-Yasiri et al. [43] formulated silica nanofluid to enhance the
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performance of conventional drilling fluid. NPs after dispersion in base fluid show a
surface potential which is generally measured as ζ-potential, which generally helped NPs
to maintain uniform distribution in the nanofluid phase. Nevertheless, the reduction in
this ζ-potential allow NPs to show agglomeration in the nanofluid. However, nanofluid
formulation in water shows limitations with time and at reservoir conditions such as
temperature, salinity, high pressure, and high temperature.
1.3.1 Polymeric nanofluid
Polymeric nanofluid can be prepared by synergistic combination of NPs and
polymeric solutions resulting they behave better than simple polymeric solutions in EOR
applications. It has been established that polymer increases the viscosity of base fluid
which results into a viscous polymeric solution. A viscous polymeric solution can provide
resistance to Np agglomeration and their time dependent sedimentation. NPs in polymeric
nanofluid remained stable due to the forces, namely electrostatic and van der Waals
forces, which keep nanofluid a better colloidal suspension [44]. In addition, the
nanofluids exhibit improved rheological properties that ease the recovery of oil from the
reservoir [20,22,23]. Hence, the use of polymeric nanofluids is more suitable for
applications in oil recovery.
1.3.2 Surfactant added nanofluid
The combination of NPs and surfactants has also been enormously investigated
for EOR applications [21,23]. Their combination typically changed the properties of
reservoir by inducing wettability alteration of reservoir rock and IFT reduction between
oil and injected fluid [45]. Hence, surfactant based nanofluid system possibly gain ultralow IFT which improves the rate of oil recovery. Besides, interaction of surfactant on NP
can lower the adsorption of surfactant on rock pores through a competitive adsorption
mechanism [46]. Nonetheless, the relative concentration ratio between NPs and
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surfactant is paramount and it defines the properties of the system. A lower concentration
ratio between surfactant and NP implies that only a small portion of surfactant is available
to coat the NP surface. On the other hand, a large concentration ratio will result into a
bilayer of surfactant molecules on NP surface [45]. The addition of surfactant typically
coats the surface of dispersed NPs and thus, their surface potential increases which
produces more repulsive forces to maintain uniform NP distribution within the nanofluid.
1.3.3 Combination of polymer, NPs, and surfactant-based hybrid nanofluid
The combination of polymer and NPs (polymeric nanofluid) with surfactant
produces hybrid nanofluid which utilizes the properties of both polymeric nanofluid and
surfactant treated nanofluid. The surfactant present in the nanofluid enhances the surface
potential of NPs resulting in a better dispersion stability rheological characterization, IFT
reduction, and wettability alteration. Further, the presence of polymer in the nanofluid
provides resistance to agglomeration and sedimentation of NPs within nanofluid. Thus,
the synergistic effect of both surfactant and polymer are suitable for nanofluid based oil
recovery applications (Figure 1.6 and Figure 1.7). In a study, the combination of silica
nanofluid of PAM/HPAM has shown significant favorable properties in the presence of
anionic surfactant such as sodium dodecyl sulfate (SDS) [23,47].

Figure 1.6. Different flooding patterns and advantages over viscous fingering with
polymeric nanofluid flooding for oil recovery [48,49].
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Figure 1.7. Flooding pattern of nanofluid injection for EOR [50].
1.3.4 Nanoparticle stabilized foams
The application of NP stabilized foams receiving great attention due to better
foam stability and possibility of higher oil recovery by gas miscibility with crude oil. In
general, surfactant solutions are generally preferred as a foaming agent to prepare foam
in the presence of mechanical agitation by stirrer [51]. The generated foam produces a
series of bubbles encapsulated by a continuous liquid phase. However, the produced foam
using surfactant is highly unstable [52], which allowed gas bubbles to escape from the
foam due to the rapture of the bubble film. It also affect the rheological properties of
conventional foam [53]. However, nanomaterials can make a conventional foam more
stable by providing strength to it. Foam stability in porous media largely depends on the
stability of its lamellae [54]. NPs addition to surfactant solution or through their surface
wettability modifications can generate a stable foam for application in harsh reservoir
conditions [55]. This is what NPs performed roles in NPs-stabilized foams and NPs–
surfactant mixtures. Most of the limitations of surfactant-stabilized foams can be
circumvented by NPs who can work as superior stabilizing agent in the foam networks
(Figure 1.8). NPs are solid colloids and they provide superior resistance to foam system
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against unfavorable reservoir conditions such as high salinity and temperature [56]. The
stability of NP-stabilized foam does not depend on the modification of polymer chain or
surfactant chemical structure like conventional foams [57]. Sun et al. [58] studied the
influence of NPs on generation, propagation, and stability of surfactant treated NP
stabilized foam in porous media. From the results of this study, the mechanism of
surfactant treatment in foam stabilization by solid silica NPs was demonstrated. In case
of a conventional foam, the shape of the oil droplet could not be deformed by foam
because forces acting on are smaller [59]. This subsequently may lead to bubble rupture
and coalescence [60], leaving substantial amount of oil trapped in porous media (Figure
1.9). In case of surfactant treated NP stabilized foam, a large amount of oil was displaced
by the foam due to higher forces acting on the oil droplet [61]. The mechanism of higher
force on oil mobilization may be attributed to enhanced viscoelasticity of bubble surface
by the attached NPs.

Figure 1.8. Microscopic image of CO2 foam stabilized by NPs and mechanism of lamella
formation around CO2 bubbles in NP stabilized foam.
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Figure 1.9. Schematic showing NP role in foam development and its role in front
advancement in as porous and permeable reservoir rock [49].
1.4 Issues related to nanofluid
The reservoir conditions such as high temperature, salinity, and pressure have
shown varying behavior on nanofluid stability and nanofluid assisted overall oil recovery.
Thus, understanding physicochemical properties of nanofluid at reservoir conditions is
one of the important information in field implementation of nanomaterials.
1.4.1 Homoagglomeration:
In a nanofluid, NPs possess surface potential which keeps NPs suspended to
produce a uniform distribution through repulsive forces [27,62]. However, after a certain
period of time, their surface potential decreases, and agglomeration occurs which further
forms clusters of large size. This phenomenon of agglomeration between similar NPs is
called homoagglomeration (Figure 1.10). Due to homoagglomeration, the particle size
within nanofluid increases and thus, sedimentation of NPs takes place which is a sign of
instability. This homoagglomeration is not favorable for oil recovery applications as
clusters of large size may block the pores which further reduces the permeability of
porous media
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Figure 1.10. Schematic showing NP agglomeration and sedimentation in a nanofluid.
1.4.2 Temperature and salinity
The rate of homoagglomeration may further increase in presence of reservoir
conditions such as high temperature and salinity (Figure 1.11). The stability of any
nanofluid depends upon the viscous nature of nanofluid phase (Kumar et al., 2018). The
viscosity of the base fluid may reduce with an increase in temperature [62]. The reduction
in viscosity allows more NP agglomeration in the nanofluid. Also, NPs get excited with
temperature, converting their thermal energy into kinetic energy. It started random
motion within nanofluid and eventually nanofluid shows a decrease in repulsive forces
which produces homoagglomeration between NPs. Salt dissociate ions and these ions
tend to screen out surface charge of NPs resulting rate of homoagglomeration accelerates
within the nanofluid [27].

Figure 1.11. Schematic showing NP agglomeration by salinity/temperature.
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1.4.3 Effect of High pressure
Pressure has shown insignificant role on homoagglomeration of NPs within
nanofluid [63]. Whereas, rheological properties of nanofluid are highly affected by
change in test pressure [64]. With an increase in pressure, viscosity increases due to the
compactness of base fluid molecules and the presence of closed NPs in nanofluid [65].
In addition, the interparticle distance reduces with an increase in pressure resulting it
increases repulsive forces acting between NPs in nanofluid [64].
1.4.4 Formation damage
Homoagglomeration of a nanofluid is one of the key factors in by solid NPs in oil
and gas reservoirs formation damage in the oil reservoirs. Nanofluid flowing through
porous media may show pore blockage by interception of clusters of large size [14,66,67].
Thus, these clusters can reduce NP migration in pore throat resulting it reduces oil
mobilization from a porous media (Figure 1.12). Also, homoagglomeration makes
nanofluid ineffective and seriously affect rheological properties. A rheologically
deformed nanofluid exhibits unfavorable mobility ratio, a detrimental cause of reduction
in oil recovery. In addition, after agglomeration fewer NPs left in suspension which will
show ineffective participation in wettability alteration of reservoir rock. Therefore, the
designed

nanofluid

may become

inapt

for

oil

recovery projects

due to

homoagglomeration (Figure 1.13). It requires a better understanding of physicochemical
properties of nanofluid and the effect of different parameters on its properties. The
formation damage due to homoagglomeration is one of environmental concerns and
produce enough formation damage by solid particles.
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Figure 1.12. Different factors affecting oil recovery via simultaneous formation damage
[50].

Figure 1.13. Pore blockage in a reservoir rock by agglomerated NPs and cluster formation
at reservoir condition.
1.5 Motivation
The selection of nanomaterials for the preparation of stable nanofluid is still a
challenge. Several parameters affecting stability of nanofluid systems and associated oil
recovery, such as physical and thermal stability, flow behavior, and harsh reservoir
conditions should be investigated. Thus, to develop such stable information, several
related studies should be carried out to demonstrate the stability, flow properties, and
thermal stability. For application, their effect on reservoir key parameters such as
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wettability alteration, IFT reduction, and Oil recovery should be simultaneously
understood. Therefore, the current scope of this study is limited to enhance oil production
efficacy of conventional polymer flooding methods by incorporating novel nanomaterials
and study the effect of different reservoir conditions on stability and flow properties of
these nanomaterials.
Despite several studies on polymeric nanofluids investigation showing nanofluid
preparation in presence of different co-stabilizers for improved thermal stability,
rheological characterization, and oil recovery at complex reservoir conditions is not
reported in literature as far as we are aware. Therefore, the use of binary NPs may
improve thermal stability of the conventional polymeric nanofluids at high temperature
applications. In addition, the use of surfactant with conventional nanofluid is also
expected to show superior stability of silica nanofluid for high saline reservoirs. Thus, its
evaluation for rheological characterization and associated oil recovery is noteworthy.
Because of the current scenario of matured oil fields, the present project bears a
significant motivation in the design and development of new nanocomposites for EOR
applications. The use of binary NPs is expected to make stable nanocomposites of least
size resulting their application in EOR will show improved oil production with minimum
pore blockage. In addition, the study motivates to understand the effect of reservoir
equivalent HPHT conditions on thermal stability of silica nanocomposites and compare
with the one of conventional polymer and simple silica nanofluid methods. Further, the
developed nanocomposites should be tested for different reservoir parameters such as
wettability alteration, IFT reduction followed by the associated environmental concern
of NP retention in porous media. Finally, this study reports stabilization mechanism of
CO2 foams (by developed nanocomposites) for CO2 EOR and sequestration projects to
reduce the carbon footprint.
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1.6 Objective
Development of polymer based nanocomposites of silica and titania NPs and their
multifunctional oilfield applications
1.7 Scope
The scope of the study is divided into several subsections that are noteworthy to achieve
the proposed objective of the work in real field applications.
The scope involves:1. To formulate stable silica nanocomposites of least size and improved physical and
thermal stability in the presence of binary TiO2 NP in system.
2. To characterize rheological properties of developed nanocomposites at high
saline environment.
3. To explore the role of surfactant on rheological properties via the addition of TiO2
NPs and EOR potential of nanocomposites at high temperature saline
environment.
4. Performance evaluation of nanocomposites for wettability alteration, IFT
reduction, and oil recovery in a reservoir equivalent porous and permeable media.
Also, the assessment of nanocomposites in porous media for formation damage
issues of colloidal particles.
5. To investigate the role of nanocomposites on rheological properties of CO2 foams
for effective CO2 utilization in oilfield applications.
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1.8 Novelty
Enhanced oil recovery (EOR) methods are usually applied to improve the recovery rate
of trapped oil from porous and permeable reservoirs after the secondary recovery process
is over. Polymer injection is one of the important chemical-EOR methods however, its
efficacy is highly affected by reservoir temperature which makes these methods
unsuitable for EOR [61]. One of the ways to improve the oil recovery performance of
EOR polymer is to use nanoparticles (NPs) such as silica (SiO2) [47]. However, the
successful application of a nanofluid is based on some essential prerequisites e.g., stable
suspension, negligible NP aggregation, and long-term dispersion stability. SiO2 NPs are
subjected to agglomeration and settle over time which in turn makes nanofluid unstable
and rheologically deformed fluid [62]. It is thus highly desirable to render stable and
rheologically improved nanofluid. NP inclusion of different substance can reduce the
tendency of homoagglomeration between SiO2 NPs as it will take in between locations
and reduce the rate of homoagglomeration between SiO2-SiO2 NPs. The reduced
aggregation will increase the dispersion stability of SiO2 nanofluid through the decrease
in overall size of NP aggregates, which is noteworthy for the synthesis of stable nanofluid
as far as we are aware.
Thus, the novelty of this study lies in the synthesis of stable nanocomposites of
silica and titania in derivatives of acrylamide and their physical, thermal, and rheological
characterization at different reservoir conditions. The analysis of reservoir parameters
(wettability alteration and interfacial tension reduction) on oil recovery and NP retention
in porous media is also included in scope of study. Furthermore, the role of these
nanocomposites of SiO2 and TiO2 is explored as a stabilizing agent for surfactant based
CO2 foam for effective carbon utilization in oilfield applications and measured the flow
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properties of these foams at reservoir equivalent high pressure and high-temperature
conditions.
1.9 Techno-economic feasibility of nanofluid in EOR
The reservoir heterogeneities always decline the overall performance of nanofluid
and its associated cost of synthesis. Therefore, price-performance analysis along with
technical reliability should be an important paradigm in selection of nanofluid for oilfield
applications. Thus, the successful EOR process of a nanofluid is only possible when
operational cost is lower than the cost of produced oil (improved saving). The priceperformance factor of nanofluid is related to percentage of NPs utilized in formulation of
nanofluid [68], their agglomeration behavior, type of NP, sedimentation, and
performance evaluation in EOR process. Moreover, the price of NPs is a major factor for
their applicability in oilfield practices as such metal-based nanofluids possess higher
costs as compared to metal oxide-based nanofluids. However, the formulated nanofluid
of silica and titania showed higher stability at lower concentration (0.5 wt% SiO2 +
0.05/0.1 wt% TiO2) and it is expected that the cost of formulating such stable nanofluid
would be lower than the cost of associated oil recovery reservoir. For example, in our
study, the injection of 0.5 wt% SiO2 nanofluid (0.5 pore volume = 11 ml) produced ~14
ml oil. In current situation, the cost of 14 ml of crude oil is around 0.52 INR which is
lower than the cost of 11 ml of nanofluid (0.002 USD = 0.14 INR).
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Chapter 2
Stability and rheological properties of nanofluids stabilized by SiO2
nanoparticles and SiO2-TiO2 nanocomposites for oilfield applications

Abstract
SiO2 nanofluids are advanced nanomaterials in which SiO2 nanoparticles (NPs)
due to high specific surface area and dispersion stability may provide promising
possibilities for various applications including their use for oilfield industries. However,
SiO2 NPs (being solid charged particles) tend to aggregate and form NP clusters which
are subjected to prematurely settle with time thus, rendering unstable and rheologically
damaged nanofluid. In this work, a nanoparticle viz., TiO2 (∼50 nm) with concentration
of 0.05 and 0.1 wt% was tested as co-stabilizer to improve the stability of SiO2 nanofluid
[0.5 wt% SiO2 in base of polyacrylamide (PAM), called SN nanofluid] via reducing the
homoaggregation and rate of sedimentation (ROS). SN nanofluid prepared using 0.5 wt%
SiO2 in the presence of different concentrations of TiO2 NPs (0.05 and 0.1 wt%), called
STN nanofluids, was also analyzed by dispersion stability, SEM, EDS, DLS, UV–vis,
electrical conductivity, and rheological studies. Compared to SN nanofluid (dispersion
stability ≈6 weeks), STN nanofluids exhibited enhanced dispersion stability of more than
10 weeks with reduced size of NP aggregates, consistent with SEM and EDS results.
Electrical conductivity and UV–vis results support that SiO2 aggregates in presence of
TiO2 remain suspended for longer time than sole SiO2 aggregates as witnessed by
improved absorbance and electrical conductivity. Moreover, the effect of shear
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deformation on rheological properties (viscosity and viscoelastic moduli) of STN
nanofluids was marginal than SN nanofluid, mainly due to the presence of TiO2 NP which
in presence of SiO2 collectively formed nanocomposites of SiO2-TiO2 which controlled
the properties of nanofluid. This chapter thus highlighted important aspects of colloidal
suspensions and is a forward step towards the use of SiO2 based nanofluid for industrial
applications.
2.1. Introduction
SiO2 nanofluid is composed of small size silica nanoparticles (NPs) which are
suspended in aqueous phase of a base fluid viz., water, oil, and glycol. The addition of
silica NPs have imparted unique modifications in inherent properties of base fluid which
helped extending SiO2 application in several fields such as pharmaceuticals [69] surface
engineering [70], polymer composite [71,72], foamability [73], drug delivery [74], and
oilfield operations [75]. In oilfield, the use of silica NPs have been extensively explored
to improve the efficacy of conventional fluid for thermal, electrical, and rheological
analysis [33,76]. Some of the other NPs found successful use in oilfield industries are
alumina [77], copper [78], silver [79], copper oxide [26], aluminum oxide [24], and zinc
oxide [80]. The successful application of a nanofluid is based on some essential
prerequisites e.g., stable suspension, negligible aggregation of NPs, and long-term
dispersion stability [26,81]. However, all NPs including SiO2 are subjected to
agglomerate and settle with the course of time which in turn makes nanofluid unstable
and rheologically deformed fluid. It is thus highly desirable to render stable and
rheologically improved nanofluid which exhibits superior dispersion stability along with
the ability to converge to a well-defined value of rheological properties. One of the
solutions is to use colloidal mixture of NPs of same charge as a promising stabilizer in
nanofluid synthesis. NPs mixed together will take in between locations and the
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surrounding of SiO2 NPs in nanofluid will be interrupted by other NP. This may result in
reduced homoaggregation between SiO2 NPs; the homoaggregation is the result of
Vander Waals force that exists between particles of same substance causing them to form
large NP clusters [82,83] thus, NP of different substance will reduce this tendency of
SiO2 NPs as proposed by the scheme in Figure 2.1. The reduced aggregation will increase
the dispersion stability of SiO2 nanofluid through the decrease in overall size of NP
aggregates and settlement, on which we focus here.
The synthesis of SiO2 nanofluid can be accomplished using several methods [84];
ultrasound technique and chemicals (surfactants/ polymers) are common in use [85].
Methanol based thermally conductive SiO2 nanofluid was prepared using ultrasonic
equipment [86]. Another study showing formulation of nanofluid by homogenizing SiO2
NPs in brine with an ultrasonic homogenizer (300 VT Ultrasonic homogenizer) for 120
min is reported by Al-Anssari et al. [87]. Recently, the technique called in-situ surfacemodification was proposed to prepare SiO2 nanofluid of polyacrylamide (PAM) and
hydrolyzed PAM (HPAM) [33]. The prepared SiO2 nanofluids exhibited better apparent
viscosity and storage stability than the ones prepared without SiO2 NPs [33]. Other than
the preparation techniques, the dispersion stability of nanofluid can also be improved by
adding polymers [88], and SiO2 nanofluid when compared to a conventional fluid should
be better wetted and rheologically modified. Polymer such as PAM has been often used
in SiO2 based formulations as rheological modifier, appropriate additive, and emulsion
stabilizer [89,90]. Sedaghat et al. [91] conducted several flooding experiments in
micromodel set-up using SiO2 NPs along with HPAM, and found favorable improvement
in surface wetness properties resulting from SiO2 interaction with HPAM. Maurya and
Mandal [92] prepared SiO2 nanofluid using PAM as dispersant and observed that the
viscosity of PAM solution significantly improved due to the addition of SiO2 NPs. As
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compared to PAM solution, the effect of salt and temperature on nanofluid properties was
least due to the formation of complex macromolecular structure between SiO2 and PAM
chains [92].
SiO2 based fluids are also known as non-Newtonian. Such investigation can
provide important information on nanofluid flow behavior and its microstructure.
However, the majority of the work based on rheological properties, both experimental
and theoretical, are devoted to emulsion systems and complex fluids [90,93]. Nanofluids
are important engineering products covering many industrial applications hence; the
knowledge of the rheological properties of SiO2 nanofluid is required to understand
fundamental aspects of their flow behavior. The viscosity results of SiO2 nanofluids (NP
size ∼50 nm) at pressure of 100 kPa and temperature ranges from 25 to 140 °C were
represented by Anoop et al. [94]. Maghzi et al. [95] reported viscosity results of
nanosuspension prepared by the addition of silica NPs in PAM. The results show that the
nanosuspension of SiO2-PAM exhibited higher viscosity than the aqueous phase of PAM
(1000 ppm, 1 g of PAM in 1000 ml of DI water). Recently, we have also reported
nanofluid formulation of SiO2 NPs (size ∼15 nm) in aqueous PAM and thereafter, used
the nanofluid for interfacial tension (IFT) reduction, wettability alteration, viscosity
improvement, and oil recovery applications [20,47]. However, SiO2 nanofluids prepared
in this study showed NP settlement with the course of time elapsed and therefore,
exhibited dispersion stability of around 5–6 weeks only. NP settled with time reduced
nanofluid viscosity and ascertained to be an unstable colloidal suspension for long-term
storage as demonstrated by DLS results [20]. Therefore, new compositions of stable SiO2
nanofluid may be derived to increase its acceptance for the situations where conventional
fluid face challenges.
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Colloidal particle such as TiO2 can meet these requirements for SiO2 nanofluid;
TiO2 NP is known to interact with other embedded particles and stabilize the suspensions
through the formation SiO2-TiO2 composites in solution [91,96]. However, the efficiency
of such formulations of mixed colloids is a complex function of several factors such as
TiO2 size, concentration, wetting property, and thermo-physical properties. Despite the
vital importance globally, previous studies focused on TiO2 use in growth of SiO2
composites [97], emulsion stability [96], photocatalytic materials [98], composite thin
films [99], and solar cell applications [100], and the information showing TiO2
improvements in the stability and rheological properties of SiO2 nanofluid of an oilfield
polymer (polyacrylamide, PAM), suitable for oilfield applications, is fairly discussed
which in our knowledge has not yet been reported before as far as we are aware. Since
PAM has shown widespread benefits in water shut-off, mobility control, and oil recovery
projects, the novelty of the work lies in the use of combined SiO2 and TiO2 to address the
flow behavior issues of PAM based nanofluid. Therefore, in this chapter, we have first
reported the preparation of a nanofluid of hydrophilic SiO2 NPs (0.5 wt%) in an aqueous
phase of PAM (1000 ppm), and then compared the effect of hydrophilic TiO2 NP (0.05
and 0.1 wt%, size ∼50 nm) on stability and properties of SiO2 nanofluid. The
concentration of TiO2 NP was kept below or equal to 0.1 wt% (very low as much as
possible) as recommended by Bayat et al. [24] and Ehtesabi et al. [25] on the use of TiO2
in nanofluid formulation for oil recovery applications. The use of combined SiO2-TiO2
composites is expected to provide enhanced dispersion stability via reducing
homoaggregation of SiO2 NPs than the nanofluid stabilized by sole SiO2 NPs. Finally,
this chapter reports the effect of TiO2 on rheological properties (viscosity, storage
modulus; Gꞌ, and loss modulus; Gꞌꞌ) of SiO2 nanofluid. All experiments of nanofluid
formulations were conducted at ambient conditions.
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Figure 2.1. Proposed schematic showing influence of other colloidal NP on
homoaggregated SiO2 NPs in nanofluid consists of PAM as dispersant.
2.2. Experimental work
2.2.1 Materials
Nanoparticles viz., hydrophilic SiO2 (15 nm, purity 99.5%) and hydrophilic TiO2
(50 nm, purity 99%) were supplied by Sisco Research Lab Pvt. Ltd. (SRL), India.
Polymer PAM of molecular weight 107 g/mol with purity > 90.00% was obtained from
SNF Floerger, India. Hydrochloric acid (HCl, S-D Fine Chem. Ltd., 35–38%) and sodium
hydroxide (NaOH, Finar Chemicals Ltd., 97.0%) were laboratory chemicals and used to
explore the effect of pH environment on nanofluid synthesis. Deionized water, obtained
by deionization and filtration with a Millipore® Elix-10 purification apparatus, of
electrical conductivity 0.0054 mS/cm was used to prepare PAM and nanofluid samples.
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For mixing, a magnetic stirrer (IKA-C-MAG-HS7) and industrial mixer (Oster Grinder,
MCPRO6-WSO) of varying mixing speed ranges from 6000 to 20,000 rpm were used.
The chemicals were weighed using an accurate digital weighing balance (Reptech® RA1012) with a repeatability of ± 0.0001 mass fraction. A digital ultrasonic cleaner (Labman
India) of frequency 40 ± 3 KHz was used to sonicate SiO2 NPs in nanofluid. Table 2.1
provides compositional details of the nanofluids formulated in this work and the
corresponding nomenclature used during discussion of the study.
2.2.2 Preparation of nanofluid
In this work, three types of nanofluids viz., SiO2 nanofluid (henceforth called as
SN fluid), TiO2 nanofluid (henceforth called as TN fluid), and nanofluid of SiO2-TiO2
(henceforth called as STN nanofluid) were prepared (Table 1) and compared to find TiO2
encouraged improvements in the dispersion stability of SiO2 nanofluid. The concentration
of SiO2 NP was kept constant as 0.5 wt% throughout the preparation of SN nanofluids.
TN nanofluid was also prepared with weight fraction of 0.5 wt% TiO2. For STN
nanofluids, TiO2 NPs of low weight fractions viz., 0.05 and 0.1 wt% was used and mixed
in SN nanofluid. As recommended [25], the use of TiO2 NP for concentration > 0.1 wt%
in nanofluid synthesis for petroleum engineering is typically associated with (1) reduced
oil production, (2) formation damage, (3) pore plugging, and (4) nanorods of uncontrolled
size. Hence, higher concentrations of TiO2 NP were not explored in nanofluid synthesis.
The procedure adopted to prepare nanofluid is also provided in our recent work [20].
However, brief details are provided here for the sake of brevity. First, nanofluid was
prepared via dispersion of NPs in base fluid such as DI water using high-speed industrial
mixer at mixing speed of 6000 rpm for 0.5 h. NPs dispersed in DI water prematurely
settled within 8–10 h after preparation.
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Table 2.1. Details on nanoparticles, nomenclature, and dispersion stability of nanofluids.

Nanoparticle
and
concentration

First sign
of NP
settlement

Total
dispersion
stability

SiO2
(15 nm)

SiO2
(0.5 wt%)

27 days

42 days

TiO2
(50 nm)

TiO2
(0.5 wt%)

34 days

69 days

SiO2
(0.5 wt%)
+
TiO2
(0.05 wt%)

32 days

56 days

SiO2
(0.5 wt%)
+
TiO2
(0.1 wt%)

33 days

61 days

Nanofluid
nomenclature

NPs

SN
TN

STN-1
SiO2
+
TiO2

Temperature
(oC)

Base solution

1000 ppm
(1 gm of PAM in 1000 ml of
DI water)

25

STN-2
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Therefore, to counter the downward movement of NPs, a dispersant PAM with typical
oilfield concentration of 1000 ppm [101] was prepared via dissolving 1 g of PAM in 1000
ml of DI water. An equal volume of 20 ml of aqueous PAM was used as base to prepare
the nanofluids. Subsequently, 0.5 wt% of NPs (SiO2; SN nanofluid and TiO2; TN
nanofluid) were prudently added to avoid particle aggregation in PAM solution followed
by extensive mixing using mixer (to disperse) at mixing speed of 6000 rpm for 0.5 h. To
prepare STN nanofluid, TiO2 NP of 0.05 and 0.1 wt% was simultaneously added to SN
nanofluid in batches and mixed using mixer for another 0.25 h. Finally, nanofluid
formulations were sonicated for 2–3 h in a sonication bath (Rivotek Ultrasonic Cleaner,
Mumbai) at 25 Hz frequency to ensure homogenization of dispersed NPs [87].
2.2.3 Nanofluid characterization
2.2.3.1 Rate of sedimentation (ROS) measurements
ROS in nanofluid was measured on settled NPs through gravimetric approach;
nanofluid after preparation immediately transferred to a transparent vessel and monitor
to visualize the change in nanofluid appearance with time. NPS settled at the bottom due
to gravitational action and reduced the height of nanofluid column. The remaining
nanofluid was carefully transferred to other transparent vessel to calculate the amount of
settled NPs in former vessel. The collected NPs were thoroughly cleaned using a
laboratory grade solvent (acetone) followed by drying in an oven for a time period of 12–
16 h [47]. The dry NPs are now weighed using an accurate analytical weighing balance
(Reptech®RA-1012 with a repeatability of ± 0.0001 mass fraction). Thus, ROS of
nanofluid for a particular time interval is expressed in % and calculated using Eq. (1)
[47].
ROS =

Xa
X

∗ 100

(2.1)
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Where Xa is the amount of settled NPs in gm and x represents the total amount of NPs
used to prepare nanofluid.
2.2.3.2 DLS measurements
Zeta (ζ) potential and size distribution in nanofluid was determined using a
particle size analyzer (SZ-100, Nanopartica, Horiba Scientific®, Singapore) which works
on the principle of dynamic light scattering (DLS) technique. The instrument uses 173°
detector scattering angle for the measurements and all the measurements were conducted
at 25 °C. These measurements on nanofluid were carried out just after sonication to avoid
settlement of NPs.
2.2.3.3 UV–vis spectroscopy experiments
UV–vis spectroscopy experiments on nanofluid (SN, TN, and STN nanofluid)
were conducted using UV−vis 3200 equipment (Lab® India) to determine the dispersion
stability through absorption as a function of time. Nanofluid samples were examined for
these experiments at room temperature with a 1 nm/s scan rate over the wavelength
ranges 190–1100 nm. Before each measurement, the cuvette was carefully cleaned using
DI water to avoid contamination with the samples.
2.2.3.4 Scanning electron microscope (SEM) analysis
SEM analysis was conducted to visualize the internal morphological structure of
NPs in nanofluid, and the effect of TiO2 NP on structure of agglomerated SiO2 NPs. An
instrument called Nova NanoSEM (450, ThermoFisher® USA) was utilized for SEM
analysis. A drop of nanofluid was poured on tested aluminum stab of the equipment
followed by drying in an oven to remove moisture from the nanofluid layer as required.
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The dried layer of nanofluid was cut in small pieces of suitable thickness and gold coated
before performing SEM analysis.
2.2.3.5 Rheological experiments
Rheological experiments on nanofluid samples were conducted for viscosity and
moduli (Gꞌ and Gꞌꞌ) using a compact rheometer (MCR-52, Anton Paar®, Physica, Austria)
[20]. These measurements are important and deal with the deformation and flow of matter
as a function of process turbulence (shear deformation). This may provide fundamental
insights on nanofluid physical stability and flow behavior against deformation. A wide
range of shear rate from 0.1 to 1000 s-1 was varied to perform viscosity measurements on
nanofluid samples. Moduli for the samples were measured in the range of 1–100% of
strain amplitude (strain-sweep analysis) at an angular frequency of 10 rad s-1. The
rheometer parts viz., bob, cup, and spindle etc. were properly cleaned with DI water and
subsequently dried with the air blower to remove NPs and other impurities. All
rheological measurements were conducted at 25 and 90 °C and repeated thrice to confirm
the reproducibility. However, the uncertainty in the rheological results was found to be
of the order of ± 0.8–7% of the reported value.
2.2.3.6 Electrical conductivity experiments
The determination of electrical conductivity for nanosuspension is necessary for
several engineering applications. Since electrical conductivity is directly proportional to
the weight of substance [102], any deviation in electrical conductivity for nanofluid may
indicate towards the changes in NP population in nanosuspension. Therefore, its
determination for nanofluid is vital to know about the NP physical stability (settlement)
in suspension. Electrical conductivity for nanofluid samples was determined using
conductivity meter (Model: HI98129, Hanna Instruments® USA) at ambient
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temperature. Before measurement, the electrode of the instrument was properly cleaned
and dried in open air. The measured electrical conductivity values agreed within ± 0.6–
1.8% of the reported value.
2.3 Results and discussion
In this section, first, the details on dispersion stability of formulated nanofluids
are presented, followed by the discussion of TiO2 effect on ζ- potential and size
distribution in SN nanofluid. Next, characterization results (ROS, DLS, SEM, and EDS)
for various nanofluids are discussed. Colloidal stability of various nanofluids has been
investigated via UV–vis and electrical conductivity and the results are suitably discussed.
Finally, rheological analysis covering effect of TiO2 and high temperature on viscosity
and viscoelastic properties of nanofluids is presented.
2.3.1 Dispersion stability of nanofluids
The dispersion stability in nanofluids was referred to the stable dispersion of NP
in PAM phase with negligible change in nanofluid appearance with time. Therefore, after
the preparation, the nanofluids were immediately transferred to transparent vessels to
visually apprehend the changes in nanofluid appearance. Nanofluids were milky in color
at the time of preparation as shown in Figure 2.2A but, showed gradual NP sedimentation
with the course of time. SN nanofluid (0.5 wt% SiO2 in PAM) was least dense in color
and exhibited dispersion stability of around 27 days without showing any sign of NP
settlement [20] (Table 1). After 27 days, SN nanofluid showed gradual decrease in
nanofluid column which is attributed to time dependent settlement of SiO2 NPs [20]. The
color of SN nanofluid almost disappears after 42 days as shown in Figure 2.2A and
exhibited total dispersion stability of 42 days In TN nanofluid (0.5 wt% TiO2 in PAM),
it was observed that the dispersion stability was higher and no NPs settled till a time
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period of 34 days. The complete settlement of TiO2 NPs in TN nanofluid was observed
after ∼69 days. Since TiO2 based TN nanofluid exhibited higher dispersion stability, it is
expected that TiO2 may also impart better improvements in the dispersion stability of SN
nanofluid. A small amount of TiO2 NPs (0.05 and 0.1 wt%) was chosen and added to SN
nanofluid [24]. TiO2 significantly improved the dispersion stability of SN nanofluid;
STN-1 nanofluid (0.05 wt% TiO2 in SN nanofluid) showed first sign of NP settlement
after 32 days (total dispersion stability of 56 days) while NP settlement in STN-2
nanofluid (0.1 wt% TiO2 in SN nanofluid) envisaged after 33 days (total dispersion
stability of 61 days). Thus, the results indicate that the early settlement of SiO2 NPs in
SN nanofluid is reduced in the presence of TiO2 NP. It is also clear from Figure 2.2A that
the sedimentation was lower in case of STN nanofluids than SN nanofluid. The reason of
improved dispersion stability of STN nanofluids may be credited to TiO2 made reduction
in NP size causing sluggish sedimentation in SN nanofluid. Hence, ROS and DLS
measurements were conducted to visualize the effect of TiO2 on ROS and size
distribution in SN nanofluid.
2.3.2 ROS determination for nanofluids
ROS represents the amount of NPs settled out of the total NPs used during the
preparation of nanofluid. Figure 2.2B shows measured ROS as a function of time for the
nanofluids. ROS in nanofluid was measured when NPs started showing settlement which
was seen after 27 days in case of SN nanofluid. For ROS determination, SN nanofluid
after 27 days was carefully transferred to another transparent vessel without disturbing
the layer of settled NPs as shown by the insert in Figure 2.2A. These settled NPs from
the bottom of former vessel are collected, filtered, and cleaned using laboratory grade
solvent [20]. The cleaned NPs were then dried in an oven for more than 12 h and weighed
using an accurate analytical weighing balance.
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Figure 2.2. A: Visual appearance of nanofluids (SN, TN, STN-1, and STN-2) on 1st and different days (36th and 42nd) of preparation. B: ROS
determination, in %, for the nanofluids as a function of storage time.
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The determination of ROS for nanofluids was repeated after every 48–72 h and the results
are plotted in Figure 2.2B for SN, TN and STN nanofluids. It was observed that the ROS
in SN nanofluid was higher than the one associated with TN/STN nanofluid. For SN
nanofluid, ROS was determined to be around 30% during 27–32 days which became
more than 88% after 42 days, while ROS in TN nanofluid was lower than 30% during
34–38 days and increased to only ∼59% after 42 days which is significantly lower than
SN nanofluid. Consequently, ROS in STN nanofluids decreased due to the addition of
TiO2 and its value was ∼67% (STN-1) and ∼62% (STN- 2) after 42 days. Thus, ROS
value of STN nanofluids was 24% (STN-1) and 30% (STN-2) lower than SN nanofluid.
This indicates that TiO2 improved the dispersion stability of SN nanofluid by reducing
the amount of ROS, which might be due to TiO2 influence on average size of SiO2 NPs.
Therefore, the size distribution should be determined for nanofluids using a suitable
technique such as DLS analysis.
2.3.3 DLS measurements for nanofluids
Table 2 provides DLS results (size distribution and ζ potential) measured for
nanofluids on 1st day, immediately after the preparation at room temperature. NPs were
smaller in size; SiO2 ≈15 nm and TiO2 ≈50 nm. However, it was observed that the size
of NPs in nanofluid significantly increased which indicates that NPs agglomerated and
formed clusters of larger sizes. The average size of SiO2 NPs in SN nanofluid was
measured to be 523 nm while it was 354 nm for TiO2 NPs in TN nanofluid. The
aggregation of NPs in nanosuspension is in agreement with the reported studies [103].
Thus, the higher size of SiO2 NPs might be the reason of higher ROS in SN nanofluid
than TN nanofluid (Figure 2.2B).
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Table 2.2. Zeta potential and size distribution details of nanofluids on 1st and after 42
days of preparation.
Temperature

ζ potential (mV)

Average size (nm)

Nanofluid
(oC)

1st day

42nd day

1st day

42nd day

SN

-42.2

-12.12

523

134

TN

-49.3

-32.87

354

302

STN-1

-46.3

-28.81

412

254

STN-2

-47.7

-29.24

382

265

25

However, the effect of TiO2 on size distribution of SN nanofluid is promising which as a
result significantly reduced the average size of NPs in STN nanofluids. 0.05 and 0.1 wt%
TiO2 addition reduced the average size to 412 nm in STN-1 nanofluid and 382 nm in
STN-2 nanofluid, respectively. It was also observed that the average size in nanofluids
reduced with the course of time elapsed. Since NP clusters are solid flocs of higher
density than the surrounding fluid, these flocs settled due to gravity and left smaller NPs
in suspension as evident from Table 2.2. This also indicates that TiO2 addition in SN
nanofluid might have reduced the extent of homoaggregation in SiO2 NPs as evident from
size data. Typically, the presence of electrostatic potential between two similar NPs is the
result of Vander Waals force [82,83], and the reduction in size indicates that the
agglomerated SiO2 NPs unfolded in the presence of other colloidal TiO2 NP. This is
possible if the Vander Waals force keeping SiO2 ⇔ SiO2 NP attached is increased by
TiO2 presence at intermediate locations and reduced the tendency of homoaggreagtion
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via electrostatic repulsion. Hence, the mechanism behind the improved dispersion
stability is probably the result of TiO2 encouraged reduction in homoaggregation of SiO2
NPs in suspension resulting reduced size of clusters. ζ potential measurements were
conducted for nanofluids and the results are given in Table 2.2. ζ-potential value of
nanofluids was more than the limit of a stable colloidal suspension e.g. ± 30 mV [104].
For SN nanofluid, ζ-potential value was −42.2 mV at the time of preparation which
decreased to −12.12 mV (unstable condition) after 42 days. Since decreasing ζ-potential
indicates more homoaggregation in NPs [105], SN nanofluid exhibited higher size and
ROS consistent with size measurements and dispersion stability behavior. However, ζpotential value for TN and STN nanofluids decreased slowly with time and showed the
state of stable suspension for more days than SN nanofluid. For TN nanofluid, ζ-potential
value decreased to −32.87 mV after 42 days. For STN nanofluid, ζ- potential value was
higher than SN nanofluid (Table 2) which might be due to the presence of TiO2 NP and
as expected, TiO2 decreased the extent of homoaggregation in SiO2 NPs through the
increase in ζ-potential. As a result, ζ-potential of STN nanofluids decreased gradually
with time and its value drops below −30 mV after 40 days of preparation but still
remained higher than the one associated with SN nanofluid. After 42 days, ζ-potential
value of −28.8 mV and −29.24 mV for STN-1 and STN-2 nanofluids, respectively, were
measured.
2.3.4 SEM and EDS analysis
SEM analysis was conducted to confirm the structure on NPs in nanofluid. SEM
analysis for SN and TN nanofluids, respectively, is shown in Figure 2.3(A and B) and it
was observed that the morphology of SiO2 NP is appeared to be rather circular, different
than the morphological shape (rectangular with sharp edges) of TiO2 NPs. TiO2 NPs were
rutile which is the most common natural form of TiO2 and the unit cell of rutile is
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tetragonal. It is possible that TiO2 NPs as shown in Figure 2.3B is a TiO2 cluster of cubical
shape exhibiting higher size than 50 nm. Thus, the size in images are larger than the
original size of NPs. Thus, it is clear that the NPs agglomerated and formed clusters of
larger sizes as shown in Figure 2.3(A and B) consistent with DLS results. Figure 2.3(C
and D) represents EDS analysis of SiO2 and TiO2 NPs for SN and TN nanofluids,
respectively, and it confirmed the presence of Si, Ti, and O as the major components
sharing suitable amounts in nanofluid. The presence of Au component is the result of
gold coating on NP layer before examining in EDS equipment.

Figure 2.3. SEM images for agglomerated (A) SiO2 and (B) TiO2 NPs in SN and TN
nanofluids. EDS analysis showing presence of Si, Ti, and O with weight fractions in (C)
SN and (D) TN nanofluid is also shown.
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Figure 2.4. Effect of TiO2 NP on morphology (A: SEM image) and elemental analysis
(B: EDS diagram) of agglomerated SiO2 NPs in STN-2 nanofluid consists of 0.5 wt%
SiO2 , 0.1 wt% TiO2 , and 1000 ppm PAM as dispersant.
The presence of TiO2 NP affecting the morphology of SiO2 NPs is also confirmed
through SEM analysis for STN-2 nanofluid in Figure 2.4A. It is clear from the image that
TiO2 is present in the microstructure of SiO2 NPs as evident from the different
morphological shapes of NP clusters. The clusters of SiO2 are attached to the sharp edged
TiO2 clusters and these SiO2 -TiO2 nanocomposites are uniformly distributed in nanofluid
layer as shown in Figure 2.4A. The size of SiO2 clusters in SN nanofluid was larger
(Figure 2.3A) than the size of SiO2 clusters in Figure 2.4A. This indicates that TiO2
synergistically interacted and reduced the average size of dominating SiO 2 clusters in
STN nanofluid which, according to SEM image, is almost clear. EDS analysis of STN-2
nanofluid also confirms the presence of TiO2 NPs with SiO2 NPs in Figure 2.4B.
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Figure 2.5. (a) SEM image and the corresponding (b) EDS analysis of STN-1 nanofluid confirm the presence of Si and Ti with respective weight
fractions. EDS elemental mapping of the selected area (in image a) to see the distribution of Si and Ti in STN-1 nanofluid is also shown.
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Figure 2.6. (a) SEM images and the corresponding (b) EDS composition in STN-1 and
STN-2 nanofluid conducted after 12 days of preparation. EDS mapping results showing
the presence of Si and Ti in nanofluids is also provided.
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Figure 2.7. (a) SEM images and the corresponding (b) EDS composition in STN-1 and
STN-2 nanofluid conducted after 3 weeks of preparation. EDS mapping results of 24th
day to see the distribution of Si and Ti in nanofluids is also provided.
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The distribution of TiO2 NPs in SN nanofluid is further supported with EDS mapping
results conducted for STN-1 nanofluid as shown in Figure 2.5. It is clear from Figure 2.5
that TiO2 is distributed and took intermediate locations in suspension. In addition, the
time dependent SEM, EDS composition, and mapping results were conducted for STN1 and STN-2 nanofluids on 12th and 24th day of preparation and the results are shown in
Figure 2.6 and 2.7. It is clear from SEM images that the clusters of NPs remained present
in suspension over the course of time. The presence of both the particles in suspension is
also supported by EDS composition and mapping results in Figure 2.6 and 2.7. The results
from SEM are of interest to the use of SiO2 nanofluid in petroleum engineering areas.
Typically, nanofluid flow through porous reservoir rock suggests retention and blockage
due to NP sedimentation and size. Therefore, stable NP suspension exhibiting smaller
sizes is expected to show easy and longer transportation resulting greater areal contact
with crude oil.
2.3.5 Nanofluid stability with UV–vis spectroscopy
UV–vis method is one of the effective tools to identify the stability of nanofluid
via absorbance of light to the proportion of passing material; absorbency is relative to the
weight percentage of particles present in the suspension. The nanofluid sample is exposed
to the incident light and depending on the amount of NPs present, high or lower
absorbance will be recorded. A densely populated NP solution is expected to show
significant amount of absorbance and weak absorbance is the result of less NPs in
solution. UV–vis experiments were conducted for all nanofluids and the results are shown
in Figure 2.5 for the test performed on 1st day immediately after the preparation of
nanofluids. It was observed that the absorbance in nanofluids first increases and then
decreases after reaching a peak at particular wavelength.
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Figure 2.8. UV–vis spectrum of nanofluids (on 1st day) with TiO2 (0.05 wt%; STN-1 and
0.1 wt%; STN-2) assisted increase in peak absorbance level of SN nanofluid.
For SN nanofluid, the peak absorbance of 2.97 occurred at wavelength of 250 nm while
TN nanofluid exhibited higher absorbance of 4.58 (at 250 nm). This indicates that TN
nanofluid had higher population of particles to interact with light as per Beer-Lambert
law. Since the amount of NPs to prepare nanofluids was constant (0.5 wt%), this is
possible if NPs agglomerated less in TN nanofluid than SN nanofluid. Lesser the
aggregation, higher is the population of independent NPs to interact with light. This
correlates well with the observation of aggregation in SN nanofluid. Further, the peak
absorbance value of SN nanofluid increases in the presence of TiO2 for STN nanofluids
as shown in Figure 2.8. The peak absorbance value of SN nanofluid increases to 4.23 and
4.31 for STN-1 and STN-2 nanofluid, respectively. The increase in absorbance level of
STN nanofluid indicates that TiO2 decreases the rate of aggregation and consequently, it
increases the population of NPs to interact with light. In addition, the absorbance level in
STN nanofluids remained higher than SN nanofluid for the complete range of wavelength
explored as shown in Figure 2.8. It indicates that TiO2 made NP dispersion more uniform
throughout the nanofluid column and thereby, it did not allow light to percolate
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considerably through the nanofluid. To analyze how fast NPs settled in a nanofluid, time
dependent absorbance experiments were conducted and the results are shown in Figure
2.9.

Figure 2.9. Effect of storage time (A: 4 weeks and B: 7 weeks) on UV–vis data (peak
value and absorbance spectrum) of nanofluids.
It was observed that NPs agglomerated and settled with time as absorbance
reduced for each nanofluid. For SN nanofluid, the peak absorbance reduced from 2.97 to
2.39 for a storage period of 4 weeks (Figure 2.9A) and further reduced to minimum level
of 0.03 after total 7 weeks of storage (Figure 2.9B). The absorbance value of 0.03 means
nanofluid behaves as normal water where no light is absorbed. These results were better
for TN nanofluid; the absorbance for the initial storage of 4 weeks reduced from 4.58 to
3.91 and finally reduced to only 1.83 after 7 weeks (Figure 2.9B). Thus, compared SN
nanofluid, TN nanofluid exhibited ∼43% less reduction in absorbance which suggests
TiO2 NPs were more stable (dispersion stability) owing to less aggregation, consistent
with DLS results. The storage period also could not affect the absorbance of STN
nanofluids much, mainly due to the presence of TiO2 NP (Figure 2.9). For STN-1
nanofluid, the absorbance level reduced by ∼9% during initial storage of 4 weeks
followed by ∼64% total decrease after 7 weeks. For STN-2 nanofluid, ∼11% decrease in
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first 4 weeks and ∼61% total decrease after 7 weeks were determined. Comparison
between DLS results and UV–vis spectrum indicates that the results of these two methods
are consistent. In addition, it can conclude that inclusion of TiO2 significantly increased
the dispersion stability via increasing absorbance and surface area of SiO2 NPs which
may result in higher NP contact with crude oil in reservoir over conventional chemicals
[20,106].
2.3.6 Electrical conductivity of nanofluids
Electrical conductivity measures the amount of heat carrying capacity of fluids.
Typically, the conventional fluids are unable to meet the growing demands of thermally
conductive materials [107].

Figure 2.10. Electrical conductivity of nanofluids on different days of preparation at room
temperature. Insets showing possible effect of NP aggregation and settlement on
electrical conductivity of nanofluids are also drawn.
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Nanofluids can meet these requirements as small size metal NPs have high surface
area that helps to enhance the heat transfer capability of NPs which as a result make
nanofluids better conductive materials [76,107]. Despite the vital importance, studies
determining electrical conductivity for nanofluids to be applicable in crude oil recovery
have been fairly reported. Figure 2.10 shows the electrical conductivity of SN, TN, and
STN nanofluids. Electrical conductivity was measured thrice and reported with error bar
as a function of storage time. For calibration, the electrical conductivity of DI water was
determined as ∼5.88 μS/cm, consistent with previous data [107]. For SN nanofluid, the
electrical conductivity was measured to be around 294 μS/cm (on 1st day) as shown in
Figure 2.10. The electrical conductivity of TN nanofluid was 76 μS/cm, higher than SN
nanofluid. In general, the electrical conductivity of nanofluid increases with increasing
dielectric constant of metal NPs [107]. TiO2 NPs have high dielectric constant (110) than
SiO2 NPs (12) hence, TN nanofluid exhibited higher electrical conductivity. It was also
observed that the addition of TiO2 NPs in SN nanofluid increased the electrical
conductivity for STN nanofluids. The electrical conductivity of SN nanofluid increases
to 311 μS/cm (STN-1) and 333 μS/cm (STN-2) after the addition of 0.05 and 0.1 wt%
TiO2, respectively (see Figure 2.10). Thus, the enhancement in electrical conductivity of
SN nanofluid indicates that TiO2 has the potential to improve the thermal conductivity of
SiO2 NPs to be useful for enhanced thermal reduction of crude oil viscosity. This may
further improve the rate of resultant oil recovery [24]. It was also observed that the
electrical conductivity of nanofluids first increases and then decreases with increasing
time as shown in Figure 2.10. According to the findings of Sadeghi et al. [108], the
variation in electrical conductivity is linked with the size of NP clusters. Sadeghi et al.
[108] conducted these measurements for nanofluid stabilized by Al2O3 NPs (size ∼25
nm) and concluded that the enhancement in the size of NP clusters increased the electrical
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conductivity of nanofluid as conductivity is faster between NP-NP (metal-metal) instead
of NP-water (metal-fluid) [108]. SN nanofluid exhibited SiO2 clusters of higher sizes than
other nanofluids (Table 2). Therefore, the electrical conductivity of SN nanofluid steeply
rises to the value of 478 μS/cm during initial 27 days of preparation and then decreases.
SN nanofluid showed enhanced NP sedimentation after 27 days as observed during
dispersion stability and ROS measurements. Therefore, the population of NPs in SN
nanofluid after 27 days is relatively reduced and moreover the distance between
consecutive NP clusters is gradually increasing due to the progressive settlement. This
indicates that the connectivity between NPs compromised with time which as a result
decreased the connectivity (electrical conductivity) for SN nanofluid to minimum level
of 133 μS/cm after 42 days. However, the electrical conductivity for TN nanofluid after
attaining peak value of 489 μS/cm did not decrease sharply after 34 days; instead, it
showed moderate decrease. As expected, the trait of reduced aggregation and ROS in TN
nanofluid appreciated the trend of electrical conductivity as shown in Figure 2.10; the
electrical conductivity of TN nanofluid after 42 days was ∼2.5 fold more than that of SN
nanofluid. Similar performance was observed for STN nanofluids owing to the presence
of TiO2 NP. For STN nanofluids, the electrical conductivity after attaining peak value of
415 μS/cm (after 32 days, STN-1) and 397 μS/cm (after 33 days, STN-2) did not decrease
much after 7 weeks of storage; moderate decrease of 23.7% and 18.2% was measured,
respectively. Higher conductivity for longer storage of nanofluid is relatively good for
oil recovery applications which may provide stable thermal decrement in crude oil
viscosity to improve the oil recovery. The results indicate that SiO2 nanofluid of modified
thermo-physical properties can be developed using TiO2 NPs of suitable quantity which
can broaden the application range of SiO2 based systems in potential areas including
oilfield industries.
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2.3.7 Rheological properties of nanofluids
2.3.7.1 Viscosity results
The stability behavior of nanofluid was supported with the experimental results
on viscosity as rheology is one of the effective methods to understand the nanofluid
behavior [109].

Figure 2.11. Variation in viscosity and shear thinning response of nanofluids as a function
of storage time (a: 1st; b: 27th, and c: 42nd day of preparation) at 25 °C.
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Typically, suspensions carrying solid particles (called real fluids) exhibit non-Newtonian
behavior and moreover this flow behavior continuously varies due to changes in intrinsic
properties such as settlement, NP size, volume fraction, and particle aggregation as
reviewed by Meyer et al. [109]. Thus, these changes directly control the viscosity and
non-Newtonian behavior of nanofluid therefore; rheological analysis needs attention due
to its crucial impact on nanofluid stability. The viscosity for nanofluids was measured on
different days (1st, 27th, and 42nd day) and the results were compared to visualize the
effect of parameter causing viscosity variation. The viscosity results for the nanofluids
are shown in Figure 2.11. The viscosity of aqueous PAM phase without NP was
determined as 1.4 mPa.s and the addition of NP increased the viscosity to 3.22 (SN
nanofluid), 3.43 (TN nanofluid), 3.71 (STN-1 nanofluid), and 3.67 mPa.s (STN-2
nanofluid) (1st day results), consistent with literature studies which agreed upon the fact
that viscosity of fluid increases with increasing NP concentration [110]. It was also
observed that the shear thinning in nanofluid at the time of preparation (Figure 2.11a)
was moderate and its trend did not change much over the complete range of shear rate
explored. On 1st day, the nanofluid suspension is relatively homogeneous (ordered
structure) and therefore, the severity of clusters formation was quite low in nanofluids
thus, the amount of shear force required deforming NPs structure also remained at low
level [109]. As a result, shearing thinning moderately varied. The viscosity results of
nanofluids conducted after storage period of 27 days (Figure 2.11b) is different; the
viscosity values at low shear rates increased and the nanofluids exhibited significant shear
thinning against shear deformation. NPs have large ratio of surface area to volume (due
to the small particle size) and therefore, NPs possess high surface energies in nanofluid
[111]. NPs will try to minimize these surface energies through increased deposition on
PAM molecular chains which further leads to more NP arresting in PAM chains.
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Consequently, a solid-like gel structure of higher viscosity at low shear rates is obtained
reflecting the visco-plastic behavior of nanofluids [112]. This structure under the
influence of increasing deformation gradually started unfolding of PAM chains that
released the arrested NPs and at high shear rates; the structure completely unfolds and
attains homogeneous structure as evident from almost no shear thinning at shear rate
∼2000 s-1. Next, the decrease in viscosity values of nanofluids after 27 days (till storage
period of 42 days) is linked to gradual NPs settlement resulting reduction in overall NP
population and strength of gel structure in nanofluid [110](see Figure 2.11c). Thus,
nanosuspension during storage leads to the formation of a percolation structure resulting
from the interaction of embedded compounds and this can be the fundamental reason of
higher stability in suspensions. It is known that the nanofluid injection for oil recovery in
porous and permeable media is subjected to varying shear rate and the results indicate
that its impact may change nanofluid strength and flow behavior throughout the course
of action thereby; the study in this chapter becomes an important paradigm to design the
nanofluid composition suggesting least deformational impact on its properties. Compared
conventional fluid (water, glycol, and engine oil), nanofluid may show least viscosity
reduction with increasing temperature due to the formation of a thermal bridge of
nanolayer (resulting from NP interaction with fluid molecules) that restricts temperature
degradation in nanofluid [113].
The effect of high temperature (90 °C) on the viscosity of nanofluids was
investigated immediately after the preparation and the results are shown in Figure 2.12.
To understand the effect of NP, first the viscosity of aqueous PAM phase without NPs
was determined at 90 °C and then compared with the viscosity results of nanofluids. At
shear rate of 26.5 s-1 ¸ the viscosity of PAM phase without NPs significantly decreased
from 1.4 to 0.68 mPa s at 90 °C. However, the increase in temperature showed moderate
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reduction in the viscosity of nanofluids; nanofluids exhibited only 24% (SN), 21.8%
(TN), 19.4% (STN-1), and 21.3% (STN-2) decrease at shear rate of 26.5 s-1 which is
significantly lower than that of PAM phase (51.4%).

Figure 2.12. Effect of high temperature (90 °C) on viscosity results of PAM phase without
NPs and nanofluids (SN, TN, STN-1, and STN-2).
It is well known that the heating of a fluid generates increased random motion in
molecules resulting weakening of their intermolecular forces holding them together. As
a result, molecules relaxed to the shearing flow and consequently, a reduction in viscosity
is observed. Thus, the reason of higher viscosity reduction in sole PAM phase may be
higher relaxation in polymer molecules while this could not be possible for nanofluids.
The formation of complex macromolecular structure, resulting from the interaction of NP
with PAM molecules, arrested the polymer structure and act as thermal bridge between
polymer chains and thus made nanofluids thermally stable. This is consistent with
previous studies conducted for temperature effect on viscosity of fluids stabilized by NPs
[109,110]. This indicates that the nanofluids have favorable choice to be utilized for high
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temperature applications, particularly for oilfield jobs; i.e. where conventional fluids may
show unstable thermal response, nanofluids show potential thermal stability.
2.3.7.2 Moduli results
Nanofluids are viscoelastic materials which exhibit both elastic (Gꞌ) and viscous
properties (Gꞌꞌ) when encountering deformation. For nanofluid, these properties are
important to study as elastic behavior may change to viscous at any strain amplitude and
vice versa. Thus, it is important to know which component will dominate the character
of nanofluid, covering many fundamental aspects of industrial applications in
pharmaceuticals, food, agrochemicals, paints, cosmetics, and oil recovery. Figure 2.13
represents strain-sweep measurements for nanofluids at room temperature. It was
observed that all nanofluids show viscoelastic behavior due to presence of both Gꞌ and
Gꞌꞌ over the complete storage period of 7 weeks (see Figure 2.13). On 1st day (Figure
2.10a and b), it was observed that Gꞌ and Gꞌꞌ values for each nanofluid were closer and
remained in between 0.32–0.51 Pa and 0.3–0.48 Pa, respectively. It is because nanofluids
showed no settlement on 1st day and as a result, the concentration of NPs to encounter
strain deformation in each nanofluid remained almost equal to 0.5 wt% and therefore
moduli values did not vary much. However, the moduli values varied with increasing
storage time as evident from Gꞌ and Gꞌꞌ results of 4 weeks (Figure 2.13c and d) and 7
weeks (Figure 2.13e and f). With increasing time, the NP settlement in nanofluids
increased on varying rate as observed during ROS experiments and consequently, the
total number of NPs left in suspension to encounter shear deformation was different in
each nanofluid thereby suggesting different elasticity (Gꞌ) and viscosity (Gꞌꞌ) for
nanofluids. In addition, it is to be noted here that Gꞌ and Gꞌꞌ values for nanofluids slightly
increases during first 4 weeks of storage followed by decrease for the next 3 weeks of
storage.
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Figure 2.13. Strain-sweep analysis (at angular frequency of 10 rad. s-1) of viscoelastic
response [elastic (Gꞌ, solid symbols) and viscous (Gꞌꞌ, open symbols) moduli] of
nanofluids as a function of storage time: (a and b), 1st day; (c and d), 27th day; (e and f),
42nd day. Measurements were carried out at ambient pressure.
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Figure 2.14. Frequency-sweep analysis of viscoelastic response [elastic (Gꞌ, solid
symbols) and viscous (Gꞌꞌ, open symbols) moduli] of nanofluids as a function of storage
time: (a and b), 1st day; (c and d), 27th day; (e and f), 42nd day. Measurements were
carried out at ambient pressure.
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In case of initial storage period of 4 weeks, the increase in Gꞌ and Gꞌꞌ values is attributed
to increased viscosity in nanofluids [112] as a consequence; Gꞌ and Gꞌꞌ values were
recorded higher. As suggested, the next storage period of 3 weeks was regarded to NPs
settlement in nanofluids. Since NPs left in suspension are less in number, the shear
deformation required to break the structure was accordingly recorded lower. Therefore,
Gꞌ and Gꞌꞌ values reduced.
Oscillatory frequency tests were also performed for nanofluids and Gꞌ and Gꞌꞌ are
plotted as a function of angular frequency in Figure 2.14 for storage period of 1st, 27th
and 42nd days. From the results of oscillatory test, once can visualize the nature of
structure formed between the additives in a nanosuspension [114]. Irrespective of day,
nanofluids show strong viscoelastic response due to the presence of both Gꞌ and Gꞌꞌ. On
1st day, it was observed that Gꞌ increased with increasing angular frequency which
indicates that the structure formed between PAM and NPs in nanofluids is elastically
dominated. Gꞌꞌ did not increase much and nanofluids showed Gꞌꞌ plateau over the
frequency explored. In addition, the viscoelastic response of nanofluids did not change
much for the initial storage period of 27 days, and nanofluids showed almost similar
values (Gꞌ and Gꞌꞌ) and trend over the frequency explored. It indicates that the storage till
27 days could not affect the network structure and links formed between PAM and NPs
in nanofluid. This might be linked with the formation of a stable 3D network structure
cross linked by NPs; it indicates that the association between PAM and NPs remain stable
and elastic. However, the viscoelastic response significantly decreased after 42 days of
storage [Figure 2.14(e and f)]. Since nanofluids showed NP settlement after storage
period of ∼1 month, the concentration of NPs associated with the structure reduced
resulting changes in the structure of the PAM-NPs networks.
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Table 2.3.Effect of temperature on viscoelastic properties of fluid systems (PAM phase
and nanofluids).

Fluid
type

Rheological
test

Strain
amplitude
(%)

PAM
phase

Dynamic moduli (Pa)
25 oC
Gꞌ
Gꞌꞌ

90 oC
Gꞌ
Gꞌꞌ

Gꞌ

Gꞌꞌ

59.28

77.14

0.31

0.38

0.13

0.51

0.48

0.35

0.33

31.19

27.25

0.40

0.29

0.28

0.22

28.54

24.45

STN-1

0.37

0.37

0.26

0.29

29.74

22.22

STN-2

0.38

0.35

0.28

0.26

25.25

26.12

Strain
amplitude
test at an
angular
frequency of
10 rad.s-1

SN

TN

0.09

%
reduction

26.5

A decrease in Gꞌ and Gꞌꞌ value is a consequence of thinner steric structure of
polymer and dispersed NPs [114]. This is possible because of reduced concentration of
NPs to participate in network structure consistent with dispersion stability results of
nanofluids. SN nanofluid exhibited higher NP settlement hence, Gꞌ and Gꞌꞌ values were
reported minimum as compared to other nanofluids [Figure 2.14(e and f)]. In addition,
the effect of TiO2 on viscoelasticity of SN nanofluid is also evident from these results; Gꞌ
and Gꞌꞌ values remain higher than SN nanofluid for the complete period of storage. The
effect of high temperature (90 °C) on the viscoelastic properties (Gꞌ and Gꞌꞌ) of nanofluid
was also investigated and the results for strain amplitude of 26.5% are provided in Table
2.3. It was observed that the viscoelastic properties of fluids (nanofluids and PAM phase)
decreased at 90 °C. The reason may be attributed to the temperature induced decrease in
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the viscosity of fluids thereby, the viscoelastic properties (Gꞌ and Gꞌꞌ) also decreased.
However, it was observed that the viscoelastic properties of PAM phase without NPs
significantly reduced as compared to the ones associated with nanofluids, consistent with
viscosity results of PAM phase. The percentage reduction in viscoelastic properties of
fluids (nanofluids and PAM phase) at 90 °C is also provided in Table 2.3. Thus, the reason
of minimum reduction in viscoelastic properties of nanofluids at high temperature can be
credited to the presence of NPs that makes thermal destabilization much more difficult
which was not be possible for the PAM phase without NPs.
2.4 Conclusions
In this work, TiO2 NP assisted stable SiO2 nanofluid (0.5 wt% SiO2 , size ∼15
nm) of ζ-potential more than −30 mV was successfully prepared in the base solution of
water soluble polymer PAM. The dispersion stability of sole SiO2 nanofluid (called as
SN nanofluid) was moderate (∼6 weeks) and the stability of nanofluid stabilized by
composite of SiO2 -TiO2 (called as STN nanofluids) was good of the order of ∼10 weeks.
SiO2 NPs agglomerated in SN nanofluid and formed large clusters of size ∼500 nm as
demonstrated by DLS results. Since the addition of TiO2 NP reduced size of NP clusters
to 380–400 nm for STN nanofluids, it is expected that TiO2 showed strong tendency to
move from bulk PAM phase to the sites of large SiO2 clusters and reduced the
homoaggregation of SiO2 NPs through the increase in ζ-potential as demonstrated by
DLS results. Thus, for STN nanofluids, more than 32% reduction in size of NP clusters
was achieved which was also supported by SEM and EDS analysis showing clear
influence of TiO2 on homoaggregation of SiO2 NPs. When TiO2 was used, the other
intrinsic properties viz., absorbance and electrical conductivity of SN nanofluid also
improved; the final absorbance and electrical conductivity of STN nanofluids was
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relatively higher than SN nanofluid. Finally, rheological experiments were conducted to
visualize the effect of storage time on viscosity and viscoelastic properties of STN
nanofluids and suitably compared with those of SN nanofluid. Since SN nanofluid
exhibited higher cluster sizes, the rheological properties also significantly deformed with
time due to early NP settlement causing noteworthy changes in the character of SN
nanofluid. On the other hand, the rheological properties of STN nanofluids was least
affected by time and therefore these nanofluids exhibited marginal changes in viscosity
and viscoelastic properties over the complete period of storage. The proposed use of
SiO2-TiO2 composite can fabricate nanomaterials of superior stability and properties to
be applicable in situations where conventional techniques face limitations.
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Chapter 3
Impact of anionic surfactant on stability, viscoelastic moduli, and oil
recovery of silica nanofluid in saline environment

Abstract
Controlling nanoﬂuid stability in saline environment has been a long-standing
challenge as salt ions screen-out the surface charge of the nanoparticles (NPs), rendering
them unstable. This chapter thus reports the use of an anionic surfactant (sodium
dodecylsulfate, SDS), as co-stabilizer, that not only controls the effect of salt, but also
dramatically improves nanoﬂuid stability by controlling the agglomeration rate. Silica
NPs of 0.5 wt%, SDS with concentration ≥ critical micelles concentration (CMC), and
polymer polyacrylamide (PAM) of 1000 ppm were used while the concentration of NaCl
was explored up to 5 wt%. The dispersion stability of nanoﬂuid without salt (NaCl) was
found to be ~4 weeks which further increased to ~7 weeks with increasing SDS
concentration. With increasing SDS (>CMC), a reduction in NP agglomeration was
observed that delayed the NP settlement. The effect of salinity was also investigated for
ﬂow properties of nanoﬂuids and, an unstable rheological response (transition from
viscoelastic to viscous) was observed with increasing NaCl concentration. However, SDS
(>CMC) made nanoﬂuid rheologically stable up to saline environment of 3 wt%, an
optimum salinity was identified. SDS role on nanoﬂuid stabilization in saline
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environment is also generalized for enhanced oil recovery (EOR) applications in a porous
media enriched with varying salinity. With increasing salinity, the cumulative oil
recovery from sand-pack reduced and reached to minimum level of 48% original oil in
place (OOIP) at 3 wt% NaCl which was 58% OOIP without salinity. Oil recovery reestablished to 55% OOIP in presence of increasing SDS concentration, which is
remarkable for nanoﬂuid applicability in saline environment where conventional methods
typically show challenges. Even in the presence of 4 wt% NaCl, the synergy between
surfactant and nanoﬂuid enabled an improvement in oil recovery and subdued surfactant
adsorption in both unconsolidated and consolidated porous media, paving future way for
field implementation.
3.1 Introduction
Nanoﬂuid, an interdisciplinary advanced nanomaterial, has received widespread
interest in various industrial applications including pharmacy [115], drug delivery [116],
bio-medical [117], polymer composites [118], electrical applications [119], and waste
water treatment [120]. This also includes their use in oilfeld applications such as oil
recovery [40,87,121–124]. Technically, a nanoﬂuid is a colloidal suspension of nanosized particles (1–100 nm) dispersed in the base ﬂuid, e.g. oil, water, or glycol. Potential
benefts of nanoﬂuids include high surface area to volume ratio, high surface energy,
signifcant adsorption potential, and better heat conductivity [125,126]. The rheological
behaviour of nanoﬂuid can be superior to that of conventional ﬂuid [127,128]. Several
nanoparticles (NPs) [alumina [129], copper [130], silver [131], zinc oxide [132], titanium
oxide [133], and silica NPs [134]] have been tested; however, silica NPs received
widespread acceptance in oil and gas industry [67,135–138]. Typically, NPs consist of
surface energies and to minimize surface energy, they tend to agglomerate (under van der
Waals forces) which in turn develops NP clusters of larger size than that of original NP
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[139–141]. Therefore, the size of NP in nanoﬂuid is often found higher as confirmed by
zeta (ζ) potential measurements [21,142]; which is the most common method to know
about the stability of colloidal particles and surface charge in solution. NP clusters settle
with time due to gravitational action which makes them unstable colloidal suspensions
[139]. NP settlement can be significantly reduced by increasing the viscosity of aqueous
solution in which nanoﬂuid is prepared [21]. Low viscosity may be the reason why
nanoﬂuid synthesized in sole water is regarded as least stable silica nanoﬂuid of
dispersion stability 8–10 h [20]. Therefore, the use of viscosifiers is advantageous to
increase nanoﬂuid stability by reducing the extent of NP settlement [20,21,141].
Modified rheological properties such as increased viscosity and elastic response (Gꞌ) of
silica nanoﬂuid is preferred, because it increases the resistance to deformation at complex
conditions. Therefore, silica nanoﬂuid and its stabilization in salt medium has been
investigated for various applications such as enhanced oil recovery (EOR) [143], drilling
mud [144], solar thermal energy storage [145], wettability alteration [146], and
permeability modification in porous media [75]. Even, solar thermal storage efficacy of
high temperature silica nanoﬂuids is inﬂuenced by the presence of salt medium [145]. NP
settlement from suspension reduces their concentration which has been found detrimental
for heat transfer and thermal conductivity of silica nanoﬂuids as reported [145,147].
Wettability alteration and permeability modification of low permeable pores by silica
nanoﬂuid are important applications where silica nanoﬂuid has offered favorable results
by reducing wetting affinity of adsorbed oil and increase its recovery from porous media
[146], and by dramatically changing the rheological properties of nanoﬂuid resulting in
low permeable pores giving high oil recovery [75]. These reservoirs, throughout the
world, contain varying ionic strength that can deteriorate colloidal stability through quick
agglomeration between NPs [148]. Moreover, the impact of high ionic strength (high
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salinity) on rheological properties of silica nanoﬂuids, besides applicability in oilfield
applications, covers widespread scope to predict ﬂow assurance (long-term physical
stability) performance in saline environment of agriculture, biomedical, pharmaceutical,
water treatment, and other areas of colloidal science. The key to successful use of
nanoﬂuid in saline environment which has not been reported before as far as we are
aware.
The general approach, to the problem of nanoﬂuid stabilization in salt
environment, is to use a surfactant that can meet these requirements as they are surface
active and form charged micelles once concentration in the medium becomes > critical
micelle concentration (CMC). These micelles ensure no agglomeration by establishing
significant electrostatic repulsion between NPs [27,149]. A surfactant possessing cationic
activity is considered unviable for silica NP stabilization in the presence of salt medium;
the positively charged group of cationic surfactant gets adsorbed on the surface of
negatively charged silica NPs. The negatively charged silica NPs will exhibit
neutralization and show higher agglomeration (instead of stabilization), which further
destabilizes the silica nanoﬂuid [27]. Therefore, anionic surfactants have been
recommended for nanoﬂuid stability in saline environment [27,150]. For example, both
silica NPs and SDS micelles are negatively charged hence they can combine together but
a protective layer of repulsive forces of SDS micelles can be developed around negatively
charged NPs which leads to empower high order of charged nanomaterials [151,152].
Other researchers also suggested that the use of surface active agent such as anionic
surfactant (e.g. SDS) at CMC has better agreement with silica NPs that helps to enhance
surface charge of NPs in nanoﬂuid system [20,27]. However, the amount of surfactant
adsorption is proportionally higher in presence of higher salinity. As a result, the
surfactant gets adsorbed on the rock surface and the concentration of surfactant becomes
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lesser than the calculated CMC, which has a detrimental effect on efficacy of EOR
process [153]. Therefore, NPs are typically used to reduce surfactant adsorption on rock
surface and NPs help the surfactant micelles to move forward in pore throats. However,
saline environment is tended to screen out the surface charge of NPs rendering them
susceptible to agglomeration and eventual sedimentation, which destabilizes the
nanoﬂuid system [154]. SDS surfactant produces micelles (at CMC) which get attached
with NPs and revive the repulsive forces back in nanoﬂuid system [27]. This surfactant
treated nanoﬂuid formulation can now work in formations which have challenges due to
salt assisted rock adsorption [46] and premature agglomeration [155], respectively. Thus,
the novelty of the current work lies in the inclusion of SDS with silica where SDS is
known to form complexes of charged micelles those establish increment in electrical
potential of system [156,157]. In our work, SDS is used to strengthen the shell of silicapolymer nanomaterials which exhibit improved rheological properties for saline
environment of industrial applications. A schematic showing how an anionic surfactant
(SDS) can improve nanoﬂuid stability by reducing NP agglomeration is proposed in
Figure 3.1. On the basis of our previous work [62], we hypothesized that silica
nanomaterials stabilized by SDS would be amenable to saline environment due to their
rheological stability. We thus formulated silica nanoﬂuid of 0.5 wt% SiO2 in aqueous solution
of polymer polyacrylamide (PAM, 1000 ppm), and added anionic surfactant SDS (≥CMC) as an
additional stabilizing agent; a two component stabilizing system consisting of anionic SDS and
silica NP is studied towards their ability to impart better stability and rheological properties in
saline environment. Further, to generalize the role of anionic surfactant in nanoﬂuid stability in
high salinity medium, oil recovery experiments (pressure drop and oil recovery results) were
conducted with nanoﬂuid exhibiting SDS of concentration ≥ CMC. Oil recovery tests were
performed in presence of varying salinity where SDS concentration is progressively increased to
understand the favorable effect of SDS on nanoﬂuid assisted EOR in saline medium.
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Figure 3.1. Schematic showing how an anionic surfactant (SDS) can control the impact of ionic
strength and improve nanofluid stability.

3.2 Experimental work
3.2.1 Materials
Hydrophilic SiO2 (15 nm, purity 99.5%) NPs, sodium chloride (NaCl, purity
99.50%), was supplied by Sisco Research Lab Pvt. Ltd. (SRL), India. Polymer PAM of
molecular weight 107 g/mol with purity greater than 90.00% was obtained from SNF
Floerger, India. Sodium dodecyl sulfate (SDS), purity > 85%; alkalinity = 5 Meq/mL;
sodium chloride and sodium sulfate: 8%; unsulfated alcohols: 4%; SDS) was used as
received from Sisco Research Lab Pvt. Ltd. (SRL), India. Deionized water, obtained with
a Millipore ® Elix-10 purification apparatus, of electrical conductivity 0.0054 mS/cm,
was used to prepare PAM solution and nanoﬂuid. For mixing, a magnetic stirrer (Tarsons
Digital Spinot) of variable speed up to 1200 rpm was used. An industrial mixer (Oster
Grinder, MCPRO6-WSO) of varying mixing speed ranges from 6000 to 20,000 rpm was
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also used for rigorous mixing of NPs in PAM solution. A digital ultrasonic cleaner
(Labman India) of frequency 40 ± 3 KHz was used for uniform dispersion of NPs in the
nanoﬂuid solutions [158]. The chemicals were weighed using an accurate digital
weighing balance (Mettler Toledo, Switzerland) with a repeatability of ±0.0001 mass
fraction. The nomenclature and compositional details of the formulated nanoﬂuids
prepared in this work are provided in Table 3.1.
Table 3.1.Nomenclature and dispersion stability of prepared nanoﬂuids.

Base
fluid

Water

NP

SiO2
(0.5 wt%)

SDS
(wt%)

0

N

0

PN

0.15
(CMC)
1000
ppm
PAM

Nanofluid
type

SPN-0.15

SiO2
(0.5 wt%)
1

2

SPN-1

SPN-2
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Nanofluid
nomenclature

Total
dispersion
stability (days)

0
1
3
5
0

N
N+1
N+3
N+5
PN

0.3
0.1
0
0
27

1

PN+1

18

3

PN+3

4

5

PN+5

0

0

SPN-0.15

35

1

SPN-0.15+1

20

3

SPN-0.15+3

05

5

SPN-0.15+5

01

0

SPN-1

40

1

SPN-1+1

23

3

SPN-1+3

17

5

SPN-1+5

03

0

SPN-2

49

1

SPN-2+1

31

3

SPN-2+3

25

5

SPN-2+5

05

NaCl
(wt%)

3.2.2 Determination of CMC values of PAM-SDS formulations
The CMC value for the surfactant (SDS) was determined by surface tension
measurements, using the stalagmometer method [159]. This device is a circular glass tube
with a large bulb in its middle section. The bottom end of the tube are narrow to force the
liquid to fall in form of a drop when its weight becomes greater than the surface tension.
The relative surface tension of any liquid using the stalagmometric method can be
expressed as:-

𝜎𝑡
𝜎𝑤

𝑑

𝑛

= (𝑑 𝑡 . 𝑛𝑤 ). Where, 𝜎𝑡 and 𝑑𝑡 are the surface tension and density of
𝑤

𝑡

test liquid, respectively. 𝜎𝑤 and 𝑑𝑤 are the surface tension and density of water,
respectively. 𝑛𝑤 and 𝑛𝑡 are the number of water and test liquid droplets falling through
the bottom end of the stalagmometer. First, a number of test samples exhibiting different
amounts of SDS (0-2 wt%), with a fraction of 0.1 wt% in aqueous 1000 ppm PAM
solution, were prepared. Each sample was drawn into the stalagmometer till upper and
lower marks of the bulb were covered. The sample was allowed to fall freely from the
bottom end of the stalagmometer, and the number of droplets was counted. Since the
surface tension of water is known, the relative surface tension of each sample was
determined using the above expression and the procedure was repeated thrice to produce
repeatability in results. CMC is reached when surface tension ceases to change with
increasing concentration of SDS [159].
3.2.3 Nanoﬂuid formulation
Nanoﬂuids were formulated with water and thick aqueous PAM with and without
SDS at ambient temperature. NP SiO2 with a concentration of 0.5 wt%, PAM of 1000
ppm, and SDS with CMC were used. NPs were progressively added to water and PAM
ﬂuid, and mixed using a magnetic stirrer for distribution of NPs in the bulk phase,
followed by intense mixing using an industrial mixer for 0.5 h at a speed of 10,000 rpm
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to completely homogenize NPs in suspension [62]. 1000 ppm of PAM is the typical
concentration of polymer often used in EOR applications [160]. Since the nanoﬂuids,
synthesized in this chapter, are proposed for EOR applications, PAM concentration
similar to EOR projects was chosen for the sake of field implementation. NP
concentration was kept low (0.5 wt%) as higher NP concentration was found to show
greater agglomeration due to increased NP population per unit area [62]. Finally, the
obtained colloidal suspension was sonicated for 1–2 h in a sonication bath (Labman®
India) at 25 Hz frequency to break down the large NP clusters. To prepare nanoﬂuid with
SDS, SDS at CMC concentration was added into the PAM solution and mixed for an
additional 0.25 h before mixing with SiO2 NPs. The reason of mixing SDS in PAM for
0.25 h was to ensure its entire and uniform dissolution in base ﬂuid followed by the
addition of SiO2 NPs. In addition, SDS at CMC was added to ensure the formation of
surfactant micelles in optimum number so as SDS micelles interact with silica NPs and
modify their surface properties to develop a stable formulation for saline environment.
SDS concentration higher than CMC (1–4 wt%) was used for nanoﬂuid formulations at
highly saline conditions (8 wt%), considering that SDS micelles is affected by increasing
salt concentration.
3.2.4 Nanoﬂuid characterization
Visual observations of formulated nanoﬂuids were performed after nanoﬂuids
were transferred to transparent vessels. The nanoﬂuid phase was clearly different in
transparency than the water/PAM phase due to the suspension of NPs. To observe time
dependent NP settlement, all nanoﬂuid samples were kept undisturbed at ambient
conditions. Hence, each nanoﬂuid was regularly monitored (at interval of 12 h) to observe
the changes in appearance, which is related to dispersion stability [62]. Zeta (ζ) potential
and size distribution of NPs in the nanoﬂuid were measured using a particle size analyzer
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(Zetasizer, Malvern, UK) which works on the principle of dynamic light scattering (DLS)
at a 173± detector scattering angle.
Before each measurement, the nanoﬂuid sample was sonicated using a probe type
sonicator at a frequency of 25 Hz for 0.25 h. For each nanoﬂuid, three measurements
were performed at ambient temperature. pH measurements of the nanoﬂuids were
conducted using a digital pH Meter (Model: HI 99121, Hanna Instruments, USA;
instrument measurement range 2 to 16 pH with an accuracy of ±0.02). SEM analysis was
performed to visualize the structure of agglomerated NPs. Nova Nano SEM (450,
ThermoFisher® USA) feld emission microscope with operational acceleration voltage of
3 kV was utilized for this purpose. During SEM imaging, the NP populated area was
selected to capture the best morphological images of the NPs. The dispersion stability of
the various nanoﬂuids was measured via ultraviolet–visible spectrophotometry (UV–vis
3200, Lab® India). These experiments were performed at ambient temperature with a
scan rate of 1 nm/s over the wavelength range 190–1100 nm.
Rheological properties of the formulated nanoﬂuids were measured with a
compact rheometer MCR-52 (Anton Paar®, Physica, Austria) equipped with bob and cup
assembly [20,62]. Conventionally, the rheometer has two different kind of assemblies
(conical plate and bob-cup) for the measurement of rheological properties. The conical
plate assembly is generally used for high viscous samples or semi-solid materials (i.e.
tooth paste, heavy mud, cement slurry, etc.). However, the bob and cup assembly is
utilized for samples which possess sufficient capacity to ﬂow such as water, oil, glycol,
polymer solutions, nanoﬂuid etc. Therefore, bob and cup assembly was best suited for
the measurement of rheological properties of nanoﬂuid. The viscosity measurements for
the nanoﬂuids were performed using shear rheological mode in which the shear rate was
varied from 0.1 to 1000 s-1. Frequency-sweep measurements (moduli vs frequency) for
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the nanoﬂuids were performed using the dynamic rheological mode in the range 1–100
rad s-1 at a strain amplitude of 10% [161]. The strain amplitude of 10% was representing
linear viscoelastic (LVE) regime which was determined by amplitude-sweep
measurements for the studied formulation. The uncertainty for three experiments for each
measurement was of the order of ±0.8–8% of the reported value.
3.3 Results and discussion
3.3.1 Visual appearance of nanoﬂuids
The appearance of nanoﬂuid changes with sedimentation of NPs [62]. For silica
nanoﬂuid, the shift in color from milky to transparent indicates the transition from
kinetically stable to unstable by virtue of NP cluster formation and settlement of NPs
[21]. The nanoﬂuids were milky in appearance at the time of preparation. The milky
appearance is attributed to NP dispersion in the bulk water/PAM solution. NPs are solid
and therefore, they were subjected to settling with time under the action of gravitational
forces [47]. This settlement reduces the density of dispersed NPs in the suspension,
resulting in changes in the appearance of the nanoﬂuids. Therefore, nanoﬂuids,
immediately after the preparation, were transferred to transparent vessels and visually
monitored for the changes in appearance via settlement of NPs. NP dispersion in water
was highly unstable and as a result, NPs settled very soon, within 8–10 h. However, PAM
based nanoﬂuids were significantly more stable, and NPs did not exhibit premature
settlement with time period of ~6 weeks (Figure 3.2). The appearance of nanoﬂuid
prepared with 0.5 wt% SiO2 NP and 1000 ppm PAM did not change for one month, and
the NPs remained suspended for 6 weeks before final settlement (total dispersion
stability), consistent with values reported in our previous chapter (Chapter 2). Compared
to the nanoﬂuids prepared with surfactant, nanoﬂuids without surfactant (PN) exhibited

73

less milky appearance. However, with the course of time, the milky nature of nanoﬂuids
reduced as suspended NPs agglomerated followed by sedimentation near the base of vial.
The inclusion of 5 wt% NaCl induced rapid agglomeration in PN nanoﬂuid with greater
sedimentation on day 1 (Figure 3.2a). After 15 days, PN nanoﬂuids with 3 and 5 wt%
NaCl showed almost complete separation and thus, these nanoﬂuids appeared like water
(Figure 3.2e). The visual appearance and dispersion stability results for nanoﬂuids
prepared with and without SDS ≥ CMC in the presence of varying salinity (NaCl, up to
5 wt%) is provided in Figure 3.2 and Table 3.1.
CMC value of SDS in 1000 ppm PAM solution was determined as ~0.146 wt%
using the stalagmometric method, consistent with our previous study [21]. SDS
concentrations higher than CMC were also used, considering that salinity tolerance is
expected to increase as SDS concentration is increased [162,163]. However, the cost of
the surfactant will be higher at higher concentration due to greater volume of surfactants
used. Therefore, this may be more applicable for low PV ﬂooding where increasing
surfactant concentration may be negated by lowering the volume of EOR ﬂuid (<0.5 PV).
Therefore, SDS [CMC (0.15), 1, and 2 wt %] was added to PAM nanoﬂuids and these
nanoﬂuids were labelled as SPN-0.15, SPN-1, and SPN-2 (see Table-1 for nomenclature).
It was observed that the dispersion stability of PAM nanoﬂuid increased in the presence
of SDS; as a result, SPN-0.15, SPN-1, and SPN-2 exhibited total dispersion stability of
35, 40, and 49 days, respectively (also evident from particle size values in Table 3.2). It
is also clear from images in Figure 3.2 (f–h) (15-day post preparation of these nanoﬂuids)
that SPN-0.15 showed relatively higher settling rates than SPN-1 and SPN-2 (Table 2).
This indicates that SDS improved the dispersion stability of the nanoﬂuids. Surface active
agents such as surfactants are capable to increase the surface activity of dispersed NPs,
thus nanoﬂuid-surfactant formulations can show stability in saline environments [27].
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Figure 3.2. Time dependent (1st and 15th day) visual appearance of different nanofluids as a function of SDS [a and e, 0 wt% SDS (PN); b and f,
0.15 wt% SDS (SPN-0.15); c and g, 1 wt% SDS (SPN-1); d and h, 2 wt% SDS (SPN-2)] and NaCl concentration (0-5 wt%).
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Table 3.2. DLS measurement results and pH values of the various nanofluids tested.

Nanofluid
type

Average particle size
(nm)
Day-1
Day-15

ζ potential (mV)

pH

Day-1

Day-15

Day-1

Day-15

PN

482

358

-38.2

-32.4

8.0

7.7

PN+1

892

282

-37.4

-29.2

7.4

7.2

PN+3

1038

198

-34.6

-19.4

6.3

5.4

PN+5

1124

156

-31.3

---

5.5

4.7

SPN-0.15

511

407

-57

-47.1

8.1

7.9

SPN-0.15+1
SPN-0.15+3

782
815

322
182

-51
-37

-46.5
-29.7

7.2
6.2

7.1
5.1

SPN-0.15+5

896

109

-33

-25.2

5.1

4.4

SPN-1

497

411

-60

-48.2

8.4

8.0

SPN-1+1

753

597

-56

-43.1

8.0

7.8

SPN-1+3

809

447

-41

-36.5

7.8

7.1

SPN-1+5

880

111

-39

-28.2

5.5

4.7

SPN-2

407

355

-61

-53.2

8.8

8.6

SPN-2+1

635

515

-57

-48.2

8.2

8.0

SPN-2+3

701

601

-43

-38.1

8.0

7.7

SPN-2+5

765

132

-42

-29.5

6.7

6.07

Therefore, Mechanistically SDS increased electrostatic potential between dispersed NPs;
which was measured using ζ-potential (next section). It is also expected that the size of
the NP clusters reduced with increasing SDS concentration; and this was indeed
observed, SPN-1 and SPN-2 showed delayed settlement. This is consistent with reports
that saline environments decrease the surface potential of NPs and thus permit quicker
agglomeration [27]. Quicker agglomeration increases the size of NP clusters, resulting in
the faster settlement rate (milky transparency changes to clear transparency with
remarkable speed for NaCl > 1 wt%, Figure 3.2). Thus, nanoﬂuid implementation in
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highly saline oilfield environments is impeded. Whereas, a significant salinity tolerance
was achieved by SPN-1 and SPN-2, prepared with high SDS concentrations (>CMC).
The salinity tolerance of these nanoﬂuids was better than for SPN-0.15 (compare visual
images in Figure 3.2f-h); the dispersion stability for SPN-1 increased by 3 days for 1 wt%
NaCl, while for SPN-1+3 and SPN-1+5, it increased by 12 and 2 days respectively. For
SPN-2, these results were even better; the total dispersion stability of SPN-2+1, SPN2+3, and SPN-2+5 increased by 11, 20, and 4 days, and attended maximum dispersion
stability of 31, 25 and 5 days respectively in saline environment (Figure 3.3). The
inclusion of higher SDS concentration (3 and 4 wt%) significantly increased NP stability
for lower and moderate saline conditions (0–5 wt% NaCl), resulting nanoﬂuids now
exhibited better stability (~40 days) at 5 wt% NaCl where 2 wt% SDS inclusion was
found unsuccessful to improve NP stability. This is good for the extending applicability
of nanoﬂuids at moderate saline environment. However, at high NaCl concentration (8
wt%), the surfactant addition (even 3 and 4 wt%) again could not improve the NP stability
(Figure 3.3) and the NP solutions were rendered unstable due to increased sedimentation.
From the observed data, the use of high concentration of surfactant appears to be
attractive in moderate saline reservoirs (Figure 3.3). Stability of nanoﬂuid formulations
prepared in past studies has been presented in Table 3.3. Compared to them, the use of
SDS appears attractive for the formation of silica nanoﬂuids for a longer duration. From
these results, we conclude that SDS significantly increased the dispersion stability of
SPN-1 and SPN-2 by increasing salt tolerance up to 3 wt% NaCl. Moreover, the
dispersion stabilities measured here (using visual appearance) are higher than the reported
value in literature [21]; it was found 10 days with dispersant xanthan gum (XG, 5000
ppm) and silica nanoﬂuid (0.1–0.5 wt% SiO2) without surfactant in normal conditions
(no salt).
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Figure 3.3. Effect of SDS concentration on NP stability as a function of NaCl
concentration for the applicability of silica nanofluid in moderate saline conditions of
EOR practices.
Table 3.3. Dispersion stability of silica nanoﬂuid formulations in previous literature.

S.No.

Base
fluid

NP
concentration

Stability
Remarks
(days)

1

Synthetic oil
(Therminol 1 vol%
66)

2

Water

18-1600
µmol/ml

3

3

Water

0.1 wt%

21

4

1000 ppm
PAM

0.5 wt%

42

5

1000 ppm
PAM

0.1-1 wt%

28-42

6

1000 ppm
PAM

0.1-1 wt%

> 60

7

1000 ppm
PAM

0.5 wt %

> 48

>1
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Surfactant
(Benzalkonium
chloride) was added.
Single-step stober sol
gel
synthesis
was
performed.
Surfactant
(TX-100)
was added to improve
stability.
Stearic stabilization by
polymer PAM and TiO2.
Stearic stabilization by
polymer PAM.
Single-step stober solgel
synthesis
was
performed.
Surfactant (SDS) was
used.

Study

[164]

[165]

[166]

[62]
[167]
[50]
This
study

3.3.2 Dynamic light scattering (DLS) measurements of nanoﬂuids
DLS measurements on nanoﬂuids viz. PN, SPN-0.15, SPN-1, and SPN- 2 were
also conducted in the presence of varying salinity (up to 5 wt%) at ambient conditions,
and NP size distribution and ζ-potential results are provided in Table 3.2. In PN
nanoﬂuids, the initial particle size was recorded to be 482 nm which increased
significantly as salt concentration was increased and on addition of 5 wt% NaCl, the PN
nanoﬂuids exhibited a size of 1124 nm on Day 1 which reduced to 156 nm by the 15th
Day. Without SDS, the average size of NPs was measured as 527 nm which is in
agreement with the value reported earlier [62]. This indicates that NPs agglomerated and
formed large size clusters in the nanoﬂuid. With SDS, it was observed that the average
size of NPs reduced and its value was measured as 511, 497, and 407 nm for SPN-0.15,
SPN-1, and SPN-2, respectively (Table 2). Clearly, NP size reduced with increasing SDS
concentration. The reduced NPs size is a clear sign of improved nanoﬂuid stability as
particle settlement is slowed down [20,21]. Furthermore, the size of the NP clusters
increased with increasing NaCl concentration, Table 3.2. For SPN-0.15, the average size
increased from 511 (0 wt% NaCl) to 896 nm at 5 wt% NaCl, while its value increased
from 497 to 880 nm and 407–765 nm for SPN-1 and SPN-2 nanoﬂuids, respectively (see
Table 3.2). Increasing salt concentration thus destabilized the nanoﬂuid (Figure 3.2).
Moreover, after 15 days, the NP size was largest for SPN-2 as long as NaCl concentration
remained between 1 and 3 wt%. However, at 5 wt% NaCl concentration, agglomeration
and settlement was significantly accelerated, and nanoﬂuids were consequently showed
instability. Generally, agglomeration b/w NPs is the result of NP attraction caused by
screening-out of their surfaces charges. Increasing SDS concentration above CMC in
nanoﬂuid will create more negative charges surrounding the dispersed negatively charged
SiO2 NPs [27]. Therefore, SDS micelles helped to reduce the effect of salt ions by
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creating additional repulsion between NPs as a result, agglomeration got restricted. This
might be the possible mechanism of stabilizing salt affected nanoﬂuids.
Wang et al. [168] found that the surfactant [sodium bis (2-ethylhexyl)
sulfosuccinate (AOT), 3 mmol.L-1] in 0.5 wt% of SiO2 increased the zeta (ζ) potential
and electrostatic potential acting between silica NPs consequently, it stabilized the
nanoﬂuid. For example, Al-Anssari et al. [27] investigated the effect of SDS (anionic)
and hexadecyltrimethylammonium bromide (CTAB, cationic) surfactants on silica
nanoﬂuid stability in saline environments (NaCl, up to 5 wt%); the study reported that
anionic surfactant provided better stability as compared to cationic surfactant. Hence, the
stability of unstable nanoﬂuid may be re-established using a suitable anionic surfactant
which is SDS for this particular study. Thus, ζ-potentials were measured to confirm the
effect of salinity on NP surface charge via DLS based ζ-potentials measurements, Table
3.2. For stable colloidal suspensions, the ζ-potential must be ≥± 30 mV (stable regime)
[104]. The PN nanoﬂuids exhibited stable ζ-potential values (<-30 mV) after preparation
which tended to become unstable on addition of salt (Table 2). SPN-0.15, SPN-1, and
SPN-2 were thus stable colloidal suspensions as the ζ-potentials for these nanoﬂuids were
significantly higher (e.g. greater than -30 mV, see Table 3.2.). However, ζ-potentials
decreased with increasing NaCl concentration and as a result, SPN nanoﬂuids exhibited
the lowest absolute ζ-potential at 5 wt% NaCl concentration. Typically, a reduction in the
absolute value of the ζ-potential is observed when the NP surface charge is progressively
screened by the presence of solvated ions [169]. Consequently, electrostatic repulsion
weakens substantially with increasing ionic strength, which allows NPs to come closer
and participate in agglomeration more frequently [169]. Therefore, SPN nanoﬂuids
became highly unstable at 5 wt% NaCl and even 2 wt% SDS could not re-establish
stability. However, increasing SDS concentration significantly improved stability for
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moderate salinity (1–3 wt% NaCl); when SDS concentration was increased from 0.15
wt% (SPN-0.15) to 2 wt% (SPN-2 nanoﬂuid), the ζ-potential for 1 and 3 wt% NaCl
increased from -51 to -57 mV and -37 to -43 mV, respectively; similar to the finding
of Al-Anssari et al. [27] in saline environments. In addition, after 15 days of preparation,
these values only slightly decreased for SPN-2 as the ζ-potential remained significantly
higher ( -53.2 mV) than the limiting -30 mV value, while SPN-0.15 reached the limit at
3 wt% NaCl concentration (see Table 3.2). For 5 wt% NaCl, all SPN nanoﬂuids were
unstable as the ζ-potential was beyond the limit ±30 mV. Hence, the reduction in ζpotential (surface charge) basically reduces the stability of nanoﬂuid, which is reestablished using the additional electrostatic charges on the surface of NPs by adding
anionic surfactant (e.g. SDS) in the nanoﬂuid [170].
3.3.3 Inﬂuence of pH on nanoﬂuid stability
The stability of nanoﬂuid is highly dependent on the pH value [171], and an
optimum pH value where the nanoﬂuid exhibits superior stability should be known for
efficient nanoﬂuid use in saline environments. The pH value measured for the tested
nanoﬂuids is provided in Table 3.2; the pH value for silica nanoﬂuid without SDS was
8.0 (basic) whereas, for SPN-0.15, SPN-1, and SPN-2 (without NaCl) it was 8.1, 8.4, and
8.8, respectively. This indicates that the pH value increased with increasing SDS
concentration. However, the inclusion of salt reduced the pH value of SPN-0.15 to 5.1
(acidic region) at 3 wt% NaCl (SPN-0.15+3 nanoﬂuid, Table 3.2). SPN-0.15+3 nanoﬂuid
was unstable thus, an acidic environment is unfavorable to nanoﬂuid stability consistent
with dispersion stability results (Figure 3.2, where NPs settlement was higher than SPN0.15+1 (pH = 7.1)). Nanoﬂuid pH shifted towards the alkaline region with increasing
SDS concentration, and SPN-1 and SPN-2 had pH values around 8 for NaCl
concentrations <3 wt%. However, NaCl concentrations >3 wt% shifted the pH value into
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the acidic region (Table 2) Therefore, the stability of the nanoﬂuids was highly dependent
on both, pH value and SDS concentration; thus adjusting both, pH and SDS
concentration, can reduce the negative impact of ionic strength on nanoﬂuid in saline
formations. The results showed that an optimal pH value is ~8 and a maximum SDS
concentration is 2 wt%, resulting in the highest nanoﬂuid stability for salinities up to 3
wt% NaCl.
3.3.4 SEM analysis
SEM analysis was conducted to visualize the morphology of the (aggregated) dry
NPs; DLS measurements showed that the average NP agglomerate size was higher than
the size of an individual NP (15 nm) which is also consistent with our previous study
(Chapter 2). In addition, NP settlement and size in more saline environments further
increased. SEM analysis was thus performed on freshly prepared SPN nanoﬂuids to avoid
the possibility of NP settlement. The image of dried SPN-0.15 (without NaCl) is shown
in Figure 3.4.

Figure 3.4. SEM image of agglomerated SiO2 NPs extracted from SPN-0.15 (0 wt%
NaCl).
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It is clear from the image that NPs agglomerate and exhibit a heterogeneous
morphological structure with large clusters than 15 nm (individual average size of NPs),
which is in agreement with the DLS analysis. SPN-0.15+5 in presence of 5 wt% NaCl
was significantly different than without NaCl (Figs. 4 and 5) where high salinity led to a
much more agglomeration of NPs.

Figure 3.5. SEM images showing impact of salinity (5 wt% NaCl) on NP agglomeration
in (a) SPN-0.15+5 and (b) SPN-2+5 nanofluids at ambient conditions. The morphological
structure of SPN-2 (b) is least agglomerated.
Therefore, the size of NP clusters for SPN-0.15+5 was higher than the size of SPN-0.15
as demonstrated by DLS analysis. However, increasing SDS concentration provided
noteworthy improvements in nanoﬂuid stability, and as a result, SPN-2+5 nanoﬂuid
exhibited reduced agglomeration (Figure 3.5b). The less agglomerated NPs are clearly
evident in Figure 3.5b, which were hardly seen in Figure 3.5a. Thus, SDS re-established
the electrostatic repulsion between NPs and increased stability via reducing the cluster
size.
3.3.5 UV–vis spectroscopy study
UV–vis light absorbency is directly related to the stability of suspended particles
in ﬂuid system; a dense population of particles corresponds to a high peak in the UV–vis
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spectrum and a low peak shows that the suspension contains only few particles [62]. UV–
vis experiments for PN nanoﬂuids were conducted with and without NaCl, and the results
are shown in Figure 3.6a and e. PN nanoﬂuid had a peak absorbance value of 4.12 which
decreased with addition of salt (Figure 3.6a). Correspondingly, the values of absorbance
reduced to 3.9 (1 wt% NaCl), 3.78 (3 wt% NaCl), and 3.54 (5 wt% NaCl), indicating that
the inclusion of salt (immediately after its addition) induced some agglomeration in this
nanoﬂuid system (Figure 3.6a). However, the impact was most serious with 5 wt% NaCl,
which is similar to the observations of visual study (Figure 3.2). On 15th day, the peak
absorbance of PN nanoﬂuid without salt reduced to 4.01, indicating that the
agglomeration was lower in this nanoﬂuid. However, with NaCl, the peak absorbance
reduced to 2.88 (1 wt% NaCl), 2.24 (3 wt% NaCl), and 1.45 (5 wt% NaCl) which showed
that salt has a detrimental impact on nanoﬂuid stability. Also, the UV–vis experiments
for the nanoﬂuids (SPN-0.15, SPN-1, and SPN-2) were conducted with and without
NaCl, and the results are shown in Figure 3.6. Without NaCl, the absorbance peak value
of SPN-0.15 nanoﬂuid was 4.33 (at wavelength of 250 nm, 1st day) while its value for
SPN-1 and SPN-2 was 4.75 and 4.87, respectively (Figure 3.6b-d). The reported values
of absorbency for silica nanoﬂuid are quite higher than the one reported value (4.23, for
0.5 wt% silica nanoﬂuid) in our previous study (Chapter 2). The higher absorbency values
show dense population of NPs in dispersed phase. Thus, more NPs were available in
SPN-2 than SPN-0.15. This indicates that the increment in SDS concentration increased
the population of NPs in suspension, which is possible if NP clusters at 0.15 wt% SDS
broke into smaller clusters at 2 wt% SDS, resulting in more independent NP, consistent
with DLS measurements. Thus, the large absorbance value of SPN-2 is credited to SDS
(2 wt%) that enhanced the electrostatic repulsion between NPs and rendered the nanoﬂuid
more stable (Table 3.2).
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Figure 3.6. Effect of varying salinity (0-5 wt% NaCl) on UV-vis nanofluid spectrum [(a and e; PN), (b and f; SPN-0.15), (c and g; SPN-1), and (d
and h; SPN-2)] as a function of storage time (1st and 15th day) at ambient conditions.
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The effect of salinity (NaCl, 1–5 wt%) on absorbance is also provided in Figure 3.6. On
the 1st day (Figure 3.6b-d), the absorbance peak value of SPN-0.15+5 with 5 wt% NaCl
was measured as 3.72, while its value for SPN-2+5 was 4.71.
Time dependent (storage period of 15 days) UV–vis results of nanoﬂuids is also
provided in Figure 3.6e-g. For SPN-0.15, the absorbance peak value reduced to 4.06
while SPN-1 and SPN-2 exhibited peak values of 4.55 and 4.72, respectively after 15
days; a reduction of 6.2% for SPN- 0.15, 4.2% for SPN-1, and 3.1% for SPN-2 was
observed. Thus, one can see the NP settlement in SPN-2 was least as compared to SPN0.15, resulting NPs in SPN-2 received higher absorbance. Similar results were observed
in the presence of salinity. For SPN-0.15, the absorbance value reduced to 2.39 (SPN0.15+3, 41% decrease) at 3 wt% NaCl followed by 2.20 (SPN-0.15+5, 46% decrease) at
5 wt% NaCl (Figure 3.6b). For SPN- 1, these results were slightly better with 3.96 and
3.17 for 3 wt% and 5 wt% NaCl, respectively. However, for SPN-2, absorbance remained
higher until 3 wt% NaCl salt concentration was reached, and a peak value of 4.31 (with
8.6% decrease) was measured, while 5 wt% NaCl affected absorbance strength
significantly with a peak value of 3.42 (28% decrease). The reduction in absorbency is
directly related to suspend NPs in nanoﬂuid. After NPs settlement, the population of NPs
in the nanoﬂuid reduced and thus, the absorbency value reduced by indicating a downfall
in the stability of nanoﬂuid. Thus, salinity (5 wt% NaCl) is detrimental to nanoﬂuid
application in saline environments, and even high SDS concentrations (2 wt%, SPN-2)
could not diminish this effect. However, SDS (2 wt%) had a significant inﬂuence on
absorbance strength of SPN-0.15 in the presence of salinity. Conventionally, low salinity
corresponds to between 1000 and 5000 ppm [172,173]. High salinity reservoirs possess
a formation water salinity greater than 100,000 ppm [174]. Moderate salinity
encompasses all the intermediate range of saline values. These results are in line with the
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other characterization results, which suggest that SDS based nanoﬂuid can be highly
efficient at salinities ≤3 wt% NaCl.
3.3.6 Rheological analysis
3.3.6.1 Viscosity results
Typically, the ﬂow behavior of a nano-suspension is non-Newtonian which is
governed by inherent changes in NP Brownian motion, agglomeration, settlement, and
interaction with other ingredients [109]. Nanoﬂuid viscosities as a function of time and
salinity are shown in Figure 3.7 and Figure 3.8, respectively. The inclusion of surfactant
was found to slightly reduce the viscosity of the solution and thus, SPN nanoﬂuids
exhibited a lower value of viscosity than PN nanoﬂuid. In Figure 3.7a, the inclusion of
salt causes a loss of viscosity in PN nanoﬂuids due the formation of large NP aggregates
in solution [175]. It was observed that the viscosity without NaCl (SPN-0.15) was 0.056
Pa.s (at 4.24 s-1) which slightly decreased with increasing SDS concentration; SPN-2 had
minimum viscosity of 0.043 at 4.24 s-1 (Figure 3.7b). This slight viscosity reduction is
attributed to the addition of SDS as SDS above CMC is expected to create more
interactions with polymer chains in aqueous solution [176]. As a result, it creates changes
in viscous behavior of colloidal suspensions. A non-Newtonian shear thinning behavior
is observed for nanoﬂuids as shown in Figure 3.7, which is also evident in the literature
[177]. NP clusters in the nanoﬂuid phase deform under the action of shear rate, and at
high shear rate, NP clusters may break into small clusters. Therefore, shear thinning
reduced at high shear rates. The effect of salinity on nanoﬂuid viscosity is shown in Figure
3.7b-e; the viscosity of the nanoﬂuids slightly reduced at 1 wt% NaCl (Figure 3.7c).
Further increase in NaCl concentration did not significantly decrease nanoﬂuid viscosity
(Figure 3.7d and e).
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Figure 3.7. Viscosity measured for freshly prepared (1st day) PN and SPN nanofluids as a function of salinity [(a: 0-5 wt% NaCl) and (b: 0, c: 1,
d: 3, e: 5 wt% NaCl), respectively] at ambient conditions.
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At low shear rates, the marginal change in viscosity might be due to fresh preparation (1st
day) of the nanoﬂuids, where NP settlement did not occur. However, this was not
observed at high shear rates at which the nanoﬂuids exhibited significantly different
viscosity and shear thinning behavior. For SPN-0.15+3 and SPN-0.15+5, the viscosity
decreased significantly at high shear rates, and shear thinning behavior dominated. The
effect of salt (NaCl) on nanoﬂuid (5000 ppm SiO2/5000 ppm PAM) viscosity was also
investigated by Maurya and Mandal [92] reported that the viscosity of silica nanoﬂuid
decreased from ~47 cp (50,000 ppm NaCl) to ~ 6 cp. (250,000 ppm NaCl) at shear rate
of 20 s-1. Hence, this study confirmed that the effect of higher degree of formation salinity
is more detrimental to ﬂow properties of silica nanoﬂuid. However, in this chapter, it is
established that the synergistic effect of surfactant and NPs offered improved rheological
behavior by delaying the NPs settlement in nanoﬂuid. The effect of salinity was least on
SPN-2 which showed not only almost similar viscosity trends with increase in shear rate
but also least shear thinning for all NaCl concentrations. The NP clusters were larger in
SPN-0.15 (Table 2); moreover, agglomeration significantly increased with increasing salt
concentration. Thus, the deformation of these NP clusters under the action of high shear
forces is reﬂected by sharp shear thinning as evident in Figure 3.7d and (e). The
deformation rate in SPN-2 was lower due to the smaller NP clusters, and the resulting
nanoﬂuid structure remained more ordered as evident from insignificant change in shear
thinning behavior, whereas it was moderate for SPN-1. Thus, the results indicate that, by
using SDS (>CMC), a rheologically stable silica nanoﬂuid can be formulated which is
effective in saline environments.
Time dependent viscosity measurements are provided in Figure 3.8. When
viscosity measurements were repeated after 15 days, PN nanoﬂuid (with 3 wt% and 5
wt% NaCl) had lost most of the viscosity values as shown in Figure 3.8a. The viscosity
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of SPN-0.15 without NaCl on the first day was 0.056 Pa.s and altered less after 15 days
(0.051 Pa.s at 4.24 s-1) (Figure 3.8b). However, this viscosity significantly changed with
increasing NaCl concentration; thus viscosity decreased by 69% at 5 wt% NaCl after a
total storage period of 15 days (SPN-0.15+5, Figure 3.8e). Since NP settlement in SPN0.15+5 was higher at high salinity, the nanoﬂuid phase hardly contained NPs to affect the
viscosity and consequently shear thinning was suppressed, Figure 3.8a and e. Increasing
SDS concentration reduced the effect of NaCl and increased viscosity and shear thinning
again in SPN-1 and SPN-2 (1 and 2 wt% SDS). When compared to SPN-1, SPN-2 had
improved viscosity and shear thinning behavior and showed least inﬂuence of NaCl.
Therefore, the viscosity was measured 0.035 Pa s (at 4.24 s-1) in SPN-2+3; and, reduced
by only 18% at 3 wt% NaCl concentration whereas it reduced by 23% for SPN-1+3. In
addition, trend of shear thinning changed less for SPN-2 up to 3 wt% NaCl, Figure 3.7d.
Thus, the rheology of SPN-0.15, which deteriorated in the saline environment, improved
in the presence of an anionic surfactant (SDS, 2 wt% > CMC), and the salt tolerance of
the nanoﬂuids increased. Generally, salts (after dissolution in water) dissociate into their
ions and these ions tend to screen the surface charges on dispersed NPs, leading to
colloidal instability followed by agglomeration [148]. Consequently, salt reduces the
electrical repulsive forces acting between NPs in the stable nanoﬂuid; and NP
agglomeration in a nanoﬂuid thus increases with increasing salt concentration [178]. This
increased agglomeration leads to the formation of large NP clusters, which settle
prematurely and destabilize the nanoﬂuid. Unstable nanoﬂuid, however, exhibits
significant loss in ﬂow properties; e.g. viscosity [92]. Thus, the rheological stability of a
nanoﬂuid has an inverse relationship with salinity, and therefore, SDS coated silica NPs
in the nanoﬂuid may be a suitable method for highly saline reservoirs.
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Figure 3.8. Viscosity results of PN and SPN nanofluids (after 15 days) as a function of salinity [(a: 0-5 wt% NaCl) and (b: 0, c: 1, d: 3, e: 5 wt%
NaCl), respectively] at ambient conditions.
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3.3.6.2 Frequency-sweep results
Non-Newtonian ﬂuids such as nanoﬂuids are viscoelastic due to the presence of
a storage (Gꞌ) and loss modulus (Gꞌꞌ) [64]. This viscoelasticity can be interpreted by
frequency-sweep analysis [62]. The angular-frequency data of the PN nanoﬂuid was
measured on different days (1st and 15th day) as a function of NaCl concentration (0–5
wt%) and the results are provided in Figure 3.8. All PN nanoﬂuids exhibited higher loss
modulus (Gꞌꞌ) than storage modulus (Gꞌ) with no crossovers. This indicated that viscous
nature dominates over the elastic nature. The inclusion of salt, reduced the storage and
loss modulus of the PN nanoﬂuids, similar to the trend observed in the values on
viscosity. Most viscoelastic loss was observed with the addition of 5 wt% NaCl, where
Gꞌꞌ reduced by a factor of ~54% while Gꞌ reduced by ~70% (Figure 3.9a–d). Since PN
nanoﬂuid with 5 wt% NaCl exhibited almost no NPs after 15 days, viscoelastic response
was measured minimum for this composition. Without salt, PN nanoﬂuid had only a
minor fall of 8% and 7% in Gꞌ and Gꞌꞌ values over the period of 15 days, respectively
(Figure 3.9e). Thus, freshly prepared nanoﬂuids (SPN-0.15 and SPN-2) exhibited
different behavior; former exhibited an almost elastic nature, while latter showed
viscoelastic behavior. Figure 3.10 shows moduli vs. frequency results for SPN-0.15 and
SPN-2 nanoﬂuids as a function of salinity (up to 5 wt% NaCl) and time (1st and 15th day).
On the 1st day, it was observed that the nanoﬂuids exhibited viscoelasticity due to the
presence of both moduli and a cross-over point between Gꞌ and Gꞌꞌ [179]. Gꞌ and Gꞌꞌ values
of SPN-2 were slightly lower than the ones of SPN-0.15; Gꞌ and Gꞌꞌ values for SPN-0.15
were measured as 1.33 and 1.25 Pa (at 2.12 rad.s-1), respectively, while these values for
SPN-2 were 0.91 and 0.65 Pa, respectively Figure 3.9a). The slight reduction in moduli
of SPN-2 is credited to the presence of a high SDS amount (2 wt%), consistent with
viscosity results of SPN-2, see above. The elastic nature of SPN-2 shifted towards viscous
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behavior at a low frequency (9 rad.s-1). However, SPN-0.15 elasticity dominated, and a
cross-over was hardly evident at low frequency (1.5 rad.s-1) in Figure 3.10a. When NaCl
was added, these nanoﬂuids exhibited different changes in rheological behavior (Figure
3.10b-d). For SPN-0.15, Gꞌ and Gꞌꞌ reduced significantly with increasing NaCl
concentration to a minimum (Gꞌ: 0.36 Pa and Gꞌꞌ: 0.45 Pa, cross-over at 35 rad.s-1) for
SPN-0.15+5. However, Gꞌ and Gꞌꞌ values for SPN-2 did not decrease much, even at 5
wt% NaCl. For SPN-2+5, Gꞌ and Gꞌꞌ values were measured as 0.74 and 0.54 Pa,
respectively, with cross-over at 39 rad.s-1. This indicates that viscoelasticity of SPN-0.15
is relatively more sensitive to saline environments as evident from the greater loss in
moduli (Gꞌ and Gꞌꞌ) for NaCl concentration above 1 wt%. The reason of greater variation
in viscoelasticity of SPN-0.15 is due to enhanced NP agglomeration that deteriorated the
viscoelastic response of the nanoﬂuid (Figure 3.10c and d). In SPN-2, with increasing
NaCl concentration, NP agglomeration was suppressed due to additional micelles; thus
SPN-2 showed only less changes in viscoelastic properties. This is attributed to SDS that
reduced the effect of ionic strength and maintained the structure of NPs in SPN-2.
Figure 3.10e-h shows the time dependent viscoelastic response of SPN-0.15 and
SPN-2. Since NP settlement increased with time, SPN-0.15 viscoelastic response after 15
days converted to liquid-like as shown by the dominating Gꞌꞌ over the complete frequency
range (Figure 3.10e). Furthermore, NP settlement increased in presence of NaCl, thus
SPN-0.15 showed more liquid-like behavior as evident from the significant decrease in
Gꞌ. Gꞌ decreased from 0.86 Pa (SPN-0.15) to 0.13 Pa (SPN-0.15+5), and no cross-over
was observed for the entire salinity range tested. Gꞌ decreased from 1.09 Pa (SPN-0.15)
to 0.23 Pa (SPN-0.15+5) due to settlement of NPs in result showing liquid-like behavior.
However, the viscoelastic response of SPN-2 was relatively stable with a clear cross-over
between Gꞌ and Gꞌꞌ up to 3 wt% NaCl.
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Figure 3.9. Effect of salinity (a and e; 0: b and f; 1: c and g; 3: d and h; 5 wt% NaCl) on the viscoelastic response (Gꞌ and Gꞌꞌ vs. frequency) of PN
nanofluid on different days of preparation (1st and 15th day).
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Figure 3.10. Effect of salinity (a and e; 0: b and f; 1: c and g; 3: d and h; 5 wt% NaCl) on the viscoelastic response (Gꞌ and Gꞌꞌ vs. frequency results)
of the various nanofluids on different days of preparation (1st and 15th day).
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Since NP settlement in SPN-2 was lower, Gꞌ and Gꞌꞌ values after 15 days
decreased less; Gꞌ and Gꞌꞌ for SPN-2 were 0.65 and 0.77 Pa (at 2.12 rad.s-1), respectively
(Figure 3.10e. These values further decreased to only 0.5 and 0.62 Pa for SPN-2+3
(Figure 3.10g). At low frequencies, SPN-2+3 showed liquid-like behavior which
converted to solid-like at an intermediate cross-over frequency of 15 rad.s-1 (Figure
3.10g). With further increase in NaCl concentration, the viscoelastic response of SPN-2
completely converted to liquid-like at 5 wt% NaCl (Figure 3.10h, SPN-2+5) and no crossover was seen; while Gꞌ decreased to a minimum of 0.44 Pa for SPN-2+5. Generally,
settlement of NPs in nanoﬂuid is a well-known phenomenon, by virtue of which it
changes the rheological properties of nanoﬂuid [62]. Settlement is more serious at higher
salinity [180,181] as the surface charge of NPs is screened-out by salt ions (zeta potential
of nanoﬂuid was around 47 mV which reduced to -25.2 mV for a pH value of 5, Table
3.2). The surface charge of NPs provides sufficient repulsion to keep dispersed NPs in
suspension without causing agglomeration [181]. Salinity reduced this repulsion and
increased agglomeration, therefore the nanoﬂuids exhibited greater variation in
rheological properties. Thus, it is clear that there is an optimum salinity for nanoﬂuid
stability, somewhat similar to what is found with surfactant-based formulations [182]. In
case of SPN-2, the upper optimum salinity (3–5 wt%) increased as SDS provided
additional surface charges to prevent NPs from agglomeration (zeta potential of SPN2+3 was higher than for SPN-0.15+3, Table 3.2). Salinity thus had significant effect on
nanoﬂuid rheology and this effect was significantly reduced through synergism of SDS
and NPs.
3.3.7 EOR experiments
EOR experimental set-up consisted of syringe pump (100DX, Teledyne ISCO,
USA), ﬂuid accumulators, sand-pack holder with heating jacket (D-CAM Engineering,
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India), and oil collection ﬂask. The sand pack prepared in this study was 14.50 cm in
length and 2.54 cm of diameter. Sand of size 200–380 μm was properly cleaned using
saline solution of 1 wt% NaCl followed by drying in an oven for 72 h. A series of sandpacks were prepared using manual ramming [183] and the petro-physical properties (viz.,
porosity, permeability, and initial water saturation) of sand-packs are provided in Table
3.4. The crude oil viscosity was determined as 4.2 mPa.s at 60 °C. In several studies based
on EOR, the ﬂow rate used is 20 ml/h [11,20,183,184]. The corresponding ﬂux rate of
the injection was 39 l/h/m2 which was obtained by dividing the ﬂow rate (20 ml/h) by the
area of sand-face (5.07 cm2). Mechanistically, the ﬂow rate for ﬂooding experiments is
kept low to ensure maximum ﬂuid contact in pore throats of porous media. For EOR
experiments, a standard method is adapted [11,20,183,185], which reports 1 pore volume
(PV) of water injection followed by slug (nanoﬂuid in this case) injection of 0.5 PV and
finally chase water ﬂooding of 1.5 PV.
Table 3.4. Physical properties of sand-pack used for oil recovery experiments.

Sandpack
dimension

D = 2.54
cm
L= 14.50
cm

Sandpack
flood

Pore
volume
(ml)

Porosity
(%)

Swi
(%)

Water

23.97

32.55

PN

22.96

SPN0.15

Permeability (md)
Kabs (Sw =1)

Ko (Swi)

28.01

781

522

31.94

29.06

724

512

23.88

32.51

31.05

909

619

SPN0.15+1

22.37

30.46

28.06

697

521

SPN0.15+3

23.22

31.67

30.91

783

519

SPN-1+3

22.17

30.18

30.01

887

517

SPN-2+3

23.01

31.33

31.01

897

691

*D = diameter, L = length, Swi = initial water saturation
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3.3.7.1 Pressure drop results
The reading of pressure drop were performed using the pressure transducer which
came inbuilt with the sand-pack ﬂooding unit. The standard uncertainty of the pressure
transducer was ±5%. Figure 3.11 shows the typical pressure drop profiles of injected
solutions in sequence; water (W) → slug (S) → chase water (CW). First, ﬂooding
experiment was performed with only water throughout the entire injection cycle of 3 PV.
For water injection, the pressure drop remained minimal and its value was reported to be
around 1 psi (Figure 3.11a). Next, ﬂooding experiment was performed with nanoﬂuid
(SPN-0.15) where pressure drop significantly increased to 3.7 psi followed by
progressive drop to 0.75 psi during chase water ﬂooding (1.5 PV) as shown in Figure
3.11a. The increased pressured drop for SPN-0.15 was due to viscous nature of nanoﬂuid
than water which is good for oil recovery applications with nanoﬂuid. However, salinity
significantly affected the pressure drop of nanoﬂuid SPN-0.15 as a result, its value
decreased to 2.2 psi for 3 wt% NaCl as shown in Figure 3.11b. Lower values of pressure
were recorded during chase water ﬂooding than primary water injection as during chase
water ﬂooding, most of the pore throats were already open and relatively lower amount
of crude was being mobilized along with high amount of water. However, during primary
water injection, higher oil cut was obtained along with less amount of water being
produced. Since oil is more viscous than water, it is expected that a greater backpressure
is generated during the primary water injection (0.95–1.2 psi) as compared to chase water
ﬂooding (0.75–0.9 psi). Since NP concentration from the suspension reduced with
increasing salinity, the most of the NPs settled which reduced the viscous component of
nanoﬂuid resulting pressure drop decreased as shown in Figure 3.11b. This is attributed
to quick destabilization of nanoﬂuid in saline environment.
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*W= Water, S=Slug, CW= Chase water

Figure 3.11: Pressure drop profiles during injection of water (W), nanofluid slug (S), and
chase water (CW) for flooding experiments (a) without salinity, (b) with 1 and 3 wt%
salinity (NaCl), and (c) with higher SDS concentration (> CMC e.g. 1 and 2 wt%) at
constant salinity of 3 wt%.
Moreover, with increasing concentration of surfactant (1 and 2 wt%), nanoﬂuid
pressure drop increased to 2.8 (SPN-1+3) and 3.2 psi (SPN-2+3), respectively, as evident
from Figure 3.11c. This is of key importance for the enhanced applicability of nanoﬂuid
in saline environment. The credit is attributed to the inclusion of surfactant that increased
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salt tolerance capability of nanoﬂuid by reducing the effect of screening-out of salt ions.
Thus, this study confirms the role of surfactant on stabilizing colloidal solutions for oil
recovery applications in saline environment.
3.3.7.2 Oil recovery results
Figure 3.12 shows the oil recovery results for water and different nanoﬂuids with
and without salinity. For water (3 PV), the oil recovery from sand-pack did not increase
45% of original oil in place (OOIP) throughout the entire ﬂooding experiment as shown
in Figure 3.12a. However, an additional oil recovery was achieved during the injection
of slug (SPN-0.15, 0.5 PV) as a result, total oil recovery reaches to ~ 58% of OOIP
(Figure 3.12a). The improvement in oil recovery using silica nanoﬂuid is well established
in the [20,21,185]. Mechanistically, the inclusion of NPs does not directly impact the
crude oil viscosity. However, they (NPs) help in mobilizing additional oil on injection
due to a combination of recovery mechanisms including rheological modification of
injected ﬂuid [20], application of disjoining pressure on crude oil edges [50], IFT
reduction and wettability alteration [87]. The total oil recovery of SPN-0.15 reduced to
52 and 48% OOIP in presence of salinity (1 and 3 wt%), respectively (Figure 3.12b),
which is in line with pressure drop results of SPN-0.15+1 and SPN-0.15+3 (Figure
3.11b). Sandstone mainly consists of quartz, feldspar, and clays and SDS micelles are
tended to adsorb on quartz surface of the sandstone [186]. Rock adsorption will reduce
the amount of surfactant micelles, required to create IFT reduction and mobilize the crude
oil. Consequently, it will increase the requirement of surfactant to compensate its dilution.
The surfactant adsorption on quartz surface can be reduced by creating a layer of similar
charge that micelles possess resulting it will repel the SDS micelles and these micelles
move forward to reduce IFT of crude oil.
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*W= Water, S=Slug, CW= Chase water

Figure 3.12: Oil recovery results for ﬂooding experiments (a) without salinity, (b) with 1
and 3 wt% salinity (NaCl), and (c) with higher SDS concentration (>CMC e.g. 1 and 2
wt%) at constant salinity of 3 wt%.
The inclusion of NPs can decrease the surfactant adsorption and thereby
increasing the oil recovery in sandstone media [153]. However, salinity is detrimental to
this scheme as salt ions tend to screen the charge of distributed NPs resulting NPs
sediment and become ineffective for the process. The favorable effect of increasing SDS
concentration (>CMC) on oil recovery results is shown in Figure 3.12c for saline
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environment of 3 wt%. For SPN-1+3 and SPN-2+3, the total oil recovery was measured
as 53 and 55% OOIP, respectively, which is higher than the one of SPN-0.15+3. The
reason for improved oil recovery is credited to SDS that helped to reduce the effect of
salt ions by increasing the electrostatic potential of dispersed NPs. Also at high salinity,
IFT will be on lower side [187]. However, IFT variation with salinity differs. For
example, Rostami et al. [187] found that IFT of crude oil was minimum in the salinity
range of 1–2 wt% NaCl resulting oil recovery associated with this salinity range remained
higher than other NaCl concentrations. With further NaCl increase (>2 wt%), the
optimum salinity of EOR left behind and overall IFT again increases due to salting-out
effect. As a result, cations concentrate near the oil-water interface and the water
molecules were no longer able to support the charges of both ions and asphaltenes [187].
Similar results were observed for the oil recovery experiments where 1 wt% NaCl yielded
oil recovery of 52% OOIP which reduced to 48% OOIP at 3 wt% NaCl. It indicates that
IFT of crude oil was minimum for 1 wt% NaCl and as a result, a higher oil recovery was
obtained. However, further inclusion of salt (3 wt%) reduced the IFT change caused by
NP-surfactant synergy. Therefore, this chapter reports that controlling surfactant amount
may make nanoﬂuid a suitable candidate for low to intermediate salinities (1–3 wt%) of
oil recovery applications where conventional ﬂuid fails to perform. In addition, the
comparison of current work with reported studies is presented in Table 3.5 where oil
results of 55–58% OOIP is in accordance with reported oil results of other systems.
In nanofluid formulation, the concentration of SiO2 NP was kept constant as 0.5
wt% while salinity was varied up to 5 wt% NaCl. Surfactant SDS of CMC value was
used and found significant improvement in nanofluid stability with time. In addition,
additional oil recovery was achieved during the injection of SPN-0.15 (0.5 PV) as a result,
total oil recovery reached to 58% OOIP (Fig. 3.10a) without saline media. The oil
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recovery reduced in saline environment of 1 and 3 wt% NaCl. Therefore, SDS
concentration was increased to 2 wt% and it was observed that oil recovery improved to
55% OOIP for 3 wt% NaCl (SPN-2+3). The improvement in oil production was higher
than that obtained at lower concentration of SDS for saline environment. Thus, it is
expected that nanofluid formulation of 2 wt% SDS is specifically favorable for saline
environment which can curtail the impact of salinity and make this recipe economically
feasible for oil production from saline reservoirs.
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Table 3.5. Comparison of different colloidal systems for enhanced oil recovery (EOR) applications.

Study

Base
fluid

NPs
(wt%)

Oil type/
viscosity

Porous media/
consolidation

Permeability

Oil recovery
(% OOIP)

[188]

DI Water

Al2O3
(0.001-1.0)

Heavy oil/ 20
mPa.s (298K)

Sandstone/
unconsolidated

1000 md

56%

[20]

DI Water

SiO2 (0.5-2.0)

SDS (0.14) / 0.5 PV

Sandstone/
unconsolidated

700-900 md

60%

Sandstone/ consolidated

98-200 md

41.8%

Quartz Sand/
unconsolidated

0.67-0.69 µm2

56%

TWIN 20 (0.74)/ 0.251 PV

Medium oil / 22.8
cp
Heavy oil/ 41.2
mPa.s (298 K)
Crude oil/1.7
mPa.s
Heavy oil / 169 cp
(373 K)

[189]

Brine

TiO2
(10-500) ppm

SDS, CTAB,
TX-100 (0.3)/ 3 PV

[46]

DI Water

SiO2 (0.1-0.5)

SDS (0.2)/ 0.3 PV

[32]

DI water

SiO2 (2.0-4.0)

Micromodel

0.4 µm2

48%

[42]

Brine

SiO2
(0.01-0.5)

--/ upto 5 PV

Medium oil

Sandstone/ consolidated

280-587 md

66.4%

[190]

Brine

SiO2 (0.25)

SDS (1.0)/ 1 PV

Heavy oil/ 26
mPa.s (298 K)

Micromodel

0.44 µm2

52%

[191]

Brine

Silica
(97.5 ppm)

BS (120 ppm)/ 1 PV

Crude oil/ 242 cp
(298 K)

Carbonate/ consolidated

14.5 md

53.4%

SiO2 (0.5)

SDS (0.15 -2.0) /
0.5 PV

Crude oil / 4.2
mPa.s (333 K)

620-790 md

55-58%

Present
DI water
Study

Surfactant
(wt%)/ PV injected
Sodium 4-alkyl2ylbenzenesulfonate
(0.05)/ 5 PV
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Sand stone of saline
media/ unconsolidated

3.4 Additional studies
3.4.1 Interfacial tension study of crude oil-nanofluid and effect of salinity
In this study, IFT between crude oil and nanofluid was measured by a
digital tensiometer (K9, KRÜSS GmbH, Germany), based on Wilhelmy plate method.
IFT measurement rating of equipment lies in the range of 1-999 mN/m with a resolution
of 0.1 mN/m [192]. All experiments were repeated thrice to produce repeatability in
results with an uncertainty of 0.5-4%. Before each measurement, Wilhelmy plate was
prudently cleaned with toluene and dried using an air blower to avoid error in the results.
In oilfield, a reduction in IFT is recommended for enhanced production of oil and
similarly, an increase in IFT results in a reduction in oil recovery. IFT value was
measured to be 9.8 mN/m for PN (nanofluid of 1000 ppm PAM and 0.5 wt% SiO2), 7.95
mN/m for SPN-0.15 (nanofluid of 0.15 wt% SDS, 1000 ppm PAM, and 0.5 wt% SiO2),
6 mN/m for SPN-1 (nanofluid of 1 wt% SDS, 1000 ppm PAM, and 0.5 wt% SiO2), and
6 mN/m for SPN-2 (nanofluid of 2 wt% SDS, 1000 ppm PAM, and 0.5 wt% SiO2) as
shown in Figure 3.13a.

Figure 3.13. Interfacial tension (IFT) measurements of crude oil and formulated nanofluid
(a) without salinity and (b) with salinity of 5 wt% NaCl.
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Further, the effect of reservoir salinity on IFT measurement between crude oil and
nanofluid was studied. IFT values increased in the presence of reservoir salinity of 5 wt%
NaCl and reached to 18 mN/m for PN, 14 mN/m for SPN-0.15, 11.1 mN/m for SPN-1,
and 10 mN/m for SPN-2 as shown in Figure 3.13b. Generally, reservoir salinity consists
of complex ions which screen-out the surface charge of dispersed NPs within nanofluid
and produce severe agglomeration. As a result, NPs settle down faster as shown in Figure
3.1. This might be the possible reason of IFT increase for nanofluid at a salinity of 5 wt%
NaCl, which also reduces the oil recovery as shown in Figure 3.12.

3.4.2 Thermogravimetric Analysis (TGA)
TGA was used to study the mass-loss of sample against temperature which is
linked with the thermal stability of nanofluids [22], i.e. PN, SPN-0.15, SPN-1, and SPN2. An instrument called STA 1100 (LINSEIS) was used for TGA. For mass-loss study of
nanofluids, TGA was performed from ambient temperature to 200 °C at a rate of 10
°C/min [22].
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Figure 3.14. Thermogravimetric analysis of formulated nanofluid (PN, SPN-0.15, SPN1, and SPN-2).
All the experiments were conducted under a nitrogen atmosphere and the results
are provided in Figure 3.14. Nanofluid samples exhibited percentage mass-loss of 97%
for PN, 95.2% for SPN-0.15, 93.6% for SPN-1, and 93.1% for SPN-2 after 100 °C. It
indicates that the SPN-1 and SPN-2 nanofluids showed maximum thermal stability as
compare to PN and SPN-0.15 nanofluids which is suitable for oil recovery applications.
The pour point of crude oil used in this study was 37 °C. Thus, the flooding experiments
were performed at 50 °C, which is in the range of stable regime of thermal stability.
3.4.3 Adsorption of surfactant on sandstone
Adsorption experiments were conducted to understand the rate of SDS adsorption
on sand grain as high adsorption reduces surfactant amount in solution resulting IFT value
of crude oil is least reduced. Nanofluids were used to reduce the rate of SDS adsorption
so that more SDS will be available for IFT reduction of crude oil. In this method, first,
absorbance value (A1) was measured for fresh surfactant solution (0.15 wt% SDS) and
nanofluids viz. SPN-0.15, SPN-1, and SPN-2 (Table 3.6).
Table 3.6. Adsorption data of surfactant with and without NPs on sandstone.

Samples

Absorbance
(A1)

Absorbance
(A2)

Day-1

Day-15

Particles
present in
the
solution
(wt%)

Particles
adsorbed
on rock
surface
(wt%)

%
adsorption

SDS

2.8

0.4

0.02

0.13

86

SPN-0.15

4.4

2.2

0.33

0.32

49

SPN-1

4.7

3.4

1.1

0.4

26

SPN-2

4.9

3.2

1.6

0.9

36
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Then, each solution (SDS solution and nanofluids) was transferred to a
measuring cylinder filled with constant amount of sand followed by aging period of 15
d. After, 15 d, 5 ml of nanofluid and SDS solution was carefully transferred to a beaker
and sonicated for 15 minutes followed by UV absorbance to determine A2. Based on the
difference between A1 and A2, the severity of SDS adsorption was measured [192]. For
SDS solution, surfactant adsorption of 86% was determined while nanofluids i.e., SPN0.15, SPN-1, and SPN-2 suggested adsorption value of 49%, 26%, and 36%, respectively.
Thus, NP inclusion was advantageous as it reduced surfactant adsorption significantly for
nanofluids.
3.4.4 Water cut study of flooding experiments
Water cut study was initially performed for nanofluid sample viz., SPN-0.15.
Then, the effect of salinity such as 1 wt% (SPN-0.15+1) and 3 wt% NaCl (SPN-0.15+3)
was investigated (Figure 3.15).

Figure 3.15. Effect of salinity on water cut obtained during injection of flood systems
after the injection of 0.5 PV chemical slug.
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The maximum reduction (80%) in water cut was determined for SPN-0.15 where
oil production reached to highest level of 58% OOIP. With 1 and 3 wt% NaCl, water cut
increased to 91 (SPN-0.15+1) and 92% (SPN-0.15+3) resulting oil recovery reduced by
6 and 10%, respectively. Further, additional surfactant SDS was used to curtail the effect
of salinity and water cut was determined for SPN-1 and SPN-2 in the presence of 3 wt%
NaCl. With increase in surfactant concentration, water cut reduced to 84% (SPN-1+3)
and 85% (SPN-2+3) and consequently, oil recovery increased to 53 and 55% OOIP,
respectively

3.5 Conclusions
The applicability of nanoﬂuid in agriculture, biomedical, pharmaceutical, water
treatment, oilfield, and other areas of colloidal science is affected by the saline
environment because salinity decreases the electrostatic repulsion of charged NPs and as
a result, NPs agglomerate [193]; which thus limits the applicability of any NP based
suspension. In this work, anionic surfactant viz., SDS was used to improve the application
range of silica nanoﬂuids (nanoparticle size ~15 nm; 0.5 wt% concentration) in saline
environments, while PAM was used as a viscosifier [as nanoﬂuid preparation in water
was associated with premature NP settlement [20,21,62]]. Salinity impact on SDS+0.15
nanoﬂuid was detrimental resulting its stability significantly reduced from 35 days to 5
days and 1 day in presence of 3 and 5 wt% NaCl. This helps to visualize that PAM based
advanced nanomaterials (e.g. silica nanoﬂuid) cannot be a suitable agent for saline
conditions unless some co-stabilizer is included. Without NaCl, the dispersion stability
was 4 weeks, which further increased to 7 weeks in presence of high SDS concentration
(2 wt %). The reason for this increased dispersion stability is attributed to SDS enhancing
electrostatic repulsion between NPs as demonstrated by ζ-potential (DLS study)
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[21,27,62,182]. SDS also reduced the rate of NP agglomeration; as a result, the reduced
NP size favored dispersion stability. Furthermore, nanoﬂuid prepared at CMC was highly
sensitive to saline environments; as a result, dispersion stability, viscosity, and Gꞌ reduced
to a minimum of 1 day, 0.015 Pa.s, and 0.13 Pa. Thus, the nanoﬂuid prepared at CMC
was rheologically unstable in saline environments; viscoelastic behavior completely
changed to liquid-like at 5 wt% NaCl with no sign of cross-over over the entire range of
frequency. It was observed that CMC value of surfactants is expected to vary in saline
conditions, which can help engineers to pre-design the surfactant amount for complex
saline conditions. With addition of 2 wt% SDS (SPN-2+3), the stability of SPN-0.15
nanoﬂuid can be increased by 20 days for saline conditions of 3 wt% NaCl. This indicates
that nanoﬂuid can work for saline conditions and its applicability for complex salinity
can be increased by optimizing the concentration of surfactant. However, rheological
behavior of SPN-2 was least affected by increasing salinity. Therefore, with SPN-2,
cumulative oil recovery of 55% OOIP was achieved for saline environment of 3 wt%
NaCl where SPN-0.15 provided only 48% OOIP. Thus, by controlling the amount of
anionic surfactant in system, the application range of silica nanoﬂuid can be extended
from low to intermediate salinity (3 wt%), which is noticeable from improved dispersion
stability, rheological properties, and cumulative oil recovery results of this chapter. When
oil recovery experiments were performed in porous consolidated and unconsolidated
media using 4 wt% NaCl, a higher amount of oil was recovered using surfactantnanoﬂuid solutions greater than both surfactant and nanoﬂuid solutions. Surfactant
adsorption also reduced due to NP presence which makes surfactant-nanoﬂuid
combination a viable option for the oil recovery from moderate saline conditions.
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Chapter 4
Comparative effectiveness of thermal stability and rheological
properties of nanofluid of SiO2–TiO2 nanocomposites for oil field
applications

Abstract
Thermal stability is becoming a barrier for silica nanofluid use at high
temperatures in several industrial applications including oil fields. Homoagglomeration
of SiO2 nanoparticles (NPs), which leads to premature sedimentation of large NP clusters,
is one of the reasons for the loss in thermal stability. However, this can be improved by
incorporating a thermally conductive co-stabilizer, which not only reduces the
homoagglomeration of SiO2 −SiO2 NPs but also improves their rheological properties.
Thus, this chapter reports the use of titania (TiO2 ) NPs in improving the thermal stability
and rheological properties of silica nanofluids for high-temperature applications. TiO2
concentration was kept low and constant (0.1 wt %), whereas the SiO2 concentration was
varied from 0.1 to 1.0 wt %. In nanofluid synthesis, water soluble partially hydrolyzed
polyacrylamide of 1000 ppm is used as a viscosity enhancer. Different techniques such
as visual inspection, dynamic light scattering, ultraviolet−visible (UV−vis) spectroscopy,
thermogravimetric analysis, and field emission scanning electron microscopy were used
to characterize nanofluids. The thermal stability and rheological properties of HS
nanofluids were not only affected by agglomeration and high temperature but also
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showed least dispersion (45 days). TiO2 inclusion controlled the rate of
homoagglomeration in silica nanofluids, resulting in SiO2−TiO2 nanocomposites of least
size, and better dispersion (71 days) and thermal stability (only 78% mass loss) were
observed in HTS nanofluids. Thus, thermally stable silica nanofluids of improved flow
behavior are proposed for oil field applications where conventional nanofluids may find
limitations. Finally, the enhanced oil recovery potential of silica nanofluids is studied and
compared with the ones of silica and titania at real oil field conditions of high temperature
(90 °C) and saline environment of 5 wt% NaCl. The oil recovery potential of conventional
silica nanofluids increased by 12% original oil in place, with the inclusion of 0.1 wt%
TiO2 in the system.
4.1 Introduction
Colloidal suspensions, the rheologically improved fluids, are typically prepared
by the uniform dispersion of colloids [nanoparticles (NPs)] in base fluids such as oil,
water, glycol, and polymeric solutions. Various colloidal particles such as alumina [129],
copper oxide [171], zinc oxide [121], graphene [194], titania [24], and silica [20,21] have
been explored in several industrial applications such as metal industry [195,196], cement
industry [197], wastewater treatment [198,199], pharmaceutical [200], physiology
(hemorheology) [201], and food processing [202]. NPs possess intrinsic properties such
as high surface-to-volume ratio, high surface energy, and superficial thermal and
electrical conductivities, which make them better surface active agents than conventional
surfactants. In oil fields, the use of conventional surfactants is associated with surfactant
adsorption during their injection in porous and permeable reservoirs [20,203]. The
surfactant adsorption reduces its concentration required to create the interfacial tension
(IFT) reduction of crude oil. This affects the efficacy of surfactant based enhanced oil
recovery (EOR) projects and crude mobilization from the reservoir. The surfactant
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adsorption on rock surfaces can be significantly reduced by surface active agents such as
NPs [20,203,204], that adsorb on the rock surface and create a layer of charge opposite
to that of the surfactant molecules. In oil fields, therefore, nanofluids (interdisciplinary
nanomaterials) prepared by silica NPs have been extensively explored [205–208]. Within
a nanofluid, NPs are suspended in a base fluid through electrostatic repulsive forces,
resulting in the development of a supermolecular fluid network that enhances the
rheological properties of the fluid system [27,62]. However, long-term dispersion
stability and less NP agglomeration are the prerequisites for the rheological stability of a
colloidal solution such as a nanofluid [125].
The synthesis of a silica nanofluid in water has shown unsuccessful results
because of the premature NP settlement, which significantly affected the viscosity,
storage modulus (Gꞌ), and loss modulus (G″) of the silica nanofluid [62,92]. A dispersion
stability of only 48 h was determined for water-based silica nanofluids, where particle
agglomeration followed by sedimentation were regarded as the prime reason for their
least stability [128]. Because of the premature settlement, their usage for hightemperature applications has not been found favorable; the nanofluid (silica NPs in water)
kinematic viscosity (at a constant shear rate of 1 s-1) of ∼1.3, 1.4, and 1.45 cSt at 10 °C
reduced to 0.7, 0.72, and 0.75 cSt at 40 °C for 0.1, 0.5, and 1.0 wt % SiO2, respectively
[209]. Therefore, it becomes very important to improve the stability of water-based silica
nanofluids, as reduced NP agglomeration would increase their usage for a longer period.
High-molecular-weight water soluble polymers such as partially hydrolyzed
polyacrylamides (HPAMs) are the simplest form of acrylamides with a molecular weight
of 2 × 107 Da, and they are often used in oil field practices as viscosity enhancers. HPAMs
offer several advantages over conventional methods such as conformance control in
fractures [210], water leak-off [211], and EOR [212]. In addition, the improved
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rheological behavior of HPAM-based polymeric solutions has been appreciated in
emulsions [213], drug delivery [214], and EOR [215]. Moreover, being a thickening
agent, HPAM increases the viscosity of the base fluid, which curbs the effect of NP
sedimentation within a nanofluid [215]. Generally, a stable nanofluid exhibits less
agglomeration and sedimentation [216]. Xian et al.[216] reviewed the preparation
methodology, stability techniques, and thermal properties of hybrid nanofluids in various
heat transfer applications and found that the most common techniques used for stability
analysis were visual inspection, UV−vis spectroscopy, and zeta-potential measurement.
Thus, it is established that the composites used in order to prepare hybrid nanofluids are
more stable for thermal applications [216,217]. Khashi’ie et al.[217] studied that the flow
behavior of a hybrid nanofluid (Cu−Al2O3/water) was better than the one prepared using
sole NPs. Furthermore, Aman et al.[218] examined hybrid Cu−Al2O3 nanofluids for the
accuracy in flow, where the hybrid nanofluid was least affected by the uncertainty in the
flow behavior. Ali et al.[219] recently formulated hybrid nanofluids of carbon nanotubes
and silica in pure hydraulic oil and studied the rheological behavior of these nanofluids
for damper applications.
Mechanistically, a non-agglomerated nanofluid is subjected to remain
rheologically stable during storage at oil field sites, and thus it shows no change in
viscosity. Although silica nanofluids are stable in polymeric solutions [21,27,34], harsh
conditions such as high temperature can limit their applicability because of the variation
in rheological properties [220]. Therefore, thermal stability is a prerequisite for nanofluid
usage at high temperature applications on which we focus here. Several reports confirmed
that TiO2 is a thermally conductive NP [221–223], which may be useful to reduce the
impact of high temperature on the rheological properties of silica nanofluids. In addition,
TiO2 NPs are more stable because of the high zeta-potential as compared to silica NPs,
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which has been found favorable to improve the rheological properties of silica nanofluids
[62]. Dirken et al.[224] developed oxide materials of titania and silica using the sol−gel
technique. The developed oxide materials of mixed titania−silica were thermally stable,
as the Ti−O−Si linkage persisted heat treatment up to 600 °C. Hakki et al.[225]
highlighted the favorable effects of chemical bonding between SiO2 and TiO2 for photocatalytic applications. Another study investigated the nanocomposites of SiO2 and TiO2
and the structural changes of these nanocomposites when these films were heat-treated at
100 °C for 1 h [226].
Thermal stability with EOR methods becomes a challenge as we move deeper to
extract more oil from high-temperature conditions. As the thermal stability with the
existing EOR methods is significantly low, designing novel fluids can be of key
importance to meet future energy demands, which is expected to increase by 60% in
2030. Silica nanofluid, an advanced nanomaterial, has received significant interest in
EOR applications because of its positive impacts on the reservoir properties such as
wettability alteration [20], IFT reduction [21], displacement efficiency [227], and
permeability modification [75]. However, the mechanism related to the effect of thermal
degradation on the rheological properties of silica nanofluids is not established much in
the literature; nevertheless, it is important to find suitable nanocomposites of reduced
size/agglomeration and improved rheological properties to be applicable for complex
shear flow conditions. There is a clear scope to design a stable nanofluid which not only
exhibits the least agglomeration but also possesses a better thermal stability for hightemperature EOR applications, a new and emerging area of colloid application in oil field
science. Thus, a novel synthesis of nanofluids consisting of SiO2 and TiO2 in a thick
aqueous phase of 1000 ppm HPAM was proposed. The use of TiO2 in oil field
applications is recommended for low concentrations such as 0.05 and 0.1 wt %,5 and the
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same is adopted here. For nanofluids, rheological stability was examined via viscosity
and viscoelastic (Gꞌ and G″) measurements, that is, strain−sweep and frequency−sweep
analyses at different temperatures (25 and 90 °C).
4.2 Materials and Methods
4.2.1 Materials
Deionized (DI) water (electrical conductivity ∼ 0.0054 mS/cm) was used to
prepare the HPAM solution and nanofluids. HPAM (molecular weight = 2 × 107 Da,
purity > 90%, and degree of hydrolysis = 25 mol %) was supplied from SNF Floerger,
India, which was used to prepare 1000 ppm HPAM solution as the base fluid. A magnetic
stirrer (Tarsons, India) of varying speed (1−1200 rpm) was used to homogenize the
aqueous solutions. Hydrophilic NPs viz. silica (SiO2) of size 15 nm with purity 99.5%
and titania (TiO2) of size 20 nm with purity 99% were used as supplied from Sisco
Research Laboratories (SRL), India. A digital weighing balance (Mettler Toledo) was
used to weigh samples. A high-speed mixer (USHA, India) of varying speed
(5000−15,000 rpm) was used for the uniform mixing of NPs in the HPAM solution. All
the formulated nanofluid samples were sonicated using a digitally controlled
ultrasonication unit at a frequency of 25 kHz. The detailed composition of the prepared
nanofluids and their nomenclature used throughout the study are given in Table 4.1.
4.2.2 Preparation of HPAM Solution and Nanofluid
Figure 4.1 shows the schematic for the preparation of a polymeric solution and
nanofluids. HPAM of constant concentration of 1 g was added to 1000 mL of DI water,
followed by stirring at a speed of 400 rpm for 8−10 h using a magnetic stirrer [20,62].
The temperature was kept constant at ambient temperature during the stirring of the
HPAM solution. The prepared 1000 ppm HPAM solution was then used for the
preparation of nanofluids using a two-step method. The required amount of HPAM
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solution was measured in a measuring cylinder and weighed before transferring into the
container of a high-speed mixer.

Figure 4.1. Schematic showing the preparation of 1000 ppm HPAM solution and
nanofluids using silica and titania NPs in base fluid of HPAM.
To prepare the silica nanofluids (HS), SiO2 NPs (concentration = 0.1, 0.5, and 1.0 wt %)
were added to the HPAM solution and mixed together for 0.5 h using the high-speed
mixer at 10,000 rpm. The nanofluids prepared using 0.1, 0.5, and 1.0 wt % SiO2 in 1000
ppm HPAM were named as HS0.1, HS0.5, and HS1 nanofluids (Table 1). To prepare sole
titania nanofluid, TiO2 NPs (0.1 wt %) were added to 1000 ppm HPAM, and the same
procedure was adopted to prepare the HT0.1 nanofluid. For HTS nanofluids, 0.1 wt %
TiO2 was added to different silica nanofluids (HS), followed by a homogeneous stirring
for another 15 min at 10,000 rpm. The compositional details of the HTS nanofluids with
their nomenclature are provided in Table 4.1. Finally, all nanofluids (HS, HT, and HTS)
were sonicated to obtain a uniform NP distribution in the nanofluids.
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Table 4.1. Composition, Nomenclature, and DLS Measurements of the Synthesized
Nanofluids

DLS measurements
Base
fluid

Nanoparticles

--

silica

titania
HPAM
solution

silica
and
titania

Nomenclature
Avg. particle
size
(nm) (% error)

zetapotential
(mV)
(% error)

--

--

362 (± 1.6)

-38.2 (± 1.8)

419 (± 1.9)

-41.0 (± 0.7)

520 (± 3.5)

-43.7 (± 2.5)

307 (± 0.4)

-51.8 (± 0.5)

357 (± 1.5)

-43.1 (± 1.6)

HTS0.5

395 (± 1.7)

-49.7 (± 1.1)

HTS1

441 (± 2.9)

-57.8 (± 1.3)

HPAM

0.1 wt%
SiO2

HS0.1

0.5 wt%
SiO2

HS0.5

1.0 wt%
SiO2

HS1

0.1 wt%
TiO2

HT0.1

0.1 wt%
TiO2
+
0.1 wt%
SiO2

HTS0.1

0.1 wt%
TiO2
+
0.5 wt%
SiO2
0.1 wt%
TiO2
+
1.0 wt%
SiO2

HS

HT

HTS
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4.2.3 Characterization of Nanofluids
4.2.3.1 Visual Appearance of Nanofluids
After preparation, the nanofluids were kept undisturbed in a transparent vessel
and visually analyzed to observe the changes (phase separation and sedimentation) in
their appearance. The visual appearance of the formulated nanofluids was also checked
at high temperatures, for which the nanofluids were kept in a laboratory oven
(temperature range ∼ ambient to 250 °C) at 90 °C and regularly monitored for phase
separation with time. The images of the nanofluids were regularly captured to quantify
the NP settlement in them.
4.2.3.2 DLS Study of Nanofluids
Dynamic light scattering (DLS)-based size distribution and the zeta-potential of
nanofluids were measured using a Zetasizer (Nano series, Malvern Instrument, UK).
These measurements were performed at ambient temperature just after the sonication of
the nanofluids. Before each measurement, the cuvette/cell was prudently cleaned with a
laboratory-grade reagent and dried using an air dryer to avoid contamination within
samples.
4.2.3.3 UV−Vis Spectroscopy Analysis
The nanofluids (HS, HT, and HTS) were investigated for stability using a UV−vis
3200 (Lab India) spectrophotometer. All these experiments were conducted at ambient
temperature, with a 1 nm/s scan rate over the wavelength range of 190−1100 nm. A 3−4
mL of the nanofluid sample was taken in an experimental quartz cuvette which was
loaded in a UV apparatus for measurements. Before each measurement, the cuvette was
cleaned using DI water, followed by drying using an air blower to avoid contamination
during analysis.
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4.2.3.4 Morphological Analysis of NPs Using FESEM.
The surface morphology of the suspended silica and titania NPs in the nanofluids
was examined using the field emission scanning electron microscopy (FESEM)
technique. Nova NanoSEM was utilized for this purpose. After the preparation of
nanofluids, a single drop of nanofluid was poured on a microscopic glass slide of 1 cm2.
The slide containing the nanofluid was then placed in an oven at 35 °C to remove the
moisture from the nanofluid, as required for the FESEM analysis. After drying, the
samples were mounted on a holder (stub) and gold-coated before performing the
morphological analysis in the FESEM apparatus.
4.2.3.5 Thermogravimetric Analysis
To understand the thermal stability of HPAM and the nanofluids (HS, HT, and
HTS), thermogravimetric analysis (TGA) was conducted using STA 1100 (LINSEIS).
TGA is used to study the mass loss of sample against temperature [228]. For the mass
loss study of nanofluids, TGA was performed from ambient temperature to 200 °C at a
rate of 10 °C/min. All the experiments were conducted under nitrogen atmosphere, and
12 mg of fresh nanofluid sample was used for each experiment.
4.2.3.6 Rheological Measurements of Nanofluids
Rheological measurements were performed using a compact rheometer (MCR52,
Anton Paar, Austria) for shear and oscillatory modes; the viscosity and viscoelastic
properties (storage modulus = Gꞌ and loss modulus = G″) of nanofluids were measured at
different temperatures (25 and 90 °C) [62,228,229]. For the shear study, viscosity and
yield stress measurements were conducted by varying the shear rate from 1 to 1000 s-1 at
different temperatures. The viscoelastic properties (Gꞌ and G″) of nanofluids were
measured using the strain−sweep analysis (amplitude response) at a constant frequency
of 10 rad·s-1, where strain was varied from 1 to 100%. Frequency−sweep analysis

120

(frequency response) was performed at a constant amplitude of 10% with a varying
angular frequency of 1−100 rad·s-1. Before each measurement, the rheometer parts,
namely the bob and cup, were prudently cleaned using DI water and dried using an air
dryer.
4.3 Results and Discussion
First, the visual appearance images of nanofluids at different temperatures (25 and
90 °C) are presented to quantify phase separation (an instability issue) within nanofluids.
DLS measurements were conducted to determine the size distribution and zeta-potential
of NPs, which directly relate to the dispersion stability of the nanofluid. UV−vis
spectroscopy analysis was performed for HPAM and nanofluids (HS, HT, and HTS) and
suitably compared to understand the nanofluid stability via absorbance. FESEM and TGA
results were simultaneously obtained and discussed. Finally, the effect of high
temperature on the rheological properties of nanofluids (viscosity and viscoelastic
properties) is presented. To determine the uncertainty, each set of measurements was
conducted five times to calculate the maximum % error in results.
4.3.1 Nanofluid Stability at High Temperatures
As silica NPs were solid particulates, they tended to settle with time under
gravitational action, and the resulting nanofluid may show phase separation [21,62,226].
Thus, nanofluids are metastable colloidal solutions, where the NP settlement increases
with an increasing agglomeration between NPs. Agglomeration results in the
development of large-sized NP clusters that settle faster than sole NPs and reduces the
dispersion stability of the nanofluid. In addition, because of the large-sized clusters, the
reservoir conditions such as small-sized pore throats produce much more difficulty to
access the maximum outreach of nanofluids in oil field applications. Therefore, it is
important to visualize the stability of NPs dispersed in colloidal suspensions. The details
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of silica nanofluids, prepared using different chemicals, are provided in Table 4.2. In the
synthesis of nanofluids, the use of chemicals such as brine, xanthan gum (XG),
polyacrylamide (PAM), and polyvinyl alcohol (PVA) has been primarily investigated in
previous studies, as shown in Table 4.2.
Table 4.2. Stability of Silica Nanofluid Formulation of Different Base Fluids in Previous
Literature
S.
No.

Base
fluid

NP
(concentration)

Stability
(d)

Preparation method

Reference

20

Electrostatic
stabilization by
anionic surfactant
(SDS, SDBS, Oleic
Acid)

[230]

10

Electrostatic
stabilization using
Xanthan Gum (XG)

[21]

[20]

1.

Brine

ZnO
(0.1 wt%)

2.

5000
ppm
XG

SiO2
(0.1-0.5 wt%)

3.

1000
ppm
PAM

SiO2
(0.5-2.0 wt%)

30

Electrostatic
stabilization by SDS
and PAM

4.

1000
ppm
PAM

SiO2
(0.5 wt%)

42

Electrostatic
stabilization by NPs
TiO2 and PAM

[62]

5.

1000
ppm
PAM

SiO2
(0.1-1 wt%)

28-42

Electrostatic
stabilization using
PAM

[167]

6.

10000
ppm
PVA

SiO2
0.5 wt%

30

Electrostatic
stabilization in
presence of CO2

[50]

7.

1000
ppm
PAM

SiO2
(0.1-1 wt%)

> 60

Single-step stober
method was
performed using
PAM

[31]

8.

1000
ppm
HPAM

SiO2
(0.5-1.0 wt %)

70

Electrostatic
stabilization using
TiO2 NPs

This study
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Several nanofluids have been synthesized, such as silica nanofluid in water [128], ZnO
nanofluid in brine [230], and silica nanofluid in XG solution [21], for flow behavior and
oil recovery applications. The use of PAM in the synthesis of nanofluids of SiO2 NPs is
explored in our previous studies [20,50,62,167]. It was found that PAM significantly
improved the dispersion stability of the nanofluids, and as a result, these nanofluids
exhibited total dispersion stability between 1 and 2 months [20,50,62,167]. In addition,
the use of TiO2 NP (as a co-stabilizer) is also investigated to reduce the
homoagglomeration of SiO2 NPs [62], which rendered extremely stable nanofluids of
dispersion stability of 42 d. A similar study was conducted by Nguele et al.[31], who
synthesized a silica nanofluid (1 g SiO2) in a base solution of PVA (10000 ppm). It was
found that PVA helped to improve the thermal stability of the silica nanofluid, and the
resulting nanofluid exhibited dispersion stability of 30 days at 55 °C. Thus, a high
molecular-weight chemical (polymer) is useful for the enhancement of thermal stability
of silica nanofluids. Thus, HPAM of 1000 ppm was used as a viscosity enhancer, as the
nanofluid preparation in water was unsuccessful [62]. Visual appearance images of the
nanofluids at 25 and 90 °C are shown in Figure 4.2. Figure 4.2a represents the fresh
images of nanofluids at 25 °C. The nanofluids of silica NPs (HS0.1, HS0.5 and HS1), titania
NPs (HT0.1), and silica−titania nanocomposites (HTS0.1, HTS0.5, and HTS1) were milky
at the time of preparation. The visual appearance images of all nanofluids at 90 °C after
a storage period of 7 days are shown in Figure 4.2b. At 90 °C, the dispersion stability of
the nanofluids significantly decreased, and the resulting HS nanofluids exhibited
settlement within 5−6 days. The HT nanofluid had a total dispersion stability of 11 days,
and HTS nanofluids (HTS0.1, HTS0.5, and HTS1) showed a complete settlement after 15,
19, and 29 days, respectively. Increasing the temperature leads to chain scission in HPAM
polymers [231,232]; as a result, the crosslinks of the chain network around the NPs
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probably compromised, and the NPs showed a faster sedimentation within the nanofluid.
However, it was observed that the silica NP settlement in HS nanofluids was relatively
faster, which made HS nanofluids unsuitable to be applicable for high temperature
conditions. Titania NPs showed a higher dispersion stability at 90 °C, and the sign of the
first phase change within the HT nanofluid delayed, indicating its preference for thermal
applications. Titania use for oil field applications is recommended low, such as 0.1 wt
%.5 Therefore, the constant amount of 0.1 wt % was chosen in HTS nanofluids,
exhibiting varying concentrations of SiO2 (0.1, 0.5, and 1 wt %). Thus, TiO2 helped to
improve the dispersion stability of HTS nanofluids at 90 °C. The reason might be
attributed to titania NPs that rearranged in the fluid network links and formed a molecular
structure of reduced homoagglomeration between the SiO2−SiO2 NPs [62]. It is to be
noted here that the dispersion stability of HS nanofluids can be restored using TiO2 NPs,
where temperature becomes a limiting factor. Therefore, the size of NP clusters in HTS
nanofluids is expected to be lower than that in HS nanofluids. However, the dispersion
stability analysis using visual appearance is only a qualitative method, and thus, for better
assurance, the use of principal methods, viz., DLS and UV−vis spectroscopy, is required.

Figure 4.2. Visual appearance images of (a) freshly prepared nanofluid samples at 25
°C and (b) nanofluid samples after storage time of 7 days at 90 °C.
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4.3.2 DLS Measurements of Nanofluids
DLS measurements of all nanofluids (HS, HT, and HTS) were performed at
ambient temperature just after the preparation of nanofluids, to avoid the possibility of
sedimentation. The results of DLS study (intensity-weighted size distribution and zetapotential) along with sensitivity analysis (uncertainty data) are presented in Table 4.1.
The errors in DLS measurements were found to be ±0.05−3 and 0.5−5% for the size
distribution and zeta potential results, respectively. NPs used in this study were of smaller
size (silica ∼ 15 nm; titania ∼ 20 nm), whereas, during preparation, nanofluids exhibited
a larger size, as confirmed by the DLS measurements. Thus, the average size of NPs in
HS nanofluids was 362 (HS0.1), 419 (HS0.5), and 520 nm (HS1), whereas it was 307 nm
for the HT0.1 nanofluid (Table 1). This confirms the formation of large NP clusters within
nanofluids. In addition, it is to be noted here that the rate of agglomeration in HS
nanofluids was higher than that in HT nanofluids, as evident from the size data, consistent
with the visual appearance observations of these nanofluids. Within the nanofluid, NPs
agglomerate to minimize their surface energies, and the formation of large-sized NP
clusters is the result of NP−NP agglomeration [20,21,62]. Therefore, nanofluids exhibited
faster sedimentation. Interestingly, the inclusion of TiO2 in HS nanofluids was found
favorable, and the resulting nanocomposites of SiO2 −TiO2 in HTS nanofluids were of
smaller size than the ones of HS nanofluids. The average size of HTS nanofluids was
measured to be 357, 395, and 441 nm for HTS0.1, HTS0.5, and HTS1, respectively. It might
be possible that the presence of TiO2 reduces the homoagglomeration of two similar SiO2
NPs [62], which decreases the size of NP clusters in HTS nanofluids, as demonstrated by
DLS results. Thus, for silica nanofluids, the anti-agglomeration property of TiO2 (as a
co-stabilizer) was found favorable to address the challenges of agglomeration at high
subsurface conditions. In literature different other additives is used for reducing the
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agglomeration of silica nanofluids [20,23,62,164,166,233]. However, the use of
surfactants for real condition formations is associated with surfactant precipitation, which
employs severe retention in the subsurface reservoir and limits the efficacy of nanofluids
[234]. Therefore, TiO2 (as a co-stabilizer) can be a suitable additive to stabilize silica
nanofluids, and simultaneously, its use will be free from the above-said challenges.
However, TiO2 has not received significant attention in enhancing the properties of silica
nanofluids, but it has the potential to reduce the agglomeration of silica NPs and improve
their rheological properties via thermal bridging between SiO2 and TiO2. The use of TiO2
is now receiving attention because of its enhanced properties than conventional fluids,
which is likely to offer several advantages in oil recovery applications. Therefore, for
improving the properties of conventional silica nanofluids, this chapter focused on the
use of TiO2. In addition, reduction in homoagglomeration will increase the overall
population of particles in the system; consequently, it increases the electrostatic repulsion
between NPs, and a nanofluid of better colloidal stability is achieved.
Zeta-potential measurements were conducted to confirm the stability of the
formulated nanofluids (HS, HT, and HTS), and these results are also provided in Table
4.1. It was observed that the zeta-potential values of the HS0.1, HS0.5, and HS1 nanofluids
were −38.2, −41, and −43.7 mV, respectively. The zeta-potential value greater than ±30
mV is referred for stable colloidal solutions [27,104], and HS nanofluids exhibited these
values, higher than the permissible limit. Thus, HS nanofluids were stable colloidal
solutions, whereas the HT nanofluid was more stable as the zeta-potential value for HT0.1
was −51.8 mV. This confirms that the HT0.1 nanofluid was better stabilized (improved
electrostatic repulsion) than HS nanofluids, which is credited to the reduced size of NP
clusters as compared to the ones in HS nanofluids. Further, the inclusion of TiO2 in HS
nanofluids increased the zeta-potential values, and HTS nanofluids were reported with

126

the zeta potential values of −43.1, −49.7, and −57.8 mV for HTS0.1, HTS0.5, and HTS1,
respectively. These values are higher than the zeta-potential values of HS nanofluids,
which suggest that TiO2 inclusion in HS nanofluids was favorable to improve the
dispersion stability, rate of agglomeration, and the size of dispersed NPs. The schematic
showing the development of SiO2−TiO2 nanocomposites in HTS nanofluids is also
proposed in Figure 4.1. These results suggest that the applicability of silica nanofluids in
oil field applications can be enhanced by the inclusion of a co-stabilizer such as TiO2 that
not only improves the colloidal stability but also reduces the size of nanocomposites,
which are good for the nanofluid injection in low-sized pore throats, where conventional
silica nanofluids of higher sizes may show blockage and challenges.
4.3.3 UV−Vis Spectroscopy Analysis
The stability of nanofluids can be analyzed using UV−vis spectroscopy, where
the high absorbance value of the spectrum shows uniform and populated NP distribution,
whereas less absorbance value will signify less populated nanofluids [62]. For the
nanofluids (HS, HT, and HTS), UV−vis spectroscopy results are shown in Figure 4.3.
The maximum error of ±4% was measured for UV−vis spectroscopy analysis. The
absorbance peak for all nanofluids was observed at a wavelength of ∼250 nm, and no
peak was obtained for the HPAM solution. The absorbance value of 2.3, 2.6, and 2.7 was
measured for HS0.1, HS0.5, and HS1 nanofluids, respectively. Now, it is clear from Figure
4.3 that the increasing concentration of NP increases the absorbency because of more
population of NPs in the nanofluid body, which is favorable for good dispersion
stability[62]. The absorbance value for the HT nanofluid (HT0.1) was found to be 3.2,
which was higher than the absorbance values of the HS nanofluids.
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Figure 4.3. Effect of TiO2 NP on UV-vis spectrum of different silica nanofluids at
ambient conditions.
As TiO2 NPs exhibited less agglomeration, more surface area of NPs was
available for absorbance. Therefore, the HT0.1 nanofluid was a populated nanofluid,
though it had less concentration of particles than the HS1 nanofluid. This is in accordance
with the zeta-potential results of the HT0.1 nanofluid. Moreover, the nanocomposites
developed by the silica and titania NPs in the HTS nanofluids showed more absorbance
of 3.7, 4.0, and 4.6 for HTS0.1, HTS0.5, and HTS1, respectively. The higher absorbance
value for the HTS nanofluids is attributed to the less agglomerated SiO2 −TiO2
nanocomposites that possess a higher surface area to absorb rays than the ones of HS
nanofluids [62].
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4.3.4 Morphological Analysis of Nanofluids
The physical structures of silica and titania NPs within a nanofluid were
envisaged using FESEM analysis, and these images for HS0.1 and HT0.1 nanofluids are
shown in Figure 4.4.

Figure 4.4. FESEM results to show morphology of agglomerated SiO2 and TiO2 NPs in
HS0.1 and HT0.1 nanofluids, respectively, at 25 oC.
The morphological images of SiO2 and TiO2 NPs shown in Figure 4.4 were
recorded at 10 kV. The individual size of SiO2 and TiO2 NPs used in this study was 15
and 20 nm; it is clear that NPs agglomerate during nanofluid preparation. Therefore,
largesized clusters can be seen in Figure 4.4a, consistent with the size distribution results
of DLS analysis in Section 4.3.2. Similar to HS0.1, TiO2 NPs also showed agglomeration
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in the HT0.1 nanofluid, as shown in Figure 4.4b. In addition, it is clear from the FESEM
images that the size of TiO2 clusters in HT0.1 is lesser than the size of SiO2 clusters in the
HS0.1 nanofluid.
4.3.5 TGA of Nanofluids
TGA is a technique used to study the thermal stability of a sample. All nanofluids
showed 78−97% of initial mass loss at 100 °C, and above this temperature, negligible
mass loss was observed, as shown in Figure 4.5.

Figure 4.5. Thermo-gravimetric analysis (TGA) to understand thermal stability of HPAM
solution and all nanofluids viz. HS, HT, and HTS. Mass loss percentage of HTS based
nanofluids is lower than the ones of HS nanofluids.
The TGA results exhibited uncertainty of 0.05−1%. It was observed that the
HPAM solution (1000 ppm) exhibited the least thermal stability, resulting in ∼97% mass
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loss, whereas nanofluids showed lower mass losses (see Figure 4.5). This indicates that
NP addition improved the thermal stability of HPAM, which makes the usage of polymer
methods favorable at high-temperature applications. In addition, it is clear from Figure
4.5 that increasing SiO2 concentration reduced the mass loss in HS nanofluids, and ∼93%
mass loss was determined for HS1, lower than the mass loss of HS0.1 (∼96%). TGA of
HPAM with silica NPs was also given by Kang et al.[235]. They studied HPAM with
modified silica NPs and observed 85% weight loss at 145 °C, which was due to the
interaction between HPAM and the modified silica NPs. The mass loss of HS nanofluids
further improved in the presence of TiO2 NPs (0.1 wt %), and as a result, HTS1 showed
a minimum mass loss of ∼78%. The enhancement in the thermal stability of silica
nanofluids is credited to TiO2 that helped to reduce the temperature dependency of HS
nanofluids; therefore, HTS nanofluids can be utilized for a wide range of thermal
applications, where HS nanofluids may find limitations.
4.3.6 Rheological Characterization of Nanofluids
4.3.6.1 Temperature Effect on Viscosity of Nanofluids
The rheological behavior of a nanofluid is subjected to vary because of the
changes in NP agglomeration, settlement, and concentration [21,62,226,236], which
disturb the physical structure and deteriorate the rheological properties of the nanofluid.
Of the rheological properties, viscosity, as the prime component, is noteworthy for the
oil field application of nanofluids [237,238]. The temperature effect on rheological
properties is equally important for the nanofluid use in real oil field under high
temperature conditions. In this chapter, the viscosities of HPAM and nanofluids (HS, HT,
and HTS) were measured at 25, 50, and 90 °C, and the results are shown in Figure 4.6.
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Figure 4.6. Effect of shear deformation on viscosity and shear thinning properties of
nanofluids at different temperature: (a-c) 25 °C; (d-f) 50 °C; (g-i) 90 °C.
The uncertainty of ±0.5−6% was found with the viscosity results of nanofluids. The zeroshear viscosity of HPAM without NPs was measured to be ∼24.5 Pa· s (at 1.0 s-1) at 25
°C. The value of viscosity decreases with the increasing shear rate (Figure 4.6a), which
is a clear indication of the shear thinning behavior in the HPAM solution, consistent with
the effect of shear deformation on polymer viscosity in the literature [62,226]. It was
observed that the viscosity of silica nanofluids (HS) was slightly higher, and its value
was determined as 27.79, 31.77, and 35.13 Pa·s for HS0.1, HS0.5, and HS1, respectively,
as shown in Figure 4.6b. The inclusion of solid NPs in the base fluid increases the
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viscosity of the fluid system.23 Therefore, the viscosity value of 35.13 Pa·s for HS1 was
the result of higher NP concentration (1 wt %) than the NP concentrations (0.1 and 0.5
wt %) in HS0.1 and HS0.5. For the HT0.1 nanofluid, the zero-shear viscosity was measured
as 29.13 Pa·s (Figure 4.6c), higher than the viscosity of the HS0.1 nanofluid. Being a more
surface-active NP than silica, TiO2 exhibited stable dispersion within the nanofluid body,
which helped to improve its viscosity [62]. It is also to be noted here that shear-thinning
in HS and HT nanofluids was better than that in the HPAM solution, indicating that
nanofluid properties are susceptible to be less affected by shear deformation. This is
evident from Figure 4.6a−c, where the nanofluids showed almost plateau in viscosity
over most of the shear rates than the HPAM solution. In nanofluids, non-Newtonian
shear-thinning ends very early (below 10 s-1), whereas HPAM showed an extended nonNewtonian behavior till the shear rate of ∼80 s-1 (Figure 4.6a). This clearly indicates that
nanofluids can be more applicable for varying shear flow conditions, and thus it can offer
a stable viscosity for a wide range of industrial shear rates than the polymer methods.
Next, a better rheological response (viscosity and shear-thinning) was obtained for the
nanocomposites of silica (0.1−1 wt %) and titania NPs (0.1 wt %) in HTS nanofluids.
The viscosity for the HTS0.1, HTS0.5, and HTS1 nanofluids significantly increased to
36.87, 40.71, and 42.31 Pa·s, respectively, higher than the viscosity value of HS
nanofluids (see Figure 4.6c). Non Newtonian shear-thinning was almost negligible, as
viscosity after 4 s-1 showed almost plateau till 1000 s-1. This can be credited to TiO2 that
improved the rheological response of conventional silica nanofluids. Thus, the viscosity
results clearly indicate that the HTS nanofluid applicability for complex shear flow
conditions is favorably recommended than conventional silica nanofluids. Therefore, the
HTS nanofluid can be a suitable choice for unconventional rocks, where low pore throats
seriously affect the nanofluid properties [237].
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The increase in temperature significantly reduces the zero shear viscosity of the
HPAM solution, and its value reaches 14.41 Pa·s at 50 °C, whereas it further reduces to
6.8 Pa·s at 90 °C, as shown in Figure 4.6d,g. The temperature is found to be detrimental
for the viscosity of the HPAM solution, and it creates 72.2% reduction at 90 °C. The
reason is attributed to the chain scission of the HPAM polymer at a high temperature
[239]; as a result, it now showed a non-Newtonian shear-thinning behavior over the entire
range of shear rates. Thus, simple HPAM methods are not suitable for high temperature
applications. Similar results were obtained for HS nanofluids; viscosity significantly
decreased with increasing temperature. The zero-shear viscosity was measured to be
22.95, 25.86, and 28.25 Pa.s for HS0.1, HS0.5, and HS1, respectively, at 50 °C, as shown
in Figure 4.6e. At 90 °C, the values were reduced to 8.87, 15.03, and 21.12 Pa.s,
respectively. Thus, the viscosity of HS0.1reduced by 68% at 90 °C, whereas HS0.5 and
HS1 exhibited viscosity reductions of 52.7 and 39.9%, respectively. The reduction in
viscosity with temperature generally occurs because of the disintegration of
nanocomposites from the polymer chain networks [227], which made an eventual release
of SiO2 NPs from the HPAM networks. The released NPs were free to settle, and
therefore HS nanofluids exhibited faster settlement at a high temperature, consistent with
the dispersion stability results at 90 °C (Figure 4.2). Because of the settlement, the
nanofluid almost behaved as the HPAM solution, and thus the viscosity trends of HS
nanofluids at 50 and 90 °C were similar to the viscosity trends of the HPAM solution in
Figure 4.6e,h. Thus, the rheological response of HS nanofluids was significantly affected
by temperature, consistent with the thermal stability results of these nanofluids in Figure
4.5. It is to be noted here that the increasing temperature also increased the nonNewtonian shear-thinning in HS nanofluids, which also concurs with the settlement of
SiO2 NPs at high temperatures. Therefore, their shear-thinning was similar to the shear-
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thinning of the HPAM solution. The zero-shear viscosity of the HT0.1 nanofluid was
measured as 27.29 and 22.33 Pa.s at 50 and 90 °C, respectively (Figure 4.6f,i). The
rheological response of the HT nanofluid for thermal applications is better as the viscosity
values still showed plateau after ∼25 and ∼80 s-1 for 50 and 90 °C (Figure 4.6f,i),
respectively, which almost disappeared from the HS nanofluids at 90 °C (Figure 4.6h).
The increase in temperature typically increases the Brownian motion between NPs; as a
result, the NPs come in contact and agglomerate.6 A colloidal solution exhibits shearthinning till the agglomerated NP structures break by the applied shear rate, and once the
NPs re-dispersed back in the suspension, shear-thinning drops and the solution behaves
like a Newtonian fluid, with a negligible change in viscosity. This has probably occurred
only with the HT0.1 nanofluid, and shear-thinning ends at ∼80 s-1 at 90 °C, which was
measured to be ∼10 and ∼4 s-1 at 50 and 25 °C, respectively. Thus, TiO2 (as compared
to SiO2) improved the thermal stability of the HPAM methods. The viscosity results of
HTS nanofluids at different temperatures are shown in Figure 4.6. It can be inferred that
the TiO2 addition increased the viscosity to 34.78, 37.62, and 39.26 Pa·s for HTS0.1,
HTS0.5, and HTS1 nanofluids, respectively, at 25 °C, as shown in Figure 4.6c. The
viscosity of HTS nanofluids slightly decreased with increasing temperature, and at 90 °C,
it was measured to be 24.76, 26.47, and 28.1 Pa·s for HTS0.1, HTS0.5, and HTS1,
respectively. Thus, at 90 °C, the viscosity of HTS1 reduced by ∼28.4%, lesser than the
one of the HS1 nanofluid (39.9%) at 90 °C. This is remarkable for the thermal application
of silica nanofluids. It is also clear from Figure 4.6c,f,i that the non-Newtonian shear
thinning of HTS nanofluids did not change much with the increasing temperature, which
indicates that TiO2 (being a different NP) helped to reduce the homoagglomeration
between SiO2−SiO2 NPs [240]. Nanocomposites of SiO2−TiO2 were uniformly dispersed
at each temperature, without showing signs of agglomeration followed by settlement. As
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a result, the shear-thinning trends remained almost similar at each temperature. At 90 °C,
the non-Newtonian shear thinning of HTS nanofluids disappeared early at a shear rate of
∼10 s-1, which was comparable to the one at 25 °C (Figure 4.6c). The disappearance of
shear-thinning also indicates that agglomeration was minimum in HTS nanofluids, and
this was the possible reason for the greater stability and minimum change in viscosity
values, plateau, and trends. Thus, HTS nanofluids showed a thermally stable rheological
response than HS nanofluids, strongly recommending their use in high temperature oil
field applications where temperature becomes a major concern for conventional methods.
4.3.6.2 Temperature Effect on the Viscoelastic Properties of Nanofluid
4.3.6.2.1 Strain−Sweep Analysis
Strain−sweep analysis (moduli vs strain amplitude) is typically conducted to
know about the viscoelastic properties of colloidal solutions: these solutions exhibit both
elastic (Gꞌ) and viscous (G″) components, and the component (elastic, viscous, and
viscoelastic) which signifies the flow behavior is vital for various industrial applications.
Even operating conditions such as high temperatures may change the viscoelasticity of
nanofluids at any point of strain amplitude [241]. Therefore, strain−sweep measurements
are important to know the exact flow behavior of nanofluids and the cause of the change
in behavior. Figure 4.7 and 4.8 show the strain−sweep measurements of HPAM and
nanofluids at 25 and 90 °C, respectively. To conduct these measurements, frequency of
10 rad· s-1 was used, as recommended in the literature [62]. It was observed that both
moduli (Gꞌ and G″) were present for all fluid systems at 25 °C. However, the elastic nature
dominated the flow behavior as Gꞌ remained always higher than G″ over the entire range
of amplitude. For the HPAM solution, the initial value of Gꞌ and G″ was measured as
∼2.2 and ∼1.6 Pa (at 2% strain), respectively. The moduli values for the strain amplitude
lower than 2% were not possible to measure due to the detection limit of the rheometer.
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Figure 4.7. Strain-sweep analysis, at constant frequency (10 rad.s-1), for viscoelastic response (Gꞌ and Gꞌꞌ) of (a) HPAM and formulated nanofluids:
(b-d) HS; (e) HT; and (f-h) HTS at 25 °C.
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Figure 4.8. Effect of high temperature (90 oC) on viscoelastic properties (Gꞌ and Gꞌꞌ) of (a) HPAM solution and formulated nanofluids: (b-d) HS;
(e) HT; and (f-h) HTS.
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In addition, Gꞌ and G″ values showed almost plateau over the entire range of amplitude
(Figure 4.7), indicating that the HPAM solution did not exhibit any colloidal structure to
be deformed by the applied strain. Gꞌ and G″ values progressively increased with the
increasing SiO2 concentration, and maximum values of Gꞌ (5.5 Pa) and G″ (3.8 Pa) were
obtained for the HS1 nanofluid, whereas these values for HS0.1 and HS0.5 were 3.2 and 1.5
and 4.3 and 3.6 Pa, respectively, at 25 °C [Figure 4.7b−d]. This is credited to the higher
NP concentration (1 wt %) in the HS1 nanofluid. Similar to the HPAM solution, the flow
behavior of nanofluids at 25 °C was dominated by the elastic nature, as Gꞌ was higher
than G″ over the entire range of the strain amplitude (Figure 4.7). In addition, it is to be
noted here that HS nanofluids showed a decrease in Gꞌ at a high strain, which is related
to the strain effect on the agglomerated SiO2 clusters. It can be inferred that the low strain
was not enough to unfold the structure of agglomerated SiO2 clusters, resulting in
unchanged Gꞌ. Therefore, the Gꞌ decrease at a high strain can be correlated with the
unfolding of SiO2 clusters. The strain−sweep analysis also confirms the presence of TiO2
clusters in the HT0.1 nanofluid; unfolding of TiO2 clusters at a high strain is evident by
the significant decrease in Gꞌ (elastic nature). For HTS nanofluids [Figure 4.7f−h], it is
clear that Gꞌ and Gꞌꞌ values were higher than the moduli values of other nanofluids, which
is the result of higher NP concentration (0.1 wt % TiO2 + 1.0 wt % SiO2) in suspension.
It is also to be noted here that the nanocomposites of HTS nanofluids were less
agglomerated colloids; as a result, strain (low/high) could not affect elasticity much, as
evident from the Gꞌ plateau in Figure 4.7f−h. Thus, the viscoelastic behavior of these
nanofluids is stable and does not depend on the magnitude of deformation, which is good
for their application in various (normal to complex) reservoir rocks.
The effect of high temperature (90 °C) on Gꞌ and G″ is shown in Figure 4.8. The
temperature effect on the viscoelastic properties is investigated to find the suitability of
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these fluids for thermal applications. There was a sudden fall in Gꞌ and G″ values of
HPAM at 90 °C; as a result, Gꞌ and G″ reached 0.9 and 0.25 (at 2% strain), respectively
(Figure 4.8a). Thus, for the HPAM solution, 59% loss in Gꞌ and 84% loss in G″ were
observed at 90 °C. In addition, Gꞌ and G″ values significantly decreased with increasing
strain, and the viscoelastic properties reached the minimum level (Gꞌ = 0.33 Pa and G″ =
0.16 Pa) at 100% (Figure 4.8a). Thus, the viscoelastic response of HPAM is significantly
affected by high temperature. Figure 4.8b−e shows the strain−sweep analysis of HS and
HT0.1 nanofluids at 90 °C. It can be seen that the viscoelastic response of these nanofluids
is also affected by high temperature. For HS nanofluids, Gꞌ decreased by 32, 30, and 43%
and G″ decreased by 66, 69, and 48% for HS0.1, HS0.5, and HS1, respectively. However,
the temperature effect on the HT0.1 nanofluid was less than that on HS nanofluids, and its
Gꞌ and G″ decreased by 29 and 59%, respectively, lower than the ones associated with
the HS nanofluids. It is also to be noted here that the Gꞌ drop with increasing strain is
higher at low NP concentrations (0.1 wt %), as evident from Figure 8b,e for the HS0.1 and
HT0.1 nanofluids, respectively. This might be due to the temperature effect on the aqueous
HPAM phase in these nanofluids. At 0.1 wt %, the aqueous component (HPAM) in
nanofluids was higher than the solid component (NP), and thus Gꞌ (elasticity) is probably
dominated by the elastic response of the HPAM phase. Therefore, at 90 °C, the Gꞌ
variation (with increasing strain) of these nanofluids (HS0.1 and HT0.1) is similar to the Gꞌ
trend of the HPAM solution. At a high NP concentration (HS1), temperature could not
affect the viscosity of the nanofluid much (Figure 84.d), which is in agreement with the
minimum drop in Gꞌ value over the entire range of strain. Similar results for the
viscoelastic response of HTS nanofluids were obtained at 90 °C, as shown in Figure
4.8f−h. Gꞌ of the HTS1 nanofluid was least affected by 90 °C, and the elastic nature is
reduced by only ∼5% at 2% strain. In addition, for HTS1, the Gꞌ and G″ trends did not
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vary much with the increasing strain amplitude. This indicates that TiO2 remarkably
improved the thermal stability of the HS1 nanofluid, as evident from Figure 4.8d,h. Thus,
TiO2 (0.1 wt%) use in the synthesis of silica nanofluids is highly recommended because
of the thermally stable viscoelastic response
4.3.6.2.2 Frequency−Sweep Analysis
Frequency−sweep analysis was carried out for the same fluid systems (HAPM
and nanofluids) at 25 and 90 °C, and the results are shown in Figure 4.9 and 10. To
perform the frequency-sweep analysis, angular frequency ranges from 1 to 100 rad.s-1
and a strain amplitude of 2% were used [64,242]. These results also showed the presence
of both the elastic and viscous nature in fluids. At 25 °C, the HPAM behavior is elastic
(1.3 Pa, at 2.12 rad.s-1), as shown by the dominating Gꞌ over the entire range of
frequencies explored (Figure 4.9a). Similarly, HS nanofluids were elastic in nature and
exhibited higher Gꞌ than G″ for all NP concentrations. Gꞌ at a higher NP concentration
(HS1) was higher than Gꞌ at a lower NP concentration (HS0.1) [243]. Gꞌ value of 4.1 Pa
(at 2.12 rad.s-1) was measured for the HS1 nanofluid, which is higher than 2.16 Pa for the
HS0.1 nanofluid. The increase in the viscoelastic properties of nanofluids is attributed to
the formation of supermolecular structures of NP and HPAM chains, which were
elastically stronger than the network of sole HPAM chains [244]. The formation of the
supermolecular structure within the nanofluid was also understood by size determination
using DLS analysis and absorbance using UV−vis analysis. The viscoelastic response of
the HT0.1 nanofluid is shown in Figure 4.9e. Similar to HS nanofluids, the HT0.1 nanofluid
also showed elastic nature and higher Gꞌ and G″ values than the HPAM solution, which
is also in agreement with the fact associated with the development of the NP structure
with HPAM. At 25 °C, the Gꞌ and G″ values for the HT0.1 nanofluid were 2.36 and 2.2
Pa, respectively, as shown in Figure 4.9e.
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Figure 4.9. Oscillatory based frequency-sweep analysis (strain amplitude = 2%) of (a) HPAM solution and nanofluids: (b-d) HS; (e) HT; and (fh) HTS at 25 °C.
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Figure 4.10. Impact of high temperature (90 oC) on viscoelastic properties (Gꞌ and Gꞌꞌ) of (a) HPAM solution and nanofluids: HS (b-d), HT (e)
and HTS (f-h) at 90 °C. Viscoelastic response of HTS1 is least temperature dependent than the one of HS nanofluids.
143

For HTS nanofluids, the Gꞌ and G″ values were found to be 3.44 (HTS0.1), 4.0 (HTS0.5),
and 5.21 Pa (HTS1) and 2.86 (HTS0.1), 3.3 (HTS0.5), and 4.92 Pa (HTS1), respectively,
higher than the Gꞌ and G″ values of the HS and HT nanofluids. Thus, the elastic property
of HTS nanofluids is stronger than the elastic property of HS nanofluids, and the credit
is given to TiO2 NPs that helped to make SiO2−TiO2 nanocomposites of greater elasticity
than SiO2 clusters.
Gꞌ and G″ profiles for HPAM and nanofluids at 90 °C are shown in Figure 4.10.
With increasing temperature, the elastic nature of HPAM significantly dropped as Gꞌ
became remarkably lower (0.26 Pa at 2.12 rad·s-1) than G″ (Figure 4.10a). G″ dominated
Gꞌ over the entire range of frequencies. This suggests that the elastic nature of HPAM
changed to viscous at 90 °C; a decrease of 80% in Gꞌ was determined. This confirms that
HPAM is not thermally stable, consistent with the strain−sweep and TGA results of
HPAM. As compared to HPAM, the viscoelastic response of HS nanofluids is better, as
Gꞌ and G″ values did not decrease much at 90 °C. For HS0.1, Gꞌ and G″ were measured as
0.56 and 0.96 Pa at 90 °C. For HS0.5 and HS1 nanofluids, these values were measured as
1.0 Pa (Gꞌ) and 0.64 Pa (G″) and 1.6 Pa (Gꞌ) and 0.68 Pa (G″), respectively. Thus, HS0.1
exhibited a greater decrease in viscoelastic properties than HS0.5 and HS1. This is because
of low NP concentration in the HS0.1 nanofluid, and therefore this nanofluid was
rheologically similar to the HPAM solution at 90 °C (Figure 4.10b). HS1 consisted of 1
wt % of SiO2 NPs (10 times higher than 0.1 wt %), and this nanofluid clearly showed the
NP role on the viscoelastic properties of HPAM at a high temperature. It is to be noted
here that the elastic nature of HS0.5 ends at 5.43 rad·s-1, whereas HS1 showed the viscous
nature after 29.5 rad·s-1. Thus, viscoelasticity of the HS1 nanofluid was least affected by
high temperatures; Gꞌ reduction was less, and the elastic nature extended for a longer
frequency (Figure 4.10d). The effect of high temperature was further least on the
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viscoelastic response of HTS nanofluids. These nanofluids exhibited elastic nature at 25
°C, which did not change at high temperatures (elastic over the entire frequency).
Moreover, at 90 °C, Gꞌ reduced by 63, 57, and 48% for HTS0.1, HTS0.5, and HTS1,
respectively.
4.3.7. Oil Recovery Results
Oil recovery experiments were performed to analyze the efficacy of nanofluids at
subsurface conditions. An EOR flooding apparatus consists of a syringe pump (100DX,
Teledyne ISCO, USA), accumulators, and a sand-pack holder with a heating jacket (DCAM Engineering, India). The sand pack used in this study was similar to the one used
in our previous studies on EOR [23,183]; fine clean sand (200−380 μm) was used to
prepare the sand pack. The crude oil viscosity was measured as 5.8 mPa.s at 40 °C and
2.9 mPa.s at 90 °C. The flow rate was kept constant at 20 mL/h, [23,183] and the
subsurface condition of 90 °C was maintained using the heating jacket. Salinity was
varied using NaCl (0−5 wt %). The porosity and permeability of the formulated sand
pack was measured by the Darcy law, and their values were measured as 30−32% and
700−800 md, respectively, which were in agreement with the petro-physical data of our
previous studies [23,183]. For EOR experiments, an injection strategy of 2 pore volume
(PV) of water, 0.5 PV of chemical slug (nanofluid), and 2.5 PV of chase water was
chosen. The oil recovery results of water, HPAM (1000 ppm), HS1, and HTS1 are
provided in Figure 4.11. The total oil recovery associated with the injection of only water
(5 PV) was ∼38% original oil in place (OOIP) at 40 °C and 0 wt % NaCl (Figure 4.11a).
However, the total oil recovery increased to ∼52% for the flooding experiment, when
HPAM (0.5 PV) was used as the EOR slug. The increase in oil recovery is credited to the
viscous nature of the HPAM solution, which helped in the better displacement of crude
oil from the sand pack [245].
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Figure 4.11. Effect of subsurface conditions (high temperature and varying salinity) on
the oil recovery results of different flooding agents.
The oil recovery results of nanofluids were better than that of HPAM, and as a
result, a total of 56 and 68% OOIP was achieved for HS1 and HTS1 nanofluids at 40 °C
(Figure 4.11a), respectively. Thus, the inclusion of TiO2 of 0.1 wt % increased the oil
recovery potential of conventional silica nanofluids (HS1) by 12%. Figure 4.11b shows
the effect of high temperature (90 °C) on oil recovery results, where the total oil recovery
of 42% OOIP was reported for water. The total oil recovery of HPAM reduced to 48%
OOIP, which might be due to the thermal degradation of polymer chains at high
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temperatures. HS1 exhibited 53% OOIP at 90 °C, reduced by 3% as compared to the one
in Figure 4.11a. However, the total oil recovery of HTS1 did not decrease much, and its
amount was measured as 67% OOIP, which can be attributed to the TiO2 potential in
creating thermal bridging between the SiO2 and TiO2 NPs. As a result, the effect of high
temperature on the oil recovery of the HTS1 nanofluid was least compared to that of the
HS1 nanofluid. Figure 4.11c,d shows the oil recovery results at 40 and 90 °C in the
presence of a saline environment (5 wt % NaCl). Generally, salt ions cause the shrinkage
of the molecular chains of HPAM [246], and thus it might be the reason for the oil
recovery reduction to 44% OOIP for HPAM (Figure 4.11c). Importantly, the saline
environment also accelerates the rate of agglomeration within the nanofluid [23], and its
impact on the oil recovery potential of nanofluids can be understood from the reduction
in OOIP. For the HS1 nanofluid, 51% OOIP was measured, as shown in Figure 4.11c,
reduced by 5% as compared to the one without salinity (Figure 4.11a). However, HTS1
showed significant salt tolerance, and consequently, it rendered 62% OOIP in the
presence of 5 wt % NaCl (Figure 4.11c). Also, the oil recovery result of HTS1 at 90 °C
was better, and 60% OOIP was recovered, whereas it was only 48% OOIP for HS 1, as
shown in Figure 4.11d. Thus, from the EOR results, it can be understood that the oil
recovery potential of conventional polymers and simple silica nanofluids is seriously
affected by temperature and saline conditions. The trait that can make silica nanofluids
suitable for complex conditions is associated with the use of TiO2, which probably
ensured higher oil recovery by improving the thermal bridging and salt tolerance capacity
of HS nanofluids.
The summary of TiO2 use in reservoir engineering applications is highlighted in
Table 4.3, [25,91,247–249] which shows its concentration and different advantages
associated with its usage.
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Table 4.3. Utilization of TiO2 for Surface and Subsurface Applications in Previous
Literature.
Study

Base fluid

NP

[25]

Water

TiO2

[247]

Water

TiO2

Water,

[91]

Polymer
Formation

[248]

Water

[249]

Water

Present Study

Polymer

TiO2

TiO2

Concentration
0.01-1
wt%
0.01-0.05
wt%
1000
ppm
250-2000
ppm

TiO2

1-35 wt%

SiO2
+
TiO2

SiO2
(0.1-1 wt%)
+
TiO2
(0.1 wt%)

Application

Remarks

Subsurface

EOR

Subsurface

EOR

Subsurface

EOR
Characterizatio

Subsurface

n and IFT
reduction

Surface

Refrigeration

Characterization
, Thermal
Subsurface
stability,
Rheology, and
EOR

As per the previous studies, the use of TiO2 varied up to 2 wt % (Table 3).
However, Ehtesabi et al.[25] found advantages for oil recovery at lower concentrations
(0.01 wt %), as higher concentrations showed limitations because of pore blockage and
clogging of pores [24,247]. Therefore, a small amount of TiO2 (0.1 wt %) is beneficial,
and a similar concentration was utilized in this study, which is also in accordance with
the most common concentration of TiO2 usage in previous studies. TiO2 has been
extensively explored in different surface and subsurface applications. Researchers
showed an enhancement in oil recovery via utilizing TiO2 of lower to intermediate
concentration [24,25,91,247,248]. We again endorse the fact that the higher TiO2
concentration can produce several challenges in both upstream and downstream
industries. For upstream industries, we have explored that TiO2 significantly changed the
148

rheological behavior and thermal stability of conventional silica nanofluids, which
offered favorable results during oil recovery experiments. In addition, the effect of TiO 2
in the downstream section for process efficiency is recently studied by Oliveira et
al.,[250] who highlighted the role of TiO2 (0.1 wt %) on photocatalytic degradation,
where the TiO2 use for refinery wastewater reclamation was favored.

4.3.8 Water cut study
Water cut was determined for flooding experiments of each nanofluid sample such
as HS1 (1000 ppm HPAM + 1 wt% SiO2) and HTS1 (1000 ppm HPAM + 0.1 wt% TiO2 +
1 wt% SiO2) in the presence of different salinity (0 and 5 wt% NaCl). The water cut value
of 84% and 78% was determined for HS1 and HTS1, respectively, without salinity (Figure
4.12a).

Figure 4.12. Effect of different salinity on water cut obtained during the injection of flood
systems after the injection of 0.5 PV chemical slug.
With saline environment (5 wt % NaCl), water cut value increased to significant level
such as 90 and 84% for HS1 and HTS1, respectively. As a result, oil recovery reduced to
51 and 62% OOIP for HS1 and HTS1, respectively, at 40 °C (Figure 4.12b). The
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enhancement in water cut can be linked with salt induced agglomeration of NPs in porous
media as a result, NPs possibly blocked the pore throats and divert injected water into
high permeable pore throats [75,137,237]. This increases the amount of water cut from
the outlet end of porous media.

4.4 Conclusions
On the basis of the results for nanofluid stability in a high temperature environment,
the following conclusions have been drawn.
(i)

The silica nanofluid showed lower dispersion stability as compared to the sole
titania nanofluid. The improved dispersion stability for the HT0.1 nanofluid was
a clear indication for the less agglomeration of TiO2 NPs.

(ii)

The formation of large NP clusters was observed more for the HS nanofluid
than the HTS and HT nanofluids. It was clear that TiO2 strongly reduced the
agglomeration of SiO2−SiO2 NPs, resulting in the HTS1 nanofluid reported
with a maximum dispersion stability of ∼71 days, zeta-potential of −57.8 mV,
and peak absorbance of 4.6. Thus, the TiO2 inclusion in silica nanofluids was
favorable to improve the dispersion stability, rate of agglomeration, and the
size of dispersed NPs.

(iii)

TGA showed 90−95% mass loss for all the nanofluids, except 82% and 78%
for HTS0.5 and HTS1, respectively. The reason for the reduced mass loss in the
HTS nanofluid is attributed to TiO2 which provides a thermal bridging effect
via the formation of nanocomposites of SiO2 −TiO2 .

(iv)

With increasing temperature, a reduction in rheological properties was
obtained. At 90 °C, the viscosity of HPAM reduced to 72.2%, whereas it
reduced to only 39.9% for HS1 and 28.4% for HTS1 nanofluids. Similarly, at
90 °C, the strain−sweep analysis showed only 5% reduction in the elastic
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moduli (Gꞌ) of HTS1, whereas HS1 exhibited 43% Gꞌ reduction. It was higher
(59%) for the HPAM solution. It can be concluded that the rheological
properties of HTS nanofluids were relatively thermally stable, and therefore
titania use in silica nanofluids is recommended for nanofluid use at high
temperature applications including oil fields.
(v)

Therefore, with HTS1, cumulative oil recovery of 68% OOIP was achieved,
whereas it was 56% OOIP for the HS1 nanofluid. Moreover, the effect of
subsurface condition showed a higher reduction in oil recovery via HS1 (48%
OOIP), whereas the oil recovery was 60% OOIP for the HTS1 nanofluid.
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Chapter 5
Performance evaluation of silica nanofluid for formation damage with
simultaneous wettability alteration: an approach to environmental issue

Abstract
The most promising method to improve chemical oil recovery via wettability
alteration is associated with colloidal solution such as nanofluid. However, nanofluids
show limitations due to nanoparticle (NP) agglomeration which may result into pore
blockage during its injection in a porous media. The unsuccessful recovery of injected
NPs has increased their footprints, which is becoming a serious environmental issue.
Therefore, this chapter reports the use of a co-stabilizer i.e. TiO2 (0.05 and 0.1 wt%) that
not only reduces NP agglomeration in silica nanofluid (SN nanofluid, concentration 0.5
wt%) but also improves its wetting property and oil recovery from synthetic sand-packs
of porosity = 29-33% and permeability = 700-800 mD. In nanofluid synthesis, polymer
polyacrylamide (PAM) was used as base fluid and surfactant [anionic: sodium
dodecylsulfate (SDS) and nonionic: triton x (Tx-100)] was used to find improvements in
wettability alteration, interfacial tension (IFT) reduction, and oil recovery results of
nanofluid. With surfactant, the wetting property of STN nanofluid (SiO2-TiO2 nanofluid)
was found superior (strong water-wet) as confirmed by maximum (67%) reduction in
contact angle. Also, IFT of crude oil reduced by ~91% which increased the chemical oil
recovery by ~78% from sand-pack. Importantly, nanofluid use in porous media is
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associated with environmental concern. Therefore, each nanofluid was repetitively (3
times) flooded through sand-pack and NP retention was examined using three different
methods (contact angle, UV-vis, and FESEM analysis) and suitably compared to find
least NP retention in porous media. For surfactant treated nanofluids, NP retention of
0.034-0.074 wt% was determined while its value was significantly higher (0.31 wt%) for
conventional SN nanofluid. Finally, this chapter suggests that NP retention of
conventional silica nanofluid can be reduced through the selection of a proper costabilizer that may help to protect subsurface from formation damage and other associated
environmental issues.
5.1 Introduction
Wettability alteration is a subject of considerable attention as chemical oil
recovery from a reservoir depends on what immiscible phase (oil/water) preferentially
wets the solid surface [21]? Mechanistically, pore distribution of oil and water in a
reservoir generates either water-wet or oil-wet condition [251] and water-wet condition
is useful for crude oil recovery [21]. Therefore, chemicals are injected with the purpose
of wettability alteration from oil-wet to water-wet. Wettability alteration can be achieved
chemically using surfactant [252], ionic liquids [253], and saline water [254]. For
example, Golabi et al. [255] investigated the effect of different surfactants i.e. anionic
(sodium dodecylbenzene sulfonates, 0.1-0.3 wt%), cationic (dodecyltrimethylammonium
bromide, 0.1-0.3 wt%), and nonionic (Triton X-100, 0.1-0.3 wt%) on wettability
alteration in carbonate rock, where nonionic surfactant contributed more in water-wet
condition than anionic/cationic surfactants. Use of triton X-100 (TX-100) surfactant for
wettability alteration from oil-wet to water-wet in sandstone was studied by Hou et al.
[256]. Manshad et al. [253] investigated wettability alteration in carbonate rock and
interfacial tension (IFT) reduction between oil/water using chemicals e.g. [C12mim][Cl],
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[C18mim][Cl], [C8Py][Cl], and [C18Py][Cl]. [C18mim][Cl] showed superior change in
wettability and IFT reduction resulting 13% more oil was recovered. It is clear that
surfactants have been the preferable chemical in wettability alteration of rocks however,
its use is limited by its diffusion and adsorption on rock surface [257] as a result,
surfactant weakens the efficacy of chemical solution to optimally alter the wettability
[41,258]. In addition, surfactant loss reduces the total surfactant concentration that was
designed for IFT reduction and crude mobilization [259,260]. Thus, chemical methods
need improvements and it is desirable to identify the materials that can provide utmost
wettability alteration and IFT reduction for improved reservoir characterization.
One of the solutions, which can significantly alter wettability, is the use of small
size nanoparticles (NPs) of 1-100 nm; when mixed properly in base fluid such as oil,
water, glycol, polymeric solution, a colloidal suspension called nanofluid of remarkable
density, viscosity, IFT reduction, and thermal properties is developed [20,21,87]. Several
NPs such as silica [21], titania [25], aluminum oxide [261], zirconium oxides [262] have
been used to synthesize stable nanofluids for wettability alteration and chemical oil
recovery in recent years. However, silica (SiO2) NP has shown greater interest due to its
compatibility with reservoir and abundance amount in subsurface. Wettability alteration
of calcite rock by silica NPs (2000 mg/L) was studied by Monfared et al. [263] who found
that oil-wet character of rock effectively changed to water-wet as demonstrated by change
in contact angle from 156° to 41.7°. Similarly, Al-anssari et al. [87] found favorable
alternation (oil-wet to water-wet) in wetting property of carbonate rock in the presence
of silica NPs (0.5-4 wt%). A summary relating the importance of different NPs for
wettability alteration, IFT reduction, and oil recovery is provided in Table 5.1
[20,21,189,244,247,264,265]. However, the discussion on NP issues in porous media and
its impact on wettability alteration for is not available in literature as far as we are aware.
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Table 5.1. Summary of different literature findings showing NP (with/without surfactant) effect.

Study

Porous
media

Oil type

Base
fluid

Surfactant
(wt%)

NPs
(wt%)

EOR mechanism

Cumulative
oil recovery

Retention
Study

[21]

Sandstone

Heavy
oil

Xanthan Gum
5000 ppm

--

SiO2
(0.1-0.3)

Wettability alteration

54%

NO

[264]

Glass
model

Heavy
oil

PAM
1000 ppm

--

SiO2
(0.1)

Wettability alteration

55%

NO

[20]

Sandstone

Medium
oil

PAM
1000 ppm

SDS (0.14)

SiO2
(0.5-2.0)

IFT reduction
Wettability alteration

60%

YES

[189]

Sandstone

Mineral
oil

Brine

SDS, CTAB,
TX-100 (0.3)

TiO2
(5-500) ppm

Wettability alteration

41%

NO

[265]

Sandstone

Heavy
oil

HPAM
3150 ppm

SDS (0.12)

TiO2
(2.3)

Mobility Control

52%

NO

[247]

Core plug

Heavy
oil

DI Water

--

TiO2
(0.01 - 0.05)

Wettability alteration
IFT Reduction

55%

YES

[244]

Sandstone

Heavy
oil

PAM
(1.0 wt%)

--

SiO2 (0.5)
Fe2O3 (0.5)
TiO2 (0.5)

Mobility control

52%
57%
61%

NO
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NP retention in porous media, leading to blockage of pore throats, is one of the vital
environmental issues associated with the injection of NPs. In general, NP retention is
caused by restricted NP entry into pore throats which will result into permeability
reduction and formation damage (an environmental concern) [266]. Typically, NPs in
powder form are of smaller size but after mixing in a base fluid, they tend to agglomerate
and form clusters of large size than the original size of NP [233]. This is the prime reason
of pore blockage/NP retention in porous media, which limits the nanofluid practice in
oilfield. Typically, large size clusters are formed through homo-agglomeration of silicasilica NPs which makes nanofluid unstable and more susceptible to sedimentation [267].
The use of high molecular weight polyacrylamide (PAM), hydrolyzed PAM, polyvinyl
alcohol (PVA), and xanthan gum (XG) are proposed to create greater dispersion stability
in silica nanofluids [21,268–270]. PAM can control NP sedimentation through the
increase in solution viscosity and therefore, PAM based silica nanofluids have
demonstrated greater dispersion stability than the ones prepared using pure water
[20,134]. However, NP agglomeration is still an issue for nanofluid injection in porous
media. Within silica nanofluid, the homo-agglomeration can be controlled if a colloidal
particle of similar charge takes in between locations and provide enough repulsion to
restrict interaction between SiO2-SiO2 NPs [62]. TiO2 is a colloidal particle and it has
offered several advantages in oilfield applications [24,25]. TiO2 inclusion can control
homo-agglomeration of silica NPs and produce nanocomposites (SiO2-TiO2) of reduced
size than the size of sole SiO2 cluster in silica nanofluid. These nanocomposites may
easily pass through the pore throats and least retention in porous media and lower
environmental risk are expected. Though several studies report silica nanofluid injection
in porous media [20,271], information showing how to control NP retention, its
concentration, and impact on wettability alteration/EOR is limited in literature. Thus, the
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novelty of study lies into the reduction of NP retention so that injected silica nanofluid
shows least formation damage with simultaneous wettability alteration for chemical
EOR. It will be of key importance to address environmental issues associated with the
use of silica NPs in porous media.
Thus, this chapter reports the use of TiO2 to design viscous silica nanofluids with
high stability and to compare the performance of silica nanofluid generated with
SiO2/TiO2 nanocomposites to conventional nanofluid of sole SiO2 NPs. This process can
result into a solution for NP retention issues, which benefits from environmental concern
of utilizing NPs in subsurface formations. Along with SiO2 and TiO2, polymer
polyacrylamide (1000 ppm PAM) was used as base fluid. TiO2 amount of only 0.05 and
0.10 wt% was utilized as recommended by Bayat et al. [24] to avoid subsurface
challenges. Two types of surfactant such as anionic (SDS) and nonionic (Triton X-100),
with critical micelle concentration (CMC), were used to envisage optimum IFT reduction
of oil. In this chapter, the synergistic effect of surfactant on nanocomposites is credited
to the formulation methodology of stable nanofluid for wettability alteration and IFT
reduction as a prime objective. Next, NP retention is studied to understand environmental
robustness of prepared silica nanofluids, which satisfies NP usage in subsurface
applications.
5.2 Materials and Methods
5.2.1 Materials
Hydrophilic SiO2 (purity ~99.5%) and TiO2 (purity ~99%) NPs were obtained
from Sisco Research Lab Pvt. Ltd. India. The average diameter of individual NPs was 15
nm for SiO2 and 20 nm for TiO2. Polyacrylamide (PAM) polymer (molecular weight =
107 g/mol, purity > 90%.) was used as received from SNF Floerger, India. Surfactants
viz., sodium dodecyl sulfate (SDS) (anionic, purity > 99.5%) was used as received from
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Sisco Research Lab Pvt. Ltd. India. Nonionic surfactant triton X-100 of density 1.06 g/ml
(purity ~99%) was used as received from Thomas Baker, India. Laboratory magnetic
stirrer (Tarsons digital spinot) of speed range 0-1200 rpm was used for the preparation of
aqueous samples. A mixer (USHA, Imprezza Plus) of variable speed (5000-15000 rpm)
was used for the rigorous mixing of NP in PAM solution. Deionized (DI) water, obtained
with a water purification Millipore® Elix-10 apparatus, was used to prepare PAM solution
and other samples required during the study. A digital ultrasonic cleaner (Labman® India)
of frequency 40±3 kHz was used for uniform dispersion of NPs in nanofluid [62,229].
The required surfactants, NPs, and PAM powder were weighed using an accurate
weighing balance (Mettler Toledo®, Switzerland) of repeatability of ± 0.0001 mass
fraction. The nomenclature and compositional details of the formulated nanofluids
prepared in this work are provided in Table 5.2.
Table 5.2. Nomenclature of synthesized nanofluids.

Base
fluid

Surfactant Nanofluid type

Nanofluid
nomenclature

Remark

PAM

--

--

P

Polymer
fluid

0.5 wt% SiO2

SN

Silica
nanofluid

0

1000
ppm
PAM
solution

SDS
(0.15
wt%)
TX-100
(0.02
wt%)

0.5 wt% SiO2 + 0.05 wt%
TiO2
0.5 wt% SiO2 + 0.1 wt%
TiO2

STN-1
STN-2

0.5 wt% SiO2 + 0.05 wt%
TiO2

STN-1s

0.5 wt% SiO2 + 0.1 wt%
TiO2

STN-2s

0.5 wt% SiO2 + 0.05 wt%
TiO2
0.5 wt% SiO2 + 0.1 wt%
TiO2
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STN-1t
STN-2t

Silicatitania
nanofluid

The crude oil used in this study was obtained from Tarapur oilfield of Oil and
Natural Gas Corporation (ONGC), India. The pour point of the crude oil was 37 °C. The
density and viscosity of crude oil was 0.84 gm/cc and 4.2 mPa∙s, respectively, at 60 °C.
The other properties such as acid and base number of crude oil were 1.92 and 2.82 (mg
of KOH/g), respectively [183].
5.2.2 Methods
5.2.2.1 Nanofluid preparation
Nanofluids were synthesized in the base solution of PAM of 1000 ppm, which
was prepared by dissolving 1 g of solid PAM particles in 1000 ml of DI water with stirring
for 8-10 h using magnetic stirrer. Silica nanofluids were prepared by mixing of 0.5 wt%
of SiO2 NPs in 1000 ppm PAM solution using mixer for 0.5 h at a speed of 6000 rpm
(henceforth called as SN nanofluid). TiO2 NPs in varying proportion of 0.05 and 0.1 wt%
were then included in SN nanofluid and the prepared nanofluid was called as STN-1 and
STN-2 nanofluids, respectively. The sonication time was chosen constant viz., 1 h for the
synthesis of all nanofluids. Further, two different surfactants such as SDS (anionic) and
TX-100 (nonionic) at CMC level were simultaneously added in STN nanofluids at
stirring speed of 400 rpm for 0.25 h. Surfactants were used to seek (1) improvements in
the dispersion stability of dispersed NPs [23] and (2) interfacial tension (IFT) reduction
of crude oil during the use of nanofluid in subsurface applications. Stalagmometer
method was used to determine CMC of surfactant (SDS and TX-100), which works on
the principle of surface tension measurement [159]. Stalagmometer is a circular glass
device equipped with a large bulb in the centre and narrow bulb at the lower and upper
ends. First, PAM solution, of varying surfactant concentration (0-1 wt%), was lifted up
till it covers the upper mark of stalagmometer. The stalagmometer kept untouched with
a support and solution was allowed to free fall in the form of drops from the lower end.
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The no. of drops were counted and CMC was calculated using formula described in
literature [23,159]. Table 5.2 shows the nomenclature of nanofluids prepared with and
without surfactant. STN-1s and STN-2s were used for the nanofluids prepared with SDS,
while STN-1t and STN-2t were used for the nanofluids prepared with TX-100.
5.2.2.2 Preparation of sand-pack
For sand-packs, commercial sand was collected from a retail outlet. The sand was
first cleaned with NaCl solution followed by laboratory-grade solvent (toluene), and then
dried in an oven for 70-80 h at 250 °C. The sand used in this study was similar to the one
used in our previous study [183]. The field emission scanning electron microscopy
(FESEM) technique was used to analyze the morphological characteristics of sand
particles. For FESEM study, MIRA3 series, a high performance FESEM system equipped
with high resolution image processor, was used. Figure 5.1a shows FESEM image of a
sand particle, used in the preparation of sand-packs in the study. The mineralogical
composition of sand particles was determined by an X-ray diffractometer (X-ray
Diffractometer D8 Advance, Bruker, India), where sand was found to consist of mainly
quartz (89 wt%), kaolinite (6 wt%), feldspar (2 wt%), chlorite (1 wt%), and others (3
wt%) as shown by XRD analysis in Figure 5.1b.Porous and permeable sand-packs were
manually prepared by ramming in a sand-pack holder (cylindrical pipe) made of stainless
steel with internal diameter and length of 3.81 cm (1.5 inches) and 61 cm (24 inches),
respectively. Water was continuously mixed during the ramming of dry sand particles in
sand-pack holder [20,22,167,183,184]. Sand-pack holder was supplied by D-CAM
Engineering, India and it has pressure and temperature ratings of 6000 psi and 200 °C,
respectively.
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Figure 5.1. (a) FESEM image of sand grain used for the preparation of sand-pack along
with (b) XRD pattern with compositional details.
5.2.3 Nanofluid characterization
After successful preparation, nanofluids were characterized for different
techniques such as dynamic light scattering (DLS), ultraviolet-visible (UV-vis),
rheological, IFT and contact angle measurements, and EOR experiments.
5.2.3.1 DLS measurements
DLS technique was used to measure size distribution and zeta-potential (ζ) of NPs
in nanofluid. For DLS study, a particle size analyzer (Zetasizer Nano-ZS, Malvern, UK)
was used which utilizes a dynamic light scattering mechanism at detector angle of 173°.
In this instrument, ζ-potential is measured by ζ-cell in the millivolt (mV) and size
distribution is measured using glass cuvette in nanometer (nm). For each measurement,
ζ-cell and cuvette were diligently cleaned using DI water and dried using air drier to avoid
contamination by chemicals and other impurities. Three consecutive measurements were
recorded at ambient temperature for maintaining accuracy in the results. For DLS
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measurements, the uncertainty in size-distribution and zeta-potential results was found in
the order of 0.5-6% and 0.1-5%, respectively.
5.2.3.2 UV-vis spectroscopy
The formulated nanofluids were also examined for dispersion stability using
ultraviolet-visible spectrophotometry (UV−vis 3200, Lab® India) [62,167]. The
instrument recorded the absorbency of light with 1 nm/s scan rate over the wide range of
wavelengths (190 to 1100 nm). All the experiments were conducted at room temperature.
Before each measurement, the cuvette was carefully cleaned using DI water and dried
using an air blower to avoid contamination within the NPs and other impurities.
5.2.3.3 Rheological properties of nanofluids
Viscosity, as a part of rheological properties of formulated nanofluids, was
examined by a compact rheometer (MCR-52, Anton Paar, Austria). The rheometer was
equipped with cup and bob assembly, where cup is typically used for loading nanofluid
sample and bob is used for providing shear to the nanofluid. The viscosity measurements
were performed with varying shear rate from 0.1 to 1000 s-1 [22,62,242]. The rheometer
parts including cup and bob were carefully cleaned with DI water and toluene followed
by drying with an air blower to avoid contamination by chemicals and impurities. For
nanofluids, the viscosity measurements were performed at ambient condition. All
experiments were performed thrice for repeatability, and uncertainty in the results was
limited to 0.5-7%.
5.2.3.4 IFT measurements using nanofluids
These measurements are important to understand the role of added chemicals
(surfactant) and NPs in reducing IFT between oil and nanofluid. In this study, IFT
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between crude oil and nanofluid was measured by a digital tensiometer (K9, KRÜSS
GmbH, Germany) which made measurements based on Wilhelmy plate method. IFT
measurement rating of the equipment lies in the range of 1-999 mN/m with a resolution
of 0.1 mN/m. All experiments were repeated thrice to produce repeatability in results
with uncertainty of 0.5-4%. Before each measurement, Wilhelmy plate was prudently
cleaned with toluene and dried using air blower to avoid error in the results. For
measurement of IFT with crude oil and nanofluid, a typical glass container of 50 ml
volume was used where 20 ml was first filled with aqueous phase (water/PAM/nanofluid)
followed by filling of 20 ml of crude oil. The glass container filled with the aqueous phase
and crude oil was placed in the designated place in tensiometer and IFT was measured
by implanting Wilhelmy plate at the interface of oil/aqueous phase.
5.2.3.5 Contact angle measurements
The schematic of the experimental setup used for contact angle measurements is
shown in Figure 5.2. The set-up was designed by D-CAM Engineering, India. The testing
cell (isolated chamber) dimensions L x W x H were 95, 100, and 140 mm and it was
supported on four robust stands of stainless steel. Wall thickness of the testing cell was
14 mm which was chosen to sustain higher pressure, if any. The testing cell was equipped
with two adjacent glass windows (diameter = 40 mm), which were used to visualize
sample drop by camera on one side in presence of light on other side (Figure 5.2). To
monitor pressure and temperature in isolated chamber, testing cell was also equipped with
pressure and temperature sensors. The top of the chamber was attached to syringe pump
(100 DX, Teledyne ISCO, USA) through a stainless steel tubing of 1/8 inch. The contact
angle was measured by a method described in literature [272]. According to the method,
a drop of aqueous phase (water/PAM/nanofluids) is dispensed on a glass slide and the
image of the drop was taken using a high resolution camera (Phantom VEO 640L). The
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image of the droplet on solid surface was continuously captured for 10 minutes and
processed using open source software (ImageJ) to measure the contact angle. Each
contact angle experiment was performed thrice and the results are provided in form an
error bar.

Figure 5.2. Experimental set-up for the measurement of contact angle between a solid
surface and different fluid system (PAM/nanofluids with and without surfactant).
5.2.3.6 EOR experimental setup and procedure
The schematic of EOR experimental set-up is shown in Figure 5.3. The set-up
consisted of (1) syringe pump, (2) sand-pack holder, (3) fluid accumulators, (4) heating
jacket, temperature controller, and (5) fluid collecting beaker as shown in Figure 5.3.
Typically, the volume of water used for the preparation of a 100% saturated sand-pack is
the pore volume (PV) occupied by the pore spaces in sand-pack. The porosity of sandpack was determined by PV/BV (where BV denotes the bulk volume of sand-pack). The
absolute permeability of the sand-pack was calculated using Darcy’s law, where water at
a flow rate of 20 ml/h was injected in the sand-pack and corresponding pressure drop
(ΔP) was measured. The experiment for the determination of absolute permeability was
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repeated until less than 2% deviation in permeability value was observed. The calculated
porosity and permeability was highly reproducible as porosity (30±0.5%) and
permeability (600±12 mD) values almost matches with the literature data of our previous
study [22,23,183]. Then, the prepared sand-pack was flooded with crude oil at a flow rate
of 20 ml/h till steady state flow condition was achieved at the outlet. The amount of water
produced from sand-pack during crude oil injection was equal to the amount of oil
dwelled inside. This volume of crude oil is also known as original oil in place (OOIP)
and the difference between OOIP and PV is called irreducible water saturation (S wi) in
sand-pack. The amount of oil recovered (from sand-pack) during flooding experiments
was carefully measured and % recovery of displaced crude oil was determined by Eq. 1
[20,183,184].
Oil recovery = (

oil recovered
OOIP

) × 100

…… (5.1)

For EOR experiments, an injection sequence of 2 PV water followed by 0.5 PV
EOR slug (PAM/nanofluid) and 2.5 PV of chase water flood. For flooding experiments,
a constant flow rate of 20 ml/h was chosen.

Figure 5.3. Schematic showing oil recovery experimental set up, used for flooding
experiments with different fluid systems.
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5.3 Results and discussion
First, the stability of nanofluids (SN, STN-1, and STN-2) in presence of anionic
and nonionic surfactants was studied using DLS and UV-vis methods followed by the
discussion on rheological property (viscosity) of nanofluids. IFT and contact angle
measurements were conducted for nanofluid interaction with crude oil and rock (for
wettability alteration), respectively. Finally, results of NP retention in porous media and
EOR experiments were discussed for nanofluid applicability in subsurface applications.
5.3.1 Nanofluid stability with and without surfactant
Nanofluid is a colloidal solution and its stability is subjected to change as
dispersed NPs tend to show agglomeration, settlement, and phase separation with time.
These factors make nanofluid unstable and unsuitable for industrial applications.
Therefore, it is very essential to understand the stability of nanofluid and the effect of
different additives to render a better stability for long-term usage. Nanofluid stability was
analysed through DLS measurements (size-distribution and ζ-potential) and the results
are provided in Table 5.3.
Table 5.3. DLS measurements of synthesized nanofluids at ambient condition.
Nomenclature

Avg. size distribution

Zeta-potential

SN

525

-42.5

STN-1

409

-46.8

STN-2

385

-48.1

STN-1s

344

-61.1

STN-2s

294

-63.2

STN-1t

325

-63.7

STN-2t

297

-63.8
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Without surfactant, the size of NPs was found to be 525 nm for silica nanofluid
(SN). The size of TiO2 based silica nanofluid was lower and its value was found to be
409 and 385 nm for STN-1 and STN-2, respectively, consistent with the research findings
of our previous work [62]. In general, NPs, i.e. charge silica, agglomerate to minimize
their surface energy and form clusters of larger size (than the original size of NP, 15 nm)
as observed from size-distribution data. Now, it can be understood that the agglomeration
rate of silica NPs in SN nanofluid was higher and therefore, these nanofluids exhibited
agglomerated clusters of larger size [62]. Thus, inclusion of TiO2 reduced the size of
silica agglomerates which are expected to show higher dispersion stability against
settlement under gravitational action. To envisage further improvements in the size of
agglomerates, the stability of these nanofluids was investigated in presence of surfactant.
It has been established that surfactant micelles (at CMC) can enhance repulsive forces
between NPs and show further reduction in cluster size [27]. CMC value of surfactant
was calculated as 0.15 wt% and 0.02 wt% for SDS and TX-100, respectively. The
addition of surfactant SDS remarkably reduced the size of agglomerates resulting
nanofluids exhibited size of 344 nm and 294 nm for STN-1s and STN-2s, respectively.
Similarly, nonionic surfactant TX-100 reduced the size value to 325 and 297 nm for STN1t and STN-2t, respectively. From the results, it is clear that the titania NP together with
anionic/nonionic surfactant reduces the rate of agglomeration of silica NPs by forming
nanocomposites of reduced size and better dispersion stability. Surfactant, being surface
active, can enhance stability of a colloidal solution through the enhancement in
electrostatic repulsive forces between NPs [168,273]. The monomers of a surfactant can
either attach or adsorb on the surface of NPs as shown by the schematic in Figure 5.4.
For anionic surfactant (SDS), a charged layer of micelle is created surrounding the core
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of a NP and it produced additional surface potential [273]. Consequently, it increases the
repulsive force between two adjacent NPs and renders a greater stability to nanofluid
[273]. On the other hand, nonionic surfactant (TX-100) can enhance nanofluid stability
through the formation of a layer of monomers of neutral charge [168]. Since nonionic
surfactant possess no charge, the monomers adsorb on the surface of NP via hydrophobic
interaction [168]. As a result, monomers rest on the surface of NPs and form a layer,
which ascribes stability through the development of short-range inter-particle repulsion
between dispersed NPs.

Figure 5.4. Scheme of nanofluid stabilization by anionic and non-ionic surfactants.
ζ-potential results were in the agreement of size-distribution results of nanofluids.
A colloidal suspension such as nanofluid is said to be stable if ζ-potential value does not
fall in the range of -30 mV to +30 mV [22,23,62,104,229]. In this, study, all synthesized
nanofluids were stable colloidal suspensions as their ζ-potential value was higher than 169

30 mV. ζ-potential value of SN nanofluid was measured as -42.5 while its value for STN
nanofluids was determined as -46.8 (STN-1) and -48.1 mV (STN-). More enhancement
in ζ-potential value was obtained during the inclusion of surfactant in STN nanofluid and
as a result, ζ-potential value increased to -61.1 mV and -63.2 mV for STN-1s and STN2s, respectively. For TX-100 based nanofluids, ζ-potential value was determined as -63.7
(STN-1t) and and -63.8 mV (STN-2t) (Table 3). It can be inferred that surfactant (SDS
and TX-100) at CMC level formed a charged layer of micelles around dispersed NPs,
which significantly increased ζ-potential value of nanofluid. This is consistent with the
research findings of Al-anssari et al. [27] and Wang et al. [168], who credited adsorption
mechanism of NP as the contributing factor in ζ-potential enhancement. Specifically,
with the inclusion of SDS and TX-100, ζ-potential value of nanofluid increased by ~23%
(STN-1s) and ~26% (STN-1t).
5.3.2 UV-vis spectroscopy analysis
UV-vis analysis is also an effective method to analyse nanofluid stability [108].
Mechanistically, for a colloidal solution, a high absorbance is the indication of uniform
NP dispersion while agglomerated NP structure is regarded with less absorbance as more
light permeates through the bulk phase [62,108,274]. It is to be noted here that absorbance
peak occurred at 250 nm for all the nanofluid systems. Uv-vis analysis of PAM solution
and SN nanofluid is shown in Figure 5.5a, where peak value of nanofluid (3.35) was
found significantly higher than the one of PAM solution (0.5). This can be credited to the
presence of NPs in SN nanofluid, while PAM solution had no solid substance to absorb
or transmit light rays. It was observed that absorbance value increased to 4.2 and 4.6 for
STN-1 and STN-2, respectively (Figure 5.5b). The improvement in absorbance was due
to inclusion of TiO2 NP, which increased the NP population in bulk phase resulting lower
amount of light percolated through the nanofluid.
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Figure 5.5. UV-vis analysis to show variation of absorbance for different fluid
systems i.e. (a) PAM and SN; (b) STN-1 and STN-2; (c) STN-1s and STN-2s; and (d)
STN-1t and STN-2t at ambient condition.
Moreover, peak absorbance value of nanofluids further increased in the presence
of surfactant. This indicates that more NPs were available to absorb the light ray which
is possible if surfactant further unfolded the structure of agglomerated NPs in STN
nanofluids, consistent with DLS measurements. As a result, absorbance value was
measured as 4.45 and 4.8 for STN-1s and STN-2s, respectively (Figure 5.5b). Absorbance
value of 4.48 and 4.8 were recorded for STN-1t and STN-2t nanofluids, respectively. UV
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absorbance peak usually increases with an increase in dispersion stability of nanofluid
[22,62,108]. Now, it is clear from Figure 5.5 that introducing TiO2 along with surfactant
produced nanocomposites of greater stability and reduced size in SN nanofluid, which
can be promising for subsurface applications where conventional silica nanofluid may
show pore blockage due to higher size, leading to retention in pore throats (a type of
formation damage in porous reservoir).
5.3.3 Rheological characterization of nanofluids
Nanofluid is non-Newtonian in nature and its flow behaviour is subjected to vary
with NP agglomeration and settlement. This will also affect the rheological property of
nanofluid. In addition, nanofluid may show variation in viscosity during its usage for high
temperature application in subsurface reservoir [20,275]. Thus, viscosity measurements
were conducted for all nanofluids with varying temperature (25 to 90 °C) and the results
are shown in Figure 5.6. The viscosity of nanofluid depends upon NP concentration,
uniform dispersion, intramolecular structure, and base fluid networks [276,277]. Thus,
viscosity was found higher for nanofluids as compared to PAM solution. It was observed
that the viscosity of SN nanofluid was 3.01 mPa.s at 25 °C, higher than the viscosity (1.97
mPa.s) of PAM solution (Figure 5.6a). Viscosity of SN nanofluid further improved with
the inclusion of TiO2 NP (0.05 and 0.1 wt%), and its value reached to 3.8 and 4.1 mPa.s
for STN-1 and STN-2, respectively, at 25 °C (Figure 5.6b). The reason of viscosity
improvement is credited to TiO2 NP, which remarkably increased the fraction of solid
content through reduction in SiO2-SiO2 agglomeration [62]. With surfactant, it was
observed that both viscosity and shear thinning profile of STN nanofluids insignificantly
changed as shown in Figure 5.6c (STN with SDS) and 6d (STN with TX-100). The
viscosity values were measured as 4.2 and 4.7 mPa.s for STN-1s and STN-2s,
respectively, which were almost similar to the viscosity values of STN-1t (4.25 mPa.s)
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and STN-2t (4.8 mPa.s). Furthermore, it was worth noticeable that surfactant marginally
affected the viscosity of nanocomposites, consistent with the research findings in
literature [278].

Figure 5.6. Effect of increasing temperature on viscosity results of different fluid systems
i.e. (a) PAM and SN; (b) STN-1 and STN-2; (c) STN-1s and STN-2s; and (d) STN-1t
and STN-2t.
The effect of increasing temperature on viscosity results of PAM solution and
nanofluids is also shown in Figure 5.6. It was observed that the viscosity decreased with
increasing temperature. However, as compared to PAM solution, the viscosity of
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nanofluids was least affected by the increase in temperature as evident from the viscosity
profiles in Figure 5.6. Viscosity of PAM decreased significantly and its value reached to
minimum level of 0.15 mPa.s at 90 oC. Thus, PAM solution exhibited viscosity reduction
of ~90%. The reason of serious viscosity reduction in PAM solution can be linked with
the effect of chain scission at high temperature [279]; the fragmentation of large
molecular chain into smaller pieces. From Figure 5.6b, it can be observed that the
inclusion of TiO2 reduced the impact of temperature on viscosity of SN nanofluid. As a
result, the viscosity did not decrease much and its value remained significantly higher at
90 oC; viscosity value of STN-1 and STN-2 nanofluids was found to be 2.3 and 2.7 mPa.s,
respectively. The slight difference in viscosity value of STN-1 and STN-2 is due to the
presence of higher NP concentration (0.6 wt%) in STN-2. In addition, the viscosity value
of STN-2 nanofluid was ~48% higher than the viscosity of SN nanofluid at 90 oC.
Probably, TiO2 made thermal bridging with SiO2 NP and as a result, it enhanced the
thermal stability of STN nanofluid as evident from the marginal effect of temperature on
viscosity results of these nanofluids. This seems to be promising for STN use at high
temperature application than a conventional silica nanofluid. The higher viscosity of
nanofluid is favourable for subsurface application as greater oil recovery is expected by
the injection of viscous solution such as nanofluid [20,21,280]. Interestingly, the similar
results can be seen for the surfactant treated STN nanofluids. With increasing
temperature, the viscosity did not decrease much for these nanofluids and their viscosity
profiles remained similar to the profile of STN nanofluid in Figure 5.6b. The viscosity
reduction of STN nanofluids with and without surfactant did not decrease below ~45%.
Surfactant use in chemical oil recovery application is recommended due to several
advantages (wettability alteration, IFT reduction, and improved sweep efficiency and oil
recovery) however, its efficacy tends to degrade at high temperature [281]. These results
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showed that the limitation of surfactant solutions can be addressed by thermally stable
STN nanofluid and moreover, surfactant along with NP can make a better surface active
agent that offers several advantages for industrial applications.
5.3.4 IFT measurements using nanofluids
The interaction of chemical solution with reservoir fluid (crude oil) is important
for its mobilization, which is possible through the reduction of IFT acting at the interface
of crude oil and injected solution. Enhanced interfacial adsorption results into greater IFT
reduction of oil. Interfacial activity of surfactants is remarkable and therefore, their use
in chemical oil recovery projects is highly favourable [234]. NPs are also surface active
and they, along with surfactant, can produce more IFT reduction. Therefore, first, IFT
measurements were conducted for SN nanofluid and compared with IFT results of STN
nanofluids to find the role of TiO2 in IFT reduction. Next, IFT measurements were
conducted for surfactant based STN nanofluids to visualize the effect of both surfactant
and NP on the extent of IFT reduction. IFT measurement results for crude oil and
water/PAM/nanofluids are shown in Figure 5.7. For water – crude oil system, IFT value
was found to be 25.9 mN/m while its value for PAM solution was determined as 20.1
mN/m. IFT value of water and crude oil is in agreement with the IFT value reported in
literature [20,21]. For PAM solution, IFT reduction from 25.9 mN/m to 20.1 mN/m was
credited to the interaction of polymer chains with crude oil [51]. However, IFT value of
crude oil significantly reduced in presence of SN nanofluid as shown in Figure 5.7. For
SN nanofluid, IFT was measured to be 10.05 mN/m, 50% more reduction as compared
to PAM solution. Thus, silica NPs exhibited interfacial adsorption and reduced IFT of
crude oil. After the inclusion of TiO2 NP, IFT value of crude oil further reduced to 6.02
and 4.01 mN/m for STN-1 and STN-2, respectively. It is to be noted here that TiO2
probably increased the surface activity of dispersed silica NPs as a result, more NPs
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adsorbed and reduced IFT value. Another possibility of IFT reduction can be linked with
the reduction in size of NP clusters. Since NP clusters of lower size possess greater
surface area than agglomerated clusters, more NPs adsorbed at the interface of crude oil
and reduced the IFT value. This is in agreement with the research findings of Moradi et
al. [282] who found NP adsorption responsible for the recovery of crude oil components
from oil-wet carbonate reservoirs.

Figure 5.7. Interfacial tension (IFT) measurements between crude oil and
PAM/nanofluids at ambient condition.
IFT results of surfactant treated STN nanofluids are also shown in Figure 5.7. It
was observed that IFT value of crude oil further reduced in the presence of surfactant and
its value reached to 5 and 3.8 mN/m for STN-1s and STN-2s, respectively (Figure 5.7).
Similarly, for STN-1t and STN-2t, IFT value was determined as 3.6 and 2.2 mN/m,
respectively (Figure 5.7). With surfactant, IFT value reached to minimum value of 2.2
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mN/m, which was 78% lower than the IFT value of SN nanofluid. Thus, surfactant played
an important role in improving IFT results of nanofluids, where surfactant is expected to
control the growth of agglomeration and increased the NP dispersion in suspension. As a
result, both NPs and surfactant micelles affected the interfacial activity of crude oil and
greater reduction in IFT value of oil was achieved [168]. IFT results were also compared
with the reported findings in literature, where IFT value of water based silica/titania
nanocomposites (of 0.05 wt%) and crude oil reduced by 66% [66]. Similar to that, IFT
value of crude oil/silica nanocomposites reduced by ~80% with STN-2 followed by ~86%
and ~91% with STN-2s and STN-2t, respectively. IFT results are in line with DLS and
UV-vis results where surfactant effect on average size, ζ-potential, and absorbance data
of nanofluid was found favourable.
5.3.5 Contact angle measurements
The effect of NP on wettability alteration was studied via contact angle ()
measurements between solid surface (glass slide) and liquid (PAM/nanofluid) droplet at
ambient condition. In general, wettability is the property of a solid surface and the contact
angle is a classical method to show the spreading tendency of a fluid on that solid surface.
This in turn represents the wetting/non-wetting condition of the fluid [283]. As per the
schematic in Figure 5.8, the spreading tendency, of a fluid on solid surface, may increase
in the presence of NP due to adsorption phenomenon [30,272,284]. Likewise, one can
also understand from Figure 5.8 that the droplet height (h) and droplet radius (r) may also
change over the exposure time on the solid interface. On solid surface, the preferential
wetting by droplet will result into decrease in h with simultaneous increase in r.
Therefore, it is to be noted here that wettability of a solid surface is inversely proportional
to  of fluid. Most of the reservoir rocks are oil-wet where oil wets the surface and water
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remains in the pore throats. Wettability alteration to water-wet is necessary for the
removal of oil from the surface, which is of key importance to increase oil production
and meet global energy demands. Thus, wettability alteration (to more water-wet) can be
achieved through nanofluid (Figure 5.8), where NPs offer greater changes in the wetting
property of aqueous phase and it preferentially wets the surface.

Figure 5.8. Scheme of wettability alteration in presence of NP. The effect of NP on waterwet property of aqueous phase is shown through the changes in bubble properties such
as radius and height.
Therefore, all nanofluids were analysed for contact angle study and compared to
understand the effect of TiO2 and surfactant on wetting property of SN nanofluid. The
contact angle results with real droplet of nanofluids are shown in Figure 5.9. Figure 5.9a
shows the contact angle results of PAM and silica nanofluid (SN) at ambient condition.
It was observed that the initial contact angle (time, t = 0) for PAM was determined as
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92°, which decreases with the inclusion of silica NP and  (at t = 0) of 89° was obtained
for SN nanofluid. It indicates that SN nanofluid exhibited preferential wetting than PAM
solution. Thus, the inclusion of silica NP increases the water wet condition of solid
surface, probably due to the adsorption of silica NPs on the solid interface. The initial 
(t = 0) for STN-1 and STN-2 was found to be 82° and 76°, respectively. As per the
mechanism, decreasing  represents higher wetting by the fluid and SN nanofluid showed
more wetting in the presence of TiO2 which is favourable for chemical oil recovery as
increment in water wet condition is the decrement in crude oil saturation in porous
reservoir [24]. Further, these results were repeated after 10 min and it was found that only
7.6% variation [92°(a1) to 85°(a2)] was reported for PAM solution, while this was found
higher for SN nanofluid [~30%, 89°(a3) to 62°(a4)]. This was even better for STN
nanofluids; ~33% [82°(b1) to 54°(b2)] and ~34% [76°(b3) to 50°(b4)] variation was
determined for STN-1 and STN-2, respectively (Figure 5.9b). It can be inferred from
Figure 5.9b that nanocomposites of silica and titania in PAM fluid exhibit potential for
wettability alteration to more water wet. In addition, it is to be noted here that the
reduction in  value was higher for the nanofluid (STN-2) of higher stability in terms
greater -potential (-63.2 mV) and reduced size of agglomerates (294 nm). Additional
improvement in wetting condition of STN nanofluids was obtained with surfactant (SDS
and TX-100 at CMC) and the results are shown in Figure 5.9(c,d). Figure 5.9c showed 
results of STN-1s and STN-2s as a function of time. For STN-1s and STN-2s, the initial
value of  was measured as 70°(c1) and 67°(c3) which reduced to 44°(c2) and 30°(c4),
respectively, after 10 min (Figure 5.9c). It is clear that the inclusion of surfactant in STN
nanofluids not only provided enhanced dispersion stability but also modified the
wettability of solid surface to strongly water wet. However, TiO2 at 0.1 wt% showed
better  reduction as observed for both STN-2 (Figure 5.9b) and STN-2s (Figure5. 9c).
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Figure 5.9. The real images of contact angle and its variation with time for different fluid
systems i.e. (a) PAM and SN; (b) STN-1 and STN-2; (c) STN-1s and STN-2s; and (d)
STN-1t and STN-2t.
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Similarly,  results with TX-100 were favourable and the initial  value of 70°
and 65° for STN-1t and STN-2t, respectively, reduced to 30° and 32° after 10 min (Figure
5.9d). This shows wettability change to strong water-wet condition as demonstrated by
mechanism of  variation in presence of NP in Figure 8. Furthermore, it was observed
that time required for contact angle to stabilize varied and significantly reduced with the
inclusion of surfactant in nanofluid as shown in Figure 5.9 (b-d). For PAM solution,
plateau in  obtained at later stage (8 min), while it reduced to 6 min for SN nanofluid
(Figure 5.9a). The early achievement of plateau shows how fast NP affect the wettability
of rock? This signifies the role of NP in rate of wettability alteration and crude
mobilization from the reservoir. STN-1 and STN-2 exhibited  plateau within 5-6 min,
which reduced to 4-5 min for surfactant (SDS and TX-100) based nanofluids as shown
in Figure 5.9(c-d). Thus, it is clear that surfactant increased the rate of NP adsorption on
solid surface resulting  plateau was achieved early in STN nanofluids than conventional
SN nanofluid.
5.3.6 EOR experiments
EOR experiment was conducted to measure the total chemical oil recovery during
the injection of different fluids (water/PAM/nanofluid) in sand-packs at 50 °C, since the
pour point of crude oil was 37 °C. As compared to water, PAM/nanofluids were viscous
in nature and their forward movement in sand-pack is restricted by the small pore throats
which was recorded in terms of pressure drop.
5.3.6.1 Pressure drop results
The prepared sand-packs exhibited fair petro-physical properties of porosity = 2933% and permeability = 700-800 mD, which is the classical representation of a porous
and permeable reservoir in subsurface [22]. The resistance to flow typically induces
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pressure drop between inlet and outlet end of porous and permeable media
[20,21,183,285]. The pressure drop was recorded for each flooding experiment, where
sequence of injection follows water (2 PV)–PAM/nanofluid (0.5 PV)–chase water (2.5
PV). The pressure drop results are shown in Figure 5.10.

Figure 5.10. Pressure drop profiles as a function of PV injected during flooding
experiment with W: water, S: slug [(a) PAM and SN; (b) STN-1 and STN-2; (c) STN-1s
and STN-2s; and (d) STN-1t and STN-2t], and CW: chase water at ambient condition.
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In case of only water (5 PV), the pressure drop remained below 1 psi due to least
viscosity of water (see Figure 5.10a). For experiment with PAM solution, the pressure
drop remained 0.5-0.6 psi during initial water injection of 2 PV as shown in Figure
5.10a. Pressure drop progressively increased during the injection of PAM solution, which
can be credited to higher viscosity of PAM solution than water. Pressure drop further
increased and reached to the maximum level of 1.9 psi during the injection of final chase
water as shown in Figure 5.10a. Pressure drop slowly reaches to initial level of 0.5-0.6
psi after the complete experiment of 5 PV injection in sand-pack. Similar was observed
during experiment with SN nanofluid and maximum pressure drop of 2.2 psi was
reported, higher than the one obtained during the experiment of PAM solution. Higher
pressure drop is beneficial for higher chemical oil recovery [22,23], which was observed
during the injection of STN and surfactant based STN nanofluids as shown in Figure 5.10
(c,d). Flooding experiments with STN-1 and STN-2 nanofluids suggested highest
pressure drop of 2.4 and 2.6 psi, respectively. The slight difference in pressure drop is
credited to difference in their viscosity values as STN-2 consisted of 0.1 wt% TiO2, 0.05
wt% higher than the NP amount in STN-1. Likewise, pressure drop value of 2.8 and 3 psi
was observed during the flooding experiment with STN-1s and STN-2s, respectively,
while it was 2.8 and 3.2 psi for STN-1t and STN-2t, respectively [Figure 5.10(c,d)]. Thus,
surfactant inclusion did not decrease the pressure drop results of STN nanofluids which
might be due to insignificant change in viscosity of these nanofluids in presence of
surfactant, consistent with viscosity results. Thus, higher pressure drop along with higher
order of IFT reduction and wettability alteration encourages the use of surfactant in
nanofluid design for crude oil production from a porous media.
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5.3.6.2 Chemical oil recovery results
Chemical oil recovery was simultaneously measured for all the above
experiments and plotted as a function of PV injected in Figure 5.11. The water flooding
of 5 PV suggested maximum oil recovery of 43% OOIP as shown in Figure 5.11a. The
total oil recovery improved and reached to the level of ~50% OOIP for flooding
experiment with PAM solution. As expected, the total oil recovery of flooding
experiment with SN nanofluid was higher (~58% OOIP) than the oil recovery of PAM
solution (Figure 5.11a), consistent with pressure drop results. Moreover, STN-1 and
STN-2 showed total oil recovery of 61.5% and 64% OOIP, respectively (Figure 5.11b).
The results indicate that TiO2 inclusion of 0.1 wt% can enhance oil recovery efficacy of
conventional silica nanofluid by 6%, which is in agreement with the research findings of
NP effect on oil recovery in literature [20,21,168,185,286]. Since IFT reduction value of
STN nanofluids was better than SN nanofluid, % oil recovery was accordingly found
higher in STN nanofluids. It is to be noted here that the extent of oil recovery also depends
upon the dispersion stability and flow behaviour of nanofluid [22,23] thus, the results of
higher oil recovery with STN-2 is in the support of its ζ-potential, UV-vis, and viscosity
results. Further, the oil recovery of STN nanofluid investigated in the presence of
surfactant and the inclusion of surfactant offered potential increment in the total oil
recovery. As a result, maximum oil recovery of 75% OOIP was achieved for STN-2s
which was even better (78% OOIP) for STN-2t as shown in Figure 5.11(c,d). In this
study, it was observed that surfactant, together with NPs, produced stable
nanocomposites of silica and titania, those showed superior performance in IFT reduction
(Figure 5.7) and wettability alteration (Figure 5.9). Mechanistically, all parameters
together produced more oil from the porous sand-pack. Therefore, from results, it can be
understood that controlling dispersion of NPs and nanocomposites of silica/titania, with
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an anionic surfactant, may provide better performance in oil recovery applications of
silica nanofluids.

Figure 5.11. Cumulative oil recovery as a function of PV injected during flooding
experiment with W: water, S: slug [(a) PAM and SN; (b) STN-1 and STN-2; (c) STN-1s
and STN-2s; and (d) STN-1t and STN-2t], and CW: chase water at ambient condition.
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5.4 NP retention in porous media
Retention of NP during transportation in porous media is a form of formation
damage, which is a kind of an environmental concern. FESEM methods have been
employed to understand NP retention and its effect on porous media [20,25,247]. FESEM
is a qualitative presentation of NP retention in porous media which is difficult to
understand the quantity of NP retention, important for the repetitive use of nanofluid in
porous media. Thus, in this study, apart from FESEM, NP retention in porous media is
studied through (1) DLS and (2) UV-vis spectroscopy techniques.
5.4.1 NP retention using DLS study
In porous media, nanofluid may show restricted pore entry due to pore geometry
and NP adsorption on rock surface which is likely to be related with size distribution.
Higher size is expected to show high retention while lower size may easily pass and
recover at the end of sand-pack. Thus, NP retention was envisaged through the
determination of NP size before and after nanofluid injection in porous sand-pack and
%change in size was determined using formula given:
% change in size of NP = [

(BF−AF)
BF

] × 100

(5.2)

Where, BF = NP size before flooding and AF = NP size after flooding
Here, %change represents what size of NP is expected to show higher retention?
The results of %change in size of NP for all nanofluids is provided in Table 5.4. It is clear
from Table 5.4 that NP size in recovered nanofluid was almost similar and its value
remained around 200 nm. Thus, NP size higher than 200 nm is expected to show retention
in sand-pack and it is also evident that NP retention was higher in SN nanofluid as it
exhibited significant variation in size. For SN nanofluid, based on size-distribution, ~60%
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size showed restricted entry in sand-pack which was only 51% for STN-1 and 49% for
STN-2. This information also clarifies that nanocomposites of silica and titania (in STN
nanofluid) were smaller in size. The inclusion of surfactant showed significant reduction
in %change value of STN nanofluids as most of the NPs were of smaller size resulting
they showed least retention. With SDS, it was observed that %change value of 44% and
35% was calculated for STN-1s and STN-2s, respectively.
Table 5.4. Evaluation of NP retention through DLS measurements before and after
flooding through porous media (sand-pack)

Size distribution (nm)
Nanofluid

Before flooding
(BF)

After flooding (AF)

% change in size
distribution

SN

525

209

60.2

STN-1

409

201

50.8

STN-2

385

195

49.3

STN-1s

344

193

43.9

STN-2s

294

189

35.7

STN-1t

325

195

40

STN-2t

297

193

35

However, these values further improved for STN nanofluid with TX-100 and
minimum %change of 35% was determined for STN-2t nanofluid (Table 4). Thus, these
results indicate that highly agglomerated NPs showed more retention in porous media
resulting their participation in wettability alteration of solid rock surface might be lower.
Due to agglomeration, NPs trapped at the entry of sand-pack and consequently, it reduced
the recovery rate of NPs at the outlet. This might be a serious environmental concern due
to retention of solid NPs in subsurface formations. However, well-dispersed NPs showed
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least retention as most of the NPs pass through the pore throats. Thus, the use of size
controlled silica nanofluids may reduce the chances of formation damage and related
environmental issues associated with the use of NP in oil and gas industry.
5.4.2 NPs retention using UV vis study
UV-vis analysis is one of the reliable methods to analyse NP stability in a colloidal
solution via absorbance. The absorbance value of nanofluid is related to NP population
and its dispersion within the nanofluid, and its measurement, before and after flooding,
can help to understand the intensity of NP retention and wt% of NP retained in the porous
media. The results of absorbance (before/after flooding) and %change are provided in
Figure 5.12 with a description in Table. For each nanofluid, %change was determined
after three rounds of nanofluid injection in sand-pack by the formula given in Eq. 3.

% change in absorbance = [

(Abf − Aaf )
Abf

] × 100

(5.3)

Where Abf = Absorbance value before flooding (refer Figure 5.5), Aaf = Absorbance value
after three flooding (Figure 5.12)
From the results, it was observed that the absorbance value for each nanofluid decreased
after flooding (Figure 5.12), which confirms the retention of NP in porous media. For SN
nanofluid, %change value of 62.68% was determined after three rounds of injection in
sand-pack. The higher change in absorbance corresponds to lower NP population in
recovered nanofluid. This confirms that most of the NPs retained in pore throats of sandpack. However, a lower value of %change was found for STN nanofluids and these
nanofluids showed maximum recovery of NPs with change of 13.04% (STN-1) and
14.02% (STN-2) as shown in Figure 5.12 (a,b). Thus, it is to be noted here that %change
in absorbance was higher for SN nanofluid as silica-titania nanocomposites of STN were
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of lower size resulting most of them easily passed through the pore throats and recovered
at outlet. Moreover, %change value further reduced for surfactant based STN nanofluids
and its value was calculated as 6.25%, 8.04%, 10.41%, and 12.35% for STN-1s, STN-2s,
STN-1t, and STN-2t, respectively (Figure 5.12). Thus, as per the table, it is clear that the
inclusion of titania as a co-stabilizer not only controlled the size of NP clusters but also
improved the dispersion stability of nanofluid which may be suitable for subsurface
applications where formation damage by solid particles is least expected. Based on %
change in absorbance, the amount of encapsulated NP in sand-pack was calculated using
the formula given in Eq. 4.
Φ

NP Retention (wt%) = Φ𝑁𝑃 − [( A𝑁𝑃 ) A𝑎𝑓 ]
𝑏𝑓

(5.4)

Where ΦNP is the total wt% of NP used during the synthesis of nanofluid as shown in
Table 5.2.
NP retention (wt%) was calculated and results are shown in Figure 5.12 (bar
chart). It was observed that NP retention was higher for SN nanofluid resulting ~0.31
wt% NPs retained inside the sand-pack after three rounds of injection. On the other hand,
NP retention was significantly low for STN nanofluids and only 0.07 and 0.085 wt% NP
retained with three rounds of STN-1 and STN-2, respectively, in sand-pack. Higher NP
retention for SN nanofluid is possibly due to the large size of silica agglomerates. NP
retention of surfactant treated STN nanofluids was least and only 0.034, 0.048, 0.057,
and 0.074 wt% NPs retained after three rounds of STN-1s, STN-2s, STN-1t, and STN2t, respectively, injection in sand-pack. From the results, it is clear that surfactant made
nanocomposites of silica and titania showed very less amount of retention which was
because of size reduction of nanocomposites. Finally, it can be concluded that surfactant
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offered remarkable control in the size of nanocomposites of silica and titania which is
favourable to contact larger area/surfaces in porous media.

Figure 5.12. Evaluation of NP retention through UV-vis analysis of nanofluids [(a): SN;
(b): STN-1 and STN-2; (c): STN-1s and STN-2s; (d): STN-1t and STN-2t] before and
after flooding in sand-pack. % change in absorbance value is shown in Table and the
severity of NP retention (in wt%) after 3 rounds of nanofluid flooding is shown by bar
chart.
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5.4.3 Confirmation of NP retention in porous media through FESEM
FESEM imaging was also conducted to visualize the NP retention on rock surface
in flooded sand-packs. In addition, EDS mapping was studied to understand the
adsorption of TiO2 and SiO2 NP on rock surface, an important technique for envisaging
NP adsorption in porous media. After three rounds of injection, sand samples were
collected from the outlet end of the sand pack and dried in an oven for 24 h at 50 °C to
ensure the complete dryness of the collected sand sample. After drying, the sample was
used for FESEM and EDS mapping. Figure 5.13 shows FESEM images of sand samples
flooded with SN and STN-2 nanofluids. For clear visualization of NP retention, images
were captured at different magnifications.

Figure 5.13. FESEM image of flooded sand-pack to envisage NP retention in porous
media during nanofluid flooding with and without TiO2 NP. (a-c): SN nanofluid of SiO2
NP and (d-f): STN-2 nanofluid of SiO2-TiO2 nanocomposites.
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Figure 5.14. Mapping images to find the presence of SiO2 and TiO2 NP in flooded sandpacks of (a): STN-1 and (b): STN-2 nanofluids. EDS spectra to verify the presence of
SiO2 and TiO2 in porous media.
For SN nanofluid, NP retention on sand grain was shown in Figure 5.13(a-c) and
it can be clearly seen that NPs adsorbed on the surface of sand grains. In addition, it is
also evident from images that NP adsorption on sand was accumulation of series of NP
clusters which is in agreement with the size distribution of 525 nm in SN nanofluid. This
can easily block pore throats and show higher formation damage via NP retention. NP
adsorption for STN nanofluid was studied for STN-2 and its SEM images are shown in
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Figure 5.13(d-f); it can be seen that NP clusters were scattered and exhibited smaller size
than the size of clusters in SN nanofluid. This indicates that reduced NP retention in STN2 is the result of lower size of nanocomposites of silica and titania. However, it is very
important to confirm the presence of TiO2 in NP clusters of STN nanofluid. For that, EDS
mapping was performed for both STN-1 and STN-2 and these results are provided in
Figure 5.14. For EDS mapping, a random location of flooded sand sample was chosen
and the mapped area is identified for silica and titania through the presence of different
colours. Besides, EDS spectra was recorded for STN-1 (Figure 5.14a) and STN-2 (Figure
5.14b) to quantify the presence of silica and titania. In EDS spectra, it was found that Si
peak was higher than Ti peak which is due to the greater population of silica particles in
suspension. Thus, this study confirms that NP retention is likely to occur during nanofluid
injection in subsurface formation for wettability alteration and chemical oil recovery.
However, its impact, to lower the risk of environmental issues, can be controlled through
the inclusion of another co-stabilizer such as TiO2 NP.
5.4.4 Mechanism for EOR
The addition of nanoparticles into a base fluid to formulate nanofluid with or
without co-stabilizers (surfactant) has received great area of interest in oil recovery
applications [27,106]. Many methods have been reported in this area and several EOR
mechanisms have been proposed to improve oil production [106]. In literature
[25,106,166,287], the important EOR mechanisms reported are viscosity increment of
aqueous solution, decrease in oil viscosity, log-jamming, wettability alteration, and
interfacial tension (IFT) reduction at oil-water interface. Wettability alteration is one of
the most accepted mechanisms for nanofluid EOR while IFT reduction and viscosity
contrast of injected fluid are other mechanisms [39,88,288]. Thus, based on experimental
data, this study proposed following mechanisms involved in EOR:
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(a) The viscosity of injected fluid should be lower than the viscosity of crude oil which
improves the displacement efficiency and enhances the oil recovery from reservoir.
Thus, it is recommended to formulate nanofluid in base solution of polymer (high
molecular weight chemicals: PAM/HPAM).
(b) Interfacial tension (IFT) between oil-crude generally shows interfacial interactions
between two immiscible liquids (oil and water). Thus, the reduction of interfacial
tension allows two immiscible fluids to interact and mobilize from reservoir pores.
(c) Wettability alteration of reservoir rock from oil-wet to water-wet is an important
mechanism for improved oil production which is generally measured through contact
angle measurements. If contact angle of injected fluid is reducing with time, it may
help to get more water-wet condition in reservoir and in that case, crude oil will leave
reservoir pores and get mobilize towards surface.
Thus, EOR mechanisms such as viscosity enhancement of injected fluid
(nanofluid prepared in base solution of derivatives of acrylamide such as PAM/HPAM),
wettability alteration (from oil-wet to water-wet using nanocomposites of silica and
titania), IFT reduction (between crude and polymer-nanoparticle-surfactant system) is
recommended for enhanced oil recovery from the reservoir.
5.4.5 Water cut study
The amount of water obtained as effluent was collected in glass vials and these water
cut observations (as a function of injected PV) are reported in Figure 5.15. Initially, these
values were reported for PAM solution (1000 ppm) and SN nanofluid (1000 ppm PAM
+ 0.5 wt% SiO2), where primary water flooding suggested 100% water cut after 1.2-1.4
PV of fluid injection. The water cut slightly reduced from 100% to 92-94% during the
injection of 0.5 PV PAM and SN, respectively, as more amount of oil was mobilized
during the injection of these chemical slugs. However, water cut values again reached to
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100% at later stage as shown in Figure 5.15a, indicating that no further oil recovery was
possible from sand-pack. When these observations were repeated for STN-1 and STN-2
nanofluids, the amount of water cut reduced to 90 and 87%, respectively, and further
returned to 100% (Figure 5.15b). This indicates superior oil mobilization potential of
these nanofluids than PAM and SN nanofluid. When 0.5 PV of SDS-treated STN-1 and
STN-2 nanofluids were injected in sand-pack, the water cut value further dropped to
~82% (Figure 5.15c), indicating SDS role on oil mobilization potential of nanofluid
systems. Also, simillar effect was observed with TX-100 on STN-1 and STN-2
nanofluids where water cut was observed ~80% (Figure 5.15d). Thus, role of surfactant
SDS and TX-100 on nanofluid is favourable for oil recovery.

Figure 5.15. Effect of surfactant and nanocomposites of silica and titania on water cut
obtained during the injection of flood systems of 0.5 PV.
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5.5 Conclusion
Nanofluid trait of improved thermal stability and rheological property has made
it suitable for oilfield practices, where wettability alteration is proposed as one of oil
recovery mechanisms for nanofluid flooding. However, NP agglomeration, leading to
premature pore blockage (formation damage), has reduced its efficacy as most of the NPs
retain inside the pore throats. In this work, silica nanofluid (SN nanofluid) of 0.5 wt% is
prepared in the base fluid of 1000 ppm PAM and tested for wettability alteration, IFT
reduction, oil recovery, and formation damage in the presence of a co-stabilizer i.e. TiO2
(0.05 and 0.1 wt%). TiO2 made SN nanofluid more stable by reducing the size of NP
agglomerates from 500 nm to 380 nm. As a result, STN nanofluid showed higher oil
recovery of 61% (STN-1) and 64% (STN-2), higher than the one with SN nanofluid
(58%). To seek further improvements in results of STN nanofluid, surfactants viz., SDS
and Tx-100 were chosen due to their oilfield acceptance and added with CMC.
Interestingly, surfactant use was found more efficient when it was used with nanofluid of
silica and titania resulting size of NP agglomerates further reduced to 300 nm. This also
increased the nanofluid stability as demonstrated by ζ-potential measurements. Surfactant
effect on wetting property and IFT reduction potential of STN nanofluid was also superior
as confirmed from  reduction from 92o→30° (more water-wet condition) and IFT
reduction from 25.9→2.2 mN/m for STN-2t nanofluid. The enhanced wetting property
further helped to improve the chemical oil recovery to 75% and 78% for STN-2s and
STN-2t, respectively. Finally, NP retention in sand-pack was studied and verified by three
different methods; (1) DLS, (2) UV-vis, and (3) FESEM analysis. These results were
consistent and least NP retention of 0.034-0.074 wt% was reported with surfactant treated
STN nanofluids, ensuring that TiO2 along with surfactant can save subsurface from
formation damage and environmental risk of NPs.
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Chapter 6
Stable carbon dioxide foams of nanocomposites of silica and titania for
effective carbon utilization: thermal and rheological characterization

Abstract
Most of conventional carbon dioxide (CO2) foams show limitations in practical
applications due to several issues such as thermal stability, disintegration of bubble,
dissolution of lamella, and deterioration of rheological property. However, the stability
of these foams can be improved by including a nanomaterial that makes them stable via
Pickering stabilization. However, homo-agglomeration, causing large size aggregates, is
an important issue with sole SiO2 based formulations (SF foam) which reduces foam
efficacy due to unsuccessful nanoparticle (NP) adsorption on CO2 surface. Therefore, this
study reports the use of nanocomposite of binary NPs (SiO2 and TiO2) in stabilizing CO2
foams at high pressure (70 bar) and high temperature (90 oC) conditions, to find their use
in oilfield practices. CO2 foam stabilized by nanocomposites was studied for thermal
stability using microscopic and rheological analysis at 70 bar/90 °C followed by UV-vis
and contact angle tests to investigate colloidal interaction with CO2. TiO2 inclusion
resulted into remarkable changes in the thermal stability and rheological behavior of SF
foam by delaying the process of CO2 coalescence. In addition, the study suggests that
TiO2 NP reduces the size of foam bubble through enhanced adsorption as demonstrated
by lamella formation and that foam (STF-3, 0.5 wt% SiO2 + 0.1 wt% TiO2) showed least
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dependency on varying shear, pressure, and temperature conditions. Moreover, the
rheological behavior of CO2 foam stabilized by these nanocomposites showed potential
for real oilfield environment where pressure and temperature play an important role.
Thus, this study highlights important mechanism of CO2 foam of binary NP system
(nanocomposites) followed by rheological analysis of CO2 foam at real conditions for
effective CO2 utilization.
6.1 Introduction
Gas injection is one of the oil recovery methods and it is often used to improve
the overall oil production from subsurface porous and permeable reservoirs [289–291].
Different gases such as nitrogen (N2), carbon dioxide (CO2), and methane (CH4) have
been used for oil recovery process however, CO2 injection has shown great interest in
recent years. CO2 enhances the oil production through miscibility with crude oil at certain
pressure and temperature which in turn results into higher oil recovery [124,292]. In
general, CO2 becomes supercritical in nature at critical point (pressure ~ 7.38 MPa;
temperature ~ 31.05 °C) and below this, it remains in gaseous form [293]. Thus, oil
recovery projects, involving CO2 gas injection, should be performed for conditions below
critical point [294]. However, CO2 injection in oil reservoir face challenges of viscous
fingering due to greater viscosity of oil which limits the performance of CO2 in oil
recovery process. One of the solutions to improve CO2 utilization in oilfield lies in its
usage as viscous foam (mixture of liquid and CO2 gas) than sole CO2. Surfactants such
as alpha-olefin sulphonate (AOS) [295], sodium dodecyl sulfate (SDS) [51], bis(2Ethylhexyl) sulfosuccinate (AOT) [296], and sodium dodecylbenzene sulfonate (SDBS)
[297] are some of the foaming agents, used in foam generation and stabilization of CO2
bubbles [298,299]. CO2 based foams are relatively viscous (lower mobility) and have
shown potential interest due to their inherent properties of smaller bubble size, larger
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expansion area, and better fluidity [300], which makes them promising for oilfield
applications [301–303].
However, the stability and flow properties of conventional CO2 foams have been
seriously influenced by oilfield conditions such as varying subsurface pressure and
temperature [56,304–306]. The effect of varying pressure and temperature has been
established through the reduction in foaming efficiency [56,307], foamability and foam
stability [297], and flow properties [307,308]. However, the foam degradation at elevated
temperature is the result of expansion of arrested gas molecules within the liquid phase
which eventually rapture the foam bubbles [56]. The potential method to prepare stable
CO2 foams is the inclusion of colloidal particles in the system, resulting into a foaming
system of Pickering stabilization that exhibits better stability than conventional foaming
[306,309,310]. The surface energy of particles determines the wettability and contact
angle of colloidal particles at the interface of gas/aqueous phase as a result [294], the
stability of the formed Pickering foam can be adjusted by switching the surface
interaction of particles [311–313]. The nature of colloidal particle has shown more impact
on stability of foams: hydrophilic nature of colloidal particle exhibits superior stability
than hydrophobic nature [314,315]. Therefore, several hydrophilic NPs such as CuO,
Al2O3, and SiO2 have been studied for stabilizing Pickering foams [316] among them,
silica NPs have gained widespread attention in oilfield due to their abundance in
subsurface formations and favorable stability at desired conditions. For example, Lv et
al. [317] prepared Pickering foams stabilized by a mixture of anionic surfactant SDBS
and silica NPs of 1 wt% and observed significant stability of foams at elevated
temperature of 80 °C. Singh et al. [28] investigated the mechanism of foam stability using
synergy between SiO2 NPs and anionic surfactant AOS for gas based oil recovery
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applications. AlYousef et al. [318] used AOS surfactant and silica NPs to prepare stable
CO2 foams for oil recovery applications at 100 psi and 50 °C.
Apart from improved stability, the reason of using Pickering foams for oilfield
applications is their improved rheological behavior which has been an important issue
with conventional foams [319–321]. The shear deformation of a foam can be assessed by
analyzing the rheological properties such as viscosity, viscoelastic moduli (storage
modulus, Gꞌ and loss modulus, Gꞌꞌ), and phase angle (δ). Mechanistically, Gꞌ represents
solid nature of a Pickering foam which signifies its rigidity towards deformation while
Gꞌꞌ represents viscous nature of a foam. The presence of both Gꞌ and Gꞌꞌ makes a foam
viscoelastic in nature [322] and, it is important to know how oilfield conditions influence
the viscoelasticity of a CO2 Pickering foam. This may be useful for effective CO2
utilization in subsurface environment of varying permeability of reservoir rocks. Xiao et
al. [323] investigated the rheological behavior of Pickering CO2 foam at elevated pressure
of 1140 psi and temperature of 40 °C: it was reported that non-Newtonian behavior of
foam of silica NP was better than the one of a conventional foam. In addition, several
studies [58,324–328] reported positive results of utilizing colloidal particles in
stabilization of a surfactant foam at high pressure and high temperature conditions. The
performance of a CO2 foam can be further improved if the extent of homoagglomeration
between NPs is controlled by the inclusion of different NP [62]. Since
homoagglomeration lead to the formation of large size clusters, interfacial adsorption of
NPs may reduce as large clusters either prefer to stay in bulk phase [21,27,329] or settle
to the bottom under action of gravitational forces [20,21,23,27,62,229]. The
homoagglomeration tendency of sole NPs is expected to exhibit significant contribution
on rheological behavior of Pickering foams. In our previous works [22,62,229], we have
shown that nanocomposites of least size can be developed through the inclusion of
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different colloidal stabilizer such as titania (TiO2) and dual NP system promoted the use
of these nanocomposites in oilfield through the several advantages of viscosity contrast
[62]; thermal stability at real field conditions [22,229], displacement efficiency and EOR
[22,23]. Thus, the novelty of the current work lies in the utilization of these sizecontrolled nanocomposites in effective CO2 utilization through the development of
rheologically stable Pickering CO2 foams, to be applicable in CO2 based oilfield projects
which is not reported in the literature as far as we are aware.
In this study, we thus report the synthesis of Pickering CO2 foams of
nanocomposites of SiO2 and TiO2 NPs and investigate the effect of high pressure and
temperature on stability, contact angle measurements under CO2 environment, and
rheological properties of foams for effective CO2 utilization in oilfield conditions. A
varying concentration of TiO2 NPs (viz., 0.01 to 0.1 wt%) was used while the
concentration of SiO2 was kept constant at 0.5 wt%. Anionic surfactant AOT of critical
micelle concentration (CMC, 0.18 wt%) and hydrolyzed polyacrylamide (HPAM) of
1000 ppm were used in the synthesis of nanocomposites. The stability of CO2 Pickering
foam was studied using a thermal microscope as a function of time and temperature.
Furthermore, the generated foams were analyzed for rheological properties (viscosity,
viscoelastic properties, and phase angle) at high pressure (70 Bar) and high-temperature
(90 °C) conditions. The pressure was kept below the critical point of CO2 which enabled
CO2 interaction with neighboring fluid in the gaseous phase. Thus, this study highlights
the stability mechanism of CO2 foams of dual NP system (nanocomposites) followed by
rheological analysis of CO2 foams at real conditions for better CO2 utilization in
controlling carbon footprints.
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6.2 Experimental section
6.2.1 Materials
Hydrophilic nanoparticles (NPs) viz., SiO2 and TiO2 were received from Sisco
Research Laboratory (SRL) Pvt. Ltd. India. The untreated average particle size of SiO2
and TiO2 NPs was 15 nm (purity ~ 99.5%) and 20 nm (purity ~ 99%), respectively. A
derivative of acrylamide called hydrolyzed polyacrylamide (HPAM, degree of hydrolysis
= 25%, purity > 90%) of molecular weight 107 Dalton was used as received from SNF
Floerger, India. An anionic surfactant Bis (2-Ethylhexyl) sulfosuccinate sodium salt
(AOT) of purity > 97% was supplied by Merck (Sigma-Aldrich Group), India. For the
preparation of aqueous phase, deionized (DI) water of electrical conductivity of 0.0054
mS/cm was utilized, obtained from the deionization and filtration unit (Millipore® Elix10). A laboratory-grade digital weighing balance (Mettler Toledo®, Switzerland) of
repeatability ± 0.0001 mass fraction was used. A magnetic stirrer (Tarsons digital spinot)
of speed range of 0-1200 rpm was utilized for the mixing of aqueous samples. To disperse
NPs in HPAM solution, a mixer (USHA, Imprezza Plus) of variable speed (5000-15000
rpm) was used. A digitally controlled ultrasonic analyzer (Labman® India) of frequency
40±3 kHz was used for the uniform dispersion of NPs in aqueous phase. To prepare CO2
foam, high pressure CO2 cylinder and an autoclave cell (Rototech) consisting of stirring
pot were used.
6.2.2 Preparation of Pickering CO2 foam
CO2 foams were prepared in a base solution of 1000 ppm HPAM in the presence
of surfactant AOT of CMC value and nanocomposites of different concentration. First, a
viscous solution of 1000 ppm of HPAM was prepared by the dissolution of 1 g of HPAM
powder in 1000 ml of DI water at stirring speed of 400 rpm for 10 h [22]. Next, solid
SiO2 NPs of 0.5 wt% were mixed in base fluid of 1000 ppm HPAM using a high-speed
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mixer at stirring speed of 10000 rpm for 10 min. Following this, TiO2 NPs of varying
concentration (0.01-0.1 wt%) were simultaneously added at 10000 rpm for 10 min which
produces nanocomposites of silica and titania in system. After the successful preparation
of nanocomposites of silica and titania, anionic surfactant AOT of CMC value (0.18 wt%)
was added to nanocomposites and properly mixed using a magnetic stirrer at stirring
speed of 200 rpm for 0.5 h. CMC value of AOT was determined using stalagmometric
method [23,159]. For measurement of CMC, aqueous solutions of 1000 ppm of HPAM
and AOT of varying concentration (0-1 wt%) were prepared. The prepared solutions were
subsequently used to cover the upper mark of capillary of stalagmometer. The filled
solution was allowed to fall freely to measure the time taken by solution between upper
and lower mark of capillary. The value of CMC was determined from surface tension
measurements using formula reported [23,159] followed by its verification with reported
CMC value of AOT in other literature [306]. The formulated aqueous solutions of
different NPs were sonicated for 0.5 h to uniformly disperse NPs in the suspension. The
aqueous solutions of different NPs were marked as SN (0.5 wt% SiO2 + 0.18 wt% AOT),
STN-1 (0.5 wt% SiO2 + 0.01 wt% TiO2 + 0.18 wt% AOT), STN-2 (0.5 wt% SiO2 + 0.05
wt% TiO2 + 0.18 wt% AOT), and STN-3 (0.5 wt% SiO2 + 0.1 wt% TiO2 + 0.18 wt%
AOT). The compositional details and nomenclature of all formulated nanocomposites are
also provided in Table 6.1. The experimental set-up, used for the synthesis of CO2 foams,
is shown in Figure 6.1. To generate foam, first, 25 ml of aqueous nanocomposite solution
was poured in the sample chamber of the autoclave. The sample chamber is connected to
a stirring pot, which consists of a spindle and motor to perform rotation at 2000 rpm. In
this autoclave, after loading the sample, the inside air was taken out using a vacuum
pump.
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Table 6.1. Compositional and nomenclature details of nanocomposites and their
corresponding foams.
Nanoparticle (wt%)
Base

AOT

fluid

(wt%)

SiO2

HPAM
(1000
ppm)

0.18

Nomenclature
(aqueous

TiO2

Nomenclature
Gas
(CO2 foams)

phase)

0

SN

SF

0.01

STN-1

STF-1

0.5

CO2
0.05

STN-2

STF-2

0.1

STN-3

STF-3

Figure 6.1. Schematic of experimental set-up used to prepare CO2 foam.
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After creating vacuum in the autoclave, CO2 gas was introduced using valve 2.
The pressure reading was continuously monitored and when the pressure reaches set
value i.e. 4 bar, valve 2 was closed. The sample was agitated at a continuous speed of
2000 rpm for 20 min to prepare a foam. After preparation, foam samples were collected
at the sample port by opening valve 3. The collected samples were then analyzed for foam
stability using visual appearance and microscopic study.
6.2.3 Characterization of CO2 foam
CO2 foams were kept undisturbed in a transparent vessel and visually monitored
to observe the changes (decay) in their appearance with time. The images of CO 2 foam
were regularly captured to quantify the decay in foam height. Further, the stability of CO2
foams was studied using microscopic analysis as a function of time and temperature.
Techniques such as field emission scanning electron microscopy (FESEM) analysis and
energy dispersive spectroscopy (EDS) mapping were used to visualize the internal
morphological structure of nanocomposites, and their effect on the structure of the foams.
Instrument called Mira3 (TESCAN, Czech Republic) was used for FESEM analysis. For
FSEM, a drop of nanocomposites/foams composed of NPs was poured on an aluminum
stab followed by its drying in an oven to remove moisture from the samples. Before
FESEM and EDS analysis gold coating was performed for 45 seconds (thickness: 12.6
nm) on dried sample. For microscopic study, an optical microscope (BA310, Motic®
Microscope) was used. The formulated CO2 foams were placed on a clean glass slide and
kept under optical microscope to capture and analyze images using an inbuilt digital
camera (Moticam-10) and software, respectively.
Ultraviolet-visible (UV-vis) spectrophotometry (3200, Lab® India) analysis was
performed to verify NP participation in foam stabilization and to determine the
percentage of NPs stayed back in bulk phase. The absorbance of light through
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nanocomposite phase (before and after foaming) was recorded over a wavelength of 200
to 800 with 1 nm/s scan rate. The cuvette used for these experiments was prudently
cleaned using DI water and dried using a hot air blower to avoid any contamination by
impurities.
The contact angle of CO2 in presence of different solutions (SN, STN-1, STN-2,
and STN-3) was studied using a contact angle cell as demonstrated in our recent study
[48]. The testing cell was equipped with two adjacent glass windows which were used to
visualize the sample drop by a camera on one side and light source on the other side of
glass window. To monitor pressure and temperature in isolated chamber, the testing cell
was also equipped with pressure and temperature sensors. In addition, the top of the
chamber was attached to a syringe pump (100 DX, Teledyne ISCO, USA) through a
stainless steel tube of standard size of 1/8 inch. The contact angle was measured by a
method described in the literature [272]: a drop of aqueous phase is dispensed on a glass
slide in the chamber and the image of the drop was taken using a high-resolution camera
(Phantom VEO 640L). The environment of CO2 in the chamber was maintained after
performing vacuum to remove the air from the chamber. CO2 gas was filled in the
chamber at a constant pressure of 1 bar and 70 bar. The change in droplet shape was
recorded to understand the impact of surrounding CO2 on interface. The image of the
droplet on the solid surface was continuously captured for 10 min and processed using
open source software (ImageJ) to determine the contact angle between CO2 and aqueous
phase. Each contact angle experiment was performed thrice and the results are provided
in the form of an error bar.
Rheological measurements for CO2 foams were performed using a compact
rheometer (MCR52, Anton Paar, Austria) equipped with shear and oscillatory modes.
The experimental set-up used for the rheological measurements is shown in Figure 6.2.
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Figure 6.2. Scheme of experimental set-up for rheological measurements of CO2 foam at high pressure high temperature (HPHT) conditions.
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The equipment set-up consists of necessary units to perform rheological
measurements at high pressure. The aforesaid rheometer consist of experimental unit
called pressure cell (bub and cup assembly) having connecting probe to provide pressure
and temperature to the aqueous/foam samples [67]. The pressure and temperature
capacity of the cell 40 MPa and 150 °C, respectively. During measurement, CO 2 was
introduced in cell to create test pressure while temperature was controlled using a
circulation bath (ESCY IC 201), connected to essential heating jacket on pressure cell.
The viscosity and viscoelastic properties (storage modulus = Gꞌ and loss modulus = G″)
of CO2 foams were measured at different pressure (1 bar and 70 bar). For the shear study,
viscosity measurements were conducted as a function of varying shear rate from 1 to
1000 s-1. The viscoelastic properties (Gꞌ and G″) of nanofluids were measured via
frequency−sweep analysis (frequency response) at a constant strain amplitude of 2%
[22,64,242], where frequency was varied from 1−100 rad·s-1. Before each measurement,
the rheometer parts, namely bob and cup, were prudently cleaned using DI water and
dried using an air dryer.
6.3 Results and Discussion
First, the visual appearance results of CO2 foams of different compositions (SF,
STF-1, STF-2, and STF-3) are reported. The results of microscopic study were presented
as a function of time and temperature followed by the discussion on contact angle
measurements for the aqueous phase of foam and CO2. Finally, the rheological
measurements for viscosity and viscoelastic moduli of CO2 foams were presented at low
(1 bar) and higher pressure (70 bar), and suitably compared to visualize the flow behavior
of CO2 foam at high pressure of subsurface scenario.
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6.3.1 Stability Analysis
6.3.1.1 Visual appearance
Stability analysis is perceived through changes in visual appearance and foam
volume of CO2 foams. In general, foam volume is defined as the volume generated by
gas and aqueous solution in measurement tube as depicted in Figure 6.3. For CO2 foam
stabilized by 0.5 wt% SiO2 and varying concentration of AOT (0-1.0 wt%), the foam
volume was determined and plotted in Figure 6.3a. It was observed that foam, consisting
of 0.15 wt% AOT and 0.5 wt% SiO2, exhibited maximum volume of 54 ml from 20 ml
of aqueous phase. With further increase in AOT concentration, no noteworthy increment
in foam volume was obtained as AOT concentration probably reached to CMC level in
the system, consistent with the measured CMC value in section 2.2. However, a slight
higher concentration of AOT (CMC + 20%) was used, considering surfactant adsorption
on rock surface during foam injection in a porous media. Thus, AOT concentration was
chosen as 0.18 wt% (0.15 wt% + 20%) throughout the study. The comparative analysis
of foam volume for all compositions (SF, STF-1, STF-2, and STF-3, Table 6.1) is
presented in Figure 6.3b. With only CMC in system, the foam volume was determined as
45 ml. Thus, the reason of greater foam volume for SF is credited to the inclusion of SiO2
NP in the system which enhances the overall stability of foam. Typically, the inclusion
of NP increases the total number of foam bubbles in the system which, for a constant
volume of CO2, is possible through the decrease in bubble size [330]. In foam phase, CO2
bubble of smaller size is more stable than the one of large size [301]. The volume of foam
further increased in the presence of TiO2 NP resulting it value reached to 57 ml, 62 ml,
and 66 ml for STF-1, STF-2, and STF-3, respectively. This indicates that more aqueous
phase participated in the formation of foam which might be credited to the greater number
of NPs in the system or formation of nanocomposites of SiO2 and TiO2 [22,62].
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Figure 6.3. Stability analysis of synthesized CO2 foams for (a) foam volume as a function
of AOT concentration (0-1.0 wt%) and (b) nanoparticle concentration [SF foam: 0.5 wt%
SiO2 and STF foams: 0.5 wt% SiO2 + (0.01 to 0.1 wt%) TiO2]. Visual appearance images
of synthesized (c) SF and (d) STF-3 foams are also provided at ambient condition.
In either case, it is expected that the increment in foam volume is the indication
of increment in surface area of CO2 bubbles which is only possible if more NPs
participate and adsorb on CO2 surface. Thus, TiO2 inclusion resulted into the
development of nanocomposites of smaller size than the size of SiO2 NPs in SF foam and
these nanocomposites preferred to stay on CO2 surface than bulk phase. This is consistent
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with our previous work on the development of least size nanocomposites of SiO2 and
TiO2 for oilfield applications [62]. Further, the visual appearance images were recorded
till the complete disappearance of foam. Figure 6.3c and 6.3d show the visual appearance
images of SF and STF-3 foams, respectively, as a function of time. It was observed that
foam volume progressively decreases with time and no foam was observed after 120 min
of storage in case of silica stabilized CO2 foam (SF, Figure 6.3c). However, the stability
was higher for STF -3 foam, consisting of nanocomposites of SiO2 and TiO2, and CO2
decay with time significantly delayed. As a result, this foam did not disappear till 720
min of storage period (Figure 6.3d). These results show that the nanocomposites provided
greater stability to CO2 foam than SiO2 NPs and nanocomposites based CO2 foam was
stable for longer duration as shown in Figure 6.3d.
FESEM along with EDS is one of the effective methods to understand the
morphological characteristics and elemental analysis of nanocomposites (STN-3). The
morphological structure of nanocomposites formed by SiO2 and TiO2 NPs is shown in
Figure 6.4(a and b). Further, the elemental details of nanocomposites are provided in
Figure 6.4 (c). The elemental analysis of these nanocomposites was studied using an
attached facility with FESEM which is capable to detect the elements present in the
nanocomposites. Figure 6.4 shows FESEM image of STN-3 nanocomposite phase to
visualize the morphology (aggregation/surface) of NPs incorporated in the formation of
nanocomposite. From FESEM image, it is difficult to identify the presence of both NPs
(SiO2 and TiO2) in nanocomposite therefore, EDS was conducted. It illustrates elemental
details of nanocomposite present in the system and it was clear from Figure 6.4c that both
Si and Ti were present for SiO2 and TiO2 in the aggregated structure of nanocomposite.
The peaks of Si were larger as compared to the ones of Ti, which confirms the presence
of higher percentage of silica (0.5 wt%) in the system.
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Figure 6.4. FESEM images to show surface morphology of nanocomposites formed by
SiO2 and TiO2 NP at different scale; (a): 1 μm and (b): 500nm. (c) presents elemental
analysis to confirm the presence of Si and Ti in nanocomposites.
6.3.1.2 Microscopic analysis of CO2 foams
The microscopic images of different CO2 Pickering foams are provided in Figure
6.5. These images confirmed the presence of CO2 in form of bubbles of varying size. The
uniform distribution of CO2 bubbles progressively reduced due to time dependent
coalescence resulting bubbles converted into large bubbles as evident from Figure 6.5.
212

Figure 6.5. Microscopic images showing effect of storage period on stability (coalescence
and packing of bubbles) of different foams at ambient condition.
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However, the rate of coalescence was higher for SF foam as the size of bubbles was
relatively higher than the ones in other foams stabilized by nanocomposites of SiO2/ TiO2.
Generally, the stability of a foam depends upon the size of bubble and its increase leads
to an unstable foam [301]. The stability against coalescence can be ensured by the
presence of NPs as they provide steric hindrance to stabilize a foam [331]. In SF foam,
the reason of faster coalescence might be the weak steric hindrance of SiO2 NPs which is
possible if NPs prefer to stay in bulk phase than adsorb on CO2 surface. Since the size of
SiO2 aggregates was higher than the size of SiO2 - TiO2 aggregates [22,62], most of SiO2
aggregates probably remained unabsorbed in SF foam. On the contrary, least size of SiO2
- TiO2 aggregates in STF foam significantly promoted their adsorption on CO2 surface
and as a result, foam sample STF-1 was found more stable against coalescence as shown
in Figure 6.5. Foam stability further increased with increasing TiO2 concentration and
STF-3 showed the maximum coalescence stability. This indicates that increasing
concentration of TiO2 further reduced the size of SiO2 aggregates and consequently, STF3 foam sample exhibited SiO2-TiO2 aggregates of least size and greater interfacial
adsorption. To confirm participation of SiO2 and SiO2-TiO2 aggregates in foam stability,
UV-vis analysis was performed on separated aqueous phase in SF, STF-1, STF-2, and
STF-3 foam, respectively in next section 6.3.2. The magnified microscopic image of the
interface in STF-3 sample was also shown in Figure 6.5. It seems that a lamella is created
at the interface of foam which states the fact of self-assembling properties of
nanocomposites, a key to maintain CO2 foam stability.
The thermal analysis of CO2 foams was also conducted by monitoring the changes
in bubble size with increasing temperature via thermal stage of microscope. Figure 6.6
shows the effect of increasing temperature on microscopic characterization of SF, STF1, STF-2, and STF-3 foams. SF foam was found least stable with increasing temperature.
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At 50 °C, the bubble size of SF foam increased which almost disappeared between 90100 °C. For STF foams, the bubble size also increased at 50 °C but it remained almost
stable up to 90 °C, particularly in STF -3 foam. In STF foams, bubbles did not disappear
and enough packing was available at 90 °C as compared to SF foam. TiO2 NP is thermally
stable and usually forms thermal bridging with SiO2 NP in nanocomposites [22,62,229].

Figure 6.6. Effect of temperature on thermal stability of CO2 foams stabilized by SiO2
(SF foam) NP and SiO2-TiO2 nanocomposites (STF foams).
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This might be the reason of greater thermal tolerance in STF foams than SF foam.
Moreover, increasing concentration of TiO2 was found more suitable to stabilize CO2
foams for STF-2 and STF-3. STF-3 showed maximum thermal stability and showed
enough number of CO2 bubbles at 100 oC in Figure 6.6. In addition, it is expected that
lamella is the indication of the presence of nanocomposites at interface which supported
the bubble to remain stable, even at 100 °C. The enlarged view of microscopic image of
STF-3 also indicates the presence of lamella around CO2, which demonstrates the selfassembling property of SiO2 and TiO2 in the system. Based on the results, a mechanism
of foam stability is also proposed through a schematic in Figure 6.6, which is prepared to
show the self-assembling property of nanocomposites in foam stabilization. Also, the
thermal bridging of SiO2 and TiO2 along with polymer chains strengthens the foam
structure and CO2 remained intact in the cross links at 100 °C as proposed by schematic
in Figure 6.6. The role of nanocomposites on CO2 foam stability is remarkable due to
almost no availability of the information in literature and the trait that can make foam
suitable for complex conditions is associated with the use of TiO2. Thus, nanocomposites
based CO2 foams can be very useful where silica stabilized foams show limitations.
6.3.2 Foam stabilization via UV-vis and FESEM
Figure 6.7 shows UV –vis analysis of NP solution (before foaming) and separated NP
solution (after foaming). The higher absorbance indicates a large population of NPs in
suspension while lower absorbance shows lower concentration of NPs in solution
[22,23,62]. The % change in absorbance value before and after foaming was determined
to understand the NP participation in foam stabilization as lower absorbance peak in
separated aqueous phase indicates that most of the NPs went into the phase of foam, also
shown by the description presented in Figure 6.7a.
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Figure 6.7. UV–vis analysis of nanocomposite phase before foaming (solid line) and separated nanocomposite phase after foaming (dotted line).
(a): a schematic to show determination of %change in absorbance (before and after foaming) for (b): SF (c): STF-1 (d): STF-2, and (e): STF-3
foams.
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If A1 is the absorbance value of NP solution (before foaming) and A2 is the absorbance
value of separated aqueous phase after foaming then,

∆A

% change in absorbance = [ A1 × 100] ; Where ΔA = |A1 – A2|

(6.1)

For SF foam, the % change in absorbance value was determined to be 42% however, its
value for STF-1, STF-2, and STF-3 foams was 54, 58, and 61%, respectively [Figure
6.7(b-e)]. Thus, it can be understand that SiO2 NP participation in foam stabilization was
lower for SF as most of the NPs preferred to stay separated aqueous phase resulting higher
value of A2 was measured. This reduced the value of ΔA and thus, % change in
absorbance. On the other hand, the reason for higher % change with STF foams can be
correlated with greater value of ΔA or lower value of A2 (low absorbance peaks in
separated phase of STF foams). NP participation in foam stabilization can be attributed
to the formation of lamella, a steric barrier of NPs around CO2 bubbles which keeps them
stable against destabilization [301].
To confirm the formation of lamella around CO2 bubble, FESEM image of dried
CO2 foam was captured and presented in Figure 6.8. Figure 6.8a is the FESEM image of
STF-3 foam, which clearly shows the presence of bubbles of varying size in foam texture.
The hollow area was a foot print of CO2 bubbles those disappeared during the process of
drying. Further, the presence of nanocomposites on lamella was confirmed through EDS
mapping and this image is shown in Figure 6.8b. EDS mapping confirms the presence of
particular elements such as Si for SiO2 and Ti for TiO2 at lamella. A better view of NP
presence in lamella is shown by FESEM image in Figure 6.8c. The lamella was marked
and also the bubble space was highlighted in Figure 6.8c. The mechanism of lamella
formation was in line with UV-vis results and microscopic study where nanocomposites
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showed greater participation to form stable lamella around CO2 bubbles. In addition,
spectra analysis in Figure 6.8e, confirmed the presence of both Si and Ti which are core
elements for SiO2 and TiO2 NPs, respectively. Thus, this study confirms that
nanocomposite of SiO2 and TiO2 is a better stabilizing agent that can produce strong
improvements in the stability of conventional CO2 foams.

Figure 6.8. (a): FESEM images and the corresponding (b): EDS mapping for Si and Ti
on lamella. (c) and (d) are near surface images at 10 μm and 2 μm scale, respectively,
with EDS spectra to confirm the presence of nanocomposites on lamella.
6.3.3 Colloidal interaction with CO2 at the interface
Contact angle study was conducted to understand the interaction of CO2 molecule
with NP and these results are shown in Figure 6.9. For comparison, contact angle results
with air are first shown in Figure 6.9a for different NP solutions (SN, STN-1, STN-2, and
STN-3: see Table 6.1) at 1 bar. The initial contact angle (at t = 0) for SN fluid was
measured as 88°. For STN-1, STN-2, and STN-3 fluids, its value was measured as 78°,
74°, and 70°, respectively. Contact angle image was only provided for STN-3 fluid in
presence of air. The reduced value of contact angle suggest that the nanocomposite based
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fluids showed interaction with air. Moreover, the change in droplet contact angle was
also observed for 10 min and found that the contact angle changed with time. The
reduction in contact angle after 10 min was observed as 29.5% (SN), 37% (STN-1),
37.8% (STN-2), and 38.5% (STN-3). The highest % reduction in contact angle was
observed for STN-3 nanocomposites. Thus, it can be inferred that nanocomposite
exhibited more interaction with air molecule. The advantages of CO2 interaction with NP
is also established in literature [29,306,332–334]and therefore, CO2 based contact angle
measurements were better as shown Figure 6.9b. The initial contact angle was observed
as 85° (SN), 75° (STN-1), 72° (STN-2), and 69° (STN-3). Further, contact angle value
of SN fluid reduced by 29.4% after 10 min. For STN-1, STN-2, and STN-3, % reduction
of 37.3%, 38.8%, and 49.27%, respectively, was measured. Thus, STN-3 based contact
angle significantly reduced which is attributed to interaction property of nanocomposites
of SiO2-TiO2 with CO2 molecules. Since TiO2 NP possesses highest surface energy and
zeta potential [22,62], STN-3 showed more colloidal interaction with CO2 molecules.
The contact angle value of SN and STN fluids further reduced with increase in pressure
(70 bar; CO2) and contact angle value was measured as 78°, 73°, 71°, and 67° for SN,
STN-1, STN-2, and STN-3, respectively (Figure 6.9c). In addition to this, the change in
contact angle after 10 min was higher at 70 bar as a result, maximum reduction (50.7%)
in contact angle was observed for STN-3 while its value for SN, STN-1, and STN-2 fluids
was 29.4%, 36.9%, and 40.8%, respectively. The maximum reduction in contact angle
was obtained for STN-3 as shown in Figure 6.9c. At 70 bar, the drop of STN-3 almost
becomes flat on the surface as evident from physical image (Figure 6.9c). Therefore, this
study states that CO2 interaction with colloidal solution can be enhanced by the inclusion
of binary NPs in the system such as SiO2 and TiO2 and these Pickering foams may address
the reservoir properties [301].
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Figure 6.9. Effect of high pressure (70 bar) on contact angle measurements of different
foam systems at ambient condition. Effect of storage time on contact angle study of foams
at low and high pressure is also evident.
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Figure 6.10 proposes a scheme of contact angle theory for interaction between NP
and CO2 molecule [332]. As per the schematic, contact angle is always measured from
higher to denser phase and contact angle higher than 90o can be expected for expanded
shape of CO2 bubble (Figure 6.10a).

Figure 6.10. A proposed contact angle scheme of Pickering stabilization and interfacial
interaction between NP and CO2 molecule in foam system.
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This is initial stage when most of the NPs are in rest. With time, the interaction at
the surface of CO2 increases and NPs are forced to self-assemble at the edge of solid
surface and CO2 under the phenomenon of adjoining pressure [335]. NP adsorption
progressively forced CO2 bubble to exhibit contraction resulting contact angle comes <
90o which is in line with experimental results of contact angle. After sometime, NPs will
cover the entire surface of CO2 bubble which is a stabilized CO2 bubble in Pickering foam
(see Figure 6.10d). Roque-Malherbe et al. [332] conducted a set of experiments to
quantify the interaction of silica surface with CO2 molecule and found significant
interactions between silica and CO2. Also, the interaction of CO2 molecules with metal
oxide NPs is more pragmatic and it favorably helps to stabilize CO2 foam [29,334]. Thus,
it was expected that, being a metal oxide NP, TiO2 inclusion is favorable in foam system
and mechanistically, the nanocomposites formed by SiO2-TiO2 may form more robust
network around CO2 bubbles.
6.3.4 Rheological properties of CO2 foams
6.3.4.1 Viscosity results
Viscosity results were conducted to find the suitability of CO2 foams in oilfield
practices and therefore, these tests were conducted at high pressure (70 bar) and high
temperature (90 oC) and suitably compared with the ones of NP solutions (SN, STN-1,
STN-2, and STN-3) without CO2. Figure 6.11(a-b) show the viscosity results of SN, STN1, STN-2, and STN-3 at 1 and 70 bar. For SN fluid, the value of zero-shear viscosity was
found to be 24.1 Pa.s at 1 bar and 25 °C. However, its value was slightly higher viz., 27.2,
29.5, and 32.2 Pa.s for STN-1, STN-2, and STN-3, respectively. This might be due to the
presence of TiO2 (0.01-0.1 wt%) in the system. In addition, it was observed that viscosity
for all fluids decreased with increasing shear rate which signifies the presence of shearthinning behavior. The viscosity reduction in SN fluid was higher than STN fluids
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resulting it reached to minimum level of 2.7 Pa.s at 1000 s-1. In STN fluids, STN-3
exhibited minimum viscosity reduction and its viscosity remained significantly higher
(10.1 Pa.s) at 1000 s-1. The reason for plateau in viscosity at higher shear rates for STN
fluid is credited to TiO2 NP that probably improved the rheological property of SN fluid
by reducing the impact of shear deformation. Thus, viscosity of CO2 foams of
nanocomposites was determined and compared with the viscosity results of SF foams in
Figure 6.11c. For SF foam, the viscosity value of 0.44 Pa.s was measured at 1 bar and 25
o

C. Thus, the viscosity of SF foam is significantly lower than the viscosity of SN fluid,

which is credited to the presence of gas phase in system. For STF-1, STF-2, and STF-3
foams, the zero-shear viscosity of 1.01, 2.04, and 2.8 Pa.s, respectively, was measured
(see Figure 6.11c). The reason of higher viscosity is consistent with the results of higher
foam volume in STF foams, which indicates that the foaming capacity of STN fluids is
higher than SN fluid. Moreover, it can also be established that effective CO2 utilization
(in form of foam) can be planned with STN fluids. Next, more CO2 can be sequestered
in subsurface if it is injected in form of STF foam. With nanocomposites of SiO2-TiO2,
NP aggregates of least size were available to interact and stabilize CO2 in the solution.
This is the possible reason of higher foam volume and viscosity with STF foams. Further,
the viscosity of these foams was measured at 70 bar and it was found that foam viscosity
increased with increase in pressure (Figure 6.11d). The viscosity of STF foams remained
higher than the viscosity of SF foam at 70 bar and in addition, their viscosity remained
higher over the entire range of viscosity explored. This is good for the application of STF
foams at high pressure condition of oilfield practices. The reason for the improvement in
viscosity with increase in pressure is also attributed to compactness of liquid molecules
at high pressure [65,336,337]. At 70 bar, SF foam exhibited viscosity reduction of 52.2%
while STF-3 foam showed least viscosity reduction of 44.3% (Figure 6.11d). The
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minimal impact of shear deformation on viscosity of STF foams makes them suitable for
varying shear conditions including oilfield. The viscosity results of these foams were also
reported at high temperature such as 90 oC. With increase in temperature, the viscosity of
each foam reduced and at 1 bar, its value reached to the level of 0.019, 0.032, 0.045, and
0.051 (at 1 s-1) for SF, STF-1, STF-2, and STF-3, respectively. The reduction in viscosity
with temperature typically occurs due to the reduction in aqueous phase viscosity [22,62]
and disintegration of foam bubbles [338] and polymer chains [339]. It is to be noted here
that effect of high temperature on viscosity of STF foams was least as compared to SF
foam. At 70 bar, the viscosity results of STF foams were even better as evident from
Figure 6.11f. This indicates that detrimental effect of temperature on viscosity of foam
becomes weak at high-pressure. For SF foam, the zero-shear viscosity reduced by 84%,
while its value remained around 1 Pa.s for STF foams at 70 bar and 90 oC. In addition,
increase in temperature could not affect the shear-thinning profile of STF foams and these
foams showed almost similar trends over the entire range of shear rate (almost plateau
after 20 s-1) (Figure 6.11f). This indicates STF foams may show stable rheology at high
shear rates, a case of drilling and subsurface injection in permeable hydrocarbon
formations. However, shear-thinning profile of SF foam significantly changed and
viscosity reached to minimum level of 0.06 Pa.s at 1000 s-1, which was 88% lower than
the viscosity of STF -3 foam. This shows that rheological behavior of STF-3 foam was
more stable for thermal conditions than Pickering foam of SiO2 (SF foam). Thus,
nanocomposites of binary NPs (SiO2-TiO2) is recommended in designing CO2 foams for
oilfield operations where temperature may be a limiting factor for conventional surfactant
foams.
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Figure 6.11. Viscosity results of different NP solutions (SN and STN based) and their
CO2 foams (SF and STF based) at different pressure (1 and 70 bar) and temperature (25
and 90 °C).
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6.3.4.2 Frequency sweep analysis
Frequency-sweep measurements of CO2 foams were performed at a constant
amplitude of 2% with frequency range of 1 to 100 rad.s-1 [22,23,62,64,242]. The results are
provided for all foams in Figure 6.12 at different pressure (1 and 70 bar) and temperature of
25 oC. It is clear from Figure 6.12 that each foam behaved as viscoelastic due to the presence
of both the moduli (Gꞌ and Gꞌꞌ) over the entire range of frequency explored. The first response
of frequency-sweep was recorded at 2.12 rad.s-1, which can be credited to detection limit of
rheometer [22,242]. At 1 bar, Gꞌ value of SF foam was measured as 0.25 Pa and its value
increases with increasing frequency resulting it reached to the level of 0.56 Pa at 100 rad.s-1
(Figure 6.12a). Similarly, Gꞌꞌ value of 0.22 Pa increases to 0.69 Pa at 100 rad.s -1. It is to be
noted here that Gꞌ value of SF foam remained higher than Gꞌꞌ till 3.2 rad.s-1 followed by
dominating Gꞌꞌ over the remaining range of frequency. This indicates that solid-like nature
of SF foam was weak, which signifies detrimental effect of deformation on elastic network
of CO2 bubbles in this foam. A dominating elastic behavior is the sign of strong stability in
foams or gels [311,340]. However, inclusion of TiO2 NP showed significant change in
viscoelastic response of SF foam and STF foams exhibited dominating elastic nature (Gꞌ >
Gꞌꞌ) with cross-over point at 20 rad.s-1 (STF-1), 32 rad.s-1 (STF-2), and ~ 100 rad.s-1 (STF-3)
[see Figure 6.12(b-d)]. The shift in the crossover is the indication of greater stability in foam
[341]. STF-3 foam contains a higher amount of TiO2 NP to form nanocomposites and thus,
it showed approximately no cross-over over the frequency range explored. In addition, it is
to be noted that Gꞌ and Gꞌꞌ values increases with increasing concentration of TiO2 NP in the
system [Figure 6.12(a-d)].
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Figure 6.12. Frequency-sweep analysis (Gꞌ - filled symbol; Gꞌꞌ - open symbol) of different CO2 foams (SF and STF) at varying
pressure: (a-d) 1 bar and (e-h) 70 bar and 25 oC.
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Figure 6.13. Effect of high temperature (90 oC) on viscoelastic response (Gꞌ - filled symbol; Gꞌꞌ - open symbol) of different CO2 foams
(SF and STF) at varying pressure: (a-d) 1 bar and (e-h) 70 bar at 90 oC.
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The reason for enhancement in viscoelastic response for the formulated foam may be
credited to the development of elastic network of CO2 bubbles and nanocomposites in STF
foam and its elasticity was least affected by deformational stresses. Thus, in terms of
stability, these foams can be kept in the following order of STF-3 > STF-2 > STF-1 > SF.
The effect of high pressure (70 bar) on these results are presented in Figure 6.12(e-h).
Moreover, enhancement in viscoelastic nature was observed with an increase in pressure (70
bar). The increase in moduli values is due to pressure generated compactness in foam bubbles
and its network in the suspension [315,342]. As a result, the viscoelastic response of SF foam
is significantly changed (Figure 6.12e); elastic nature dominated (Gꞌ > Gꞌꞌ) over the entire
range of frequency with almost no cross-over at 2.12 rad.s-1.
The effect of high temperature (90 oC) on viscoelastic response of these foams is
presented in Figure 6.13. It can be seen that increase in temperature significantly affected the
viscoelastic response of SF foam at both 1 and 70 bar (Figure 6.13a and 6.13e). The elastic
nature is entirely absent and viscous nature (Gꞌꞌ > Gꞌ) dominated with no cross-over over the
entire range of frequency. At 90 oC, SF foam was significantly unstable with Gꞌ value of 0.12
Pa. Even, increase in pressure (70 bar) could not help much and this foam still showed
viscous nature with dominating Gꞌꞌ. At 70 bar and 90 oC, Gꞌꞌ and Gꞌ value of 0.42 and 0.23
Pa (for 2.12 rad.s-1) were determined (Figure 6.13e). However, STF foams showed higher
thermal stability at both 1 and 70 bar and their viscoelastic nature slightly changed (Figure
6.13). The cross-over was still present at 9.98 rad.s-1 (STF-1), 19 rad.s-1 (STF-2), and ~ 100
rad.s-1 (STF-3) for 1 bar [Figure 6.13(b-d)] and 3.72 rad.s-1 (STF-1), 11.2 (STF-2), and
greater than 100 rad.s-1 (STF-3) for 70 bar [Figure 6.13(f-h)]. The elastic nature slightly
reduced for STF-1 foam and viscous nature dominated (Gꞌꞌ > Gꞌ) from 2.12 to 9.98 rad.s-1 at
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1 bar and 2.12 to 3.72 rad.s-1 at 70 bar. At 90 oC, Gꞌ and Gꞌꞌ value of 0.7 and 0.42 Pa (at 2.12
rad.s-1) were determined at 1 bar and these values slightly increased to 0.96 and 0.82 Pa at
70 bar (see Figure 6.13b and 6.13f). Further, a shift in the cross-over was observed with an
increase in TiO2 concentration and STF-2 foam exhibited cross-over at 11.2 rad.s-1 (Figure
6.13c), indicating stability of STF-2 foam improved due to presence of homogeneous
nanocomposites which favorably participated in foam stabilization. For STF-2 foam, Gꞌ and
Gꞌꞌ value of 0.72 and 0.55 Pa at 1 bar; and 1.2 and 1.01 Pa at 70 bar were obtained (Figure
6.13c and 6.13g). Moreover, STF-3 showed higher stability and cross-over occurred at later
frequency value of ~ 100 rad.s-1 (1 bar) and greater than 100 rad.s-1 (70 bar) (Figure 6.13d
and 6.13h), comparable with the values obtained at 25 oC (Figure 6.12d and 6.12h). STF-3
foam showed favorable viscoelastic response at 90 oC and 70 bar as a result, Gꞌ and Gꞌꞌ values
did not change much. Gꞌ and Gꞌꞌ value of 2.6 and 2.22 Pa, respectively, were evident at 70
bar (Figure 6.13h), consistent with the values obtained at 25 oC (Figure 6.12h). Thus, the
viscoelastic response of STF-3 foam was least affected by the variation in pressure and
temperature and this foam (stabilized by nanocomposites) possessed strong tolerance for
HPHT conditions.
6.3.4.3 Phase angle study of CO2 foam
The viscoelastic responses of CO2 foams can also be established via phase angle (δ)
study. In general, phase angle can be estimated by the ratio of viscous to elastic effects such
as:
tan(δ) = Gꞌꞌ⁄Gꞌ

(6.2)

A fluid is characterized by elastic nature if δ ∼ 0° and viscous nature if δ ∼ 90°, while
viscoelastic nature is represented by a δ value in between 0° and 90° [64,343]. Figure 6.14a
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shows δ measurements as a function of varying strain amplitude at 1 bar and 25 oC. For SF
foam, the initial value of δ was 23.6° (at 2 %), which increases with increasing strain
amplitude. δ value reached to the maximum level of 78.4 at 100%, indicating that viscoelastic
nature of SF foam is dominated by viscous effects as its value at 100% was closer to 90 o
(~70 % increase in δ value). For STF foams, δ value was determined as 28.1° (STF-1), 31.5°
(STF-2), and 36° (STF-3) at 2% as shown Figure 6.14a. Thus, STF foams exhibited viscous
component slightly higher than SF foam, which might be due to the presence of more colloids
in the suspension [306]. However, their viscoelastic nature did not vary much over the entire
range of strain amplitude as δ value was found 58.2° (STF-1), 39.4° (STF-2), and 41.3° (STF3) at 100% (see Figure 6.14a). Thus, STF-3 exhibited minimum change in δ value while
STF-1 and STF-2 showed 51.5% and 20% increase in δ value at 100%. At HPHT conditions
(70 bar and 90 °C), δ value decreased and reached to the level of 11.1°, 14.5°, 16.5°, and
18.5° for SF, STF-1, STF-2, and STF-3 foam, respectively (Figure 6.14b). The change from
viscoelastic to viscous nature was lower for STF than SF, and as a result only 61.8% (STF1), 52% (STF-2), 22.9% (STF-3) changes were measured between δ value of initial and final
strain while its was 75% for SF. The reason for greater stability in viscoelastic property of
STF-3 is attributed to compactness of foam bubbles which showed least dependency on
varying frequency. Since TiO2 helped in reducing size of homoagglomerated SiO2
aggregates [22,62,229], more NP aggregates (of reduced size) were available to adsorb on
CO2 surface and stabilize foam bubbles which might be the possible reason stable
viscoelastic nature in STF foams than SF foam. Thus, viscoelastic response of STF-3 foam
(at HPHT conditions) strongly support its implementation for subsurface oilfield applications
where conventional foaming agents may show limitations.
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Figure 6.14. Phase angle study to understand impact of strain amplitude (%) on viscoelastic
response of foam systems at (a) 1 bar/25 °C and (b) 70 bar/90 °C.
6.4 Conclusion
In this study, the potential of CO2 foams, stabilized by nanocomposites of SiO2-TiO2,
is investigated at varying pressure (1 and 70 bar) and temperature (25 and 90 °C) and
compared with conventional CO2 foam stabilized SiO2 NP. In synthesis of foam, a varying
concentration (0.01-0.1 wt%) of TiO2 was used while concentration of SiO2 was kept
constant as 0.5 wt%. The inclusion of TiO2 made remarkable changes in the stability and
properties of SF foam (SiO2 based CO2 foam) through the formation of a robust lamella
around CO2 bubbles. STF-3 foam (SiO2-TiO2 based CO2 foam) exhibited remarkable thermal
stability and it showed enough number of CO2 bubbles at 100 oC than SF foam as
demonstrated by microscopic analysis. Further, the interaction between NP and CO2 was
studied via contact angle measurements, which suggested that nanocomposites had
significant interaction with CO2 and even better interaction at 70 bar. In addition, the
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rheological properties of CO2 foams were investigated using shear and oscillatory modes.
The rheological properties (viscosity, viscoelastic moduli: Gꞌ and G″) of foam significantly
differ for SF and STF based foams due to the difference of TiO2 in the system. The viscosity
of SF foam significantly varied in presence of increasing shear deformation while viscosity
of STF foams was least affected by the varying shear conditions. In addition, viscoelastic
nature of SF foam significantly changed at 70 bar and 90 °C resulting its behavior was
dominated by viscous effects. The viscoelastic nature of STF foams was better and these
foams showed enough viscoelasticity at 70 bar and 90 °C due to the presence of cross-over
between Gꞌ and G″ which was not seen in case of SF foam. Moreover, it was concluded that
thermal degradation of CO2 Pickering STF foams can be reduced by increasing pressure in
the system. This increases the potential of these foams for subsurface injection in real oilfield
applications, a key to reduce the carbon footprint from environment.
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Chapter 7
Summary and Future Directions

This study reports the synthesis of stable nanocomposites of silica and titania
nanoparticles (NPs) in the base solution of an EOR polymer [polyacrylamide
(PAM)/partially hydrolyzed polyacrylamide (HPAM)] of typical oilfield concentration of
1000 ppm. The synthesized nanocomposites were characterized for dispersion stability,
thermal stability, and rheological properties and suitably compared with the conventional
polymeric solutions. Simultaneously, the performance of nanocomposites for oil recovery
was evaluated in a porous and permeable sandstone followed by the discussion on associated
environmental issues of NP retention in porous media. Furthermore, the role of these
nanocomposites was explored as foaming agent in the stabilization of CO2 foam for effective
CO2 utilization in oilfield applications. Finally the flow properties of these foams were
measured at reservoir equivalent pressure and temperature conditions.
The nanocomposites of silica (0.5-1.0wt%) and titania (0.01 and 0.1 wt%) were
prepared by a two-step method. The nanocomposites were characterized by visual
appearance, dynamic light scattering (DLS), ultraviolet-visible spectroscopy (UV-Vis),
thermogravimetric analysis, and electrical conductivity. Further, the formation of
nanocomposites of silica and titania was verified by a field emission scanning electron
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microscope (FESEM) coupled with mapping technique. The rheological properties such as
viscosity and viscoelastic properties (storage modulus: Gꞌ; and loss modulus: Gꞌꞌ) of
nanocomposites were measured and compared with the ones of conventional polymer to find
the suitability of these nanocomposites in the complex shear conditions.
The effect of reservoir salinity on stability and rheological properties of silica
nanocomposites was discussed. The colloidal stability of nanocomposites can be reestablished through the inclusion of an anionic surfactant in the system. The stabilized
nanocomposites were then tested for oil recovery from a porous sand-pack enriched with
varying salinity. The use of surfactant was found beneficial for colloid application in oilfield
practices where salinity becomes a limiting factor.
Further, the synthesis of nanocomposites was tested in presence of high molecular
weight derivative of acrylamide i.e. hydrolyzed polyacrylamide (HPAM). The rheological
properties of nanocomposites were measured at high temperature and the thermal stability of
nanocomposites was assessed through mass loss study at high temperature (90℃). The
flooding experiment showed significant improvement in oil recovery at high-temperature
where conventional polymer fluid showed limitations.
Also, surfactant treatment of nanocomposites was performed by different surfactants
(anionic/nonionic) and evaluated their role in oil recovery applications through wettability
alteration and interfacial tension (IFT) reduction of crude oil. NP retention in porous media
was evaluated using different approaches such as DLS, UV-vis, FESEM, and mapping.
Generally, NP retention in porous media is an environmental concern, which can be reduced
by the use of nanocomposites of small size, these can easily pass through pore throats of
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sandstone. It was established that sole silica NPs showed higher order of retention as
compared to nanocomposites.
As per the information from aforementioned studies, SiO2-TiO2 nanocomposites
were more stable than conventional SiO2 nanofluid. Thus, the developed nanocomposites
were used as foaming agent in developing stable CO2 foams for effective utilization of CO2
in oil recovery practices. The rheological behavior of CO2 foams stabilized by
nanocomposites was investigated at reservoir equivalent pressure and temperature
conditions.
Future Scope
This work demonstrated the effect of different reservoir conditions on stability and
properties of nanocomposites such as physical stability, thermal stability, and rheological
properties. Further, the effect of NP retention on wettability alteration and IFT reduction can
be controlled using small-size nanocomposites. In last chapter (Chapter 6), the
nanocomposites showed their potential to stabilize CO2 foam by creating a stronger lamella
at the interface of gas and aqueous phase.
The future directions of the work may lead towards use of CO2 foams in
emulsification of crude oil which will be reffered as “foam-emulsion”, where interactions of
three-phase system (water, oil, and gas) can be studied in contact angle set-up in EOR
research lab of RGIPT. It is expected that CO2 along with nanocomposites may show more
interaction with crude oil and enhance oil recovery by forming a foam-emulsion system of
three phases (water, oil, and gas), which is a kind of remarkable to explore in EOR
applications. Also, it can help to reduce the carbon footprints and possibly may provide
geological sequestration for safe CO2 storage. Along with existing techniques, the formulated
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nanocomposites of silica and titania can be utilized for stabilizing CO2 hydrates for gas
transportation, utilization, and storage which can help to reduce CO2 footprints from the
environment.
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