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Preface

The incessant rise in carbon emissions along with an increase in energy
demand has created a unique conundrum for the developing world. Not only is there
a need to improve the recovery of hydrocarbons from existing oilfields but it is also
essential that the carbon footprint of the produced oil be reduced, to ensure a
sustainable economic and ecological balance in the coming decades. For this, CO»-
based enhanced oil recovery (EOR) methods hold immense potential as not only do
they improve oil recovery via causing it to swell and reducing its viscosity but also
sequester a significant amount of CO in the subsurface. While the versatility of CO-
based EOR methods has been established in several studies, its wider application is
constrained by the unique flow behavior of CO- in porous media, namely, its tendency
to channel, bypass oil pockets and yield insufficient areal coverage in the reservoir.
While several studies have proposed the use of mobility control agents like polymers,
surfactants or conventional nanomaterials, their application itself is hindered by their
tendency to degrade under temperature, adsorb on the rock surface, agglomerate and
plug the narrow pore throats in the porous media. Thus, this work reports the synthesis
of novel silica nanofluids (colloidal suspensions of particles in the nanometer range)
in a base solution of 1000 ppm polyacrylamide (PAM). The fabricated nanofluids
were investigated to establish their size, dispersion stability, rheological
characteristics, flow behavior and oil mobilization potential was suitably compared
with conventional methods in the presence of conventional oilfield additives like
surfactant and conventional oilfield conditions. Additionally, the synthesized silica
nanofluids were evaluated to establish their CO, absorption and retention potential

under varying pressure and temperature conditions. Finally, the silica nanofluids were
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evaluated for CO, foam formulation wherein their positive effect on foam stability

and rheology was established. The basic layout of the work is as follows.

Initially, the essentiality and fundamental advantages of CO,-EOR will be
elaborated along with a listing of the challenges most likely encountered while
conventional CO injection. This includes gas bypass, liquid channeling and gas-
induced formation damage which will be discussed in this chapter. This will be
followed by a discussion on the current mobility control agents like polymers and
surfactants which are used to increase the retention duration of CO> in the reservoir
and the need for a newer, more efficient mobility control agent derived from existing
nanomaterials and oilfield chemicals will be established. Furthermore, the basics of
colloidal stability along with a brief discussion on how conventional nanomaterials
are prepared and why they are unsuitable for this task will also be provided. The effect
of temperature, salinity and other external oilfield agents on stability of nanofluids
has also been discussed followed by the proposed mechanisms of superior stability in

single-step silica nanofluids.

This has been followed by the synthesis of novel silica nanofluids in a base
fluid of 1000 ppm PAM using the sol-gel method will be reported. The nanofluids
were characterized using particle size analysis along with advanced imaging
techniques like SEM and TEM to establish their spherical shape and un-agglomerated
nature. The synthesized nanofluids of varying size (30-150 nm) and concentration
(0.1-1 wt%) did not exhibit any agglomeration for 60 days. The nanofluids were then
analyzed for mobility control of COz in a synthesized porous media (sand-packs)
wherein they exhibited excellent improvement in performance. Finally, the
nanofluids were analyzed for retention inside a porous media where negligible

sedimentation and retention inside sand-packs was observed. The factors investigated
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were length of sand-pack, injection rate, temperature, and colloidal concentration in
the sand-pack. Thus, in this chapter, the synthesis of a stable colloidal nanofluid

solution was reported along with its flow applications.

Following this the stability of the synthesized nanofluids was investigated in
the presence of temperature (30-90 °C) and salinity (0-8 wt% NaCl). The inclusion of
salt did promote agglomeration (formation of clusters greater than the size of
individual nanoparticles, NPs) in the nanofluids, the addition of an anionic surfactant,
sodium dodecyl sulfate (SDS) improved the stability of their stability and improved
cumulative oil recovery from sand-packs, even in the presence of moderate salinity
(4 wt% NaCl). The efficacy of anionic surfactant for stabilizing nanofluids in a saline
environment was also discussed along with the mechanism involved. Thus, in this
chapter, the synergy between oilfield additives like surfactants, polymers and silica

nanofluids was established for conventional EOR applications.

Next, the viscosity and viscoelastic property of the synthesized nanofluids
was ascertained using a modular compact rheometer. The nanofluids displayed
improved viscosity and viscoelastic nature, which was attributed to the presence of
colloidal NPs in the suspension. The inclusion of CO, was found to alter the
rheological behavior of the nanofluid, though no escape of CO, from the nanofluid
was observed even when high shear values were applied. Therefore, from this chapter,
it can be concluded synthesized nanofluids have excellent flow properties even in
conjunction with CO> and their use in CO>-based EOR and geo-storage is proposed

for field applications.

Furthermore, the role of surfactant-alternating gas (SAG) injection was

investigated for sand-packs wherein in-situ CO> Pickering foam formulation was
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established inside the sand-packs. The role of slug size, gas injection speed and
surfactant concentration were investigated and understood via pressure drop and fluid
recovery observations. The foam movement in the sand-pack was validated by the
recovery of fluids at the outlet and the pressure drop profile. Lowering the CO>
injection rates increased their areal coverage inside the sand-pack and thus, the

formulated nanofluid system was proposed for carbon geo-storage.

Next, the synthesized nanofluids were used for CO; absorption and retention,
with and without the addition of SDS. The inclusion of SDS yielded the formation of
CO2 Pickering foam which was stable and showed high CO. absorption than
conventional nanofluids. Mechanisms influencing CO2 absorption and then, retention
inside the body of the nanofluid in presence of the surfactant were also understood
and discussed. This was followed by the application of CO,-laden surfactant-treated
silica nanofluids for oil recovery from sand-packs. From this work, the applicability
of surfactant-treated nanofluids was established for enhanced oil recovery in

conjunction with CO; for carbon sequestration.

This is then followed by the investigation of the effect of silica nanofluids on
COz-foams wherein their foaming ability, stability, and microscopic bubble size
distribution were observed as a function of time and temperature. This was followed
by the observation of shear and dynamic rheological behavior of CO2 Pickering foams
where foams exhibited shear-thinning nature. This was followed by the investigation
of rheological hysteresis in foams wherein shear rate was increased, then held and
finally reduced to establish shear thinning nature of silica stabilized Pickering foams.

This work established the stability of Pickering foams in oilfield conditions.
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Finally, a comprehensive list of conclusions from the various investigations
performed in this study would be reported. The highlight of the study were superior
performance obtained in enhanced oil recovery applications from sand based media
along with a significant increase in carbon storage in the subsurface. A suggested line
of future works to further explore the field application of formulated silica nanofluids
is also proposed for applications other than energy and carbon sequestration. The
observations presented in this study underscore the significant performance
enhancement of novel silica nanofluids and thus, their use is proposed for improved

flow behavior and carbon utilization in subsurface oilfield applications.
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Thesis Organization

Chapter 1: The first chapter summarizes the basic introduction of nanofluids
and their need for enhanced oil recovery and carbon utilization applications. The
various challenges related to nanofluid use will also be discussed in this chapter
followed by the comparative analysis of the two methods of nanofluid synthesis.

Chapter 2. In this chapter, the synthesis of silica nanofluids is reported via
the Stober sol-gel method in a medium of 1000 ppm PAM solution. The synthesized
nanofluids were then evaluated using advanced imaging methods like SEM/TEM,
DLS and zeta-potential to establish their stability. Next, the CO, flow behavior in
porous media in presence of nanofluids was evaluated followed by NP retention
investigation in porous media.

Chapter 3. Conventionally, saline medium has been found to destabilize
silica nanofluids. Thus, in this chapter, the stability of silica nanofluids was
investigated in the presence of saline medium and the role of salt was then negated
using an anionic surfactant, SDS. Next, the role of nanofluids (with and without
surfactant treatment) was explored for oil recovery from sand-packs with saline
formation water.

Chapter 4. The rheological behavior of the silica nanofluids was then
explored under relevant thermal conditions to establish their visco-elastic behavior.
The effect of CO. absorption on nanofluids was also understood via rheological
characterization of the nanofluids which was not found to have any detrimental effect
on them.

Chapter 5. To establish better CO> utilization in brownfield and carbon
storage applications, the behavior of surfactant-alternating gas was understood in

context of varying pore volume injection, flow rate of gas injected and amount of
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surfactant added to the nanofluid. The areal sweep of the injected gas established by
the pressure drop profile observed during the study.

Chapter 6. The CO absorption potential of the silica nanofluids, with and
without surfactant, was explored using the pressure decay method. The role of CO>
on IFT between crude oil and nanofluids solutions was also explored followed by the
duration of CO; retention within the nanofluid solution. Finally, these nanofluids
were used for oil recovery from sand-packs to establish their efficacy in oil
mobilization applications.

Chapter 7. The surfactant-treated nanofluid solutions were then used for
foam formation and their rheological behavior was understood under varying shear
and thermal conditions. The formulated foam was found to remain stable even under
adverse conditions, indicating the longevity of Pickering foams. This nature was also
understood via the rheological hysteresis investigation of the Pickering foams.

Chapter 8. In this section, the conclusion of this thesis has been presented in
a coherent manner. This work aims to promote nanotechnology applications for
effective carbon utilization and the conclusion is organized to put forth this aspect
before the readers of this work. Furthermore, a suggested course of future work is

also proposed in this book section.
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Chapter 1

Introduction and Literature Survey

1.1 Background

Globally, scientists have come to a consensus that increasingly higher emissions of
CO: as the byproduct of anthropogenic activities are responsible for the wide fluctuation in
the prevailing climatic conditions [1,2]. CO, as a greenhouse gas, is becoming a global
threat for human health and environment as its atmospheric concentration has already
crossed the permissible limit of 350 ppm [3]. Empirical data has suggested that burning of
fossil fuels is directly responsible for the increasing CO: in the atmosphere (see Figure 1.1).
This increase in CO2 emissions has directly led to an increase in erratic weather patterns
worldwide which continue to pose a challenge for human living and sustenance worldwide
[4,5]. The efforts seeking its atmospheric reduction are receiving widespread attention in

recent times.
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Figure 1.1: Plot of CO, emissions and atmospheric accumulation of CO- as a function of

time. It can be observed that there is a direct correlation between these two.

Simultaneously, it has also been estimated that the global energy demand will
increase due to increasing standards of living in the developing countries (particularly
India, China and Nigeria) and most of this surplus demand is likely to be fulfilled majorly
using fossil fuels [6,7]. Thus, it is of extreme importance that newer technologies and
processes be developed and applied which manage to achieve both, i.e., the reduction of
some amount of CO. from the air and improving hydrocarbon recovery from existing
oilfields. Several research developments on different scales have been proposed and many
are still in the development stage to capture and sequester CO2[8,9]. A few such approaches
involve the use of Amines, lonic Liquids, Porous materials like Polymers or Graphene,
Nanoparticles (NPs) etc. One of the methods is to utilize CO2 on large scale for
underground storage and the oil recovery optimization (Figure 1.2), where COz is expected
to create enough miscibility with trapped oil and mobilize its lighter hydrocarbon

components towards surface [10-13].
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Figure 1.2: Sequence of carbon capture, utilization and storage (CCUS). This work has

majorly focused on geological storage and utilization (enhanced oil recovery) of CO..

1.2 Challenges with COz2 injection

However, the injection of CO- as a gas is plagued with several challenges of its own
as CO has the tendency to finger through the residual liquid layers [14,15]. CO; being the
lighter gas than the crude oil, results in its early breakthrough due to bypassing and the
viscous fingering effects. This significantly reduces efficiency of CO2-geological storage,
and volumetric sweep efficiency [16-18]. Not only does it reduce the volumetric storage
of the injected gas but also wastes expensive and ecological degrading CO2 gas [19].
Furthermore, the large CO2 bubbles (see Figure 1.3), formed due to gas mobility in porous
media, are unable to access the smaller pores as the small pore throats in the reservoir deter
the flow of large bubbles of CO», creating blockages and causing bypassing of pockets of
oil [18]. CO: also undergoes gravitational segregation (where the lighter gas is displaced
upward by the heavier formation fluids) which complicates gas storage integrity and may

cause premature leakage [15,20].
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Figure 1.3: Existing challenges with CO: injection in porous media. Adapted from

Chaturvedi and Sharma [21].

Thus, there is a need to formulate new additives to either viscoisfy the CO; or inject an
additional fluid before gas injection to hold back the CO2 during its injection, akin to how

polymers are used to solve the water-channeling issues [22,23].

1.3 Issues related to current additives used for mobility control

For mobility control of injected CO2 gas, commonly used additives can be polymers
and surfactants which are already in use for EOR operations [24-26]. Surfactants are
usually added to injected fluids because of natural tendency to reduce interfacial tension
(IFT) between injected fluid and crude oil, enabling its easier mobilization [27-29].
However, surfactants are susceptible to adsorption on rock surface which reduces its overall
efficacy in field applications [30,31]. Alternatively, polymers can be added to injection
fluid to increase its viscosity and displace oil by the macroscopic process. However,
polymers exhibit degradation at elevated temperatures which possess a challenge from an
operational and ecological standpoint [32]. Additionally, polymers display an inferior

tendency to mobilize oil from low permeability cores [33]. Furthermore, extended injection



of polymer solutions in subsurface formations is not desired as they tend to clog the pore-

throats [34]. A list of chemical additives used for mobility control of CO; has been provided

as Table 1.1.

Table 1.1: Use of chemical additives in past studies for CO2 mobility control applications.

S.No. Authors Study Chemical additive

used

Remarks

1 Chaturvedi and [11]
Sharma (2019)

2 Zhao et al. (2015)  [35]

3 Zhang et al. (2012) [22]

4 Rahmani (2018) [36]

5 Elhag et al. (2014) [37]

Polyacrylamide
(PAM)

Ethylenediamine

Poly (Vinyl Ethyl
Ether) (PVEE),

Poly (1-decane) (P-1-
D)

Silica Nanoparticles

(SiNPs)

Switchable diamine

surfactant

PAM (1000 ppm
concentration) increases
the CO- capturing ability
of water which ensures
increased mobility control
for use in carbonated
water flooding.

CO2 when injected along
with ethylenediamine
reacts to form ammonium
carbamate which
decreases CO2 mobility
by blocking high
permeability.

PVEE and P-1-D were
proposed to viscosify
pure COz in order to
ensure enhanced mobility
control.

Methyl coated SiNPs
(size = 12nm) was
injected along with CO>
to form stable foams
which reduces gas
mobility in limestones.

C16-18N(EO)CsN(EO)z
generated stable viscous
CO; foam at 120°C for
application in mobility
control of CO2 EOR.



6 Haghtalab et al. [38]
(2015)

7 Rousseau et al. [39]
(2012)

8 Sagir et al. (2016)  [40]

9 Foyen et al. (2012) [41]

SiO2 and ZnO

NPs

Polydimethylsiloxane

(PDMS)

Nonyl phenol
ethoxylate sulphonate
(NPES)

Brij L23, Igepal CO-
720, Tergitol NP-10,
Tergitol TMN10,
Tergitol 15-S-9 and
Alpha olefin
sulfonate (AOS)

A comparative study was
performed for water-
based nanofluids among
which water based ZnO
nanofluids showing better
absorption and solubility
measurement for COx.

CO: dissolved polymer
PDMS was used as a
mobility control agent.

Feasibility of synthesized
CO2-philic surfactant
NPES was studied for
mobility control
applications.

Five CO2 soluble and one
water soluble surfactant
were characterized for
foaming ability
formulation of which aid
in mobility control
applications.

Hence, a suitable chemical additive must be identified to increase retention of

injected COz in formations where the application of conventional chemical additives is

hindered by adverse conditions.

1.4 Motivation- nanofluids for mobility control of CO2

Nanofluids are a relatively modern technological advancement in the field of

material science which has the potential to improve the efficacy of processes in various

industrial applications [42]. Nanofluids, comprise solid nanoparticles (NPs, of nanometer

range) suspended in a solution, usually water. Compared to the base fluid and comparative

particles of the same material in the micro-meter size range, nanofluids have been found to

exhibit superior heat and mass transfer, electrical conductivity, rheological behavior, and



flow control [43—45]. This improved performance of nanofluids can be attributed to their
smaller size which enables the presence of more atoms on its surface, directly improving
their participation in chemical and physical interactions and established superior surface
area/ volume [46,47]. These unique properties of the nanofluid have led to researchers
exploring their use to improve the flow properties of fluids [48-50], as refrigerant and heat
transfer fluids [51,52], in solar water heating [53], for CO. capture and transport
[10,38,54,55] and as injection fluids in enhanced oil recovery (EOR) operations [56-58].
Silica nanofluids (SiO2/water) have found great application in several industrial
applications on account of their ease of fabrication, low cost of synthesis, and higher
suitability for surface modification [54,59]. NPs improve the efficiency of the process
through reduction in CO2-water surface forces (to form CO, foam) [60,61], increase in
water viscosity (called polymer effect), and the inclusion of active surface sites of small
nanoparticles (NPs) in solution for better absorption of CO2 molecules [10,38]. The trait
that makes NP-based formulation suitable for CO, absorption is also associated with large
surface area per unit volume, and improved rheological properties [62]. Some other
advantages associated with the use of NPs are a superior reduction in surface tension of
gas-water system to create CO> bubbles resulting increased in-situ absorption. Furthermore,
the presence of nanofluids enables the breakdown of large CO2 bubbles into smaller CO>
size, enabling them to access a wider region of the reservoir (see Figure 1.4). Nanofluid
can be used as a potential solvent to achieve higher values of CO, absorption with respect
to their base fluid and also enable a control of unfavorable CO2 mobility in the reservoir.
However, the synthesis of a nanofluid is critical for any industrial application due to
shortcomings such as agglomeration of NPs, reduced dispersion stability, and premature
sedimentation under the effect of gravitational forces [63,64]. NPs are solid particulates

and in a nanofluid, their agglomeration leads to the formation of NP clusters of large size



and relatively denser than the sole NPs. These clusters may settle faster due to gravitational
action resulting reduced dispersion stability in a nanofluid and as a result, nanofluid will be

ascertained as an unstable colloidal suspension for CO, absorption.
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Figure 1.4: Role of nanofluids as mobility control agents in CO: injection. Adapted from

Chaturvedi and Sharma [21].

Thus, nanofluid synthesis in a base fluid of less viscosity (such as water) is
susceptible to show higher settlement and the water nanofluid will be rendered as unstable
[65]. However, their wider application in flow and heat transfer applications is constrained
by their tendency to agglomerate (which reduces the surface area but conserves the mass)
in the base fluid [66]. This increases suspended particle size (due to the formation of homo-
aggregates) which are more prone to stuck up and aggregation [67]. It is thus highly
desirable to prepare stable nanofluid which exhibits superior stability so as most of the NPs

participate in CO. absorption phenomenon, which is the main focus of this work.



1.5 Objective
Synthesis and performance evaluation of novel polymer based single-step silica

nanofluids for enhanced oil recovery and carbon utilization applications.

1.6 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. Synthesis and characterization of novel single-step silica nanofluids using oilfield
polymer and evaluate their dispersion stability.

2. Investigate the dispersion stability and rheological properties of formulated silica
nanofluids under desired conditions.

3. Quantify CO- absorption, retention and foaming ability of silica nanofluids for
injection in porous media.

4. Determine compatibility of formulated silica nanofluid with conventional oilfield
additives like surfactants for chemical and CO»-based EOR.

5. Investigate nanofluid role in various application of CO in oilfield applications like

CWI, foam flooding and report on their synergy observed in lab scale testing.

1.7 Novelty

While earlier methods to synthesize silica nanofluids have ranged from using any
chemical additive (like polymer, surfactant, or other colloidal solid like TiO2/Ag NPs) or
by pH-controlled synthesis, for this work, the synthesis of a stable silica nanofluid was
attempted via the single-step method [68]. Unlike the two-step method where commercially
obtained nanopowder is added to a base fluid to prepare a nanofluid, in the single-step

method, the nanoparticles are synthesized inside the base fluid [69]. Compared to



nanofluids formulated by the method of two-step, single-step nanofluids have higher
stability and resist agglomeration for a longer duration which allows for more individual
NPs to participate in improving the efficacy of industrial application [70]. Furthermore,
newer, easier methods utilizing only the conventional laboratory equipment have been
developed for fabricating silica nanofluids of single-step origin which has further increased
the likelihood of their widespread adoption. To further impart the stability to the single-
step silica nanofluids, the base solution used was PAM, instead of water. One of the
solutions to improve the stability of water based nanofluids is to use additives such as high
molecular weight polymer such as polyacrylamide (PAM) that provides higher viscosity to
water during dissolution. NPs mixed together with PAM is expected to form a complex
macromolecular cross-linking structure resulting from the adsorption of PAM chains on the
surface of dispersed NPs as proposed by the scheme in Figure 1.5. However, despite the
vital importance of PAM in the formulation of nanosuspensions globally, the study showing
PAM based silica nanofluid for CO. absorption for oilfield applications is fairly limited in

the literature.
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Figure 1.5: Schematic showing enhanced CO. absorption and retention by a complex
created from the adsorption of PAM on the surface of NP. Adapted from Chaturvedi et al.

[10].

Furthermore, since PAM solution is also commonly used in the polymer flooding
method of EOR and CO- in viscous polymer phase is expected to remain trapped for longer
period than water, the novelty of the work lies in the use of silica NPs (as nanofluid) to
improve the CO, absorption capacity of polymer methods of CO2 sequestration and EOR
projects. Also, since low viscosity and non-wetting nature of CO; is responsible for an early
breakthrough of the injected gas at the surface during an EOR process, nanofluid with
enhanced CO; absorption may solve these issues. CO2 laden nanofluids will carry more
CO- than carbonated water injection allowing engineers to sequester comparatively more

CO: easily and securely in the sub-surface.
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Chapter 2

Single-Step Silica Nanofluid for Improved Carbon Dioxide Flow and

Reduced Formation Damage in Porous Media for Carbon Utilization

Abstract

Water-alternating gas (WAG) is affected by viscous fingering and trapping of
reservoir oil that can be addressed by advanced methods such as nanofluids, those not only
increase CO capturing but also provide significant control on its viscous fingering.
Therefore, this study reports the use of single-step silica nanofluids, of controllable
nanoparticle (NP) size (below 100 nm), for improved CO. flow and reduced formation
damage in porous and permeable media. Polyacrylamide (PAM, 1000 ppm) was used as
viscosifier and found favorable for enhanced dispersion stability (more than 2 months) in
nanofluids. The parameters, such as amount of precursor (Tetraethylorthosilicate-TEOS)
and catalyst (ammonium hydroxide-NHsOH), stirring speed, ultra-sonication time, and the
amount of PAM were varied. Silica NPs were highly stable against agglomeration as
reported by DLS, FTIR, TEM, SEM, and UV methods. With silica nanofluid, CO>
breakthrough significantly delayed and CO remained in sand-pack for longer duration than
water/PAM. CO: in presence of NPs made stable foam that was viscous and least mobile
(than CO2) as confirmed by progressive increase in pressure while CO, flow with
water/PAM was unstable as pressure varied non-uniformly. This is of key importance for

CO2 sequestration studies in porous reservoirs. Since NPs are solid substances, they can
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retain in sand-pack during nanofluid use for CO> utilization strategies. NP retention was
determined using an experimental investigation for different (1) sand-pack length, (2) flow
rate, (3) NP concertation, and (4) test temperature. NP retention of only 8-12% of total
injected amount was reported. Sand-pack length was found to be the most influential

variable.

2.1 Introduction

Miscible CO: flooding, immiscible CO2 flooding, and geo-storage are important
gas-based oilfield applications where CO> is viewed as a possible solution to (1) meet
energy demands by increasing hydrocarbon recovery and (2) reduce the amount of
anthropogenic CO emissions in air [71-75]. Since pressure requirements for CO- injection
are lower than other gases (N2 and hydrocarbon gas), CO. exhibits better adaptability for a
range of hydrocarbon reservoirs [76]. Theoretically, the injected CO2 should dissolve in the
crude body, causing oil to swell which will lower its viscosity and increase its mobilization
towards production well [77-79]. This is only possible if CO; after injection comes in
contact with the residual or trapped oil which typically dwells in low size pore channels of
porous media. However, it has been observed that CO, flooding results in lower than
expected oil recovery due to poor sweep efficiency as CO2 channels through the oil pockets
(called CO2 channeling problem - CCP) [80,81]. The poor sweep can be attributed to the
high mobility contrast between CO> and the reservoir crude oil [82,83]. Conventionally,
the viscosity of CO2 (Ucoz) has been found to be in the range of ~0.05 to 1 cP which is
markedly lower than oil viscosity (Hoi) which causes CO> channeling a major concern as it
results in premature CO breakthrough [84]. Hence, it is of key importance that CO>
breakthrough should be delayed by controlling its mobility; a controlled CO> movement is

expected to create blockage to subsequent injection of CO: as a result, injected CO2 will be
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forced to enter in most of the pore channels in reservoir. This will increase the areal sweep

efficiency of injected CO2 which is vital for CO; storage in porous media and oil recovery.

The injection of alternating slugs of water and CO2 (also referred as water
alternating gas, WAGQG) is one of the effective techniques to reduce CO2 channeling problem
[80,85,86]. However, a balance between amounts of injected water and CO2 is required to
achieve as too much gas leads to viscous fingering whereas too much water provides
trapping of oil by water. As a result, methods showing enhancement in water viscosity are
explored to reduce viscous fingering of gas. Conventionally, high molecular weight water-
soluble polymers (e.g. polyacrylamide-PAM and hydrolyzed polyacrylamide-HPAM) were
used [87]. But, these methods also exhibited challenges such as instability at high
temperature and sensitivity to salt conditions [88]. An interdisciplinary nanomaterial called
nanofluid has shown better performance than conventional fluid due to its large surface
area per unit volume [89], better structure [90], and distinct optical properties [91],
selectivity and stability for electroreduction of CO [92] and rheological properties [62,67].
The role of nanofluids in CO. foam and CO.-enhanced oil recovery (EOR) methods has
been discussed in literature studies. Nanofluids can stabilize CO, foam flood by reducing
the rate of thin film collapse at foam’s gas-liquid interface which makes CO2 less mobile
and thus, it is more likely to displace the residual oil from the reservoir [93]. NPs provide
significant increase in the resistance factor of CO, foam (4-16 times) which is beneficial
for obtaining higher oil recovery from the reservoir. Foam resistance factor is the ratio of

pressure drop (4P¢q,—np) Observed across the porous media during COz/silica NP injection
and pressure drop (4P¢o,-prine) Observed during CO2/ brine injection [94]. An excellent

stability of CO> foam was achieved with the use of silica NPs and the use of nanoparticle
stabilized CO> foam for oil recovery applications from quasi 2D porous media was reported

by [95,96]. In another study that was carried out in sand-packs (prepared using sand of size
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250-355 pum), the use of silica NPs was found to improve CO> foam stability which as a
result increases the oil recovery by 11% original oil in place (OOIP) [97]. Separately, Risal
et al. [98] investigated the use of surface modified silica nanofluids on the stability and
pore plugging properties of CO, foam flowing through a glass-bead pack of 34% porosity.
As a result, incremental oil recovery is increased by 18% OOIP after water flooding. In
addition, Alzobaidi et al. [99] also found NPs could be used to improve sweep efficiency
during COz2 injection in a brine filled sandstone core for CO2 sequestration. Significant
delay in CO> breakthrough is possible with NP stabilized foam as proposed by schematic

in Figure 2.1, where foam front uniformly sweeps the reservoir pores than water.

Water Nanofhusds
C0; bubbiles are larper and CO, bubblos are smaller. stabslzed by NP and
Sdica NPs may not be able 10 sccew hence create » wnform fosm frons winch has
same pores of the sand-pack greater meal coverage

Figure 2.1: In-situ CO2 flow behaviour with and without nanofluids for CO.-EOR

applications.

Additionally, nanofluids have the tendency to increase oil production on their own
by pore channel plugging [100], favorable mobility contrast [101], and wettability
alteration [102]. The preparation of a nanofluid is the most crucial stage in the use of
nanofluid. There are two main methods to synthesize nanofluids: two-step and single-step

method. However, nanofluids prepared by the two-step method have found to exhibit poor
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stability with time. The other method of nanofluid synthesis is single-step method; here
NPs, instead of adding externally, are synthesized in-situ from base chemical constituents
to final NP in solution itself. Compared to nanofluid of two-step, single-step nanofluids are
more stable and less prone to NP agglomeration in base fluid [103]. Another advantage of
single-step nanofluid lies in NP synthesis of controlled size that meets the requirements of
nanofluid usage in reservoirs of narrow pore size. The novel aspect of the current work lies
in the synthesis of surfactant-free reservoir compatible silica nanofluid of oilfield polymer
PAM for effective utilization of CO2 in porous media. Silica NPs have been prepared only
by varying the concentration of TEOS, PAM dissolved in H2O, NH4OH, and ethanol
without the use of any surfactant. A set of displacement experiments were conducted to
establish NP retention (resulting from the flow of nanofluid) in sand-packs of varying
lengths, and an experimental approach to ascertain NP retention accurately at varying flow

rates and different temperature was reported.

2.2 Materials and Methods

Chemical, Tetraethylorthosilicate (TEOS, assay > 99%), Ammonium hydroxide
(sp. gr. 0.91 and 25% NH3 content), Ethanol (EtOH, assay>99.9%) and water-soluble
polymer polyacrylamide (PAM) (molecular weight = 10 million Dalton) were obtained
from commercial vendors. A Millipore® Elix-10 purification apparatus (electrical
conductivity of water = 0.0054 mS.cm™) was used to deionize (DI) the water. A magnetic
stirrer (IKA-C-MAG-HS7) was used to disperse and dissolve PAM in DI water at stirring
speed of 600 rpm for 1 h. All chemicals were weighed using an accurate digital weighing
balance (Mettler Toledo®, ME204/A04) with a repeatability of 0.1 mg. An ultrasonic
cleaner (Rivotek®, Mumbai) at frequency 25 Hz was used to sonicate the aqueous

suspensions.

17



2.2.1 Synthesis of silica nanofluids

In this study, silica nanofluids were prepared using a well-established method called
sol-gel [104-106]. The sol-gel method typically uses a solvent to create an environment for
the action of precursor in system. In this work, 1000 ppm PAM solution is used as solvent
where TEOS is chosen as precursor. TEOS supplies the basic constituents (Si and O) for
the synthesis of SiO2 NPs. Since TEOS is a non-polar chemical hence its miscibility in
water is ensured by ethanol that helps to dissolve TEOS in PAM solution. TEOS was
further activated by the addition ammonium hydroxide to initiate controlled aggregation
that leads to the formation of SiO> NPs in suspension, henceforth referred as silica
nanofluids. The role of ammonium hydroxide is essential as it controls the growth size due
to the presence of NH2 group [107]. First, PAM solution of 1000 ppm is prepared by
dissolving 1 gm powder in 1000 ml DI water at a stirring speed of 600 rpm for 8 h [108].
Next, Ethanol (500 ml) was added in PAM solution while stirring at 600 rpm was kept on
for 15 min. It was followed by sonication at 25 kHz in a sonication bath for 15 min. During
the entire process, the flask was sealed using a rubber stopper to ensure that no
contamination took place. TEOS of required volume (0.045-0.18 mol) was added and the
mixture is sonicated to ensure complete mixing. Ammonium hydroxide (0.28-0.56 mol)
was added after 0.5 h to promote condensation reaction and the solution was finally
sonicated for next 2 h. This results into a milky appearance in solution, assuring the

presence of silica NPs.

2.2.2 Characterization of silica nanofluids

To determine the size of NPs, dynamic light scattering (DLS) measurements were
performed for silica nanofluids using a particle size analyzer (Nano ZS, Malvern® UK).
DLS uses a 173° detector scattering angle for the measurements and all measurements were

conducted at 298 K. Zeta potential ({) was measured using zeta sizer unit of Nano ZS
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(Malvern® UK). To ensure any aggregation or sedimentation in nanofluids, initial DLS
measurements were performed within 1 week of nanofluid preparation and repeated

regularly until 60 days.

SEM analysis (Nova NanoSEM 450, ThermoFisher® USA) was performed to
visualize to the morphology of synthesized silica NPs. A drop from the synthesized samples
was taken using a micro-pipette and dropped on a glass slide. The glass slides were then
dried in an oven at 423 K to evaporate aqueous phase resulting only NPs left on the surface
of slide. The dried layer of NPs was then gold-coated and analyzed in SEM instrument to
record the images. To ascertain the morphological details of NPs, 2-3 micrographs were
taken from different locations on the slide. The synthesis of silica NPs were also
characterized by frequently used high-resolution transmission electron microscopy

(HRTEM) technique using JEM-200CX (JEOL® Japan) instrument.

Fourier transform infrared (FTIR) spectrometer (Perkin EImer® USA) was used to
record the FTIR spectra of TEOS (precursor) and synthesized NPs. To obtain FTIR spectra,
the mode attenuated total reflectance (ATR) was used as it enables the nanofluids samples
to be examined directly in a liquid state without further preparation. The IR spectra were

collected at 4 cm? spectral resolution utilizing a 1 min data collection time.

The synthesized silica NPs were also analyzed using UV-vis spectroscopy
experiments. These experiments were conducted using UV—vis 3200 equipment (Lab®
India) to determine the absorption of NPs. The nanofluids were examined for these
experiments at room temperature (303 K) with a 1 nm/s scan rate over the wavelength
ranges 190 to 1100 nm. For each UV experiments, fresh cuvette was used to prevent

contamination and minimize errors in the measurements.
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2.2.3 Carbon dioxide flow and nanoparticle retention experiments

For CO> flow and NP retention experiments, synthetic sand-packs, those resemble
as porous and permeable sandstone formations were prepared using sand of average size
ranges from 200-380 um [11,109]. The properties and characterization of the sand-particles
have been also reported in detail in our previous work [109]. However, for the sake of
brevity, some details are provided. The sand was carefully washed using toluene and dried
at a high temperature in an oven to remove any moisture. A mineralogical characterization
of the sand-particles was performed using an XRD machine (X-Ray Diffractometer D8
Advance, Bruker, India) and was found to contain primarily quartz (88 wt%) along with
traces of kaolinite (6 wt%), feldspar (2 wt%) and chlorite (1 wt%) [109]. The sand-packs
were prepared in sand-pack holders of varying lengths (2-24 inch). These holders were
manufactured using stainless steel and supplied by D-CAM Engineering works,
Ahmedabad, India. The sand-pack was prepared by manual ramming of sand down the
sand-pack holder using a custom-built rod along with a saturating fluid (water, PAM
solution and nanofluids of varying concentration). A predetermined amount (300 ml) of
saturating fluid had been kept in a wash bottle and was subsequently added with sand in
sand-pack holder. This process of ramming and adding constituents (sand and saturating
medium) was continued till the sand-pack becomes 100% saturated and covered the top of
holder. The remaining fluid (i.e. saturating medium) kept in the wash bottle was carefully
measured using a graduated cylinder and the difference between the initial and final amount
was used to establish the porosity in pore space of the synthesized sand-packs [11]. To
further ascertain that all pore spaces were occupied by the saturating medium, a syringe
pump (Make 100DX, Teledyne ISCO®, USA) was used to pump the saturating medium
across the sand-pack till the inlet and outlet flow rates become same[11]. For CO> flow

behavior, CO2 from a high pressure cylinder (capacity 47 L at 98 bar) was pumped in sand-
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pack using syringe pump operated at constant flow rate mode of 1 ml/min. The back-
pressure exerted by the fluid flow was measured using a pressure transducer attached at the

outlet end of sand-pack holder.

2.3 Results and Discussion

The synthesis of silica nanofluids using different chemicals e.g. PAM, TEOS, and
NH4OH are discussed first followed by the discussion on various characterization details
of silica NPs. Next, application of silica nanofluids for CO2 flow behavior (breakthrough
time, pressure profile, and displacement efficiency) and NP retention under different

conditions (length, flow rate, concentration, and temperature) is discussed.

2.3.1 Synthesis of silica nanofluids

The synthesis of silica nanofluids is performed using a procedure similar to the one
adopted by Kim et al. [106]. This method used water as solvent to prepare silica nanofluid
however, the current study used 1000 ppm PAM solution as it is a typical concentration of
oilfield polymer methods. It has been reported that acid-catalyzed hydrolysis is very slow
process as compared to basic hydrolysis process resulting base-catalyzed process is
preferred to synthesize ultra-fine monodispersed SiO2> NPs [110]. Hence, NH3 was used as
catalyst to promote the hydrolysis of TEOS in ethanol and PAM solution. High NH3 content
is tended to increase the rate of hydrolysis in reaction and produce bigger size particles
[104] therefore, dropwise addition for longer period is recommended to control the growth
and size of NPs [111]. For nanofluids (S1-S3), the composition of TEOS was kept constant
(0.045M) and the concentration of ammonia was increased between 0.28-0.56 M. With
NH4OH addition, the solution exhibited different changes in appearance. Nanofluid S1

appeared to be clear suspension, almost similar to pure PAM solution (Figure 2.2).
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Figure 2.2: Visual appearance of silica nanofluids prepared by varying concentration of
NH4OH and TEOS in the aqueous phase of PAM (1000 ppm). Sample S1, S2 and S3 have
similar concentrations (0.044M TEOS) but varying size (34, 82, and 142 nm respectively).
Samples S4 and S5 have almost similar sizes (36 and 39 nm) but different concentration

(0.18 and 0.27 M) of TEOS.

The colloidal appearance of S2 is diluted milky while S3 exhibited milky
appearance where maximum amount of ammonia was 0.56 M (Figure 2). In nanofluid S4
and S5, the concentration of TEOS was varied such as 0.09 and 0.18 M, respectively while
the concentration of ammonia remained constant (0.28 M). These nanofluids are relatively
dense in color and exhibited greater amount of white appearance. Thus, compared to
ammonia, the increase in TEOS amount had greater effect on the colloidal appearance of

nanofluid.

These nanofluids were visually analyzed for the change in their appearance with
time [45,112]. For that, a certain volume of nanofluids is placed in a transparent glass vial
and images were taken at regular intervals using a camera [113]. The images were
compared to observe any change in the appearance of nanofluid. In addition, the bottom of

the glass vials was regularly checked for any NP sedimentation. It was observed that the
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nanofluid did not exhibit any change in appearance over a period of 15 days followed by
45 and 60 days as no NP deposited at the base of glass vial due to sedimentation. Timofeeva
et al. [114] prepared a silica nanofluid solution using two-step synthesis which was stable
for a day in the presence of surfactant (Benzalkonium chloride and cetrimonium bromide).
The single-step synthesis of silica nanofluids using Stober process was attempted by
Weichold et al. [115] who reported a stability of 3 days for nanofluids. The two-step
synthesis of silica nanofluids using surfactant, TX-100, was attempted by Zhao et al. [116]
where nanofluids exhibited stability of 21 days. In our previous study [10], PAM as
dispersing agent was used for the synthesis of two-step silica nanofluids those exhibited a
dispersion stability of 24-30 days. Thus, in this study, size controlled nanofluids of
extended stability (60 days) are synthesized using single-step method and moreover, these

nanofluids were stable without the use of any other chemicals.

2.3.2 Characterization of silica nanofluids

The nanofluids were characterized by DLS measurements for size and zeta-
potential of synthesized silica NPs. The largest particle size observed in this investigation
was 142 nm for sample S3 while a particle size of 34 nm was obtained for sample S1. Thus,
when NHjs is increased from 0.28 M to 0.56 M, the particle size increased from 34 (S1) to
142 nm (S3). The reason for increased NP size may be attributed to high amount of NH3
content that increases the rate of hydrolysis of TEOS and form [Si(OC2Hs)a-x(OH)x]
compound. This compound subsequently condenses to produce a large number of
oligomers those led to the formation of large-size particles [104]. These results are in
accordance with the findings of Kim’s work [106] who reported the formation of silica NPs
of size 30, 70, and 120 nm when the concentration of ammonium hydroxide was 0.28, 0.42,
and 0.56 mol, respectively, and the corresponding NP size observed in this study was 34

nm, 82 nm and 142 nm for S1, S2, and S3, respectively. The particle size for S4 and S5
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was found to be 36 nm (TEOS: 0.09 M) and 39 nm (TEOS: 0.180 M), respectively. With
increasing TEOS concentration (0.044-0.27 M), a small increase in size of NPs was
obtained when concentration of other chemical constituents kept constant, which is
consistent with the findings of Kim et al. [106]. TEOS, being the primary source of
monomer, will primarily determine the concentration of nuclei/primary particles present in
the system. Hence, the increase in particle size is attributed to the increase in concentration
of primary particles at the induction period, i.e. primary particles mainly [TEOS]. The
induction period is the time period when generation of nuclei takes place from the

supersaturated solution and induces formation of primary particles.

Time-dependent (15, 45, and 60 days) DLS based size distribution in nanofluids is
presented in Figure 2.3. From Figure 2.3, it can be inferred that no significant change in
size of nanofluid S1 was observed over the period of time and its average particle size
remained 34 = 10 nm for the entire 60 days. For S2-S5, a higher variation in size was
observed for nanofluid S3; the average particle size in S3 was 142 nm (0 day) which
changed to 268 nm (15 days), 522 nm (45 days), and 612 nm (60 days) (see Figure 2.3).
For S4 and S5, the variation in size was much less (between 12-20 nm). From these results,
it can be inferred that nanofluids (S1, S4, and S5) of smaller NP size exhibited less variation
than nanofluids (S2 and S3) of higher NP size. The physical stability of NPs in nanofluid
has been majorly improved by the inclusion of PAM which sterically stabilized the NPs

from agglomeration resulting shelf life of nanofluids improved.
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Figure 2.3: Effect of storage time (15, 30, 45, and 60 days) on the average particle size

distribution of different nanofluids viz., S1, S2, S3, S4, and S5 at ambient conditions.

Unreacted TEOS
settled at bottom

Figure 2.4: Effect of high PAM concentration (2000 ppm) on synthesis of silica NPs. With
2000 ppm PAM, interaction between TEOS and NHjs led to white globules (instead milky

appearance) those eventually settled at the bottom.

The effect of high PAM concentration (2000 ppm) on particle size was also
explored. It was observed that a high concentration of PAM did not yield any silica NPs.
TEOS and NHs formed small white globules which settled in the bottom of solvent as

shown in Figure 2.4. This may be attributed to the fact that 2000 ppm PAM solution is
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highly viscous and consequently, it did not allow the desired interaction between reaction
constituents. Thus, for the synthesis of single-step silica nanofluids, the use of 1000 ppm
PAM was favorable as stable nanofluids of desired NP size (100-300 nm) is developed by

varying the concentration of promoter (NH3) and precursor (TEOS).

Zeta potential analysis evaluates the stability of suspended NPs (in colloidal
suspension) through electrophoretic behavior of the fluid [117]. This is because the free
charges in the base fluid get attracted to the opposite charges on the dispersed particles
resulting in the development of a layer of charged ions. Zeta potential measure the potential
difference between the PAM solution and the stationary layer of silica NPs. For colloidal
suspensions, zeta potential value lies in between £ 30 mV is regarded as stable regime [64].
At the time of preparation, all nanofluids were stable colloidal suspensions as zeta-potential
value remained higher than -30 mV. With time, the stability of nanofluids did not change
much as zeta-potential value of nanofluids remained in stable regime until 45 days of
storage period (Figure 2.5). The stability of S2 and S3 nanofluids slightly reduced (unstable
zone) after 60 days as their zeta potential value decreases to -29.1 mV and -26.9 mV,
respectively. S1, S4, and S5 were stable even after 60 days and their zeta-potential value
was higher than -30 mV as shown in Figure 2.5. It is to be noted here that change in zeta
potential depends on particle size that has been significantly varied in S2 and S3 (Figure
2.3) while size variation in S1, S4, and S5 was minimal due to no agglomeration. Thus, this
involves several possibilities for nanofluid application in oilfield projects where their use

gets limited due to tendency to agglomerate and settle.
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Figure 2.5: DLS based zeta-potential measurements of different nanofluids as a function

of the storage period (15, 30, 45, and 60 days).

Non-agglomerated NPs would be able to access narrower pore throats and thus,
these NPs will be able to mobilize a greater amount of oil from the reservoir [118]. They
are also less prone to mechanical trapping and gravitational settling which reduces the
likelihood of formation damage. Smaller and non-agglomerated NPs would be able to travel
long distance from the injector due to their smaller size [119]. In addition, non-
agglomerated NPs have a greater surface area than agglomerated NPs which increases their
participation in chemical reactions [120]. In comparison to other nanomaterials, spherical
NPs display an optimized ratio between the surface area and volume which is desirable for

maximum cargo loading [121].

2.3.4 Morphological details of silica nanofluids

To understand the morphology of silica NPs, SEM and TEM analysis was
performed on S1 and S2 nanofluids and the results are shown in Figure 2.6. SEM images
were obtained from dried layer of S1 and S2 nanofluids while NP images in the aqueous

phase are presented by TEM images. From SEM and TEM results, it is evident that the
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synthesized NPs were of uniform spherical shape and did not show any event of
agglomeration even after the lengthy process of sample preparation for SEM (drying) and

TEM.

SEM images TEM images

Figure 2.6: SEM (a, b) and TEM (c, d) images of S1 and S2 nanofluids at ambient
conditions. The morphological structure of S1 and S2 is non-agglomerated and the presence
of small spots (SEM images) is the result of gold coating, performed to illuminate the top

surface of nanofluid layer.

SEM images also confirm that NP size in S2 is greater than the one in S1, which is
consistent with DLS measurements. However, synthesized nanofluids have excellent
potential to flow through pore channels of even low size where conventional nanofluids
typically plug the pores and show challenges for industrial applications. Smaller NPs will
be able to pass through these pores while larger agglomerated particles would be unable to
perform in such an environment. The morphology of silica NPs resembles to consist of

small spots on the surface of NPs. These spots were generated during gold coating process

28



which was performed to illuminate the top surface of NPs. TEM images of S1 and S2
nanofluids show non-agglomerated NP distribution in Figure 2.6, respectively. The
spherical shape and difference in size of NPs are also evident from TEM images, consistent
with SEM analysis. A spherical NP is also more likely to remain at the centre of a fluid
flow which would reduce the likelihood of NP retention due to mechanical trapping and
surface adsorption [122]. Thus, the uniform size of synthesized nanofluids makes them

suitable candidates for EOR applications in porous media with constricted pore throats.

2.3.5 FTIR analysis
To confirm the chemical structure related to the functional groups and purity of
nanofluids, FTIR analysis was performed. FTIR spectra of silica NPs for S1 nanofluid is

shown in Figure 2.7.
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Figure 2.7: FTIR spectra (absorbance vs. wavenumbers) of S1 nanofluid prepared by 0.044

M TEOS and 0.28 M NH4OH in presence of 1000 ppm PAM.

FTIR spectra of the colloidal particles typically show absorption bands arising from
asymmetric vibration of Si—O (1090 cm™), asymmetric vibration of Si-OH (950 cm™?), and

symmetric vibration of Si—O (795 cm™). The absorption bands between 800 and 1260 cm~
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! can be attributed to the superimposition of various Si—-O-Si peaks, Si—-OH bonding, and
residual peaks which are due to the remnants of unreacted organic groups. Water shows an
intense characteristic absorption band between 3300 cm™ and 3500 cm™ which was
assigned to O—H stretching in H-bonded water [123]. The absorption band at 2930 cm!
(CHy) denotes the presence of unreacted TEOS in silica NPs [124]. A similar FTIR profile
for silica NPs and their synthesis using TEOS has been reported in previous
studies[125,126]. From FTIR data, it can be conclusively stated that the use of PAM did

not alter any chemical structure or purity of silica NPs.

2.3.6 UV-vis analysis

UV-vis analysis is one of the effective techniques to establish the stability of
suspended particles in colloidal solutions. Typically, a non-agglomerated distribution of
particles will show higher absorption as minimum rays will pass through the solution and
vice-versa. In addition, the peak absorbance is directly related to the concentration of
particles in the system; a high peak corresponds to more particles in nanofluid and low peak
corresponds to only a few particles [127]. UV data of nanofluids (S1-S5) was plotted in
Figure 2.8. When UV readings were taken immediately after the preparation of nanofluid,
the peak was observed at 2.8 (at 230 nm) for nanofluid S1. The corresponding value of
absorption peak for S2 and S3 was found to be 3.45 and 3.92, respectively. For S4 and S5,
where particle concentration was relatively higher, the peak absorbance value increased to
4.82 and 5.40, respectively. To correlate agglomeration (leading to sedimentation) in
nanofluids, UV experiments were repeated after a period of 60 days. The peak absorbance
value of S1, S4, and S5 did not show any major change and the values were found to be at
2.76, 4.68, and 5.22, respectively (Figure 2.8b). However, S2 and S3 nanofluids exhibited
a change in UV after 60 days resulting peak absorbance reduced to 3.11 and 3.02,

respectively.
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Figure 2.8: Time-dependent (a: 0 and b: 60 days) UV-vis analysis of different nanofluids
at ambient conditions where changes in peak absorbance are result of agglomeration

between suspended NPs.

The reason for reduced absorbance in S2 and S3 can be attributed to agglomeration
as a result, more rays percolated (without absorption) through the nanofluid phase [127].
Therefore, particle size was higher for S2 and S3 nanofluids than S1, S4, and S5 nanofluids,
consistent with DLS measurements. S1 exhibited smallest particles (~34 nm) and least
precursor (TEOS) concentration and it showed insignificant fall in absorbance peak even
after 60 days, indicating high colloidal stability. From UV-results, it can be established that
the nanofluid showing insignificant dependency on UV analysis are promising candidates
for pore penetration and least formation damage during injection in hydrocarbon

formations.

2.3.7 Carbon dioxide flow behavior in porous media

The underground injection of CO: is associated with various challenges such as
viscous fingering (mobility contrast between CO- and residual fluid) and gravity override
(density difference between CO. and residual fluid) [82,128], which makes the entire CO>

flow unstable leading to premature breakthrough and insignificant areal coverage. To
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address these challenges, proposed improvements include mobility control, conformance
modifications, and use of CO> thickeners, where chemical enhanced CO; flooding have
been shown as one of the most promising techniques. Currently, CO> foam generation is
achieved by adding a foaming agent (surfactant) to improve CO, mobility in reservoir pores
[129]. However, surfactants have significant limitations at elevated temperature [130]. The
thermal stability of NPs makes them promising for CO> flow in harsh conditions viz., high
temperature and pressure, varying shear rates, and extreme salinity [131]. NPs adsorption
to stabilize liquid/liquid and liquid/gas interfaces has been well described in the literature
[132] and their small size (in the range of 1-300 nm) allows them to flow through the small
pore throats in sedimentary rock [133]. The knowledge of the interaction between the
reservoir oil and injected CO: is essential for the success of any nanofluid assisted CO>
flooding. Key variables that must be studied before a CO2-EOR project are CO»-injected
associated gas percentage, CO2 in oil solubility, oil density, oil viscosity, and oil
composition. With an increase in CO> injected gas percentage, the oil density tends to
reduce due to higher CO: dissolution in oil. This increases the ability of CO> to extract
more hydrocarbon constituents from crude oil due to lower oil viscosity, a key to plan CO»-
EOR projects in light to intermediate crude oil reservoirs [77]. The formation pressure has
been found to exhibit a net positive impact on CO.-EOR as high pressure increases CO-
foam stability and thus, it improves foam potential to displace oil from the reservoir
[134,135]. Conversely, an increase in reservoir temperature reduces the efficacy of COo-
EOR as high temperature tends to deform foam and its flow properties [60,136], which is
of key importance to screen EOR parameters causing CO, foam flood to fail at high
temperature conditions. Also, before the application of foam-EOR in oil reservoirs, a major
concern is the foam stability when it comes in contact with oil [137,138]. A thin liquid film,

known as pseudo-emulsion film, is responsible for the stability of foam in presence of oil.
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Because, in absence of pseudo-emulsion film, the oil droplets enter into gas-water interface
and cause the foam to breakdown due to oil spreading which eventually destabilize the
foam [139]. Thus, mechanisms which are linked to the instability of foam in presence of
oil are (1) thinning of aqueous film due to entry of oil drop [140,141], (2) oil spreading on

gas foam [142], and (3) the presence of a pseudo-emulsion film [143].

Typically, crude oil comprises of several constituents ranging from C; to Czs with
increasing carbon number denoting an increase in heaviness. Crude oil, comprised of
intermediate components, tends to have more effect on CO2 stability as lighter oil (which
consists of short chain alkanes) shows higher miscibility with CO, [144,145]. Wang [146]
investigated the application of multi-contact miscible CO: injection in three natural crude
oils (specific gravity 0.8-0.9) to ascertain the effect of oil composition on CO2 miscibility.
Using high pressure glass cell, it was established that CO2-crude oil interactions can be
subdivided into three stages: CO2 condensation, extraction-condensation, and extraction.
In crude oils comprised majorly of lighter components (Cs-Czo), CO2 is more miscible and
extracts these components by forming a stable miscible front which is less prone to
breakdown. This also allows for the production of some amount of heavier components up
to Css. However, in heavy crude oils which contain lesser percentage of lighter components
(Cs-C20), a high quality miscible front is unable to be formed. CO: is unable to extract most

of the components and hence, it is not viable for oil recovery from heavy oil reservoirs.

In a separate study, it was found that the presence of multi-ring aromatic compounds
is detrimental for CO2-miscibility with oil and thus, it has resulted into lower oil recovery
[147]. For EOR applications, CO; solubility in crude oil is directly influenced by specific
gravity i.e. heaviness of the crude oil and the effect of CO>-solubility on oil density is more
pronounced in lighter oil than heavier oil [77]. Mechanistically, the process of CO,-related

oil displacement acts as a differentiator amongst the various components of crude oil as

33



CO:z injection results in varying flow rates in crude oils with different composition [148].
Lighter oil compositions are quickly displaced by CO. (produced faster) whereas heavier
compositions move at a slower pace which eventually leads to change in crude oil
composition along with an increase in displacement time. Using component analysis and
microscopic modelling, there are three main stages in the process of CO»-based oil recovery
from a homogenous reservoir [35,149]. The oil produced in the initial stage of injection has
the same composition as the original oil composition (as it has not come in contact with
COy). The oil produced during the middle stage of injection generally comprises of lighter
compositions (due to CO2-oil dissolution). Most of the oil produced during the later stage
of CO: injection are comprised of heavy compositions which were initially left behind
during the start of CO> injection. CO2-EOR laboratory study utilizing slim tubes have
shown that the carbon number (Cn) of maximum concentration component increases with
an increase in CO; injection volume [150]. For CO- flow studies, the prepared sand-pack
(length = 24 inches and diameter = 1.5 inches) was entirely (100%) saturated using water,
1000 ppm PAM solution, and nanofluids (S1, S4, and S5) at constant flow rate of 20 cc/sec
and then CO was injected to flow through the saturated sand-packs at constant flow rate
(1 ml/min) using a syringe pump. The obtained results and their discussions have been

provided in following sub-sections.

Breakthrough time is the total time CO, takes to permeate completely through the
porous media. Early breakthrough indicates that CO- finds the pore of least resistance and
reach the outlet end soon without entering into un-swept pore throats. Therefore, a delayed
breakthrough is recommended as more CO can be injected to come in contact with oil-
bearing zones that can help to improve sweep efficiency from the reservoirs. To measure
breakthrough time, the outlet end of sand-pack holder was submerged in universal indicator

(UI) fluid that was monitored for color change in presence of CO.. Since the color of Ul
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fluid was initially green (neutral pH), the introduction of CO; turned the solution color red

due to the formation of carbonic acid (acidic pH) as depicted in Figure 2.9.
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Figure 2.9: Different instances (in min) of CO> breakthrough from porous sand-packs for
water, PAM, and most stable nanofluids (S1, S4, and S5) at ambient conditions. At

breakthrough, colour of Ul changes from green to red.

This was defined the instance of CO> breakthrough from porous sand-pack and the
details of breakthrough time for each fluid are provided in Figure 2.9. It was observed that
the breakthrough time of CO> in water-saturated sand-pack was 37 min. For PAM solution,
the breakthrough time increased to 47 min, this indicates CO; residence in sand-pack was
longer in presence of PAM solution therefore, PAM delayed CO> breakthrough by 10 min
than water. A substantial increase in breakthrough time was measured during CO> flow in
sand-packs saturated with nanofluids. From these results, it is evident that silica nanofluids
increased CO: retention in sand-pack for longer duration than water/PAM. Silica NPs
probably made Pickering foam that is more viscous than injected CO; as a result, it delayed

CO- breakthrough by increasing its retention in sand-pack [10].

35



During CO> flow through sand-pack saturated by various fluids (water, PAM
solution, and nanofluids), the back-pressure was recorded at regular intervals and the
pressure profiles have been presented in Figure 2.10. Pressure in sand-pack generated due
to the resistance offered by present fluid in pore throats. Water, being less dense, offered
minimal resistance to CO> flow while PAM and nanofluids are viscous therefore, these
fluids offered significant resistance to CO> flow. Consequently, pressure profiles of CO>
flow through sand-packs were significantly different (Figure 2.10). There is limited volume
inside the sand-pack and injected CO. can either (a) displace some fluid and make space
for itself or (b) be compressed. For water-saturated sand-pack, some amount of CO2 is
compressed and most of the remaining CO: displaces existing water from the sand-pack.
Therefore, the pressure variation of CO. flow in water-saturated sand-pack is not significant
and after CO> breakthrough (at 37 min), no further variation in pressure was observed as
the injected CO2 has established a flow between the inlet and outlet. After this point, no
further injection of CO, was carried out. In addition, it is to be noted here that the increasing
pressure is the indication of restricted CO. flow resulting further CO. injection will be
transferred sideways in other pore throats. This probably did not happen with water as
pressure remained plateau. In case of PAM, the pressure exhibited a sharp increase during
COz flow in sand-pack due to the good mobility ration of polymer and its value kept rising
till a peak of 62 psi was recorded after 45 min of injection. This was followed by a sharp
drop in pressure as CO; breakthroughs from outlet end (47 min). In addition, it is also to be
noted here that a steep increase in pressure is the sign of highly restricted entry of CO2 in
pore throats of sand-pack. Therefore, pressure shoots to maximum value and returns to
minimum when CO. made entry into the pore. This suggests use of PAM can control

mobility and breakthrough but it cannot increase areal contact of CO> in porous media.
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Figure 2.10: Pressure profiles of CO> flow in sand-packs 100% saturated by water, PAM,

and nanofluids (S1, S4, and S5).

An unrestricted entry with high areal sweep can be achieved if the size of CO>
bubbles is reduced; CO: disintegration into smaller bubbles will increase the surface area
of CO> to contact more oil-bearing zones through increased access to pore throats. NPs can
help to produce smaller CO2 bubbles by reducing interfacial tension of injected COo>. In
silica nanofluid, silica NPs (due to less size) may easily migrate through pore throats in
sand-pack and these NPs can help to reduce interfacial tension of CO2 when it flows
through these pores. Thus, the entry of smaller bubbles will be relatively less restricted than
bubble of higher size consequently, pressure will not increase much as observed for CO>
flow in nanofluid (S1, S4, and S5) saturated sand-packs in Figure 2.10. It is evident from
progressive increase in pressure that CO> disintegrates into smaller bubbles and formed
viscous foam in presence of silica NPs. The structure of this foam is governed by mixed
entanglements of PAM-NP in which CO bubbles remained trapped and provided
significant mobility control on subsequent injection of CO». As a result, CO> could not
finger through viscous foam instead it pushes foam uniformly (like piston displacement) in

sand-pack before final breakthrough at outlet. A progressive increase in pressure also hints
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that CO. foam did not decay with time otherwise pressure would have varied differently,
this might be due to steric stabilization of CO> bubbles in foam structure [10]. Therefore,
breakthrough time significantly increased to 98, 112 and 118 minutes for S1, S4, and S5
nanofluids. The delay in breakthrough indicates that CO> residence in pore throats was
longer that made more injection of CO2 possible, a key advantage for CO. sequestration
and CO»-foam flooding using silica nanofluids in porous reservoirs. The purpose was to
control CO2 mobility in porous media by nanofluid and compare with water/PAM fluid,
and to determine how much COz> can be injected before it finally breakthroughs from the
outlet which is of key importance for effective CO. utilization in porous media. The amount

of fluid received from outlet has been provided in Figure 2.11.
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Figure 2.11: The amounts of liquid recovered as displacement efficiency per unit of CO>

injected in sand-packs 100% saturated by water, PAM, and nanofluids (S1, S4, and S5).

From Figure 2.11, it can be observed that 37 ml (time to breakthrough = 37 min,
injection = 1 ml/min, Figure 2.9) CO> injection in a water-saturated sand-pack yielded 34
ml of water. The fluid displacement efficiency per unit of CO> injected was 0.91. This
means that some amount of CO: (the difference = 3 ml) was compressed into the body of

water as CO- is a compressible fluid and has the tendency to be dissolved in water [151].
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This is not desirable in cases where area of the storage reservoir is finite and displaced
fluids may not have sufficient space to be moved. This will increase back-pressure on the
pumping units as more pressure will be required to dissolve the water with CO2 [152]. For
PAM, the amount of fluid recovered was only 7 ml even after CO: resides in sand-pack for
47 min before breakthrough (see Figure 2.9 and 2.11). The fluid displacement efficiency
per unit of COz injected for PAM was only 0.14 which is very low. The low fluid
displacement efficiency can be explained by the variation in mobility between displacing
fluid and displaced fluid which leads to viscous fingering [18]. On the other hand, the
amount of fluid recovered during CO> injection in silica nanofluids was 36 ml (for 98 ml
CO2 in S1), 39 ml (for 112 ml CO2 in S4), and 41 ml (for 118 ml CO- in S5). Nanofluids
were almost similar to PAM solution in viscosity, the only difference between their effect
on CO> flow behavior was inclusion of NP that not only increased fluid displacement
efficiency per unit of CO> but also increased CO> coverage in sand-pack by delaying its
breakthrough. The displacement efficiency per unit of CO; injected for nanofluids ranged

in between 34-38%.

2.3.8 NP retention in porous media

A porous media can be defined as a complex material in which pore throats of
different sizes exist where NP may retain during the injection. NP retention may adversely
affect rock properties such as porosity, permeability, and wettability where enhanced
retention is a form of formation damage [62]. However, NPs also have proven as wettability
modifiers in hydrocarbon formations [153]. NP retention is the result of its adsorption on
pore walls instead of migrating to CO2/fluid interface; this undesired adsorption adversely
affects the properties of rock such as permeability. Conventionally, the retention of NPs in
porous formation can be of various forms: (i) particle adsorption; particles adhere to the

pore walls due to electrostatic interactions, (ii) mechanical trapping; particle size is greater
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than pore throats, and (iii) gravitational settling: density difference between NPs and

aqueous phase (see Figure 2.12 for scheme on trapping mechanisms).

Outlet

vitational
settling

Sand particles

Figure 2.12: Schematic showing how NP is trapped under different mechanisms during

NP transport in porous and permeable pore throats.

Therefore, knowledge of NP retention in the porous media is essential during

nanofluid use for CO flow strategies.

From our investigations, it was observed that NP retention is not very severe and
only 8-12% (average of five injections) of total injected amount retained in sand-pack for
all experiments. From results, it can be inferred that the length of sand-pack was the most
influential variable; the data showed that increasing length of sand-pack exhibited an
exponential increase on NP retention. This can be used to establish that NP retention will
increase for longer porous media and for higher mass concentration of NPs used. However,
between 14 and 24-inch sand-pack lengths, NP retention reached to minimal and this
indicates that maximum amount of NP retention occurs near the entrance of sand-pack as
shown by sharp decrease in NP recovery during 0-14 inch region. NP retention conditions

for silica nanofluids are consistent with previous findings [154]. A similar trend was
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observed for flow rates, where high flow rate of 2 ml/min showed that NPs spent smaller
amount of time in sand-pack and consequently, lower NP retention was observed.
Interestingly, the temperature had marginal effect on NP retention in sand-pack; an
approximate 2% increase in retention was observed at 363 K compared to 333 K. Thus, the
obtained results had some interesting observations such as (1) the concentration of silica
NPs did play a significant role in NP retention and (2) more silica NPs would retain if NPs
are already present in reservoir. The experimental investigation on NP retention would
allow for future researchers to ascertain the impact of NP retention on environment before
using for commercial enterprises [155,156]. Apart from oilfield, single-step nanofluid can
find application in other applications such as nanofluid use as thermo-physical fluid for

heat and mass transfer due to extended shelf life [157].

2.3.9 Techno-economic analysis of silica nanofluids

Nanofluids have received significant attention in industrial applications due to their
superior properties. However, in oilfield, nanofluid application is hindered by the need to
have specialized facilities for their synthesis onsite. Conventional nanofluids have a limited
shelf-life and this complicates the attempt to synthesize them in a lab and then transport
them to well-head. Single-step silica nanofluids of extended stability are reservoir
compatible colloidal suspensions, to be utilized for field projects. In addition, the method
(sol-gel) is widely acceptable and thus, it presents technically no challenge in nanofluid
synthesis. For the proposed field application, scalability of the process to synthesize
nanofluids in bulk quantities would remain a challenge. It is also important to consider all
limitations related to the utilities and infrastructure before the usage of these nanofluids.
This seems to be less challenging for single-step silica nanofluid as its synthesis relies on
the use of similar utilities and infrastructure (blenders, homogenizers) used for

conventional surfactant flooding.
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A major challenge for single-step nanofluid is to be financially competitive when
compared to two-step silica nanofluid. To perform a rudimentary cost comparison, 2
separate single-step and two-step silica nanofluids of equal concentration (0.1 wt%) and
volume (100 ml) were prepared. To prepare two-step silica nanofluids, commercially
available silica NPs (size ~ 15 nm, Sisco Research Lab Pvt. Ltd., India) were used. To
further simplify the calculations, the expenses on utilities (water and electricity) and labour
costs were assumed to be equal for both methods, and only the cost of chemicals has been
considered in this study. It has also been assumed that 5% of all chemicals will be wasted
in the synthesis. The cost to synthesize two step nanofluids was found to be 0.25 USD per
100 ml of solution. Similarly, the cost to synthesize single-step nanofluids was found to be
0.27 USD per 100 ml of solution. Hence, it is possible to manufacture single-step silica
nanofluids of superior stability on a similar budget. The study also could not account for
the massive economies of scale that a commercial vendor has in manufacturing silica NPs,
enabling him to sell his NPs at a cheaper rate. When manufactured on a larger scale, the
cost to manufacture single-step silica NPs would further reduce, increasing its financial

appeal for potential users.

2.4 Conclusion

In this study, single-step silica nanofluids of varying size (34-142 nm) were
synthesized for oilfield applications viz., improved the CO; flow behavior and reduced NP
retention in porous and permeable sand-packs of mesh size 40. Polymer PAM (1000 ppm),
which is a common oilfield viscosifier, was found to increase the dispersion stability (more
than 2 month) of synthesized nanofluids, where concentration of silica NPs was controlled
by the addition of TEOS (as precursor) and the size was controlled by the addition of
NH4OH (as base catalyst). Synthesized nanofluids of low size (34-39 nm) were extremely

stable against agglomeration as confirmed by insignificant change in zeta-potential
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measurements up to 2 months therefore, these nanofluids did not exhibit any increase in
NP size and sedimentation. The synthesized nanofluids (S1, S4, and S5) were then used as
saturating fluids in porous sand-packs to ascertain their viability in reducing CCP.
Nanofluids greatly increased the retention of CO2 in sand-pack by 2-2.5 fold than
water/PAM, where nanofluid (S5) exhibited maximum CO: retention of 2 h in sand-pack
by delaying the final breakthrough from outlet. CO> mobility is controlled by foam that was
stable (to decay) and more viscous than pure CO, while CO2 in presence of water and
PAM did not form any foam resulting it breakthroughs within 37 and 47 min, respectively.
Nanofluids also did not show an adverse pressure profile (during CO2 flow) like the one
observed with PAM fluid, hence their use in oilfield applications for increasing the duration
of carbon retention in reservoirs can be recommended. Finally, to analyze NP retention in
a sandstone formation, NP retention was determined by displacement tests in sand-packs.
The parameters investigated for NP retention were (1) length of sand-pack, (2) rate of
nanofluid injection, (3) temperature of sand-pack, and (4) concentration. For five
subsequent injections, NP retention was found to remain in between 8-12% which is better
than the use of conventional two-step silica nanofluids in a reservoir. Thus, single-step
silica nanofluid, due to its nanometer size, can be a promising method for oilfield
applications where minimal NP retention and improved CO: flow in porous media is

required.
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Chapter 3

Rheological Analysis and EOR Potential of Surfactant Treated Single-

Step Silica at High Temperature and Salinity

Abstract

Single-step nanofluids have shown better stability and size control properties than
conventional two-step nanofluids under similar conditions. However, for wide-spread
oilfield acceptance, there is a need to investigate the role of oilfield conditions viz.,
temperature, salt on stability of single-step nanofluids. Thus, in this study, single-step silica
nanofluids were synthesized in base fluid (1000 ppm polyacrylamide, PAM) and their
stability was investigated using methods such as dynamic light scattering (DLS) and
rheological analysis to establish their viability as suitable enhanced oil recovery (EOR)
agents. PAM is a widely used oilfield practically applicable polymer. Primarily, the single-
step silica nanofluids were found to destabilize at higher temperatures (> 90 °C) due to
thermal stability issues of PAM at high temperatures. This was also understood by PAM
rheology. The inclusion of salt reduced the stability of nanofluids due to the suppression of
inter-particle repulsive forces. The addition of an anionic surfactant (SDS) improved
nanofluid stability by reducing salt-induced NP agglomeration; increasing surfactant
concentration initially improved nanofluid resistance to salt induced agglomeration and at
high surfactant concentrations, the nanofluids exhibited greater NP agglomeration even in
the absence of salt. The oil recovery results also showed that surfactant use in the synthesis
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of silica nanofluid for oil recovery applications may provide better results than sole silica
nanofluid. Based on the observations, surfactant treated single-step silica nanofluid use was

found favorable for oilfield practices where conventional nanofluids may show challenges.

3.1 Introduction

Nanofluids are novel colloidal suspensions of nanoparticles (NPs, size <100 nm)
dispersed in a base fluid which have superior rheological mass transfer properties [157],
CO. absorption capacity, due to their better structuring [90], and exceptionally high surface
area to volume ratio [158]. In recent years, silica nanofluids have gained widespread use in
the oil industry due to their superlative properties, low cost of fabrication and the ease of
their surface modification [159-162]. It is also stated that the superior surface area to
volume ratio makes nanoparticles more reactive than corresponding micron-sized peers due
to possessing proportionally more atoms available on the surface for chemical interactions
[47]. However, the dispersed NPs are prone to agglomeration when dispersed in a solution
which leads to the formation of aggregates, several magnitudes larger than the size of
individual NPs [127]. Particle agglomeration is a process which reduces the surface free
energy by amplifying the size of NP aggregates and correspondingly, reducing NP surface
area [47]. It can also be categorized as a mass-conserving but population-reducing exercise
[66]. Agglomeration may take place due to the need of the NPs to reduce surface free
energy, due to random motion leading to particles colliding and sticking together
(Brownian agglomeration), the capture of smaller particles (which are slowly settling) by
the larger particles that tend to settle faster (Gravitational agglomeration) or the rapid
change in particle trajectories which lead to higher NP collisions and cohesions (Turbulent
agglomeration) [66]. An external factor influencing NP agglomeration is salinity [163—

165]. In saline environments, salt electrolytes reduce the inter-particle (between individual
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NPs) repulsive forces corresponding to higher collisions among NPs and consequently,
particle coagulation which causes separation of phases [166].

Regardless of its cause of the occurrence, NP agglomeration reduces the particle
surface area available for participation in chemical interactions and shifts the particle size
distribution to the higher side. Larger particle agglomerates are unable to match the
performance of their smaller-sized counterparts. When used for CO absorption by pressure
decay in an equilibrium cell, larger silica NP agglomerates were formed when NP
concentration was increased from 0.1 wt% to 1 wt% and the increasing concentration
reduced the CO> loading capacity of the nanofluids by 8-14%. Separately, larger NP
agglomerates are unable to access the narrower pore throats in a hydrocarbon reservoir and
are unable to mobilize the trapped oil in them [118]. Larger NP aggregates are highly prone
to mechanical trapping and gravitational settling and thus, will be able to travel a shorter
distance from the injector well [119]. Hence, it becomes essential to synthesize stable
nanofluids that would be able to resist agglomeration for wide-scale industrial adoption,
especially in the oilfield applications. At present, nanofluids stabilization is attempted by
including polymers [167], surfactants [168], other NPs like TiO2 [127] or a combination of
surfactant-polymer additives [169] though the effectiveness of such methods is constrained
by operating temperature, duration of storage and formation salinity. These methods can
stabilize silica nanofluids until a duration of 24-42 days, though their efficacy is further
reduced in adverse saline conditions.

A separate approach to synthesize stable nanofluids for industrial applications is to
alter the method of silica nanofluid preparation. Conventionally, nanofluids are formulated
by dispersing commercially obtained nanopowder in a base fluid using a particle
homogenizer. This process is referred to as two-step nanofluid fabrication and the

nanofluids formulated using this method are highly prone to agglomeration. In single-step
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synthesis of nanofluids, the nanoparticles are grown in-situ in a base fluid using a precursor
[106]. For oilfield applications, several nanofluids have been explored however silica
nanofluids have gained widespread use due to their low cost, ease of fabrication, high
modification adaptability, and reservoir compatibility [96,168,170]. In addition, unlike
two-step silica nanofluids, single-step silica nanofluids are less prone to agglomeration and
are stable for a longer period [103].

However, comprehensive studies extolling the use of single-step silica nanofluids
for oil field application are yet to be performed as the potential oilfield application of single-
step silica nanofluid dispersions as foam stabilization agents, drilling fluid additives or
tracer elements is constrained by the lack of knowledge of single-step NP dispersion and
agglomeration properties, especially in conditions of adverse salinity and temperature and
in the presence of other widely used oilfield chemicals like surfactants. Thus, in this study,
we have investigated the stability of single-step silica nanofluids of varying concentration
(0.1-1 wt%) for oilfield applications, especially for reservoirs at high temperature and of
adverse salinity. The particle size and zeta potential as a function of temperature (30-90
°C) and formation salinity (0-8 wt% NaCl) were measured. A surfactant, sodium dodecyl
sulfate (SDS) was used to stabilize the nanofluids. The work aims to establish the suitable
conditions for single-step silica nanofluid use in high temperature/ saline reservoirs and
investigate the synergistic role a surfactant may play in stabilizing silica nanofluids in such

adverse conditions.

3.2 Materials & Methods
3.2.1 Materials

Anionic surfactant, sodium dodecyl sulphate (SDS) (purity ~ 85%; alkalinity =5
Meg/mL; sodium chloride and sodium sulfate: 8%; unsulfated alcohols: 4%; SDS CAS No:

151-21-3) was obtained from Sisco Research Lab Pvt. Ltd. India. The other chemicals used
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in this work have been reported in Chapter 2. The method to synthesize the nanofluid has

also been reported in Chapter 2.

3.2.2 Critical Micellar Concentration (CMC) determination of Nanofluid-Surfactant

formulation

Surface tension measurements were conducted, using a laboratory stalagmometer,
to determine the CMC value of the surfactant (SDS) [171]. The stalagmometer is a circular
glass tube which has a large diameter bulb located in its middle section. The bottom end of
the glass tube is designed narrow. This forces the liquid to fall in the form of a drop when
its droplet weight becomes greater than the surface tension. The surface tension of
formulations was determined by allowing the droplets to fall and the number of droplets
was counted. The CMC of a solution is reached when the surface tension value
insignificantly changed with the increasing concentration of surfactant. Following this, the
relative surface tension of the silica nanofluid samples was determined. The values of the
CMC were further cross-checked by the electrical conductivity method [172]. This was
performed using a Hanna Digital electrical conductivity meter (Model-HI198129,
uncertainty £3%). To establish the CMC via the electrical conductivity method, the
electrical conductivity of samples with varying surfactant concentration were measured.
The CMC is the point at which a sharp change in the slope of the electrical conductivity
values is observed [173]. To ensure the reproducibility of values, the entire exercise was

repeated at least thrice for each of the nanofluid samples.

3.2.3 Additive adsorption in porous media

To establish the amount of polymer, NP and surfactant adsorption in porous media,

static adsorption tests were performed by adding pretreated sand to a mix of fluid under
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investigation and the entire mixture was stirred for 30 min at 1200 rpm in a centrifuge
[174,175]. A rheological analysis of injection and effluent (obtained after the completion
of sand adsorption) fluids was performed using a modular compact rheometer (MCR-52,
Anton-Parr, Austria) utilized in our past studies. To perform these measurements, a small
volume of the fluid under investigation (6-8 ml) was taken in a cup and bob assembly mated
to the rheometer. A wide range of shear rate (20-2000 s™) was applied on the fluid and the
entire experimental run took 9 minutes. Following this, the bob was lifted away from the
cup and fluid was drained out of it. The cup and bob were carefully washed with toluene &
water and dried before & after each investigation to minimize any instance of cross-

contamination.

3.2.4 Qil recovery experiments using single-step silica nanofluids

To further validate the synergistic role that NPs and surfactants play in porous
media which may be conducive to improving oil recovery from high temperature and
adverse salinity formations, a set of flooding runs were performed in synthesized porous
media. The synthetic porous media was prepared by wet-ramming pretreated sand of
uniform shape (200-380 pm) and majorly quartz composition [109,176] in a sand-pack
holder (length: 24 inches, diameter: 1.5 inches). The sand-pack was used as part of the
experimental setup comprising of a syringe pump, fluid accumulators, heating jacket with
integrated temperature controller and flow control values. The entire setup was custom
designed and manufactured by D-Cam Engineering, Ahmedabad and has been used to
perform various oil recovery and flow behavior studies in past. The oil used in the study
was obtained with the requisite permission of competent authorities of Tarapur Oilfield,
India. Qil recovery tests were performed at two temperature conditions of 60 and 90 °C.
No confining pressure was used on sand-packs during experiments and the pressure was

thus kept ambient. The oil had a viscosity of 4.2 mPa.s at 60 °C and 2.8 mPa.s at 90 °C.
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The porosity and permeability of the prepared sand-packs were obtained using standard

oilfield procedure. The details about the crude oil have been provided in Table 3.1.

Table 3.1: Properties of crude oil used for flooding experiment

Pour Point 310K
Viscosity (mPa.s) (at 333 K) 3.4
Density (gm/cc) (at 333 K) 0.85

Chemical composition (%)

Saturates 64.6
Asphaltenes 18.4

Resins 12.9
Aromatics 4.1

3.3 Results and Discussion

In this section, initially, the shape and size of NPs in nanofluids were reported and
discussed using SEM analysis and particle-size distribution. Following this, the results on
nanofluid stability as a function of storage duration have been reported at various
temperature and salt conditions using the DLS and zeta-potential measurements and the
anticipated causes for the phase separation observed in the nanofluids are discussed. The
effect of surfactant addition on the stability of the single-step silica nanofluids in the salt
environment has also been reported and discussed. Finally, the role of polymer, surfactant
and NP adsorption has also been investigated rheologically to establish the efficacy of
surfactant treated silica nanofluids for oil recovery from high temperature, adverse salinity
formations followed by the oil recovery studies using sole and surfactant treated single-

step silica nanofluids.

3.3.1 Silica nanofluid degradation
Primarily, nanofluids tend to degrade if (1) stored for a long duration, (2) subjected

to high temperature and (3) addition of salt. To perform these experiments, nanofluid
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samples were kept in distinct conditions for the observation period and for measurement, a
small volume from the nanofluid samples was removed from the stock solutions at regular

intervals. The nomenclature of these samples has been provided in Table 3.2.

Table 3.2: Nomenclature, concentration, average particle size, and particle frequency of

synthesized nanofluids

Sample A\_/eragfa NP concentration  Size (30-40 nm)
no particle size (Wt%) frequency (%)
(nm)
S1 34+6 0.1 82
S2 3614 0.5 80
S3 39+5 1 74

The particle size measurements were performed to ascertain the size of the
nanoparticle aggregates as a function of storage duration by placing the nanofluid samples
in a quartz cuvette and the measurements were conducted at the various temperatures using
a 173° scattering angle detector. The zeta-potential measurements were performed using a
custom cuvette by taking a limited amount of sample and measuring the potential across
the ends. These measurements were performed to observe if the NPs aggregate and develop
into large clusters which may influence their performance when used in oilfield
applications. All measurements were repeated at least five times to minimize errors and
any deviations have been reported in the form of error bars. The single-step silica
nanofluids (S1, S2, and S3) were observed using a DLS apparatus and their average particle
size as a function of storage duration has been reported for the temperature range 30-90 °C

as Figure 3.1.
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Figure 3.1: Average particle size observed for silica nanofluids as a function of storage

duration at (a) 303 K, (b) 333 K and (c) 363 K.

At 303 K, it was observed that the nanofluid S1 exhibited a particle size of 34 nm
while similar readings for S2 were 36 nm and S3 were 39 nm when the nanofluid samples
were observed just after the completion of their synthesis. Over the entire period of
observation, the nanofluids did not show any appreciable change and even at the end of 60
days, the average particle size recorded for S1 was 38 nm, S2 was 39 nm and S3 was 45
nm (Figure 3.1). The nanofluid samples were also kept in a glass vial inside an oven at 333
and 363 K and for measurements, the samples were withdrawn at regular intervals. At 333
K, the nanofluid samples did not show any change from the initial values throughout
storage and near-similar values of 42, 46, and 48 nm were recorded at the end of the 333 K
days (Figure 3.1). The average particle deviations were less than 5 nm. The observations at
elevated temperatures indicate that the silica nanofluids resist agglomeration and remain
stable even after being stored for a long duration (in this case, 60 days). This high stability

of single-step silica nanofluids can be attributed to the presence of long PAM chains which
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sterically stabilized the NPs allowing them to resist Brownian agglomeration. The increase
in viscosity of the base fluid on the addition of PAM, resists the sedimentation of NPs,

directly reducing their gravitational agglomeration.

However, when the experiments were repeated at 363 K, the nanofluids started to
show agglomeration. Nanofluid sample S1 which had an average particle size of 34 nm
after preparation increased in size to 128 £12 nm (Day 15), 264 £18 nm (Day 30), 364 +28
nm (Day 45) and 482 +42 nm (Day 60). Similarly, the NP size of S2 increased to 134 £16
nm (Day 15), 383 £34 nm (Day 30), 386 £36 nm (Day 45) and 564 +44 nm (Day 60). The
average NP size observed in nanofluid S3 was 96 +10 nm (Day 15), 128+14 nm (Day 30),

144+16 nm (Day 45) and 256+24 nm (Day 60) as observed in Figure 3.1.

At higher temperatures, PAM tends to degrade causing it to lose its viscous nature
[88]. This was confirmed by the thermogravimetric analysis (TGA) of the base fluid (1000
ppm PAM dissolved in water) and the three nanofluid solutions (S1, S2, and S3). The
thermogravimetric analysis results presented as the relative mass change observed in the
solutions on an increase in temperature are presented as Figure 3.2. From Figure 3.2, it can
be observed that PAM shows major degradation at 90 °C by losing over 65% of its mass.
The addition of silica NPs was found to improve the thermal stability of the synthesized
nanofluids (Figure 3.2). Silica NPs start to adhere to the surface of the polymer-
nanocomposite due to their low surface energy [177]. Once present on the surface of the
composites, they act as thermal insulating materials and hence, protect the inner polymer
layer from heat degradation [178]. At 90 °C, the relative mass change observed was 58%
in S1, 54% in S2 and 48% in S3. Thus, increasing the silica NP concentration (from S1:0.1
wt% to S2:0.5 wt% and then S3:1 wt%), further improved the thermal stability of

nanofluids as more silica NPs were in the suspension to act as thermal insulators.
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Figure 3.2: Thermogravimetric analysis of synthesized single step silica nanofluid

samples.

However, the loss in mass (primarily, PAM) at elevated temperatures, reduced the
steric stabilization of NPs which promotes agglomeration and eventual sedimentation,
leading to the separation of phases in the nanofluid. The TGA results indicated that the
polymeric solutions destabilized at higher temperatures. The inclusion of SiO2> NPs
stabilized the polymeric solutions and an increase in NP concentration was beneficial for
further improving the stability of the solutions. The DLS measures the hydrodynamic
diameter of the NPs. The measurement is indicative of the average size of particles
suspended in the solution, not their concentration. At high temperature, the NP in the
solution agglomerated rapidly and formed large clusters (which are themselves more prone
to sedimentation). Thus, the NPs in S3 (which had the maximum concentration)
agglomerated rapidly and due to weaker stearic stabilization at higher temperature, settled
rapidly. This ensured that most of the larger agglomerates (i.e. >300 nm) had settled before
the second measurement of S3 could be taken after 15 days. Hence, the largest sizes

recorded by the DLS were in the range of 200-300 nm while the larger NP aggregates had
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settled on the base of the glass vial, in form of sediments and were thus, not part of the size

measurements.

3.3.2 Single-step silica nanofluid degradation as a function of salinity

To ascertain the effect of salinity on the synthesized nanofluids, NaCl of varying
wt% (0-8 wt%) was added to the nanofluids at ambient temperature. The observations
obtained from the particle size measurements have been reported in Figure 3.3. When the
particle size measurements were performed after adding NaCl salt (2 and 4 wt%), the
observations varied significantly than those of nanofluids obtained without any salt. On
adding 2 wt% salt, the particle sizes of S1 nanofluids were 156 £16 nm, 307 £12 nm in S2
nanofluids and 595 +43 nm in S3 nanofluids when the observations were performed 15
days after the addition of salt. When the observations were repeated after 30 days, the size
of S1 nanofluids had increased to 294 £14 nm, the size of S2 was 1212 +59 nm and 1847
+48 nm in S3. The readings were then taken again on the 45" day and the particle size had
changed to 368 £17 nm in S1, 1342+34 nm in S2 and 206+18 nm in S3 nanofluids. On the
60" day, the particle size had increased to 468+27 nm in S1, 1785+26 nm in S2 and 242+16
nm in S3 nanofluids. When the salt concentration was increased from 2 to 4wt% NacCl, the
particle sizes further increased to 284+17 nm for S1 nanofluid, 482+28 nm for S2 nanofluid,
1448+48 nm for S3 nanofluids when the samples were observed on the 15" day. On the
30" day, the particle size had further increased to 388+17 nm in S1 nanofluid, 643+37 nm
in S2 nanofluid and 168+12 nm in S3 nanofluid. On the 60™" day of observation, the particle
size in S1 was 782+42 nm, 26511 nm in S2 and 242416 nm in S3. The addition of 8 wt%
NaCl promoted the instant formation of large aggregates in the solution which sediment
rapidly and no observations could be taken. From the presented data, it is evident that the
inclusion of salt had promoted rapid aggregation of the SiO, nanoparticles which is further

amplified when the concentration of salt is increased in the solution. The aggregation can
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be attributed to the dissolution of NaCl in water and the formation of Na* and CI ions. The
presence of these electrolytes destabilizes the particle suspensions by compressing the
extent electrical double layer. On an increase in electrolyte concentration, the present
energy barrier is further lowered to such an extent that the extent of particle aggregation is
dictated primarily by the kinetic energy in the particles. This leads to the formation of larger
silica aggregates. Not only are the larger aggregates more prone to sedimentation which
would reduce their applicability before flooding but they are also more likely to block the
smaller pore throats once inside the sand-pack, further reducing the oil recovery. The
drastic drop of size in nanofluids after being stored for some time after the addition of salt
can be attributed to the sedimentation of all larger aggregates and only the smaller
aggregates are left suspended (Figure 3.3). The formation of nanoparticle aggregates in
PAM solution was ensured by DLS and SEM analysis, where nanofluid (S1) without salt

exhibited average NP size of 34 nm and non-agglomerated structure, respectively.

However, S1 nanofluid (in presence of salt, 8 wt%) exhibited different SEM image
and showed significant agglomeration as shown in Figure 3.4. From Figure 3.4, it is clear
that silica NPs formed several clusters of larger size (> 3-4 um). These nanofluid samples
are separate from polymer aggregates. The polymer aggregates are solid transparent
clumps, usually form during rapid polymer inclusion and non-uniform stirring in water.
These factors may align polymer particulates to clump together and form an aggregate, that
either floats to the top of surface or settle to the bottom of solution [179]. To avoid
aggregates, polymer particulates were added progressively in water and thoroughly mixed
using laboratory stirrer. Polymer solution is subsequently poured in other beakers for
visualizing the flow profile. Interrupted flow is considered to be affected by the formation
of PAM aggregates and this solution was not used for the synthesis of nanofluid. The effect

of salt on nanofluid stability was also studied through zeta potential. Initially, after
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synthesis, all nanofluid samples exhibited a stable zeta potential value in the range of -34
to -37 mV. A nanofluid exhibiting a value of greater than 30 mV and lower than -30 mV is
stable and resists agglomeration [64]. Contrary to silica nanofluids prepared using the two-
step method where an increase in particles number per unit volume increases the occurrence
of particle agglomeration (which leads to unstable zeta-potential values), the single-step
silica nanofluids did not show a deviation in values of zeta-potential when the concentration
of NPs was increased, indicating that method of formulation plays a role in ensuring the
stability of nanofluids. On the addition of salt, the zeta potential values of all nanofluids
reduced substantially and fell in the unstable zone. Variation in zeta potential can be
ascribed to the formation of the aggregates which leads to a charge depletion region forming

around the particles.
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Figure 3.3: Average particle size observed for silica nanofluids as a function of salinity

for (a) S1 (0.1 wt%), (b) S2 (0.5 wt%) and (c) S3 (1 wt%).
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Figure 3.4: Aggregates formed in nanofluid S1 in the presence of 8 wt% NaCl.

The nanofluid samples also showed a surface charge inversion (from negative to
positive) on adding salt which was due to the screening of surface charge of the particles
for sample S3 when 2 wt% NaCl was added to the nanofluid. The DLS was used to measure
the particle size of the nanofluids under varying conditions. It was observed that leaving
the nanofluids over a period of time, adding salt to them or heating them induced
aggregation and caused an increase in particle size. The increase in particle size, established
by the DLS, made the nanofluids unstable which was also observed by the zeta-potential
results (unstable region between -30 to 30 mV). Thus, it is not desirable that flooding with
sole nanofluid solutions be performed in oil reservoirs where adverse high salinity is likely
to be encountered as this would lead to the formation of large particle size aggregates which

clog the pores, reduce formation permeability and reduce oil recovery.

3.3.3 Silica nanofluid stabilization by surfactant

Several studies have investigated the use of surfactants to stabilize silica nanofluids
and found that when compared to cationic surfactants (like CTAB), anionic surfactants
(SDS) are better in stabilizing nanofluids given their property to supercharge the surface of

silica particles which leads to the development of a stronger negative charge and promotes
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higher repulsive forces between individual NPs [163,168]. Conventionally, anionic
surfactants such as SDS are preferred over cationic surfactants i.e. Cetrimonium bromide
(CTAB) in oilfield applications [163,180]. In addition, anionic surfactants are
recommended because of their negative charge and the potential to increase the zeta
potential of particles in saline environment [163]. Thus, in this study, the role of anionic
surfactant (SDS) was explored to stabilize silica nanofluids in saline environments. The
stalagmometer method was used to determine the CMC of the anionic surfactant and the
CMC value was determined to be around 0.18 wt%. This was further cross-verified by the
electrical conductivity method to ascertain the CMC of the nanofluid-surfactant
formulation. The electrical conductivity of the various surfactant wt% in S1 nanofluid was
measured and the results as a function of surfactant wt% have been provided as Figure 3.5.
The CMC is the point at which the electrical conductivity values exhibit a variation between
the observed trendlines [172]. From Figure 3.5, the CMC value was obtained to be nearly
0.184 wt%, which is well in line with the results obtained from the stalagmometer method.
However, multiple concentrations of surfactant and salt were investigated to

comprehensively establish the stability of single-step silica nanofluids.

Initially, the surfactant was added to the nanofluid solutions in measured quantity
(CMC + 20% absorption loss ~ 0.216 wt% SDS) immediately after preparation and before
the addition of salt. The samples were then observed using a particle size analyzer and the

observations have been reported in Figure 3.6.
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In the surfactant laden solutions, the addition of 2 wt% salt did not destabilize the
nanofluids as much as those without surfactants and the particle sizes were recorded to be
86 £12 nm (S1), 104 +22 nm (S2) and 164 £32 nm (S3) when the samples were observed
15 days after the addition of salt. The particle sizes gradually increased in the three silica
nanofluids and after 60 days, the samples had a particle size of 329 +36 nm in S1, 824+66
nm in S2, and 1447+25 nm in S3 nanofluids. Further increase in salt concentration
destabilized the silica nanofluids and the effect of surfactant addition was subdued. In the
samples with 4 wt% salt added, the particle sizes were found to be 214+22 nm (S1), 367+26
nm (S2) and 648+42 nm (S3) on the 15" day of observation. The particle size
agglomeration was further observed on the 60" day of observation and the particle size in
S1 was found to be 675+34 nm, 1342+16 nm (S2) and 1848+68 nm in S3 nanofluid. In the
sample with 8 wt% NaCl, no observations could be taken even after the addition of
surfactant as large aggregates were formed in the solution which settled rapidly and no
observations could be taken. Thus, from the presented data, it is evident that the use of
surfactants in minute quantity cannot negate the salt-induced agglomeration effects in silica
nanofluids. Hence, the concentration of surfactant was increased (from 0 to 0.8 wt%) in

saline S1 nanofluid and the particle size observations have been presented in Figure 3.7.

Initially, the S1 nanofluid with no salt exhibited non-agglomerated particle size
distribution in the range of 45 +12 nm when the surfactant was present in low quantity (<
0.35 wt%). However, on increasing the concentration of surfactants, the silica NPs started
to show agglomeration and at higher concentrations of surfactants, the silica nanofluids
showed high agglomeration (particle size: 228 +22 nm at 0.8 wt% SDS). This was cross-
referenced by the zeta-potential values where initially, the addition of surfactant leads to a
further decrease to -41+3 mV (SDS: 0.3 wt%) (trending more towards stable region) in the

silica nanofluid. However, on further increasing the surfactant concentration, the values of
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zeta-potential started to change, recorded to be -24+4 mV (SDS: 0.8 wt%) and began to fall

in the unstable region (Figure 3.7).

$00 Surfactant used, wi%o

NaCl (wi%e) added
iS50 § Dok 0 01 02 03 04 0s 06 07 08

300 F
2% y -10
200 ¢ LN
150 F B

- - A
100 F : — //
40 F =1 _.,-J‘—:/
- 3 —— J

Average particle size,

zeta-potential, mV
b 1

0 0.1 0.2 03 0.4 0.8 0.6 0.7 08

Surfactant used, wi% -50

Figure 3.7: The effect of surfactant concentration on (left) average particle size and

(right) zeta-potential values for silica nanofluid S1 in saline conditions.

The detrimental effect of high surfactant concentration of the stability of silica
nanofluids has been widely explored in past works and hence, the use of surfactant with
silica nanofluids must be curtailed to carefully measured quantities in oilfield field
applications. When the salt concentration was increased, the use of surfactant did curtail
the agglomeration due to salt induction in the nanofluids, though the effect was
significantly muted for low surfactant concentrations. The addition of 0.5 wt% SDS was
found to negate salt-induced agglomeration in 4 wt% NaCl laden silica nanofluid (0.216
wt% SDS had failed to stabilize this solution). The zeta-potential values in 0.5 wt% SDS
laden silica nanofluid were recorded to be in the stable region even after the addition of 4
wt% NaCl salts, indicating that surfactant had stabilized the silica nanofluid (Figure 3.7).
The use of surfactant reduced the aggregation of nanoparticles as the inclusion of SDS tends
to re-establish the extent of electrostatic repulsion between the NPs which reduces the
cluster size and increases the stability of the nanofluid for various applications. The zeta-

potential values reduced depending on the salinity of the base fluid which indicates the
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dependence of minimum zeta-potential value on the electrolyte concentration within the
nanofluid. However, no amount of SDS added could stabilize the silica nanofluid when 8
wt% NaCl was added to the solution. Thus, from this study, it can be concluded that the
use of a nanofluid solution in a saline reservoir can be promoted by adding surfactant
(which is already a good foaming agent) to the suspension. Hence, the use of a suitable

anionic surfactant (here, SDS) is very beneficial for this particular study.

3.3.4 Flow behavior study of surfactant treated nanofluids
One of the key parameters essential for consideration in the design of an EOR fluid

is its ability to resist agglomeration/adsorption/retention within the porous media.
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Figure 3.8: Schematic showing trapping/retention of injected fluids under different

mechanisms during fluid injection in porous and permeable pore throats.

While there are several mechanisms which influence the adsorption of polymer,
surfactant and NPs in porous media like rock surface adsorption, mechanical trapping, etc.
(Figure 3.8), regardless of the cause of their occurrence, this leads to loss of vital fluid
properties and reduces the efficacy of EOR. Surfactant adsorption usually takes place in
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the form of monomers, instead of micelles [181]. Hence, it becomes essential to investigate
this aspect before any wider field implementation. While past studies have focused on the
role of surfactant absorption and their mitigation via any additive, in this study, the effect
of retention/adsorption has been investigated via a rheological study. The rheology of the
fluid is an important parameter in field studies and the retention of NPs or adsorption of
surfactant/polymer would negatively impact the injected fluid viscosity, rendering it less
capable to mobilize greater volumes of crude oil [182]. Initially, various fluids to be
injected (i.e. 1000 ppm PAM, nanofluids S1-S3) with and without the addition of 0.216
wit% surfactant were analyzed using the rheometer and the resulting viscosity as a function
of varying shear rate have been presented as Figure 3.9. The inclusion of NPs was found to
increase the viscosity of the nanofluid over PAM and further increasing NP concentration,
led to a greater increase in fluid viscosity which is under similar obsevations in past
literature [183]. All fluids showed shear-thinning behavior on increasing shear rate and in
PAM, the viscosity of 28.3 Pa.s at 22 s! fell to 3.82 Pa.s at 1840 s™. In S1, the viscosity at
22.3 st was recorded to be 30.4 Pa.s which fell to 4.4 Pa.s at 1840 s™. For S2 and S3, the
values of viscosity at the shear rate 22.3 s were 35.5 and 39.5 Pa.s, respectively which
reduced to 5 and 5.8 Pa.s, respectively at an applied shear rate of 1840 s™*. The dependence
of viscosity on the particle concentration of a colloidal solution was first correlated in
Newton’s correlation which has been well detailed in previous studies. As per this
correlation, increasing particle volume concentration increases the viscosity of a fluid
[184]. At22.3 s, the viscosity of PAM, S1, S2, and S3 were recorded to be 31, 32, 37 and

44 Pa.s respectively which at 1840 s, fell sharply to 4.2, 4.5, 5.4 and 6.2 Pa.s, respectively.
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Figure 3.9: Viscosity versus shear rate profiles of polymer and sole silica nanofluids at 30
°C. (b) Viscosity versus shear rate profiles of polymer-surfactant and surfactant treated

silica nanofluids at 30 °C. The pressure during measurement was 0.1 MPa.
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Figure 3.10: (a) Viscosity versus shear rate profiles of polymer & sole silica nanofluids
and (b) polymer-surfactant & surfactant treated silica nanofluids obtained as effluent after

centrifugation at 30 °C.
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Figure 3.11: (a) Viscosity versus shear rate profiles of polymer & sole silica nanofluids

and (b) polymer-surfactant & surfactant treated silica nanofluids obtained as effluent after

centrifugation at 90 °C.
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Figure 3.12: (a) Viscosity versus shear rate profiles of polymer & sole silica nanofluids
and (b) polymer-surfactant & surfactant treated silica nanofluids obtained as effluent after

centrifugation at 30 °C with 4 wt% NaCl solution saturated sand-packs.
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The solutions were then mixed with sand at varying conditions and kept in a
centrifuge. The solution was mixed at 1200 rpm for 30 min and the resulting fluid at the
near the top (the effluent) was then extracted. The effluent was compared with the original
injection fluids rheologically and the change in fluid viscosity was determined by
comparing fluid viscosities (of original & effluent fluids) at every shear rate & obtaining
their average. In Figure 3.10, the viscosity of injection fluids as a function of shear rate has
been plotted for EOR fluids after centrifugation with sand at 30 °C while Figure 3.11
provides the data for tests performed after recovery from centrifuge at 90°C. Finally, in
Figure 3.12, the data of viscosity as a function of shear rate has been provided after EOR
fluids were mixed with 4 wt% NaCl solution before centrifugation (to simulate high salinity
reservoirs). From Figure 3.10, it was observed that the viscosity of PAM at 22.3 s had
insignificantly reduced to 26.2 Pa.s while at 1840 s, the viscosity had further reduced to
4 Pa.s. The average fall in viscosity for PAM after centrifugation with sand at 30°C was
5%. Similarly, after centrifugation, the viscosity of nanofluids S1, S2, and S3 reduced by
6%, 8%, and 12%. While the decrease in polymer viscosity after injection in the sand-pack
can be attributed to the retention of polymer inside, the fall in the viscosities of the
nanofluid was due to the retention of both polymer and NPs inside the sand-pack.
Compared to low concentration nanofluids, i.e. S1 and S2, higher concentration nanofluids
(S3) are more prone to retention inside the sand-pack due to having a greater number of
particles per unit volume. When surfactant treated solutions were used, the viscosity of
PAM (surfactant-treated) was recorded to be 25.5 Pa.s at 22.3 st which reduced to 3.6 Pa.s
at 1840 s* (Figure 3.10), indicating an average reduction of 16% in viscosity of 16% which
meant that a significant amount of surfactant was being lost in form of adsorption on rock
surfaces inside the sand-pack. Similarly, at 22.3 s%, the viscosity of surfactant treated S1,

S2 and S3 nanofluids were found to be 29.4, 30.1 and 42.1 Pa.s while at 1840 s, these
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values had reduced to 4.2, 5.1 and 6 Pa.s, respectively which indicated a fall of 6% for S1,
5% for S2 and 3% for S3. Interestingly, using surfactant treated nanofluids, reduces the
retention of both surfactant and NPs inside the sand-pack, demonstrating great synergy and

proves to be viable candidates for EOR use in oilfields.

When the experiments were repeated after centrifugation at a test temperature of 90
°C, the viscosity of PAM at 22.3 s was 7 Pa.s which reduced to 0.95 Pa.s at 1840 s™* (Figure
3.11), indicating that most of PAM had degraded at high temperature (the average loss in
viscosity was a significant 75%) and contributed very less to maintain the viscosity of the
fluid [88]. Similarly, the viscosities of nanofluids without surfactant treatment were
recorded to be 11.2 Pa.s (S1), 18.4 Pa.s (S2) and 30.7 Pa.s (S3). The loss of viscosity after
injection in a sand-pack at high temperature was 63% (for S1), 48% (for S2) and 24% (for
S3). The inclusion of silica NPs, did lower the fall in viscosity by improving the stability
of PAM at higher temperatures, also evident from the TGA results. The surfactant-treated
PAM exhibited a viscosity of 8.16 Pa.s at 22.3 st which is slightly lower than sole PAM,
indicating a reduction in viscosity of 68% and that the inclusion of surfactant, did stabilize
the fluid, albeit minorly. The surfactant treated nanofluids exhibited a value of 14.2 Pa.s
(S1), 22.8 Pa.s (S2) and 35.3 Pa.s (S3) at the shear rate of 22.3 st which significantly
reduced to 2 Pa.s (S1), 3.2 Pa.s (S2) and 5 Pa.s (S3) at 1840 s. This indicated that the
viscosity of the surfactant treated nanofluids reduced by 52% (S1), 36% (S2) and 17% (S3).
The surfactant treated nanofluids fared better than non-surfactant laden nanofluids which
indicates a greater likelihood of surfactant use in higher temperature reservoirs where their

use in judicious conjunction with NPs, may boost oil recovery.

Finally, the centrifugation runs were performed after 4 wt% NaCl had been added

to the polymer, polymer-surfactant and the nanofluids to assess their viability in saline
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reservoirs (Figure 3.12). The inclusion of such a higher concentration of salt-induced rapid
agglomeration in the nanofluids (without surfactant treatment) and the polymer solution
along with the three nanofluids (S1-S3) exhibited similar values of viscosity 18.4-20.5 Pa.s
at 22.3 s which reduced to between 2.55-2.75 Pa.s at 1840 s indicating a loss of 26-52%
in fluid viscosity on salt addition. Primarily, the nanofluid S3 which was most prone to salt-
induced agglomeration exhibited a loss of 52% in fluid viscosity which can be attributed to
a fall in particle concentration per unit volume as larger particle agglomerates (formed due
to salt-action) may have been retained inside the constrained pores of the sand on
centrifugation. The presented data indicates that silica nanofluids are not viable for EOR
application in high salinity reservoirs without any surfactant treatment. However, when the
surfactant was added to the mix, the rheological attributes of the injection fluids improved.
Nanofluid S1 exhibited a viscosity of 21.5 Pa.s at 22.3 s which reduced to 3.1 Pa.s at 1840
s’ The average fall in fluid viscosity due to salt-action was 18% (PAM), 28% (S1), 24%
(S2) and 29% (S3). From the flow-behavior tests, it can be assessed that NPs and surfactants
have great synergy and are viable candidates for use in high temperature and adverse
salinity reservoirs when compared to sole polymer or polymer-NP solutions as they can
retain their fluid attributes (here, viscosity) which allow for greater oil mobilization

throughout the oil reservoir and may increase oil recovery.

3.3.5 Oil recovery runs

To understand the efficacy of EOR fluids under oilfield conditions, a set of injection
runs were performed in porous media prepared using standard oilfield procedure. It has
been established a moderate NP concentration is beneficial for better performance in
oilfield application such as foam stabilization and carbonated water injection. Recently,
other studies also endorsed the fact that moderate NP concentration of 0.1 wt% showed

higher oil recovery (65% of original oil in place) during carbonated water injection in
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loosely consolidated sandstones [54]. Initially, the sand-packs were prepared by wet-
ramming and the fluids (connate water—> crude oil - displacing fluid) were injected using
a syringe pump at a constant flow rate (1 ml/min) to fully saturate the sand-pack. The
porosity and permeability of the sand-packs were ascertained using conventionally
documented methods. The flow behavior of the silica nanofluids (with and without
surfactant treatment) was studied using synthetic sand-packs of fair porosity (28-31%) and

permeability (600-780 md).

In each run, one of the EOR fluids was injected into the sand-pack and the resulting
effluent was gathered at the outlet after the sand-packs were sufficiently saturated by the
injection fluids (preferably, after the injection of 2.5 PV). The oil recovery runs were
performed until a total of 5 PV (2 PV primary water flooding=> 0.5 PV EOR slug - 2.5
PV chase water flooding) of fluid had been injected. The pore point of the crude oil used
in the study was 37 °C, hence all experiments were performed above this temperature. A
total of 4 different operating conditions: (1) 60 °C with pure water as a connate fluid, (2)
90 °C with pure water as a connate fluid, (3) 60 °C with 4 wt% NaCl solution as connate
fluid and (4) 90 °C with 4 wt% NaCl solution as connate fluid were carried out. The oil
recovery data (at 60 °C) as a function of fluid volume (PV) injected has been presented in
Figure 3.13. In Figure 3.13, the results of oil recovery from sand-packs saturated with DI
water have been provided along the data from the sand-packs were saturated with 4 wt%
NaCl solution. From results, it could be observed that the injection of water yielded an oil
recovery of 38-40% OOIP till 2 PV. This was followed by the injection of EOR slugs (0.5
PV of PAM/nanofluids). The injection of EOR slugs reintroduced oil recovery from sand-
packs due to their superior viscosity and impact on oil mobilization. For PAM, oil recovery
improved by 10% with resultant oil recovery of 49% OOIP while silica NPs exhibited

further increase in oil recovery over PAM by 6% (S1), 7% (S2) and 10% (S3). Thus, S3
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nanofluid yielded highest oil recovery of 59% OOIP. Nanofluid S3 mobilized oil for the
longer duration as 100% water cut was seen after the completion of 3.75 PV. The amount

of oil recovery with surfactant treated solutions has also been reported in Figure 3.13.
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Figure 3.13: Cumulative oil recovery in varying temperature and salinity conditions by

sole and surfactant treated single step silica nanofluids.

Expectedly, the nanofluid solutions (both with and without the surfactant treatment)
outperformed both water and polymer-based injection under 60 °C with pure water as
connate fluid conditions with a maximum oil recovery of 69% obtained with nanofluid S3
treated with surfactants due to a combination of several different incremental oil recovery
mechanisms like disjoining pressure, IFT reduction and wettability alteration acting
together in conjunction [56,57,185]. However, when the experiments were repeated at 90
°C with pure water as a connate fluid, the efficacy of the nanofluids came down
significantly as the polymer, PAM deteriorated sharply at higher temperatures. The oil
recovery by PAM injection at 90 °C with pure water as connate fluid was barely 43% of

OOQIP, even less than oil recovered by water (44% of OOIP) under the same operating
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conditions. Interestingly, the amount of oil recovered by water improved at 90 °C was
higher than the oil recovered at 60 °C (39% of OOIP) as increasing the temperature of sand-
pack, reduces the density of the oil causing it to become less viscous and thus, more mobile
[109]. All nanofluids, with and without surfactant treatment showed incremental oil
recovery (higher than water and PAM) and the maximum amount of oil was recovered by

surfactant treated S3 solution (68% of OOIP) at 90°C with pure water as connate fluid.

However, when 4 wt% NaCl solution was used as the connate water, the nanofluids
(without surfactant treatment) performed much worse and the cumulative oil recovery was
less than those obtained from sand-packs with pure water as connate fluid. For example,
when solution S2 was injected in a sand-pack with water as a connate fluid, the amount of
oil recovery at 60 °C was 59% of OOIP. However, when the experiment was performed
with 4 wt% NaCl solution as connate fluid at the same temperature, the oil recovery reduced
to 54% of OOIP, indicating that some of the NPs in the suspension may have gotten
agglomerated and blocked off pores, reducing the amount of oil mobilization. This was
especially true for nanofluid S3 (without surfactant treatment) where the oil recovery fell
by 5% of OOIP (from 64 to 59%). When surfactant treated nanofluids were used, the
amount of oil recovery was proportionally higher than those used without surfactants,
indicating that surfactants had stabilized NPs in the saline environment. At 60 °C in sand-
packs saturated by 4 wt% NaCl, S1 recorded oil production of 51 and 60% of OOIP,
injection of S2 produced 54 and 62% of OOIP while S3 recorded an oil production of 59
and 63% of OOIP when injected without and with surfactant treatment, respectively.
Finally, the oil recovery runs were performed at 90 °C with 4% NacCl solution as the connate
fluid. The inclusion of surfactants and NPs demonstrated good synergy and the maximum
amount of oil recovery was obtained when S3 nanofluids (with surfactant treatment) were

injected (63% OOIP). All surfactant treated nanofluids outperformed sole silica nanofluids
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in each test condition. From the presented results, surfactant treated single-step silica
nanofluids prove to be viable candidates for use as EOR fluids in high-temperature saline

reservoirs.

3.4 Conclusion

Single-step silica nanofluids can have wide-spread applications in several industries
including the oil industry given their superior stability than two-step silica nanofluids in
ambient conditions and size-control properties. However, their widespread adoption is
constrained by the lack of understanding of silica nanofluid stability in adverse conditions
like high temperature and salt environment. Thus, in this study, the stability of silica
nanofluids was investigated in adverse temperature (30-90 °C) and salinity (0-8 wt% NaCl).
While past studies have mostly focused on visual observations and zeta-potential
investigations, given the scope of this study (to investigate silica nanofluids for oil field
applications), the focus has been more on the particle size distribution of the silica
nanofluids. Smaller particles can access smaller pores inside the reservoir and thus, have a
larger areal coverage while larger particle clusters may block off pore channels causing
formation damage and reduce oil recovery. The single-step silica nanofluids demonstrated
excellent stability and did not show any agglomeration when left undisturbed for over 60
days. However, at higher temperatures (~90 °C), the solutions started to degrade due to the
lack of thermal stability in PAM. The addition of salt aggravated particle agglomeration in
the silica nanofluids and rendered the solutions unstable for use. At high salt concentration,
the silica NPs in the nanofluids agglomerated rapidly and thus, were unviable for use in
high salinity environments (reservoirs with salinity higher than 50,000 ppm NaCl). Finally,
the silica solutions were stabilized by the addition of an anionic surfactant (SDS, commonly
used as an oilfield foaming agent) which resisted particle agglomeration, to a certain extent,

in low salt conditions (reservoirs with salinity lesser than 20,000 ppm NaCl). Increasing
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the surfactant concentration allowed the silica nanofluids to exhibit enhanced stability in
high salinity conditions though, at high surfactant concentrations, the silica nanofluid was
destabilized by the addition of the surfactant itself. This was further understood by the flow
behavior studies of the various silica solutions (with and without surfactant treatment)
under varying temperature and salinity conditions. The inclusion of a surfactant was found
to improve the properties of silica nanofluid under such adverse conditions as evident from
the rheological data. However, the addition of surfactant too should be moderated to ensure
that too much of it is not added which leads to instability in the silica nanofluids and reduces

their efficacy in oilfield applications.

The specific results of this study are —

%

% Increasing temperature was found to have an adverse impact on the stability of the
silica NPs as base fluid (PAM solution) stability was inversely proportional to

temperature.

% Increasing salinity resulted in accelerated NP aggregation which quickly

destabilized the nanofluids and retendered them unstable colloidal suspensions.

% Inclusion of an anionic surfactant, SDS, improved the stability of silica NPs and

reduced the extent of salt-induced agglomeration.

At high concentration, surfactant was not effective. Therefore, the concentration of
surfactant to be added needs to be carefully optimized as high surfactant addition

destabilized the nanofluids.

From the presented study, single-step silica nanofluids are viable candidates for application

in oilfield applications.
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Chapter 4

CO; Capturing Evaluation of Single-Step Silica Nanofluid for Carbon

Utilization Applications

Abstract

Single-step silica nanofluids offer better stability and size-control due to less
nanoparticle (NP) agglomeration. Uniform distribution and desired size of NP make
nanofluid a rheologically modified fluid to be suitable for carbon utilization applications.
Thus, in this work, single-step (sol-gel) technique is used to prepare silica nanofluids of
different particle sizes (34-142 nm) in base of polyacrylamide (PAM, 1000 ppm). These
nanofluids was tested for CO> capturing applications using rheological measurements
(shear and dynamic) as a function of different conditions [particle concentration = 0.1, 0.5,
and 1 wt% and temperature = 303, 323, and 353 K]. Increasing particle size was found to
affect rheological properties insignificantly while increasing particle concentration led to
increment in viscosity and viscoelastic moduli (elastic: G" and viscous: G”), good for
nanofluid usage in oilfield practices where improved viscosity is required for higher oil
recovery. The inclusion of CO> made nanofluid lighter and thus, viscosity and moduli
values slightly reduced for CO- laden nanofluids. The effect of high temperature (353 K)

on capturing potential of nanofluids was found marginal as viscosity and viscoelastic

77



properties and their flow trends remained almost similar at each test temperature, which
indicates CO; capturing into the networks of NP and PAM was intact and even temperature
could not deform it. However, a slight reduction in viscosity and moduli of nanofluids was
attributed to temperature effect on PAM rheology. Thus, the synthesized nanofluids
behaved almost thermally stable and showed marginal effects of flow conditions (shear
rate, amplitude, and frequency) on rheological properties and CO capturing potential of
silica nanofluids, which is of key importance for various applications where conditions

differ on a large scale.

4.1 Introduction

The rheological properties of a conventional fluid typically improves after the
addition of a colloidal particle such as nanoparticle (NP) that possesses large surface area
per unit volume [89], optical [91,186], and heat transfer properties [42,45,72,187,188].
Compared to conventional fluid, nanofluids are viscous colloidal suspensions and exhibit
increased viscosity which leads to an increase in pumping power required for nanofluid
injection in porous media [62,189]. However, nanofluids, due to improved rheological
properties, have offered many advantages in several applications such as interfacial tension
(IFT) reduction [62,190,191], solar water heating [53], oil recovery [192], and profile
modification [118,193]. The rheological property of a nanofluid can be typically defined in
terms of the relationship between shear stress (t) and shear rate (y) where viscosity (1) is
the ratio of shear stress to shear rate [194]. Separately, Brownian motion and NP
aggregation have been found to affect the rheology of nanofluids [44]. Till date, a
substantial amount of rheological data has been reported for nanofluids which make it
possible to elucidate the particle size, concentration or the structure of a nanofluid from
available data. Even, the improved viscosity of nanofluid is motivating researchers to

investigate nanofluid potential for the vital areas such as carbon capturing where capturing
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efficacy of conventional fluid is expected to improve by viscous nature and surface activity
of charged NPs, which is limited in the literature as far as we are aware.

Together with the viscosity and shear stress data, the viscoelastic properties of a
nanofluid are also important. A viscoelastic nanofluid is found to exhibit both elastic and
viscous characteristics when it undergoes deformation and therefore, it is important to
ascertain the viscoelasticity of a nanofluid before its industrial application. Several useful
information like the evolution of dynamic viscoelastic properties, viz., storage modulus (G')
and loss modulus (G”) can be obtained from the viscoelastic study of a nanofluid [195].
Among nanofluids, silica nanofluids are easier and comparatively less expensive to
synthesize and therefore, they have received widespread attention in the oilfield industry
as agents for foam enhancement [97], low-salinity water flooding [196], wettability
alteration [153] and improved CO: capture and retention [10]. In one study with
concentrated colloidal suspensions of silica NPs, it was observed that G"” was larger than
G’ which indicates that a significant portion of energy will be dissipated by viscous forces
when compared with the one stored in the structure of material [197]. The role of
temperature (75 to 175 °F) on G’ and G” of a silica nanofluid was investigated and the
results showed that the effect of temperature on them subdued above 100 °F [198]. In
addition, the inclusion of silica NPs has been found to alter the viscoelasticity of a fluid
system from liquid-like to a gel-like behavior which is desired for enhanced oil recovery
applications in high-temperature reservoirs and has also been encountered in alumina-water
based nanofluids [199,200]. Silica nanofluid is an excellent candidate for CO2 absorbents
in industrial processes like scrubbing, carbonated water flooding, foam flooding,
supercritical CO. gas, and water-alternating gas injection due to improved rheological
behavior [106,201-204]. In our previous work, we have reported the use of silica

nanofluids for CO, capturing applications where nanofluid showed improved CO, molality,
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better absorption kinetics, and longer CO- retention [10]. The application of CO»-laden
silica nanofluids has the potential to increase the oil recovery in two ways - the gradual
expulsion and subsequent dissolution of CO- in oil and improved areal sweep of residual
oil by the injected nanofluid [11,62]. Despite vital importance for silica nanofluids globally,
none of the studies reported rheological investigation (viscosity and moduli) of silica
nanofluids for carbon utilization applications. The knowledge of the viscoelastic properties
of COq-laden silica nanofluids is essential while modeling the reservoir flow simulations
for CO. sequestration studies. Mechanistically, reservoir engineers focus on injecting CO>
for geological sequestration where CO2 mobility and breakthrough can be controlled by
suitable viscous candidates (e.g. silica nanofluids) via capturing in NP matrix [48,205].
This capturing potential of nanofluids is subjected to affect by the applied stresses/strains
and rheological characterization is one of the effective techniques to understand these
phenomena, on which we focus here.

The rheological properties of a silica nanofluid are also affected by its stability as
nanofluids are meta-stable fluids where suspended silica NPs tend to form aggregates due
to strong Van der Waals interactions between NPs [206]. The formation of large aggregates
reduces the available surface area per unit volume of NP resulting NPs prefer to stay in
bulk medium than participating for CO. absorption [10]. The aggregates settle on the
bottom with time and nanofluid separates into two distinct phases of base fluid and
aggregated silica NPs. Thus, a stable nanofluid of homogeneous NP distribution is essential
for widespread industrial application. One method to prepare silica nanofluids of high
stability is single-step technique as single-step method generates NPs within base fluid than
mixing externally as the case with the two-step method [106]. Therefore, single-step
synthesized nanofluids have been found to exhibit better stability and insignificant particle

agglomeration which is proposed by the schematic in Figure 4.1 [70].
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Figure. 4.1: Stability of single-step and two-step synthesized silica nanofluids as a function

of storage period.

Thus, in this work, silica nanofluids of different sizes were prepared using single-
step technique in base fluid of polyacrylamide (PAM, 1000 ppm), and further studied the
rheological properties of these nanofluids with and without CO, to be applicable for carbon
utilization applications. The role of NPs size (34-142 nm), NPs concentration (0.1-1 wt%)
and temperature (303-353 K) on shear (viscosity and shear stress) and dynamic (moduli)
properties of silica nanofluids is studied. Finally, the effect of different parameters on
rheological properties of CO: laden silica nanofluids was discussed and compared to

examine CO2 capturing potential of silica nanofluid for complex conditions.

4.2 Materials and Methods
4.2.1 Materials
The materials used in the synthesis of the single-step nanofluids have been reported

before in Chapter 3.
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4.2.2 Preparation and characterization of nanofluid

Single-step silica nanofluids were prepared using Stober sol-gel method [105,106].
The volume of each constituent to prepare nanofluids and their nomenclature has been
listed in Table 4.1. The detailed preparation and characterization of these nanofluids has
been reported before in Chapter 2 and Chapter 3.
Table 4.1: Nomenclature, concentration, average particle size and pH of synthesized silica

nanofluids

Average
NP
Nanofluid particle
concentration pH®
nomenclature  size

(Wt%)
(nm)
S1 34+6 0.1 8.22
S2 82+14 0.1 8.23
S3 142 + 16 0.1 8.20
S4 36+4 0.5 8.26
S5 39+5 1 8.27

Sstandard uncertainties in pH measurement: u (pH) = 0.05

The pH of the nanofluid samples was measured using a Hanna Digital pH meter
(Model-H198129, range 0-14) was used after calibration with provided buffer solutions.
4.2.3 Preparation of CO; laden silica nanofluids

COz insilica nanofluid was purged using a custom build equilibrium cell which was
also utilized in our previous CO> absorption studies [10,11]. For the sake of brevity, a brief
description of the apparatus has been provided. The experimental setup comprises of a 25

ml stainless steel equilibrium cell. To maintain the test temperature inside the equilibrium
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cell, a thermal jacket with a temperature circulator (HRC2, IKA) was attached to the cell.
The pressure inside the cell was measured by a digital pressure gauge (Broil Sensotek BT
DPG 100/100D, 0-100 bar, accuracy + 0.15% of span). The temperature of the fluid inside
the equilibrium cell was measured by a thermocouple (RTD PT 100, 273-673 K, accuracy
+ 0.2 K). The entire setup was mounted on a magnetic stirrer (IKA-C-MAG-HS7). CO>
mixing in the solvent was performed using magnetic stirrer at two stirring speeds of 300
and 600 rpm inside the equilibrium cell. Initially, 10 ml of known solvent was taken via a
calibrated pipette in the cell and the sealed cell was mounted on the stirrer. The cell was
then degassed using a vacuum pump (ESCY India) and then, a measured amount of CO>
was carefully introduced in the cell. CO2 gas, under pressure, begins to solvate in the body
of the fluid until an equilibrium pressure is reached after which no further amount of CO>
will enter the body of the fluid. CO: enriched nanofluid was taken from the cell in a

measuring cylinder for further investigations.

4.2.4 Rheological investigation of CO-loaded silica nanofluids

A detailed rheological investigation of the synthesized nanofluids was carried out
using a compact rheometer (MCR-52, Anton Paar®, Physica, Austria). The rheological
investigations were conducted using a bob and cup arrangement of the rheometer. To
perform the measurements, 6 ml of nanofluid was carefully poured in the cup and the bob
was slowly lowered till it was entirely submerged in the fluid. After every measurement,
the cup and bob were removed from the rheometer followed by cleaning using laboratory
solvent toluene and water. The entire experimental run took 9 min and the time per
measurement point was 10 second. The rheological investigation was performed in both
shear (viscosity and yield stress) and dynamic modes (storage modulus: G’ and viscous
modulus: G") for silica nanofluids before and after CO, capturing. A wide range of shear

rates from 20 to 2000 s was varied to perform shear measurements on nanofluid samples.
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Dynamic tests were conducted for both strain-sweep and frequency-sweep measurements.
Strain-sweep were performed to obtain G’ and G" vs. strain amplitude (0.1 to 100%) results
where the frequency was kept constant at 10 rad s™ [207]. These measurements are useful
in the determination of Linear Viscoelastic (LVE) region (G’ remains constant with strain
amplitude) and the critical strain (cross-over point) of viscoelastic nature in nanofluids.
Frequency-sweep measurements typically performed at an applied strain within the LVE
region. Thus, frequency-sweep measurements were performed in the range of 1-100 rad/s
of angular frequency while amplitude is fixed at a particular value within LVE range of
strain-sweep analysis of nanofluids. All rheological experiments (shear and oscillatory)
were repeated thrice to establish repeatability in results and the standard deviation was
calculated by accounting the values of all 3 runs. The experimental uncertainty of 1.5-4%
and 2-9% is estimated for oscillatory and shear flow experiments, respectively. Various
parts of the rheometer (bob, cup, and spindle) were cleaned after each sample study with
DI water and subsequently dried with the air blower to reduce cross-contamination and
improve the quality of results.
4.3 Results and Discussion

First, the discussion on rheological properties into two sections; shear and dynamic
modes. In each section, the effect of particle size, concentration, and temperature (303, 323,
and 353 K) on rheological properties nanofluids is discussed. Finally, CO> capturing and
retaining potential of nanofluid is examined via viscosity and viscoelastic results at

different rpm (300/600) and temperature (303 and 353 K).

4.3.1 Shear rheological behavior of nanofluids
The effect of particle size, concentration, and temperature on viscosity and shear
stress of silica nanofluids is studied at varying shear rates (20-2000 s1). All tests related to

particle size and concentration were carried out at 303 K and 0.1 MPa. The effect of varying
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temperatures (303-353 K) was investigated on the rheological properties of nanofluid S1.
Nanofluid, being viscous, possesses yield strength and thus, to induce any deformation in
solution, an externally applied shear rate must be higher than the yield strength of the
solution [11]. It was observed that shear rate less than 20 s was not sufficient enough to
induce deformation in nanofluid and hence, the shear rheological data for shear rate <20 s
! were not reported.

Figure 4.2 shows the shear rheological analysis for the effect of particle size on

viscosity and shear stress profiles of S1, S2, and S3, respectively.
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Figure 4.2: Plots of viscosity (closed symbols: @) and shear stress (open symbols:0) vs.
shear rate experiments of silica nanofluids as a function of particle size at 303 K and 0.1

MPa.

It was observed that the viscosity for sample S1 was 41.3 Pa.s at shear rate of 22.3
st which significantly reduced to 13.6 Pa.s at 158 s. Finally, it reached to a minimum
value of 5.8 Pa.s at 1860 s*. For S2 nanofluid (particle size ~ 82 nm), the viscosity was
observed to be 38 Pa.s at 22.3 st which reduced to 12.8 Pa.s at 158 s followed by 5 Pa.s

at 1860 s™. For S3 nanofluid (particle size ~ 142 nm), the viscosity reduced from 37.8 Pa.s
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at 22.3 s to 4.4 Pa.s at 1860 s*. Thus, the increase in particle size causes a reduction in
viscosity of nanofluids even though they exhibit a similar concentration of 0.1 wt% (Table
4.1). A similar trend for increasing particle size on viscosity was observed for Al,Oz and
ZnO nanofluids prepared in base fluid of ethylene glycol [189]. Minakov et al. [208] also
found similar viscosity trend for silica NPs dispersed in water. This can be attributed to the
fact, for a given mass concentration in a nanofluid, the relative viscosity decreases on
increasing the particle size due to a decrease in the interfacial area. This reduces the
hydrodynamic interactions between the solid and fluid phases, which results in lower
resistance to flow [209]. Another possible explanation for this can be supported by the fact
that reduced particle size increases the inter-particle forces that tend to dominate the applied
shear forces and thus, the viscosity increases, consistent with viscosity results of S1. It is
also to be noted here that the nanofluids exhibited shear-thinning nature with an increasing
shear rate. Shear-thinning is the reduction in suspension viscosity with increasing shear
rate, which is often found in colloidal systems [210]. For nanofluid, it is also established
that shear thinning behavior depends on particle concentration, the applied shear rate, and
viscosity of the base fluid [211].

In addition, S1 (i.e. nanofluid with the smallest size) exhibited shear stress of 0.85
Pa (at 22.3 s!) which continued to increase with increasing shear rate. The effect of
increasing particle size on shear stress was insignificant for both S2 and S3 nanofluids,
consistent with viscosity results in Figure 4.2. Almost similar values of shear stress were
obtained over the entire range of shear rate; 0.9 (S2) and 0.86 Pa (S3) at 22.3 st and 1.92
(S2) and 1.9 Pa (S3) at 158 s™*. However, at a high shear rate (at 1860 s), the shear stress
was found to reduce slightly with increasing particle size and shear stress value of 10.1,

9.1, and 8.2 Pa was determined for S1, S2, and S3, respectively. Thus, a small amount of
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variation (~ 6%) was observed for shear stress data of nanofluids, consistent with previous
findings [49].

The effect of increasing particle concentration on viscosity of nanofluid is provided
in Figure 4.3 for S1, S4, and S5. S1 has a particle concentration of 0.1 wt% while the
concentration of S4 and S5 is 0.5 and 1 wt%, respectively. For S4, the viscosity was
determined as 42.1 Pa.s (at 22.3 s) which is higher than the viscosity of S1. This increase
in viscosity of S4 can be attributed to a higher concentration of NP (0.5 wt%) in suspension.
With increasing shear rate, the viscosity decreases to 14.5 Pa.s at 158 s* followed by 5.9

Pa.s at 1860 s*. For S5, the viscosity further increased to 48.2 Pa.s at 22.3 s,
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Figure 4.3: Effect of increasing shear rate on viscosity (closed symbols:®) and shear stress
(open symbols:o) vs. shear rate profiles of silica nanofluids as a function of particle

concentration at 303 K and 0.1 MPa.

Even, the viscosity at high shear rate of 1860 s (6.5 Pa.s) was greater than the ones
of S4 and S1 at the corresponding shear rate. The increase in viscosity of a nanofluid with
increasing particle concentration is in accordance with the literature [183]. Thus, the

increase in NP concentration causes an increase in the density due to a greater number of
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particles present in the system which consequently made more particles to become the part
of fluid and solid phase interactions resulting viscosity of the nanofluid increases [205].
One of the earliest correlations establishing a relation between the volume fraction of
particles in a suspension and the viscosity was developed by Einstein [212]. Thus, the
relationship between viscosity and the suspended solid concentration can be expressed as
n =1y (1+ 2.5 ¢) where n is the viscosity of colloidal suspension, 1, is the viscosity of
water, and ¢ is the particle volume fraction [213]. According to the relation, increasing
particle volume fraction (¢) will increase the viscosity of suspension (). This is in line
with our viscosity results where NP concentration increases the viscosity of nanofluid
[184]. Thus, the viscosity of a silica nanofluid system can be increased by adding more NPs
to the system. However, the enhancement of viscosity is not valid in all cases as an increase
in viscosity increases the need for pumping power and wears them out faster.

Shear stress value of 0.92 and 1.1 Pa (at 22.3 s*) was measured for S4 and S5 (NP
concentration of 0.5 and 1.0 wt%), respectively, which is slightly higher than the one of S1
at corresponding shear rate. Even, shear stress value at a high shear rate (1860 s*) remained
higher for these nanofluids with 11.5 and 10.3 Pa, respectively, which might be possible
due to the higher concentration of NPs in the system. Overall, a variation of ~ 6% was
determined for shear stress data of these nanofluids. Thus, the results indicate that the effect
of shear deformation on shear stress data of nanofluids was marginal and almost similar

trends were obtained for both cases of particle size and particle concentration.

4.3.2 Effect of temperature on rheological properties

The effect of temperature (303-353 K) on the viscosity and shear stress of water
and silica nanofluid S1 is provided in Figure 4.4. It can be observed that the viscosity for
sample S1 was 41.3 Pa.s at shear rate of 22.3 s™* which significantly reduced to 13.6 Pa.s at

158 s and finally reached to a minimum value of 5.8 Pa.s at 1860 s*. With increasing
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temperature from 303 to 323 K, the viscosity decreased to 36 Pa.s at 22.3 s which further
reduced to 4 Pa.s at 1860 s for nanofluid S1. At 353 K, the viscosity further reduced to
28.3 Pa.s at 22.3 s and reached to 3.4 Pa.s at a high shear rate of 1860 s. From these
results, it is evident that the nanofluid viscosity decreases with increasing temperature. For
nanofluid synthesis in polymer solution, there can be two causes for the decrease in
nanofluid viscosity with temperature. One, the viscosity of PAM solution exhibits a
tendency to get negatively influenced by an increase in temperature. With increasing
temperature, the time of interaction between neighboring molecules of PAM decreases due
to an increase in surface velocities, which in turn causes a decrease in intermolecular forces
and thus, it reduces the viscosity of the system [214]. Second, the intermolecular attraction
between the NPs and base fluid weakens with increasing temperature [215].

It was observed that the effect of increasing temperature on shear stress of nanofluid
S1 was marginal and almost similar profiles were obtained at each test temperature till the
shear rate of ~ 200 s. After 200 s, the shear stress profiles of nanofluid is different where
stress value progressively decreased with increasing temperature. At 1860 s, the value of
stress was measured to be around 10.1, 9, and 7.2 Pa for temperature 303, 323, and 353 K,

respectively.
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Figure 4.4: Effect of increasing temperature (303, 323, and 353 K) on viscosity (closed
symbols:e) and shear stress (open symbols:o) data of nanofluid S1 and compared with the

ones of water.

With increasing temperature, the decreases in stress value of nanofluid are in
support of viscosity results where PAM viscosity is regarded as the crucial factor for
viscosity reduction in nanofluids.

To validate these results, a comparative analysis with DI water was performed under
identical conditions and the results have been included in Figure 4.4. It was observed that
water viscosity was significantly lower than the viscosity of nanofluids. The value of
viscosity of water at 303 K was 0.097 Pa.s (at 22.3 s™) which reduced with increasing shear
rate. As a result, water viscosity reached to 0.002 Pa.s at 1860 s. With increasing
temperature, water viscosity value of 0.097 Pa.s decreased to 0.092 (323 K) and 0.003 Pa.s
at 353 K. Similarly, near identical shear stress profiles (similar to S1) were obtained for
water. For water, the value of shear stress was measured to be around 0.10, 0.09 and 0.04

Pa at 303, 323, and 353 K, respectively. These values steadily increased with increasing

90



applied shear rate, consistent with stress profiles of nanofluids. At 1860 s, shear stress
value was measured to be 3.7, 3.3 and 2.9 Pa at 303, 323, and 353 K, respectively.
Compared to water, the nanofluid S1 exhibited superior rheological properties, which is of

key importance for nanofluid use at high temperature applications.

4.3.3 Dynamic rheological behavior

Silica nanofluids are viscoelastic materials, possessing both elastic (G") and viscous
(G'") nature. The viscoelastic nature of nanofluid is subjected to change at any applied strain
amplitude [127]. It is worth noting that larger the viscoelasticity of a solution, greater will
be its sweep efficiency for oil recovery applications. A nanofluid solution tends to
agglomerate resulting in it exhibiting nonlinear viscoelasticity during deformational strain;
this can be ascertained from their rheological behavior where their character is
characterized by elastic nature at low strain rates, which rapidly drops when strain is
increased. This sudden decrease in the moduli can be linked to the breakdown of NPs
interactions in the system [216]. Hence, to understand the viscoelasticity of silica

nanofluids, there is a need to ascertain the dependence of G’ and G’ on the strain.
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Figure 4.5: Strain-sweep analysis (at angular frequency of 10 rad.s) showing effect of
different particle (a-c) size and (d-e) concentration on viscoelastic properties (G' and G"')
of nanofluids [a: S1 (34 nm, 0.1 wt%); b: S2 (82 nm, 0.1wt%); c: S3 (142 nm, 0.1 wt%);

d: S4 (36 nm, 0.5 wt%); e: S5 (39 nm, 1 wt%)] at 303 K.

Thus, Figure 4.5 (a-e) represents strain-sweep measurements of silica nanofluids
(S1, S2, S3, S4, and S5) at an angular frequency of 10 rad.s™ [207]. From this figure, it can
be inferred that the nanofluids exhibited viscoelastic behavior due to the presence of both
G’ and G” over the entire range of strain explored. Both linear and nonlinear regions are
evident and the nonlinearity in the viscoelasticity of nanofluids is attributed to the presence
of fillers that probably change the polymer matrix structure via the formation of NPs
agglomerates, adsorption of polymeric chains on NPs, and increase of chain entanglements
[170,217]. It is to be noted here that G is higher than G’. In addition, G exhibited almost
plateau over the entire range of strain for all nanofluids. This suggests that the characteristic
behavior of nanofluids is liquid-like which is favorable for oil recovery applications with
easy flow. At initial strain (14%), the value of G’ was found to be 0.19 Pa. G’ variation is
rather nonlinear; G’ remains almost constant during low to intermediate strain (~ till 34%)
however, high strain (> 65%) significantly affected G’ trend and its value reach to a
minimum level of 0.04 Pa at 100% strain for nanofluid S1. With increasing particle
concentration, the amount of NPs in nanofluids (S4 and S5) increased resulting magnitude
of deformational strain required to break the particle-polymer structure increases as evident
from a slight increase in G'. For S4 (NP = 0.5 wt%), the value of G’ was measured as 0.2
Pa at 14% strain which was recorded to be 0.22 Pa for S5 at 14% (NP = 1 wt%). Thus, on
increasing NP concentration, G’ increases. Since increasing NPs concentration results in

the formation of stronger NP-NP bonds, the formed network structure becomes the most
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important mechanism to signify viscoelasticity in solution [170]. Also, it is to be noted that
the slope of the nonlinear part for G increases and the length of linear region decreases;
the strain at which S4 and S5 nanofluids exhibited transition from linear to nonlinear elastic
nature was measured ~32% which was higher in case of S1 (around 40%). From strain-
sweep results, it is clear that the linear viscoelastic (LVE) region of nanofluids is very small
as G’ and G'’ tend to merge at a very low value of strain amplitude (<10%) as predicted by
Figure 4.5a. Mechanistically, this value might be around 1-2% which is in line with the
literature value of LVE range for other NP based systems [207,218]

Figure 4.6 shows the effect of increasing temperature (323 and 353 K) on strain-
sweep measurements for nanofluid S1. It is to be noted here that increasing temperature
leads to a marginal reduction in G" and G" values of S1; a decrease of only 10% between
303-323 K and 18% between 303-353 K was observed for moduli values. In addition, the
trends of moduli profiles did not change and remained similar to the ones obtained for S1
at 303 K. The decrease in viscoelastic properties of nanofluid S1 is attributed to the
reduction in viscosity of PAM at high temperature, indicating a characteristic feature of
thermal stability in silica nanofluid. Therefore, polymer methods usually show challenges
in high-temperature applications. Moreover, these results indicate that the thermal stability
of PAM methods can be improved by introducing silica NPs that interact with PAM chains

and improve the rheological properties of simple polymer methods.
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Figure 4.6: Temperature dependence (a: 323 and b: 353 K) strain-sweep measurements (G’

and G") of nanofluid S1, exhibiting NP size of 34 nm and concentration 0.1 wt%.

The results of frequency-sweep measurements for silica nanofluids were performed

with a constant strain amplitude of 2% as applied strain within LVE region and the results

are shown in Figure 4.7 where G’ and G’ were plotted as a function of angular frequency

(1-100 rad.s™). Irrespective of particle size and concentration, all nanofluids showed strong

viscoelastic nature due to the presence of both G’ and G''. In addition, both G’ and G”

greatly increased with increasing frequency (i.e. greater than 20 rad.s) which indicates

that both elastic and viscous nature dominates in nanofluids.
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Figure 4.7: Frequency based viscoelastic response (G’ and G vs. frequency), at constant
strain amplitude (2%), of different silica nanofluids (a: S1; b: S2; c: S3; d: S4; e: S5) as a
function of different particle (a-c) size and (d-e) concentration. Different flow regimes
showing dominance of viscous (G") /elastic (G’) nature in nanofluid are also evident from

Figure.

However, G” remained slightly higher than G’ for S1, S2, and S3 nanofluids,
consistent with strain-sweep results for these nanofluids. For S4 and S5, G’ slightly
increased and almost match with G values over the entire range of frequency. This
indicates S4 and S5 exhibited a slight increase in elastic nature (G") than S1-S3 nanofluids,
which is credited to the presence of a higher concentration of NPs (0.5 and 1 wt%) in
suspension consistent with strain-sweep results of S4 and S5 nanofluids. Based on the
oscillatory response, three distinct regions could be defined for each of the nanofluids. The
region in which the values of moduli exhibited a plateau is referred to LVE region
(frequency < 2 rad.s?). LVE region refers to the region in which moduli values exhibit
insignificant change with increasing frequency [207]. In Figure 4.7, LVE region was small
as moduli showed plateau till frequency ~2 rad.s™. After 2 rad.s**, moduli values showed
steady decrease in QE region before passing through a minimum value at 10 rad.s™, and
finally moduli increase in plastic region. This is followed by a small but steady moduli
decrease in the quasi-elastic (QE) region (frequency ~2-8 rad.s). After reaching a
minimum value (G’ ~0.4 Pa at 6 rad.s), both the moduli increase in plastic or viscous
region (frequency >10 rad.s) as shown in Figure 4.7, which is in line with previous
findings [207]. It is clear that increasing particle size and concentration marginally affected
(~6%) the viscoelastic properties of nanofluids and nanofluids showed identical rheological

behavior.
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Figure 4.8: Effect of high temperature (a: 323 and b: 353 K) on frequency based

viscoelastic properties (G’" and G”) of nanofluid S1.

The effect of temperature on viscoelastic properties (G’ and G'’) of nanofluid S1
was investigated and the results are presented in Figure 4.8. It can be inferred that
viscoelastic response of nanofluid is least dependent on temperature and therefore,
nanofluid behaved almost as thermally stable fluid resulting G’ and G"" decreased by only
~8% between 303-323 K and ~17% between 303-353 K. G’ and G’ reached to minimum
values of 0.34 and 0.53 Pa at 353 K, respectively, which are comparable with moduli values
at 303 K. This is in accordance with temperature assisted decrease in viscosity of nanofluid
S1, where PAM viscosity was considered to be the main factor for changes in rheological
properties of nanofluid. From these results, it can be inferred that, at low-frequency levels,
rheological behavior of nanofluid S1 is liquid-like (G”" > G') while at high-frequency levels,
it exhibited both (viscoelastic) due to almost equal values of G’ and G’ at each test
temperature. Thus, compared to a conventional fluid, the thermally stable viscoelastic
response of nanofluid can offer promising solutions for high-temperature oil recovery

applications.
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4.3.4 Effect of CO. capturing on shear rheology of nanofluids

The structure formed by mixed entanglements of SiO2> NPs and PAM chains creates
a steric barrier to captured CO> bubbles as a result, nanofluid offers promising solutions for
COg utilization than conventional fluid. The images of silica nanofluid S1 before and after

COz capturing test (at 300 rpm) is shown in Figure 4.9.

100 pm

Figure 4.9: Visual appearance of nanofluid S1 (a) before and (b) after CO2 capturing
experiment at 300 rpm. The presence of CO2 bubbles in the aqueous phase of S1 is shown

by microscopic image.

It is clear that the inclusion of CO- slightly increased the volume of nanofluid in the
vial and CO> remained suspended in the form of bubbles in the body of nanofluid (Figure
4.9). The presence of CO2 bubbles in the aqueous phase of nanofluid is also confirmed by
microscopic analysis; CO. bubbles were circular in size and sparsely distributed in
nanofluid as shown by a microscopic image in Figure 4.9. In the oilfield, silica nanofluid
flow through pore throats is subjected to varying shear deformation, which may impair its
rheological properties resulting CO2 capturing potential of nanofluid and the purpose of

CO:. utilization face challenges. Thus, it becomes essential to investigate the rheological
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properties of silica nanofluid before and after CO. capturing and compare to find nanofluid

potential in CO- utilization applications.
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Figure 4.10: Effect of CO2 inclusion, at different stirring rates (300 and 600 rpm), on shear
rheological properties e.g. viscosity (solid symbols) and shear stress (open symbols)

measurements of nanofluid S1 at ambient conditions (303 K and 0.1 MPa).

Figure 4.10 represents the effect of shear rate (s™) on viscosity and shear stress of
nanofluid S1 (with and without CO5) at 303 K, where viscosity and shear stress are denoted
by solid and open symbols, respectively. CO> capturing tests were performed at two
different stirring speeds of 300 and 600 rpm as CO- capturing is directly proportional to
the stirring rate [11]. The viscosity of nanofluid S1 before capturing was 41.3 Pa.s at 22.3
st which decreases to 5.8 Pa.s at 1860 s*. After CO2 capturing at 300 and 600 rpm, the
viscosity of S1 was measured as 28.7 and 28.1 Pa.s, respectively. At 1860 s, these values
were determined as 4.4 and 4 Pa.s, respectively. It was observed that nanofluid S1 with
CO: exhibited lower viscosity than the one without CO». This reduction in viscosity of
silica nanofluid S1 was due to the influx of lighter gas (CO2as small bubbles) in suspension.

This drop-in viscosity is further compounded on increasing stirring rate (600 rpm) which
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leads to a higher CO. influx in the nanofluid phase. It is to be noted here that nanofluid
viscosity with CO. (for 300/600 rpm) always remained lower than the one without CO>
over the entire range of shear rate. This indicates that CO> did not deform (i.e. coalescence,
escape, etc.) by increasing shear rate which made nanofluid S1 a rheologically stable fluid
for CO2 capturing at varying flow conditions. Otherwise, CO> may coalesce and escape
from the matrix of NP-PAM under increasing shear deformation resulting nanofluid phase
will free from CO- and viscosity becomes equal to the viscosity of nanofluid without CO»,
However, this was not observed as evident from stable shear thinning response of nanofluid
at both 300 and 600 rpm (Figure 4.10). The experiments were repeated for shear stress vs.
shear rate for nanofluid S1 before and after CO, capturing at 300/600 rpm and the results
were reported in Figure 4.10. The shear stress for S1 without CO, was 0.84 Pa (at 22.3 s7)
which increased to 10.12 Pa at 1860 s™*. After CO- capturing, the values of shear stress for
S1 were measured as 0.41 (for 300 rpm) and 0.39 Pa (for 600 rpm) at 22.3 s™* which further
increased to only 6.8 and 5.9 Pa at 1860 s, respectively. These results also confirm the
presence of CO- in the nanofluid phase. Silica nanofluids are viscous suspensions and at
the same time, they have surface active agent (NP) to reduce IFT of COo>. It is well
established that CO», being lighter phase, is tended to escape from the solution which
significantly affects the CO. capturing potential of a fluid system [38]. This can be
controlled by nanofluid as its viscous nature can reduce gravitational action on captured
CO2 bubbles. This can be attributed to steric hindrance (due to the polymer chains) and
enhanced absorption of silica NPs at the interface of gas-liquid [10]. Increasing number of
NPs will create more IFT reduction which is desirable for CO2 capturing, as smaller CO-
bubbles are better stabilized than large size bubbles in NP entanglements of nanofluid [11].

Therefore, nanofluids are preferable for improved CO: capturing.
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4.3.5 Effect of CO2 capturing on the viscoelasticity of silica nanofluids

Strain-sweep analysis of nanofluid S1 after CO> capturing as a function of stirring
rate (300 and 600 rpm) at 303 K is shown in Figure 4.11. Effect of high temperature (353
K) on CO2 capturing potential of S1 was also investigated. At 300 rpm and 303, it was
observed that G’ and G”" values for S1 were 0.18 and 0.33 Pa (at 14%), respectively, lower
than the values without CO> (Figure 4.11). This was observed the entire range of applied
strain. However, the level of reduction was not severe due to a lower amount of CO:
solvated in the solution. At 600 rpm, these values reached were measured as 0.16 and 0.28
Pa, respectively (Figure 4.11). This suggests that, at 600 rpm, more CO> captured into the
bulk phase and made nanofluid lighter, therefore, moduli values were lower at 600 rpm
than 300 rpm (graphically compared with S1) (Figure 4.11). This is in accordance with
viscosity results where nanofluid with 600 rpm exhibited lower viscosity than 300 rpm
(Figure 4.10). With increasing strain, G’ value did not reduce much and its value remained
significantly higher [0.19 Pa (300 rpm) and 0.16 Pa (600 rpm)] at 100% strain. This
indicates that viscous property of nanofluid S1 improved in presence of turbulence (i.e. 600
rpm) which favors nanofluid application for CO> capturing projects in tortuous reservoirs
full of complex pore throats. However, G' changed significantly from 0.18 Pa (at 14%) to
0.02 Pa (at 100%). For 600 rpm, these values were 0.16 Pa (at 14%) and 0.018 Pa (100%).
Thus, the elastic property of nanofluid for CO> capturing is greatly affected by applied
strain which might be possible if CO> increases the inter-particle distance between NPs

resulting network strength of the system reduces.
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Figure 4.11: Strain-sweep measurements (G' and G” vs. strain) to determine the impact of
high temperature 353 K (c, d) on CO: capturing potential of nanofluid S1 at different

stirring rates (a: 300 rpm and b: 600 rpm). G’ (solid symbols) and G” (open symbols).

The effect of high temperature (353 K) on CO: capturing potential of nanofluid S1
is shown in Figure 4.11c (300 rpm) and Figure 4.11d (600 rpm). In Figure 4.11c, G" value
was determined as 0.3 Pa (at 14%) and 0.14 Pa (at 100%) while G’ value was 0.17 Pa (at
14%) and 0.017 Pa (at 100%). The values did not change much at the high temperature
because of the very low amount of CO> loaded at high temperatures [10]. Similarly, for 600
rpm, the values of G’ and G"" were determined as 0.15 and 0.26 Pa at 14% and 0.015 and
0.43 Pa at 100%. It can be inferred that moduli values slightly reduced at 353 K which
might be associated to the effect of temperature on nanofluid viscosity however, their trends
remained almost similar as obtained at 303 K. Thus, the insignificant variation in
viscoelastic trends of moduli proposes that CO2 capturing in S1 phase was stable against
temperature resulting CO2 bubbles neither coalesce nor escape from networks created by
SiO2 NP and PAM entanglements. Since CO2 under temperature can coalesce and convert

into a large bubble, premature escaping may occur between CO2 and nanofluid due to
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gravitational action. This will make nanofluid phase free from CO2 and nanofluid will
receive original moduli values obtained for S1 without CO2. Thus, nanofluid showed
enhanced potential for CO, capturing which was least affected by conditions (strain and

temperature), consistent with shear rheology data of CO; laden nanofluid S1.
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Figure 4.12: Frequency-sweep analysis (G’ and G'* vs. frequency) to measure effect of
high temperature 353 K (c, d) on CO> capturing potential of nanofluid S1 at different

stirring rates (a: 300 rpm and b: 600 rpm). G’ (solid symbol) and G” (open symbols).

Similarly, frequency-sweep results confirmed enhanced CO> capturing at 600 rpm
(Figure 4.12b) than 300 rpm (Figure 4.12a) at 303 K. Therefore, G’ values (at 600 rpm)
were lower than G’ over the entire range of frequency consistent with strain-sweep results
at 600 rpm. The inclusion of CO- in the system has a more pronounced impact on the elastic
modulus of nanofluid which signifies that including CO: in a nanofluid would yield to its
liquid-like behavior as observed by an insignificant change in G"'. With CO2 capturing, a
higher portion of the energy will be dissipated by viscous forces when compared to energy
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stored in structure of the material. This will predominantly favor viscous behavior of the
suspension [197]. Even, high temperature (353 K) did not affect the viscoelastic response
and almost similar G" and G" trends were obtained at both the test temperature. The
viscoelastic results are promising for improved CO- capturing in nanofluid phase as CO-
loaded in nanofluid phase retained in the body of nanofluid, and no change in rheological
properties was observed during application of any strain amplitude and angular frequency.
This is promoting the likelihood of using silica nanofluid for carbon transport and
utilization in subsurface formations.
4.4 Conclusion

The shear and dynamic rheological properties of single-step silica nanofluids have
been investigated for CO- capturing applications under different conditions viz., varying
particle size (34-142 nm), concentration (0.1, 0.5, 1 wt%), and test temperature (303, 323,
and 353 K). All nanofluids exhibited shear-thinning non-Newtonian behavior which was
found to be affected by particle concentration than size. As a result, nanofluid viscosity, G’,
and G'’ values increased from 41.3 Pa.s, 0.2 Pa, and 0.37 Pa (S1, NP = 0.1 wt%) to 48.2,
0.26 Pa, and 0.39 Pa (S5, NP = 1 wt%), respectively. The viscosity of nanofluid S1
decreased with increasing temperature and at 353 K, nanofluid viscosity was determined
as 28.3 Pa.s (31% decrease). The decrease in nanofluid viscosity is linked with temperature
assisted drop in PAM viscosity because flow profile and shear thinning in S1 were similar
to the ones at 303 K. This indicates that the molecular structure of NPs in nanofluid did not
change, however, drop-in PAM viscosity recorded was responsible for the drop-in
nanofluid viscosity. Dynamic investigations viz., strain-sweep and frequency-sweep
measurements were conducted and nanofluids exhibited viscoelastic nature (presence of
both G" and G”). The dynamic results were in line with shear results where only particle

concentration and temperature affected the viscoelastic response of nanofluids. Further,
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CO2 capturing potential of nanofluid S1 was measured through rheological investigation
on viscosity and moduli. The inclusion of COz in S1 leads to a drop in viscosity and moduli
values which was proportional to the degree of CO. capturing (for high stirring rate e.g.
600 rpm) in nanofluid. In addition, CO> capturing in nanofluid was intact as CO; did not
deform with increasing temperature (for both stirring rates viz., 300 and 600 rpm) resulting
viscoelastic response of CO2 laden S1 remained similar to the ones at ambient temperature
(303 K), and slight % drops in G’ [(5.5% (300 rpm) and 6.2% (600 rpm)] and G" [(9% (300
rpm) and 7.1% (600 rpm)] values were again credited to temperature effect on PAM
properties. Thus, the formulated silica nanofluids may offer excellent rheological
advantages at high shear deformation and temperature, which makes them suitable

candidates for carbon utilization and storage applications at complex conditions.
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Chapter 5

In-Situ Formulation of Pickering CO2 Foam for Enhanced Oil Recovery

and Improved Carbon Storage in Sandstone Formation

Abstract

Compared to sole gas flooding, foam flooding provides superior mobility control, enhanced
sweep, and greatly improved oil recovery from depleted oil reservoirs. However, since most
modern oil reservoirs are located at higher depths and further away from foam generation
units, it is becoming increasingly difficult to maintain foam stability, especially in modern
deeper oil wells. Thus, in this study, an alternative study in foam formulation has been
reported. Instead of preparing the foam at the surface and injecting it down the oil well,
into the subsurface, the foam can be formed “in situ” by saturating the porous media
downhole by foaming agents. The foaming agents in this study consisted of an anionic
surfactant, sodium dodecyl sulfate (SDS), and the whole solution was stabilized by the
addition of 1000 ppm PAM and varying concentrations of silica nanoparticles (NPs). The
formed foam can then be pushed conventionally by chase water and provide increased oil
recovery. Increasing NP concentration, initially improved foam stability as a higher number
of NPs participated in strengthening the gas bubble. In-situ foam formation was also
investigated for improving carbon storage in depleted oilfields. The injection rate of gas

and the slug size of the foaming agent were varied to determine gas storage before the
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breakthrough. A lower flow rate was found to be more conducive for foam formation while
increasing slug size had little effect on gas storability in the reservoir.
5.1 Introduction

Primarily, driven by the need to enhanced recovery of oil from fast-depleting oil
fields and the accompanying challenge to reduce anthropogenic carbon dioxide (CO3) in
the atmosphere, the use of CO2 as an injection fluid for enhanced oil recovery (EOR) has
gained significant attention within the hydrocarbon industry. When compared with the
other more pre-dominantly used injection fluids (primarily water) for pressure
maintenance, the application of CO2 has the added benefit of reducing the viscosity of
residual oil by causing it to swell and become mobile, which significantly improves oil
recovery [16,219]. However, like all gases (CO2, N2, CH4) used for injection, the efficacy
of CO: flooding is significantly hampered by the extant challenges like viscous fingering,
channeling to bypass residual oil, and gravity override [220-222]. The poor performance
of gas injection-based enhanced oil recovery (EOR) can be attributed mainly to the low
density and significantly lesser viscosity (compared to water, formation brine, and crude
oil) of CO2 gas exuberating the challenges of gravity segregation and undesired mobility
ratio contrast, respectively [223-225]. Thus, to overcome these challenges, one of the most
promising methods for EOR can be the use of CO> foam flooding. Conventionally, foams
are defined to be a dispersion of gas/gases in a carrying liquid where the liquid phase is
interconnected and at-least some of the gas flow paths are inhibited by the presence of a
lamella [226]. The mobility of the gas bubbles is reduced by trapping them in porous media,
mainly water which increases their viscosity [227]. Primarily, the foams are stabilized by a
chemical surfactant which is a molecule that has low energy, and its presence at the gas-
liquid interface reduces the surface tension [228,229]. Availability of the surfactant is an

essential condition for the generation of foam and while the formation of foam and its
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eventual decay is governed by separate mechanisms, the distance of foam propagation is
dictated by the amount of retained surfactants. The inclusion of a surfactant and formation
of foam, both increase the viscosity of the solution which is highly conducive for improved
oil recovery [62,109,139,230]. One unique attribute of foams is that they can block off
layers of highly permeable rock (already swept by preceding injection fluid) and divert the
incoming injection fluid towards paths left unswept by the preceding injection fluid,
improving its applicability to heterogeneous reservoirs [231-233]. Foams can also directly
improve the front profile control with insignificant formation damage making them more
viable for damage-prone formations. Consequently, the sweep efficiency of foam flooding
is improved and incremental oil recovery is higher than CO> flooding [201,203,225]. This
also has the advantage of improved carbon storage inside the oil reservoir as many more
inaccessible pores, bypassed during CO> flooding are now accessed and become available
for gas storage [234,235]. One commonly overlooked advantage of using CO. foams over
other gases is their potential for selective mobility reduction (SMR) which allows the foam
flooding to be viable even in high permeability reservoirs [236,237]. Commonly used
surfactants for foam formulation in the hydrocarbon industry are sodium dodecyl sulfate
(SDS), dioctyl sodium sulfosuccinate (AOT), and cetyl trimethyl ammonium bromide
(CTAB) [135,238-241]. However, a major drawback associated with foams is that they are
a thermodynamically and kinetically unstable system that causes rapid phase separation in
the foam between liquid & gaseous components [242,243]. This reduces the efficacy of
foam for various industrial applications and has led to the use of other chemicals like
improved surfactants, polymers, or nanoparticles(NPs) to stabilize the foam for longer
durations [10,95,129,165,242]. Some studies have also proposed the role of ionic liquids

as an additive for foam stabilization [244,245].
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The inclusion of a viscosifying polymer increases the fluid viscosity which in-turn
prevents the gas from escaping from the foam and decreases the rate of film drainage [246].
Conventionally, the most common polymers used are PAM (polyacrylamide) and HPAM
(hydrolysed-polyacrylamide) [247]. There have been several studies that have reported that
foams stabilized by NPs are comparatively more stable than sole surfactant/surfactant-
polymer stabilized foams [99,248-250]. A study on the applicability of Laponite particles
and C12E4 (tetramethylene glycol monododecyl ether) on the stability of foams by varying
the concentration of components in the mixture was performed by Zhang et al. (2008) who
concluded that the foam stability was positively impacted by the increasing concentration
of C12E4. The use of nanoparticle for stabilizing foams can improve the sweep efficiency
and also, mitigate the gravity segregation [99]. Even at relatively higher concentrations
(~1.5 wt%), higher oil recovery could be achieved using silica nanoparticles, sodium
dodecyl sulfate, and N2 gas [251]. The use of nanoparticle (NP)-surfactant solutions
generate a more uniform and smaller foam. Conventionally, NP- stabilized foams have
been found to perform better than polymer or surfactant enhanced foams in terms of oil
recovery and CO; retention in the reservoir.

However, even with the use of foam stabilizing chemicals & NPs, the stability of
foam cannot be extended indefinitely. Modern wells are located in difficult to access
locations, with very narrow pore throats and are deeper than most historical wells. Under
most of these conditions, the stability of foam from the surface to the formation can-not be
surely assured for it to perform its function. Thus, there is a need to re-think the current
approach towards CO> foam flooding and explore newer methods to ensure that significant
amounts of oil can be recovered from the modern fields while ensuring that most of the
injected CO. remains left behind in the reservoir. Thus, in this study, we have conducted a

comprehensive experimental investigation of a novel approach towards CO» foam flooding.
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In a sandstone sand-pack prepared using sand of size 0.2-0.38 mm, various fluids including
water, polymer (PAM) solution, surfactant-polymer (PAM-SDS) solution, and NP-
polymer-surfactant (SiO2>-PAM-SDS) solutions were injected after the completion of
primary water-flooding. This was followed by the injection of CO2 gas and was left for a
specified duration to stimulate the generation of in-situ foam within the reservoir. The foam
prepared in-situ, is expected to remain stable for a longer duration and hence, recover a
greater amount of oil than the conventional foam flooding process. Following form
formation, chase water flooding was performed and corresponding, oil recoveries were
tabulated. To analyze the effect of NP concentration of oil recovery, the varying wt% (0.5-
2) of nanoparticles were added to the base solutions (1000 ppm PAM) and the resultant oil
recoveries were compared to optimize the nanoparticles. The amount of carbon retention
& storage by in-situ foam formation was also tabulated by a set of flow behaviour studies
under varying flow rates and slug-sizes. All studies were performed using deionized water
and at a test temperature of 333 K.
5.2 Materials & Methods
5.2.1 Materials

To prepare the nanoparticles, liquid tetraethylorthosilicate (TEOS,
purity~99%) obtained from Merck was used as a precursor. Other chemicals used for this
experiment without any purification were liquid ammonia solution (25%) obtained from
Merck-Millipore, Ethanol (absolute, assay~99.9%) obtained from Changshu Hongsheng
Fine Chemicals. To prepare foams, a commonly used surfactant SDS (purity~90%) was
used. The SDS contains ingredients such as 5-15% anionic surfactants; oxygen-based
bleaching agents, viz.,<5% nonionic surfactants, phosphonates, polycarboxylates; and
zeolites in very less amount. The salt used for the preparation of reservoir brines was NaCl

(purity 99.5%) which was obtained in powder form from Sisco Research Laboratories,
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India. DI water was used to prepare all aqueous formulations like the Polymer (P),
Surfactant-polymer (SPAM), and Surfactant-nanofluids (SNF) solutions used during this
study. For the oil recovery experiments, crude oil obtained from Tarapur oilfield

(Ahmedabad, India) was used.

5.2.2 Preparation of injection solutions

The polymer solution was prepared by dispersing 1 g of PAM in 1000 ml of water
taken in a glass flask. This flask was mounted on a magnetic stirrer and a magnetic bead
was put in it to ensure stirring. To ensure a stable vortex, the solution was initially stirred
at 150 RPM for 6 hours and then at 650 RPM for the next 6 hours. The solution was then
checked by hand to ensure that no flocculates remained in the system. The polymer-
surfactant solution was prepared by taking a measured amount of SDS (0.125 wt%, 0.25
wt% or 0.5 wt%) and adding it slowly to the polymer/nanofluid system while stirring it at

350 RPM for 30 mins. The prepared solution was then left to stabilize in a glass cylinder.

The 1000 ppm PAM solution was then used to prepare single-step silica nanofluids
which remain stable for longer durations using the well-reported Stober sol-gel method
[105,106]. However, for the sake of brevity, a brief discussion is provided as under. First,
a defined volume of PAM/ethanol solution was taken in a glass beaker and sonicated for
10 min. Following this, TEOS of specified volume (to control the concentration) was added
to the mixture and the solution further sonicated for 20 min. After this, ammonium
hydroxide was added to the mixture and the solution sonicated for 60 min till the mixture
in the beaker turned milky white. This indicated the presence of silica nanoparticles. To
this mix, the surfactant solution of the desired quantity was added and slowly stirred at 350
RPM for 30 mins to prepare the SNF solution. The prepared solution was then left to

stabilize in a glass cylinder before use.
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5.2.3 Porous media investigations

To mimic a sand-stone reservoir, an artificial sand-pack was synthesized using
commonly available sand bought from a commercial retailer. The sand used for preparing
the sand-pack was initially cleaned using a reagent grade solvent (toluene) and was then
dried in an oven for 96 h (at 250 °C). This was done to ensure any residual impurities were
removed. After removing the sand from the oven before use, the sand was observed under
a scanning electron microscopy (SEM) (SEM, Quanta 450, FEI, image processor up to
6144 x 4096 pixels) to ascertain the size of sand particles. To establish the size of the sand-
particles, 4 separate micrographs were obtained and the average size of the sand particles
was found to be between 0.2-0.38 mm. To obtain the mineralogical composition of the
XRD data, an X-ray diffractometer (X-Ray Diffractometer D8 Advance, Bruker®, India)
was used. The sand composition was found to consist of main quartz (88 wt%), kaolinite
(6 wt%), feldspar (2 wt%), and chlorite (1 wt%), and others (3 wt%). For all oil recovery
experiments, the sand-packs were prepared manually in a custom-built sand-pack holder.
This was prepared using stainless steel (diameter: 1.5 inches and length: 24 inches), by D-
CAM Engineering (Ahmedabad, India). To establish the porosity of the sand-pack, water
of a known quantity (300 ml) was measured in a graduated cylinder and stored in a wash-
bottle. While preparing the sand-pack, water and sand were simultaneously added and
rammed continuously using a custom-ramming rod. This process was repeated until the
sand-pack holder was completely saturated with water and sand. All oil recovery
experiments were performed using a customized sand-pack flooding set-up comprising two
syringe pumps, three fluid accumulators, and a sand-pack holder. In all the flooding
experiments, one syringe pump was used to inject the fluids viz., water, crude oil, PAM,

SPAM & SNF-0.5-2.0 solutions & for chase water flooding, and the other syringe pump
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was exclusively used for CO: injection in the sand-pack. The oil recovered during each

flooding run is referred to as the resultant oil recovery.

5.3 Results and discussion

In this section, the observations related to the formation of in-situ foam inside the
sand-pack and the resultant oil recovery have been provided. Primarily, the focus has been
on investigating the mechanism of foam formation inside the sand-pack and exploring the
role of NP concentration in improving produced foam stability leading to improved oil
recovery. This has been followed by the use of in-situ formulated foam for improving
carbon storage in oilfields. The amount of carbon storage under varying injection flow
rates, slug size, and surfactant concentration has been investigated and a discussion

provided on them.

5.3.1 Sand pack flooding results

To assess the viability of various injection fluids for in-situ foam formation and
subsequently, the resulting oil recovery-several flooding tests (runs 1-6) at temperature 333
K were performed using each of the suspensions used immediately after preparation. These
sand pack flooding runs were performed by following a well-established oilfield procedure
[11]. The nomenclature, porosity, and permeability of each of the sand-packs have been
provided in Table 5.1. After saturating the sand-packs with oil and establishing the
irreducible water saturation, the sand packs were left to age for 10 days following which
initial waterflooding at 30 ml/hr was performed till a volume equal to 1.5 PV had been
obtained at the outlet. This was followed by injecting the EOR slug “S” (0.3 PV) and
immediately followed by a gas slug “G” (0.3 PV) at 30 ml/hr. The sand packs were then
left undisturbed for 3 days following which chase water flooding of further 1.9 PV at 60
ml/hr was performed. During the entire injection sequence, the pressure drop, amount of

oil recovered and obtained water-cut was carefully measured.
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Table 5.1: Petro physical properties and oil recovery obtained during flooding runs

Oil recovery (% of OOIP)

Porosity ~ Permeability  Initial Chase )
Run EOR Gas Total oil
(%) (md) water water
_ slug slug ) recovery
flooding flooding

1 324 642 33 -- 3 3 39
2 33.1 656 32 7 3 10 52
3 32.8 648 34 8 4 12 58
4 32.6 643 33 10 6 22 71
5 335 672 34 11 6 23 74
6 33.6 681 33 10 5 18 66

The solutions used for injection were water, PAM (1000 ppm PAM), SPAM (0.5
wt% SDS in 1000 ppm PAM) and SNF 0.5-2.0 (0.5, 1 and 2 wt% silica NPs in 0.5 wt%
SDS and 1000 ppm PAM solution). All silica solutions were investigated for their particle
size and zeta stability before injection. The silica nanofluids had an average particle size of

36+6 nm and the zeta-potential between -32 and -36 mV before injection.

Conventionally, the injection of any fluid inside a porous media creates some
amount of back-pressure (due to resistance to flow by materials inside sand-pack) which
was measured using a pressure transducer. The formation of foam inside the sand-pack was
established by the pressure-drop profile observed during the injection of gas. The pressure
drop profile is obtained between as the sand-packs being consolidated porous mediums,
offer some amount of resistance to the inflow of the injection fluids. The resistance is
directly proportional to the density and viscosity of the injected fluids. A solution having

higher density/viscosity (say PAM solution) than water will require a greater amount of
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energy to displace and will consequently have a higher pressure drop profile. The pressure
profiles for each of the flooding runs have been provided in Figure 5.1. In the initial run
(run-1), when only water was injected, the pressure profile did not show many fluctuations
and the value of pressure drop remained between 8 psi to 9 psi over the entire course of the
oil recovery run with an exception of the gas injection duration. During the gas injection,
the pressure profile reduced significantly as the pressure required to move a specified
volume of gas is much lower than the same volume of another fluid (on account of the
gases lower density than water). When the oil recovery with performed with a polymer
solution (run-2), the value of pressure drop jumped significantly during the injection of the
polymer slug to 34.2 psi (as PAM is more difficult to displace than water). When the gas
injection was performed, the value of pressure drop fell significantly to 12.4 psi when gas
injection was initiated (at 1.9 PV) and slightly increased to 16.7 psi when gas injection was
stopped (at 2.1 PV). While chase water flooding, the pressure increased continuously, and
once, the slug was able to completely traverse the sand-pack, the pressure dropped to 8.4
psi. The sawtooth profile observed during the injection represents the areal coverage of the
slug before its breakthrough at the outlet of the sand-pack. When the surfactant-polymer
(SPAM) slug was injected into the sand-pack, the pressure slightly increased to 36.8 psi
(run 3, at 1.8 PV) which fell similarly when CO> was injected. A bigger, wider sawtooth
profile was formed on injecting SPAM which indicated that the injected fluids covered a
wider areal range inside the sand-pack. The greater extent of the pressure profile also
indicates that foam was formed inside the porous media. Conventionally, foams are formed
in the presence of surfactants and this would be established by determining the residence
time & the pressure drop profile during their injection. When the three NSP solutions were
injected, the sawtooth type profile was also observed during each of the subsequent runs.

However, the inclusion of NPs increased both the maximum value of pressure and the area
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under the curve. The maximum pressure was observed for the SNF-2.0 solution as it has
the maximum viscosity (on account of a greater number of particles suspended in the
solution). Higher NP loading was also found to increase the CO: residence time inside the
sand-pack (evident from the area under the curve, Figure 5.1). The saw tooth type profile
observed on the injection of CO> indicates that of foam must have been formed, inside the

sand-pack. These observations may further be correlated by the oil recovery studies.

The amount of fluid displaced by the injected fluid was obtained as a function
injected pore volume (PV) and has been provided in Figure 5.2. First, the injection of water
was performed which yielded an oil recovery of 33% of the original oil in place (OOIP).

Then, CO2 was injected in the sand-pack which was able to move another 3% of OOIP.

50

- Water - PAM
10 —-SPAM -+ SNF-0.5
-=SNF-1.0 -= SNF-2.0

Pressure. psi
o,

PV injected

Figure 5.1: Pressure drop as a function of fluid injected (PV) in sand-packs for various

runs at temperature 333 K.

115



100

- Water = PAM

-+-SPAM =a-SNF-0.5

———— — —

~ a < _,":‘ b A A A A A
— SNF-1.0 == -SNF-2.0 /‘—:“:__..pl<r-u -—u u

o of OOIP

Oil Recovery, °

PV Injected

Figure 5.2: Resultant oil recovery (% OOIP) as a function of fluid injected (PV) in sand-

packs for different flooding experiments at the test temperature of 333 K.

The injection of CO; can increase oil recovery as the injected CO; disperses into
the residual crude oil, thereby making it easier to flow. However, since true miscibility
conditions were not achieved in this study, the quantum of oil recovery (due to CO:
injection) remained low [77]. This was followed by chase water flooding which mobilized
3% of OOIP more from the sand-pack (Figure 5.3). Thus, in the run-1, where only water
and CO> were used, the cumulative oil recovery was 39% of OOIP (Table 5.1). In run-2,
after the initial water flooding (which mobilized 32% of OOIP), a PAM was injected which
displaced 7% of OOIP on account of its higher viscosity and greater oil mobilization
capacity than conventional water. When CO2 was injected after the PAM slug, it was also
able to mobilize an additional 2% of OOIP. However, when the chase water flooding was
performed, the greater amount of mobility control and better sweep performance (obtained
from the conjunction of PAM and CO>), more than 10% of OOIP of oil was mobilized for
a total amount of 52% of OOIP (in run-2). These observations indicate that the mobility of

CO2 was controlled by the presence of PAM, causing it to preferentially solvate in crude
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oil due to its higher residence time and massively increase oil recovery [252]. There are
mainly three displacement processes which mobilize oil when the injection of CO: is
followed by the injection of water or PAM solution. These are (a) CO. displacement by
water by a two-phase drainage process, (b) oil displacement by water (two-phase drainage
process), and (c) CO- displacement by water which then further displaces oil (double-
drainage process). Hence, while mobility control of CO. by any fluid should residually trap
CO:z and increase oil production, it also displaces a significant portion of the earlier injected
CO2 (upto 70%) which is beneficial for oil recovery but requires further refinement for
carbon storage. Thus, it is desirable that additional chemical additives be explored to

increase the residual trapping of injected CO> within the reservoir.

The trapping of CO2 may be increased by the use of surfactant-treated injection
fluids. Hence, on run-3, the SPAM solution was injected after initial water flooding (Figure
5.2). The SPAM solution was able to mobilize over 8% of OOIP, in part due to the presence
of surfactant (SDS) which tends to lower the Interfacial tension (IFT) that is responsible
for an increase in oil recovery [175]. When CO; injection was performed in this sand-pack,
it was able to mobilize 4% of OOIP and on chase water flooding, another 12% of OOIP
was recovered. Hence, on the injection of SPAM and CO: slugs in run-3, a total of 58% of
OOIP was mobilized which indicates greater suitability of surfactant solutions for oil

recovery in conjunction with gas-based EOR methods.
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Figure 5.3: Schematic showing dependence of bubble gas strength on NP presence. At
higher NP concentrations, NPs participate less in increasing bubble strength due to higher

agglomeration.

When the surfactant-treated silica nanofluid solutions (SNF-0.5-2.0) were used, the
amount of oil recovery due to their injection was in the range of 10-12% of OOIP.
Compared to polymer and surfactant solutions, the silica nanofluids were able to mobilize
a greater amount of oil due to the presence of nano-sized silica NPs which can mobilize
additional oil due to a combination of wettability alternation, disjoining pressure, and IFT
reduction [253,254]. They also benefit from the synergy between polymer, surfactant, and
silica NPs, which has been explored and discussed in past studies [255]. The injection of
CO. was able to move between 5-6% of OOIP, indicating the superior viability of
surfactant-treated silica nanofluids for mobility control in gas-based EOR. Finally, when
chase water flooding was performed, an additional 18-22% of OOIP was recovered in the
runs 4-6. The maximum amount of oil recovery (74% of OOIP) was obtained in the run-5
where the SNF-1.0 solution was used. Compared to other solutions, the polymeric
surfactant treated silica nanofluids (SNF 0.5-2.0) were able to perform more effectively in
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oil mobilization due to the formation of foam which will be stabilized by the addition of
both polymer and silica NPs. The polymer, PAM improves foam stability by causing its
molecules to adsorb on the surface of the CO,-water interface which greatly increases its
strength and improves its life by reducing the liquid drainage. Furthermore, past studies
have established that NPs have a tendency to adhere to the CO-water interface, which was
evident by the remnants of silica NPs found at the edges of the residue CO> bubble under
SEM [10]. The presence of silica NPs at the interface acts as an armour and resists bubble
deformation and eventual break. Increasing the NP concentration further improves the
stability of the bubbles as more NPs are present to strengthen its interface (Figure 5.3). A
thicker layer of NPs (single-layer to double-layer to multi-layer) strengthens the foam and
reduces its disintegration by countering the bubble burst pressure and the collapse pressure.
The higher foam stability is one of the reasons why the SNF-1.0 solution yields a higher
amount of oil recovery than the SNF-0.5 solution. However, at higher concentrations, NPs
are highly prone to agglomeration which reduces their stability and impacts their foam
strengthening ability [47,256]. This reduces the stability of formed foam which is evident
by the decrease in oil recovery (66%) observed in SNF-2.0 when compared to SNF-1.0
(74% of OOIP) and SNF-0.5 (71%). However, additional studies on the mechanisms and
quantum of residual trapping need to be explored, which are planned to be conducted in a

separated study.

5.3.2 Evaluation of surfactant-treated solutions for carbon storage

Since the surfactant-treated solutions were able to form in-situ foam and mobilize
a greater amount of oil in the oil recovery tests, they were then explored for carbon storage
in depleted sandstone reservoirs. Given that CO> is a major greenhouse irritant and its
subsurface storage has the potential to negate the ongoing climate change, carbon storage

in depleted hydrocarbon reservoirs is a fast emerging area of study [234,257].
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Figure 5.4: Comparative front formation while (top) sole gas injection and (bottom)

nanofluid injection followed by gas injection.

However, its implementation is plagued by issues like mobility contrast leading to
viscous fingering, premature escape, low areal sweep efficiency, etc., all of which reduce
the efficacy of storage (Figure 5.4). Hence, in this study, the role of a surfactant-treated
solution (SNF 1.0) was explored for controlling the mobility of CO. in the subsurface. It is
expected that the SNF-1.0 will be able to form a front of foam on the injection of CO>
which would reduce the premature breakthrough of CO2 and improve its storability in the
subsurface. For this study, sand-packs were fabricated using the procedure established in
section 2.4. These sand-packs were found to have a porosity in the range of 32-34% and
permeability between 642-698 mD. They were then saturated (i.e. water and then required
amount of SNF-1.0) before CO; injection was initiated. The role of CO; injection flow rate,
size of SNF-1.0 slug, and surfactant concentration were investigated separately. The
pressure drop and the amount of fluid recovered at the outlet were carefully noted for each

run. All experiments were performed at 333 K.
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Initially, the amount of carbon storage in the sand-pack was investigated for varying
flow-rates of CO>. The sand-packs in this study had been pre-injected with 0.5 PV SNF-
1.0 nanofluid. The gas injection flow rate was varied between 30-150 ml/hr and the
observations of the pressure drop have been presented in Figure 5.5. From the pressure
drop, it can be observed that when the injection was performed at 30 ml/hr, the area under
the curve was maximum and the pressure drop took place after 2.1 PV of gas had been
injected. This indicates the formed foam inside the sand-pack was able to negate the early
escape of CO; and a greater area inside the reservoir was touched. On increasing the flow
rate, the area under the curve fell progressively, indicating CO was able to escape from the
sand-pack at a much quicker pace. When CO: injection was performed at a flow rate of 150
ml/hr, the breakthrough took place after the injection of just 0.8 PV of CO> (Figure 5.5),

indicating the nonviability of higher flow rates for carbon storage.
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Figure 5.5: Pressure drop as a function of fluid injected (PV) in oil depleted sand-packs

for flow behavior runs at varying flow rates. The test temperature was 333 K.
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Figure 5.6: The amounts of gas injected and liquid recovered at varying flow rates in oil

depleted sand-packs saturated with 0.5 PV SNF-1.0.

This may be attributed to lack of foam formation at higher flow rates due to
increasing gas turbulence [258]. This was also evident in the gas injected and the reservoir
fluid displaced observations (Figure 5.6). Increasing the gas flow rate progressively
reduced the amount of gas injected (i.e. retained by the sand-pack before a steady stream
of gas was obtained at the outlet, indicated by no more effluent liquid) from 352 (for 30
ml/hr) ml to 134 ml (150 ml/hr). The displacement of the reservoir fluid (i.e. water and
SNF-1.0) from the reservoir also fell progressively from 112 ml (for 150 ml/hr) to 54 ml
(for 150 ml/hr). The displacement of reservoir fluid is a crucial indicator as it shows that
majority of the reservoir was touched by accessed at lower flow rates, which is not the case

on increasing flow rate of CO- as less amount of residual reservoir fluid is displaced.

Next, the effect of the silica nanofluid (SNF-1.0) slug size was varied between 0.25
to 1 PV inside the sand-pack, and the CO2 was injected at a flow rate of 30 ml/hr. The
observations of the pressure drop and the gas injected have been provided in Figure 5.7 and

5.8, respectively. Increasing the size of the slug of the SNF-1.0 was found to greatly
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increase the area under the curve. This may be attributed to a higher amount of silica NPs,
polymers, and surfactants available for foam formation and stabilization. The area under
the curve and the maximum pressure obtained progressively increases from 0.25 PV
(maximum pressure = 27 psi) to 0.5 PV (maximum pressure = 38 psi) and 1 PV (maximum
pressure = 49 psi). This also led to an increase in gas injected and retained in the sand-pack
from 209 ml (when 0.25 PV was injected) to 425 ml (when 1 PV was injected). The
presented results indicate the superior viability of a higher volume of SNF-1.0 solution for
carbon storage. However, given the increasing expense of the fabricating silica nanofluids,
the volume of usage must be carefully optimized to establish the best economic and

environmental results.
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Figure 5.7: Pressure drop as a function of fluid injected (PV) in oil depleted sand-packs
for flow behaviour runs after injection of varying slug-sizes of SNF-1.0. The test

temperature was 333 K.
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Figure 5.8: The amounts of gas injected and liquid recovered after injection of slug sizes

in oil depleted sand-packs saturated with SNF-1.0. The flow rate was 30 ml/hr.

5.4 Conclusion

In this study, the role of surfactant-treated silica nanofluids, prepared in 12000 ppm
PAM solution using Stober sol-gel method, was explored to generate in-situ (inside pore)
CO> foam for oil recovery and effective carbon storage in a depleted sandstone reservoir.
A sand-pack prepared using sand of known composition and size was used to denote a
sandstone reservoir. The silica NPs had an average size of 35+6 nm and a zeta-potential
between -32-36 mV after preparation, which indicates that they exhibited good stability for
subsurface injection. The use of 0.5 wt% surfactant solutions (i.e. PAM and the silica
nanofluids) greatly increased oil recovery in conjunction with CO; injection due to in-situ
foam formation. With 1 wt% silica nanofluid (SNF-1.0), the maximum amount of oil
recovery was obtained. Increasing NP concentration (from 0.5 wt% to 1 wt %) initially
increased oil recovery (due to the formation of more stable foam). However, on further
increasing NP concentration (from 1 to 2 wt%), the oil recovery reduced which may be
attributed to NP agglomeration and insufficient foam stabilization inside the reservoir.
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Given the superior performance of SNF-1.0 solution in oil recovery, they were then used
in carbon storage under varying CO: injection rates (30-150 ml/hr) and slug size (0.25-1
PV). While increasing the CO- injection rate was found to reduce the carbon storage due
to premature breakthrough from the reservoir, increasing the slug size and surfactant
concentration increased the amount of carbon retention inside the sand-pack. Based on the
observations of this study, the application of surfactant treated silica nanofluids may be
proposed for increasing carbon storage in sandstone reservoirs. However, it is
recommended that the operating conditions be optimized before application for attaining
the perfect balance between the economic and the environmental applicability of the

project.

125



126



Chapter 6

Experimental Investigations to Evaluate Surfactant Role on Absorption
Capacity of Nanofluid for CO. Utilization in Sustainable Crude

Mobilization

Abstract

Carbon dioxide (CO») utilization for oilfield applications is affected by viscous
fingering which leads to premature breakthrough without showing any appreciable impact
on oil recovery and storage. Therefore, to control these issues, CO; is often injected with
high viscous fluid such as nanofluid. However, nanofluid efficacy can be further improved
by the inclusion of a surfactant that not only increases specific area of CO; [via interfacial
tension (IFT) reduction] but also increases CO. absorption capacity of nanofluid through
the formation of foam. Thus, in this study, an anionic surfactant (i.e. sodium dodecyl
sulfate, SDS) of critical micelle concentration (CMC, 0.16-0.24 wt%) was added to
polymer based single-step silica nanofluid of varying concentration (0.1-1.0 wt%) and,
utilized in CO; absorption, IFT reduction of crude oil, and fossil fuel displacement. CO>
absorption experiments showed that absorption was positively influenced by pressure and
NP concentration, while increasing temperature showed reverse impact on CO absorption.
In addition, SDS ensured the formation of a Pickering foam which made CO: to retain

inside for over 10 days (an increase of 67%) in SDS treated nanofluid, higher than 6 days
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of simple nanofluid. Pickering CO> foam of SDS treated nanofluids was also envisaged for
IFT reduction of crude oil, to identify the role of these nanofluids in crude mobilization
from porous reservoir. CO> absorption capacity of nanofluid exhibited inverse relationship
with IFT value of crude oil. Finally, displacement experiments were conducted which also
support the inclusion of SDS in silica nanofluid for reduced water cut and higher fossil fuel
recovery from porous media. From the results, it can be inferred that highest oil recovery
(61%) was achievable with NP+SDS combination of 1/0.16 wt%, respectively, which was

only 42% with water and 52% with NP concertation of 1 wt%.

6.1 Introduction

Energy reliance on fossil fuels is a potential source of carbon dioxide (CO>)
emission and it is responsible for widespread fluctuations in global climatic conditions [1-
3]. Current atmospheric concentration of CO: is already higher than permissible limit of
350 ppm [4]. One solution regarding CO: reduction which holds great promise is
subsurface injection of CO2 which also allows for mitigation of CO2 emissions via geo-
storage [5-9]. This is an effective technique to work with CO; utilization provided injected
CO2 does not exhibit premature breakthrough, viscous fingering and premature CO; escape
[10-14]. CO2, being lighter, tends to move faster and bypasses significant area in the
reservoir which not only reduces oil recovery but also reduces the storage volume during
sequestration operations. This can be mitigated by a process known as carbonated fluid
injection (CFI) where CO> is made to absorb/dissolve in water (CWI). With CFI, CO>
interaction with oil is expected to increase due to its greater solubility in oil than water and
CO: solvated oil is easier to displace [15]. Past studies on CWI/CFI for oil recovery
applications have shown higher oil production by a margin of 12-30% of original oil in
place (OOIP) [16,17]. Also, CFI allows for safer sequestration of carbon by mitigating any

concerns of buoyancy driven leakages [18]. Seyyedi et al.[19] investigated use of
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carbonated sea brine for rock wettability alteration and concluded that absorbed CO> had a
major effect on oil recovery and wettability alteration of oil bearing reservoir. CO2
requirement of CWI is comparatively much lesser than pure CO2, which makes it attractive
for field trials lacking major suppliers of CO2 [20]. Use of CWI for CO> absorption and
transport is constrained by low CO> carrying and retention capacity of water, which have
forced researchers to seek alternate solutions for effective CO: utilization in oilfield
applications. When CO:z is injected for sequestration in subsurface formations, it causes the
formation of a weak acid (carbonic acid) which along with present organic acids, affect the
viability of long-term CO: storage [21-24]. The presence of these acids influences rock
wettability, the effect of which needs to be carefully calibrated to mitigate rock dissolution
and trap degradation. Along with CO., other gases like hydrogen may also be affected by
the adverse acid reductive behavior when stored in the subsurface [25]. CO2 presence also
effects the rock-wettability which can be altered to more favorable for long term

sequestration in the presence of nanofluids [26].

Nanofluids are colloidal suspensions of nanoparticles (NPs, size < 100 nm) [27].
Nanofluids possess desirable chemical and rheological properties due to their superior
surface-to-volume ratio [28-33]. Silica (SiO2) NPs are widely used due to their (1) eco-
friendly nature (sandstone and silica particles have similar composition), (2) synthesis
scheme, and (3) cost-effectiveness than other NPs [30,34-36]. In addition, nanofluids like
silica/alumina have shown superior efficacy for EOR and carbon sequestration in sandstone
formations due to their role in altering the wettability from oil-wet to water-wet. It
minimizes the reductive conditions due to injected CO>2 which reverses the adverse effect
of organic acids on CO: storage capacity [37—39]. Their use has been widely explored in
chemical oil recovery projects for designing simple nanofluid, polymer enhanced

nanofluid, and foam stabilizing agent [40—43]. Independently, silica nanofluids exhibit high
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potential to load and retain CO2 [30,44]. A comprehensive review investigated the
application of nanofluids for mass-transfer enhancement and CO> absorption to reduce
carbon emissions from industrial systems and reported their superior performance in this
role [45]. Carbonated nanofluids offer potential to improve oil recovery and possibility of
encapsulating CO2 in cross-links of embedded constituents and NPs. However,
conventional nanofluids tend to show premature agglomeration which leads to NP
settlement. The rate of agglomeration can be controlled by the optimization of pH (as pH
increase alters the electrostatic forces acting on NPs in the solution) [46—49]. This increases
extent of phase separation in a nanofluid [50]. While conventional nanofluids are obtained
through mixing of silica nano-powder in a base fluid (referred to as two-step nanofluid)
and are unstable, single-step generates non-agglomerated and uniform NP dispersion with
high stability. However, two-step silica nanofluids have been focus of many studies due to
its ease of formulation [51]. But single-step silica nanofluids exhibit improved CO:

absorption by 10-16% than two-step silica nanofluids [44,52].

Efficacy of CO. absorption of nanofluids can be further increased by inclusion of a
surface active agent i.e. surfactant [53]. Typically, surfactant can modify wettability of
dispersed NPs and increase their adsorption on CO> bubble surface. Typically, surfactant
can modify wettability of dispersed NPs and increase their adsorption on CO; bubble
surface [54-56]. Additionally, surfactant can reduce interfacial tension of CO, and make
CO2 foam where CO2 bubbles of smaller size and higher specific area are packed in a steric

barrier of surfactant-NP links (Figure 6.1) [57].
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Figure 6.1: Competitive surfactant-NP adsorption on CO- surface in surfactant treated

silica nanofluid.

Silica NP inclusion in CO, foam (hereafter, Pickering foam) is advantageous as
resistance to destabilization in crude oil presence and at reservoir conditions is increased
[58]. It is also more stable and viscous than sole CO, foam yielding better control on CO-
mobility and retention time [59]. Surfactant inclusion also leads to interfacial tension (IFT)
reduction of crude oil [60-63]. Addition of anionic surfactant in CW leads to development
of an active carbonated water (ACW), increasing oil recovery [64]. Greater CO- absorption
further increased extent of oil recovery by 6-8%, indicating a greater likelihood for field
scale adoption. Optimum slug size, as ascertained by experimental data, was reported to be
0.6 PV [64], in line with reported slug size of other enhanced oil recovery (EOR) methods
[65]. Thus, novel aspect of current work is inclusion of anionic surfactant (sodium dodecyl
sulfate, SDS) with single-step silica NP for effective CO; utilization. For nanofluids, use
of anionic surfactant is known to reduce extent of NP agglomeration [66,67], which may
increase dispersion stability. Also, while silica nanofluids have demonstrated excellent CO-

absorption in previous studies, their application as mobility control agents in carbon
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sequestration projects (which hold immense importance in upcoming years) is yet to be
explored. Moreover, the performance of single-step silica nanofluids, which have
demonstrated superior stability and efficacy than two-step nanofluids, is yet to be explored
in subsurface carbon utilization applications where investigation in the presence of
common oilfield chemicals (i.e. anionic surfactant and high molecular weight polymer)

makes the process more sustainable and effective.

In this study, single-step silica NPs were synthesized in viscous base fluid of
polyacrylamide (PAM) of 1000 ppm and their use in improving absorption capacity of
simple water is subsequently examined for effective CO; utilization in subsurface
applications (hereafter referred to as carbonated nanofluids, CN). SDS was used to
formulate surfactant-treated carbonated nanofluids (ACN) and amount of CO; loading in
silica nanofluids was determined under varying operating conditions (i.e. pressure,
temperature, and NP concentration). To establish role of SDS, IFT investigations were
performed for silica nanofluids and CO>. Finally, displacement tests were performed to
establish role of ACN in CO> utilization for oil recovery and storage prospects. A previous
study focused on the role of anionic surfactant [sodium dodecyl sulfate (SDS), 0-0.8 wt%]
to negate salt induced agglomeration (a population reducing but mass conserving
phenomenon) in single-step silica nanofluid for enhanced oil recovery (EOR) applications
[66]. However, the current study has focused on anionic surfactant [SDS, 0-0.3 wt%] role
on improving CO; absorption potential of silica nanofluids for effective carbon utilization
in EOR and sequestration applications. The results presented in the previous study were
based on zeta-potential, average particle size, viscosity, and oil recovery while in this study,

results on CO. molality, retention, interfacial tension (IFT) are discussed and presented.
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6.2 Experimental work
6.2.1 Materials

Nanofluids were synthesized by laboratory grade Tetraeythlorthosilicate (TEOS),
ammonium hydroxide (NH4OH), ethanol (EtOH), and Polyacylamide (PAM). All aqueous
solutions were prepared using deionized (DI) water, which was obtained from a water
purification system (Millipore® Elix-10). Sodium dodecyl sulfate (SDS) was purchased
from Sisco Research Lab Pvt. Ltd. India. Equipment used for fabrication of nanofluid were
magnetic stirrers (IKA-C-MAG-HS7) and particle homogenizers (Rivotek Ultrasonic).
Nanofluid synthesis has been reported in Chapter 2. Nanofluids were characterized using a
particle size analyzer (Malvern Nano ZS, UK) to ascertain their particle size and zeta-
potential. IFT measurements of crude oil and nanofluids were measured using dynamic
tensiometer (KRUSS K9), based on a standard Wilhelmy plate method [41,69]. At

interface, plate was locked and IFT was measured automatically on measurement unit.

6.2.2 Experimental set-up for CO; absorption

CO2 absorption is the encapsulation of CO2 bubbles in fluid interstices [70,71]. CO:
absorption studies were performed using a standard pressure decay method in which
solvent and gas are kept in an enclosed chamber under a confining pressure. The
experimental setup used was similar to one reported in previous studies [52,72]. During the
absorption experiment, pressure reduction indicates absorption of gas inside fluid. The
saturation of CO2 absorption into fluid was confirmed by no further reduction in pressure

which was maintained for 6 h to ensure that no further absorption of CO, takes place.

6.2.3 Microscopic characterization of nanofluid samples
Presence of absorbed CO> in nanofluid was established by an optical microscope
(Motic Microscope, Hong Kong). To obtain image, a small volume of carbonated nanofluid

(1.5 pl) was taken on a glass slide. To obtain bubble size distribution of CO2 in nanofluid,
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an advanced image analysis software (ImageJ) was used. Using image scale bar, size of

individual bubbles was extracted and a frequency distribution was provided.

6.2.4 Fabrication of sand-pack for displacement studies

A series of sand-packs were prepared by using sand, collected from a commercial
retailer. Its characterization details, properties, and morphology of sand has been provided
in our previous studies [73,74]. The sand was then manually rammed into sand-pack holder

(diameter: 1.5 inch and length: 24 inch) to ensure tight packing of sand grains.

Porosity (available void space) was measured by saturating sand-pack with water
at 100% condition. After a steady state flow from sand-pack (i.e. volume injected at inlet =
volume obtained at outlet), pore volume (PV) of sand-pack was calculated by reducing total
volume of water recovered at outlet from total volume of water injected into sand-pack.
Permeability of sand-pack was measured by flowing water through sand-pack at a constant
rate of 20 ml/h, consistent with flow rate used for determination of permeability in sand-
pack in literature [74]. Pressure drop, across inlet and outlet of sand-pack, was measured
simultaneously during injection of fluid. Pressure drop was used to calculate permeability
of sand-pack using Darcy’s law [41]. In each sand-pack, permeability tests were repeated
till obtained results attained a degree of precision (> 5% deviation from a base value). sand-
pack was then flooded with crude oil for displacement test using experimental set-up which
is similar to set-up used for displacement experiments in our previous study [74]. Total
amount of oil which was retained inside sand-pack is known as original oil in place (OOIP)
while oil recovered during experimental run is referred to as cumulative oil recovery [74].
The injection scheme involves 2 PV of water-flooding followed by injection 0.5 PV of
carbonated fluid. Finally, 2.5 PV of chase water was used to sweep displaced oil from sand-
pack. For each experimental run, a total of 5 PV fluid was injected in sand-pack. Fraction

of oil recovered in cylinder at end of injection is referred to as oil cut.
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6.3 Results and discussion

6.3.1 IFT studies with nanofluid and crude oil

Without surfactant, IFT value between crude oil and nanofluid S1 was determined
to be 10.8 mN/m (Figure 6.2) which is in line with research findings of IFT in literature
[77]. Similarly, nanofluid S2 and S3 showed IFT value between 9.6-9.8 mN/m. Reducing
IFT will lead to an increase in oil recovery as lower values of IFT are more conducive for
EOR [78]. Similarly, nanofluid S2 and S3 showed IFT value between 9.6-9.8 mN/m. With
0.04 wt% of SDS addition, IFT value of nanofluid S1 decreased to 8.92 mN/m. It is to be
noted here that SDS concentration of 0.24 wt% suggested least IFT value as further increase
did not cause any appreciable change in IFT value of S1. For nanofluids (S2 and S3) of
higher NP concentration, CMC was determined at lower SDS concentration of 0.2 and 0.16
wt%, respectively, as evident from insignificant IFT change beyond these concentrations
in Figure 6.2. The reduction in CMC (in S2 & S3) can be attributed to corresponding
increase in surface activity of nanofluid. As a result, space available for SDS monomers to
adsorb at interface of crude oil and nanofluid reduced and SDS monomers aggregated into

micelles at lower surfactant concentration [79].
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Figure 6.2: Selection of CMC value of SDS through IFT measurements between crude oil
and different nanofluids (S1: 0.1 wt%,; S2: 0.5 wt%,; S3: 1.0 wt%). Increasing nanofluid

concentration (0.1 to 1 wt%) showed reduction in CMC requirement of SDS.

It is essential to understand the affinity between surfactants and NPs as for high
affinity, the surfactant molecules will remain adsorbed on NP surface even after coming in
contact with crude oil [80]. This tends to affect their nature in IFT reduction of crude oil.
All experiments were carried out with corresponding CMC value of SDS determined for

surfactant treated nanofluids.

6.3.2 Microscopic characterization of nanofluids

For all fluid systems, absorption experiments were performed using widely-
practiced pressure decay method [52,65,72,81]. Different fluids i.e. polymer (P), surfactant-
polymer (SP), nanofluid (N), and surfactant-treated nanofluid (AN) were chosen, where
nomenclature of carbonated fluids is denoted by CP, CSP, CN, and ACN, respectively.
Absorption in water was unsuccessful as absorbed CO. bubbles rapidly escaped after

removing confining pressure [70]. For CP and nanofluid CN (0.1-1 wt%), absorbed CO>
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was non-uniformly distributed in form of large bubbles most of which were adhered to
sides of glass vial, consistent with research findings of our previous work based on CO>
absorption in fluid systems [70,71]. This might be credited to presence of SDS. Since SDS
of CMC value was added, CO; inclusion resulted into a foam which was lighter than liquid
therefore, it remained at top of liquid layer. In addition, it is clear that SDS made CO- to
exhibit a uniform distribution in foam structure which was further analyzed through

microscopic study in Figure 6.3.
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Figure 6.3: Microscopic images of surfactant-treated PAM fluid and nanofluids (0.1-1

wt%) after CO> absorption experiments at 323 K and 12 bar.

Microscopic characterization of CO2 absorption in polymer and commercial silica
nanofluid has been studied in previous works [70,71]. Microscopic images showed
uniform CO; distribution throughout fluid with an increasing CO> population from SP to
ACN(0.1) followed by ACN(0.5). A greater population of CO; bubbles (of different sizes)
was observed for ACN(1.0) as evident from size distribution chart in Figure 6.3. A denser
packing (due to greater population) of CO> foam was observed in presence of ACN(1.0).
The average size of CO, bubbles was determined to be in range of 25-35 um. CO2 bubble

of smaller size is desirable as smaller bubble can easily access greater areal extent in
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reservoir. These small CO2 microbubbles have good gas-blocking potential which reduces
gas mobility inside subsurface. Thus, active carbonated nanofluid (ACN) showed greater

affinity for absorption.

6.3.3 Surfactant role on CO2 absorption of nanofluids

CO: absorption capacity of a fluid is often measured in terms of molality (gas moles
absorbed/kg. of solvent) which represents gas concentration in a solution. Solvents used in
this study are water, P, SP, nanofluids without surfactant [N(0.1-1)], and nanofluids with
surfactant [AN(0.1-1)], and results of molality for these fluids as a function of varying
pressure (4-12 bar) and temperature (323 and 353 K) are shown in Figure 6.4. From results,
it can clearly be inferred that CO. absorption in water was least in all conditions. Inclusion
of PAM slightly increased CO> loading as more CO> get entrapped in entanglements of
PAM. As a result, P fluid exhibited 6-10 % higher molality than water. Furthermore,
inclusion of silica NPs increased CO- loading and molality increased to 0.44 and 0.5
mol/kg. of solvent for N (0.1) and AN (0.1), respectively (at 12 bar and 323 K). It is to be
noted here that increasing NP concentration increased CO, absorption capacity and a
maximum molality of 0.532 mol/kg. of solvent was found for AN (0.1) nanofluid. An
increase in CO> absorption capacity can be attributed to Brownian motion of NPs in fluid.
The rapid formation and breaking of CO2 bubbles inside body of a nanofluid increased CO>

absorption which is consistent with research findings in literature [44,52,70].
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Figure 6.4: CO2 molality results for DI water, PAM fluid, and different nanofluids with
and without surfactant at (a): 323 K and (b): 353 K. Unit of values in plot is mol. of

absorbed CO2/kg of solvent.

CO. tends to separate from liquid phase and it can be controlled through
deformation of CO; into smaller bubbles, which increases possibility of get absorbed into
entanglements of NP-PAM in nanofluid N. It is also evident from results that CO>
absorption increased with increasing NP concentration in nanofluid N(1.0), exhibiting
higher CO2 molality of 0.48 mol/kg. of solvent (at 12 bar and 323 K) than 0.44 mol/kg. of
solvent [N(0.1)] and 0.47 mol/kg. of solvent [N(0.5)]. Process of CO2 absorption in water-
based silica nanofluid is predominately physical and NPs increase this absorption by
providing agitation and steric stabilization to absorbed gas bubbles [52,85]. The single-step
silica nanofluids showed greater increase (more than 9-12%) in CO2 absorption than
nanofluids prepared with commercial silica NPs [70]. Since commercial silica nanofluid
prepared by two-step process exhibit NP aggregation, it reduces interfacial area available

for CO> absorption which is consistent with the research findings in literature [45,86].
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These larger silica NP clusters do not participate in CO2 absorption process rather they tend
to either remain suspended in body of nanofluid or settle under action of gravitational forces
[70]. In single-step technique, process of agglomeration greatly slowed and nanofluids
usually do not show any sign of agglomeration, significantly increasing CO> absorption
[66]. As a result, single-step silica nanofluids showed superior CO- absorption due to their
higher stability, in line with the research findings of carbon nanotube (CNT) based
nanofluids in literature [81]. In this study, the increase in CO> absorption has remained
between 6-24% which is within the range of reported data for CO absorption in previous
studies [45,52,70,71]. These studies have reported an increase in CO> absorption by a
margin of only 2-3% while other studies have reported an increase of up to 80% [45]. Itis
also essential to note that increasing NP concentration may not always provide increase in
CO> absorption as higher NP population may accelerate agglomeration and reduce

available surface area for CO, absorption [45].

CO. absorption can be further accelerated by inclusion of SDS. Typically,
surfactant helps to make foam of gases where gas bubbles are encapsulated in cross links
of added substituents and foams are capable of retaining absorbed CO- for a longer duration
[87]. This might be case of with AN nanofluids which showed greater CO.. It was observed
that maximum CO: loading of 0.532 mol/kg. of solvent was observed for AN(1.0)
nanofluid at 323 K. From results, it also clear that CO2 molality in fluids is dictated by both
pressure and temperature. An increasing pressure positively influences CO2 capturing
while increment in temperature reduces CO: loading capacity of all fluid systems. Thus,
increase in confining pressure forces more CO2 molecules to solvate inside body of fluid.
On other hand, increasing temperature possibly increases kinetic energy of system which
reduces CO; absorption capacity of fluids. Compared to water, P and SP fluids exhibited

5% and 14%, respectively, higher CO. absorption. Similarly, N and AN fluids showed 6-
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15% and 18-24%, respectively, higher CO2 absorption under similar conditions. Thus, as
compared to an increase of 1.18 in AN(0.1) and 1.22 in AN(0.5), increase in molality (1.24
times) of AN(1.0) nanofluid remained higher even at 353 K, which is of key importance

for these nanofluids in effective CO- utilization at high temperature conditions.

6.3.4 Effect of absorption on IFT of crude oil

IFT tests were performed to understand role of carbonated nanofluids in crude
mobilization and compared with ones without absorption. Since surfactant-treated
nanofluids showed better performance in absorption, these tests were conducted only for
these nanofluids. IFT measurements between crude oil and surfactant-treated nanofluids
AN(0.1-1) are provided in Figure 6.5. These nanofluids without CO> loading exhibited an
IFT of 2.23, 2.18, and 2.15 mN/m for AN(0.1), AN(0.5) and AN(1.0), respectively. In these
nanofluids, interface of crude oil is saturated by two surface-active agents (NP and
surfactant micelles). Thus, if crude interface is only shared by single entity (NP/surfactant),
IFT measurements of higher value are expected [88]. Similarly, inclusion of CO; (as
Pickering foam) results in formation of two separate interfaces; one between foam and
nanofluid and other between foam and crude oil. The presence of NP/SDS at interface
between foam/nanofluid reduces IFT while interface of crude oil and foam shared by NPs

which stabilize foam from deformation by crude oil molecules [30,89].
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Figure 6.5: IFT measurements between crude oil and surfactant-treated nanofluids before

and after CO> absorption experiments in equilibrium cell at 323 K and 4 bar.

It was found that inclusion of CO> (after CO> absorption at 4 bar) lowered IFT value
to 1.69 mN/m in ACN(0.1). Similarly, IFT value for crude oil-carbonated nanofluid
ACN(0.5) and ACN(1.0) was found to be 1.56 and 1.54 mN/m which indicates that higher
CO- loading of ACN(1.0) is favorable to IFT reduction. Similarly, when amount of
absorbed CO- was increased in nanofluid via confining pressure, IFT value reduced to 1.56
mN/m (CO; absorption at 8 bar) and 1.44 mN/m (CO; absorption at 12 bar) in silica
nanofluid ACN (0.1). Hence, reduction in IFT was found proportional to amount of
absorbed CO:o. It is well established that CO> is used in oil recovery process as gas injection
method [15], where it mobilizes oil through miscibility. But, CO> based oil recovery
projects are affected by premature CO. breakthrough and viscous fingering [18]. These
results showed that CO- injection along with AN nanofluids can provide both benefits of
controlled fingering/breakthrough and IFT reduction. A lower IFT translates into a higher
amount of fossil fuel displacement. Additionally, higher absorption capacity of surfactant

treated nanofluids favors use of SDS for CO: sequestration. The effect of CO2 on IFT

142



reduction for crude oil and different fluid systems has also summarized for previous studies
which are majorly in line with obtained results of this study. This makes carbonated fluids

highly attractive for crude mobilization and CO; sequestration.

6.3.5 Fluid displacement studies

Finally, to assess viability of carbonated nanofluids in oilfield applications, 9
displacement experiments were performed in synthetic sand-packs at 323 K using standard
oil recovery process [74]. Since, several studies have already investigated the application
of sole COz injection for oil recovery, no such experiment was performed in this study [96—
98]. Thus, the study has been limited to establishing the efficacy of carbonated nanofluids
for EOR in sandstone reservoirs. The sand-packs had a porosity of 29-31% and a
permeability of 623-748 md (quite similar to actual rock samples) [65,99]. First, sand-pack
was saturated with crude oil and after aging period of 10 days, primary water flooding (of
2 PV) was performed. After that, carbonated fluid (i.e. CP, CSP, CN, and ACN) of 0.5 PV
was injected in sand-pack and experiments were stopped for 5 days to offer nanofluid
sufficient time in porous media with crude oil. Finally, chase water flooding (2.5 PV) was
performed. All injection was performed at 20 ml/hr [71]. During injection process, fluid at
outlet was continuously collected and measured. displacement experiments were conducted
for water cut and resultant oil recovery and these results as a function of fluid injection

(PV) were measured.
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Figure 6.6: Water cut and resultant oil recovery (% OOIP) results for (a): water; (b):
carbonated polymer (CP), and (c): carbonated surfactant-polymer (CSP) fluids as a function
of fluid injected (PV) in sand-pack at test temperature of 323 K. EOR slug S (0.5 PV) was

injected after a primary water flooding (W) of 2 PV. Displacement experiment is ended

with chase water flooding (C) of 2.5 PV.
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Figure 6.7: Water cut and resultant oil recovery (% OOIP) results for carbonated
nanofluids (CN) of varying NP concentration (a: 0.1; b: 0.5; and c: 1.0 wt%) as a function

of fluid injected (PV) in sand-pack at test temperature of 323 K.

For run-1, injection of water was found to displace over 42% of original oil in place
(OOIP) (see Figure 6.6). For CP (run-2), resultant oil recovery measured to be 51% OOIP,
consistent with water cut result. Thus, oil recovery increased by 9% for CP as it is more
viscous than water, thus, able to displace more oil from sand-pack [74]. Injection of CSP
fluid further increased oil recovery to 56% of OOIP (see Figure 6.6). This clearly supports
role of SDS in oil recovery applications. CSP has a better areal sweep capacity than water
or carbonated-polymer (CP) fluid. Then, injection of carbonated silica nanofluids [CN(0.1-
1)] yielded an oil recovery between 51-55% of OOIP (see Figure 6.6). The superior
performance of silica nanofluids for oil recovery is in line with previous studies which have
explored their viability for EOR from adverse formations [100]. With higher NP

concentration, amount of CO> absorption was also higher. Higher CO, absorption is linked
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to higher oil recovery as more COz is transported to subsurface and more oil is pushed
forward [15,65]. It is to be noted here that oil recovery of CN(1.0) nanofluid (56% OOIP)
is almost equal to oil recovery of CSP fluid (55% OOIP), which indicates that 1 wt% NP
in CN (run-6) technically created same effect on oil recovery as that of 0.16 wt% of SDS
in CSP (run-3). Thus, combination of NP and SDS can offer favorable increment in rate of

oil recovery.

Finally, oil recovery was reported for carbonated nanofluids [ACN (0.1-1)] in
Figure 6.7. SDS reduced IFT between crude oil-injected fluid, which probably mobilized a
greater volume of oil (57-61% OOQIP) than carbonated nanofluid (51-56% OOIP). ACN
were also able to displace more oil than CSP fluid as NP stabilized bubbles were more
stable than SDS stabilized bubbles when they came in contact with crude oil [53,101].
These NP-stabilized CO> bubbles (Pickering foam) is more stable and resistant to
destabilization [102]. Highest amount of oil recovery (61% OOIP) was obtained in
ACN(1.0) where higher NP concentration and SDS together greatly affected CO:
absorption capacity and its associated oil recovery. The experimental results of this study
can ascertain; (1) CO. absorption and retention depends on NP population and its
agglomeration in solution, (2) oil recovery is positively influenced by increasing CO>
absorption in solution, and (3) optimum surfactant concentration (CMC) is dependent on

NP concentration in solution.

6.4 Conclusion

In this work, the role of an anionic surfactant (SDS) was explored on CO:
absorption capacity of polymer based single-step silica nanofluids of varying size (34-42
nm) and varying NP concentration (0.1-1 wt%). SDS was used at CMC level, which was
determined separately for each nanofluid. It was found that increasing NP concentration

reduced the requirement of CMC in system [79], which is of key importance in surfactant
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based chemical EOR as it reduces surfactant adsorption on rock surface. The minimum
value of SDS that stabilizes nanofluid N(1.0) was 0.16 wt% [a decrease of 34%]. Increasing
NP concentration increases CO. absorption capacity of nanofluid as demonstrated by
molality results. CO> absorption capacity of N(1.0) nanofluid was 9% higher than the one
of simple PAM fluid. SDS inclusion further improved the CO> absorption and nanofluid
AN(1.0) exhibited maximum CO: absorption (24% higher than water), indicating
synergistic interaction between surfactant and NPs may improve the performance of
surfactant-treated carbonated solutions in carbon utilization. In addition, the role of CO>
absorption on IFT reduction of crude oil was investigated. IFT was found to reduce with
increase in CO. absorption, which is of significant worth for carbon utilization in oil
recovery from marginal fields as lower values of IFT have been correlated an increase in
oil recovery [61]. As a result, a minimum IFT value of 1.54 mN/m was obtained for
ACN(1.0), which in line with results obtained from expensive ionic-liquid based surfactant
[103]. Thus, adding surfactant greatly enhanced CO> absorption and retention capacity of
silica nanofluids [88,90,91] which made silica nanofluids suitable for effective CO>
utilization. Finally, displacement tests were conducted using surfactant based carbonated
nanofluids to justify their role on oil recovery from sand-packs, exhibiting 29-31% porosity
and 623-748 mD permeability. The resultant oil recovery of simple carbonated nanofluid
did not increase more than 56% OOIP [for CN(1.0)] while surfactant treated nanofluid
ACN(1.0) showed resultant oil recovery of 61% OOIP, an increase of 5% OOIP which is
higher than oil recovery by nanofluid injection. Thus, the proposed use of surfactant treated
nanofluid is noteworthy for CO> utilization in subsurface formations, where other EOR

methods like polymer/surfactant may show challenges for field implementation [104,105].
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Chapter 7

Effect of Single-Step Silica Nanoparticle on Rheological Characterization
of Surfactant Based CO. Foam for Effective Carbon Utilization in

Subsurface Applications

Abstract

In this study, the role of single-step silica nanofluids (size ~ 30-150 nm) on
rheological behavior of surfactant based carbon dioxide (CO) foams was investigated for
effective carbon utilization in porous media. The nanofluids were synthesized in base
solution of polyacrylamide (1000 ppm) by Stober sol-gel method in which nanoparticle
growth was controlled by a precursor (tetraethyl orthosilicate). Stable nanofluids, of
varying nanoparticle size (36-148 nm) and concentration (0.1-1 wt%), displayed excellent
dispersion stability and potential for foam stabilization. Pickering CO. foams of varying
size (20-40 um) were developed. CO> foams, after preparation, were analyzed for foam
volume, stability, and rate of liquid drainage. Increasing silica size was found to show a
detrimental effect on foam stability while increasing concentration improved foam stability
by reducing the extent of liquid drainage. The foam stability was found to be greatly
dependent on test temperature and above 90 °C, Pickering foam exhibited higher foam
degradation with coalescence stability of only 2 h. For foam, the rheological measurements
were conducted at 1 bar as a function of wide range of temperature (30-90 °C). Pickering
CO. foams showed non-Newtonian shear thinning behavior where increasing nanoparticle
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concentration (0.5-1 wt%) yielded 6-13% increase in foam viscosity. The foams also
showed strong viscoelastic nature with the presence of both G’ and G” over the entire range
of investigated strain and amplitude sweep. From the viscoelastic characterization of CO>
foams, it was established that foam behavior was dominated by elastic nature (G’ > G") at
low stress values (10-20 strain %) while increasing stress (> 20 strain %) produced liquid
like (G” > G') dominance in the behavior of foam. Finally, hysteresis analysis was reported
to understand the role of heterogeneous pore environment (where varying shear conditions

usually prevail) on flow properties of CO> foams.

7.1 Introduction

Rheologically stable foams (pockets of gas entrapped between layers of liquid or
solids) show insignificant changes in viscosity and moduli profiles under varying shear
flow conditions [296]. Conventionally, a rheologically stable foam is able to retain its
viscosity and viscoelastic nature (with minimal degradation) over varying shear conditions.
This is of key importance for foam utilization in subsurface applications where variable
porosity (pore throats of uneven size/holding capacity) of heterogeneous reservoirs will not
be a limitation [98,297]. Compared to gas or water-alternating gas (WAG) injection,
rheologically stable foams exhibit greater mobility control, allowing them to access a
greater volume of the reservoir for improved oil recovery and carbon storage [134,298]. In
addition, these foams may show extensive industrial applications as drilling fluid additive,
enhanced oil recovery (EOR) agents, and mobility control agents for CO> storage and
utilization in subsurface porous and permeable formations [249,299-302]. The use of
foams in heterogeneous formations is highly attractive as foams generate better flow
resistance in high permeable zones (due to Jamin effect), which leads to foam diversion
into zones of low permeability [303,304]. Rheologically stable foams also resist gravity

segregation and water channeling as a result, they show improved displacement efficiency

150



at microscale level [305-307]. However, for widespread utilization, these foams should be
tested for real field conditions such as moderate to high temperature, salinity, and non-polar
phase (oil) [40,134,308,309]. These conditions have imparted significant changes in foam
stability by either increasing bubble coalescence or decreasing viscosity to low levels
[40,134,308,309]. Hence, there is a pertinent need to increase the stability of foams for
complex conditions so that metastable foam systems find suitability in subsurface
applications.

Previous research activities have focused on the use of polymer and binary
surfactant-polymer solutions to impart rheological stability to foam systems and increase
their longevity for industrial application [290,310]. The application of viscosifying agent,
i.e., polymer holds significant promise to improve the stability of foam as demonstrated
[305]; this study highlighted positive effects of polymer (partially hydrolyzed
polyacrylamide, HPAM) on foam stability through the improvements in film coarsening,
drainage, and bubble coalescence [305]. These instability issues can be addressed by
increasing the compression modulus (surface) of foam, which further improves the yield
stress of foam films by making them thick and rigid [311-313]. Core flood studies have
revealed that polymer-enhanced foam (PEF) yielded higher oil recovery (24%) than
surfactant-polymer based foam system [305]. Additionally, with competitive adsorption at
bubble surface, polymer can reduce adsorption loss of surfactant which helps to preserve
the performance of foam inside porous media [314]. However, polymer performance is
subjected to decrease at high temperature, reducing its viscosifying effect and efficacy to
adsorb on bubble surface [88,315-317].

In recent years, the use of nanoparticles (NPs) to stabilize foams has gained much
attention due to their higher stability [96,250,318]. These foams are also referred to as

Pickering foams where solid NPs tend to adsorb on interface of two phases involved
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[165,299]. Also, NP addition has been found to increase their thermal stability, allowing
them to perform better in presence of higher temperature [319,320]. As compared to
conventional polymer enhanced foams (PEFs), Pickering foams can display higher stability
and more resistance to destabilization induced by salinity, temperature, and non-polar crude
oil [98,273,321]. Solid NPs tend to prevent coarsening and coalescence of foam bubbles,
indicating delayed phase separation between phases at elevated temperature [322—-324]. In
Pickering foams, NPs provide strong viscoelastic film through the creation of a steric
barrier which slows down the rate of film rupturing and liquid drainage [325,326]. While
several NPs have been used for foam stabilization, silica NPs have gained much
prominence due to their ease of fabrication, neutral chemistry, and favorable economics
[99,225,250]. Also, the wettability of silica NPs can be easily modified to make them viable
for enhanced adsorption at liquid-gas interface [327]. Pickering foams, stabilized by silica
NPs, exhibited excellent stability in presence of high temperature, salinity, crude oil, and
pH [165,310,328]. In Pickering foams, silica NP not only ensures the formation of 3D
networks of bubbles but also controls the rate of bubble coalescence [329,330]. Stable
supercritical CO.-in-water foams were developed by Espinoza et al. [331] who utilized
polyethylene glycol (PEG) treated silica NPs (5 nm) in foam stabilization. This study found
that resistance to fluid flow increased by a factor of 2-18 and stable Pickering foams were
generated at a temperature of 95 °C. In another study, Bayat et al. [332] compared foam
stability and oil recovery potential of oxides, i.e., silica (SiO2), aluminum (Al203), titanium
(TiO2), and copper (CuO) of varying concentration (0.002-0.1 wt%) and found that higher
foam stability was obtained at 0.008 wt% for all NPs. Also, as compared to other NPs,
silica showed superior performance in increasing stability of foams and associated oil
recovery [332]. The effect of high salinity on foam behavior of silica NPs (size ~ 5-80 nm)

was investigated by Kim et al. [165]. The effect of NP size (20-500 nm) on foam property
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of different surfactants [sodium dodecylsulfate (SDS) and cetyltrimethylammonium
bromide (CTAB)] was investigated by Hu et al. [180]. They found that NP reduced the
liquid drainage and simultaneously helped foams to maintain their dynamic stability. In
another study, pH-responsive Pickering foams, of silica NPs and cationic carboxyl betaine,
showed superior stability between pH range of 4-10 [333]. The positive effect of NP
concentration on foam stability was established by Li et al. [334], who found that silica NP
(size ~ 65 nm) of concertation > 0.7 wt% was able to improve the viscosity (up to 80 mPa.s)
and resistance factor (by a margin of 200) of supercritical CO2 foam.

Though silica based suspensions can offer several advantages in foam and oil
production, NP agglomeration and premature sedimentation are two important instability
issues of nanofluids [66,67]. Agglomeration causes an increase in NP size that leads to the
development of large NP clusters in suspension. This negatively impacts foam stability by
increasing the rate of sedimentation, entrapment in subsurface, and block pore throats
resulting it reduces NP migration and areal coverage in porous media [165,273,335].
Several methods have been incorporated to improve the stability of silica nanofluids; the
most promising method to develop stable nanofluids with long dispersion stability is single-
step synthesis of NPs [69,117,279]. In previous studies, it has been established that single-
step silica nanofluids can remain stable for over 60 days with negligible change in particle
size and zeta-potential [273]. The effect of increasing shear (Figure 7.1) also needs to be
understood for complex system polymer-surfactant-NP in Pickering CO> foams as liquid
drainage tends to increase with increasing shear-thinning, usually occurs at high shear rate

[336].
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Figure 7.1: Schematic showing anticipated effect of increasing shear on the bubble shape

in Pickering foams.

Hence, in this study, the role of single-step silica nanofluid on stability and
properties of sodium dodecyl sulfate (SDS) based CO. foams was reported for
nanotechnology impact in carbon utilization. The effect of varying NP size and
concentration was investigated on stability and decay mechanism of CO, foam. The effect
of NP size (36-148 nm) and concentration (0.1-1 wt%) on adsorption scheme at gas-liquid
interface was also investigated using pendent drop method. This was followed by shear
rheological and viscoelastic analysis of synthesized CO, foam using a modular compact
rheometer. Finally, the rheological hysteresis of CO, foam was investigated under varying
shear rate to find suitability of CO, foam for carbon sequestration and mobility control in
heterogeneous formations. The rheological hysteresis was conducted by varying shear rate
from low to high (i.e. 1 to 1000 s), where it was held for 60 s following which shear rate
was reduced from high to low (1000 to 1 s%). The viscosity was plotted for the entire cycle

of shear rate investigated.
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7.2 Materials and Methods
7.2.1 Materials

To synthesize the silica NPs, liquid tetraethyl orthosilicate (TEOS, purity ~ 99%)
was obtained from Merck and used as a precursor without any treatment. Other chemicals
were liquid ammonia solution (NHsOH, purity ~ 25%, Merck-Millipore), ethanol (EtOH,
absolute assay ~ 99.9%, Changshu Hongsheng Fine Chemicals), and polyacrylamide
(PAM, molecular weight = 10 mD, SNF Floerger). All experiments were performed using
deionized (DI) water which was obtained from Millipore® Elix-10 purification apparatus.
All aqueous solutions were prepared after careful weigh measurement of solutes by an
accurate analytical weighing balance (Mettle Toledo, United States). All chemicals were
used as received to keep the scope of study in line with literature [273,279]. CO2 (purity ~
99.95%) was obtained from Sigma Gases Limited, India. Anionic surfactant, SDS, was
purchased from Sisco Research Lab Pvt. Ltd. India and SDS has purity and an alkalinity of

85% and 5 Meqg/ml, respectively.

7.2.2 Preparation and characterization of nanofluids

The methodology for the preparation of silica nanofluids has been reported in
Chapter 2.
7.2.3 Methodology for foam formulation

The foams were formulated using tailor made set-up, manufactured by D-CAM

Engineering, India. The schematic of experimental set-up has been provided in Figure 7.2.
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Figure 7.2: Figure 7.2: Experimental schematic showing equipment assembly utilized for
foam generation. The viscosity of the foam is a strong function of its quality with good

quality foams displaying superior viscosity than foams of inferior quality.

The experimental set-up comprised of a stirring pot with an internal volume of 100
ml. The entire system was mounted inside a temperature controlled bath to minimize any
fluctuation of temperature during test. The temperature of pot was maintained using a
temperature controller, ESCI, India, which used silicon oil as heat conducting fluid. The
temperature was measured with the help of a thermocouple (accuracy £ 0.002 °C), equipped
within the system. For measurement, 20 ml of fluid was taken inside the stirring pot and
the vacuum was create using a vacuum pump (SSU India, flow rate ~ 50 L/min). CO. was
introduced into the stirring pot with the help of a valve at predetermined pressure of 6 bar
(to understand the effect of pressure other than atmospheric, on foam stability). CO. and
nanofluid were thoroughly mixed at rpm value of 600 for 15 min. After each measurement,
the stirring pot was carefully cleaned using DI water, dried, and vacuumed to ensure no

residual gas left in cell.
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7.2.4 Visual and microscopic characterization of nanofluids

After preparation, the foams were decanted into graduated glass cylinders of 100
ml with an accuracy of 0.5 ml. Glass stoppers were attached to ensure no atmospheric
contamination took place during storage. Images of glass cylinders were obtained at regular
intervals using a handheld camera (Samsung M11).

For microscopic characterization, a small quantity of foam (1.5 pl) was taken on a
glass slide and observed under optical microscope (Motic, Hong Kong). The microscopic
images of the foam samples were envisaged using an inbuilt camera and imaging software
(Moticam-10). The obtained images were then analyzed by Image J software to obtain
average bubble size in foam. The microscope was also equipped with a thermal stage,
attached to necessary temperature control and measurement units. This arrangement was
utilized in thermal stability tests of Pickering foam.

7.2.5 Measurement of IFT of CO2-nanofluid system

Interfacial tension (IFT) of CO2-nanofluid system was measured using pendent drop
method. The method of IFT measurement has been detailed in our recent study [19].
Initially, nanofluid sample was extruded into a pressurized cell containing CO2. The
nanofluid took the shape of a pendent drop which was captured using a high resolution
camera (Phantom Camera VEO 1010). In current work, CO2-nanofluid system has been
taken as reference system in which CO: is considered as one phase and nanofluid being the
other phase to determine IFT. PVT-cell was first filled with CO; at required test pressure
(12 bar) using CO- cylinder, connected inline to a syringe pump which helped to maintain
test pressure in cell. Then, a drop of nanofluid was carefully maintained at the tip of
capillary tube in cell. An image was carefully captured at the moment nanofluid finally
detached from the tip of tube in cell. This image was further analyzed using ImagelJ

software to obtain IFT between CO> and nanofluid. This method was established in a
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previous study [337]. To minimize data aberrations, every reading was repeated at least 5
times.
7.2.6 Rheological investigation of Pickering foam

A modular compact rheometer (MCR-52, Anton Paar, Austria) was used to
characterize CO» foams. For these tests, double gap cylinder assembly (a modified variant
of bob and cup) was used. For analysis, a small volume (6 ml) of foam was filled within
concentric cup and bob was attached on cup. Bob and cup assembly was then mounted on
rheometer stand for further analysis. An inbuilt software, Rheo Compass, was used for the
analysis of rheological measurements. During shear rheological analysis, the total time
taken by experimental run was 9 min with test tie of 10 s between two consequent
measurements. The shear rate was varied from 20 to 2000 s to cover a wide range of shear
deformation on foam. The dynamic viscoelastic measurements were conducted using
strain-sweep and frequency-sweep analysis. Strain-sweep measurements were performed
to obtain elastic modulus (G’) and viscous modulus (G"”) as a function of strain amplitude
(0.1-100%) at constant frequency of 10 rad/s [207]. An essential requirement of these
measurements was to determine linear viscoelastic (LVE) region. In LVE region, G" and
G" remain independent of applied strain amplitude. Another useful information is to
establish the presence of critical strain where crossover between G' and G” takes place.
Frequency-sweep (1-100 rad.s) measurements were performed at applied strain within
LVE region. All experiments were repeated at least twice to ensure no aberrations took
place. After each investigation, the various parts of rheometer were cleaned using DI water
and dried to ensure no cross-contamination occurred during the study [63].
7.3 Results & Discussion

First, the effect of varying NP size (36-148 nm) and concentration (0.1-1 wt%) on

foam quality, quantity, and rate of liquid drainage was investigated followed by the
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discussion on microscopic characterization of foams at different test temperature (30-90
°C). Next, rheological properties (viscosity and moduli) of Pickering foams were studied
via both shear and dynamic modes. Finally, hysteresis results [shear rate (increasing and
decreasing) vs. stress profiles] were presented.
7.3.1 Stability analysis of Pickering CO, foams

To prepare CO foams, surfactant SDS (of critical micelle concentration, ~0.22
wt%) and single step nanofluids of varying concertation were used. CMC value of SDS
was determined using electrical conductivity measurements [279]. The visual appearance
images of CO, foams (of different composition) are provided in Figure 7.3. These foams
were regularly monitored for any change in their appearance. The visual appearance images
of foams are provided in Figure 7.4. As evident from Figure 7.4, foam volume was found
to decrease with time resulting liquid drained from the foam and collected in bottom of
glass vials. The total volume of generated foam was recorded and the results are provided
in Table 7.1 (along with NP size, concentration, and nomenclature). Initially, S1 nanofluid
(36 nm, 0.1 wt%) resulted into the development of 155 ml of foam volume. With increasing
NP size (> 36 nm), the foam volume reduced to 106 and 88 ml in S2 (size = 82 nm) and S3

(size = 146 nm) nanofluids, respectively.
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Figure 7.3: Representative image showing distinct foam and liquid phases in the glass
cylinder (left). Normalized height of foam generated from various silica nanofluids as a

function of time (right).

However, increasing NP concentration (>0.1 wt%) showed increase in foam volume
resulting foam volume of 107 ml was obtained with nanofluid S4 (35 nm, 0.5 wt%) while
nanofluid S5 (37 nm, 1 wt%) suggested foam volume of 102 ml. From the results, it is
evident that increasing NP size suggested reduction in foam volume (for similar NP
concentrations). This can be attributed to the fact that NPs of large size usually prefer to
stay in bulk phase resulting fewer NPs participate in the development of foam and this
might be the possible reason of drop in foam volume [38]. On the other hand, increasing
NP concentration suggested availability of more NPs in the system and consequently,

increased the volume of foam.
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Figure 7.4: Visual appearance images of foams in graduated glass vials as a function of

time.

Next, half-life of Pickering foam was determined. Half-life of a foam is defined as
the time taken by half of the foam to disappear and convert into a liquid phase. To calculate
half-life, a normalized foam height was obtained by selecting the initial amount of foam in
glass cylinder as 1. The normalized foam height at instance t was determined using the

following formula:

Foam volume at time t

Normalized foam height(t) = Initial foam volume
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The half-life of various Pickering foams has been plotted as a function of time in
Figure 7.3. For nanofluid S1(36 nm, 0.1 wt%), the value of half-life was determined as 194
min.
Table 7.1: Nomenclature and foam volume of the Pickering foams stabilized using

single-step silica nanofluids.

Size (nm) Concentration (wt%o) Nomenclature Foam Volume (ml)
36 Sl 115
82 0.1 S2 106
146 S3 88
35 0.5 S4 107
37 1 S5 102

Conventionally, it has been found that the inclusion of silica NP increases the half-
life of foam and makes them more stable against the severity of destabilization [338]. Since
NP size yields inverse relationship with the stability of foam, minimum half-life of 56 min
was obtained with largest silica NP (142 nm) of S3 nanofluid. Maximum half-life of 237
min was obtained with S5 nanofluid, consistent with foam volume results. Thus, as
compared to NP size, increasing NP concentration offered foam formulation of superior
stability.

7.3.2 Microscopic characterization of Pickering CO> foams

Microscopic images of foams and their associated bubble size distribution are
provided in Figure 7.5 and 7.6, respectively. It was observed that CO, foam of nanofluid
S1 (36 nm, 0.1 wt%) exhibited average bubble size of 20 um. The bubble size progressively
increased with time as evident from microscopic images in Figure 7.5; the average bubble

size increased from 90 um to 115 um (after 60 min) and finally increased to 160 um after
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120 min (Figure 7.5). The value of average bubble size was determined a 180 um after 180
min. This indicates that smaller bubbles coalesce and converted into larger bubbles, which
was evident by the significant decrease in bubble population in size distribution chart of
Figure 7.5. The increased coalescence between bubbles is a sign of inferior foam stability
because CO, foam of large bubbles tends to separate faster than the one of smaller bubbles
[339]. It is well established that foam bubbles are thermodynamically unstable and thus,
foams are subjected to experience coalescence due to gas diffusion and capillary suction
[243]. Also, a continuous change in the thickness of bubble is responsible for foam
degradation. Mechanistically, the difference in pressure that exists between the gas and
liquid (also referred to as the capillary pressure P¢) is found to occur at the curved interface.
The presence of this difference in pressure moves the liquid to borders of the foam plateau
which in turn causes the liquid content to be drained (liquid drainage) and rupturing the
thin film. Another mechanism influencing bubble/foam coalescence is Oswald ripening,
which is the result of gas diffusion between foam bubbles of unequal size [277,340].
Conventionally, smaller bubbles are absorbed into larger bubbles due to the chemical
potential difference between gases trapped within bubbles of unequal size.
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Figure 7.5: Microscopic image and bubble size distribution of Pickering foam prepared
using silica nanofluid S1. The glass slide was kept open to the atmosphere
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Figure 7.6: Microscopic image and bubble size distribution of Pickering foam prepared
using silica nanofluid S2-S5, immediately after preparation. The observations were

performed at ambient pressure and temperature.

When the microscopic investigations were also repeated for other nanofluids (S2-
S5), it was observed that the average bubble size of the Pickering foams varied between
22-36 pm. It was observed that highest bubble size of 38 um was found for CO> foam of
nanofluid S3, indicating CO> foam of this composition will destabilize faster than foams of

other composition (Figure 7.6).

7.3.3 Thermal stability of Pickering foams

For a foam, thermal stability is desirable trait that widens foam utilization for high
temperature application [165]. NP adsorption on bubble surface can make foam stable by
creating a steric barrier that resists bubble coalescence [250]. The effect of temperature on
stability of Pickering foam was investigated via microscopic characterization. First,
Pickering foam of nanofluid S1 (36 nm, 0.1 wt%) was kept on a glass slide and temperature

was progressively increased to determine average bubble size at each test temperature. It
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was observed that size of foam increased with increasing temperature as evident from
Figure 7.7. This is credited to increase in bubble coalescence as a result, smaller bubbles
converted into large size bubbles. Therefore, the average bubble size of 20 um (at 25 °C)
increased to ~180 um at 50 °C (moderate temperature) and 260 um at 90 °C (high
temperature) (Figure 7.7). A similar increase was observed for all nanofluids where CO>
foam of nanofluid S3 showed maximum increase in foam size. The thermal stability of
Pickering foams is also affected by the rate of collision and aggregation between NPs [161].
At high temperature, the rate of collision and agglomeration usually increases due to
increase in kinetic energy of NPs and consequently, it reduces NP participation in bubble
stabilization. For CO> foam of nanofluid S1 (36 nm, 0.1 wt%), the effect of temperature >
90 °C (100 °C) was also explored (Figure 7.7). It was observed that gas bubbles rapidly
deformed (< 5 min) at 100 °C and after the evaporation of liquid, a solid white cake left

behind on the glass slide (Figure 7.7).

[ncreasing temperature

After evaporation

Figure 7.7: Thermal stability of Pickering foam prepared using silica nanofluid S1,
immediately after preparation. The bubble size increased on increasing temperature and

after evaporation, a solid layer of deposition was found on the location of the foam lamella.
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However, the presence of lamella around foam bubbles could be readily identified
from the residue of foam bubbles. This can be attributed to the adherence of silica NPs on
foam boundaries and this might be the possible reason of additional stability at high

temperature [250].

7.3.4 Interfacial tension between silica nanofluid and CO>

Interfacial tension (IFT) measurements between silica nanofluid and CO2 were
conducted to understand NP adsorption on CO surface which is essential to reduce CO>
globules into stable small size bubbles. This is of key importance for the successful CO>
capturing and storage (CCS) in constricted pore throats or low permeable reservoir. This is
in agreement with the fact that interfacial properties of solid/fluid often influence carbon
trapping and storage potential [341]. For IFT measurements, CO2 was pressurized into a
cell to desired pressure (12 bar) and a drop of nanofluid (S1-S5) was introduced using a
syringe pump, similar to what was practiced in a previous study for low salinity brine
solution [19]. The nanofluid droplet was allowed to stabilize with surrounding CO.and IFT
was measured before the detachment of nanofluid from needle [342]. The image of droplet
was captured using a camera followed by its analysis to determine IFT between CO,-

nanofluid (for actual image, see Figure 7.8; for schematic, see Figure 7.9).

Sl S2 S3 S4 S5

Figure 7.8: Actual images of the nanofluid droplets in CO2 environment obtained using
Phantom VCC camera and adjustable height arrangement.
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Figure 7.9: Representative image showing the droplet shape of nanofluids in an

atmosphere of CO,. These images were used to obtain the IFT of the CO»-fluid system.

Similarly, IFT measurements were conducted for the effects of varying NP size and
concentration and these results are provided in Table 7.2.
Table 7.2: Interfacial tension measurements of CO.-water/nanofluid system at ambient
temperature (303 K) and pressure= 12 bar. The values provided are the average of 5

measurements.

Fluid IFT (mN/m)
Water 68

S1 52

S2 57

S3 60

S4 50

S5 49

IFT value of DI water-CO> system was found to be 68 mN/m. IFT value dropped
to 52 mN/m when S1 (36 nm, 0.1 wt%) nanofluid was introduced into the cell. Further,

with increase in particle size (>36 nm), IFT value increased to 57 and 60 mN/m for S2-CO-
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and S3-CO; systems, respectively. However, increasing NP concentration (>0.1 wt%) led
to reduction in IFT value. Thus, IFT value of 50 and 49 mN/m were recorded for S4-CO>
and S5-CO; systems, respectively. From these results, it can be stated that increasing NP
concentration is relatively more advantageous in IFT reduction of nanofluid-CO; system
than NP size. In nanofluid with large size NPs, the quantum of IFT reduction is limited due
to the presence of fewer NPs at the interface as most of the NPs prefer to stay in bulk liquid
phase. This is in line with the fact that NP adsorption on liquid-gas interface causes
reduction in IFT. Thus, with high NP concentration, a significant IFT reduction can be
obtained as the interface is optimally saturated by NPs (Figure 7.9). But, it is also true that
increasing NP concentration beyond a limit will have no further pronounced impact on IFT
reduction of CO2-nanofluid system, since optimal NP saturation leaves no place for further

adsorption [343,344].

7.3.5 Shear rheological behavior of Pickering foams

The effect of NP size, NP concentration, and test temperature on shear rheological
behavior (viscosity) of the Pickering foams was reported as a function of varying shear rate
(20-2000 s?). The test pressure was chosen as 1 bar. The effect of NP size on viscosity of
Pickering foams is provided in Figure 7.10a. It was observed that all foams exhibited shear-
thinning behavior with increasing shear rate as evident from viscosity profiles at high shear
rate. The viscosity of Pickering foam of nanofluid S1 (36 nm, 0.1 wt%) was found to be 50
mPa.s at 22 st which reduced to 7 mPa.s at 1860 s (Figure 7.10a). The viscosity of foam
reduced with increase in NP size and as a result, its value reached to 43 and 39 mPa.s for
Pickering foams of S2 (82 nm, 0.1 wt%) and S3 (146 nm, 0.1 wt%), respectively (Figure
7.10a). It is to be noted here that S3 exhibited maximum viscosity reduction and its
viscosity reached to lowest level of 4.67 mPa.s at 1860 s™*. When NP concentration was

increased, the viscosity of Pickering foam slightly increased to 52 and 58 mPa.s (at 22 s
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for nanofluid S4 (35 nm, 0.5 wt%) and S5 (37 nm, 1 wt%), respectively. Thus, for high NP

size, the reason of decrease in foam viscosity can be credited to the tendency of NP

preference for bulk liquid than CO> surface, consistent with foam stability results of this

study and research findings in literature [63].
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Figure 7.10: The effect of increasing NP size (a), concentration (b), and temperature (c)

on viscosity data of Pickering foams prepared using nanofluid S1-S5.

The effect of temperature (30-90 °C) on viscosity of Pickering foam of nanofluid

S1 (36 nm, 0.1 wt%) is shown in Figure 7.10c. It was observed that the viscosity of S1-

foam decreased with increasing temperature. As a result, the viscosity of foam was

measured to be 42 and 36 mPa.s at test temperature of 60 and 90 °C, respectively. The

relation between temperature and colloidal systems is well established in literature [212],

where aqueous phase viscosity is reported to be a responsible factor in the performance of

foam at high temperature. With further increase in shear rate to 1860 s, the viscosity of
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Pickering foam dropped to 5.8 and 4 mPa.s at 60 and 90 °C, respectively. Thus, these results
indicate that foam application at high temperature requires careful selection and design of

aqueous phase in which nanofluid is synthesized.

7.3.6 Dynamic rheological behavior of Pickering foams

Pickering foams are complex viscoelastic suspensions with the presence of both G’
(elastic) and G" (viscous) components [63]. Their complex rheological behavior paves a
way for their application in various industries including EOR and carbon storage [345].

Strain-sweep measurements were performed for Pickering foams at an angular
frequency of 10 rad.s™ and these results are provided in Figure 7.11. Frequency value of 10
rad.s™* was chosen from the literature [207]. The presence of G’ and G"” can help to infer
the viscoelastic behavior of foams over the range of strain explored. It was observed that
the value of G was higher than G’ over the entire range of strain explored, indicating
dominance of liquid-like behavior in foam. Also, it is important to note that increasing NP
concentration suggested increase in G’ value (Figure 7.11c and 11d) while increasing NP
size showed decrease in G’ value (Figure 7.11b and 11c). This is attributed to higher
viscosity of foams (as evident from Figure 7.10). With increasing strain, drop in G' and G”
value is the sign of decrease in viscoelasticity of foams. The transition from linear to elastic
nature (around 25-30%) can be observed in Figure 7.11(a) for foam prepared using
nanofluid S1 (36 nm, 0.1 wt%). For elastic region, a plateau (similar values of G') was
observed while above yield strain (20%), G’ decreases in accordance to power law [346].
Figure 7.11 (e-f) show the effect of temperature on Pickering foam of nanofluid S1. With
increase in temperature, a minor reduction in G' and G" value was obtained, in line with
viscosity results of foam. With increasing temperature, the inter-molecular attraction
between NPs and base fluid reduces [215]. This, along with weakening of PAM chains,

reduces the viscosity of nanofluid [214]. Given G’ and G" dependency on viscosity of
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solution, the decrease in viscosity causes reduction in values of both G" and G”. However,
the general trend of G’ and G” profiles remain similar even at high temperature (90 °C),

indicating that Pickering foam retains its viscoelastic nature.
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Figure 7.11: Plots of strain-sweep analysis (at angular frequency of 10 rad.s™?) illustrating
effect on viscoelastic properties (G’ and G”) of nanofluids of different particle (a—) size
and (d-e) concentration [a: S1 (36 nm, 0.1 wt%); b: S2 (82 nm, 0.1 wt%); c: S3 (147 nm,
0.1 wt%); d: S4 (35 nm, 0.5 wt%); e: S5 (37 nm, 1 wt%)]. The effect of temperature 60 °C

(f) and 90 °C (g) on the Pickering foam of silica nanofluid S1 has also been reported.

The frequency-sweep measurements for Pickering foams were conducted at
constant strain amplitude of 2% [207]. The results of frequency-sweep measurements are
given in Figure 7.12. For Pickering foam of nanofluid S1, G’ and G"” values were measured
to be 7 Paand 2.5 Pa (at 2 rad.s ™), respectively (Figure 7.10a). Additionally, with increasing
frequency, G" value increases while G’ exhibited slight reduction. This indicates that foam
behavior was dominated by liquid effects with increasing angular frequency. At 94 rad.s™,

G’ and G" values were measured to be 5 and 3.6 Pa, respectively (Figure 7.12a). Similar
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was observed for other Pickering foams [Figure 7.12 (b-¢)]. It is to be noted here that G’
was dependent on the viscosity of foam as increasing NP concentration showed increase in
G’ value [see Figure 7.12(a-e)] and increasing NP size showed reverse behavior. The trait
of enhancement in viscoelastic response of foam is credited to colloids and PAM chains
those formulate a strong lamella around the interface of bubble and thus, a strong
viscoelastic response followed the order of S5>S4>S1>S2>S3. Also, for foams of
nanofluids S4 and S5, G” became greater than G’ at angular frequency around 40-60 rad.s
1. As aresult, the cross-over (between G’ and G") was only present for foams of S4 (35 nm,
0.5 wt%) and S5 (37 nm, 1 wt%) while other nanofluids exhibited no sign of cross-over.
When frequency-sweep measurements for foam of S1 were repeated at 90 °C, a drop in G’
and G” value was obtained which is in accordance with effect of high temperature on

viscosity of S1-foam.
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Figure 7.12: Plots of the frequency based response (at angular strain amplitude of 2%)

illustrating effect on viscoelastic properties (G’ and G") of nanofluids of different particle
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(a—c) size and (d—€) concentration. The effect of temperature 60 °C (f) and 90 °C (g) on the

Pickering foam of silica nanofluid S1 is also reported.

7.3.7 Hysteresis analysis of Pickering foams

Pickering foams hold immense potential as agents of mobility control in carbon
sequestration and utilization (CSU) applications. NP presence ensures that synthesized
Pickering foams are more stable (than conventional foams) in complex subsurface
environment [250,332,333]. Heterogeneous formations are complex rocks of varying flow
paths in which most of the injected slugs either deform or fail prematurely. Additionally,
heterogeneous formations exert an unequal shear on injected foam (even in very short
intervals) [347,348]. The unequal shear may impair the rheology of foam, causing it to

deform and negate the favorable mobility ratio of injected gas (Figure 7.13).

Destabilization of foam m porous media
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Figure 7.13: Schematic showing various stages of foam destabilization in porous media

due to constrained pore throats.
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Figure 7.14: Plot of values of viscosity obtained during loading (increasing shear rate) and
unloading (reducing shear rate) in Pickering foam prepared using silica nanofluid S1 (36

nm, 0.1 wt%). (Temperature = 30 °C).

Hence, it is important to investigate the impact of varying shear conditions on
stability of injected foam and hysteresis analysis is one of the effective tools to perform
these studies. The hysteresis behavior of Pickering foam of S1 (36 nm, 0.1 wt%) was
investigated for shear rate ranges from 20-2000 s at test temperature of 30 °C and results
are provided in Figure 7.14. Conventionally, hysteresis is defined as the variation between
different cycles of loading and unloading (or in case of rheology, the variation of shear
rate). Thus, it is an ideal method to characterize and compare efficacy of Pickering foams
for low permeable rocks. Initially, shear rate was increased from 20-2000 s (known as
loading cycle) and the shear rate was maintained at 2000 s for 1 min where 5 measurement
points were recorded. The shear rate was reduced from 2000 to 20 s (the unloading cycle).
The values of loading and unloading cycles were plotted to report the difference between
two cycles, known as hysteresis loss. From Figure 7.14, it can be observed that Pickering

foam (of nanofluid S1) did not show any significant change in viscosity values during
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loading and unloading cycles. Therefore, the hysteresis loss was lower than 5% in S1-foam,

which indicates potential of Pickering foam for heterogeneous formations.

7.4 Conclusion

This study has investigated the effect of NP size, NP concentration, and test
temperature on synthesis, stability, and rheology of Pickering foams, stabilized by
nanofluid of different compositions. Silica NPs were prepared in-situ in 1000 ppm PAM
solution using Stober sol-gel method utilizing tetra-ethyl orthosilicate (TEOS) as precursor
and ethanol as medium. Foam was prepared in a stirring pot and volume and half-life of
foam were measured. Increase in NP concentration increased foam stability by delaying the
rate of half-life of foam, while increasing NP size suggested insignificant improvement in
foam stability. The maximum foam stability was obtained for nanofluid S5 (size 37 nm, 1
wt %) with half-life of 237 min. On the other hand, the lowest foam stability was associated
with nanofluid S3 (size 146 nm, 0.1 wt%) which had half-life of lower than 1 h. The average
bubble size of Pickering foams was determined to be in the range of 20-40 um. With
increase in storage duration and test temperature, the bubble size increased and large size
bubbles were found to be more susceptible to phase separation and destabilization. IFT
measurements, conducted for CO-nanofluid system, demonstrated that the presence of
silica NP offered significant reduction in IFT value. Additionally, the drop in IFT value
was found dependent on the population of suspended NPs. Furthermore, increasing NP
concentration beyond an optimum value (>0.1 wt%) did not show pronounced IFT
reduction between COz-nanofluid system. Shear rheological analysis demonstrated that the
viscosity of Pickering foams reduced with increasing NP size and test temperature while
increasing NP concentration increased the viscosity of system. Foams also exhibited
viscoelastic response with both elastic (G' > G") and viscous effects (G’ < G"), where

viscoelasticity was found to vary with foam viscosity. Hysteresis analysis showed that
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Pickering foam (of nanofluid S1) exhibited minimum hysteresis loss in the presence of
varying shear rate (20-2000 s) and hysteresis loss of 5% was determined after loading and
unloading cycles. Thus, stability and rheological behavior of conventional CO> foams can
be improved by the inclusion of single-step size controlled silica nanofluids and these

foams can be an alternative solution for CO; utilization in EOR and carbon sequestration.
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Chapter 8

Conclusion and Future Directions

8.1 Conclusion

This work reports the synthesis of a stable silica nanofluid formulated via the single-
step route via the Stober sol-gel. The size of particles was controlled via increasing or
decreasing the amount of ammonium hydroxide added to the solution while varying the
amount of precursor (TEOS) yielded an increase or decrease in particle concentration. In
this study, the nanofluids were prepared of size between 30-150 nm and of concentration
ranging from 0.1-1 wt%. The formulated NPs had a spherical shape and were widely
dispersed in the polymer matrix as observed from advanced imaging techniques like SEM
and TEM. These nanofluids retained their stability for a duration of over 60 days without
any severe signs of agglomeration or sedimentation, as established from dynamic light
scattering and zeta-potential results. The formulated nanofluids were planned for use in
brownfield applications like enhanced oil recovery and carbon storage. For this, the flow
behavior of CO2 was evaluated in a synthetic porous media (to mimic a sandstone reservoir)
in presence of the silica nanofluids. The use of nanofluids was able to increase the duration
of retention and areal coverage of CO, within the sand-pack by three fold (as established
by the pressure drop profiles and the amount of fluid mobilized at the other end of the sand-
pack). The use of nanofluids also improved the fluid displacement ratio and thus, showed
superior efficacy for mobility control applications of CO,. The formulated nanofluids also

showed negligible sedimentation in porous media (attributed to their high resistance to

177



agglomeration) during flow operations with NP retention being found to directly depend
on rate of injection and length of the sand-pack while temperature of the sand-pack and NP
concentration having no significant role in NP retention.

To evaluate the nanofluid stability in saline mediums, salt, i.e. NaCl was added to
the solutions and the increase in NP size was carefully observed using a dynamic light
scattering unit as a function of time. Since salt suppresses inter-particle repulsion behavior,
the NPs agglomerated rapidly in saline medium with higher NP concentration solutions
being particularly more vulnerable to sedimentation and phase separation. To minimize NP
agglomeration, an anionic surfactant, SDS was used and the nanofluids showed
significantly improved dispersion stability in their presence. The silica nanofluids also
showed superior oil mobilization tendency which was further improved in the presence of
surfactant as synergy between NPs and surfactant enabled higher oil mobilization than
possible in either of the two methods. The silica nanofluids were also evaluated to establish
their rheological behavior. This analysis was carried out using both shear and dynamic
rheology routes. These nanofluids displayed a shear-thinning behavior wherein viscosity
was found to decrease on the increase of shear rate applied on the solution. The nanofluids
also showed stable viscoelastic behavior with the presence of both G’ and G” over the entire
investigated range. The inclusion of CO: in the silica nanofluid was found to reduce the
nanofluid’s viscosity in proportion to the amount of CO2 absorbed in the solution. However,
the nanofluids were able to retain the absorbed CO> within the solution even at high shear
rates, demonstrating their superior retention ability for CO transport within the formation,
wherein non-uniform shear is likely to be encountered due to varying pore-throat size and
reservoir heterogeneity.

The silica nanofluids were also evaluated to establish their carbon storage ability in

a formation in conjunction with surfactants and the results demonstrated that higher carbon
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storage (for the same pore volume) is possible when silica nanofluids or surfactant treated
silica nanofluids are used as mobility and conformance control fluids in place of water.
These nanofluids also exhibited higher CO. absorption (by a factor of 18-32%) in
comparison with water when absorption studies were performed using the pressure decay
method. These solutions also showed higher IFT reduction and CO2 retention, which enable
higher oil mobilization from sand-packs. Finally, the silica nanofluids were used for
Pickering foam formulation which were investigated via rheological measurements. The
inclusion of the silica NPs improved the stability of the foam solutions which resisted
degradation under adverse conditions. Thus, the formulated silica nanofluids were found to

be effective carbon utilization agents for use in brownfield oil reservoirs.

8.2 Proposed industrial applications
This nanofluid has shown high efficacy in lab-scale testing. Thus, its utilization is
proposed in the following areas for field applications-
e Chemical EOR (as nanofluid flooding)
e Chemical EOR (in conjunction with surfactant/polymer flooding)
e Carbonated water injection
e Carbon sequestration (mobility/conformance control)

e (Gas storage in porous media and hydrates

8.3 Future research direction

While this work has focused on the synthesis and experimental characterization of
a novel silica nanofluid, wider scale studies incorporating the use of reservoir simulation
(for field scale applications) and molecular dynamics studies (for micro-scale
understanding) can be performed in the future to better understand the various mechanisms

and their efficacies more broadly. For this, the use of any industry grade reservoir simulator
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is proposed for reservoir simulation studies with data like IFT, relative permeability, petro
physical properties and initial water saturation obtained from the experimental work
performed in this study. Furthermore, the use of a molecular dynamics software will enable
the understanding of the physical movements between the various constituents at the
molecular level. Additionally, simulations can be used to understand the flow behavior of
nanofluids in pore channels of small size under different velocities and shear.

The role of other common oilfield chemicals can also be explored in conjunction
with these silica nanofluids to establish their compatibility and explore their synergy for
field applications. Finally, the role of these silica nanofluids can be explored to establish
gas storage in porous media. This holds immense potential as future energy basket will
contain hydrogen which comes with unique storage and distribution problems. The

formulated nanofluids might just be the right answer to the question of hydrogen storage.
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to 120 students of RGIPT Science & Technology Committee, 2018.

e Delivered invited talk on “Fundamentals of enhanced oil recovery” to 90 students of
RGIPT SPE Student chapter, 2019.

e Delivered lecture on “How to ace group discussion” to 450 students of Mahendra classes,
Indira Nagar, Lucknow.

EQUIPMENT SKILLS

HPHT Rheometer, Core Flooding Apparatus, Gas Lift System, Viscometers, Microfluidic unit,
Dynamic Foam Analyzer, lon Chromatography, Filter Press, Surface Tensiometer, Gas
Chromatography, Gas hydrate synthesis cell, Particle Size Analyzer, CHNS, and Scanning
electron microscope (SEM), Transmission electron microscope (TEM).

WORK EXPERIENCE
July, 2016- March, 2020 Lab Instructor, RGIPT
e Assisted faculty-in charges of Well Test Lab (Odd semester) and Reservoir Simulation

lab (Even semester) in getting students of B.Tech. Petroleum engineering program
acquainted with Industry relevant software.

Oct, 2014- July, 2015 Remote Operations Analyst, Moblize

e Primary Job responsibility was to prepare KPI, NPT and ILT report for Bakken Shale
Formation Drilling and the preparation of Well plans and directional drilling scorecards.

e Also, part of my responsibility is preparing daily operations summary for Morning
Operations Meetings and monitoring for possible bad practices in hydro-fracking using
the realtime ProdML based data feed.

e Also, involved with making data connections and monitoring real time drilling data
coming in form of Wits/WitsML for possible alerts like Kicks, Mud Motor Stalls and
Failures, Poor Weight Transfer etc.

e Prevented two Motor Stalls and one struck pipe situation.
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May, 2013- June, 2013 Summer Intern, ONGC Ahmedabad Asset

Completed a Project on “Comparative Analysis of Artificial Lift Systems” which involved
comparing the field performance of three methods of enhancing production i.e. the Sucker Rod
Pump, the Gas Lift and the Electric Submersible Pump with the Jet Pumps and suggest the best
production equipment considering not only technical but also logistical and fiscal criteria.

ACHIEVEMENTS IN CO-CURRICULAR ACTIVITIES

Winner, “Strider Oil Business Challenge” organized by Petro First Solutions, November,
2012.

Won the First Prize in a Model Making competition in Uurja 2010, the annual college
fest.

Won the Second Prize in an Infrastructure event organized by the Civil Department of
UPES.

Regional Finalist in various National Level Quizzes like Tata Crucible Biz Quiz 2013
Centre- Ghaziabad telecast on CNBC TV18 and Tata Crucible Biz Quiz 2012 Centre-
Chandigarh telecast on CNBC TV18, on TCS IT Whiz 2009 Centre-Lucknow and on
Bournvita Quiz Contest 2006 Centre-Lucknow.

First Runner Up in UPES SPE Student Chapter organized “PETRA-QUIZ” 2011 and Tata
Steel General Quiz “Geo-Synergy” at Cognizance 2012, IIT Roorkee, Winner of Quiz
“NOESIS” organized by UPES SPE Student Chapter Year-2013, First Runner up in
NOESIS 2014 and Twice Second Runner Up in UPES SPE Student Chapter organized
quiz “NOESIS”, Years 2011& 2012.

Secured Top Three Ranks in intra-college quizzes-REGIOMANIA 2011, CASETRACK
2011 and DE VICTORINA 2012, Atulya Bharat 2012 and in Inter School quizzes-Maggi
Quiz 2001-2003, MACFAIR 2005, ODESSEY 2006 etc.

Successfully organized the events, “Intellectual Battleground-2012” and “Crack Me-The
UPES PETROTECH Chapter Open Quiz-2012” as the Event Head and the Event “Source
Code” during UPES SPE Fest 2013

PERSONAL DETAILS

Date of Birth (DD-MM-YYYY) : 05-10-1992
Father’s Name: Mr. Prasanna Raghav
Mother’s Name: Mrs.Reeta Raghav

Marital status: Unmarried

Nationality: Indian (Passport- L4457701)

Permanent address: 15/221, INDIRA NAGAR, LUCKNOW-226016, INDIA.
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Rajiv Gandhi Institute of Petroleum Technology, Jais, Amethi-229304,
India.

Ph. No. - +91 7080044156

Email 1d- tsharma@rgipt.ac.in

Prof. Japan Trivedi,

Professor, Petroleum Engineering, Faculty of Engineering - Civil and
Environmental Engineering,

University of Alberta, Edmonton, Canada.

Ph. No. - +1 (780) 492-1247

Email 1d- jtrivedi@ualberta.ca

Prof. Stefan Iglauer,

Professor & Director, Centre for Sustainable Energy and Resources,
School of Engineering, Edith Cowan University, Joondalup, Australia.
Ph. No. -+61 8 6304 5832

Email 1d- s.iglauer@ecu.edu.au

Dr. Mahmood Amani,

Associate Professor, Petroleum Engineering Program,

Texas A&M University at Qatar, Qatar.

Ph. No. — +974 4423 0119

Email 1d- mahmood.amani@tamu.edu
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