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ABSTRACT

Nanofluid flooding has been proven to be very effective in enhanced oil
recovery (EOR). The performance depends on the material and formulation process.
Previous studies have focused only on the use of inorganic, metal and metal oxides
nanoparticles which have limited full-scale field application due to cost and
environmental concerns. The use of nanofluid from natural sources has not been
investigated to a reasonable extent for possible application in EOR. In this research,
three natural polymers were formulated from local materials from Malaysia and
Nigeria. Ascorbic acid was used to synthesize the natural polymers to nanoparticles.
The physical properties of the nanoparticles including their size distribution,
crystalline structures were investigated. The rheological properties of the nanofluids
were compared with natural polymers and commercial polymer xanthan. The
interfacial properties of the nanofluids at the interface of oil and water were
investigated at different concentrations and temperatures. The effect of interaction
between electrolyte and ultrasonic was determined. The wettability alteration
efficiency of the nanofluids on oil-wet sandstone surface was investigated using the
sessile drop method. Core flooding experiment was conducted at high temperature
high pressure (HTHP) reservoir conditions to justify the effect of wettability alteration
and dispersion of the nanofluids on additional oil recovery. The performance of the
nanofluids were compared with conventional EOR chemical. The methods were
effective in producing spherical and polygonal nanoparticles with a mean diameter of
100 nm and increased in crystallinity of 7%. The viscosity increased with increase in
surface area and temperature of the crystalline starch nanofluid (CSNF), Cissus
populnea nanofluid (CPNF), Cissus populnea (CP) and cassava starch (CS) compared
to a decrease in viscosity as the temperature increases for okra, okra lignocellulose
nanofluid (OLCNF) and xanthan. The interfacial tension decreased with increase in
concentration of the nanofluids, electrolyte and temperature. The results show that the
nanofluids can change the wettability of sandstone at low concentration, high salinity
and elevated temperature. Oil recovery after waterflooding was 48% of original oil in
place (OOIP), the oil recovery of okra, CS and CP increased by 13%, 15% and 17%
respectively, compared to 11% OOIP obtained with xanthan. The pressure drop data
shows stability of OLCNF, CPNF and CSNF at 120 °C and the formation of oil bank
was enough to increase the oil recovery by 20%, 23% and 26% respectively. The
nanofluids were found to be very effective in mobilizing residual oil at HTHP reservoir
condition.



ABSTRAK

Banjiran bendalir nano telah terbukti sangat berkesan dalam perolehan minyak
tertingkat (EOR). Prestasinya adalah bergantung pada bahan dan proses perumusan. Kajian
terdahulu hanya memberikan tumpuan terhadap penggunaan partikel nano bukan organik,
logam dan logam oksida yang mempunyai aplikasi lapangan berskala besar yang terhad
berikutan kebimbangan tentang kos dan alam sekitar. Penggunaan bendalir nano daripada
sumber semula jadi belum lagi dikaji secara meluas tentang kemungkinan penggunaannya
dalam EOR. Dalam kajian ini, tiga jenis polimer semula jadi telah dirumuskan daripada bahan
tempatan di Malaysia dan Nigeria. Asid askorbik telah digunakan untuk mensintesis polimer
semula jadi menjadi partikel nano. Sifat-sifat fizikal partikel nano yang dikaji termasuk
taburan saiz dan struktur hablurannya. Sifat-sifat reologi bendalir nano telah dibandingkan
dengan polimer semula jadi dan polimer komersial xantan. Sifat antara muka bendalir nano
pada antara muka minyak dan air telah dikaji pada kepekatan dan suhu yang berbeza. Kesan
interaksi antara elekrolit dengan ultrasonik turut dinilai. Kecekapan perubahan keterbasahan
bendalir nano pada permukaan batu pasir basah minyak telah dikaji memerusi kaedah titis
sesil. Eksperimen banjiran teras telah dilaksana pada keadaan reservoir bersuhu tinggi dan
bertekenan tinggi (HTHP) bagi menunjukkan kesan pengubahan keterbasahan dan penyebaran
bendalir nano terhadap tambahan perolehan minyak. Prestasi bendalir nano telah dibandingkan
dengan EOR kimia konvensional. Kaedah ini didapati berkesan dalam menghasilkan partikel
nano sfera dan poligon yang bec diameter purata 100 nm dengan penghabluran tertingkat
sebanyak 7%. Kelikatan didapati meningkat seiring dengan peningkatan dalam luas
permukaan dan suhu bagi bendalir nano kanji habluran (CSNF), bendalir nano Cissus
populnea (CPNF), Cissus populnea (CP), dan kanji ubi kayu (CS), berbanding penurunan
kelikatan apabila meningkadnya suhu untuk bendi, bendalir nano bendi lignoselulos (OLCNF)
dan xantan. Ketegangan antara muka didapati menurun apabila meningkadnya kepekatan
bendalir nano, elektrolit dan suhu. Keputusan menunjukkan bahawa bendalir nano boleh
menukar keterbasahan batu pasir pada kepekatan yang rendah, kemasinan tinggi dan suhu
tinggi. Perolehan minyak selepas banjiran air telah 48% daripada minyak asal di tempat
(OO0IP), manakala perolehan minyak menerusi bendi, CS dan CP masing-masing meningkat
sebanyak 13%, 15% dan 17% berbanding dengan 11% OOIP yang diperoleh menerusi xantan.
Data kejatuhan tekanan menunjukkan kestabilan OLCNF, CPNF dan CSNF pada 120 °C,
dengan pembentukan batas minyak sudah cukup untuk meningkatkan perolehan minyak yang
masing-masing sebanyak 20%, 23% dan 26%. Kesimpulannya didapati bendalir nano sangat

berkesan dalam menggerakkan minyak baki pada keadaan reservoir HTHP.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Recently, the oil and gas industry are grappling with the reality of scarcity of
new sizeable or commercial discoveries and low production from existing reservoirs.
Significant amount of oil remains in the reservoir after the primary and secondary
recovery methods due to capillary trapping and heterogeneity of reservoirs. To recover
the remaining oil, Enhanced Oil Recovery (EOR) methods are the only viable option
which can reduce the gap between demand and supply. Since the exploration of new
field requires huge amount of capital cost. EOR processes are used to improve the
productivity of the fields which aims to recover the oil left in the reservoirs after the

primary and secondary oil recovery methods.

To enhance the overall oil displacement efficiency, numerous EOR methods,
such as gas, chemical, and thermal, have been devised and utilized. Amongst all the
EOR techniques, chemical EOR (CEOR) method has been adjudged as the most
promising because of its higher efficiency, reasonable capital cost, technical and
economic feasibilities. CEOR methods increase oil recovery by increasing the
effectiveness of water injected into the reservoir to displace the oil. Depending on the
type of CEOR process, chemicals injected with the water slug alter the fluid-fluid
and/or fluid-rock interaction in the reservoir. This includes lowering of the interfacial
tension (IFT) between the imbibing fluid and oil or an increment in the viscosity of the
injectant for improving mobility and conformance control. Besides, the injected

chemicals result in wettability alteration of the rock to increase oil permeability.

The well-known traditional CEOR methods were the polymer flooding,
surfactant and/or alkaline flooding. Recently, different modes of chemical flood

injections have been studied and applied for EOR processes. Recently, the use of foam



enhanced by surfactants and polymers, for mobility control have been studied and
found to improve oil recovery. Field practices have shown that polymer flooding can
increase oil recovery up to 5-30% original oil initially in-place (OOIP) (Pope, 2011).
Hydrolysed polyacrylamide (HPAM) are widely used in polymer flooding because of
inexpensive handling cost, relatively resistant to bacterial attack, high solubility in
water and high ability to reduce permeability of water. However, with changes in
reservoir conditions (high temperature, pressure and salinity) and crude oil properties,
existing chemical flooding materials used in CEOR, such as polymers and surfactants
do not function desirably. These conditions have detrimental effect on the performance
of EOR chemicals, like degradation and precipitation. Therefore, various studies are
being carried out to improve the limitation of polymer such as HPAM against high

temperature and high salinity reservoir conditions.

More recently, nanofluid flooding has been evaluated and explored as a CEOR
process. Nanofluid which is the synergy of base fluid with nanoparticles has the
advantages of being more tolerant to high salinity, high temperature, and longer
stability and less plugging and retention in highly permeable reservoir.
Nanotechnology is the use of nanoparticles ranging from 1 nm to 100 nm size in the
study of combination science, medical, engineering and technology. At the moment,
nanotechnology has been used in medicine, electronics, electrical, space, science, and
engineering (Kaul and Chauhan, 2014). It has enjoyed wide range of use because of
its large surface area which makes it easier to interact with solvent molecules when
added to make suspension, optical transparency (copper nanoparticle), electrical
conductivity (silicon nanoparticle), chemical catalyst (platinum nanoparticle), color
change (gold nanoparticle), thermal properties like heat transfer, cooling, insulation,
and property of mechanical strength like ultra-high strength of material (Bera and Bel
Haaj, 2016).

Nanotechnology has also found its way to petroleum engineering; it is a well-
accepted path in the oil and gas industry to recovery more oil trapped in the reservoir.
It has recorded success in reservoir characterization, drilling and well-completion jobs
(Mahmoud et al., 2016). In EOR, nanoparticle is still in the laboratory stage where its
efficiency is being studied and few field trials have been reported (Zabala et al., 2016).



Different laboratory studies (Onyekonwu and Ogolo, 2010; Ogolo et al., 2012) and
pilot field application have been reported (Zabala et al., 2016) that nanofluids can
recover oil trapped in the reservoir. Therefore, nanoparticle can change the wettability
of the rock surface, reduce IFT between oil and water interface, and lower the chemical

adsorption into the reservoir rock surface (Bayat and Junin, 2015).

The methods for formulating nanoparticles can be grouped into two: the ‘top
down’ synthesis or the ‘bottom up’ synthesis. In the top-down synthesis, nanoparticles
are produced by size reduction from a suitable starting material while in bottom-up
synthesis, the nanoparticles are built from smaller entities, by joining atoms,
molecules, and smaller particles. In top-down synthesis size reduction is achieved by
physical and chemical treatment but its limitation is the imperfect nature of the surface
structure, which tells us about the surface chemistry and physical properties of the
nanoparticles, an example is a physical method. In the bottom-up synthesis, the
building block of the nanostructure are first formed and then assembled to form the
final particle example is the chemical and biological methods (Thakkar et al., 2010).

The biological method is most preferable and will be the method for this study.

The main aim of this study is to formulate natural polymers and nanoparticles
from agricultural produce and forest products of Malaysia for EOR. The challenges
encountered in formulating cheap, readily available and environmentally friendly
products that have opened new frontier for research are focussed in this study. The
polymer will be produced from cassava starch (CS), okra fruit and Cissus populnea
(CP) stem/bark. Whereas the nanoparticle will be produced from the synthesis of
natural polymers using ascorbic acid extracted from pineapple, citrus and lemon grass
assisted with ultrasonic and nanoprecipitation. Starches and cellulose are the most
abundant natural polymers in the world. The advantages of selecting them as a starting
raw material to produce nanoparticles for EOR is because they are in abundance,
readily available, environmentally friendly, and biodegradable. Also, easy to handle,
their rigid structure and long polysaccharides chains make them suitable to withstand

the harsh reservoir conditions.



1.2 Problem Statement

The main property which is of interest in polymer flooding is the viscosity of
the polymer, the main aim is to increase the viscosity of the brine, which will in turn
improve the mobility ratio of the oil and brine. In the oil and gas industries, the
synthetic HPAM and the biopolymer xanthan are mainly used, but they have their
limitations, HPAM is susceptible to high temperature and high salinity, while, xanthan
is degradable. Also, they are usually imported from other countries, as such, it takes a
lot of time and money before these polymers arrive at their destination of use, and need
to be used before the expiring date, these polymers are very expensive. Therefore, there
is need to formulate low-cost, readily available polymers that can combat these

problems.

Nanoparticles can localize at oil-water (O/W) interface, reduce residual oil
saturation, increase the viscosity of brine and decrease the viscosity of crude oil
emulsion. Previous studies have focused only on inorganic, metal and metal oxide
nanoparticles and have reported excellent results. But cost and environmental concerns
have limited full-scale field application of these nanoparticles. With increased demand
for energy and inaccessibility to oil deposits, it is important that effective economic
and environmentally friendly alternative such nanoparticles derived from natural

source are considered.

Nanofluid flooding has been proven to be very effective in EOR. The
performance depends on the material and formulation process. Hitherto, most of the
published works have focused on the use of classic acid (HCI and H2SO4). Acid
hydrolysis can produce nanoparticles 5-7 nm in size, but the drawback is the long
duration and low yield of the nanoparticles. Also, the use of chemical is a source of
concern as nanoparticles obtained by classic acid are limited for practical industrial
utilization because the nanoparticles have strong tendency to aggregate especially in
dry powder form. Physical treatment such as ultrasonic is a very effective method for
the physical disruption of cellular structures. The exposure of natural polymers
solution to high intensity ultrasonic can reduce the molar mass. The preparation time

becomes shortened and the ultrasonic can effectively prevent aggregation. However,



previous studies, reported disruption of the nanoparticle’s crystallinity by ultrasonic.
They did not consider the use of weak-acid hydrolysis and the intensification of the
process parameters. The modification and intensification of the process parameters
and homogenization can also enhance crystallinity by ultrasonic. If the crystallinity of
nanoparticles is preserved after treatment, the powder products could be readily
obtained and their accessibility to industrial items such as composites, nano-fillers,

emulsifiers, viscocifiers and stabilizers could be improved.

In this research, a new polymer will be produced from agricultural produce and
forest plant. The formulated polymer will be synthesized with ascorbic acid assisted
with ultrasonic and nanoprecipitation to improve its properties. The polymers were
selected as starting raw material because of their availability, low-cost and their
environmental friendliness. They also contain long-chain polysaccharides that can
withstand harsh reservoir conditions of high temperature, high pressure (HTHP) and

high salinity.

Unlike the detailed studies on inorganic, metal and metal oxide nanoparticles,
the use of nanoparticles from a natural source has not been investigated to any
significant level in the oil and gas industry for possible application in EOR thus, this
research will solve the following problems/research questions:

i. How to synthesize natural polymers with weak-acid hydrolysis assisted
with ultrasonic and nanoprecipitation to form nanoparticles?

ii. What is the influence of concentration, electrolyte and temperature on the
disperse phases of crystalline starch nanoparticles (CSNP), okra-
lignocellulose nanoparticles (OLCNP) and Cissus populnea nanoparticles
(CPNP) at fluid-fluid interfaces?

iii. What is the effect of concentration, electrolyte and temperature on the
dynamic spreading and wetting of CSNP, OLCNP and CPNP in a three-
phase contact region (oil-solid-aqueous)?

iv. How is the properties of the natural polymers and nanoparticles in solution

and their flow behaviour at reservoir condition?



1.3

14

V.

How is the oil recovery performance, if the natural polymers and
nanoparticles are applied in EOR process at reservoir condition?

Research Objectives

The objectives of the research are:

To formulate, synthesize and characterize natural polymers and its
polymeric nanoparticles.

. To evaluate the flow behaviours of nanoparticles and natural polymers in

solution.
To determine the IFT and wettability of the nanofluids at reservoir
condition.
To evaluate the oil recovery performance of the nanoparticles and natural
polymers at reservoir condition and compare with conventional EOR

chemical.

Scope of Study

Based on the objectives listed above, the scope of this research is as follows:

Extracting starch from grated cassava pulp and dried in powdered form,
whereas, the dried fruits of the okra and dried stem/bark of the CP were
blended to powdered form.

Extracting juice from the pulpy fruit of pineapple and citrus, and storage
for synthesis, while 5 g of lemon grass was collected, dried and boiled for
20 minutes, the extract was filtered and refrigerated at 4 °C.

Synthesizing the natural polymers to nanoparticles using weak-acid

hydrolysis assisted with ultrasonic and nanoprecipitation.
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Vi.

Vii.

viil.

Xi.

Xii.

Xiil.

Xiv.

Isolating and determining the nanoparticles yield after synthesis
Characterising CS, okra, CP, CSNP, OLCNP and CPNP by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron microscope (SEM), transmission electron microscope
(TEM) and differential scanning calorimetry (DSC) analyses to determine
their chemical structure and surface properties, crystalline structural
variation, morphology and thermal stability respectively.

Determining the natural polymers and nanoparticles aggregation sizes and
surface charge in distilled water by zeta potential analysis and dynamic
light scattering (DLS) to interpret the stability of the polymers and
nanoparticles in solutions.

Determining the rheological properties of the natural polymers and
nanoparticles at high and low shear rate using a rheometer (1- 1000 s2).
Determining the effect of brine concentrations (0.9 wt% - 2.2 wt%) and
temperature (26-80 °C) on the natural polymers and nanoparticles
viscosity and compare with commercial polymer xanthan.

Determining O/W IFT modification induced by introducing different
concentration of nanoparticles (0.05 wt% - 2 wt%), different brine
concentration (0.9 wt% - 2.2 wt%) at different temperatures (26-80 °C).
Measuring the contact angle in a 3-phase system (oil-solid-aqueous).
Determining the effect of salinity (0.9 wt% - 2.2 wt%) and temperature
(26-80 °C) on the wettability alteration of the nanoparticles.

Determining the properties of the crude oil and sandstone core samples.
Investigating the oil recovery performance of the polymers and
nanoparticles in comparison to commercial polymer xanthan.

Performing all the displacement experiment at reservoir condition
(temperature of 120 °C, pressure of 3000 psi and salinity of 2.2 wt%).

Restricting a constant flow rate (0.5 mL/min) to represent a laminar flow.

Significances and Original Contributions of this Study

The novelties of this research can be listed as follows:



i. The wuse of weak-acid hydrolysis assisted with ultrasonic and
nanoprecipitation to produce nanoparticles.

ii. The use of CS, okra, CP as a displacing fluid at reservoir condition.

iii. The use of CSNP, OLCNP, CPNP for EOR and evaluating oil recovery
mechanism by measuring the nanofluid viscosities, IFT between the crude
oil and nanofluid, wettability alteration through contact angle in a three-

phase contact region (oil, nanofluid, sandstone).

Whereas, the contribution to knowledge of this research work are:

i. This research will provide cost effective and readily available polymer and
nanoparticles for EOR applications.

ii. This research adds new insight and open new frontiers to the synthesis of
natural polymers using weak acid from plants for EOR. And its efficiency
in altering wettability and reducing IFT of O/W system for EOR.

iii. The natural polymers and nanoparticles formulated can be used in other
areas of oil and gas such as; drilling engineering as drilling fluid additives,
well completion and workover jobs and cementing jobs.

iv. Thisresearch provides a basis for controlling the rheology, IFT and wetting
of CSNF, OLCNF and CPNF which can be useful in a lot of practical
applications such as confectionary, pharmaceuticals, coating products,

freeze-casting, drilling fluids and EOR.

1.6 Thesis Structure and Organization

In chapter one, an introduction to this research is discussed, the objective of
the research, problem statement, scopes of research and significance of study are
clearly stated. Chapter two discusses the fundamental, methods and polymers used in
EOR. The properties of natural polymers in solution, their flow behaviours and the
review of existing literatures using natural polymers in EOR were also discussed. It
also discussed the introduction to nanotechnology and mechanism of nanoparticles in

EOR. QOil displacement using nanoparticles in EOR were reviewed. The chapter also



discussed the synthesis of nanoparticles and natural polymers. The gap in the previous
research are identified and the importance of the current study is highlighted. The
sample preparation procedures, the experimental set-up and procedures, apparatus and
theory behind the calculations, and finally the methodology used in achieving the
desired objectives is discussed in chapter three. Chapter four presents the
characterisation results of the polymer and nanoparticles. The results of the physical
properties of the nanoparticles and their flow behaviour in comparison to that of
natural polymer and xanthan was discussed. The results from the displacement test and
the mechanism of oil recovery were also discussed in this chapter. The conclusions
and main findings from this research with future recommendations are highlighted in

chapter five.
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