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Nanoparticle-assisted water-flooding in Berea
sandstones
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'School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, UK
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ABSRACT: The use of nanoparticles (NP) to improve reservoir characterisation or to enhance oil
recovery (EOR) has recently received intensive interest; however there are still many un-resolved
questions. This work reports a systematic study of the effect of rutile TiO, nanoparticle-assisted brine
flooding. Rutile ellipsoid TiO, nanoparticles were synthesised and stabilised by tri-sodium citrate
dehydrate for brine flooding of water-wet Berea sandstone cores. Careful characterisation of the rock
samples and nanomaterials before and after the flooding was conducted, and the relative contributions
to the modified flooding results from the stabiliser and the nanoparticles of different concentrations
were examined. The oil recovery performance was evaluated both at break-through (BT) point and at
the end of flooding (~3.2 pore volumes). Nanoparticle migration behavior was also investigated in
order to understand the potential mechanisms for oil recovery. The results showed that both
nanoparticle transport rate and EOR effect were strongly dependent on the particle concentration. The
oil recovery efficiency at the BT point was found to increase at low nanoparticle concentrations but
decrease at higher values. A maximum 33% increase of the recovery factor was observed at the BT
point for a TiO, concentration of 20 ppm, but higher nanoparticle concentrations usually had higher
ultimate recovery factors. The presence of oil phase was found to accelerate the particle migration
though the core. The discussion of various mechanisms suggested that the improvement in the mobility
ratio, possible wettability change and log-jamming effect were responsible for the observed

phenomena.
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1. INTRODUCTION

Various predictions have shown that our demand for oil and gas will still increase in the coming
decades. The era of finding “easy oil” is coming to an end, and future supply will become more reliant
on fossil fuels produced from non-conventional reservoirs and from enhanced oil recovery (EOR)
processes. It is estimated that the average oil recovery rate from mature oilfields around the world is
typically 20%-40% of the original oil in place (OOIP) ', which leaves enormous potential for
developing efficient EOR technologies. Among various secondary or tertiary recovery techniques,
water injection is the most-widely used. However, water cannot completely sweep the oil reservoir due
to its lower viscosity compared to that of the oil phase * and a typical microscopic displacement
efficiency only reaches 70% or less, due to the capillary trapping of oil in pore space.

Recently, the injection of nanoparticles (NP) has been proposed as a potential means to improve
reservoir characterisation and to increase oil production, resulting in the term of NanoEOR °7.
Compared to conventional EOR techniques, NanoEOR possesses a few advantages. It is thought that
the small particle sizes (<100 nm) would allow them to pass through pore throats of a reservoir rock
and be delivered to the locations of the pore network where they can make an active and significant
difference in some way. The addition or deposition of different nanoparticles could modify the
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displacing fluid’s effective properties such as viscosity ®*, interfacial tension
properties ''; change the permeability of the rock matrix '%; or alter the rock surface wettability ' '*. In
addition, the size-dependent properties (i.e., optical, magnetic, electrical, thermo-physical and
interfacial properties) of nanoparticles can be used as sensitive down-hole sensors to target locations
that are inaccessible by conventional methods > '* 1> .

The use of nanoparticles for EOR has received intensive attention since 2008, and much work has

been conducted that can be generally categorised as, (i) the development of ‘contrast-agent’ type of

NPs to improve the detection limitation of seismic and electromagnetic (EM) techniques and to provide



better reservoir characterisation '*'®; (ii) the use of NPs as property modifiers, i.e., to alter rock

wettability and interfacial tension at the oil/water interface in order to increase oil recovery rate > '* '

7. and (iii) the use of NPs for conformance control such as nanoparticle-stabilised emulsions, and

gelation materials to block easy flow paths ' '°.

Following an explosion of hype and speculation, it is beginning to see some advances. However it
has to be admitted that the research in this field is just at the beginning. Most of the studies are at the
laboratory scale *° and many contradictory results have been reported, especially regarding the effect of
nanoparticles on EOR. For instance, Hendraningrat et al.”' showed that the maximum oil recovery was
increased by 14.29% of OOIP by using SiO, nanoparticles, whereas Bayat et al. * observed only a 2%
increase over OOIP for tertiary oil recovery for the same nanoparticles.

It has been noted that some stabilisers (either surfactants or dispersants) were generally used to
stabilise nanoparticles in water or brine, but their characterisation and effects on the oil recovery have
seldom been considered ** **. These stabilisers alone could significantly affect effective fluid

properties especially viscosity and interfacial tension ** *°

, thus having an EOR effect themselves.
Consequently it is unclear if the observed effect has been due to the stabilisers, the nanoparticles, or a
combination of both.

The stability of nanoparticles in highly saline brines still presents a technical challenge due to the
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compression of electrical double layer *°*. Learning from the experience of nanofluids
displacing fluid’s properties will be significantly affected by the choice of nanoparticle material,
particle concentration, morphology and stability in salinity water. When applying NPs for oil recovery
purpose, such information however was not usually provided sufficiently in literature *', which further
hinders interpretation of results.

Multiple possible mechanisms have been proposed to explain the effect of nanoparticles on EOR,
including: (i) viscosity increase for mobility control **, (ii) substrate wettability change > '*'* 7, (iii)

17, 35, 36

the effect of structural disjoining pressure , (iv) the reduction of the displacing fluid/oil



9, 10, 37, 38 3, 39

interfacial tension , and (v) the log-jamming effect . However none of them have been
found to provide sufficient explanation for the observed EOR enhancements. For instance, for the
structural disjoining pressure to be effective, a very high nanoparticle concentration is required (>30%
by volume *°). Consequently, it is difficult to invoke this mechanism to explain the results of most
published work because these have utilised very small particle concentrations (i.e., in the ppm range).
For NanoEOR to work, another essential aspect that needs to be considered is the effectiveness of
nanoparticle migration in rocks. Though extensive work has been conducted on colloidal transport for

14 the transport of nanoparticles in porous media in the presence of oil

environmental considerations
phase has been scarcely investigated to date. From practical considerations, it is more preferable to use
nanoparticles during the secondary water flooding process instead of the tertiary stage, which however
has seldom been reported.

A systematic study of the effect of rutile TiO, nanoparticle assisted EOR in a sandstone rock is
reported in this work. To address the current limitations discussed above, both rock samples and
nanomaterials were carefully characterised, including nanoparticle stability in fluids of different
salinity. Individual experiments were performed by core-flooding with brine alone (BF), brine with
stabiliser (BSF), and with a stabilised suspension of nanofluids in brine (i.e., brine + stabiliser +
nanoparticles) (NF), to clearly identify the contributions from the stabiliser and the nanoparticles. The
nanoparticle concentrations before and after flooding experiments were determined, and the effects of

stabiliser and nanoparticle concentration on the mobility and EOR effect during the secondary water

flooding were assessed, as well as an in-depth discussion of the possible mechanisms.

2 MATERIALS, CHARACTERISATION AND FLOODING EXPERIMENTS

2.1 The materials

Synthetic brine (nominally 0.1 mol/dm® NaCl in deionised water, laboratory grade) was used as the

formation liquid and the base fluid for dispersing nanoparticles in all experiments. The density of brine



was measured as 1.000 + 0.001 g/cm’, pH 6.72 + 0.2 and dynamic viscosity 0.89 + 0.01 mPa-s at 25
°C. The oil phase was HVI 60 mineral oil, a highly refined mineral oil that consists of saturated
aliphatic and alicyclic hydrocarbons, which has a density of 0.868 g/cm’ and a dynamic viscosity of
42.75+£0.16 mPa-s at 25 °C. It is less volatile and consequently has physical properties that are more
stable than oils of greater volatility, allowing more reliable data to be produced over longer
experiments.

There is the potential for confusing concentration of the suspension brine with concentration of
nanoparticles in the brine. Consequently, throughout this work we use only the word ‘salinity’ to
describe the strength of the brine in which the nanoparticles are suspended and reserve the word
‘concentration’ to denote the amount of nanoparticles per volume of suspension solution.

Titanium dioxide (TiO;) nanoparticles were synthesised from titanium (III) chloride (TiCls)
precursors (Sigma Aldrich, UK) using a hydrothermal reaction. Various stabilisers including tri-sodium
citrate dehydrate (SCD, Fisher Scientific), sodium dodecyl sulfate (SDS, Fisher Scientific),

polyvinylpyrrolidone (PVP, Fluka, Switzerland), polyethylene Glycol 2000 (PEG, Schuchardt,

Germany), |cetyltrimethylammonium bromide|(CTAB, Fisher Scientific), Triton-100 (Sigma Aldrich)

and Suwannee river fulvic acid (SRFA, THSS, USA) were used to stabilise nanoparticles in the brine.
Berea sandstone (Figure 1) is a commonly used clastic reservoir analogue within the hydrocarbon
industry. Consequently, its behavior and characteristics are well-known. Berea sandstone is a
moderately porous (¢ ~ 0.18 — 0.25) sandstone with a high permeability (K ~ 100 - 1000 mD). It is
isotropic and homogeneous, and is composed of well-sorted sub-rounded grains in the range 70 — 400
um. The grains are predominantly quartz (85 to 90%) and feldspar (3 to 6%) and are cemented by

quartz, dolomite (1 to 2%), clays (6 to 8%), and trace amounts of iron sulphides *°.


https://www.fishersci.com/shop/products/cetyltrimethylammonium-bromide-98-molecular-biology-reagent-grade-mp-biomedicals-4/p-4405675

Figure 1. Scanning electron microscope image of a broken surface of the Berea sandstone clearly

showing well-sorted sub-rounded grains and a homogeneous and isotropic microstructure.

2.2 Nanofluid fabrication and characterisation
In a typical synthesis, 4.17 cm’® of 1.5 mol/dm’ TiCl; was added to 250 cm’ of agitated distilled

water. The pH of the system was adjusted to 3.8 + 0.2 at room temperature by using NaOH and HCI.
The solution was stirred by a magnetic stirrer at room temperature overnight for rutile phase synthesis.
After the synthesis, extensive dialysis was performed to remove impurities from the NP dispersion.

The morphology of the synthesised particles was examined using a transmission electron microscope
(TEM, FEI Tecnai TF20), as shown in Figure 2a. The synthesised nanoparticles were ellipsoidal in
shape, with a diameter of approximately 150+20 nm and aspect ratio in the range of 7-9. The specific
surface area of rutile nanoparticles was determined to be 85.3 + 20 m%/g (Acorn Area™, XiGo
Nanotools Corporate). The hydrodynamic particle size distribution in 0.1 mol/dm® NaCl solution
(Figure 2b) was measured by a Malvern Nanosizer based on the dynamic light scatting (DLS) method,
which shows a distribution between 80-400 nm peaking at 207.7 £ 14.4 nm. The zeta potential of the

dispersion was measured as -32.0 £ 1.0 mV.
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Figure 2. (a) Transmission electron microscope (TEM) images for rutile ellipsoids TiO,

nanoparticles, and (b) particle size spectrum from the Dynamic Light Scattering (DLS)

method.

The effective viscosity was measured using an Anton Paar MCR 301 rheometer at 25 °C and the

contact angle and interfacial tensions were measured using a KSV CAM 200 optical tensiometer.

2.3 Core sample preparation and characterisation

A group of water-wet Berea sandstones with permeability ranging from 98.73 mD to 195.46 mD
were selected as core plugs in this study. All cores were cleaned by the Soxhlet Extractor method
before initial flooding and between each subsequent cycle of flooding. This cleaning procedure used
dichloromethane (DCM, or methylene chloride) as the solvent, which is immiscible with water and has
a boiling point of 40.1°C. This cleaning process would typically last 7 to 10 days in order to ensure that
solvent has extracted all possible oil from the core. Once cleaned by DCM in the Soxhlet Extractor, the
cleaned core samples were dried in an oven at 70 °C for 2 days. This cleaning and evacuation process
effectively recovered the cores to their initial pre-flooding condition.

The porosity, absolute permeability, and dry core weight were measured for original core samples
after each cycle of cleaning in order to verify that the cleaned rocks had similar properties to those of

their native states. The dry core weight was measured after 2 days’ drying in an oven at 70 °C. The



porosity was determined by both Helium pycnometry and Archimedes (buoyancy) methods. For the
Archimedes method, the rock samples were fully saturated with brine, of a known density, in a vacuum
desiccator for 4 hours to ensure 100% saturation. The pore volume, grain volume and grain density
were calculated from the recorded dry, saturated and suspended masses, as shown in Table 1. As
expected, the saturation porosity was slightly smaller than the helium porosity, due to the size, polarity
and large molecular weight of water compared to helium. All four cores had similar porosities and pore
volume. However there is a moderate variation in the permeability, ranging from 99 -195 mD.

Table 1. Basic rock properties

Archimedes Method Heli
elium
Length | Diameter Bulk Pore Porosity | Grain Grain Method | Permeability
No. u .. | Porosit
(mm) | (mm) V01131me Volume (%) Volume | Density y (mD)
(en’) (cm’) (cm’) (g/cm’) (%)

SZ1 | 65.030 | 38.018 72.96 13.46 19.0 59.52 2.61 21.20 150.92+0.39

SZ2 | 64.749 | 37.922 72.52 13.42 18.0 59.10 2.58 21.08 138.46+0.80

SZ3 | 65.470 | 37.886 73.56 13.40 18.0 60.16 2.66 20.82 98.73+0.59

SZ4 | 66.109 | 37.884 74.26 13.84 19.0 60.43 2.61 21.01 195.46+0.56

An examination of the morphology of grains and pores in the core samples, as well as an elemental
analysis were carried out using scanning electron microscope (SEM, FEI Quanta 650 FEG-ESEM) and
integrated energy-dispersive X-ray spectroscopy (EDX, Oxford X-max 80 SDD) with INCA 350
software. It can be seen from Figure 3 that the majority of the pore sizes were above several
micrometers, while confirming that the grains were composed of silica (SiO,) with minor contributions

from clays (calcium, iron and aluminum).
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Figure 3. (a) SEM of the Berea sandstone with pores shown in black, silica grains in light gray and
feldspar in white; (b) higher magnification SEM image of feldspar and porosity between silica grains;

(c) EDX spectrum of sand grain showing peaks only for silicon and oxygen; (d) EDX analysis of
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Figure 4. Core sample characterisation by MICP. (a) Mercury injection capillary pressure curve



showing the pressure (y-axis) required to effect a change in mercury saturation in the sample (x-axis).
(b) Inverted pore throat radius spectrum showing a well-defined characteristic pore throat size of 7 — 10

um.

Mercury Intrusion Capillary Pressure (MICP) was used to determine the pore size distribution. The
measurements were conducted on a small piece of Berea sandstone, representing an off-cut from the
core plugs used in the flooding experiments. The porosity was 19.7 %, similar to the helium
pycnometry values shown in Table 1. The specific pores area from MICP measurements was 1.01 m?/g.
It can be concluded from Figure 4 that 88% of pore throat diameter centralised in the 0.6 - 36.2 um
range, providing a mean diameter of 14.09 um, with 6% pore throat diameters below 227 nm. This size
is very close to the hydrodynamic diameter of the rutile ellipsoids nanoparticles, which implies that a

small percentage of pore throats could be blocked by nanoparticles.

2.4 Core flooding experiments

A core flooding system was set up to reveal the nanoparticle-assisted water potential for EOR. Figure
5 shows the integrated experimental instruments and schematic view of the core-flooding setup. A
Hassler type core holder, in which the brine-saturated core was loaded, was located vertically and
supported by a customised stand. Fluid was injected through the core-holder vertically upwards. Inside
the holder, the core was enclosed in an elastic rubber sleeve, upon which was applied a radial
overburden pressure of 1500 psi around the rock sample via a high pressure hydraulic hand pump
(P142, ENERPAC). The maxmimum fluid pressure in the experiment was smaller than 500 psi, which
ensured that no fluid leakage between the sleeve and the core sample. . An inlet and outlet port in each
end plug allowed upstream and downstream flow lines and pressure transducers to be attached. Any
brine introduced into the core flooding system was de-aerated in a vacuum pump for 4 hours. The dead

volume of the core flooding system was calibrated and all measurements were corrected for it. A back-
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pressure regulator was used to raise the pore pressure inside the core during brine saturation stage, to
ensure that gas bubbles were completely removed from the core-flooding system at the start of the
experiment by dissolution.

To clarify the effect of potential influence of stabilisers, three cycles of water-flooding tests were
conducted. Each set of experiments began with a water-flooding with only the synthetic brine (BF)
followed by a water-flood with the synthetic brine and the nanoparticle stabiliser but no nanoparticles
(BSF), and finally nano-flooding using the synthetic brine, stabiliser and different concentrations of
nanoparticles (NF). The cores were cleaned as discussed earlier between each water-flooding cycle.

The experimental procedure for each cycle included the following stages:

e Core sample was fully saturated with brine in a vacuum desiccator for 4 hours to ensure 100%
saturation, and then was inserted into core holder;

e Brine saturation at a flow rate of 2 cm’/min for 6 pore volumes (PV);

e Oil saturation at a flow rate of 17 cm>/min until an ‘irreducible’ water saturation of Swi =25%
was achieved;

e Flooding at a flow rate of 0.5 cm®/min for 3 PV, with the fluid of interest;

e Remove core from core holder. Core cleaning and preparation, ready for the next cycle.

This simulates secondary flooding of the reservoir.

During each flooding experiment, graduated cylinders marked in 0.1 c¢m’ divisions were used to
collect the effluent sample in order to determine the volume of oil and water. During NF experiment,
effluent samples were collected manually during the flooding process and a total of 15-19 effluent

samples of 1.5 cm’

each were analyzed. The nanoparticle size distribution of the effluents was
determined off-line by the DLS device, and UV-Vis spectroscopy was used to measure the particle

concentration. The determination of concentration was based on the comparison of the effluent

absorbance against an established calibration curve between the absorbance and nanoparticle
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concentration. The concentration of nanoparticle suspension entering cores, Co,, and the concentration
of sample collected, C, were applied to generate breakthrough curves of C/C, as a function of pore
volumes passing through the porous medium. Detailed sample characterisation was conducted for

nanofluids after the flooding experiments.

\J

Back pressure regulator

Confining pressure
pump

UV-Vis for concentration
measurement

™

DLS for particle size
measurement

To effluent tank

Figure 5. Schematic flow diagram for the flooding system

3 RESULTS AND DISCUSSION
3.1 Nanofluid stability
For any practical application, nanoparticles have to be stabilised properly in the presence of various

ions similar to the composition of brine. The stabilisation mechanism could be either steric 4

electrostatic *’ or a combination of both. Many researchers have reported that nanoparticles cannot be

48-52

stabilised easily in high salinity water , especially when the ionic strength exceeds the critical salt

concentration (CSC) *. The presence of ions, especially divalent cations such as Mg®", Ca** and Ba®",
could significantly reduce the stability due to the compression of the electric double layer 2*°% .

The agglomeration kinetics of TiO, under the influence of a number of stabilisers mentioned earlier

were assessed in 0.1 mol/dm® and 1 mol/dm’ NaCl salinity, in order to determine the right stabilising
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agent to use. In this exercise, the TiO, nanoparticle concentration was 500 ppm and the pH was
adjusted to 6.8 = 0.3, whilst gentle magnetic stirring was applied. All surfactant concentrations were
fixed at 0.3 wt % relative to the water content, except SRFA whose concentration was 100 ppm. The
main results are given in Figure 6. Regardless of the stabiliser, an increase in the brine salinity clearly
increases particle size (Figure 6a). Tri-sodium citrate dehydrate (SCD) showed the best performance in
terms of particle size and was chosen for the following further experiments.

The particle size and zeta potential evolution of four SCD-stabilised nanofluids of different
concentrations from 10 ppm to 500 ppm in a 0.1 mol/dm’ NaCl brine were measured over a two week
period following their fabrication, as shown in Figure 6b. There was a slight increase in hydrodynamic
particle size for almost all concentrations over two weeks, but this always remained lower than 240 nm.
Absolute vales of zeta potential often saw sharp decreases in the first 4 days, becoming more stable
during the remainder of the two week period, at around -27 £ 3 mV for the 50, 100 and 500 ppm
concentration samples, and below -18 mV for the 10 ppm sample. Extrapolation implies that the low

concentration sample would become stable at about -14 £ 3 mV after about 3 weeks.
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Figure 6. Stablity of TiO, nanoparticles (rutile ellipsoids), (a) average particle size
comparison for different stabilisers and two brine salinities (0.1 mol/dm’® and 1 mol/dm’

NaCl), and (b) temporal behaviour of the average particle size (open symbols) and zeta
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potential (solid symbols) for four different TiO, nanoparticle concentrations (10, 50, 100 and

500 ppm) in a 0.1 mol/dm® NaCl brine solution stabilised by SCD)

3.2 Fluid properties
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Figure 7. (a) Dynamic viscosity, and (b) interfacial tension of the 0.1 mol/dm’ brine alone,
the 0.1 mol/dm? brine with 0.3 wt % SCD stabiliser, and the stabilised brine with 10, 50, 100

and 500 ppm of TiO, nanoparticles.

The dynamic viscosities of the base fluid, base fluid with stabiliser and all four nanofluids are shown
in Figure 7a. The dynamic viscosity for the mineral oil was also measured at 41.2 mPa-s. This
relatively high dynamic viscosity is beneficial, assisting in reducing the irreducible water saturation Sy
to 25% in a water-wetting rock.

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

The addition of SCD alone slightly increased the interfacial tension (IFT) of the base fluid, as shown

in Figure 7b, reaching about 47.97 £ 0.11 mN/m for an SCD concentration of 0.3 wt %. The influence
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of nanoparticles on IFT is not monotonic but the variation was small, having a maximum value of 49.0
+ 0.8 mN/m at 50 ppm and a minimum of 44.5 = 0.4 mN/m at 500 ppm. Such results showed a similar

31.40

trend with other literature data , where there is extensive study on the influence of nanoparticles on

IFT.

3.3 Rock property changes

The absolute permeability and helium porosity were measured after each flooding cycle to track
whether the rock itself was damaged or modified by the core-flooding processes. The results are
summarised in Figure 8, which show that the change of porosity from core-flood to core-flood was
small for all rock samples, with the largest variation in the range of 2% for sample SZ2. Nearly
constant porosity was observed for both samples SZ3 and SZ4 during different stages of the flooding.

The permeability experienced a drop after the BF and BSF flooding, but the change was small after
the NF flooding. This suggests that the stabiliser used may have a deteriorating effect on the
permeability. Some stabilisers may partially remain inside the rock during the flooding and reduce the
permeability. In contrast, the nanoparticles do not cause permeability impermeability. Core samples
SZ2 and SZ4 showed that the permeability increased slightly after the NF flooding, suggesting that
some blockage caused by the stabiliser-only flooding was removed during the NF flooding. This
clearly shows the importance of proper selection of stabilisers. As the porosities and absolute
permeabilities for all rocks after NF flooding were very close to those after BSF flooding, two of the

cleaned rocks (SZ1 and SZ2) were selected for 5 ppm and 20 ppm NF flooding respectively.
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Figure 8. Variations of (a) sample helium porosity, and (b) sample permeability for original core
samples, and for the cleaned cores after core-flooding with brine (After Brine), brine and

stabiliser (After SF) and nano-flooding (After NF).

3.4 Core-flooding results

While we measured the oil and brine production regularly during each core-flooding (as shown in
Figure 9), we paid particular attention to the cumulative oil production, and hence the oil recovery
efficiency at three main points of interest: break-through (BT) point, 1PV of displacing fluid injection,
and ultimate recovery point. The former value indicates the practical oil recovery amount when the
breakthrough occurs, whereas the last one indicates the maximum amount of oil that can be recovered
for a given flooding. The breakthrough was usually defined identified as the moment when the first
drop of water was produced at the downstream of the core, allowing for a dead volume delay
correction. It was observed that additional oil recovery becomes small after about 1 PV and the

cumulative oil recovery (COR) was calculated at 3.2 PV, by which time no more oil could be collected

for another 20 minutes.
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Figure 9. Examples of the volume of oil recovered from 0 to 1 PV expressed as a percentage of the

initial oil saturation. The stabiliser is 0.3 wt % SCD, and data is given for synthetic brine (BF),

synthetic brine with stabiliser (BSF) and for synthetic brine, stabiliser and six different concentrations

of TiO, nanoparticles. The breakthrough points are marked by red five-pointed stars.
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Figure 10. Oil recovery at breakthrough expressed as a percentage of the initial oil saturation for
synthetic brine (BF), synthetic brine with stabiliser (BSF) and synthetic brine + stabiliser and six

different concentrations of TiO, nanoparticles. The stabiliser is 0.3 wt % SCD.
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Figure 11. COR at breakthrough (blue bars) and at the end of flooding (red bars) expressed as a
percentage of the initial oil saturation for six different concentrations of TiO, nanoparticles, together
with the amount of oil produced after breakthrough (solid diamonds and lines) expressed as a

percentage of the oil in place at breakthrough. The stabiliser is 0.3 wt % SCD.

Figure 9 shows that there was a rapid recovery of oil immediately following the fluid injection and
before brine breakthrough. In this part of the core-flooding the aqueous fluid pushes the oil out of the
sample in a quasi-piston-like displacement process, and the oil recovery increases approximately
linearly with the volume of injected displacing fluids. This linear increase in oil production ends after
the injection of about 0.4 PV, when brine breakthrough occurs.

The cumulative oil recovery at breakthrough is shown in Figure 10. The BT point was observed at
about 0.25 PV for the brine only (BF) and brine with stabiliser floods (BSF), and in the range of 0.35 to
0.45 for TiO, nanofluid floodings (NF) with different concentrations of nanoparticles. Brine only
flooding resulted in an average of 30.3% recovery of the oil originally in place (OOIP), and a similar
value (i.e., 30.5 %) was found for flooding with a mixture of brine and stabiliser (BSF). This shows

that the influence of the 0.3 wt % SCD stabiliser on the oil recovery was negligible in this work.
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However it should be noted that this is not a universal conclusion. Other stabilisers especially some
designed surfactants, could affect the oil recovery rate significantly, and their effects should be
identified appropriately in any experiments to illustrate the nanoparticle effect. Figure 10 clearly shows
that adding TiO, nanoparticles can increase the oil recovery rate significantly but in a non-linear
manner. At lower particle concentrations, the oil recovery rate increases with the increase of particle
concentration, reaching a peak value at about 20 ppm, after which it starts to decline. About 35.8 % of
the oil originally in place was recovered at the lowest concentration of nanoparticles tested, i.e. 5 ppm,
compared to the use of brine only (30.3%). The best oil recovery of the tested scenarios was about
39.8% of OOIP, which occurred for a nanoparticle concentration of 20 ppm. This represents nearly a
31.4% increase in oil recovery compared to water-flooding with plain synthetic brine or brine with
stabiliser but no nanoparticles. However, further increase of particle concentration resulted in a
decrease in the enhancement of oil recovery compared to the plain brine and brine with stabiliser cases.
For a nanoparticle flooding with a concentration of 500 ppm, an oil recovery of only 31.8% of OOIP
was achieved at the breakthrough, representing only around 5% enhancement of oil recovery over
flooding with brine or brine with stabilisers but no nanoparticles.

The COR at the end of the experiment is shown together with that at breakthrough in Figure 11. The
general dependence of the COR on particle concentration was found to be similar to that at
breakthrough, but the peak value occurred for a 10 ppm nanofluid, with a total oil recovery of 41.8% of
OOIP, representing a 38.0% increase on the plain water-flooding scenario.

Unlike the breakthrough case, there was no substantial decrease in total COR at the end of the
experiment for nanofluids with concentrations greater than 20 ppm, instead these fluids progressively
exhibited a large post-breakthrough production of oil. Despite having the lowest recovery at
breakthrough, the 500 ppm nanofluids achieved a COR at the end of the experiment of 40.9% of OOIP,
second only to the total recovery of the 10 ppm nanofluid. The 500 ppm nanofluid mobilised an

additional 13.3% of the oil in place at breakthrough point. We have attributed the mechanism for post-
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breakthrough enhancement of oil production to ‘log-jamming’ of some pores with nanoparticles which
then forces oil to be produced from adjunct pores where it was previously trapped. This mechanism is

discussed in the following sections.

3.5 Nanoparticle migration behaviour during flooding

3.5.1 Pressure profiles among different flooding cycles

Examples of three differential pressure profiles that were measured during the different cycles of
flooding are shown in Figure 12, for a single core. The nanoparticle concentration in this figure is 500

ppm and occurs in the data represented by blue triangles. The behavior indicated in the figure suggests

3,39

that a log-jamming effect " may be significant in the core-flooding with the 500 ppm nanofluid.
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Figure 12. Pressure profiles for brine (black points), brine with stabiliser/surfactant (red points) and a
500 ppm TiO;, nanofluid (blue points) flooding on core SZ4. The initial pressures should be the same at
the start, at which time there is still oil to be introduced by the leading dead-volume. The differential
pressure offsets between each of the flooding profiles is caused by small permeability differences

between flooding cycles as shown in Figure 8b).
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For the brine flooding (BF) the pressure steadily decreases as the oil is removed from the core sample
and the permeability within the core increases. For the brine + stabiliser flooding (BSF), despite oil
production and the removal of oil from the core, the differential pressure increases. The high pressure
drop suggests that the stabiliser in the brine could form micelles or aggregates, and block some pores
through the course of the brine flooding, hence reducing the core’s permeability, as supported by the
permeability measurement in Figure 8b. The trapped stabilizer could not be removed by the following
course of the flooding.

The NF flooding showed a higher pressure drop than that of BF but lower than the BSF case. This
was due to that most of the stabilizers were on the surface of particles, and the quantity of loose
stabilizer in the brine was small, hence reducing the possibility of stabilizer jamming. In addition,
during the flooding process, nanoparticles also tended to mobilise or assist in the migration of loose
stabilisers stuck in the core samples and mobilized the residual oil. Such effects would result in a
higher permeability and a lower differential pressure profile than the BSF case. The increase in
differential pressure for the nanofluid flooding, as highlighted in Figure 12, suggests that a portion of
the nanoparticles became temporarily stuck in the core, reducing the permeability, and increasing the
differential pressure. Subsequent decrease of pressure, after 0.8 PV, may be caused by the un-blockage
of the jammed particles. It is thought that the accumulation of nanoparticles at the entrance of pore
throats would produce a higher pressure in the adjunct pore channel, in which the oil trapped would be
mobilised. Similar observations have been reported by a few previous studies > *°. The presence of oil
phase may promote the jamming effect as the nanoparticles were diffused to the oil-water interfaces
and were confined there, consistent with the enriching of particle concentration at the oil/water

interface phenomenon, as identified by a few prior studies’*>°.
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3.5.2 Nanoparticle breakthrough behaviour

Ultra-violet spectrophotometer measurements have been used to monitor the amount of nanoparticles
transported through the core samples. The measurement is based on absorbance and can be affected by
the morphology of particle in the fluid. The presence of salt tends to form aggregates, leading to a
large absorbency increase and a higher than unity C/Co value , as evidenced for the 10 ppm case,
Figure 13.

Figure 13 shows that nanoparticle transport is strongly dependent on the nanoparticle concentration.
The outlet to inlet concentration ratio, C/C,, generally decreases with increasing particle concentration.
For example, for a 10 ppm nanoparticle concentration, breakthrough was achieved quickly with C/C,
approaching unity at 0.43 PV just as the first drop of nanofluid emerged from the core. The 50 ppm
nanoparticle sample showed a similar early breakthrough at 0.39 PV but with a reduced concentration
of nanoparticles in the emerging fluid (C/C, =0.7), implying that up to 30% of the injected
nanoparticles remained within the core. At higher nanofluid concentrations (100 ppm and 500 ppm) the
concentration of nanoparticles in the breakthrough fluid is even less (C/C, =0.65 and C/C, =0.18,
respectively) with more of the injected nanoparticles remaining inside the core (Figure 13). The peak
concentration for the 500 ppm nanofluid flood was reached at 1.69 PV, and the maximum transport
ability stayed below 20% (i.e., C/C, <0.2).

Each flooding experiment was followed by an injection of a further 4 PV of plain synthetic brine in
order to check if the particles were strongly stuck inside the rock. This brine post-flooding process was
conducted after the end of the nanofluid flooding at 3.2 PV for all experiments. The results (i.e., right-
most part of Figure 13) show that significant amounts of NPs can be cleaned out from the cores
immediately following the brine flooding. However after another about 3 PV of brine, no more
nanoparticles can be driven out, suggesting that some nanoparticles remain trapped in the cores.

Further calculation shows that, for the highest concentration (500 ppm) flooding, 19.66 mg of

nanoparticles in total (87.2% of the total injected amount) were deposited in the rock during nanofluid
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flooding and remained trapped there, which corresponds to about 17.15 mg of TiO, nanoparticle per

square meter of grain surface, which represents an coverage of 0.92% of the rock’s internal surface area

if it is assumed that the nanoparticles are deposited as a monolayer {(Table 2).
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Figure 13. Particle breakthrough ability during flooding with four different concentrations of TiO,
nanofluid and subsequent post-flooding with synthetic brine. Cy is the concentration of initial fluids
before NF flooding.

Table 2. Nanoparticle retained in core samples during nanofluid flooding.

Rock | NP Total NP | NP mass | NP Total internal | Mean retained | Mean area of

No. mass retained in | retained | pore surface area | NP trapping | internal pre
conc. core (mg) | in core 5 density (mg/m”) | surface coated

(mg) (%) () (%)

(ppm)

Sz1 | 10 0.375 -0.133 NA 154.73 NA NA

S72 | 50 1.685 0.776 46.0 152.58 0.005 0.08

S73 | 100 3.786 2.248 59.4 157.26 0.014 0.22

S74 | 500 19.659 17.152 87.2 158.32 0.108 0.92
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4142 Tt is known

Fine particle migration in porous medium is an area of extensive research interest
that the mobility of particles is affected by four main mechanisms; (i) blockage, (ii) adsorption, (iii)
straining, and (iv) gravity sedimentation. The adsorption effect would be small in this study because
our nanoparticles are negatively charged, and the zeta potential of Berea sandstone is negative at high
ionic strength >’ and in the range of pHs encountered in these experiments and in hydrocarbon
reservoirs 2 %%, The gravity sedimentation effect is also expected to be small due to short residence
time of particles in the core and the effect of Brownian motion.

In this work, it appears that the particle migration was affected mostly by pore-throat blockage and
straining (i.e., a log-jamming effect), as well as the presence of oil phase. The blockage effect is highly
dependent on the particle concentration ®°. This is supported by SEM and MICP analysis of the Berea
sandstone (Figure 1 and Figure 3), the latter of which shows that around 6% of pore throats are under
220 nm when subjected to quantitative image analysis, i.e., less than the hydrodynamic diameter of
nanoparticle (Figure 2). These relative dimensions suggest strongly that the blockage could take place,
especially when the fluid contains high concentrations of nanoparticles. Consequently, log-jamming of
larger pore throats with high concentrations of nanoparticles is consistent not only with the relative
dimensions of the pores and nanoparticles themselves, but also with the data shown in Figure 12 and
Figure 13, making it an important factor influencing particle migration and implying that high
nanoparticle concentrations should be avoided in NanoEOR.

In order to examine the NP migration behaviour without the presence of oil, 100 ppm nanofluids
were injected into Berea sandstone directly after brine saturation. The comparative results (Figure 14)
show that the nanoparticles present a faster breakthrough in the presence of oil. Significant amount of
nanoparticles were detected at the exit of the core sample at about 0.8 PV in the presence of oil, but
their presence was delayed to about 1.5 PV in the absence of the oil phase. The Berea sandstone used in
this work is strongly water-wet. Consequently, the water phase occupies the pore spaces close to the

grain surfaces and the oil phase occupies discrete drops or connected ganglia in the centre of pores,
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which are continuous through pore throats when they are sufficiently wide and can modify the
electrical and hydraulic connectedness of the fluids in the pores ®'.

The transport of the nanoparticles is confined to the aqueous phase because the rutile ellipsoids TiO,
nanoparticles used in this work are water-wet. The early breakthrough for the transport of nanoparticles
in the presence of oil exhibited in Figure 14 occurs because the nanoparticles are confined to be
transported in the water phase that initially occupies only a fraction of the pore volume. Consequently
any given volume of injected nanofluids, expressed in pore volumes, will displace more than its
apparent volume of water phase and hence apparently travelling through the core more efficiently. That
same nanofluid is also displacing oil, which is produced, so that the injection of nanofluids becomes
apparently less and less effective as the nanofluid flooding progresses, explaining why the data for the
displacement in the presence of oil appears to start effectively with a breakthrough at about 0.5 PV, but
becomes less efficient after about 1.4 PV. By contrast, in the absence of an oil phase the nanofluids

have the entire pore volume to travel through during the entire injection process. The breakthrough is

consequently delayed until about 1.2 PV.
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Figure 14. Nanoparticle transport during core-flooding with a 100 ppm concentration nanofluid with
and without presence of oil. The ratio of the concentration of nanoparticles at the outlet to that of the

inlet (C/C,) is shown as a function of pore volumes of nanofluid injected.
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3.5.3 Particle size distribution

The particle size distribution of the effluent samples was examined by the dynamic light scattering
(DLS) method. It was interesting to observe that the hydrodynamic size of the effluent nanoparticles
showed a bimodal distribution, which has also been reported by previous studies'®. Consequently,
although the size distribution of the injected samples show a monomodal range of about 100 nm to 400
nm (Figure 2b), the effluent samples exhibit a population of nanoparticles in the range 10 nm to 100

nm and a larger group, ranging from about 100 nm to 400 nm. It is clear that passage through the rock

has effectively separated the two size fractions.
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Figure 15. Effluent nanoparticle size distributions for nanofluid core-flooding with different

nanoparticle concentrations; (a) 10 ppm, (b) 50 ppm, (c) 100 ppm, (d) 500 ppm.

The peak particle sizes of the two modes and a measurement of their ranges at different flooding

volumes are shown in Figure 15. It is interesting to note that the smaller and larger fractions of

26



nanoparticle occur in the effluent, but the middle range does not. This implies that it is the
nanoparticles of intermediate size that become trapped in the cores, suggesting that the choice of
nanoparticle size is a critical one for designing an efficient NanoEOR process.

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

around 100 nm as the flood progressed (Figure 15).

3.6 NanoEOR mechanisms

The results in this paper so far clearly show that well-stabilised nanofluids can increase oil recovery,
and that the effect is strongly dependent on the nanoparticle concentration. A nearly 33% increase of
oil recovery at breakthrough has gone beyond our initial expectation. As reviewed briefly in the
introduction section, many potential mechanisms have been proposed for the nanoparticle enhancement
of oil recovery, but none are well-accepted yet.

We have seen in Section 3.5 that log-jamming is likely happen after breakthrough, especially for high
nanoparticle concentrations, such as 100ppm and 500 ppm in this research, and this may contribute to

the enhancement of oil recovery. We will examine other mechanisms in depth here.

3.6.1 The effect of mobility ratio modification
The mobility ratio is generally defined as the mobility of the displacing phase divided by the mobility

of the displaced phase, which can be expressed by equation (1) *

M = —krw/kﬂ =
Hw ~ Ho

Krwy ko

(kro)(ﬂw) ’ (1)
where k- is the relative permeability, u refers to dynamic viscosity, the subscript w represents
displacing phase (usually water), and the subscript o is for the displaced phase (usually oil). The ratio

shows the mobility of the injecting fluid to that of the oil phase, and the effect is dependent on the
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relative permeability and the viscosity ratio. The value of M was larger than unity in this work,
indicating higher water mobility than that of the oil. Under these conditions the displacing fluid (brine,
brine and stabiliser and nanofluids) would invade the rock through a non-uniform front, resulting in an
early breakthrough, which is supported by Figure 9. Clearly, reducing the mobility ratio could lead to a
higher oil recovery. Figure 7a shows that the effective viscosity of the nanofluid was almost
independent of nanoparticle concentration within the 5 ppm to 500 ppm range used in this work.
However, the produced oil (Figure 16) shows a small reduction in viscosity, which we attribute to
containing of nanoparticles. It is still unclear about the effect of nanoparticles on relative permeability
curves. There have been a few limited studies which show that the inclusion of different nanoparticles
could affect the relative permeability ratio significantly '* and this modification might be through the
modification of the wettability of the rock by the deposition of nanoparticles, as will be discussed later

in this work.
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Figure 16. Viscosity of produced oil for synthetic brine (BF), synthetic brine with stabiliser/surfactant

(BSF) and for synthetic brine, stabiliser and four different concentrations of TiO, nanoparticles.

3.6.2 The capillary effect

One of the proposed mechanisms for NanoEOR requires that nanoparticles reduce the oil/water

interfacial tension and consequently improve the oil recovery  '*** % This mechanism is applicable
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mainly to the mobilisation of residual oil which is trapped by capillary forces, and is governed by the
dimensionless Capillary Number C,, which shows the relative importance of the viscous force to

capillary force,

Co =422, @
where p; is the dynamic viscosity of injected fluid (Pa-s), 9 is Darcy’s velocity (m/s), o is the
interfacial tension (N/m).

We have already shown that the influence of nanoparticles on the dynamic viscosity and interfacial
tension are small in this work (as shown in Figure 7). The calculated Capillary Number is of the order
of 107, which is too small to increase oil recovery by freeing residual oil. Jeong (2005) suggested that
the capillary number should be of the order of 10 or higher in order to produce a significant

enhancement of oil recovery. Clearly the influence of the capillary effect was not, therefore,

responsible for the observed NanoEOR effect.

3.6.3 The structural disjoining pressure effect

The structural disjoining pressure (SDP) effect was proposed by Wasan & Nikolov *°. The SDP is
different from the conventional disjoining pressure, which is a result of the London-Van der Waals
force that has a short range. It has been demonstrated that the structural disjoining force is generated
from the ordering of nanoparticles in a confined wedge (structuring) and the influence can extend to a
film depth of a few nanoparticle diameters (long range) ». The origin of the structural disjoining
pressure is due to the confinement of the particles in the film region as opposed to their greater freedom
of location in the bulk liquid. The layering arrangement of the particles gives rise to an excess pressure
in the film, the structural disjoining pressure, which has an oscillatory decay profile with the film
thickness. A result of such a structure force is that nanofluids could exhibit a good spreading capability

in confined spaces. Such forces have been observed (i) to be able to change the macroscopic contact
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64-66

angle of a liquid droplet , (ii) to stabilise liquid films ©’, and (iii) to lift an oil droplet from a wall in

an aqueous solution ** %72

As shown by *, the SDP could be important for mobilising individual oil droplets. However as
suggested earlier, the droplet form of oil was unlikely in the current experiments. In addition there are
two major concerns for such an approach, namely, the concentration effect and the transient effect *.
The modelling results of SDP show that the increase in wettability with concentration is non-linear and
it only becomes important at high particle volume concentrations (i.e., >20%). However most of
NanoEOR experiments reported were based on very dilute nanofluids with typical concentrations of
below 1% in weight. The structural disjoining pressure may not be that important although
nanoparticles have a tendency to migrate into the microlayer to form ordered solid-like layers. Of note
though, as the increase of local concentration, the increased viscous effect could become important and
should be considered as well. Another concern is that the modeling was based on the steady state, and
only the equilibrium shape of the meniscus under the action of an oscillatory structural disjoining

pressure was calculated. Such a model could be only valid during the flooding if the oil displacement

time is much longer than that of forming ordered nanoparticle layers.

3.6.4 The surface wettability effect

Nanoparticle deposition and subsequent rock surface wettability modification has been proposed by a
few researchers in order to explain the NanoEOR effect. For example, Li et al.'’ found that
nanoparticles can change an already water-wet rock surface to a more water-wet surface, while Karimi
et al.” found that an oil-wet rock surface can be made to be strongly water-wet by ZrO, nanoparticles,
leading to a considerable amount of oil recovery. By contrast, Roustaei et al. ° have argued that
changing the rock surface towards oil-wet could change the role of the capillary force from a barrier to

a driving force, which would be beneficial for oil recovery. In addition, several authors '" %7 have
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proposed that the main mechanism for NanoEOR is wettability change of rock surface from either
water or oil wet to neutral wettability.

In our experiments the Berea sandstone core samples were generally water-wet, but measurements
(Figure 17) have indicated that saturation of the sandstone with increasing concentrations of
nanoparticles can change it to have an even higher wetness to water, contributing to an increase in the

recovery factor.
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Figure 17. Evaluation of the wetting angle of pure water to Berea sandstone, which were immersed in
mineral oil and pre-saturated with varying concentrations of TiO, nanoparticles. Inset: an example

photograph of one such measurement.

3.6.5 Possible reasons for observed EOR effect

Having examined the known possible mechanisms that could cause the enhancement of oil recovery
with nanofluids that is observed in this work, we may say that mobility control, log-jamming and
wettability changes may all have a role to play. However, it is difficult to quantify the exact
contribution of each. Additional experiments are currently being carried out in order to clarify the

contribution of each mechanism.
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4 CONCLUSIONS

A systematic study of the effect of rutile TiO, nanoparticle assisted brine flooding was conducted in

this work. Comprehensive characterisation of the rock sample and nanomaterials before and after the

flooding was carried out. The relative EOR contributions from the stabiliser and the nanoparticles have

been identified. The effect of using different concentrations of TiO, nanoparticles has also been

studied. Finally, the known possible mechanisms of nanoparticle-assisted secondary flooding have

been examined. The main conclusions of the research may be summarised in the following points:

Tri-sodium citrate dehydrate (SCD), was found to have non-negligible influences on the
effective properties of brine, which were returned to approximately those of the plain synthetic
brine by the addition of nanoparticles.

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

The best total cumulative recovery occurred for a 10 ppm nanofluid, with a total oil recovery of
41.8% of OOIP, representing a 38.0% increase on the plain water-flooding scenario.
Post-breakthrough oil production was better for larger concentrations of nanoparticles. At the
end of the flood, the 500 ppm nanofluid mobilised an additional 13.3 % of the original oil in
place after breakthrough, which was partially attributed to a log-jamming effect.

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

Different to the original mono particle size distribution, the effluent showed a bimodal

distribution, and varied during the flood, which suggested that particles underwent a
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complicated morphology change process during the core flooding.

e The wettability study shows that the water-wet Berea sandstone used in this work became
progressively more water-wet by saturation with fluids of increasing nanoparticle
concentrations.

e An analysis of the possible mechanisms for the enhanced oil recovery due to nanoparticles
suggested that while the exact causes are unknown at present, the EOR effect in our
experiments occurs through a combination of mobility ratio modification, rock wettability
modification and log-jamming effect.

Further work is focusing on investigating the quantifiable relative permeability change introduced by
nanoparticles, using a broader range of particles, rock types and nanoparticle concentrations, as well as

quantifying the mechanisms leading to enhanced oil recovery through nanoEOR.
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