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Abstract: Nanofluids as an EOR technique are reported to enhance oil recoveries. Among all the
nanomaterial silica with promising lab results, economic and environmental acceptability are an ideal
material for future applications. Despite the potential to enhance recoveries, understanding the two-
fold impact of parameters such as concentration, salinity, stability, injection rate, and irreproducibility
of results has arisen ambiguities that have delayed field applications. This integrated study is
conducted to ascertain two-fold impacts of concentration and salinity on recovery and stability and
evaluates corresponding changes in the recovery mechanism with variance in the parameters. Initially,
silica nanofluids’ recovery potential was evaluated by tertiary flooding at different concentrations
(0.02, 0.05, 0.07, 0.1) wt. % at 20,000 ppm salinity. The optimum concentration of 0.05 wt. % with
the highest potential in terms of recovery, wettability change, and IFT reduction was selected. Then
nano-flooding was carried out at higher salinities at a nanomaterial concentration of 0.05 wt. %. For
the mechanism’s evaluation, the contact angle, IFT and porosity reduction, along with differential
profile changes were analyzed. The recovery potential was found at its highest for 0.05 wt. %,
which reduced when concentrations were further increased as the recovery mechanisms changed
and compromised stability. Whereas salinity also had a two-fold impact with salinity at 30,000 ppm
resulting in lower recovery, higher salinity destabilized the solution but enhanced recoveries by
enhancing macroscopic mechanisms of pore throat plugging.

Keywords: enhanced oil recovery; EOR; Nano-EOR; nanofluid; core flooding; stability; salinity;
silica-nanoparticle; contact angle; interfacial tension (IFT)

1. Introduction

The world’s energy needs have risen because of rapid industrialization in the con-
temporary era. While renewable energies were recently suggested, the key contributors to
energy supply remain the traditional non-renewable energy sources, with hydrocarbons
being the most heavily relied on. The oil fields throughout major oil-producing regions
are nearing the end of their useful life and unconventional reservoirs like shale requiring
sophisticated techniques are still out of question at such low crude prices [1]. The vast
mature fields are on the verge of being abandoned, with almost half of the original oil in
place (OOIP) left unrecovered [2]. As mature fields deplete and higher capital costs halt
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new projects, professionals” emphasis has turned to enhance the ultimate recoveries of
developed fields to meet the needs of the market. Enhanced oil recovery (EOR), also known
as tertiary recovery, is a process that aids in the recovery increment by enhancing recovery
(by altering the fluid—fluid and fluid—rock interactions inside the reservoir). Existing EOR
methods can recover 30-60% or more of the hydrocarbons, compared to 20-40% recovered
by primary and secondary recovery methods [3]. EOR application in conventional and un-
conventional reservoirs is carried out using different techniques, whereby simple flooding
by gas or water is carried out or a combination of methods, such as water alternating gas
(WAG) or foam assisted water alternating gas, are used [4].

The advancement and application of nanotechnology has shifted the focus of EOR
research toward the shortcoming of existing technology by applying nano-assisted EOR
techniques [5,6]. Recent advancements in technology have focused on the enhancement
of particle properties, from millimeter to micrometer material properties, enhancing de-
sired attributes. Ultimately, this optimized the properties of the materials which are
supposed to have a major impact on the application as the material research is being
carried out on nanoscale level [7]. Nanoscience is the study of materials and phenomena
to the nanoscale [8,9]. While the design, characterization, application, and formation of
nanomaterials are called nanotechnology [10].

Due to this, such nanoparticles are embedded in substances to achieve the desired out-
put of the final product with desired properties; such substances are termed nanomaterials.
Nanomaterials have found their way into many industries, ranging from electronics to
medicine. These materials are also applied in the oil and gas industry mainly as nanofluids.
Nanofluids are fluids that have diluted liquid suspensions of nanoparticles with at least
one of their dimensions smaller than 100 nm [11]. Formations of nanofluids have enabled
the use of nanotechnology in the oil and gas industry.

1.1. Nano-Fluids EOR Mechanism

Nano-EOR allows modifications of the properties of displacing fluid at the nanoscale.
Consequently, the microscopic recovery enhancing parameters are optimized. Nanoflu-
ids were found to enhance recoveries in sandstone and carbonate reservoirs at the lab
scale [6,7,12]. The detailed investigation concludes that as the EOR additives were replaced
with nanomaterials in displacing fluid, their impact was higher compared to previously
used CEORS additives, as the major increment in recovery was contributed to by the
smaller pores that were not impacted previously with larger sized additives. Owing to
their hydrophilic attribute, they enhance recoveries by changing wettability to water-wet.
The smaller size of these particles sticks around the rock-pore surface which enhances
recovery by the disjoining mechanism. The smaller the size of the nanomaterial, the larger
the impact due to this disjoining impact of the nanofluids, as can be seen in Figure 1.
They also serve as viscosity enhancers and improve recovery by improving mobility. It
was observed that the lower particle size of nano-fluids (<100 nm) when compared to
conventional methods easily impacts higher depths by passing through pore throats and
impacting dynamically [13,14].

Other mechanisms, such as the log jamming effect [15] (as shown in Figure 2), clogging
at the pore throat, and IFT reduction [6,16], all play an important role in contributing to
incremental recovery [17-19]. In any scenario, either one, two, or all the above mecha-
nisms [20] may contribute to recovery but normally one mechanism remains most domi-
nant. All these mechanisms are impacted by various factors such as particle concentration,
particle size, injection rate, salinity, and stability [21,22] of the fluid system.
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Figure 1. Silica nanoparticles wedging caused structural disjoining.

A) Flow pattern without entrapment or plugging B) Micro-diversion in flow due to entrapment/

plugging of particles
Figure 2. (A) Showing smaller particles without entrapment; (B) log jamming due to pore throat plugging.

Xu et al., in their work in 2018, outlined the interactions between nanofluids and crude
oil that contribute toward incremental recovery. According to their study, oil tends to swell,
change its wettability from oil-wet to water-wet, which ultimately disjoins the oil. The
swelling ratio was seen increasing at lower salinities. They also outlined flow resistance in
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the swept region, which causes fluid flow improvements in the untapped region, hence the
sweeping efficiencies are improved which ultimately improves recoveries [23].

Nanoparticles such as silica are not environmentally hazardous compared to chemical
EOR additives that are believed to have a harsher environmental impact. Nanomaterial
usage as an EOR agent enhances recovery through different mechanisms, including the
disjoining mechanism [24,25], viscosity increase of injection fluids, preventing asphaltene
precipitation, wettability alteration, adsorption, pore throat plugging, log jamming, and
interfacial tension reduction [6,26,27].

1.2. Challenges

Nanofluids, despite being an efficient agent to enhance recoveries, were rarely eval-
uated in pilot or field tests. The reasons for this slow process are more than one and a
few among them are economics, environmental constraints in a few countries, and the
contradiction of recovery output results [16]. Irreproducibility [28] of recovery results is
due to many uncertainties, such as the lack of detailed evaluation studies of rock properties,
concentrations, retention ability, and stability that were not integrated. Even though it
was established that the nanofluids are, comparatively, more feasible than many current
CEOR methods, the above-mentioned hurdles have delayed utilizing the true potential of
nanomaterials in the field of EOR.

Many metallic [29-31] and non-metallic nanoparticles were utilized at lab scales but,
among them, silica nanoparticles [32] are considered the most suitable nanomaterial to
be applied in sandstone cores because of their technical, environmental, and economical
advantages. Due to their hydrophilic attribute, they tend to change wettability from oil-wet
to water-wet [33] and reduce the interfacial tensions.

However, as discussed above, the two-fold impact of the above parameters is hypo-
thetically considered as the main cause of contradictions in recovery output in different
studies. Theoretically, one parameter may enhance any mechanism positively but, at
the same time, it has an adverse effect on the second property which aids in enhancing
nano-based recoveries. For instance, the higher the concentration, the more the system will
shift toward more water-wet conditions, but the higher concentration will also result in
more nanoparticles in the system which may destabilize the solution. Ultimately, this will
reduce the recovery potential of the nanofluid [28] and result in retention and reduction of
the flow capability of the reservoir.

Recently, the major focus of researchers is on stability by adding stabilizers in the
nanofluid solution and experimenting with new solvents. Yet, an understanding of the
optimum parameters would remain an important area of concern and requires understand-
ing regarding recovery mechanism changes that may occur with changes in the parameters.
It becomes necessary to create understanding regarding optimized conditions in which the
recovery becomes the highest, and stability remains intact. Factors such as particle size [34]
and injection rate should also be considered as they were reported to impact the potential
of nanomaterials used in flooding [35].

The goal of this research is to evaluate the recovery potential of various concentrations
in various salinity environments in a systematic manner. Changes in mechanisms are
assessed for their impact on recovery in relation to parameter changes. This research also
outlines recovery in the event of instability, as well as the mechanisms involved in recovery
by unstable fluids. Though much recent research has focused on stabilizing nanofluids, the
impact of degraded stability and processes is rarely examined.

2. Materials and Methods

For evaluating the recovery potential of the nanofluid, six sandstone cores were uti-
lized, and aerosol 200 hydrophilic silica nanomaterials were acquired commercially. Brine
was prepared in distilled water with industrial sodium bicarbonate. Once all the nanofluids
were prepared, nanofluids were visually observed for stability changes from preparation
to 24 h. Interfacial tension measurements were taken of the prepared flooding fluids with
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paraffin (oleic phase). Contact angle measurements were carried out between the paraffin
droplet and glass substrate submerged in nanofluids for all the fluids, which was followed
by nano flooding as a tertiary recovery mechanism for different scenarios. Finally, porosity
measurements were carried out to evaluate retention and impairment in the system. In
scenario 1, different concentrations of nanoparticles were used to prepare nanofluids in
a brine solution of 20,000 ppm. The major aim of scenario 1 was to evaluate the impact
of changing concentrations on recovery and identifying recovery mechanisms associated
with the concentration change at lower salinity. Salinity is an important parameter when
nanofluid application in the reservoir is considered. Hence, in the second scenario, the
concentration was kept constant at an optimum concentration from scenario 1, whereas
salinity was increased to 30,000 ppm in case 5, and 40,000 ppm in case 6. The concentration
was enhanced to at least 40,000 ppm, as expected salinity in reservoirs locally was consid-
ered as similar to average seawater salinity, i.e., 35,000 ppm. The experimental design flow
is shown in Figure 3 below:

Coreflooding

Core and Contact Angle Scenario 1
Nanofluid & IFT :
Preparation (Scenario 1) (lefeﬁg'; Wit%
Coreflooding Contact Optimum Wt%
Scenario 2 Cqpp at Angle+IFT Np from Scenario
Different Salinities (Scenario 2) 1

Analysis of Recovery

Stability Inﬁ);;iorsrlrfgnt Potential,
Observance Evaluation Mechanisms,

Retention, stability

Figure 3. Flow diagram of experimental design.

2.1. Materials

Six sandstone cores were utilized in the study, among which four cores were of
Castlegate origin, and two Barea sandstone cores were used. Castlegate sandstone is a late
Cretaceous geological formation in the United States with stated average porosities above
20% and stated permeability of 800-1200 millidarcy. Barea sandstone is a widely applied
core on a lab-scale, as it represents one of the active oil and gas formations in the United
States. Both the cores used are considered clean due to lower clay content and hence less
impact of clay swelling is assumed during flooding. The cores were cleaned using Soxhlet
extraction utilizing toluene and were dried in the oven for 24 h. Core properties were
manually measured for physical dimension by a Vernier caliper, whereas porosity was
measured by a saturation method and ascertained by helium porosimeter, and the liquid
brine permeability was measured by LiquidPerm equipment. The properties of the cores
are given in Table 1 below:
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Table 1. Physical and flow properties of sandstone cores.

Case No. Saf(;)s rtf)ne Length Diameter Pore Vogume Poroosity Perrﬁzg:ili ty,
cm cm cm Yo
No. mD
1 A 7.65 3.65 18.37 22.95 502.53
2 B 7.67 3.83 20.86 23.56 470.78
3 C 7.65 3.6 21.53 27.65 602.55
4 D 7.6 3.9 21.88 24.10 536.55
5 E 7.2 3.82 17.10 20.72 465.46
6 F 7.75 3.81 19.69 22.28 482.58

Hydrophilic silica nanoparticles are acquired from Evonik Industries, with an average
particle size of 12 nm and a surface area of 200 +/— m?/g. Silica nanomaterial contains
silica dioxide (S5iO,) beyond 99%. This makes it environmentally and economically feasible
to be applied in larger quantities. Nanofluids were prepared by mixing and stirring the
nanoparticle with a laboratory stirrer at higher rpm and then were placed in an ultrasonic
bath for 1 h for homogenous mixing. Table 2 shows the details of nanofluids used in the
study along with the cores used.

Table 2. Details of nanofluids composition and cores used in the study.

Case No. Silica Cnp wt. % Salinity (ppm) Core

Scenario 1

1 0.02 20,000 Core A

2 0.05 20,000 Core B

3 0.07 20,000 Core C

4 0.10 20,000 Core D
Scenario 2

5 0.05 20,000 Core B

6 0.05 30,000 Core E

7 0.05 40,000 Core F

As can be seen in Table 2 above, four different SiO;-based nanofluids were prepared
for nano flooding with varying silica concentrations. Four Castlegate-type sandstones
were used with porosities in the range of 18-22% for scenario 1. Whereas, in the second
scenario as given in Table 2, the concentration that gave the highest recovery along with
optimum contact angle and IFT changes was utilized as the optimum concentration. The
salinity of the fluid is increased from 20,000 ppm to 40,000 ppm in the latter scenario. The
acquired results are compared to case 2 from the previous scenario, as it had the highest
concentration and optimum mechanisms which are discussed in the results section.

Laboratory grade paraffin oil was used in the study as oil phase, as its properties
resemble local Malaysian light crude oil. The density of paraffin oil was 0.842 g/cm?
and the viscosity was 32 cp at 25 °C. The brine was prepared by mixing sodium chloride
(NaCl) in distilled water. The low salinity was set at 20,000 ppm, whereas at 30,000 ppm
and 40,000 ppm for high salinity evaluation, as the average local seawater salinity is
35,000 ppm.

2.2. Methods
2.2.1. Nanofluid Preparation

Nanofluids are prepared as discussed in the materials section with predesigned param-
eters for different concentrations and salinities. Nanofluids are prepared by mixing silica
nanomaterial in the required wt. %, then the solution is electronically stirred at 500 rpm
for 30 min and then ultrasonicated for 1 h. The appearance of the nanofluid solution
will turn more whitish with increasing wt. %. The concern in nanofluid applications is
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its stability, and so physical observation of the solution will serve as a key indicator for
stability over time.

2.2.2. Contact Angle Measurement

Contact angle measurements are carried out using the KRUSS drop shape analyzer
(DSAZ25E) for the nanofluid-oil-solid system. The setup for measuring the contact angle in
our case was modified to evaluate the contact angle of paraffin oil dropped beneath a solid
glass substrate by the sessile drop method using a modified u-shape syringe.

The setup included a sample stage which was replaced by a transparent glass container
that was filled with nanofluid, and a glass substrate was placed on top, surrounded by
nanofluid, and a drop of 1 micro-liter volume was generated beneath the substrate. At one
end, a light source produces highly focused light and, on the other end, a high-definition
camera was placed that captured the images, which was connected to the computer system
used for data acquisition, as shown in schematic Figure 4 below. The complete functioning
of the equipment is controlled for precision by using software, and acquired images are all
analyzed in real time by the same program.

Automated syringe

Software controller and
t data acquisition
|
1

Glass substrate above
transparent fluid
container

v
i

High definition camera

Light source Sample stage

Figure 4. Schematic for contact angle measurement setup.

As explained above, the stage in our scenario was modified to analyze the contact
angle in the nanofluid-oil-solid system, hence the image quality was impacted by the
reflections from the glass container used, due to which the angles were not measured in
real time. Resultantly, an image processing tool called as Image] was used for measuring
contact angles from acquired images.

2.2.3. Interfacial Tension Measurements

Interfacial tension measurements were carried out between the oleic phase and
nanofluids at room temperature using the Kruss tensiometer (K20), using the standard
Wilhelmy plate method. As given in the materials section, the oil phase in the study
was paraffin oil, hence the IFT measurements were carried out between paraffin oil and
nanofluids at various concentrations at room temperature.

2.2.4. Core Flooding as a Tertiary Recovery Mechanism

Core flooding was carried out using the high-pressure low-temperature HPLT flooding
apparatus. FARS-EOR was the core flooding setup used in our work. Figure 5 below, shows
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a basic schematic of the three accumulators-based core flood experimental setup, with the
labeled components.

<]
Oven i TN

I
|
I
I
I
I
Brine oil fluid I
I
I
I
I
I

Main injection line I

Data acquisition

|
|
|
|
~ I system
Injection I i
pump I ?
|
|
| T e
I Purge Core holder ' ><
line Inlet Outlet
I _______________ I Collection
tube

Confining pressure pump
Figure 5. Schematic of three accumulator-based core flooding setup.

In scenario 1, core flooding was used to investigate the recovery potential of sec-
ondary water flooding and tertiary nano flooding for concentrations of 0.02, 0.05, 0.07,
and 0.10 wt. % of nanomaterials at a salinity of 20,000 ppm. In scenario 2, the optimal
concentration from scenario 1 was utilized to assess the influence of increased salinity
at 30,000 and 40,000 ppm on tertiary flooding. The recovery mechanisms will be investi-
gated with changes in salinity at a constant concentration. The HPLT flooding equipment
was used to carry out the core flooding, as shown in Figure 5. During core flooding, the
confining pressure was set at 1000 psi. A pressure transducer was used for recording
the pressure differential. All the experiments were conducted at room temperature. To
investigate the effect of silica nanoparticles on incremental recovery, the following steps
were be carried out:

(a) To attain initial water saturation, a core plug was saturated with brine ata 1 cc/min
flow rate (equivalent to 5 ft/day velocity in actual reservoir rock).

(b) Then 3—4 PV of oil was injected to ensure that the core plug is completely saturated;
the produced water was then measured to ascertain the oil and water saturations. To
determine irreducible water saturation, water was collected at the outflow.

(c) Asawaterflooding mechanism, brine was flooded to accomplish initial recovery. The
produced oil was collected in the beaker at the outflow to determine the percentage
of oil produced vs. time and injection volume.

(d) Then different nanofluid regimes were flooded to achieve tertiary recovery.

(e) Oil production values were recorded versus time, based on the amount of oil produced.

(f) Additionally, recovery versus the injected oil volume was recorded.
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(g) The pressure differential data against time and pore volume injected was acquired
from the system.

2.2.5. Porosity Impairment

Porosities of all the above-used cores in core flooding were measured after removing
any leftover fluids in the core using toluene by Soxhlet extraction apparatus for 24 h and
then cores were oven-dried for 24 h at 100 degrees centigrade. Once the cores are cleaned
and dried, porosities were measured using a helium porosimeter to measure changes in
the porosity post nano flooding. This assumption was considered because the sandstones
used were considered clean with lower clay content hence there would be no impact of
clay swelling on porosity reduction.

3. Results

The above study’s findings are divided into two scenarios. In scenario 1, concentration
was a variable parameter that had to be optimized based on recovery, stability, and impact
on mechanisms. While salinities in scenario 2 were changed, the optimum concentration
from scenario 1 was used as a constant parameter. With changes in salinity from lower
to higher ranges, this scenario explains the impact of salinities on recovery, stability, and
mechanisms. The retention of nanomaterials was also assessed, with the presumption that
the lower the porosity, the higher the retention of nanomaterials.

3.1. Scenario 1: Different Concentrations

In scenario 1, tertiary nano flooding was performed at concentrations of 0.02, 0.05,
0.07, and 0.10 wt. % at a lower (NaCl) brine salinity of 20,000 ppm. To compare recovery
profiles, an equal volume of nanofluids was injected in each of the four cases. Table 3
(below) enlists all the measurements carried out for the above cases.

Table 3. Flooding data for scenario 1.

Re(f())gery Ultimate gi?:i‘el:i Sor2 %, Displacement
C# Conc. wt. % Core Sorl % . Recovery Post Nano Efficiency,
(Brine) %OOIP  REOVeY  piodin Ed%
%0O0IP ° %OO0IP 8 °
1 0.02 A 35.93 54.42 63.45 09.03 29.40 18.18
2 0.05 B 32.60 54.15 65.13 10.99 2541 22.06
3 0.07 C 23.22 62.12 71.97 09.85 18.58 20.00
4 0.1 D 14.65 55.26 61.84 06.58 11.91 18.68

For scenario 1, the oil recovery output was manually gathered and plotted against
the pore volumes injected. For all four cases, Figure 6 shows the trend of oil recovery by
waterflooding for the first three pore volumes (PV) and nano flooding for the next three pore
volumes (PV). It is implied from the figure below that nano flooding as a tertiary recovery
mechanism enhanced recoveries further, but it is also observed that each concentration
has a different incremental profile. The increase in the concentration of nanomaterial from
0.02 wt. % to 0.05 wt. %, increased tertiary recovery because wettability change and IFT
reduction were at their peak. The recovery impact of concentrations begins to decline after
0.05 wt. %, with 0.10 wt. % producing the lowest recovery. With increasing concentrations,
the fluids’ stability was also seen to decline, implying that the decline in recovery can
be attributed to the instability of nanofluids and a shift in mechanisms from chemical to
mechanical plugging.
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Figure 6. Recovery (%OOIP) vs. Pore Volume injected for scenario 1.

The results from core flooding imply that the highest recovery potential was achieved
by flooding with 0.05 wt. % as the displacement efficiency and incremental recovery by
nano flooding was highest in this case. On the basis of incremental recovery and displace-
ment efficiency, it is implied that the recovery trend was seen rising when nanoparticle
concentration was increased from 0.02 wt. % to 0.05 wt. %, whereas when the concentration
was increased further, it impacted negatively on the recovery potential of the nanofluid, as
shown in Figure 7 below. The highest incremental recovery and displacement efficiency
was achieved when 0.05 wt. % nanoparticles were implied. Whereas a further increase in
concentrations (i.e., case 3 and case 4) reduced the incremental recovery, and displacement
efficiency was decreased likewise.

mmmm Recovery By Nanofluid Displacement efficiency, Ed%
12 25.00

10

» W
: = 20.00
15.00
10.00
5.00
0 0.00
1 2 3 4

Figure 7. Recovery and displacement efficiency comparison for scenario 1.

[e]

RECOVERY %00IP
~ o

N
DISPLACEMENT EFFECIENCY, %

The changes in IFT and contact angle due to concentration changes in the nanofluids
are summarized in Figure 8. As can be seen in the figure below, a rise in nanomaterial
concentration in nanofluids causes contact angle reduction and IFT alterations. When the
fluid was changed from brine to 0.02 wt. % nanofluid, the contact angle was reduced to
82 degrees. The greatest reduction in contact angle was measured when the concentration
was adjusted to 0.05 wt. %; the angle was 52 degrees. This rise is due to disjoining
mechanisms caused by wedge structured impact on fluid and rock vertices. The contact
angle between the oil and the rock is reduced due to the smaller size of nanomaterials and
the disjoining mechanism, as shown in Figure 1. A concentration increase of more than
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0.05 wt. % had no influence on contact angle changes. In the case of IFT, the behavior
was similar to contact angle changes for the first two concentrations, although substantial
changes were still detected at the third concentration of 0.07 wt. %, and IFT began to climb
again for 0.10 wt. %. Alterations in the IFT and contact angle indicate mechanism changes,
which can be related to each nanofluid application’s subsequent recovery profile.

120 20
. 18
g 100 16
bo
2 14
< 12 €
Fﬂ S~
® g 102
g £
g "
© 40 6 =
€
S 2 4
2
Brine(20,000 0
rine(20, 002wt% = 0.05wt% = 0.07wt% = 0.10wt%
ppm)
== Contact Angle 103 82 52 47 46
—IFT 18.5 17.6 14.9 13.5 14

Figure 8. Contact angle (nanofluid-oil-solid), IFT (oil-nanofluid) for different wt. % of nanomaterial.

Porosity measurements were carried out using helium porosimeter post nano flooding;
Figure 9 shows the changes in porosity due to retention of nanomaterials in cores. The
lowest reduction in porosity was recorded for 0.02 wt. % nanofluid, whereas the reduction
was approximately similar for 0.05 wt. % and 0.07 wt. % fluids, which was around 5.5-6%.
The major reduction in porosity was measured for 0.10 wt. % concentration nanofluid
which indicates higher concentrations result in more unstable fluids and agglomeration
tends to plug the pores and absorb on rock surfaces.

30
25
20 =
Z555
15 =
10 =5
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Figure 9. Porosity reduction in scenario: 1.

The pressure difference between the core inlet and outlet was measured, and the data
was obtained from the EOR-Flooding system’s computer. The pressure remained low
throughout the nano flooding, as can be seen in Figure 10, indicating no or low retention.
Whereas for 0.07 wt. %, it began to rise at the beginning and then followed a similar
trajectory to that of lower concentrations after injection of approximately 1.5 PV, indicating
log jamming at the beginning and then gradually declining after production from clogged
pores was achieved. In the case of 0.1 wt. %, the pressure differential remained lower,
indicating rapid clogging of pores at entry due to very unstable particles and, therefore,
many pores were not penetrated by the fluid, resulting in reduced recovery and increased
porosity reduction. The lower pressure differential for 0.02 and 0.05 wt. % indicated
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reduced retention, which was supported by the lower porosity reduction in both cases. In
the case of 0.07 wt. %, the porosity reduction was significant, and the increase in pressure
for the first 2 PV suggests log jamming and pore-throat blockage, however after oil recovery
was ceased, the pressure differential also declined. The reduced pressure of 0.1 wt. % is
unexplainable and does not correspond to a reduction in porosity. The lower recovery, on
the other hand, suggests that the clogged pores were left untapped. The reduction could
be due to bigger particles settling in the first few pores, whereas the rest of the pores were
not affected by nanofluids.

—(0.02 Wt %  ==—0.05wt % 0.07 wt % 0.10 wt %
18

16

PRESSURE CHNAGE, PSI

4 \\, |
2 o W/L\\M\/\, Ml\lr\r\/\/*"”“-’““""‘.
' LT
1 2 3 4

5 6
PV INJECTED

Figure 10. Pressure differential profile vs. pore volume, for different silica nanofluid concentrations
at 20,000 ppm.

3.2. Scenario 2: 0.05 wt. % at 30,000 ppm and 40,000 ppm

In the second scenario, the concentration was kept constant at 0.05 wt. %. In case 6,
salinity was increased to 30,000 ppm, whereas it was increased to 40,000 ppm in case 7.
The output of flooding and other evaluations in this scenario was compared with that of
0.05 wt. % nanofluid at 20,000 ppm from the previous scenario which was termed as case 5
for comparison in this scenario. The recovery and saturation data is given in Table 4 below:

Table 4. Flooding data for scenario 2.

0il Ultimate

Salinit Sorl % Recove oil Nanofluid Sor2 %, Displacement
Case ppm y Core Post Brine (Brine;y Recovery Recovery Post Nano Efficiency,
M M o, o,
Injection %OO0IP % OOIP %eOOIP Flood Ed%
5 20,000 B 32.60 54.145 65.132 10.987 25.41 22.06
6 30,000 F 21.65 65.74 74.07 8.33 16.39 24.30
7 40,000 G 18.89 68.12 79.32 11.2 12.29 34.94

As may be determined, the case with the highest salinity had the highest displacement
efficiency, indicating alterations in mechanisms and fluid impact. The recovery profiles of
the above instances are compared in Figure 11. When salinities were increased, nanofluids
were still able to improve recoveries even more, demonstrating that they have a lot of
potential for recovery improvement due to mechanical mechanisms.
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Figure 11. Recovery (%OOIP) vs. pore volume injected for scenario 2.

When comparing incremental recovery profiles, it was discovered that when salinities
were increased, the incremental recovery profile displayed an interesting tendency. When
salinities were increased to 30,000 ppm, incremental recovery by nano flooding was lowered.
However when concentrations were increased even more, tertiary nanofluid flooding
recorded the highest increment in oil recovery, as seen in Figure 12 below:
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Figure 12. Recovery and displacement efficiency comparison for scenario 2 at 20,000, 30,000 &
40,000 ppm salinity.

When salinity was increased for a concentration of 0.05 wt. %, the contact angle
and IFT changes were impacted inversely to scenario 1. In the case of IFT, as the salinity
was increased IFT also increased. Whereas in the case of contact angle, the angle was
increased from 52 to 66—67 degrees when salinity was increased, which indicates the
mechanism might have shifted from IFT reduction and wettability change to another
dominant mechanism. The trend can be seen in Figure 13.

When porosities were measured for this scenario, again a two-fold relation between
salinity and retention was observed as seen in Figure 14. When salinity was increased
to 30,000 ppm, the reduction in porosity was much lower than the case at 20,000 ppm,
whereas when the salinity was increased to 40,000 ppm, the reduction was highest among
all cases, indicating the highest retention in this case.



Energies 2021, 14, 5767

14 0f 18

120 20
18
wv
g 100 16
oo
3 80 14
E 12 £
‘éb 2
< 60 10 €
QG E
© - —
T 40
S 6
20 4
2
0
Brine_20,000 = NF_20,000 NF_30,000 NF_40,000
e Contact Angle 103 52 67 66
e | FT 18.5 14.9 15.5 18.2

Figure 13. Contact angle (nanofluid-oil-solid), IFT (oil-nanofluid) for different salinities (ppm) at 0.05 wt. % nanomaterial.
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Figure 14. Porosity reductions for cores used in scenario 2.

Figure 15 shows the pressure differential profile for increasing salinities at 0.05 wt. %.
At 2000 ppm salinity, lower retention occurred because the differential pressure remained
lower, and the velocity difference between the solvent and nanomaterial must have been
negligible. In the case of 30,000 ppm salinity, retention was reduced, most likely due
to clogging of the pores at the entrance and bypassing most pores, resulting in lower
recovery and retention in the core. The intake of the core was discovered to have residue of
nanomaterials at the front after flooding. The pressure differential increased linearly until
1PV was injected in the third case, resulting in higher oil production. When production
started to fall, the injection rate was increased to 5 mL/min, which resulted in a higher
differential but no improvement in recovery. This case displayed maximum retention
due to agglomerations and material drop at higher injection rates, as well as significant
velocity differences due to pre-throat plugging and log jamming, between the solvent and
the nanoparticles.
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Figure 15. Pressure differential profile comparison for 0.05 wt. % silica nanofluids at different salinities.

4. Discussion
4.1. Recovery Potential

In published studies, silica nanofluids were demonstrated as an effective tertiary
recovery strategy, and they were also shown to boost recoveries dramatically. This study
was able to discover two distinct patterns and their implications on recoveries and processes
by using an integrated strategy that comprised concentration, salinity, and stability. All the
concentrations promoted recovery; however, recovery began to decline at lower salinity
when concentrations were increased beyond 0.05 wt. %. The recovery was reduced
at 30,000 ppm but enhanced at 40,000 ppm salinity when the salinity was increased at
0.05 wt. % nanoparticles, which could be due to a short-term influence from flow route
constraints induced by the aggregation of the nanomaterial in the fluid. Increased recovery
despite lesser aid from the contact angle and IFT mechanisms in the case of 40,000 ppm, one
of the most unstable fluids as evidenced by reduction in porosities, indicate log jamming
and mechanical entrapment as a key mechanism.

4.2. Recovery Mechanisms

The most typical recovery methods during the application of silica nanofluid flooding
were contact angle adjustments to water-wet, interfacial tension reductions, and log jam-
ming, or mechanical entrapment. At concentrations of 0.02 wt. %, contact angle reduction
and interfacial tension reduction appear to affect recovery. However, a lower reduction
in porosity implies the lack of log jamming or mechanical entrapment of nanoparticles.
When the concentration was increased to 0.05 wt. percent, the contact angle was reduced
the most, indicating wettability change as the most dominant mechanism, while the IFT
was also reduced, indicating a reduction in tension between the liquids, which also served
as an important mechanism in enhancing recoveries. Porosity reduction was also found,
indicating the presence of a less apparent but significant log jamming mechanism.

There was a decrease in recovery when the concentrations were increased even higher,
which was accompanied by changes in contact angle and IFT. This means that as concentra-
tions were increased, wettability and IFT changes were not able to keep up, resulting in
the formation of more unstable fluids. Even while the changes in contact angle and IFT
were identical in both situations, 0.07 wt. % was able to significantly enhance recovery, but
0.10 wt. % nanofluids recovery was only 6.58%, showing that log jamming, and pore throat
plugging are more prominent when stability is compromised.

In the case of salinity changes, the recoveries decreased as the salinity increased. As
seen in Figure 13, the fundamental reason for the reduced recovery is that stability is quickly
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compromised, which has a negative impact on contact angle and IFT. At 40,000 ppm, on
the other hand, the solution became extremely unstable, as indicated by the fact that
when nanofluids were synthesized, visible white particles emerged within hours, and the
same was found in recovery samples collected. Pore plugging is considered the recovery
mechanism in this case. The injected fluid may have freed oil in neighboring unclogged
pores with higher pressure due to log jamming or mechanical entrapment, as evidenced by
the largest reduction in porosity in this case.

4.3. Stability

Stability was recognized as one of the underlying key parameters that is influenced
by a variety of factors. When the concentration was increased, the fluids appeared to lose
their stability, which might explain the lower recovery at higher concentrations. Stability
appears to influence contact angle and IFT variations. When the salinity was increased
from 20,000 ppm to 30,000 ppm at 0.05 wt. % nanoparticles, the stability of the solution
tended to decline much more quickly. The requirement for determining an optimal set
of variables arises as a result of the preceding observation. Increase the concentration
to the point where stability is unaffected, while more studies should be performed into
techniques to improve stability at higher salinities and temperatures.

5. Conclusions

In a range of nanomaterial concentrations (i.e., 0.02, 0.05, 0.07, and 0.10 wt. %) and
saline conditions, silica-based nanofluid flooding improved recoveries. Concentration
assisted recovery up to a point (i.e., 0.02 and 0.05 wt. %), after which stability was negatively
impacted and recovery began to decrease. This phenomenon is linked to variations in
stability caused by particle agglomeration as concentration was increased. Mechanical
entrapment and pore plugging became active mechanisms that were not as efficient as
chemical methods at 0.07 and 0.10 wt. %, whereas the reduction in porosity in these cases
points to higher retention. As a result, chemical recovery mechanisms lost their dominance,
and mechanical entrapment and pore plugging became active mechanisms that were not
as efficient as chemical methods.

When salinity was raised (from 20,000 to 40,000 ppm), the stability of the previously
optimal concentration was also affected. Hence this outlines that higher salinity will have
an adverse effect on stability even in concentrations that were stable at lower salinity.
Resultantly, the recovery was decreased with an increase in salinity and the reason for this
decrease is again because the recovery mechanisms of wettability change and IFT reduction
were adversely affected.

The analysis of recovery mechanisms revealed variations in the dominance of the
mechanism with changes in concentration and salinity parameters, which finally destabi-
lized the solution as they were increased. In the case of lower salinity, the contact angle and
interfacial tension were among the dominant recovery mechanisms for concentrations of
0.02% and 0.05%, whereas in a higher concentration, their effect was reduced in the case of
0.07 wt. % fluid and was almost completely lost when the solution became 0.10 wt. %. In
higher concentrations and a high saline environment, log jamming or mechanical entrap-
ment was found as an important mechanism. Higher reductions in porosity were found
when stability was impaired at higher concentrations in a low saline environment and
lower concentrations in a higher saline environment, owing to nanomaterial retention in
the system.

At 20,000 ppm salinity, 0.05 wt. % silica nanomaterial concentration was found to
be the optimal concentration, resulting in the highest 0il recovery, with the presence of
most of the nano-induced recovery mechanisms, such as wettability changes to water-wet,
IFT reduction between the fluids, log jamming, and mechanical entrapment, as well as
better stability. Thus, in the case of silica nanofluid application, this integrated study has
outlined two-fold impacts of various parameters, concluding that when an optimized set of
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independent parameters, such as particle type, size, concentration, and salinity, is selected,
more optimized recoveries can be achieved.
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