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ABSTRACT

In oil recovery technique using SiO2 nanoparticles, evaluating the transportability of the nanoparticles in various
sandstones contributes to controls of fluid behaviour in petroleum reservoirs and improvement of oil recovery
factor. In the core flooding test with high-content kaolinite sandstones, the maximum oil recovery of about 4.5%
was obtained by injecting negatively surface charged nanoparticles without adsorption of a large amount of the
SiO2 nanoparticles on the rocks and the pore channels plugging effect. The main mechanisms of the oil recovery
were suggested wettability alteration changing to more water-wet on the rock surface and increase of disjoining

pressure.

Keywords: Enhanced oil recovery, Chemical flooding, SiO, nanoparticles, Kaolinite, Transportability,

Physicochemical interaction

1. INTRODUCTION

As the demand for crude oil keeps growing and
new discoveries of oil reservoirs are declining,
enhanced oil recovery (EOR) technique such as gas
flooding, thermal flooding, and chemical flooding
plays a key role to increase recovery factor for energy
demand side [1]. However, large amounts of oil
deposits still remain unrecovered after the application
of conventional EOR methods such as gas flooding.
Chemical EOR has been adjudged as an efficient oil
recovery technique to recover bypassed oil and
residual oil trapped in the reservoir [2]. Chemical
flooding like surfactants is also an important
technique to reduce the mobility ratio and to recover
the remained oil [3]. However, the injected surfactant
solution contacts both reservoir fluid and formation
rock surfaces. Therefore, high adsorption of
surfactant molecules onto internal pore surfaces in
the formation of rock leads to insufficient surfactant
molecules to interact with reservoir fluids and makes
surfactant flooding economically inapplicable [4, 5].
Recently, applying nanoparticles (NPs) to the EOR

technique has been studied. The NPs for EOR
techniques such as SiO; nanoparticles (SNPs) have
been useful materials for oil recovery due to
environmentally friendly materials compared to other
chemical substances and lower operation costs for
water-based fluid without adding other materials and
large-scale facilities. Many researchers proposed that
(1) disjoining pressure [6, 7], (2) pore channels
plugging [8], (3) wettability alteration [9], (4)
interfacial tension (IFT) reduction [10] are the main
mechanisms of the oil recovery with SNPs. In
contrast, the SNPs material in reservoir conditions
tend to aggregate each other and adsorb onto a rock
surface, which prevents the transport of SNPs in oil
reservoirs. In addition, clay minerals in sandstones
such as kaolinite have preferentially hydrophobic, or
more oil-wet [11-13]. The structure of kaolinite is
differently charged sites as surface potential
(negatively charged) and edge potential (positively
charged) [14]. The surface characteristics of kaolinite
minerals may react with SNPs material to occur pore
channels plugging. Thus, the relation between clay
minerals and the SNPs material in the wettability
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alteration process is still required to understand the
transportability of the SNPs and oil recovery.

The aim of this research is to elucidate the effects
of oil recovery and transportability of SNPs by core
flooding test with different kaolinite content in
sandstones, which evaluate the relationship with the
various factors such as IFT (oil-water), wettability
(oil-water-rock), and zeta potential.

2. EXPERIMENTAL

2.1. Materials

The fluid properties used in this experimental
study were shown in Table 1. Artificial water, which
represents the reservoir formation water, was
synthesized of 40000 ppm NaCl using distilled water.
The density and viscosity of the artificial water were
1.04 g/cm® and 1.01 cP. A 1000 ppm NaCl water was
prepared in order to utilize it as primary injection
fluid for the flooding test. Negatively charged silica
nanoparticles (SNPs-A) and positively charged silica
nanoparticles (SNPs-B) were prepared, and both
SNPs have a diameter of approximately 12 nm. The
silica concentrations of SNPs-A and SNPs-B diluted
by 1000 ppm of NaCl water were 1000 ppm. The
density and viscosity were 1.04 g/cm?® and 0.97 cP for
SNPs-A and 1.05 g/cm® and 0.99 cP for SNPs-B at

Table 1. Characteristics of fluid at 20°C
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20°C. The density and viscosity of crude oil were
0.85 g/cm® and 7.7 cP at 20°C.
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Figure 1. Pore size distributions of the sandstones
(Buff Berea, Sansaba, Bandera Brown)

Three areas of sandstone samples are composed
of 7%, 13%, 15% kaolinite as shown in Table 2. Pore
size distributions (PSDs) and total porosities of the
sandstone samples were shown in Figure 1. Buff
Berea and Sansaba samples have close porosity of
approximately 21-23%, and Sansaba sample has a
higher kaolinite content of 13% and narrower pore
space than Buff Berea sample. Bandera Brown
sample has a high porosity of approximately 31%,
which has the almost same kaolinite content and the
tendency of PSD as the Sansaba sample.

. Salt concentration | SNPs concentration Surface Specific gravity Viscosity
Fluid 3

(ppm) (ppm) charge (9/cm’) (cP)
NaCl 40000 0 - 1.04 1.01
NaCl 1000 0 - 1.01 0.98
SNPs-A 1000 1000 Negative 1.04 0.97
SNPs-B 1000 1000 Positive 1.05 0.99
Crude oil - - - 0.85 7.7

Table 2. Mineral components of the sandstones (Buff Berea, Sansaba, Bandera Brown)

Rock sample Quartz (%) Kaolinite (%) Montmorillonite (%) | Muscovite (%)
Buff Berea 93 7 <0.1 <0.1
Sansaba 86 13 <0.1 <0.1
Bandera Brown 84 15 <0.1 <0.1

2.2. Core Flooding Test

All core plug samples used for the core flooding
test were around 25.4 mm in diameter and 50.8 mm
in length. The core plugs were cleaned with toluene
and methanol to remove organic contaminants, which
dried at a temperature of 60°C under a low-pressure

condition for more than 24 hours to expel solutions
such as water. These core plugs were fully saturated
with 40000 ppm NaCl water using a vacuum
desiccator. The core plugs were set the core holder of
the core flooding apparatus (Vinci Technology, SRP-
350) shown in Figure 2, and the samples were
saturated with crude oil.
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Prior to the core flooding test, the core plugs
saturated with crude oil were aged for more than 20
days at 60°C under atmospheric pressure. After these
processes, the core plugs were applied to confine
pressure of approximately 2000 psi using a hand
pump and temperature of 60°C by means of a heat
jacket of the core holder. The displacement fluids
were injected into core plugs to displace the crude oil
in the core flooding test. The procedures of the core
flooding test were conducted as following: injecting
1000 ppm NaCl water for primary flooding by the
end of oil production (100% water cut), injecting
SNPs fluids for secondary flooding by 100% water
cut. The core plugs and injection fluids used for the
core flooding test were shown in Table 3.
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Figure 2. Schematic diagram of core flooding
apparatus

Table 3. Core plugs and injection fluids for core flooding test

No. Rock Diameter | Length | Porosity pervr;I:;E?lity sg][i;[ir?tg:w IF;ITeTt??r/I . _Secc.)ndary.
sample (mm) (mm) (%) (mD) (%) fluid injection fluid
1 BBe‘i; 25.7 50.7 211 1103 94.7 10’8'§§:)m SNPs-A
2 | ot 253 50.7 233 1305 81.9 log‘gﬁ:)m SNPs-B
3 | sansaba | 252 505 226 415 843 10’8|§§||om SNPs-A
4 Bé"rr‘oo\'ﬁga 24.8 51.1 314 50.6 86.5 10'8'8‘%”1 SNPs-A

2.3. Contact Angle Measurement

Each contact angle between crude oil and rock
samples in the SNPs fluids was measured by the
rising drop method using a contact angle goniometer

(Meiwafosis, Phoenix-300). The contact angle
measurements were measured at 20°C under
atmospheric pressure.
2.4. IFT Measurement

IFT measurement between crude oil and

displacing fluids (SNPs fluids, NaCl water) was
determined by the pendant drop method (EKO
instrument, OCA35). The IFT measurements were
measured at 20°C under atmospheric pressure. The
apparatus continuously captured the small oil drop
per 10 seconds for 25 minutes.

2.5. Zeta Potential Measurement

The Zeta potential of SNPs and sandstones was
measured using the dynamic laser light scattering
apparatus (Otsuka Electronics, ELSZ-1000ZS) to
evaluate the electrostatic force of the samples.

The interaction between SNPs and sandstones was
evaluated by estimating the repulsive and attractive
forces of the samples under each pH condition.

2.6. Evaluation of Transportability of the
SNPs in Rock Cores

The transportability of the SNPs was firstly
evaluated with the amounts of SNPs left in the rock
cores after a core flooding test. Then the
concentrations of the SNPs in effluent solution
through rock cores were estimated by use of
microwave plasma atomic emission spectrometer
(Agilent  Technology, 4210 MP-AES). The
concentration of SiO, was calculated based on the
standard curve of Si (standard solution: 1 ppm, 5
ppm, 10 ppm). For fitting the range of the standard
curve, 100 times diluted effluent solutions were
prepared. The effluent solutions through rock cores
were collected each 1 Injected Pore Volume (PV) in
core flooding tests.

To evaluate the plugging effects of SNPs, the gas
permeability of the rock core after the core flooding
test was measured. After the core flooding test, the
core plugs were kept in toluene and methanol for
removing crude oil and salt components in the cores
for 7 days. After the cleaned cores were dried, the
permeability of each core plug was measured, and
compared with the initial gas permeability. The gas
permeability of the cores was measured using a gas
porosimeter (Vinci Technology, Poro Perm).
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3. RESULT AND DISCUSSION

3.1. Core Flooding Test

The core flooding tests were carried out to
measure oil recovery factor and differential pressure
by injecting 1000 ppm NaCl water and 1000 ppm
SNPs fluids. In the case of Buff Berea (kaolinite 7%),
Figure 3 shows that oil recovery for (a) SNPs-A
(negatively surface charged) fluid flooding and (b)
SNPs-B (positively surface charged) fluid flooding
was obtained 4.1% and 2.0%, respectively. The
differential pressure behaviour showed an almost
steady in the injection process of SNPs-A, while the
increases of differential pressure could be observed in
the injection process of SNPs-B. Since the SNPs-B
and the rock sample have different surface charges,
positive and negative, a large amount of SNPs were
adsorbed on the rock surface, causing pore channels
plugging effect.
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Figure 3. Oil recovery factor and differential
pressure in the core flooding test for Buff Berea with
(a) SNPs-A, (b) SNPs-B

Figure 4 shows that oil recovery for (a) Sansaba
(kaolinite 13%) and (b) Bandera Brown (kaolinite
15%) was obtained 4.4% and 4.5% by injecting
SNPs-A, respectively. The Sansaba showed a
relatively high pressure due to its lower total porosity
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than Bandera Brown with the same trend of micro-
pores. In addition, the pressure increase in the SNPs
injection process in Figure 4 (a) was due to the slight
plugging effect caused by the pore characteristics of
Sansaba.
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Figure 4. Oil recovery factor and differential
pressure in the core flooding test with SNPs-A for ()
Sansaba, (b) Bandera Brown

3.2. Contact Angle Measurement

The contact angle in a three phases system is
defined as water-wet in the range of 105° to 180°,
intermediate-wet in the range of 75° to 105°, and oil-
wet in the range of 0° to 75° for this experiment. The
measurement of the contact angle between crude oil
and rock in the SNPs fluids or salinity water at 20°C
under atmospheric pressure is shown in Figure 5. The
contact angle with SNPs-A and SNPs-B fluids for
Buff Berea was increased from 141.8° to 147.8° and
140.6° to 145.4°, respectively (Figure 5 (a)). Both
SNPs-A and SNPs-B could change the wettability of
the rock to more water-wet compared with only NaCl
water. On the other hand, the contact angle with
SNPs-A fluids for Buff Berea (kaolinite 7%),
Sansaba (kaolinite 13%), and Bandera Brown
(kaolinite 15%) increased from 141.8° to 147.8°,
140.5° to 150.6° and 143.6° to 148.2°, respectively.
These results suggest the improvement of the
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displacement efficiency based on the wettability

alteration changing to more water-wet.
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Figure 6 shows that the IFT between 1000 ppm
NaCl and crude oil is about 1.82 mN/m, and the IFT
between 1000 ppm SNPs-A fluid and crude oil is
about 2.22 mN/m. According to the calculating value
of the capillary number applied by the IFT values, it
indicated that SNPs-A would hardly affect the
improvement of the displacement efficiency for the
crude oil used in this experiment (Table 4).
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Figure 6. IFT between crude oil and 1000 ppm
SNPs-A fluid, 1000 ppm NaCl at 20°C

3.4. Zeta-Potential Measurement

Figure 5. Contact angle results (a) SNPs-A and
SNPs-B for Buff Berea, (b) SNPs-A for Buff Berea,
Sansaba and Bandera Brown at 20°C

Figure 7 shows that the zeta potentials of Buff

3.3. IFT Measurement

The pendant drop method was used in this
experiment to quantify the IFT value between crude

oil and 1000 ppm SNPs-A fluid, 1000 ppm NaCl.

IFT was measured to evaluate displacement
efficiency between fluid and fluid by capillary

number (N¢), which is determined Equation (1).

Berea (kaolinite 7%), Sansaba (kaolinite 13%), and
Bandera Brown (kaolinite 15%) have negative values
due to the negatively charged quartz in the sandstone
samples. The absolute value of the zeta potential of
Bandera Brown (kaolinite 15%) tended to be lower
than Buff Berea (kaolinite 7%) due to the interaction
of positively charged kaolinite. The grey colour area
in Figure 7 demonstrates the pH conditions in the
core flooding test. SNPs-B has positive charges under
the pH conditions, suggesting that a surface electric

Ne="> )
Where u is viscosity (cP), » is darcy’s velocity (m/s),
g is interfacial tension (mN/m). If the capillary
number is under 105, oil trapped in the reservoir may

generally start to move [15].

Table 4. The values of a parameter of fluid at 20°C
and the capillary number

charge is one of the factors of the pugging effect.
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3.5. Evaluation of transportability of the
SNPs in rock cores

SNPs concentration in the effluent in the core
flooding test was measured to estimate the amounts
of SNPs left in the core (Figure 8). In Figure 8, the
fluid injection processes are divided into three parts;
section (A) is 1000 ppm NaCl water as primary
flooding, section (B) is 1000 ppm SNPs fluid as
secondary flooding, and section (C) is 1000 ppm
NaCl water as post flush. The red dash line in Figure
8 demonstrates the concentration of the injection of
SNPs in the core flooding tests. In Figure 8 (a), the
SNPs-A concentration in effluent reached the peak
(red dashed line) in the section (B). In the post flush
process of section (C), its concentration was
decreased to almost the same level in section (A),
which indicated the SNPs-A left in the core were
removed by the post flush, while most of SNPs-B
were left in the cores based on the SNPs-B
concentration in section (B) and (C). In this core
flooding test of Figure 8 (a), 8.4% of SNPs-A was
left in the Buff Berea (kaolinite 7%) with respect to
the amount of SNPs-A injection, while 95% of SNPs-
B was left in the rock core. In the case of different
rock types of Figure 8 (b), SNP-A reached the peak
and most of SNPs-A were discharged in the post-
flush processes.
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Figure 8. SNPs concentration in the effluent in the
core flooding tests (a) with SNPs-A and SNPs-B for
Buff Berea, (b) with SNPs-A for Buff Berea, Sansaba
and Bandera Brown
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The amount of SNPs-A left in the Sansaba (kaolinite
13%) and the Bandera Brown (kaolinite 15%) was
estimated to be 18.6% and 5.7%, respectively.
Sansaba sample, which has high kaolinite contents
and low permeability, had relatively more SNPs-A
left in the core than other rock samples.

Table 5 shows the reduction ratio of gas
permeability of the rock cores before and after the
core flooding test. In the case of SNPs-B, the
reduction rate of gas permeability was 63.3%, while
the reduction rate of SNPs-A with the same rock
sample (Buff Berea) was 7.7%. It suggests that the
pore plugging effect of SNPs-B was remarkable. The
reduction rates of the permeability correlate with the
SNPs concentration in the effluent (Figure 8), which
supports the understanding of the transportability of
SNPs in the rock cores.

Table 5. The change of gas permeability of core
plugs after SNPs flooding

Injection Gas permeability Reduction
fluid in Rock (mD) ratio of gas
core samole Before After permeability
flooding P SNPs SNPs (%)
test flooding | flooding
SNPs-B
Buff
1000 Berea 361.3 230.3 63.3
ppm
Buff 3162 | 2019 | 7.7
SNPs-A | Berea
1000 Sansaba | 68.2 54.5 20.1
m
PP Bandera | 4, , 69.8 59
Brown

3.6. Evaluation of total energy of interaction

The oil recovery effect and transportability of
SNPs in this experiment are discussed from the
perspective of the total energy of interaction in this
section. At first, evaluation of the interaction between
SNPs and rock surface was conducted by use of the
Derjaguin - Landau - Verwey - Overbeek (DLVO)
theory. This theory shows that when two particles are
near each other, the stability of particles in solution is
affected by the total energy of interaction (Vr), which
is determined by Equation (2).

Ve = Vour + Viva (2
where Vpir is the electric double-layer energy and

Viva is the attractive energy. Vpir is expressed as
Equation (3) [16].

. B 1+Exp[—KR)
Vor = (24 /4) {2515: ln[m]

(¢ + &) Inl1 - e:-:p{—Exh:I]}
@)
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where Vpir is the electric double-layer energy. { is
zeta potential of the sample, = is dielectric constant,
A, is the size of SNPs, h is the distance of the two
particles, and x is Debye length. To estimate Vp.r, the
zeta potential ({, and {;) measured in the previous
section is applied to the equation. The positive sign
shows that this energy is repulsive dominantly.
Equation (4) is presented for Viva[16].

—Ag 2¥(L+H) H

Viva = 2 x m+ln(?)] @)

Viva is the London-van der Waals energy and
plays an important role in reinforcing the attachment
of particles to pore surfaces. The negative sign shows
this energy is attractive dominantly. Where Ay is the
Hamaker constant, H is the distance of separation. To
prevent the concealment of dimensions in the
calculation, the dimensionless form of the V1 is
obtained from Vr divided by the product of the
Boltzmann constant Kg and temperature T. Equation
(5) shows the dimensionless form of this total energy.
Vep = 20 ®)

KgxT

where Vrp is the dimensionless form of the total
energy of interactions. Table 6 shows the values for
calculating Vtp. Debye length referred to the
reference [16].

Since the effluents in the core flooding test had a
pH of around 6.8, the Vrp between SNPs and the rock
surface was calculated by use of the zeta potential at
the point. The calculated Vp focused on both SNPs
with Buff Berea (kaolinite 7%) is shown in Figure 9
(a). As the results, when the distance of SNPs-A and
Buff Berea surface is close, SNPs-A has repulsive
due to the positive value of Vrp, while SNPs-B has
attractive due to the negative values of Vip. The
calculated Vrp between SNPs-A and Buff Berea
(kaolinite 7%), Sansaba (kaolinite 13%), and Bandera
Brown (kaolinite 15%) were negative values, as
shown in Figure 9 (b). SNPs-A has stable adsorption
on the rocks and dispersion in the sandstone cores
regardless of the kaolinite contents.

3.7. The mechanism of oil recovery with
SNPs

Disjoining pressure is considered as one of the
mechanisms of oil recovery with SNPs. Disjoining
pressure is presented by Equation (6) [17].

II= Hlm' + Hd + Hsr (6)
where II is the disjoining pressure, I, is the van

der Waals force, Il is electrostatic and I is the
structural forces arising from the ordering of the
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nanofluid’s particles in the wedge film. Based on the
calculations of the total energy of interaction between
SNPs-A and Buff Berea, Sansaba, and Bandera
Brown, the electrostatic IT; works to maintain the
repulsion force, which forms the disjoining pressure.

Table 6. Constant values for the calculation of V1p

Constant Value
Dielectric constant () 8.9: 1012
Particle radius (Ap) 12 %10°m
Debye length (i[16] (9.6 x10%1m
Hamaker constant (An) 6.0 2102
Boltzmann constant (Ks) 1.4 %102 J/K
Temperature (T) 333K

This is the reason the contact angle between
SNPs-A and each rock sample could be changed to
more water-wet (Figure 9 (b)). Also, the total energy
of interaction between SNPs-B and Buff Berea might
be shown that the rock surface was modified to be
more water-wet due to the adsorption of the SNPs-B
on the rock surface (Figure 9 (a)).
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Figure 9. The calculated V+p is the distance of SNPs
and rock surface: (a) Vp between SNPs-A, SNPs-B,
and Buff Berea, (b) Vo between SNPs-A and Buff
Berea, Sansaba and Bandera Brown

4. CONCLUSION

In the core flooding test with negatively charged
SNPs-A, the maximum oil recovery factor of about
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4.5% was obtained even with high-content kaolinite
sandstones. The main mechanism of the oil recovery
was wettability alteration changing to more water-wet
on the rock surface in this experiment conditions,
which works disjoining pressure between crude oil,
SNPs fluid, and rock. The positively surface charged
SNPs-B was highly adsorbed on the rock surface,
causing pore channels plugging effect. In contrast, it
was suggested that the transportability of SNPs-A is
effective for various sandstones.
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