J Surfact Deterg (2017) 20:1095-1104
DOI 10.1007/s11743-017-1992-2

CrossMark

@

ORIGINAL ARTICLE

Experimental Study of Nanofluids Applied in EOR Processes

Tereza Neuma de Castro Dantas’ - Tamyris Thaise Costa de Souza' «
Afonso Avelino Dantas Neto' - Maria Carlenise Paiva de Alencar Moura'* -

Eduardo Lins de Barros Neto!

Received: 21 December 2016/ Accepted: 18 June 2017 /Published online: 5 July 2017

© AOCS 2017

Abstract Nanoemulsions are small droplet-sized systems
that have low surface tension and a small percentage of
active material in their composition. In this study, low oil
content nanoemulsion systems were developed for the use
in enhanced oil recovery (EOR). The experiments were
performed on a device capable of simulating petroleum
reservoir conditions using sandstone rock cores.
Nanoemulsions were obtained from a pre-selected
microemulsion system composed of: RNX95 as surfactant,
isopropyl alcohol as cosurfactant, kerosene as oil phase,
and distilled water as aqueous phase. Different percentages
of polyacrylamide were added to the systems obtained to
evaluate the influence of viscosity in EOR results. The
nanoemulsion droplet sizes ranged from 9.22 to 14.8 nm.
Surface tension values were in the range of 33.6-39.7 dyn/
cm. A nanoemulsion system with 2.5 wt% surfactant was
used in EOR assays. The oil recovery was directly pro-
portional to polymer percentage in the nanoemulsion,
ranging from 39.6 to 76.8%. The total oil in the place
recovery ranged from 74.5 to 90%.
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Introduction

Enhanced oil recovery (EOR), or tertiary oil recovery, is a
method used to recover additional oil remaining in reser-
voirs after primary and secondary recovery processes [1].
In the EOR technique, different types of surfactants alter
interfacial properties and foam behaviors [2]. Polymers are
also used in EOR to improve the water/oil mobility ratio by
increasing the viscosity of the displacing fluid (water) [3].

The application of surfactant solutions and microemul-
sions in EOR methods leads to increased oil recoveries [4-6].
The addition of polymer to these surfactant systems can
create a very stable displacement front, increasing sweep
efficiency. The use of surface active agents enhances oil
recovery due to the following mechanisms: (1) production of
very low interfacial tension (<10™> mN/m) between oil and
flooding solution; (2) spontaneous emulsification or
microemulsification of the trapped oil; (3) alternation of the
interfacial rheological properties at the oil-flooding solution
interface; and (4) control of the wettability of the rock pores,
optimizing oil displacement [7].

The microemulsion systems generally use high amounts
of surfactants for this kind of application. However, the use
of nanoemulsion systems presents an alternative for this
application.

Nanoemulsions, also referred to as miniemulsions or
submicrometer emulsions, are transparent or translucent
colloidal systems, with very small droplet size [8, 9].
Nanoemulsion droplets are kinetically stable against sedi-
mentation or creaming. There are significant differences
between nanoemulsions and microemulsions. The former
are thermodynamically unstable systems and usually
require energy input for their formation while the latter are
thermodynamically stable and form spontaneously. The
main advantage of nanoemulsions over microemulsions is
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the use of moderate to low surfactant concentration, con-
sidering that microemulsions require large amounts of
surface active matter [10-17].

According to Anton et al. [18], the main advantage of
nanoemulsions is their great droplet suspension stability.
This kinetic stability against dilution and temperature
changes, which can last for months, makes nanoemulsions
prime candidates for nanoparticle engineering.

After conventional oil recovery, high amounts of oil
remain retained in the reservoir rock. Enhanced oil
recovery (EOR) methods act on the characteristics of the
reservoir rock, as well as on its interaction with fluids,
changing its wettability and fluid miscibility, aiming for the
production of the retained oil [19]. According to Rebinder
[20], solubilization is of great interest in oil recovery.
Solubilization takes place, however, only in micellar
solutions of surfactants, i.e., in two-phase colloidal solu-
tions of surfactants, at a concentration greater than the
critical micelle concentration (c.m.c.).

Overall, the current EOR studies applying chemical
fluids seek to determine the influence of some parameters
in oil displacement. Several references discuss and evaluate
the action of different types of chemical systems, such as
polymers [21, 22], surfactants [23, 24], and microemul-
sions [5, 25, 26]. For application of chemical systems in
EOR, the most important parameters to be considered are:
interfacial tension [27-29], surface tension [2, 30], droplet
size [27, 31], viscosity [32-35], wettability [26, 36, 37],
and characteristics of the associated porous media [38, 39].

Daghlian Sofla et al. [40] evaluated the action of three
synthetic ionic surfactants (CTAB, SDS, AOS) and one
natural surfactant (extracted from leaves of Zizyphus
Spina-Christi trees) on the modification of interfacial ten-
sion (IFT) and wettability. The authors demonstrated that
the natural surfactant can reduce the oil-water IFT, but the
synthetic ones show better efficiency [40]. Shafiee Najafi
et al. [41] demonstrated that the size and shape of
microemulsion aggregates (CTAB) have a direct influence
on viscosity. They observed that the transition of the
aggregate shape from spherical to cylindrical leads to an
increase in the system viscosity [41]. Sharma and Sangwai
[42] developed SiO, stable nanofluids of polyacrylamide,
with and without addition of a surfactant (sodium dodecyl
sulfate, SDS). They evaluated the droplet size (DLS),
surface tension, and viscosity of the developed systems as
well as their influence in IFT reduction of paraffinic oils.
They concluded that the systems with surfactant were more
effective in reducing IFT values [42].

The objective of this study is to develop new low oil
content nanoemulsion systems (LONano), using small
amounts of surfactants and low input of energy, to be used
in EOR operations. Systems with and without polymer
addition were developed aiming to evaluate the interaction
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effects between a micellar solution and a thickening agent.
The micellar solution is capable of decreasing the interfa-
cial tension, aiding in miscible displacement. The thick-
ening agent acts to increase the viscosity and,
consequently, the sweep efficiency.

Experimental
Materials

All chemicals used in the experiments were of analytical
grade and were used without previous purification. The
experiments used RNX95 (Fig. 1), a non-ionic surfactant
with high hydrophilic-lipophilic balance (13 HLB value)
[43]. According to Griffin [44], surfactants with this HLB
value are used to produce oil-in-water (O/W) stable emul-
sified systems. Isopropyl alcohol (Dinamica, 99.5%) was
used as cosurfactant, sodium p-toluenesulfonate as hydro-
trope (Aldrich, 99.5%), kerosene as oil phase (Petrobras),
and polyacrylamide (SNF—Floerger; in granular form; pH
6-8; molecular weight 11 x 10% — 16 x 10° Da). Water
was used to obtain all solutions and formed the aqueous
phase of microemulsion and nanoemulsion systems.

The EOR experiments used sandstone cores (5 cm
length by 4 cm diameter), from the Botucatu formation
(Parana—-Brazil). Petrobras provided the crude oil samples
(33° API gravity, Ubarana Oil Field, Rio Grande do Norte,
Brazil). The brine used during the saturation of cores and in
conventional oil recovery was a 20,000 ppm KCI solution
(Exodo, 99.0% purity).

Obtaining the LONano

The first step in the development of the LONano systems
was obtaining a microemulsion system. Figure 2 shows the
pseudoternary phase diagram developed in a previous work
[45]. In Fig. 2, the microemulsion area (Winsor IV) with-
out hydrotrope (sodium p-toluenesulfonate) formed is quite
narrow, especially in the region of interest (high amount of
water). Hydrotrope was added to enhance the Winsor IV
formulation space. The function of the hydrotrope is to
increase water-surfactant interaction, which can be seen in
the phase diagram (Fig. 2). In this diagram, one can
observe the microemulsion (Winsor IV—WIV) and the
Winsor WI (WI—a microemulsion in equilibrium with an
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Fig. 1 Molecular structure of RNX95
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Fig. 2 Pseudoternary phase diagrams for the system composed by
RNX95 as surfactant (S), kerosene as oil phase, and distilled water as
aqueous phase. The cosurfactant (C) used was isopropyl alcohol or
isopropyl  alcohol + sodium  p-toluenesulfonate, (25 °C—C/S
ratio = 1)

oil phase in excess) areas. The selected point was com-
posed of: 12.5 wt% RNX95, 12.5 wt% cosurfactant
(11.88 wt% isopropyl alcohol + 0.62 wt% sodium p-
toluenesulfonate), 2 wt% kerosene, and 73 wt% water.
This microemulsion system was selected because it com-
prises a great amount of aqueous phase and a small amount
of active material (Cosurfactant (C)/Surfactant (S) ratio).

The microemulsion system was obtained in three steps.
First, in a 150-mL beaker, the sodium p-toluenesulfonate
(hydrotrope) was added to the aqueous phase and dissolved
at constant stirring (500 rpm, 15 min). It was added to the
water to increase surfactant solubility, increasing the
microemulsion area (Winsor IV). In the second step, the
remaining components of the microemulsion were mixed
in another 150-mL beaker (500 rpm, 15 min). Next, the
hydrotrope solution was poured into the second beaker to
obtain a clear and stable system.

Prior to obtaining of the low oil content nanoemulsions
(LONano), it was necessary to use a low-energy method-
ology to attain a stable system using a small amount of
active material. Water was added slowly to the
microemulsion system, under constant stirring (500 rpm).
The choice of the nanoemulsion system was based on the
relation between surface tension and surfactant concentra-
tion. To ensure the formation of the nanoemulsion system,
the following tests were conducted: droplet size measure-
ments, polydispersity index, and surface tension.

Addition of Polymer to the LONano

Different percentages of polyacrylamide (0.02 to
0.40 wt%) were added to the developed nanoemulsion

system. However, to maintain the composition of the
nanoemulsion, the mass fraction corresponding to the
polymer addition was decreased from the mass of the
aqueous phase.

Physicochemical Characterization of the LONano

Nanoemulsion droplet size and polydispersity index were
obtained with the aid of a particle size analyzer (Zeta Plus
Particle Sizing, Brookhaven Instruments), which uses a
dynamic light scattering (DLS) technique. These parame-
ters were assessed immediately after obtaining the
nanoemulsions, and after 30 days of storage (120-mL
umber storage bottles). Surface tension and viscosity were
measured using a tensiometer (QC6000, SensaDyne
Instruments) and a rheometer (Haake Mars, Thermo
Electron GmbH, Thermo Scientific), respectively. All
measurements were performed at 25 °C.

Interfacial Tension Measurement Between LONano
and Crude QOil Phases

Interfacial tension measurements were made using the
Spinning Drop tensiometer (SITE 100, Kriiss). This
equipment is based on the theory of Vonnegut [46]. To
carry out the measurements, a drop of a fluid with lower
density is inserted into a capillary filled with other denser
fluid subject to high rotation so that the less dense fluid
reaches the axis of rotation and assumes a cylindrical
shape.

The nanoemulsion was used as bulk phase to fill the
capillary, and approximately 10 pL of crude oil was
injected as light phase. All the analyses were made at
5000 rpm and 25 °C.

Sandstone Core Flooding Tests

Oil recovery tests were performed using five sandstone
cores. First, the cores were calcined at 700 °C for 6 h
(10 °C/min) to ensure the removal of all water and organic
materials. Later, core porosities were measured using a
Boyle’s porosimeter. The Containment System for
Hydrostatic Testing (Fig. 3) was used in enhanced oil
recovery (EOR) experiments to determine the recovery
efficiencies of conventional (brine—2 wt% KCI solution)
and special (LONano) methods. All tests were performed at
25 °C and under 1500 psi (overburden pressure).

Core flooding experiments were made in five steps.
First, the sandstone core was placed inside the core holder,
and the injection line was connected. The overburden
pressure was adjusted to the desired level. The second step
was the flushing of the core with brine (8 pore volumes—
PVs). After that, the crude oil (8§ PVs) was injected. At this
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Fig. 3 Testing schematic of
flow process and setup used for
core flooding experiments—
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point, irreducible water saturation (Sy;) and initial oil sat-
uration (S,;) were determined. The fourth and fifth stages
refer to the oil recovery: first injecting brine (conventional
oil recovery—3 PVs) and, then, injecting the LONano
(enhanced recovery—3 PVs) at a constant injection flow
rate (0.5 mL/min). The residual oil saturation after con-
ventional and enhanced oil recoveries were measured and
named S, , and S, ,, respectively. Samples of recovered
fluids were collected and the separation of oil and water
was performed using a centrifuge (Q222E, Quimis) for
3 min at 2000 rpm. Another way to determine the effi-
ciency of oil recovery would then be considering the initial
volume of oil in the porous media (oil in place—OIP) and
the volume of oil recovered in each flooding step (OOIP).

Results and Discussion
LONano System

The minimum amount of surfactant required to obtain
produced stable nanoemulsions was obtained by measure-
ments of surface tension. Figure 4 shows that the surface
tension tends to increase sharply for systems with less than
1 wt% (Log [RNX 95] = 0) surfactant. However, for sur-
factant concentrations below 2 wt% (Log [RNX
95] = 0.3), a slight turbidity was achieved by increasing
dilution. Based on this result, the final composition of the
nanoemulsion chosen in EOR experiments was: 2.50 wt%
surfactant (RNX95), 94.60 wt% distilled water, 0.40 wt%
kerosene, 2.38 wt% isopropyl alcohol, and 0.12 wt%
sodium p-toluenesulfonate. This system had a clear
appearance and low surface tension. However, the com-
position chosen for the dilution point corresponded to
Winsor I, as shown in the pseudoternary diagram obtained
(Fig. 2). The experiments were unable to obtain the com-
position chosen at Winsor IV just by slight mixing. It is
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Fig. 4 Relationship between microemulsion surfactant concentration
(Log [RNX 95]) and surface tension (mN/m), at 30 °C

important to point out that this nanoemulsion remained
stable and transparent after 30 days of storage time.

To observe the effects of viscosity, different percentages
of polyacrylamide (0.02-0.4 wt%) were added to this
LONano system. The systems with polymer addition were
named: I (0.00 wt%), 1I (0.02 wt%), III (0.10 wt%), IV
(0.20 wt%), and V (0.40 wt%). The maximum concentra-
tion of polyacrylamide used was justified by the increase in
apparent viscosity, considering the difficulty of injecting
highly viscous fluids that could be attained by further
increasing the polymer level.

LONano Characterization

The effective droplet size for nanoemulsion systems,
immediately after formation and with 30 days storage time,
is shown in Fig. 5. There is a slight difference between the
two measurements, indicating the stability of systems. The
droplet size ranged between 9.2 and 14.8 nm. Another
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parameter assessed was the polydispersity index (PDI). The
PDI values for systems I to V were: 0.114, 0.215, 0.259,
0.227, and 0.183 for initial measurements and 0.098, 0.208,
0.240, 0.225, and 0.179 after 30 days of storage time. All
systems had a PDI value lower than 0.5, which is typical of
homogenous and monodisperse systems [47, 48].

Figure 5 shows that, by increasing the percentage of
polyacrylamide in the LONano, the droplet diameter
increases. However, for the polymer addition of 0.10 wt%,
this increase was not significant. After the storage time,
there was a decrease of polydispersity index. This result
can indicate an agglutination of micellar aggregates, due to
the slight increase of diameter after 30 days of storage of
nanoemulsions obtained.

Table 1 shows the values of apparent viscosity for the
obtained nanoemulsion systems. As expected, the apparent
viscosity increases with the addition of polyacrylamide.
The apparent viscosity of the crude oil used in EOR
experiments is 14.799 cP. According to the values shown
in Table 1, it is expected the improvement in EOR results
is obtained with the injection of more viscous systems (IV
and V) because they are less susceptible to flow through
lower pressure zones, avoiding the formation of preferen-
tial paths [49].

There is usually some surfactant solubilized in the bulk
water phase of the nanoemulsion [50]. It is assumed that, in
increasing polymer concentration, a competition between
polymer and surfactant molecules by water molecules will
occur. This competition causes the surfactant to migrate to
the micelles, leading to discrete micelle swelling. As a
result, system viscosity increases with the reduction of
water-free molecules (enhanced polymer solubilization), as
illustrated in Fig. 6.

Figure 7 shows the variation of LONano viscosity with
shear rate (0-200 s_l) and temperature (30-90 °C). One

16

[__]DE (nm)

14 _ DE (nm) after 30 days

12

10

Droplet size (nm)
[oc]
1

1l
Nanoemulsion

Fig. 5 Mean initial droplet size and after 30 days for nanoemulsions
-V

Table 1 Values of apparent viscosity for the developed LONano
systems (7' = 30 °C and shear rate = 200 s_l)

LONano Polymer (wt%) Apparent viscosity (cP)
I 0.00 1.278
I 0.02 2.583
111 0.10 10.670
v 0.20 22.190
v 0.40 48.820

can observe that viscosity increases with polymer con-
centration and tends to remain constant with increasing
shear rate, for any temperature. The increase in temperature
has a slight influence on the viscosity values.

Figure 8 shows surface tension measurements for
nanoemulsions and polymer solutions at the same con-
centration. One can observe a slight increase in surface
tension with the increase in polyacrylamide concentration.
The values of surface tension for nanoemulsions were
significantly lower due to the presence of surfactant in its
compositions. As explained, the addition of polymer con-
tributes to an increase in viscosity values. However, low
interference in surface tension results was observed,
showing that polymer addition to the LONano system can
improve the mobility ratio by increasing the viscosity of
the injected fluid and by reducing interfacial tension.

Interfacial Tension Between LONano Systems
and Crude Oil Phases

Figure 9 presents the results for interfacial tension versus
polymer concentration. It shows that the addition of poly-
acrylamide decreases the value of interfacial tension
between crude oil and LONano. This behavior is associated
with polymer solubilization in the aqueous phase,
increasing system viscosity (with less free water) and
intensifying micelle-crude oil interaction, resulting in
increased miscibility. This action is very important for
application in oil recovery due to the increase in miscibility
between nanoemulsion and the reservoir fluids. Polymer
solutions were not considered in this study because the
equipment used in this research is designed only for fluids
with very low interfacial tension. Interfacial tension results
were similar to other studies [51-55] in advanced oil
recovery tests.

Enhanced Oil Recovery Experiments
Table 2 presents the porous volume (PV) of the sandstone

cores used in EOR experiments and shows the results for
oil initial saturation (S,;), oil residual saturation after the
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Fig. 6 Schematic illustration of
increasing polymer molecules in
nanoemulsion systems
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use of brine (S, ,) and after the use of nanoemulsions
(Sor n), and oil displacement efficiency in conventional
(Eq4.), enhanced (Eg,), and total (E4r) stages.

The results for conventional displacement efficiency
(Eq4c) have slight differences, which are related to the pore
volume variation among the used sandstone cores. For core
A, the recovery percentile of the oil in place by the
advanced method (OOIP,,,,) was 16.7%, increasing the
recovery percentage from 57.8% in the conventional
recovery (OOIPy;,.) up to 74.5% of total recovery
(OOIPtq). This enhancement in oil recovery can be
attributed to the reduction in interface tension between
nanoemulsion systems and reservoir fluids and to
nanoemulsion high miscibility power. It was observed in
EOR tests that the enhanced oil recovery for C, D, and E
cores, where nanoemulsions III, IV, and V were injected,
were greater than for cores A and B. The efficiency in oil
displacement (OOIP,,,,) was improved with increasing
polymer concentration (I—16.7% < [I—16.3% < III—
22.8% < IV—27.9% < V—33.0%), reaching twice the
efficiency of the nanoemulsion without polymer addition.
The apparent viscosity of nanoemulsions IV and V were
higher than the one for the crude oil used (15.30 cP at
30 °C and 200 sfl). This is an important observation,
considering that more viscous fluids can prevent the for-
mation of preferential paths, increasing the fluid-oil con-
tact, and, consequently, displacing the retained oil.
Previous research involving microemulsion systems (using
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n

higher surfactant percentages) show oil displacement effi-
ciencies similar to the ones presented in this work
[5, 6, 33].

Figure 10 shows the behavior of oil recovery efficiency
by conventional and enhanced methods as a function of
pore volume injected for core E, where the best result was
obtained. One can observe that cumulative oil production
starts when pore volume values are higher than 0.4. After
this point, the volume of oil produced decreases with the
increase in volume of brine injected, having a tendency to
remain constant. The following stage is the injection of
the nanoemulsion, seeking to recover additional oil vol-
ume. In Fig. 10, one can also observe the fractional flow
of injected fluids (Fy,) during the recovery steps. It is
possible to note that this fraction increases initially and
tends to become constant during conventional oil pro-
duction. However, with the injection of the nanoemulsion,
this flow tends to reduce, since the injection of this fluid
works as an alternative to increase the volume of oil
produced and, consequently, reduces the production of the
injected fluid.

Conclusions
In this work, low oil content nanoemulsion systems

(LONano) were developed, characterized, and used in
enhanced oil recovery experiments. Based on the
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Fig. 7 Relationship between shear rate (0-200 s~1) and nanoemul-
sion viscosity at different temperatures (30-90 °C)

experimental results, the following conclusions can be
drawn:

— The methodology proposed for the obtaining of
LONano systems was effective, with systems showing
clear appearance and no visual changes over time;

— The LONano systems were classified as monodisperse,
with small particle size and low PDI;

— The addition of polymer to the nanoemulsions resulted
in more viscous systems;

— The oil displacement efficiency is directly proportional
to the increase in viscosity, with nanoemulsion V
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Fig. 8 Surface tension as a function of polymer concentration for
nanoemulsion and polymer solution (7 = 30 °C; nanoemulsion
composition: 2.50% RNX95, 94.60% distilled water, 0.40% kerosene,
2.38% isopropyl alcohol, and 0.12% sodium p-toluenesulfonate; mass
fraction corresponding to polymer addition was decreased from
aqueous phase)
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Fig. 9 Interfacial tension between crude oil and nanoemulsion versus
polymer concentration (7' = 30 °C)

Table 2 Oil recovery efficiency after injection of brine and
nanoemulsion for all systems used and sandstone cores

Characteristic Sandstone cores/nanoemulsion

A/l B/l C/1I1 D/IV E/V
PV (cm®) 22.59 24.19 23.76 25.30 25.62
Soi 0.797 0.785 0.757 0.553 0.781
Sor b 0.336 0.297 0.328 0.225 0.336
Sor_n 0.203 0.169 0.155 0.071 0.078
E4. (%) 57.8 62.2 56.7 59.3 57.0
Eq, (%) 39.6 43.1 52.7 68.4 76.8
Egr (%) 74.5 78.5 79.5 87.2 90.0

% OOIPpyine (%)  57.8 62.2 56.7 59.3 57.0
9% OOIPpano (%)  16.7 16.3 22.8 279 33.0
% OOIPro (%) 745 78.5 79.5 87.2 90.0
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Fig. 10 Efficiency of conventional and enhanced oil recovery (Core
E, nanoemulsion with 0.40 wt% polymer) and the fractional flow of
the produced injected fluids (F,)

(0.4 wt% polymer) presenting the highest residual oil
recovery (76.8%), resulting in the highest total oil in
place recovery (90.0%).
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