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ABSTRACT: The interfacial tensions (IFTs) of two different model
microemulsion systems were studied at high-temperature and high-
pressure (HTHP) conditions at the nitrogen—brine interface. The
experimental scope covers the temperature range 25—100 °C, and a
pressure range from atmospheric to 300 bar, more representative of
some reservoir conditions. A nonionic ethoxylated alkyl ether based
microemulsion (ME1) and a nonionic sugar based microemulsion
(ME2) were selected for this study. ME2 was chosen for its tolerance
to high salinity and temperature. Favorable interactions between the
microemulsions and nitrogen lead to substantial IFT reduction. Low
IFT values of 14.36 and 13.1 mN m™" were measured for ME1 and
ME2, respectively, at the highest temperature and pressure settings, far
below the IFT value measured for nitrogen—brine with no
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microemulsion (40.2 mN m™). Both microemulsions (ME1 and ME2) maintained their IFT lowering capabilities far beyond
their respective cloud points. No loss of IFT lowering performance or surfactant phase separation was observed over the studied
temperature and pressure ranges. The IFT between 0.2 vol % ME2 and a crude oil was also measured at HTHP conditions. ME2
demonstrated phase stability at the crude oil interface up to 80 °C and retained its IFT lowering performance at even higher
temperatures. ME2 reduced interfacial tension at the crude oil—brine interface to values of 0.2—0.5 mN m™", without any measurable

adverse effects of pressure and temperature on the IFT.

1. INTRODUCTION

Microemulsions have several applications in well cleanup (e.g,,
remediation) and stimulation (e.g., hydraulic fracturing) as
well as enhanced oil recovery (EOR) and improved oil
recovery (IOR). Capillary pressure represents the pressure
required for the hydrocarbon to force water out of the pores of
the subterranean formation. Water that remains in the pores
near the wellbore forms water blocks that prevent the flow of
hydrocarbon into the wellbore. As shown in Rostami et al.’s
study, displacement of the hydrophobic hydrocarbon gas phase
is, in particular, problematic.l’2 Applying microemulsions may
lower the capillary pressure between the water and the oil,
which increases flowback recovery and hydrocarbon produc-
tion.> Frequently, the laboratory experiments described in the
literature involved aging tests of the respective treatment fluids
at high temperatures. However, the analytical methods, i.e.,
contact angle and surface tension (SFT) measurements, or
core flooding tests, were carried out at ambient conditions. Oil
production enhancement by microemulsion addition to
fracturing fluids in low-permeability reservoirs was demon-
strated by Liang et al.” and Santanna et al.”* Qin et al. studied
microemulsion performance with heterogeneous cores, which
were more representative of the mineral composition found in
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reservoir rocks.” Javanbakht et al. found that a microemulsion
was more efficient than the surfactant alone for wettability
alteration and capillary pressure reduction. The authors
concluded that a slight decrease in interfacial tension (IFT)
relative to the surfactant solutions promoted additional
capillary pressure reduction. The primary driving force for
wettability alteration and hydrocarbon cluster displacement
was the solvent (d-limonene), which promoted surfactant
diffusion to the surface and easy penetration of the oil layer.’
These studies focused on the relationship between micro-
emulsion efficiency and rock characteristics. They also
included effects of brine salinity and varying surfactant—
solvent concentrations on wettability alteration and fluid
displacement. Their primary tools were core flooding experi-
ments using model cores, with known mineral compositions.
Experimental conditions were mostly limited to ambient
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temperature and pressure. In contrast, reservoir temperature
conditions of a carbonate reservoir were simulated in core
flooding experiments by Karambeigi et al.” They demonstrated
improved crude oil recovery and temperature stability up to 75
°C of a novel microemulsion that contained a fatty acid
mixture as the oil phase as compared to conventional water
flooding in a carbonate formation. Their study, however, did
not include IFT behavior studies at elevated pressures.

One important factor in downhole reservoir applications is
the phase stability of the microemulsion system at high-
temperature and high-pressure conditions. Surfactant loss due
to adsorption to rock surfaces is an additional incentive to
develop surfactant/microemulsion systems for specific reser-
voirs. The phase stability and performance of a microemulsion
at HTHP conditions are generally associated with the cloud
point of the surfactant. The cloud point is defined as the
temperature at which the solution becomes cloudy.” The
cloudy appearance arises from phase separation into a micelle-
rich solution and a surfactant-depleted, diluted phase. Cloud
point behavior is correlated to surfactant structure and
properties, and it depresses with increasing brine salinity and
temperature. It has been suggested that these cloud point
related phase transitions lead to loss of surfactant performance
and other adverse effects. The data provide good insight into
designing reservoir-compatible treatment fluids and formation
damage prevention, they but do not include effects of gases,
i.e,, nitrogen or CO,, at high pressures.g’10 As demonstrated in
section 3, a better understanding of the reservoir condition
effects on the cloud point or phase behavior in the presence of
gases can help prevent an increase in IFT and potential
formation damage due to surfactant phase separation.

Wettability alteration has been assessed by measurements of
contact angle, capillary number, and IFT, over a limited range
of temperatures and pressures.''~'* Imbibition studies on
water-wet hydrophilic surfaces suggest lower surfactant
concentration requirements for efficient IFT reduction,”
which appears to be contradictory to observations of surfactant
bilayers formed on water-wet hydrophilic surfaces as compared
to monolayer formation on oil-wet hydrophobic surfaces.'®
These apparent discrepancies are related to different
mechanisms. The surfactant concentrations used in imbibition
studies contained high surfactant concentrations, which were
far above the critical micelle concentration (cmc). The results
did not strictly reflect surfactant loss due to adsorption at the
surface and surfactant depletion from the bulk. Adsorption
mechanisms and related surfactant—surface interaction on
model surfaces were investigated by Karambeigi et al. and
Zhang et al.”'” Studies on carbonate surfaces and rocks,
carrying positive surface charges, with mostly oil or mixed wet
surface properties, demonstrated how appropriate selection of
surfactant type, solvent properties, and fluid composition result
in enhanced wettability alteration of carbonate reservoirs.'* >’
Pal et al. presented comprehensive phase behavior data on
microemulsion systems containing an anionic temperature-
and brine-tolerant methyl ester sulfonate. Their study provides
insight into favorable microemulsion phase behavior and
stability, with good results in EOR applications.”’ However,
IFT measurements and phase stability for both surfactants and
microemulsions have been limited to a narrow temperature
and pressure range, not fully representative of HTHP reservoir
conditions. One study of nanofluids containing surfactants and
zirconia nanoparticles was conducted by Jha et al. at a
temperature of 70 °C and an elevated pressure of 20 MPa (200

bar).”” The experimental temperature and pressures might be
considered representative for HTHP reservoir conditions,
presenting new aspects on the relationship between wettability
alteration and concentration levels. The researchers showed
that wettability alteration of quartz surfaces was related to
cation—anion interactions in low salinity brines and depended
on the nanoparticle concentration. The IFT generally
decreased when the nanofluid was used at optimum
concentrations at the respective temperature and pressure
conditions. No information was presented on IFT dynamics
with varying temperature and pressure.

Numerous studies have focused on microemulsion and
surfactant performance at low temperatures and atmospheric
pressure, but to our knowledge, no significant studies are
available on the interfacial behaviors, phase stabilities, and
cloud point behaviors of surfactants and microemulsions over a
wide range of pressure and temperature conditions more
representative of some reservoir conditions. The generally
prevailing assumptions regarding cloud point effects involve
temperature and pressure dependent phase changes and
reduced surfactant efficiency.”® The present study focuses on
the IFT behavior of two model microemulsions at high-
temperature and -pressure conditions below and above the
cloud point, using nitrogen as the second fluid phase and the
pressurization medium. The IFT was also measured between
one of the model formulations and a crude oil at HTHP
conditions.

The IFT was measured using a high-pressure, high-
temperature cell, integrated with pendant/rising drop shape
analysis. This combined system provides a suitable exper-
imental platform for studying temperature and pressure effects
on the interfacial tension of microemulsions at the nitrogen—
liquid and liquid—liquid interfaces.

2. MATERIALS AND METHODS

2.1. Materials. Industrial grade nitrogen was used as the
pressurization medium at the liquid—liquid interface and as the
gas/supercritical fluid phase medium for studies at the nitrogen—
liquid interface. Nitrogen was present in its gaseous form at
atmospheric pressure and as a supercritical fluid at elevated pressure
conditions (P, = 33.5 bar (3.3 MPa), T. = —146 °C (126 K)).
Nitrogen was also used as the pressurization medium of liquid—liquid
systems. Motivation for using nitrogen as the fluid phase arose from
its potential application as an alternative to CO, flooding/injection. It
is known that CO, flooding leads to improved oil recoveries by
enhancing IFT reduction at the crude oil-brine interface.”*™
However, there are concerns regarding a shift of asphaltene
precipitation onset (APO) to lower pressure and temperature.3
Supercritical nitrogen is considered a less hydrophobic fluid and
mighzt8 }fgz an alternative to CO,, delaying asphaltene precipita-
tion.”™™””

All solvents, cosolvents, and surfactants were used as supplied by
the manufacturers. Ultrapure Milli-Q water (>18.2 MQ) was used in
all experiments.

Two model microemulsion (ME) systems were used in this study,
each at a concentration of 0.2 vol %. We have chosen this
concentration, since it represents a good average concentration
slightly higher than or equivalent to those applied in the field and
corresponds to the equivalent unit of 2 gpt (gallons per 1000
gallons).z’”’33 The surfactant concentrations within the MEs are
typically several times the critical micellar concentration (cmc) for
optimum IFT reduction and treatment efficiency, even after surfactant
loss due to adsorption to the reservoir rock surfaces.

ME1 consists of 23 wt % nonionic ethoxylated alkyl ether
(C12-14EO5), 23 wt % isopropyl alcohol (IPA), 1S wt % d-limonene,
and 39 wt % water. ME1 was diluted to 0.2 wt % in 2% KCl brine.
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ME?2 consists of 23 wt % alkyl polyglucoside (APG) (DP = 1.5, alkyl
chain length Cg—C,4), 6 wt % isoamyl alcohol, 10.0 wt % d-limonene,
5.0 wt % C,, methyl ester, and 56 wt % water. ME2 was diluted to 0.2
wt % in high salinity brine (12 wt % NaCl and 4 wt % CaCl,). Upon
dilution in the aqueous phase, these MEs form solvent swollen
micelles.

The cloud points of both ME1 and ME2 were measured in rising
drop configuration, using 0.2 vol % dilutions of the microemulsions in
the respective brines as the bulk phase (2% KCl brine for ME1 and
high salinity brine for ME2). The phase behavior of each system could
be monitored as a function of temperature and pressure, and the
cloud point was determined by loss of contrast between nitrogen and
the brine phase, due to increasing solution turbidity. The cloud point
of ME1 was determined at 40 °C, and for ME2, a significantly higher
temperature of 80 °C was recorded.

The crude oil used in this study originated from the Permian basin
in West Texas (°API = 36.2). SARA analysis showed that the crude oil
contained 40.2 wt % saturates, 44.9 wt % aromatics, 14.7 wt % resins,
and 0.2 wt % asphaltenes.

2.2. Methods. A Teclis high-temperature—high-pressure tensi-
ometer was used in this study to measure the IFT at HTHP
conditions. The upper temperature and pressure limits were kept at
100 °C and 300 bar. Downhole temperatures and pressures might
exceed these values, but our experimental temperature and pressure
ranges fall well within the range of HTHP conditions, and the
resulting information gained from this study provides new insight into
the phase behaviors and stabilities of the microemulsions at high-
temperature and high-pressure conditions.'”***7>° These temper-
ature and pressure limits further ensured that the experimental work
was carried out within the safe operation window of the instrument.
The Teclis HTHP tensiometer is controlled via the data acquisition
and control software WDROP THP_V8. It combines pendant drop
tensiometry (axisymmetric drop shape analysis (ADSA)) with an
HTHP cell for experimental studies and measurements of the IFT and
the viscoelastic modulus at HTHP conditions (Figure 1). The HTHP

Figure 1. Front image of the HTHP tensiometer.

cell design enables the software-controlled pressurization of the
measuring chamber via an air driven compressor pump, integrated
into the nitrogen gas supply line. Cell temperature is regulated by a
thermostatic circulating bath (Julabo, model Presto A30, Julabo
GmbH, Germany).

The cell design allows measurement of the interfacial tension at
gas—liquid interfaces in two configurations. In pendant drop
configuration, the lower density bulk phase is usually a gas and the
internal higher density phase is a liquid, which could be an aqueous or
a hydrocarbon phase. The rising drop configuration is suitable for
both liquid—gas/fluid and liquid—liquid phase studies. In this case,
the internal phase (bubble or drop) was the nitrogen gas/supercritical
fluid, surrounded by the diluted ME solution.

The drop shape is recorded by a CCD camera (see Figure 2),
followed by drop shape analysis using the software- controlled

Figure 2. Example of a rising drop configuration: hexadecane drop in
water.

algorithm. The image measurement rate (frame rate) is usually set at
1 s7', or to higher sampling rate of 6 s™' for oscillatory drop area
variations. Requirements for this technique are optical contrast, which
depends on refractive index differences between the bulk and drop
phases, and the transparency of the bulk phase. Pressure and
temperature dependent density corrections for the nitrogen fluid
phase were based on empirical equations. The densities of the
aqueous phase and the crude oil were derived from physical
measurements of densities as a function of temperature at
atmospheric pressures. The applied density corrections for nitrogen
and water at the respective experimental conditions were validated
against literature data (details can be found in the Supporting
Information). The measured densities (Anton Paar densitometer,
DMA 4500M, Austria) of water up to SS °C were consistent with
theoretical density—temperature curves of water, and they were used
for a second order polynomial curve fit. Crude oil densities were
measured over the temperature range 25—65 °C and were also fitted
to a second order polynomial model. Pressure-corrected densities of
water were based on theoretical data, and small density changes of
crude oil as a function of pressure were considered. However, based
on literature data from reservoir modeling of live and dead crude oils,
NIST guidelines, and algorithm checks, pressure effects on the density
of dead oil are negligible within the experimental pressure range from
atmospheric to 300 bar pressure.**** The compressibility coefficients
of dead oil almost cancel against the expansion coefficients, over the
studied temperature and pressure ranges. The applied small density
corrections were verified by comparing them to the output from
simulator models and literature sources, related to reservoir modeling
and phase modeling of both pure hydrocarbons and hydrocarbon
mixtures.’* ™ Test calculations using applied densities versus
densities with maximum feasible deviations confirmed that minor
deviations of the applied densities are insignificant in the final
calculation of SFT/IFT.

3. RESULTS

3.1. ME1: IFT at the Nitrogen—Liquid Interface. The
preferred experimental design for this system was the pendant
drop configuration. It allows preservation of good contrast
between the drop and the bulk phase throughout the
experimental sequence, independently of the phase behavior
of the diluted ME1.

3.1.1. Equilibrium IFT of ME1 at the Nitrogen—Liquid
Interface. The equilibrium IFT between the nitrogen and 0.2
vol % ME], at different pressure and temperature settings, are
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shown in Figure 3. At an atmospheric pressure of 1 bar and 25
°C, the IFT was equal to 28.30 mN m™" and decreased to the

Equilibrium IFT vs. temperature
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Figure 3. IFT trends of 0.2 vol % MEI versus temperature at four
pressure settings. The cloud point of ME1 (40 °C) is indicated by an
arrow.

lowest value of 14.36 mN m™" at 300 bar and 100 °C. The
dominating effects of pressure on IFT reduction are evident
from the progressively decreasing slopes or coeflicients of dy/
dT at isobaric conditions of 50, 100, 200, and 300 bar. The
IFT decreases practically linearly with temperature, when the
pressure is raised above atmospheric pressure, with a slope of
dy/dT of —0.075 at 50 bar and a slope of dy/dT of —0.030 at
300 bar. The IFT versus pressure correlation models, in
contrast, show nonlinear trends, with a good fit to a second
polynomial model but only small quadratic terms.

At high pressures, dy/dT approaches zero and the IFT
becomes practically independent of temperature. The slope of
dy/dP at 75 °C is —0.0297, almost identical to the dy/dP of
—0.0305 at 100 °C, and further IFT reduction with higher
pressures would be small (Table 1). Only one data point was

Surface excess was not specifically determined in this study,
with a focus on the HTHP stability and performance of
microemulsions. Adsorption isotherms would also require a
different analytical technique, ie., the depletion method, to
determine the surface excess in micromoles or micrograms per
square meter, or computation from the slopes of adsorption
isotherms. This process would be more complex at elevated
temperatures and pressures, and it would actually not
contribute to the objective of this study.

The interfacial regions of nitrogen—gas or nitrogen—liquid at
high temperatures and pressures do not compare to typical
interfaces encountered at ambient conditions, which have a
narrow, constant, and measurable thickness. According to
simulations and existing studies,”* these regions vary in
properties and thickness with the type of gas, temperature,
and, in particular, pressure. The mixtures of interacting/mixing
surfactants and solvents accumulated in this region may not
follow conventional surface excess behavior.

3.1.2. Dynamic IFT of ME1 at the Nitrogen—Liquid
Interface. Figure 4 shows the dynamic IFT at 75 °C and

Dynamic IFT of ME1-Nitrogen

40 as function of pressure at 75°C
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Figure 4. Dynamic IFT of 0.2 vol % ME1 at 75 °C and different
pressure settings (50, 100, 200, and 300 bar).

Table 1. Fitting Parameters of the IFT Model for the ME1—
Nitrogen System

pressure

50 bar 100 bar 200 bar 300 bar
slope —dy/dT —0.0749 —0.0530 —0.034 —0.0302
intercept 26.98 23.78 19.58 17.32
R 0.969 0.962 0.972 0.985

temperature

25 °C 50 °C 75 °C 100 °C
slope —dy/dP —0.0709 —0.0487 —-0.0297 —0.0305
intercept 28.31 26.01 22.29 21.20
R? 0.999 0.999 0.997 0.999

acquired at atmospheric pressure (1 bar). As shown in Figure 3
and Table 1, the IFT continuously decreased with increasing
temperature for the measured temperatures up to 100 °C. No
discontinuity in IFT curves could be observed across the
temperature region below and above the cloud point of ME],
which was determined to be equal to 40 °C. ME1 retains its
interfacial activity far beyond the cloud point, at least up to 300
bar.

pressure ranging from S0 to 300 bar. The dynamic IFT of ME1
during the initial fluid contact time indicates a fast
equilibration time of approximately 150 s, with an exponential
decrease of the IFT. These phenomena suggest fast diffusion of
solvent and surfactant molecules to the interfacial region.
Increasing the pressure did not affect the dynamics of IFT
lowering.

3.2. IFT at the Nitrogen—Water Interface. The phase
behavior of water—nitrogen as a model system was studied to
validate the Ap values applied for the respective experimental
conditions and to demonstrate the effects of nitrogen as a
supercritical fluid on IFT at the nitrogen—liquid interface. The
experimental scope included IFT measurements at the highest
temperature condition of this study, 100 °C, where potential
deviations from literature and theoretical values are expected to
be most significant, and pressures of 50, 100, 200, and 300 bar.
The measured IFT of 40.22 mN m™" at 100 °C and 300 bar is
in agreement with modeled and experimental data.”® Our
equilibrium IFT values slightly diverge from the values
reported by Chow et al.”° The small deviation of our
equilibrium IFT values might be related to equilibration time
effects, which are not accounted for in the model (more details
are provided in the Supporting Information).
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3.3. ME2: IFT at the Nitrogen—Liquid Interface in
Rising Drop Configuration. We chose the rising drop
configuration to study ME2, where the diluted ME2 is the bulk
phase and nitrogen is present in the drop. The rising drop term
is used for this configuration, since nitrogen is in its
supercritical fluid state and not a gas above the critical
pressure of 33.5 bar. One incentive for using a different setup
was to allow for visual monitoring of the phase behavior and
cloud point identification at different pressure settings. A
separate study, conducted in both pendant drop and rising
drop configurations, demonstrated that the two configurations
are comparable, if surfactant depletion from the bulk and
external interferences can be excluded (more information is
provided in the Supporting Information). The rising drop
configuration, with the drop in confined space (surrounded by
a large supply of solvent molecules from the bulk phase) is
more suitable to detect phase behavior changes and measure
the cloud point, indicated by increasing solution turbidity and
subsequent loss of contrast between the two phases.

3.3.1. Equilibrium IFT of ME2 at the Nitrogen—Liquid
Interface. Figure S shows the IFT between 0.2 vol % ME2 as a

Equilibrium IFT of ME2 - Nitrogen
0.2 vol% ME2 in rising drop configuration
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Figure S. IFT of 0.2 vol % ME2 as a function of temperature, at five
different pressure settings of 1, 50, 100, 200, and 300 bar. The cloud
point of ME2 (80 °C) is indicated by an arrow.

function of temperature for a set of pressures ranging from 1 to
300 bar. The alkyl polyglucoside contained within ME2 has a
higher temperature and salinity tolerance compared to the
ethoxylated alkyl ether contained within ME1. As indicated in
section 2, the cloud point of ME2 was determined to be equal
to 80 °C. The lowest IFT value of 13.1 mN m™" lies below the
lowest IFT of the ME1 system of 14.36 mN m™". Above 80 °C,
phase changes occurred gradually, with measurements feasible
up to 90 °C and no performance loss. The cloud point did not
change with increasing pressure, and no pressure induced
phase separation occurred over the experimental pressure
range from atmospheric pressure up to 300 bar.

Figure 6a shows that the IFT—pressure correlations are
similar in trend for ME1 and ME2 but vary in magnitude. Up
to 50 bar, both systems are practically identical. The nonlinear
sigmoidal model gives a good fit to the correlation for the slope
of dy/dT at a given pressure. It clearly emphasizes initially

strong temperature effects, which approach a threshold with
increasing pressure. At 300 bar, the slope of dy/dT of —0.0124
mN m~!/°C for ME2 is smaller than the slope of —0.0302 mN
m~! for ME1. Both ME1 and ME2 approach the limiting
pressure, at which dy/dT — 0, and temperature does not affect
IFT anymore. The APG based formulation ME2 exhibits a
lower response to temperature changes but increased response
to pressure effects. Both ME1 and ME2 maintain IFT lowering
well above their cloud points, with no discontinuity at the
cloud point. The trends of dy/dP in Figure 6b further support
the assumption that MEI is close to its lowest achievable IFT
value, whereas ME2 still has a potential for decreasing IFT
with increasing pressure. These trends are summarized in
Table 2.

3.4. IFT: Rising Drop versus Pendant Drop Config-
uration. The effects of pendant drop and rising drop
geometries were studied using 0.2 vol % ME2. This
formulation was chosen for its good temperature stability
and high cloud point to study the phase behavior and the IFT
using both configurations. The test parameters were 25 °C at 1
bar and 25 and 75 °C at 200 bar in the pendant drop
configuration and the rising drop configuration (nitrogen
drop/bubble in the 0.2 vol % ME2 aqueous brine phase).
These two configurations are expected to provide identical
results if surfactant depletion effects or similar interferences are
not present. In this case, solvent effects might appear in the
rising drop which will not be detectable in the pendant drop
configuration. The ratio of gas or supercritical phase volume
(100 cm®) in the pendant drop configuration and the liquid
volume of the pendant drop (2—S uL) is large and conducive
to solvent evaporation at a fast rate, preventing the detection of
solvent effects. This evaporation rate is minimized in the rising
drop geometry, where the drop represents the nitrogen volume
(also 2—5 uL) versus a liquid volume of 25 cm®.

As shown in Figure 7, the IFT is equal to 27.52 mN m™!
with the pendant drop geometry and 26.42 mN m™ in the
rising drop geometry. Slightly lower IFT values in the rising
drop configuration were observed at 25 °C and 200 bar,
manifesting as time delayed IFT reduction in the dynamic IFT
process. The dynamic IFT exhibits a larger noise at the
baseline, and slightly higher IFT values, as compared to the
dynamic IFT using the rising drop mode, taken at identical
experimental conditions. The IFT measured at 25 °C and 200
bar (black dashed line, rising drop) exhibits an instantaneous
IFT decrease at 250 s, related to solvent—nitrogen interactions
at elevated pressures.

3.5. Comparative Study of Nitrogen—Crude Oil
Interaction. Literature studies of IFT behavior at the interface
of nitrogen—hydrocarbon mixtures report substantial IFT
reduction, due to nitrogen interaction with crude oils. These
IFT lowering trends are opposite to the IFT behavior in the
water—hydrocarbon/alkane systems, reported in the literature
for brine—hydrocarbon systems in the absence of gases or
supercritical fluids,"”** indicating increasing IFT with
increasing pressure in water—hydrocarbon/alkane systems,
due to the lack of miscibility. In this case, the interaction
and miscibility of the fluids with nitrogen molecules favor IFT
reduction with increasing pressure and simultaneously
decreasing Ap. This IFT—pressure relationship was observed
throughout the experiments with nitrogen as the gas or
supercritical fluid phase, and it is consistent with related
studies.”® Temperature-dependent IFT reduction apparently
varies with the systems studied and with the respective models.
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Figure 6. (a) Coefficients of dy/dT for ME1 and ME2 at constant pressure—fitted to a sigmoidal logistic function. (b) Coefficients of dy/dP at

constant temperature—fitted to a second order polynomial.

Table 2. Fitting Parameters for the IFT Model and Fit of
ME2—Nitrogen System

pressure
1 bar S0 bar 100 bar 200 bar 300 bar
slope —dy/dT  —0.0842 —0.0749 —0.0356 —0.0181 —0.0124
intercept 28.84 25.20 20.78 16.75 14.16
R? 0.9997 0.9938 0.9761 0.9487 0.9371
temperature
25 °C 50 °C 70 °C 90 °C
slope —dy/dP —0.0749 —0.0576 —0.0404 —0.0168
intercept 26.67 24.13 21.86 19.27
R? 0.9976 0.9981 0.9992 0.9930

Dynamic IFT of 0.2 vol% ME2-Nitrogen
in pendant and rising drop configuration
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Figure 7. Dynamic IFT for pendant drop and rising drop
configurations at different temperature and pressure settings.

The IFTs between nitrogen and the crude oil determined at
temperatures from 25 to 90 °C and pressures from 100 to 300
bar lie within the range of literature-reported values for similar
crude oils. Hemmati-Sarapardeh et al. measured an IFT of ~19
mN m™ at 96 bar and 333 K.*’ Our study of the crude oil—
water IFT showed an equilibrium IFT value of 18.15 mN m™!

at comparable conditions of 100 bar and 60 °C (graph and

more details are provided in the Supporting Information).
3.6. IFT: ME2 at the Aqueous—Crude Oil Interface.

Figure 8 shows the measured IFT between crude oil—water

IFT of 0.2 vol% ME2-crude oil & crude oil-water
vs. temperature and pressure
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Figure 8. IFT between 0.2 vol % ME2 and crude oil as a function of
temperature at different pressure settings. The IFT of crude oil—water
is shown as a reference.

and crude oil-ME2 diluted in high salinity brine as a function
of temperature for a range of pressure settings. Figure 8
includes only one data point at 1 bar and 25 °C, due to
temperature-induced unstable readings of the drop shape. A
small IFT increase was observed for the crude oil—water
system with increasing pressure to S0 bar, followed by an IFT
decrease at 200 bar, independent of the temperature. This
pressure-induced IFT decrease might be partly related to
increasing fluid compressibility.23 In this system, combined
effects of temperature and pressure are likely to affect the
thermodynamics of phase behavior, leading to different
arrangements at the water—crude oil interface. The IFT
reached its maximum around 75 °C, followed by a decreasing
IFT trend. A likely mechanism is an energetically more
favorable interaction of water molecules with specific hydro-
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carbons once a certain temperature threshold is reached.
Figure 8 further illustrates the IFT lowering effects of 0.2 vol %
ME?2 diluted in high salinity brine. The IFT decreased at any
temperature and pressure condition by more than 20 mN m™,
relative to the water—crude oil IFT, which is substantially
lower than the IFT induced by the nitrogen alone or the IFT at
the nitrogen—water interface (details can be found in the
Supporting Information). The IFT values fluctuate between
0.2 and 0.5 mN m™' and decrease slightly with temperature. A
small temperature-related IFT reduction was observed up to
75 °C.

A related HTHP study by Barati-Harooni et al. investigated
the effects of temperature, pressure, and different brine
salinities on the interfacial tension (IFT) of two live crude
oils originating from carbonate oil reservoirs.”> Their work
included IFT trends at four temperature settings between
315.5 and 373.15 K (40 and 100 °C), brine salinities from
10000 to 26 000 ppm, and pressures ranging from 1.38 MPa
(13.8 bar; 200 psi) to 34.47 MPa (348 bar; S000 psi). Their
results showed that, for one crude oil, increasing temperature,
pressure, and brine salinity of the formation brine increased the
IFT value. For the second crude oil, the IFT increased with
pressure and salinity but decreased with increasing temper-
ature. The different responses of the two crude oils are related
to lower asphaltene content of the former crude oil and
different light/heavy fraction ratios, as indicated in their crude
oil analysis. Another important factor between their study and
our work is the pressurization medium. Barati-Harooni et al.’s
study used mechanical pressurization of two immiscible fluids:
crude oil and brine. This condition is expected to result in
increased fluid densities, a potential increase in salinity, and
increased surface energy, as suggested in other studies.”® A
study by Wang et al. expanded the experimental scope over a
wide temperature range up to 160 °C while maintaining
pressure at SO bar, sufficient to prevent evaporation of the
aqueous phase.” They did not use any surfactants, but focused
primarily on the IFT and interfacial stabilizing effects of
various asphaltene and resin weight fractions contained within
the model oils. They generally observed decreasing IFTs with
increasing asphaltene weight fraction, irrespective of the
temperature. This IFT decrease was attributed to different
surface activities of the different weight fractions in the model
oils. The viscoelastic modulus and interfacial film rigidity
increased with increasing temperature and asphaltene concen-
trations, indicating stabilization of asphaltenic aggregates by
asphaltene—resin interactions.

In the present study, nitrogen was used as the pressurization
medium. Its favorable interaction with both crude oil and brine
fluids*”*® leads to lowering of surface energy and significant
IFT reduction.”” It also supports the findings that pressure is
the dominant parameter affecting IFT reduction, as compared
to Barati-Harooni et al.’s* observation that temperature was
the most significant contributor. Thermodynamically driven
liquid—liquid interaction mechanisms differ from nitrogen—
liquid interactions. A general trend has been increasing or
invariant IFT with temperature at liquid—liquid interfaces. The
microemulsion performance manifests as a substantial IFT
reduction without performance loss over the studied temper-
ature and pressure ranges.

4. DISCUSSION

The findings from the study of ME1 and ME2 at the nitrogen
gas/supercritical fluid interface confirm the general trends of

cloud point behavior for the nonionic EO and sugar based
surfactants. Onset of phase changes is observed at a relatively
low temperature of 40 °C for ME1, containing the temper-
ature-sensitive nonionic surfactant.” The high-temperature
stability and salinity tolerance of ME2 is consistent with
previous phase behavior studies of APG-containing micro-
emulsions and characteristic for sugar based surfactants.*” For
both ME1 and ME2, no performance loss was observed above
the cloud point. Both microemulsions maintain phase stability
at HTHP conditions and exhibit IFT lowering capabilities.
This phenomenon is contrary to previous studies predicting
IFT increase at reservoir temperatures above the surfactant
cloud point, further accelerated by high salinity brines or the
presence of divalent ions.'”*> The primary mechanisms for
IFT reduction at HTHP conditions in our study are increasing
interactions between nitrogen and the liquid phase with
increasing nitrogen pressure and decreasing Ap between the
two fluids. Favorable solvent effects improve the interfacial
stability in the dynamic process and show a slight reduction of
the equilibrium IFT. The slopes of dy/dT and dy/dP (Figure
8) are indicative that ME1 is either close to or has reached the
limits of its IFT lowering domain. ME2 still has potential for
further IFT reduction with increasing pressure, which makes
this system more attractive for high pressure reservoir
applications.

A different situation is encountered during the liquid—liquid
phase study of ME2—crude oil. The cloud point was observed
at 80 °C, with a slow onset of phase changes, which allowed for
IFT measurements beyond the observed cloud point. No
surfactant performance decline was observed. Direct nitrogen—
liquid interactions are absent at the interface of crude oil and
brine containing 0.2 vol % ME2. The solvent contributions are
significant for this system, manifested in the improved phase
stability and high cloud point of ME2. Increasing pressures did
not impact its phase behavior, contrary to expected phase
changes reported from related studies.*” However, it has also
been reported that the solubilization capacities of certain
surfactants did not deteriorate at temperatures several degrees
above the determined cloud points.>"

Literature data and studies on adverse effects of temperature
and pressure on the phase behaviors of surfactants and
microemulsions apply to some extent at the liquid—liquid
phase. The observed temperature and pressure responses are
proportional to the intrinsic structure—property features of the
two different surfactant systems, and the selected solvents and
cosolvents.”® This is evident from a comparison of the cloud
points of ME1 with ME2. The higher cloud point of ME2
allows maintenance of the phase stability and favorable
interactions with nitrogen, and crude oil as the liquid phase,
over a wider temperature range.

It is difficult (if at all possible) to provide a direct visual or
direct imaging of the increased nitrogen density with the
current technique, but we refer to related literature studies
which indicate the interfacial thickness modulation as function
of mixing media (gases, liquids), and conditions.”** A method
for nitrogen density assessment has been described in the
literature, the synthetic visual method,” and was used as an
additional reference for and validation of the theoretically
determined nitrogen densities in our study. Temperature and
pressure measurements and controls are integral parts of the
instrument and used for setting and monitoring the temper-
ature and pressure conditions in the measuring cell. The
density changes of N, were determined as outlined in section
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2.2 and verified by comparison with literature data, as
described in more detail in the Supporting Information. The
nitrogen density changes and, consequently, Ap changes
between internal and external phases with temperature and
pressure are continuously fed into the software calculation
algorithm, which updates the nitrogen density value con-
tinuously and applies it to the surface tension measurement for
each collected data point. Increasing nitrogen density leads to
declining Ap between nitrogen and the second phase, ie.,
aqueous phase with ME2 or crude oil, leading to reduced IFT.
We could verify this process by monitoring the data acquisition
and checking each raw data file. What is significant for IFT
reduction at the N,—water phase versus the N,—aqueous phase
with ME are the second IFT lowering mechanisms: IFT
decreases as a function of favorable interactions of surfactant—
solvent—nitrogen, leading to additive IFT reducing effects.

We also demonstrated the stabilities and efficiencies of MEs
at HTHP conditions and confirmed the dominance of pressure
over temperature. Our findings suggest that increasing nitrogen
pressure, and thus higher nitrogen density, combined with its
interaction with suitable surfactant—solvent systems, has
additive effects on IFT reduction.

5. CONCLUSION

Our study demonstrates the IFT reducing capabilities of two
model formulations at nitrogen—liquid and liquid—liquid
interfaces at HTHP conditions. The experimental design and
calculation algorithms were validated against reference systems
and published literature data. Both ME1 and ME2 significantly
reduce the IFT at the nitrogen—liquid interface, with no
performance loss at HTHP conditions. Each retains its
performance at high-temperature and high-pressure reservoir
conditions, and both remain effective at temperatures above
their cloud points. None of the microemulsions is negatively
affected by increasing pressures up to 300 bar. As the
correlations of dy/dT and dy/dP indicate, ME2 has the
potential for IFT reduction with further increasing pressure.

IFT reduction by ME2 is substantial at the liquid—liquid
interface (crude oil—brine) but relatively invariant across the
temperature and pressure ranges studied. Favorable nitrogen
interaction with the liquid phase is one of the mechanisms
driving the IFT lowering trends in nitrogen—liquid (crude oil)
systems. Pressure effects are more significant than temperature-
induced interfacial modulation. Solvent effects can be
significant, as observed in the phase stabilizing properties of
the solvent in ME2. Phase behavior and phase changes are
primarily temperature related and are not affected by pressure.
The most relevant findings of this study are the phase stability
of ME2 at high temperatures. Remarkable is the observation
that no loss of interfacial activity is observed at high-pressure
conditions up to 300 bar and temperatures above the ME2
cloud point. Future studies with different systems may provide
more insight on interaction mechanisms of gas/supercritical
fluid—liquid and gas—surfactant—solvent systems and their
effects on interfacial properties.
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