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A B S T R A C T

Force spectroscopy is used to investigate crude oil/brine/rock interactions at reservoir temperatures and pres-
sures, up to 120 °C and 10MPa, for the first time. A newly-developed, high pressure, high temperature atomic
force microscope (HP/HT-AFM) is used in combination with newly-designed, crude-oil functionalized AFM
probes compatible with these conditions. Our results show that both temperature and pressure have significant
impact on adhesion forces, demonstrating the necessity of testing in this environment to obtain results that
accurately reflect interactions at reservoir conditions. The HP/HT-AFM design introduced here also allows
changing many other variables such as brine composition, dissolved gases, injection fluid additives, the type of
crude oil, as well as the type of mineral surface. Consequently, the system introduced here has the capability to
investigate interfacial interactions at reservoir conditions with unprecedented specificity, providing the basis for
the development of optimized and tailored oil recovery techniques.

1. Introduction

The recovery efficiency of hydrocarbons from subsurface formations
is in many cases significantly less than half [1]. The recovery efficiency
is affected by many factors including capillary trapping, which alone
can lead to residual oil saturations up to about 40% depending on the
wetting state of the rock [2]. While most minerals are hydrophilic,
adhesion of surface-active components present in crude oil can alter the
wetting state of minerals [2]. This can have significant impact on the
multiphase flow properties of rock [2–8]. For instance, in rock that has
been altered from its initially hydrophilic state to a more intermediate
or mixed-wet condition [2–8] the residual oil saturation can be sig-
nificantly reduced. On the other hand, strongly oil-wetting rock is less
favorable for recovery by waterflooding because the oil relative per-
meability is typically lower than the water relative permeability, which
leads to a low recover efficiency and early water breakthrough. In the
industries, core flooding experiments are commonly used to assess the
wetting properties of reservoir rock. Rock samples obtained from the
reservoir by coring are first restored to the reservoir state and then their
multiphase flow properties, parameterized by relative permeability and
capillary pressure–saturation functions, are measured [3,9–18]. This is
an expensive and time consuming process and requires substantial rock

and fluid samples from the reservoir in order to replicate the native
state, which in many cases are not available. Also, conducting these
experiments at reservoir conditions comes with many challenges, be-
cause pressure and temperature does affect the crude oil–brine–rock
(COBR) interactions. Therefore, one common need in the industry, and
also in more modern workflows such as Digital Rock, is to have a quick
screening capability, where assessing the wetting state of the COBR
system is of key interest [19].

Many different methods have been considered for this quick
screening purpose such as contact angle measurements. But many of
these methods have the disadvantage that they are either difficult to
perform under reservoir conditions with the reservoir fluids, or probe
length scales larger than the spatial variability of minerals, which is
typically on the micrometer to tens of micrometer scale while a liquid
droplet for contact angle measurements is more on the millimeter scale.
Therefore, contact angle measurements are affected largely by rough-
ness and mineral heterogeneity which leads to a very large contact
angle hysteresis [20]. What is needed is a technique that can probe the
wetting state at the length scale of mineral heterogeneity, and operate
at reservoir conditions. These conditions include greatly increased
pressure and temperature, which impact both the surface chemistry and
double layer interactions. These, in turn, affect the wettability of
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mineral surfaces inside the reservoir [21–24]. High pressure high
temperature (HP/HT) core flood tests [25–32] replicate these high
pressures and temperatures to study their effects. However, these tests
are macroscopic in nature and average over all mineral species in a core
sample. This makes it difficult to attribute changes in extraction to
specific mineral interactions and limits the ability to directly explore
causal relationships in these systems.

To avoid this limitation we have developed a new system to in-
vestigate interactions between crude oil and a specific mineral surface
at reservoir conditions utilizing force spectroscopy [33]. The small size
of the probes used in force spectroscopy, which range in size from tens
of microns to tens of nanometers in diameter, allows interactions to be
measured even on micrometer-sized mineral grains. This is especially
important for mineral species that are not available in specimens large
and smooth enough to measure oil/mineral interactions via contact
angle measurements. Developing this system involved two primary
innovations: a specialized high temperature/high pressure AFM capable
of performing force spectroscopy measurements at realistic subsurface
conditions and a dried-crude oil-coated AFM probe functional under
these conditions.

The hydrothermal atomic force microscope (HAFM) was developed
in the late 1990′s by Higgins et al. and is capable of imaging solid
surfaces in aqueous solution at elevated temperature (up to 150 °C) and
pressure (up to 0.6MPa) [34–36]. The main objective of the original
HAFM design was to achieve elevated temperatures with a minimum of
additional pressure. More recently, in response to a desire to image
surfaces in supercritical carbon dioxide, a high-pressure AFM was de-
veloped, with a capability to image at pressures up to 10MPa and
temperatures up to 77 °C [37]. For this work, conducting AFM mea-
surements under simulated reservoir conditions (up to 120 °C and
10MPa), a hybrid AFM was developed: the high-pressure, high tem-
perature atomic force microscope (HP/HT AFM), which combines the
temperature capabilities of the HAFM with the pressure capabilities of
the high-pressure AFM.

The second component is a robust dried crude oil coated AFM
probe, capable of performing measurements even at HP/HT conditions.
A previous version of this probe was developed as a tool to measure
interfacial interactions between crude oil and a mineral surface at
ambient conditions [38]. By drying the oil layer on the probe, the tool
retains most of the chemical complexity of real crude oil, exhibits
salinity dependent electrostatic repulsion trends expected by DLVO
theory, and is robust enough to perform hundreds of measurements
[38]. However, the probe was not capable of sustaining the high tem-
peratures and pressures of an environment simulating reservoir condi-
tions without damage. In this publication, we introduce modifications
that allow the probe to be utilized in this new environment.

Additionally, force spectroscopy measurements have not yet been
reported at either significantly elevated temperatures or pressures, as
all previous AFM work in this type of environment has focused solely on
imaging. Using this system, we report, for the first time, force mea-
surements taken at elevated temperature and pressure. By examining
the interactions between dry oil coated probes and a mica sample in a
brine, our initial results demonstrate the viability of this new method
for exploring the interactions in a petroleum reservoir, set the
groundwork for future experiments, and show preliminary data sug-
gesting that changes in temperature and pressure impact the oil/mi-
neral interactions in a petroleum reservoir.

2. Experimental

2.1. HP/HT AFM pressurized chambers

The HP/HT AFM is composed of a two-part housing; the upper
chamber, fabricated using grade 2 titanium, is small and liquid-filled;
the lower chamber, fabricated using 316 stainless steel, is substantially
larger and pressurized with nitrogen (Airgas, CGA G-10.1 Type I, Grade

F). They are separated by a custom designed Viton membrane (O-rings
West) and topped with a homemade optical head. The upper chamber
contains the sample and AFM probe and has a sapphire window (Meller
Optics, Inc.) at the top. This chamber utilizes a heating system con-
sisting of a Birk Manufacturing flexible Kapton heater (resistance 50Ω),
temperature controller (Lakeshore Model 331), and a titanium-
sheathed thermocouple (ARi Industries T-191N-4BK9Q, type K, un-
grounded). The lower chamber contains the coarse approach device,
consisting of stepper motor (Portescap, 26M048B1U-V37) and custom
machined leadscrew (threaded stock material: McMaster–Carr), and the
piezoelectric scanner (EBL Products, Inc.). Fluid is provided to the
system through a titanium reactor bomb (Parr Instrument Co.) with 1/
16″ outer diameter tubing (Ti tubing) for liquid and 1/16″ and 1/8″
outer diameter metal tubing for gas (316 stainless steel), with high-
pressure metal valves and fittings throughout.

2.2. HP/HT AFM optical head

The laser component of the optical head is comprised of a variable
focus laser diode module (CPS 635F, Thorlabs, wavelength=635 nm
and 4.5mW power) mounted on a three-axis positioner (DT12XYZ,
Thorlabs) and a 5 V power supply (LDS5, Thorlabs). For the detector
portion of the optical head, we used a quadrant photodetector with
integrated circuitry (QP50-6SD2, First Sensor) with an XY translator
(DT12XY, Thorlabs). The quadrant photodetector circuit provided both
vertical (bottom minus top) and lateral (left minus right) difference
signals along with the sum signal of all four quadrant diodes. A home-
built electronic circuit was constructed to provide an intensity-nor-
malized (i.e., bottom minus top divided by sum) cantilever deflection
signal to be used by the commercial AFM electronics modules. There is
also a provision to subtract an externally generated force setpoint from
the raw deflection signal to produce the feedback error signal.

2.3. HP/HT AFM system control and calibration

The system is controlled by a PicoScan 2500 AFM controller
(Keysight Technologies, formerly Molecular Imaging) running Keysight
Technologies PicoView 1.12.4 software, with XYZ calibrations coming
from a standard calibration grid (TGX1, NT-MDT) with a lateral period
of 3.00 ± 0.01 µm and nominal feature depth of 0.6 μm.

2.4. AFM probes

We made the probes [38] using tipless cantilevers (NanoWorld –
PNP-TR-TL-Au, 0.08 N/m nominal spring constant) and attaching silica
spheres (Bangs Laboratories, 7.27 µm mean diameter) with epoxy (Ace
Hardware Marine Epoxy). After the spheres are attached, they were
silanized with (Tridecafluoro-1,1,2,2-Tetrahydrooctyl) Trichlorosilane
(Gelest), known for its good thermal stability, through vapor deposi-
tion. The probes were then coated with crude oil (Shell Oil, Proprietary
composition) and dried under a vacuum (p < 1 kPA) at 150 °C for
11 h, followed by 11 h of cooling while still under vacuum.

2.5. Sample preparation

All measurements were performed on mica (Freshly cleaved, V1
grade, Ted Pella PELCO) in 1500 ppm salt brine (Proprietary compo-
sition). Brine solutions were prepared using activated carbon filtered
(Millipore), reverse osmosis purified (Millipore Elix) and deionized
(Millipore Milli-Q) water. The reagents used to prepare the brine so-
lutions included NaCl, MgCl2-6H2O and CaCl2-2H2O, all supplied by
Fisher Scientific and all Certified ACS grade.

2.6. Force spectroscopy

Measurements were taken with a single oil-functionalized probe in a
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grid pattern with 1 µm spacing. Five curves were taken at each point of
the grid. Curves were taken at a speed of 0.389 µm/s with 1672 points/
µm. For each measurement the piezo was started at full retraction,
extended through contact with the surface until the deflection reached
a preset upper limit intended to prevent damage to the probe, and then
fully retracted again. Resulting force curves were processed according
to the standard procedure laid out in Butt et al. 2005 [33]. First, curves
were shifted vertically so that the deflection exhibited by the cantilever
in a relaxed state corresponded to zero deflection along that axis.
Second, the curves were adjusted horizontally such that a linear fit of
the constant compliance region would pass through the origin, estab-
lishing the “hard” contact point. Third, the scale of the deflection was
adjusted to convert the measurement into a distance using the inverse
optical lever sensitivity and then further converted to a force using the
spring constant of the cantilever. Finally, the curves were converted
from piezo extension to true tip-sample separation distance. Measured
force was maximum adhesion value seen in the retract portion of each
curve.

3. Results and discussion

3.1. HP/HT AFM design and performance

Our HP/HT AFM can be schematically decomposed into three dif-
ferent components, as shown in Fig. 1A. The pressurized liquid cell
(highlighted in blue) provides the conditions at which the experiment is
actually carried out and essentially contains the AFM probe and the
sample. The base chamber (highlighted in yellow) below the liquid cell
is pressurized with N2 at the same pressure and essentially contains the
sample positioning system. The readout of the AFM cantilever, finally,
is carried out through the optical head (highlighted in white), located
above the liquid cell in ambient conditions. A schematic of the external
and internal components of our setup is shown in Fig. 1B, using the
same colors. A key element of the design is the flexible and chemically
inert Viton membrane (1) separating the base chamber from the liquid
cell. The membrane allows the electrically connected positioning
system to be located in a dry environment, whereas the pressurized
liquid cell itself only contains passive components, notably the sample
(2) and the AFM probe (3). The optical head is comprised of a photo-
detector (4) and laser (5) used to measure the cantilever’s deflection
from above through the viewing window (6). An external heater (7)
surrounds the liquid (8) in the pressurized cell for temperature control.
The positioning system (10) consists of a coarse approach device (i.e.,
stepper motor and leadscrew) for the initial approach of the sample

toward the probe and a piezoelectric scanner used for all movement
once the probe and sample are in or near contact. The Viton membrane
has proven more cost effective than Kalrez (DuPont), which had been
used in previous systems [34–37].

The optical head in our HP/HT AFM (Fig. 2A) was home built; this
approach is more versatile and less expensive compared to previous
HP/HT designs that used optical heads from a commercial, ambient-
condition AFM system [34,35]. Fig. 2A features the laser (1) sitting in a
custom mount (2) with active air circulation, which was built to remove
excess heat from the heated fluid cell and to maintain the optimal laser
temperature. The custom laser mount is attached to an XYZ translator
(3) for aligning the laser spot on the cantilever laterally (XY) and for
optimizing the focal point via vertical (Z) adjustment. The laser beam
enters the fluid cell through a sapphire window at normal incidence
where it meets the cantilever back surface, which is tilted by 12° re-
lative to the horizontal. The reflected laser beam, after refraction at the
water–sapphire and sapphire–air interfaces, impinges onto the photo-
detector (4), which is mounted to an XY translator (5) to center the
laser detector in the laser path.

The fluid cell (Fig. 2B) has an outer diameter of 1.5″ and accom-
modates standard O-rings with a custom designed, flexible Kapton
heater (7) wrapping around with minimal gap. A titanium-sheathed
thermocouple (6) was fitted inside the fluid cell as the temperature
sensor. Additionally, the cell has a fluid inlet (8) and outlet (9) to ex-
change fluids during experiments. We used a titanium reactor bomb
(not shown) as a reservoir for the pressurized fluid to be delivered to
the fluid cell. We used 1/16″ and 1/8″ outer diameter stainless steel
tubing for gas filled tubing and 1/16″ outer diameter titanium tubing
for liquid filled tubing, with high-pressure metal valves and fittings
throughout. The configuration of essential components was based on
the fluid delivery system described in Higgins et al. [35]. The lower
chamber (Fig. 2C) is pressurized with nitrogen from an external tank
through a gas inlet (10). Inside the chamber, the piezoelectric tube
scanner and stepper motor are connected to the external components
with a feed-through (11) and monitored with a viewing port (12).

The pressure/temperature capabilities of the completed HP/HT
AFM system were tested by filling the liquid cell with deionized water
and first increasing the system pressure to 10MPa and then increasing
the fluid cell temperature to 110 °C. We found that pressurization must
take place slowly (≈1.5MPa/h), because the pressure in the base of the
AFM has the tendency to lag the pressure in the reactor bomb.
Pressurization at a faster rate can thus lead to a pressure differential
large enough to rupture the Viton membrane and subsequent exposure
of the piezo scanner to fluid. A standard calibration grid fixed to the

Fig. 1. A) Image of the HP/HT AFM, with primary
sections labeled: optical head (white box), liquid
cell (blue box), and base chamber (yellow box). B)
Cut-away diagram (components not to scale) of the
HP/HT AFM showing the separating flexible mem-
brane (1), sample (2), probe (3), photodetector (4),
laser (5), viewing window (6), heater (7), pressur-
ized liquid (8), pressurized gas (9), and fine/coarse
approach mechanisms (10). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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sample stage using a gold wire was imaged at room temperature and at
high temperature (110 °C). Based on the obtained images (Fig. 3), the
non-linearity and sensitivity of the piezo tube scanner was calibrated in
both X and Y directions using standard procedures. Because the pie-
zoelectric coefficients for the lead zirconium titanate tube scanner
generally increase with temperature, separate calibrations were neces-
sary for each operating temperature. We observed a 36% increase in the
lateral calibration sensitivity when temperature was increased from
25 °C to 110 °C. This result is consistent with the temperature depen-
dence previously reported by Higgins et al. [35], who also found that
increasing pressure resulted in a small, but measureable, increase in
scanner sensitivity. Thus, for each pressure/temperature condition
employed, separate scanner calibrations are needed, in general.

3.2. Development of HP/HT-capable oil-functionalized AFM probes

The crude oil functionalized probes we had previously developed
for experiments at ambient temperatures and pressures [38] were
manufactured in a different way to allow their use at HP/HT conditions.
First, the cantilevers, which had previously been coated with gold on

the back to increase laser signal strength, required an additional gold
coating on the front to prevent a bimetal effect that caused the canti-
lever to bend out of alignment at high temperatures. Secondly, we
functionalized the sphere using a hydrophobic silane before coating it
with oil. This reduced oil loss through wetting of the surface by the
brine at high temperatures. Images of a non-silanized probe that lost
portions of its oil coating while immersed in brine at high temperature
are shown in Fig. S1A/B of the supporting information. Third, the oil
coating required modification to increase its robustness in this new
environment, which was accomplished by increasing the temperature of
the vacuum drying procedure. Previous probes had been coated with
crude oil and then dried at 50 °C in ambient conditions. For the new
HP/HT probes, we instead placed the freshly oil-coated probes into a
cold oven, pumped the oven down to 30 inHg vacuum, heated the oven
to 150 °C, and held this temperature for 11 h. We then turned the oven
off and left it for an additional 11 h to cool to 20 °C while still under
vacuum. The vacuum limits oxidation of the oil coating via exposure to
oxygen while at high temperatures. The higher temperature drives off
even more volatile compounds within the oil, probably allowing the
asphaltenes, which are considered the dominant component governing
adsorption to mineral surfaces [39–41], to more completely precipitate
towards the surface of the probe, creating a more durable coating.
Optical microscopy of the new HP/HT probes immersed in brine near
the boiling point showed that oil did not come off the cantilever (see
supporting information, Fig. S1C/D), thus demonstrating that these
modifications were successful.

3.3. Force spectroscopy measurements

With the system assembled and pressurized to 10MPa we carried
out force spectroscopy experiments at temperatures of 25 °C and 100 °C;
the acquired force-vs-displacement curves were calibrated and cor-
rected for offsets. Typical retract curves are shown in Fig. 4A and B,
respectively. The room temperature curve in Fig. 4A looks like a typical
retract curve from a hard substrate, featuring a pull-off force of 11.6 nN,
the force minimum observed in the negative peak indicated by the red
ring. The curve features a relatively low level of noise.

In contrast, measurements at 100 °C represented an experimental
challenge, since the force curves were relatively noisy, complicating the
determination of the zero-deflection baseline (see supporting informa-
tion, Fig. S2). The most likely source for this noise was the fluctuating
optical path length caused by temperature inhomogeneities in the air
column between the hot AFM cell and exterior optical components. To

Fig. 2. A) Closeup image of the optical head
showing (clockwise from top left) the laser (1),
laser mount (2), XYZ translator (3), photodetector
(4), XY translator (5). B) Closeup image of the
upper chamber showing the thermocouple (6),
heater (7), fluid inlet (8), and fluid outlet (9). C)
Closeup image of the lower chamber showing the
gas inlet (10), electrical feed-through (11), and
viewing port (12).

Fig. 3. HP/HT AFM topographic image (20 μm×20 μm) of a 3 μm pitch cali-
bration specimen taken under water at 10MPa pressure and a temperature of
110 °C. The feature depth was nominally 600 nm.
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reduce these random fluctuations, a fan was introduced to continuously
blow air through the beam path. However, while this counter measure
reduced the low frequency fluctuations, the fan introduced a significant
amount of high frequency noise, as shown in the representative curve in
Fig. 4B. The gray dots represent the original data; the solid black line
shows a 100-point average (moving boxcar) of the data. A more rig-
orous reduction of the noise level would be possible by re-designing the
laser optical system. One possible approach would be to reduce the
optical path length, to reduce the laser path through air exposed to
strong temperature fluctuations. Another possible solution would be to
put pieces of glass or another optical material with good thermal sta-
bility in places where the laser runs through air in the current optical
head. This would further minimize the exposure of the beam to air that
is subject to random thermal fluctuations, thereby obviating the fan and
the additional noise it introduced. However, such extensive modifica-
tions were not possible within the scope of the project, which was on a
fixed schedule. Instead, significant efforts were taken in order to extract
a maximum of possible information from the noisy force spectroscopy
data.

In order to extract the adhesion force from such noisy retract curves,
we measured the minimum value of the point-averaged curve, denoted
by the red ring in Fig. 4B. However, due to the high level of deflection
noise corresponding to a force of 10 nN, pull-off events occurring at
forces below this threshold were not detectable. Despite these limita-
tions, we were able to see clear trends in the pull-off force as a function
of both pressure and temperature.

3.4. Effect of reservoir conditions on adhesive forces

Adhesive force measurements as a function of pressure are shown in
Fig. 5, with measurements taken at 25 °C shown in Fig. 5A in blue, and
measurements taken at 100 °C shown in Fig. 5B in red. Each data point
indicated by a colored, hollow circle represents the maximum adhesive
force measured in a single retract curve. To improve visibility the points
have been set to 5% opacity and given a slight random offset on the

pressure (horizontal) axis, though all measurements were taken at ei-
ther 0.7MPa or 10MPa. The number of points shown for each of the
four temperature and pressure combinations is listed in Table 1 under
“Total Curves”, in the order in which the experiments were carried out.
In Fig. 5A, the black horizontal bars indicate the median value for each
set of measurements, with the black boxes showing the extent of the
second and third quartiles. The median adhesion at 25 °C and 0.7MPa
was 10.02 nN, while the median adhesion at 25 °C and 10MPa was
4.53 nN, a statistically significant decline in adhesive force with in-
creased pressure. (See supporting information for statistical analysis.)

Analysis of the data taken at 100 °C was more challenging due to the
additional noise (Fig. 5B). The previously discussed 10 nN noise limit is
indicated as a hatched gray area. Due to the limitations stemming from
the increased noise levels at elevated temperatures, only a fraction of all
analyzed force curves exhibited detectable pull-off events with a pull-
off force above the noise limit. In the measurements at 0.7 MPa, 71% of
all curves (66 out of 93) showed detectable pull-off events above the
noise threshold. With some of the pull-off forces being undetectable, it
was not possible to determine the mean pull-off force. However, since
more than half of the data points were detectable, it was possible to
determine a median value of 21.09 nN for the entire set of measure-
ments, including those that were below the noise threshold, indicated
by a black bar in Fig. 5B. In contrast, only 19% of the measurements (19

Fig. 4. Representative retract curves taken at 25 °C
(A) and 100 °C (B), at 10MPa pressure, showing
force as a function of piezo extension. Red rings
indicate the maximum adhesive force in each plot,
with insets showing added detail at this location. A)
A maximum adhesive force of 11.6 nN between the
probe and surface is seen at the lowest point on the
plot. B) Gray points show all measured data points,
with black line showing a 100-point average of the
data with a maximum force of 37.1 nN between
probe and surface. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Adhesion force as a function of pressure at
25 °C (A) and 100 °C (B). A) Horizontal bar in-
dicates median values of 10.02 nN and 4.53 nN for
measurements at 0.7MPa and 10MPa, respectively.
Boxes indicate second and third quartiles. B) Black
horizontal bar indicates median value of 21.09 nN
for 0.7MPa measurements. Gray box indicates limit
on measurements imposed by fan-induced noise in
the signal. All points were set to 5% opacity and
given a slight random horizontal offset to enhance
visibility.

Table 1
List of experiments, in order of execution, showing the temperature and pres-
sure conditions for each test, along with the total number of curves taken and
the number of curves with measurable adhesion.

Temperature (°C) Pressure
(MPa)

Total
Curves

Curves with
adhesion

Experiment 1 25 0.7 100 100
Experiment 2 100 0.7 93 66
Experiment 3 25 10 200 200
Experiment 4 100 10 100 19
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out of 100) at 10MPa were above the threshold. Therefore, a median
value could not be determined for this set. Nevertheless, we can still
determine from this that the median value at 10MPa must be below the
noise threshold of 10 nN, as this region contains the majority of the
curves. Consequently, at high-temperature conditions (T=100 °C) the
adhesion significantly decreased when the pressure was increased from
0.7MPa to 10MPa. This finding for T=100 °C is in agreement with our
findings for T=25 °C, where we also found lower adhesion forces at
higher pressure.

Our next step was to also inspect our data for a systematic change in
the pull-off forces as a function of temperature for constant pressure.
The median adhesion at 0.7 MPa and 25 °C was 10.01 nN, but the
median adhesion at 0.7MPa and 100 °C was 21.09 nN, an increase of
more than a factor of two. To compare the results at 10MPa we used
the percentage of measurements that exceeded 10 nN, which was the
noise threshold associated with the measurements taken at 100 °C. Only
6% of the measurements taken at 25 °C and 10MPa were higher than
this value, while 19% of the measurements (19 out of 100) taken at
100 °C and 10MPa were above it, which represents an increase.
However, since we do not know the distribution of pull-off forces at
100 °C due to the noise limit, it is more challenging to tell whether the
difference in the number of data points above 10 nN also corresponds to
a change in the median. While this does not provide us with enough
information for definitive conclusions regarding the temperature de-
pendence, it is still suggestive that, assuming the distributions are si-
milar in shape, there is an also increase in adhesion with increasing
temperature at high pressure.

Stability of the crude oil layer on our probe was a concern, and
therefore, we looked for any systematic changes as more and more force
curves were completed. However, we did not find any such systematic
changes that would have been indicative of probe wear. Only when we
changed temperatures and pressures following our experimental se-
quence shown in Table 1, the forces changed, as shown in Fig. 5. Within
one experiment, no systematic changes were observed, and therefore,
we concluded that our probes were sufficiently robust. This is in
agreement with our earlier work, where SEM investigation of the crude
oil functionalized colloidal AFM probes did not show any signs of wear
after acquiring many force curves [38].

3.5. Discussion

Our results show that adhesion decreases as a function of increasing
pressure at both 25 °C and 100 °C. A possible explanation of the ob-
served reduction of stickiness with increasing pressure could be that the
crude oil becomes stiffer under pressure, thus reducing the effective
contact area and observed adhesion. Another outcome of our observa-
tions is that the adhesion increases as a function of increasing tem-
perature, both at 0.7MPa and 10MPa. One possible explanation would
be that the Debye length λD in the brine increases with higher tem-
perature according to double layer theory due to enhanced thermal
motion [42]. The corresponding decrease in screening of surface
charges is expected to enhance any existing electrostatic attraction
between surfaces. However, the change in absolute temperature from
298 K to 373 K is moderate, and thus the corresponding effect on λD,
which has a square root dependence on the temperature, is relatively
modest, on the order of 10% [44]. Our results indicate a much larger
effect, with the median adhesion at 0.7MPa more than doubling when
the temperature was increased from 25 °C to 100 °C, with a similar
trend observed at 10MPa. Direct changes in the oil and/or mica surface
charge, rather than screening, could also have driven the changes in
adhesion, since the protonation constants of sites on the surfaces pos-
sibly has a strong temperature dependence, similar to what was de-
monstrated previously for other silicates [43]. Finally, the increase in
temperature is expected to make the crude oil layer on the AFM probe
softer, which would be expected to increase the contact area with the
substrate and thus increase adhesion. The latter effect would fully

explain the observed increase in adhesion at higher temperature.

3.6. Outlook

Further study of the effects of pressure and temperature would be
very interesting. For example, gradually increasing the pressure would
make it possible to study the effect across a broader spectrum of pres-
sures to see if there is a gradual decrease and/or sudden change(s). In
case of continuous, gradual changes, the shape of the function relating
adhesion and pressure might provide interesting insights as to the un-
derlying mechanisms. For such experiments an upgrade of the system
with automated pressure regulators would greatly facilitate the pres-
surization process, which is currently very time consuming.
Furthermore, gradually increasing the temperature instead of only
studying two fixed temperatures would be similarly interesting and
would potentially allow us to determine the impact of double layer
effects vs. other contributions to adhesion; in particular, we would be
able to check for the existence of more sudden transitions that have
been reported [29].

While we successfully implemented reservoir temperatures and
pressures in our experiment, there are still some chemical differences
between the system we studied and an actual reservoir, such as the
concentration of CO2, presence of H2S, and the pH. Such conditions
cannot be achieved by experiments carried out at laboratory tempera-
ture and pressure. The flexibility inherent in the design of our system
allows in principle to adjust not only temperature, pressure, brine, oil,
and mineral, but also dissolved gases and pH. Our setup thus makes it
possible to gain unprecedented understanding of the nature of oil/mi-
neral interactions at realistic reservoir conditions. Using live injection
and formation liquids with their associated dissolved gases will allow
exploration into their impacts on surface chemistry adsorption/deso-
rption processes. Beyond this, it is straightforward to introduce dif-
ferent additives to the brine. Candidates for testing include the various
salts present in commonly used injection liquids as well as surfactants
and other additives used in petroleum recovery. The probes could also
be functionalized with live crude and dried under an inert atmosphere
at high temperature to further limit oxidation.

4. Conclusion

The instrument designed for the work reported here allowed us to
carry out force spectroscopy at reservoir conditions for the first time,
i.e. a temperature of T=100 °C and a pressure of p=10MPa. By also
developing an AFM probe functionalized with crude oil that is com-
patible with these conditions, we were able to directly explore oil–-
mineral interactions in the extreme environment of a petroleum re-
servoir in a new way. Our new HP/HT AFM has a maximum operational
pressure of 10MPa and maximum tested temperature of 110 °C made
possible through both improvements on and combinations of different
elements from previous designs. Implementation of a custom optical
head and photodiode signal processing interface make this AFM design
compatible with most commercial manufacturer’s control electronics.

These measurements were performed with a dry oil functionalized
probe that retains the complexity of crude oil while remaining robust
enough to perform thousands of force curves, hundreds of which were
taken at full pressure and temperature. Our results indicate that oil–-
mineral adhesion increases at higher temperatures and decreases at
higher pressures by as much as a factor of two in each case. This de-
monstrates the large impact of both these variables on the system and
the necessity of testing in this regime. The fact that our system further
provides a pathway to studying many other parameters relevant at re-
servoir conditions, such as adjusting pH as well as concentrations of H2S
and CO2, will allow for a full exploration of oil–mineral interactions at
reservoir conditions in unprecedented detail. As such, it will become a
vital tool in designing the next generation of enhanced oil recovery
methods. Additionally, this expansion of the parameter space available
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to force spectroscopy impacts not only measurements of oil/mineral
interactions in their native environmental conditions, but also ex-
amination of oil lubrication systems or the catalytic conversion of oil.
Beyond this, it also allows for testing that replicates other extreme
environments, such as deep sea conditions. Hence, this may impact
several other fields, underscoring the larger importance of this work.
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