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Abstract

Hypothesis. Understanding interfacial phenomena at elevated pressure is crucial to the design of
a variety of processes, modeling important systems, and interpreting interfacial thermodynamics.
While many previous studies have offered insight into these areas, current techniques have inherent
drawbacks that limit equilibrium measurements.

Experiments. In this work, we adapt the ambient microtensiometer of Alvarez and co-workers into
a high pressure microtensiometer (HPMT) capable of experimentally quantifying a wide range of
interfacial phenomena at elevated pressures. Particularly, the HPMT uses a microscale spherical
interface pinned to the tip of a capillary to directly measure surface tension via the Laplace equation.
The stream of microscale bubbles used to pressurize the system ensures quick saturation of the bulk
phases prior to conducting measurements. The HPMT is validated by measuring the surface tension
of air-water as a function of pressure. We then measure the surface tension of CO2 vapor and water
as a function of pressure, finding lower equilibrium surface tension values than originally reported
in the literature.

Findings. This work both introduces further development of a useful experimental technique for
probing interfacial phenomena at elevated pressures and demonstrates the importance of estab-
lishing bulk equilibrium to measure surface tension. The true equilibrium state of the CO2-water
surface has a lower tension than previously reported. We hypothesize that this discrepancy is likely
due to the long diffusion timescales required to ensure saturation of the bulk fluids using traditional
tensiometry. Thus we argue that previously reported elevated pressure measurements were per-
formed at non-equilibrium conditions, putting to rest a long standing discrepancy in the literature.
Our measurements establish an equilibrium pressure isotherm for the pure CO2-water surface that
will be essential in analyzing surfactant transport at elevated pressures.
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1. Introduction

Processes at elevated pressure are increasingly important to a variety of applications. This
includes a large number of interfacially driven processes including: cleaning [1, 2, 3, 4, 5], extraction
and enhanced oil recovery [6, 7, 8, 9, 10], polymer processing [11, 12, 13, 14, 15], nano-material
engineering [16, 17], etc. Understanding the role of pressure on interfacial phenomena is key to
predicting process performance and designing novel systems. While this field has been explored by
many researchers over the past century, no consistent, generalized framework exists for quantifying
and parameterizing the role of pressure on interfacial phenomena for a number of important systems.
This means that experimental measurements are required to develop an understanding of how
pressure affects interfacial thermodynamics and transport.

Experiments of interfacial phenomena at elevated pressure are arguably limited by cumbersome,
time consuming, and difficult to analyze experimental techniques, such as: capillary rise [18, 19, 20],
captive drop/bubble [21, 22, 23], and drop shape analysis [24, 25, 26, 27, 28, 29]. The capillary
rise and captive bubble techniques are highly dependent on an assumed contact angle, which is
not trivial to measure or estimate at elevated pressure. Drop shape analysis is also complicated
by the fluid mechanics of drop formation, depletion effects, density effects, and volume dependence
[30, 31, 32, 33]. These methods also require an accurate measure of both fluid densities, which are
often functions of pressure and phase composition. Additionally, all of these techniques suffer from
transport limitations that make it difficult to achieve equilibrium between the bulk phases [34]. The
microtensiometer of Alvarez et al. utilizes a microscale interface which promotes measurements of
fast adsorption kinetics and reduces the likelihood of depletion effects with a small sample volume
[35]. Additionally, the microtensiometer serves as a useful platform for quantifying interfacial
phenomena such as interfacial rheology [36, 37], colloidal interactions [38], and transport to spherical
interfaces [35, 39, 40]. Thus, the robust nature of the microtensiometer is ideal for systematic
experimental measurements of elevated pressure interfacial phenomena.

We argue that equilibrium surface/interfacial tension1 measurements at elevated pressures are
particularly sensitive to bulk phase concentrations. This fact is central to the discrepancies in
reported values from the use of the capillary rise and drop shape analysis techniques in the literature
[41, 34, 42]. For example, we see from Figure 1 that the equilibrium surface and interfacial tensions
between gas, liquid, and supercritical CO2 and water vary significantly between different studies.
More specifically, Tewes and Boury have reported consistently lower γ(P ) than other researchers,
with the largest difference being just before and after the phase transition [41, 43]. The data in
Figure 1 at T ≈ 30◦C represents the largest difference in γ(P ), however the data of Chun and
Wilkinson appear to agree with those of Tewes and Boury at P ≈ 70 bar, but only for a small
range of pressures [20]. At T ≈ 40◦C, nearly all γ(P ) datasets are in poor agreement. We argue
that these discrepancies primarily arise due to poor equilibrium of the bulk phase, which is highly
apparatus and user dependent and occurs regardless of the state of CO2.

In this work, we introduce a high pressure microtensiometer (HPMT) for the purpose of mea-
suring surface tension as a function of pressure. We demonstrate that the HPMT presents several
advantages over current instruments making it particularly well suited for experimentally quanti-
fying elevated pressure interfacial phenomena between bulk fluids at equilibrium. We validate the
HPMT using the air-water and CO2-water surfaces, i.e. between the gas and water. Measurements

1Note that surface tension is used in this work to refer to a vapor-liquid surface, while interfacial tension refers
to a liquid-liquid or supercritical fluid-liquid interface.
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Figure 1: A compilation of data on the equilibrium surface and interfacial tensions, γ, between CO2 and water as a
function of pressure, P [20, 44, 45, 41, 46, 34, 42]. The colored bars show the CO2 state at the reported pressures, i.e.
the relatively constant values are in the dense CO2 regime. Note that there are considerable differences in reported
values.

on the CO2-water surface are in agreement with previously reported long-time dynamic values.
Our results suggest that previous experiments may not have yet achieved bulk thermodynamic
equilibrium and therefore measured higher surface tensions. In other words, these results answer a
longstanding question in the literature regarding the true surface tension of the CO2-water system.

2. Experimental Section

2.1. Experimental Setup

A custom experimental microtensiometer setup was built for measurement of surface tension at
elevated pressures. The design is a result of further development of the ambient microtensiometer
previously reported by Alvarez et al. [35]. A schematic of the high pressure microtensiometer
(HPMT) is shown in Figure 2a. The system consists of a main pressure chamber, fluid control and
instrumentation, and imaging components. The pressure chamber (4) was custom machined from
316 stainless steel, containing threads for all fluid connections and separate thermal fluid paths for
temperature control (not employed in this work). The external bulk fluid, in this case water, is
introduced using a syringe pump (5) which is isolated from pressure using a three-way valve (6).
The inner bubble/drop fluid is introduced using a pressurized cylinder with a pressure regulator
(8). In this design, the pressurized cylinder is also used to control the desired chamber pressure.
Gas from the pressurized cylinder flows through a 2 µm stainless steel filter immediately after the
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regulator. The bubble/drop fluid flows from the regulator and selector valve to a custom assembly
consisting of a glass micropipette (World Precision Instruments, Sarasota, FL) internally fixed to
a stainless steel fitting, such that the pressure difference between the inside and outside of the
capillary is never large enough to damage the glass. The capillary surface is treated such that the
bubble contact line is pinned at the tip of the capillary, as shown in Figure 2b.

(a)

(b)

Figure 2: Schematic of the HPMT setup (a) with a typical image of the interface shown in (b).

During operation, the flow of the bubble/drop fluid is controlled by a combination of manipula-
tions via the cylinder regulator and selector valve (VICI, Houston, TX) (8) with small adjustments
using a high pressure syringe pump (9) (Chemyx, Stafford, TX). The differential pressure between
the pressure chamber and the capillary is measured using a differential pressure transducer (7)
(Honeywell Sensing and Control, Golden Valley, MN), with a reported accuracy of ±35 Pa. The
differential pressure, ∆p = pi − po, is measured at two horizontal points with no height difference
between the points, i.e. no hydrostatic head need be accounted for. The chamber is sealed and
vented using a solenoid valve (11) with fast response time, and for instrument protection, a pressure
relief valve (12) is directly attached to the chamber. The chamber pressure is measured using a
high pressure gauge transducer (10) (Omega Engineering, Norwalk, CT), with a reported accuracy
of ±0.03% or ∼ 500 Pa.

The imaging components consist of a camera (1) (Point Grey, Wilsonville, OR) with a nominal
frame rate > 100 fps attached to a telecentric, long working distance objective (2) with 10×
magnification (Mitutoyo, Japan) via a lens tube. The optical path travels through two high pressure
quartz windows (4∗) (Encole, San Jose, CA) where the tip of the glass pipette is centered in the
field of view using a micrometer stage. The image is illuminated by a telecentric illuminator (3)
(Edmund Optics, Barrington, NJ). An example image is shown in Figure 2b.

As with the ‘ambient’ microtensiometer, the pressure jump across the surface, ∆p(t) = pi − po,
and the radius of the surface, r(t), are measured continuously to give surface tension via the Laplace
equation, γ(t) = r(t)∆p(t)/2, as described previously [35, 47]. Data acquisition and instrument
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control were achieved using a Real-Time Controller with cRIO modules connected to a PC running
custom designed LabVIEW software (National Instruments, Austin, TX).

2.2. Experimental Procedure

Prior to conducting experiments, pressure instruments were tared and calibrated and the optical
system was calibrated following the procedure developed by Hinton and Alvarez [47]. Because of
the increased degrees of freedom in the horizontally oriented optical components of the HPMT,
the measurement requires a calibration step to account for optical errors due to misalignment [47].
Therefore, the system was first calibrated with DI water at ambient pressure by measuring radius
at varied pi, following the procedure of Hinton and Alvarez. The measured surface tension as a
function of measured radius is fit to a linear correction equation, which relates the measured radius,
rm, to the true radius, r, in the form r = mrm+b, as demonstrated in Figure 3. This calibration was
then applied to all further radius measurements, such that r(t) = mrm(t)+b. The pressure chamber
and attached components were cleaned by flowing several liters of ethanol, ethanol in water, and
DI water through the cell until the surface tension at atmospheric pressure was measured to be
∼ 72 mN/m and constant for greater than 3000 s.
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Figure 3: True interfacial radius as a function of the measured radius, as determined using [47]. Points represent
calibration measurements and the line represents the calibration curve used in this work.

For P = 1 bar absolute, the chamber was open to the atmosphere. For elevated pressures, air
or CO2 gas was injected through the capillary until the pressure in the closed chamber reached the
desired setpoint. Once the chamber pressure is at the setpoint value, the selector valve is closed and
a fresh interface is pinned to the needle surface. Equilibrium surface tensions, γ, were taken after
∂γ/∂t was negligible, which in all cases was instantaneous. Care was taken to wait until no flow of
bubbles was visibly evident before measurements were made. During experiments, no interaction
between either the interface or the capillary surface with undissolved droplets was observed. For
all measurements, no change in γ(t) was observed for > 103 s, therefore equilibrium γ values were
taken as the mean of γ(t) over all time points. The reported values represent the average over at
least 3 different surfaces, each of which consists of at least 100 points in time. Error is quantified
using t-distribution, 95% confidence intervals on the mean.
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2.3. Materials

Compressed carbon dioxide and air (research grade) were obtained from Airgas (Radnor, PA)
and used as received. Fresh deionized water (18.2 MΩ·cm) was used for each series of measurements.

3. Results and Discussion

The HPMT is first validated using the air-water surface. Accurate standards for γ(P ) are not
obvious based on the available literature, however air represents an important fluid which is typically
used to validate ambient instruments. Furthermore, it is minimally soluble in water and therefore
γ(P ) is less dependent on saturation of the bulk. Figure 4 shows the results of HPMT measurements
of air as compared to literature examples for γ(P ) using nitrogen and oxygen gasses. No actual
measurements of γ(P ) for air have been found in the literature, but from the work of Massoudi and
King, it appears that oxygen and nitrogen exhibit identical γ(P ). While previous work has shown
that gas mixtures can cause non-linear dependence of γ as a function of pressure and concentration
[48], we expect that air exhibits ideal mixing at the surface, meaning γair = γO2 = γN2 . Our results
for air are in good agreement with measurements of both O2 and N2 within 3%, i.e. ±1 mN/m. This
deviation may be related to temperature, as Massoudi and King report measurements at 25◦C while
our measurements are performed at 22.5◦C. Additionally, further measurements after allowing the
instrument to remain at constant pressure for > 12 hr show identical results. These results serve
as a validation of the HPMT’s ability to accurately measure surface tension at elevated pressure.
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Figure 4: Surface tension of the air-water surface as a function of pressure with comparison to literature values for
nitrogen and oxygen, obtained from [19, 49]. Error bars represent 95% confidence intervals on the mean of at least
3 experiments.

We next measure γ(P ) for the CO2-water surface. Figure 5 shows the measured values of γ(P )
compared to literature examples in the same range of pressures. For P < 40 bar, our data is in good
agreement with previous literature, i.e. within < 4%. For P > 40 bar, our measured values are lower
than the majority of literature values by up to ∼ 30%. However, these values are in line with those
obtained by interpolating the data of Tewes and Boury to 25◦C [41]. A more detailed comparison
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of literature data for γ(P ) is shown above in Figure 1 for two higher temperatures, where the same
trend is observed in Tewes and Boury’s dataset, confirming consistently lower measured γ(P ).

 Bikkina et al. (2011)
 This Work [22.5 C]
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Figure 5: Surface tension of CO2-water as a function of pressure as measured in this work, black pentagons, and
compared to previous reported values in the literature [19, 50, 20, 44, 45, 41, 46, 34, 42]. Error bars represent 95%
confidence intervals on the mean of at least 3 experiments. Note that the values of Tewes and Boury are linearly
interpolated to 25◦C from data at 20 and 30◦C.

As discussed in the introduction, equilibrium is a key condition required to correctly measure
γ(P ). The ability to establish equilibrium before measuring the surface tension is one benefit of the
high pressure microtensiometer (HPMT). This is achieved, because of the process of pressurizing
the HPMT, by flowing bubbles of the gas phase through the bulk fluid. This generates a turbulent
flow of microscale bubbles giving a Reynolds number ≈ 2 × 104, estimated based on the average
pressurization rate of 3 × 103 Pa/s, which leads to an average velocity via the ideal gas law and
the diameter of the capillary. Fluid properties were estimated for water and CO2 at 50 bar. This
means that convection speeds absorption and diffusion of CO2 from the bubbles and that the entire
bulk volume saturates much faster than if only a single interfacial area is used, which is common
practice for previous measurements. Furthermore, previous techniques all have an aqueous drop
phase, rather than a gas bubble phase.

Thermodynamic equilibrium between the two phases using the HPMT is confirmed by several
observations. First, for multiple vapor phases, the chamber pressure remains constant for at least
2 hr at a fixed initial pressure, therefore we can conclude that the aqueous phase is saturated. This
is because the relative volume of head space of gas above the aqueous phase would be significantly
depleted if it were to dissolve in the aqueous phase, leading to a noticeable measured pressure
reduction. Similarly, no dissolution of the pinned bubble is observed, confirming that saturation is
achieved. Finally, several experiments were performed whereby the HPMT was brought to elevated
pressure and allowed to remain at that pressure for > 12 hr. Not only was no reduction in pressure
observed, repeated measurements of the surface tension yielded the same value.

In a simple, binary system the effect of pressure on surface tension can be derived from equilib-
rium thermodynamics [54, 55, 56, 57, 58, 59, 60]. At a fixed temperature, these relationships can
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Figure 6: (a) Molar volumes and solubilities for the water-CO2 system as a function of pressure at T = 25◦C.
Solubilities are for the indicated component when it is the minority constituent of a phase, i.e. the solubility indicated

for water and CO2 represent x
(II)
1 and x

(I)
2 in Equation (1), respectively, when CO2 is chosen as component 2. These

values were estimated following Ref. 51 for water and 52 for CO2. Note that molar volumes correspond to pure
fluids and were obtained from Ref. 53. (b) Calculated ∂γ/∂P and Γ as a function of pressure for experiments in the
HPMT. The solid and dashed lines represent van der Waals and Langmuir isotherm best fit lines.

be reduced to three main contributions: entropic effects on the molecular density at the surface,
surface excess concentration (i.e. adsorption), and changes to bulk phase composition (i.e. satura-
tion). The resulting solution for surface or interfacial tension as a function of pressure, γ(P ), can
be written [60]: (

∂γ

∂P

)
T

= −Γ2

(
1 − x

(II)
2

)
v(I) −

(
1 − x

(I)
2

)
v(II)

x
(I)
2 − x

(II)
2

(1)

where x is the mole fraction, v is the molar volume, and Γ is the interfacial excess concentration
per unit area. Note that superscripts indicate a property of a given phase and subscripts indicate a

property of a given component, e.g. x
(I)
2 is the mole fraction of component 2 in phase I. Equation (1)

is a result of following the Gibbs convention, where the surface is considered two dimensional and
located at the point where Γ1 = 0. Note that a slightly different solution was derived by Rusanov
considering the composition and molar volume of the interfacial phase [59]. For the purpose of
this work, Equation (1) is preferable because it has only one parameter characterizing the surface,
rather than three.

If we agree that the HPMT measured surface tensions in Figure 5 are at equilibrium, then
Equation (1) can be used to estimate the surface concentration of CO2 as a function of pressure.
For this calculation, CO2 represents component 2 and the vapor phase is denoted by II. Figure 6a
shows the relevant thermodynamic parameters in Equation (1) as a function of pressure, using the
pure fluid molar volumes as an estimate of the phase volumes. ∂γ/∂P is estimated by the average
slope between a given point and its two nearest neighbors, as shown in Figure 6b. Combining these
data gives an estimate of the adsorbed concentration of CO2 at the surface, Γ2 (simplified to Γ), as
shown in Figure 6b. Our data show an order of magnitude increase in CO2 surface concentration
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between 1 and 10 bar, due to a large increase in the solubility of CO2. A maximum in ∂γ/∂P is
observed around 30 bar, where only the molar volume of CO2 is a strong function of pressure. The
decreasing value of ∂γ/∂P beyond this pressure leads to an inflection in Γ at ∼ 35 bar, after which
the adsorbed concentration is a stronger function of pressure. This is in line with previous works
that show good agreement between the density gradient across a surface and its measured surface
tension [61].

Interestingly, the surface does not seem to approach a maximum excess surface concentration
significantly before the phase transition, suggesting that density more strongly affects the concen-
tration of CO2 at the surface than solubility. This has implications on the type of isotherm that best
describes the adsorption of CO2 to the surface. For example, if we assume Langmurian adsorption
of CO2, given by:

Γ2 = Γ∞
KP

1 +KP
, (2)

where K is the equilibrium constant, and P is the bulk pressure, we find satisfactory agreement
at pressures < 30 bar. This suggests that CO2 may follow ideal adsorption at lower pressures.
However, the inflection at P > 30 bar resembles type IV multi-layer, e.g. van der Waals adsorption
[62], with a generalized isotherm given by

Γ2 = Γ∞
Cy

1 − y

1 +
(
ng
2 − n

)
yn−1 − (ng − n+ 1) yn + ng

2 y
n+1

1 + (C − 1)y +
(

Cg
2 − C

)
yn − Cg

2 y
n+1

, (3)

where y = P/P0, P0 is the vapor pressure, C and g are constants related to the heats of adsorption
and evaporation, respectively, and n is the number of adsorbed layers. These equations were fit to
the data for Γ using least squares minimization, with best fit lines shown in Figure 6b and parameters
and R2 values given in Table 1. The fact that the van der Waals equation fits well suggests that CO2

at high pressure leads to complex adsorbed layers. The complexity of the CO2-water surface is of
great importance to interfacial phenomena, such as surface elasticity and surfactant systems where
the CO2 adsorbed layer is expected to effect thermodynamics. For example, this could explain the
measured interfacial elasticities reported by Tewes and Boury [41]. In any case, these results and
interpretations would be greatly improved via MD simulations of the CO2-water surface.

Table 1: Pressure adsorption isotherm parameters for the CO2-water surface.

Langmuir van der Waals
Γ∞ (mol/m2) 2.56 × 10−5 4.96 × 10−6

K (1/bar) 1.73 × 10−2 −
C − 9.83
n − 13
P0 (bar) − 60
R2 0.9889 0.9999

3.1. Dynamic Surface Tension

One important characteristic of previous CO2-water measurements is the observed surface ten-
sion dynamics of the clean surface, first reported by Hebach et al. [45]. They observed three
distinct regimes in γ(t): (i) an initial relaxation due to diffusion of bulk fluid components into the
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opposing phase, (ii) a quasi-static state considered to yield the equilibrium surface tension, and
(iii) a long time relaxation process caused by ‘drop aging’. Before this classification, researchers
only attempted to ensure equilibrium between phases [19, 50, 20, 44], however their reported γ(P )
appears to compare well with the data from interval (ii) reported by other researchers [45, 34].
Tewes and Boury first reported a fourth interval whereby the long time relaxation led to an addi-
tional static state after t > 5×104 s, which they considered the thermodynamic equilibrium surface
tension [41, 43]. Figure 7b illustrates the two main types of dynamics reported in the literature
[43, 34]. Note that these dynamics are for illustrative purposes and occur at different T and P than
measured on the HPMT. While the literature agrees that the initial relaxation and static state
represents non-equilibrium transport of CO2, it is unclear whether the second static state is indeed
an equilibrium state or an artifact.

One important observation that results from a quantitative comparison of the dynamic sur-
face/interfacial tensions reported in the literature, is that all data show strong dependencies on
the sample volume, setup, and sometimes pressure. For example, some researchers show γ(t) with
an intermediate plateau of either zero slope[45] or moderately negative slopes [43]. While some
experimental conditions in the same work exhibit simple dynamics with long relaxation times[43],
others appear to show extremely slow dynamics that are clearly not at equilibrium [42].

In our measurements, no dynamic effects were observed, as shown by examples in Figure 7a.
As the dynamics show, no change in surface tension occurs over a period of ∼ 1000 s. While this
timescale is smaller than the previously reported dynamics, there is no indication of decreasing γ(t),
which would be expected to begin for t < 1000 s. As discussed above, no dissolution of bubbles
or changes in the bulk pressure were observed, confirming that the system is at equilibrium for
each measured pressure. We therefore conclude that at true equilibrium, no dynamics should be
expected for the binary system. Interestingly, we are likely observing the same equilibrium state as
measured by Tewes and Boury, without requiring extremely long equilibration times.
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Figure 7: Dynamic interfacial/surface tension for the CO2-water interface/surface at selected pressures (a) and from
[34, 43] (b). The data points in (a) at t = 100 s and t = 1000 s represent observed values after continuous recording
was stopped.
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The first stage relaxation of γ(t) has always been attributed to mass transfer leading to satu-
ration of the water phase, i.e. equilibrium [45, 63, 34, 42, 41, 43]. However, a timescale argument
can be made to explain that even the long time dynamics represent a path to equilibrium. Take
for example an initially pure drop of water (or spherical cap for capillary rise) in contact with pure
CO2 gas. At time equal to zero, the water immediately begins to absorb CO2 and CO2 begins to
absorb water through the surface. The exchange of CO2 and water continues until thermodynamic
equilibrium is achieved. It is expected that the CO2 gas will achieve equilibrium before the water
droplet (commonly for experiments where excess liquid phase is present). Thus, the timescale re-
quired to achieve equilibrium is the diffusion timescale for the drop, which has been shown to be
[64]:

τD,s =
b2

D
(4)

where b is the drop radius and D is the diffusion coefficient of aqueous CO2. Thus for most
measurement conditions (see Georgiadis et al. [34]), τD,s ≈ 103 s [65, 66], which is in line with the
reported dynamics or with the time allowed for equilibration prior to measurements. One additional
concern has been raised by Hebach et al. suggesting that true equilibrium cannot exist between
phases because of the curvature, however this principle seems to only be important on the nano-
scale and is inherent to most surface/interfacial tension measurements even at ambient pressures
[67].

The secondary relaxation of γ(t) (t > 1000s) has been attributed to several ‘aging effects’, such
as: corrosion of the capillary, aqueous phase reactions, surface active impurities, or dynamic density
changes or inaccuracy due to phase composition [45, 63, 34, 42, 68, 41]. Another effect that has
been extensively discussed is the evaporation of water to saturate the CO2 phase [45, 63], suggesting
that the bulk phases were not fully at equilibrium. Furthermore, evaporation is a moot point since
most researchers report introducing substantial amounts of water to saturate the vapor phase prior
to measuring surface tension. Equation (1) illustrates that γ(P ) is much less sensitive to the vapor
composition than the aqueous composition because v(vap) � v(aq).

The operating principle of the HPMT, measurements of the air-water surface, and the absence
of dynamics indicate that these effects are unlikely to be responsible for our reported lower equi-
librium γ(P ) values. Tewes and Boury attributed their lower γ(P ) values to long time aggregation
and interfacial reorientation of CO2-water complexes formed by hydrogen bonding [41]. However,
in their studies, this equilibrium state was only achieved after > 5 × 104 s, whereas we achieve
approximately the same values instantaneously. Interestingly, at the vapor-liquid surface Tewes
and Boury showed no appreciable change in the interfacial elasticity, suggesting that the aggregate
concentration at the surface would be very small. Furthermore, researchers have not reached a con-
sensus on the presence or stability of such aggregates above room temperature or their mechanism
of lowering interfacial tension. If aggregates are responsible for the lower equilibrium γ(P ), it is
unlikely that the kinetics of association would depend on whether water is the drop fluid or the
surrounding fluid and would not likely depend on the radius of curvature. Thus the results from
the HPMT suggest this explanation may be insufficient at the vapor-liquid surface.

Given that the HPMT promotes saturation conditions at t = 0, we argue that previous attempts
were measured out-of-equilibrium. In other words, reported dynamic surface tension was tracking
the establishment of equilibrium. The timescale arguments of Georgiadis et al.only considered
the timescale required to reach saturation of the drop. However, they ignored the fact that the
drop was connected to a cylindrical column of water, i.e. the capillary/needle, that also would
uptake CO2. This leads to a nearly infinite reservoir of water that would require saturation.
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Diffusion in this domain would follow the timescale: τD,c = L2

D , where L is the length-scale of the
domain, corresponding to the length of needle, capillary, etc. that is full of water in the system.
Although many researchers have noted leaving their fluids in contact for long times to hypothetically
equilibrate this domain, the typical timescales for common experimental setups are much longer
than reported. For example, for a typical setup τD,c > 6 × 105 s, or τD,c > 7 days. Note that some
systems include additional contact area between CO2 and water, however this would only speed
diffusion by a maximum factor of 4, if the length-scale is halved.

One argument against the timescale analysis above is that the reported dynamics at the CO2-
water surface are very reproducible within a given setup, meaning that subsequent drops exhibit
the same initial relaxation. However, this is unsurprising given that the times required for the
system to equilibrate are orders of magnitude larger than the experimental observations reported.
In other words, pushing out subsequent drops would only restart the saturation process again
from only a slightly closer to equilibrium bulk phase. Our results and arguments are supported
in part by modeling efforts. For example, Ravera and coworkers modeled a liquid-liquid system
of unsaturated phases [69]. They clearly showed that for these systems γ(t) can pass through a
quasi-static state at timescales comparable to local drop equilibrium, but a sustained flux leads to
a secondary relaxation to equilibrium. Our argument appears to connect the dynamic timescales of
Tewes and Boury and equilibrium γ(P ) measured by the HPMT in the absence of dynamics. It is
also thermodynamically consistent with Equation (1), and does not require a discussion of complex
interfacial physics. Therefore, we must conclude that previous reports were typically measuring
out-of-equilibrium surface tension values.

If our arguments are correct, these results have important implications for future studies and
modeling. For one, it means that γeq requires more than the drop to be at equilibrium. In other
words, γeq is only achieved when global, bulk saturation is established. Although we only demon-
strate saturation between CO2 gas and water, we expect that bulk saturation between liquid or
supercritical CO2 and water would lead to consistent interfacial tension measurements. We note
that one major advantage of the HPMT is that bulk saturation is achieved during pressurization
of the system. One important implication of ensuring bulk saturation is the study of surfactant
transport and equilibrium. More specifically, it would be extremely difficult, almost improbable, to
measure dynamic or equilibrium surface tension for surfactant systems if the ‘clean’ surface itself is
evolving in time. The HPMT offers a significant advantage in this regard, which will be the subject
of future investigations.

4. Conclusions

Experimental measurements of interfacial phenomena as a function of pressure are critical for
design and optimization of a large number of processes. Few thermodynamic theories have been
proposed to quantify surface tension as a function of pressure. Furthermore, parameterization and
validation of these models requires rigorous experimental quantification. Unfortunately, experimen-
tal apparatuses have limited the measurement of such systems because they are often difficult to
construct and operate at elevated pressure [45, 34, 42]. In this work we have introduced the high
pressure microtensiometer (HPMT). The HPMT provides a robust measurement platform that is
ideal for elevated pressure measurements, particularly because density values are made irrelevant,
timescales for adsorption are decreased, and equilibrium saturation is ensured prior to measure-
ments.
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The HPMT was validated using the air-water surface as a function of pressure. The results
confirm that γ(P ) for air is equal to that of both oxygen and nitrogen. Our measurements of the
CO2-water surface reveal important experimental design considerations when performing elevated
pressure interfacial measurements. First, no dynamics are measured in γ, demonstrating the absence
of mass transfer, i.e. fluids are saturated before measurement. Second, the equilibrium surface
tension of CO2-water is lower than previously reported, agreeing with the extremely long time
steady state values of Tewes and Boury [41, 43]. Note that Tewes and Boury argue that the long
time surface tension is due to some dynamic molecular effects at the interface, such as the formation
of complexes that are argued to form over time. Our data clearly shows that there are no dynamic
molecular changes to the CO2-water surface when bulk saturation is ensured. As such, it appears
that local equilibrium between the outer and drop fluids may not be enough to obtain equilibrium
surface tension as a function of pressure. At equilibrium, the calculated surface concentration of
CO2 suggests complex multi-layer interfacial adsorption of CO2 at elevated pressure. This finding
strongly impacts the current understanding of interfacial phenomena as a function of pressure,
which will inevitably impact modeling and physical interpretation of similar systems. Particularly
the design of extraction [6, 7], colloidal [16, 11], and other interfacial processes [1] at elevated
pressures must consider the equilibrium surface/interfacial tension.

Overall, the HPMT represents a versatile experimental platform which allows for consistent
measurements of the role of pressure on interfacial phenomena. Its benefits warrant use in all
areas of elevated pressure interfacial phenomena. Particularly, the ability to achieve equilibrium
between the bulk fluids is crucial to distinguishing between interfacial processes. This is even more
important for surfactant systems, where previous measurements were likely measuring dynamics
of both CO2 and surfactant transport, and for dense fluid-fluid systems, where measurements are
affected by phase saturation. This has likely led to inaccurate parameters for elevated pressure
surfactant systems and hypotheses that likely do not hold in a system truly at equilibrium. Future
studies will investigate the dynamic and equilibrium surface tension of surfactants at the CO2-water
surface as a function of elevated pressures. This will undoubtedly lead to more critical design of
novel processes and surfactants for elevated pressure [70].
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