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ABSTRACT

Surfactants are important to a wide variety of elevated pressure processes; however, little is understood about
the effect of pressure on surfactant interfacial thermodynamics or transport. While some experimental studies
exist, concrete conclusions are difficult to infer due to experimental artifacts, e.g., non-equilibrium conditions.
We recently showed that few experiments are capable of achieving bulk fluid saturation, which is essential
to careful measurements of surfactant thermodynamics and transport dynamics. In other words, the accurate
study of surfactant adsorption equilibrium and transport parameters first and foremost requires bulk fluids
that are otherwise in equilibrium. This work uses our recently developed high pressure microtensiometer
(HPMT), which ensures bulk phase saturation, to measure thermodynamic isotherms for tri(ethylene glycol)-
hexa(propylene glycol)-monododecyl ether (LS-36) surfactant (concentrations between 10~ and 10~ mol/L
and pressures between 1 and 57 bar) at the CO, gas-liquid water surface. All measurements were conducted
at 22.5 °C. Note that in this study, the surfactant was dissolved in the liquid water phase and is unable to
partition into the gaseous CO, phase. Isotherms at different pressures were determined from surface tension
data, analyzed, and compared to determine trends in thermodynamic parameters. Dynamic surface tension
measurements were performed to assess transport dynamics in terms of the well-studied diffusion timescale. We
find that surface tension depends non-linearly on pressure and surfactant concentration, such that surfactants
are less effective at lowering surface tension as pressure increases. Furthermore, surfactant adsorption is a non-
monotonic function of pressure and goes through a maximum at intermediate pressures. This result suggests
that surfactant adsorption is strongly dependent on the free energy of the CO,-water surface. Overall, this
work shows that the thermodynamics of surfactants at equilibrium surfaces under pressure are non-trivial and
need additional investigation to quantify the driving forces for surfactant adsorption and to develop models
for high pressure processes.
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Z.R. Hinton et al.
1. Introduction

Surfactants are routinely used in high pressure applications, such as
in detergency [1-5], in extraction and enhanced oil recovery [6-10],
in polymer processing [11-15], in nano-material engineering [16,17],
and as colloidal stabilizers [18,19]. The effect of pressure on the
fundamental performance of surfactants is largely unknown and is often
unaccounted for in the engineering of these systems. While theories
relating surface tension to changes in pressure have been derived [20—
25] and modeled computationally [26-30,30], experimental validation
is lacking, especially in the case of surfactant solutions.

Measurements of pure fluid-fluid interfaces as a function of pressure
are among the most common in the literature. For the organic liquid-
water interface, interfacial tension (y) is typically a simple function
of pressure, whereby y increases with increasing pressure [31,31-37].
For gas-water surfaces, y is generally a more complex, decreasing
function of pressure [33,38-44]. Overall, the gas-water surface is far
more dependent on pressure than any other and is highly dependent
on the gas phase chemistry. In a recent work [45], we demonstrated
this principle for the gaseous CO,-water surface, whereby changes in
CO, density, solubility, and adsorption lead to non-linear dependence
of y on pressure. This non-linearity has been attributed to a complex de-
pendence of absorbed gas concentration with pressure, which translates
to higher surface excess of CO, at the water-gas surface. The complex
relationship of the clean surface tension on pressure further presses
the need to understand how surfactants behave at these high pressure
surfaces.

Several studies have measured the thermodynamics of surfactants
at elevated pressure, such as surfactants at the water—oil interface [46—
49], water-supercritical fluid interface [50-55], and the water—CO,
(liquid) interface [50,51,56-61]. The water-CO, (liquid) interface is
particularly interesting for its relevance to a wide variety of appli-
cations; however, there is still little understanding of how pressure
changes surfactant adsorption behavior. Even fewer studies exist that
examine the effect of pressure on surfactant adsorption at the water—
gas surface. A few examples at the water-gaseous CO, surface include:
sodium chloride [62], tetra-n-butylammonium bromide [62], Tween 80
(polysorbate) [58], dipalmitoyl phosphatidylcholine [63], and fluori-
nated aerosol-OT and fatty alcohols in a Nickel plating solution [64].
Figure S1 summarizes the surface pressure as a function of pressure for
the literature cited above and shows a general decrease in the surface
tension with increasing pressure. One major, important fact is that there
is no obvious relationship between the surface tension, equation of
state, or overall surfactant behavior measured at ambient conditions,
and that measured at elevated pressures.

Although there is a wide range of surfactants that are useful in
elevated pressure processes, in this work we have chosen a surfactant
with wide relevance to both theory and application. LS surfactants
represent a family of amphiphile consisting of poly-glycol mono alkyl
ethers where the hydrophilic poly-glycol (or head group) is a block co-
polymer of ethylene glycol (E;) and propylene glycol (P,). The structure
follows C,.Eij, where the naming convention is LS-(j)(k), i.e. LS-36
contains approximately three ethylene glycol units and six propylene
glycol units, and hydrophobic tail is on average 12 carbons long (i.e. i =
12) [65,66]. Block co-polymers of poly-glycols are well known for their
versatility in a variety of solvents both as surfactants as well as bulk
fluid modifiers; however, poloxamers are more typically considered
over their alkyl ether analogs [67]. Some examples of applications for
LS surfactants include in micellar catalysis [68], as detergents [69-71],
and in chemical separations and extraction [72-74]. Recent interest in
LS surfactants has increased, particularly as CO,-philic surfactants are
sought after for elevated pressure processes. While the most promis-
ing CO, soluble surfactants are typically fluorinated, highly branched
hydrocarbons, or siloxanes [75-77], block co-polymers of poly-glycols
have proven to be similarly effective with lower associated cost and
toxicity [51,59,65]. Thus, LS surfactants have found use in micellar
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CO, systems, particularly as solubilizers for organics [66,78] and wa-
ter [65]. Fundamental experimental measurements of LS surfactant at
the solution-vapor surface are relatively absent from the literature,
with only two examples known for LS-45 and LS-54 [79,80] and one
example for LS-36 at only high concentrations [81]. In this work, we
examine LS-36 surfactant because it is both similar in chemistry to
well-studied ethylene glycol surfactants [82] and is a known CO,-phile.
Using this surfactant, we both report the fundamental nature of LS-
36 adsorption and use this study to demonstrate model behavior of
CO,-philic surfactants at the gaseous CO, surface, with hopes of future
studies to assess dense CO, interfaces.

Recently we showed that thermodynamic equilibrium (i.e., phase
saturation) between two fluid phases is very important to the state
of the surface [45]. Furthermore, we showed that many measurement
techniques detailed in the literature do not achieve equilibrium un-
less one waits extremely long times, much longer than reported in
most studies, and longer than surfactant adsorption time scales. Thus,
surfactant studies at elevated pressure using these methods do not
study transport or equilibrium adsorption at an equilibrium interface,
which makes thermodynamic evaluations difficult. In the aforemen-
tioned work, we described a novel high pressure microtensiometer
(HPMT) that is capable of achieving thermodynamic equilibrium of
the bulk phases prior to measuring surfactant adsorption dynamics and
equilibrium [45].

In this work, we examine the adsorption of surfactants to the
equilibrated CO, vapor-solution surface as a function of pressure. We
first demonstrate the independence of ambient surface tension of LS-36
surfactant solutions on the gas species and highlight the dependence of
adsorption isotherm parameters on surfactant hydrophile chemistry for
ethylene/propylene glycol containing surfactants. We then present the
CO,-LS-36 solution surface tension as a function of pressure (between 1
to 57 bar) at 22.5 °C, as measured using the HPMT. Our results indicate
that surfactant becomes less effective at lowering surface tension (com-
pared to the value at atmospheric pressure) with increasing pressure
and concentration. Using a Langmuir isotherm and interfacial dilation
measurements, we confirmed the non-monotonic pressure dependence
of the maximum adsorption concentration and characteristic concentra-
tion of LS-36. We also demonstrate the impact of pressure-dependent
adsorption on surfactant transport to the surface. This work underlines
the complexities of molecular thermodynamics (e.g., CO, solubility,
surfactant solution properties) involved in the pressure dependence of
interfacial phenomena and highlights the need for further investigation
of elevated-pressure surfactant behavior.

2. Experimental methods

Elevated pressure surface tension measurements were made using a
high pressure microtensiometer (HPMT), shown in Fig. 1. The HPMT
is based on the microtensiometer described by Alvarez et al. [83] and
is described in detail in Hinton and Alvarez [45]. The HPMT consists
of a micro-capillary inside a pressure chamber, such that surfactant
solution resides in the main chamber and a CO, vapor-solution surface
is introduced and pinned at the capillary tip. Two high pressure optical
windows allow the surface to be imaged using an objective and camera,
such that the interfacial radius (r) is continuously monitored. The
differential pressure (4P) between the micro-capillary and the main
chamber is measured by a high-pressure transducer. The chamber
pressure (P) is measured by a gauge transducer. Surface tension (y)
is calculated using the Laplace equation, such that y = AP - r/2.

The experimental protocol was as follows. The pressure chamber
was thoroughly cleaned with deionized (DI) water until the surface
tension at ambient pressure was measured to be a constant ~ 72 mN/m
at 22.5 °C for greater than 3000 s. For surfactant experiments, solutions
were loaded into the empty chamber using a syringe pump. Due to the
high surface area of the system, depletion of surfactant to the walls of
tubing, valves, and the pressure chamber was significant, particularly
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Fig. 1. Schematic of the HPMT experimental setup. A cutaway of the pressure chamber
illustrates the position of the micro-capillary and introduction of CO, and surfactant
solution into the HPMT. Only selected components are shown, with a more detailed
description given in [45].

for dilute concentrations (see [84]). Therefore, surfactant solution was
loaded to fill the system and allowed to sit for several hours before the
depleted solution was exchanged with fresh solution. Using a surfactant
solution of the desired concentration requires repeated applications
of the same solution and long wait times. We have found it more
advantageous and reproducible to instead allow the chamber walls to
saturate several times from a slightly larger concentration of surfactant
followed by filling with a slightly lower concentration of surfactant.
This allows for rapid diffusion and adsorption of surfactant to the walls
with an equilibrium reached such that the total bulk concentration is
closer to the desired concentration, rather than severely depleted. The
solution is allowed to equilibrate for > 12 hr after first being pressurized
with CO, to ~ 50 bar and then open to the atmosphere. This ensures
equilibrium of bulk surfactant with surfactant adsorbed to the walls
and saturation of the surfactant solution with CO,. A few repeated
pressurization-depressurization cycles (between atmospheric pressure
and 10 bar) were performed prior to measurements to ensure any excess
dissolved gas or bubbles were removed from solution. We found that 5-
10 repeated cycles was sufficient to obtain a stable pressure reading and
reproducible surface tension results. The bulk concentration is then val-
idated using the measured equilibrium surface tension at atmospheric
pressure, by comparison to the ‘calibration’ isotherm measured in an
ambient microtensiometer.

After the solution concentration reaches equilibrium with the cell
walls, experiments begin at atmospheric pressure and are conducted
with the chamber open. For elevated pressures, the chamber is closed
and CO, is flowed through the capillary allowing for quick saturation
of the solution and pressure to reach the desired set point [45]. A slight
overshoot in pressure was often first reached, as venting removed any
bubbles pinned to the cell walls. Dynamics were measured for surfaces
starting at the point where a fresh surface is pinned to the capillary
tip. Because of the relatively constant capillary pressure and changing
surface tension, the bubble radius is dynamic during the measurement;
however, for cases where the surface tension is reduced significantly
throughout the experiment, the radius changes are too large to main-
tain a single surface. This was compensated for using the high pressure
syringe pump by making small changes in the bubble fluid volume,
maintaining a practically constant radius with small changes in the
bubble pressure over time. After the surface tension remains constant
for at least 100 s, the equilibrium surface tension, y,,, was recorded for
at least 100 time points, where y,, is taken as the average of measure-
ments at these time points. Note that all results are reported with error
bars using a 95% confidence interval. This procedure is repeated for
at least three surfaces for every measured pressure and concentration.
The subsequent concentrations of surfactant are loaded using the same
procedure, without rinsing between concentrations. All equilibration
and measurement steps were performed at room temperature, i.e., 22.5
°C.
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HPMT measurements of y,, were found to exhibit good repro-
ducibility. Figure S2 illustrates example measurements in the form
of individual replicates for two separate series of measurements. The
precision of replicates at a given pressure is found to be very good;
however, in some cases the accuracy between measurements is as
high as +2.5 mN/m. One likely reason for this variation in surface
tension is that measurements were not taken at sufficiently long times.
For industrial grade surfactants, artifacts of the impurities often cause
a slow approach of equilibrium after the initial decrease in surface
tension. This makes the interpretation of y,, difficult for multiple
measurements, but in this work every effort is taken to consistently
define y,, as the point where y(¢) changes less than 1 mN/m over a
period of at least 100 s. For decreasing pressure measurements, a lower
degree of precision between measurements is observed. We hypothesize
that this is due to nucleation of CO, bubbles in the tubing of the
HPMT during depressurization, leading to artifacts in the differential
pressure measurement. For this reason, measurements performed after
a depressurization were only performed after small pressure cycles to
degas the system components.

While we acknowledge that our procedure is unconventional, it
allows for the quickest, most reproducible data to be measured. Fur-
thermore, there are clear advantages to our protocol over previously
published examples. First, the saturation of the bulk solution with
CO, is of critical importance to studying true equilibrium surfaces.
As discussed in our previous work [45], techniques commonly used
in the literature (e.g., capillary rise, pendant drop) make saturation
on experimentally-viable timescales difficult to ensure and require
accurate density measurements to calculate surface tension. Whereas
surfactant solutions are likely to complicate the accuracy of typical
techniques, the HPMT achieves equilibrium quickly without requiring
density measurements. Our careful attention to equilibration of the
surfactant solution also addresses depletion effects, which are often
neglected from the literature [84]. For high pressure instruments, this is
particularly important because the volumes of instrumentation required
to achieve elevated pressure are more likely to deplete solutions than
ambient equipment. Moreover, depletion effects caused by surfactant
solutions confined to a pendant drop can lead to inaccuracies in trans-
port timescales and equilibrium surface tensions [85]. Thus, the HPMT
considers saturation and equilibration of the surfactant solution as
part of the experimental protocol to ensure measurements are subject
only to equilibrium interfacial phenomena and not dynamic processes
of bulk fluid equilibration. It should be noted that measurements at
the solution-CO, liquid interface (or indeed other compressed liquids)
could be performed using the same experimental apparatus; however,
modifications to the protocol would be required to account for the po-
tentially non-negligible solubility of water and surfactant in the dense
CO, phase. This scenario should be the subject of future investigations.

2.1. Ambient measurements

Ambient measurements of surface tension are performed using the
method and experimental setup described previously [86]. Briefly, a
glass micro-capillary is embedded into a 3D-printed housing with a
glass window at the bottom. The assembly is positioned on an inverted
microscope and controlled, compressed gas is connected to the capil-
lary, where gauge pressure inside the needle is measured. A well in the
housing is filled with surfactant solution, and surfaces are pinned to
the capillary tip at the beginning of a measurement. Surface tension
is calculated using the Laplace equation discussed above. For dynamic
measurements, the pressure at the capillary tip is exponentially reduced
(using the microfluidics controller) such that the bubble remains pinned
and its radius remains constant. Further details can be found in our
previous works [83,86,87].

A series of concentrations between 1 x 1077 and 1 x 10~ mol/L of
LS-36 were measured, obtaining both dynamic and equilibrium surface
tensions. Note that for ambient measurements, the solutions were used
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as prepared and depletion effects were avoided by allowing the solution
to soak the cell for up to several hours and replacing with fresh solution
prior to measurement. Measurements were made at the CO,-water
surface (using a compressed CO, feed to the controller) as well as at the
air-water surface. At least 3 surfaces were measured for the reported
averages. All measurements were made at room temperature (22.5 °C).

2.2. Materials

Surfactant solutions were made with DI water (18.2 MQ cm) and
LS-36 (Dehypon® LS 36, BASF Corp., Florham Park, NJ) technical
grade surfactant. The surfactant was used as received, i.e., without
purification. Serial dilution was performed to ensure consistency across
the entire concentration range. Compressed carbon dioxide and air
(research grade) were obtained from Airgas (Radnor, PA) and used as
received.

3. Results and discussion
3.1. Ambient dependence on gas phase

We start by measuring surface tensions for LS-36 at the ambient air—
water and CO,-water surfaces as a function of concentration. Various
works in the literature have shown that there is little to no difference
between the surface tension measured at the water-air or water—-CO,
surface at ambient pressure [62,88]. This is confirmed by our additional
measurements of ambient surface tension at the air-solution surface,
shown in Figure S2a. Fit values of the Langmuir isotherm parameters
I, and a, obtained by least-squares analysis, are in good agreement
between air and CO,. Some disagreement arises from the lowest con-
centration data (i.e., surfactant bulk concentration, C,, < 10~ mol/L),
which occurs because of the very long timescales required to reach
equilibrium that make determination of the ‘true’ y,, experimentally
difficult for technical grade surfactants. Further comparison of the ratio
of the surface tension for CO, and air as a function of surfactant
concentration is shown in Figure S3b, which shows that the data are
equivalent within experimental error. From our understanding of the
role of gas on the surface tension of water as a function of pressure [45],
we expect that ambient surface tension is independent of whether
CO,, N,, or air is used for the gas phase because of low solubility
and minimal adsorption of all three gasses. Note this would not be
the case for highly soluble gases, vapor phase adsorbates, or volatile
surfactants [89-91].

The measured y,, at the CO,-solution surface are shown in Fig. 2a
with example dynamic surface tension given in Fig. 2b. Note that the
molar concentrations are reported as calculated using the theoretical
chemical structure, with a molar mass My, = 666.97 g/mol. The effect
of polydispersity and technical purity is evident by both the behavior
of y(r) at long times and the non-zero slope of y,, v. C, past the
apparent critical micelle concentration (C¢ ). For this work, Ceye
was determined as the inflection point of y,, v. C,. The Langmuir-von
Szyszkowski equation of state was fit to y,, versus C, below the Ccpc
in the form:

C
Yeq =70 — RT T ln<l+7°°> @

where 7, and y, are the equilibrium and ‘clean’ surface tension, respec-
tively, R is the gas constant, T is the temperature, I',, is the maximum
interfacial concentration of the surfactant, C is the bulk surfactant
concentration, and a is the surfactant characteristic concentration. The
resulting fit parameters, are given in Table 1. While more robust
adsorption isotherms may be preferred, the Langmuir EOS was used
to minimize the number of parameters, facilitating analysis of the
pressurized surface as discussed below. Our isotherm at high C_, is in
good agreement with published surface tensions for C, that are in the
vicinity of C¢y,c [81].
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Table 1

Ambient isotherm parameters for LS surfactants.
Isotherm parameter LS-367 LS-54° LS-45"
I, (mol/m>?) 172 % 107 331x10°6 1.50 x 106
a (mol/m3) 329%x10°° 1.48 x 107* 5.29x 1077
Cepre (mol/L) 1.6% 1075 251x1075 2.00x 1075

@ Measured at the CO,-water surface.
b Isotherm values obtained by non-linear, least squares fitting of Eq. (1) to digitized
literature data from Refs. [79,80] for C,, > 107 mol/L.

Comparison of the ambient surface tension of LS-36 with other LS
surfactant data available in the literature provides additional insight
into the role of the hydrophile composition on interfacial quantities.
Interestingly, the available surface tension data from the literature
and the current work represent LS surfactants of equal hydrophile and
hydrophobe lengths, i.e. for LS-36, LS-54 [80], and LS-45 [79] the
hydrophobic tail length and the sum total of ethylene glycol and propy-
lene glycol units are constant. Table 1 compares isotherm parameters
measured in this work with those fit to literature data for LS-54 and
LS-45. C¢pyc for all three LS surfactants is similar, as is the value of
surface tension beyond the C. ), (not shown in table, approximately
30 mN/m). This is due to the dominance of the number of carbons in
the hydrophobe on the C,,~ where the contribution of the hydrophile
is negligible [82]. A more significant difference can be seen in the value
of I, or the slope of y,, versus log C,. I',, is approximately the same
for LS-36 and LS-45, however that of LS-54 is approximately a factor
of 2 larger. This is indicative of the dependence of I', on the total hy-
drophobic content of the surfactant [82], which is clearly increased by
the presence of a larger number of hydrophobic propylene glycol units
(specifically, the additional pendant methyl groups). Furthermore, this
effect is larger than expected for ethylene glycol only surfactants [82],
likely due to the strong repulsive forces between adjacent propylene
glycol groups at the surface. The order of magnitude difference in a
values may signify the effect of the ratio of EO and PO groups on
packing; however, no clear trend is observed. Note that experimental
artifacts may also explain these results (i.e., values of a are difficult to
accurately quantify without data at sufficiently low C or appropriate
accounting of depletion effects [82,84,92]). The relationships between
isotherm parameters and LS surfactant structure have been discussed
previously [93,94].

3.2. Pressure dependence of surfactant surface tensions

Fig. 3 shows the measured surface tension quantities as a function of
pressure for varied concentration of LS-36 surfactant. The equilibrium
surface tension, y,,, in Fig. 3a shows a decreasing trend with increasing
pressure. The overall span of surface tension over the range of pressures
is highest for the pure water surface and decreases as C,, increases.
Furthermore, the span of surface tension achievable at a given pres-
sure decreases with increasing pressure, indicating that the role of
surfactants is less pronounced at the surface as pressure increases. This
finding reflects the behavior exhibited by many surfactants at the dense
CO,-solution interface whereby surfactants often have little effect on y,,
(see Figure S1). An alternative representation, i.e. the surface pressure,
IT = y4(P)-y(C, P), is given in Figure S4, which indicates the effective
lowering of surface tension with respect to the clean surface at the same
pressure. For the majority of concentrations, this behavior appears to be
non-monotonic with pressure, exhibiting a local maximum around P =
40 bar, which is likely due to the onset of complex adsorption of CO,
at the surface [45] leading to changes in the adsorption of surfactants
(see discussion below). These data suggest that a targeted surface
tension lowering can be achieved by manipulating either concentration
of surfactant or pressure of the system.

Fig. 3b presents the surface tension lowering with respect to atmo-
spheric pressure, i.e., yg" — .- The largest value of this parameter is
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Fig. 2. Equilibrium (a) and example dynamic (b) surface tensions of LS-36 measured at the ambient CO,-water surface (i.e., using the ambient microtensiometer, MT) at different
bulk surfactant concentrations (C,,). In (a), error bars for equilibrium values represent 95% confidence intervals on the mean and the solid line represents the Langmuir equation of
state fit to the data. The dashed line represents the approximate slope of y,, past the apparent C¢y,c. The star symbols represent the ambient surface tensions measured using the
HPMT. Dynamics were measured using an ambient microtensiometer. Lines represent average values between 3 experiments and shaded regions represent one standard deviation
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Fig. 3. Surface tension (a) and difference from ambient surface tension (b) as a function of pressure for LS-36 solutions. All measurements were made at 22.5 °C. Error bars
represent propagated 95% confidence intervals using the errors of measured quantities (i.e., vy, 7,4, and yg").

observed for the clean CO,-water surface and decreases with increasing
surfactant concentration. This suggests that adsorbed CO, is more
effective at reducing surface tension than surfactant, which would not
be obvious from previous studies where surfactant likely adsorbs to a
non-equilibrium surface [45]. This implies that the ‘effectiveness’ of the
surfactant is low at higher pressures because the surface free energy
is sufficiently lowered by adsorbed (surface excess) CO,. Because the
HPMT ensures an equilibrium clean surface prior to surfactant adsorp-
tion, it is likely that CO, both thermodynamically and sterically hinders
adsorption of surfactant.

This behavior is similar to that observed by Massoudi and King
whereby increasing concentrations of TBAB lowered the change in
surface tension compared to that measured at ambient pressure (y;’;"' -
Yeq) [62]. The authors hypothesized that the surface at elevated pres-
sure is composed of more CO, than surfactants and that surfactant

undergoes a change in hydrophobic interactions at the surface because
of adsorbed gas; however, in the case of hydrophobic gases, the op-
posite trend was observed. The authors did not consider the effect of
dissolved gasses, but it is expected that CO, dissolution, however small,
would be much greater than that of hydrophobic gasses and would
also change the solution chemistry such that charged surfactants like
TBAB must undergo some change in solution and at the surface. For our
system of LS-36, it can be expected that changes in the hydrophobic
interactions at the surface could be due to changes in hydration and
the structure of water surrounding surfactant molecules. In particular,
this is known to be prominent in propylene glycol containing surfac-
tants [95]. These effects combined with pressure driven changes to
the density and adsorption of CO, lead to complex interactions and
evaluation of surface tensions.



Z.R. Hinton et al.

Plbar] = W 1+00l
10.8+0.04 203 +0.07
29.5+0.09 38.8+0.06
47.9+0.06 57.2+0.01

—

£

Z

g

g
P
C_[mol/L]
0

Fig. 4. Surface tension isotherms at selected pressures. Error bars represent 95%
confidence intervals. The isotherm and post-C.,, slope is shown for atmospheric
pressure. Dashed lines represent y, at each pressure. Pressures given in the legend
represent the mean chamber pressure for all concentrations with 95% confidence
intervals representing the distribution.

3.3. Pressure dependence of the equation of state

The interfacial adsorption of surfactant is quantified in terms of an
isotherm/equation of state, i.e., y,, versus C, for varying pressures.
This analysis provides a useful comparison of the effect of elevated pres-
sure on the fundamental properties of the surfactant. Fig. 4 shows the
equilibrium surface tension as a function of surfactant concentration
for a range of pressures. Note that experimentally, measurements are
made at fixed C,, and varying P, which results in a slight variability
in pressure that is denoted by the error indicated in the legend. The
effect of pressure on the isotherms appears to be twofold: (i) a decrease
in the overall change in surface tension with increasing pressure and
(i) a change in the shape of the isotherm with increasing pressure.
The change in the magnitude of the isotherm appears as a decrease
in the slope for certain pressures and an increase in the proximity of
Yeq O ¥o at low concentration for increasing pressure, i.e. a decrease
in IT with increasing pressure. This occurs because of changes in y,
due to pressure, as well as changes in the adsorption of surfactant.
The fact that IT versus C,, (shown in Figure S5) does not collapse for
any pressures indicates a fundamental change in the isotherm, i.e. the
isotherm is not simply shifted by a change in y,. While this finding
agrees with the results of Massoudi and King, the dependence of IT
on C, is significantly larger for this study [62]. This difference may
be related to the much greater surface activity of LS-36 over the tetra-
n-butylammonium bromide (TBAB) used by Massoudi and King, or it
may be linked to the fact that the bulk fluids are at thermodynamic
equilibrium in this study [45]. The effect of pressure on the adsorption
isotherm can be quantified by fitting a model to the data to obtain
isotherm parameters and C¢ ;.-

3.3.1. Effect of pressure on adsorption

In our previous work, we showed that the pressure dependent ad-
sorption of CO, is complex, especially for P > 30 bar, and follows a van
der Waals pressure isotherm [45]. For surfactant solutions, typically the
Langmuir, Frumkin, or generalized Frumkin isotherms are applied [96].
For moderate pressures where the shape of the isotherm is not signif-
icantly different than the ambient isotherm, the Langmuir equation of
state from Eq. (1) was fit using least squares regression with results
shown in Figure S6a. Although pressure-induced changes to the surface
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(e.g., hydrogen bonding, surfactant hydration) are likely to invalidate
some of the assumptions of the Langmuir isotherm [96], we have
chosen to use this isotherm for its simplicity. The Langmuir isotherm is
the simplest non-linear model (containing only two parameters) to fit to
surface tension data and the interpretation of its parameters facilitates
comparison of surfactant phenomena within a well understood context.
However, future work should consider more complicated adsorption
isotherms. The data in this work are well described by the isotherm for
moderate pressures; however, this is not the case for higher pressure
data (confirming the need for more descriptive models). Rather, the
maximum adsorption concentration, I',, was estimated using the slope
of the data and the Gibbs equation of state, given by

r—_-_L dy oo L _Ar )
RT \dInC RT A InC_

The slope of the data was approximated by the derivative between ad-
jacent experimental data points, which approximates I' at the midpoint
C,, in log-scale. We define this adsorption excess as I',,. For sufficiently
high concentration of surfactant, this value is expected to approach
I',,. For this analysis, we assume that the Gibbs equation is applicable,
i.e., the solution activity coefficient approaches unity (dilute solution)
and y versus InC, is linear (C,, — Cgpe) [92]. These assumptions
appear relatively consistent with standard approaches [92] and the
shape of the measured isotherms. While this method may be applied
to any two data points, we chose C,, ~ 3.3 107 mol/L. The results of
this analysis are shown in Fig. 5a, where the values obtained from the
Langmuir best-fit and the Gibbs isotherm are in good agreement. This
further validates the values of y,, measured.

For larger pressures, an additional approach of rapid surface com-
pression measurements was used to determine the maximum surface
concentration. These measurements consist of a rapid change in the
area of the bubble’s surface, such that the corresponding change in sur-
face tension relates to the adsorbed concentration at the initial and final
area by means of the isotherm. Measurements are performed by quick
changes in the volume of the syringe pump, which causes the surface to
dilate while remaining pinned to the tip of the capillary. The advantage
to this method is its independence from errors in the isotherm data
because it is performed at only a single concentration. This method also
serves as an independent confirmation of the I',, for the same reason.
Figure S6b illustrates typical compression measurements, where before
the compression, ¢ < t,, the surface is at equilibrium with the bulk
and y,, is measured. The surface is quickly compressed with a small
change in area and the measured surface tension immediately after the
area change is decreased due to a larger, non-equilibrium interfacial
concentration. The surface then reverts to equilibrium, via diffusion to
the bulk, returning to y,,. In all experiments, we observe the eventual
return of the surface tension to its equilibrium value, confirming that
the surfactant is reversibly adsorbed.

The instantaneous change in measured surface tension, which is
highlighted in the box and inset of Figure S6b, is used to quantify
the equilibrium adsorption at the surface through a given adsorption
model. Assuming Langmuir adsorption, the surface equation of state
can be written in terms of the number of moles of surfactant at the
surface, n:

n
=y+RTT, In|1- 3
Y=n o In ( T A> 3
where A is the interfacial area [97]. We again assume a Langmuir
adsorption isotherm and that the compression or expansion is rapid
enough such that the adsorbed moles of surfactant are constant. Thus
the mole balance gives,

n(A)) =n(Ay)) = A; Ty, [1 —exp(Z;;())] @

where A; and y; represent the surface area and measured surface
tension at times immediately before and after the surface dilation. For
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a toroidal spherical cap smaller than hemispherical, the surface area is
given by:

A=2zr (r - M) 5)

where b is the capillary radius. Thus for a given change in radius and
surface tension measured for a dilating interface, I',, is determined
from the mole balance (4). Note that this only holds for the step
change in area, i.e. typically < 2 s, where mass transfer is negligible,
reversible adsorption, and for small perturbations to the interfacial
area (i.e., small dilatational strains) [97]. Using I, estimated from
interfacial expansion, the corresponding value of a can be evaluated
from a rearrangement of the Langmuir isotherm,

L__n _ S ©
I, AT, C.+a

where C_, is the bulk concentration at the equilibrium adsorption
concentration. Therefore an expansion/compression measurement at a
single concentration provides a relatively accurate estimation of the
Langmuir isotherm for all concentrations.

The results of the isotherm fitting (I', and a, i.e., from Eq. (1)),
slope estimation (I, ie., from Eq. (2)), and rapid compression mea-
surements (l"oo’ap and A i.e., from Egs. (4)-(6)) are shown in Fig. 5.
We first note that the agreement between the various methods of
obtaining I" and « is satisfactory, with less than 30% deviation between
the various methods. Particularly, for P ~ 20 bar, where all three
methods were applied, there is very good agreement between the
results of the isotherm fit and the interfacial dilation in both I',, and
a. For P > 40 bar, the deviation in I',, is the highest between the slope
approximation and compression experiments. We hypothesize that this
is due to the limitations of taking the derivative of so few experimental
points at these values of P and C,. Regardless of the quantitative
difference in I',, for the two methods, the trends are consistent, and
both methods show a maximum in surface coverage at intermediate
pressure. A local maximum in I is observed at around P =~ 40 bar,
followed by a decrease of adsorption as a function of pressure, where
I, at P ~ 57 bar is less than that at low pressures by about an order
of magnitude. The value of a determined from the Langmuir isotherm
is a very strong function of pressure, varying by almost an order of
magnitude over less than 20 bar. A maximum is also observed for a at
the same pressures discussed for I',,. The free energy of adsorption is
related to a by the relationship: 4G%* ~ RT Ina [82], thus, the free
energy of adsorption increases at an approximate rate of 1.5RT per
10 bar. An interesting fact is that the sharp increase and maximum
in I',, and a for P ~ 40 bar corresponds to the maximum in dy /0P
and the onset of non-Langmurian (i.e., multilayer) adsorption for the
pure water-CO, surface [45]. This corresponding behavior alludes to a
potential surfactant adsorption mechanism that is dependent upon both
the surface excess concentration and interfacial structure of CO,. Our
hypothesis is that the simply adsorbed CO, does not impede adsorption
of surfactant, but that CO, lowers the surface free energy enough that
surfactant adsorption is less likely. Once more complex adsorption
of CO, occurs, a sudden need for surfactant to lower the surface
free energy occurs, but this need dissipates because with increasing
pressure more CO, becomes available to adsorb instead of surfactant.
Further experiments and modeling would be useful in understanding
this connection further.

3.3.2. Effect of pressure on micellization

Further analysis of the isotherm data was performed to estimate
Ceymc- The effects of the technical grade surfactant as well as the
wide differences in C,, make accurate determination of C¢, difficult.
Therefore, we estimate an apparent CMC, Cg‘jw ¢ from the intersection
of the Langmuir isotherm and a line drawn between the surface tension
of the two highest concentration data points. Additional details are
discussed in the supplementary material. The values of Cg[;wc as a
function of pressure with corresponding error bars are shown in Fig. 6.
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Fig. 6 shows a slight decrease in Cg"MC with increasing pressure
up to P = 40 bar after which an increase is observed. As expected,
the trend of C.y, inversely follows the trends observed in both I
and a. Unfortunately, the number of data points used for 57 bar do
not provide sufficient certainty in the value of CMC, and therefore
further work is needed to confirm the non-monotonicity with pressure.
From the data in Figs. 5b and 6, it is clear that the difference between
the free energies of micellization and adsorption, AG™¢ — AGY* =~
RT In (Cepe/a), decreases with pressure, suggesting surfactant be-
comes less likely to adsorb with increasing pressure, while the driving
force for micellization remains relatively constant. At the maximum
in I',, around 40 bar, micellization and adsorption become equally
likely, followed by increasing propensity for adsorption and a slight
decrease in the propensity for micellization. This supports the idea
that increased CO, adsorption with increasing pressure at relatively
low pressures, reduces the need for surfactant to lower surface free
energy, increasing surfactant propensity for micellization. However, at
elevated pressures and complex CO, interfacial adsorption, surfactant
adsorption spikes and propensity for micellization decreases. Another
factor to consider is the decreasing pH of water with increasing pressure
(from 4.22 at 1 bar to 2.92 at 57 bar, based on correlation with
CO, solubility [98]), which potentially contributes to changing CMC.
Examples of the pH dependence of C.) have shown that differing
trends can emerge depending on surfactant chemistry due to structural
changes to water surrounding micelles, local dipole screening, and
surfactant interactions [99-101]. More experiments, such as neutron
scattering might help to better understand the effect of pressure on the
micelle structure and size , particularly as a function of pH.

These results are in contrast to several literature examples whereby
the C ¢ was constant with increasing pressure or had a slight mono-
tonic increase with pressure [47,102-105]. It is important to highlight
that most literature examples measure the C. ), either in the absence
of a secondary phase using techniques such as spectroscopy or via inter-
facial tension at the oil-water interface [47,102-104]. One explanation
for the trend in CZ"MC observed here is the effect of dissolved gas on
the chemical potential. It is well known that solutes (regardless of sur-
face activity) and temperature can cause a sometimes non-monotonic
change in C ¢ for even nonionic surfactants because of fundamental
changes in hydration and water structure surrounding a micelle [92].
In one of the few examples of the role of pressure driven dissolution of
CO, on changing C¢,,¢, Chen et al. found a non-monotonic change in
Ccmc with increasing pressure for AOT in iso-octane solutions [106].
This effect is attributed to increased thermodynamic favorability of
micellization because of CO,-surfactant interaction and changes in the
hydrophobicity of the bulk solvent. Interestingly, the effect of CO, on
our aqueous solutions is similar in magnitude to the previous study,
even though CO, is far less soluble in water and the LS-36 is non-
ionic. We hypothesize that this is because of the much lower starting
hydrophilicity/polarity of LS-36, which is more strongly impacted by
the presence of the polar dissolved CO, and carbonate ions. Carbonate
ions in particular have shown to strongly impact the thermodynamics
of propylene glycol containing surfactants [95]. Additionally, when
considered in terms of changing pH one would also expect a non-
monotonic change in C¢j, due to changes in solvent structure and
local dipole screening [99,100]. However, this remains only a hypoth-
esis and cannot be confirmed without further study using additional
techniques.

3.4. Dynamic surface tension

Lastly, we briefly discuss the dynamic surface tensions measured as
a function of pressure. Elevated pressure dynamics are of great interest
to a variety of surfactant transport processes; however, as discussed in
our previous work, the vast majority of ‘clean’ water—CO, interfaces
have been reported to undergo dynamics because of transport of CO,
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Symbols represent the mean and error bars represent the approximate range, as detailed
in the supplemental material.

in non-equilibrium conditions [45]. This suggests that previously re-
ported surfactant dynamics at elevated pressure are obscured by CO,
transport occurring on longer or comparable timescales. In the case of
the high pressure microtensiometer, dynamics are observed only after
the surfactant solution is saturated with CO,, meaning the dynamics
are directly comparable to typical surfactant transport phenomena.
Fig. 7a shows an example of dynamic surface tension at fixed C,,
and various pressures. In all cases, the surface tension begins at the
clean surface tension value and then decreases to y,,. The shape of the
dynamic curve is strongly dependent on the isotherm parameters. A
simple timescale analysis was performed to determine the governing
transport mechanism [107]. At ambient pressure, the transport of LS-36
is governed by diffusion (see dynamics in Fig. 2b). This is demonstrated
in Fig. 7b, where the experimental timescale is approximately equal to
the diffusion timescale for all C,, as detailed in Alvarez et al. [108].
For elevated pressures, the experimental timescale can only be
affected by either changes in T, vq» @ OT the diffusion coefficient, D.
Changes in D are expected to be negligible because of the limited
change in water’s viscosity [109] as a function of pressure. It is possible
that dissolved CO, could have any impact on D; however, the effect is
likely negligible. Thus, the value of D = 1x1071% m?/s, estimated from

typical values for surfactants of similar molecular weight and structure,
is expected to hold for all pressures [108].

The diffusion timescale can be estimated from Alvarez et al. [108]
considering the isotherm parameters discussed above. Fig. 7b shows the
experimental transport timescales normalized by 7, ; and shown as a
function of pressure. For all measurements, the normalized timescale
is near unity, which suggests that transport is governed by diffusion
of surfactant molecules to the surface. Note that some spread of the
data at various pressures is most likely due to experimental error
such as convection inside the sample cell, and/or an initially unclean
surface. Thus we can conclude that pressure has no appreciable affect
on the rate of surfactant transport to the surface, but mostly affects the
magnitude of the isotherm/surface equation of state parameters.

4. Conclusions

The control and refinement of high pressure chemical processes
requires a fundamental understanding of the effect of pressure on inter-
facial thermodynamics [18,19]. Unfortunately there exist few studies
that have accurately measured surfactant physics at elevated pres-
sures [110]. This work shows the importance and non-monotonic de-
pendence of interfacial thermodynamics on pressure. We present a
thorough investigation of a commercially relevant surfactant, LS-36, to
the pressurized and equilibrated CO,-solution interface using a novel
HPMT. The equilibrium/saturation of the bulk phases allowed for the
unique determination of key thermodynamic parameters as a function
of pressure. It is worth noting that previous studies have often been
hindered by unsaturated bulk fluids [45], which convoluted the effect
of surfactants. We show that the interfacial thermodynamics of LS-
36 are non-monotonic, and show a complicated function of pressure.
Four major conclusions from this work are: (1) surfactants have a
weaker effect on surface tension for increased pressure, (2) isotherm
parameters I, and a go through a maximum at intermediate pressures,
where the adsorption of CO, molecules to the interface was previously
shown to be complex, (3) the CMC for LS-36 goes through a minimum
at intermediate pressures, and (4) adsorption for LS-36 is diffusion
limited for all measured pressures. This technique can be readily ex-
tended to measurements of additional surfactants at various gas-liquid
and liquid-liquid interfaces as a function of pressure. These measure-
ments are the subject of future investigations and will help to better
understand whether the above conclusions are specific to CO,-water,
or are more general effects of pressure on surfactant thermodynamic
properties.
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