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a b s t r a c t
Using phase-sensitive streaming potential experiments in a vacuum chamber, we demonstrate that lowering the ambient pressure of the air surrounding a hydrophobic, Zeonor microﬂuidic substrate results in
a decrease in the time scale required for equilibration of the electrokinetic potential. At ambient air pressures below 0.74 atm, the electrokinetic potential changes from 84 mV to 11 mV in 5 h, while the
same decrease occurs in a period of over 200 h when the system is at 1 atm. Returning a sub-atmospheric
system (where the electrokinetic potential had equilibrated to 11 mV) to atmospheric pressure did not
result in any additional change in the electrokinetic potential. This can be described as a type of hysteresis of the electrokinetic potential with dissolved gas concentration. No time or pressure dependence was
observed for the electrokinetic potential of hydrophilic (silica) substrates.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Polymers are often used as substrates for microﬂuidic systems, as
they are inexpensive, relatively easy to fabricate, and have potential
for favorable biological, chemical, and optical properties [1–4]. Modeling electrokinetics in polymeric substrates is challenging, however, because many of them are hydrophobic, and interfacial
phenomena in water–hydrophobe systems are not well understood.
While signiﬁcant electrokinetic potentials have been observed in
hydrophobic substrates [1,5–10], and at other hydrophobic interfaces such as oil droplets in water [11–15], some have reported the
electrokinetic potential in those substrates to be immeasurable or
unpredictable [16–18]. The lack of understanding of water–hydrophobe interfaces [10] limits predictive capabilities for device design,
and can lead to inaccurate analytical results.
The complexity of hydrophobic interfaces arises from poorly
deﬁned chemical, electrical, and ﬂuid velocity boundary conditions;
the origin of charge is unknown, and there is uncertainty regarding
slip [19,20]. Furthermore, these phenomena are dependent on the
structure of water and the putative presence of gas at the ﬂuid–solid
interface. Regions of depleted water density [21–23], ice-like hydrogen-bonded water molecule networks [24,21,25], and nanobubbles
[26] have been postulated as interfacial structures. In particular, the
presence of interfacial nanobubbles would affect both surface charge
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and slip, and their thermodynamic instability [27,28,26,29,19] has
been proposed as a potential explanation for the variation of electrokinetic properties of hydrophobic substrates as a function of the time
history of the ﬂuid–solid interface [30]. Both slip [31] and nanobubbles [32–36] have been shown to depend on the type and amount of
gas dissolved in solution. This suggests that the electrokinetic properties of hydrophobic substrates also depend on dissolved gas concentration, which is a function of the ambient pressure and
temperature.
Here we use phase-sensitive streaming potential experiments to
measure the electrokinetic properties of hydrophobic substrates
surrounded by air at sub-atmospheric pressures. Results are compared to measurements at atmospheric pressure, which are carried
out to long times (200 h) in order to estimate equilibrium properties.
Hydrophilic substrates (silica) are also measured for comparison.
Our goal is to determine how the ambient pressure of air in contact
with a water–Zeonor system affects both the equilibrium electrokinetic potential and the kinetics that govern the approach to equilibrium. This data is expected to elucidate whether the state of
dissolved gases in solution is a critical parameter in these systems,
and may ultimately be used to help inform design of microﬂuidic devices from hydrophobic polymers.
2. Reagents and substrates
Reagents were purchased from Sigma–Aldrich (St. Louis, MO).
Phosphate buffer solutions were prepared from stock solutions of
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all of the ﬁxtures upstream of the capillary had relatively small
hydraulic resistance (3 orders of magnitude less than the capillary itself), only leaks at the capillary inlet could have potentially
introduced error. We rejected data from any experiments where
such leaks were observed.
A 10 TX electrometer (6514 Electrometer, Keithley, Cleveland,
OH) along with platinized platinum electrodes were used to
measure the generated voltage across the capillary. They were
fabricated using an electrochemical reaction as described previously [41]. The platinizing solution consisted of 3.5% w/v hydrogen
hexachloroplatinate, 0.005% w/v lead acetate, and 2.5% v/v 1M HCl
solution. The working platinum electrode was immersed in the
platinizing solution against a counter electrode, and a potential
of 7 V was applied for 120 s, resulting in a macroscopically black
(platinized) platinum electrode. Electrodes were visually inspected
in order to check for degradation prior to each experiment.
For experiments at atmospheric pressure, pressure was applied
to drive ﬂuid from a syringe through the capillary under test into a
reservoir. The pressure waveform (DP = Pinlet  Preservoir) varied
from 0 to 27.6 kPa. Sub-atmospheric pressure experiments were
conducted inside a vacuum oven (VWR 1430M, Radnor, PA). Pressure was applied by a syringe pump situated outside of the oven,
and was transferred from the syringe pump to a syringe in the oven
via a linear positioner (Huntington Mechanical Laboratories
L2121–6–A, Grass Valley, CA). Electrical signals were transferred
into and out of the experimental vacuum chamber using an electrical feedthrough (Huntington Mechanical Laboratories P–22328–
CF, Grass Valley, CA). For these experiments, negative pressure
was applied by the syringe pump at the capillary inlet so as to
move ﬂuid in the opposite direction as in the experiments at
atmospheric pressure. The ﬂuid from a large (20 ml) reservoir that
was open to the local atmosphere moved through the capillary
under test into a syringe. This ensured that the ﬂuid in the capillary
had been exposed to the local atmosphere, allowing for adequate
gas transfer between the ﬂuid and the air. In those experiments,
the pressure difference between the inlet and the reservoir varied
from 41.4 to 13.8 kPa. The ﬂow was laminar in all cases
(Reynolds number below 1200), and hydrodynamic starting
lengths could be ignored. Electrical signals (i.e. the streaming
potential and pressure waveforms) were sampled by a DAQ card
at 20 kHz, and averaged over a period of 200 ms.
The measured pressure and streaming potential waveforms
were Fourier processed in 12-min segments, and the response at

monobasic and dibasic potassium phosphate. A mixture of equal
parts 0.5 mM monobasic potassium phosphate and 0.5 mM dibasic
potassium phosphate was used as the working solution for all
experiments (pH = 7.1, pC = logC = 2.8, where C is the molar
counterion concentration, consisting of potassium and hydrogen
ions in this case). A dual pH/conductivity meter (Mettler Toledo
SevenMulti, Columbus, OH) with specialized electrodes (Mettler
Toledo Inlab 730 and Inlab 413, Columbus, OH) was used for solution conductivity and pH measurements. Prior to each experiment,
buffers were checked to ensure that there were no pH or conductivity changes over time. Solution oxygen content was measured
using an electrochemical dissolved oxygen sensor (PASCO PS–
2108, Roseville, CA). Oxygen content was used to estimate overall
dissolved gas content, relative to the dissolved O2 concentration at
atmospheric pressure (O2 is about twice as soluble in water at
room temperature as N2 [37], and both gases have nearly the same
diffusivity [38,39]). All buffers were at room temperature (T =
25 °C) for all experiments.
Silica capillaries were purchased from Polymicro Technologies
Inc. (Phoenix, AZ) and Zeonor capillaries were purchased from Paradigm Optics (Vancouver, WA). The silica capillaries had outer and
inner diameters of 360 lm and 25 lm, while the Zeonor capillaries
had outer and inner diameters of 300 lm and 30 lm. A fresh section of capillary was used in each trial of each experiment.

3. Streaming potential measurements
Phase-sensitive streaming potential experiments (Fig. 1) were
used to measure the electrokinetic potential of silica and Zeonor
capillaries as a function of time [10,30]. Pressure was applied to
the inlet of a 4-cm section of capillary composed of the material
under study using a push/pull syringe pump (KD Scientiﬁc, Holliston, MA). Sinusoidal pressure waveforms with 240-s periods were
established via PID control of syringe actuation realized by
LabView. Pressure at the capillary inlet was measured by a
strain-gauge transducer (Senso-Metrics SP70D, Simi Valley, CA).
PEEK–ULTEM ﬁttings (LabSmith, Livermore, CA) and 180-lm ID
stainless steel tubing were used to make the ﬂuid connections
between the syringe, capillary, electrodes, and pressure transducer
[40]. Leaks in the ﬂuidic connections could lead to an underestimate of the electrokinetic potential. However, because we
measured the pressure directly at the capillary inlet, and because
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Fig. 1. Scheme of experimental setup for phase-sensitive streaming potential measurements at sub-atmospheric ambient pressures.
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the fundamental mode was used to calculate the electrokinetic
potential as a function of time. The electrokinetic potential was
calculated from the Smoluchowski Equation as follows:

jfj ¼



jF fDPðtÞgj

-5


;

ð1Þ

-10

f ¼f0

where F denotes the discrete Fourier transform, and fo is the driving
frequency of the pressure waveform [42,10,30,43]. Errors due to
surface conductivity, non-Debye–Hückel charge distributions, and
wall curvature were ignored as they were small as compared to
conductivity and temperature uncertainties, which were of the
order of 2–3%. Given the measurement uncertainties in our system,
we estimate the error in the inferred electrokinetic potential to be
less than 3%, and it is primarily due to uncertainty in the solution
conductivity. Because Eq. (1) holds strictly at equilibrium, the period of the applied pressure waveform was chosen to be slow enough
(240 s) to allow for a quasi-static measurement. If the system does
not reach equilibrium, there is a phase lag between the streamingpotential waveform and the pressure waveform. The damping of the
streaming potential waveform magnitude that occurs in a system
with a phase lag can be corrected for if the phase lag is measured
simultaneously:

f ¼ f0 ð1 þ tan2 aÞ;

ð2Þ

where f0 is the uncorrected electrokinetic potential, and
a ¼ \F ð/Þ  \F ðDPÞ is the phase difference between the streaming
potential and pressure waveforms. The phase lag, however, was
negligible in all of our experiments.
In order to compare experiments conducted with solutions of
different ionic strengths, we normalize our electrokinetic potential
data by pC = logC, where C is the counterion concentration in
mol/L, as described in [44].
4. Results and discussion
4.1. Time dependence of the f potential at reduced ambient pressure
We used phase-sensitive streaming potential experiments to
measure the electrokinetic potential of Zeonor microchannels as
a function of time at ambient pressures of 1 atm, 0.87 atm,
0.74 atm, and 0.47 atm. In these experiments, Zeonor microchannels were ﬁlled with aqueous working solution and sealed inside
a vacuum-oven chamber. At this point, all of the working solution
in the system was at equilibrium with air at atmospheric pressure
and room temperature. The pressure was then lowered to the
desired value using a mechanical pump, and simultaneous sinusoidal pressure actuation and streaming potential measurement were
initiated immediately thereafter. The speciﬁed sub-atmospheric
pressures were maintained throughout the duration of each experiment. As a test case for a hydrophilic substrate, this experiment
was also run for silica in air at 0.47 atm.
At all pressures, the normalized electrokinetic potential in Zeonor was initially large in magnitude at 30 mV, but decayed to a
smaller magnitude over time (Fig. 2). The temporal variations in
the electrokinetic potential can be described as exponential decays
with one or more time constants (this is discussed further in the
next section). At the end of the 20 h period in which the experiments were run, the electrokinetic potential was smaller in magnitude at lower ambient pressures (Table 1). This suggests that
pressure affects the equilibrium state of the electrokinetic potential and/or the kinetics of the approach toward equilibrium. This
change was not caused by an increase in solution conductivity
due to evaporation, as the conductivity increased by less than 3%
in all experiments. The data at 0.47, 0.74, and 0.87 atm all decay
to the same f potential at the end of the 20-h period, though it is

ζ /pC (mV)
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Fig. 2. Comparison of f-potential measurements in Zeonor at 1 atm to those at
lower ambient pressures. Data shown is the electrokinetic potential, f, normalized
by pC = logC (C is the counterion concentration in M) as a function of time for a
Zeonor substrate. 1 mM, pH 7 phosphate buffer was the working solution. The
experiment was set up with all solutions in equilibrium with air at atmospheric
pressure, the pressure was lowered to the indicated values, and the measurement
immediately initiated thereafter. All data shown represents the mean of at least
four replicates, where the shaded areas represent the standard error of the mean.
One point from one trial of the 0.74 atm data, and two points from one trial of the
0.47 atm data were determined to be statistical outliers by Chauvenet’s criterion,
and removed (there were 101 total time points for each replicate of each pressure
condition).

Table 1
Summary of results.
Pressure
(atm)

f
pC ðmVÞ

t=0

t = 20 h

0.47
0.74
0.87
1.00

27.7
29.6
32.1
28.9

2.6
2.6
4.9
13.1

at

f
pC

(mV) at

not clear from this experiment whether the system at 1 atm would
have reached the same electrokinetic potential at times greater
than 20 h (see next section). For these experimental conditions,
the pressure dependence is weaker below 0.47 atm, as the electrokinetic-potential traces for 0.74 atm and 0.47 atm were nearly
identical.
The measured electrokinetic potential as a function of time for
Zeonor at atmospheric pressure agrees well with previously
reported results for TOPAS [30], a thermoplastic that is chemically
similar to Zeonor, but is manufactured with less stringent
processes. While the effects of incubating Zeonor with aqueous
solutions over long time periods on the electrokinetic potential
have been investigated [1], to the authors’ knowledge, no previous
results for the temporal dependence of the electrokinetic potential

Table 2
Comparison of electrokinetic-potential measurements for Zeonor from different
studies. In [10], the reported data was taken after the solution and Zeonor substrate
equilibrated for 4 h, so our data at t = 4 h is shown for comparison.

Tandon et al. [10]
Tandon et al. [10]
This study

Experiment

f
pC ðmVÞ

Current monitoring
Streaming potential
Streaming Potential (at t = 4 h)

23.8
20.7
17.8
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b
f ¼ w0 1 þ
kD

ð3Þ

Here, f is the measured electrokinetic potential, w0 is the interfacial
potential, b is the Navier slip length, and kD is the Debye length.
Experiments [51] and MD simulations [52,53] have demonstrated
the signiﬁcance of slip in electrokinetic systems, though the phenomena is not well understood, and the effects of surface roughness
and non-uniform surface conduction within thin double layers have
been shown to be important, setting a limit to the effect of slip
[54,55]. Since nanobubbles are unstable, their decay over time is expected to result in the reduction of the apparent electrokinetic
potential.
While the origin of slip on hydrophobic substrates is unclear
[19], slip has been shown to be modulated by the type of dissolved
gas in solution [31]. In addition, the state of dissolved gases has
been observed to affect the density of water near the ﬂuid–solid
interface [23]. Nanobubble thermodynamic stability is also expected to depend on the concentration of dissolved gas in the ﬂuid
[26,56], which depends on the pressure of gas in equilibrium with
the ﬂuid, as given by Henry’s law.

P ¼ kH C

0
-5

-10
-15
0

ζ /pC (mV)

of Zeonor with high temporal resolution (12 min) have been reported. In Table 2, several reported values for the (phenomenologically deﬁned) equilibrium electrokinetic potential of Zeonor are
shown to be in good agreement. Meaningful comparison is
challenging, however, since equilibrium is deﬁned differently in
each of the experiments.
The electrokinetic potential of silica did not show any pressure
or time dependence, with a normalized time-averaged value of
25.8 mV in air at 0.47 atm (the normalized standard deviation
of the time average was 3%, suggesting that the electrokinetic potential was constant). This agrees well with our measured value at
1 atm (27.8 mV), and with previously published results [30,45–
47].
We have previously postulated that the time dependence of the
electrokinetic potential in hydrophobic substrates may be related
to the nucleation and dissipation of nanobubbles at the ﬂuid–solid
interface [30]. Nanobubbles are gas bubbles of diameter on the order of 50–200 nm, which form at hydrophobic interfaces, and are
classically predicted by the Young–Laplace equation to be highly
unstable. They have been observed via AFM to form at water–
hydrophobe interfaces [26,34,29,48–50], but not at hydrophilic
interfaces [34], and, since they are thermodynamically unstable,
they have a lifetime on the order of hours [27,28,26,29]. The presence of gas at the interface changes the ﬂuid velocity boundary
condition, and introduces an apparent slip [19]. For a given interfacial potential, w0, slip leads to an increase in the electrokinetic potential, f, which can be estimated using the following expression in
the Debye–Hückel, thin double layer limit [20].

ζ /pC (mV)
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Fig. 3. f-potential measurement in Zeonor at 1 atm over a time period of 200 h. The
Zeonor data shown is an average of two replicates. The inset shows the
electrokinetic potential in silica over at time period of 50 h for comparison. Data
shown is f normalized by pC = logC (C is the counterion concentration in M) as a
function of time for a Zeonor substrate. 1 mM, pH 7 phosphate buffer was the
working solution.

4.2. Very-long-term behavior of f at atmospheric pressure
In order to better establish the equilibrium electrokinetic potential for the Zeonor–water interface in air at 1 atm, we conducted
a long-term (200 h), phase-sensitive streaming potential experiment (Fig. 3). As was the case with the 20 h experiment, the magnitude of the normalized electrokinetic potential was initially high
at 30 mV. The electrokinetic potential continued to decrease
beyond the value observed at 20 h, however, to 4.62 mV after
200 h. In comparison, the electrokinetic potential of the silica–
water interface was constant over 50 h, with a normalized, timeaveraged value of 27.8 mV and a standard deviation of 4%.
The temporal dependence of the electrokinetic potential at
atmospheric pressure is characterized by an exponential decay
with two time constants, one long and one short. The data in
Fig. 2 was ﬁt to exponential functions in order to determine the
dependence of these time constants on ambient pressure (Table
3). As the ambient pressure is decreased, the long time constant
decreases dramatically, while the short time constant is affected
less. (The 0.74 and 0.47 atm cases were nearly the same.) In all
cases, the electrokinetic potential approached nearly the same value at t = 1(f1/pC  3 mV). For the 0.47 and 0.74 atm cases, the
long and short time constants are very similar to each other, indicating that those data may be well-described by an exponential decay with a single time constant.

ð4Þ

Here, C is the concentration of dissolved gas, kH is the Henry coefﬁcient for the particular ﬂuid–gas system at a given temperature, and
P is the partial pressure of the gas in equilibrium with the ﬂuid. The
dependence of electrokinetic potential equilibration kinetics on the
ambient atmospheric pressure observed in this study is consistent
with nanobubbles as a mechanism for introducing apparent slip,
leading to an inﬂated electrokinetic potential. Reduced ambient
pressure results in a lower dissolved gas concentration, faster dissolution of nanobubbles, and a more rapid approach to the equilibrium electrokinetic potential.

Table 3
The sub-atmospheric data sets in Fig. 2, and the data in Fig. 3 were
ﬁt to double exponential functions (f ¼ f1 þ f1 et=s1 þ f2 et=s2 ,
where f1 and f2 are ﬁt parameters, s1 and s2 are the time
constants, and f1 is the value of f at t = 1), using a non-linear
least-squares optimization. All ﬁts had an R2 value greater than
0.99.
Pressure (atm)

f1/pC mV

s1 h

s2h

1.00
0.87
0.74
0.47

3.0
4.4
2.5
3.8

115.21
4.23
1.48
1.99

2.85
1.91
1.26
1.96
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Fig. 5. The electrokinetic potential, f, normalized by pC = logC (C is the counterion
concentration in M) as a function of dissolved O2 concentration for several ambient
pressures. Dissolved O2 concentration as a function of time was calculated using the
model and data described in Fig. 4. The points are evenly spaced in time, at 12 min
intervals. Dissolved O2 concentration is normalized by the dissolved O2 content of a
solution in equilibrium with air at 1 atm.
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Given the postulated role of nanobubbles in electrokinetic
potentials of hydrophobic substrates, we expect that the observed
pressure dependence of the electrokinetic potential of the Zeonor–
water system is fundamentally due to the state of dissolved gases
in solution. When the ambient pressure is decreased, a ﬁnite
amount of time is required for the solution to come to equilibrium
with the surrounding gas (Fig. 4). Using the data in Fig. 4 and a
model for gas transfer kinetics, we calculated the dissolved O2 concentration in the working solution as a function of time in each of
our low-pressure experiments. The electrokinetic potential as a
function of dissolved O2 concentration is nearly the same for all
of the sub-atmospheric pressures examined (Fig. 5). It decreases
in magnitude approximately linearly with dissolved O2 concentration until the normalized (with respect to the equilibrium concentration at 1 atm air pressure) concentration is 0.9, at which point
f is constant with further decrease in the O2 content.
The collapse of data taken at different sub-atmospheric pressures shown in Fig. 5 suggests that the response of f to changes
in dissolved gas content is relatively rapid as compared to the
natural equilibration time of the electrokinetic potential seen at

[O2]/[O2] equilibrium, 1 atm

Increasing
Time

ζ /pC (mV)

The steady state is independent of pressure, but pressure regulates the kinetics of the approach to steady state. This suggests that
lower ambient pressure results in a more rapid approach to steady
state, rather than a change in the equilibrium electrokinetic potential. To the authors’ knowledge, no previous data on the electrokinetic potential of Zeonor substrates after long-term equilibration
with aqueous solution has been published. Mela et al. [1] showed
that incubating a Zeonor substrate with phosphate buffer solution
for 10 days, and then ﬂushing with new solution, resulted in a
slight increase in the electrokinetic potential. This is consistent
with our observations, as ﬂushing would likely expose Zeonor
microchannels to air, resulting in a temporary increase in the electrokinetic potential.
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Fig. 6. The electrokinetic potential, f, normalized by pC = logC (C is the counterion
concentration in M) as a function of time for a Zeonor substrate. 1 mM, pH 7
phosphate buffer was the working solution. The experiment was initiated at
0.47 atm ambient pressure, and the pressure was raised to 1 atm after 5 h.
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Model Fit

0.2

0.0
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2
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Time (Hours)
Fig. 4. Dissolved O2 content in pH 7, 1 mM phosphate buffer as a function of time.
The solution was ﬁrst allowed to equilibrate at low pressure (0.47 atm) for 20 h. It
was then removed from vacuum (returned to 1 atm ambient pressure), and the
dissolved O2 concentration was measured as a function of time. Data was ﬁt to a
model for oxygen transfer between air and solution based on ﬁrst order kinetics,
assuming a well-stirred solution in contact with an inﬁnite reservoir of air, and
equilibrium conditions deﬁned by Henry’s Law. The rate constant for O2 entering
solution was calculated from the ﬁt to be (10.5 h)1. Data shown is normalized by
the dissolved O2 content of a solution in equilibrium with air at 1 atm.

atmospheric pressure. Thus, the timescales of the electrokineticpotential decay associated with the sub-atmospheric pressures in
Fig. 2 are expected to be more representative of the equilibration
time of dissolved gas in the system. The faster approach to equilibrium seen at lower pressures is due to the faster decrease in
dissolved gas content.
We also investigated whether the altered time dependence of
the electrokinetic potential of the Zeonor–water interface at low
ambient pressures is reversible by starting a phase-sensitive
streaming potential experiment at low (0.47 atm) pressure, and
then increasing the pressure to 1 atm after 5 h (Fig. 6). At the start
of the experiment, the working solution was at equilibrium with
air at atmospheric pressure, the pressure in the experimental
chamber was lowered, and the streaming potential experiment
was initiated immediately thereafter. The electrokinetic potential
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Fig. 7. The electrokinetic potential of a Zeonor substrate exhibits a type of
hysteresis with changing dissolved gas conditions. The f/pC data from Fig. 6 is
shown here as a function of dissolved O2 concentration. The points are evenly
spaced in time, at 12 min intervals. Dissolved O2 concentration as a function of time
was calculated using the model and data described in Fig. 4. (a) A solution that was
in equilibrium with air at 1 atm is suddenly exposed to air at 0.47 atm. f/pC
decreases in magnitude as the dissolved O2 concentration decreases. (b) f/pC has
stopped decreasing in magnitude, but the dissolved O2 concentration continues to
decrease. (c) The air in the chamber is returned to a pressure of 1 atm. The dissolved
O2 concentration increases, but f/pC does not change.

as a function of time is very similar to that seen in Fig. 2 for
0.47 atm, and the return to 1 atm pressure did not have an observable effect on the electrokinetic potential, as it remained constant
across the changeover at 5 h. This, combined with the long-term
experiment, suggests that the equilibrium electrokinetic potential
is not a function of pressure in the observed range, though pressure
affects the kinetics of equilibration.
Examination of the electrokinetic potential data in Fig. 6 as a
function of dissolved O2 content reveals a type of hysteresis
(Fig. 7). When the ambient pressure is 0.47 atm, the electrokinetic
potential magnitude decreases with decreasing solution O2
concentration until it reaches the equilibrium value, as was the
case in all of the sub-atmospheric experiments. Returning the
ambient pressure to 1 atm results in the O2 concentration increasing towards its original value. The electrokinetic potential magnitude, however, does not increase back to its original value, but
rather remains constant with the increasing gas concentration.
Though the electrokinetic potential magnitude decreased with
decreasing solution gas content, it stopped decreasing at a particular
solution gas concentration. This is consistent with unstable nanobubbles that nucleate at the water–Zeonor interface upon replacing
air in the capillary with aqueous solution, and that dissipate at a rate
that depends on the amount of dissolved gas in solution. Once the
electrokinetic potential has reached equilibrium (i.e. the nanobubbles have dissipated), increasing the ambient atmospheric pressure
back to 1 atm may stabilize existing nanobubbles, but it is not expected to result in the formation of new ones. The air content in solution at most reaches the same value it was at the start, which is not
sufﬁcient to stabilize nanobubbles [26].
5. Conclusions
We have demonstrated that the kinetics governing equilibration of the electrokinetic potential of Zeonor microﬂuidic
substrates are dependent on the ambient air pressure. Upon initial
formation of the ﬂuid–solid interface, Zeonor substrates have

electrokinetic potential that is initially high in magnitude that
ultimately decays to an equilibrium value. Across ambient air pressures ranging from 0.47 atm to 1 atm, the normalized electrokinetic potential tends to the same equilibrium value (5 to
3 mV). The approach to equilibrium, however, is faster at lower
ambient air pressures. In silica substrates, the electrokinetic potential does not change with time, or with ambient pressure. Once the
electrokinetic potential has reduced in magnitude, increasing the
ambient air pressure does not increase it again, suggesting
hysteresis of the electrokinetic potential with solution dissolved
gas content.
For hydrophobic substrates, in addition to pH, conductivity,
temperature, etc., the electrokinetic potential must also be considered as a function of the history of the solution dissolved gas concentration. While the dependence of the electrokinetic potential on
ambient pressure and ethanol–water solvent exchanges [30] suggest that the amount of dissolved gas in solution affects the electrokinetic potential, future work will involve investigating
different types of dissolved gases. Carbon dioxide, for example,
has anomalously high solubility owing to its ability to form hydrogen bonds with water, and it can react to form carbonic acid [57–
59]. In addition, direct observation of nanobubble dynamics using
AFM will help strengthen the putative link between nanobubbles
and macroscopically observable electrokinetic phenomena.
Understanding the effect of the state of dissolved gases on electrokinetics impacts characterization of surface charge and slip at
hydrophobic interfaces, as well as design and optimization of
microﬂuidic devices fabricated from hydrophobic polymers. Since
pressure, temperature, and solution components can all affect gas
solubility, heat, ﬂow, and solvent cycling may lead to unexpected
variations in device performance.
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