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ABSTRACT: We present the first bubble-nucleation-based electro-
chemical method for the selective and sensitive detection of
surfactants. Our method takes advantage of the high surface activity
of surfactant analyte to affect the electrochemical bubble nucleation
and then transduces the change in nucleation condition to
electrochemical signal for determining the surfactant concentration.
Using this method, we demonstrate the quantitation of perfluori-
nated surfactants in water, a group of emerging environmental
contaminants, with a remarkable limit of detection (LOD) down to
30 pg/L and a linear dynamic range of over 3 orders of magnitude.
With the addition of a preconcentration step, we have achieved the
LOD: 70 ng/L, the health advisory for perfluorooctanesulfonate
(PFOS) and perfluorooctanoic acid (PFOA) in drinking water
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established by the U.S. Environmental Protection Agency. The experimental results are in quantitative agreement with our
theoretical model derived from classical nucleation theory. Our method also exhibits an exceptional specificity for the surfactant
analytes even in the presence of 1000-fold excess of nonsurfactant interference. This method has the potential to be further
developed into a universal electrochemical detector for surfactant analysis because of its simplicity and the surface-activity-based

detection mechanism.

urfactants are widely used as dispersants, emulsifiers,

detergents, fabric softeners, and wetting agents in many
household items and industrial products and processes.'
Because of the environmental impact and toxicity of various
surfactants, current legislation requires that the amount of
surfactants released into the sewer system is minimized and that
the concentrations in rivers and lakes are maintained at low
levels.” For example, perfluorinated surfactants (PS) has been
widely used in coating and surfactant applications since the
1950s (e.g., nonstick coating and fire-fighting foam) because of
the chemical and thermal stability of a perfluoroalkyl moiety and
its distinctive hydrophobic and lipophobic nature.”* As a result
of the extensive use of PS and their emission, a broad range of
these compounds have been detected in the environment,
wildlife, and humans. Recent biomedical studies have revealed
the positive associations between PS exposure and disease
parameters in the general population.” As a result, the U.S.
Environmental Protection Agency identified addressing the
problem of fluorinated substances as one of the national
priorities in 2018.° Many well-known methodologies for
surfactant determination require either expensive and compli-
cated instruments (for example, liquid and gas chromatographs)
or the use of relatively large amounts of organic solvents (such as
chloroform in the spectroscopic “methylene blue” method),”
making them unsuitable for in situ detection applications.®
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Therefore, there is a critical need to develop new and improved
methods for surfactant detection.

The formation and evolution of vapor and gas bubbles in a
liquid body is a phenomenon of vast fundamental and
applicative interest, for example, in commercial electrolytic
processes,”'’ in cavitation,''~"* in biomedical applica-
tions,"*™'° and in functional material fabrication.'”~>° Here,
we present a new application of gas bubbles for surfactant
detection. Our method is based on the interactions between gas
nuclei and surfactant molecules during electrochemical gas
bubble nucleation. According to classical nucleation theory
(CNT),”" nucleation of a gas bubble requires a supersaturation
of dissolved gas because of the energy barrier of establishing a
new gas—liquid interface (Scheme 1). In the presence of
surfactant molecules, gas nuclei can be stabilized because of the
reduced surface tension of the gas—liquid interface, leading to a
decrease of the supersaturation level required for bubble
nucleation. In our method, we take advantage of the high
surface activity of surfactant analyte to affect the bubble
nucleation, and transduce the change in the supersaturation
level required for bubble nucleation to electrochemical signal for
highly sensitive and specific detection of surfactant analytes.
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Scheme 1. Bubble-Nucleation-Based Electrochemical
Method for Surfactant Detection”
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“Because of the high surface activity of surfactant molecules, they
stabilize H, bubble nuclei, leading to a reduced nucleation barrier.

B EXPERIMENTAL SECTION

Chemicals and Materials. Perchloric acid (HCIO,, 70%),
sodium perchlorate (NaClO,, 98%), tridecafluorohexane-1-
sulfonic acid, nonafluorobutane-1-sulfonic acid, perfluoroocta-
noic acid, perfluoroheptanoic acid, undecafluorohexanoic acid,
heptafluorobutyric acid, poly(ethylene glycol) (400 g/mol),
TWEEN 20, lysozyme from chicken egg white, and humic acid
were purchased from Sigma-Aldrich. Potassium perfluoroocta-
nesulfonate was purchased from Matrix Scientific. Perfluor-
oheptanesulfonic acid was purchased from Synquest Laborato-
ries. Glass capillary (outside diameter/inside diameter, 1.65/
1.10 mm, soft temperature, 712 °C) was received from Dagan
Corporation. Platinum (Pt wire, 25 ym diameter, 99.95%) wires
were purchased from Surepure Chemetals. Silver conductive
epoxy was purchased from MG Chemicals. A Visiprep SPE
Vacuum manifold (Supelco Inc., Bellefonte, PA, USA) was used
for solid-phase extraction. BondElut LMS polymer 500 mg SPE
cartridges were purchased from Agilent. Surface tension
measurements were conducted using the pendant drop method
on a Kruss DSA100 goniometer. All aqueous solutions were
prepared from deionized (DI) water (PURELAB, 18.2 MQ cm,
total organic carbon < 3 ppb).

Electrochemical Measurements. All experiments were
carried out using a CHI 760E potentiostat and inside a grounded
Faraday cage. An Ag/AgCl electrode in a saturated KCl solution
was used as the counter/reference electrode during the
measurements with nanoelectrodes. A mixture of 0.10 M
NaClO, and 1.0 M HCIO, was used as the supporting
electrolyte for all the experiments. A serial dilution of
perfluorinated surfactants was made in 1.0 M HCIO,/0.10 M
NaClO, solution. Cyclic voltammograms of nanoelectrodes
were run to obtain the peak current for each compound with
different concentrations. The scan rate was fixed at 100 mV/s.

Nanoelectrode Fabrication Method. Pt nanoelectrodes
were fabricated according to a previously reported method with
some modifications.”” A 1.5 cm long Pt wire was attached to a
tungsten rod using Ag conductive epoxy. The end of the Pt wire
was electrochemically etched to make a sharp point in 15 wt %
CaCl, solution. With use of a function generator, 110 Hz
sinusoidal wave with an amplitude of 4.3 V was applied to the Pt
wire for 60 s. Sharpened wire was washed with deionized water
and was then inserted into a glass capillary and thermally sealed
using a H,—O, flame. The sealing was inspected against possible
gas bubbles using an optical microscope during the sealing
process. Then the sealed tip was polished successively using
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silicon carbide polishing sandpapers (Buehler with grid size 600
and 1200) until a Pt nanodisk was exposed, which was
monitored by an electronic feedback circuit. The radii of
nanodisk electrodes, r, were determined by the diffusion-limited
current for proton reduction (iy,) in 0.10 M HCIO, solution
containing 0.10 M NaClO,. The migration effects are sup-
pressed by adding 0.10 M NaClO, as the supporting electrolyte.
The radii were calculated using the following equation: i, =
4nFDCr, where D is the diffusion coefficient of H* and C is the
concentration of HCIO,, respectively. A literature value of D =
7.8 X 1075 cm?/s was used.”®> The radii estimated using this
method are within 10% difference from the ones determined
from the conventional ferrocene oxidation method.

Preconcentration Method. Sample preconcentration was
carried out using solid-phase extraction following U.S. EPA
Method 537.* Briefly, the solid-phase extraction cartridge
cleanup and conditioning was done with 15 mL of methanol
followed by 18 mL of DI water. One liter of sample was passed
through the cartridge at an approximate rate of 10—15 mL/min
with the help of a vacuum manifold. Then the analyte was eluted
from the cartridge with 15 mL of methanol. The eluate was
collected and completely dried under a gentle stream of N, in a
heated water bath (60—65 °C). Finally, 1.0 mL of 1.0 M HCIO,,/
0.10 M NaClO, solution was added to solvate the dried sample
for electrochemical bubble-nucleation experiments.

B RESULTS AND DISCUSSION

To electrochemically probe the bubble-nucleation condition, we
adopted a nanoelectrode-based approach developed by Luo and
White.>* In this approach, a sub-50-nm Pt nanoelectrode is used
to perform hydrogen evolution reaction (HER) in acid
solutions. As the nanoelectrode potential is scanned negatively,
the HER current increases exponentially until it reaches a peak
value (ipeq)- Past iy, the HER current immediately drops to a
minimal value, which corresponds to the nucleation and
formation of a gas bubble at the nanoelectrode, blocking the
electrode surface.”* > The supersaturation level of dissolved H,
gas required for H, bubble nucleation is proportional to the i,
value.”*

We chose perfluorooctanesulfonate (PFOS) and perfluor-
ooctanoate (PFOA) as the model analytes because they have
been found at the highest frequency and concentration in the
environment and humans among all PS. The PS pattern in global
river waters reveals that PFOS and PFOA account for ~60% of
the total mass concentration of PS.”’~** This percentage is up to
>80% in biological samples such as human milk and serum
because of the bioaccumulation of PFOA and PFOS.** Figure la
shows the cyclic voltammograms of an 11 nm radius Pt
nanoelectrode in PFOS-containing HCIO, solutions. All
voltammograms at various concentrations of PFOS (Cpros)
exhibited a cathodic peak at ca. —0.3 V, corresponding to the H,
bubble nucleation and formation at the nanoelectrode surface.
The Cppos was varied from 107 to 107" g/L. As Cpreg increases,
ipeax decreases. When i, is plotted against log(Cpros), there is a
good linear relationship between them (R* = 0.92) with a slope
of —0.82 nA/dec (Figure 1b). The LOD based on 3 times the
standard deviation of the blank (i.e., in the absence of PFOS) is
calculated to be 80 yg/L. The reduced i, in response to the
increasing PFOS concentration is consistent with the detection
mechanism that PFOS stabilizes bubble nuclei and, therefore,
lowers the supersaturation requirement for bubble nucleation.

The same linear response has also been observed for PFOA,
the other dominant PS contaminant, and the carboxylic acid
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Figure 1. (a) Cyclic voltammograms for an 11 nm radius Pt
nanoelectrode in 1.0 M HCIO, containing 0.1 M NaClO, and various
PFOS concentrations (g/L): 0,107%5x 10741073, 5% 10731072, 5 X
1072 and 107", Scan rate = 100 mV/s. (b) Plot of ipeak V8 Cppos. Error
bars are the standard deviations at each Cppog from at least three
measurements. The best fit of the data points is plotted with R* = 0.92,
which has a slope of —0.82 nA/dec. The horizontal black line shows the
mean value of i, in the absence of PFOS and the corresponding
standard deviation is highlighted in green. The LOD based on 3 times
the standard deviation of the blank is calculated to be 80 pg/L.

counterpart of PFOS, in the same concentration range (Figure
S1, Supporting Information). The obtained LOD for PFOA is
30 pg/L, which is slightly better than that for PFOS. It should be
caused by the higher surface activity of PFOA than PFOS (their
corresponding surface tension minima in water are 15.2 and 34.5
dyn/cm, respectively).”® The LODs of our detection method for
PFOA and PFOS are ~2 orders of magnitude better than those
of suppressed conductivity detection (~2 mg/L)’ and slightly
worse than those of tandem mass spectrometry detection (~0.5
ug/L)," the two most common detection methods for surfactant
analysis used in high-performance liquid chromatography.

We further tested PS compounds with different fluoroalkyl
chain lengths using our method. Figure 2 shows the plot of the
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Figure 2. Plots of the normalized peak current (ipeq/ igeak) vs the
concentration of perfluorinated carboxylic acids (Cppc,) with different
alkyl chain lengths. igeak is the peak current at Cppcy = 0.

peak current against the concentration of perfluorinated
carboxylic acids (PFCA) with fluoroalkyl chain length, n = 3,
S, 6, and 7. The peak currents are normalized with respect to the
peak current in the absence of PFCA to account for the
nanoelectrode size effect as larger electrodes require larger
currents to nucleate a bubble.”****” The corresponding
unnormalized data are provided in Figure S2. As n decreases
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from 7 to 3, the slope is reduced from —0.12 dec™' at n = 7 to
—0.07 dec™" at n = 6 and becomes close to 0 when 1 = S and 3.
The trend of sensitivity change is consistent with the order of
surface activity: n-C,F;;COOH > n-C4,F;COOH > n-
CsF,;COOH > n-C;F,COOH (Figure S3), further confirming
our mechanism in Scheme 1. A similar trend has also been
observed for perfluoroalkyl sulfonate compounds (Figure S4).
To quantitatively understand the detector response, we
derived the expression of i, as a function of Cprpg. According
to CNT, the formation free energy of a gas bubble in solution,
AGy b1 is the sum of the energy cost of creating a new gas/
liquid interface and the energy gain through the liberation of
dissolved gas into the bubble volume, as expressed by eq 1.**

T

AGyppie = 4 hgppie” + %AGv’bubm: (1)
where y is the surface tension of the gas/liquid interface and
AGy is the energy difference between the dissolved and gaseous
state of the molecule in that volume. AGy . initially increases
as a function of . before reaching a peak value, E
167[}/3
3(AGy)?
Scheme 1. Bubbles that overcome this energy barrier are
energetically favored to continue to grow; otherwise, they are
inclined to shrink and return to the dissolved form. Because
bubbles of the critical size necessarily arise from the growth of
subcritical nuclei, their formation relies upon relatively
improbable fluctuations along the free energy barrier. The rate
of critical nuclei formation or nucleation rate, J, is thus governed
by the Arrhenius equation:

[ 1611)/3 ]
Z exp| ———t—
3AGykT (2)
In the experiment, we scanned the potential of a nano-
electrode negatively at a constant scan rate (that is, a fixed
duration time at each potential) to nucleate a H, gas bubble, and
then we recorded the i, Because the time required to nucleate
a bubble defines the nucleation rate (J), when the duration time
is fixed, we are setting a threshold value for ] and seeking for the
minimum current to reach this value. Hence, eq 2 can be
rearranged and simplified to be

nuc

which is the nucleation energy barrier depicted in

] Z ( Enuc)
= e _
P70

AGV,nuc = A},3/2 (3)
167
3kT In(Z /)
volume energy difference of the gas molecules when a bubble

nucleates.

On the left side of eq 3, AGy . can be expressed as a function
. 39,40
of ipeqk-

1/2
) ) and AGy,, is the

where A is a constant (=(

ipeak

AG = — —
KH4nFDHzr

V,nuc ambient

(4)
where Ky is Henry’s law constant for H, gas, Dy is the diffusion

coeflicient of H,, n is the number of electrons transferred per H,
(=2), F is Faraday’s constant, r is the nanoelectrode radius, and
P, ubient 1S the ambient pressure.

On the right side of eq 3, y is a nonlinear function of Cprgg
governed by the Gibbs equation.”' We measured y of the PFOS-
containing solutions by the pendant drop method (Figure S5).
The plot of y versus log(Cpros) in Figure 3a reveals an excellent
linear relationship at the concentration range from 107*to 10 g/
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Figure 3. (a) Surface tension of PFOS-containing HCIO, solutions
measured by the pendant drop method. The best fit of the data points
for Cppos = 10™* to 10 g/L is represented by the solid black line with R*
=0.99 and a slope of —9.8 mN/m-dec. (b) Comparison of experimental
data and theoretical fit in the form of eq 6.

L. Outside this range, the data starts deviating from the linearity.
Accordingly, y can be numerically expressed by

v = alog(Cppog) + b (s)

with a = —9.8 and b = 33 for Cppog = 107 to 10 g/L. The linear
function intercepts with the y value of the blank (Cpgog = 0) at
Cpros = ~50 pg/L, which is consistent with the experimental
LOD of ~80 ug/L for PFOS. Substituting eq 4 and eq S into eq
3, we obtain the following expression of iy

ipesk = Kyy4nFDy r[A(a log(Cpros) + b)"* + Prypend
(6)

The experimental data agree very well with the theoretical fit in
the form of eq 6 (Figure 3b), which again confirms our proposed
bubble-nucleation-based detection mechanism. From the above
derivation, we can conclude the nearly linear relationship
between i, and log(Cpros) originates from the linear
dependence of the y on log(Cppos). Therefore, the sensitivity
of this detection method is determined by the surface activity of
analytes. Additionally, eq 6 also predicts that the electrode size
(r) and properties of electrogenerated gas (Dy , Ky, and n) will

contribute to the sensitivity of this method.

The native LOD of our detection method is around 30 and 80
ug/L for PEOA and PFOS, which are limited by the surface
activity of these two compounds. These values are ~3 orders of
magnitude higher than the desired LOD: 70 ng/L, which is the
health advisory for PFOS and PFOA in drinking water
established by the U.S. EPA.° This challenge can be overcome
by adding a preconcentration step using solid-phase extraction
which is currently used in the standard U.S. EPA method for PS
analysis.* Figure 4 shows the LOD for PEOS was improved to
~40 ng/L after a 1000-fold preconcentration step using solid-
phase extraction. The corresponding CVs are provided in Figure
Sé.

We further tested the specificity of this method for detecting
surfactant analytes by adding an excess of nonsurfactant
interference, poly(ethylene glycol) (PEG, 400 g/mol), which
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Figure 4. Plot of iy vs Cppog for PFOS samples before and after
preconcentration using solid-phase extraction (SPE). The data after
SPE is linearly fitted with R* = 0.92 and a slope of —1.1 nA/dec. The
horizontal black line shows the mean value of i, in the absence of
PFOS. The corresponding standard deviation is highlighted in green.
The LOD based on 3 times the standard deviation of the blank is
calculated to be 40 ng/L.

has a similar molecular weight as PFOS. Figure Sa shows the
cyclic voltammograms of a Pt nanoelectrode in the presence of 1

— Blank

——PFOS

| ——PFOS + 10X PEG
—— PFOS + 100X PEG
——PFOS + 1000X PEG

-0.1 -0

0.2 0.3
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Figure 5. (a) Cyclic voltammograms and (b) the corresponding
average i, for a 7 nm radius Pt nanoelectrode in 1.0 M HCIO,
containing 0.1 M NaClO,, 1.0 mg/L PFOS, and a 10- to 1000-fold
excess of poly(ethylene glycol) (PEG, 400 g/mol). Scan rate = 100
mV/s.

mg/L PFOS and a 10-, 100-, and 1000-fold excess of PEG. The
addition of PEG leads to a negative shift of the HER onset
potential as compared to the PFOS-only sample, but the iy,
does not show any notable difference (Figure Sb). Apart from
that, we have also tested different concentrations of humic acid
and lysozyme. We observed no trend in the peak current
compared to that of the blank (Figure S7). These results show
the exceptional specificity of our method for surfactant analytes.
However, we would like to point out that we did not observe the
peak current change for a neutral surfactant, Tween-20 (Figure
S7). The reason for this unusual behavior is currently under
investigation.

B CONCLUSIONS

In conclusion, we have presented a bubble-nucleation-based
electrochemical detection method for surfactant analysis for the
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first time. This method has a high specificity for surfactant
analytes, a broad linear dynamic range of over 3 orders of
magnitude, and a remarkable LOD of ~30 pg/L (~2 orders of
magnitude better than suppressed conductivity detection, a
conventional detection method for surfactant analysis). With a
preconcentration step, we have demonstrated the improvement
of the LOD for PFOS to the target LOD. We have also
established the theory for this new method. This method has the
potential to be developed into a universal electrochemical
detector for surfactant analysis.

B ASSOCIATED CONTENT
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