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Abstract

Here we report a highly efficient PFAS preconcentration method that uses anodically generated shrinking gas bubbles to
preconcentrate PFAS via aerosol formation, achieving ~ 1400-fold enrichment of PFOS and PFOA—the two most common
PFAS—in 20 min. This new method improves the enrichment factor by 15 to 105% relative to the previous method that uses
cathodically generated H, bubbles. The shrinking gas bubbles are in situ electrogenerated by oxidizing water in an NH,HCO;
solution. H* produced by water oxidation reacts with HCO;™ to generate CO, gas, forming gas bubbles containing a mixture
of O, and CO,. Due to the high solubility of CO, in aqueous solutions, the CO,/O, bubbles start shrinking when they leave
the electrode surface region. A mechanistic study reveals two reasons for the improvement: (1) shrinking bubbles increase
the enrichment rate, and (2) the attractive interactions between the positively charged anode and negatively charged PFAS
provide high enrichment at zero bubble path length. Based on this preconcentration method, we demonstrate the detection
of >70 ng/L PFOA and PFOS in water in ~20 min by coupling it with our bubble-nucleation-based detection method, fulfill-
ing the need of the US Environmental Protection Agency.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of
emerging contaminants ubiquitously present in the environ-
ment because of their wide use in firefighting foam, stain
repellents, nonstick coatings, cleaning products, and electro-
plating [1]. Due to their strong C-F bonds, PFAS are highly
stable and environmentally persistent, leading to bioaccu-
mulation in humans and causing health problems, such as
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prostate and kidney cancer, thyroid disease, and cardiovascu-
lar disease [2]. As a result, the US Environmental Protection
Agency (EPA) published a health advisory in 2016 for per-
fluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA)—the two most common PFAS—in drinking water
to be 70 ng/L individually or combined [3]. In 2018, the US
EPA further identified addressing the PFAS problem as one
of the national priorities [4], motivating research on PFAS
detection and remediation.

The US EPA Method 537 is currently the standard ana-
lytical method for detecting PFAS in drinking water [5]. This
method comprises a multi-step preconcentration procedure
using solid-phase extraction and a separation and detection
procedure using liquid chromatography/tandem mass spec-
trometry (LC/MS/MS) [5]. Special equipment and specially
trained personnel are necessary to perform this test, making
it expensive (~$300 per sample) and time-consuming. The
typical laboratory turnaround time is > 2 weeks, so real-time
monitoring of PFAS contamination is challenging, limiting
our ability to respond to PFAS outbreaks rapidly.®

In recent years, much effort has been devoted to devel-
oping low-cost and rapid alternative methods for PFAS
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detection to address the limitations of the standard method
[6]. One popular PFAS sensor design involves using molecu-
larly imprinted polymers (MIPs) as the recognition element.
MIPs with an affinity for PFAS are prepared by initiating
polymerization of monomers in the presence of the targeted
PFAS molecule that is extracted afterward, leaving behind
the cavities in the polymer matrix complementary to the
chosen PFAS molecule. These MIPs were applied to various
sensing platforms to build PFAS sensors, including poten-
tiometric [7], voltammetric [8—10], fluorometric [11, 12],
and photoelectrochemical [13]. A few MIP-based PFAS
sensors were reported to detect PFAS with concentrations
lower than the EPA health advisory limit of 70 ng/L, but
their specificity for PFAS is often not ideal because common
species in water such as chloride ions and humic acid can
produce false-positive signals [9]. The antibodies against
PFOA developed by Cennamo et al. '* may potentially pro-
vide better specificity for PFAS than the MIPs, but the detec-
tion limit of the antibody-based PFAS sensor currently does
not meet the EPA requirement.

To address the insufficient limit of detection (LOD) for
most existing PFAS sensors, we previously developed a
PFAS preconcentration method based on electrochemical
aerosol formation [14], which exhibits ~1000-fold precon-
centration of ten common PFAS in the concentration range
from 1 pM to 1 nM (or ~0.5 to 500 ng/L) in 10 min. This
preconcentration method relies on the spontaneous adsorp-
tion of PFAS onto the surface of electrogenerated H, gas
bubbles and the subsequent formation of aerosol droplets
during the bubble bursting at the solution/air interface
(Fig. 1a). These aerosol droplets are enriched with PFAS
because when a bubble bursts, only a thin layer of liquid
around a gas bubble is ejected into the air, converting the
high surface concentration of PFAS at the gas/liquid inter-
face of gas bubbles to a high bulk concentration in the aero-
sol droplets [15-19].

Here, we present an improved PFAS preconcentration
method using anodically generated shrinking gas bubbles,
increasing PFAS enrichment factor by 15 to 105% relative
to the previous cathodic method. Based on this new, highly
efficient preconcentration method, we demonstrate the detec-
tion of 70 ng/L PFOA and PFOS in water in~20 min by
coupling it with a bubble-nucleation-based detection method
developed by our laboratory.

Experimental section
Chemicals and materials
Perchloric acid (HC1O,, 70%), sodium perchlorate (NaClO,,

98%), perfluorooctanoic acid (PFOA), undecaflurohexa-
noic acid (PFHxA), perfluoroheptanoic acid (PFHpA),

@ Springer

(a) (b)

% <«— PFAS rich
aerosol droplets
(i) Shrinking
CO,/O, bubble

3345C0;
N

Aerosol —»
formation

PFAS ——n{'{}
adsorption
H, bubble *{@-

Cathode .
1

(ii) Electrostatic
interaction

11l

DT

A
A
i
5%
o

(V)
4+ +++ +

Anode

Fig. 1 Preconcentration of PFAS via electrochemical aerosol forma-
tion using (a) cathodically generated H, bubbles and (b) anodically
generated CO,/O, gas bubbles. Because of the high solubility of CO,
in water, the CO,/O, gas bubbles shrink as they float upward. The
preconcentration efficiency is improved due to the bubble size reduc-
tion and electrostatic interaction between oppositely charged PFAS
and anode

perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), tridecafluorohexane-1-sulfonic acid (PFHxS),
heptadecafluorooctanesulfonic acid (PFOS), ammonium
bicarbonate, sodium phosphate monobasic, and sodium
phosphate dibasic were purchased from Sigma-Aldrich.
Perfluoroheptanesulfonic acid (PFHpS) was purchased from
Synquest Laboratories.

Electrochemical aerosol enrichment

Home-built H-type polypropylene two-compartment elec-
trochemical cell was used in all the aerosol enrichment
experiments. The cell has a total volume of ~650 mL. All
the electrolyte solutions had a concentration of 0.2 M,
and 1.5 cmXx 1.5 cm Ni foam electrodes were separately
immersed in the two compartments as the anode and cath-
ode. A constant current of 0.2 A was applied between the
two electrodes to generate microsized gas bubbles by water
electrolysis. A 50 pL of bursting bubble aerosol was col-
lected from the anodic compartment and cathodic compart-
ment separately using a glass slide placed at ~3 mm above
the liquid surface and then transferred to 600-pL polypro-
pylene autosampler vials.

Bubble size distribution analysis
Photographs of gas bubbles in anode and cathode at differ-

ent heights were taken using a Sony alpha a7 II full-frame
Mirrorless camera with Venus Optics Laowa 24 mm f/14
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probe lens (manual mode, aperture f40, ISO 1600, shutter
speed 1/1600 s). All the images were analyzed using ImageJ
software (NIH, Bethesda, MD).

Electrochemical measurements

All experiments were carried out using a CHI 760E poten-
tiostat and inside a well-grounded Faraday cage. An Ag
wire was used as the counter/reference electrode during
the bubble-nucleation-based measurements. Note that any
counter electrodes should work in the bubble-nucleation-
based measurements because the peak current associated
with bubble nucleation is the readout, and the electrode
potential is not important.

Nanoelectrode fabrication method

Nanoelectrodes were fabricated following the procedures in
the literature [20]. A 4 N pure 1 cm long and 25 pm in diame-
ter polycrystalline Pt wire (Surepure Chemetals) was attached
to a W rod using Ag conductive epoxy (M.G. Chemicals).
The end of the Pt wire was electrochemically etched in a 15
wt% CaCl, solution to make a sharp nanotip. A sharpened
wire was then inserted into a glass capillary (Dagan Corpo-
ration, o.d./i.d., 1.65/1.10 mm, softening point 712 °C) and
thermally sealed using H,/O, flame. Then the sealed tip was
polished using successively finer silicon carbide polishing
sandpapers (Buehler with grid sizes of 600 and 1200) until
the Pt nanodisk was exposed, which was monitored using
electronic feedback circuit. The radius of the nanodisk elec-
trodes, r, was determined by the diffusion-limited current for
proton reduction (i;) in 0.10 M HCIO,, solution containing
0.10 M NaClO,. The radius was calculated using the fol-
lowing equationi; = 4FDCr. D is the diffusion coefficient of
H*, and C is the bulk concentration of HCIO,. The literature
value of D = 7.8 x 107> cm?/s for H* was used to computer.

PFAS analysis

Collected aerosol samples were diluted 50 times by 50:50
v:v H,0/MeOH before LC/MS/MS analysis using a Nexera-
X2 ultra-performance liquid chromatography with a Shi-
madzu 8040 triple quadrupole mass analyzer operated in
negative ionization and multiple reaction monitoring (MRM)
modes. Fifty microliters of aliquots of sample extracts was
injected onto an analytical column (Accucore™ C8 column
2.1x100 mm, 2.6 um; Thermo Fisher Scientific). A gradient
of 20 mM ammonium acetate in water (solvent A) and 100%
acetonitrile (solvent B) was used for the elution procedure
as follows: 0—1 min, 5% B; 1-2 min, 5 to 30% B; 2—11 min,
30to0 57% B; 11-12 min, 57 to 98% B; 12—13 min, 98% B;
13-14 min, 98 to 5% B. The flow rate was 0.4 mL min~!, and
the temperature of the analytical column was maintained at

30 °C. The nebulizing gas flow was kept at 3 L/min, and the
drying gas flow was 15 L/min.

Surface tension measurements

Surface tension measurements were performed using a
Kruss BP100 bubble-pressure tensiometer (Kruss GmbH,
Germany). The surface tension data were collected at the
surface age of 100 s when the surface tension reached equi-
librium. The capillary diameter was 0.228 mm when taking
the bubble pressure measurements.

Results and discussion
Preconcentration method design

There are two essential processes during aerosol precon-
centration: (i) the spontaneous adsorption of PFAS from the
bulk solution onto the bubble surface and (ii) the formation
of PFAS-enriched aerosol droplets when a bubble bursts.
Our previous study found that the gas bubble radius (ry )
played a critical role in both processes [14]. For sponta-
neous adsorption, because of the spherical diffusion field
around a gas bubble, the diffusion flux of PFAS from the
surrounding solution to the bubble surface is inversely pro-
portional to r,,,p.- For aerosol formation, according to the
empirical rule [21], the ratio of aerosol droplet size (ryeo501)
to I'yyppie 1S @ constant of ~ 10%. Thus, the conversion from
the surface concentration on gas bubbles (Cppag. pupbie) 1O the
PFAS concentration in the aerosol droplets (Cpgas. aerosol)
is also 1y, .-dependent. Taking both effects together, we
previously derived the following expression for the enrich-
ment rate of electrochemical aerosol preconcentration [14]:

JR _ aDPFAS
— T4
oh Y bubbie

ey

where R is the enrichment factor defined as the ratio of
CpEAs acrosol t0 the PFAS concentration in the sample solu-
tion (Cpgas, puk)» /2 is the path length that gas bubbles travel,
Dpp,g is the diffusion coefficient of PFAS in water, and a is
a constant of 2.4 x 10~ m%/s. Inspired by Eq. 1, we hypoth-
esize that shrinking gas bubbles would improve the aerosol
preconcentration efficiency because of the negative correla-
tion between enrichment rate (‘;—l;) and 7ryypppe-

The shrinking gas bubbles are in situ electrogenerated
by oxidizing water in 0.20 M NH,HCO;. One equivalent of
H,O0 produces 0.5 equivalent of O, gas and 2 equivalents
of H* (Eq. 2). The latter reacts with HCO;~ to generate 2
equivalents of CO, gas (Eq. 3), forming gas bubbles con-
taining a mixture of O, and CO, with a molar ratio of 0.5:2.
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Due to the high solubility of CO, in aqueous solutions,
the CO,/0O, bubbles start shrinking when they leave the
CO,-saturated electrode surface region and float upward into
the CO,-free bulk solution (Fig. 1b). In addition, because the
CO,/O, bubbles are generated at the anode, we hypothesize
that the attractive interactions between the positively charged
anode and negatively charged PFAS would improve the pre-
concentration efficiency.

Preconcentration of PFAS

Preconcentration experiments were carried out using a simi-
lar experimental setup as our previous work (see Electronic
Supplementary Material Fig. S1) [14]. Briefly, a constant
current of 0.2 A was applied between two 1.5 cm? Ni foam
electrodes separately immersed at a depth of 25 cm in the
two compartments of a home-built polypropylene H-type
cell. The sample is a 650 mL 0.2 M NH,HCO; solution con-
taining low levels of PFAS (pH=28.4). A microscope slide
was placed at ~3 mm above the liquid surface of each com-
partment to collect the aerosol droplets enriched with PFAS
for 20 min (see Electronic Supplementary Material Fig. S2).
The collection rates of aerosol droplets were~ 11 pL/min
from the cathode side and ~7 pL/min from the anode side.
Before being introduced to LC/MS/MS for PFAS quantifica-
tion, the collected aerosol samples were diluted by 50 times
using a 50/50 v/v H,0O and MeOH mixture. The information
on the ion peaks and calibration curves used for PFAS LC/
MS/MS quantitation is provided in Electronic Supplemen-
tary Material Fig. S3 and Table S1. In the initial experi-
ments, we observed substantial variations in the enrichment
factor on the anodic side when employing freshly cut Ni
foam electrodes due to the structural and compositional evo-
lution of the Ni electrode to NiO(OH), under water oxida-
tion conditions, as evidenced by the significant electrode
potential drift, causing unstable bubble generation (see
Electronic Supplementary Material Fig. S4). The irreproduc-
ibility problem was solved by aging the Ni anode in 0.2 M
NH,HCO; under a constant current of 0.2 A for ~20 min
before use. After 20 min, a steady stream of uniform bubbles
was observed, indicating a stabilized electrode structure (see
Electronic Supplementary Material Fig. S4). Furthermore,
we analyzed the morphology and chemical composition of
the Ni electrode before and after the electrochemical con-
ditioning using scanning electron microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS). SEM images do
not show any significant morphology change (see Electronic
Supplementary Material Fig. S5), but the XPS data shows
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the formation of Ni(OH), and NiO on both Ni cathode and
anode during the electrochemical conditioning (see Elec-
tronic Supplementary Material Fig. S6 and Table S2).

Figure 2a shows the R-values for eight PFAS compounds,
including five perfluoroalkyl carboxylates with carbon chain
lengths from 6 to 10 (undecaflurohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), and perfluoro-
decanoic acid (PFDA)) and three perfluoroalkyl sulfonates
with carbon chain from 6 to 8 (tridecafluorohexane-
1-sulfonic acid (PFHxS), perfluoroheptanesulfonic acid
(PFHpS), and heptadecafluorooctanesulfonic acid (PFOS))
at Cppas, puk =0 ng/L using anodic and cathodic aerosol
preconcentration. For all PFAS, anodic aerosol preconcen-
tration produced higher R-values than the cathodic ones,
with an average improvement of ~30%, indicating the suc-
cess of our new preconcentration method design. Note in
these experiments that the PFAS concentration is too low to
cause any noticeable equilibrium surface tension changes
(see Electronic Supplementary Material Fig. S7), so the dif-
ferent R-values observed among PFAS compounds should be
caused by their different adsorption behaviors onto the bub-
ble surface and their effects on bubble bursting behaviors.
Furthermore, the increased preconcentration efficiency was
observed over an extensive concentration range, for instance,
from 107" M to 10~ M (~4 ng/L to 14 pg/L) for PFOA
(Fig. 2b). The anodic aerosol preconcentration was also
tested for enriching a mixture of PFOA, PFNA, PFHxA, and
PFHXS to assess the potential interferences between PFAS
compounds. Impressively, we did not observe any apparent
differences between the R-values obtained from this mix-
ture preconcentration experiment (red bars in Fig. 1¢) and
the reference values obtained from the preconcentration of
individual compounds (green bars in Fig. 1c).

Mechanism understanding

As introduced in the method design, we hypothesized that
(1) shrinking bubbles would improve the aerosol precon-
centration efficiency because of the negative correlation
between the enrichment rate and bubble size and (2) the
attractive interactions between the positively charged anode
and negatively charged PFAS would further improve the pre-
concentration efficiency.

To test our hypothesis, we first measured the bubble
size in the electrolytic cell. Fig. 3a and b show the pho-
tographs and size distributions of gas bubbles at various
vertical distances from the electrode surface (or 4) in the
anodic and cathodic compartments. On the anodic side,
Tyubble 15 1nitially 84 + 12 pm near the anode (h=2.5 cm)
and decreases as the bubbles float upward and away from
the anode and eventually becomes 42 + 3 pm at #=20 cm,
corresponding to a total volume reduction of 87.5%. This
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percent volume change is comparable to the theoretical
value of 80% in the case of the complete dissolution of
CO, from the CO,/O, gas bubbles. In contrast, gas bubbles
on the cathodic side show no noticeable change in radius:
73+9 pmat h=2.5cm vs. 73+ 10 pm at =20 cm. Such
difference results from the much higher solubility of CO,
in water (~39 mM) [22] than H, (~0.8 mM) [23]. As a
control, we also performed size analysis in a phosphate
buffer electrolyte solution, where only O, and H, bubbles
were produced. We found that O, and H, bubble sizes only
slightly (< 15%) decreased from 65+ 11 pm at h=2.5 cm
to 56+ 11 pm at =20 cm and from 69+ 12 pm to
60 + 8 um, respectively (Fig. 3c, d). Figure 4a and b sum-
marize the average ry . s a function of 4 in NH,HCO4
and phosphate buffer solutions, respectively.

Next, we measured the R-values achieved at various 4. In
both NH,HCO; and phosphate buffer solutions, the anodic
side yields higher enrichment than the cathodic side (Fig. 4c,
d). When NH,HCO; is used, the enrichment rate (i.e., the
slope of the R-A plot) at the anodic side is ~26% larger than
that at the cathodic side (49 cm™! vs. 39 cm™"), whereas the
enrichment rate is nearly identical in the two compartments
for phosphate buffer (31 cm™! vs. 29 cm™!). This finding
confirms our first hypothesis that shrinking bubbles improve
aerosol preconcentration efficiency by increasing the enrich-
ment rate. However, the improvement over the enrichment
rate does not follow the fourth-order dependence on 1/r .
as described in Eq. 1, possibly because the steady-state

diffusion assumption used in the derivation of Eq. 1 [14] is
not valid in this dynamic shrinking bubble system.

Figure 4c and d also show that the enrichment factor at
zero bubble path significantly contributes to the improved
enrichment factor on the anodic side over the cathodic one
(R= ~400 for anode vs.~200 for cathode at 2=0). The
enrichment at #=0 arises from two interfaces: the elec-
trode/solution interface and the solution/air interface. For
the electrode/solution interface, Lipkowski, Burgess, and
other groups [24-31] have comprehensively investigated
the potential-driven adsorption and aggregation of anionic,
zwitterionic, and cationic surfactants on metal electrodes
surfaces. They found that anionic surfactants such as sodium
dodecyl sulfate (SDS) would undergo a phase transition
from long-range ordered hemicylindrical hemimicelles to a
disordered bilayer as the electrode potential becomes posi-
tive, doubling the SDS concentration at the electrode/solu-
tion interface [25, 32]. In contrast, for cationic surfactants
such as cetrimonium bromide (CTAB), they found that
the amount of CTAB at the interface decreased at a highly
positive charged electrode surface. However, the amount of
interfacial CTAB did not fall to zero because the opposite
charge from the co-adsorbed bromide ions serves to miti-
gate repulsive electrostatic forces between the electrode and
CTAB, which would otherwise make ammonium adsorption
unfavorable at positive electrode polarization [24]. Inspired
by these previous findings, we performed the following
experiment to confirm that the observed different enrichment
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Fig.3 Photographs of gas bubbles at different 2 in anodic and
cathodic compartments using (a) 0.2 M NH,HCO; (pH=8.4) and (c)
0.2 M phosphate buffer (pH=7) as the electrolyte solution. (b), (d)

factors at #=0 between anodic and cathodic sides are indeed
caused by the electrostatic interactions between PFOA and
electrode surface, utilizing the different potential-driven
adsorption and aggregation behaviors of anionic and cationic
surfactants on an electrode surface. Specifically, we carried
out the preconcentration experiment for 50 ng/L. CTAB. We
found the enrichment factor for CTAB was ~30% higher on
the cathodic side than the anodic one in both NH,HCO;
and phosphate buffer solutions (Fig. 5), exactly opposite to
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The corresponding distributions of bubble radii (7, as a function
of h. Each distribution profile was obtained by analyzing 100 bubbles.
The current was held at a constant value of 0.2 A

PFOA’s, confirming our second hypothesis that the electro-
static interactions between the positively charged anode and
negatively charged PFAS further improve the preconcentra-
tion efficiency.

Detection of 70 ng/L PFOA and PFOS

Our laboratory has previously reported a bubble-nuclea-
tion-based electrochemical detection (BED) method for
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NH,HCOj; and (b) 0.2 M phosphate buffer on the anodic and cathodic
sides. Ni foam electrodes were immersed at a fixed depth of 25 cm,
and a constant current of 0.2 A was applied

PFAS detection [33]. The BED method utilizes the high
surface activity of PFAS to influence the electrochemi-
cal bubble nucleation and then transduces the change
in nucleation condition to an electrochemical signal for
determining the PFAS concentration. The BED method
mainly responds to PFAS with 7- and 8-carbon chain
length (including PFOS, PFOA, PFHpS, and PFHpA) due

preconcentration step, the target LOD of 70 ng/L should
be achievable.

To test its feasibility, we first preconcentrated PFOA and
PFOS from 70 ng/L. PFOS and PFOA solutions for 20 min,
respectively. The collected PFAS-enriched aerosol droplets
were acidified with 1 M HCIO, containing 0.1 M NaClO,,
which is necessary for BED measurements. During the
acidification, the PFAS samples were diluted by a factor of
2. Then, we performed the BED measurements using these
samples (the photograph of the setup and the raw cyclic
voltammograms are provided in Electronic Supplementary
Material Fig. S8). Figure 6a plots the bubble nucleation
currents (i) for aerosol samples collected from the anodic
and cathodic compartments after being normalized by the
nucleation current of the blank without PFOA or PFOS
(igeak). According to the one-tailed two-sample #-test results,

all four PFAS-enriched aerosol samples are statistically
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Fig.6 a Normalized electrochemical bubble nucleation currents
Gpear/ igwk) for blank and the PFAS-enriched aerosol samples col-
lected from 70 ng/L PFOS and PFOA solutions in the anodic and
cathodic compartments. (one-tailed two-sample #-test, r=1.94,
df=6; i, Vvs. i?mk, #p<0.03, ¥ p<0.001, ¥* p<2x 1075, #kk
p<1x107®) b bpeat/ igmk for PFOA-enriched aerosol samples col-
lected from 11 different PFOA-containing samples with concentra-
tions ranging from 5 ng/L to 100 pg/L in a blind test. The aerosol
samples were collected from the anodic compartments at #=25 cm.
The samples highlighted in red are statistically different from the
blank according to the one-tailed two-sample #-test at a confidence
interval of 95%. The error bars are the standard deviations from four
independent BED measurements

different from the blank at a confidence interval of 95%
(p <0.05). For the two samples collected from the anodic
side, the confidence level is higher than 99%.

Next, we performed a blind test for 11 PFOA samples
with concentrations ranging from 5 ng/L to 100 pg/L.
Similarly, the electrochemical aerosol preconcentration
was carried out using these unknown PFOA samples.
This time, only the aerosol samples collected from the

@ Springer

anodic side were subject to the BED measurements. The
raw cyclic voltammograms are provided in Electronic
Supplementary Material Fig. S9. Figure 6b summarizes
the normalized i, for all samples. Excitingly, only the
samples with PFOA concentrations higher or equal to
70 ng/L were found to be statistically different from the
blank according to the one-tailed two-sample z-test at a
confidence interval of 95%, which is consistent with the
expected LOD of ~42 ng/L calculated from the native
LOD of the BED method (30 pg/L for PFOA), the enrich-
ment factor of ~ 1400, and a dilution factor of 2. Further-
more, we tested our method using tap water and bottled
water samples. In both cases, we successfully detected
the presence of 70 ng/L PFOA spiked in the samples (see
Electronic Supplementary Material Fig. S10). The suc-
cessful detection of > 70 ng/L PFOA in a blind test and
real-world water samples suggests the potential practical
use of our bubble-based preconcentration and detection
methods for screening PFAS in drinking water.

Conclusion

In conclusion, we present an improved PFAS
preconcentration method using anodically generated
shrinking gas bubbles, increasing PFAS enrichment factor
by 15 to 105% relative to the previous cathodic method. A
mechanistic study reveals two reasons for the improvement:
(1) shrinking bubbles increase the enrichment rate, and
(2) the attractive interactions between the positively
charged anode and negatively charged PFAS provide high
enrichment at zero bubble path length. Based on this new,
highly efficient preconcentration method, we demonstrate the
detection of >70 ng/L PFOA and PFOS in water in ~20 min
by coupling it with our bubble-nucleation-based detection
method. After meeting the desired limit of detection for
PFAS, we are currently working on addressing the limited
specificity of the aerosol-based preconcentration and BED
detection methods utilizing the high chemical stability of
PFAS over non-PFAS surfactant interferences.
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