#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Electrocatalytic water treatment of per- and
polyfluoroalkyl substances reduces adsorbable
organofluorine and bioaccumulation potentialf
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Per- and polyfluoroalkyl substances (PFAS) are pervasive in industrial processes, eliciting public concern
upon their release into municipal sewers or the environment. Removing PFAS from the environment has
become an urgent need. However, because potential endpoints span from energy-intensive complete
mineralization to partial PFAS transformation, understanding and developing metrics for evaluating PFAS
treatment can be a challenge. The goal of this study was to evaluate and compare the effectiveness of
electrocatalytic degradation of PFAS with boron-doped diamond (BDD) electrodes using four
techniques: LC-MS/MS target analysis, fluoride ion (F7), adsorbable organofluorine (AOF), and
bioaccumulation potential using lipid-bilayer partition (LBP) tests. After 3 hours of electrocatalysis, >99%
perfluorooctanoic acid (PFOA) degradation was achieved and corresponded with 84% conversion to F~,

which was substantial — though intentionally not complete — defluorination. For the same 3 hour
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Accepted 2nd May 2024 treatment time, AOF and LBP coefficient were reduced by 95% and 83%, respectively. LBP's detection

limit was 2 orders of magnitude higher than that of AOF, so the positive correlation observed between

DOI: 10.1039/d4ra02448f LBP and AOF (r = 0.86) suggests AOF's practical utility as a design metric for assessing bioaccumulation
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large group of
synthetic chemicals with over 5000 compounds that have been
in commercial use since the 1940s." Sources of PFAS include
fluorochemical plants,>* electronics production facilities,**
airports and firefighting sites.® Owing to their hydrophobic and
oleophilic properties, PFAS readily adsorb, partition, and
accumulate in diverse environmental compartments, including
sediments,”® soils,” biosolids,'® and biological tissues.'*?
Removing and treating PFAS in industrial wastewaters,
contaminated groundwaters and other water sources is impor-
tant to prevent adverse human and ecological impacts.

The potential hazards from PFAS include human carcino-
genicity," reproductive issues,' and immunotoxicity."* In 2023
and 2024, the United States Environmental Protection Agency
(USEPA) proposed and then finalized drinking water maximum
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potential of various organofluorine transformation by-products.

contaminant levels (MCLs) for six individual PFAS.'* This
included MCLs of 4 ng L' for perfluorooctanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS), plus a hazard index
(HI) value based upon a concentration normalized sum of
shorter chain PFAS including hexafluoropropylene oxide dimer
acid and its ammonium salt (GenX), perfluorobutanesulfonic
acid (PFBS), perfluorononanoic acid (PFNA), and per-
fluorohexane sulfonate (PFHxS). The Hazard Index is a long-
established approach that EPA regularly uses to understand
health risk from a chemical mixture (i.e., exposure to multiple
chemicals). Therefore, it is imperative that any transformation-
based treatment technology account for not only the parent
PFAS but also by-products formed during treatment.

The USEPA Hazard Index HI is made up of a sum of frac-
tions. Each fraction compares the level of each PFAS measured
in the water to the health-based water concentration. In April
2024 the USEPA established final MCLs of 4 ng L™" for PFOA
and PFOS, plus 10 ng L™ for hexafluoropropylene oxide dimer
acid and its ammonium salt (GenX), perfluorononanoic acid
(PFNA) and perfluorohexane sulfonate (PFHxS). When more
than one of the later 3 PFAS occur at above 10 ng L', then
a calculated HI must be below 1.0.*

These seminal drinking water regulations are expected to have
a cascading impact on PFAS limits for industrial discharge into
sewers and discharge at municipal wastewater treatment plants
(WWTPs). An increasing number of states already regulate PFAS
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in WWTP biosolids;"” for example, Wisconsin limits land disposal
of biosolids containing more than 150 pg kg™' PFAS.® With
pending regulation of PFAS in municipal wastewater biosolid
disposal or drinking water, there is a need for industries dis-
charging wastewater containing PFAS to municipal sewers or the
environment to implement on-site PFAS treatment systems.
Regulations may dictate mandatory treatment, often enforced by
analyzing for targeted PFAS using liquid chromatography tandem
mass spectrometry (LC-MS/MS). However, a holistic sustainability
perspective, or even a legacy chemical legal concern, may neces-
sitate PFAS treatment design performance metrics that go beyond
targeted analytical measurements.

Advanced analytical methods can quantify some target orga-
nofluorine compounds at part-per-trillion (ppt) levels. Standard
methods (e.g;, EPA 537.1, 533, and 1633) have been used to
measure the occurrence of PFAS in water and solid matrices, but
the methods are limited to only detect 17 to 40 target PFAS." Non-
target LC-MS/MS analysis would be required to measure all
partially-defluorinated PFAS treatment intermediates, and
closing the fluorine mass balance has been challenging and
costly. Although non-target analysis is a powerful research tool for
PFAS,? it is unlikely to be useful in regulatory frameworks. While
the ultimate goal of any PFAS treatment technology could strive to
achieve complete mineralization, producing only fluoride ion
(F) and other inorganic by-products (e.g., carbon dioxide,
sulfate). Quantifying sub microgram per liter of F~ in water is not
currently possible, and detection at even sub milligram per liter
conversion of PFAS to F~ can be especially in complex industrial
wastewaters where F~ can occur at over 100 mg L™ '.° Alternative
approaches such as adsorbable organofluorine (AOF) have been
proposed by the European Union (EU), and measure total organic
fluorine (TF) through combustion of PFAS adsorbed on activated
carbon (AC) to quantify unknown PFAS.**

Bioaccumulation of PFAS is an important hazard endpoint. A
variety of bio-analytical methods using aquatic organisms* or
human tissues® have been used to derive indices such as bio-
concentration factors (BCF) or biomagnification factors.
However, these methods vary greatly depending on the body
part of a selected biota and require complex sampling across
multiple trophic levels.>**® For example, PFOA has a whole body
BCF of 1.85 4 0.08 L kg " in zebrafish (Danio rerio)*® and a BCF
of 10>**°* L kg™ " in zebrafish larvae.>” PFOA also showed steady
state BCF of 3.9-10 kg L' for fathead minnows (Pimephales
promelas) and 0.2-5.1 kg L™" for mussels.?® To assess the bio-
accumulation potential of PFAS with varying chain lengths, an
in vitro assay utilizing lipid-bilayers known as Transil®" has
proven effective in distinguishing binding affinities for a spec-
trum of PFAS.” Lipid bilayers measurements have largely been
limited to individual and target PFAS, rather than on mixtures
containing unknown components commonly found in waste-
waters. A knowledge gap exists concerning the bioaccumulation
potential of by-products resulting from PFAS degradation using
emerging engineered treatment processes.

To mitigate the environmental exposure and hazard of PFAS,
emerging technologies including plasma,* electrochemical treat-
ment,*** photocatalysis,® and other advanced reduction or
oxidation processes* all show promise to defluorinate PFAS in

15628 | RSC Adv, 2024, 14, 15627-15636

View Article Online

Paper

wastestreams.® Selecting appropriate metrics to determine the size
and input energy of PFAS treatment systems remains elusive, and
they could encompass a spectrum from energy-intensive complete
defluorination and mineralization to partial PFAS transformation.

Destructive treatment technologies hold tremendous
potential to hazard of PFAS by converting longer chain PFAS
into shorter chain byproducts. Heterogeneous catalysis in
general and electrocatalysis more specifically show promise for
treating industrial wastewaters because hydrophobic PFAS tend
to partition to surfaces where they are concentrated and can be
readily degraded at the interface rather than competing with
other solutes in the bulk solution at higher concentrations.**?¢
Shorter chain PFAS compounds, in part owing to their lower
hydrophobicity compared against longer chain PFAS, often have
lower bioaccumulation potential.*” Thus, hydrophobicity affects
both treatment efficiency and organism-based hazard.
Currently, there is a lack of understanding how catalytic treat-
ment of PFAS impacts bioaccumulation potentials and what
endpoints could represent bioaccumulation.

To fill this knowledge gap, our study evaluated and compared
techniques to track treatment effectiveness during one repre-
sentative catalytic PFAS treatment system, namely electro-
catalysis using BDD electrode, which we previously showed to be
effective in removing PFAS from real and model wastewaters.*
Four techniques were used to assess effectiveness: targeted PFAS
measurement by LC-MS/MS, F~ measurement by ion chroma-
tography (IC), adsorption capacity on activated carbon (i.e., AOF
analysis), and bioaccumulation potential using lipid bilayer
partitioning assays (Transil*"). Comparing the four analytical
techniques may facilitate the selection and justification of proper
design metric endpoints for treating PFAS in wastewater.

2. Materials and methods
2.1 Model water containing PFOA

Based on our prior work with model and real industrial waste-
water electrocatalysis studies,* we selected a stock solution
with high PFOA and low background organics to enable using
all PFAS analytical tools of interest. This approach allowed us to
work about the detection limits of the combustion ion chro-
matography (CIC) and within the working concentration range
of the Transil*™ analytical workflow. PFOA (95% purity, cat. No.
171468, Sigma Aldrich), PFBA (98%, cat. no. 164194) and PFHxXA
(>97%, cat. no. 29226) were also purchased from Sigma Aldrich
(Table S1t). Accordingly, our working solution was prepared
using 40 pM PFOA with a 15 mM electrolyte of Na,SO, (>99%,
anhydrous, Sigma Aldrich) in ultrapure (Millipore, 18.2 MQ cm)
water (UPW), with no further addition of any pH buffer, salts,
acids or bases. The initial pH of this model water was 5.6.
Internal standards (IS) were prepared using a'*C isotope-
labeled methanol-based 24 MPFAS-MXA mixture obtained
from Wellington Laboratories (Guelph, ON).

2.2 Electrocatalytic reactor

As demonstrated in our prior work, an electrochemical reactor
with BDD cathodes and anodes, as illustrated in Fig. S1,f has
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optimal performance for PFAS degradation in model and real
industrial wastewaters.** Details of BDD electrodes are provided
in Text S1.f Briefly, electrocatalysis experiments were per-
formed in a 150 mL Pyrex glass beaker using 120 mL of PFOA
solution. The electrode backs were covered by vinyl tape (Scotch,
Saint Paul, MN) to achieve a geometric effective surface area of 5
cm?. Electrodes were submerged in the testing solution, and the
interelectrode distance was kept at 1 cm. A constant 60 mA
ecm ? current density was maintained by a power supply
(TENMA model 72-8340A, England) with a cell potential of 40-
45 V. The solution was stirred continuously at 700 rpm to ensure
complete mixing and sufficient mass transport between the
electrode surfaces and the bulk liquid.

2.3 Sample collection over time

Sample aliquots of 2 mL were withdrawn for analysis at 0, 10,
30, 60, 120, and 180 minutes after electrocatalysis initiation.
The cumulative aliquot volume during the experiment accoun-
ted for less than 20% of the initial volume. Each 2 mL aliquot
was prepared as follows prior to analysis: 10 pL was subjected to
a 100-fold dilution for LC-MS/MS target analysis, 1 mL was
diluted tenfold for IC measurement of F, 20 pL was directly
injected into the CIC to track the TF in the system, 200 pL was
mixed with 50 mL of deionized water and acidified to pH < 2
using 1 N H,SO, for AOF, and 160 pL was utilized for the
Transil*" assay.

2.4 PFASs target analysis

Because we used PFOA as the initial PFAS, we only measured
carboxylated (PFCA) target compounds (PFOA, PFHxA, PFBA) as
transformation by-products. These were measured using a LC-
MS/MS (Agilent 1290 & 6490) operating in electrospray nega-
tive ionization (ESI) mode.*® Method details, quality assurance,
and quality control are described in Text S2 and S3.7 Details on
instrumental parameters and mobile phase gradient are given
in Table S2 through S5.1 Limits of detection (LoD) and quan-
tification (LoQ) were defined by the concentrations with 3 times
signal to noise (S/N) and 10 times S/N, respectively. The LoD of
PFOA for this study was 3 ng L™ '. The LoQ of PFOA was
10 ng L™ ". Details of LoDs and LoQs for all other target PFAS are
given in Table S6.f

2.5 Inorganic fluoride ion (F~) measurement

F~ concentrations were measured by IC (Metrohm 930 Compact
IC Flex analyzer and 858 Professional Sample Processor (Her-
isau, Switzerland)). The instrument was equipped with an A
Supp 5 analytical column (4 mm x 150 mm) in conjunction
with an A Supp 5 guard column. An injection loop of 20 pL
achieved a 1 utM F~ minimum detection limit. Eluent composed
of 1 mmol L™ Na,CO; and 3.2 mmol L™ * NaHCO; flowed at 0.7
mL min~" through the column.

2.6 AOF quantification

AOF was measured by passing 50 mL aliquots, diluted from 200
uL of the collected electrochemical time-dependent sample, at 3
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mL min ' onto two packed 40 mg activated carbon (AC)
cartridges (Analytik Jena, Germany) in series on an APUsim
autosampler. The low fluorine activated carbon has a BET
surface area of ~500 m> g™, and a total mass of 80 mg was
used. AC cartridges were washed with 20 mL of 0.1% NH,OH to
remove inorganic F~.>* The PFAS-loaded AC samples were
combusted for 20 minutes at 1050 °C under 300 mL min~ ' O, by
the CIC (details were described in previous studies®**® and
operating parameters for this study are listed in Table S77).
Table S81 shows that AOF recovery rates increase with carbon
chain length.** Comparable with previous studies,*' recovery
rates of PFBA (57 + 20%), PFHxA (69 + 11%), and PFOA (110 +
2.9%) improved with chain length.

The theoretical TF of this electrocatalysis system based on
the initial 40 pmol L™ CgHF, 50, was 600 uM as fluorine. The TF
measured by CIC during the 3 hours electrocatalysis was within
+30% of the theoretical TF as shown in Fig. S3.f A 20%
difference in CIC response between organofluorine and F~ was
common,*> so we assumed that TF was conservative at its
theoretical value.

Unidentified organofluorine (UIOF) and non-adsorbable
organofluorine (NAOF) were defined as the concentration in
uM of total organofluorine not quantified by target analysis and
AOF, respectively, and calculated as follows in the following
equations:

TF = nproaCoproa (1)
UIOF = TF - > nC; — [F] (2)
NAOF = TF — AOF — [F] (3)

where TF is 600 M in this study (nproa = 15 fluorine; Co proa =
40 pM); C; is the target PFAS concentration (uM), n; is the
number of fluorine atoms in that PFAS molecule, [F ] is fluoride
ion concentration (uM), and AOF (uM) was the measured
concentration based on the CIC method.

2.7 Bioaccumulation potential using Transil*" suspend lipid
bilayer assay

Transil*™ Intestinal Absorption kits were obtained from Sovicell
GmbH (Leipzig, Germany) for use as a modeled bioaccumulation
assay.” This assay utilizes 12 x 8 wells microtiter plates, with
each sample utilizing one column of 8 wells as shown in Fig. S2.7
Within each column, there are 2 reference wells and 6 wells
containing 0.048, 0.086, 0.156, 0.281, 0.505, and 0.907 uL of
immobilized biological phase in 240 uL phosphate buffer saline
(PBS) solution, which helps maintain pH and osmotic pressure.
The Transil*" beads used in the assay are phosphatidylcholine
liposomes vesicles with a diameter of 15 pm. The Transil*" assay
was preserved, incubated, mixed and separated following an
established protocol with details in Text S3.**

A partition-based model was developed to quantify the
affinity of organofluorine to lipid bilayer tissues using eqn (4):

LBP = C§/Cp. (4)
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where Cs (nmol PFAS/kg lipid) and Cy, (nmol PFAS/L) are the
PFAS concentration associated with lipid or aqueous phase,
respectively.

For single PFCA compound, the LBP value was derived
following the calculation in Text S4.f The final LBP value is
shown in eqn (5):

CO Vl - CL Vaq

LBP =
CL Vsps

(5)
where C, (umol L") is the standard stock concentration spiked
into the Transil*" assay, V; is volume of sample (20 pL), V,q is
the total liquid volume inside a Transil*" vial after sample
addition (260 pL), V; (uL) is the volume of Transil*" lipid beads,
and p, is the lipid bilayer density (1.05 kg L™).

CIC analytical approaches were also used for quantifying
fluoride levels in multi-solute samples. Solid phase lipids
inserted on CIC ceramic boats instead of PFAS-loaded AC.
Liquid phase aliquots (100 pL of supernatant) from the LBP
assay were collected, placed in the CIC boat and used to
quantify and then calculate TFsy,, (Lmol). A 100 pL aliquot of
well-mixed liquid and solids from the remaining contents in
Transil®" vial was collected, placed in the ceramic boat, and
analyzed using CIC to measure TF adsorbed onto LBP solid
(TFsea (wmol)). The final LBP was calculated by eqn (6) with
details explained in Text S5:t

1.4 (TFsed - TFsup) Vlol

LBP =
2.6TFqp Veps

(6)

where Vi is the total volume of liquid (260 pL) in a Transil®"
vial. The minimum working concentration of Transil*" assay
was calculated based on CIC detectable TFy,, in vial G to be 23
UM PFOA (Text S61). This study started with 40 uM, which
guaranteed that TF in all Transil*" kits would be quantifiable by
CIC. A control experiment applied 600 tM F~ as NaF to test the
LBP of F~.

3. Results and discussion
3.1 Electrochemical transformation of PFOA

Utilizing the BDD anode and cathode for electrocatalysis
resulted in a gradual degradation of PFOA over time. The
primary electrochemical PFOA transformation was likely initi-
ated by direct electron transfer from PFOA to active sites on the
BDD surface,*** followed by decarboxylation to form C,;H;s
and chain shortening cycles to lose —CF,- units.***® Fig. 1 shows
that approximately 50% of the initial PFOA degraded within the
first hour and reached 94% after two hours. After three hours of
electrocatalytic treatment, PFOA was below the detection limit,
signifying >99% removal. The observed change in PFOA to
below the detection limit was desirable because it allowed for
subsequent analysis of AOF and LBP for varying degree (0 to
>99%) of PFOA transformation.

Despite near complete PFOA removal, complete defluorina-
tion of PFOA was not achieved after 3 hours of treatment. From
the defluorination curve in Fig. 1, F~ increased steadily,
reaching 505 uM after 3 hours, overall, the F~ yield from PFOA
was only 84% at the point where >99% of the initial PFOA was
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Fig. 1 Evolution of target analytes, AOF, and F~ during 40 uM PFOA
(TF = 600 pM fluorine) electrocatalysis at 60 mA cm™2 current density
over 3 hours. AOF and F~ correspond to the right-hand secondary y-
axis. By-products PFHxA and PFBA are shown in the insert. Error bars
depict standard deviations of duplicated experiments.

degraded. This likely occurred because PFCA intermediates
were less hydrophobic, exhibited reduced affinity towards the
BDD active surface, and consequently were more difficult to
defluorinate.*

Measuring AOF enables assessment of changes in target plus
non-target organofluorine and can distinguish degradation
from defluorination throughout the electrocatalysis process.”
Fig. 1 shows AOF reduction paralleled PFOA loss in the first
hour and declined more slowly than PFOA after the first hour.
After 3 hours of electrochemical treatment, there was 34 puM
AOF, which was 6% of the 600 uM fluorine initially added as
PFOA. The faster decrease of AOF compared with the increase of
F~ suggested that intermediate organofluorine products were
not fully mineralized and did not release F. Longer chain
organofluorine transformed into shorter chain PFAS with
reduced AOF recovery,” but it was still partially retained on
activated carbon.

Evolution of shorter chain target by-products was observed.
As illustrated in Fig. 1, short chain by-products PFHxA and PFBA
accumulated during the first 2 hours and reached a maximum
of 0.24 uM and 0.54 uM, respectively, which were much lower
concentrations than the initial 40 pM PFOA. These by-products
originated from the breakdown of PFOA and were subject to
electrocatalysis simultaneously. The PFBA was more chal-
lenging to degrade due to its lower affinity with the electrode
surface,**’ so PFBA accumulated at higher concentration than
PFHXA. The pattern of formation and subsequent degradation
of PFHxXA and PFBA aligned with findings from previous
studies.*™*® However, even at their maximum concentrations,
target by-products cumulatively accounted for less than 2% of
the fluorine initially added in the reactor.

The USEPA Hazard Index (HI) is made up of a sum of frac-
tions. Each fraction compares the level of each PFAS measured
in the water to the health-based water concentration. In April
2024 the USEPA established final MCLs of 4 ng L™ for PFOA
and PFOS, plus 10 ng L™ for hexafluoropropylene oxide dimer
acid and its ammonium salt (GenX), perfluorononanoic acid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(PFNA) and perfluorohexane sulfonate (PFHxS). When mixture
of two or more specific compounds (PFNA, PFHxS, HFPO-DA,
and PFBS) are present, the HI must below a value of unity.
Each fraction compares the level of each PFAS measured in the
water to the highest level determined not to have risk of health
effects. Herein we calculated the HI based upon eqn (7) using
measured concentrations after each timepoint from our elec-
trocatalysis treatment system:

_ [GenX] . [PFBS]  [PFNA] [PFHxS]
" 10ng/L 2000 ng/L '~ 10ng/L ~ 9.0 ng/L )

Concentrations of each were at low levels after 3 hours
electrocatalysis, but their cumulative effect could pose signifi-
cant health risks. The Hazard Index is an established USEPA
approach used to understand health risk from chemical
mixtures.®® A hazard index value at or below 1 suggests that
cumulative exposure is generally considered safe and unlikely to
cause significant adverse health effects, while a hazard index
value above 1 indicates potential health risks, necessitating
further assessment and possibly mitigation measures to lower
such exposures. However, a hazard index of 0 does not imply
that there are no concerns associated with PFAS. Since no
carboxylated PFAS are part of the current HI calculation, the HI
value throughout our experiments using solely PFOA as the
initial model PFAS was 0. Future work using other PFAS should
always consider reporting HI values.

3.2 Fluorine mass balance during electrocatalytic treatment

Fig. 2A presents the distribution of fluorine species over time
based on target PFAS, F~, and UIOF. PFOA accounted for <50% of
the fluorine after 1 hour of treatment and <6% of the fluorine
after 3 hours. Concurrently, the portion of F~ increased from 0%
to 74% after 2 hours, and further rose to 84% after 3 hours. The
maximum contribution from target by-products (PFHxA and
PFBA shown in Fig. S41) was <1% of total fluorine. The peak 19%
of UIOF occurred after 2 hours of treatment. The observation that
UIOF remains below 20% of the total fluorine in the system
indicates that target analysis together with F~ accounts for most
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of the mass balance. UIOF likely includes polar short chain
compounds such as trifluoroacetic acid (TFA), but quantifying
that would require modification of LC-MS/MS methods.**

Fig. 2B shows how surrogate index of AOF closed the fluorine
mass balance during treatment. From 0 to 2 hours, AOF's
contribution decreased from 100% to 30%, and it further
decreased to 5% at 3 hours. NAOF was not detected until 0.5
hour of treatment, reaching a maximum of 11% at 3 hours.
Similar to UIOF, NAOF portions may experience losses during
AOF extraction or through evaporation of volatiles escaping
from the electrochemical reactor.*> The NAOF was also likely to
include TFA or other polar PFAS that are poorly retained on the
AOF sorbent. Combining AOF with F~ accounted for >80% of
the total fluorine in this electrocatalysis system, indicating AOF
was a good approximation of the summation of target
compounds and non-target by-products.

3.3 Validation of LBP using PFOA

We explored lipid partitioning as a potential PFAS treatment
design metric. LBP is a partition based descriptor introduced to
study chemical interactions with cell membranes.* LBP has not
yet been applied to assess PFAS electrochemical transformation
by-products. Before applying the LBP assay on the unknown
organofluorine mixture, LBP of target PFAS was first measured
by LC-MS/MS and compared with recorded literature values.
PFOA stock solutions of 4.8, 40, and 1000 uM were spiked into
the Transil*" assay and resulted in an isotherm shown in black
in Fig. 3. There was no statistical difference (p = 0.68) on LBP
among the three concentration intervals. The resulting LBP of
10*°%%2 1, kg™, which was less than 0.5 log lower compared
with the reported value of 10*°**%%7 2° was considered accept-
able for partitioning models.?® Transil*" partition isotherms for
PFBA and PFHxA were measured by adding 20 pL of 23.4 uM
PFBA and 3.2 uM of PFHXA and they also resulted in LBP values
within 0.5 log of literature values, 10"”*"° L kg~* for PFBA and
10%5*23 I, kg™ for PFHxA (results shown in Fig. S6t and
summarized in Table S97). Thus, the accuracy and reproduc-
ibility of the assay was considered validated using liquid-phase
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Fig. 2 Stacked bar chart illustrating mass balances for samples collected during electrocatalysis on an initial 40 uM PFOA solution. (A) Target
PFAS, F~, and UIOF. (B) AOF, F~, and NAOF. Additional changes based upon measured PFHxA and PFBA concentrations are presented in Fig. S4.1
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Fig. 3 PFOA partition isotherms between aqueous phase by LC-MS/
MS or Transil*" phosphatidylcholine liposomes bead solid phase
analysis by CIC. Solid line shows regression model fit of the two
datasets. Shaded areas indicate the 95% CI of linear regression. The
spike concentrations of PFOA for each part of the isotherm are noted
in red.

-2 2

PFAS. In order to apply it to electrochemical by-products we
further compared liquid-with solid-phase partition coefficients.

To compliment target PFAS remaining in solution after
exposure to the lipid bilayer, we cross-validated the LBP coeffi-
cient based on solid phase PFAS concentration by CIC. As
shown with the blue line of Fig. 3, all but one data point from
the 40 uM PFOA spiked Transil*" tested by CIC fall inside the
95% confidence interval (CI) of LC-MS/MS regression model.
For PFOA, the resulted LBP based upon CIC was 10*%*%3 L kg™,
which was comparable with the LC-MS/MS result of 10>°<%2 L,
kg~ '. At our selected initial PFOA concentration of 40 pM, the
consistency between target liquid-phase LC-MS/MS and CIC-
based solid/liquid-phase LBP data suggests both analytical

1200
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5300' PFOA
=
o
m
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PFHxA
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0 T T T F-
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Fig.4 Change of LBP over time. (A) Absolute LBP during electrocatalysis.
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approaches are likely suitable to obtain LBP values. The benefit
of CIC analysis of lipid bilayer beads lies in its ability to quantify
non-target PFAS (i.e., UIOF).

The F~ had very low affinity with lipid bilayers. In this study,
LBP measured by 600 uM F~ as NaF resulted in an LBP <10" L
kg~ '. F~ did not enter membrane beads without the facilitation
of ion carrier, thereby indicating F~ did not partition onto the
Transil** lipid bilayer.>* LBP of F~ was lower than LBP of short
chain by-products, which was in turn lower than LBP of long
chain parent PFOA, indicating that increasing defluorination
was associated with decreased LBP. The removal of fluorine
atoms from the molecular structure of PFAS accompanied by
a chain shortening effect leads to a diminished affinity to lipid
bilayers.”>** Therefore, the presence of F~ in solution with by-
products of PFOA electrocatalysis was unlikely to cause arti-
facts or influence LBP calculation.

3.4 Applying LBP on by-products of PFOA electrocatalysis

Using LBP as an indicator of bioaccumulation potential showed
a statistically significant decrease (p < 0.05) after 3 hours of
treatment. Changes of fluorine partition on lipid bilayers and
liquid of electrocatalysis samples are shown in Fig. S6.T Fig. 4A
shows that LBP decreased by 31% from 850 + 130 L kg™ " to 580 +
110 L kg™ " in the first hour of electrocatalysis. After 3 hours of
electrocatalysis, there LBP reduced by 84% to 140 + 50 Lkg™". The
final LBP of electrocatalysis was between the LBP of PFHXA and
PFBA, indicating UIOF existed with LBP higher than that of PFBA.

Fig. 4B shows the percent LBP remaining along with the
other three analytical endpoints. A calculated residual of orga-
nofluorine, TF minus F~ was obtained, which equals
UIOF + Y n;C;or AOF + NAOF, according to eqn (2) and (3). The

1

normalized ratio of TF-F~ was significantly higher (p < 0.05)
than the PFOA remaining at all sampling times after 1 hour,
which indicated that by-products still contain organofluorine
that could be captured by AOF and contribute to LBP.*® All AOF
data points after 0.5 hours and all LBP data points after 1 hour
fell between PFOA degradation and TF-F~ curve, indicating
effective partition of PFOA transformation products onto lipids
bilayers. Even at 99% of PFOA degradation, the organofluorine
residuals could still attach onto Transil®“ beads. Previous

40—

Percentage remaining (%)

o

0 50 100

Time (min)

150 200

LBP of target PFOA, PFHxA, PFBA and F~ are shown in dashed lines. (B)

The percentage remaining of PFOA, TF-F~, AOF, and LBP. Error bars depict standard deviations of duplicated experiments.
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research utilizing Alitvibrio fischeri bioluminescence assay to
study how PFAS treatment process impact the toxic potency
concluded that UIOF degradation may cause higher decrease in
bioassay activity than in target PFAS concentration.** However,
in our case, the contribution of UIOF was too small to exhibit
greater impact than target PFAS. From the discussed compar-
ison, LBP and AOF could fill in the knowledge gap of the
properties and fate of PFOA by-products the degradation and
defluorination endpoints.

3.5 Relationship between target analysis and surrogate
measurements

Fig. 5 shows the concentrations of PFOA, F, AOF, and LBP
exhibited linear trends. Pearson correlation coefficients (r) of
the four parameters with each other are summarized in Table
S$10.1 F~ had negative correlation coefficients with the other

View Article Online
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three parameters. The strongest correlation happened
between PFOA and F~ because F~ was the primary direct
product of PFOA degradation. AOF also reveals strong corre-
lation with PFOA and F~, with p values for both correlations
<0.001, and r = 0.99. The positive correlation between LBP and
AOF indicates organofluorine that adsorb more strongly onto
activated carbon in AOF pre-concentration are more prone to
partition onto lipid bilayers. As such, AOF could be a possible
indicator of bioaccumulation potential. The negative correla-
tion between LBP and F~ implies higher mineralization
correlated with likelihood to reduce bioaccumulation
potential.

3.6 Comparison of treatment performance endpoint metrics

Applying the proper analysis tool was argued to be crucial in
organofluorine studies, and there was a trade-off between
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2
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Fig.5 Correlations between target analysis for PFOA degradation, defluorination, AOF, and LBP. Linear regression formula and significance value
are given on each subplot. Shaded areas indicate the 95% confidence interval of linear regression.
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Fig. 6 Detection limits and ranges of LC-MS/MS, F~, AOF, and LBP.
Note that LC-MS/MS and LBP were measured as target PFAS
compound (i.e., PFOA in this study); F~ and AOF were measured as
fluorine.

selectivity and inclusitivity.*” Fig. 6 shows the analytical ranges of
the endpoint metrics applied in this study, illustrating the trade-
offs that PFAS treatment designers and operators will face. The
LC-MS/MS target analysis has remarkably low LoQ and an
uncertainty level below 10%, providing the most sensitive anal-
ysis. However, target analysis using LC-MS/MS of common PFAS
represented less than 30% of the organofluorine during elec-
trolysis. LC-MS/MS detection range spans >3 magnitudes for
PFOA.

The F~ and AOF are both IC based quantification methods.
F~ measured by IC has the broadest detection range (1.0 uM to
5000 puM). In this study, LoQ of AOF was limited by the
maximum sample loading volume (100 mL) the autosampler
syringe could hold, which in turn limited the CIC detection
limit to 0.06 nmol as fluorine. The benefit of AOF was the
inclusion of non-target organofluorine compounds based on
their hydrophobicity.

The LBP validated by single compounds appeared viable to
analyze mixtures of PFAS. However, LBP had the highest LoQ
and narrowest quantification range (23-110 pM). This limita-
tion arises from the CIC fluorine detection limit and because
the Transil*" kit uses a sample volume that was ~500-1000x
smaller than the water volume loaded onto the AC prior to AOF
quantification. The highest concentration to be applied to
measure LBP was determined by the critical micelle concen-
tration of 110 uM for PFOA.*® As discussed in relation to Fig. 4
and 5, LBP also had larger standard errors than other analytical
techniques. Consequently, LBP was probably not applicable for
monitoring most industrial wastewater treatment systems
where PFAS concentration ranges from ~1-10 pg L™, corre-
sponding to <10 pg L™" fluorine. However, because AOF and

15634 | RSC Adv, 2024, 14, 15627-15636
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LBP were well correlated (Fig. 5), there is potential to use AOF as
a surrogate of LBP.

4. Summary and conclusions

Electrocatalysis can break the carbon-fluorine bonds in PFAS,
transforming them into lower molecular weight products with
less bioaccumulation potential. Electrocatalysis with BDD
anodes and cathodes effectively degraded PFOA over time,
forming both target and non-target by-products. In our experi-
mental system, the changes in PFOA were monitored over 3
hours and > 99% removal was observed. While 84% of the initial
PFOA on was recovered as F~ after 3 hours, longer reaction
times, greater electrode surface area, and higher energy inputs
were required to reach higher levels of defluorination.

The hazard index proposed by USEPA offers a framework to
assess the reduction in toxicity of treated PFAS wastewater.
However, it accounts for only four target PFAS (GenX, PFBS,
PFHxS, and PFNA), none of which occurred in our PFOA
degradation experiments because they are not degradation by-
products of PFOA. While we did detect low concentrations of
PFHXxA and PFBA, these PFAS are not part of the USEPA hazard
index calculation. Consequently, the hazard index would be
0 despite target PFAS being detected.

Surrogate indices were explored during electrocatalysis and
correlated well with the target analysis. AOF was reduced by
70% after 2 hours and 95% after 3 hours of electrocatalysis.
After validating that CIC measurements of fluorine on the
Transil®" beads were an acceptable approach to determine LBP
coefficients, LBP was applied on experimental samples collected
during electrocatalysis and found an 83% reduction in LBP after
treatment. A positive correlation was observed between LBP and
AOF. Transformation by-products with lower AOF recovery were
likely to be less bioaccumulative.

Considering the advantage of low detection limit, and the
ease to operate, using AOF as a surrogate measure, not for
toxicity per se but for assessing bioaccumulation potential,
emerged as an intriguing conceptual and quantifiable approach
to monitor electrocatalytic treatment.
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