Downloaded via UNIV ILLINOIS URBANA-CHAMPAIGN on December 31, 2022 at 04:25:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

pubs.acs.org/Langmuir

Rate, Efficiency, and Mechanisms of Electrochemical
Perfluorooctanoic Acid Degradation with Boron-Doped Diamond
and Plasma Electrodes

Necip B. Uner, Paola Baldaguez Medina, Jasmine L. Dinari, Xiao Su,* and R. Mohan Sankaran*

Cite This: Langmuir 2022, 38, 8975-8986 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: The removal of per- or polyfluorinated alkyl substances (PFAS) has  yy.cer ! Water
received increasing attention because of their extreme stability, our increasing c c, (i 1
awareness of their toxicity at even low levels, and scientific challenges for traditional : ' ! i
treatment methods such as separation by activated carbon or destruction by | i e
advanced oxidation processes. Here, we performed a direct and systematic 3 : E e
comparison of two electrified approaches that have recently shown promise for Bulk 'Film T @, i
effective degradation of PFAS: plasma and conventional electrochemical : S T
degradation. We tailored a reactor configuration where one of the electrodes C*=C, C*=0
Kinetically limited : Transport-limited

could be a plasma or a boron-doped diamond (BDD) electrode and operated both
electrodes galvanostatically by continuous direct current. We show that while both
methods achieved near-complete degradation of PFAS, the plasma was only effective as the cathode, whereas the BDD was only
effective as the anode. Compared to the BDD, plasma required more than an order of magnitude higher voltage but lower current to
achieve similar degradation efficiency with more rapid degradation kinetics. All these factors considered, it was noted that plasma or
BDD degradation resulted in similar energy efficiencies. The BDD electrode exhibited zero-order kinetics, and thus, PFAS
degradation using the conventional electrochemical method was kinetically controlled. On the contrary, analysis using a film model
indicated that the plasma degradation kinetics of PFAS using plasma were mass-transfer-controlled because of the fast reaction
kinetics. With the help of a simple quantitative model that incorporates mass transport, interfacial reaction, and surface
accumulation, we propose that the degradation reaction kinetically follows an Eley—Rideal-type mechanism for the plasma electrode,
and an intrinsic rate constant of 2.89 X 10°* m* mol™' s™" was obtained accordingly. The investigation shows that to realize the true
kinetic potential of plasma degradation for water treatment, mass transfer to the interface must be enhanced.

B INTRODUCTION technologies have demonstrated potential for selectively
removing PFAS through functional surfaces.”””** Although
these methods can physically remove PFAS from water, the

PFAS ultimately remains as a persistent waste that needs to be

applications has led to their contamination of water supplies ; ;

2pp e aret SUppues, chemically degraded. Examples of degradation-based methods

including wastewater, groundwater, and even drinking water. . 82526 > 729 .
include sonolysis,” """ photochemical, electrochemi-

Many PFAS are suspected to be carcinogenic, genotoxic, or 7 30—42 43—52
14 ) . ; cal,” and plasma processes. In the last decade,
cytotoxic ~~ and can be retained in both the environment and .
. .S . . 1 electrochemical and plasma-based processes have attracted
biota for very long times,” due to their chemical stability that . . s . .
6 ) much attention because of their capability to mineralize PFAS
stems from the C—F bonds (~5 eV).° In wastewater streams in . _ 45 . )
into F~ and CO,.” The two approaches bear interesting

urban centers, the concentration of PFAS is commonly found T . . .
- N ; L similarities and differences. Both use electricity as an input and
above the regulation limits,” and classical advanced oxidation . . 1 .
promote chemical reduction and oxidation reactions. However,

processes, such as treatment with Fenton’s reagent and UV . . - :

s : ) plasmas require a much higher voltage to initiate and sustain

light exposure, have encountered challenges in degrading . . .
gas breakdown, and there are different chemical species

PFAS.*” Therefore, there have been intense recent efforts to duced e .
) produced because of the complex nonequilibrium chemistry.
develop new approaches to remove PFAS more effectively and

The widespread use of per- or polyfluorinated alkyl substances
(PFAS) in many commercial, industrial, and firefighting

efficiently.' "
Over the last 20 years, researchers have proposed many Received: May 13, 2022
methods to remove PFAS, and these methods can be divided Revised:  June 28, 2022

into ones that focus either on separation or degradation. Published: July 15, 2022

Examples of separation-based methods include adsorp-

L 12-14 15,16 . 17,18

tion, ion exchange, membrane separation, and
. . 19-21 .

foam fractionation. More recently, electrosorption-based
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Figure 1. Schematic of experimental setup and electrodes. (a) Schematic of electrochemical cell. CE and WE stand for the counter and working
electrodes, respectively. (b,c) Schematic of working electrodes, BDD and the plasma. Ry is the ballast resistor, and Ry is the test resistor where the
current is measured. HV stands for high voltage. (d) False-color snapshots of the plasma cathode operated at the surface of a stirred PFOA solution
at 2 mA. The snapshots were obtained with a digital microscope with no external light. The scale bar corresponds to 0.5 mm, and the magnification
is the same for all four panels. The dashed line and the arrow on each panel indicate the changing water level due to stirring.

In a limited number of reports, it was shown that plasmas were
highlZ suitable for the degradation of surface-active chem-
icals,”® such as PFAS, and it was argued that plasma-based
methods are more energy-efficient than classical electro-
chemical oxidation for PFAS degradation.“s’50 However, a
comprehensive comparison of the kinetics, energy efficiencies,
and mechanisms associated with PFAS degradation between
plasma and electrochemical treatment remains absent.
Fundamentally, such a study would reveal the different
reaction pathways accessible by either approach. Technolog-
ically, the study would show which process has advantages or
disadvantages for implementation, or if it is possible to
combine them in synergistic ways. A natural obstacle is how
these two somewhat distinct approaches can be compared in a
meaningful way (i.e, “apples-to-apples”), which would
necessitate careful consideration of electrochemical setup,
polarities, and operating conditions.

Here, we present a direct and systematic comparison of a
plasma and a conventional electrochemical process for PFAS
degradation by using a basic galvanostatically operated reactor
configuration in which one of the electrodes was a plasma or a
boron-doped diamond (BDD) electrode, serving either as the
cathode or the anode. A BDD electrode was chosen as the
conventional electrode since it is known to be corrosion-
resistant™* and stable at high current densities.”® Furthermore,
it has a wide potential window™® and a high overpotential for
O, generation,”’ thereby constituting the state-of-the-art
electrode for the oxidation of PFAS.”**~****~*! Both BDD
and plasma electrodes were used in the same cell under the
same mixing conditions, and the currents employed were
comparable. Long-chain, surface-active PFAS molecules are
especially prevalent contaminants; therefore, perfluorooctanoic
acid (PFOA) was selected as the model PFAS compound. The
effect of polarity, kinetics, and energy efficiencies were assessed
for both electrodes. Split cell and radical scavenger experiments
provided mechanistic insight that the plasma electrode
operates in a vastly different manner than the BDD electrode
but surprisingly similar in terms of energy efficiency.

B EXPERIMENTAL METHODS

Electrochemical Experiments. In most experiments, a 66.6 mm
wide, 250 mL single-compartment borosilicate cell (Adams &
Chittenden), with a gas-tight Teflon lid and feedthroughs for the
electrodes, a sparging tube, and the exhaust, was used (Figure la),
unless otherwise specified. A BDD electrode or a pin-to-plane plasma
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electrode was inserted into the cell and served as the working
electrode. Both electrodes allowed argon (Ar UHP300, Airgas) to
flow into the cell at a rate of 100 sccm regulated by a mass flow
controller (MC Series, Alicat). Unless otherwise noted, the counter
electrode was a platinum-coated Ti mesh (Part #592777, Fuel Cell
Store). All experiments were conducted under an Ar atmosphere.

The BDD electrode was a commercially available 10 gm thick BDD
layer on a doped silicon substrate (0040004036, IKA). The electrode
was electrically connected to a nickel/chromium wire using
conductive carbon glue (16050, Ted Pella), resulting in negligible
resistance when compared to the ohmic resistances of the electrolytes
used in this study (Figure 1b). The electrode was connected to a
direct-current (DC) power supply (Model 9206, B&K Precision), and
the current density was fixed at 20 mA/cm?, as measured by the
supply. The immersed area was approximately 0.5 cm® (10 mA total
current).

The plasma electrode was comprised of a stainless-steel needle
(RS-6066, Roboz) and a fused silica tube that surrounded the needle
to introduce a sheath gas flow (Figure 1c). The needle had a diameter
of 0.5 mm, and the radius of curvature at the tip was approximately
0.1 mm. The tip of the needle was placed 1.25 mm above the liquid
surface measured with a digital microscope (Edge AM4115ZTL,
Dino-Lite). The fused silica tube had an inner diameter of 4 mm and
an outer diameter of 6.4 mm, and it was placed approximately 3 mm
above the liquid surface. The needle was biased with high voltage to
generate a plasma by a DC power supply with switchable polarity
(Series 230, Bertan). The breakdown voltage was 2.0 & 0.2 kV. The
current was limited with a 651 kQ ballast resistor and measured with a
512 € test resistor, both in series, and the voltage between the plasma
and counter electrodes was measured with a high voltage probe (80K-
40, Fluke). The plasma was a dynamic DC glow discharge that
adapted to the moving water surface (vide infra) beneath it (Figure
1d). The current was varied between 0.55 and 4 mA, and it was stable
within +20 pA of the set current value throughout all treatment times.

All experiments were conducted with a 20 mL solution composed
of deionized water (HPLC grade, AH365, Honeywell), 20 uM PFOA
(95%, Sigma Aldrich), and 20 mM NaCl (>99.5%, Millipore Sigma)
as the electrolyte unless otherwise noted. Before every experiment, the
solution was sparged with 100 sccm Ar for 5 min, and the headspace
of the cell was purged with 500 sccm Ar for 10 min. During sparging,
purging, and the degradation experiments, the liquid was rigorously
mixed at approximately 400 rpm with a large magnetic stirrer (3/4” X
1/4” X 1/4”, L X W X H). A limited number of experiments were
carried out in a gas-tight split cell with a cation exchange membrane
(SELEMION, AGC Seimi Chemicals Co.), under the same operating
conditions.

Scavenger Experiments. Solvated electron scavenging experi-
ments were conducted by adding NaNOj; (>99.0%, Millipore Sigma),
and OH radical scavenging experiments were conducted by adding
disodium terephthalate (NaTA, >99.0%, Alfa Aesar) to the PFOA
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Figure 2. Efficiencies of PFOA degradation and defluorination. (a—c) Degradation, defluorination, and total defluorination efficiencies for the
plasma electrode. The current was 2 mA. (d—f) Degradation, defluorination, and total defluorination efficiencies for the BDD electrode. The
current was 10 mA, and the current density was 20 mA/cm? The blue and red dashed lines for the plasma and the BDD degradation efficiencies are

first- and zero-order fits, respectively.

solution with concentrations ranging from 20 to 120 mM. The
hydroxylation product of NaTA, 2-hydroxyterephthalic acid (HTA),
was quantified fluorometrically using a microplate reader (SpectraMax
iD3, Molecular Devices). The excitation wavelength was 310 nm, and
the emission wavelength was 425 nm. Calibration was done by using a
stock solution of 0.5 mM HTA (>95%, TCI America) in deionized
water (Figure S1).

Detection of PFOA and Fluoride. To detect the remaining
concentration of the anionic PFOA in solution after degradation, a
liquid chromatography-mass spectrometry (LC—MS) system with
electrospray ionization was employed. A Waters Synapt G2Si with a
Waters Acquity H-class UPLC system was employed, with a Waters
ACQUITY UPLC BEH C18 column (1.7 gm, 2.1 mm X SO mm) and
MassLynx 4.1 software for data processing. The column temperature
was kept at 40 °C, and the flow rate was maintained at 0.4 mL/min.
Also, S mM ammonium acetate solution was used as mobile phase A
and acetonitrile as mobile phase B. Each run contained an injection
volume of 0.5 pL of a solution that consisted of a maximum
concentration of 1 M PFOA and was performed in a gradient elution
mode (Table S1) using negative ionization. A new calibration curve
was obtained before each analysis.

To measure fluoride removed from PFOA by degradation, a
Thermo Fisher Dionex 2100 ion chromatography instrument
equipped with an EGC III KOH eluent generator, which contained
a conductivity cell, a pump, an AS-AP autosampler, and a column
capable of separating the fluoride species, a Dionex IonPac AS18 (4 X
250 mm) anion exchange column with an in-line AG18 guard (4 X 50
mm), was utilized. In order to lower the background eluent, a Thermo
Scientific ADRS 600 4 mm suppressor was used. All samples were
filtered through a 0.22 ym PTFE membrane syringe filter (Biomed
Scientific) without further dilution. Standard solutions were prepared
from a fluoride standard (1000 mg/L, Sigma Aldrich) and diluted
using deionized water produced with a Milli-Q system. A calibration
curve was run before each experiment. Results were analyzed using
Chromeleon v6.8 software.

Figures of Merit. From the measured concentrations of PFOA
and fluoride after treatment, it was possible to assess the performance
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of the electrodes with respect to removing PFOA from the solution.
The three following figures of merit, which are commonly used in the
literature for PFOA degradation, were calculated. The first is the
degradation efficiency, X, which is the percentage conversion of
PFOA into any other chemical:

[l - &]‘IOO
Cro (1)

where C, is the concentration of PFOA after treatment and C, is the
initial concentration. The second is the defluorination efficiency, X,
which is the percentage of fluoride extracted from the amount of

PFOA degraded:

X, = [
()

with Cg being the concentration of fluoride. The third and last is the
oT

Xp

Ce

——F 100
15(Cpo = Cp)

total defluorination efficiency, X;'C®, which is the theoretical
maximum percentage of fluoride that can be extracted from the
initial amount of PFOA:

x TOT _ XpXp _
F 100

Ce

15Cy0

-100
€)

B RESULTS AND DISCUSSION

Degradation Kinetics of PFOA. We initially evaluated the
degradation and defluorination of PFOA as a function of time
in separate experiments with a BDD or plasma electrode
serving as the cathode or anode (Figure 2). The polarity was
observed to substantially affect the degradation rate and
defluorination efficiencies for both the BDD and plasma
electrodes. Operating the plasma as the cathode rapidly
degraded PFOA and almost completely removed it within 2 h
of treatment, whereas operating as the anode was much slower
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(Figure 2a). Interestingly, an anodic plasma was completely
ineffective in defluorinating PFOA (Figure 2b,c). An Ar plasma
comprises negatively charged electrons and positively charged
gas ions, in addition to other neutral species. When operated as
the anode, the ions are accelerated toward the plasma—water
interface, and when operated as the cathode, the electrons are
accelerated. Ions, because of their much higher mass, could
presumably induce carbon chain breakage through their
relatively large collisional momentum/energy transfer or
withdraw an electron from a PFOA anion nearby the surface
through charge neutralization, leading to Kolbe decarbox-
ylation of the resulting PFOA radical.>”*”***® These processes
could lead to a small amount of PFOA degradation (Figure 2a)
but do not result in cleavage of the C—F bonds involved;
hence, there is no defluorination (Figure 2b,c). In contrast, a
cathodic plasma rapidly generates free fluoride up to 60%
X, suggesting that gas-phase electrons and any potential
chemistry they induce at the interface are more effective in
degrading and defluorinating PFOA.

Polarity-wise, the BDD electrode was found to work in a
complete opposite way in comparison to the plasma electrode.
Unlike the plasma, cathodic operation led to insignificant
degradation and defluorination (Figure 2d—f). However, an
anodic BDD was much more effective in degrading and
defluorinating PFOA. Anodic operation is the common
configuration used in electrochemical degradation of perfluori-
nated surfactants,”**7>***~*" likely due to the favorable
oxidation characteristics of the hydrophilic segments of these
molecules.” Previous studies indicated that at high potentials,
such as the values used in this study (vide infra), the active
sites on the BDD can participate in direct electron transfer and
physisorbed OH $eneration, which lead to oxidation of organic
contaminants.’”®" With the BDD, PEOA was degraded linearly
in time, whereas defluorination happened more irregularly

(Figure 2e). Nevertheless, when X T was calculated via eq 3,
a linearly increasing trend was obtained, akin to X in this
configuration (Figure 2f). The anodic BDD removed almost all
of the PFOA in § h and eventually had a X;"°" value around
50%, slightly less than that of the plasma cathode.

The anodic BDD and cathodic plasma were found to display
different types of degradation kinetics. As can be seen from the
fits in Figure 2a, the cathodic plasma exhibited first-order-like
kinetics (Figure S3), whereas degradation by anodic BDD was
zero-order (Figure 2d). First-order kinetics for plasma-induced
degradation of PFAS are consistent with many previous reports
in the literature.”*™>' For an anodic BDD, first-order kinetics
for PFAS degradation have been previously re-
ported,”**7*>**7*! unless mass transfer limitations were
overcome by, for example, using a rotating disk electrode
setup®® in which case the kinetics were zero order. In our
case, rigorous stirring caused local velocities between 26 and
40 cm/s near the BDD electrode, as estimated from the
tangential velocity of the stir bar at 400 RPM. Furthermore, the
immersion depth of the electrode was low (0.5 cm?), and the
current density was high (20 mA/cm?). All these factors
increase the possibility of enhancing mass transfer and
saturating the active sites that play a role in PFOA degradation,
subsequently leading to a reaction-controlled process.

Energy Efficiency Comparison between BDD and
Plasma Treatment. We next compared the energy
efficiencies of the two electrodes in their optimal config-
urations (anodic BDD and cathodic plasma). Since both

8978

electrodes treated the same amount of PFOA in the same cell
and with the same mixing conditions, plotting X}, as a function
of the energy spent during degradation directly compares the
energy efficiency of the BDD and the plasma (Figure 3). In the
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Figure 3. Energy spent during plasma and electrochemical
degradation. Data and fits presented in Figure 2a,d are reproduced,
with the x axis being the energy spent during degradation. The solid
red line is the energy used for a hypothetical cell with insignificant
ohmic losses.

case of the plasma, the cell voltage was 390 V at 2 mA (Figure
S2), much higher than the cell voltage measured for the BDD,
which was 14.4 V. However, since degradation kinetics are
faster with the plasma, similar energy consumption was found
for both electrodes at 85% degradation. For the initial
degradation period, e.g., short times and low total energy
spent, the plasma is more efficient than the BDD. However, as
the PFOA concentration decreases, the energy efficiency of the
plasma decreases significantly. We infer that at lower PFOA
concentrations, the mass transfer rate to the plasma—liquid
interface where the reaction occurs is low, and concomitantly,
the degradation rate is low. The first half of the total energy
spent by the plasma degrades PFOA by 85%, and the
remaining half degrades it by only 10%. These observations
indicate that the plasma could be highly efficient for degrading
concentrated contaminant solutions where the mass transfer
rate of PFAS to the plasma—liquid interface is high.

The BDD was found to be as efficient as the plasma at high
PFOA concentrations, as can be seen from the overlapping
trends in Figure 3, if ohmic losses were removed. The ohmic
losses for the electrolyte solution that surrounds the electrodes
were estimated via the finite element method to be 60% of the
total power input (Figure S4). This calculation indicates that
decreasing the distance between the working and counter
electrodes could significantly increase the energy efliciency.
However, a smaller distance would also decrease the potential
between the electrodes under galvanostatic conditions,
resulting in lower defluorination rates,”” which depends on
direct electron transfer.

The performance of the BDD and the plasma electrodes
employed in this study compared well with other electro-
chemical and plasma-based approaches in the literature
(Tables S2 and S3). Many performance metrics have been
used to gauge the energy efficiency of the PFAS degradation
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Figure 4. Comparison of performance metrics for PFOA degradation with the literature. (a) Observed rate constant as a function of Gy, the
specific energy consumption at 50% degradation efficiency. (b) Surface-specific rate constant as a function of Gs. (c) Electric energy per order, EE/
O, parameter as a function of initial PFOA concentration. The results obtained in this work are given for three different currents: 0.55, 1, and 2 mA
from top to bottom in panels a and b, respectively. Details for the references that are indicated by numbering are provided in the Supplementary
Information, Tables S2 and S3, along with the parameters used to calculate the performance metrics.

processes, and in this work, three of them were chosen to
provide a comprehensive assessment. Namely, these metrics
were the observed rate constant, kg, the energy yield for 50%
degradation efficiency, abbreviated as Gsy, and the electric
energy per order parameter, EE/O, which is the energy cost for
decreasing the PFAS concentration by an order of magnitude
(Figure 4). We note that G, and EE/O differ from each other
since Gy is dependent on the initial PFOA concentration,
whereas EE/O is not. A detailed description of the
formulations of these metrics for both first- and zero-order
reactions is given in the Supplementary Information. Previous
electrochemical studies generally reported lower rate constants
when compared to plasma-based degradation processes, but
the highest energy efficiencies, i.e., highest G, values, were
achieved with BDDs serving as the anode (Figure 4a). While
the Gs, of the plasma electrode used in this work compared
favorably, the kp, of the BDD electrode was found to be lower
than literature values. In Figure 4b, we also show the surface-
specific k., which is kg, divided by the immersed electrode
area, which was found to be among the highest reported for
BDD and dimensionally stable mixed-oxide anodes. Therefore,
the low overall kg, value of our BDD-based degradation
process most probably resulted from the low immersed area of
the electrode (see Table S2 for literature values). Our goal was
not necessarily to optimize the operation of the BDD for PFAS
degradation, but rather to compare with the plasma electrode
under as similar conditions as possible, including the reaction
area. Assuming that the cathodic plasma degradation process
can be approximated as a surface reaction predominantly
happening at the plasma—liquid interface due to the low
penetration depths of electrons,®¥®° we were able to also
estimate the surface-specific rate constant of the plasma
degradation process. Since the plasma electrode was operated
continuously, the interfacial area was relatively easy to
measure, ~0.2 mm> Such a small area, when combined with
a large rate constant (Figure 4a), results in very Iarge surface-
specific rate constants, which are at least 3 orders of magnitude
larger than that of the BDD (Figure 4b). As for the EE/O
parameter, considering the order of the initial PFOA
concentration used in this work, the obtained values were
low when compared to literature results. Since the same
amounts of volume were treated by the BDD and plasma
electrodes and the energy consumptions were similar, it is not
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so surprising that the EE/O values were also similar (Figure 3).
Overall, for two distinctly different types of electrodes
operating at opposite polarities that undoubtedly lead to
different mechanisms for PFOA degradation, the similarity of
the Gy and EE/O values is unexpected and possibly just
coincidental. Additional experiments and analysis aimed at the
kinetics and mechanistic aspects are necessary to further
unravel how these electrodes fundamentally operate for PFAS
degradation.

Remarkably, the kg, values for the plasma electrodes from
the literature and in this work were found to fall within an
order of magnitude range, despite having vastly different
operation modes, powers, and excitation frequencies, as can be
seen in Figure 4a. With our plasma electrode, decreasing the
current shifted Gg to higher values (Figure 4a), indicating that
more energy was wasted at higher currents, i.e, decreasing
energy efficiency with higher currents. Combined with the
exceedingly high values of the surface-specific reaction rate
constant for the plasma electrode, these observations suggest
that plasma-based degradation processes are severely mass
transfer-limited.

Mass Transfer and Reaction Kinetic Analysis for
PFOA Degradation. The observed rate constants presented
in Figure 4 could be related to mass transfer, chemical kinetics,
or some combination of both. Additional experiments are
usually required to elucidate the contributions of mass transfer
and kinetics to the observed degradation rate, and in cases
where complete mass transfer or kinetic control is not easily
achievable, a reaction—diffusion model with a predefined rate
expression is needed to obtain quantitative estimates of the
mass transfer coefficient and the intrinsic reaction rate
constant. The simplest relevant model for combined mass
transfer and interfacial chemical kinetics in our system is a film
model® (see Figure S5 and the related section in the
Supplementary Information for a review of the model). For
zero-order kinetics, the model yields an expression for
degradation efficiency that does not depend on the mass
transfer coefficient, k; i.e., degradation is kinetically
controlled:

Xpo A,
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where A, is the interfacial area for treatment, Vj;y is the liquid
bulk volume, and k,, is the intrinsic reaction rate constant for
zero-order reaction on the surface. For the BDD electrode, A
is equal to the immersed electrode area, and k,, has units of
moles per unit time per electrode area. The linear increase in
Xp o replicates the experimental results shown in Figure 2d, and
k. is found to have a value of 4.7 X 10~ mol/m?’s.

For first-order degradation kinetics at the interface, the film
model yields the following expression for degradation

efficiency:

Xp,1 Ay
— =1-exp| ————
100 Vig 1+ o, (s)

Eq $ is suitable for describing degradation with the plasma
electrode, since it gives an exponential trend for Xp, just like
the exponential fit shown in Figure 2a for plasma degradation.
From eq 5, k1, the first-order observed rate constant shown
in Figure 4a, can be defined as

As kr,l
7

iq 1 / (6)

It is important to note that in eqs 5 and 6, it is not clear
whether k,, is the intrinsic rate constant since one would
derive an equation that is exactly the same as eq S if the
reaction was pseudo-first order.

Elucidating k,; and k, for plasma degradation requires
additional experiments. Here, we demonstrate that changing
the plasma current, which affects the intrinsic surface reaction
rate, can help decouple k,, from k. Figure 5 shows both X,
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Figure 5. PFOA degradation and defluorination efficiency as a
function of plasma current. Data were collected at the end of 1 h
treatments.

and XFTOT, as a function of current for 1 h of treatment. The
current range was limited between 0.55 and 4 mA. Below 0.5

maA, a plasma could not be sustained, whereas above 4 mA, the
plasma electrode became exceedingly hot, as can be inferred
from the visible blackbody radiation emitted from the tip of the
electrode. Both X, and X;'°7 are seen to approximately
saturate at 2 mA (~1 A/cm?® current density, 50 times greater
than that of the BDD). Therefore, any additional current above
2 mA is almost entirely wasted, in agreement with the
increasing energy yield with decreasing current shown in
Figure 4a. Hence, at and above 2 mA, the process is expected
to be entirely mass transfer limited. When k,; > k,, eq S
reduces to

AS
k.t

m
liq

(7)

Note that A/Vj, is the interfacial area concentration;
therefore, k,A,/Vj, is equivalent to ki, known as the
volumetric mass transfer coefficient.”®” Using eq 7, k,, can
be expressed explicitly:

n(l -
(8)

From the single data point collected at 3 mA (Figure S) at
the end of a 1 h long treatment, k,, was estimated to be 0.058
m/s. By using this value in eq 7, the entire time trend of Xp
was captured accurately at a different current, 2 mA, at which
the degradation is still mass transfer limited (Figure S6). For
the validity of this mass transfer coefficient, an additional check
can be done by comparing the rates of mass transfer and
degradation rates in the case of the BDD electrode. The
general expression for the mass transfer coefficient derived
from similarity arguments shows the following proportionality:
k,, o L.RePScl, where L. is the characteristic size, Re is the
Reynolds number, Sc is the Schmidt number, and p and q are
constants. Since the same cell and flow conditions are used for
both electrodes, and since the characteristic dimensions of the
BDD electrode are similar to the size of the plasma—liquid
interface, at least some of the local mass transfer coefficients
for the BDD are expected to be close to the overall value
estimated for the plasma electrode. Assuming that the value of
k,, estimated above applies to the BDD electrode, the mass
transfer rate to the BDD at the beginning of the process, k,,,Cyp,
is equal to 1.2 X 107 mol/m’s. This value is more than 1000
times larger than the rate of degradation for the BDD, given by
the intrinsic zero-order rate constant, ko, which is self-
consistent with the kinetically limited degradation process
observed with the BDD electrode.

Role of the Counter Electrode. Despite the significant
differences in the mechanism and structure of the plasma and
BDD working electrodes, both approaches need a counter
electrode during operation for PFOA degradation. There are
relatively few studies of the effect of the counter electrode on
PFAS degradation. Costa et al. showed that when a BDD
serves as the anode, a Pt cathode yields the highest degradation

Xp1
100
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9
At

k

m

~

Table 1. Efficiencies in the Single and Split Cells

Xp/% X/ % X7 /%
single cell split cell single cell split cell single cell split cell
plasma (=) 1 h run 84.7 + 2.1 585 +£128 43.1 + 84 59.3 £22 36.6 + 7.7 34.7 £ 3.0
BDD (+) 2 h run 383 + 0.6 59.8 £ 09 444 + 173 40.5 + 5.6 169 + 6.3 242 + 34
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and defluorination efficiencies as compared to BDD, Zr, and
stainless steel.”” Here, we carried out PFAS degradation in a
split cell with a cation exchange membrane to decouple the
cathodic and anodic processes, to determine if the counter
electrode plays any role. For the split-cell experiments, the
same sample volume and concentration were used in the cell of
the working electrode as in the single-cell experiments, but the
cell of the counter electrode contained no PFOA at the
beginning of the process. As shown in Table 1, for a plasma
electrode, X, decreased by almost 30% in a split cell, a change
that is not expected from mass transfer rates. This drop was
accompanied by approximately a 10% increase in Xg, which
resulted in X;"°" values being similar to values obtained in the
single cell. Therefore, the counter electrode appears to play a
role in the degradation and defluorination processes for a
plasma electrode, perhaps by reoxidation of the free fluoride in
the latter case. In contrast, for the BDD electrode, X, increased
in the split cell, whereas Xy did not change appreciably. The
reason for the increase in degradation efficiency is unclear. One
possibility is that there is a species generated at the counter
electrode, which interferes with PFOA degradation. In the case
of the plasma as the working electrode, most of the
degradation and defluorination are clearly induced by the
plasma.

Split cell results indicate that the plasma should ideally be
paired with an anode, which is synergistically capable of
degradation and defluorination. The asymmetric nature of the
electrode performance shown in Figure 2 suggests that the
BDD is a potential anode for the plasma cathode. This
electrode combination was used for PFOA degradation in a
single cell at a current of 2 mA, chosen to establish a
comparison with the data shown in Figure 2a. The results
indicated no significant improvement in the degradation
performance, but an approximately 10% increase in Xg O©
was obtained (Figure S7). These results hint that 2 mA may
correspond to too low of a current density (4 mA/cm?) and
reaction rate for the BDD, and in the future, electrodes must
be designed with better matching of power density. That is,
either smaller areas for the BDD or, preferably, larger currents
spread over a large area for the plasma are needed.”

Role of Short-Lived Reactive Species. Although the split
cell experiments indicated that both working electrodes can
effectively degrade PFOA, where the plasma is assisted by the
counter electrode, additional experiments are necessary for
comparing major degradation pathways. Mechanistic insight
has been obtained for plasma-liquid experiments by using
radical scavengers.">****~7" Radical scavengers can rapidly
react with a potential reaction intermediate with relatively high
specificity. Observing a change in the figures of merit
associated with PFOA removal, in the presence of a scavenger,
indicates whether the targeted radical participates in the
reaction. A likely reducing species is solvated electrons, and a
likely oxidizing species is hydroxyl radicals (OH), and thus
NaNOQO; and NaTA were selected as the respective radical
scavengers. OH radicals are expected to be produced by both
the plasmaég’ﬂ and BDD electrodes, but solvated electrons are
specific to the plasma,®* especially for a cathodic continuous
DC plasma.

Upon adding a 10 mM concentration of the OH scavenging
NaTA, X, for the plasma electrode slightly increased, but the
efficiency of the BDD electrode dropped sharply (Figure 6).
The results for the BDD electrode confirm that OH radicals,
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Figure 6. PFOA degradation efficiency with and without radical
scavengers. (a) Plasma electrode as the cathode; (b) BDD electrode
as the anode. In addition to the scavenger, 20 mM NaCl was present
in all solutions as the background electrolyte. Experiments with the
plasma electrode were conducted at 2 mA for 1 h duration.
Experiments involving the BDD were S h long.

which have been previously suspected to be generated with a
BDD electrode,*®"’* are partially responsible for PEFOA
degradation. Interestingly, we confirmed that OH radicals were
produced by an anodic plasma, as quantified by 0.24 yM HTA
formed after 2 h of treatment at 2 mA, and yet led to very little
PFOA degradation (see Figure 2a). Previous studies have
shown that free OH cannot degrade PFOA,*’ and the
mechanism in the case of a BDD electrode is a surface-
mediated process.”’

The rate of OH formation was found to correlate directly
with and explain the polarity dependence of degradation for a
BDD electrode. An anodic BDD produced approximately 0.1
UM HTA after a S h long treatment, whereas a cathodic BDD
produced approximately 6 times less. Since the concentration
of NaTA was 500 times more than the initial concentration of
PFOA, NaTA was more abundant than PFOA nearby the BDD
surface. Assuming that NaTA captures the majority of the
physisorbed OH, the remaining degradation capability of the
BDD can be associated with direct electron transfer®> and
oxidation through reversible surface oxides.”*

https://doi.org/10.1021/acs.langmuir.2c01227
Langmuir 2022, 38, 8975—-8986


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c01227/suppl_file/la2c01227_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01227?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01227?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01227?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01227?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

In the presence of a 100 mM concentration of the solvated
electron scavenging NaNOj, the plasma electrode showed a
minor increase in Xp, whereas the BDD electrode showed only
a negligible change in the efficiency. While NaNOj; could be
mass transfer limited due to the adverse electric fields for the
NO;™ anion near the plasma—liquid interface, 100 mM has
been previously shown to be sufficient to quench the majority
of the solvated electrons.”*’%”* The absence of a clear decrease
in degradation performance for either scavenger suggests that
PFOA degradation with the plasma electrode is not radical-
mediated.

The slight increase in Xp, for the plasma electrode in our
experiments with a radical scavenger may be related to the
salting out effect of PFOA. An increasing amount of the total
dissolved solids (TDS) decreases the surface tension, which
leads to an increase in the surface excess of PFOA at the
interface.”® Higher surface excess allows an increased
probability for direct interaction with the gaseous electrons
in the plasma above the interface. Similar findings were
presented in a recent report, where an increase in the observed
rate constant was measured due to higher surface accumulation
with increasing solution conductivity.””

A Simple Reaction Expression for Plasma Degrada-
tion. Based on experiments with the split cell and radical
scavengers and the evidence of surface excess of PFOA playing
a role in degradation, we suggest that degradation in a cathodic
plasma occurs through an Eley—Rideal (ER) type mechanism
at the plasma—liquid interface. In an ER mechanism, one of
the reactants of a bimolecular surface reaction reacts directly
from the gas phase, which we suggest could be the gaseous
electrons in the anode sheath of the plasma. These electrons
can interact with the hydrophobic tail of PFOA, which
protrudes upward and away from the water surface.”® The
slight decrease in defluorination rates over time (Figure 2c)
may be the result of transport limitations or the formation of
shorter-chain PFAS, which have lower surface activity, thus
lowering the surface concentration. Thagard and co-workers
have presented a similar argument,™ and they have recently
mentioned the major role of mass transport in plasma-based
water treatment.”” However, a simple quantitative model that
explains interplay of reaction kinetics, mass transport, and
surface accumulation during plasma degradation of PFAS in a
well-mixed environment is lacking. The film model that we
presented can be modified to include all these mechanisms in a
quantitative manner, along with incorporating the direct
interaction of PFOA with gaseous electrons at the plasma—
water interface.

The ER hypothesis allows closure of the film model for
plasma degradation, where we had previously assumed a
generic first-order reaction, which cannot explain the increase
in degradation efficiency with increasing current (Figure 5). A
more general ER mechanism that describes the degradation
rate at a plasma—liquid interface is

=~k o, ©

»
where krD is the intrinsic rate constant, @ is the surface
coverage of PFOA, and C, is the gaseous electron
concentration at the edge of the anode sheath (see the
Supplementary Information for the full derivation). The power
m stands for nonelementary pathways and denotes the
possibility of more than one electron being involved in the
degradation of a single PFOA molecule. Surface coverage is
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expressed as the ratio of the concentration on the surface, C,,,
and the maximum surface excess, [, 0 = C,i/T, Both
concentrations have units of moles/area. The value of I',,,, was
measured to be approximately 1.23 mM/m? independent of
the TDS content.”® Using T, the Langmuir—Szyszkowski
equation can be used to describe the partitioning of PFOA on

80
the water surface:

C

ps = L

max

%
C, +b (10)

where Cpﬂ< is the volumetric concentration just beneath the

interface, and b is the surface activity, which depends on the
TDS content as’® 20.7 X TDS™*'S in uM. For a 20 mM NaCl
solution, TDS = 1169 mg/L, and thus, for our experiments, b =
7.2 uM. This information allows us to write € in terms of the
known parameters and CP*, a parameter in the film model (see
Supplementary Information). Given the fact that the plasma
electrode operates in a mass transfer-limited regime, and since
the initial PFOA concentration is of the same order of
magnitude as b, it is expected that CP>k < b. Hence, eq 9

reduces to
~ krE| C *C m
PETT e (11)

Eq 11 shows that the reaction rate increases with increasing
TDS, due to a decrease in b, and increases with C,, which is
proportional to current.”” Furthermore, the rate expression is
pseudo first-order since C, and b do not change during
degradation. This observation yields a definition for k., in eq
S:

k:l'D C m
b ° (12)

While the electron concentration above the interface is not
known, it can be related to current, which is a directly
measured parameter. Using a drift-diffusion model yields the
following expression for C, (see Supplementary Information):

- r
AF Hy (V] + 8T

kr, =

e
(13)

In eq 11, I is the current, y, is the electron mobility, IV,| is
the mean potential in the anode sheath, d, is the width of the
anode sheath, kg is Boltzmann’s constant, and T, is the mean
electron temperature in the anode sheath. y, can be calculated
from known relationships,”" and IV, and T, are estimated from
a recent multiphase simulation of the plasma—liquid interface
beneath a DC plasma cathode,”” allowing the calculation of C,
as a function of current (see Supplementary Information). Eq

13 allows determination of the intrinsic rate constant, krD,
from the data presented in Figure S.

Nonlinear regression of eq 5 combined with eqs 12 and 13
to the degradation data yields the three fitting curves in Figure
7. For m = 1, the krD has a simple physical meaning with the
units of numbers of PFOA molecules degraded per volumetric
interfacial area per electron per time, and is found to be 443 m
s™'. However, the m = 1 description yields a poor fit. For m =
2, a satisfactory fit to experimental data was obtained, and the
value of the intrinsic rate constant krD is found to be 2.89 X
10° m* mol™ s™! (see Table S4 for a list of rate constants
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Figure 7. Fits to degradation vs current data for the cathodic plasma.
m is the order for the gaseous electron concentration in eq 9 and was
changed to obtain the best fit and to estimate the intrinsic reaction

rate constant, k1.

obtained in this study). Regression using a higher integer value
for the order of electron concentration reduced the accuracy of
the fit (Figure 7). By interpreting the value of m as the number
of electrons involved in the degradation of a PFOA molecule,
the faradaic efliciency,

_ 2F ‘/]quPOXD, 1

"Te It

(14)
where F is Faraday’s constant, can also be estimated. For the
lowest current employed, I = 0.55 mA, the highest time-
averaged faradaic efficiency obtained was 2.4%. 5y is usually
difficult to calculate in plasma systems and has not been
reported. The value is higher than conventional electro-
chemical degradation with C,, > 20 uM, which are rarely
above 0.1% (Table S2).

B CONCLUSIONS

Our comparative study of the plasma and BDD electrodes
showed that while these two approaches differ significantly in
terms of reaction rates and mechanisms, they can have
surprisingly similar energy efficiencies. While the BDD anode
is capable of degrading and defluorinating PFAS, it was found
that the plasma electrode can remove PFOA with a similar
efficiency only when operated as the cathode. Both electrodes
produce OH radicals, but OH radicals are only effective in the
case of the BDD because they likely are more reactive when
bound to the anode surface. Degradation by a plasma does not
involve any of the aqueous radicals investigated in this work,
OH radicals and solvated electrons but appears to rely on
direct reaction with gaseous electrons, suggesting an ER-type
mechanism. The plasma has very high surface-specific rates,
predominantly because of high local current densities, and
thus, its performance is controlled by mass transfer. This result
indicates that plasmas can be very efficient at high contaminant
concentrations, but for dilute systems, its efficiency is limited.
Therefore, to increase efficiency, a significant preconcentration
of PFAS streams is needed. On the other hand, for the BDD,
mass transfer limitations do not appear, and steady, albeit
lower, rates of defluorination are possible. The counter
electrode plays a role in both cases, but for the BDD, it
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literature review tables on electrochemical and plasma
degradation, derivation of the film model of mass
transfer with chemical reaction, mass-transfer-limited
degradation for the plasma electrode, asymmetric
degradation, estimation of gaseous electron concen-
tration nearby the interface, and list of rate constants
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B ABBREVIATIONS

PFAS  per- and polyfluoro alkyl substances
PFOA  perfluorooctanoic acid

BDD boron-doped diamond

DC direct current

LC—MS liquid chromatography-mass spectrometry
NaTA  disodium terephthalate

HTA  2-hydroxyterephthalic acid

TDS total dissolved solids
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