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Abbreviations List

1,4-D 1,4-dioxane

AIX Anion Exchange

AOP Advanced Oxidation Process

cs Final/Effluent Concentration (ppt)

C Initial/Influent Concentration (ppt)

COoD Chemical Oxygen Demand

ECO Electrochemical Oxidation

Eco Electric Energy Per Order (kW h/m?3)

EPA Environmental Protection Agency

F Flow Rate (GPM)

GAC Granular Activated Carbon

GC-MS/MS Gas Chromatography/Tandem Mass Spectrometry

GPM Gallon(s) Per Minute (gal/min)

HALT Hydrothermal Alkaline Treatment

HDPE High-Density Polyethylene

HFPO-DA Hexafluoropropylene Oxide Dimer Acid

HI Hazard Index

IX lon Exchange

kq First-Order Reaction Rate (s

LC-MS/MS Liquid Chromatography/Tandem Mass Spectrometry

LGW Leachate-Impacted Groundwater

LL Landfill Leachate

MCL Maximum Contaminant Level

MDL Method Detection Limit

MS Mass Spectrometer

ND Non-Detect

NDMA N-Nitrosodimethylamine

NJDEP DSR New Jersey Department of Environmental Protection Division
of Science & Research

P Power (W)

PFAS Per- and Polyfluoroalkyl Substances

PFBS Perfluorobutane Sulfonate

PFHxA Perfluorohexanoic Acid

PFHxS Perfluorohexane Sulfonate

PFNA Perfluorononanoic Acid
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PFOA
PFOS
POE
POU

ppb
ppm

ppt
PWR

RO
RSD
RSE
SCwoO
SPE

t
TOC
uv
UvVT
WWE
wwi

Perfluorooctanoic Acid
Perfluorooctanesulfonic Acid
Point of Entry

Point of Use

part-per-billion (=ug/L)
part-per-million (=mg/L)
part-per-trillion (=ng/L)
Plasma Water Reactor
Reverse Osmosis

Relative Standard Deviation
Relative Standard Error
Supercritical Water Oxidation
Solid-Phase Extraction

Time (min)

Total Organic Carbon
Ultraviolet [Light]

UV Transmittance at 254 nm
Wastewater Effluent
Wastewater Influent
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Summary

The New Jersey Department of Environmental Protection (NJDEP) wants to
assess alternative technologies for the treatment of emerging contaminants.
The primary contaminants of concern are state-regulated and include perfluo-
rooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic
acid (PFNA), and 1,4-dioxane (1,4-D). Purafide evaluated the initial concen-
trations and plasma-based destruction of these emerging contaminants in
wastewater influent, wastewater effluent, leachate-impacted groundwater,
and landfill leachate. Purafide performed time-resolved, bench-scale stud-
ies and varied the operating conditions to estimate the treatment efficacy and
cost. Withstanding matrix effects, plasma demonstrated effective destruction of
target contaminants, precursors, and transformation products. Purafide de-
termined that the most efficient treatment occurred in landfill leachate and
leachate-impacted groundwater samples. Future work could involve studying
additional matrices and deploying pilots with NJDEP.
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Introduction

The New Jersey Department of Environmental Protection
(NJDEP) Division of Science and Research (DSR) collabo-
rated with Purafide to conduct bench-scale investigations

of a novel plasma-based water treatment technology. The
highlighted contaminants of concern include 1,4-dioxane
(1,4-D) and three per- and polyfluoroalkyl substances (PFAS):
perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), and perfluorononanoic acid (PFNA). Each of these
compounds has a Maximum Contaminant Level (MCL), an
enforceable limit, in New Jersey.

Goal

Evaluate the concentrations and efficacy of plasma-based
destruction of regulated PFAS and 1,4-dioxane in matrices
relevant to water stakeholders in New Jersey.

Contaminants of Emerging Concern

Legacy and emerging contaminants threaten our natural re-
sources and public health. Some of the most prevalent, per-
sistent, and problematic pollutants include: 1,4-dioxane—a
carcinogenic solvent known to be challenging for advanced
treatment [1]; N-nitrosodimethylamine (NDMA)—a highly car-
cinogenic disinfection byproduct with many precursors in
wastewater effluent [2]; and PFAS—a class of synthetic chem-
icals that are ubiquitous, refractory, and hazardous at very
low concentrations [3]. While PFOA and PFOS are two well-
studied long-chain global surfactants, short-chain PFAS, such
as perfluorohexane sulfonate (PFHxS), perfluorobutane sul-
fonate (PFBS), and hexafluoropropylene oxide dimer acid
(HFPO-DA), are generally less understood, less toxic, but
more refractory [4].

The scale of the PFAS problem is so severe that several states,
including New Jersey, have taken proactive regulatory ap-
proaches. For instance, Maine became the first in the nation
to ban PFAS-laden biosolids [5] and hesitancy for the land
application of biosolids has caused a nationwide increase

in residuals management costs, resulting in annual revenue
losses of up to $1.9 million for utilities [6].

As listed in Table 2, NJ regulates three PFAS: PFOA (14 ppt),

2 of 19

Tpursuant to the New Jer-
sey Safe Drinking Water

Act ( ), Ground
Water Quality Standards
( ), and Dis-

charge of Petroleum and
Other Hazardous Sub-
stances rules ( ).

Table 2: State MCLs for PFAS
(Drinking Water) and 1,4-D
(Groundwater) in units of
part-per-trillion (ppt).

Contaminant MCL

PFOA 14 ppt
PFOS 13 ppt
PENA 13 ppt
1,4-D 400 ppt

Table 3: PFAS National Primary
Drinking Water Regulations.

PFAS MCL
PFOA 4 ppt
PFOS 4 ppt
PENA 10 ppt
PFHxS 10 ppt
HFPO-DA 10 ppt
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PFOS (13 ppt), and PFNA (13 ppt). 1,4-D currently has an MCL
of 400 ppt in groundwater and a draft MCL of 0.33 ppb in
drinking water [7]. Public health concerns over PFAS culmi-
nated to April 10, 2024 when the U.S. Environmental Protec-
tion Agency (EPA) finalized stringent standards under the
Safe Drinking Water Act—the first time since the 1996 amend-
ments [8]. In addition to the individual MCLs listed in Table 3,
this regulation defines a Hazard Index (HI) for exposure to
co-occurring select PFAS. The Hl is the aggregate of several
PFAS concentrations divided by their respective health-based
values:

_ [PFNA] . [PFHxS] .\ [HFPO-DA] . [PFBS]

HI = < ©)
10 ppt 10 ppt 10 ppt 2000 ppt

Existing Solutions & Their Limitations

Current state of practice for PFAS management is physical re-
moval. Filtration technologies, including reverse osmosis (RO)
and granular activated carbon (GAC), can remove PFAS and
satisfy drinking water regulations [11]. RO can remove long-

& short-chain PFAS, but it is very expensive & energy inten-
sive and requires concentrate discharge. On the other hand,
adsorption technologies have several advantages, primar-
ily reduced costs and the elimination of reject water. GAC is

a proven technology for long-chain PFAS. lon exchange (IX)
can remove short-chain PFAS and can be roughly half the
cost of GAC, but IX does not perform well with water qualities
containing high concentrations of dissolved solids and organ-
ics [12]. Alternatively, anion exchange (AIX) can also remove
short- & long-chain PFAS and can be regenerable [13]. Over-
all, these technologies produce hazardous waste streams,
such as concentrate and spent media, that must be properly
disposed of, which is costly and intfroduces long-term liabil-
ities. Hence, sustainable destruction is needed to break the
contfamination cycle.

Destruction

Advanced oxidation processes (AOPs) are established de-
struction technologies that can disinfect and destroy a wide
range of legacy and emerging contaminants, such as 1,4-
dioxane and NDMA, that serve as health- and performance-
based indicator compounds [14]. However, AOPs are inade-
quate for several contaminants of concern, particularly PFAS;
PFHxS and PFBS, for instance, did not exhibit any degra-
dation with a ultraviolet light (UV)/hydrogen peroxide AOP
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Figure 1: lllustrations of novel
destruction technologies. [9, 10]
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in groundwater [15]. On the other hand, incineration is the
only approved destruction method for PFAS, but it is associ-
ated with hazards and high average costs of approximately
$4.50/gal [16]. Therefore, while some technologies prove ef-
fective, none are truly sustainable and versatile enough to
handle PFAS across various water qualities.

Emerging destruction technologies include thermal and non-
thermal approaches, as illustrated in Figure 1. Hydrothermal
alkaline freatment (HALT) and supercritical water oxidation
(SCWO) require high temperatures and pressures in the pres-
ence of an oxidant whereas electrochemical oxidation (ECO)
and plasma use high voltage to produce reactive species.
Each approach has benefits and limitations, such as cost,
scale, and resource recovery, but universally, the scavenging
capacity of the background matrix hinders efficacy.

Plasma’s Place in the Water World

UV and ozone, AOP technologies that use plasma indirectly,
do not take advantage of strong yet short-lived species. The
plasma-water interface efficiently creates energetic electrons
that induce reduction and oxidation, which produce addi-
tional radicals and enable a multitude of destructive path-
ways. As a result, plasma-based systems can be more en-
ergy efficient? than AOPs, as demonstrated with various trace
organics of concern [18]. Unlike separation-based technolo-
gies, plasmas can effectively inactivate pathogens and break
down the most recalcitrant contaminants, including PFAS [19,
]. Preliminary studies suggest that plasma can be an effec-
tive and energy efficient destruction alternative, as shown in
Table 4 for PFOA [10, 21]. Plasma-based water treatment is
fairly resilient over ranges of water quality parameters and
scavenger loads. Consequently, plasma could be applied
to many water qualities since it can function despite inter-
ferences. This is especially valuable in matrices where other
destruction technologies are severely limited. For example,
the presence of leachate co-contaminants does not hinder
plasma treatment of long-chain PFAS [22]. Thus, plasma can
support sustainable, simultaneous, and synergistic treatment
of emerging contaminants.

Plasmas have been studied in a limited capacity on relevant
water matrices at bench- & pilot-scale and should be vet-
ted across matrices and advanced treatment trains [18, 23,

]. However, previous plasma-based water purifiers, such

4 0of 19

2The electric energy per
order (Egp) is defined as
the amount of energy
needed for 90% (one-log)
reduction of a specific
compound in a given
volume [17]. A function of
power (P), flow rate (F),
and influent (¢;) and
effluent (c¢)
concentrations, Egp is @
useful metric for
technology comparisons
of a given matrix.

P

= 7(:.
Flogq &

2

Eeo

Table 4: Example Egp for
PFOA[10, 21]

Technology PFOAEg,
(kW h/m?)

Incineration 440

HALT 130

ECO 15

Plasma 4.0
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as the point-source plasma jet [25], do not easily scale. At
atmospheric pressure, plasmas are filamentary and cannot
treat large volumes of water due to the very small discharge
contact area. Thus, the diffusion of radicals info water is a
transport-limited challenge. Simple designs that maximize
plasma-water surface areaq, such as bubbles [24] or packed
bed dielectric barrier discharges [26], could improve contam-
inant destruction in the bulk fluid.

Purafide’s Plasma Water Reactor

Purafide’s Plasma Water Reactor (PWR), as pictured in Fig-
ure 2, enhances plasma ignition and propagation while min-
imizing energy consumption. Without consumables, this plat-
form product couples innovative power systems and geo-
metric configurations to address site-specific water qualities.
The PWR has been parametrically assessed on various water
matrices from across the U.S., ranging from drinking water

to RO concentrate of landfill leachate. For instance, ECO and
the PWR were compared in bench-scale studies of a chal-
lenging groundwater at an industrial remediation site in New
Jersey. ECO was ineffective due to high iron, organics, and
total suspended solids whereas the PWR achieved customer-
defined Eggs for particular PFAS. Similarly for groundwater
at an industrial remediation site in Michigan, spent media
management was environmentally and economically infeasi-
ble due to high background concentrations whereas the PWR
destroyed PFAS and other emerging contaminants [27]. Thus,
the PWR can ensure resilience against current, emerging, and
future contaminants while offering savings, convenience, and
regulatory compliance for water treatment managers.

Figure 2: PWR active region.

This novel platform product should enable scale to industrial
flow rates, but applications must be validated and prioritized
prior to field deployment. NJDEP DSR partnered with Purafide
to conduct bench-scale investigations of the PWR.

Experimental Design

lllustrated in Figure 3, the bench-scale PWR system was para-
metrically assessed to optimize kinetics and to demonstrate
the tradeoff between effectiveness and energy efficiency.
Purafide varied the geometry, flow, and power to select the
operating conditions based on how the PWR interacted with
various matrices. The system operated in batch mode, send-
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: Faraday Cage
Sensor Monitors & Probes

Water
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Sensors @ pressure

PWR -

Acquisition

Figure 3: Bench-scale PWR system (5’ x 5’ x 2').

ing the bulk of the recirculated water through the PWR and
a fraction of water through the water quality sensors. The
online sensors monitored pH, oxidation-reduction poten-
tial, conductivity, dissolved oxygen, ozone, hydrogen perox-
ide, turbidity, and UV transmittance at 254 nm (UVT). Along
with contfaminant concentrations, these surrogate parame-
ters provided insight into basic water chemistry, scavenger
capacity, matrix interference, membrane integrity, and ad-
vanced oxidation metrics. Power characteristics were also
real-time measured with high voltage and current probes.

Matrices & Methods

The technical objective was to achieve state MCLs (Table 2)
for emerging contfaminants in an effective and sustainable
manner. NJDEP DSR focused on matrices® that may be im-
pacted by PFAS and 1,4-D. A landfill, a remediation site, and
a wastewater treatment plant volunteered to share sam-
ples with NJDEP DSR and Purafide staff under the condition
of anonymity. Field samples were collected in high-density
polyethylene (HDPE) containers without preservatives and
stored at 4 °C upon arrival at Purafide’s lab.

Compared to other PFAS methods, can re-

6 of 19
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liably measure the most analytes (40) at trace concentra-
tions in matrices beyond drinking water (aqueous, biosolids,
soil, tissue). EPA Method 1633 calls for solid-phase extrac-
tion (SPE) followed by liquid chromatography/tandem mass
spectrometry (LC-MS/MS). For 1,4-D, is
performed using headspace solid-phase microextraction fol-
lowed by gas chromatography/tandem mass spectrometry
(GC-MS/MS). The corresponding Method Detection Limit
(MDL) for each analyte is listed in Table 5. Note that 1633
MDLs are defined for non-leachate aqueous samples, which
undergo SPE and nitrogen blowdown (250 mL — 2.5mL),
and should be roughly five times higher for leachate samples,
which just undergo SPE (100 mL — 5mL).

Quality Criteria

The data collected during this project will not be used for
regulatory/compliance purposes. The data can be used to
characterize emerging contaminants in relevant water ma-
trices and evaluate the efficacy of plasma-based destruc-
tion. Criteria for quality assurance and control have been
developed in accordance with modifications to EPA Method
1633 and EPA Method 8270E. When appropriate, both meth-
ods involve instrument, sample, and method blanks, internal
standards, 7+ calibration standards, and check standards for
instrument sensitivity and calibration verification. For 1633,
given the difficulty of PFAS analysis, additional check samples
include low- and medium-level ongoing precision & recovery;
also, compounds exhibiting polynomial behavior would use
relative standard error (RSE) instead of relative standard de-
viation (RSD). To improve analysis, 1633 used automated SPE
and 8270E was modified to include selected reaction moni-
toring.

Data sets were considered acceptable when blanks were
non-detect, internal standards were within recovery ranges
(extracted) and deviations < 20% (non-extracted), calibration
curve RSD/RSE < 20%, and check standards deviated < 30%
for PFAS and < 20% for 1,4-D. Data quality occasionally failed
for some PFAS due to recoveries falling outside of the accept-
able ranges and these results were indicated as estimates
accordingly. After extensive troubleshooting, recovery failures
were determined fo be unavoidable due to matrix interfer-
ences. PFAS froubleshooting took so long that extracted sam-
ples were analyzed outside of the method-defined holding
time, but the detector counts appear to negligibly vary in and
outside the holding time. Also, counts did not substantially

7 of 19

Table 5: MDLs for in-house EPA

Method 1633 (PFAS) and EPA

Method 8270E (1,4-D).

Analyte MDL
(ppt)
1,4-D 160
PFOA 0.23
PFOS 2.9
PENA 0.28
PFBA 0.49
PFPeA 0.41
PFHxXA 1.2
PFHPA 0.20
PFDA 0.38
PFUNA 0.39
PFDoA 0.40
PFTrDA 0.44
PFTeDA 0.76
PFBS 0.47
PFPeS 0.58
PFHxS 1.6
PFHpS 0.21
PENS 0.52
PFDS 11
PFDoS 0.70
4:2FTS 11
6:2 FTS 0.93
8:2FTS 0.98
PFOSA 0.35
NMeFOSA 0.55
NEtFOSA 0.56
NMeFOSAA 0.53
NEtFOSAA 1.1
NMeFOSE 34
NEtFOSE 3.2
HFPO-DA 0.88
ADONA 0.91
PFMBA 0.31
PEMPA 0.36
NFDHA 0.54
9CI-PF3ONS 1.8
NCI-PF30UdS 2.3
PFEESA 2.4
3:3FTCA 0.30
5:3FTCA 4.5
7:3FTCA 7.5
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deviate between duplicate extractions of untreated samples;
these duplicates were treated like check standards and the
highlighted PFAS varied < 10%. Hence, the analytical results
were deemed accurate and reported based on the average
of triplicate analysis from a given eluent.

Parametric Bench Studies

The system operated at an approximate flow rate of 4 gal/min
(GPM) with a working volume of 3L, except for LL (2.5L) due
to excessive foaming; this corresponded to cycle times be-
tween 10 s and 30s. The sampling volume was 250 mL (100 mL
for leachate) in HDPE or polypropylene for 1633 and 10 mL

in borosilicate glass for 8270E. Untreated samples were col-
lected from (1) the sample container directly and (2) the sys-
tem sample valve with the recirculation pump on and the
plasma off. Treated samples were collected via the sample
valve at several time steps (0 < t < 99 min) during each
closed-loop parametric experiment.

At least three treatment studies were performed in each ma-
trix. For two experiments, the power supply settings were
selected such that the same power was applied (= 220 W)
while using different operating conditions. This involved vary-
ing user-controlled variables, namely voltage and frequency,
until similar applied powers were achieved. The third experi-
ment fixed one variable while increasing another parameter,
applying greater power (= 280 W). These setftings were in-
vestigated to demonstrate the wide range in kinetics and the
need to optimize operating conditions for maximum destruc-
tion. LGW and LL were further evaluated in a fourth experi-
ment that used a more efficient power supply at maximum
settings (< 200 W).

Results

These experiments were performed in two batches: (1) the
initial three configurations analyzed with a lower resolution
mass spectrometer (MS) and (2) the fourth, and presumably
best, operating condition analyzed with a higher resolution
MS. The latter studies are predominantly discussed herein.
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Table 6: PFAS and 1,4-D initial concentrations in matrices of interest (prior to treatment) with MCLs, if
applicable. ND denotes non-detect and * indicates an estimate due to recovery failure.

Analyte WWE LGW LL MCL
1,4-D 1.5 ppb 2.8 ppm 89 ppb 400 ppt
PFOA 57.6 ppt 10.6 ppb 2.07 ppb 14 ppt
PFOS 18.0 ppt 89.9 ppb 444 ppt 13 ppt
PENA 4.92 ppt 9.87 ppt 137 ppt 13 ppt
PFBA 62.1 ppt 13.3 ppb 1.84 ppb

PFPeA 69.6 ppt 15.5 ppb 5.27 ppb

PFHxA 110 ppt 62.6 ppb 4.18 ppb

PFHpPA 17.9 ppt 9.96 ppb 914 ppt

PFDA 9.42 ppt 2.27 ppt 140 ppt

PFUNA ND ND* 8.03 ppt

PFDoA ND ND* 10.4 ppt

PFTrDA ND ND 3.38 ppt

PFTeDA ND ND 5.46 ppt

PFBS 84.5 ppt 16.4 ppb™* 4.77 ppb

PFPeS 1.22 ppt 29.1 ppb 44.7 ppt

PFHxS 14.8 ppt 157 ppb 702 ppt

PFHpS 0.50 ppt 1.33 ppb* 5.59 ppt

PFNS ND 1.84 ppt* ND

PFDS ND ND 1.91 ppt

PFDoS ND ND ND

4:2FTS ND* 3.84 ppt* 8.38 ppt

6:2 FTS 1.43 ppt 32.5 ppt* 341 ppt*

8:2FTS ND ND* 36.3 ppt

PFOSA 0.56 ppt 2.65 ppt 15.3 ppt

NMeFOSA ND ND* 2.95 ppt

NEtFOSA ND 122 ppt 143 ppt

NMeFOSAA 2.25 ppt 92.2 ppt 255 ppt

NEtFOSAA 1.43 ppt ND* 3.30 ppt

NMeFOSE ND ND 188 ppt

NEtFOSE ND ND 143 ppt

HFPO-DA ND 3.35 ppt 1.63 ppt

ADONA ND ND* ND*

PFMBA ND 56.5 ppt 1.30 ppt

PFMPA ND 34.8 ppt 1.33 ppt

NFDHA ND ND 0.72 ppt

9CI-PF30ONS ND ND* ND

NCI-PF30UdS ND ND* ND

PFEESA ND 5.31 ppt ND

3:3FTCA 0.53 ppt 33.7 ppt 40.4 ppt

5:3FTCA ND 51.6 ppt 416 ppb

7:3FTCA ND ND 173 ppt
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Initial Concentrations of Emerging Contaminants

Particulates in WWI clogged the sample lines, resulting in in-
complete 1633 extractions for untreated samples directly from
the sample container. Instead, untreated WWI was sam-

pled from the bench-system after running through a 70 um
polyethylene strainer: PFOA (3ppt), PFOS (17ppt), and PFNA
(5ppt) were near or below the federal & state drinking water
MCLs. On the other hand, the headspace analysis in 8270E
enabled analysis of untreated sample directly from the sam-
ple container, resulting in non-detect (ND) for 1,4-D.

The other matrices (WWE, LGW, and LL) were successfully
extracted via 1633. As evident in Table 6, each matrix ex-
ceeded the state MCL for the contaminants of concern, ex-
cept for PFNA in WWE and LGW. Each of these matrices also
exceeded the federal health-based valve for PFHXS, signal-
ing that the matrix is hazardous (HI > 1) by drinking water
standards. LGW and LL also exceeded the federal health-
based valve for PFBS. Overall, matrix interferences caused
failed recoveries for certain contaminants and plasma treat-
ment generally improved the passing rate of recoveries.

Destruction Efficacy

In this particular investigation, the PWR was most cost-effective
in LL, but this does not imply that this will always be the case.
For example, prior work revealed that matrices on opposite
ends of the pollution spectrum, specifically drinking water
and RO concentrate of LL, exhibited similar Ego though they
had initial concentrations orders of magnitude apart. As-
suming first-order reaction rates, treatment of matrices with
higher concentrations are expected to be more energy effi-
cient, yet this was not the case in this study where LGW had
initial concentrations orders of magnitude greater than LL.
Operating conditions, background constituents, and initial
concentrations play critical roles as evident during plasma
treatment in WWI, where unexpected kinetics occurred for
PFOS—one configuration yielded steady decay while the
other two settings resulted in first production then decay. This
suggests that unidentified precursors are responsible for the
changes in concentrations as they increase the complexity of
these practical matrices. Therefore, given the unique nature
of each matrix, it is difficult to confidently claim which matrix
the plasma will perform best in and bench-scale studies are
required. Regardless of the matrix, the PWR demonstrated
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destruction of each of the highlighted pollutants and the ca-
pability to achieve non-detect.

For 1,4-D, LGW and LL surprisingly achieved similar log re-
ductions (=0.14, or 27% removal) for the same treatment time;
on the contrary, WWE achieved non-detect in all three ex-
perimental configurations while some timesteps revealed
detectable 1,4-D concentrations, suggesting unknown trans-
formations. This further indicates the need for future work to
involve developing a technoeconomic model that incorpo-
rates the added benefit of synergistic destruction.

Plasma-based destruction of the highlighted contaminants
was demonstrated in each matrix even though competing ki-
netics interfered with contaminant destruction. For instance,
the highlighted PFAS displayed overall decomposition in LGW
(Fig. 4, Table 9) and LL (Fig. 5, Table 10). For the same oper-
ating condition, PFOS had the best and worst effective reac-
tion rate in LGW and LL, respectively, which is attributed to
the different orders of magnitudes between contaminant &
scavenger concentrations. The background constituents af-
fected both the PFAS destruction rates and sample extraction
success rates.

o PFOA
PFOS
+ PFNA

— kyproa
k1,pFOS
— kipFna
MCLproa
MClpros
-~ MClprna
MDLproa
MDLpros

- - MDL
0 30 60 90 PENA Table 7: Energy & electric

Time (min) ;:sAtS[in ]LrGavr;ges for regulated

10000

100

Conc. (ppt)

Figure 4: Plasma-based destruction of regulated PFAS in LGW.
EEO Cost

LL exhibited first-order (k1) reaction rates for all the selected 17-170 $32-240
PFAS (R? > 0.94) whereas the high initial concentration and kWh/m?  /kgal
transformation products of PFOA in LGW significantly com-

peted with decomposition, resulting in non-first-order be-

havior (R? > 0.62). In both cases, the effects caused by the

background matrix and transformation products are clear

in the data’s deviation from the fitted curves. First-order ki-
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netics assume scavenger concentrations are much greater
than contaminant concentrations and enough treatment time
will eventually result in the desired effluent concentration. The
effective reaction rate should still be pseudo-first-order for
long-chain PFAS and can be used to determine the minimum
contact time necessary for a given log reduction or effluent
concentration. As for short-chain PFAS, their reaction rates
should be predominately a function of their concentrations
and the reaction rates of long-chain PFAS precursors. When
comparing matrices, the change in the effective reaction rate
of a given PFAS can be accredited to the matrices’ respec-
tive scavenging capacities, which can be seen in the devia-
tions from first-order and vastly different reaction rates. This
proves difficult especially for intermediate-sized PFAS, such
as PFHxA and PFBS, that oscillate in concentration as com-
plex matrix effects take hold.

o  PFOA
1000 PFOS
+  PFNA

— ki,PFoA
k1,pFOS
— kipFna
MCLproa
MClpros
-~ MClprna
MDLproa
MDLpros

0 30 60 90 - MDLPFNA Table 8: Energy & electric

Time (mln) ;:sAfs[in ]L[c.unges for regulated

100

Conc. (ppt)

10

—
T
|

Figure 5: Plasma-based destruction of regulated PFAS in LL.
Ero Cost

For each pollutant, the Egg can be evaluated and the lowest 27-64 $14-69
Ego will correspond to the most energy efficient configura- kwh/m?  /kgal
tion for the PWR. The variations in oxidants and PFAS Ego
provide insight info how water quality impacts plasma per-
formance and demonstrate that PFAS concentrations can be
tailored using different geometric, power, and flow configu-
rations. Since PFAS analysis is costly, surrogate parameters
may be used to imply adequate PFAS destruction, similar to
how standard AOPs use oxidant dose and UVT to indirectly
indicate sufficient freatment of 1,4-dioxane. Though the reac-
tion rates and initial concentrations were substantially differ-
ent in LGW and LL, they yielded a similar order of magnitude
for Ego and electric cost for each PFAS, as listed in Tables 7
and 8. In both matrices, generally, the Egg will creep up as
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more power is drawn and parasitic reactions proliferate. If
the desired Egp cannot be attained or PFAS destruction tran-
sitions away from first-order decay, power parameters can
be real-time varied to tailor kinetics, hence energy efficiency.
Thanks to cost savings from in-house analysis, if unexpected
reaction rates occur, samples at intermittent time intervals
will be taken to better fit the kinetic curves and reveal the
dominant contribution to the reaction rate.

The short-chain PFAS and other recalcitrant contaminants
expectedly exhibited lower effective reaction rates than long-
chain PFAS and compounds susceptible to oxidation. PFOA
unexpectedly first decreased then increased in concentration,
implying that precursors are present. As for general water
quality, there was a minimal impact on pH and ammonia
remained below the federal MCL. Furthermore, organic mat-
ter measurements, such as chemical oxygen demand (COD)
and total organic carbon (TOC), are believed to falsely in-
crease due to excess aqueous hydrogen peroxide, suggesting
the need for quenching prior to analysis. Nonetheless, the
complexity of the chemistry is evident as higher contaminant
concentrations and lower background concentrations do not
necessarily indicate better effective reaction rates. The non-
ordinary kinetics and nearly order of magnitude range in the
Epo between experiments reinforce the need for more opti-
mization studies.

Conclusions

Purafide is an environmental startup that destroys and ana-
lyzes emerging contaminants. Purafide uses plasma to min-
eralize pollutants and develop the latest analytical methods
to confirm their destruction. Purafide performs lab stud-

ies, deploys onsite pilots, then helps organizations manage
their water quality via commercial installations. Our commit-
ment to environmental justice is only further demonstrated by
the work of our Water Equity Fund, which provides pro bono
analysis and treatment system installations for marginalized
communities.

These preliminary investigations reaffirmed that plasma can
be a viable destruction alternative. The PWR efficiently de-
stroyed concerning contaminants and reliably operated re-
gardless of matrix interferences. Plasma was effective in the
tested matrices, ranging from wastewater effluent to land-
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fill leachate, most of which had hazardous concentrations
of PFAS and 1,4-D. More importantly, plasma can replace
unsustainable practices, such as leachate solidification and
deep well injection that can cost roughly $200/kgal. These
initial plasma bench-scale studies achieved the target de-
struction cost of < $100/kgal.

Applications

Plasmas can eliminate emerging contaminants in effluent
and reject streams. They can enhance contaminant destruc-
tion, pathogen inactivation, electrocoagulation, and biodegra-
dation, which is why their synergy with other technologies
should be explored in advanced treatment trains. Plasmas
could complement existing systems in remediation, source
control, and decentralized treatment, such as point of entry
(POE) and point of use (POU). Due to the high initial cost bar-
rier for citizens, planned pilots include (1) remediation sites,
particularly those employing pump-and-treat, and (2) water
utilities, namely those with industrial pretreatment programs.
As the technology scales, cost is projected to drop enough to
the point that the average citizen can afford decentralized
plasma-based treatment. Using online sensors, the ultimate
goal would be to real-time monitor and dynamically treat
water.

For near-term applications, plasmas are better suited for 1,4-
D and long-chain PFAS since their reaction rates are higher
than those of short-chain PFAS.

Point of Entry Treatment Systems

POE or POU treatment systems typically involve separation.
The simplest small-scale technologies for separation are
sorption-based, such as IX and GAC, though RO has gained
traction. If destruction is also included, the established tech-
nology is AOP, usually UV. Plasma can be applied to reject
streams, like regenerant or concentrate, or replace destruc-
tion approaches. For example, as illustrated in Figures 6 and 7,
the sorbent can be periodically regenerated and that liquid
waste stream can be treated by the plasma.

Also, plasmas can replace UV in GAC-based treatment frains
(Fig. 7) for added benefits including enhanced pathogen in-
activation and destruction of emerging contaminants, such as
short-chain PFAS, 1,4-D, and other trace organics.

14 of 19

Influent ——{ IX Effluent

Regenerant

)

Figure 6: IX-based treatment
train.

Influent GAC Effluent

Regenerant

Influent G \ Effluent

>
L2
E

Regenerant

o]

Influent GAC Effluent

[©]

Regenerant

—{®]

Figure 7: GAC-based treatment
trains.


www.purafide.info

Plasma Water Treatment of Emerging Contaminants

@ Purafide

Since RO removes long- and short-chain PFAS, plasma can
be incorporated into concentrate management (Fig. 8) and
help reduce PFAS entering water resource recovery facilities.
Furthermore, plasmas could replace the AOP for improved
1,4-D destruction and pathogen inactivation.

The next step involves prioritizing matrices and treatment
trains to pursue in the field.

Next Steps

Purafide is eager to continue to collaborate with NJDEP DSR
to deploy plasma pilots at a landfill and a remediation site,
such as the leachate-impacted groundwater. On another
note, the biggest challenge during this project was sample
analysis due to matrix-induced complications and the latest
method improvements should be used to reassess the investi-
gated matrices.
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Appendices
Data Tables

Figure 4 plots the data listed in Table 9.

Table 9: Regulated PFAS concentrations in LGW.

Analyte Time (min) Concentration (ppf)
PFOA 0 10600
30 3310
66 5060
PFOS 0 89900
30 3280
66 4780
PENA 0 9.87
30 1.32
66 2.27

Figure 5 plots the data listed in Table 10.

Table 10: Regulated PFAS concentrations in LL.

Analyte Time (mMin) Concentration (ppf)
PFOA 0 2070
30 93.4
99 58.0
PFOS 0 444
30 225
99 1.4
PFNA 0 137
30 5.30
99 2.45
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