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ABSTRACT OF THE DISSERTATION

Ultrasound and Fungi Mediated Remediation of Model Emerging Contaminants: Per- and

Polyfluoroalkyl Substances & Nitrotriazolone

by

Shashank Singh Kalra

Doctor of Philosophy in Civil Engineering

University of California, Los Angeles, 2021

Professor Shaily Mahendra, Chair

Water resources are increasingly being impacted by chemicals of emerging concern like
per- and polyfluoroalkyl substances (PFASs) and nitrotriazolone (NTO). PFASs can be found in
virtually all consumer and industrial applications that require non-stick or fire-resistant properties.
Use of aqueous film-forming foams (AFFF) containing PFASs at the fire training sites and
munition constituents like NTO at the munition testing ranges can also introduce these chemicals
into the environment. Munition constituents and PFASs are also expected to co-occur on military
training sites due to the use of AFFF for extinguishing fires caused by munitions use and

firefighting training. Physicochemical treatment strategies may be needed for quick degradation



of more recalcitrant chemicals, like PFASs, while biological treatment strategies, being less cost-
and energy-intensive, may be more suited for the treatment of large dilute plumes of groundwater
and soil at impacted sites. Nevertheless, there is a critical need to develop effective biological as
well as abiotic technologies for the degradation of these contaminant classes in various
environmental settings. This research investigated the application of ultrasound for the destruction
of PFASs as an example of abiotic treatment technology whereas ligninolytic fungi and fungal

enzymes were considered representative agents for biodegradation of NTO.

Firstly, a comprehensive review of the treatment of per- and polyfluoroalkyl substances
(PFASs) by current wastewater treatment plants was conducted by estimating their detection in
treated effluents and surface runoffs throughout the world with respect to water recycling and
reuse. This work also discussed the advantages of various destructive technologies for the
treatment of PFASs as the current treatment plants were found to be ineffective in PFAS removal.
The sorption of PFASs was found to be the determining factor of their fate and transport in the
natural environment as well as wastewater treatment plants. A review of current analytical methods

for the detection of PFAS along with PFAS toxicity studies was also presented.

Secondly, the treatment of PFASs by high-frequency ultrasound using a custom-built
bench-scale reactor was investigated in various matrices and mixtures, including aqueous film-
forming foams (AFFF), Investigation derived waste (IDW), and groundwater. Important
parameters for designing and operating an ultrasonic reactor for the degradation of PFASs were
discussed. The study revealed that salts and surfactants affect the air-water partitioning coefficients
of PFASs and their availability at the ultrasonic cavities, thereby affecting the degradation rates.
Near-stoichiometric defluorination of hexafluoropropylene oxide dimer acid (HFPO-DA or GenX)

and 6:2 fluorotelomer sulfonamidoalkyl betaine (6:2 FTAB) by ultrasound was demonstrated in



laboratory studies. The degradation of PFASs was found to generally follow pseudo-first-order
kinetics with degradation rates of sulfonates and short-chain PFASs being lower than those of
carboxylates and long-chain PFASs in deionized (DI) water. However, the rates were 30% to 60%
higher in groundwater with low total dissolved solids (TDS) than in deionized water, while the
rates were generally repressed in the high TDS groundwater. 33 PFASs were degraded by
ultrasound in AFFF spiked deionized water and the degradation rates of sulfonates were 40% to
60% higher compared to the 24Mix spiked DI water. The treatment of concentrated, high-TDS
IDW resulted in significant mineralization of 41 PFASs, consuming 3 kWh.g! - 76 kWh.g'!.

Biological-sonolysis and electrochemical-sonolysis treatment trains are also discussed.

Thirdly, the learnings of the lab-scale study on the destruction of PFASs by ultrasound
were leveraged for designing a field-scale reactor and testing it for the treatment of AFFF impacted
groundwater. The ultrasonic treatment of high salinity groundwater demonstrated successful
degradation of 15 PFASs (>90%) and 11 PFAS precursors, with 11 PFASs and 7 TOPs degraded
to < 70 ng.L"! No disinfection byproducts or short-chain intermediates were detected during 8 h
ultrasonic treatment in all six tested conditions. The energy consumed during 8 h of sonication was
28.01 + 0.47 kWh. The Ego estimated was 599.51 + 52.54 kWh.m>.order! , 797.25 + 42.16
kWh.m?3.order!, and 699.43 + 3.30 kWh.m™.order! for the treatment of 54 L, 33 L , and 22 L

groundwater, respectively.

Fourthly, packaging of Trametes versicolor derived laccase enzyme in vault nanoparticles
was performed to investigate the applicability of vault-packaged laccase in bioremediation. Three
isozymes were expressed by 7. versicolor in the Tisma medium out of the five identified isozymes.
The activity of the packaged enzyme was retained by using a long Glycine-Serine linker between

laccase and INT peptide, along with the addition of 500 uM CuCl; in the Spodoptera frugiperda



(S9) insect cell culture expressing the fusion protein. The vault-packaged enzyme (VMLDGI)
successfully catalyzed the transformation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS), guaiacol, catechol, 1-naphthol, and 2,6- dichlorohydroquinone. VMLDGTI also removed
60% NTO at 5 U.L"! laccase activity in presence of 1-Hydroxybenzotriazole (HBT). In contrast,

the degradation of NTO by unpackaged laccase at the same activity was insignificant.

Finally, biotransformation of NTO by ligninolytic fungi, 7. versicolor and Phanerochaete
chrysosporium, and their extracellularly secreted enzymes, laccase and manganese peroxidase
(MnP), was investigated with implications on stormwater biofilter design. Both fungi
demonstrated at least 85% removal of NTO within 96 h in batch reactors. About 40% NTO
removal by P. chrysosporium was due to biosorption while 7. versicolor demonstrated no
biosorption of NTO. MnP demonstrated no removal of NTO while the laccase + HBT system was
able to degrade 90% NTO in 48 h. This implies that only a subset of environmental fungi and their

enzymes are capable of biodegrading munition constituents such as NTO.

This research will be important for further developing the ultrasonic treatment technology
for industrial applicability in the treatment of various chemicals, including PFASs. This work is
also valuable for further developing the technology of ligninolytic fungi-mediated biodegradation

of munition constituents and other emerging environmental contaminants.
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of the plasmid with INT sequence fused to the N terminus of laccase A as the gene of interest.
pMLDGTI (6895 bp) - map of the plasmid with INT sequence linked to the N terminus of laccase
D with honeybee melittin secretion signal using a 5 x GSGG flexible linker as the gene of interest.
pILD (6844 bp) - map of the plasmid with INT sequence fused to the C terminus of laccase D as
the gene of interest. pILA (6820 bp) - map of the plasmid with INT sequence fused to the C

terminus of laccase A as the gene of INterest. .........cooieiiiiiiiiiiiiiie e 144

Figure 5.4: Western Blot (WB) of engineered laccase proteins using an anti-INT antibody. a.
Verification of the presence of MLDGI after infection with recombinant baculovirus. D3V - virus
harvested after 3 days of baculoviral amplification in Sf9 insect cells. D4V - virus harvested after
4 days of baculoviral amplification in Sf9 insect cells. Samples were collected after every 24 hours
post-infection with the amplified virus for the WB analysis. The MLDGI band of approximately
90 kDa was obtained. Expression of MLDGI started 24 h post-expression and maximum
expression of MLDGI was obtained for Sf9 insect cells infected for 96 h by the 3 days amplified
virus. b. Verification of expression of eLac. ILD- INT domain attached to N-terminal of laccase
protein. LDI -INT domain attached to C-terminal of laccase protein. Samples were collected after
every 24 hours post-infection with the amplified virus for the WB analysis. The LDI expression
appeared 24 h post-infection and the maximum expression was observed after 96 h, whereas

expression of ILD was insignificant. A protein size of approximately 90 kDa was obtained.... 145

XX



Figure 5.5: Electron Microscopic Image and Western Blot of Vault packaged Laccase. Packaging
of Laccase (~90 kDa) in vaults (>100 kDa) was verified with respective antibodies in the same
sample. The barrel-shaped vault structure can be seen intact in the micrograph and the ABTS
activity assay of the sample, along with the western blotting with anti-INT and anti-MVP

antibodies confirmed the packaging and activity of MLDGI ..........ccccoooeiiiiiiiiciiiee e, 146

Figure 5.6: a. MLDGI (10 pL) incubation with 2 mM ABTS solution (190 pL) at room
temperature. The Sf9 culture expressing MLDGI was supplemented with different concentrations
of CuCly/CuSO4 added at different times. b. VMLDGI (10 pL) incubation with 2 mM ABTS
solution (190 pL) at room temperature. The Sf9 culture expressing MLDGI was supplemented
with different concentrations of CuClo/CuSO4 added at different times. From right to left — b1.
after 10 min incubation. b2. after 2 h incubation. b3. after 5 h incubation, c. Effect of copper
concentrations on MLDGI expression. Wells 2-6 show the expression of MLDGI and 7-11 show
the bands after vault-packaging of the respective protein from wells 2-6. The Sf9 culture
expressing MLDGI was supplemented with different concentrations of CuCly, 48 h post-infection
with the optimized baculovirus. The western blot was performed using the anti-INT antibody. The
effect of copper on the expression of MLDGI was found to be insignificant which can also be seen
in the VMLDGI bands. The bands in wells 7-11 are thicker as compared to 2-6 because the enzyme

1S concentrated 1N @ SINALLET VOIUITIE. .....ooeeeeeeeeeee et eee e e e e e e e e e e eeeraaaee e 148

Figure 5.7: Comparison of ABTS activity measured at 420 nm for different vault-packaged laccase
configurations. The red curve shows the absolute activity (U.L™!) of the sample while the gray bars
represent the relative activity (A/Ao) of the samples in different conditions. The VMLDGI was
found to have three orders of magnitude higher activity as compared to the other configurations of

the vault-packaged 1aCCaSE. .......c.uiiiiiiiieiiee e et 149
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Figure 5.8: Oxidation of substrates catalyzed by vaults-package laccase (VMLGI) monitored for
3 h. The development of color in the cuvette corresponds to the increase in absorbance over time
and the change in absorbance spectra because of the oxidation of the laccase-specific substrate
catalyzed by VMLDGI. a. Guaiacol (465 nm). b. 1-Napthol (530 nm). ¢. Hydrochloroquinone
(340 nm/323 nm). d. Catechol (287 nm/480 nm). The rate of change in absorbance is displayed on
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Figure 5.9: Degradation of NTO by vault-packaged laccase. 60% (10 mg L''- 4 mg L") NTO was
degraded 5 U.L ! laccase in 96 h while no degradation was observed for empty vaults and 5 U.L!
native laccase from 7. versicolor. Empty vaults did not contain laccase and were used to account
for the removal of NTO by major vault protein. The reactions were performed in 0.2 M phosphate
buffer (pH 6) and incubated in triplicates at 150 rpm at 30 °C. Error bars represent experimental
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Figure 6.1: Degradation of NTO by (a) Phanerochaete chrysosporium and (b) Trametes versicolor.
Biosorption of NTO was significant on P. chrysosporium biomass but insignificant on 7.
versicolor biomass. Live P. chrysosporium - reactors with live P. chrysosporium. Killed P.
chrysosporium - reactors containing autoclaved fungal biomass to estimate biosorption. No
Fungus-Control - abiotic control reactors with no fungus. Live T. versicolor - reactors with live
T. versicolor. Killed T. versicolor - reactors containing autoclaved fungal biomass to estimate

biosorption. Error bars represent experimental triplicates. ........cocoevveviererrienienenieneeneeieneene 178

Figure 6.2: Degradation of NTO by T. versicolor was tested at (a) 10 mg.L™!, (b) 20 mg.L™!, (c) 50
mg L', (d) 220 mg.L!, and (e) 370 mg.L™!. (f) the observed degradation rates were modeled using

the Michaelis-Menton Kinetics Km and Vimax were estimated to be 15.7 mg.L! and 3.5 mg.L"".h!,
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respectively. Note different ranges in the y-axis indicating a difference in NTO concentration. Live
T. versicolor - reactors with live 7. versicolor. Killed T. versicolor - reactors containing

autoclaved fungal biomass to estimate biosorption. Error bars represent experimental triplicates

Figure 6.3: Degradation of NTO by ligninolytic enzymes. (a) Laccase (from 7. versicolor) + 2mM
HBT and (b) Incubation of NTO with MnP from P. chrysosporium. n(L + H) — reactors with NTO
with no laccase and HBT. nL — reactors with NTO and 2 mM HBT without laccase. L - H —
reactors with NTO and 1 U mL"! laccase HBT. L + H — reactors with NTO, 1 U mL" laccase, and
2 mM HBT. MnClL control — reactors with MnCl, without MnP and H>O. H202 control —
reactors with 1 U mL™! MnP and MnCl, without H,O,. MnP Reaction — reactors with 1 U mL"!

MnP, H>0;, and MnCl,. Error bars represent experimental triplicates ..........cccceeveevieriieennnnne 179

Figure A 1: Schematic of custom-made sealed polypropylene ultrasonic reactor (2 L) with PFAS-
free components, equipped with piezoelectric (700 kHz or 900 kHz) transducer array.
Temperature control was achieved by recirculating water through high-density polyethylene (0.25

in) or stainless-steel cooling coils. The dimensions are in inches [millimeters]. 73

Figure A 2: Degradation of HFPO-DA and PFOA in independent experiments over 240 minutes
by 700 kHz ultrasound in a 250 W open system. The HFPO-DA was treated in an argon saturated
environment at a power density of 1250 W.L™! and PFOA was treated at a power density of 250
W.L! (at 10 °C reactor temperature). The starting concentrations are shown in parenthesis and the
error bars represent analytical triplicates. The solid line represents modeled pseudo-first-order

kinetics, and the rates were calculated using the initial rate method. .............ccccoeviiiiiiniinennne. 74
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Figure A 3: Pseudo-first-order removal of PFASs in independent experiments over 240 minutes
by 700 kHz - 250 W open system (Pq= 1250 W.L™") in low TDS groundwater (solid markers) and
de-ionized water (empty markers). All the experiments were performed at 10 °C in argon saturated
environment. The starting concentrations are shown in parenthesis and the error bars represent
analytical triplicates. The first-order model fitting is presented by the solid black line for the low
TDS groundwater (solid markers) and the dotted brown line for the deionized water (empty

markers) and the rates were calculated using the initial rate method. ............cccccooiiiiniinne. 75

Figure A 4: Degradation kinetics of 24 different components of 24Mix in deionized water (DI),
low TDS groundwater, and high TDS groundwater. The experiments were performed for 240
minutes in Argon saturated atmosphere at 10 °C. o - concentrations in deionized water, O -
concentrations in low TDS groundwater, and A - concentrations in high TDS groundwater. a.
Pseudo-first-order removal of 24Mix in deionized water (DI), low TDS groundwater (LGW), and
high TDS groundwater (HGW) using a 700 kHz - 250 W open system (Pq = 1250 W.L!). The
error bars represent analytical triplicates. b. Pseudo-first-order removal of 24Mix in high TDS
groundwater using 700 kHz - 1040 W closed system (P4 = 1040 W.L!). (See Figure 3.1 for

COMPATISON OF TALES ) ..ttt ettt ettt ettt sb ettt sbe et bt e s bt et st sbe e bt et e eaeenaes 78

Figure A 5: Comparison of pseudo-first-order removal rates (min™') of PFASs observed in 700 kHz
- 250 W open system (Pq = 1250 W.L™!") with those observed in a 700 kHz - 1040 W closed system
(Pa=1040 W.L™") for the acoustic treatment of the 24Mix in high TDS groundwater. The removal
rates were higher in the closed system despite the lower power density as compared to the open
system. The error bars represent the standard deviation. (See Figure 3.1 for rates measured in

different groundwater SAMPLES) ......oevuiiiiieriiiiieiie ettt 78

XXiv



Figure A 6: Concentrations (mg.L™!) of fluoride, chlorate and perchlorate detected during
sonication of IDW in 700 kHz -1040 W closed system (P4 = 1040 W.L™"). The experiment was
conducted for 240 minutes at 10 °C in Argon saturated environment. (See Figure 3.2 for respective

PFAS degradation and fluoride production in molar Units).........ccceevveeeiieesiieeniiieesiee e 79

Figure A 7: Destruction of PFASs in concentrated investigation derived waste (IDW). The solid
black line represents the kinetic model fitting for the experimental data (solid markers) in a 700
kHz - 1040 W closed system (Pg = 1040 W.L™") while the dotted black line represents the kinetic
model fitting for the experimental data (empty markers) in a 700 kHz - 250 W open system (P4 =
1250 W.L). The experiments were conducted for 240 minutes at 10 °C in Argon saturated
environment. The rates were calculated for the first 120 min using the initial rate method. a.
Relative decrease in the area (A/A,) of PFASs detected in the negative electrospray ionization
mode. b. Relative decrease in the area (A/A,) of PFASs detected in the positive electrospray

ionization mode. (See Figure 3.2 for measured concentrations of selected 16 PFASs) ............... 81

Figure A 8: Destruction of PFASs in AFFF spiked deionized water. The experiments were
performed in a 700 kHz - 250 W open system (Pa= 1250 W.L™") for 240 minutes at 10 °C in Argon
saturated environment. The rates were calculated for the first 120 min using the initial rate method.
a. Relative decrease in the area (A/A,) of PFASs detected in the negative electrospray ionization
mode. b. Relative decrease in the area (A/A,) of PFASs detected in the positive electrospray

ionization mode. (See Figure 3.3 for measured concentrations of 10 selected PFASs)................ 83

Figure A 9: Sonolytic destruction of PFASs after biological treatment by 1 U.mL"! laccase and 20
mM HBT (Section 3.2.3). The experiments were performed in a 700 kHz - 250 W open system (P4

= 1250 W.L™") for 240 minutes at 10 °C in Argon saturated environment. The rates were calculated
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for the first 120 min using the initial rate method. a. Decrease in concentration of PFASs (C/C,)
b. Relative decrease in the area (A/Ao) of PFASs detected in the negative electrospray ionization
mode. c. Relative decrease in the area (A/A,) of PFASs detected in the positive electrospray

TOMIZALION TNIOWEC. ..ot e e et e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeae e aaaaeeeeeeaeannaaaeaeaeeneaes 86

Figure A 10: Sonolytic destruction of PFASs after electrochemical treatment. The experiments
were performed in a 700 kHz - 250 W open system (P4 = 1250 W.L"!) for 240 minutes at 10 °C in
Argon saturated environment. The rates were calculated for the first 120 min using the initial rate
method. a. Decrease in concentration of PFASs (C/C,) b. Relative decrease in the area (A/A,) of
PFASs detected in the negative electrospray ionization mode. ¢. Relative decrease in the area

(A/A,) of PFASs detected in the positive electrospray ionization mode...........ccccceevveeiueereennnen. 89

Figure B 1: Comparison of laccase D and A with UniProt registered sequence ID: a. UniProt #
Q12717. The sequence match of the laccase D with Q12717 was found to be 99%. b. UniProt #
16QS85. The sequence match of the laccase A with 16QS85 was found to be 95%. The red

highlights represent the mismatches. 159

Figure B 2: Copper titration to estimate the optimal activity of VLMDGI. The assay was performed
by incubating VMLDGI (20 pL) with 2 mM ABTS solution (180 uL) at room temperature. a.
Varying concentrations of CuCl, added at the start of the expression culture (t = 0). b. 50 uM
CuCl added different times (18 h, 24 h, 30 h, 48 h) after the start of the expression culture. c.
Varying concentrations of CuSO4 were added at the start of the expression culture (t = 0). d.
oxidation of ABTS by VMLDGI synthesized by titrating 200 uM CuSOs at different times (18 h,
24 h, 42 h, 48 h) after the start of the expression culture after 10 min incubation (d1), after 1 h

incubation (d2), and after 24 h incubation (d3) .......ccceoeeriiiiiiniiee e 160
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Figure B 3: a. Multiple rounds of MLDGI packaging from SF9 culture and presence of VMLDGI
post resuspension of the lyophilized sample. Round 1 represents the first round of packaging and
Round 2 represents the second round of packaging from the supernatant of Round 1. Lyophilized
represents the detection of VMLDGI after the lyophilized sample was resuspended in the
phosphate buffer. The Sf9 culture expressing MLDGI was supplemented with 500 uM CuCly, 48
h post-infection with the optimized baculovirus. The western blot was performed using the anti-
INT antibody. b. The red curve shows the absolute activity (U/L) of the sample while the gray bars
represent the relative activity (%) of the samples in different conditions. The lyophilized VMLDGI
was resuspended in respective buffers to estimate the activity using the ABTS assay in a cuvette
for a period of 1 h. About 80% of the initial activity was retained after 7 days incubation at 30 °C

for the phosphate buffer resuspended sample. ..........ccoeeeviieiiiieciiicce e 161

Figure B 4: a. Oxidation of ABTS by vault packaged eLac. An increase in absorbance indicates
the sustained activity of packaged laccase enzyme. The ABTS assay was performed using a
microplate and absorbance was monitored at 420 nm. Error bars represent triplicates and are
represented as the mean absorbance + standard deviation. b. SDS-PAGE gel stained with
Coomassie blue. MVP band (100 kDa) eLac (90 kDa), c. Vault packaged INT laccase isozymes
ABTS activity assay. vsLDI-LL - sucrose purified vault packaged laccase D-INT (LL method);
LDI-LS -vault packaged laccase D-INT (LS method); LDI-LL - vault packaged laccase D-INT
without sucrose purification (LL method); vsILD-LL - sucrose purified vault packaged INT-
laccase D (LL method); ILD-LS - vault packaged INT-laccase D (LS method); ILD-LS - vault

packaged INT-laccase D (LS method) without sucrose purification. Blank — no enzyme control.
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Figure C 1: Degradation of 320 mg.L! NTO by extracellularly secreted 7. versicolor laccase (1
U.mL!) and HBT (2 mM). n(L + H) - Negative laccase and HBT control. nL - Negative laccase

control. L - H - reactors with laccase only. L + H - reactors with 1 U.mL! laccase and 2 mM HBT.

Figure C 2 Degradation of 10 mg.L™' amino-nitro toluene (ANT) by extracellularly secreted 7.
versicolor laccase (1 U.mL™") and HBT (2 mM). n(L + H) - Negative laccase and HBT control. nL
- Negative laccase control. L - H - reactors with laccase only. L + H - reactors with 1 U.mL"!

laccase and 2 mM HBT
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Chapter 1

Introduction and Objectives



1.1 Objective and Scope

The ever-growing requirement of manufacturing better materials also adds to the list of
chemicals of emerging concern. Per- and polyfluoroalkyl substances (PFASs) and nitrotriazolone
(NTO) are two such emerging chemicals with a critical need for enhanced treatment alternatives.
PFASs have been manufactured since 1949, but it was not until very recently that adverse health
effects associated with PFAS exposure have been studied. They are used in the manufacture of
non-stick coatings on virtually all consumer and industrial products required to be water or oil
repellent. The surfactant and fire-retardant nature of PFASs also make them ideal for firefighting
and fire-resistant coating. Their versatility had led to their detection in environmental matrices,
and their inertness also makes them resistant to most treatment technologies. Similarly, NTO was
developed as an insensitive alternate to the legacy munitions tending to explode spontaneously.
The NTO toxicology has only been studied in recent years, and the evidence for its toxicity is still
being gathered. However, the high solubility (12000 mg.L!) of NTO makes it an environmental
exposure risk. Fungal and ligninolytic enzyme-mediated biodegradation is being increasingly
investigated for the removal of various chemicals of emerging concern due to the ubiquity and
synergic role of fungi in the environment. The ligninolytic fungi and enzymes are ideal candidates
for the biodegradation of PFASs due to their ability to degrade the toughest biological
macromolecules like lignin and cellulose. Packaging and immobilization of enzymes are also
increasingly investigated to prevent their deactivation in the reaction and increase their
applicability in environmental remediation. However, the inertness of PFASs leads to long
treatment times for biodegradation. As a result, quicker degradation alternatives like high-
frequency ultrasound, which can mineralize PFASs without producing harmful byproducts, are

also being studied. The overall objective of this work was to explore the ultrasonic degradation of



per- and polyfluoroalkyl substances (PFASs) in complex mixtures and real waters along with
biodegradation of PFASs and munition constituents using fungi, unmodified ligninolytic enzymes,

and vault-packaged ligninolytic enzymes.

Objective 1: To explore and optimize the degradation of per- and polyfluoroalkyl substances
(PFASs) in different matrices like groundwater, Aqueous Film Forming Foam (AFFF), and
Investigation Derived Wastes (IDW) by high-frequency ultrasound using custom-built lab-scale

and field-scale reactors.

Objective 2: To engineer and package laccase derived from Trametes versicolor into vault

nanoparticles and evaluate degradation of NTO by vault-packaged laccase.

Objective 3: To evaluate the ability of wood-rotting fungi Trametes versicolor or Phanerochaete
chrysosporium and their ligninolytic enzymes like laccase and manganese peroxidase, to degrade

munition analogs like amino-nitrotoluene (ANT) and nitrotriazolone (NTO).

1.2 Dissertation Overview

This dissertation is organized into seven chapters. A summary and research objectives of
the current dissertation are outlined in Chapter 1. Chapter 2 contains a review of current literature
on per- and polyfluoroalkyl substances (PFASs) with emphasis on detection in treated wastewater
and surface runoff. The toxicological effects of PFASs, destructive treatment technologies for
remediation of PFASs, and current analytical methods for PFAS detection are also briefly
presented in this chapter. The degradation of various PFASs in various matrices like high and low
salinity groundwater, deionized water, diluted AFFF, and concentrated investigation derived waste

(IDW) by high-frequency ultrasound in a custom-built lab-scale reactor is described in Chapter 3.



The work presented in Chapter 3 discusses the effect of operational conditions and matrix
constituents on the degradation kinetics of PFASs and informs the design of the subsequent field-
scale ultrasonic reactor used in Chapter 4. Consequently, Chapter 4 reports the degradation of
PFAS by ultrasonic treatment of AFFF impacted groundwater during the field demonstration
conducted by GSI Environmental Inc. at a site in California. Chapter 5 describes the detection of
several laccase isozymes produced by Trametes versicolor in ligninolytic culture conditions and
engineering of laccase to produce laccase-peptide fusion enabling the packaging of laccase into
vault nanoparticle with prolonged retention of activity. The degradation of NTO by vault-packaged
laccase and natural laccase are also compared in Chapter 5. Degradation of munition constituents,
like NTO, by wood-rotting fungi Trametes versicolor and Phanerochaete chrysosporium and their
ligninolytic enzymes, manganese peroxidase and laccase, are presented in Chapter 6 with emphasis
on stormwater remediation. A summary of the results and significance to the field of environmental
science and engineering along with suggestions for future research directions is presented in
Chapter 7. Supporting information for Chapters 3, 5, and 6 are included in Appendices A, B, and

C.



Chapter 2

Per- and polyfluoroalkyl substances

(PFASS): Literature Review.



Abstract

Per- and poly-fluoroalkyl substances (PFASs) are a large class of synthetic chemicals used
in a variety of industrial processes and consumer goods. The carbon-fluorine chain in PFASs
makes them oleophilic and resistant to chemical or biological degradation. PFASs and their
potential health effects have more recently been receiving a great deal of state, national, and public
attention. This class of more than 9000 chemicals is highly resistant to environmental degradation
and persistent in the environment. The current EPA guidelines only address perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS) which are rapidly being replaced in
manufacturing by other PFAS. Greater knowledge of levels of these contaminants in unregulated
sources is needed to effectively address public health concerns. This study aims to review the
levels of PFAS in surface runoff and effluents of water treatment plants around the world in
relation to the current PFAS standards and factors affecting their fate and transport in the
environment. The advantages and disadvantages of various destructive treatment technologies for
the removal of PFASs are also discussed along with the various analytical methods for the

detection of PFASs and toxicity of PFASs.



2.1 Introduction

Per- and polyfluoroalkyl substances (PFASs) play a central role in the modern world,
owing to their properties like high thermal stability, lubrication and friction resistance, surfactant,
and insulating behavior. PFASs are ubiquitously used as flame retardants in AFFF, coatings on
paper for food packaging, coatings on carpets, furniture, outdoor clothing, leather impregnation,
constituents in polish, ink, paint, varnish, etc., nonstick-coatings on metals and plastic, coatings
on the photographic printing plate, films and paper, manufacturing of semiconductors, constituents
of biocides and pesticides, as surfactants in oil and mining industry, (co)monomer for
polymerization, etc. [1, 2]. Due to their detection in virtually all environmental matrices, PFASs
are rapidly gaining attention in the field of environmental remediation. PFAS compounds include
5000 to 10000 different chemicals [3], by recent estimates, out of which 4700 chemicals are in use
globally [4, 5]. Polytetrafluoroethylene (PTFE) was the first PFAS invented by DuPont in 1938
and was synthesized by compression of tetrafluoroethylene; a gaseous coolant, and is hailed as the
most slippery material [5, 6]. PTFE was first sold commercially in 1946, followed by 3M
company’s commercial production of PFASs in 1949 [6-8]. The PFAS based Aqueous Film
Forming Foam (AFFF) was developed in 1964 by the United States Navy and the 3M company to
fight class B fuel fires. Since 1967, it has been mandatory to carry AFFF aboard naval ships [9,
10]. Until 2000, the manufacturing of PFASs was done using the electrochemical fluorination
(ECF) technique. However, since then, telomerization (TM) is the dominant production technique,
while the ECF process is being used to make smaller chain PFASs. The ECF process involves
electrolysis of alkyl sulfonyl fluoride or alkyl carbonyl fluoride in hydrofluoric acid, resulting in
free radical generation leading to the replacement of hydrogen atoms by fluorine atoms in the

carbon chain. In the TM technique, perfluoroalkyl iodide (termed as telogen) and



tetrafluoroethylene (termed as taxogen) are used as reactants to produce a mixture of longer
perfluoroalkyl iodides (termed as telomer A). Telomer A mixture is then reacted with ethylene
resulting in the formation of fluorotelomer iodide (termed as telomer B). Telomer A and Telomer
B are used as reactants to synthesize other PFASs. The ECF process produces a mix of branched
and linear chain PFASs while the TM technique produces linear compounds with even chain length

[2, 11-13].

Recycled water offers numerous and far-reaching benefits such as reducing water
pollution, increasing water supply, minimizing stress on ecosystems, mitigating seawater
intrusion, and decreasing water transportation costs. The Los Angeles Sustainable City Plan aims
to source 70% of the water locally by 2035 [14]. Recycled water will be a significant share of this
locally sourced water by implementing indirect potable reuse, i.e., purifying recycled water and
conveying it into the groundwater basin for future use as drinking water. USEPA has also launched
a nationwide Water Reuse Action Plan in February 2020, which details 37 actions for various
water partners to support water reuse [15]. The LA sustainable city plan also aims to capture
150,000 acre.ft/yr stormwater by 2035 [14]. Recent studies have reported that PFASs have a high
tendency to be sequestered in the vadose zone [16-20]. Inevitably, the stormwater coming from
the PFAS-impacted soils will contain the PFASs, and as a result, end up in the water reuse
reservoirs [21]. The emerging reports of the inadequacy of traditional water treatment plants in
removing PFASs [22] and the risk posed by PFASs to public health may lead to the regulation of
PFASs present in wastewater treatment plant effluent. With current advisories only focusing on a
few specific PFASs, industries could adapt by switching to novel PFASs, which may be harmful
to public health. Inarguably, a detailed study of PFASs present in the water reuse sources is

necessary to inform the safe application of recycled water.



The water agencies will need to make informed decisions, from both economic and public
health perspectives, to address emerging concerns of PFASs in drinking water. Consequently, it is
crucial to identify PFASs of interest, especially the PFAS precursors, short-chain PFASs, and the
species not yet regulated by the current monitoring advisories. The objective of this work is to
review the levels PFASs reported in wastewater treatment plant effluents and surface water runoff.
Furthermore, the interaction of PFASs with current treatment processes, current PFAS
regulations/advisories, destructive PFAS treatment technologies, and precise PFAS detection
methodologies will be discussed. The toxicological, ecological, and health effects of PFASs and

their treatment byproducts must be evaluated to ensure safe water reuse.

2.2 Toxicology of PFAS

The steadily growing body of evidence on PFAS toxicity and bioaccumulation has shown
that the PFASs are terminally stable in living organisms. They can persist for long intervals in
marine life, drinking water supplies, surface waters, and groundwaters. As a result, the ingestion
of PFASs is the principal pathway for human exposure to PFAS [9, 23, 24]. Recently, among the
five tested marine endpoints, higher toxicity was reported for PFOS, followed by PFOA [25].
Similarly, a study conducted in Brazil on the bioaccumulation of PFASs in tropical mangrove food
web reported bioaccumulation of PFNA, PFOS, and EtFOSA in the food web [26]. A detailed
review of studies on human health effects of PFASs has been published by Sunderland et al. [23],
and the ecotoxicology of PFASs was recently reviewed by Ankely et al. [27], Conder et al. [28],
and Leeson et al. [29]. The Interstate Technology & Regulatory Council (ITRC) has also published
a detailed review of PFAS toxicity and bioaccumulation in humans and animals [9]. In summary,

studies have shown a positive correlation with PFASs causing endocrine effects, cardiovascular



effects, immunotoxicity, kidney and testicular cancer at high exposure concentrations, and
dyslipidemia (elevated fat levels in the blood). The human health effects of PFASs have been
primarily studied for legacy PFASs like PFOA and PFOS. Moreover, only PFOA, but not PFOS,
has been classified as a probable human carcinogen by The International Agency for Research on
Cancer (IARC). USEPA reports PFOS, PFOA, and HFPO-DA to have suggestive evidence of
human carcinogenicity. The living organisms that are acutely exposed to the PFAS-impacted water
demonstrate severe bioaccumulation and toxicity effects compared to the chronically exposed
organisms. Shorter chain PFASs (C < 8) are reported to be more persistent in plants, while longer
chain PFASs (C > 8) are more persistent in animal species [9]. There is a critical need for assessing
the effects of target/non-target novel PFASs and mixtures of PFASs however, the hazardous nature
of tested PFASs has already been established. Recently, a notice of intent was issued by the
California Office of Environmental Health Hazard Assessment to include PFOA as a known

carcinogen under the Safe Drinking Water and Toxic Enforcement Act of 1986 [30].

2.3 PFAS in Wastewater and Surface Runoff

PFASs are present in the effluents of wastewater treatment plants and stormwater runofts
throughout the world, including the USA, Australia, Europe, and Japan [21, 31-34]. The analysis
of hydrologic units in the USA revealed a correlation between the increase in PFOA and PFOS
concentration with an increase in the abundance of wastewater treatment plants [35]. PFASs have
been detected in the effluents of many wastewater treatment plants in the USA. The samples
collected in California from 8 different wastewater treatment plants in 2009 and 2014 had
significant PFAS concentrations in all samples. In January 2020, the Vermont Department of

Environmental Conservation published the report on PFASs detected in the influent, effluent, and
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sludge of the wastewater treatment plants and landfill leachate [36, 37]. The amount of novel PFAS
species, including PFAS precursors and short-chain PFASs, has been reported to be higher than
the legacy PFASs and longer chain PFASs [36-38]. The treatment plants were found to be
inefficient in the removal of PFAS and the reduction in concentration between influent and effluent
was attributed to their sorption on the sludge. Successively, The California Water Resource
Control Board has issued a statewide order on 9" July 2020 to monitor PFASs in the discharges
of public water treatment facilities [37]. The order delineates 42 PFASs to be monitored in the
wastewater effluent discharged in surface waters and/or percolation basins, biosolids, and reverse
osmosis concentrate/retentate. The Michigan Department of Environment, Great Lakes, and
Energy (EGLE) published the findings of the Industrial Pretreatment Program in June 2020 [39].
The report states that the discharge from 57% of the treatment plants which had PFOSs in the
influent streams, does not meet the water quality standard. Subsequently, The EGLE plans to
update the National Pollutant Discharge Elimination System (NPDES) permits to incorporates
effluent limits with schedules for PFASs [40]. Similarly, The Connecticut Department of Public
Health and the Department of Energy Environmental Protection have published PFAS Action Plan
in November 2019 [41]. One of the objectives of the plan is to evaluate the levels of PFAS in
wastewater treatment plants, biosolids, and compost. North Carolina Division of Water Resources
has also detected significant PFAS concentrations in the Cape Fear River Basin. Elevated
concentrations of PFASs were detected in 25 treatment plants one of which, the Sanford sewage
treatment plant was found to have a PFOS influent concentration of 1000 ng/L along with other
PFASs detected at low ng/L concentrations [42]. Minnesota Pollution Control Agency also
detected PFASs in the influent streams of 28 wastewater treatment plants, in landfills, and

groundwater as of 2009 [43]. The PFAS contamination of wastewater treatment plant influent was
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attributed to the waste disposal sites and the effluent of the chrome plating industry [44]. Currently,
USEPA is working on re-proposing the Fifth Unregulated Contaminant Monitoring Rule (UCMR
5) and reissuing the final regulatory determinations for PFOA and PFOS with an assurance to
implement drinking water regulations [45]. The current PFAS Regulatory Standards in the United
States of America are listed in Table 2.1 and are also reviewed by Fiedler et al. [46].

Table 2.1: Current regulatory levels of various PFASs in the United States. Combined levels
relate to the combined threshold concentration of PFAS species.

Authorities Corzrclegr.lltgr_ ell;wn Compound Rez_g;;l;gon Authorities COIEEZI:I{I:?;IOH Compound Re%.l;l ;Son
PFOA Combined 560 PFOS
EPA 70 PFOS Health 290 PFOA
Advisory
78 PFOA 290 PFNA
52 PFOS Minimal Risk 93 PFHxS
ATSDR 517 PFHxA Levels 560 PFHpA
78 PFNA 34000 PFBS
PFOA Combined 370 PFDA .
Alaska 70 PFOS Action Level Texas 290 PFDoA Cg;g;ictgfon
PFOA Combined 93 PFHxA
Colorado 70 Site-specific Levels
PFOS 290 PFTeA
Standard
California 5.1 PFOA Notification 290 PFTrDA
5.1 PFOS Levels 290 PFUnA
PFOA 71000 PFBA
PFOS Combined 290 PFDS
Connecticut 70 PFNA Acg‘;‘n ‘L“:Vd 290 PFOSA
PFHxS 93 PFPeA
PFHpA 20 PFOA .
120000 PFBS PFOS &‘;T&‘q‘:frg
Ilinois 140 PFHxS Hez.ilth Vermont PFHxS Contaminant
2 PFOA Advisory PFHpA Level
560000 PFHXA PFNA
400 PFOA . 70 PFOA Combined
Remedial Delaware Health
Maine 400 PFOS Action PFOS .
Guidelines AdVISOW
400000 PFBS 70 PFOA Combined
PFOA Montana PFOS Heglth
Advisory
PFOS Combined 70 PFOA Combined
Maximum F llwd(;: Health
Massachusetts 20 PFHxS Contaminant slan PFOS Advisory
PFHpA Level 21 PFNA
PFDA 70 PFOA
6 g?gﬁ Ohio 77 (;)0 EZS)E Action Levels
8 PFOA 140000 PFBS
370 HFPO-DA Maximum 140 PFHxS
Michigan 420 PFBS Contaminant 15 PFOS
51 PFHxS Level 35 PFOA Health-Based
400,000 PFHxA Minnesota 47 PFHxS Values
16 PFOS 2000 PFBS
12 PFOA 7000 PFBA
15 PFOS Maximum 10 PFOA Maximum
New Contaminant New York Contaminant
Hampshire 18 PFHxS 10 PFOS
Level Level
11 PFNA North
3 PFNA P Carolina 140 GenX Health Goal
. 667 PFOA Basic
New Jersey 14 PFOA Con{iryel?ant Nevada 667 PFOS Comparison
13 PFOS 667000 PFBS Levels
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Detection of PFASs in drinking water, in the USA and globally [24, 35, 47-50], is evidence
that the traditional treatment processes are ineffective in treating PFASs, and as a result, PFASs
PFASs from wastewater treatment plants around the world are reported in Table 2.2 and also
reviewed by Phong et al. [50] and Page et al. [21]. In summary, a median of 27 ng.L' PFOA was
detected in wastewater treatment plant (WWTP) effluents around the world [21]. The short-chain
PFASs were detected to be at least 50-fold higher than long-chain PFASs. In general, a higher
concentration of short-chain PFASs has been observed in the environment, partly due to the
increased use of short-chain PFASs as alternatives to the long-chain PFASs [53]. Higher mobility
and concentrations observed for short-chain PFASs, in water, wastewater, and soil, are also
attributed to their lower sorption and hydrophobicity, as compared to those of longer chain PFASs
[50, 53, 54]. In a recent publication, Kibambe et al. report seven out of sixteen screened PFASs
detected in the influents and effluents of three wastewater treatment plants in South Africa [55].
The effectiveness of current wastewater treatment technology was also investigated and the
removal of PFASs by different unit processes are reported to vary with PFAS type and treatment
plant design. For most samples analyzed, the concentration of PFBA, PFHxXA PFDA increased or
remained steady in the effluent. Most decreases in PFASs concentrations were observed in the
aerobic pond for Phola WWTP, 50% decrease in PFPeA, 65% decrease in PFHxA, 63% decrease
in PFHxS, 65% decrease in PFOA, and a 35% decrease in PFOS. The nominal decrease was
observed in 5 studied PFASs in the activated sludge based Daspoort WWTP except 85%
concentration decrease for PFOS in the secondary settling tank. The highest decrease in the PFOS
concentration (94%) is reported in the effluent of the activated sludge based Zeekoegat WWTP.

The concentration of PFOA, PFHxS, and PFBA in the effluent of Zeekoegat WWTP also
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decreased by 63%, 78%, and 45% respectively. The decrease in concentration has been attributed
to the adsorption of PFASs to sludge or particulate matter, no evidence of biodegradation was
reported. Similar observations are reported in a review of PFAS environmental cycling by Hamid
etal. [51]. Up to 520 ng.L"! of cumulative PFAS concentration (21 species) have been reported in
the effluents collected from 19 wastewater treatment plants in Australia [34]. Treatment processes
around the world are reported to show zero or negative PFAS removal efficiency with short-chain
PFASs forming the majority of effluent PFAS mass. The increase in effluent PFAS concentration
is attributed to the biological transformation of PFAS precursors to the terminal PFASs like PFOA
and PFOS [22]. The PFAS-containing wastewater effluents are implicated as the major source of
surface water contamination. An updated PFAS environmental release and exposure pathway is
reported in a recent study published by Meegoda et al. [52]. High amounts of PFASs (12 of 25
investigated), including HFPO-DA (0.15 pg.L™") and PFBS (8 pg.L™"), were detected in the treated
effluents collected from the electronic fabrication industry. The effluent from these facilities was

discharged into a stream or was influent to the public wastewater treatment facilities [56].

The detection of PFASs in stormwater runoff around the world has been reviewed by Page
et al. [21]. PFASs were detected in all runoff samples collected from 7 storm events in the USA.
The PFAS concentrations were higher in the runoff in comparison to those identified in the WWTP
effluents in the Tsurumi River basin, Japan. The 33 runoff samples collected from San Francisco
Bay (CA, USA) also demonstrated the presence of 8.6 — 77 ng.L! PFASs, including PFAS
precursors. PFASs have also been detected in runoff samples collected from Tokyo, New York,
Albany, Zurich, and Toronto [57]. Similarly, AFFF use and partially treated wastewater,
discharged into the Saudi Arabian Red Sea, was responsible for the high concentration of PFASs

(< 956 ng.L") detected in the marine samples, with 6:2 FTS, PFHxS, and PFHxXA as the most
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abundant [58]. In a recent publication, all samples collected from the fire training site in France
were reported to have high concentrations of 50 PFASs investigated by Dauchy et al. [59]. The
samples were collected from the drainage of the fire training area, wastewater treatment plant
effluents, runoff water, and lagoon water. Specifically, the WWTP is reported to be largely
ineffective for PFAS treatment, with some removal of PFSAs observed. However, 6:2FTAB was
reported to not biodegrade in WWTP. The PFAS profile for WWTP and the runoff samples were
similar, with fluorotelomer alcohols being most abundant, followed by PFSAs and PFCAs. Surface
runoff and wastewater were also implicated as major sources of PFAS contamination for surface
waters in Jiaozhou Bay, China, with PFOA and PFOS being the majority constituents out of the
14 investigated PFASs. Interestingly, the water samples collected from the surface of the yellow
sea had a prominently high concentration of PFUnDA, which was not observed in freshwater
samples [60]. A recently published study by Bia et al. also implicates wastewater, snowmelt, and
surface runoff for major PFAS pollution in the Las Vegas and Reno watershed of Nevada [61].
The study conducted in Japan reports up to 100 ng.L™! PFASs concentration in the first flush runoff
after rainfall [62]. PFASs were also detected in the samples collected from Lakes (< 36 ng.L!),
Snow (< 24 ng.L!), Rainwater (< 13.2 ng.L'"), Surface runoff (< 15 ng.L™!) in rural and urban
Albany, New York [63]. Canadian cities have also reported up to 16 ng.L™! PFAS in snowmelt and

surface runoff [64].
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Table 2.2: Presence of PFASs in WWTP effluents around the world.

Location Number Influent Type National PFAS PFASs Detected Average References
of Standards (ng.L") Concentration in
WWTPs Effluent (ng.L™")
New York, USA 6 Domestic, Combined PFOA Y5 PFASs 83-719 Sinclair and Kannan, 2006
Kentucky, USA 1 Commercial & and PFOS - 70 Y5 PFASs 146.74-206.7 [65]
Georgia, USA 1 Industrial s PFASs 19.4-143.7 Loganathan et al., 2007 [66]
USA 10 %, PFASs 22.9-569.5
Towa, USA 1 %5 PFASs 43.7-55.9 Schultz et al.,2006 [67]
USA 3 Electronics 2,5 PFASs 376-623 Boulanger et al., 2005 [68]
fabrications Jacobs et al., 2021 [56]
European Union 90 Domestic & PFNA 35100 Loos et al., 2013 [69]
Industrial PFOS 62.5
PFHpA 82.9
PFOA 255
PFDA 23.9
PFHxA 304
PFHxS 48.6
Japan 5 Domestic & PFOA 10-68 Murakami et al., 2009 [31]
Industrial PFOS 42-635
Germany 9 Domestic & PFOA, PFOS — PFOA 12.3-77.6 Ahrens et al., 2009 [70]
Industrial 100 PFOS N.D. -82.2
%5 PFASs 17.46-99.8 Llorca et al., 2012 [71]
Sweden 3 Medical and PFOA, PFOS, 2PFASs 29.8-77.0 Eriksson et al., 2017 [22]
Industrial PFHxA, PFBS,
PFBA — 90
Denmark 10 Domestic & PFOA, PFOS, 7 PFASs 12.7-809.9 Bossi et al., 2008 [72]
Industrial PFHxA, PFBS,
PFBA — 100
Australia 14 Domestic & PFOA - 560 %9 PFASs 21-560 Gallen et al., 2018 [33]
19 Industrial PFOS - 70 3, PFASs 9.3-520 Coggan et al., 2019 [34]
2 %1 PFASs 31-142 Nguyen et al., 2019 [73]
China 12 Domestic & PFOA 2.8-160000 Chen et al., 2012 [74]
Industrial PFOS 1.1-74.8
2 .14 PFASs 120-170 Han et al., 2020 [60]
2 >4 PFASs 1070-1589 Zhang et al., 2015 [75]
China (Taiwan) 3 %10 PFASs 379.5-18156.5 Lin et al. 2010 [76]
Hong Kong 4 Domestic s PFASs 19.7-67.2 Ma and Shih., 2010 [77]
South Korea 22 Domestic & Y10 PFASs N.D.-598.7 Guo et al., 2010 [78]
15 Industrial 23 PFASs 18-270 Kim et al., 2012 [79]
81 %3 PFASs 269-561 Kwon et a.,2017 [80]
25 %, PFASs 2.29-1375 Kim et al.,2016 [81]
77 3,3 PFASs 1040-5180 Kim et al., 2021 [82]
Kenya 6 Hospital, %0 PFASs 29.24-77.1 Chirikona et al., 2015 [83]
Domestic, &
Industrial
Singapore 13 Domestic & PFOA 16-1057 Yu et al., 2009b [84]
Industrial PFOS 7.3-462
Greece 2 Domestic & Y3 PFASs 70.47-162.7 Arvaniti et al., 2012 [85]
Industrial
Canada 4 Domestic Lagoons PFOA —200 s PFASs 83.5-248 Stroski et al., 2020 [86]
and Lake PFOS - 600
PFHxA - 200
PFBA - 30000
PFBS - 15000
Thailand 2 Industrial 10 PFASs 661.8-1143.4 Kunacheva et al., 2011 [87]
France 1 PFAS %5, PFASs 2381300-7838400 Dauchy et al., 2017 [88]
Manufacturing Y50 PFASs 3600000-13000000 Dauchy et al., 2019 [59]
Fire Fighting
Training
Uganda 1 - >,sPFASs 5.6-9.1 Dalahmeh et al., 2018 [89]
Spain 16 Domestic & %, PFASs 195-567 Campo et al., 2014 [90]
8 Industrial s PFASs 3.5-132 Sanchez-Avila et al., 2010
3 %1, PFASs 12.46-601.3 [91]
Llorca etal., 2012 [71]
South Africa 3 - Y; PFASs 35.8-224.4 Kibambe et al., 2020 [55]
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2.4 Destructive PFAS Treatment Technologies

Various treatment technologies are being developed for the remediation of PFAS-impacted water.
Currently, the widely adopted treatment method for PFASs impacted water is separation using
carbon-based sorbents, ion exchange sorbents, mineral-based sorbents, polymers sorbents,
sorption on biomaterials [92]. Similar separation-based technologies like using membrane
filtration and Surface activation foam fractionation are also being tested for field applications [9].
However, separation-based technologies have the drawback of creating concentrated waste and
spent sorbents. Alternate treatment techniques include destructive treatment methodologies like
biotransformation, ultrasound, eBeam, plasma, electro-chemical, hydrothermal, photo-catalysis,
and activated persulfate. Table 2.3 summarizes the key difference in destructive technologies for
the removal of PFAS. Biotransformation can be a cost-effective long-term treatment alternative
but the inertness of PFASs make them resistant to biodegradation. The applicability of current
biodegradation techniques for PFASs remains elusive. A few lab-scale studies have demonstrated
the ability of organisms, including fungi [93-95], bacteria [96-99], and some fungal enzymes [100-
103] to biodegrade PFAS precursors, and a few PFASs. Some evidence of biotransformation of
PFASSs in mixed cultures is also available [104-107]. The photocatalytic and activated persulfate-
based treatment of PFASs has been successful for the treatment of carboxylates but ineffective
towards sulfonates. These technologies can have high energy demand and long treatment times.
Hydrothermal treatment and activated persulfate treatment also require high temperature/pressure,
and therefore the energy consumption is also considerably large. Ineffective degradation of short-
chain PFSAs and generation of shorter-chain intermediates or byproducts like chlorate/perchlorate
is also a drawback of most PFAS destruction technologies including ebeam, electrochemical, and

plasma-based treatment except for ultrasonic and hydrothermal treatment methods. Plasma-based
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treatment and ultrasonic treatment technologies are ahead in terms of large-scale applicability and
have been successfully tested in the field for the treatment of AFFF-impacted groundwater and

IDW. Various reviews of PFAS treatment technologies have been published in recent years [108-

115].
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2.5 PFAS Detection Methods

PFAS detection techniques are mainly based on liquid chromatography (LC-MS/MS) for
soluble PFASs or gas chromatography (GC-MS/MS) for volatile PFASs, coupled with mass
spectroscopy (MS) using a method like USEPA Method 533 [213], 537.1 [214] or 8327 [215]. In
LC-MS/MS the mass spectroscopy can be a single or triple quadrupole MS, ion-trap MS, time-of-
flight MS, or quadrupole time-of-flight MS while GC-MS/MS can be a double or triple quadrupole
MS with electron ionization (EI), positive chemical ionization (PCI), negative chemical ionization
(NCI), or flame ionization detector (FID). A non-specific precursor quantification can be
performed using a total oxidizable precursors assay (TOP assay) and analyzing the concentration
of terminal PFASs in the samples before and after the TOP assay using an LC-MS/MS. The TOP
assay uses heat-activated persulfate to oxidize all precursors to their terminal PFASs [57].
Similarly, total fluorine (TF) detection methods like particle-induced gamma-ray emission (PIGE)
[216] and inductively coupled plasma mass spectrometer (ICP-MS/MS) [217] have been
developed for quantification of total fluorine in samples, and by extension, PFAS mass.
Combustion 1on chromatography (CIC) has also been utilized to detect TF and total organic
fluorine or total extractable organic fluorine (TOF/TOEF) in rat blood samples containing PFOA
[218]. Other methods for TF and TOF/TOEF detection include detection ’F-NMR [219], and XPS
[220]. The sample preparation/extraction is needed before the analysis of PFASs using the above
methods. The extraction methods generally involve solid-phase extraction (SPE), liquid-liquid
extraction (LLE), solid-liquid extraction (SLE), solid-phase microextraction (SPME), and
dispersive liquid-liquid microextraction (DLLME). The SLE is used for the extraction of PFASs
from solids by acidic and/or basic methanol. A detailed review of PFAS analytical methods was

also published recently [46, 221].
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2.6 Conclusion

PFASs can bioaccumulate in various ecosystems and are ubiquitous in treated wastewater
effluents throughout the world as traditional treatment methods are ineffective towards PFAS
removal. Therefore, to ensure safe reuse and recycling of water, the effective treatment of PFAS
impacted wastewater and runoff is critical. This review discusses the current PFAS regulatory
standards in the USA, the fate of PFASs in current water treatment systems, current analytical
methods for detection of PFASs, and the emerging destructive treatment methods for PFAS
removal. The findings of similar recent reviews and recent studies summarized in this report
demonstrate that both the novel PFASs, like short-chain PFASs, and legacy PFASs have been
detected in the runoff and wastewater effluents. The sorption of PFASs and PFAS precursors on
organic matter/solids is the primary influencer of the fate and transport of PFAS in the environment
and water treatment plants. The analysis of PFASs requires expensive machinery and technical
expertise. However, analysis of precursors and novel PFASs remains challenging. The ultrasonic
treatment of PFASs and plasma-based treatment of PFASs are the only two destructive
technologies that are promising for industrial application and have been tested at field-scale, while
bioremediation remains an elusive but promising low cost-energy demanding alternative

remediation technology.
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Abstract

We tested the destruction of 7 individual per- and polyfluoroalkyl substances (PFASs), a
mix of 24 native PFASs (24Mix), AFFF, and concentrated Investigation derived waste (IDW) in
deionized water, groundwater containing low total dissolved solids (TDS) (388 mg.L "), and high
TDS groundwater (10.2 g.L!) by high-frequency ultrasound (700 kHz). This study demonstrated
the mineralization of hexafluoropropylene oxide dimer acid (HFPO-DA) and 6:2 fluorotelomer
sulfonamidoalkyl betaine (6:2 FTAB) with near-stoichiometric fluoride release. The degradation
rates of sulfonates and short-chain PFASs were 30% to 60% higher in low TDS groundwater than
in deionized water, while the rates were repressed in high TDS groundwater. The degradation rates
of sulfonates in AFFF were 40% to 60% higher compared to the 24Mix. The salts and surfactants
affect the air-water partitioning coefficients of PFASs and their availability at the ultrasonic cavity,
thereby affecting the degradation rates. The treatment of concentrated, high-TDS IDW resulted in
significant mineralization of 41 PFASs, consuming 3 kWh.g™!' - 76 kWh.g! whereas, dilute AFFF
degradation utilized 5900 kWh.g™!. Important parameters for designing and operating an ultrasonic
reactor for the degradation of PFASs are also discussed. Our results imply that sonolysis utilized
for the treatment of concentrated PFAS mixtures and AFFF IDWs can mineralize PFASs without

the production of disinfection by-products.
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3.1 Introduction

There are more than 5000 different compounds identified as per- and polyfluoroalkyl
substances (PFASs) and more are being synthesized as safer alternatives to the legacy compounds
like perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) [1]. These chemicals
are designed to be flame retardants and have amphipathic properties because of the oleophilic C-
F chains and hydrophilic headgroups. These properties have led to their widespread use in
domestic and commercial products for more than 60 years and consequently, PFASs have
impacted various environments [2-4]. PFAS are being called ‘forever chemicals’ because of their
ubiquitous presence in the environment and recalcitrance towards traditional remediation
approaches. Presently, the treatment of PFAS impacted water is primarily based on using
separation agents like activated carbon or ion exchange resins, followed by their landfilling or
incineration [5-8]. Largely, the existing PFAS degradation technologies have had limited success
because of the varying properties of different compounds, the inability of the hydroxyl radicals to
react with PFASs [9], and the production of harmful degradation byproducts [5, 10, 11]. Moreover,
most of the studies were performed in pure water at high concentrations instead of the
environmental samples and relevant concentrations [11]. In general, physicochemical treatment
processes available to treat PFAS impacted water have some limitations. For example,
photochemical processes and heat-activated persulfate treatment have been unsuccessful for the
treatment of PFSAs, and PFASs in real waters, electrochemical treatment requires expensive
electrode synthesis, and mineral precipitation can cause electrode passivation leading to the
formation of toxic byproducts. The reductive processes like eBeam and plasma utilizing hydrated
electrons generated by water splitting are in the early stages of development and may produce

recalcitrant polyfluorinated ether byproducts from the treatment of novel PFASs like HFPO-DA.
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These treatment technologies may produce shorter chain intermediates that can be even more

recalcitrant than the parent compounds [9, 12-19].

The treatment technologies capable of mineralizing PFASs are but a few; one such
technology 1is the destruction of PFASs by ultrasonic cavities. Ultrasonic treatment technology
employs high-energy ultrasound (> 20 kHz) producing nano - microscale cavities that implode,
raising the temperature in the nano environment up to 5000 K. The high temperatures and pressures
in these cavities have been shown to pyrolyze the chemical bonds thereby mineralizing PFASs
[20-25]. Ultrasound of 20-40 kHz produces shockwaves and is used regularly in medicine for
cleaning and sterilization [26, 27], medical treatments like liposuction, and Extracorporeal Shock
Wave Lithotripsy (ESWL) to treat kidney stones [28]. Ultrasonic humidification [29] and medical
diagnostic imaging [30] utilize frequencies greater than 1 MHz that cause weaker cavitations [31].
The ultrasonic frequency range of 100 kHz — 1 MHz generates smaller size and high-temperature
cavitation [21] and therefore is best suited for environmental remediation applications. Energy
requirements for ultrasonic treatment are higher than other technologies [9, 32], however, the
ability of ultrasound to mineralize PFASs without producing shorter chain intermediates makes it

advantageous for destruction of PFASs [33].

Utilizing ultrasound as a primary treatment or post-treatment block in a treatment train for
the degradation of high PFAS load mixtures might prove more efficient. Sonication can also be a
point-of-use under-the-sink technology for the treatment of impacted water, as minimal technical
know-how is needed for the operation of the reactor. Little information is available regarding the
optimal operating conditions of an ultrasonic reactor to achieve higher PFASs degradation rates.
Furthermore, the matrix constituents like salt and surfactants have been reported to affect the

surface tension and consequently change the ultrasonic degradation kinetics of PFASs [34-37].
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The decrease in the surface tension increases the separation of PFASs to the air-water interface
creating a PFAS-LNAPL and decreasing their availability in the reaction [35, 36]. The ultrasonic
destruction of Investigation Derived Waste (IDW) has hitherto remained untested. The destruction
of PFAS IDWs has only been demonstrated by Singh et al. using a bench-scale plasma-based
reactor [32]. There is a critical need to develop a better understanding of the effects of matrix
constituents on ultrasonic degradation kinetics, specifically for the treatment of environmental

waters and complex PFAS mixtures.

The objective of this study was to explore the ability of high-frequency ultrasound to
degrade individual PFASs, PFAS mixtures, high concentration IDW, and PFASs in diluted AFFF
using a custom-built bench-scale reactor. This paper presents the first account of ultrasonic
mineralization of HFPO-DA, zwitterionic compounds like 6:2 FTAB, and high TDS concentrated
IDW by ultrasound. We also investigated the extent of mineralization and potential generation of

disinfection byproducts.

3.2 Materials and Methods

3.2.1 PFAS Sample Preparation

The acoustic degradation of 7 individual PFASs, a 24 mix of PFAS, diluted AFFF, and
PFAS IDW was tested in different matrices to examine the effect of matrix constituents and system
conditions on the degradation kinetics. 7 individual PFASs, 24Mix of standard PFASs, and the
respective labeled compounds for internal standards (Table 3.1) were obtained from Wellington
Labs (Guelph, Ontario, Canada). The AFFF mixture was donated by Dr. Paul Hatzinger, APTIM,

and 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoic acid (HFPO-DA 97%) was purchased
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from Matrix Scientific, Columbia, SC. Respective mass-labeled internal standards were provided
by Wellington Labs (Guelph, Ontario, Canada). The IDW was derived from an undisclosed
location in Los Angeles metropolitan area. The groundwater (Table 3.2) was obtained from two
AFFF-impacted sites and was stored in sealed polypropylene containers in dark at 4 °C.

Table 3.1: List of PFASs tested for degradation by ultrasound. The PFASs and their respective
internal standards were obtained from Wellington Labs (Guelph, Ontario, Canada). *d-N-

EtFOSAM was used as an internal standard for 6:2FTAB.

Name of Compound Abbreviations
perfluoro-n-octanoic acid PFOA
sodium perfluoro-1-octanesulfonate PFOS
potassium perfluoro-1-butanesulfonate PFBS
sodium 1H,1H,2H,2H-perfluorooctane sulfonate 6:2FTS
perfluoro -1-octanesulfonamide FOSA
N-(carboxymethyl)N,N-dimethyl-N-[3-(1H,1H,2H,2H-perfluoro-1- 6:2FTAB*
octanesulfonamido)propan-1-yl] ammonium
Mix of 24 standard PFASs (24 components) 24Mix
Internal Standards
perfluoro-n-[1,2,3,4-13C4] octanoic acid MPFOA
sodium perfluoro-1-[1,2,3 4-'3C4] octanesulfonate MPFOS
sodium perfluoro-1-[2,3,4-'3C;]- butanesulfonate M3PFBS
sodium 1H,1H,2H,2H-perfluoro-1-[1,2-'3C4]-octane sulfonate M2-6:2FTS
perfluoro-1-['3Cg] octanesulfonamide MSFOSA
N-ethyl-d5-perfluoro-1-octanesulfonamide d-N-EtFOSAM
2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)-'*C;s-propanoic acid M3HFPO-DA
Labeled PFAS standards for 24Mix (19 components) MPFAC-24ES

Table 3.2: Groundwater Characteristics. The groundwater was collected from two different sites
in the USA. High concentrations of ions are indicated in grey-shaded cells.

Characteristic High TDS Groundwater Low TDS Groundwater
Fluoride (mg.L'}) N.D. 3.3
Chloride (mg.L?) 5283.7 55.5

Nitrite (mg.L?) 15.4 N.D.
Bromide (mg.L?) 17.4 N.D.
Nitrate (mg.L!) 11.0 4.0
Sulfate (mg.L") 1955.5 19.7
Sodium (mg.L") 3203.0 25.1

Aluminum (mg.L!) N.D. N.D.
Magnesium (mg.L!) 581.6 13.4
Calcium (mg.L") 1145.0 96.1
Manganese (mg.L™") 1.7 0.02

Iron (mg.L") 0.05 N.D.

TDS (mg.L!) 10200 388

pH 6.70 6.70

Specific Conductance (uS.cm) 16000 610
TOC (mg.L") 6.43 4.45
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3.2.2 Reactor Design and Operation

The PFAS spiked or impacted deionized water, impacted groundwater, or IDW was treated
using high-frequency ultrasound in a custom-built bench-scale reactor supplied by PCT Systems,
Inc. (San Jose, California). The reactor body with 2000 mL maximum working volume was made
of polypropylene with a polypropylene air-tight lid (Figure A 1). It was equipped with ports for
sample collection and gas circulation, and high-density polyethylene (HDPE) or stainless-steel
cooling coils. The ultrasonic energy was produced by an array of piezoelectric transducers under
the stainless-steel plate forming the base of the reaction vessel (Figure A 1). The experiments were
performed either using a 700 kHz - 250 W system or 700 kHz - 1040 W system or 900 kHz - 572
W system for four hours in a high purity Argon (99.999%) atmosphere. The different frequencies
were tested to observe their effect on PFAS degradation kinetics [31, 38, 39]. The appropriate
volume of PFAS impacted water (deionized or groundwater), IDW, and AFFF were prepared in
polypropylene bottles. The PFAS or AFFF impacted deionized water or groundwater were
prepared by spiking the water with individual compounds or mixtures of PFASs as needed. The
IDW was centrifuged at 7000 % g to remove the suspended material and the clear supernatant was
then sonicated. The impacted water or IDW supernatant was then added into the reactor vessel,
followed by 30 minutes of Argon sparging at 5.7 x 102 m>.h"! to allow for an argon saturated
reaction environment. The flow of argon was monitored using an inline flow meter. In open system
experimental conditions, the gas could continuously escape the reactor for the period of the
experiment while the gas inflow was maintained at 5.7 x 10> m*>.h"'. However, in closed system
experimental conditions, after the first 30 min of argon sparging the reactor was maintained
completely airtight for the period of the sonication experiment. The power density (P4) was varied

by varying the treatment volume (200 mL, 500 mL, 1000 mL, 1500 mL, and 2000 mL). A sample
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(5 mL) was collected every 30 min using a sterile 1 mL polypropylene syringe and stored in 15
mL polypropylene tubes at 4 °C till needed for analysis. For all experiments, the reactor was

maintained at 10 °C using a recirculating water bath, for the period of the sonication experiment.

3.2.3 Degradation of AFFF components by Bio — Sono
Treatment Train

To evaluate the treatment of AFFF components by laccase derived from T. versicolor, 400
mL, 0.2 M bi-phosphate buffer (pH 6) was spiked with AFFF to achieve a final concentration of
80 uL/L. The reactions were initiated by adding 1 U.mL™! laccase and 20 mM I-
hydroxybenzotriazole (HBT). The 1 U.mL! laccase and 20 mM HBT were supplemented every 6
days. All experiments were performed in 2000 mL baffled flasks equipped with 0.2 pm air filters
at 30 °C and 150 rpm. The flasks were kept open to air for 30 min every day to ensure aerobic
conditions. The 0 h samples (200 pL) were collected immediately after the addition of the AFFF
and 200 uL samples were collected after 30 days of adding AFFF. The collected samples were
quenched by adding an equal volume of methanol. The samples were then filtration through a 0.2
pum polyethersulfone (PES) filter to remove suspended particulates and stored at -20 °C, till needed
for analysis. All reactions were kept in similar conditions and conducted in triplicate to ensure the

statistical significance of the data.

Following the degradation of AFFF spiked phosphate buffer (0.2M, pH 6) by laccase HBT
system, the triplicate laccase treated solutions were pooled together to obtain a 200 mL solution
and centrifuged at 7000 x g for 15 min to remove any suspended particulate matter. The solution
was then treated using 700 kHz ultrasound for 4 h in a 250 W open system (P4 = 1250 W.L). 5

mL samples were collected every 30 min and stored at -20 °C, till needed for analysis.
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3.24 Electro - Sono Treatment Train

Post-treatment in the electrochemical reactor for 15 min, 200 mL AFFF spiked deionized
(1:12500) water containing 1.6 g.L"! KH2POs, 0.4 g. L' Na,HPO4, 0.057 g.L™! CaCl,-2H,0, and
0.5 g.L ! MgSO4-7H,0 was treated using 700 kHz ultrasound for 4 h in a 250 W open system (P4
= 1250 W.L"). 5 mL samples were collected every 30 min and stored at -20 °C till needed for

analysis.

The electrochemical flow cell (Advanced Diamond Technologies Inc., Romeoville, IL)
held a stainless-steel cathode and a boron-doped diamond (BDD) anode with an active surface area
of 44 ¢cm?. An electrolyte containing 1.6 g/L of KH>PO4 and 0.4 g/L of Na,HPO4 were chosen
based on the treatment medium. The electrolyte solution was then spiked with a 1:12500 dilution
of aqueous film-forming foam (AFFF) was recirculated from a polypropylene container at a flow

rate of 3 L/min and a current density of 90 to 125 mA/cm?.

3.2.5 Performance Metrics

PFAS removal percentage was calculated by (equation 3.1)

PFAS removal (%) = % x 100 (3.1)

where C, is the initial PFAS concentration and C is the final PFAS concentration. Fluoride
mass balance was performed by calculating the fluoride concentration corresponding to the PFAS

concentration detected by LC-MS/MS (equation 3.2).

Cp = Cpras X N X Mg (3.2)

MpFas
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where Cpras is the concentration of PFAS, N is the number of fluorine atoms in the PFAS
compound, Mr is the molecular weight of fluorine, and Mpras is the molecular weight of the PFAS
compound. This estimate was then compared with the fluoride concentration detected by the IC.
The pseudo-first-order rates were calculated using the initial rate method [40] and the kinetics

were modeled as (equation 3.3)

dCpras

it = —k X CPFAS (33)

The energy consumption for PFAS degradation by ultrasound was calculated as the energy
consumed for total mass removed (equation 3.4) or as the energy consumed per order of magnitude

removal (equation 3.5).

Pxtx103
Egm = V(Ci—Cp (3.4)
Pxtx103
Epo = ——— (3.5)

Vx10g(C;/Cp)

where Epum is the energy consumed per mass removed (kWh.g!), Ego is the energy
consumed per order of magnitude removal (kWh.m™.order™!), P is the rated power (kW), t is time
(h), V is the volume (L), Ciis the initial cumulative PFAS concentration (mg.L™"), and Cris the

final cumulative PFAS concentration (mg.L™!). The power density was calculated as (equation 3.6)
. W I xXv
PowerDensity (Py) (f) = (3.6)

where [ is the current drawn for acoustics (A), v is the voltage (V), V is the volume of water
treated (L). The calorimetric power density is 62.2% of the electrical power and can be calculated

as described by Laugier et al.[41]
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3.2.6 Analytical Methods

For all PFAS analyses, an aliquot (1000 uL) was taken from the 5 mL samples collected at
different time points and centrifuged at 20000 x g for 5 min. The supernatant (500 pL) of the
centrifuged samples was then transferred to a fresh 2 mL polypropylene tube followed by dilution
in 500 pL methanol. Respective internal standards were added immediately at a concentration of
50 ug.L! each. Samples were stored at -20 °C and shipped overnight in cold packaging to Colorado

State University and analyzed within <3 days of sample shipment.

Analyses of PFASs in the mixture and pure compound-spiked solutions were performed
on an Agilent 1290 liquid chromatograph coupled to an Agilent 6460 triple quadrupole mass
spectrometer (LC/QqQ-MS), which was equipped with an electrospray ionization (ESI) source
using Agilent Jet Stream Technology (Agilent, Santa Clara, CA). Analytes were separated on an
Agilent Poroshell C18 column (2.1 mm x 100 mm, 2.7 um particle size) at 40 °C. A sample volume
of 15 pLL was injected into a binary mixture of 5 mM ammonium acetate in water (A) and 5 mM
ammonium acetate in methanol (B) at a flow rate of 0.4 mL.min"!. The gradient used was 20% of
solution B for 1 minute, increasing to 45% of solution B at 2 min, and finally increased to 100%
of solution B at 5 min. The ionization source conditions used were as follows: negative polarity,
nebulizer of 15 psi, gas flow of 4 L.min™! at 230°C, sheath gas flow of 12 L.min™! at 350 °C, nozzle
voltage of 500 V, and capillary voltage at 3500 V. Analytes were identified by comparison of
retention times with analytical standards, individual MRM mass transitions, and with MS/MS ion
ratios. Peaks matching retention within 5% and with ion ratios at 20% of the standard ratio were
considered acceptable for identification. The data collection and processing were performed by

using Agilent MassHunter Quantitative software (v B.07.01). Quantitation was performed with
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linear regression using calibration curves from 0.01-250 ng.mL™'. Several steps were taken to
minimize system-related interferences or background. An Agilent Eclipse Plus C18 column (4.6
mm x 50 mm, 5 um particle size) was installed immediately after the binary pump and prior to the
injection port to perform as a delay column. The mobile phase degasser was bypassed allowing
the mobile phase to enter the binary pump directly and avoiding contact with plastic filters. All
plastic tubing in the LC-MS/MS system was replaced with PEEK tubing and plastic frits were
replaced with stainless steel. All sample vials were polypropylene with polypropylene caps. Five
injections of pure methanol were made prior to sample analysis to determine if any system
background analyte levels were present. With these system changes, background levels for each

analyte were not detected in blank samples.

Analysis of PFASs in AFFF-spiked solutions and in IDW was performed on an Agilent
1290 Liquid Chromatograph paired with an Agilent 6530 Quadrupole Time-of-Flight Mass
Spectrometer (LC/QToF-MS) in both negative and positive ESI modes. Liquid chromatography
was performed with a 2.1 x 150 mm, 5 um Atlantis dC18 column (Waters), a 2.1 mm x 5 mm, 5
um Atlantis dC18 VanGuard guard column (Waters), and a mobile phase consisting of 5 mM
ammonium acetate in water (A) and 5 mM ammonium acetate in methanol (B) at a flow rate of
0.5 mL.min!. A gradient method was used at 30 °C, starting at 55% of solution B for 2.5 minutes,
then constantly increasing to 60% of solution B by 7 minutes and 80% of solution B by 12 minutes,
and held at 80% of solution B until 30 minutes. Negative ESI mode was performed with a capillary
voltage of 3500 V, a fragmentor voltage of 150, a gas temperature of 350 °C, and the two reference
masses 119.036320 and 980.016375. Positive ESI mode was performed with the same settings and
the two reference masses 121.050873 and 922.009798. Nitrogen (>99.999% purity, Airgas) was

used as the nebulizer and drying gas with flow rates of 9 and 11 L.min"!, respectively. High-
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resolution accurate mass spectra were recorded across the range m/z 50 - 1500. The identities of
all PFAS species reported here were validated by comparison to analytical standards. The changes
in concentrations for the incubation (24 h, 48h, and 8 days) of 25 PFASs in 50:50 methanol:water
can be found in Table 3.3.

Table 3.3: Change in concentrations observed for incubation of 20 pg.L! PFASs in 50:50
methanol:water. The samples were incubated at room temperature for 24 h, 48 h, and 8 days in
200 pL polypropylene HPLC injection vials. *MFOSA was used as an internal standard for PFDS.
"MPFDoA was used as an internal standard for PFTrDA. *d-N-EtFOSAM was used as an internal
standard for 6:2FTAB.

Compounds Change in Concentration (%) Detection Limit
pou 24h 48 h 8 days (ng.L")

PFBA -0.53% -0.33% -0.85% 0.05
PFPeA -2% -2% -0.80% 0.03
PFBS 0.85% 0.86% 1.96% 0.02
4:2FTS 1.81% 0.36% 0.44% 0.06
PFHxA 3.88% 1.90% 2.50% 0.03
PFPeS 9.10% 7.98% 7.62% 0.02
PFHpA 1.10% 1.11% 2.92% 0.02
PFHxSK 2.40% 2.34% 0.33% 0.03
6:2 FTS 1.06% -2.13% 2.11% 0.05
PFOA -6.33% -1.00% -6.95% 0.01
PFHpS 5.37% 2.37% 8.62% 0.04
PFOS -4.89% -2.32% -12.72% 0.04
PFNA 3.89% 3.09% 14.85% 0.04
PFNS -0.02% -1.77% 0.00% 0.07
PFDA -3.36% -4.70% -0.54% 0.02
8:2 FTS -11.74% -8.30% -6.22% 0.07
N-MeFOSAA 3.29% -1.60% -4.00% 0.03
FOSA -1.19% -0.66% -1.61% 0.02
PFDS* -5.42% -24.63% -18.97% 0.04
PFUdJA -0.62% -1.45% -1.35% 0.02
N-EtFOSSA 1.02% -5.92% -4.72% 0.04
PFDoA 3.11% 1.73% 4.34% 0.03
PFTrDA" -43.90% -77.81% -71.88% 0.02
PFTeDA -0.95% -1.22% -1.29% 0.02
6:2FTAB? - - - 0.03

For the quantification of fluoride, chlorate, and perchlorate, filtered samples (0.22 pm-
filtered) were injected onto an ion chromatograph (Dionex Integrion HPIC, Thermo Fisher
Scientific) equipped with an lonPac™ AG16 Guard Column (4 x 50 mm) and Dionex™ lonPac™
AS16 Analytical Column (250 m x 4.0 mm ID) operated at 30 °C. Chromatographic separation of

anions was achieved by running a gradient of aqueous hydroxide mobile phase ramping from 0.5
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mM to 55 mM at a flow rate of 1 mL.min™! for a total run time of 35 min. Anions were detected
using a conductivity detector with elution patterns confirmed by standards; the detection limit for

all three anions was 0.007 mg.L™".

33 Results and Discussion

3.3.1 Sonolysis of PFASs in Deionized water and Groundwater

The acoustic irradiation of PFASs in deionized water and the two groundwater samples
demonstrated similar pseudo-first-order kinetics at the tested concentrations with more than 98%
degradation of most species in 120 min, except in the high TDS groundwater. The acoustic
degradation of 6:2 FTAB and HFPO-DA-spiked deionized water, when performed independently
in a 700 kHz - 1040 W closed system (Pq = 1040 W.L™!), followed pseudo-first-order kinetics. 94%
of 6:2 FTAB (4 mg.L "' to 237 ug.L!) was destroyed at a rate constant of 0.025 £ 0.0012 min™' and
99% HFPO-DA (23 mg.L'to 232 pg.L") was destroyed at a rate of 0.010 = 0.0008 min™'. Aqueous
fluoride concentration was found to increase during ultrasound irradiation with an observed
defluorination efficiency of 98% for 6:2 FTAB and 99% for HFPO-DA (Figure 3.1b). Complete
fluoride recovery during the ultrasonic degradation of HFPO-DA and 6:2 FTAB suggests a low
potential for the generation of intermediates. A linear increase in aqueous fluoride concentration
suggests the direct mineralization of HFPO-DA. However, a delayed increase in fluoride for the
ultrasonic degradation of 6:2 FTAB indicates the generation of short-lived fluorocarbon
intermediates followed by the eventual complete mineralization of the zwitterion. Degradation of
HFPO-DA in deionized water (900 pg.L'! and 27 mg.L ") was also tested in the 700 kHz - 250 W

open system (Pq = 1250 W.L™!) for 240 min at 10 °C. 96% HFPO-DA was removed for the starting
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concentration of 867 ug.L! at a rate of 0.032 = 0.0030 min™! while for the starting concentration
of 27 mg.L! 85% HFPO-DA was removed at a rate of 0.012 £ 0.00027 min™! (Figure A 2). The
degradation kinetics of HFPO-DA at higher concentrations (27 mg.L™! and 23 mg.L™!") was closer
to zero-order, while at lower concentrations (900 pg.L™!), the degradation was pseudo-first-order.
Similarly, degradation of PFOA, when treated in the 700 kHz - 250 W open system (P4 = 1250
W.L1), also followed pseudo-first-order kinetics (Figure A 2). The degradation rates were
statistically similar across three orders of magnitude in PFOA concentrations (10 pg.L™!, 180 ug.L-
!, and 1200 pg.L!). Other studies have also reported that at lower starting concentrations, the
sonolysis of PFASs follows pseudo-first-order kinetics. However, at PFAS concentrations higher
than the kinetics transition concentration, the acoustic degradation kinetics were zero-order. At
high starting concentrations, the availability of PFASs is limited by their diffusion to the cavity

from the aqueous bulk solution [20, 33, 42].

The sonication of low TDS groundwater spiked with individual compounds using a 700
kHz - 250 W open system (Pq = 1250 W.L") demonstrated pseudo-first-order kinetics with higher
than 90% degradation of PFBS and more than 97% degradation of PFOA, PFOS, 6:2 FTS, FOSA,
and 6:2 FTAB. The sonication of deionized water spiked with the same compounds in individual
experiments demonstrated similar pseudo-first-order kinetics (Figure A 3). In deionized water the
concentration was reduced by 99% for PFOA, 98% for PFOS, 98% for 6:2 FTAB, 100% for
FOSA, 90% for PFBS, and 97% for 6:2 FTS. In low TDS groundwater, the ultrasound removed
90% PFOA, 30% PFOS, 100% 6:2 FTAB, 88% FOSA, 97% PFBS, and 95% 6:2 FTS. In
agreement with previously published studies, for the same chain length, the observed rate constants
for sulfonates were lower than those of carboxylates whereas, for the same functional group, the

degradation rates were lower for shorter-chain PFASs [31, 43]. The observed rate constants were
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higher in deionized water than low TDS groundwater except for PFBS and 6:2 FTS. The rate
constants in low TDS groundwater were 55% and 41% higher for PFBS and 6:2 FTS, respectively
Table 3.4.

Table 3.4: Pseudo-first-order removal rates (k), initial (C;), and final concentrations (Cr) of
different PFASs in independent experiments. The experiments were performed in a 700 kHz - 250

W open system (Pg = 1250 W.L ). The error represents the standard deviation of the samples.
Supplemental information can be found in Figure A 3.

Deionized Water Low TDS Groundwater

Compounds | 4 4 kx 1073 _ 0 0 k x 107
Ci(ngL?) | Ce(pgL™) (min'l) Ci(ng.L”) | Cr(pngL™) (min'l)

PFOA 140.26 1.23 37 5.04 0.52 29
+0.38 +0.0017 +1.92 +0.06 +0.14 +4.19

PFOS 2.89 0.06 16 10.41 7.20 4.7
+0.11 +0.009 +0.78 +0.72 +0.38 +0.95

PFBS 10.53 1.06 10 7.52 0.24 21
+0.14 + 0.007 +0.64 +0.12 + 0.005 +2.36

62 FTS 5.04 0.16 18 6.14 0.33 32
) +0.13 +0.028 +0.32 +0.08 +0.003 +0.24

0.2 15 2.32 0.27 18
FOSA +0.008 ND L 461 £003 | £0003 | 077

7.2 0.15 27 0.24 16
6:2FTAB | 106 £ 0.02 £094 | +0.008 ND L 681

The ultrasonic irradiation of low TDS groundwater, high TDS groundwater, and deionized
water, spiked with a mix of 24 PFASs (24Mix), followed pseudo-first-order kinetics in 700 kHz -
250 W open system and 700 kHz - 1040 W closed system (Figure 3.1a). The acoustic treatment of
24Mix in low TDS groundwater demonstrated 90% removal of PFBA (11 ug.L to 1 pg.L™"), 99%
removal of PFBS (12 pg.L™! to 140 ng.L™"), 98% degradation of PFOA (10 ug.L"! to 230 ng.L™")
and PFOS (4 pg.L! to 370 ng.L™"). The acoustic treatment of 24Mix in deionized water degraded
91% of PFOA (13 pg.L ! to 1 ug.L"), 98% of PFOS (10 pg.L! to 200 ng.L™!), greater than 70% of
PFBA (12 pg.L ! to 3.5 ug.L!) and PFBS (13 pg.L™! to 3 pg.L™!). The mass removal of PFASs and
the degradation rates were lower in high TDS groundwater compared to those in low TDS

groundwater as well as deionized water. The ultrasonic degradation of the 24Mix spiked high TDS
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groundwater was also tested in a 700 kHz - 1040 W closed system (P4 = 1040 W.L™). Despite the
larger volume of treatment/lower power density, the degradation rates were higher than those
observed in the open system experiment for the high TDS groundwater (Figure A 4b). Estimation
of Henry’s Law constant or the air-water partition constant (Kaw) of PFASs can be challenging
because of their rapid ionization in water. However, higher Kaw of long-chain PFASs, as
compared to the short-chain PFASs[4, 36, 44, 45] indicates higher availability of long-chain
PFASs at the cavity interface leading to higher degradation rates during sonication The high TDS
groundwater had high concentrations of chloride (5.28 g.L™!"), sodium (3.20 g.L!), calcium (1.14
g L"), and sulfate (1.95 g.L!) along with high specific conductance (16 mS.cm™). Studies on
sonication of PFASs in groundwater are limited to two studies that tested the gradation of PFOS
and PFOA in individual experiments [46, 47]. These studies have reported that the rates of removal
in groundwater were lower than that observed in Milli- Q water and increasing sulfate
concentration (1-10 mM) in the mixture was detrimental to removal kinetics. In this study, we
tested the degradation of a mixture of 24 PFASs (24Mix) in groundwater from two different
locations and compared it to the degradation in deionized water. Interestingly, the removal kinetics
of short-chain PFASs (C < 8) and the removal kinetics of sulfonates were enhanced in low TDS
groundwater when compared to the kinetics in deionized water. However, removal rates for long-
chain compounds (C > 8) were higher in deionized water as compared to the low TDS

groundwater. The degradation of shorter chain PFASs by sonication is generally slower than
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Figure 3.1: The degradation of PFASs in de-ionized water and groundwater by ultrasound. The
degradation follows pseudo-first-order kinetics with degradation rates increasing with chain
length. The degradation rates of PFSAs and short-chain PFASs (C < 8) were higher in the low
TDS groundwater, while high TDS groundwater inhibits the degradation of PFASs. The
experiments were performed for 240 minutes in Argon saturated atmosphere at 10 °C and the rates
were calculated for the first 120 min based on the initial rate method. a. Comparison of pseudo-
first-order removal rates (min') of PFASs observed in the 700 kHz - 250 W open system (Pq =
1250 W.L'") for the 24Mix spiked deionized water, low TDS groundwater, and high TDS
groundwater. Supplemental information can be found in Figure A 4 and Figure A 5. b.
Defluorination of 6:2 FTAB and HFPO-DA in a 700 kHz - 1040 W closed system (P¢= 1040 W.L"
1. (A) represents measured fluoride, (O0) represents the fluoride estimated based on the
concentration of the PFAS compound, (©) represents the concentration of PFAS. HFPO-DA was
degraded from 23 mg.L! to 232 pg.L"! and 6:2 FTAB was degraded from 2 mg.L™! to 186 ug.L"!
with 99% and 98% defluorination efficiency (concentration of fluoride measured/total fluorine in
PFAS), respectively. The error bars represent the standard deviation of analytical triplicates.
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longer-chain compounds, as the smaller chained compounds are less hydrophobic as a result have
lower concentrations on the interface [31]. Low concentrations of ions might increase the transfer
of PFASs from the aqueous phase to the sonication cavity interface by lowering the surface tension
of the solution, thereby improving the acoustic degradation kinetics of PFASs [34, 37]. However,
high salt concentrations, as observed in high TDS groundwater, might lead to neutralization of the
charges on the ultrasonic cavities by the formation of an electrical double layer. The neutralization
of charge allows attractive forces to overcome the electrostatic repulsion and cause the collapse or
aggregation of the cavities [8]. Alternatively, charge neutralization of PFASs could enhance their
hydrophobicity and therefore increase the mass transfer to the ultrasonic cavity. High salt and other
organic compounds can also compete in consuming the destructive sonic energy and the reactive
radicals generated during sonication, making them unavailable to act on the target compound [31,
34, 47]. The low removal kinetics in high TDS groundwater and the formation of precipitates were

consistent in high TDS groundwater for sonication of the individual PFAS as well as the 24Mix.

The ionic strength, temperature, and surfactants can affect the surface tension of the
solution, therefore affecting the ultrasonic degradation rates [34, 37]. Higher surface tension is
detrimental for ultrasonic degradation rates as it negatively impacts the bubble size, bubble
formation rate, bubble growth, and cavitation intensity [26, 39, 48, 49]. Alternatively, higher
surface tension can also increase the mass transfer of PFASs to the bulk cavity hence, increasing
the degradation rates [37, 42]. The initial losses observed for the 24Mix in the high TDS
groundwater experiments can be attributed to bubbling out of the PFASs from the aqueous phase
to the bulk gas-water interface during argon sparging (Figure A 4b). The longer chain PFASs being
more hydrophobic than smaller chain compounds can partition to the gas-water interface more

easily [5, 36]. The high salt concentration can further enhance the ‘salting out” of PFASs from the
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bulk aqueous phase [36, 47]. Costanza et al. have demonstrated that an increase in TDS results in
the decrease of surface tension, thereby causing increased surface excess and phase separation of
PFASs (PFOA and PFOS) [35]. Similarly, Schaefer et al. have also reported a decrease in surface
tension for PFOS with an increase in aqueous NaCl concentration [36]. Reports of high
concentrations of electrolytes increasing PFAS adsorption and increasing the tendency of PFASs
to form hemi-micelles and aggregates, more prominently for long-chain PFASs have also been
published [5]. The increase in the concentrations observed towards the end of the experiment could
be attributed to the equilibrium shift caused by the acoustic degradation of PFASs and
simultaneous precipitation of salts allowing the LNAPL PFASs to partition back into the aqueous
bulk (Figure A 4b). High concentrations of long-chained PFASs have also been detected in
seawater probably due to the neutralization of the charged headgroups. Interestingly, the water
samples collected from the surface of the yellow sea Jiaozhou Bay, China had a prominently high
concentration of PFUnDA, which was not observed in freshwater samples [50]. Similarly, a high
concentration of PFASs was detected in the surface microlayer in sweater samples collected from

South Bay, Livingston Island, Antarctica [51].

3.3.2 Removal of IDW and AFFF

The PFAS removal rates and the total moles removed were higher (76%) in the 700 kHz
closed system (P4 = 1040 W.L!) than the 700 kHz open system (P4 = 1250 W.L!) for the
degradation of IDW, despite the lower power density (Figure 3.2). The larger PFAS mass removal
observed in the closed system can be attributed to faster PFAS degradation rates regardless of the
larger treatment volume of IDW. No chlorate or perchlorate was generated during the

defluorination of IDW in the 700 kHz closed system (Pq = 1040 W.L!) (Figure A 6). The IDW
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water characteristics were similar to the high TDS groundwater characteristics (Table 3.2). A total
of 41 PFAS species were examined for the treatment of concentrated IDW by 240 min of ultrasonic
irradiation (Figure 3.2a and Figure A 7). In the 700 kHz open system (Pq= 1250 W.L!), 37 species
show significant removal of PFASs. In summary, 12.4% degradation of PFOS, 69.7% degradation
of PFOA, 38.6% degradation of PFBS, 46.6% degradation of PFBA, 45.9% degradation of 4:2
FTS, 82.9% degradation of PFPeA, 89.1% degradation of PFHxA, 80.1% degradation of PFHpA,
36.9% degradation of PFHxS, 6.9% degradation of PFHpS, 12.6% degradation of 8:2 FTS, 88.6%
degradation of MeFPeSAA, 30.4% degradation of PFPeS, 91.9% degradation of PFNS, and 9.6%
degradation of 6:2 FTS was observed. All the 41 PFAS species examined were significantly
degraded when a 1000 mL undiluted IDW was treated in the 700 kHz - 1040 W closed system (Pq
= 1040 W.LY). Collectively, 37.4% degradation of PFOS, 74% degradation of PFOA, 68.3%
degradation of PFBS, 69.2% degradation of PFBA, 64.1% degradation of 4:2 FTS, 88.5%
degradation of PFPeA, 91.2% degradation of PFHxA, 80.1% degradation of PFHpA, 50.7%
degradation of PFHxS, 50.3% degradation of PFHpS, 38.0% degradation of 8:2 FTS, 80.2%
degradation of MeFPeSAA, 61% degradation of PFPeS, 96.6% degradation of PFNS, and 19.7%
degradation of 6:2 FTS was observed. The PFAS species with high starting concentrations, like
PFBA, PFBS, PFHxS, PFHpS, 4:2 FTS, and 6:2 FTS, demonstrated zero-order kinetics. As
demonstrated before (Figure A 2) at high concentrations, the diffusion of PFASs to the cavity

interface limits the rates of acoustic degradation [20, 33, 42].

Traditionally, the treatment of PFAS-containing IDW is based on either separation
processes like granular activated carbon and ion exchange, or disposal of the IDW and spent
sorbents at hazardous waste landfill facilities or incineration [52]. Singh et al. [32] recently

published a study on the destruction of low-concentration PFAS-IDW in a pilot-scale plasma
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reactor with mean PFAS concentrations ranging from 0.04 pg.L ™' to 179 ug.L™'. The current work
reports the removal of significantly higher concentrations of PFASs in the IDW (16 pug.L! to 37
mg.L ") treated by ultrasound. The concentration of most PFASs identified was in low parts per
million and compared to the concentrations listed in UCMR3, the detected concentrations were
higher by a factor of 2.5 x 10> for PFOS, 1.3 x 10* for PFOA, 6.7 x 10° for PFHxS, and 4.4 x 10*
for PFBS than the reporting levels. The PFASs defluorinated during sonication of IDW were
significantly more than the 16 identified PFASs (Figure 3.2a), evident by the concentration of
aqueous fluoride released (Figure A 6). The fluoride release detected during IDW sonication (61
mg.L!) was 43% higher than expected fluoride concentration, if calculated by the 16 identified
PFAS species (35 mg.L™!). The estimated moles of fluoride released (16 PFASs) was 1.84 mmol

compared 3.22 + 1.6 mmol detected by HPIC (Figure 3.2b).

The components of the AFFF influence the solubility of PFAS species affecting their
concentration at the cavity-water interface and the degradation rates of PFASs. Similar to the
sonication of 24Mix experiments, the AFFF diluted in the deionized water (1:12500) was treated
in a 700 kHz - 250 W system (P4 = 1250 W.L"!). Under the tested conditions, 33 species examined
demonstrated significant degradation (Figure 3.3a and Figure A 8). In summary, PFPrS was
degraded by 92%, PFOS degraded by 99.8%, PFOA degraded by 98%, PFBS degraded by 97.7%,
PFBA degraded by 82%, PFPeA degraded by 61%, PFHxXA degraded by 98%, PFHpA degraded
by 97.5%, PFHxS degraded by 99.6%, PFPeS degraded by 99.6%, and PFHpS was degraded to

below detection.
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Figure 3.2: Destruction of PFASs in concentrated investigation derived waste (IDW). The acoustic
degradation rates and mass removal PFASs were higher in 700 kHz - 1040 W closed system (P4 =
1040 W.L") as compared to 700 kHz - 250 W open system (Pd = 1250 W.L™") despite the lower
power density. Fluoride detected (m) was 43% higher than the fluoride estimated to be released

based on the 16 identified PFAS species (3% ). The experiments were conducted for 240 minutes at
10 °C in Argon saturated environment. The rates were calculated for the first 120 min using the
initial rate method. a. Sonication of IDW in a 700 kHz - 1040 W closed system (Pd = 1040 W.L"
1 and 700 kHz - 250 W open system (Pa= 1250 W.L™). The solid black line represents the kinetic
model fitting for the experimental data (solid markers) in a 700 kHz - 1040 W closed system (P4
= 1040 W.L") while the dotted black line represents the kinetic model fitting for the experimental
data (empty markers) in a 700 kHz - 250 W open system (P4 = 1250 W.L!). The starting
concentration of all PFASs in the IDW mixture is reported in parentheses. Degradation of more
PFAS species is reported in Figure A 7. b. Defluorination and removal of PFAS moles during

sonication of IDW. m - Moles of fluoride detected in the closed system, % - moles of fluoride
release estimated from 16 identified PFASs in the closed system, A - PFAS mass removed in the
closed system, A- PFAS mass removed in the open system. The concentrations (mg.L') of
fluoride, chlorate, and perchlorate are reported in Figure A 6.

Similar to this study, other studies have also demonstrated the defluorination of AFFF by
ultrasound and reported that the AFFF components had little effect on the degradation of PFASs
concentration of PFASs for PFAS concentrations below the kinetics transition concentration [54].
Our data suggest that in the case of mixtures (Figure 3.2 and Figure 3.3), the competition might
influence the rates but, if the concentrations of the species are lower than the kinetics transition
study, the first-order removal rates of sulfonates in the treated AFFF were found to be significantly
higher than the rates of sulfonates removal observed in the deionized water for a 24 mix of PFASs
treated under the same conditions (Figure 3.3b). However, the inverse was observed for the
removal rates of carboxylates. Differences in the compositions of AFFF formulations might also
influence the removal kinetics [54]. Adding surfactants to the PFAS sonication mixture has been
shown to affect the mass transfer of PFASs to the ultrasonic cavity by electrostatic interactions

[34]. The competition among the various AFFF constituents to partition to the cavity-water
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interface might play a role in the removal rates of PFASs [53]. The competitive adsorption of
species to the ultrasonic cavities has been reported to reduce the PFAS degradation rates [47]. The
PFASs in AFFF account for only 1-5% of the total mass, therefore, while estimating the energy
consumption during ultrasonic degradation of PFASs in mixtures like IDW and AFFF, the

degradation of other organics should also be included in the calculations [53, 54].
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Figure 3.3: Destruction of PFASs in AFFF spiked deionized water. The rates of removal for
sulfonates in AFFF were significantly higher than those observed for a 24 mix of PFASs; vice
versa for carboxylates. The highest rates of short-chained PFAS degradation were observed for the
treatment of 24Mix in the low TDS groundwater. All experiments were performed in de-ionized
water using a 700 kHz - 250 W open system (Pg = 1250 W.L™") for 240 minutes at 10 °C in Argon
saturated environment. The rates were calculated for the first 120 min using the initial rate method.
a. Pseudo-first-order removal of PFAS in AFFF sample (1:12500 dilution). The starting
concentrations of PFASs before ultrasound irradiation are shown in parentheses. The solid black
line represents the first-order kinetic model fitting for the experimental data (empty markers). The
degradation of more PFAS species is reported in Figure A 8. b. Comparison of pseudo-first-order
removal rates of PFASs in AFFF spiked deionized water, 24Mix-spiked deionized water, and
24Mix-spiked low TDS groundwater. The error bars represent the standard deviation.

3.3.3 Removal Rates of PFASs with Power Density and System
Conditions

The removal rates of PFASs decreased with decreasing power density (increase in the
treatment volume). To understand this relationship, degradation of PFOA, PFOS, PFBS, 6:2 FTS,
FOSA, and 6:2 FTAB was conducted at different power densities in individual experiments
(Figure 3.4a). In a 700 kHz - 1040 W closed system, the PFBS removal rate increased with an
increase in the power density from 5200 W.L™! to 1040 W.L!, followed by a decrease in the
removal rate with a further decrease in power density. Atomization of the bulk liquid was observed
at a power density of 5200 W.L ! but not at 1040 W.L"!, suggesting that the energy transferred to
the liquid might be consumed in the atomization of water, thus reducing the rate of removal of
PFBS. An increase in rates with an increase in power density is in agreement with Campbell et al.
[39]. However, in this study, the power density was altered by changing the water treatment
volume instead of changing the electrical power supplied. Interestingly, the observed relationship
between the volume (power density) and PFAS degradation rates suggests that the ultrasonic
cavitation energy fades with increasing distance from the transducer. The reduction in the relative

pressure field with an increase in distance from the transducer was previously demonstrated by
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Azar et al. [56]. Similarly, Tiehm et al. reported that maximum cavitation occurs closer to the
transducer surface [57]. Transducer design and assembly are critical in increasing the cavitation
intensity in the aqueous bulk. A comprehensive review of similar observations has been detailed

by Gogate et al. [58].
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Figure 3.4: Variation in removal rates of PFASs with changing power density and system
conditions. Pseudo-first-order removal rates (min'') of PFASs decreased with the decrease in
power density. The rates of degradation were highest in the closed system as compared to the open
systems. Rates of PFBS were higher at 700 kHz as compared to 900 kHz and vice versa for PFOA.
Each data point represents experiments conducted independently over 240 minutes in an Argon-
saturated environment at 10 °C. a. Comparison of degradation rates with the change in power
density. The empty markers represent 700 kHz - 250 W open system while the solid markers
represent 700 kHz - 1040 W closed system. b. Comparison of pseudo-first-order removal rates
(min-1) of PFASs degradation by ultrasound in different system conditions. The solid markers
represent a closed system while empty markers represent open system operation. The treatment
volume is reported in parentheses. The error bars represent the standard deviation.

As observed for ultrasonic degradation of 24Mix (Figure A 5) and IDW (Figure 3.2a), the

rates of degradation of individual PFASs in a closed system (P4 = 1040 W.L!) were found to be
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significantly higher than those in the open system (Pq = 1250 W.L'") (Figure 3.4b). The PFBS
degradation rate in a 700 kHz - 250 W open system (P4 = 250 W.L™") was insignificant. In the 900
kHz - 572 W open system (Pq =572 W.L "), the PFBS degradation rate was 0.0086 + 0.00096 min-
!, while the PFBS degradation rate observed in a 700 kHz - 1040 W closed system (Pa = 1040 W.L-
Y was 0.0274 min’'. Similarly, in the 700 kHz - 250 W open system (P4 = 250 W.L), the
degradation rate of PFOS and PFOA were 0.0016 = 0.0016 min™' and 0.0053 + 0.0010 min™'. In
the 900 kHz - 572 W open system (Pq = 572 W.L'!), the rates were 0.0107 min! + 0.0007 (PFOS)
and 0.042 min™! + 0.0067 (PFOA), and in the 700 kHz - 1040 W closed system (Pq = 1040 W.L),
the rates of PFOS and PFOA were 0.012 min! and 0.035 min™!, respectively (Figure 3.4b). The
fluorocarbon chain produced by pyrolysis of the PFAS headgroup undergoes further pyrolytic
reactions in the ultrasonic cavity generating smaller chain CF radicals [20]. The retention of the
fluorochemical intermediates in the closed system, thus increasing the availability of CF radicals
in the reaction, might explain the higher rates of degradation observed in a closed system compared
to the open system. Furthermore, the pressurization of the system increases the mass transfer of
fluorochemical intermediates from gas to liquid [41], increases the dissolved gas saturation in the
liquid, and decreases the ultrasound cavitation threshold [26]. Consequently, the rates of ultrasonic
PFAS degradation are increased. PFBS had higher rates of degradation at 700 kHz as compared to
900 kHz and vice versa for PFOA (Figure 3.4b). Similar observations have been reported by
Campbell et al. [31]. The degradation rates peaked at 610 kHz for PFBS and PFBA because of an
increase in mass transfer to the cavity-bulk interface and 358 kHz for PFOA and PFOS owing to

the maximum number of cavitations per unit time [31].
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3.34 Energy Consumption

Various studies, including the present work, have shown that ultrasonic treatment
technology is capable of mineralizing PFASs in a complex mixture without the generation of
shorter chain byproducts [42, 59]. First-order removal rates (k), required for calculating Ego, vary
with the chain length and functional group of PFASs. Therefore, the energy consumption for
degradation of high concentration mixtures can be better described by Egwm instead of Ego [31, 39,
60, 61]. This study estimated Ego and Egm values for AFFF, 24Mix, IDW, HFPO-DA, and 6:2
FTAB to compare their accuracy in evaluating the energy consumption in mixtures and high
concentration experiments. However, only Ego was calculated for low concentration single
compound degradation by ultrasound (Table 3.5). Mineralization of 23 mg.L! HFPO-DA
consumed 203 kWh.g! (Egm) or 4.8 MWh.m>.order! (Ego) compared to 1.3 MWh.m™.order!
(Ero) for degradation of 873 ug.L ' HFPO-DA. Similarly, the treatment of IDW consumed only 3
to 76 kWh.g! (Eem) compared to Ego of 14 to 8 MWh.m™.order! when estimated based on the 16
identified PFASs (Figure 3.2a). As reported above, the actual fluoride detected by IC was 43%
higher than expected from the defluorination of the identified compounds (Figure 3.2b).
Accounting for the removal of unidentified PFASs in energy estimates for the treatment of IDW
will lower the energy consumed. Various unidentified organics that might have been degraded
during ultrasonic treatment of IDW and AFFF, when accounted for in the energy calculations,
might further decrease the estimated energy consumption. Evidently, Egm is the more realistic
estimation of energy consumption in the sonication of matrices with high PFAS load, especially

for the mixture.
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The energy demand associated with the ultrasonic degradation of PFASs observed in this
energy consumption (Ego) for PFAS sonication can be reduced by increasing the PFAS
degradation rates and/or decreasing the power density (equation 3.5). Similarly, reducing Egm
requires decreasing the power and/or increasing the mass removed per unit time (equation 3.4). In
contrast, the experiments in this study and by Campbell et al. [39] have shown that degradation
rates increase with an increase in power density. Consequently, two basic techniques could be used
to reduce the energy consumption for the ultrasonic treatment of PFASs. Firstly, optimizing the
frequency of ultrasound to achieve maximum removal rate and secondly, altering the matrix
chemistry, thereby increasing the energy translation efficiency from electrical to ultrasound
cavitation and consequently increasing the degradation rates. Frequency optimization is
compound-specific [31] and as a result, for mixtures and actual waters, the optimization of
frequency will not be practical. Using single or multiple frequencies or changing the sonic field
affects the radius and population of the cavities, in turn affecting the rates [39]. Energy losses
during the conversion of electrical energy to ultrasonic cavitation are very high [9, 58, 62, 63].
Altering the matrix chemistry by changing the gaseous atmosphere, adjusting the pH, changing
ultrasonic treatment with other treatment processes like catalytic oxidation/reduction or
electrolysis [42, 62, 65, 66] can significantly improve the energy transfer during sonication. During
sonication, the temperature of the reaction mixture rose steadily to approximately 40 °C over the
first 120 min, regardless of the recirculation of cold water (10 °C), and remained constant over the

next 120 min for all experiments. Consequently, if the temperature control is not essential, the
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cooling component can be removed, thereby reducing the energy consumption associated with
cooling.

Table 3.5: Energy consumption for ultrasonic degradation. The calculations were performed using
the appropriate treatment volume. 200 mL impacted water was treated in the open system while
1000 mL impacted water was treated in the closed system. a. Energy consumption for mixtures of
PFASs and high concentration HFPO-DA.

Chemicals System Ci (ngLh Egm (MWh.g'h Ego (MWh.m?.order !
AFFF 861.21 + 43.06 59 2.18
IDW 700 kHz Open System (1250 W.L) 120735.42 + 6036.77 0.003 14.57
24Mix 215.63 +0.14 24.15 4.52
IDW 84089.22 + 4204.46 0.076 3.8
HFPO-DA 700 kHz Closed System (1040 W.L) 23000 + 180.04 0.203 43
b. Energy consumption for Individual PFASs.
Chemicals System Ci(ugLh k x 1073 (min™) Ego (MWh.m™.order!)
PFOA 140.26 + 0.38 37+1.92 1.28
PFOS 2.89+0.11 16+0.78 2.93
PFBS 10.53£0.14 10+ 0.64 4.5
6:2 FTS 700 kHz Open System (1250 W.L) 504+0.13 18+0.32 2.67
FOSA 0.2+ 0.008 15+ 4.6l 1.00
6:2 FTAB 7.2+ 1.06 27+0.94 1.65
HFPO-DA 867.15+7.23 32+3.09 131
PFOA 12.25 35 1.14
PFOS 16.78 12 333
PFBS 700 kHz Closed System (1040 W.L") 26.22 27 1.46
6:2 FTAB 2099.1 + 146.94 25+ 1.24 1.60
HFPO-DA 27425.66 % 312.61 12+027 333

c. Ego was estimated for 600 mL volume for the data reported in Table 1 by Liang et al.[42].

Chemicals System Ci(ugLh k x 1073 (min™) Ego (MWh.m™.order!)
PFBA 100.6 7 3.81
PFHxS 202 kHz (250 W.L) 92.0 12 2.22
PFHxA 100.5 19 1.40
PFBS 89.7 18 1.48
PFBA 100.6 12 222
PFHxS 358 kHz (250 W.L") 92.0 30 0.89
PFHxA 100.5 39 0.68
PFOA 99.4 41 0.65
PFOS 100.0 27 0.99
PFBS 89.7 23 1.16
PFBA 610 kHz (250 W.L") 100.6 14 1.57
PFHxS 92.0 22 1.21
PFHxA 100.5 36 0.74
PFBS 89.7 9 2.96
PFBA 100.6 8 333
PFHxS 1060 kHz (250 W.L") 92.0 12 2.22
PFHxA 100.5 22 1.21
PFOA 99.4 20 0.44
PFOS 100.0 10 0.89
PFBA 202 kHz (83 W.L") 100.6 7.2 1.23
PFBS 89.7 13 0.68
PFHxA 100.5 19 0.47
PFHxS 92.0 12 0.74
PFOA 99.4 34 1.04
PFOS 100.0 20 1.78
PFBA 610 kHz (333 W.L") 100.6 17 2.09
PFBS 89.7 17 2.09
PFHxA 100.5 36 0.99
PFHxS 92.0 22 1.61
PFOA 99.4 27 0.99
PFOS 202 +20 kHz (250 W.L") 100.0 3 205
PFOA 99.4 37 0.72
PFOS 610 +20 kHz (250 W.L") 100.0 o 127
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3.3.5 Bio-Sono and Electro-Sono Treatment Trains

The treatment of AFFF was tested in a bio-sono treatment train and electro-sono treatment
to evaluate the effect of the pretreatment on ultrasonic degradation. Similar to direct sonication
experiments, the sonication of biologically treated (Figure A 9) and electrochemically treated
(Figure A 10) AFFF solution demonstrated significant degradation of PFASs with pseudo-first-
order degradation kinetics. The bio-sono treatment train was found to degrade 30% PFOA, 30%
PFHpS, 60% AmPr-FPeSA, and 70% AmPr-FHxSA by incubating diluted AFFF with 1 U.mL"!
laccase and 20 mM HBT for 30 days followed by > 90% degradation by sonolysis (Figure 3.5).
The experimental details of the biological treatment of AFFF can be found in section 3.2.3. The
pseudo-first-order sonolytic degradation rates of electrochemically treated AFFF were found to be
significantly higher than those observed for sonolytic degradation of laccase + HBT treated AFFF
(Figure 3.6). The lower degradation rates observed during the sonolysis of biologically treated
AFFF can be attributed to competitive consumption of cavitation events by laccase, HBT, or other

intermediates produced during the biological treatment.
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Figure 3.5: Sonolytic destruction of PFASs after biological treatment by 1 U.mL™! laccase and 20
mM HBT (Section 3.2.3). Laccase + HBT system was able to degrade 30% PFOA and PFHpS in
30 days. The following sonolysis removed nearly 90% PFOA and PFHpS in 4 h. Similarly, more
than 60% AmPr-FPeSA and AmPr-FHxSA were removed by laccase + HBT treatment followed
by complete removal by 4 h sonication. The sonication experiments were performed in a 700 kHz
- 250 W open system (Pq = 1250 W.L!") at 10 °C in Argon saturated environment. For the laccase
+ HBT experiment error bars represent experimental triplicates while error bars in the sonolytic
experiment represent analytical triplicates.
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Figure 3.6: Comparison of pseudo-first-order removal rates of PFASs observed during the
ultrasonic treatment of diluted AFFF initially treated electrochemically (blue bars) or by laccase +
HBT system (grey bars). The rates were found to be higher for the electro-sono treatment train as
compared to the bio-sono treatment train.
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34 Conclusion

Efficient destructive technologies for PFASs are scarce and have limited field applicability.
Despite the energy-intensive nature, ultrasound can be employed for the non-targeted treatment of
PFASs in mixtures, AFFF, IDW, along with the treatment of various other classes of recalcitrant
pollutants [31, 67]. This study demonstrates the effectiveness of ultrasound for the degradation
and mineralization of legacy and novel PFASs, in real waters, complex mixtures, and high
concentration IDW samples. The newer alternatives of legacy PFASs, like HFPO-DA, and
zwitterionic species like 6:2 FTAB are efficiently mineralized by acoustic cavitation. The high-
frequency ultrasound can also be used effectively to treat impacted groundwater. In low TDS
groundwater, significant PFASs degradation (> 97%) was observed with 30% - 60% higher
degradation rates for PFSAs and short-chained compounds (C < 8). However, the degradation rates
of PFASs in high TDS groundwater were more than 50% lower than those in deionized water.
High TDS groundwater and its constituents inhibit the degradation of PFASs by lowering the
surface tension and assisting the formation of PFAS LNAPL at the bulk aqueous-gas interface.
The acoustic irradiation of AFFF showed more than 97% degradation of the identified PFASs. In
comparison to the rates observed for the treatment of 24Mix in similar conditions, the degradation
rates for the treatment of diluted AFFF were 40% - 60% higher for PFSAs and 10% lower for most
PFCAs. Compared to the open system operation of the reactor, closed system conditions
demonstrated significantly higher removal rates across all matrices, owing to the increased
availability of fluorocarbon intermediates in the reactions. Furthermore, for all PFAS tested,
decreasing the power density decreased the degradation rates. The ultrasonic irradiation of high
TDS IDW in a closed system also demonstrated mineralization of 230 pumol (89.4 mg) of

cumulative identified PFAS mass using 76 kWh.g™! as compared to 55 pmol (15.9 mg) mass
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removal using 3 kWh.g! in an open system. Degradation of complex IDWs and impacted waters
with high PFAS load by ultrasound might be more energy-efficient than treating low PFAS load.
Treating such complex blends with ultrasound can make the matrix considerably cleaner and
treatable for other downstream treatment technologies that are less energy-intensive but are
otherwise not feasible. This study also provides insights into reactor design and system conditions
which need further optimization to enable efficient utilization of ultrasonics in the field of water
treatment. The destructive power of ultrasound can be more efficiently employed to treat high
salinity - high concentration mixtures of PFASs like ion exchange and reverse osmosis brine,

AFFF impacted groundwater, and IDWs.

Appendix A
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Figure A 1: Schematic of custom-made sealed polypropylene ultrasonic reactor (2 L) with PFAS-
free components, equipped with piezoelectric (700 kHz or 900 kHz) transducer array.
Temperature control was achieved by recirculating water through high-density polyethylene (0.25
in) or stainless-steel cooling coils. The dimensions are in inches [millimeters].
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Figure A 2: Degradation of HFPO-DA and PFOA in independent experiments over 240 minutes
by 700 kHz ultrasound in a 250 W open system. The HFPO-DA was treated in an argon saturated
environment at a power density of 1250 W.L™! and PFOA was treated at a power density of 250
W.L! (at 10 °C reactor temperature). The starting concentrations are shown in parenthesis and the
error bars represent analytical triplicates. The solid line represents modeled pseudo-first-order
kinetics, and the rates were calculated using the initial rate method.

74




1.0 @ PFOS-GW (10.4 ug. L %) o - B 6:2FTAB-GW (0.24 ug.L 1) 1.0 P FOSAGW (2.3 ug.t 1)
PR L y=e-00ex 7 _ ggg y=e-00l8x g2 _ g6
O PFOS-DI (3 ug. 171 1 [] 6:2FTAB-DI (7.2 pg. £-1) [> FOSA-DI (0.2 ug.L™1)
\ —— yreoor z a9 \ —= y=e00x pZ= 009 o] —= y=e 00 RZ=008
08 Y % 0.8 1
\ 1
Y -
| [ ]
0.6 0.6 067
o \ o o
5 \ S Sl
g Y J v
0.44
0.4 0.4
\
OhN
\
m 0.2 4
0.2
0.2 \\
A =
.
@“'-Q__ \‘ﬁ--ﬁ_ 0.0
0.0 S--a 0.0 ™ -B-F=
0 30 60 90 120 150 180 210 240 3 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time (min) Time (min) Time (min)
1.0 A PFBS-GW (7.5 ug. L1 10 & PFOAGW (5 ug. L)) 1.0 & 6:2FTS-GW (6.1 ug. L 1)
y—e B0 RE g5 y—e 00 gz _ 04 yoe Bu0 B2 0,99
\J
\ A PFBS-DI (10.5 pg. L) ) PFOA-DI (140 pg.L77) g5 6:2FTS-DI(S ug.L77)
\ e g o owwe pr L v g
08 \ y=e R?=0.96 . y=e L RZ=0.96 . y=e R =099
06 0.6 0.6
g 8 4
2 2 2
Q &) (@)
0.4 0.4 0.44
0.2 0.2 0.24
0.0 0.0 0.04

T
0

30 60 90 120 150 180 210 240
Time (min)

u
30

T
60

90 120 150 180 210 240
Time (min)

T
0

T
30

T
60

90 120 150 180 210 240
Time (min)

Figure A 3: Pseudo-first-order removal of PFASs in independent experiments over 240 minutes
by 700 kHz - 250 W open system (Pq= 1250 W.L™") in low TDS groundwater (solid markers) and
de-ionized water (empty markers). All the experiments were performed at 10 °C in argon saturated
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Figure A 4: Degradation kinetics of 24 different components of 24Mix in deionized water (DI),
low TDS groundwater, and high TDS groundwater. The experiments were performed for 240
minutes in Argon saturated atmosphere at 10 °C. o - concentrations in deionized water, O -
concentrations in low TDS groundwater, and A - concentrations in high TDS groundwater. a.
Pseudo-first-order removal of 24Mix in deionized water (DI), low TDS groundwater (LGW), and
high TDS groundwater (HGW) using a 700 kHz - 250 W open system (Pg = 1250 W.L!). The
error bars represent analytical triplicates. b. Pseudo-first-order removal of 24Mix in high TDS
groundwater using 700 kHz - 1040 W closed system (P4 = 1040 W.L). (See Figure 3.1 for
comparison of rates)
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Figure A 5: Comparison of pseudo-first-order removal rates (min™') of PFASs observed in 700 kHz
- 250 W open system (Pq = 1250 W.L™!") with those observed in a 700 kHz - 1040 W closed system
(Pa = 1040 W.L!) for the acoustic treatment of the 24Mix in high TDS groundwater. The removal
rates were higher in the closed system despite the lower power density as compared to the open
system. The error bars represent the standard deviation. (See Figure 3.1 for rates measured in
different groundwater samples)
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Figure A 6: Concentrations (mg.L™') of fluoride, chlorate and perchlorate detected during
sonication of IDW in 700 kHz -1040 W closed system (P4 = 1040 W.L ). The experiment was
conducted for 240 minutes at 10 °C in Argon saturated environment. (See Figure 3.2 for respective
PFAS degradation and fluoride production in molar units)

79



AlAy

AlAy

AlAy

CgHgO4SNFqy (m/z = 419.9770)

CgHO35F;5 (m/z = 460.9335)

CgH4045NFy3 (mfz = 455.9587)

CoHg04SNFy3 (mfz = 469.9746)

L4
1.0
@ Closed System A A Lo
= e-00Mr RZ = 0.99 A A
o] g Syste . 2 A
pen System
== y=etOMr RZ =098 A B 08 08
10
A 0.6 0.6
o 08 A, o o} o
< A =z <
< < <
0.6
0.4 04
o ®
- L 04
(‘D‘.._O & Closed System & Closed System
A Closed System 021 —— y=e-0002% R2 = 0.99 021 —— y=e-009 RZ =099
021 — yoe-0m2 gZ =99 7 Open System <k Open System
/A Open System == y=e"000Z RZ =090 —=- y=e 00 R = 0,95
0.0 0.0 0.0
o 30 60 90 120 150 180 210 240 o 30 &0 90 120 150 180 210 240 o 30 &0 90 120 150 180 210 240 o 30 60 90 120 150 180 210 240
Time (min) Time (min) Time (min) Time (min)
C15H18045;NF3 (m/z = 586.0397) s Cy5H18085:NF 3 (m/z = 618.0302) CgHO,S5F 3 (m/z = 382.9432) 1 C14H10055;N;F 13 (mfz = 605.0447)
B Closed System o O 0O 10 ® Closed System
. O — y=e Tt RZ =007 12 o [V — y=e %% R = 098
Y O oOpen System a '\ O Open System 10
0O - y=etOUx RZ=083 12 o8 y=e 0wEs g2 = poz
N o
o8
Lo
0.6
o ° o
L os < <L os
< < <
0.6 0.4
0.4
04 > Closed System >
# Closed System 0.2 0a] — ¥=e00M 7= 097
02 — y=e-002 RZ =096 [> Open System
©  Open System === y=e 000 R =087
oo 0.0 0.0
4 30 60 9 120 150 180 210 240 0 30 60 90 120 150 180 210 240 0 30 60 9 120 150 180 210 240 0 30 60 %0 120 150 180 210 240
Time (min) Time (min) Time (min) Time (min)
C10Hs045NF 15 (m/z = 519.9698) CoHgO55:NF3 (m/z = 519.9569) CgHgO45SNFy; (m/z = 419.9770)
Lo ® Closed System 10 4 Closed System
— y=e 00 R2 =098 — y=e W% R2 = 099
© Open System <] Open System
08 —— y= 000 RZ = o4 08 ——- y=e-0008 B2 = 0.99
\
06 0.6
o °
< =
< <
o4 04
. o
* Closed System o "‘-..__h
— y=e-000% g2 = 0.08 ) S~ 0z
% Open System o
—— y=e-0% R = 092 0o o
0.0
4 30 60 9 120 150 180 210 240 0 30 60 S0 120 150 180 210 240 G 30 60 9 120 150 180 210 240
Time {min) Time (min) Time (min)

80




Ci13H19FoN20S (m/z = 423.1157)
OR

Cy2H21FyN204S (mfz = 423.1163) Cy7H2sF13N20g53 (Mfz = 729.0628) Cy1H17FaN2035 (mfz = 429.0884) 20 C11H15FsN2045 (mfz = 443.0681)
O @ Cosed System 18 o o O Lo ® Closed System 4 Closed System
14 o — y=e0o, 2= g7 [ I o — y=el0 B2 =099 18 — y=18e7000 R2 = p383
~ O Opensystem 16 o a O Open System & Open System
12 ~\ —= y=13e"0%4 RZ =051 ) == y=e 0 g2 = 009 16 —— y=12e7"07 2 =po3
14 0.8
10 L1
o o L 06
Lo8 < <
< < 08 - . <
06 04
06
04
04
02 ® Closed System 0z
02 — yme-000 A2 000
@ Open System
0.0 00 0.0
0 30 80 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time (min) Time (min) Time (min) Time {min)
. Cy3H19FgN204S (m/fz = 471.1000) 2 CyzH17F11N2035 (m/z = 479.0849) CyzH1sF11N204S (m/z = 493.0641) 18 Ci7H19F17M3045 (m/z = 693.0688)
o o o & Closed System 10 | Closed System * Closed System
o a — y=et0 R? =089 < < — yme U R =099 16— y=e 0N gl =097 .
12 =} o 1o o] ) Open System « <] Open System % Open System #
o o . —— y=e U0 7080 08 4 —— yme U R 097 14 o .
10 * 7
08 12
L]
o 08 o 510
< u Lo <
o6 - < | Cos
0.4 06
0.4
04
2] M Closed System = 0z
— -t g2 pgg 0z
[0 Open System <
00 00
0 30 80 0 120 150 180 210 240 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240 © 30 60 S0 120 150 180 210 240
Time (min) Time (min) Time (min) Time (min)
s CizHi5F13N20,5 (mfz = 499.0710) e Cy5H19F13N2045 (m/z = 589.0485) C14H19F11N2045 (m/z = 521.0957) Ci3H17F13M2055 (m/fz = 529.0821)
N # Clased System o o O 164 & B Closed System
164 s — ymeOn BT = 0.99 15 A A A, o o ‘\ o yeemtom, g2
. { OpenSystem A . 14 . [> Open System
14 A ¢ £y == y=16e7 BT - 007
C 12
1z
10
o Lo o
< <
< g <
06 06
04 o4
A Closed System @ Closed System
0.2] e yme-000 A2 007 029 o g-090% p2 = 008 0z
A Open System ) Open System
L ——— [ . . 0.0l . , . : : . . 0.0l , . , . . o 004 . : . e
0 30 80 90 120 150 180 2z10 240 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time (min) Time (min) Time {min) Time {min)
16 C14H17F13N204S (mfz = 557.0778) 2 C14H19F13N2055; (m/z = 629.0420)
. *  Closed System % Closed System
. % Jalipurve g S @ o A7 o 099
\\ ¥ Dpen System 10 £ Open System
.~ == y=lae®0% g7 =058 —= y=e UM 7089
12 Sae
Sas 0.8
10 ~-
N =
o * Sl o
< o8 = Zos -
< = ~~2.
06 =
04
0.4
0.z
02 -4
00
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Time (min) Time (min)

Figure A 7: Destruction of PFASs in concentrated investigation derived waste (IDW). The solid
black line represents the kinetic model fitting for the experimental data (solid markers) in a 700
kHz - 1040 W closed system (Pq = 1040 W.L™") while the dotted black line represents the kinetic
model fitting for the experimental data (empty markers) in a 700 kHz - 250 W open system (Pq =
1250 W.L"). The experiments were conducted for 240 minutes at 10 °C in Argon saturated
environment. The rates were calculated for the first 120 min using the initial rate method. a.
Relative decrease in the area (A/A.) of PFASs detected in the negative electrospray ionization
mode. b. Relative decrease in the area (A/A,) of PFASs detected in the positive electrospray
ionization mode. (See Figure 3.2 for measured concentrations of selected 16 PFASs)
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Figure A 8: Destruction of PFASs in AFFF spiked deionized water. The experiments were
performed in a 700 kHz - 250 W open system (Pq = 1250 W.L™!) for 240 minutes at 10 °C in Argon
saturated environment. The rates were calculated for the first 120 min using the initial rate method.
a. Relative decrease in the area (A/A,) of PFASs detected in the negative electrospray ionization
mode. b. Relative decrease in the area (A/A,) of PFASs detected in the positive electrospray
ionization mode. (See Figure 3.3 for measured concentrations of 10 selected PFASs)

83



CIc,

€I,

CiC,

a6

] 14 10 e
e} Q L
. =
08 o8 Le N
Q
06 0.6 06 T
Y g g
) =) =
04 0.4 0.4
(o]
0
02 0z 02
O PFOS (120 pg.L7Y) o 5 © PFOA(13pug.L7h) o O PFBA(15pug.L7Y) @ 42FTS (2.4 ug.L~h)
yoe MK RI_(p y=e 01x g2 - gog y=e 000 pZ_ g y=e M0 g2 = 0go
0o 0o 0.0
D30 60 90 120 150 180 210 240 030 B0 90 120 150 100 210 240 @ 30 e) 91 120 150 190 210 240 0 W 60 S0 120 150 180 210 240
Time {min) Time (min} Time (min} Time (min}
10 10 1o
[m}
08 0.8 0 O
e
X
06 06 06 =]
«| s S g O
) &) (&)
04 04 0.4
0z o g 0z O 07
X PFPeA{ldpug.Ltl) O PFHxA (36 ug.L ™) o O PFHpA (4.83 ug. O O O PFHXSK (50 pg.L ™)
— y=e "0 g2 =098 — y=e"0 R? =098 — y=e """ R?=10.99 — y=e " R? =092
00
o 30 &0 80 120 150 1B0 210 240 on o 30 B0 20 120 150 1BO 210 240 a EL) () L 120 150 180 210 240 e o EL) &0 90 120 1500 180 210 240
Time {min) Time (min) Time (min} Time (min)
10
10
08 .
o0& 06
g ]
&} I8}
04 0.4
o 0z oz
OO0 PFHpS (5pg.L7Y) O PFPeS (9 pug.L7) OO0 MeFPeSAA (7 ug.L71) [m]
—— y=e U0 RZ =063 — y=e~ RI=q75 — y=e U 2= 090 d
0.0 0.9
O30 60 80 120 150 180 710 7an 0 30 &b 90 170 150 180 210 240 a 3 0 91 130 150 180 210 240
Time {min) Time (min) Time (min}

84



miz = 393.0708 mfz = 629.0976 mjz = 385.0622 m/z = 579.1008
10 10 1.0 10
A CygHisFrN2045 CaHn F1zN2065 " *  CigHuF1N206S
—aD004x g2 _ —a-DOL2x g2 _ —_— y=p 00Uk p2
0s y=e LR 0.97 o8 y=e LR 0.95 s os y=e R 0.94
o 06 o U o 06 o 0.6
< £ < <
< < < <
a4 0t 04 0.4
A
02 02 0z CgH13FsNz 0,5 02
y= el 2 08y *
a0l ) ) T ' v ) ) ' T T 00l ' T ' r " T 0.0y ; ) " ' r ' T
0 30 60 80 120 150 18 210 240 ¢ 30 B0 90 120 150 0 210 240 a 30 e0 91 120 1s0 180 210 240 0 e S0 120 150 18 210 240
Time (min) Time (min) Time (min) Time (min)
miz = 457.0834 mfz = 507.0796 mjz = 471.0992 mfz =529.1043
1a [ 10 « 10
-«
[ 0.8 08
o U8 5 06 o 06
3 P T =
04 . * 04 - - e
a4
s B CirHi7FgN> 045 021 @ CizHisFaN; 045 0z 4 CizHiaFgN:04S 0z| P CisHz1FaN206S
—— y=1.15e""9% g% = 0,25 — y=eM00% g2 - g3g1 —— y=e "0 g% = 081 —— y=e %07 R? = 0,99
ap 0 0.0 0.0
o 30 60 o0 120 150 180 210 240 a 30 B0 a0 120 150 180 210 240 a ED) G0 aa 120 150 180 210 240 o ED a0 80 120 150 180 210 240
Time (min) Time (min) Time (min) Time (min)
mjz = 557.0765 mfz = 479.1079
10 19
4 CuHisFiaN:048 u B CiaHnFaN206S
y=e M0l B? = 093 B — y=¢~000 g7 = 0,06
08 0a
L 06 508 L
< < u
< <
a4 04
a2 0z
ae 0a
o 3n a0 k) 1200 150 180 210 240 i 30 ) a0 120 150 180 210 2440
Time {min) Time (min)

85



- mjz = 844.9473 mfz = 569.9685 mjz = 397.9532 1 mjz = 4949704
] A
12 0 ® CoHoFiNOLS *
10 @— - [ ] Lo os y=e 001 g2 = (9g 10 4 "
. ° Y S - -
° © ] *
e 08 A A A na * o+ ¥
) 9 =) 06 o
< as < A < L os
< 08 < <
04
aa 04 0.1
a2{ ® CiHFz0, 0z & CuHeFizNOS o2 02 *  CioHzFg0;
— y=e 000 g? —.0.12 — y=e 00005 g? = g9 — y=1075e" 000 R? = 0.77
a.0 ™ v " T v 0.a " v v T T 00 i v T v i i T 0.0 v " " v T T 0 T
0 30 60 80 120 150 180 210 24p @ 3 e 9 120 150 180 210 240 a 3 e 91 120 150 180 210 240 0 3 6 @0 120 150 18 210 240
Time {min) Time (min) Time (min} Time (min)
m/z = 369.9806 . mfz = 644.9608 miz = 483.042 . mfz = 5949638
190 L 1.0
B CrHFgNOLS A CiHisFish>0558 hd
ey 00K g2 _ 10{® * @ - e y—e-00Ex g2 _ 10 @ &
a8 y=e R 0.99 - . y=e R 0.97 PO 2 F K * &
0 08
P o , 06 .
< < os < =X o6
< < < <
04 04
0.4 0.4
az 02| ® CisHaFaNO; o 02| ® CiHFu0,
— y=1.075¢ %80 RZ =14 — y=1.05¢ "% R? = (.20
a.0 oo 0o oo
D30 60 80 120 150 180 210 280 0 30 eD 90 120 150 W0 200 240 G 30 e0 91 120 150 180 210 240 0 el S0 120 150 180 210 240
Time (min) Time (min) Time (min) Time (min}
1a mfz = 634.9575 12 mfz = 248.9465 12 m/z = 812.9526 . mfz = 744.,9541
+ [ ] L] >
10 10 10 * 10 &
n 'o\._.\.\-
a8 ¢ ¢ + 08 ] 0.8 [ 0.6 LA
o o o o
L os < oe L] < 06 L os
< ] <
aA oA o4 0.4
02| ® CiaHsFz0; 02| W CHF:0sS oz| ® GCisHsFaNO:S 02| P CisHzF2e0;
— y=1035¢"%001x B2 = 0,65 — y=e M0 RI=049 — y=e ™00 R2 = 070 — y=1.05e"%00 g2 = 0.72
a0 0 0.0 0.0
o 30 a0 ) 1200 150 180 210 240 o 30 ) a0 120150 180 210 240 a 30 [ a0 120 150 180 210 240 0 an 60 20 120 150 180 210 240
Time (min) Time (min) Time (min} Time (min}
m/z = 347.9559 mfz = 297.9593 miz = 247.962 . mfz = 319.9835
1a 10
o *  CsH>F11NOs5 C4H>FaNO5S ® CzH;F;NG,S ¥ CgHgF7NO,sS
e — y=eo %0LX R2=099 os — y=e 000X g2 =p.99 . — y=e 000 R2=0098 1o — y=e 0¥ pl =098
08
o 08 o 06 -} o
< < < <L os
< < < el =
a4 0.4 04
0.4 y
a2 07 02 0z
a.n 0.a 0.0 0.0
o 30 60 80 1200 150 180 210 210 o 30 B0 a0 120 150 180 210 240 a EL) 60 ag 120 150 180 210 2400 o o &0 80 120 150 180 210 240
Time {min) Time (min) Time (min} Time (min)
- n/z = 544.967 mfz = 469.9734 mjz = 383.0484 . miz = 7949504
¥
e ®  CoHgF13NO,S 14 u
2 y=e 002 g2 = p 94 12 10 * *
T 0 *
104 + + + — PRl | 08
208 < 06 208 ©
< <L T 2 oe
< s < <L g <
04
0.4
a4 0.4
gzl T CufaFa0: 0z 0| M CoHisFeN; 0,5 u 02| *  CigHzF3002
— y=1175e" 001 g2 = g 39 — y=1.2e790% g2 =078 — y=p 000082 p2 — 0039
a0 oa 0o L] oo
O 30 60 80 120 150 180 210 2an 4 30 e 9 120 150 180 210 740 @ 3 e 91 120 15 180 210 240 0 W 60 @0 150 150 184 210 240
Time {min) Time (min) Time (min} Time (min)

Figure A 9: Sonolytic destruction of PFASs after biological treatment by 1 U.mL! laccase and 20
mM HBT (Section 3.2.3). The experiments were performed in a 700 kHz - 250 W open system (Pq4
= 1250 W.L"!) for 240 minutes at 10 °C in Argon saturated environment. The rates were calculated
for the first 120 min using the initial rate method. a. Decrease in concentration of PFASs (C/C,)
b. Relative decrease in the area (A/Ao) of PFASs detected in the negative electrospray ionization
mode. c. Relative decrease in the area (A/Ao) of PFASs detected in the positive electrospray
ionization mode.
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Figure A 10: Sonolytic destruction of PFASs after electrochemical treatment. The experiments
were performed in a 700 kHz - 250 W open system (Pq = 1250 W.L ") for 240 minutes at 10 °C in
Argon saturated environment. The rates were calculated for the first 120 min using the initial rate
method. a. Decrease in concentration of PFASs (C/C,) b. Relative decrease in the area (A/A,) of
PFASs detected in the negative electrospray ionization mode. ¢. Relative decrease in the area
(A/A,) of PFASSs detected in the positive electrospray ionization mode.
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Chapter 4

Field Demonstration: Large-scale
Ultrasonic System for The Treatment of
Per- and Polyfluoroalkyl Substances

Impacted Groundwater.
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Abstract

Per- and polyfluoroalkyl substances (PFASs) are a class of fluorinated surfactants used in
countless applications. Potential human health risks posed by PFASs include endocrine disruptions
and negative effects on the development of reproductive systems. Historical PFAS-containing
AFFF release at fire training areas has impacted groundwater at many sites across the world. We
tested the treatment of AFFF/PFAS impacted high salinity groundwater using a custom-built field
scale reactor (59 L). The impacted groundwater had high dissolved solids concentrations (10200
mg.L") due to seawater intrusion. The PFAS concentration in the reactor influent ranged from
54401 + 2927 ng.L'! (PFHxS) to 26.5+7.6 ng.L! (4:2 FTS) with 46660 + 4236 ng.L™! PFOS and
37130 + 7913 ng.L! PFOA. The reactor carried out successful degradation of 15 PFASs (>90%)
and 11 PFAS precursors, with 11 PFASs and 7 TOPs degraded to < 70 ng.L™! when impacted
groundwater was irradiated by 700 kHz ultrasound. The rates of ultrasonic degradation were higher
for PFCAs (compared to PFSAs), longer chain PFASs, and sonication at higher power densities.
Investigation of the effect of reactor temperature (15 °C and 25 °C) on degradation kinetics
demonstrated higher rates at higher temperatures. No disinfection byproducts (chlorate and
perchlorate) and PFAS intermediates were detected during 8 h of sonication in all 6 operating
conditions. The energy consumed during 8 h of sonication was 28.01 + 0.47 kWh while the Ero
estimates for the treatment of 54 L, 33 L, and 22 L impacted groundwater were 599.51 + 52.54
kWh.m>.order!, 79725 + 42.16 kWh.m>.order! , and 699.43 + 3.30 kWh.m™>.order”,
respectively. There is a critical need for developing destructive and non-destructive technologies
for the removal of PFASs from impacted environments. This study demonstrates the successful
utilization of a large-scale ultrasonic reactor in the field for the treatment of PFAS impacted

groundwater without production of disinfection byproducts or PFAS intermediates.
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4.1 Introduction

PFASs have recently created much concern due to their detection in various environmental
matrices and high resistance towards traditional treatment technologies. With increasing water
recycling and reuse, the destructive technologies for remediation of PFAS impacted water have
become increasingly important. The regulatory agencies have also started to introduce stringent

regulations to mitigate the risks of PFASs impacting natural resources (Chapter 2).

Current treatment technologies are limited to the sorption or separation of PFASs with
landfilling or incineration as the ultimate disposal/destruction alternative. The off-site
transportation costs, chemical and reagent costs, and disposal costs could be significant
contributors to the expenses involved in these technologies. Moreover, only a few PFAS
destruction technologies, like plasma treatment, have been successfully demonstrated to be field-
ready. However, these destructive technologies may have the downside of producing disinfection
byproducts and short-chain intermediates [1-10]. The ultrasonic reactor can be used with relative
ease for PFAS defluorination as it does not require technical expertise, specialized equipment, or

additional reagents.

The ultrasonic bench-scale study demonstrated its effectiveness in PFAS mineralization in
high salinity matrices with high PFAS load, including groundwater and investigation-derived
waste, without generating disinfection byproducts, like chlorate and perchlorate. The acoustic
treatment technology creates micro-nano cavities in the bulk liquid. Under the high acoustic
pressure applied by high-frequency sound, the temperatures in these cavities can be over 5000 K.
The high temperature leads to the pyrolysis of chemical bonds leading to complete mineralization

of PFASs. The lab-scale study demonstrated the mineralization of 51 PFASs in IDW and
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degradation of 41 PFASs in AFFF along with near stoichiometric fluoride recovery of HFPO-DA

and 6:2 FTAB (Chapter 3).

This work evaluates the efficacy of the acoustic treatment technology at the field scale
using a large-scale reactor for treating AFFF impacted groundwater. The field-scale reactor was
designed as per the results obtained in the lab-scale study and incorporated into a mobile trailer
for easy transport and testing at the desired site. We also assessed the formation of disinfection
byproducts and evaluated the degradation of various PFAS precursors by ultrasound. The energy

consumption estimates were also performed for the field scale demonstration.

4.2 Materials and Methods.

4.2.1 Chemicals

All labeled PFASs used as internal standards were obtained from Wellington Labs (Guelph,
Ontario, Canada). LC-MS grade solvents and other reagents (ACS Grade) were purchased from

Thermo Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, MO).

4.2.2 Site and Groundwater.

The site characterization and selection were performed by GSI Environmental Inc. The site
had been used for testing and evaluation since 1945 (Figure 4.1). The site is approximately 1.5
acres and includes two fire training (or burn pits), one closed, and one active. The closed burn pit
was used for firefighter training from the late 1950s to 1984. The active burn pit is still available
for use as a fire training area, without AFFFs. The site has interbedded sands, silts, and clays, and

the semi-perched aquifer extends from the water table (i.e., 0.6 m to 3 m) to approximately 26 m
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to 41 m. The groundwater flow is to the northeast direction, during the dry season, and to the
southwest direction, during the rainy season. The reversal of historical groundwater gradient, with
the draw of groundwater from the aquifer systems, lead to seawater intrusion into the aquifers and
high concentrations of total dissolved solids (TDS) (Table 4.1).

Table 4.1: Groundwater Characteristics.

Characteristic Background Levels
Nitrate (mg.L") N.D.
Nitrite (mg.L™") N.D.

Fluoride (mg.L") 0.9
Chloride (mg.L™") 5283.7
Bromide (mg.L™") 17.4
Sulfate (mg.L™!) 1955.5
Sodium (mg.L") 3203.0
Aluminum (mg.L") N.D.
Magnesium (mg.L!) 581.6
Calcium (mg.L™") 1145.0
Manganese (mg.L™") 1.7
Iron (mg.L!) 0.05
TDS (mg.L") 10200
pH 6.70
Specific Conductance (uS.cm™) 16000
TOC (mg.L™") 6.43
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Groundwater
+ Extraction-Wells

Figure 4.1: Site of the field demonstration of the Pilot-scale Ultrasonic Reactor for the treatment
of PFAS impacted Groundwater.
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4.2.3 Reactor Design and Operation.

The installation and operation of the reactor on the site were performed by GSI
Environmental Inc. A customized sonolysis reactor was obtained from PCT Systems, Inc. (San
Jose, CA). The reactor was made of stainless steel with a capacity of 59 L with dimensions of
101.60 cm (1) X 45.72 cm (w) x 12.7 cm (d). The ultrasound source is a collection of 48 - 700 kHz
piezoelectrical transducers (2.54 cm x 12.70 cm) assembled in four quadrants, with a total piezo
area of 1548 cm?®. (Figure 4.2). The reactor’s rated operating power is 7200 W with a power
intensity of approximately 9 W.cm™. The electrical power consumed during the sonication of
PFASs was monitored using an inline power meter. Additionally, the reactor was equipped with a
temperature sensor to measure the solution temperature, low-level switch, water level indicator,
pressure gauge, and pressure relief valve to monitor the pressure conditions (= 1 atm) and stainless-
steel cooling coils. A 5-ton cooling unit (220 V - 3Phase - 30 Amps) was used to circulate a
water/alcohol refrigerant mixture through the cooling coils to control the reactor temperature. The
design of the pilot-scale reactor was based on the findings of the laboratory study using a 2 L
bench-scale reactor. The reactor was housed in a 4.27 m x 2.13 m trailer positioned on level ground
on the paved area of the site under investigation. The groundwater was pumped from the extraction
well through a 0.45 um filter and stored in two polypropylene containers (1041 L each, 1.22 m X
1 m) till needed for treatment by the pilot-scale system. A portable generator was used to provide
power (240 VAC) to the pilot-scale system. The reactor containing groundwater was purged with
high purity argon for 30 min before, during, and after the operation of the reactor. A granular
activated carbon (GAC) cartridge was installed on the headspace vent to capture any potential
VOC or PFAS destruction bi-products emissions. The sonolysis experiments were performed for

8 h and each experiment was conducted once because of the time limitations. For every hour of
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treatment, the ultrasound was on for 45 min on and off for 15 min. Different operational parameters
like power density (122 W.L™!, 203 W.L"!, and 305 W.L!) and reactor temperature (15 °C and 25
°C), were tested in batches using the sonolysis reactor. The samples were collected every hour

during the 15 min off phase.
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Figure 4.2: Schematic of stainless-steel ultrasonic field reactor (59 L) equipped with 700 kHz
transducer array and stainless-steel (0.25 in) cooling coils. The dimensions are in centimeters.

4.2.4 Calculations.

The destruction of 15 PFASs and 11 PFAS precursors was monitored during the sonication
of impacted groundwater. The pseudo-first-order rates were calculated using the initial rate method

[11] and the kinetics were modeled as (equation 4.1)
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dCpras

= K XCppas (4.1)

The removal percentage was calculated by (equation 4.2)

PFAS removal (%) = % x 100 (4.2)

where C, is the initial PFAS concentration and C is the final PFAS concentration. The

power density was calculated as (equation 4.3)

Power Density = I%’ (4.3)

where I is the current drawn (A), v is the voltage (V), and V is the volume of water treated
(L). The calorimetric power density is 62.2% of the electrical power and can be calculated as
described by Laugier et al. [11]. The energy consumption was calculated as (equation 4.4 and

equation 4.5).

Pxtx103
Egm(KWh.g1) = V(Xcix_cf) (4.4)
EO .m-3.order1) = i 4.5
Epo (kWh.m=.order-1) Pxtx10

Vxlog(Ci/Cg)

where Epm is the energy consumed per mass removed (kWh.g!), Ego is the energy
consumed per order of magnitude removal (kWh.m.order™!), P is the rated power (kW), t is time
(h), V is the volume (L), Ciis the initial cumulative PFAS concentration (mg.L™"), Cris the final
cumulative PFAS concentration (mg.L™!), and k is the pseudo-first-order rate constant (min™!). The
cumulative rate constant was calculated to estimate the energy consumed for the treatment of

groundwater as equation 4.6.
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sk= 2Cre) Jz.c) (4.6)

t

where Xk is cumulative removal rate (min), t is time (min), C; is the initial cumulative
PFAS concentration (mg.L'), XCr is the final cumulative PFAS concentration (mg.L™).

Cumulative PFAS mass removal was calculated as equation 4.7

(CiPFAS_CFFAS)_I_(C'iI‘OP_C'rI‘OP)

Cumulative PFAS Mass Removed = XV (4.7)

6
10

where Ci'¥AS is the initial cumulative PFAS concentration (ng.L!), CF™S is the final

cumulative PFAS concentration (mg.L!), Gi™" is the initial cumulative TOP concentration
(ng.L"), C P is the final cumulative TOP concentration (mg.L™!), and V is the volume of water

treated (L).

4.2.5 Analytical Methods.

Water samples were spiked with 20 puL of 100 ng.mL! internal standard solution
(MPFAC-24ES, Wellington Labs, Guelph, Ontario, Canada), two grams of sodium chloride added,
and then vortexed. Liquid-liquid extraction was performed with 2 mL of a 90% ethyl acetate/10%
trifluoroethanol solution for 30 mins on a rotary mixer. Samples were centrifuged for 2 minutes at
3500 rpm and the upper organic phase was transferred to a clean vial. Solvent extraction was
repeated, supernatants were combined, and then dried under nitrogen. Samples were resuspended
by vortexing with 500 puL of methanol and then diluted with 500 puL of water. Final samples were
transferred to sample vials with polypropylene insert and polypropylene caps for PFAS

quantification.
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The total oxidizable precursor (TOP) assay was performed in the original water sample
containers to minimize sorption losses based on a previously published protocol with some
modifications [12]. Potassium persulfate was added to a final concentration of 60 mM as dry
powder to minimize sample dilution. Sodium hydroxide was added from a 5 M stock solution to a
final concentration of 250 mM to ensure that the pH remained above 12 in the water samples for
the entire duration of the oxidation. The samples were then transferred to a temperature-controlled
water bath and treated at 85 °C for six hours. A pH adjustment at the end of the oxidative treatment
was not necessary due to the subsequent liquid-liquid extraction of the samples as described above.
The complete oxidative conversion of the quantified precursor compounds 4:2 FTS, 6:2 FTS, 8:2

FTS, and FOSA confirmed the effectiveness of our modified TOP assay protocol.

PFAS analysis was performed at Colorado State University, as discussed before (Chapter
3). PFASSs in original water samples and TOP assay samples were analyzed on an Agilent 1290
liquid chromatograph coupled to an Agilent 6460 triple quadrupole mass spectrometer
(LC/QqQ-MS), which was equipped with an electrospray ionization (ESI) source using Agilent
Jet Stream Technology (Agilent, Santa Clara, CA). The analytes were separated on an Agilent
Poroshell C18 column (2.1 mm x 100 mm, 2.7 um particle size) at 40 °C. A sample volume of 15
pL was injected into a binary mixture of 5 mM ammonium acetate in water (A) and 5 mM
ammonium acetate in methanol (B) at a flow rate of 0.4 mL.min"'. The gradient used was 20% B
for 1 minute, increasing to 45% B at 2 min, and finally increased to 100% B at 5 min. The
ionization source conditions used were as follows: negative ESI, nebulizer of 15 psi, gas flow of
4 L/min at 230 °C, sheath gas flow of 12 L.min"! at 350 °C, nozzle voltage of 500 V, and capillary
voltage at 3500 V. Analytes were identified by comparison of retention times with analytical

standards, individual MRM mass transitions, and with MS/MS ion ratios. Peaks matching retention
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within 5% and with ion ratios at 20% of the standard ratio were considered acceptable for
identification. The data collection and processing were performed by using Agilent MassHunter
Quantitative software (v B.07.01). Quantitation was performed with linear regression using
calibration curves from 0.01-250 ng.mL’!. To minimize system-related interferences or
background, an Agilent Eclipse Plus C18 column (4.6 mm % 50 mm, 5 um particle size) was
installed as a delay column, immediately after the binary pump and prior to the injection port. The
mobile phase degasser was bypassed allowing the mobile phase to enter the binary pump directly
and avoiding contact with plastic filters. All plastic tubing in the LC/MS system was replaced with
PEEK tubing and plastic frits were replaced with stainless steel. All sample vials were
polypropylene with polypropylene caps. Five injections of pure methanol were made prior to
sample analysis to determine if any system background analyte levels were present. With these

system changes, background levels for each analyte were not detected in blank samples.

For the quantification of fluoride, chlorate, and perchlorate, filtered samples (0.22 pm
filtered) were injected onto an ion chromatograph (Dionex Integrion HPIC, Thermo Fisher
Scientific) equipped with an IonPac™ AG16 Guard Column (4 mm X 50 mm) and Dionex™
IonPac™ AS16 Analytical Column (250 m x 4.0 mm ID) operated at 30 °C. Chromatographic
separation of anions was achieved by running a gradient of aqueous hydroxide mobile phase
ramping from 0.5 mM to 55 mM at a flow rate of 1 mL.min"! for a total run time of 35 min. Anions
were detected using a conductivity detector with elution patterns confirmed by standards. The

detection limit for all three anions was 0.007 mg.L!.
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4.3 Results and Discussion.

4.3.1 Acoustic Destruction of PFASSs.

The treatment of groundwater by 700 kHz ultrasound in the pilot-scale reactor
demonstrated the destruction of 15 investigated PFASs (Figure 4.3) and total oxidizable precursors
(TOPs) for 11 investigated TOP categories (Figure 4.4) for all tested conditions. The acoustic
destruction of PFASs and TOPs followed pseudo-first-order kinetics. The degradation rates of 15
investigated PFASs, and the initial and final concentrations are reported in (Table 4.2). Similar
data are reported for TOPs in (Table 4.3). Interestingly, despite the variations in precursor chain-
length, the rate of decrease in TOP concentrations, observed in this study, followed a trend similar
to that of the terminal PFASs for chain length and headgroup. Additionally, the degradation rates
of TOPs were higher for TOPs with higher starting concentrations. In general, as reported in
previous studies, the degradation rates increased with an increase in chain length, and for the same
chain length (C > 4), the rates of PFCAs were higher than PFSAs (Chapter 3). The air-water
partitioning coefficient of PFASs (Kaw) decreases with decreasing chain length, thereby reducing
the degradation rates. For example, the degradation rates of PFBS were higher than PFBA (Figure
4.6) as PFBA is more hydrophilic due to a shorter carbon chain (C = 3), and as a result, has lower
availability on the cavity bulk interface [13]. Compared to carboxylates, higher surface activity,
higher steric hindrance of the headgroup [14], and stronger C-S bond of sulfonates [15] are some
of the causes for slower ultrasonic degradation of sulfonates. However, lower rates of PFOS
degradation compared to PFHpS can be attributed to the interaction of PFOS with a high
concentration of dissolved solids. Kaw of PFASs increases with increasing salt concentration,

causing higher partition of PFASs to the bulk-air interface, thereby making them unavailable in
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reaction at the ultrasonic cavity. The change in partitioning coefficient is prominent for longer
chain PFASs due to their higher hydrophobicity. The high salt concentration can neutralize the

electrostatic forces and therefore enhance the hydrophobic properties of PFASs.

For the same reactor temperature, the degradation rates increased with an increasing power
density for all PFASs and TOPs. The rates observed at 305 W.L"! were 33% - 66% higher than
those observed for 203 W.L'!. Similarly, the rates were 22% - 75% higher for 203 W.L! as
compared to 122 W.L'1. At305 W.L ! (T =25 °C), 11 out of 15 investigated PFASs were degraded
to below 70 ng.L! and 14 out of 15 were degraded to below 200 ng.L"! including PFOA (22.8
ng.L"), PFHpS, PFPeA, PFBS, PFPeS and PFHxS (Table 4.2). Similarly, 10 out of 11 investigated
TOPs were degraded to below 200 ng.L! (Table 4.3). Interestingly, compared to 15 °C, for the
same power density, the degradation rates of PFAS and TOP were higher at 25 °C. Suri et al. have
also reported increasing rates with increasing bulk temperature for PFOA and PFOS [16]. Contrary
to this work, some studies have reported increasing the bulk temperature negatively impacts the
PFAS degradation rates by decreasing the surface tension and lowering the availability of PFAS
in the ultrasonic cavity [17, 18], while Wood et al. suggest that the bulk temperature does not have
much effect on PFAS degradation rates [19]. During the time frame of a cavity imploding (us),
mixing in the bulk liquid is nominal. As a result, the availability of PFASs on the cavity will remain
nearly constant [13]. However, the lower surface tension caused by higher bulk temperature may
increase PFASs mobility, and combined with high salt concentration, the enhanced hydrophobic
interactions among PFAS molecules might increase their availability in the reaction. Furthermore,
lower surface tension increases the number and the size of cavities [16], thereby increasing the
surface area available for PFAS adsorption. Increased adsorbed PFAS concentration might also

explain the increase in degradation rate with temperature.
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Table 4.2: Degradation of 15 PFAS species for the treatment of AFFF impacted groundwater,
performed at 305 W.L!, 203 W.L"!, and 122 W.L"! (treatment volume =22 L, 33 L, and 54 L) and
25 °C or 15 °C. The treatment of groundwater was performed using a large-scale ultrasonic reactor
by 700 kHz ultrasound in a closed system for 480 minutes in Argon saturated environment. The
rates were calculated for the first 120 min using the initial rate method.

122 W.L' (Vr=54 L) 203 W.L'' (Vr=33 L) 305 WL (Vr=221L)
PFASs GCi Cr kx1073 Ci Cr kx1073 Ci Cr kx1073
(ng.LYH| (ng.LYH| (min!) | (ng.L) | (ng.L"H| (min?!) | (ng.L ") (ng.L'")| (min™)
PFBA | 3570.6 | 1548.1 1.8 3454.8 | 12833 2.7 | 3596.2 | 172.6 6.8
PFPeA |11024.0) 1368.3 | 4.0 [10154.2) 933.9 6.5 [10603.8 36.5 12.0
PFBS | 7838.9 | 15946 | 3.0 7584.5 12645 5.0 | 77394 | 61.3 10.0
4:2FTS| 26.5 7.7 2.0 16.7 ND 0.0 27.7 ND 11.0
PFHxA |28761.7| 1107.1 7.0 1264324 827.2 9.0 [21085.7, 6.6 17.0
PFPeS | 9687.5 | 1155.8 | 4.0 6896.6 | 608.8 6.0 | 7704.8 | 19.0 10.0

$ | PFHpA | 6009.9 | 276.5 6.0 | 61157 181.0 9.0 |5876.6 ND 17.0
& | PFHxS |51073.9) 6386.1 4.0 146929.2| 63154 4.0 [58222.3| 1339 | 12.0
L 6:2 FTS | 4656.4 | 428.3 4.0 | 6054.2 | 352.8 7.0 | 5186.7| 3.9 14.0
PFOA |37130.5| 1428.8| 7.0 132991.6, 950.0 9.0 1302852 22.8 17.0
PFHpS | 4854.3 | 348.9 6.0 | 3141.7 | 278.2 6.0 | 3523.6 | 21.5 13.0
PFOS 142424.4| 7688.0 | 3.0 [39907.7/ 5928.8| 5.0 [46709.0/ 2693.4| 9.0
PFNA | 498.7 | 64.7 5.0 470.2 | 33.8 7.0 448.1 ND 11.0
8:2FTS| 949.2 | 134.0 3.0 903.2 | 83.9 6.0 1083.5 | 76.8 9.0
FOSA | 31.7 7.8 1.0 30.9 6.9 4.0 34.5 ND 6.0
PFBA | 3414.7 | 1946.3 1.2 | 3540.8 10453 | 2.5 3290.6 | 314.8 6.0
PFPeA | 9869.5 | 24259 | 3.0 | 9936.7 | 691.3 50 98914 | 83.6 9.0
PFBS | 7933.2 | 2515.6 | 2.0 | 7624.4 | 863.8 4.0 | 7135.6 | 1433 7.0
4:2FTS| 34.1 6.4 4.0 25.0 ND 3.0 27.3 ND 7.0
PFHxA | 19905.5 2685.8 | 4.0 26995.5| 547.6 7.0 1196454 55.1 10.0
PFPeS | 15836.0 2693.1 3.0 8183.9 | 437.6 6.0 [12815.6] 131.0 7.0
$ | PFHpA | 6505.0 | 807.1 4.0 | 6207.9 | 129.7 7.0 | 6059.6  18.8 10.0
Z| PFHxS |54400.8/13146.5] 2.0 |47644.0 4883.9| 3.0 553612 4153 6.0
L 6:2FTS | 5619.9 | 1189.5 3.0 |4493.9 | 265.1 4.0 |4710.0| 424 8.0

PFOA 29217.0) 4173.5 3.0 [31931.9] 648.8 7.0 [28300.7| 85.4 10.0
PFHpS | 3454.2 | 803.0 3.0 3806.2 | 214.4 7.0 | 3364.7 | 22.7 8.0
PFOS [46660.1/13710.1] 2.0 1438944 4477.6| 5.0 42412419619 6.0
PFNA | 473.4 | 107.7 3.0 4424 | 283 5.0 425.8 | ND 8.0
8:2FTS| 1160.9 | 238.6 3.0 1009.2 | 56.3 6.0 938.5 | 49.7 8.0
FOSA | 495 21.0 1.0 30.6 5.5 3.0 56.3 ND 6.0
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Table 4.3: Degradation of Total Oxidizable Precursors (TOPs) for 11 PFAS species during the
treatment of AFFF impacted groundwater, performed at 305 W.L"!, 203 W.L"!, and 122 W.L!
(treatment volume =22 L, 33 L, and 54 L) and 25 °C or 15 °C. The treatment of groundwater was
performed using a large-scale ultrasonic reactor by 700 kHz ultrasound in a closed system for 480
minutes in Argon saturated environment. The rates were calculated for the first 120 min using the
initial rate method.

122 WL (Vr=54L) 203 W.L!' (Vr=331L) 305 W.L' (Vr=221L)

TOPs Ci Cr | kx10? Ci Cr kx1073 GCi Cr | kx107
(ng.L'YH (ng.L'H)| (min) (ngLH| (ng.L") | (min!) | (ng.L') | (ng.L'")| (min™)

PFBA | 7679.5 | 1864.4| 3.0 | 7584.8 | 1581.3 4.0 | 6988.4 | 1843 8.0
PFPeA 14903.2) 1651.0| 5.0 |13117.1] 1198.0 6.0 |13511.3] 62.2 12.0
PFBS | 8524.6 | 1808.6 | 3.0 | 7966.2 | 1324.3 50 | 8264.7 | 66.3 10.0
PFHxA 41941.0) 1418.0 | 7.0 |43251.9] 1416.4 9.0 [35113.1] 1159 | 26.0
$ | PFPeS |17973.9 824.0 | 5.0 | 7972.4 706.0 6.0 | 8845.2 | 38.2 12.0
& |PFHpA| 7769.3 | 345.0 | 7.0 | 6464.4 222.1 9.0 | 6899.2 | 49.2 12.0
L PFHxS 62621.5| 7526.3 | 4.0 |54336.6] 5945.3 6.0 |59103.7) 137.1 | 13.0
PFOA |39678.3] 1389.3 | 7.0 |28488.5| 9594 9.0 134602.9 62.6 14.0
PFHpS| 3406.8 | 358.9 | 5.0 | 2683.2 274.9 6.0 | 2930.6 | 35.2 10.0
PFOS [46151.1] 8716.7| 3.0 |48435.4| 7394.6 5.0 147094.9) 28809 | 6.0
PFNA | 4782 | ND 4.0 | 469.0 55.7 6.0 459.0 ND 50.0
PFBA | 6979.1 | 2731.2| 2.0 | 7287.5 | 1317.5 3.0 | 8297.1 | 380.6 6.0
PFPeA | 12174.8) 3350.7 | 3.0 |12555.1] 903.4 5.0 134555 113.8 | 10.0
PFBS | 8208.9 | 2655.0 | 2.0 | 7807.5 971.1 4.0 | 8012.9 | 160.7 8.0
PFHxA 40199.6] 4543.6 | 5.0 141945.5] 885.9 7.0 149505.7| 136.6 | 12.0
$ | PFPeS | 7901.9 | 1938.0 3.0 | 7736.6 527.8 5.0 | 8361.1 | 80.9 10.0
= PFHpA| 6048.7 | 8524 | 4.0 | 6263.7 197.4 7.0 | 62222 | 34.6 11.0
L PFHxS|57423.8/15709.5| 3.0 |55345.6] 4565.0 4.0 |54312.7 477.4 | 10.0
PFOA |27327.1| 4455.2| 4.0 |29111.1| 775.8 7.0 128525.6) 121.0 | 10.0
PFHpS| 2908.7 | 714.5 | 3.0 | 2885.7 245.1 5.0 | 3225.6 | 42.7 9.0
PFOS [49924.1/15982.8| 2.0 |48682.1] 6506.8 4.0 |59101.5) 2406.8| 7.0
PFNA | 464.0 | 106.0 | 3.0 | 469.0 52.5 4.0 470.0 ND 21.0
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Figure 4.3: Decrease in relative concentration (C/C,) of 15 PFAS species and cumulative mass
removal of 15 PFASs for the treatment of AFFF impacted groundwater, performed at 305 W.L™!,
203 W.L"!, and 122 W.L"! (treatment volume =22 L, 33 L, and 54 L) and 25 °C or 15 °C. The
treatment of groundwater was performed using a large-scale ultrasonic reactor by 700 kHz
ultrasound in a closed system for 480 minutes in Argon saturated environment. The rates were
calculated for the first 120 min using the initial rate method. The dotted lines represent the first-
order kinetic model fitting for the experimental data at different testing conditions (temperature
and power densities)
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Figure 4.4: Decrease in relative concentration (C/C,) of Total Oxidizable Precursors (TOPs) for
11 PFAS species and cumulative mass removal of 11 TOPs for the treatment of AFFF impacted
groundwater, performed at 305 W.L"!, 203 W.L"!, and 122 W.L"! (treatment volume =22 L, 33 L,
and 54 L) and 25 °C or 15 °C. The treatment of groundwater was performed using a large-scale
ultrasonic reactor by 700 kHz ultrasound in a closed system for 480 minutes in Argon saturated
environment. The rates were calculated for the first 120 min using the initial rate method. The
dotted lines represent the first-order kinetic model fitting for the experimental data at different
testing conditions (temperature and power densities)
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A few studies have tested the destruction of PFASs in environmental samples. The salinity
of groundwater tested in this study is comparable to that of seawater and comparative to other
studies on the destruction of PFASs in environmental samples [10, 20-23]. For example, the
conductivity of landfill leachate, treated by 0.5 L plasma reactor, and IDW, treated by 4 L plasma
reactor, ranges from 5.8 mS.cm™ - 21.5 mS.cm™ and 22 x 107 mS.cm™! - 26.3 mS.cm™,
respectively [20, 21], while the conductivity of impacted groundwater, in this study, is 16 mS.cm”
!, The field demonstration of the plasma-based reactor for the treatment of PFAS impacted
groundwater did not discuss the groundwater characteristics [10]. Previously Gole et al. [24]
monitored the sonication of PFOS, in ultra-pure water, based on the release of fluoride and sulfate
ions in a field-scale reactor (91 L). However, this study is the first evidence of large-scale
ultrasonic treatment of impacted groundwater in the field, demonstrating the destruction of 15
PFAS and 11 PFAS precursors. Moreover, the effect of power density and temperature has not
been previously demonstrated in the field testing of ultrasonic reactors. The power density was
altered by changing the volume of the impacted water. The decrease in degradation rates with
power density can be attributed to the decay of acoustic pressure and cavitation intensity with
increasing distance from the ultrasound source. Farther from the source of ultrasound, the cavities
become increasingly weaker and sparse in the bulk liquid leading to lower degradation rates. Rates
observed in the field-scale reactor are generally lower than those observed in the lab-scale study
because of lower power density (Chapter 3). Interestingly, the rates of degradation observed in the
field reactor at 305 W.L! are comparable to those observed in the lab reactor at 3.5-fold higher
power density (1040 W.L!) (Figure 4.5), especially for PFSAs. Furthermore, in the lab-scale
experiment, the concentrations of some longer chain PFASs were found to increase towards the

end of the experiment, while this was not observed for the field scale reactor. PFSAs are reported
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to be more surface-active than PFCAs [13] and ultrasonic treatment is also reported to increase the
surface activity of PFASs [25]. Therefore, lower power density may reduce the agitation of the
mixture (compared to higher power density), thereby reducing the separation of PFSAs to the bulk

air-water interface, increasing their availability at the cavity-water interface.
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Figure 4.5: Comparison of pseudo-first-order degradation rates of PFASs in the lab-scale reactor
(shaded bars) with those observed in the field-scale reactor at 25 °C (green bars) and 15 °C (red
bars). The rates in the field reactor at 25 °C were comparable to the lab-scale reactor.
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Figure 4.6: Comparison of pseudo-first-order removal rates of PFASs and TOPs during sonication
of groundwater by pilot-scale reactor. The rates were higher at 25 °C (a.) compared to 15 °C (b.)

The concentrations of perchlorate (below detection, < 7 ug.L!), chlorate (16.85 mg.L!),
chloride (5267.95 mg.L™") , and sulfate (5102.92 mg.L!) remained constant at background levels
during sonication of PFAS impacted groundwater. The nitrite concentration increased for the first
2 h (background level = 0.01 mg.L"), followed by a steady decrease for the remaining duration
while nitrate concentration increased consistently. The formation of nitrate and nitrite during
sonication, followed by an eventual decrease in nitrite concentration, has been reported in the
literature. The reaction of nitrogen with oxygen in the imploding ultrasonic cavities produces
nitrate and nitrite. The hydroxyl radical is also generated during the implosion of the ultrasonic
cavities. The hydroxyl radical can further oxidize nitrite to nitrate, explaining the observed
reduction in nitrite concentration [26, 27]. For lower power densities (122 W.L™! and 203 W.L™),
the fluoride concentrations remained nearly constant at baseline levels (0.9 mg.L™!). However, an

approximately 20% decrease in fluoride concentration was observed for sonication at 305 W.L"!
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(Figure 4.7). The release of fluoride by the destruction of PFASs during sonication of impacted
groundwater was not discernible as the background fluoride levels (0.9 mg.L!) in the groundwater
were higher than the fluoride released. The decrease in fluoride concentration may be attributed to
its removal by precipitates formed during sonication. The formation of precipitates was also
observed in the lab-scale study conducted using the same groundwater (Chapter 3). Moreover,

sonication is known to form nanomaterials from ions present in the sonicated solutions [28].

4.3.2 Energy Consumption in PFAS Sonolysis.

The average energy consumption recorded using the inline energy meter during 8 h
acoustic treatment of the AFFF impacted groundwater, in six tested conditions, was 28.01 £+ 0.47
kWh with an average electric load of 3.5 + 0.10 kW. The cost of electricity for 8 h operation of
the reactor was only $3.14 ($0.12/ kWh [10]). The estimated Ego for ultrasonic treatment of AFFF
impacted groundwater ranged from 547 kWh.m>.order’! for 22.15 mg PFAS mass (including
TOPs) removal at 122 W.L! (T =25 °C) to 839 kWh.m™.order! for 12.25 mg PFAS mass removal
at 203 W.L! (T = 25 °C). Interestingly, the Egm values for the removal of PFAS mass (including
TOPs) ranged from 1.29 MWh.g™! (22.15 mg removal at 122 W.L!, 25 °C) to 2.98 MWh.g! (9.22
mg removal at 305 W.L"!, 25 °C). Larger mass removal (22.15 mg) was observed for lower power
density (122 W.L!) owing to the larger volume of groundwater treated. However, higher removal
rates and the lowest final concentration of PFASs (Table 4.2 and Table 4.3) were observed for
treatment at 305 W.L! followed by 203 W.L! and 122 W.L!. The lowest mass removal (9.22 mg)

was observed for a power density of 305 W.L ! (T =25 °C) (Table 4.4).

Ero is calculated based on the pseudo-first-order degradation rates, which are highly

dependent on the type of PFASs (Chapter 3). Selecting the degradation rate of a particular PFAS
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species for Ego estimation is also not suitable as it raises the question of correct selection and
neglects the removal of precursors or other high concentration PFAS species. Therefore, £k was
calculated to estimate Ego for the impacted groundwater (equation 4.6). The energy density in the
field-scale study was 1.3 kWh.L™! (for treatment at 305 W.L"), while 4-fold higher (5.6 kWh.L™)
was consumed in the lab-scale treatment of IDW (Chapter 3). Similarly, the cumulative PFASs
concentration removal during the sonication of groundwater in the field-scale study, including
precursors, was (0.4 mg.L") 135-fold lower compared to the treatment of IDW in the lab-scale
study (54.5 mg.L"). Therefore, the estimated Egm (equation 4.4) for the field-scale treatment of
groundwater (2.98 MWh.g'!) was approximately 34-fold higher compared to the lab-scale
treatment of IDW (76 kWh.g™!) (Figure 4.8). Moreover, as the mass removal decreases the Egm
values increase (Figure 4.9b). Neglecting the TOP removal decreases the estimated PFAS mass
removal from 0.4 mg.L! to 0.2 mg.L! thereby doubling the Egm (Table 4.4). Therefore, the Epm
estimation is more realistic for the treatment of solutions with high PFAS load, like IDW, while
Eko should be estimated for low PFAS load solutions like groundwater. For example, Ego for the
treatment of groundwater at 305 W.L™!' (T = 25 °C) was 696 kWh.m?>.order”! for removal of 0.4
mg.L! (or 9.22 mg) PFAS mass, including precursors, at a cumulative rate of 0.0086 min™!, while
Eko for the same experiment calculated by neglecting the precursor mass removal was 222 kWh.m"
3.order! for 0.2 mg.L! (or 4.4 mg) PFASs mass removed at same cumulative rate. Moreover, the
energy estimates (Eeo and Egm) consistently increased with an increasing power density (Figure
4.9a). Eem increases at a higher rate as compared to Ego because increasing power density
translates to lower treatment volume and lower cumulative mass removal. The Ego estimates
increase with increasing power density at a slower rate as increasing the power density also

increases the cumulative rate constant (Figure 4.10).
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Figure 4.7: Concentrations of perchlorate, fluoride, chloride, nitrite, nitrate, chlorate, and sulfate
during the treatment of AFFF impacted groundwater, performed at 305 W.L™!, 203 W.L!, and 122
W.L! (treatment volume =22 L, 33 L, and 54 L) and 25 °C or 15 °C. The treatment of groundwater
was performed using a large-scale ultrasonic reactor (rated power 7200 W) by 700 kHz ultrasound
in a closed system for 480 minutes in Argon saturated environment. The concentration of chlorate

Time (h)

and per-chlorate remained constant at background levels.
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Table 4.4: Performance characteristics of the field-scale reactor for the treatment of AFFF
impacted groundwater including the removal of TOP (+TOP) and excluding the removal of TOPs
(-TOP).

+TOP -TOP
Power Volume
Density Performance Characteristics | T=25°C | T=15°C | T=25°C | T=15°C
B @L)
(W.L'H
Cumulative k x 10° (min!) 4.65 3.02 4.54 3.09
Eev MWh.g!) 1.29 1.63 2.86 3.35
122 54 Eeo (kWh.m.order™!) 546.97 652.05 559.10 822.93
Energy Consumed (kWh) 28.60
Mass Removed (mg) 22.15 17.50 9.99 8.54
Cumulative k x 10 (min™!) 4.85 5.39 4.8 5.45
Eev MWh.g) 2.29 2.21 4.93 4.68
203 33 Ero (kWh.m?.order™!) 839.41 755.08 847.33 746.54
Energy Consumed (kWh) 28.00
Mass Removed (img) 12.25 12.68 5.68 5.99
Cumulative k x 10° (min!) 8.60 8.51 8.61 8.48
Eev MWh.g!) 2.98 2.93 6.27 6.53
305 22 Eeo (kWh.m?.order") 696.13 702.74 695.26 705.82
Energy Consumed (kWh) 27.44
Mass Removed (mg) 9.22 9.38 4.38 4.20
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Figure 4.8: Comparison of Egm for IDW treatment in the lab-scale reactor with Egm for treatment
-1 o energy density .
of groundwater (305 W.L™, 25 °C) by the field-scale reactor. The Egm (Concentmtwn degmded)

lower for the treatment of solution with higher mass removal by ultrasound.
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120



4.4 Conclusion

The custom-built field scale ultrasonic reactor was successful in treating AFFF impacted
high salinity groundwater. This study is the first instance of field scale demonstration of ultrasound
to degrade AFFF impacted groundwater. A total of 15 PFASs and 11 PFAS precursors were
degraded (50% - 99%) at power densities of 122 W.L!, 203 W.L"!, and 305 W.L"!. The pseudo-
first-order degradation kinetics was followed by PFASs and TOP in all tested conditions. The rates
of degradation were generally 10% - 40% higher at 25 °C than at 15 °C. For the same chain length,
the sulfonates had lower degradation rates, and for the same headgroup, the longer-chain
compounds were degraded faster. The degradation rates were influenced by the salinity of the
groundwater affecting the surface activity of PFASs. The degradation rates of TOPs generally
increased with increasing carbon length and were higher for carboxylates than sulfonates.
However, the degradation rates of TOPs were also higher for TOPs with higher starting
concentrations. No intermediate PFAS species were detected, and the chlorate and perchlorate
concentrations remained at background levels in all tested conditions for 8 h of sonication. 699.43
+ 3.3 kWh.m™.order! (Ego) was consumed at 305 W.L™! to deliver the fastest removal rates and
lowest final concentrations (< 70 ng/L for 11 PFASs and 7 TOPs). However, maximum mass
removal, 19.82 +2.32 mg (122 W.L!) consumed only 599.51 + 52.5 kWh.m™.order™! (Ego). These
results support the consideration of ultrasonic treatment for the mineralization of PFASs in AFFF
impacted real waters with high salinity and PFAS load. Acoustic treatment of AFFF impacted
water for PFAS destruction might be more energy-efficient than treating a matrix impacted with
single/low concentration PFASs. Moreover, an auxiliary cooling unit is not needed as increased
bulk temperatures enhance the degradation kinetics, thereby further decreasing the energy

consumption. Further testing of the acoustic treatment technology with different PFAS impacted
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waters and wastewater is needed to discern its applicability at an industrial scale. However, the

advantages like the ease of operation, nominal chemical and disposal costs, and non-selective

complete mineralization of PFASs without the production of short-chain intermediates or

disinfection by-products make it a better alternative to other PFAS treatment technologies.
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Chapter 5

Engineered Laccase: Peptide (INT) fused

enzyme for Vault Packaging.
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Abstract

Laccase from Trametes versicolor is a ligninolytic multicopper oxidase and is a promising
candidate for biodegradation of recalcitrant chemicals. Free enzymes last for a short duration due
to their instability in environmental and reaction conditions, as a result, frequent replenishment is
required to achieve the desired target. This chapter seeks to address this limitation by engineering
the laccase secreted by the white-rot fungus 7. versicolor and packaging it into biological
nanocages called vaults. Vault nanoparticles have been studied in detail and are being used for the
targeted therapeutic delivery for cancer treatment. Our studies of vault-packaged manganese
peroxidase have shown to increase enzyme stability, and activity thereby reducing the enzyme
requirements significantly for biodegradation of phenolic and nitroaromatic compounds. This
paper attempts to provide laccase isozyme sequence standardization and records the secretion and
detection of laccase A, C, and D category isozymes produced by 7. versicolor in the Tisma
medium. To enable the selective packaging of the detected laccase isozymes into the vault
nanoparticles, laccase messenger RNA (mRNA) was extracted from 7. versicolor and engineered
to introduce INT peptide. The expression of the engineered laccase (eLac) was performed by using
the Baculovirus Expression System (BVES) in Sf9 insect cells cultured in SF-900 II serum-free
media. Based on the isozyme categories and INT fusion, five configurations of eLac were studied
(LDI, LAI ILA, ILD, and MLDGI) out of which MLDGI was found to have the best activity. The
extracellular secretion of the active laccase (MLDGI) was enhanced by the honeybee melittin
secretion signal while, a long Glycine-Serine (5 x GGSQG) linker bridging the INT peptide and
laccase protein, ensured that the activity of laccase is not affected by the fusion of the INT peptide.
The activity of vault-packaged MLDGI (VMLDGI) was severely dependent on the amount of

copper in the MLDGI expressing Sf9 culture medium. The vault-packaged laccase was able to
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catalyze the oxidation of a battery of substrates like 2,2-azinobis (3-ethylbenzothiazo-line-6-
sulfonic acid (ABTS), guaiacol, catechol, 1-naphthol, 2,6-dichlorohydroquinone, and was able to
retain nearly 100% activity after 7 days of incubation at 30 °C with 1-hydroxybenzotriazole. This
paper presents the packaging of laccase (MLDGI — 90 kDa) as the largest protein to be packaged
in vault nanoparticles while retaining its catalytic activity. Vault-packaged laccase degraded 60%
NTO at 5 U L laccase activity while degradation of NTO by unpackaged laccase was

insignificant.

5.1 Introduction

The wood-rotting fungi and their enzymes have great potential in the world of
environmental bioremediation because of their ability to mineralize the largest biological polymers
like lignin and various chemicals causing public health concern [1]. The wood-rotting fungi like
Trametes versicolor and its extracellular ligninolytic enzyme, laccase, have been studied for a long
time in a wide range of applications like pulp and paper, probiotics and gut health, textile
manufacturing, food and alcohol production, biosensors, and synthesis of therapeutics for cancer
treatment, etc. [2-7]. Laccases have been extensively studied and reviewed and were first
discovered in plants in 1883, followed by the discovery in fungi (1896) and bacteria [8]. The plant
laccases are difficult to purify, and most of the bacterial laccases are intracellular, as a result, the
fungal laccases have a practical advantage and have been studied in greater detail [9, 10]. Laccase
from T. versicolor is one of the highest redox potential laccases (785 mV). Like most of the
laccases, it can oxidize the compounds with higher redox potentials, which are not direct

substrates, using the laccase-mediator system [11]. These mediator compounds can be synthetic
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or natural, phenolic, azo, hydroxamic acids, and oxime compounds, which are oxidized by laccase

to produce radical species that can further assist in the transformation of the target compounds.

The increasing interest in laccase-mediated biodegradation and biosynthesis because of its
non-specific and wide spectrum applicability prompts the enhancement and protection of the
enzymes using encapsulation technologies [12-22]. Vault nanoparticle is a ribonucleoprotein that
has been studied for more than 30 years for its ability to package and deliver therapeutics while
keeping them active and protected in the blood or different buffer environments [23-25]. The
ligninolytic enzyme, manganese peroxidase (MnP) from the fungus Phanerochaete chrysosporium
has been previously packaged in the vault nanoparticles. Vault-packaged MnP has shown better
stability and catalytic activity compared to the natural MnP in reaction with phenolic compounds

and nitroaromatic explosives [26-28].

Presented in this study is the vault packaging of laccase from Trametes versicolor, along
with the categorization and identification of laccase isozymes produced by the fungus. The study
also records the packaging of the longest enzyme (90 kDa) to be packaged in vaults. A flexible
linker connecting the INT domain and laccase protein along with the supplementation of copper
in the expressing insect cell culture allowed the protein-peptide fusion to regain catalytic activity.
The vault-packaged laccase successfully oxidized various known laccase substrates in independent
reactions. The lyophilized vault-packaged enzyme after resuspension in phosphate buffer (0.1 M,

pH 6) retained nearly 80% activity for 7 days in reaction with 1-hydroxybenzotriazole.
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5.2 Material and Methods

5.2.1 Expression of Laccase in Tisma Medium by Trametes
versicolor

The fungus Trametes versicolor was grown at 30 °C for 10 days on YMG agar plates
containing 4 g.L! yeast extract, 10 g.L"! malt extract, 4 g.L! glucose, and 16 g.L"! agar. The plates
were then stored at 4 °C till needed. The expression of laccase was performed by cultivating the
fungus in sterile 100 mL Tisma medium [29] for 6 days in cotton stoppered 500 mL Erlenmeyer
flasks at 30 °C and 150 rpm. Guaiacol (0.4 g.L™!) was added after 48 h of growth to induce laccase
expression. The liquid fungal culture medium (Tisma medium) was composed of 10 gL’
glucose, 0.3 g.L! peptone, 0.5 g.L! yeast extract, 0.8 g.L"! KH>POs, 0.2 g.L"! Na,HPO4, 0.057
gL' CaCl,.2H20, 0.5 gL' MgS04.7H>0, 0.25 g.L! citric acid, 0.1% Tween 80, 0.035 g.L’!
FeS04.7H,0, 0.007 g.L"! MnSO4.H>0, 0.011 g.L"! ZnSO4.7H,0, 0.002 g.L"! H3BO3, 0.00035 g.L-

I KI and 0.00064 g.L"! CuSOsa.

5.2.2 Laccase Activity Assay

To measure laccase activity, 0.1 mL 2,2-azinobis (3-ethylbenzothiazo-line-6-sulfonic acid
ABTS (20 mM) was mixed with 0.880 mL, 100 mM phosphate buffer (pH 6) [30]. The activity
assay was initiated by zeroing the absorbance of the mixture followed by the addition of 0.02 mL
enzyme solution. The rate of change of absorbance at 420 nm was measured every 2 sec over 1-

min. Equation 5.1 was used to calculate the enzyme activity,

1y = AAXVTx10°

Activity(U. L™ XDV

(5.1)
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where U.L™! is units of enzyme activity per liter, DA is the rate of absorbance change
at 420 nm (min™), Vr is the total volume (L), & is the molar extinction coefficient of ABTS at
420 nm (36000 L.mol!.cm™), Ven is enzyme volume (L), and b is path length (cm). One unit
of enzyme activity is defined as the amount of enzyme needed to produce 1 pumol of
product per minute. All enzyme activity assays were measured on the NanoDrop 2000c

spectrophotometer.

5.2.3 Identification and Extraction of Laccase Isozyme cDNA
from Trametes versicolor

Literature search and NCBI database were used to identify possible isozymes of laccase
secreted by 7. versicolor grown in Tisma medium. Laccase cDNA sequences were grouped into
five different categories, namely A to E based on both, the mRNA nucleotide sequence and the
resulting enzyme’s amino acid sequence. Five cloning primer pairs, one for each isozyme category
and a positive control primer pair, based on the conserved copper binding region of the blue copper
oxidase as designed by Dabson et al. [31], were used for identification and amplification of laccase
cDNA. The PCR primers were designed using primer3plus (Table 5.1).

Table 5.1: Primers designed for laccase cDNA amplification using TPCR

Category Direction Primer Sequence
A Forward ATG GGT CTG CAG CGA TTC
Reverse TCA CTG GTT AGC CTC GCT C
B Forward ATG GGC AGG GTC TCA TCT CT
Reverse TTA GAG GTC GGA TGA GTC AAG A
C Forward ATG TCG AGG TTT CAC TCT CTT CTC
Reverse TTA CTG GTC GCT CGG GTC
D Forward ATG GGC AAG TTT CACTCTTTT G
Reverse TCA GAG GTC GGA CGA GTC C
E Forward ATG ACT GGG CTC CGT CTT CT
Reverse ATG ATT GAG AAA ATG GTT GAC G
Control Forward ATT GGC ACG GCT TCT TCC
Reverse GAT CTG GAT GGA GTC GAC
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The fungal biomass expressing laccase isozymes was harvested by centrifuging the liquid
fungal culture at 3000 x g for 5 min in 50 mL vials after the maximum laccase activity was
observed in the culture. The collected biomass was then divided into approximately 100 mg
sections and lysed using a bead beater in 2 mL screw cap vials. The lysis mixture consisted of 1 g
zirconia-silica beads (100 um diameter), 350 pL lysis buffer (5% SDS, 10 mM EDTA, and 200
mM tris-Cl (pH 7.5)) and 1 mL phenol. The cells were lysed by heating the mixture at 65 °C for 2
min and bead beating for 2 min, followed by one more round of heating for 8§ min and bead beating
for 2 min [32]. The lysate was then used to extract total nucleic acids using the Phenol:
Chloroform: Isoamyl Alcohol (25:24:1) (PCA method) [33]. The purity of the lysate and its nucleic
acid concentration was analyzed using a Spectrophotometer (NanoDrop 2000c) according to the
manufacturer’s instructions. Further, the lysate was treated with DNase using TURBO DNA-free
Kit (Life Technologies) followed by reverse transcription of the laccase messenger RNA (mRNA)
using EasyScript Plus cDNA Synthesis Kit (Lambda Biotech). The reverse-transcribed laccase
isozyme cDNA was then amplified using respective primer pairs, synthesized for each isozyme

category.

The DNA amplification was performed in Veriti Thermal Cycler (Applied Biosystems)
using a touchdown polymerase chain reaction (TPCR) [34] to allow multiplexing and high
amplicon yield of isozyme cDNA. The TPCR cycle ran for a total of 35 cycles, starting at the
annealing temperatures 4 °C higher than those predicted. For the first 20 cycles, the temperature
was reduced by a gradient of 0.7 °C per cycle and then held constant for the remaining cycles. The
denaturation step was performed at 95 °C for 1 min, followed by an annealing step for 30 min and
an extension step for 1 min 30 sec. The last extension step was run for 7 minutes to ensure complete

synthesis of partially synthesized cDNA fragments if any. The PCR mix comprised of 1 uM

131



forward primer, 1 uM reverse primer, 1 uL DNA template (< 250 ng), and 25 pL Go Taq Promega

Master Mix (2x) supplemented with nuclease-free water to a final volume of 50 uL.

5.2.4 Molecular Cloning for Synthesis of Insect Cell Expression
Vector

The PCR amplified isozyme cDNA was cloned using the TOPO-TA cloning kit in
Machl1T1 E. coli (Invitrogen). The cloned plasmids containing the inserts were then extracted from
the positive colonies using Monarch Plasmid Miniprep Kit (New England Biolabs, Ipswich, MA,
USA). The extracted plasmids were sequence-verified, to rule out false positives, before fusing the
laccases” cDNA with INT ¢cDNA cloning into the pFastBacl vector. Further, the BVES carrier
plasmids were synthesized using a Gibson assembly [35] kit supplied by New England Biolabs,
which allowed for a quick fusion of multiple DNA fragments. Four different BVES carrier
plasmids (pLDI, pILD, pLAI, and pILA) were created to account for the different configurations
for INT peptide fusion with the laccase isozymes (Figure 5.3). These constructs were created with
the native secretion signals of the laccase isozymes to enable the secretion of the protein in Sf9
culture. A fifth carrier plasmid (pMLDGI) was also assembled by modifying the pLDI to introduce
the glycine-serine linker (5 x GGSG) between the laccase D isozyme and INT peptide (Figure
5.3). Laccase’s native secretion signal was also replaced with honeybee melittin secretion signal
in MLDGI (Table 5.2). The secretion signal and 5 x GGSG were introduced during the Gibson
assembly using the designed primers. The primers for assembling BVES carrier plasmids were
designed using the Gibson assembly wizard at Benchling.com and cross verified with primer3plus
(Table 5.3). The PCR amplification of the DNA fragments was performed using the Q5® High-
Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) according to the TPCR

protocol as described above.
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Table 5.2: GGSG linker and secretion signal DNA sequences for MLDGI carrier plasmid.

Glycine-serine

Linker

DNA sequence -
GGTGGTTCTGGTGGTGGTTCTGGTGGTGGTTCTGGTGGTGGTT
CTGGTGGTGGTTCTGGT

Peptide sequence - GGSG GGSG GGSG GGSG GGSG

Honeybee melittin
secretion signal

ATGAAATTCTTAGTCAACGTTGCCCTTGTTTTTATGGTCGTAT
ACATTTCTTACATCTATGCG

Table 5.3: Primers for Gibson assembly of different BVES carrier plasmids. pMLDGI, pLDI,

pILD, pLAI and pILA

pMLDGI

TGTATACGACCATAAAAACAAGGGCAACGTTGACTAAGAATTTCATCTAGTGAGCTC

Primer A GTCGACGTAGGCCTTTG
S TCAACGTTGCCCTTGTTTTTATGGTCGTATACATTTCTTACATCTATGCGGGCGCCAT
TGGGCCCGT
) ACCAGAACCACCACCAGAACCACCACCAGAACCACCGAGGTCGGACGAGTCCAAAG
Primer F CATCG
e G GGTGGTTCTGGTGGTGGTTCTGGTGGTGGTTICTGGTTGCACACAACACTGGCAGGAT
GC
oLDI
PFBI-D2D REV | GACGTTCACAAAAGAGTGAAACTTGCCCATCTAGTGAGCTCGTCGACGTA
D2D FWD TTCAAAGGCCTACGTCGACGAGCTCACTAGATGGGCAAGTTTCACTCTTTIGT
D2D REV AGCATCCTGCCAGTGTTGTGTGCAGCTAGCGAGGTCGGACGAGTCCAAA
INT-D2D FWD | GATGCTTTGGACTCGTCCGACCTCGCTAGCTGCACACAACACTGGCAG
INT-D2D REV | AGACTGCAGGCTCTAGATTCGAAAGCGGCCTTAGCCTTGACTGTAATGGAGGA
PFBI-INT FWD | CATAGAGTCCTCCATTACAGTCAAGGCTAAGGCCGCTTTCGAATCTAGAG
pILD
GACTAAGGGCGACGACGTTCACAAAAGAGTGAAACTTGCCCATTGAGCTCGTCGAC
pFBI-D-REV | JACTAAD
GAACGTCGTCGCCCTTAGTCTTTCTTTGAGCGGTCGTGTGTTCTGCACACAACACTGG
INTDFWD | JRAC
INT-D-REV | GTCGGTGACGGGCCCAATGGCGCCGCTAGCGCCTTGACTGTAATGGAGGACTCTATG

CAT D-D2D FWD

AGAGTCCTCCATTACAGTCAAGGCGCTAGCGGCGCCATTGGGCCCGTCAC

CAT D-D2D REV

CTCTAGATTCGAAAGCGGCCTCAGAGGTCGGACGAGTCCAAAGCATCG

pFB1-D-FWD TACGATGCTTTGGACTCGTCCGACCTCTGAGGCCGCTTTCGAATCTAGAGCC
pLAI
pFB1-A2A REV | GACGAGGAAGCTGAATCGCTGCAGACCCATCTAGTGAGCTCGTCGACGTA
A2A FWD TTCAAAGGCCTACGTCGACGAGCTCACTAGATGGGTCTGCAGCGATTCAG
A2A REV AGCATCCTGCCAGTGTTGTGTGCAGCTAGCCTGGTTAGCCTCGCTCAGC
INT-A2A FWD GACGGGCTGAGCGAGGCTAACCAGGCTAGCTGCACACAACACTGGCAG
INT-A2A REV AGACTGCAGGCTCTAGATTCGAAAGCGGCCTTAGCCTTGACTGTAATGGAGGA
pFBI-INT FWD | CATAGAGTCCTCCATTACAGTCAAGGCTAAGGCCGCTTTCGAATCTAGAG
pILA
CGAGAGCAAGGGTGACGAGGAAGCTGAATCGCTGCAGACCCATTGAGCTCGTCGAC
pFB1-A-REV GTAGGCC
CAGCTTCCTCGTCACCCTTGCTCTCGTCGCCCGCTCTCTTGCATGCACACAACACTGG
INT-A-FWD CAGGA
INT-A-REV GAGGCTCGCCGCGGGCCCGATGGCGCTAGCGCCTTGACTGTAATGGAGGACTCTATG

A

CAT A-A2AFWD

AGAGTCCTCCATTACAGTCAAGGCGCTAGCGCCATCGGGCCCGCGG

CAT _A-A2A REV

AGACTGCAGGCTCTAGATTCGAAAGCGGCCTCACTGGTTAGCCTCGCTCAGCCCG

pFb1-A-FWD

TACGACGGGCTGAGCGAGGCTAACCAGTGAGGCCGCTTTCGAATCTAGAGCC
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Following the assembly of DNA fragments, the plasmids were transfected in DH5alpha E.
coli, and the positive colonies were selected using ampicillin resistance and blue-white screening.
The positive colonies were then verified using colony PCR (m13 primers) followed by extraction
and sequencing of the carrier plasmids to rule out the false positives or errors in cloning. DH10Bac
E. coli were then chemically transformed using the BVES carrier plasmids, and the positive
colonies were screened and selected using blue-white screening and ampicillin resistance. The
extracted bacmids were verified for successful recombination of INT fused isozyme cDNA by

colony PCR (m13 primers) as well as Sanger sequencing.

5.2.5 Expression of Engineered laccase (eLac) and Empty
Recombinant Vaults

Transfection of Sf9 cells was performed using the carrier plasmids, according to the Bac-
to-Bac manual (Invitrogen). Post transformation, the Sf9 cells were incubated at 27 °C for 4 days
to produce recombinant baculovirus. The baculovirus stock was then amplified once and used for
optimizing the expression of engineered laccase by varying the inoculation volume. The samples
were collected every 24 h and stored at -80 °C until required for SDS-PAGE and Western blot. Sf9
cells expressing the proteins were cultured in Erlenmeyer flasks equipped with 0.2 um filters. The
expression cultures consisting of SF-900 II serum-free media and 2 x 10° cells.mL"! were
incubated for 96 h at 120 rpm and 27 °C. The expression optimization experiments were performed
in 125 mL flasks containing 25 mL culture. Post-optimization, the eLac was expressed in 2 L flasks
containing 600 mL culture. Similarly, empty recombinant vaults were expressed in Sf9 cells using

the optimized amount of the respective amplified recombinant baculovirus stock.
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5.2.6 Verification of Expression and Packaging in Empty
Recombinant Vaults

The expression and packaging of eLac were verified by SDS-PAGE and western blot using
an AnyKD Mini-PROTEAN Precast Gel. The protein samples were diluted using a 2x Laemmli
buffer containing B-mercaptoethanol and heated for 10 min at 100 °C, before loading in the precast
gel. The electrophoresis was run for 1 h in SDS PAGE running buffer (25 mM tris, 192 mM
glycine, 0.1% SDS, pH 8.3) at 100 V. The gels were then stained using Coomassie blue or

processed further for western blot.

The Western blot was performed by transferring the proteins from the polyacrylamide gel
to an Immun-Blot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA) using
electrophoresis at 100 V for 1 h in Western blot transfer buffer (25 mM tris, 190 mM glycine, 20%
methanol). Membrane blocking was then performed by incubating the membrane for 30 min in
2.5% milk in TBST buffer (20 mM tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20). The membrane
was imaged after incubation at 4 °C with the anti-INT or anti-MVP antibody overnight, followed

by the secondary antibody for 2 h at room temperature.

The packaging of engineered laccase isozymes (eLac) was performed in one of the two
ways, first, by lysing the Sf9 cells expressing Major Vault Protein (MVP) along with the S19 cells
expressing engineered laccase (eLac) isozyme (LL method) and second, by mixing the empty
recombinant vaults with the Sf9 culture supernatant containing the secreted enzyme (LS method)
(Figure 5.1). The Sf9 cell pellet expressing the protein of interest (POI) was lysed and
homogenized by douncing the pellet suspension 10-20 times in 5 mL of lysis buffer per gram of

cell. The lysis buffer contained 50 mM tris (pH 7.7), 70 mM NaCl, 0.5 mM MgCl,, 1% Triton
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X100, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1% protease
inhibitor cocktail (Sigma 8849). The S19 cell pellets expressing MVP and eLac were lysed together
in the case of the LL packaging method. Following lysis, the cell debris was removed by
centrifuging the lysate at 20,000 x g (4 °C, 20 min) followed by centrifuging the clear lysate at
100,000 x g (4 °C, 60 min) to pellet out the total protein. The total protein pellet was then
resuspended in 4.5 mL lysis buffer per gram of cell pellet, containing 1 M ammonium acetate. The
mixture was then incubated in shaking at 4 °C for 1 h, to salt out the packaged vaults. The salted-
out vaults were then pelleted by centrifuging at 20,000 x g at 4 °C for 20 min. The vault pellet was
then resuspended in the resuspension buffer, containing 50 mM tris (pH 7.7), 70 mM NaCl, and
0.5 mM MgCl. Further, the mixture was centrifuged at 13,000 x g to remove co-precipitated

ribosomal proteins.

In the case of the LS method, the empty vaults and engineered laccase (eLac) in the
supernatant were incubated together in 1:5 weight ratios of the expressing cell pellets at 4 °C for 1
h. The packaged vaults were pelleted by centrifuging the mixture at 100,000 x g (4 °C, 60 min)
and resuspended in the resuspension buffer. The packaging of MLDGI in recombinant vaults

produced in Pichia pastoris was also performed by the LS method.

In some cases, the packaged vault suspensions were further purified using a sucrose
gradient (60-20%) column. The sucrose column containing the sample was centrifuged at 90,000
x g at 4 °C for 16 h. Further, the 40-50% sucrose fractions containing packaged vaults were pooled
together and centrifuged at 100,000 % g (4 °C, 60 min) to pellet the vaults and then resuspended in
the resuspension buffer. The samples were then verified for packaging by western blot as described

above or by imaging on an electron microscope. All ultra-centrifuging (> 20,000 x g) was
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performed on Beckman Coulter ultracentrifuge using a Ti45 fixed angled rotor. The sucrose

gradient was performed on the SW25.1 swinging bucket rotor.

LL Method

————
20000x g 4.5 volume

lysis buffer

100000x g Ammonium Resuspend

Acetate

Sf9(MVP) am)

LS Method

100,000 x g Add Empty
Recombinant

Vaults

100,000x g

Remove 5f9 Remove Incubate for Pellet

Cells Virus 1 hour at Packaged
a°Cc Vaults
g Empty Vaults ’ INT recombinant Laccase @ Vaults packaged with Laccase

Figure 5.1: Vault Packaging procedures for engineered laccase. LL method — packaging in vaults
by lysing the Sf9 cells expressing Major Vault Protein (MVP) along with the Sf9 cells expressing
engineered laccase isozyme. LS method - packaging in vaults by mixing the empty recombinant
vaults with the Sf9 culture supernatant containing the secreted engineered laccase isozyme.

The production of empty recombinant vaults expressed by Sf9 cells was done by processing
only the Sf9 cells expressing the MVP protein as described above in the LL method. The yeast

recombinant vaults were produced by growing the recombinant yeast cells in YPD medium at 30°C
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for 32 h and 200 rpm in Erlenmeyer flasks. The recombinant cells were collected by centrifuging
the culture at 3000 % g at 4 °C for 5 min. The cell pellet was resuspended in 3 mL lysis buffer A,
per gram of cell pellet, containing 50 mM Na3;PO4 (pH 7.4), 1 mM EDTA, 5% glycerol, 1 mM
DTT, 1 mM PMSF, and 1X protease inhibitor cocktail (Sigma P8215). The cells were then lysed
for 5 min in a beat beater using 4 g, 0.5 mm glass beads per gram of cells. The lysate was then
separated from the beads by centrifuging the mixture at 3000 x g at 4 °C for 5 min followed by
washing of the beads thrice, with 1 mL lysis buffer per gram of cells and centrifugation at 3000 x
g (4 °C, 5 min) to recover the remaining lysate. The lysate was then clarified by pelleting the cell
debris at 20,000 x g at 4 °C for 20 min. The clear supernatant was centrifuged at 100,000 x g (4
°C, 60 min) to pellet out the extracted proteins followed by resuspension of the protein pellet in
3.5 mL lysis buffer B per gram of cells (50 mM tris (pH 7.7), 70 mM NaCl, 0.5 mM MgClz, 1%
Triton X100, 1 mM DTT, 1 PMSF, and 1% protease inhibitor cocktail (Sigma P8215)). The
mixture was then homogenized using a douncer followed by adding 1M NH4CH3CO: and
incubating the mixture for at 4 °C 30 min in shaking to salt out the vaults. The salted-out vaults

were treated as described above.

The lyophilization of VMLDGI was performed by adding trehalose (10 mg. mL™) to 1 mL
vault solution and flash freezing the sample at -40 °C using dry ice and ethanol bath. The freeze-
drying was performed overnight using a VirTis DBT benchtop lyophilizer at -85 °C and 200
millitorr vacuum. Samples were then stored at -20 °C and later resuspended in the desired buffer

as required.
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5.2.7 Copper titration for Vault-packaged MLDGI activity.

The activity of vault-packaged laccase was optimized by adding copper salts to the Sf9
protein expression culture. CuCly and CuSO4 were added in a concentration range of 0.5 uM to
500 uM at different stages of Sf9 culture growth starting from time zero (at the start of viral
infection) to 76 h of growth. Post expression, the supernatant containing the secreted enzyme was
evaluated for activity by ABTS microplate assay. The relative activity was compared by analyzing
the enzyme-catalyzed oxidation of ABTS (colorless) to ABTS+ (green color). A white microplate
was incubated at room temperature and the enzyme reactions were started by adding the
packaged/unpackaged enzyme (10 pL) solution to 190 pL bi-phosphate buffer (0.1 M, pH 6)

containing 2 mM ABTS. The appearance of the green color was monitored for the desired duration.

5.2.8 Verification of the Vault-packaged Laccase Activity and
NTO Degradation.

The activity of vault packaged LDI, ILD, LAI and ILA was evaluated using the microplate
assay by monitoring the change in absorbance of ABTS at 420 nm on a Promega plate reader. The
reactions were performed in triplicates and were started by adding 10 pL of the packaged enzyme
to 190 uL ABTS (2 mM) solution in 0.1 M bi-phosphate buffer (pH 6). The ABTS solution without
the enzyme was also analyzed to account for the absorbance of the reaction mixture. The activity

was calculated as stated before.

Similarly, the activity of VMLDGI was evaluated by monitoring the change in absorbance
of ABTS (420 nm), guaiacol (465 nm), 1-naphthol (530 nm), 2,6-dichlorohydroquinone (323 nm),

and catechol (480 nm and 287 nm) using a spectrophotometer (NanoDrop 2000c). The reaction
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mixture consisted of 990 uL substrate (2 mM) solution in 0.1 M bi-phosphate buffer (pH 6). The
catalytic reaction was initiated by adding a 10 pL enzyme solution to the ABTS solution after

zeroing its absorbance at 420 nm.

5.2.9 NTO Degradation by Vault-packaged Laccase.

To evaluate the potential of the vault-packaged laccase (VMLDGI) for degradation of
NTO. 5 UL"! VMLDGI and natural laccase were incubated with 2 mM HBT in 50 mL
polypropylene tubes. Empty vaults condition was used as a control experiment to account for the
removal of NTO by the vault particles without laccase. All reactions were performed in triplicates
to ensure statistical significance of the results and incubated in shaking incubators at 150 rpm at
30 °C. At the desired time point, the reactions were quenched by adding an equal volume of

methanol to denature the enzymes.

All collected samples were stored at -20 °C till needed for analysis on HPLC-UV. All
samples were filtered using 0.2 pm nylon filters before injection in the HPLC. The analysis was
performed on HP 1050 HPLC equipped with Hypercarb column 150 mm x 4.6 mm x 5 um. NTO
was detected at 312 nm and was eluted after 9.5 minutes at 1 mL min! using 65% H>O and 15%
acetonitrile with 0.1% trifluoroacetic acid (TFA) according to the previously published method

[36].
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5.3 Results

5.3.1 Expression of Laccase in Tisma medium by Trametes
versicolor

The activity of laccase in 7. versicolor culture was monitored for 10 days by ABTS activity
assay as described above. Laccase activity in the culture supernatant was detected after the addition
of guaiacol on the 2" day of fungal growth. Peak activity was detected on the 6 day of fungal
growth in the Tisma medium (Figure 5.2a). Additionally, lowering the guaiacol concentration by
half, doubled the laccase activity however, increasing or decreasing it further negatively impacted

the laccase activity in the culture (data are not shown).

5.3.2 Identification and Extraction of Laccase Isozyme cDNA
from Trametes versicolor

The literature search for laccase produced by 7. versicolor resulted in the identification of
twenty-one different laccase cDNA sequences that were previously reported and registered in the
NCBI database (Table 5.4). In this study, these sequences were grouped in five different categories
as explained above, which resulted in the identification of three isozymes, simultaneously secreted
by T. versicolor cultured in the Tisma medium. The identity of laccase isozymes was confirmed

by the control primers as well as the category-specific primers (Figure 5.2b).

141



CatC CatD CatD CatE  CatE

Control Control CatA CatA CatB  CatB  CatC

1401

1201

A
100 4 ‘}/ \
80 4 }/ |

60 )

Activity (U/L)

401 i

201

Time (d)

Figure 5.2: a. Laccase Activity from Trametes versicolor in Tisma culture. The activity (U/L) was
determined using the ABTS assay, by measuring the change in absorbance at 420 nm for 5 mins.
Activity estimation was done in triplicates and is represented as the mean activity + standard
deviation. b. Identification and amplification of laccase isozymes expressed by 7. versicolor in
Tisma medium. Three out of the five isozymes were detected in the same culture. Control primer
was used to identify the presence of laccase based on the conserved copper binding region with an
expected amplicon size of approximately 600 bp. CatA - Category A isozyme detected using
Category A primer with a resultant amplicon size of 1560 bp. CatC - Category C isozyme detected
using Category C primer with a resultant amplicon size of 1563 bp. CatD - Category D isozyme
detected using Category D primer with a resultant amplicon size of 1584 bp. CatB - No amplicon
detected at the expected amplicon size of 1563 bp using the category-specific primer. CatE - No
amplicon detected at the expected amplicon size of 1574 bp using the category-specific primer.
The amplicons were further verified by sanger sequencing.

Table 5.4: List of laccase isozymes grouped into five categories.

Category E?g;ztsulr‘; NCBI GeneBank# ﬁzgigﬁ NCBI Protein ID
lccA JQ828930 (1560 bp) AFM31222.1
lacl AY049275 (2408 bp) AAL00887.1
lecl U44430 (1895 bp) AAC49828.1

A lecl Y693776 (1560 bp) 1560 bp | AAW29420.1
113?2::18; FJ469151 (1625 bp) ACK77785.1
lac2 AB212732 (1560 bp) BAD98306.1
TvLacl | XM 008034546 (1659 bp) XP 008032737.1
TvLacd | XM 008037774 (1563 bp) XP 008035965.1
B lac3 AB212733 (1563bp) | 5o | BAD9S307.1
klc2 AM422387 (1784 bp) CAMI2361.1
lecl X84683 (2800 bp) CAA59161.1
lec2 Y18012.1 (1563bp) CAA77015.1
o lacl AB212731(1563bp) | 5oy | BADIS30S.I
laccase III AY081188 (3936 bp) AAL93622.1
lacl AF414109 (1563 bp) AAL07440.1
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CVL3 D13372 (2684 bp) BAA22153.1

lecIV U44431 (2561 bp) AAC49829.1

D lacd AB212734 (1584 bp) | 1584bp | BAD98308.1

CVLGI D84235.1 (3099 bp) BAA23284.1

e lac5 AB539566 (1828bp) | i7,, | BALA28IO.I
TvLac2 | XM 008038707 (1686 bp) XP 008036898.1

5.3.3 Molecular Cloning for Synthesis of Insect Cell Expression

Vector

The isozyme A and D sequences amplified from 7. versicolor were found to be 95% and
99% in confirmation to the UniProt recorded sequences Q12717 and 16QS85 (Figure B 1).
However, a stop codon was introduced in the middle of the isozyme C sequence, resulting in the
expression of a truncated protein. Successfully cloned isozymes (laccase A and D) with different
configurations of INT peptide fusion resulted in the synthesis of five different BVES carrier
plasmids. The plasmids with INT sequence fused to the N terminus of laccase A or D are pLAI
(6824 bp), pLDI (6848 bp), and pMLDGI (6895 bp). Similarly, pILD (6844 bp) and pILA (6820

bp) are the plasmids with INT sequences fused to the C terminus of laccase D or A, respectively

(Figure 5.3).
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Figure 5.3: Plasmids maps for BVES carrier plasmids. pLDI (6848 bp) - map of the plasmid with
INT sequence fused to the N terminus of laccase D as the gene of interest. pLAI (6824 bp) - map
of the plasmid with INT sequence fused to the N terminus of laccase A as the gene of interest.
pMLDGI (6895 bp) - map of the plasmid with INT sequence linked to the N terminus of laccase
D with honeybee melittin secretion signal using a 5 x GSGG flexible linker as the gene of interest.
pILD (6844 bp) - map of the plasmid with INT sequence fused to the C terminus of laccase D as
the gene of interest. pILA (6820 bp) - map of the plasmid with INT sequence fused to the C
terminus of laccase A as the gene of interest.

5.3.4 Expression and Vault Packaging of Engineered Laccase.

The eLac proteins were found to be approximately 90 kDa, on SDS-PAGE which is nearly

20 kDa heavier than the theoretical estimate of 76 kDa. Optimization of eLac expression by the
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corresponding recombinant baculoviral infected Sf9 cells resulted in the highest expression after

96 h (LDI and ILD) and 96 h (MLDGI) (Figure 5.4).

1 5 3 4 5 5 7 5 9 1 3 4 5 6 7 8 9 10
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Figure 5.4: Western Blot (WB) of engineered laccase proteins using an anti-INT antibody. a.
Verification of the presence of MLDGI after infection with recombinant baculovirus. D3V - virus
harvested after 3 days of baculoviral amplification in Sf9 insect cells. D4V - virus harvested after
4 days of baculoviral amplification in Sf9 insect cells. Samples were collected after every 24 hours
post-infection with the amplified virus for the WB analysis. The MLDGI band of approximately
90 kDa was obtained. Expression of MLDGI started 24 h post-expression and maximum
expression of MLDGI was obtained for Sf9 insect cells infected for 96 h by the 3 days amplified
virus. b. Verification of expression of eLac. ILD- INT domain attached to N-terminal of laccase
protein. LDI -INT domain attached to C-terminal of laccase protein. Samples were collected after
every 24 hours post-infection with the amplified virus for the WB analysis. The LDI expression
appeared 24 h post-infection and the maximum expression was observed after 96 h, whereas
expression of ILD was insignificant. A protein size of approximately 90 kDa was obtained.

Packaging of MLDGI in vaults was verified by detecting the MVP protein along with the
MLDGTI in the same VMLDGI sample. The MVP was detected using an anti-MVP antibody and
was found to be near 100 kDa marker on the protein ladder in agreement with previously published
studies. Similarly, an anti-INT antibody detected the MLDGI protein slightly lower than the 100

kDa mark. The packaging was further confirmed by EM imaging of the same sample (Figure 5.5).
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Figure 5.5: Electron Microscopic Image and Western Blot of Vault packaged Laccase. Packaging
of Laccase (~90 kDa) in vaults (>100 kDa) was verified with respective antibodies in the same
sample. The barrel-shaped vault structure can be seen intact in the micrograph and the ABTS
activity assay of the sample, along with the western blotting with anti-INT and anti-MVP
antibodies confirmed the packaging and activity of MLDGI

5.3.5 Engineered and Vault-packaged Laccase Activity.

Among all five proteins, the MLDGI protein showed the best activity. The eLac expressed
in the SF-900 II serum-free media was found to be inactive. However, the addition of copper in
the protein-expressing cultures resulted in activating the expressed MLDGI. The titration of copper

did not have a significant effect on the activity of LDI, ILD, LAI, and ILA proteins.
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The optimization of MLDGTI activity was performed by adding CuCl, or CuSOs to the
expressing Sf9 culture. ABTS oxidation was not observed when either of the copper salts of
concentrations 0.5 uM and 5 uM was added at time zero (start of the culture). Similar results were
observed when 50 uM and 200 uM CuSOg4 were added at time zero. However, the addition of 50
uM CuCl, developed some green color due to the oxidation of ABTS by MLDGI/VMLDGI. The
green color development increased with the increase in the concentration of CuCl; to 200 uM
(Figure B 2). Further increasing the concentration of copper from 200 uM to 500 uM increased
the enzyme activity but, adding more than 500 uM copper appeared to have a negative impact
(Figure 5.6). Similarly, when the salts were added at different times (18 h, 24 h, 30 h, 42 h, 48 h,
etc.) post baculoviral inoculation of Sf9 culture, the activity of the enzyme increased. The highest
activity was achieved after adding CuClz 48 h post-inoculation however, increasing the time of
adding copper, any further, reduced the enzyme activity. The protein expression was not affected

by the addition of copper, as observed by western blot (Figure 5.6).

The activity of MLDGI increased considerably and retained longer after packaging in
vaults. Performing the multiple rounds of vault packaging using the MLDGI supernatant increased
the yield of VMLDGTI production (Figure B 3a). The LDI protein was found active for two days
on incubation with ABTS, only after packaging using the LL method (vsLDI-LL) and sucrose
purification. The increase in absorbance along with the appearance of a green color corresponding
to the oxidation of ABTS to ABTS+ was observed, after four hours of vsLDI-LL incubation with
ABTS. However, the increase in absorbance for the blank and vsILD-LL was insignificant. The
LDI and ILD proteins packaged by the LS method showed no activity (data not shown). The
packaging of LDI and ILD was confirmed by SDS-PAGE gel stained with Coomassie blue. MVP

band was detected at 100 kDa, and eLac was detected at 90 kDa (Figure B 4). The expression of
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LAI and ILA proteins was low, and the proteins were found to be inactive even after vault

packaging and sucrose purification of packaged enzymes.
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Figure 5.6: a. MLDGI (10 pL) incubation with 2 mM ABTS solution (190 pL) at room
temperature. The Sf9 culture expressing MLDGI was supplemented with different concentrations
of CuCl/CuSO4 added at different times. b. VMLDGI (10 pL) incubation with 2 mM ABTS
solution (190 pL) at room temperature. The Sf9 culture expressing MLDGI was supplemented
with different concentrations of CuClo/CuSO4 added at different times. From right to left — b1.
after 10 min incubation. b2. after 2 h incubation. b3. after 5 h incubation, ¢. Effect of copper
concentrations on MLDGI expression. Wells 2-6 show the expression of MLDGI and 7-11 show
the bands after vault-packaging of the respective protein from wells 2-6. The Sf9 culture
expressing MLDGI was supplemented with different concentrations of CuClz, 48 h post-infection
with the optimized baculovirus. The western blot was performed using the anti-INT antibody. The
effect of copper on the expression of MLDGI was found to be insignificant which can also be seen
in the VMLDGI bands. The bands in wells 7-11 are thicker as compared to 2-6 because the enzyme
is concentrated in a smaller volume.
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5.3.6 Verification of Vault-packaged MLDGI Catalytic Activity
and Stability.

Vault-packaged MLDGI was found to be nearly three orders of magnitude more active than
vsLDI-LL when incubated with ABTS (2 mM). The catalytic activity of VMLDGI was first
evaluated by incubating it for 3 h with a 2 mM ABTS solution as described before (Figure 5.7).
The activity was retained after the VMLDGI was lyophilized and resuspended in 0.1 M bi-
phosphate buffer (pH 6) and PBS buffer. The phosphate resuspended VMLDGI retained nearly
100% activity (5.5 U.L'") and was found to be stable when incubated for 7 days at 30 °C, 150 rpm
while, after additional 7 days of incubation (Figure B 3b). Further testing was performed by
incubating VMLDGI with different known laccase substrates (2 mM) in 0.1 M bi-phosphate buffer
(pH 6) for 3 h. The oxidation was monitored at 465 nm for guaiacol, 530 nm for 1-naphthol,

323/340 nm for 2,6-dichlorohydroquinone, and 287/480 nm for catechol (Figure 5.8).
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Figure 5.7: Comparison of ABTS activity measured at 420 nm for different vault-packaged laccase
configurations. The red curve shows the absolute activity (U.L™!) of the sample while the gray bars
represent the relative activity (A/Ao) of the samples in different conditions. The VMLDGI was
found to have three orders of magnitude higher activity as compared to the other configurations of
the vault-packaged laccase.
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Figure 5.8: Oxidation of substrates catalyzed by vaults-package laccase (VMLGI) monitored for
3 h. The development of color in the cuvette corresponds to the increase in absorbance over time
and the change in absorbance spectra because of the oxidation of the laccase-specific substrate
catalyzed by VMLDGI. a. Guaiacol (465 nm). b. 1-Napthol (530 nm). ¢. Hydrochloroquinone
(340 nm/323 nm). d. Catechol (287 nm/480 nm). The rate of change in absorbance is displayed on
the curve.

5.3.7 NTO Degradation by Vault-packaged Laccase.

5 U.L"! vault-packaged laccase (VMLDGI) was able to catalyze the degradation of 60%
NTO with 2 mM HBT in 96 h. The degradation of NTO by empty vaults and 5 U.L"! laccase was

insignificant (Figure 5.9).
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Figure 5.9: Degradation of NTO by vault-packaged laccase. 60% (10 mg L''- 4 mg L") NTO was
degraded 5 U.L ! laccase in 96 h while no degradation was observed for empty vaults and 5 U.L"!
native laccase from T. versicolor. Empty vaults did not contain laccase and were used to account
for the removal of NTO by major vault protein. The reactions were performed in 0.2 M phosphate
buffer (pH 6) and incubated in triplicates at 150 rpm at 30 °C. Error bars represent experimental
triplicates.

5.4 Discussion

Laccases are among the most widely studied enzymes for use as biocatalysts. Their
applications include chemical synthesis, polymerization, textile bleaching, pulp, and paper
production, food processing, advanced water and wastewater treatment by dye decolorization,
enzymatic degradation of pharmaceutical and personal care products, xenobiotics, endocrine

disruptors, olefin plastics, etc. In recent years, laccases have also been shown to display
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antiproliferative properties against various cancer cell lines along with reverse transcriptase
inhibitory activity for HIV [21, 37-39]. As a result, laccase has been widely engineered and
expressed heterologously to increase its production and catalytic activity. The heterologous
expression of laccases has been performed in prokaryotic as well as eukaryotic organisms.
Expression hosts include plant cell lines like tobacco and corn but, fungal systems like Pichia
pastoris, Saccharomyces cerevisiae is prolific. Expression in prokaryotic organisms has been
mostly unsuccessful [2, 40]. Selective mutation of laccase, fusion with peptides, and chimerization
of enzymes with laccase can increase its activity and secretion by heterologous hosts along with
providing additional catalytic properties to laccase [40-44]. Previously, in one study, the
expression of worm laccase has been performed in Spodoptera frugiperda (S9) cells [45]. In this
study, we use the Sf9 insect cell line as the expression host for laccase derived from the fungi 7.
versicolor and fuse with INT peptide to enable the selective packaging of laccase into the vault

nanoparticles while retaining its activity.

Biocatalytic properties of 7. versicolor derived laccase, like the requirement of oxygen as
a cofactor instead of hydrogen peroxide, near-neutral pH optimum, and broad-spectrum catalytic
applications make it an ideal candidate for packaging in vault nanoparticle. Vault packaging of
laccase is a step forward to enhance its applicability in biologically catalyzed water and wastewater
treatment, especially as a post-tertiary treatment option for unselective biodegradation of untreated
xenobiotics. Previously, we have shown that the packaging of manganese peroxidase (MnP)
enzyme produced by the wood-rotting fungi P. chrysosporium in the vault nanoparticles improved
the biodegradation of munition compounds like Amino-Nitro Toluene (ANT) and Diamino
Toluene (DAT) [26] as well as phenolic compounds [28]. The biodegradation of bisphenols by

vault-packaged MnP also showed a lower toxicity profile as compared to natural MnP [27].
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Packaging of enzymes in vault nanoparticles have also been shown to increase enzyme stability in
reaction conditions [26-28]. As a result, it is hypothesized that the packaging of laccase would
have similar inferences. The natural vault particle contains vault-associated poly(ADP-ribose)
polymerase (VPARP) bound the MVP shell and retains its activity after the natural vault particle
is assembled and purified. The VPARP is a 193 kDa protein [46] which includes a 19 kDa MVP
interaction domain called INT. MLDGTI being a 90 kDa protein, can also be packaged inside the
recombinant vaults. Before MLDGI, the heaviest protein packaged in recombinant vaults was

61(+19) kDa firefly luciferase protein [47, 48].

Previously published studies suggested the expression of multiple laccase isozymes by T.
versicolor. Some of these are expressed constitutively, and can also be induced by some aromatic
compounds, like guaiacol and gallic acid [49-51]. Many different laccase isozymes, synthesized
by T. versicolor, have been reported in the literature and registered on NCBI. Similar sequences
have been registered under different names. This paper attempts to systematize the laccase isozyme
database by grouping them into five categories, based on the similarity in nucleotide and amino
acid sequences (Table 5.4). The categorization enabled the identification of the type of isozymes
produced in a single culture and multiplexing of laccase mRNA amplification for further
experimentation. Hence, this study also provides experimental evidence for the expression of
multiple laccase isozymes at the same time in a single fungal culture. Three different laccase
category cDNA were amplified by TPCR and cross-verified by primers designed to detect
conserved copper regions [31] as well as through sequencing. The total nucleic acid was extracted
from the fungal biomass when maximum laccase activity was registered in the culture (Figure 5.2).
A touchdown PCR (TPCR) was performed using the category-specific primers, instead of

conventional PCR, to allow multiplexing and ensure higher amplicon yield (Table 5.1). The
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category C isozyme was found to have a stop codon introduced mid-sequence. As a result, only
category A (UniProt# Q12717) and category D (UniProt# 16QS85) (Figure B 1) isozymes were
selected for packaging in vaults. The introduction of the stop codon can be attributed to a
sequencing error or replication error caused during Taq polymerase catalyzed TPCR amplification.
Further experimentation on the variation of isozyme expression with the culture growth was out
of the scope of this study. Post amplification of the enzyme cDNAs, the INT cDNA was attached
to the laccase cDNA (including the native secretion signals) to ensure selective packaging of the
laccase protein in the vault nanoparticles. This resulted in two possibilities: firstly, the catalytic
activity of the laccase protein could be affected if the INT peptide was attached to the C terminus
of laccase. This is because the type I copper of the active site is extremely close to the C terminus
and many studies have reported the importance of C-terminus peptide in laccase proteins [40, 44,
52, 53]. Secondly, INT peptide could lose its MVP binding activity if the INT peptide was attached
to the N terminus of laccase thereby putting its C terminus in the middle of the fusion protein. In
the natural vault particle, the N terminus of the INT peptide is bound to the C terminus of VPARP
[54]. To test these possibilities, four BVES carrier plasmids, namely, pLAI pLDI, pILA, and pILD
(Figure 5.3) were synthesized, using the Gibson Assembly protocol to fuse INT, laccase, and
pFASTBacl vector in different configurations. The three DNA fragments were PCR amplified
using the primers designed to contain the overlapping base pair sequence (Table 5.3). The Gibson
Assembly protocol for DNA assembly is broadly accepted and has been extensively used to create

multiple DNA assemblies [35, 55].

Laccase protein is a multiple copper oxidase and has four copper-binding sites [56]. The
catalytic mechanism of laccase is highly dependent on the presence of copper, as a result, laccase

cannot reach its maximum activity in a copper-exhausted state [57]. When laccase is produced in
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its original host like 7. versicolor the mechanism to incorporate copper is already present in the
host organism, however, in the case of heterologous expression, the ability of the new host to
incorporate copper, during protein production becomes essential, along with the availability of the
macronutrient. It has been shown that the expression of laccase in the original host improves with
the increase in copper concentration to an extent after which, the copper toxicity results in lower
cell growth [58]. In the case of the S19 expression of MLDGI, the addition of copper did not induce
its production. The observation could be related to the fact that some isozymes produced by the
original host are inducible, whereas, in the case of Sf9 only one isozyme was expressed, and the
transfected expression cassette did not have copper inducible machinery. The MLDGI expression
level was verified by varying the amount of copper present in the expression culture and

normalizing the expression to the number of cells (Figure 5.6).

The fusion proteins LDI, LAIL ILD, and ILA, when expressed by Sf9 cells, did not show
any activity even after copper titration in the Sf9 expression culture. However, LDI protein showed
some activity over long periods of incubations but only after packaging in vaults and sucrose
purification (Figure B 4). Some interaction between the INT peptide and laccase protein in the
fusion proteins is evident, as all configurations were rendered inactive due to the fusion,
irrespective of the INT peptide location. Furthermore, stronger MVP and INT binding as compared
to INT and laccase interaction, resulting in freeing the active site of laccase, could be the cause for
vsLDI activity. It was safe to assume that the INT peptide did not lose its MVP binding activity
when it was attached to the N terminus of laccase in ILD and ILA proteins as the fusion proteins
got packaged in vault nanoparticles. As a result, the LDI protein fusion was selected for further
experimentation and improvements. The pMLDGI carrier plasmid was created by fusing the INT

cDNA to the N terminus of laccase D cDNA along with a flexible linker (5 x GGSG) between
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them. The C terminus of laccase D was also modified to replace the native secretion signal with
the honeybee melittin secretion signal (Table 5.2) to allow enhanced secretion by Sf9 cells [59].
The glycine serine linker peptides have been extensively studied as flexible linkers. They have
been shown to reduce the interference in fusion proteins leading to an increase in stability and
proper protein folding [60]. Similar linkers have been used in previously published studies and are
also registered on different databases like the International Genetically Engineered Machine
(1IGEM) registry [61-64]. Following the Gibson assembly of the DNA fragments, expression of the
MLDGI protein in copper titrated Sf9 cultures, and vault packaging of the protein, three orders of
magnitude increase in the activity of the packaged fusion protein was observed when compared to
vsLDI-LL (Figure 5.7). As mentioned above, the VMLDGI was synthesized by packaging the
MLDGI protein secreted in the culture by 2 x 10° cells/ml Sf9 cells, and vsLDI-LL was synthesized
by packaging the intracellular LDI using the LL method for the same cell count. However, the
VMLDGI should be compared with vsLDI-LS, because the synthesis method for both the enzymes
is the same. The MLDGI showed significant activity even without packaging into vault
nanoparticles (Figure 5.6a), which were not observed in other eLac. This supports the conclusion
that the introduction of the long and flexible Gly-Ser linker reduced the interaction of INT with
the laccase isozymes. This observation is also supported by the fact that multiple rounds of
packaging could be performed from the same supernatant, because of the reduced interaction

between the two peptides more fusion protein was available for packaging per vault (Figure B 3a).

A VMLDGI sample was lyophilized to test whether the vault packaged enzymes retained
their activity post resuspension in different conditions (Figure B 3b). Due to lyophilization, the
vaults packaged enzymes could be applied at varying concentrations, and in different buffers,

hence, lyophilization improves their applicability in remediation systems and facilitates its long-
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term storage. This study is the first recorded lyophilization of the vault packaged enzymes with
successful retention of activity after resuspension. The UV-vis absorbance spectra of VMLDGI
oxidizing ABTS were found to be identical to the spectra of natural laccase catalyzed oxidation of
ABTS. This outcome suggests that laccase retained its properties after packaging in vaults. This
observation was further verified by monitoring the oxidation of known laccase substrates like

guaiacol, catechol, 1-naphthol, and 2,6-dichlorohydroquinone by VMLDGI (Figure 5.8).

In this study, the vault-packaged laccase and HBT (2mM) were found to degrade 60% NTO
in 96 h at 5 U.L ! laccase activity while unpackaged T. versicolor native laccase at the same activity
and HBT was not able to demonstrate any significant degradation (Figure 5.9). Despite the low
enzyme activity (5 U.L™"), the increased local concentration of laccase inside the vaults and the
sacrificial protection imparted by major vault protein may be the reason for the longest active life
of the packaged enzyme, while the unpackaged enzyme was quickly inactivated in the reaction
environment [65, 66]. Various vehicles have been investigated for the encapsulation of enzymes
to increase enzyme longevity and applicability, but vault nanoparticles have the advantage of being
naturally occurring non-hazardous protein nanostructures [26]. The applicability of vault-
packaged enzymes in bioremediation has been investigated by other studies. However, this work
demonstrates the applicability of vault-packaged laccase for biodegradation. Similar to this work,
studies on vault-packaged MnP, for biodegradation of nitroaromatic explosives and
phenolic/biphenolic compounds, demonstrated that the packaged enzyme had better degradation
efficiency, active life, and the toxicological profile of degradation by-products compared to the
native unpackaged enzyme [26-28, 67]. These properties of vault-package enzymes provide a
practical advantage for the use of both vault-packaged MnP and vault-packaged laccase, together

or individually, for the treatment of munitions contaminated water but the addition of this
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technology to wastewater treatment systems and stormwater biofilters must be further analyzed.
Nonetheless, our results suggest that the ligninolytic enzyme (vault-packaged or native) can be

used for ex-situ or in-situ remediation of NTO contaminated water.
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Appendix B

MGKFHSFVNVVALSI.SLSGRVFGAIGPVTDLTISNADVIPDGITRAAVLAGG.FPGPLITGNKGDEF
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Figure B 1: Comparison of laccase D and A with UniProt registered sequence ID: a. UniProt #
Q12717. The sequence match of the laccase D with Q12717 was found to be 99%. b. UniProt #
16QS85. The sequence match of the laccase A with 16QS85 was found to be 95%. The red

highlights represent the mismatches.
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Figure B 2: Copper titration to estimate the optimal activity of VLMDGI. The assay was performed
by incubating VMLDGI (20 pL) with 2 mM ABTS solution (180 pL) at room temperature. a.
Varying concentrations of CuCl, added at the start of the expression culture (t = 0). b. 50 uM
CuCl, added different times (18 h, 24 h, 30 h, 48 h) after the start of the expression culture. c.
Varying concentrations of CuSO4 were added at the start of the expression culture (t = 0). d.
oxidation of ABTS by VMLDGI synthesized by titrating 200 uM CuSOs at different times (18 h,
24 h, 42 h, 48 h) after the start of the expression culture after 10 min incubation (d1), after 1 h
incubation (d2), and after 24 h incubation (d3)
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Figure B 3: a. Multiple rounds of MLDGI packaging from SF9 culture and presence of VMLDGI
post resuspension of the lyophilized sample. Round 1 represents the first round of packaging and
Round 2 represents the second round of packaging from the supernatant of Round 1. Lyophilized
represents the detection of VMLDGI after the lyophilized sample was resuspended in the
phosphate buffer. The Sf9 culture expressing MLDGI was supplemented with 500 uM CuCly, 48
h post-infection with the optimized baculovirus. The western blot was performed using the anti-
INT antibody. b. The red curve shows the absolute activity (U/L) of the sample while the gray bars
represent the relative activity (%) of the samples in different conditions. The lyophilized VMLDGI
was resuspended in respective buffers to estimate the activity using the ABTS assay in a cuvette
for a period of 1 h. About 80% of the initial activity was retained after 7 days incubation at 30 °C
for the phosphate buffer resuspended sample.
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Figure B 4: a. Oxidation of ABTS by vault packaged eLac. An increase in absorbance indicates
the sustained activity of packaged laccase enzyme. The ABTS assay was performed using a
microplate and absorbance was monitored at 420 nm. Error bars represent triplicates and are
represented as the mean absorbance + standard deviation. b. SDS-PAGE gel stained with
Coomassie blue. MVP band (100 kDa) eLac (90 kDa), c. Vault packaged INT laccase isozymes
ABTS activity assay. vsLDI-LL - sucrose purified vault packaged laccase D-INT (LL method);
LDI-LS -vault packaged laccase D-INT (LS method); LDI-LL - vault packaged laccase D-INT
without sucrose purification (LL method); vsILD-LL - sucrose purified vault packaged INT-
laccase D (LL method); ILD-LS - vault packaged INT-laccase D (LS method); ILD-LS - vault
packaged INT-laccase D (LS method) without sucrose purification. Blank — no enzyme control.
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Abstract

Nitrotriazolone (NTO), a highly water-soluble insensitive munition constituent (MC), can
be present in surface runoff in range sites and can pose groundwater risk unless treated using
stormwater treatment systems. However, bacterial removal of NTO requires an anaerobic followed
by aerobic processes, thereby making it difficult to design a stormwater treatment system where
aerobic conditions are generally prevalent. In contrast to bacteria, fungi have the potential to
remove munition constituents in aerobic conditions. Yet, the potential of fungi to remove NTO
has not been evaluated. Using two species of wood-rotting fungi, Phanerochaete chrysosporium
and Trametes versicolor, we demonstrated that both fungi could remove at least 85% of NTO
within 96 h in batch reactors, but the removal processes by both fungi differed. While biosorption
contributed to 40% of NTO removal by P. chrysosporium, the same process was insignificant
when T. versicolor was used. By exposing NTO solution to extracellularly secreted ligninolytic
enzymes, manganese peroxidase (MnP), and laccase, we found that neither enzyme at an activity
of 1 U mL" catalyzed NTO degradation. However, 1 U mL™! laccase in the presence of 2 mM
hydroxybenzotriazole (HBT), a model mediator, degraded more than 90% NTO after 48 h,
indicating that a mediator is essential for extracellular degradation of NTO by T. versicolor.
Overall, the results suggest that a fungal-augmented stormwater treatment system can effectively
degrade NTO in aerobic conditions, thereby eliminating the need of maintaining anaerobic

conditions in stormwater biofilters.
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6.1 Introduction

Nitrotriazolone (NTO) is one of the components of the IMX-101 formulation developed as
a substitute to 1,3,5-Trinitro-1,3,5-triazinane or RDX, which could explode spontaneously [1].
Unlike RDX, NTO is highly water-soluble (12000 mg L), thereby increasing the risk of the
contaminated plume migrating farther from the range sites. At range sites, NTO from scattered
explosive residues can dissolve in stormwater runoff and infiltrates through subsurface soil to
groundwater, and increase health risk via drinking water wells. NTO exposure could cause
testicular toxicity and oligospermia in rats [2, 3]. NTO and its reduced form aminiotriazolone
(ATO) can pose ecological risk [4]. Thus, it is critical to design adequate treatment systems to
minimize groundwater pollution. Because range sites are large and the runoff from the sites is
considered a non-point source, point-source treatment technologies using electrochemical[5],
photocatalytic, and advanced oxidation processes [0, 7] can be cost-prohibitive, and designing
wastewater treatment plant [8-12] to treat runoff is not practical. Alternatively, nature-based

stormwater treatment systems such as biofilters could be used to implement at the range sites.

Biofilters are passive treatment units where stormwater is captured in a depressed area with
plants and infiltrates through subsurface soil. The soil is mixed with sand and amendments to
increase infiltration and pollutant removal [13]. The filter media adsorb the pollutant and facilitate
biodegradation of pollutants by microorganisms including bacteria and fungi [14]. As stormwater
is typically saturated with oxygen, the aerobic condition is prevalent in the filter layer [15].
Consequently, biofilters are often ineffective at removing pollutants such as nitrate, which often
requires anaerobic conditions [16]. To induce anaerobic conditions, biofilters design is improved

by installing a submerged layer with a carbon source such as wood chips [17, 18]. However,
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maintaining a submerged layer is challenging at range sites where the condition is typically dry
and rainfall events can be sporadic, resulting in ineffective removal of contaminants [16]. Thus,
an alternative design that does not require maintaining an anaerobic condition in biofilters should

be explored.

Unlike chemical treatment, biodegradation of organic pollutants is inexpensive and is an
integral part of biofilter design [19]. NTO is biodegraded by bacterial/mixed cultures derived from
contaminated sites and wastewater treatment plants [8-12, 20]. In these systems, bacterial
communities first reduce the nitro group in NTO to amino group, forming aminotriazolone (ATO)
before aerobic oxidation of ATO. In contrast, fungi can biodegrade other nitroaromatic explosives
in aerobic conditions because of their ability to reduce nitro-group inside the cell [21]. For instance,
Phanerochaete chrysosporium mineralizes dinitrotoluene (DNT) within 24 days [22] starting with
the intracellular reduction of DNT to its amino derivatives amino-nitro toluene (ANT) and
diaminotoluene (DAT). Similarly, Trametes versicolor has also been found to degrade TNT and
its derivatives while inducing the production of laccase [23]. After the formation of amino
derivatives intracellularly, the fungi produce extracellular ligninolytic enzymes such as manganese
peroxidase (MnP) and laccase, which can further oxidize the reduced derivatives of nitro explosive
compounds [24, 25]. These wood-rotting fungi can naturally present at high concentrations in
biofilters, where woodchips and plant detritus are used as amendments [26]. Thus, further study is

needed to examine the potential of fungi to remove NTO from contaminated runoff.

One previous study showed that three fungi Beauveria bassiana, Rhizopus arrhizus, and
Cylindrocarpon radicicola could reduce NTO [8], but the relative importance of processes by
which fungi can remove NTO is unclear. Fungi can remove organic contaminants including

nitroaromatic compounds by any combination of three broadly categorized processes: biosorption,
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extracellular enzymic degradation, and internal (co)metabolism [27]. In the late 1990s, fungi were
thoroughly investigated for biosorption of heavy metals, such as zinc, nickel, cadmium, and
chromium [28]. Biosorption is facilitated by the high surface area, a high density of functionalized
proteins, polysaccharides, and chitin on fungal cell walls. Previously, P. chrysosporium was also
demonstrated to sorb DNT and ANT and has been reported to remove phenolic compounds and
dyes through biosorption [29, 30]. Fungal enzymes can catalyze the degradation of a wide gamut
of recalcitrant compounds including dyes, polycyclic aromatic hydrocarbons (PAHs) munition
constituents, pharmaceutical, and personal care products, xenobiotics, endocrine disruptors, and
olefin plastics. The versatility of fungal biodegradation is partly due to the non-substrate-specific
extracellularly secreted ligninolytic enzymes (oxidoreductases and peroxidases). The ligninolytic
enzymes assist fungi in mining nutrients by decomposing complex natural polymers. The mixed-
function cell-bound/intracellular enzymes such as P450s and reductases further enhance their
(co)metabolic capabilities. The cell-bound nitro reductases are suspected to reduce the nitro-
aromatic explosives to their amino derivatives thereby making them easily oxidizable by
microorganisms [27, 31-33]. Moreover, for certain enzymes including laccase, the catalytic
spectrum can be extended by the use of mediator compounds [34]. All these processes could help
NTO removal by fungi. However, the relative importance of biosorption and enzyme degradation
on NTO removal is not clear. The understanding relative importance of these processes would help
design stormwater treatment systems to efficiently remove legacy and novel munition constituents

from runoff from range sites.

Enzymatic bioremediation can overcome the dependence of the treatment processes on the
microorganism and alleviate the concerns of introducing pathogens in the environment. However,

the applicability of the biocatalysts in environmental bioremediation is limited by their short active
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life in reaction environments. As a result, a large number of enzymes may be required to achieve
the desired results. To prevent enzymes from inactivation and enhance the efficiency of
degradation at low enzyme activities, vault nanoparticles can be used to package enzymes.
Previously, manganese peroxidase (MnP) packaged in vaults was demonstrated to have increased
degradation efficiency and active life for the degradation of nitroaromatic explosives and
phenolic/biphenolic compounds [29, 35-37]. Thus, further study is needed to examine the potential
of the vault-packaged enzyme on the degradation of NTO, so that they can be potentially used to

deliver an enzyme to hotspots in the contaminated subsurface.

This study aims to examine the biodegradation of NTO by two white wood-rotting fungi,
P. chrysosporium, and T. versicolor, to identify the role of ligninolytic enzymes involved, and to
quantify the relative importance of biosorption and enzymic degradation on the removal of NTO.
We hypothesize that fungi can degrade NTO via ligninolytic enzymes, laccase or MnP, secreted
by T. versicolor or P. chrysosporium, respectively. To test the hypothesis, we conducted a series

of batch experiments and quantify the contribution of each process on NTO removal.

6.2 Materials and Methods

6.2.1 Chemicals

The NTO used in this study was obtained from AccuStandard Inc. (New Haven, CT). The
chemicals used in the culture medium preparation were obtained from Sigma-Aldrich (St. Louis,

MO) or Thermo Fisher Scientific (Waltham, MA) with ACS grade or higher purity (> 98%).
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6.2.2 Degradation of NTO by Fungal Cultures.

P. chrysosporium and T. versicolor were cultivated and maintained on appropriate agar
plates as mentioned elsewhere [38, 39] for 10 days at 37 °C and 30 °C, respectively. The mycelium
from the agar plates was transferred by scraping using a sterile inoculation loop and suspended in
the appropriate culture medium to make a stock spore suspension. The suspension was filtered
through a 0.45 pm mixed cellulose ester (MCE) membrane to separate fungal mycelium from
spores. Post-filtration, the spore count was performed using a hemocytometer [40]. The
biodegradation of NTO by P. chrysosporium was tested in a modified Kirk medium [22] to induce
the production of MnP. Similarly, the NTO degradation by 7. versicolor was tested in the Tisma
medium to produce laccase [38]. The culture medium (25 mL) was inoculated to a spore count of
10* spores mL"! using the appropriate filtered spore suspension. The experiments were performed
in 125 mL baffled flasks equipped with 0.2 pm air filters and incubated for 4 days at 30 °C and
150 rpm. The desired concentration of nitrotriazolone (NTO) was added after 4 days of fungal
growth, and 200 pL samples were collected every 24 h. The 0 h samples were collected
immediately after the addition of the substrate on day 4 of fungal growth. The collected samples
were quenched by adding an equal volume of methanol. The samples were then filtered through a
0.2 pum nylon filter to remove fungal biomass and spores. The killed control was prepared by
autoclaving the fungal culture before the addition of NTO to test for adsorption of NTO on fungal
biomass. Abiotic controls with no fungal inoculation were prepared to account for matrix effects.
All reactions were kept in similar conditions and in triplicate to ensure the statistical significance

of the data.
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6.2.3 Degradation of NTO by Purified MnP, Laccase, and
Vault-packaged Laccase

To evaluate the role of extracellularly secreted ligninolytic enzymes in the degradation of
NTO, P. chrysosporium was cultivated in the Kirk medium without NTO to produce MnP. The
culture supernatant containing the secreted MnP was filtered through glass wool when the
maximum enzyme activity was observed, whereas purified laccase from 7. versicolor was
purchased from Sigma Aldrich (St. Louis, MO). 200 puL enzymatic degradation reactions, with
purified enzymes, were performed in 2 mL, 96-well polypropylene plate sealed with a silicone
mat. Enzyme-free controls and mediator controls were also kept in identical conditions to account
for the removal of NTO by interaction with the mediator compounds. For MnP catalyzed reactions,
the reaction mixture consisted of 1 U.mL™"! MnP in 50 mM malonate buffer (pH 4.5), 0.1 mM
MnClz, 10 mg.L"' NTO, and the reaction was initiated by adding 0.2 mM H,O,. Similarly, for the
laccase and laccase mediator system, the reaction mixture consisted of 1 U.mL™! laccase in 0.1 M
phosphate buffer (pH 6) and 10 (or 320) mg.L"! NTO. To evaluate the effect of the mediator, 2
mM HBT was used as a model mediator in a parallel reactor setup. The laccase catalyzed reactions
were initiated by adding laccase and were kept open to air for 15 min every day to provide the
oxygen required for catalysis. An identical setup was used to evaluate the potential of the vault-
packaged laccase (VMLDGI) for degradation of NTO with 2 mM HBT used as a laccase mediator.
The activity of laccase or VMLDGI in these experiments was 5 U.L"!, and the empty vaults
condition was used as a control experiment to account for the removal by the vault particles
without laccase. All reactions were performed in triplicates to ensure statistical significance of the
results and incubated in shaking incubators at 150 rpm at 30 °C. At the desired time point, the

reactions were quenched by adding an equal volume of methanol to denature the enzymes.
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6.2.4 Enzyme Activity Assay

To measure MnP activity [22, 41], 0.125 mL sample was mixed with 0.025 mL 20 mM
MnCl; and 0.25 mL 50 mM malonate buffer (pH 4.5). After absorbance has been zeroed, 0.025
mL 4 mM H>O, was added to start the assay, and change in absorbance was monitored at 270 nm
(€=11,590 L.mol!.cm™) over 1 minute. To measure laccase activity [42], 0.1 mL ABTS (20 mM)
was mixed with 0.880 mL 100 mM phosphate buffer (pH 6). After absorbance was zeroed, 0.02
mL was enzyme solution was added to start the assay, and absorbance change measured every 2

seconds over 1 minute (£ = 36000 L.mol'.cm™). Enzyme activity was calculated using equation

6.1

AAXVTx10°

Activity(U.L™1) = bV

(6.1)

where, U L! units of enzyme activity per L, AA is the rate of absorbance change (min ),
Vris the total volume (L), § is molar extinction coefficient in (L mol™' cm™), Venis enzyme volume
(L), and b is path length (cm). One unit of enzyme activity is defined as the amount of enzyme
needed to produce 1 umol of product per minute. All enzyme activity assays were measured in a

NanoDrop 2000c spectrophotometer.

6.2.5 Analytical Methods

All collected samples were stored at -20 °C till needed for analysis on HPLC-UV. All
samples were filtered using 0.2 pm nylon filters before injection in the HPLC. The analysis was
performed on HP 1050 HPLC equipped with Hypercarb column 150 mm x 4.6 mm x 5 um. NTO

was detected at 312 nm and was eluted after 9.5 minutes at 1 mL min! using 65% H>O and 15%
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acetonitrile with 0.1% trifluoroacetic acid (TFA) according to the previously published method

[7].

6.3 Results

6.3.1 Degradation of NTO by Fungal Cultures

Both fungi significantly removed (= 70%) NTO by the end of 4 days of incubation (Figure
6.1). P. chrysosporium decreased the NTO concentration from 10 to 1 mg.L™!, while the killed P.
chrysosporium control removed 40% of NTO (Figure 6.1a). Similarly, 7. versicolor removed
around 70% of NTO in 4 days, whereas killed 7. versicolor control did not remove NTO
significantly (Figure 6.1b). The degradation of NTO by T. versicolor was also tested at 5 initial
NTO concentrations ranging between 10 mg.L! to 370 mg.L"! (Figure 6.2), and the observed
degradation rates were fitted to the Michaelis-Menton kinetics model. The Vmax was estimated to
be 3.5 mg.L"".h"! and K, was estimated to be 15.7 mg.L!. The degradation of NTO appeared to
follow zero-order degradation kinetics for the tested concentration range. The decay rates of the
negative control were subtracted from the degradation rates of NTO degradation to calculate the

observed degradation rates (V).
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Figure 6.1: Degradation of NTO by (a) Phanerochaete chrysosporium and (b) Trametes versicolor.
Biosorption of NTO was significant on P. chrysosporium biomass but insignificant on T.
versicolor biomass. Live P. chrysosporium - reactors with live P. chrysosporium. Killed P.
chrysosporium - reactors containing autoclaved fungal biomass to estimate biosorption. No
Fungus-Control - abiotic control reactors with no fungus. Live T. versicolor - reactors with live
T. versicolor. Killed T. versicolor - reactors containing autoclaved fungal biomass to estimate
biosorption. Error bars represent experimental triplicates.
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Figure 6.2: Degradation of NTO by T. versicolor was tested at (a) 10 mg.L™!, (b) 20 mg.L™!, (c) 50
mg L, (d) 220 mg.L!, and (e) 370 mg.L"!. (f) the observed degradation rates were modeled using
the Michaelis-Menton Kinetics Km and Vimax were estimated to be 15.7 mg.L! and 3.5 mg.L-1.h!,
respectively. Note different ranges in the y-axis indicating a difference in NTO concentration. Live
T. versicolor - reactors with live 7. versicolor. Killed 7. versicolor - reactors containing
autoclaved fungal biomass to estimate biosorption. Error bars represent experimental triplicates

6.3.2 Degradation of NTO by Purified MnP and Laccase

Approximately 90% NTO was removed by 1 U.mL™! laccase and 2 mM HBT in 48 h

(Figure 6.3a). Approximately 40% NTO was removed when 320 mg L' NTO was incubated with
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1 U.mL"! laccase and 2 mM HBT in 96 h (Figure C 1). However, no significant removal was
observed over 96 h when NTO was incubated with only 7. versicolor derived laccase or with P.
chrysosporium derived MnP (Figure 6.3b). Similar results were observed for the degradation of

amino-nitro toluene (ANT) by laccase and laccase HBT system (Figure C 2).
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Figure 6.3: Degradation of NTO by ligninolytic enzymes. (a) Laccase (from 7. versicolor) + 2mM
HBT and (b) Incubation of NTO with MnP from P. chrysosporium. n(L + H) — reactors with NTO
with no laccase and HBT. nL — reactors with NTO and 2 mM HBT without laccase. L - H —
reactors with NTO and 1 U mL™! laccase HBT. L + H — reactors with NTO, 1 U mL™! laccase, and
2 mM HBT. MnCl: control — reactors with MnCl, without MnP and H>O,. H20:2 control —
reactors with 1 U mL"! MnP and MnCl> without H>O,. MnP Reaction — reactors with 1 U mL"!
MnP, H>0,, and MnCl,. Error bars represent experimental triplicates
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6.4 Discussion

6.4.1 Aerobic degradation of NTO by Phanerochaete
chrysosporium and Trametes versicolor.

Our results demonstrate that both P. chrysosporium and T. versicolor could degrade NTO
in aerobic conditions, and 7. versicolor was less efficient than P. chrysosporium in removing NTO.
However, about 40% NTO was removed by the killed P. chrysosporium suggesting significant
biosorption of NTO on fungal biomass (Figure 6.1). NTO removal by killed 7. versicolor was
insignificant suggesting minimal biosorption on 7. versicolor biomass. The percentage removal of
NTO by T. versicolor decreased with an increase in initial NTO concentration. For instance, no
degradation was observed when 370 mg.L! of NTO was incubated with 7. versicolor, which can
be attributed to the increased toxicity leading to the inactivation or growth inhibition of T.
versicolor (Figure 6.2). The elevated levels of nitroaromatic compounds such as NTO may inhibit
the production of an enzyme while also being toxic to microorganisms causing inactivation and
loss of functionality — both factors that could explain the lower degradation rates at high NTO

levels.

The bacterial degradation of NTO has been studied in recent publications [9-11, 43], while
this study is the first instance of fungal degradation of NTO in aerobic conditions. The bacterial
degradation of NTO requires anaerobic conditions for the initial conversion of NTO to its reduced
amine derivative, ATO, followed by aerobic conditions for further degradation [8, 10]. Moreover,
the NTO degradation pathway was published independently, by Campion et al.[43] and
Krzmarzick et al. [9] suggest that the reduction of NTO to ATO is the essential first step for

microbial biodegradation of NTO, while the transformation of NTO in mammals is performed by
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P450s. Similarly, our results of NTO degradation by fungi in aerobic conditions suggest a
degradation mechanism involving cell-bound/intracellular enzymes. The reduction of the nitro
group by cell-bound fungal P450s and/or aromatic nitro reductases is reported in literature for the
degradation of munitions by fungi [27, 28, 44]. Moreover, the substitution of the nitrogen salts in
the fungal (7. versicolor) culture by NTO as a substitute nitrogen source demonstrated no
degradation of NTO, bolstering the involvement of intracellular enzymes in degradation of NTO
by fungi. The zero-order degradation kinetics followed by 7. versicolor (Figure 6.2) demonstrates
that intracellular mechanisms are involved in the transformation of NTO and/or the transport rate

of NTO from the culture into the cells control the rates of degradation.

Fungi are known to (co)metabolize organic pollutants and some aliphatic or aromatic
compounds with the help of a range of extracellular oxidoreductases with relatively nonspecific
activities [27]. Previously, P. chrysosporium has been demonstrated to convert the nitro explosives
to their amino derivatives intracellularly, followed by further degradation of metabolites by
ligninolytic enzymes such as MnP [29, 45]. Similarly, 7. versicolor was also demonstrated to
degrade TNT with increased laccase production during the degradation [23]. In this study, the
fungal cultivation cultures were selected to provide nutrient limiting conditions and induce the
production of MnP and laccase. The ligninolytic enzymes are secreted by the fungi in the
exponential growth phase. Therefore, MnP activity in modified Kirk medium peaks at around 5-6
days [22], and laccase activity in Tisma medium is typically maximum at the 6 day of growth
[38]. Supplementing NTO on day 4 of culture growth ensured optimal fungal growth and
production of desired enzymes by avoiding any NTO induced toxicity during the initial growth
phase [23]. The synergy between bacteria and fungi is necessary for most environments to promote

suitable microbiome growth and plant health. The incorporation of the fungi in the bacterial
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microcosm could effectively mineralize the munitions in an aerobic environment by overcoming
the limitations of anaerobic nitro-reduction by bacteria or the use of physicochemical treatment

processes.

6.4.2 Degradation of NTO by Purified MnP and Laccase

The ligninolytic enzymes secreted by fungi can be used to degrade NTO, but the
degradation depends on the type of enzyme. Our results showed that reactors containing laccase
without mediator could not degrade the NTO, but the co-existence of laccase and a mediator
degraded NTO in 48 h. In the laccase HBT system, the degradation appeared to flatline after 48 h
plausibly, due to the exhaustion of HBT or inactivation of laccase (Figure 6.3). The degradation
of NTO by purified enzymes was observed for only the laccase HBT system and not by laccase or
MnP, supplementing our observation of the involvement of intracellular enzymes in fungal
degradation of NTO. Various mediator compounds such as hydroxybenzotriazole (HBT), 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic ~ acid) (ABTS) and  2,2,6,6-tetramethyl-1-
piperidinyloxyl (TEMPO), N-hydroxyphthalimide (HPI), violuric acid (VA), and N-
hydroxyacetanilide (HAA), and other inexpensive humic substances found in the natural organic
matter are well known to widen laccase’s catalytic range [46]. Although our results informed the
biodegradation of NTO, the production of ATO during the fungal degradation of NTO and its
subsequent enzymatic or fungal degradation remains to be tested. However, laccase, MnP, and
fungi have been previously shown to mineralize azo, azoxy, acylated, and phenolic derivatives of
legacy munition constituents indicating potential mineralization of ATO and other intermediates

[23, 24, 28, 47-49].

182



6.5 Conclusions and Environmental Implications

This study showed fungal-mediated removal of NTO under aerobic conditions and
provided insights on the removal mechanisms, particularly the relative importance of
intra/extracellular enzymes and biosorption processes. Specifically, the data demonstrate that both
P. chrysosporium and T. versicolor removed at least 70% NTO in aerobic conditions over 96 h,
but 40% removal by P. chrysosporium was due to biosorption. However, biosorption on T.
versicolor biomass was negligible. The degradation of NTO by both fungi was mainly catalyzed
by intracellular enzymes as MnP and laccase alone did not remove NTO. The presence of the
mediator (HBT) was essential for NTO removal by laccase which removed >80% NTO (10 mg.L"
1) in 48 h. The USA produced 3130 metric tons of nitroamine explosives in 2006, and in 2002, 6.2
metric tons of explosive compounds were released in the US soils from explosive testing sites [50].
Although limited toxicological evidence is available for NTO, most munition constituents are toxic
to humans and wildlife alike. The high solubility and toxicity of NTO increase contaminant
transport and poses a threat to the environment. Bioremediation can be a cost-effective treatment
strategy for munitions contaminated waters and has been demonstrated to remediate legacy
munitions [51]. Limited literary evidence exists in support of pure culture-mediated
biodegradation of NTO, especially with fungi. This study extends strategies for biodegradation of
munition constituents to the realm of fungi with two wood-rotting fungi, P. chrysosporium, and T.
versicolor, degrading NTO aerobically in contrast to sequential anaerobic-aerobic bacterial
degradation demonstrated by previous studies. The biodegradation of NTO by fungal cells and
fungi secreted ligninolytic enzymes can be a greener alternative to energy intensive nonbiological
advance oxidation processes. Furthermore, a fungi-augmented biofilter could be effective to treat

the watershed runoff contaminated by NTO because of its aerobic degradation. However, further
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studies are necessary to identify the conditions (e.g., hydraulic retention time, geo-media type, and
biofilter design) where the implementation of fungi to biofilters would make NTO removal a

feasible technology for stormwater treatment.

Appendix C
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Figure C 1: Degradation of 320 mg.L! NTO by extracellularly secreted 7. versicolor laccase (1

U.mL") and HBT (2 mM). n(L + H) - Negative laccase and HBT control. nL - Negative laccase
control. L - H - reactors with laccase only. L + H - reactors with 1 U.mL! laccase and 2 mM HBT.
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Figure C 2 Degradation of 10 mg.L! amino-nitro toluene (ANT) by extracellularly secreted 7.

versicolor laccase (1 UmL™") and HBT (2 mM). n(L + H) - Negative laccase and HBT control. nL

- Negative laccase control. L - H - reactors with laccase only. L + H - reactors with 1 U.mL"!
laccase and 2 mM HBT.
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Conclusions and Perspectives
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7.1 Summary

This research methodically evaluated the destruction of per- and polyfluoroalkyl
substances (PFASs) using high-frequency ultrasound and demonstrated its applicability at the field
scale. The biodegradation of PFASs and nitrotriazolone (NTO) by wood-rotting fungi and their
extracellular ligninolytic enzymes was also investigated while probing the capability of vault
packaging to enhance the application of Trametes versicolor derived laccase in reaction

environments.

The second chapter provided a brief review of the current literature on per- and
polyfluoroalkyl substances (PFASs) in treated wastewater and surface runoff around the world
with respect to water recycling and reuse. The current regulations around PFASs, the toxicity of
PFAS:s, and the limitations of novel technologies for the destruction of PFASs are also discussed
along with a review of current analytical methods for the detection of PFASs. This work reveals
that the conventional water treatment plants are ineffective in the removal of PFASs and that the
fate and transport of PFASs in the wastewater treatment plant and the environment are highly
dependent on their absorption on solids/biomass. The short-chain and novel PFASs are also
increasingly detected around the world due to the shift in usage from legacy PFASs, like PFOS
and PFOA, to the novel PFASs. The review suggests a critical need for destructive treatment

technologies for the remediation of water recycling and reuse source streams.

The third chapter described efficient defluorination of legacy and novel PFASs in high and
low TDS groundwaters, complex mixtures, AFFF, and high concentration IDW samples. High-
frequency ultrasound was able to demonstrate stoichiometric defluorination of HFPO-DA (GenX),

novel PFASs, and zwitterionic 6:2 FTAB. Compared to deionized water, the acoustic treatment of
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24Mix of PFASs showed 30% - 60% higher degradation rates for PFSAs and short-chained
compounds (C < 8) observed in low TDS groundwater compared to 50% lower degradation rates
in high salinity groundwater. However, significant PFASs degradation (> 97%) was observed in
both, deionized water, and low TDS groundwater, while the high TDS groundwater and its
constituents were demonstrated to inhibit the degradation of PFASs. The work also demonstrated
that a high concentration of dissolved solids in the treatment matrix can lower the degradation
kinetics of PFASs by lowering the surface tension, increasing hydrophobic properties, and
enhancing the transfer of PFASs to the bulk aqueous-gas interface. Similarly, comparing the rates
observed for the treatment of 24Mix in deionized water, the degradation rates for the treatment of
AFFF in deionized water were 40% - 60% higher for PFSAs and 10% lower for most PFCAs with
> 97% degradation of most PFASs. The operating condition of the reactor was also optimized for
better degradation of PFASs. Closed system operation of the reactor increased the availability of
fluorocarbon intermediates, and therefore demonstrated significantly higher removal rates across
all matrices as compared to the open system operation. Furthermore, the results demonstrate that
degradation rates are higher for the operation of the reactor at a lower treatment volume due to the
diminished intensity and density of transient cavitation events with increasing distance from the
source of ultrasound. PFASs in high TDS IDW were mineralized in a closed system demonstrating
mineralization of 89.4 mg of identified PFAS mass using only 76 kWh.g™! without the generation
of any disinfection byproducts or short-chain intermediates. This work suggests that ultrasonic
treatment of the impacted waters by defluorination of PFASs is energetically viable and favorable

for large-scale application.

The fourth chapter described the acoustic treatment of AFFF impacted groundwater at a

fire training site in California. This study is the first report of field-scale demonstration of
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ultrasonic treatment technology for the removal of PFASs. For all tested conditions and 8 h of
sonication, no intermediate PFAS species were detected along with no increase in the chlorate and
perchlorate concentrations from the background levels. The observed energy consumption was
similar to other destructive technologies for PFAS removal. Only 699.43 + 3.3 kWh.m™.order’!
(Ero), was consumed at 305 W.L! to deliver the fastest removal rates and lowest final
concentrations (< 70 ng/L for 11 PFASs and 7 PFAS-TOPs). Similarly, only 599.51 £ 52.5 kWh.m"
3.order! (Ego) was consumed for maximum mass removal of 19.82 + 2.32 mg (122 W.L!). The
cost of energy consumed for the ultrasonic removal of PFASs during an eight-hour operation was
only $3.14. Overall, the field-scale reactor was able to demonstrate 50% - 99% removal of 15
PFASs and 11 PFAS-TOPs depending on the power density. Furthermore, 10% - 40% higher
degradation rates were observed at a bulk temperature of 25 °C than at 15 °C depending on the
type of PFAS. Similar to the observations in Chapter 3, for the same chain length, the sulfonates
had lower degradation rates, and for the same headgroup, the longer-chain compounds were
degraded faster. The degradation rates were also influenced by the salinity of the groundwater
affecting the surface activity of PFASs. The ultrasonic treatment of PFASs presents an exciting
frontier for the remediation of PFAS impacted water without producing toxic and unwanted

byproducts.

The fifth chapter described the identification of laccase isozymes produced by Trametes
versicolor, packaging of enzyme in vault nanoparticles, and the applicability of vault packaged
laccase in environmental remediation. The packaging of laccase in vault nanoparticles was
attempted to address the problem of instability of natural enzymes in environmental and reaction
conditions as a major hindrance in the application of enzymatic bioremediation. The sequence

standardization of laccase isozyme and their detection in the Tisma medium revealed simultaneous
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production of three isozymes by 7. versicolor. The fusion of INT domain with Laccase cDNA
(MLDGI), extracted from 7. versicolor producing laccase, required incorporating a flexible linker
to retain the activity of laccase. Furthermore, the addition of 500 uM CuCl: after 48 h of culturing
in the SfY culture expressing MLDGI produced the maximum activity which was enhanced after
packaging in vaults. The vault-packaged laccase (VMLDGI) demonstrated activity with substrates
like ABTS, guaiacol, catechol, 1-naphthol, 2,6- dichlorohydroquinone and was able to retain
nearly 100% activity after 7 days of incubation at 30 °C with 1-hydroxybenzotriazole. The
VMLDGI also demonstrated degradation of 60% NTO at 5 U.L!in 96 h with 2mM HBT. This
work presents the packaging of the largest protein (90 kDa) to date in recombinant vault
nanoparticles while retaining its catalytic activity and preliminary evidence of its applicability in

bioremediation.

The sixth chapter described the biodegradation of nitrotriazolone (NTO) as model
insensitive munition by wood-rotting fungi, Trametes versicolor, and Phanerochaete
chrysosporium, and their ligninolytic enzymes, laccase and manganese peroxidase (MnP). NTO
poses a threat to the environment due to the increased transport caused by its high water solubility.
The results demonstrate that both fungi were able to remove at least 70% NTO in aerobic
conditions over 96 h. The removal by P. chrysosporium included biosorption (40%), while no
biosorption on 7. versicolor biomass was observed. The investigation revealed that the degradation
of NTO by fungi was primarily intracellular. MnP did not catalyze the removal of NTO while
laccase in the presence of the mediator (HBT) was able to remove >80% NTO in 48h. The
extensive testing of munitions at training sites releases a large number of munition constituents
therefore, the stormwater from explosive testing sites is bound to contain munition constituents.

This work presents proof of concept for incorporation of fungi in biofilters for the treatment of
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watershed runoff contaminated with munition constituents, like NTO, owing to the aerobic

treatment conditions.

Overall, this research presents high-frequency ultrasound as an effective and energetically
viable treatment technology for PFAS-impacted water without the production of toxic
intermediates or byproducts. Moreover, mycoremediation using wood-rotting fungi, and
immobilized ligninolytic enzymes is presented as a potentially economical long-term treatment
option for contaminants like munition constituents, which are commonly found at munitions
testing and fire training sites around the world. This work highlights the importance of using
multiple technologies for the treatment of waters containing various contaminants and utilizing
both physicochemical and biological treatment strategies for comprehensive environmental

remediation.

7.2 Significance of the Research

This research presents the following insights into the removal of PFASs and nitrotriazolone

using ultrasound and fungi-mediated biodegradation.

1. PFASs are expected to impact water recycling and reuse sources as they are detected in treated
wastewater and surface runoff throughout the world and traditional treatment plants are
inefficient in removing PFASs. Therefore, new PFAS destructive technologies are needed to
ensure effective remediation.

2. High-frequency ultrasound is capable of mineralizing PFASs in various matrices, including,

AFFF-impacted high and low salinity groundwater, and highly concentrated investigation
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derived waste, without the production of short-chain intermediates or other disinfection
byproducts like chlorate and perchlorate.

The majority of cavitation events occur closer to the ultrasonic source, therefore, an ultrasonic
reactor for remediation of PFAS-impacted water should be designed to minimize the height of
the water column from the source of ultrasound and the reactor should be operated in closed
system conditions to allow for retention of reactive species from the gaseous headspace.

The ultrasonic treatment of PFASs is more energy efficient for the treatment of high PFAS
load matrices compared to the treatment of diluted single compound solutions as ultrasound
can non selectively treat PFAS mixtures, at the same supplied power, irrespective of the
relative concentration of PFAS species.

Fungi, Trametes versicolor, and Phanerochaete chrysosporium, and the laccase mediator
system can biodegrade nitrotriazolone (NTO) in aerobic conditions overcoming the limitation
of sequential anaerobic and aerobic environment for degradation of NTO by bacteria. This
makes fungi ideal candidates for the treatment of stormwater runoff from active munition
testing sites, in cohorts with bacteria or independently.

Vault packaging can locally concentrate and enhance the active life of laccase allowing it to
catalyze substrates at very low activity. To ensure enzyme activity in vault-packaged laccase,
the supplementation of copper in the expression culture and a long flexible linker separating
laccase from the INT domain is critical.

Five different laccase isozymes are produced by Trametes versicolor out of which at least three

isozymes are produced in Tisma medium spiked with guaiacol.
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7.3 Future Research Directions and Recommendations

7.3.1 In-situ and Wide Spectrum Applicability of Ultrasound

This work developed the ultrasonic treatment reactor for the defluorination of PFAS-
impacted water and demonstrated its applicability in the ex-situ treatment of groundwater.
However, another logical way forward would be to consider implementing in-situ ultrasonic
treatment for destruction of PFASs and other contaminants. Evolving this technology for in-situ
applications will further reduce the costs associated with the pumping of water. One potential
method of deploying ultrasound for the treatment of groundwater would be designing probes with
the cylindrical assembly of the transducer elements that can be lowered into the water table,
permeable reactive barrier, or a groundwater reservoir/well with desired hydraulic retention time
for treatment of PFASs. The design of these wells/reservoirs should be such that the thickness of
water in contact with the source of ultrasound can be minimized, and the well headspace gas can

be recirculated into the treatment matrix.

Although current work only demonstrates the use of ultrasound to treat PFASs in water,
evidence for the treatment of various other contaminants including biological entities in liquid or
solid matrices also exists. Therefore, testing the ultrasonic treatment of emerging contaminants
like insensitive munitions, in mixtures or otherwise, wastewater, ion exchange, and reverse
osmosis brines, contaminated soils, and cleaning of materials contaminated with antibiotic-
resistant strains of bacteria, fungi, and novel viruses like Ebola, HIV, and SARS-CoV-2 is also

warranted. Furthermore, due to the ability of ultrasound to degrade a multitude of contaminants
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non-electively, when adopted at an industrial scale, the energy efficiency of ultrasonic treatment

of water is expected to increase making it more practical.

The results of this work show that matrix constituents can have synergic or detrimental
effects on ultrasonic degradation kinetics. However, deeper investigation to understand the
mechanisms involved in affecting the degradation kinetics, effects of cations on ultrasonic
degradation, and discovery of synergic matrix constituents are required to improve the
performance of the technology. Combining ultrasonic treatment with other advanced reductive
treatment technologies like persulphate or UV catalysis may also improve the overall degradation
efficiency. Further research into increasing the number of transient cavitation events capable of
developing the desired high pressure and temperature conditions while reducing the input power
is required. Additionally, exploration of different piezoelectric materials and waveforms
improving the efficiency of converting electrical energy to acoustic energy is also needed to reduce

the energy demands associated with ultrasonic treatment technology.

7.3.2 Biodegradation of Emerging Contaminants by Fungi

While the results of this research provide preliminary evidence for the degradation of NTO
by ligninolytic fungi and enzymes, it has also revealed the need for better-cultivating methods that
can ensure the long-term growth of fungi and production of ligninolytic enzymes. The
biodegradation of some xenobiotics, such as PFASs, requires long treatment times which can be
as high as a few months, therefore a constant supply of nutrients is needed to sustain fungal activity
and growth allowing the complete potential for degradation. Liquid culture for biodegradation
experiments can only support the growing conditions for a few days after which the nutrients are

depleted, leading to stagnant conditions in the culture. Therefore, the nutrients should be
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replenished periodically either by adding reagents as a dry powder or the fungi should be cultivated
using a solid-state fermentation or submerged fermentation technique containing lignocellulosic
substrates like barley barn. Solid-state fermenters with lignocellulosic support as growth substrates
can replicate the natural conditions required to sustain the growth of filamentous fungi while
ensuring high production of ligninolytic enzymes for longer durations. Furthermore, these
fermenters can be more practical for the in-situ application of fungal bioremediation technology.
Additional research to discern the applicability of solid-state fermenters for bioremediation should

be conducted.

The degradation of NTO by fungi should be further studied to discern the mechanisms
involved in the removal of NTO, especially with regard to the production of amino derivatives
during NTO degradation. Consequently, the investigation into the degradation of ATO by fungi or
ligninolytic enzymes and the eventual mineralization of NTO is needed. Additional research on
the design of a stormwater biofilter containing fungi for the degradation of munition constituents
in stormwater runoff is needed. The selection of a biofilter media containing lignocellulosic
substrates is critical for growth of fungi, production of ligninolytic enzymes, and ensuring optimal

remediation conditions.

The amount of laccase required for degradation of contaminants can be high due to the
inactivation of enzymes in reaction conditions. Although the vault packaging of laccase explored
in this work demonstrated improved stability at low activity in reaction with NTO, further
investigation into the stability of vault packaged laccase in various environmental buffers is
needed. Moreover, improving the packaging efficiency of laccase into vaults can also affect its

stability due to the large size of MLDGI (=90 kDa). Further studies on the degradation of other
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contaminants comparing the performance of vault-packaged laccase with natural laccase are also

warranted.
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