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Road Map

 Taxonomy of PFAS Treatment Technologies

* Key Removal Processes For Gas-Related Technologies

* Key Gas-Related Technologies
* |n-Situ Gas Bubble/Gas Channel Technologies
* Ex-Situ Gas Bubble Technologies
* Ex-Situ Aphron Technology

* Current State of Technology Development



PFAS Water Treatment Taxonomy QY GS|
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{ PFAS Treatment Technologies ]

v
Destructive Sorption Concentration
Technologies Technologies Technologies

Gas-Related [ Membrane ]

. . *Author’s firm
In-Situ Ex-Situ has commercial
! \ K interest

1. In-Well 2. In-Situ 3. Foam 4. Colloidal
Removal Gas Sparging Fractionation Gas Aphrons*




Key PFAS Gas-Based Removal Processes wes|

Adapted from ITRC

Air-Water Partitioning Electrostatic Attraction
Hydrophobic tails
_oriented towards - ® ©® O o sy

air - Hemi-micelle
Aiir :

Water ® ®© & ¢
.0, ®

Hydrophilic heads oriented ® O . ® & O
towards water + + + + + + + +
Short Long Short Long

Chained Chained Chained Chained
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1. In-Well Removal (D-FAS, Enviroremedy) ”GSI

Ground Surface

Air
Injection

o  PFAS Mechanism: Air/Water Partitioning
Foam
Collection * Two Patents: Nelson 2017, Burns et al. 2017

* |n-Situ Treatment of PFAS Using the D-FAS
Approach (ESTCP ER19-5075, D. Reynolds)

Bubbles create
upward water
flow pattern
inside

the well and

Geosyntec® @~ LLC

generates PFAS = Vertical N consultants

foam. — groundwater GESTCP HNAYFAC
= recirculation in e
= formation
o BLDI ISOTEC

TECHNOLOGIES

Adapted from Upflow
Alleman, 1998




In-Situ Treatment of PFAS PFbS: 140,000 ug/L|

Using the D-FAS Approach
(ESTCP ER19-5075)

Photos, graphic elements adapted
from Reynolds and Nelson, 2021

(214X Enrichment) =

Foam concentration

PFOA = 27,000 ug/L
PFHxS = 70,000 ug/L
PFOS = 140,000 ug/L
6:2 = 90,000 ug/L

M1
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i,

PFOS: 15 ug/L

| (98% removal)
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Treated water out

PFOA =10 ug/L
PFHxS = 138 ug/L
PFOS = 15 ug/L
6:2=35ug/L

Formation water in

PFOA = 110 ug/L

PFHxS = 335 ug/L
PFOS = 655 ug/L

6:2 = 385 ug/L

e

E PFOS: 655 ug/L




2a. Low-Cost, Passive In Situ Treatment of PFAS-Impacted
Groundwater Using Foam Fractionation In an Air Sparge a,!mﬁmsm!

Trench (ESTCP ER21-5124) (Dr. Zoom Nguyen)

Atmosphere
Air Obijectives:
@B;,-;H 50 ft long, 15 foot == * Test coupled air sparge
deep gravel trench Foam trench and in-situ foam
.......................... "Et;f!'d'f-ma Separatlon

fractionation

Air — Moisture

separator ~ ® Verify plume interception

% A 'y & & & Fy & & & & A 'y & A f

| . Rising air bubbles

« Demonstrate foam recovery
i « Assess PFAS destruction;

- Condensate and

Perforated Pipe {Sparging)

Claylayer

mmmmmmm

Field Demo: Fall 2023 _ _
* Determine life cycle



2b. Gas Sparging Directly in Aquifers to Remove
or Sequester PFAS (SERDP Project ER22-3221) ENVIRONMENTAL

(GSI Environmental, Colorado State, NAVFAC, CSIRO)

QWGSI

Column Test with Gravel: Bubbles Capture

. But most of sparging sites are not gravel
Surfactant and Bring to the Surface

—— — — 7 Sparging in most sands creates air channels
Before N
Sparging Does sparging remove PFAS at sparge
— - | channel-dominated sites?
|
| (a) (b)
" 5 —_— L .
Initial
Sou
(e) 14:00:000 |0 02400:00° 1)) 13:00:00 | 1L 068:00:00
‘ After 6 Hours of
Sparging

Concentrated
top of porous
I\ media

Channels,
Not
Bubbles!

Suthersan et al (2017)




2¢c SERDP Project ER22-3221:
Gas Sparging Directly in Aquif ”GSI

to Remove or Sequester PFAS

39,353 ng/L (3 ft)

Key Questions: MODFLOW USG-T PFAS
, (S. Panday, il T
? et (LRI
1. Does gas sparging remove PFAS: H. Hort (GRS L
Does pulsing help? E. Stockwell) [0

2
3. What is the mechanism for channels?
4

Is it easier to remove thin concentrated g

layer of PFAS near water table? _—
—
5. How long is the concentrated PFAS = S
. . i > 3
retained in the subsurface? T O X
"’ - = A H- E:
Approach: CSU Tank Exper. ::;"
Lab, Models, Field Pilot (J. Scalia, J. White) - )



Step 4.1 Step 4.2 Foam(F) and Step 4.3. Long Term QY GS|
Groundwater (W)  Groundwater (W) Extraction Retention for Enhanced gyponmenmar

Extraction Only ™\ \ MNA of PFAS
Ground Surface 4
Water Table _ / A 4
High PFAS doncentration Step 3. PFAS
Concentration
PFAS Plume
Step 2. Partitioning
_ and PFAS Collection
Conventional
Air Sparge
g well : :
) Step 1. Air Sparging
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33 o PLASMA PFAS TREATM E NT Clarkson University

Gas/Water Separation With Bubbles -
Then Destruction S S OESTCP

Gas diffusers along bottom of
reactor for bubble formation

Gas/water partitioning (foam
fractionation) brings PFAS to\\\ Liquid sampling

>

N 5 ] S

surface ‘\\ | p;rt 3 “ ¢

L] ©

. . . N~ 4 - -

High voltage is applied o o

N = (o)

between suspended (above \\\ 5
water surface) & submerged D

electrodes .
Argon gas in



3b. Ex-Situ Foam Fractionation

Wang et al. (2023)

Air Pump

(Foam Collection)

l 1 Average
. = Removal %

2 A% PFOS: 97%

----------

PFOA: 81%
PFHxS: 97%
PFBS: 33%

Air Stone p

ﬁnﬂeter PFBA -

Single Stage

Commercial Technology
Developers

* EPOC

e Allonnia
* EnvyTech

* ECT2
* SynergenMet



Burns et al, 2022

3c. EPOC SAFF Treatment of 80 Million Liters of Landfill Leachate

OPEC Enviro SAFF®

PFAS-
contaminated
leachate

Bag filter

Settling tank
Primary foam
fractionator
Secondary foam
fractionator

I Hyper-concentrate
-

Tertiary foam
fractionator

— o o o ] o
L

Treated water to sewer

FIGURE 2 Simplified process flow diagram of the SAFF40

process installed at the Tveta landfill site.

PFOS: >98.7%
PFOA: >99.7%
PFHXS: >98.8%
PFBS: >15.7%
PFBA: -1%

Similar Results for
Groundwater
Treatment Application
(Burns et al., 2021)




Foam Fractionation:
ITRC Proven technology category (limited
applications by limited number of practitioners)

EPOC: commissioned 11 SAFF Units
Units > 200 gallons per minute

One unit teamed with Battelle
Annihilator for PFAS destruction

U.S. manufacturing capability to
build 150 units per year later this year




4. Colloidal Gas Aphrons

BULK
WATER ®— Surfactant molecules

Liquid shell

Ligquip

QWGSI

ENVIRONMENTAL

GSI Environmental Patent Pending

Not bubbles but multi-layer structure

Air + surfactant + water mix, created
under high shear forces

Separation via electrostatic processes

Smaller than gas bubbles
(10-100 um vs. 100-50,000 um)
much greater contact area

Can be mixed with either anionic or
cationic surfactants



GSl/Clarkson U. Aphron Column Experiments

Groundwater from Lab Mix of PFAS

removed| |
-« T,

{wfh j}', Motor
CGAs ' |
continuously |
A

Peristaltic  Baffles
pump
\

Mixing speed >10,000 rpm

2 L cylinder containing 5 L beaker containing
1.5 L dye solution 1L surfactant solution

Kulkarni et al., 2022; Newell et al., 2021 (patent pending)

3-D printed rotary shaft
and spinning disk

Clarkson

QW GSI
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Average
Removal %

PFOS: 0% (?)
PFOA: 88%
PFHxXS:(na)
PFBS: 91%
PFBA: 95%



GSI Batch Experiments with Aphrons — Batch Test QGSI

ENVIRONMENTAL

Groundwater from AFFF Site

Average Removal %
PFOS: 66%
PFOA: 93%
PFHxXS: 89%
PFBS: 96%

PFNA: 89%




GSI Batch Experiments with Aphrons QY GS|
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(Aphrons Treating Groundwater from AFFF Site)

|
I 90% Foam Frac. (McCleaf et al., 2021}
93% Foam Frac. (Wang et al., 2023) |

I .
: Chain 85% Aphrons i
[ | | 519% Foam Frac. i
: Shor.t' 62% Foam Frac. I
Chain 90% Aphrons I
[ | 73% Foam Frac. !
: 9 PFAS 79% Foam Frac. I
[ 88% Aphrons :

Percent Removal (%)



ESTCP Project ER23-7882 (summer 2023 start)
“Separating and Destroying Short-Chained

PFAS from Waste Streams by Combining
Colloidal Gas Aphrons (CGAs) with Plasma”

SERDP Proposal ER23-7892

“Leveraging the Unique Properties of Colloidal
Gas Aphrons (CGAs) to Develop a Novel Liquid-
Based Sorbent for PFAS Removal”

Commercial Development (on-going)
Continued Bench scale Testing and Design
Work. Pilot tests in spring 2024

QW GSI

ENVIRONMENTAL

QW GSI

ENVIRONMENTAL

QW GSI

ENVIRONMENTAL

Future Development Work with Aphrons ”GSI

Clarkson  pnpaxpgasma
UNIVERSITY

oo BROWN



Technology Development Pyramid (Cherry et al., 1996)
Stages in the evolution of new remediation technologies azoﬁﬁ!
Proven Technology: “Known Performance for a Known Price”

Proven Full
Technology u
Site
Use Commercial

Emerging
Technology

Assessment
Large
Site Trials Scale-Up
Engineering
Pilot-Scale
Site Trials Rigorous
_ Mass Balance
Small-Scale Field Studies
Experiments/Prototypes

Concept
Screening

Laboratory Proof of Concept
Concept Identification




Technology Development Pyramid (Cherry et al., 1996)
Stages in the evolution of new remediation technologies ;,!U&ﬁ!
Proven Technology: “Known Performance for a Known Price”

Proven
Technology ;f:_"
. - ite
Ex-Situ Foam _ / Use Commercial

Fractionation

Emerging
Technology

Assessment
Large
(7 Site Trials Scale-Up
* Engineering
Pilot-Scale
Site Trials Rigorous

_ Mass Balance
Small-Scale Field Studies
Experiments/Prototypes

7
- Laboratory Proof of Concept Concept
Screening

Concept Identification

Ex-Situ Plasma

In-Situ D-FAS

Experimental

In-Situ Gas Sparge_ 1. ..ol0gy

Ex-Situ Aphrons
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WRAP UP

* Gas-Phase Technologies will be important
for PFAS Treatment

* In-Situ Treatment of PFAS Plumes
* In-well removal
e sparging in trenches
* sparging in aquifers

e Ex-Situ Treatment of PFAS Streams
* Plasma technology
* Foam Fractionation
* Colloidal Gas Aphrons
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QUESTIONS
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PUMP AND TREAT W: Pumping and treatment of .' GSI

high volume, low ENVIRONMENTAL
concentration PFAS

concentration water stream

using existing technologies.

PFAS plume
extending
from top of
aquifer to
deep into
aquifer

Pump and
Treat Well

27

G




Key PFAS Removal Processes for  GS|

ENVIRONMENTAL

Gas-Based Technologies

Air-Water Partitioning Electros’fatlc
Attraction
Hydrophobic tails oo
oriented towards air wit
e 06 0.0,
+ + + +
Air Electrostatic
: Attraction with
Water '. . . . Positively Charged
Surface Hemi-micelle
Hydrophilic tails oriented
towards water -
@O0 ®
O T3040 4




4. Foam Fractionation Single Stage Removal: McCleaf et al., 2022

| w1 Average
Tl Removal %
PFOS: 98%

W

Vacuum
_ PFHXS: 97%
—Qu | et PFBS: 60%
: map| 00 trap
Aerosol Lljg;;(;?;fs Msrlahe i_ 2 P F BA : 3 8%
water tank = Qil free air
trap (25 L) | i T compressor



-‘0am Fractionation Single Stage Removal: McCleaf et al., 2022

Removal efficiency [%)]

3

¥0

70
&0
S0

40 . ¢

200
10

Very Good

[ —
R L

=" '- PFHS
’ PEHpA

% L,..'.. L S =
= ol P A

e o e B e e—

— - =
— u——
i —__——

Perfluorcalkyl chain length

_

FO5A,

» PFCA
mPFSA

Jh A Precursors



2. Gas Sparging Directly in Aquifers to Remove QUGS
or Sequester PFAS ENVIRONMENTAL

PFAS Surfactant
In-Situ Air Properties
Sparging Nl

Hydrophilic Heads

(a) (b)

Hydrophobic Tails

Subtle geologic A Subtle geologic e - = — — —
changes " changes A Bekra B 2 Minuias c 15 Minutas D |35H'nutas
(c) (d) Spanga Sparging Sparging Sparging
Figure 2. Zones of influence under various operating _ - ;
conditions. (a) Homogeneous geology, low airflow, (b) ; -
homogeneous geology, moderate to high airflow, (c) : J
heterogeneous geology, low airflow, and (d) heterogeneous . i | | _J
geology, moderate airflow (Suthersan et al_, 2017). e
surtactan

Sparging to volatilize/biodegrade isone —
of the most commonly used in-situ Direct sparging to partition PFAS in
remediation technologies geologic media has not been tested



WGSI

ENVIRONMENTAL

Task 1 Task 2a Task 2b Task 4
Project Lab Studies Laboratory Small-Scale Field
Planning =Column Exp. Studies Trial
Flow-through »Transformation =Sparging test well
tanks = Extraction & Tmt.
\ 4 \/ Go/ V
m:au=-@ O @ —n k- O C B0 B
A °%° A
B Task5
Task 3a Task 3b Tech |
Mathematical Modelin : echnology
g Math. Modeling Transfer

« Mechanisms
- Retention
- Extraction -Economics

= Transformation




Foam Fractionation Single Stage Removal

| {=.10
+—9 \
B
Vacuum
pump
——
o Aerosol
Vel 4, ]
) water
Unteated r'eg '’ trap
Aerosol leachate  embrane %3
water tank 4 K Qil free air
trap (25 L) g compressor
o

McCleaf et al., 2022

: McCleaf et al., 2022

Average

Removal %
PFOS: 98%
PFOA: 99%
PFHXS: 97%
PFBS: 60%
PFBA: 38%




Foam Fractionation Single Stage Removal: Wang et al. (2022)

(Foam Collection) (Foam Collection)

) AirStone |
Air 5tone p

Air Pump Air Pump

1

| S—

—]
——

Flow Meter Flow Meter

Single Three
Stage Stages



Hydrophobic vs. Electrostatic Processes
(Sorengard et al., 2022)

M. Sorengard, et al

i .
' PFCA C3/. @Methylene Blue ¥ PFSA C4BTPFCA C5 Chain Length PFCAs
S 0.3 4
:E- 0.2 FTSA C69 6
‘9: .§. . @Chrystal Violet BPFSA C6
<))
= = 0.1
E 8 | 1 SPFCA = 7A e c:FCA C88
a & 07 —PFCAC174 | |
"3 iy | @Indigo Carminel 7 s PFSA CB8FCA CIO]- O
% i 1 3 PFCAC11A A
0.2 ®FOSAC8  @FTSA .:1 1"‘“ C99
- ®Rose Bengal
-0.3 ' ' : -
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
PC1 (39%)

—

35
Hydrophobic sorption



M. Sorengard, et al

Short-Chained: More Electrostatic
Long-Chained: More Hydrophobic

[} .
& 1 AQA [ ]
| PFCAC3> @®Methylene Blue 4 PFSA C4 B PFCA C5 Chain Len gth PFCASs
s| 4
= 0.2- FTSA C6® 6
‘9: § . | @Chrystal Violet BPFSA C6
(=) ]
R = 0.1
= S 15 prcacls /] TR - -~
§ & 01 - PFCAC174
"3 iy @Indigo Carminel 7 s PFSA CB8FCA CIO]- O
% i 1 3 PFCAC11A A
0.2 ®FOSAC8  QFTSA .:1 1""“ C99
' ®Rose Bengal
-0.3 , , , _
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
PC1 (39%)

—
Hydrophobic sorption
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SAFF40® Container EE

E|C

Secondary Primary Frac. Control Room (incl. SYSTEMS
Frac. Vessels Vessels (x4) Remote Telemetry Access)

. T
Waste Treatment Stage (enrichment) Water Treatment Stage (stripping to adopted site criteria)
/ .

BT 7 N
_ o E-ll_]-.. = ”FL = N | P

5. ] YIE
Q‘ Q - : U — - v —
e T - : -
- \ oo 4] = o {8 . - { o B o i ‘ -
- w— et
| [ I
Optional Primary
Foamate Overflow —
Ullage Tank | Integrated Fractionate Final Treated Containerised Feedwater Inlet & Feedwater
(fc’)‘;;ﬁ'rfg)e Transfer/Storage Tanks Water Outlet Bund Overflow Return Transfer Tank

Figure-1: Schematic of containerised SAFF40™ system (elevation view showing key process stages).

www.opecsystems.com



