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Overview

 Challenges for PFAS Remediation
« Smouldering Combustion Basics
« PFAS Smouldering
 EX Situ
« SERDP Project (Laboratory and Field Pilot Test)
 US Air Force Project (Field Pilot Test)
* |n Situ
« US Air Force Project (Field Pilot Test)
« Summary
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Challenges for PFAS Remediation

Chemical and thermal stability

HEAT
PFAS —— HF +shorter chain compounds

Carbon atoms Carbon-fluorine bonds:
very strong

Mineralization
* Increases with Temp > 700°C
Functionalgroups: | ©  Maximizes at Temp > 900°C

sl Wi g T AR & i Pis
WP C € g C g C oy C g C g C ) provide additional
properties, such as
6 é water solubility

(AAAS, 2021)
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Challenges for PFAS Remediation

Methods for quantifying PFAS

LC-MS Targeted PFAS
/MS

TOP Assay Precursors to Targeted PFAS

_ Total Fluorine (Inorganic + Organic)




Smouldering Combustion
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Smoldering Combustion

STAR and STARXx are based on the process of

moldering combustion: St Contaminated
| | : i | oil or Waste

, lon con
- compounds to CO,, +

\
w C

Fuel

Injected

ombustlon Air

)

STAR:!/ STARX is a flameless combustion process: onIy smolderlng
IS possible within a porous matrix (i.e., soil) _ 5

Heater Element
v (for ignition only)

Heat Oxidant




Application Methods

Al
* In situ (vadose zone & below water table) ¢ EX situ (above ground)

« Applied via ignition points & portable heaters « Soil piles placed on Hottpad™ system




Ex Situ PFAS Smouldering — SERDP Project
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PFAS Treatment

PFAS —— HF +shorter chain compounds

Soil + PFAS + GAC

Contjmi'nﬁgg Soil

Mineralization
* Increases with Temp > 700°C

« Maximizes at Temp > 900°C

But PFAS not a smoulderable fuel
 Requires a surrogate fuel
What About Spent GAC? foxianition oty

* A potential waste product that
contains PFAS

Injected
Air

ssvrenselutions.com Vecitis et al., 2009; Wang et al., 2011; Watanabe et al., 2015; Yamada et al., 2005
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Phase 1:
Lab Column Tests

Fluorine Mass Balance
* CaO0 Optimization

si=iSsiBled SERDP Project

Phase 2:
Pilot Scale Tests

Heterogeneity
Field Deployable

10



Phase 1 — Smouldering Temperatures

GAC concentration can be selected to target a specific temperature to maximize
complete PFAS destruction

800 | e ®2.5cm/s
700 ‘ ..... ®5.0cm/s
600 7.5cm/s

Avg. Smouldering Temperature

400 | | | | | | | |
15 20 25 30 35 40 45 50 55 60 65

Reprinted with permission from Duchesne et al., Env Sci Technol. GAC Concentration (g GAC/kg Sand)

dx.doi.org/10.1021/acs.est.0c03058 11
Copyright 2020 American Chemical Society.




Phase 1 — Mass Balance

PFAS Emissions System Sorption Tubes

—

Wet GAC Impinger

Clean Sand {

HF Emissions System
—)

Drierite

oy Flowmeter
Contaminated Sand  _| | ., *_ .
& GAC Column A'/Thermocouples \ i
A sopely Cooling Bath PFAS Emissions Collection System
! Drierite i
i 1
1 . |
Inconel Tubing i -HFI-mpwei —_QO0Q  Flowmeter i
B g ,
1
U N\ |
i =L Pump I
| Cooling Bath i
i :
’ |
1
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Phase 1 — CaO Amendment Optimization

Incorporate calcium oxide to improve PFAS destruction and minimize
byproducts in emissions

HEAT  gF 4 shorter chai d
PFAS shorter chain compounds

PFAS + CaO HEATB CaF, + | HF + | shorter chain compounds

(Wang et al., 2011, 2013, 2015) 13



Phase 1 — Lab Column Tests

« 8 column tests utilizing PFOS-spiked GAC in Sand (or Sand + CaO)
« Self-sustaining smouldering achieved in all experiments

Test No GAC Concentration Air Flux Ca0 Concentration (g Average Peak Smoldering Velocity
" (mg GAC/kg sand) (cm/s) CaO/kg sand) Temperature (°C) (cm/min)

B-1 50.0 2.5 i 940 + 51 0.33+0.04 |
B-2 50.0 2.5 ; 887 + 22 0.40£0.04 Base
B-3 50.0 2.5 ] 908 + 34 0.37£0.10 [ Cases
B-4 50.0 2.5 - 834 + 35" 0.37 £ 0.04 St

5 eam
S-1 50.0 2.5 - 935 +51 0.37 +0.20 -

4 Injection
Ca-1 50.0 2.5 50 795 + 37 0.31 +0.08
Ca-2 50.0 2.5 20 869 + 16 0.36 £ 0.07 | Calcium
Ca-3 50.0 2.5 10 900 £ 62 0.36 +0.03 Oxide

*Lower temperatures in B-4 likely due to deteriorating column insulation

14



Phase 1 — Lab Column Results

Pre-treatment Key Ta ke a WayS

Concentrations

e
- el + Targeted PFAS Analytes:

>99.9% reduction in

mEB1 detectable PFAS in all
82 instances
B-3
ms2 * PIGE Spectroscopy
ms1 e 95.6->99.9% reduction in
ca-l instances without CaO
mCa-2
s amendments

* No significant change in total
F concentration where CaO
amendments were employed

0 20 40 60 80 100 120 140 160 180
F Concentration (mg F/ kg porous media)
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Phase 1 — Lab Column XRD Results

XRD Analysis — Tracking CaO Transformation to CaF,

Blank CaO Pre Treatment

- £an
# - Ca[OH

|
| |
l‘* - *

L *
- S | 1. S | SR | S

Test: Ca-2 Post Treatment
" - GO

Degree 2-thets

L L B e e e S e e e e e BRI Ty
10 20 30 40 ., 50 60 70 80 90
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B-1

B-2

B-3

B-4

S-1

Ca-1

Ca-2

Ca-3

Phase 1 — Lab Column Emission Results

Targeted PFAS

o . TEA

= PFPA
PFBA

PFPeA

H PFBS
I B | B PFHXA

B | N PFHpA

I u PFOA
B PFHpS
I

W PFOS

0 0.02 0.04 0.06 0.08 0.1 0.12

PFAS Mass Recovered (mg)

Little PFAS detected in GAC sorption
tubes

— <0.02-0.13% of initial F mass in
column

Total F Recovery

B-2

B-3

B-4

B GACTubel
ca-1 [ GAC Tube 2
Ca-2
Ca-3 F
0 20 40 60 80 100 120

Mass of F- Recovered (mg)

e CaO0 soil amendment had lower F
mass on emissions treatment GAC

— Consistent with less HF and shorter chain

compounds produced
17

*Emissions train adsorbents for B-1 was not analyzed using PIGE



Phase 1 — Summary

Key Takeaways

* GAC can be used to achieve high temperatures required for PFAS
destruction

* PFAS,;reduced to below detection limits in soils
* <1% of PFAS,; found in the emissions

e (CaO can be used to enhance destruction and reduce formation of
HF (converted to CaF,)

e PIGE data used to obtain >80% mass balance

savronsolutions.com 18



'sp=1aiBled SERDP Project

".A\A‘_ > -
RS S

T~

Phase 2:
Lab Column Tests Pilot Scale Tests
* Fluorine Mass Balance * Heterogeneity
 CaO Optimization * Field Deployable

19




Phase 2 — Pilot Test

Project Site: CFB Trenton
Equipment: 10 m?3 Pilot Scale Hottpad™

Feedstock: PFAS Contaminated Site Soils (20 m? total)



ase 2 — Mixing /




Phase 2 — Unloading
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Concentration (ng/g)
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LCMS-RMC
LCMS-ALS
TOF
LCMS-RMC
LCMS-ALS

Test 1 Test 2

Pre-treatment

@®SERDP

ENVIRONMENTAL RESTORAT)0,

savronsolutions.com

TOF
LCMS-RMC |
LCMS-ALS |
TOPA |
TOF
LCMS-RMC |
LCMS-ALS |
TOPA |

Test 1 Test 2

Post-treatment

Environmental Restoration

TOF

B PFNS
8:2 FTS
6:2 FTS
4:2 FTS
10:2 FTS

m PFBS

B PFHXS

B PFOS

m PFPeS

B EtFOSA

B EtFOSE

B EtFOSAA

B MeFOSA
MeFOSAA
PFHpS
FOSA
PFDS

m PFBA

m PFDA
PFHpA
PFHXA

m PFNA

E PFOA

B PFPeA
PFUNDA
TOF

Demonstration of Smoldering Combustion Treatment of

PFAS-impacted Investigation-Derived Waste

Phase 2 — Pilot Test Results

Soil Results

PFAS reduced to near or
below detection limits

PIGE confirmed fluorine
retained in post-treatment
soil

XRD confirmed fluorine
sequestered in soil as CaF,

Emissions Results

<0.1% of total fluorine
emitted as PFAS

<4% of total fluorine emitted
as HF

Fluorinated breakdown
products can be captured via

vapour-phase GAC
P P 23



Ex Situ PFAS Smouldering — US Air Force Project
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STARX US Air Force Project

Phase 1: Laboratory Study

e Assess if IX resins and low-cost carbon sources
(e.g., anthracite) can serve as a surrogate fuel to E
support smoldering combustion T IN \

Phase 2: Field Demonstration i l‘m ""«‘”Et:'m= —

* Generate performance data on smoldering
treatment of PFAS and other co-contaminants in
soils and spent GAC

e Assess the impact of soil type, moisture content,
and PFAS concentrations on treatment
effectiveness

* £(10) 10 m3 batches planned

" Scheduled for Summer 2023

savronsolutions.com
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In Situ PFAS Smouldering — ESTCP Project
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STAR ESTCP Project

ESTCP — Location TBD T
RESEARCH ARTICLE WILEY
e STAR (In-Situ) pilot test at DoD Site

 Demonstrate destruction of PFAS and co- Carbon injection to support in-situ smoldering remediation
contaminants from source area

e 10mx10mx8 m (800 m3)
' Department of Civil and Envircnmental

e FO u r ign itio n pOi nts Engineering, University of Western Ontario, Abstract

London, Ontario, Canada

Gillian M. Wilton® | Jason I. Gerhard® | David W. Major?

Per- and polyflucroalkyl substances (PFAS) are a group of anthropogenic
25avron, Cambridge, Ontario, Canada

: H A contaminants that are receiving increasing concern due to their associated negative
* In-situ soil mixing (GAC and CaO) or carbon i S S
Correspondence health effects. The properties of PFAS result in their persistence and stability, which
|nJeCt|On pla nn ed ﬁf'g'ﬁ‘;- ’g'apzsa"'””- Cambridge, Ontario present challenges for remediation. Activated carbon is currently the most widely
E,:.d”: u,,;ajj,l::k:\,m,,k,_,|u“U,,E_Lu,,, used method for PFAS treatment since carbon microparticle injection can be used

for in-situ treatment: however, this method does not result in PFAS destruction.

* Lab scale carbon injection completed and

Thermal treatment is a promising postireatment method that can be used with

pu bllshed (Wl |ton et al ) activated carbon as long as sufficient PFAS-destroying temperatures are achieved
(>900°C). A promising in-situ thermal treatment technology is Self-Sustaining

° S|te Select|on u nderway Treatment for Active Remediation (STAR), which uses smoldering combustion to
destroy organic contaminants embedded within a porous matrix. This study

° F|e|d Work expected |n 2024 investigates carbon injection to support STAR for the treatment of PFAS. Four

solutions were used (1) 17% colloidal activated carbon (CAC); (2) 23% CAC; (3) 17%
powdered activated carbon (PAC); and, (4) 23% PAC. Smoldering temperatures
greater than the required PFAS destruction temperature were reached if 50g
carbon/kg sand was achieved for injection and soil-mixing delivery methods.
Moreowver, emulsified vegetable oil (EVO) was a successful secondary surrogate fuel

savronsolutions.com to enhance smoldering temperatures when supplied at a gquantity less than or equal

to carbon microparticles. These findings present the necessary intermediate



Summary

« STARXx demonstrated successful destruction of PFAS (converted to
HF or inert CaF2)

 PFASIn post treatment soils reduced to below regulatory criteria
« <1% of of total fluorine emitted as PFAS

« CaO enhances PFAS destruction at lower temperatures, reduces HF in emissions

« Co-treatment of contaminated GAC (and/or IX resin) and soils
Increase net treatment

* Further STAR & STARX field testing scheduled for 2023/2024

savronsolutions.com 28
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Questions?
savronsolutions.com

LKinsman@savronsolutions.com

Booth #14
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