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Fractionation and Ozone

* Fractionation uses bubbles to |
separate PFAS from the | |

aqueous solution l I
| |

« Ozone can create micro-nano- 1/ mmi

bubbles (MNBs) ranging from  Typical Bubbles
10s nm to 10s um

* MNBs increase bubble quantity
and available surface area for
treatment

« Ozone bubbles may have a '
high zeta potential which :
lessens bubble coalescence 247 nm
and improves stability MNBs

© Arcadis 2021
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Fractionator
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< Ozofractionator ’—

A ARCADIS

2.1x10 bubbles/100 gal
3,400 ft2/100 gal

>28,000,000% surface
area increase, less
incidence of coalescence;
more stability

4.8x102%2 bubbles/100 gal
9.9x108 ft2/100 gal

After Hu and Xia 2018 3



Ozone Fractionation Process - OCRA & ARCADIS

evocra

- Patented process by Evocra, Australia

« Uses ozone bubbles in a multiphase process to extract PFAS
- Reagent can be added to increase efficiency of process

* PFAS removed is collected as a concentrate “foam”

* Volume of foam target is less than 1% of the raw influent (will
vary depending upon initial water quality)

+ Potential for significant cost savings in disposal volumes
- Additional foam reduction via subsequent processing

Target Structural Collapsing Foam -
Optimized Fractionate Flow

© Arcadis 2021



Fractionation and Ozone 3 ARCADIS

- Addressing ozone concern of creating
ultra-short chain PFAS

* Optimized concentrations through
rigorous testing and trials

* Lower risk of ultra-short chain PFAS

 Maximize waste removal effectiveness
with lower volumes

« Zero-waste outcome possible with
destruction technologies for foam

“Ozonated air fractionation showed the best PFAS removal
efficiency, which was more than 95%, as a result of the
enriched OH radicals in the gas bubbles.”

Comparative study of PFAS treatment by UV, UV/ozone, and fractionations with air and ozonated air (Dai
et. al 2019)




Fractionation Process £ ARCADIS
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Example of PFAS Treatment Train  ARCADIS

PFAS _
IMPACTED Fractionation [y II;II el(.j'fl T‘I;{v%‘.-éiD
WATER olis
Collapsed
Foam

Destroy organics
Remove PFAS

Remove & manage Media Loading
solids

Incineration/
Disposal Options*

Manage Odor

Extend Media Polish *Other Alternatives i.e. Super Critical Water Oxidation
Performance

Reduce Waste Disposal
Volumes and Cost

© Arcadis 2021
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Demonstration Field Pilot Case Study @ ARCADIS
(Australia 2017)

« >4 Million Gallons- Sewage, Trade waste, Brackish Creek Water, Chemical
Flush Fluids, and Stormwater

 Emergency Response — full-scale onsite in three weeks = SEG;;‘“’(‘;’;{EEK
 FF Foam Concentrate — Precursors, 5,000 ug/L PFAS CATCHMENT

* Multiple Contaminants (1,500 mg/L COD) i lletes W
« Small Footprint ——— .
« Treatment Objective: 0.25 pg/L sum of PFASs measured by TOP assay

* Fractionation with Ozone and Medla Polish achieved 99.96% PFAS removal as

measured by TOP




Demonstration Field Pilot Case Study B ARCADIS
(Australia 2017)

evocCra
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Photo Source: Evocra 2017
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Current Bench-Scale Work & ARCADIS

 Arcadis Treatability Lab, North Carolina, US
- Performing fractionation bench-scale studies for over a year now
 Providing proof of concept of various waste streams

- Wastewater, Leachate, AFFF Impacted Streams
« Removal has shown removal of PFOS>99%, PENA>99%, PFHxS>96% Top -Foam Concentrate

Bottom- treated Effluent

Photos courtesy of Arcadis Treatability Lab



Bench-Scale Testing Optimization _ FAARCADIS

S

evocra

+ Single column from Evocra with
additional capabilities

— Increased column diameter

— Foam collection cup angled for easier
foam collection

— Retention tank and recirculation loop

added
— Venturi modified for optimal gas flow
iInto system .,
Photo- (top)
— Balance tube added for level control Optimized Fractonate Fion §4

within column
] . Photo (right) “ Pl
— Dosing Reagent Capabilities on Influent  Single fractionation column set-up St &
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Bench-Scale Testing Optimization @ ARCADIS

Optimization High Structural Low Structural
Parameter Foam (Wet) Foam

Reactor volume Reduce liquid Reduce liquid Increase liquid
adjustment volume in column volume in column volume in column
. . Reduce Reduce Increase the
Recirculation . : . . ) )
recirculation recirculation recirculation
Flowrate
flowrate flowrate flowrate
Increase gas Increase gas
Reduce gas flowrate, increase  flowrate, use ozone
Gas Flowrate
flowrate ozone gas for gas for smaller
smaller bubbles bubbles

Inorganic or organic
defoamingagentto  Add a reagent for
break down increased foam
undesired foam structure
structure

Pre-Treatment
Dosing

No pre-treatment
dosing required

* Fractionation operation varies dramatically depending on influent water quality

 Industrial wastewater presents largest challenge to fractionation to handle
additional inputs

12



Bench-Scale Testing @ ARCADIS
Case Study 1 — Proof of Concept

. . Trial 4
- Industrial Wastewater with =i e
AFFF trial T Rengent | nflunt
Pre-treat t
- 300 Minute Test (5-hour) Parameter | U
PFOS ng/L 310,000 740 99.7%
23 gallons of water treated oo | T <2400 | o e
- Additional dosing reagent T e T 1 I S =
added to manage foaming of — FfeA rev | RS0 31N
Industrial wastewater source = PrHpa | ngL | 5900 | 2900 | 49.1%
PFHxS ng/L 38,500 1,500 96.1%
PFHXxA ng/L 310,000 47,000 84.8%
PFNA ng/L 6,550 28 99.6%
. PETeA /L < 3,600 6.1 NC
° PFOS — >99% RedUCtlon PFT(:iA :S/L < 16,000 5.6 NC
PFUNA ng/L < 14,000 6.2 NC

¢ <5% volume of influent
foam waste

NC= not calculated

Photo- (right)
Target Structural Collapsing Foam —
Optimized Fractionate Flow 13



Fractionation Case Study 2 — Bench to Pilot

© Arcadis 2021



A ARCADIS

Site Location and Background . Proseor [ ZT AT
woovy LOCATION » A8 “}k}“_"“ M
- 330-acre site e 1
» Historically operated as steel finishing operation ot
- 3landfills
* Leachate treatment lagoon system B 1
- Countywide Landfill (CWLF) \ W AR
«  Steel manufacturing waste (Trenton and Gibraltar McLouth Steel) A _ % " 3
 Construction and demolition debris / / ;- 5\
- Added to National Priorities List on March 26, 2015 - SRR
* Discovered PFAS in leachate in 2018 _;,f?:}:::! i W ;w .
- Leachate collection system along west and south sides of landfill ;,,:?"'::- " e RN G '
(partially blocked?) — installed by USEPA Contractor in 2011 VAR Vs

REFERENCE: BASE MAP USGS 7.5 MINUTE QUADRANGLE., ROCKWOOD,

- Gravity fed to collection sump
LOCATION MAP
« 2019 Arcadis hired for Feasibility Study L mwe e

GRAPHIC SCALE

MICHIGAN
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Site Conditions

*  Current system:
*  EGLE Contract with leachate hauler
» Off-site treatment and disposal
- 10,000-20,000 gallons/day
- $0.15 per gallon, subject to increase
- ~$700,000 annual cost
» Electrical power not accessible near sump
« Targets for surface water discharge (rule 57)
11 ppt PFOS
« 420 ppt PFOA

« 3.2 mg/L winter, 1.2 mg/L summer ammonia-N
(FCV, Final Chronic Value)

* Volatiles and Semi-Volatiles under Rule 57
* Metals under Rule 57

16



Bench-Scale Testing

A ARCADIS

Case Study 2 — Landfill Leachate

Landfill Leachate sent to
Arcadis Treatability Lab

Influent

- PFOA-430 ng/L
- PFOS-190 ng/L
« TOC- 74 mg/L

Tested both Air and Ozone
Treatments

Multiple Column Passes

Influent - Raw

Leachate
(12/2/2020)

Analyte Units Result
Alkalinity-Total mg/L 490
Ammonia-N ug/L 18,000
Chemical Oxygen Demand mg/L 290
Chloride mg/L 410
Fluoride mg/L 0.61
H‘exavalent Chromium, ug/L <50
Dissolved
Nitrate/Nitrite-N mg/L <0.2
pH (field) pH Units 8.7
pH (lab) pH Units 9.5
Sulfate mg/L 210
Total Cyanide ug/L <0.5
Total Dissolved Solids mg/L 1,500
Total Organic Carbon mg/L 74
Total Suspended Solids mg/L 380




Bench-Scale Testing @ ARCADIS
Case Study 2 — Landfill Leachate

Ozone-Ozone Trial

« 210 Minute Test (3.5-hour) -
- >26 gallons of water treated i
- 2 passes simulated to test 2 columns in 2.
series |
- Both trials with air and ozone
successfully treat to ND <10 ng/L PFOS = &
and PFOA N — —_— .
o Ozone had a better Iower foam Volume U;:geelaill:]id 1st£'aarT303 1stMPi325;903 1st Pass O3 En 2ndEF;arIs;03 2niﬂ?;;f903 2ndE:ZSO3

of ~7% compared to air of ~25% —o—Pr0S —e=PiO



Bench-Scale Testing
Case Study 2 — Landfill Leachate
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Ozone-0Ozone Trial

//’

ﬂ

e — —C—== )
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‘ 4.

Untreated 1st Pass O3  1st Pass O3  1st Pass O3

2nd Pass O3 2nd Pass O3 2nd Pass O3

Baseline Early Middle End
«=@=—PFHXA ==@==PFPeA =0 PFBS

Early Middle End
PFHXS ==@==PFHpA

 Less effective on short chain PFAS <C5 (PFHxA, PFPeA, PFBS)
* More effective on longer chain PFAS >C5 (PFHxS, PFHpA)



Bench-Scale Testing
Case Study 2 — Landfill Leachate

Trial 1 & 2 (Air and Ozone)

Raw Influent

6:2 FTS (ng/L)

6:2 FTS (ng)

PFOS
(ng/L)

PFOS
(ng)

PFOA
(ng/L)

A ARCADIS

PFOA

First Air Pass Treated

First Air Pass Foam

First Pass Treated- Influent to
Second Pass

Second Pass Ozone Treated

Second Pass Ozone Foam

52.1 43 2,238 190 9,890 430 22,382
39.4 <10 <394 <10 <613 <10 <613
12.7 420 5,334 1,300 16,510 2,700 34,290
39.4 <10 <394 <10 <613 <10 <613
39.5 <10 <395 <10 <400 <10 <400
1.0 2,000 1,900 200 190 170 162

Raw Influent

Trial 3 & 4 (Ozone and Ozone)

Volume

(L)

6:2 FTS (ng/L)

6:2 FTS (ng)

First Ozone Pass Treated

First Ozone Pass Foam

First Pass Treated- Influent to

Second Pass

Second Pass Ozone Pass Treated

Second Pass Ozone Pass Foam

43 2,455
53.4 <9.8 <523 <10 <834 11 587
3.7 2,100 7,749 4,500 16,605 9,500 35,055
35.1 <9.8 <344 <10 <834 11 386
35.0 <9.8 <344 <10 <834 <10 <350
0.1 2,900 290 3,500 350 5,600 560

© Arcadis 2021

Property of Arcadis, all rights reserved




Bench-Scale Testing @ ARCADIS
Case Study 2 — Landfill Leachate

Highlighted benefits of ozone fractionation optimization versus
air only

Volume of foam significant differentiator for price point

There was more overall PFAS removal in the upfront ozone

pass than the upfront air pass leaving less to be removed in the
2nd pass

The two-pass ozone also appears to have removed more total
PFAS mass

© Arcadis 2021

Property of Arcadis, all rights reserved



A ARCADIS

Pilot Fractionation Testing — December 2021

« System contains 3 main fractionation columns (OCRA A, B, C), but only 2
operated for this test

«  Column D is concentrating column for further waste reduction (OSCAR)
* Media polish - Purolite PFA694 resin

+ Reactivated GAC (TS8X30CPR) was added later during the test in front
of the resin

* removal of milky coloration from effluent

* Pre-treatment upstream: breakpoint chlorination during select tests
* 4 Scenarios of testing:

Pretreatment? OCRA Column A | OCRA Column B

1 Ozone
2 No Ozone Ozone
3 Yes Air Ozone
4 Yes Ozone Ozone

© Arcadis 2021 10 February 2022 22
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Pilot Test Volumes
Summary

« Final concentrated waste to the
tote ratios were <5% target
range and on target for this test

* Except Test 1

- Additional volume reduction
with concentrating column
evident in majority of test days

* 3% to 5% waste volume would
be a conservative estimate to
use as a basis for full-scale
estimates using the
concentrating column

« 20,000 gpd influent down to
less than 1,000 gpd waste

Average Influent

Flowrate (gpm)

Gallons Treated

Waste Ratio

Influent to OCRA Influent to OSCAR
Waste Ratio

Test 1 - Air -Ozone - No 7 1,760 12.6% 7.8%
Pretreatment 5 1,940 4.2% 3.1%
5 2,126 3.9% 3.9%

Test 2 - Ozone-Ozone - No o o
Pretreatment 5 1,982 4.9% 4.9%
5 1,740 6.9% 4.3%
5 1,974 2.9% 2.1%

Test 3 - Air-Ozone - With o o
Pretreatment 8 3,236 4.4% 4.4%
8 4,072 3.4% 2.8%
8 4,216 1.9% 0.7%

Test 4 - Ozone-Ozone - o o
With Pretreatment 8 2,432 6.9% 3.3%
8 1,876 7.7% 1.8%

24



£ ARCADIS
Pilot Test Results for PFOA and PFOS

PFOA PFOS

600 350

300
510
300 280

500 480475 b5y 295
— 2 250
_l ~
2 400 390 2
S '5 200 mTest 1
2 300 055 mTest 1 g
2 c 150 mTest 2
< mTest 2 o
8 202 e Test 3
S 200 175 Test 3 5 100 82

@)

© 89 mTest4 63 mTest4

100 46 18 50 21 <334

2.88.8 I 00<2<2 0 . : <227 l 3229<2 ¢
0 — )
Influent Column 1 Treated Column 2 Treated  Resin Treated Influent Column 1 Treated Column 2 Treated ReSér;ﬂTreatted
(Effluent) ' ' (Effluent)
Sample Location (Treatment Train Order) Sample Location (Treatment Train Order)

« Surface Water Targets, PFOA — 420 ng/L, PFOS — 11 ng/L
PFOA and PFOS significantly removed through 2 fractionation columns for each test
« Resin polish significantly treated to non-detect levels post-fractionation

25




Fractionation More Commercially Available

evocra

H ionation — ™
Pilot System @arcapis - evocra
Model PFAS 0250

levels of PFAS can still be remeved via
traditional media polishing processes,
increasing bed-life and operatsonal

Fractionation is a separation technology
that uses micren-sized gas bubbles to

remaove contaminants, such as Poly- and
Perfuoroalky
water, It can
with other w
reduce PFAS
have hydropl
properties at
ligguiid interfa
as the infecte
through wat
PEAS and ot
discharged a
Fractionatior
alone technc
flow rate apg
part of a trez
waste dispos
the volumes
waste strean
exclusion am
The volume |
impacted wa
99,5% with fi
disposal cost

OSCAR Process 1

Intermediate Retention Tanks

Ozone System 1

Spares

OCRA Process

evocra Train1

A ARCADIS

Available Options

2 Media Polish Connections for
Traatod Water

OCRA Process
Train 2

Control

Room
Polish

System
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Foam fractionation removal of multiple per- and
polyfluoroalkyl substances from landfill leachate
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Water treatment

Review of foam fractionation as a water treatment
2 technology

CrossRef
citations to date

548

Views

Thomas Buckley & &, Xiaoyong Xu, Victor Rudolph, Mahshid Firouzi & Pradeep Shukla

O Pages 58 | Recei 27 Mar 2021, Accepred 18 Jun 2021, Published online: 18 jul 2021

k& Download citation () Check for updates

Altmetric

https://doi.org/10.1080/01496395.2021.1946698

rome [l asoutus [l sociaumepia [l equipment [l FacTs aBouT FrRacs il uvinFormaTion [l PARTNERS [l insTALLERS [l DISTRIBUTORS
REQUESTAQUOTE [l RESOURCES/MANUALS

AMSD PFAS Treatment System
Anson Madison Sanitary District in Maine

FOAM FRACTIONATORS/PROTEIN SKIMMERS

B . -y * PFAS is not treated via standard
L LR
1 wastewater secondary treatment
‘W ‘ technology

XFLO Protein Skimmers ~ Commercial Saltwater Models ~ Commercial Freshwater Models

'

COMMERCIAL .
FOAM FRACTIONATORS

"M B BRoBCTs] Sk eadowsron e oramce|
FOAM FRACTIONATION
COMMERCIAL APPLICATIONS

These commercial-size foam fractionators are extremely efficient at
removing dissolved organics and pollutants. They utilize Airmaster
aquafoil design that injects microbubbles into a pressurized water
flow where it mixes in the water column. The dissolved organics and
pollutants are attracted to the microbubbles and rise into a waste
collection cup. These foam fractionators are compatible with ozone.
Foam collection cups have large surface area for foaming and easy
maintenance. Fresh and salt water compatible, applications include
aquaculture recirculating systems, aquarium/ zoological exhibits,
mammal exhibits, seafood-holding systems, ornamental ponds and
shrimp systems.

Additional tertiary treatment is necessary

HENDERSON
Proposed at AMSD - Foam fractionation
system followed by activated carbon

B

MAINE DEPARTMENT OF ENVIRONMENTAL PROTECTION gov/dep
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CONCLUSIONS

A ARCADIS

Fractionation is a viable PFAS treatment technology to be
considered as part of a treatment train approach

U.S. bench scale testing has demonstrated proof-of-
concept in lab scale setting with optimized operation
parameters

Further optimization to maximize the fractionate-to-treated-
water ratio during field pilot applications is possible

Full-scale systems are in operation in Australia with
successful PFAS treatment results

Commercialization is becoming available in the U.S. and
full scale systems are in progress



A ARCADIS

Thank You!

| Baxter Miatke

: 8 Water Engineer, Portland, Maine
A SN 0 207 613 8452
~ | B E baxter.miatke@arcadis.com
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for a closer look at
how different
stakeholders are

approaching PFAS.

PFAS IN PERSPECTIVE | Arcadis

(3 ARCADIS
A

N




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Ozone Fractionation Process - OCRA
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Demonstration Field Pilot Case Study (Australia 2017)�
	Demonstration Field Pilot Case Study�(Australia 2017)
	Slide Number 10
	Bench-Scale Testing Optimization
	Bench-Scale Testing Optimization
	Bench-Scale Testing �Case Study 1 – Proof of Concept
	Slide Number 14
	Site Location and Background
	Site Conditions
	Bench-Scale Testing �Case Study 2 – Landfill Leachate 
	Bench-Scale Testing �Case Study 2 – Landfill Leachate 
	Bench-Scale Testing �Case Study 2 – Landfill Leachate 
	Bench-Scale Testing �Case Study 2 – Landfill Leachate 
	Bench-Scale Testing �Case Study 2 – Landfill Leachate 
	Pilot Fractionation Testing – December 2021
	Slide Number 23
	Pilot Test Volumes Summary
	Pilot Test Results for PFOA and PFOS
	Fractionation More Commercially Available
	CONCLUSIONS
	Slide Number 28
	Slide Number 29

