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PFAS Occurrence, Sources, and

Regulatory History




What are PFAS Compounds?

Per- and Polyfluoroalkyl Substances (PFAS) are a large class of manufactured fluorosurfactant

chemicals
Unique chemical & physical properties that make many of them extremely persistent and mobile in

the environment
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http://www.defence.gov.au/Environment/PFAS/pfas.asp



There are over 9,000 Different
Per- and Polyfluoroalkyl Substances (PFAS)!

PerFluoroOctanoic Acid (PFOA)

Strong carbon and
fluorine bond
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Family Tree of
Perfluoroalkyl and
Polyfluoroalkyl

Substances

https://www.atsdr.cdc.gov/docs/17_278160-A_PFAS-FamilyTree-508.pdf



GenX

Replaced PFOA (C8) in
Fluorochemical
Manufacturing.

Nov 2016 article by Mei
Sun et al.

Utilities in the lower
portions of the Cape Fear
River in NC began removal
studies.

Now pursuing treatment to
remove.

NC Drinking Water Health
Advisory = 140 ng/L
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PFAS Lifecycle

PFAS Containing Impacted
Products Facilities/Sites
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How is PFAS Released to the Environment?

Aqueous Film Forming Foams

Manufacturing Emissions




Aqueous film forming foam (AFFF)

= DoD began use of AFFF in the 1970s
to fight fuel fires

= Both military and civilian fire fighting
training sites and emergency rdl ‘
response sites = 4 B B

= Frequently directly released to the g RS S
environment o

=  Complex, proprietary mixtures with
high concentration of PFAS

= Georgia and Virginia recently passed
bills to discontinue use of Class B
firefighting foam (with some
exceptions)

r Source: Houston Chronicle (ITC Fire)




PFAS Emissions/Discharges from Manufacturing

Sources

Aqueous Discharges

On-site Landfills or
lagoons

Air emissions

Wind directions and
atmospheric deposition
play key roles on
transporting PFAS

PFAS can be detected in
soil and water upgradient
and downgradient from
the manufacturing facility
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PFAS in Landfills

Fate of landfill leachates:

= Leach into groundwater with no
treatment (if unlined)

= Recirculated back to landfill

= Discharged to POTW with or
without pretreatment




SOLIDS

' SOLIDS |
Commercial Waste

\__(Offices,Schools, Markets, etc) )
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MSW (Household Waste)
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Contaminated Legacy Sites
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RESIDUALS

Water Resource

i Recovery Facility (WRRF)

PFAS in Wastewater and
Biosolids

e Significant research is on-going to understand fate of
PFAS (and precursors) in wastewater and biosolids.

* Short chains get discharged into the environment

* Depending on influent compositions, typically effluent
concentrations slightly lower than influent, but some
documents effluent higher than influent

Treated Water
(Discharge to
Environment)

Biosolids Land Application

Michigan Waste & Recycling Association, Statewide Study on Landfill Leachate PFOA and PFOS Impact on Water Resource

Recovery Facility Influent TECHNICAL REPORT, March 2019




How Much PFAS Contamination Have We Found
Today?

o Military Sites
° Drinking Water
o Other Known Sites
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The Current Scientific Understanding of PFAS
Health Impacts
”

More research is needed to understand the link between
exposure to PFAS and human health effects

Having PFAS exposure or PFAS in your body does not mean you
will necessarily have health problems now or in the future.

Some health studies (primarily on animals) have found health
effects linked to some PFAS such as:
Fertility issues and pregnancy induced hypertension and preclampsia
Increased risk of thyroid disease
Changes in immune system
Increased cholesterol levels
Increased risk of cancer, especially kidney and testicular cancers

Overall scientific and medical evidence is currently inconclusive

-




PFAS Regulatory Landscape is Evolving and Is Currently
Being Led at the State Level

Maine
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Trends: 1. Wide variance across the country (limits and which PFAS)
2. PFOS AND PFOA first, but more limits & States coming quickly
3. States with lots of occurrence first and peer pressure of neighbor NE States
4. Limits Keep Getting Lower!




NC DEQ — Wastewater Sampling 2019

Cape Fear Basin NPDES dischargers with
pretreatment programs
Influent testing for PFAS and 1,4 Dioxane

Requirement could expand statewide

Possibility to limit discharges of 1,4-
dioxane and PFAS

Some NPDES permits include 1,4-dioxane

https://deq.nc.gov/news/key-issues/emerging-
compounds/managing-emerging-compounds-
water#management-strategy-for-industrial-
dischargers-and-pretreatment-facilities
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PFAS Monitoring Sampling and Analysis

Method

537.1

Drinking
Water

Limited
capture of
short-
chain PFAS

Pros and
Cons

SW-846
Method
8327

Surface
Water
Groundwater
Wastewater

Basic method
already
widely used

Drinking
Water

Effective
capture of
short-chain
PFAS

Method
8328

Surface
Water
Groundwater
Wastewater

Effective
capture of
long-chain
PFAS

ASTM 7979

Surface Water
Groundwater
Wastewater
Sludge (>0.2%)

Higher
minimum
reporting limit

ASTM Top
7968 Assay

B|c.>soI|ds All PEAAS

Soil

Suitable for

biosolids Captures
. all PFAAs

and soil

ISO/CD 21675

Drinking Water
Surface Water
Groundwater
Wastewater
Sludge (>0.2%)

Broad spectrum

of PFAS can be
analyzed

Method
537M

Surface Water
Groundwater
Wastewater

-Faster runs
-Not validated
-Inconsistent
Qc



PFAS Treatment Options
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Three Mainstream PFAS Treatment Technologies

Granular Activated
Carbon (GAC)

o, / lon Exchange Resin

Reverse Osmosis
Membranes

PFAS are NOT removed appreciably by conventional drinking water treatment



Granular Activated Carbon

1,000X

Binder Residue

100 microns

1,000,000X

Localized Structure
Graphitic Crystallite

T e L
_-l—,'—l—_'n
|—'.,—U||— .—l-_

=
E’Fﬁw

l—l_.j|_||_|-—

Macroscopic Pores due to Re-agglomeration
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Example GAC Contactors




Major Pros and Cons of GAC

PRO

Most Effective for Strongly
Adsorbing Compounds - Many
SOCs/PPCPs/EDC such as
Pesticides, PFOA, PFOs

EPA termed BAT for many SOCs

Some bio-removal continues long
after adsorptive sites are filled

Typically lower capital cost

CON

Much Less Effective (shorter life) for
Gen-X and PFBA

The amount removed decreases with
time as adsorptive sites are filled

Following a sudden large drop in
concentration of a compound like
Gen-X in the Influent, the GAC
releases some of the compound as it
seeks the new equilibrium

Spent GAC requires disposal or
reactivation



Fresh Norit 820 GAC PFAS Removal with 40-60 ppm Donau
Standard Purification WC-800 Added to Jordan Lake Raw Water
Prior to Alum Coagulation
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Sample Date
Sample results below the method reporting limits (MRL) were approximated at the MRL forthese calculations. This graph thereforerepresents a conservative

depiction of removal percentages that may be at or above the levels shown. The MRL for all of these compounds is 2 ng/Lwith the exception of PFBA, which
has an MRL of 5 ng/L.



lon Exchange

= Removing undesirable ions
in waters through a
chemical reaction using an
ion exchange resin.

= A substitution reaction is
used to remove ions

25




lon Exchange Resin

* Contained in columns 4 to 5 feet in depth
= 20 x 50 mesh area of bead-shaped particles — flow distribution
* Generally charged

Anionic
= Exchange for negative ions
* Charged with hydroxide (OH-) or chloride (Cl-) ions

Cationic
= Exchange for positive ions

= Charged with hydrogen (H+) or sodium (Na+) ions

=



Grove Pond PFAS Treatment Facilities

= AIX for PFAS Removal Uessel ieght 16210/
Wlth ReSin 2 Vessel Diameter: 12’

= Calcium thiosulfate for
dechlorination & bag
filters prior to IX

= Zinc orthophosphate
for improved corrosion
control

27




Major Pros and Cons of lon Exchange (IX)

PRO

= Excellent Removal of Most PFAS — Better than
GAC, especially for GenX

= Extra Barrier for Anions — PFAS, organics,
bromide, etc.

CON
= Spent IX resin requires disposal

=



Example GenX Breakthrough Curves
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Time (minutes)

29 Pilot Test Using 10 min GAC & 1.5 min IX



Bench-scale validation of commercial products

GAC-2 then AER-1

AER-1
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GAC vs lon Exchange Resin (IX-R)

Single Use IX-R

7 to 20 minute EBCT 2-3 minute EBCT

Larger infrastructure footprint Smaller infrastructure footprint

Typical bed life: 50-120,000 bed volumes Typical bed life: 250-300,000 bed volumes
GAC media is less expensive IX-R media is more expensive

Less effective for short chain PFAS Effective for a wider range of PFAS

Well established technology Not as extensively practiced as GAC
Backwash is available Backwash not recommended

* Life cycle costs for GAC and IX-R are often similar
* Both generate spent media requiring off-site reactivation (GAC) or incineration (IX-R)
* Pretreatment may be needed for both technologies to increase media life span

31




Reverse Osmosis

In Reverse Osmosis, water
passes through a semi-
permeable membrane in the
direction opposite to that for
natural osmosis by applying a
hydrostatic pressure greater
than the osmotic pressure.



Membranes — Types

MF & UF Removes:

NF & RO Removes:

V" Turbidity Y Turbidity
v Viruses \\: Inorganics
V' Bacteria L, \C;rganl;
irus,
v Protozoa
_ v RO for
* Organics . RO for E
PFCs, PF
O I C () e Smallest Pore Size
Microfiltration Ultrafiltration Nanofiltration Reverse Osmosis
(MF) (UF) (NF) (RO)




Example RO Schematic

Acid
Antiscalant

Pretreatment
(cartridge filters)

. A

Membrane
Feed Pumps

Disinfection
Alkalinity Recovery
{optional)
Corrosion Control
pH Adjustment

Clearwell
Storage

211 Array
of Membhranes

J
—,

Reject Stabilization

Amimonia
(optional) ——»
Chlorine
High
Service
Pumps




How does RO work?

PERMEATE OUT| *FEED ouT

FEED CHANNEL SPACER

MEMBRANE

MEMBRANE
OUTER WRAP

PERMEATE COLLECTION

PERMEATE COLLECTION TUBE




RO Pilot Testing Update

= 16-Month Pilot, started
February 2018

= Feed Water in Pilot Unit is
Filter Effluent from Drinking
Water Treatment Plant

= 18 sampling events




PFOS + PFOA Removal for RO Membranes

Concentration (ng/L)

1,000.0

100.0

100

01

0.0

PFOS + PFOA Membrane Performance

[ 1]
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. Feed Result

= Perm Result
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RO Technology Selection Example

Parameter

Gen X

Nafion Byproduct 1 & 2
PFMOAA
PFO2HxA

PFHXA
PFPeA

PFOS + PFOA
Sum (45) of PFAS Tested

Filtered Water
Concentration

7-12ng/L
ND
320-750 ng/L
12 - 26 ng/L
19-20 ng/L
16-17 ng/L
26 ng/L
423 - 892 ng/L

RO Treated
Water

ND
ND
ND - 11 ng/L
ND
ND
ND
ND
ND - 11 ng/L

Calculated
Removal %

98%+

1,4-Dioxane (industrial chemical)
Carbamazepine (seizure medicine)
Atrazine (herbicide)

Cotinine (metabolite of nicotine)
DEET (insect repellant)

Simazine (herbicide)

Tris (1,3 dichloro-2-
propyl)phosphate (pesticide,
flame retardant)

Economic Comparison of Advanced Treatment Options

Low Pressure Reverse
_ i (LPRO, OlonelBAF GAC GACI'XIUV Aop

Total Capltal Costs

25-yr Present Worth of Annual

Costs

Total 25-yr NPW (Capital + Annual
0&M)

$99 M $99M
$59M $95M $93 M
$158 M $194 M $177 M

*  (Capital and O&M costs based on removal of >90% of each target contaminant

Filtered Water
Concentration

3.2 pg/L
13 ng/L
58 ng/L
15 ng/L
44 ng/L
57 ng/L
120 ng/L

RO Treated
Water

0.2 pg/L
ND
ND
ND
ND
ND
ND

Calculated
Removal %

94%

** In some cases, RO cannot be
chosen as a feasible option due to
high capital costs and lack of options
on managing rejected concentrates



Major Pros and Cons of RO

PRO

* Best Available Technology for
Removing Most Contaminants -
will give Non-detect for the
Largest Number of Parameters

= Barrier Approach — effluent CON
contaminant concentrations will = Higher Capital Cost than GAC or IX
not rise with time of use or have *= O&M Needs
bleed out potential as they do = Need for Stabilization
for GAC and IX = Concentrate Disposal/NPDES
Permit

= Barrier to Pathogens




Limitations of “Conventional” PFAS Treatment

High volume of spent media/waste stream
requiring waste management

Significant pretreatment often
required to remove competing solutes

High concentrations of PFAS can lead to
inefficient target compound removal




We are getting

| QR R e g

= i S —

smarter on PFAS el =

b ois NI DS
 Spaane J RN e

technology selectlon

o/

Engineering evaluation

- Treatment options

- New systems to
remove PFAS

[ I
| | ;||;i|||

Check on PFAS
treatability and
compatibility with other
existing treatment
processes

System design, permitting,
construction, operation,
maintenance, monitoring

- Life cycle success

i Pilot testing and life cycle assessment




Treatment Trains - PFAS Management Solution

N

i

Separate

W

Concentrate

Treatment Goals

Example Technologies

Protect human health

and the environment

Meet safe drinking water
and discharge requirements

Reduce waste
stream volume

Zero PFAS waste discharge

* GAC, AlX, RO (demonstrated)
* NF

* Regenerable sorbents

* Foam fractionation

* Regenerable media - regenerant
waste

» Surfactant or coagulant separation -
PFAS laden flocs

* Foam fractionation - foam
concentrate

* High temp thermal, electrochemical,
plasma, sonolysis, others




SURFACE ACTIVE FOAM FRACTIONATION (SAFF™):
A Cost-effective, Green Technology

Separates + Concentrates
PFAS

‘AIR IN — PFAS OUT’

FF is not dissolved
air flotation (DAF)

No chemical additions
(just air) for PFAS > 100 pg/L

i /
3 ‘ { . '-
: [ >
: b Separate
| @
Concentrat

Zero media waste
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PFAS Removal at the Air-Water Interface

=—PFOA == =PFHpA =——PFHxA ===-PFPef =—PFBA =—PF0S = = PFHx5 =+ =PFBS -----FtTA0S
1001 1.0e-01
1.0E-02 B 100 ng/L PFBA 1.0E02
1.0e-03 1.0e03
E 1L0E-04 E 1.06-04
JF LOEOS ¢ F 10605
1006 | 1.0E06
10807 F 1.0E07
1.0e-08 1.0E-D8
-8 b -4 2 0 2
Log (mol m3)
Figure courtesy of Schaefer et al., 2019
",
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Surface Active Foam Fractionation (SAFF™)

Developed by OPEC in Australia

= |ncrease air-water interface and
separate foam from water phase

=  Creates PFAS foam concentrate

= Applicable for:
v Groundwater
v Surface water
v Wastewater
v" Leachate treatment

=  No sorbents or chemicals needed

45




PFAS Treatment Summary

PFAS treatment is a young practice: Do not generalize or assume and
consider site specific conditions

GAC, IX-R and RO are often effective but all generate waste streams

Commercial products behave differently, pre-design studies should be
considered for all cases

PFOS and PFOA treatment down to below the 70 ppt HA is being achieved

Removal of lower Molecular Weight PFAS compounds (C3 through C6) is
generally more difficult than for PFOS and PFOA (C8)

PFAS destructlon technologles are under development




PFAS Destructive Technologies

Demonstrated at the Bench: Research and Development:
Pilot and Field Scale Bench
I UV — Hydrated Electrons I
Electrochemical - ~
Oxidation ]

— —
— frozze s o
} - — \e )
y “ . | Supercritical water oxidation I
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PFAS Destruction Is Possible but Under

Development

PFAS are mineralized to F and CO,
It requires very high energy to break C-F bond
Only makes sense for PFAS concentrates
Most discussed destruction technologies
Plasma treatment
Electrochemical oxidation (EO)
Sonication
Pilot scale studies were funded
Significant progress has been made on
understanding EO treatment effectiveness
Major limitations
EO: slow kinetics, perchlorate generation
Plasma and sonication: less effective for short
chain PFAS, operation safety, costs




PFAS Destruction vs. Transformation

Complete Destruction

G Breaking C-F bonds to
mineralize PFAS

Three lines of evidence

PFAS disappearance
Fluoride generation

Total organic fluorine concentration reduction

|:{h|:{h|

Incomplete Destruction

F(CF,),CH,CH,OH
(x:2 FTOH, x =6, 8)

F(CF,),CH,CHO
(x:2 FTAL,x=86, 8)
F(CF,),CH,C00"
(x:2FTCA, x=6, 8)
[
F(CF,),CF=CHCOO"
[(x+1):2 FTUCA, x = 5, 7]
P2

R F
w4
F(CF,) CFHCH,COOH _#F_ F(CF,) CH=CHCOO"

[3-fluoro x:3 acid, x =5, 7] (x:3 Uacid, x = 5, 7)
PFPeA, PFBA Aerobic F(CF,),CH,CH,CO0"
(Wang et al, 2012) Transformation (x:3acid, x=5,7)

62FTOH (x = 6}and 82 FTOH (x = 8)
Al he polyfl

ludge under
e expected
mediate

I 2 fon
under slightly alkaline pH in digester sludge, The dashed rectangular box represents maj
biotansformation product and the solid rectangular the major stable

(Zhang et al, 2013)



Electrochemical Oxidation (ECO) Water Treatment
Can Degrade Virtually Any Organic Contaminant

Anode Anode Cathode

EFFLUENT

Detail of
Anode Surface

H,0 + Anode ——>Anode(OH-) +H* +e~
Anode(OH)—»Anode+0.50,+H* +e-

PFAS Precursors+Anode(OH-)—»PFOS, PFOA
PFOS, PFOA + e=—— HF, €O,

INFLUENT




Degradation Mechanisms During ECO

ANODE ELECTRODE
HZO A OH RADICALS DIRECT ELECTRON
Indirect Oxidation in TRANSFER IDET)
Bulk Solution, e.x. OH
0\ /0 F F
Sulfonate- FIEVHE R o RFRFRERF o Y F_C0,
Derived F /" ® F s ol-(s HF
Surfactant ,,S‘N/\/\N/\/J'I\Oe i “‘0@
(N=4) FFO H 2N FFFFFFFFoO F FF F
PFOS Shorter Chain PFAAs

Carboxylate- F FF FF FFR F

H NP
o SRR Yy

FFFRFF F O

Surfactant

)
N-8) FFFFFFFF O FEFEFFFF

OH RADICALS PFOA

Polyfluorinated PFASs(precursors) Perfluorinated PFAAs
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Electrochemical Oxidation

“ PFBA #& PFPeA Il PFHXA #» PFHpA M PFOA

1.0

0.8 —

PFAS destruction requires high energy

06 —
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Plasma

Pilot-scale plasma reactor for
IDW treatment
(Singh et al, ES&T, 2019)

Groundwater; AFFF;
regenerable AIX
regenerant waste; IDW

Shorter (minutes) reaction

time, not hours — e
. TN YT
Not effective for shorter 1 "3 ’ : L |
chain PFAS g w0 5 |
€ 20-
Partial destruction leads to § o : _ :

. $ 204 | B
accumulation of some PFAS E % Sl aiail | §1 ikt BEE
Not yet ready to assess it #L. L

- A0 Y117 'r TT1 i T | T.?‘ =5 T
full-scale PFAS treatment §353538 Biiis EEEERIia 8
life-cycle costs ECEIEREEE IV E4E

Long-chain PFAS :Short-chain PFAS; PFAS precursors




Takeaways

Destroy

Future PFAS solutions will focus on PFAS destruction with zero waste discharges

Most destructive technologies (ECO and Plasma) are impractical for dilute
streams — best suited for low-volume, high-strength PFAS concentrates

Effective PFAS destruction that checks all the boxes for full-scale applications
is going to be challenging and will take years to develop

More pilot-scale demonstrations for PFAS destruction in concentrates
(waste streams) will be the interim solution

When water matrix is complex, shorter chain PFAS and precursors are present,
complete defluorination remain problematic for nearly all destruction technologies



Next Steps




What’s on the horizon ....

= Research oem
= Toxicity assessments
PFAS Strategi .
= Exposure pathways EPA's cgmtﬁu?:ﬁzﬁfs"ﬁ?;ﬁon

2021-2024

= Transport and fate in the environment
= Remediation and control technologies
= Restrict
* Minimize exposure (e.g., drinking water regs)
= Prevent or minimize discharges
= Source control
= Remediation
= Address contamination
= Monitor progress




Questions?

Contact:
Jonathan Treadway, PE, BCEE, PMP
treadwayjb@cdmsmith.com




