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Introduction

Poly- and perfluoroalkyl substances (PFAS)

ASynthe’[iC CompOUI’]dS Modified from PubChem

© ¢ ¢
i ' ¢ (2 k\&
AUsed in various consumer goods \t/&\&;\&'&/&‘ \J
« (. S

for over 50years €
_ . : PFOA ”m
AHighly fluorinatecalkyl chain P ©-=c ®-o
A Persistent

A Will not easily degrade
A Bioaccumulative

A Partition into biotic tissue _ _
A Detected both in human & animals

A Toxic A Wastewater, surface water, and oceans
A Negatively affect biological health A Globally transported

A Potential link to cancer

AUDbiquitous
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Introduction

A > 4000 compounds N
. . . u ': ) —
A Usually present in charged form (primarily et e iy

anions) / S B e |
. ! e = Firefighting
A Surfactant behavior i oure L G s

A Ability to partitioning into solids such as solil,
sediment, sludge, and biosolids

Common Iltems with PFAS

T e &

FOOD PACKAGING HOUSEHOLD I TEMS STAIN-RESISTANT — Surface Water  nglE« rian DS —
microwave popcorn makeup, floss, waxes, carpets, rugs, and
bags, sandwich paints, stains fumiture
wrappers, takeout

contalners, fast food

wrappers Human Exposure and sources of PFAS

="
O ( Image: DWP, adapted from Oliaei et al_ 2013
- nn !

NONSTICK OUTDOOR GEAR FIREFIGHTING FOAM
COOKWARE with a "durable water
repellent” coating

TOXIEFREE FUTUHRPA
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https://toxicfreefuture.org/science/chemicals-of-concern/pfas-nonstick-nightmare/
https://www.epa.gov/pfas/basic-information-pfas

Introduction

A > 7 million tons of biosolids are either directly applied to agricultural land (~60%) or disposed (~40%) (Northeast
Biosolid and Residual Association, 2004)

A > 3,000 kg PFA@B/released (Venkatesan and Halden, 2013)

A PFOA and PFOS concentrations: up to 68 ng/g and 219 ng/g in activated sludge (Venkatesan and Halden, 201:

PFOS Environ. Sci. Technol. 2006, 40, 7350—7357

420+130 480190 720150 55080 600£110

m sc -e. Fluorochemical Mass Flows in a

Municipal Wastewater Treatment
480140 (RAS) FaCiIItyt
3245 (WAS) MELISSA M. SCHULTZ,?
CHRISTOPHER P. HIGGINS,*
CARIN A. HUSET,* RICHARD G. LUTHY,?
+ I G . / oy ND
e — :>lil.)\‘l T\'(I i-’ i\' ?{ I.\. l:- !\ilf.{ l(.)l[\ '\“}\ \ S
PFOS mass flowrate (mg/day within WWTP)
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The first phase of the project:

Looking at a variety of potentially effective parameters

Chemosphere 271 (2021) 129530

ANYANEI D Contents lists available at ScienceDirect 2 B
r,'.*%\ Chemosphere
Pl Chemosphere

FI SFVIER journal homepage: www.elsevier.com/locate/chemosphere
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* pH
Looking at a variety of potentially . Mono-valent cation

effeCtive param ete rs: * Di-valent Cation

* PFAS headgroup I

* PFAS chain length
* C-F VS C-H bonds

* Protein " o ®
* Lipid —7, + 2 ® @
* Aromaticity > R ) ’QOO
* Hydrophobicit
.y P y Solid Liquid
* Size
7

sludge in

Anaerobic Digester
Photos: https://www.sludgeprocessing.com/
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Experimental Design and methods

| Collection System Primary

Clarification
s Secondary

treatment

Gravity Belt
Thickeners

A 14 PFAS evaluateghead group, chain length, and fluorinated
regions

Sludge

stabilization Belt Press

. . . . . . ‘M’Dewa(:nng
A Solution chemistry, pH, ionic strength, calcium concentration . @“"“‘
A Treatmentprocess; secondary treatment (4) and stabilization (3) \/
PAtmes S e «
*  Storage (for next Land App season)
Sludge sample Biosolid sample Size
Activated sludge_A NA Small
Activated sludge B NA Medium
Activated sludge C C Small
Trickling filter D Class A composting_D Small )
Trickling filter_E NA vedium | A Sma_ll. <10 MGD
BNR_F Class A composting_F Small A Medium: 10c 20 MGD
=L Large A Large: > 20 MGD
BNR H Class A composting H Small
BNR_| Medium
Rotating biological contactors . NA Small
" McKenzie Environmental Engineering 7
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Experimental design

Isotherm: Equilibrium study Edge Testing solution parameters
Alntensiveg 7 concentrations ApH: 6, 7, and 8
ALimitedg 1 concentration Alonic strength: 1, 10, 106M NaNQ

AC&* 0.33, 3.3, 33nM Ca(NQ),

1 - — _ h - -
Sample Solution Vials Equilibrium
w200 mg wet weight solids w50 mL solution w50 mL PP vials wMixed for 7 days
w PFAS amended

T‘ McKenzie Environmental Engineering
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AQUEOUS

SOLIDS*

Sample processing

Collection | Nitrogen
wDecant ol hr at 60° wShake for hrs Evaporator
supernatant Celsius uRepeat x2 oo dryness

uBasic methanol
for extraction

* (Quantitative Determination of

RESEARCH GROUP

CRALLG §, CRIDDLY AND
RICHAND G. EUTHY*

l;l:‘m;omde.mits:rﬂl Sediments
omestic . . Y .
i BTl McKenzie Environmental Engineering

uReconstitute
with acidic
methanol

uEnviCarb

Analysis prep

uB00>L extract +
300>L dilution
water

QTOF
WSCIEX x500r
QTOF




PFAS quantification using KQCTOF/MS

8 %

PFSA PFCA

FtS

~S—0"
I

ik E

EEEEEREE:

5 F 8§ §

A chromatogram of the standards achieved in the lab
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PFAS partitioning behavior in sludge/biosolid

The linear model prevailed o
This can occur as a result of: 0 O
A Substantially porous texture

Linear

@H

_ O ULO Freundlichmodel
A No concentration effects
(a) (b)
5000 + ™ PFUnA 100% T2 = = = = E OE
asoo + A PFDA - = 90% T % = = % = = =
w0 1§ 2000 A w1 EEEE HEEE
3500 + & g - % T8 B = g E B B
= 3000 - " 60% -+ % = = = = = ETUner
ko ( = = = = = \ Freundlich
20 2500 + 7‘. 2 50% § = = BB
< 2000 - - T . A 0% + = = § = § §
1s00 t . —""* 0% 1= = N\ § = § §
f oy 1E T \ = \ \
o3 W e anngt ]\ B\ B\
0 L-"-i‘né:'r-'!!:'""':""?."":- "®, %Y N N O N N N
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 < 2 & % <, 4 c
C,[ugL"] 4 % e W P 9
Sludge Biosolid
GT:l . . . . a. Examples of isotherm model fittings (linear and Freundlich) in RBC_J sludge sample;
I]_[I MCKEI;Z;CSERXIII{’O(!IISEI:}@} (Ellljgrl)neenng b. Distribution of bestfit isotherm models across sludge and biosolid samples 11




o o 0 S rKkEADDD TR GRB 6
Partitioning behavior in secondary sludge °

is HEDOH 0 Q6B B O
g . o
U No significant effects on il i =
PFAX, = | . =
¥ 2 - wim ]
y = = ==
U Effects may be canceled out 3 15  aAS
by: @ =
' R = aTF
I i
. . 0.51 “BNR
A Variable influent source — RBC
A Sludge compositions &
-0.5-
PFBA | PFOA | PFHXS | | PFOS

PFBA, PFORFHxSand PFOS partitioning coefficients across different secondary
treatments (10 sludge samples with isotherm experiments conducted in referenc

solution)
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Partitioning behavior in biosolid

U K, order: anaerobic digestion > aerobic digestion > composting

600

T = Anaerobic digestion (a) T 4 aerrse (b)
I B ANA_C o’
5 + O Aerobic digestion T 500 + > o
¢ COM_D s » o .
.g) W ) + Composting l :n.o a00 + — Linear (AER_G) //, L
o B R === Linear (ANA_C) P
= o T S Linear (COM_D) e .
- 4 -4 = - =Linear g -
v 3 g A , 0 <« 300 - v ’,, B
=11 @ T & O P -
N ) | = - " .~
2 + . 3 " &~ 200 + gt NN L
LI - J . ? g LT
= A ,{‘/ | ’Q—— YRS
1+ 1 1 4 " T 100 + TP S %
_).\ - - 3 $ N P B g 8 —
- L
. *H*—

0 b —t 4 0-“‘4":"’—: } t + t f {
By By By By By B, B, B D, B, B B 6.. & 0 1 2 3 4 5 6 7 8
8y % % % 0 N0, G, 8% TRy T P 1

V29 g 2 e V6 24 o@@/@@\r/’ % % PFOA C,, [ng L]
/@@@///(zo/ 7 16V Yo, N
PFAS partitioning coefficients across different sludge stabilization methods
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Sludge stabilization effects on partitioning behavior

45 +

= TF.D A COM_D :
3.5 +

U Stabilization decreases the PFAS

sorption capacity significantly =l . A A

Log K, [L kg!|
N
®
>
8

s 5 o
15 A & A

0.5 +

Pra . Prn ”A‘ "ﬁ p,. Pp By, Pp n,- pp p,. P, 62
8, Ba b, S 0 &2 o
Uy s 4/6‘/4/)/ gy M, 9 Y Sty (8 (2, ‘Y/ay e,

U comparison among pairebiosolid sludge samples in plant D. Partitioning

experiments conducted in reference solution (200 ng spiking of suite of PF
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Solution and soliespecific effects on PFAG

0.35

? T mpH A
2 030 + :
o ® Ammonium
E 025 + . : La
U Elevated moneand divalent cations L g | A A
. O
increased PFAS K T o015 + ta, o o
© & A A
. _ w 010 Ta " I
U High pH decreased PFAS K % osl ® 0% o0 - ¢
- o
. ) . i_ 0.00 — . R .
U Protein was stronger predictor of PFAS K T osla " m = 5
than organic matter or lipid fraction. %"_o.m { 5 s " B ]
3
-0.15 —
T I IR IR 2R3 %R 2
> fg 828 G EFa3 7 3
€35z 38Eg 238E 33

Coefficient of analytespecific linear regression to assess the effects of pH, mono

valent cation (ammonium), and-gtalent cation (calcium) on PFAS sorption.
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The second phase of the project:

Why we saw differences in biosolids partitioning behavior?

400

300

200

100

Signal (mAU)

0 5 10 15 20

-100
Time (min)

Photo: https://iwww.wbdg.org/ ¢



Looking deeper at the organic matter characteristics

Reversephase analysis in HPLC Stationary Phase Is Non-Polar (.o
. : _ Mobile Phase
= o — —
- Agqueous
Vam”m WHY Do They Separate? G )
O Sample
\ _FLD1 A, Ex=230, Em=
75 L N
3 ® @
.." "|
5 1 i 5 8 7 8 g 0 11 12 13 14 15 1% 17 18 19 20
Time [min]
HO O —
Naphthalene .
-l =t ==
2 B
= &
1 | : ‘ & | 17‘. 12 | 4 1 £ { 3 )
Tima [min]

bl LIKOKIFf SySQa KeéRNRLK2OAOAUE B x| yAf

II McKenzie Environmen[al Engmeermg Figure credits reserved for Waters Inc.
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Looking deeper at the organic matter characteristics
Reversephase analysis in HPLC

K,,, of the Standards
S°|Ve/{‘t redsgrvoir Sample injection system i
. . an H
Water: pH 4.0 acetic Methanol Waters 4.6x 150 mm %
acid/acetate buffer Symmetry C18 with fim particles of bonded silica ~ H . i
: \(5‘ S & & «3‘
chromatographic P A _@o‘* Q»@ \@"
@ & Q» & L% > 2%
column & ¥ & o SON
ik < o aF

0000QCO0000000O0OO0COCO0OC0C

i
 —— _n_' .
Detector 900000060000000060000
UV: 254 nm

Integrator / Computer
=) Waste
Solvent delivery system
Photo credit: Oliver Scherf-Clavel I][I MCKenZie EﬂVironmental Eﬂgineering Figure credits reserved for Waters Inc. 18
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Looking deeper at the organic matter characteristics
Reversephase analysis in HPLC

A Organic matter extracted by sodium hydroxide and formaldehyde

A Hydrophobicity level order: anaerobically digested sludge> aerobically digested> composted sludge

: = Higher hydrophobicity

is Higher hydrophobicity ® Ccalibration Curve - J yarop

' A Biosolid points

3 3.50 .*

~~~~~~~~~ Linear (Calibration Curve)

2.5 ;
¥° g > y=1.7925x+2.1814
~ 15 R R*=0.9591
5 x &

1 o0 V'
~I o . . 1.00

0.5 = 3 0.50

0 - 000

aiE ANA_C AER_G AER_I COM_F COM_H -2.00 -1.50A -1.00 -0.50 o 50o.oo 0.50 1.00 1.50

. WWTP plant _—

Log(K')
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C/H level
Looking deeper at the organic matter characteristics
Elemental analysis of biosolids: Aromaticity

14-17
A Hexane has 6 carbon and 14 hydrogen, with a C/H ratio
0f 0.43 _ | Bituminous coals
A Benzene has 6 carbon and 6 hydrogen with a C/H ratio of
1. -
A Higher C/H implies higher level of aromaticity in organic
molecules.
A Bituminous coal$ave adH ratiobetween 14 and 17
(highly aromatic)
Benzene (§H;): C/H=1 Hexane (gH,,): C/H=0.43 L 1.8
i
H H H H H H
ek [ Y S R
U N A B
C C . :
H~ %(E/ SH L e | Biosolid ]
H
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Looking deeper at the organic matter characteristics
Elemental analysis of biosolids: Aromaticity

A Higher level of C/H implies higher aromaticity level
A Higher aromaticity may result in higher polar molecules
A This is consistent with reverse phase analysis as the composting

samples had the fastest elution times (lowest hydrophobicity) Composting with highest C/H ratio
- _ , L 8 C/H ratio of the sample
Hydrophobicity correlation with aromaticity in .
five biosolids
6
4
A 25
3 ©
4
=) S 3
~‘5 y =-0.3827x + 2.8731 ©
§° 1 R2 = 0.5484 2
1
0
0 2 4 6 A 8 0 = =
1 ANAC AER.G AERI COMF COM_H
C/H Ratio
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Looking deeper at the organic matter characteristics
Size Exclusion Chromatography (SEC)

A Characterize the organic matter content of 5 biosolids based on  standards eluting based on size

their size

v v v
0 17 13 19

_Molecule sizes
de_crease

Tiew [men)

] s-,u-i’ - .

SEC standards (PSS: 33400, 16000, 7540, 5180 mw)
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Wei et al., 2017; Aalto University
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