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Zhang, W.; Liang, Y., Performance of different sorbents toward stabilizing per-and polyfluoroalkyl substances (PFAS) in soil. Environmental Advances 2022, 8, 100217.
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PFAS leaching by water and SPLP

i
[ Genx
1 prHpA Day-21
@ PFHxS
| mmm Proa
[ PFNA
4 rros
I FFDA
4 @ Pruna
E sum
‘lﬂ - il
T T T T T

mmrros  \Nater leachable,

X C N S < .
oo o &% P o&"’“ o ¢ \QQ“‘ @e,o
o o wo© © «“‘“ X
| @ @@“\ e gﬁ

300 pg/kg 600 pgrkg

ke

SPLP leachable,
Day-21

300 pg/kg 600 pgrkg

e GAC and RemBind® products reduced the
water and SPLP leachable PFAS by 99%.

e Biochar stabilized long chain PFAS but had
limited sorption for short chain PFAS.
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Increasing treatment time improved the
sorption of short-chain PFAS to biochar.

Aging of the sorbents in soil did not cause any
release of the stabilized PFAS.
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PFAS leaching by basic methanol
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With GAC, Rembind:

e Leachable PFCAs: PFHxA > PFHpA > PFOA > PFNA > PFDA > PFUnA
e Leachable PFSAs: GenX = PFBS > PFHxS > PFOS

e |n total, around 60% of PFAS are extractable by basic methanol after 21 days.
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Is this good enough? TALBANY.

The definition of bound residue

Bound pesticide residues in the soil are unextractable and chemically
unidentifiable pesticide residues remaining in the fulvic acids, humic acids
and humin fractions after exhaustive sequential extraction with nonpolar

OI’gOI’)iC and polar solvents. Environmental Task Group, American Institute of Biological
Sciences, 1975

Remediation endpoint for stabilization is that the contaminants form
irreversibly bound residues with soil and the bound residues need to survive

harsh extraction by any type of organic solvent, such as toluene and hexane.
Lath et al., Environmental Chemistry 2018, 15, (8), 472-480.




Stabilization of PFAS in Sewage Sludge
Truth:

0 Sewage sludge contains numerous PFAS.

0 Around 50% of sludge is land applied after certain stabilization
process.

Questions:

0 Can the process of preparing sludge to biosolids remove or degrade
PFAS?

o What PFAS are in biosolids?

0 What needs to be done to enable biosolids to be land-applied
continuously?
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PFAS in sludge vs. biosolids
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Lakshminarasimman, Narasimman, et al. "Removal and formation of perfluoroalkyl substances in Canadian sludge
treatment systems-A mass balance approach." Science of The Total Environment 754 (2021): 142431.




PFAAs in biosolids based fertilizers

A - PFHxDA Fertilizer Description
B Commercially Bl PFTeDA A Food and yard compost
C available - PFTrDA B Compost with untreated wood products
D Non-biosolids || ol C Manure compost
E based fertilizers -PFUdA D Manure and peat compost
F - PFDS E Mushroom compost
s __ __ L ____ [ PFDA F Mushroom compost
H [ ]JPFOS G Peat/compost based growing mix
I [_JPFNA eat-dried granular biosolids
J [T [_]PFOA I Heat-dried granular biosolids
K —— — [C]PFHxS J Heat-dried granular biosolids
o wottimeiviaily [ |IPFHpA K Heat-dried granular biosolids
M available FHxA L Heat-dried granular biosolids
M': Biosolids Bl PFBS M Biosolids blen%ed wi(:hbmiple sawdust
. f
0 based fertilizers -! gE;iA M-R Biosold Cakel(befire blending)
P N Composted biosolids with woodchips
Q l Long chains (C = 6) dominant | 6] Composted biosolids with woodchips
R i 1 H 1 H ] B Composted biosolids with municipal solid
0 25 50 75 100 125 150 175 200 waste
Concentration (ug PFAAs/kg Fertilizer) Q Composted biosqlids }Nith residential yard
*Concentration qf PFAA§ <2mm fractioq (36-80%) normalized to total fertilizers (assume the = Composted biog::;“:‘v?t: Dlant matenials
conc. of PFAAs is negligible in the fraction > 2 mm)
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substances (PFAS) in solid biowastes and biowaste-treated soil." Environment International 155 (2021): 106600. UNIVERSITY AT ALBANY
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TOP and TOF assays
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Thermal treatment of sewage sludge

Sewage sludge 60 mM 8,04

Basic Acidic TOP ISOHMOH
methanol '~ *é§ methanol assay \ f
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Hydrothermal treatment at lower temperature (165 ° C, CambiTHP process) could
enhance the release of PFAS from sludge.

Hydrothermal treatment at 250 ° C for 2 h and 300 ° C for 0.5/2 h led to 100% removal of
PFCA:s.

All tested hydrothermal treatments did not result in removal of PFOS and PFBS.

Treatments with Ca(OH), at 165 or 300 ° C for 2 h completely removed PFAA precursors.

12
. PFOA A — PFHpA A
D 10 D 104
o) > A
= 84 2 08+ A
S B g A A
E 6 . . E 0.6 -
& 41 o g 04+
Q ()
5 2 4 5 0.2 -
Qo ) . s
E E E E B B
0 e L e 0.0 e e L
N AN S X "N W 34 4 ™ AN e AN AN AN AN Q3 Q3
0006 N P N A AN 00?’6 SN R S A A A
2 B B o > > & o o o > >
Lo e e &P Ll e e P
& \Q)b IS rﬁ’.)B G P ¢ 8 IS rfbg 25 %QQ RN
\és \Q“‘ ‘Q“s\ .@55 *\4\ *\4*
& Qq‘ Qq‘ & O‘I Q‘“b
N o o N 6§
NS NI
60 25
— PFHxA A — PFOS A
2 0 2
[=2] j=2]
2 40 = B 2
S s 7
% ¥ T
=] £ 10 4
S 20 - 8 o
Q B 2
g N : ﬂ ’__r_‘ a ﬂ
O C O
oL LIl o o o [0 0 . AL
&5\ <?\\ N ‘?Q N (pv N @fb ®’L 0 ~<\ ,‘}\ A(\ O,‘}\ NG O&m
& O 20N O Y OO & cg» Y OO S Qq,\ oS
R A T RUNCHE P T
& U & <
& q _q Yoov
¢ QY O & O
,@‘3 ,,JQQ Ny "3@
25
- PFHxS A . PFBS
5 .. A % 100 .
35 - S 80
2 =
5 151 £ o ﬁ
= B =
[0 [0
et = C
£ 10 £ 18
g 5 1 @ :
é ] § ; - . ’_T_‘
D
9 - O o 1
R e A e A
& o0 SV Y ST 0 Y Y o NP O N r ~
NN & & e O O & o & & e O U
& g v S T e S L TS
\eb N N \& N N
& A ) )
S O o S GO
@o @B \@ DJ@

Zhang, W.L., Liang. Y-N. 2021. Effects of Hydrothermal Treatments on PFAS in sewage sludge.
Environmental Pollution. 285, 117276.
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PFAAs and precursors
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Zhang, W.; Jiang, T; Liang, Y., Stabilization of per-and polyfluoroalkyl e RemBind 100X had the best performance regarding stabilizing PFAS in sewage sludge.

substances (PFAS) in sewage sludge using different sorbents. Journal of R
Hazardous Materials Advances 2022, 100089. e  Biochar showed a limited effect on decreasing leaching of PFAS in sewag1e’ sludge.
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PFAS stabilization in sewage sludge

Water leachate
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The aging process led to remobilization of stabilized PFAS]iE sludge.



Bioavailability of PFAS in sludge
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Zhang, W.; Liang, Y., Changing bioavailability of per- and polyfluoroalkyl substances (PFAS) in biosolids amended soil through stabilization or mobilization.

Environmental Pollution 2022, 308, 119724.
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PFAS in grass shoots
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e Stabilization with GAC or RemBind at 2% reduced

PFAS bioavailability in biosolids.

e Biocharat 0.2 - 2%, GAC and RemBind at 0.2%

promoted the uptake of PFAS by timothy-grass.

e Mowing and regrowth of timothy-grass

promoted its uptake of PFAS.
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SPLP leachable PFAS in sludge
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e Stabilization with GAC or RemBind at 2%
significantly reduce SPLP leachable PFAS in

biosolids-amended soil
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Adsorption Tests — Comparison with Other Sorbents
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0 - 0 iil
Modified GAC Modified PAC AChased Modified Clay Modified GAC Modified PAC AC based Modified Clay
GAC PAC clay GAC PAC clay
diPAP  mahr mshr mash 2-N-EtFOSAA m4-hr m8hr maghr 6:2 FTSA mahr m8hr mashr
120 120 120
100 100 100
80 80 80
Precursors
60 60 60
40
40 40
20
20 l 20
O o T 0
Modified GAC || Modified ACbased Modified Clay Modified GAC  Modified PAC  ACbased Modified Clay
GAC PAC clay GAC PAC clay Modified GAC Modified PAC AC hased Modified Clay
GAC PAC clay




Adsorption Tests — Kinetics
for modified clay

» Sorbent dosage: 100 mg/L water

» PFAS mixture in pure water

PFHxA PFHpA PFOA
120 120 120
m1-hr m2-hr =4-hr =8-hr m12-hr m24-hr m1-hr m2-hr =4-hr =8hr =m12-hr =24-hr m1-hr m2-hr =4-hr =8-hr m12-hr ®24-hr
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z z : z
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o o o
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o o 20 r 20
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Adsorption Tests — Isotherms

> PFAS q,
YPFAS  tested

C. (ppb) (mg/g) Langmuir
0.17 2.45 0.12
0.44 5.29 0.31
3.06 13.18 2.15
128.79 52.17 53.06
1798.93 114.30 114.11
R2 0.9939

Modified clay

S PFAS q, calculated (mg/g)

Freundlic

h Sips Toth
5.63 3.64 3.25
7.65 5.44 5.20
14.44 12.35 12.71
48.82 52.32 52.31
115.25 114.27 114.27
0.9975 0.9998 0.9999

» Maximum adsorbed PFAS in tests: 114

mg/g sorbent

» Modeled adsorption capacity (Sips):

255 mg/g sorbent
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Sorption capacity comparison

Dosage Capacity
Sorbent (mg/L) PFAS C,(ppm) (mg/g) Refs.
PFOA 05 2.52
Commercial
GAC Filtrasorb Zhi and Liu,
400 200 PFOS 0.5 2.99 2015
Commercial PFOA 0.5 2.49 Zhi and Liu,
PAC BPL 200 PFOS 0.5 2.48 2015
Das, et al_,
MatCARE 10,000 PFOS 200 45 2013
20 PFOA 5 1202 Wang, et al_,
Clay-based #1 50 PFOS 5 2902 2021
Zhou, et al_,
Clay-based #2 - PFOS 500 4562 2010

Note: a: modeled value



Morphology by Scanning Electron Microscopy (SEM)

Unmodified clay

» Smoother surface
and smaller
particle size after
modification

» Porous and
layered structure

10 pm EHT = 5.00 kv Signal A = InLens Date :27 May 2022 10 um EHT = 5.00 kv I A = InLens Date :27 May 2022
WD = 4.9 mm Mag= 250KX SUNY PolyTechnic Institute WD = 5.0 mm Mag= 1.00KX SUNY PolyTechnic Institute

Modified clay

a
EHT = 5.00kV Signal A = InLens Date :27 May 2022
I WD = 5.0 mm Mag= 10.00 KX SUNY PolyTechnic Institute

O0KX SUNY PolyTechnic Institute ﬁ




Surface Area Pore Volume

Cumulative Surface Area vs. Pore Width Cumulative Pore Volume vs. Pore Width

. Liang-UM-200C-2 : Liang-UM-200C-2
—+— Liang-UM-200C-2 : Liang-UM-200C-2 020_—|— iang: A

A1461m2g
| S it
12 H-f ] //
/ Quantity of

/ Adsorbed N, =
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- " M
l l 0.002- I
0 80 100 200

40 B T
Pore Width (A) 10 20

0.02 cm3/g

Unmodified clay

=4
=

Cumulative Surface Area (m?/g)
Cumulative Pore Volume {cm¥g)

40 60 80 100 200
Pore Width (A)

Cumulative Pore Volume vs. Pore Width

Cumulative Surface Area vs. Pore Width —— Liang-MM-200C-2 : Liang-MM.200C-2

50
Pore Width (A)

) —— Liang-MM-200C-2 : Liang-MM-200C-2 w 45.34 m2/g o.ny‘u_ 0-032 Cm3/g
gy ]
: / ] ,«”w Quantity of
; - Adsorbed N, =
i ) i 0.918 mmol/g
Modified clay ]/xj
° Pore Width {A}SO 1o o0



Zeta potential (mV)

Zeta Potential

e

Unadjusted pH: 7.46

—0—-Modified clay
—-8-Unmodjified clay

Zeta: 46 mV
Unadjusted pH: 11.38
Zeta: -31.6 mV AW
—0
2 4 6 8 10 12

» Positive Zeta indicates positively
charged particles

» PFAS negatively charged at
environmentally relevant pH

» More positively charged sorbents
tend to have better PFAS
adsorption performance



Uniqueness and Cost analysis

Unigueness: Sorbent | Market price (/ton) _
Activated biochar $246
_ _ Synthetic AC $1,500
- Superior adsorption Filtrasorb 400 GAC $5,770
performance Hydraffin CC8x30 GAC ~ $14,600
- Much less Costly MatCARE (clay-based) $26,000
- Much shorter contact time Amberlite IRA 400 resin  $88,000
. Significantly lower greenhouse =~ Amperlite XAD4 resin - $218,000

C Modified clay $750 (estimated)
emissions

. Cleaner technology



True bound residue of N-Ethylperfluorooctane sulfonamidoacetic acid (N-
EtFOSAA) in soil with or without a sorbent

N-EtFOSAA

1%

Extractable mass in soil
99%

N-EtFOSAA with sorbent #1

n

Extractable mass in
soil
26%

Bound residue
74%

N-EtFOSAA with sorbent #2

Bound residue
56%

=l Extractable mass in soil
44%

Bound residue,

N-EtFOSAA with sorbent #3

~—

Bound residue, 5%

Extractable mass in
soil
95%

N-EtFOSAA with sorbent #4

Bound residue, 0%

Extractable mass in soil
100%




Capability for conducting PFAS research
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