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B PFAS IN AGRICULTURE To optimize the combined remediation by this cycle,
pyrolysis probably needs to be conducted above 800 °C to
ensure PFAS destruction® and sufficient size of the pores in the
biochar (>2 nm*'°) to sorb PFAS molecules (>1.5 nm®).
Amendment with 1% sludge biochar or (activated) high-T
wood biochar reduced the level of leaching of perfluoroocta-
nesulfonate (PFOS) from contaminated soil by up to 92—
99%,%'° with notably better effectiveness for long-chain than

W PHYTOREMEDIATION, PYROLYSIS, AND BIOCHAR  fo; short-chain (C,_.) PFAS (40—70%").

Farmlands can be contaminated with per- and polyfluorinated
alkylated substances (PFAS) from increased levels in biosolids,
compost, digestate, and animal manure. Such contamination
can lead to high and persistent PFAS levels in (ground)water,
crops, milk, and meat,' increasing human dietary exposure.

AMENDMENT Roughly S t of dry weight (dw) (ha of grass)™" year !,
Remediation of PFAS-impacted agricultural soil is challenging 'fapproximatel}r one-third of th‘? total harvest, could be tu.rl?ed
because of the diffuse character of the pollution.” Destructive into 1 t of biochar to be applied on 1 ha per year. Acquiring

enough biochar to amend the top 20 cm of a soil (p = 1.3 g
cm™) with 1% biochar would then take ~25 years. Using co-
pyrolysis with alternative feedstocks such as manure,'’ crop

remediation® and sorbent amendment with carbonaceous and/ residues, biosolids,”® or reeds'® could slllorten this time frame.
or ion-exchanging materials® are less intrusive and more cost- Assummgj biochar price of € 1000 t™, t.he cost would. be €
effective.”’ Phytoremediation of PFAS has been demonstrated 25000 ha™" plus th? cost of the incorporation into the soil plus
to be a cost-effective, environmentally friendly, energy efficient, the cost of fodder yl'eld los.ses. The ove;‘all cost would be lower
and aesthetically pleasing option.” However, high variabilities than that Of more 1nFruswe methods. and could further be
were observed between the uptake potential of different PFAS reducgil by 1ncor§)1(?1r§t1ng carbon credits of up to € 150 (t of
and between plant species.”” Pyrolysis can mineralize the CO,)™" by 2030.

PFAS in the phytoremediation biomass,’ providing a win—win

solution in which PFAS is eliminated from biomass® and other B OPTIMIZING PFAS PHYTOREMEDIATION
biosolids’ through pyrolysis, generating biochar. This is a The effectiveness of PFAS phytoremediation strongly depends

approaches (soil washing, excavation, incineration, and
chemical oxidation) will impair soil ecosystem services and
cause carbon emissions.” In situ methods such as phyto-

sustainable sorbent material”® with co-benefits in terms of on the local conditions and the bioaccumulation factors
carbon sequestration (1-2 t of CO, equivalents/t of biochar”), (BAFs) of the PFAS in the particular soil—plant system. The
sustainable waste management,z’é and energy generation BAF ranges from ~10 for short-chain PFBS and PFBA to ~1
during pyrolysis.” for long-chain PFOS and PFOA."” Phytoremediation times

with S t of dw plant harvest ha™' year™' are on the order of
l A VIRTUOUS CYCLE 50—500 years, underscoring the need to identify hyper-

accumulator crops with high BAFs. Such crops will reduce
the phytoremediation time for short-chain PFAS to below a
few dozen years,"” on the same order of magnitude as the time
needed to harvest enough biomass to administer 1% biochar.

We propose a virtuous cycle by using phytoremediation for the
accumulation of short-chain PFAS, destroying them by
pyrolytic treatment, and applying the resulting PFAS-free
biochar as a sorbent to immobilize long-chain PFAS (Figure
1). Pyrolyzing the contaminated plant biomass alleviates the
constraints of biomass disposal. The proposed cycle takes
advantage of the high phytoextraction potential for (ultra)-
short-chain PFAS, which are less strongly sorbed to biochar.
We further suggest that the addition of biochar to forages may
reduce the uptake and bioavailability of PFAS, thereby
reducing PFAS contamination in milk and meat.

Received: January 14, 202$ %ﬁ?g‘ﬁw}‘s‘#ﬁ?
Published: January 29, 2025 §

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jafc.5c00651

v ACS Publications 3283 J. Agric. Food Chem. 2025, 73, 3283-3285


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Cornelissen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathalie+Briels"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+D.+Bucheli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicolas+Estoppey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Gredelj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolas+Hagemann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolas+Hagemann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sylvain+Lerch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Lotz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Rasse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Peter+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erlend+S%C3%B8rmo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Peter+H.+Arp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Peter+H.+Arp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.5c00651&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c00651?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c00651?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c00651?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/jafcau/73/6?ref=pdf
https://pubs.acs.org/toc/jafcau/73/6?ref=pdf
https://pubs.acs.org/toc/jafcau/73/6?ref=pdf
https://pubs.acs.org/toc/jafcau/73/6?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.5c00651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

5 ton/, grass

PHYTOREMEDIATION
of short-chain PFAS by
removal of grass

Long-chain PFAS
immobilization
by biochar

Pyrolysis
PFAS removal

1 tony, , biochar

N

BIOCHAR

application

50-99% PFAS

1% biochar —> 1 1 obilization

Figure 1. Phytoremediation—pyrolysis—biochar virtuous cycle including biochar-amended soil and ruminant feed.

B BIOCHAR-AMENDED FODDER TO REDUCE THE
LEVELS OF PFAS IN MEAT AND MILK

Biochar administration may improve animal health as well as
meat and milk production.'” Ruminants have been fed
approximately 100—400 g of biochar day™" while consuming
10 kg of dw grass day™’ Biochar reduces PFAS
bioaccessibility and thus uptake in the digestive tract, resulting
in a reduced level of accumulation in body tissues, reducing
chronic animal health risk as well as PFAS levels in milk and
meat. Biochar—water distribution ratios, Ky, reach 10° L kg™
for PFOS,” far above grass—water Ky's (20—350 L kg™*)."”
Thus, biochar could reduce the PFOS bioavailability in the
digestive tract by <700-fold. Actual reductions may be less due
to (i) incomplete fodder—biochar mixing in the rumen and
intestine, (ii) natural organic matter reducing the biochar Ky®
(iii) weaker sorptlon of short-chain PFAS to biochar,® (iv) 250
g of biochar day bemg too little to “depurate” PFAS from a
500 kg rummant, > and (v) digestive fluids increasing PFAS
chemical activity.'* Conversely, the slightly acidic rumen
environment (pH 5.8) could weaken the electrostatic repulsion
between the biochar and the PFAS polar headgroups.® Also,
digested biochar present in manure could play a role in further
sorbing PFAS as well as increasing soil fertility."

B RESTORATION OF PFAS-CONTAMINATED
FARMLAND

Pyrolyzing the entire harvest should be considered a last resort
for farmland too contaminated for crop and fodder production.
Alternatively, converting only 10—20% of the harvested
biomass into biochar could reduce PFAS availability more
gradually, offering a long-term solution with climate co-benefits
while not compromlsmg farmer income, especially with
compensation payments.

There are indications that biochar amendments could be
effective over increased time scales. The matrix itself is >80%
stable for millennia,” and the sorption strength can increase

3284

with time due to slow diffusion into deeper narrow biochar
pores8 and incorporation into soil aggregates.17

The best solution for preventing PFAS contamination of
farmland is to prevent it ever entering; however, for already
compromised land, application of a phytoremediation—
pyrolysis—biochar virtuous cycle could help restore soil quality.
Optimization should be done by long-term field trials,
including various herbage species and agroforestry approaches
and varying pyrolysis conditions. Hyperaccumulators could be
grown on 10—20% of the land, pyrolyzed and back-applied,
after which grass would be reseeded. Remediation of the entire
land would then be achieved after a decade.
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