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ABSTRACT

As concern about excess food waste and methane emissions from landfilled organics grows and
composting programs are encouraged as a more sustainable option for both management of
organic wastes and agricultural fertilizer, there is a needdonmgrehensivevaluation of
persistent pollutants icontemporargompostsHere, we presena US-wide survey of the

presence of three classes of ubiquitous pollutants in recyadics and fertilizers: peand
polyfluoroalkyl substances (PFAS), microplastics, and heavy metals. Each of these highly
persistent pollutants have been demonstrated to migrate into plarsidjaceinivater bodies,
resulting in potentialor human exposure. While certain trace metals have state and national
regulatory limits for lanehpplied compost, the regulatory landscape for P&AdGmicroplastics

is not yet realized; there ssneed for mordata,standardized analytical methgamdguidance

for reducing the levels of these pollutants in recycled organics.

For this investigation,anples of diverse composiad a assortmendf compostfeedstock
materialspthersoil amendmentssoil mixes,andsynthetic fertilizers were opportunistically
crowdsourced from participants across the RlSsamples were analyzed for 65 PFAS using

liquid chromatographyandem mass spectrome{lyPLC-MS/MS) with the goal of determining

which feedstoclcombinations yielded the lowest PFAS concentrations. While some feedstocks

had consistentlower PFAS concentrations (e.g. manure), othexseconsistentlyhigh in

PFAS (e.gbiosolids)andmay require alternative engses Other composts had a wide range of

PFAS concentrations, indicating inconsistent PFAS sources and composting prcticasthe

limited number of PFA$hatcanbedirectly measumand the potential for unknown precursor

PFAS to tranrm into perfluoroalkyl acids of potential regulatory concern, there is also a need

for newmethodscapable ofletermining total PFAS in environmental samplétere, we

explored the potential of using partisteluced gammaay emission (PIGE) spectroscopy as a
guick screening method that can capture Atot a
targeted analysis of 65 PFAS via mass spectrométefiminary total fluorinelata indicatd

that someompostsamples have high interferenftem inorganic fluoride Next steps for

isolating thefractionofor gani ¢ fl uorine most stlonddrogous t o 7
development

A subset of samplesasalso analyzed for microplastics and trace me#siter digestion and

filtering, suspected microplastic fragments were first visually characterized for count, shape, and
color using d_eica stereoscopdefore undergoing polymer identificatiosing a micreRaman
spectrometemBiosolidscontaining products had the highest overall count and diversity of
microplasticsA subsetwas alsanalyzed for 25 trace metals usinguctively coupled plasma

atomic emission spectroscoffZP-AES). Compost samples did not exceed Flo@lass 1

limits for five heavy metals in compost intended for land application, except in one manure
compost that exceeded the Class 1 limit for zinc.

KEY WORDS
Per and polyfluoroalkyl substances, PFAS, microplastics, metals, compost, recycled organics,

soil amendments, fertilizer, persistent pollutants
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EXECUTIVE SUMMARY

As concern about excess food waste and methane emissions from landfilled organics grows and
composting programs are encouraged as a more sustainable option for both management of
organic wastes and agricultural fertilizer, there is a need for a broad and current evaluation of
persistent pollutants in compostith thisreport we ainedto provide a more comprehensive
understanding of the presence and s@wt¢hree classes of persistent and ubiquitous pollutants
of emerging concern idSrecycled organicger and polyfluoroalkyl substances (PFAS),
microplastics (MPs), anlkdeavy metalsThesehighly persistenpollutants araibiquitousin

consumer and industrial products and wasied @ch ha been demonstrated to migrate into
plants and water bodiegsulting in potentialor human exposurehen landapplied with
compostWhile certain heavy metals have regulatory limits for fapglied compost on both a
state and federal level, regulations for select PFAStdr&eing developednd regulations for

MPs are largely lackingl'here is a need for more data, standardized analytical methods, and
guidance for reducing the levels of these pollutants in recycled organics.

A variety of composts, compost feedstocks, fertilizers, and other soil amendments were
opportunistically crowdsourcga= 376) Composite samples wefiest sizereduced and
homogenized through grinding and characterized for moisture content, organic matter content,
pH, and electrical conductivitfamples underwemiethanokextraction ¢onicatiorrotation)

before analysifor 65 PFAS including the commonly analyzed perfluoroalkyl acids and some
common precursdPFAS, usindiquid chromatographyandem mass spectrome{iPLC-

MS/MS). Soitlike samplegn=290)underwent analysis for total fluorine (TF) \particle

induced gammaay emission (PIGE) spectroscopy. A subset of samples was then analyzed for
MPs(n=54)and trace metal=67) After sequential digestion and filtering, suspected
microplastic fragments were visually characterized for count, shape, and color using a Leica
stereoscope, before undergoing polymer identification using a+R&nwan spectrometer.

Metals were isolated through sequential addition of reagents and heating, before analysis for 25
trace metalsia inductively coupled plasma atomic emission spectrometry-dES).

Targeted analysis @b PFASwas prioritized @ addresgsoncernsabout specific PFAS of

potential regulatoryelevanceBiosolidscontaining products were overall highest in PFAS
concentration and diversity, while manure products were overall lowest. PFAS concentrations
varied widely within food waste, yard waste, agricultural waste and othedaneat categories,
reflectinginconsistent PFAS sources and composting pracfugslic collection of municipal

food and yard wastes is often particularly susceptible to unintentional contamination, such as
from food packagingerviceware. Howeveevencertified-compostable products may still

contain a range of PFAS concentrations

Due to the limited number of PFAS that can be directly measured and the potential for unknown
precursor PFAS to transform into perfluoroalkyl acidgmhinentregulatory concern, there is

also a need faexpandingnethods capable of determining total PFAS in environmental samples.

Here, we explored the potential of using partidguced gammaay emission (PIGE)
spectroscopy as a quick screening method that
the standard targeted analysis of 65 PFAS via mass spectrometry. Preliti®B&Rmnesults

indicated that some compost samples have high interference from inorganic flanddke

potential fluoride content of different composts should be expléwee@xtraction method for
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isolating the fraction obrganic fluorineno st anal o g o u $oranaysisin ot al PFAS
conjunction with PIGE spectroscopy is still being tested

There is a need for more publicly availatitaregardingndividual PFAS content irspecific

products (e.g. pesticides, fertilizers, and compostable food serviceware) that could contribute

PFAS of potential regulatory concern to comp@sttification of compossafe products would

benefit from more stringent limits for both total organic fluorine (TOF) and specific PFAS that

may be of concern in resulting compd&E. analysis via PIGE spectroscopy is a quick screening

met hod for establishing the upper bamundary of
extractable organic fluorirep pr oach woul d provide a more usef
environmental samples, since inorganic fluoride is common in the environment.

MP analysis found a dominance of fiber and fragment shaped MPs across most samples. The
dominant polymers recovered included polystyrene (PS), polypropylenea(ieipplyester
(PES).MP diversity indexes were similar across compost categories. Howasgnlids

products were the most abundanbath MP count and polymer diversitizor heavy metals, one
sample of manure compost exceeded the Florida Class 1 compost limit of 906 faggc.
Otherwise, there were no notable findings regarding regulated heavy metals for compost in
Florida.
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1.0INTRODUCTION

The recycling of organic waste is essential within the framework of sustainable waste
management. Nutriemtch organicwaste, such as food scraps and wastewater sludge, is often
unexploited in landfills, where it substantially contributethi® production omethane and
leachateBy now, over half of US states have implemented various bans on yard debris or food
scraps from landfills or mandatory food waste collection prog(aSsComposting Council,

2023) As of 2024, over half of all sewage sludge recorded in the US is repurposed through land
application, often after compostif@W US EPA, 2025)Composting is an aerobic process that
can decompose large volumesoofanic waste into a soil amendment rich in bioavailable
nutrientswhile reducingcarbonemissionsaandpreservindandfill space(Huang et al., 2022; US
EPA, 2016) Though composting is effective at neutralizing pathogens, weed seeds, and some
phytotoxins(Cooperband, 2000jt does nokliminate persistent pollutants like pand
polyfluoroalkyl substances (PFASpicroplastic§MPs), andtracemetals As such, the land
application of compost can become a route for dispetbewe harmful chemicaisto the
environment, wheréheyare prone to longlistance transport, infiltration into water bodies, plant
uptake, and bioaccumulation, leading to an array of adverse health effects in living organisms.

1.1 PFAS

A class of> 14,000 anthropogenic compour(®8EHS, 2024) PFAS are defined by having at
least one fully fluorinatedhethylene {CF2) or methyl { CF3) carbon atofOECD, 2021)

The basic structure of PFAS includes a hydrophobkcagbain and a hydrophilic functional
group.Beyond thatPFAS structures vary widebnd their structure affects their behavior within
the environment and waste management systems, as well as dictating different sampling and
analytical approachd8uck et al., 2011)The key chemical properties of PFAS lend both great
application for consumer and industrial use and challenge for mitigation and removal of PFAS if
released into the environmentRbonds make PFAS highly resistant to thermal and chemical
degradation, while the amphiphiktructure makes PFAS excellent surfactants, imparting
hydrophobic, lipophobic, and finesistant properties. Accordingly, PFAS have been used
ubiquitously in industrial and consumer applications alike since the 18@&0ses, 2023)

However, the strength of-E bonds also makes PFAS highly resistant to degradation under
typical environment condition&s such PFAS arehighly persistent under typical environmental
conditions, tend to bioaccumulate in organisms, and some PFAS have been linked to a variety of
adverse health effec(Ranieri et al., 2022; Sunderland et al., 20H2imans can be exposed to
PFAS though ingestion of food, drinking water, and/or ¢igeghy and Lorber, 2011,

Savvaides et al., 2021iphalation(Gustafsson et al., 2022; Pabsawvila et al., 2023)dermal
absorption(Li et al., 2025; Lin et al., 2023; Zhou et al., 2028)d maternatransfer(Y. Li et al.,
2020) PFAS are also highly mobile once in the environment, infiltrating water bodies through
leaching and subject to lordistance atmospheric transpfkhrens et al., 2023; Johnson, 2022;
F. Li et al., 2020)

The most weblstudied and ubiquitously detected PF&® gerfluorocarboxylic acids (PFCAS)

and perfluorosulfonic acids (PFSA3hey are often categorized by their chain length into short
chain PFAS (O 7 carbons for PF-€AsSPFASitd O 5 car
describe their preferential behavior in environmental mé&h&S with shorteC-F chains are
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more likely to stay soluble in water bodigs Li et al., 2020)while longer GF chains are more
hydrophobic, accumulatingore at phase interfaces such as sediments angdr interfaces

(Casas et al., 2020; Griffin et al., 202RJFFCAs and PFSAs are perfluoroalkyl acids (PFAAS),

which are often referred to as Ater minal PFAS
environment due to their fully fluorinated (igerfluoroalkyl) carbon chaitMany other PFAS

especially those with not fully fluorinatgmblyfluoroalkyl chainsare considered precursors;

these are PFAS capable of transforming (through different mechanisms) into terminal PFAAs

(ITRC, 2023)

Background PFAS presence is ubiquitouthim larger environment, with varying concentrations
depending on their proximity to historic and active PFAS soyi&as et al., 2020; Brusseau et

al ., 2020; D6Ambro et al ., 2 0MajorsoukceswfPFAS 202 3 ;
emissions include the manufacture or application of fluorochemicals, the use of aqueous film
forming foams (AFFFs) for firefighting and trainindpe ubiquitous use of PFASnNtaining

consumer products, and the disposal of these products into wasteeatteenplants

(WWTPs)and landfills that have not yet been adequately equipped to prevent further PFAS
release¢ Beesoon et al ., 2012,; D6Ambro et al ., 202
al., 2025; Tolaymat et al., 2023)he use of PFA®ontaminated irrigation water and soil
amendmentarticularlybiosolids can caus®FAS accumulation in agricultural soils, leaching

to nearby water systems, and plant upi{@eao et al., 2020; Sepulvado et al., 2011; Wang et al.,
2020) PFAS have been measured in compost waitte, in the range of 0.1 to 455 ng ¢

(Bréandli et al., 2006; Choi et al., 2019; Lazcano et al., 2020; Munoz et al., 2021; Saha et al.,
2024; Sivaram et al., 2022; Sungur et al., 20PFAS have also been measured in some

common compost feedstock materials: higher concentrations are typical in sewage
sludge/biosolids and food contact materials (in the range of ppb or even ppm), compared to food
waste and manures (in the ppt or low ppb raf@epssen et al., 2023; Piva et al., 2023,
SchwartzNarbonne et al., 2023; Thakali et al., 2022; Thompson et al., 2023; Timshina et al.,
2024) Furthermore, landpplied PFAS can migrate into the edible parts of plants, posing a route
of exposure for livestock, wildlife, and humaiBao et al., 2020; Scher et al., 2018; Wang et al.,
2020) Thus, the land application of PFABnNtaining compodtas becoma pathway for the

dispersal of PFAS to the environment.

Several recent regulatory efforts in the US have incre@Bédawareness and spurred the need
for developing standardized PFAS analytical methods and RIfi&Bted waste management
strategies. Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (BFED&)

highly pervasive legacy PFAS that were voluntarily phased out of direct produrctienUS in
2015(US EPA, 2023a)NationalPrimary Drinking Water Regulations (NPDWRS) were
confirmed for PFOA and PFOS 2025 at a very stringent limit of 4 parts per trillion (ppt, ng L

1y (US EPA, 2025)In a study of 448 tap water samples across Florida, 107 had concentrations
above 4 ppt for either PFOS or PF@&inkway et al., 2024)0f note for waste managers, PFOA
and PFOSveredesignated as hazardous substances under the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) in 2028 EPA, 2024a)This enables

the federal government to facilitate and enforce cleanup of significant releases of hazardous
substance@OECA US EPA, 2013)Some entities, such as public landfills, public WWTérs]
farmers,were explicitly exempt from this rule in a separate memoranduntheneare

lingering conceraabout whether composting facilities will be giville samexemption as
Apassi ve r ecmitanmngvastéFrantios? 2022SSWANA, 2024; O. US EPA,
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2024) In early 2024, the US EPA also proposed to list nine PFAS as hazardous constituents
under the Resource Conservation and Recovery Act (RCRA), which would define special
treatment of wastes containing these PRAS EPA, 2024h)in an update to the PFAS Strategic
Plan, the EPA has announced its intent to further scrutinize biosolids, a common compost
feedstock, as the prevalence and high concentrations of PFAS in biosolids and wastewater
derived fertilizers have been well documenfieaizcano et al., 2020; Thompson et al., 2023; US
EPA, 2023b)Currently, herearestill no actionable federal PFAS limits for PFAS in composts
or soils.However, sme US stateBave begun enacting their own restrictions for the-land
application of biosolid¢§Nuschke, 2025)Risk-basedsoil screening levelfor PFAShave been
proposed by the US EPA aftbrida Department of Environmental Protecti6ibEP) for sdect
PFAS(Farrell, 2022; FDEP, 2025; US EPA, 2023c)

1.2 Total Fluorine

Targeted analytical methods for PFAR driven by the availability of chemical standaiest
laboratories analyze 40 anionic PFAS (< 1 % of existent PFAS) via targeted mass spectrometric
analysis according to the validated EPA Method 1633, which would be the method required for
testing regulatory compliance in the event of enforceable federal regulations in (US EPA,

2024c) Since theDrganization for Economic Cooperation and Developn®&CD) put forth

the widely accepted definition of PFAEe. substancesontainingat least onei CF2) or (i
CF3)group(OECD, 2021), investigations othemicaldatabasebave expanded thially of

existing PFAS from >14,00NIEHS, 2024)o 7 million (Schymanski et al., 20238nd even 24

million (CAS Science Team, 2025)he vastmajority of these compoundzre still proprietary,

limiting targeted analysis to PFAAs and a small minority of existing precursors for which
standards are availahlep to ~200 PFAS)In addition,many of theknown andunknownPFAS
areprecursors thatan transform into terminal PFAS, which will not further degrade under

typical environmental conditions. Thuessenconcentrations of targeted PFAS measured in a
sample can vary considerabtigpending on the timing of sampling and analysis and the

analytical methodology employed (suite of PFAS monitored, extraction protocol, and instrument
capabilities) Other PFAS can be qualitatively measured viatawgeted analysis, and total
organic fluorine (TOF) anal,pdthese ncethods aesstilli mat e
beingstandardize@nd are not widely available.

From our previous study, we learned that composting facilitates the transformation of precursor
PFAS into terminal PFAShusiii ncr easi ngo concentrations of t
regulated Timshina et al., 2024A nontargeted study of organic waste products in France
estimated thatontemporaryargeted PFAS methods may be underestimating total PFAS
concentrations by 4@o 16Gfold (Munoz et al., 2021 However, nortargeted methods are still

very timeconsuming and limited by the bias of extraction method and instrumentation. Total
fluorine (TF) approaches bypass the challenges of identifying specific By Afass
spectrometrywhile identifying samples with a large gap of potential unknown PFAS ideal for
nontargeted analysi?Non-PFAS organofluorine is thought to be rare in the environnsent,

total organic fluorine (TOHps commonlyused asgn approximationofit ot a | HoRévéy,S 0O .
environmental saples do often contain inorganic fluoride (IK).practice, TOF analysis in
environmental samples requires the removal of IF interference either tradsgtibable organic
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fluorine (AOF) appraches for agueous samples or extractable organic fluorine (EOF)
approaches for solid sampl@so et al., 2021)Concentrations of PFAS measured via targeted
analysis can be converted to fluorine concentrations to compare the magnitude of unidentified
organic fluorine across samples. For example, a study comparing concentrations of 33 target
PFAS and organic fluorine in surface water found that the sum of targeted PFAS concentrations
accounted for only 2 % of total organic fluorigfeorster et al., 2024)

Common instrumentation for TFOF methods$ncludes combustion ion chromatography (CIC)
and particleinduced gammaay emission (PIGE) spectrosco@BIC oxidizes all fluorine in a
sample to be detected as hydrogen fluofAt® et al., 2021)US EPA Method 1621 provides
protocol for AOF, but it is optimized for aqueous matrices ¢diy EPA, 2024d)PIGE is a
non-destructive TF method that bombards a sample with accelerated protons, exciting the nuclei
of light elements, and measuring gamrag emissions characteristic for fluorine. PIG&S been
particularlyeffectivefor rapid screening of textiles and paper products with high PFAS content
and negligible inorganic fluorin@itter et al., 2017)However, the use of PIGE spectroscopy for
measuringfOF in environmental samples is still underexplor@g@timizing nontargeted and TF
methods, and making them more widely available, is the first step in characterizing the vast
number of unknown PFAS that may already be present in the environment and assessing their
potential for adverse health risks.

1.3 Microplastics

Like PFAS,plasticsare anthropogenic materials that have badngh production since the
1950s Their durability, light weight, and low cost are highly desirable across a plethora of
industrial and consumer us@$ahladakis et al., 2018plastics arenade of more than just
plastic: one study identified >10,000 substances associated with plastics, including primary
monomers, processing aids, and additives that impghevenanufacture, functionality, and
longevity of plastic productsThey estimated that >2,400 of these substances were of potential
concern in terms of persistence, bioaccumulation and/or toxwigsinger et al., 2021The
diversity of plastic polymers and additives also poseynthallenges to the recycling of plastics
(Hahladakis et al., 2018From data collected by the US EPA in 2018, only ~24 % of plastic
generated in the US was reused either through mechanical recycling or combustion energy
recovery, while the majority was landfilld@LEM US EPA, 2025)

MPs are defineds plastic particles in the size range of 1 nm up to 5 with nanoplastics

being the smaller subset in the size ranga @D00 nm(US EPA, 2022)PrimaryMPs, like

glitter ormicrobeads used in cosmeaindmedical applicationsareintentionally maden this

small size Secondary MPs are a result of degradation of larger plastic mafeieadt al., 2019;
US EPA, 2022; Yurtsever, 201WIPsare highly persistent under typical environmental
conditions and highly mobile; they have been detectedilrandwater systems across the globe
(Bergmann et al., 2019; Golia et al., 2025; Gray et al., 2018; Luo et al.,, 2819¢ll as in
humansand other organisnm(®rata and DiaPereira, 2023; V. L. Leonard et al., 2024; Wright et
al., 2013) Microplastics have been linked to a variety of adverse health effedttd)ere are still
many gaps in our knowledge, especially with the mamesstudied additive§Rahman et al.,
2021) Microplastics can be categorized by size, shapepalyinercomposition &s well as



additive content), and all of these characteristics can affect their degradation and environmental
fate.

There is limited data available regarding the occurrens&Rsin US composts, bl¥Pshave

been recovered from composted organics around the world with concentrations ranging from 10
2800 item k¢t (Edo et al., 2022; Porterfield et al., 2023; Vithanage et al., 262bd waste and
WWTP sludge/biosolids are known to be major sourcédRéto the environment and common
feedstock materials for composting, rendering compost a major potential pathway of
microplastics introductiomto agricultural system@olwala et al., 2021; Weithmann et al.,

2018) Synthetic fertilizer enclosed in plastic sloelease microcapsules can cause significant

MP accumulation in the applied area and in nearby marine environ(ketssimi et al., 2021,

2020) MPsand their more bioavailable smaller fractions (nanoplastics) have been reported to
incorporate into plant tissue from soils, presenting a pathway to humans via in¢estietnal.,

2022; MateogCardenas et al., 2021h addition to the toxicity of plastic polymefdPscan

release potentially harmful plastic additives and sorbardgaminants, such as PFAS and metals,

in the environment, thus affecting their fate and transport and facilitating the availability of these
co-contaminants for plant uptakgithanage et al., 2021Preliminary evidence also suggests
thatMPs in soils can pose a risk to ecosystem processes like carbon and nitrogen cycles and alter
soil properties, potentially affecting the plant health and the composting proceg$-usstifal.,

2023; Porterfield et al., 2023; Rong et al., 2023)

Federal USegulation ofMPs s limited toa banon usingmicrobeadsn cosmeticfUS FDA,
2024) Some US states and municipalities/e triedrestrictions for seledingleuse plastics

such as plastic bags, straws, or boftidsile other states have preemptively banned any future
bans on certain plastic produ¢Gibbens, 2019)To date, there remain megulatory limits for

MP concentrations in drinking water, WWTP effluent, biosolids, compost, or(Swolsvala et

al., 2021)

1.4 Metals

Heavy metalsre naturally occurring elements, but anthropogenic activities can facilitate
exposure tanetalsat toxic level{Tchounwou et al., 2012)\ny type ofMSW compost

increases concentrations of heavy metals in agricultural soil as compared to typical background
levels(Smith, 2009) although there are large variations in concentraiiblmstvedt, 1995)

Synthetic fertilizers also tend to contain trace heavy metals from mined phosphate rock
(Mortvedt, 1995)though manure fertilizers and composted sewage sludge can have higher
concentrationgMei and Shetian, 2014) Some studies demonstrate that compost application can
reduce the mobility and bioavailability of metals such as lead and arsenic, to prevent them from
leaching into nearby bodies of water and being taken up by gfart®ll and Jones, 2009;

Hartley et al., 2010; McBride et al., 2018omposted biosolids reduced the mobility and
bioavailability of metals as compared to soil amendments from sewage sludge treated with other
methodgSmith, 2009) Other studies demonstrate that metals in applied composts do still
migrate into the edible parts of plants, with possible exceedahggsrnational healtibased
standards depending on the concentration and type of(pladbol-Ghany et al., 2023; McBride

et al., 2015)

The content of certain heavy metals is regulated in compost specifically under the Florida
Administrative Code (FAC 6209.600). US EPA RSLs ardoridaSCTLs (Rule 62Z777) also
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provide guidance for heavy metal concentrations in soils. However, theterest ina
contemporarygurveyof thepresence of heavy metals in diveceenposts, includinghosenot
yetspecifically regulated in all composts (e.g. arsenic).

1.5 Project Scope

Composting is a rapidly expanding industry and a beacon for sustainable waste management and
fertilizer. These benefits may be compromised, however, if compost contains persistent
pollutants such as PFAS, MPs, and heavy metals that are of concern for humam\kealth.

passive receivers of waste that may contfa@se persistent pollutantsommercial and

household composters alike are caught between maximizing sustainable reuse and the concern
that they may be unwittingly facilitating the circulationpafilutantsin food products and the

larger environment.

Here, we presemurrentdata regarding the presence of PFAS, MPs, and heavy metals in a
variety ofcomposts and othaoil amendments opportunistity crowdsoured fromFlorida and
across the US. Our goal was to identégdstocks of highest concern for these persistent
pollutants and to summaripetentialstrategies for reducing their presence in fapglied soil
amendmentdsirst, all samples were analyzit 65 PFAS via higfperformance liquid
chromatography tandem mass spectrometry (HRISIMS). Though PFASegulatory efforts

for the near future prioritize the more walhderstood terminal PFA®/e also had the

opportunity to utilize these samples in advancing the development of a novel TF strategy. Soll
amendment samples were analyzed for TF content using PIGE spectragitojne goal of
establishingnupper boundary of ftot al.Thsddtas the firsa | PFAS
of its kind andwill be usedn conjunction withfuture EOF datato assess themagnitude of IF

across different composts and thability of PIGE spectroscopy as a quick screening method for
measuring TOF in scelike environmental sampleé. subset of mature compostad other
amendmentswvas further analyzed for MPs and trace metsicentrations of PFA3/Ps,and
heavy metals are compared to previous studies and tbagsad thresholds or regulations, where
applicable Putting this data in context, véeimmarizesomecurrent challenges and best viable
practices for reducing the levels of these contaminants irdpplied recycled organics.

2.0 METHODS

2.1 SampleCollection

An opportunistic crowdsourcing strategy was employed to collect samples from across 30 US
states. Sixtynine participants (8 from Florida), including active organics recycling facilities and
individuals, contributed samples from a range of commercial and backyard composting projects.
Some additiongbroducts were purchased commercially. The sampling period encompassed
March 2024 through February 2025. Each participant was provided with a sampling kit,
sampling instructions, and a questionnaire, as shoBumplementary Information (SI) Section

S1. Sampling kits included gloves, a methatlehned stainlessteel scoop, gallon polyethylene
Ziplock bags for samples, an empty Ziplock bag to serve as a field blank, and icepacks for return
sample transport. Participants were instructed to wear gloves, limit potential PFAS
contamination, open the Ziplock blank during sampling, utilize a composite sampling technique,
and immediately freeze samples to halt further decomposition and potential precursor PFAS



transformatior(Figure 1) Upon receiving samples at the laboratory, they were immediately
frozen at 4 °C until further processing.

<

Figurel. Graduate student Alina collects a sample of compost (A). Sampling instructions included this
illustration of representative composite sampling (B).

The questionnaire surveyed participants about compost feedstocks, ages, and methods. Table S1
organizes the anonymized information gathered from these questionnaire responses. A total of
292 soil amendment samples were collected. Unfinished and finished composts of all ages were
categorized by their primary feedstock, as reflected in the sample ID: biosolids (B; n= 10), food
waste (FW; n=128), manure (M; n= 41), yard waste (YD; n= 15, agricultural waste (AG; n= 14),
fish (FSH; n = 24), and other compost (OTC; n = 17).-Nompost samples included soil mixes
(SM; n= 13), other soil amendments (AM; n= 23), and synthetic fertilizers (SF; n= 7). Some
participants also contributed samples of feedstock (FD) materials, including raw biosolids (B; n=
1), food waste grounds or slurry (FW; n= 2), manure (M; n= 6), yard waste grinds (YD; n= 14),
food contact materials (FCM; n= 39), textiles (TX; n= 12), and water added to compost (W; n=
10). Descriptions of these feedstock samples (total n= 84) can be found in Table S2.

2.2 SamplePreparation and Physical Characterization

At the laboratory, soilike samples were first defrosted in their original bag at room temperature

so that an aliquot could be removed for an fia
Moisture content was determined as the percent weight difference after drying in an oven

overnight at 100 °C, according to EPA Method 168% EPA, 2001)The samples were then

air-dried on PFASree aluminum foil (All Foils Ultra High Vacuum (UHV) Foil) at room

temperature in a fume hood for three or more days, with intermittent stirring until sufficiently dry

for sizereduction.

The compost and feedstock samples we received varied greatly in texture and particle size
composition. In lieu of sieving, selike samples were ground to pass a 2 mm sieve using electric
Moongiantgo Grain Mill (1300W) grinders, thus capturing as much of the whole sample as
possible, excluding some extierge mulch pieces and rocisigure 2) The grinding device was
extensively cleaned between each sample to avoid cross contam{Rajime 3) Nonelectronic
components (stainless steel scoop, sievepamd) were scrubbed with Liquinox soap and dried,
while the main grinding structure and blade were wiped down with dry and wet (deionized

water) paper towels. Then, all components were wiped down with Optima methanol and
Kimwipes at least three times, or until no visible trace of compost residue remained. This
grinding method allowed us to capture the whole composite sample without biasing results to the
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finer size fraction, and to achieve consistent homogeneity-Sdibtike samples, FCMs and
textiles, were atdried under the fume hood and sieeluced using methanoleaned stainless
steel scissors.

B -l

A B

Figure2. Highly textured compost sample before (left) and after (right) grinding (A). Undergraduate
students Jenna (left) and Erin (right) are ready to grind dried compost in their PPE (disposable lab
coat, gloves, NB5 mask, and safety glasses). Grinding and cleaning within reach of the fume
hood or snorkels also helps to mitigate the dust (B).

Figure3. After each sample, the grinder was first brushed off and wiped down with deionized water (A),
while the detachable sieve was scrubbed with Liquinox soap and water (C). Undergraduate
student Jack Arnold completes the final cleaning step for any reusable tool that touches samples
intended for PFAS analysiswiping down with methanol three times (C).

Aliquots of homogenized compost samples were gravimetrically weighed for characterization of
air-dried moisture content, organic matter content, soil pH, and electric conductivity (EC). Air
dried moisture content was determined for the normalization of PFAS concentrations to sample
dry weight(Figure 4A) The same homogenized and oxiied subsamples were used to
determined organic matter content via loss on ignition for 2 hrs at 550 °C, as described in EPA
Method 1684US EPA, 2001)Figure 4B) Moisture content and organic matter tests were
performed in duplicate (220 g initial wet weight) when sufficient sample volume was

available. Soil pH and electric conductivity were determined using a 1:2 v/v slurry method
adapted from a University of Florida Extension Soil Testing Laboratory méigdvarapu,

2012) Briefly, approximately 10 mL of each sample and 20 mL of deionized water were
combined into a 50 mL centrifuge tube. After 30 min of shaking at 180 rpm and 5 min of
settling, pH and EC were measured using an Apera Instruments PC60 probe.



matter content was determined by the loss on ignition test (B).

2.3 PFASAnalysis

2.3.1Standards and Reagents

The mixtureof target PFAS standards used to make the QC mixture and calibration solutions
i ncl uded We F16333T mixas el asknBividual standards obtained from
Wellington, Synquest, or Chiron (Table S3). The labeled IS mixture was comprised of the
MPFAC-HIF-ES mixture, the MFTAVIXA mixture, and several additional labeled standards all
obtained from Wellington (Table S4). Reagents utilized for PFAS extraction and analysis,
Optima methanol, Optima water, ammonium hydroxide, ammonium acetate, and acetic acid,
were purchased from Fisher Scientific (Waltham, MA, YSA

2.3.2Extraction

The method for PFAS extraction from solid materials was adapteddhonadireskety et al.
(2021)(Method 1b), with matrixsspecific optimizations for compost and FCMs/textiles. For
composts and other sdike materials, ~1 g was weighed into a 15 mL polypropylene centrifuge
tube and spiked with 30 €L of PFAS internal s
varied from ~0.5 to 1.5 for samples of different densities. Extraction was performed in two
rounds using 4 mL and 2 mL of 0.3 % ammonium hydroxide in metlgigulre 5) Samples

were vortexed briefly, then sonicated for 30 min, rotatedaed-end at 70 rpm for 3tin and
centrifuged at 4000 rpm for 10 min. Supernatants from the two rounds of extraction were
combined in a clean 15 mL tube, where 10 mg of Supelco€asb graphitized activated

carbon (126400 mesh) was added for sample cleanup. The extracts were vortexed with Envi
Carb for 30 sec and centrifuged for 10 min. The purified extracts were transferred to a new 15
mL tube and evaporated down to 1 mL under a gentle stream of ni{f€igene 6)



Figure5. Solid samples were vortexed for 30 sec (A), sonlcated for 30 min (B), rotated for 30 min (C)
with 0.3% methanolic ammonium hydroxide to extract PFAS before centrifuging for 10 min (D)
to create a supernatant.

Figure6. Research assistdraurentransfers the supernatant now containing PEAtBacted from a
sample in a clean tulfd). Sample extracts are evaporated under a gentle stream of nitrogen to 1
mL (B).

FCM and textile samples were extracted and purified with-Biawb in the same manner, except

with varying volumes of extraction solvent necessary to fully inundate the sample (up to 20 mL

per extraction round). These sample weights varied fromi-3& 1 due to highly variable

material densities. Liquid samples (i.e., water added to compost, two liquid fertilizers, and water
based blanks) were extracted via solid phase extraction (SPE) in the same manner as described in
Timshina et al. (2024with some adjustment; liquid samples (up to 250 mL) were spiked with

20 or 30 eL of 1S, and SPE cartri dgesmicatedr mu

silanized glass wool to prevent cloggifkeigure 7)
\ '5494; ﬂ
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Figure7. Undergraduate student Ashley prepaai&iphase extraction (SPEartridges (A) for
extractingPFAS from liquid sample@).

All samples were analyzed for 65 anionic PFAS via HRLE/MS (Figure 8) Chromatographic
separation was accomplished using a Thermo Scientific Vanquish UHPLC instrument with a
Waters XBridge BEH C18 chromatographic column. Mobile phases were comprised of 5 mM
ammonium acetate in water and in methanol. The Thermo Scientific Quantis triple quadrupole
was operated with electrospray ionization in negative modsaretiulecelected reaction
monitoring (SRM). Additional details regarding instrument parameters and SRM scan
parameters can be found in Tables S5 and S6, respectively.

Figure8. Graduate student Alina removes the mass spectrometer source housing to clean source
components in preparation for sample analysis (A). Samples aliquoted into autosampler vials are
loaded into racks within the HPLC (B). Alina monitors the mass chromatograms produced from
each sample run on the HPIMS/MS instrument (C).

2.33 Quality Control During Sampling, Extraction, and Analysis

Freezersafe polyethylene Ziplockrand bags were chosen as lightweight and inexpensive

sample containers based on previous laboratory tests that found no leaching of target PFAS into
a methanol wash of the bags. Empty Ziplock bags included in sampling kits served both to test
for ambient contamination during sampling and for potential contamination from the bag itself,
due to wear during exposure to hot compost, freezing, transport, and defrosting of samples.
Sampling quality control relied on participants following the provided instructions to minimize
outside PFAS contamination and to collect a representative composite sample.

At the laboratory, items that touched the sample were either giagland previously tested to

be free of target PFAS (e.g. plastic scoops, centrifuge tubes, UHV aluminum foil, Ziplock bags),
or, in the case of reusable items, rigorous cleaning procedures were employed (e.g. grinder
cleaning protocol described in section 2.2). Each Ziplock blank (ZB, n= 41) returned with
crowdsourced compost samplers was rinsed with 10 mL of methanol and the rinseate was
evaporated down to 1 mL for analysis. On six oanasiafter cleaning the compost grinder,
grinder blanks (GB, n= 6) were created by rinsing all components that came in contact with
samples with 250 mL of Optima water and extracting this rinseate via SPE. Extraction blanks
(EB, n= 25) were comprised of 1 g of PFA8e Hydra (EDGE, eMatrix™) or Ottowa sand
(Supelco, CASNo 1480860-7) extracted alongside the different batches of solid samples. SPE
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blanks (SB, n = 4) were comprised of Optima water (250 mL) extracted alongside other liquid
samples via SPE.

To evaluate the effectiveness of our homogenization method as well as extraction efficiency,
recovery, and precision across sample batches, a pool of several representative composts was
used for quality control (QC) samples (1 g, extracted in the same manner as other solid samples).
Three QC samples were spiked with both native PFAS standards and IS before extraction (QC1
3), three QCs were spiked with only IS to allow for the quantitation and subtraction of

background PFAS presence (Q6Y and three were spiked with both native standards and IS

after extraction (QCGB). The first six QC samples were repeated for each of the six sample
batches to monitor recovery and precision across different instrument runs. In addition, a
compost sample from each of four main feedstock categori@¢sKB+13, M-7, and YD15)

were extracted in triplicate to evaluate precision in different compost matrices.

During HPLGMS/MS analysis, a set of 14 calibration solutions was analyzed with each of the
six sample batches run and used to quantify PFAS via isotope dilution. Calibration
concentrations ranged approximately 0.01 to 95 ng.rfliee Table S7 for concentrations of each
native and labeled PFAS in the calibration solutions. Samples were randomized ard\semid
calibration solution was repeated 3x within each batch to monitor instrument performance.
Solvent blanks (Optima methanol) were run after evefyd0Ssamples to monitor potential PFAS
carryover during analysis.

2.34 Data Processing

Chromatographic peaks were integrated using QuanBrowser (Xcalibur) software. The most
abundant transition was used for quantitation, while a second transition, when available, was
observed for confirmation. Isomers were included in a summed concentration for that PFAS, if
they were included in the native standard mi X
For target PFAS without a directly corresponding IS, an IS similar in structure or retention time
was selected for quantitation (Table S3). Quantitation was achieved using the response ratio
method described in EPMethod1633 Section 15.@JS EPA, 2024c)In Equations 1 and 2, RR
= response ratio, RF = response factor (referring to-geiamtitation of target PFAS without a
directly corresponding labeled standard), t = target PFAS, M = mass in ng, and IS = internal
standard.

16020
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The relative standard deviation (RSD) of calibration curves fell within 25 % except for several

PFAS in a singular sample batch: PFDoS (30 %}PRHpA (28 %), 11GIPF30UdS (26 %),

and 10:2FTS (38 %). Each limit of detection (LOD concentration) was determined as the lowest
calibration | evel -thoisdratia(Sieandkthedimittokquantiatons i gn a |
(LOQ concentration) as | owest calibration | ev
were manually evaluated for S/N. Concatibns above the highest calibration curve level were
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estimated using the appropriate response ratio or factor and are indicated in bold abbtata
S1aQ

6:2triPAP wasmonitored buexcluded from reporting because it was detected in most blanks,

and we have not yet determined the source of this contamination. Other blank contamination is
described in Table S8. Most contamination was < LOQ and was < 10 % of the magnitude in
corresponding samples. 6:2FTS is a known contaminant from SPE extraction, as reflected in the
highly variable concentrations quantified in GBs and SBs, so it was omitted from reporting for
samples that underwent SPE extraction. 6:2 diPAP contamination was > LOQ in one ZB, but it
was not detected in corresponding samples.

Extraction efficiency was calculated by dividing mean peak areas of native PFAS standards
spiked into triplicate QC samples before and after extraction, subtracting background peak areas
in the triplicate not spiked with native standard (Equation 3).

QYOI DL WA R

Omoi OV ®QE ¢ Zp M 3
i@, oubim, °F 3

Recovery was calculated by comparing mean PFAS quantified (ng per sample) in triplicate QC
samples spiked before extraction to theoretical concentrations spiked into the QC samples
(Equation 4).

R ¢ NV ¢ B OL'R i

YQ®hE VB o = Zp T (4)

Precision was calculated as the mean RSD of PFAS quantified (ng per sample) in triplicate QC
samples spiked before extraction (Equation 5).

i oD
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Zpmm (5)

Table S9 reports LOD, LOQ, extraction efficiency, recovery, and precision values for each target
PFAS. Extraction efficiency rangdam 77to 123 %. For recovery and precision, the average

and standard deviation are reported across six batches of samples analyzed. Individual batch
recovery ranged between-880 % for PFAS with quantified concentrations in that batch, except

for 5H-PFPeA, 11HPFUdA, NEt-FOSAA, and 10:2FTS. Individual batch precision was < 21

% for PFAS with quanti fieePFASpeasoreformatrext i ons i n
replicates was 17 % for-B, 12 % for FW13, and 30 % for YEL5, while no PFAS were

guantified in any replicates of M.

PFAS concentrations were normalized to dry weight. Average concentrations were reported for
the four samples extracted in replicatel(BFW-13, M-7, and YD15), while remaining samples

were singular extractions from a composite sample. Statistical analyses were performed using R
(version 4.2.3). Noiparametric tests KruskalWallis, Dunn post housing Bonferroni

adjusted pvalues) and Spearman correlation testwere employed since all data groups were
determined to be not normal (ShapWalk p-value < 0.05).
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2.4 Total Fluorine Analysis

In preparation for TF analysis, 1 x 1 ingblyethylenébags (purchased from ULINE and tested
fluorine-free) were filled with 0.5L.5 grams othe groundand homogenizesamplesOf 292

soil amendmendamples collected (listed in Table SA90werealsoanalyzed for F, excluding
the two liquid soil amendment sampl&sventy-ninesamples were prepared in duplicate to
evaluate analytical variability.

TF analysis was performed via Particle Induced GafRiana Emission (PIGE) spectroscopy

(Figure 9) Samples and calibration standards were bombaxl@dcuavith a 3.4MeV proton

beam for approximately 180 sec. The average beam currenhéf %as determined from

measuring the beam current for 3 sec before and after each sample. The beam penetrated samples
to a depth of 10@00 um and circular area of 1 &mA high purity germanium detector (Ortec,

20%) positioned at an approximate 110° angle to the beam was used to measure twoayamma
characteristic of%F nucleus decay: 110 keV and 197 keV. Argon was also measured at 770 keV
for normalization of beam current variance. Peaks were integrated above a linear background,
which was subtracted using a publicly availabladuse MATLAB codg i PAGE | ysi s, O
2024) The summation of total F counts was normalized to the argon peak in each sample and
divided by the beam current to obtain counts per uC, which is proportional to the TF
concentration in each sample.

W=

lon source Acceiera.tor V ‘ Beamline V Ed station Control room
Figure9. The 5 components of PIGE analysis (from left to right): the lon Source, the Particle Accelerator
(with graduate studemtlina standing in front of it for size comparison), the Beamline (a series of
magnets that focuses the particle beam), the End Station (where samples are bombatiged with
proton beam and resulting gamimays are detected), and the Control Room (where graduate
student Esmee monitors the instrument performance antimeatiata).

Calibration standards fahe soil-like samples were prepared as describddiller et al., (2025)

Five pucks made from calcium sulfate (SigAldrich) and spiked with known concentrations of

F (1931260 ppm or mg k§), as well as one blank puck to determine F background from

calcium sulfate, were analyzed with samples on each day of PIGE analysis to create linear
calibration curves for the quantitation of TF. LOD was determined by dividing the standard error
of the linear regression by the slope of the calibration curve and LOQ was determined as 3.3x the
LOD. Statistical counting errors, including the uncertainty anticipated in the instrumentation and
measurement, error in linear calibration curve slope, and error in the peak fitting algorithm, were
propagated to determinmcertaintyfor each TF concentration

Concentrations of 65 target PFAS determined via HRSIMS, as described in Section 2.3,

were converted to their equivalent concentrat
concentrations analyzed via PIGE. To determine known F concentrations, quantified

concentrations of each targeted PFAS were first multiplied by the ratio of F molecular weight to

total ion molecular weightgquation6), then summed together.
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In Equation6, ng t= ng of target PFAS analyte measuredjs#he number oF atomsan the
target analyte, 18.998 is the molecular weight of F, and M\¥ie molecular weight of the
target analyte as an anidtatistical analyses were performed using R (version 4.2.3}. Non
parametric tests KruskalWallis, Dunn post ho¢using Bonferroni adjustedyalues) and
Spearman correlation testsvere employed since all data groups were determined to be not
normal (Shapiréwilk p-value < 0.05).

2.5 Microplastics Analysis

2.5.1 Microplastics Extraction

A subsebf compost and other amendmeamplegn=54)were analyzed fokMPs, including
samples from the six categories of biosolids, food waste, manure, yard waste, agricultural
byproduct, and mixed feedstockss described in Section 2.2, samples were first ground to a 2
mm size and homogenizethree or four replicates df g of subsamplesere weighedrom
eachsamplefor extraction The extractionprocedure was adapted fra@men et al(2024)

(Figure 10) Sampleswvere initially subjected to a density separation ugdiignL of zinc
chloride(1.5g/mLof ZnCl) in a 50 mLFalcontubeandallowed to settle for 24 hour§he
supernatant waadded t®250 mL glass beaker®ntaining200mlof 30%hydrogen peroxide
(H20») to digestresidualorganic mattecaptured during the density separation. Samples were
covered with foil and placed in an oven set to 60 °C. Timkeoven ranged between 24 296l
hours, untilmost organic material had beeigested/removed. To further separsités from
residual organic mattesamples were transferréal 50 mL Falcon tubes armdmbined withd5

mL of ZnClI (1.5g/mL), as dinal density separation step. Due to the nature of the soil
amendments, some samples stilhtaineda consideable amount of organic residue. To further
clean our samples,@narysolvent extractionvasadapted frontadare et al(2023) In short,
samplesvere transferrethto 50mL Falcontubeswhere45 mL of ethanol and deionized water
(8:2) was addedThis solution soakdfor 2 hours, changing the surface charge of the organic
material. After the twdhour period, the sample was sieved throu§Bramsieve, and the
contents were poured into a new Falcon tube and filled with DI wateprék@mussoaking with
ethanol and DI water allowddPsto float to thesurfaceand organic matter to settle at the
bottom of the Falcotube.The topportionof the solution was then filtered onto a

0.45¢ nBartorius gridded filteander vacuumcapturingMPs Al filters were stored in &0

x 15 mm glass petrdish (VWR) until visual inspection under a microscope.
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Figure10. Overview of MP extraction and characterization methedged compost samples first went

through density separation in zinc chloride, digestion in hydrogen peroxide, a second round of
density separation, and a binary solvent extraction, before the isolated MPs were transferred onto
a Sartorius gridded filtefor visual analysis of count, color, and shape under a stereoscope.

Finally, the suspected MPs were characterized for polymer type using Raman spectrometry, from
which data was processed.

2.5.2 Microplastics Classification and Characterization

To enumeratand classify particles LeicaS9 stereoscopeith a magnificationof 80xi 350x

was usedo examine particles and recardunt,shapeandcolor (Figure 11AC), following the
identification guide published yarkley et al.(2024) Once theparticleswereenumerated,

arandom subsetas selectednd transferred onto a slide using doeditded Scotch® tape.

Samples stored on slidegre characterized by polymer usingX§soRA PLUS micreRaman
Spectrometer (HORIBA[Figure 11.D) and processed withabSpecsoftware (version 6.5).

Raman spectrawereobtained t h a 785 nm or 532 nm graing,er , a
4s acquisition time, and 2 to 10 accumulations. Spectra were obtained with a confocal slit width
of 100¢ nslit and a hole diameter of 3@0nmusing a 1660x objective with filters ranging from

0.1 to 100%. Raman spectra were processed using arsopase database (Op8pecy)and a

spectral match of 0.6 to either a polymer or known plastic additive (e.g., dyes, heat stabilizers) to
determine if the particle was anthropogenic in or{@owger et al., 2021; Gray et al., 2025,

2024) Ramananalysiswas conductedn an average of 18% of the total MPs quantified from

each amendmegategory
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Figurell Extracted particles were visually classified using a stereoségpExamples of fiber and
fragment shaped MPs viewed through the stereoscefy @me subsamples only had a few
potential MP fragments (B), while others had many fC3ubsebf MPswas characterized for
polymer type using a mictRaman Spectrometebd].

2.5.3 Statistical Analysis and Diversity Indices for Microplastic Assemblage

To determine differences in MP abundance across soil amentipest a KruskalVallis one
way testwas usegdasthedata did not meet the assumptions of normality or equal
variance.To determinedifferencesn MP polymerassemblages acrossil amendments,
ShannorWeiner diversity and Simpson's divergiBielou, 1966were calculatedsing particle
counts for each polymer type in the R (RStugl®.2) package Vegd®ksanen, 2015)
Diversity indices were used to assess variatiaifhcomposition across amendments.

2.5.4 Quality AssuranceQuality Control

Established laboratory protocolgere utilizedto minimize contamination. HEPA filters are kept
in each laboratory room, including the main lab space and adjacent microscope room
(~1200sqft). The HEPA filters reduce atmospheric contamination and were turned off during
particle ID and classification to limit potential contamination. All lab materials used during
extraction and characterization were rinsed 3x with filtered DI water and covered with aluminum
foil. Apart fromsample storage bags (LDPE, Ziplock brand) Bhdvash bottles (100% LDPE,
Fisher Scientific), plastic materials were avoidedall othersteps. Light blue lab coats (100%
cotton, Fisher Scientific) and nitrile gloves (Fisher Scientific) were worn in the laboratory.
Atmospheric blankerere collectedrom filters (n=3) placed ithelaboratory over the course of
extractions. All solutions used in the extraction protocol were filtered throdghmmgridded
filters (47cm; Sartorius)All preparation for extractiowas performed under a laminar flow hood
to reduceatmospheric contaminatioRrocedural blanksinderwenthe same processing as the
soil amendments, but with filtered DI water instéa@ccounfor any
microplasticYMPs)introduced during the extraction procedugtractions recovered an
average of 1.2% 0.22 particles from blank¥Ve were unable to analyze MPs from synthetic
fertilizers because the sampgleeacted with H202, forming a precipitate that oversaturated the
sample with organicandmasking any signal from plastic polymers using our Raman Mass
Spec.
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2.6 Metals Analysis

A subset 067 samples of composts ('58), other
amendments (n4), and synthetic fertilizers (n5)
were analyzed for total trace metal concentrations.
Following US EPA Method 3050B for acid digestior
of soil samples, samples were homogenized and tr
sizereduced to <2.00 mpand1-gramaliquotswere
analyzed irduplicate and the average measured
concentrations were reporteéshmples werdigested
- N vy by heating on a HotBlock with additions of trade gr:
- e nitric acid, hydrochloric acid, hydrogen peroxide, ar
NN = deionized water in sequenffeigure ). After
" \ f digestion, sampis were filtered and analyzed for 25
\‘ : o/ 1) trace metals via inductively coupled plasma atomic
Figure12. Samples on the hot block durir emission spectrometry (IGRES, ThermoScientific
digestion for metals analysis. iICAP 6200)following US EPA Method200.7.Blanks
andcompostmatrix samplespikedwith standards
wereutilized for quality controlandassurance.

I

3.0 RESULTS AND DISCUSSION
3.1 PFAS

3.1.1 Results Overview

Samples in this study were organized into two main groups: samples of composts, soil mixes,
syntheticfertilizers, and other soil amendments (n= 292) and samples @orapostfeedstock
(n= 84). Of 65 cPFAH, 7 were datetted (LOD < X <4L.0Q) and 43 were
guantified (> LOQ) in at least one sample analyzed in this study, including PFAS from the
following 14 subgroups: perfluoroalkyl carboxylic acids (PFCASs), perfluoroalkyl sulfonic acids
(PFSAs), monohydrogesubstituted perfluoroalkyl carboxylic acids-@HFCAS), perfluoroalkyl
ether carboxylic acids (PFECAS), fluorotelomer carboxylic acids (FTCA), fluorotelomer
unsaturated carboxylic acids (FTUCAS), perfluoroalkyl ether sulfonic acids (PFESAS),
perfluora4-ethylcyclohexanesulfonate (PFECHS), perfluoroalkane sulfonamides (FASAS),
perfluoroal kane sul fonamido acetic acids (FAS
(FASESs), fluorotelomer sulfonic acids (FTSs), perfluoroalkyl phosphinic acids (PFPiAs), and
polyfluoroalkyl phosphate esters (PAPS). Individual concentrations for PFAS in every sample
can be found in Table S1@hichcan be found in a supplemental Excel.file

Table 1 providesverall summary statistics for soil amendment samples. No target PFAS were
detected in 18 % of soil amendment samples analyzed, and another 12 % of samples had only <
LOQ detections. For soil amendment samples with quantifiable PFAS (n= 204 out of 292, 70%),
the medi an c ePFA®Was 5.7qu4 Kg'gparts @dr billion or ppb), with a range of
0.047 to 564 pg ké The most quantified PFAS subgroups were PFCAs (in 66 % of 292

compost samples), PFSAs (29 %), PAPs (16 %), and FTOA%0). The individual PFAS with

the highest QF acroseil amendment samples warerfluorododecanoic aci@FDoA 45 %),
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perfluorohexanoic acidPFHXA; 39 %),perfluorodecanoic acilPFDA; 38 %) , xPFOA (37
and xPF®S (28

Figurel3 compareshe distribution and quantitative frequency (QFxefPFAS across compost
feedstockcategoriesTables S11 through S19 pres®RAS summary statistics for each

category. Biosolids compost had the highest medigRFAS concentration of 658y kg

(QF= 10 out of 10; range= 35.871ug kg ). Agricultural waste compost had the second highest
me d i @RFASxconcentration of 8.34g kg (QF= 8 out of 14), followed by food waste
compost (median= 7.04g kg!;QF= 110 outof 128), other amendmentsiédian= 5.74 gkg?;

QF= 23 out of 43), fiskompost (median= 4.35g kg; QF= 24 out of 24), manure (median=
1.33ug kgt; QF= 8 out of 41), yard waste (median= 14@jkg*; QF= 13 out of 15), and other
compost (median= 1.1Tg kg}; QF= 8 out of 17). However, manure compost had the lowest
over al | PRAB @.67352ug kg?). Some feedstock categories had much wider
xesPFAS concentration ranges, with several concentrations in each category on par with or
exceeding those of biosolids compost: food waste compost ranges 86496 kg, yard waste
compost range= 0.09888ug kg, agricultural compost range= 0.0887 ug kg', and other
amendments range=0.04B80 ugkg. The hi ghest maxisRAABF5640ncent r
ug kgt wasmeasured in a food waste category, while the lowest maximum concentration of

x 6sPFAS= 5.52ug kg'* wasmeasured in a manure category. Of 292 soil amendment samples
obtained from 68 participants across 30 US states, 136 samples were obtained from 25
participants in the state of Florida. The subset of samples that were obtained from Florida are
indicated in light blueKigure 1) for each compost category. No significant difference was
observed between Floridmsed samples and the larger US sample set, suggesting that Florida
composts did not have unique PFAS influences.
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Tablel. PFAS summary statistics for all composts, soil mixes, fertilizers, and other soil
amendments (n=292): detection frequency (DF %), quantitation frequency (QF %), mean
(ug kgh), median (ug k@), median absolute deviation (MAD, pgKg minimum
quantified concentration (ug Ky and maximum quantified concentration (ug'kg

Subgroup PFAS DF (%) QF (%) Mean Median MAD Min Max
PFCA PFBA 23 15 6.11 189 0.889 0.633 77.0
PFPeA 32 22 11.3 4.33 2.15 1.10 262
PFHxA 41 39 17.6 6.97 6.03 0.307 199
PFHpA 6.2 3.8 3.35 185 0.834 0.795 16.0
xPFOA 53 37 2.59 0.963 0.572 0.149 39.2
xPFNA 36 18 0.654 0.374 0.149 0.122 6.41
PFDA 66 38 1.38 0.489 0.267 0.102 31.0
PFUdA 45 26 0.369 0.222 0.119 0.058 3.08
PFDoA 64 45 0.560 0.204 0.107 0.051 15.1
PFTrDA 32 16 0.365 0.186 0.076 0.047 2.69
PFTeDA 50 25 0.493 0.169 0.074 0.065 12.0
PFHXxDA 30 6.8 0.410 0.115 0.029 0.058 3.80
PFODA 7.5 1.7 0.827 0.336 0.310 0.026 2.70
PFSA PFBS 10 6.2 4.29 151 0.778 0.554 20.6
xPFHxS 1.0 0 - - -- -- -
xPFOS 48 28 3.77 2.23 1.41 0.643 19.4
PFDS 4.1 0 - - -- -- -
H-PFCA 5H-PFPeA 3.1 0.7 0.427 0.427 0.101 0.325 0.528
11HPFUdA 51 3.8 0.346 0.293 0.038 0.170 1.01
PFECA PFMPA 0.3 0 - - -- -- -
NaDONA 0.3 0 - - -- -- -
FTCA FPePA 17 8.2 7.31 4.11 1.17 1.68 30.4
FHpPA 8.2 4.1 221 1.89 0.717 0.679 6.86
8:3 FTCA 1.0 0 - - -- -- -
FTUCA FHUEA 5.1 1.7 1.33 1.07 0.617 0.178 2.66
FOUEA 1.0 0 - - -- -- -
FDUEA 14 0 - - - - --
PFESA 11CHPF30UdS 0.7 0.7 1.01 1.01 0.552 0.455 1.56
FASA xPFOSA 5.8 0 - - -- -- -
FASAA x NMeFOSAA 9.2 6.5 3.90 2.52 1.58 0.553 9.79
x NEtFOSAA 12 6.8 2.37 203 0.751 0.823 4.68
FASE x NMeFOSE 0.7 0 - - - - -
FTS 4:2FTS 2.1 0 - - - - -
6:2FTS 5.1 2.1 2.84 2.25 0.943 1.21 5.74
8:2FTS 5.1 14 1.28 1.28 0.425 0.760 1.80
10:2FTS 3.8 0 - - - - -
PFPiI 6:6 PFPi 8.9 3.8 0.335 0.321 0.065 0.076  0.601
6:8 PFPi 8.9 3.8 0.342 0.337 0.034 0.278 0.433
PAP 6:2diPAP 39 15 2.42 0.962 0.585 0.264 46.0
6:2/8:2diPAP 11 5.8 2.06 148 0.613 0.651 12.6
8:2diPAP 12 4.8 2.50 214  1.192 0.526 5.59
10:2diPAP 4.5 0.3 - 6.19 - - -
diSAmPAP 13 0.3 - 1.01 -- -- -
xPFAS 82 70 22.4 5.74 4.88 0.047 564
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Figurel3: Boxpl ots comparing the di sgPFASBaodesscomposand qual
categories|(k kg* dry weightfor solids and pg 1 for two liquid soil amendmentsppb). The
number of samples with quantifiable concentrations (> LOQ) out of the number of samples
analyzed is indicated for each category. Labelgl{pindicate compost categories that were
significantly different from each other according to the Krudkallis and Dunn postoc tests.

x sPFAS concentration ibiosolids compost was significantly higher than sum concentrations in
food waste compost, manure compost, yard waste compost, fish compost, other ,cmdpost
other amendments {alue < 0.05), but not agricultural compostvgue = 0.096). The dotted

line indicates the minimum sum concentration in biosolids compost to highlight the number of
samples in other compost categories with concentrations of similar magfihediéght blue
boxplots represent a subset of the samples in each categongethaibtained from Florida.

Figure 14 compareshe median concentrations of PFAS subgroups across compost feedstock
categories. PFAS subgroups measured in less than 10 % of samples in a easegexgluded

to illustrate the most common composition of PFAS within each cateBmsolids were the

most consistently diverse in PFAS profile, withi 38 PFAS detected andil2B PFAS

guantified in each sample analyzdd.contrast, manure compost only had up to nine PFAS

detected in a single sampkf-CAs were the most abundant PFAS subgroup in most samples,
accounti ng f @PFA® in &% ofihe 20%samdles with quantified PFAS.

Ter mi nal PFAAs (PFCAs and PFRPAPS)NI2% afsamples ed f o
with quantified PFAS.
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Figurel4. Stack plots comparing tmeedianconcentratiorof PFAS subgroups across compost feedstock
categoriesSubgroups were included only if they were quantified in > 10 % of samples in that
composftcategory Biosolids (n=10) compost consistently had the highest diversity of PFAS
subgroups, including potential precursor PFAS such as PAPs, PFPis, FTSs, FASAAs, and
FTCAs.

Figurels5compares he di stri buti on an ePF4Siarross feedsocki v e
sample categories, and Table)$rough SB provide summary statistics for each feedstock

c at e gePFAS.coneentrations in raw biosolids (QF= 1 out of 1; 139 p,Kgod waste

(QF= 1 out of 2; 25.1 pug kb, manure (QF= 1 out of 6; 2.44 pgRgand yard waste (QF= 9

out of 14; 0.83B64.6 ug kg') fit within the concentration ranges of their corresponding
compostsas illustrated irFigure 31. Concentrations found in samples of water added to
compost (QF= 5 out of 10; 0.00873 pgL ™), food contact material@QF= 13 out of 39; 0.226
34.3 ug kgh), and textiles (QF= 12 out of 12; 1i®987 ug kg') provide additional insights into
feedstocks that can elevate PFAS concentrations within a compost.
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Figurel5. Boxplots comparing the di séPFASHaordess feedstoeknd qu al
sample categories (uk Rglry weightfor solids and pg £ for liquids; ppb). The number of
samples with quantifiable concentrations (> LOQ) out of the number of samples analyzed is
indicated for each feedstock categd¥ZMs are food contact materials.

3.1.2 Trends Within Feedstock Categories

Biosolids Sewage sludge, the higtutrient semisolid fraction of treated wastewater, becomes
biosolids when it is treated to meet US EPA requirements for land application according to 40
C.F.R Part 503. Based on data collected by the EPA from 41 states in 2024, 60 % of sewage
sludge in the US was larapplied as biosolids, with 53% of that laagplied for agricultural
purposegOW US EPA, 2025)Common sludge treatments include keaatment, lime, and

anaerobic digestion, but aerobic composting is the most common in Klbhiokaapson et al.,

2023b) For biosolids compost analyzed here, the feedstock was comprise@®P28ludge,

diluted with a larger fraction of yard waste or other vegetative matter. Even so, PFAS
concentrations in biosolids composts were the most consistently abundant (Bjgamd 1

diverse in PFAS profileHigure14). Unlike most other composts analyzed, biosolids composts
contained higher fractions of sHFAS), excdudingad precu
PFCAs, FTCAs, FASAAs, FTSs,esPPASRanetrationrsmd P AP S
sample of raw feedstock (FB ; esPFAS= 139 ug kd) and a sample of hetieated biosolids
amendment (AMD ; ¢sPEAS= 130 ug kg) were in the same range as biosolids compost and

both noncomposted biosolids had more precursor PFAS than terminal PFAS (87 % and 69 %,
respectively).

Figurel6illustrates the magnitude of individual PFAS concentrations in biosolids compost; up

to 38 different PFAS were detected and 28 were quantified across 10 biosolids composts.

xPFOA and xPFOS were quantified in al/ 10 bio
13.5 and 13. &PFAG, redpectavelye RFEX4\ equantified in 7 of 10 samples,
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accounted for arPFAY, ehrempmesent2Lérthiin PRCAs {CL44, C16),
11IHP FUd A, 5: 3 andMe7’F GBS AFATEG-BSAA, 6:6 ahd 8.6 PFPIAs, and
6:2/8:2, 8:2, and 10:2 diPAPs were also detected in all 10 biosolids composts.
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Figure16. Heatmap depicting the magnitude of individual PFAS concentrations in biosolids ca@ngost
feedstock sRFAS measured is indicated in parentheses next to each sample IDXug kg
White space corresponds to no detection, grey corresponds to < LOQ detection, and the color
scale corresponds to the magnitude of quantified concentrations on a log scale with dark red
indicating the highest concentratioRerfluoroalkyl acids (PFAAS) are marked blue, atiter
PFAS are marked readong the topFeedstock samples are marked green, and composted
samples are marked browafong the left side of the figur&he exact concentrations for each
PFAS in each sample are listed in Tahl®.S

While several FTSs, FASAAs, and FTCAs are included in EPA Method 1633, PAPs are not. Not
monitoringPAPscan lead t@ substantial underestimation of PFAS preseifitiosolids

products, as shown in several other studies a d d i17/PRAA concentrations ranging

19.0'123 ug kgtin composted biosolidd,.azcano et al. (2019, 202@jentified the presence of
precursor PFAS, including diPAPs, through targeted screening. Thompson et al., (2023) later
confirmed their presence with targeted analyfistwo composted biosolids, PAPs constituted

20. 5 and ofPBASGhobtpsanfetalx 2023) | n our csBAPsaccotinted t udy,
for2.72 3. 8 &FAS (average 12.1 %).

PAPs are known to be present in household consumer items such as paper prodéotson et al
2009; Gebbink et al., 201,3nd can accumulate in household dust as a (&sikdsson and

Karrman, 2015; Timshinaetal.,2023) | n a st ud yPRAB atoiletqpaperp ar ed x
obtained from across the globe (n= 21) to Florida wastewater sludge (n=8), 6:2diPAP was
qguantified i n all sampl e s ¢PFASaneaswed in toitegpapers.r an
6:2/8:2diPAP and/or 8:2diPAP were also detected in over half of toilet paper samples. It was
estimated that each person may contribute8f4ig year! of PFAS to wastewater through the

use of toilet paper, which eventually makes its way into biosflidempson et al., 2023a)
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PAPs are also predominant in cosmetics, up to 1000s dhpgaime products studigdnd in

other skincare products, paints, polishes, and cleaning prddregglues of which end up in
wastewater treatment plar{faujii et al., 2013; Harris et al., 2022; Savvaides et al., 2021; Zhao et
al., 2024) Not surprisingly PAPs, particularly 6:2diPAP, were common in US human sera
collected in 20042005( D6 e o n e tTheadkgradatioh 6f ® APk into intermediate PFAS

and terminal PFCAs is well documented under environmental and biological conditions, though
they have their own potential for toxicity within organis(As et al., 2024; Bizkarguenaga et

al., 2016; Lee et al., 2010; Weidemann et al., 2022)

H-PFCAs and PFPiAs are additional emerging PFAS that are not often monitoreld- Five
PFCAs were monitored in this compost study (C5, C7, C8, C9, and C1PFBEA was
detected in 4 biosolids composts and quantified in one (U§28*). 11H-PFUdJA was

detected in all 10 biosolids composts and quantified in 8 compostsi(0.258ug kg?), as well
as in the raw biosolids sample F(0.644ug kg?!) and the heatreated biosolids sample A
(0.209ug kgl). Non-targeted screening methods have identifieBFCAs(including C5 C17
homologues)n surface wateandsedimentslownstream of fluoropolymer manufacturing
facilities (Song et al., 2018)n fluorochemical manufacturing wastewafeiu et al., 2015;

Wang et al., 2018)n surface water downstream of manufacturing facilifd=wton et al.,

2017) in fodder grasses and agricultural soils treated with biosashington et al., 2015)
and in human serufY. Li et al., 2020) In atargeted MS/MS analysis of 11 surface water
samples from Norway, 6 RFCAs were monitored and 3 shohtain homologues were detected
(C4, C5, and C7). HPFBA was quantified in all 11 river water samplesi(2.8 ngLt), while
H-PFPeA and HPFHpA were occasionally detected at lower concentratrogtdi(PFCA= 1.4

2.5 ngLY) (Awchi et al., 2022)8H-PFOA and 9HPFNA were quantified in evaporated landfill
leachate residual€erlanek et al., 2024YH-PFHpA and 9HPFNA were also quantified in
several samples of Florida surface wd@amacho et al., 2024%imilar to our observation in
biosolids composts H PFCA concentrations were typically2 orders of magnitude lower than
x PFCA concentrations within the same samples in other st(Alieshi et al., 2022; Barrett et
al., 2021, Cerlanek et al., 2029onsidering the low relative abundance ePHCAS in
fluorochemical wastewateBong et al.(2018)theorizes that HPFCAS are impurities resulting
from the polymerization procegdVashington et al., 201®8xperimentally confirmed that the
degradation of fluorotelomédyased polymers can result iRFHFCA release, potentially even
from the degradation of PFO@AVashington et al., 2009)vhile Wang et al.(2009)observed H
PFOA as result of 8:2 FTOH degradation in soil. Thu®FCA presence in biosolids may be a
result of industrial wastewater or precursor transformatios still unclear whether HPFCAs
should be considered terminal PFAS like PFCAS or as potential precursors, but we group them
with precursor PFAS in thieport,asa contrasto the weltknown terminal PFAS designation of
PFCAs and PFSABTRC, 2023)

Two PFPiAs were monitored in this study (6:6 and;&8)h were detected in all 10 biosolid
composts, and q uPERIAS rafigingd234.08 ug%g?. 6:&PFPIA was also
quantified in raw biosolids sample ABat 1.11ug kg*. PFPiAs are PFAAs, butot considered

terminal PFAS athey have been observed to biodegrade into phosphonic acids (REFRAS)
potentially PFCAgJoudan et al., 2017; Lee et al., 2012; Liu et al., 208 2009 study, 6:6

and/or 6:8 PFPIA were observed in over 50 % of human sera samples aflaéeadd

Mabury, 2011) PFPiAs have been most commonly used as antifoaming agents in pesticides, as
wetting and leveling agents for waxes and other coatings, and as cleaners for carpets, upholstery,
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and bathroom fixtured_ee and Mabury, 2011; Wang et al., 2Q16%ted ashigh production
volume chemicalby the US EPA in 1998 and 200QQuo et al., 2012)PFPiAs have been
banned from use in pesticides since 2008, significantly reducing their total BE&®jAs have
sincebeensporadicallydetectedht relatively low magnitudes laketrout (Guo et al., 2012)
Florida surface watdilCamacho et al., 2024indoor residential dugDe Silva et al., 2012)and
landfill-adjacent soi(Timshina et al., Under reviewhut many studies do not currently include
PFPIiAs in their analytical methods. Our current detection of PFPiAiydarold biosolids
composts confirms that they are still in use today, though not in as high amounts as other
PFAAs.

As shown in Figure 17, longhain PFCAs (C84)ar e strongly correl ated
pval ue O-MeF0D®SAA xaslFOSAA are strongly correlated with FPePA (r > 0.8,

p-vaue < 0.001). The compound 6:8 PFPi was correlated with PFTrDA and 6:6rPFRI7( p

value < 0.01)6:2/8:2 and 8:2 diPAPs were correlated only with each other (rp@&ue <

0.001)The only two statistically sign-MéFOSAANt neg
and PFPeA and between 6:2diPAP and PFPeA. Positive correlations can indicate common

origins, while negative correlations often indicate different origins.
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Figurel7. Table of orrelations betweeimdividual PFAS quantified in biosolids compost samples. Only
PFAS quantified in >50 % of 10 samples analyzed were included in the Spearman correlation
tests.The strength and direction of the correlation is indicated by a color scale: darkest red
indicatesa positive correlatiorof 1, white indicates a correlation of zeamdthe darkesblue
indicatesa negative correlatiofor -1). The significance of the correlation is indicated by
asterisksOne asterisk*) indicatesp < 0.05two asteriskg**) indicatep < 0.01,and three
asteriskg***) indicate p< 0.001

Elevated PFAS concentrations are common in municipal biosdliésto theplethoraof PFAS
laden consumer byprodsdhat end up irmunicipal wastewater, including toilet paper
(Thompson et al., 2023¢0smetics and other personal care prodifaigi et al., 2013; Harris et
al., 2022; Zhao et al., 2024nd wastewater from laundering texti{egan der Veen et al., 2020;
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Xia et al., 2022)Some municipaWWTPs also treat landfill leachate and industrial wastewater.
Landfill leachate is known to have high concentrationBFAS (10051000s of ng [2) leached
from discarded consumer produ¢t®laymat et al., 2023A study of PFAS leaching behavior
from two WWTP sludges observed that sludge from a WWTP accepting landfill leachate had
much higher PFAS concentrations (139 versus g.kg?') (Tansel et al., 2024Bimilarly,

sludge from a WWTP that accepts a variety of industrial inputs had much higher PFAS
concentrations869+ 791 ug kg') than a nearby WWTP that treated primarily residential
sewagg31+ 7 ug kg?) (Otim, 2024)

Manure: Manure compost and feedstock samples included horse, cow, chicken, goat, dog, fish,
and mixed zoo herbivore manures. Manure composts also included yard waste feedstocks such as
hay used for animal bedding or wood shavings. Most mamsed composts (QF= 8 out of 41)

and raw manures (QF= 1 out of 6) had no quantifiable PFAS. Manure composts also had the
lowest overall rangef x sPFAS concentration (Figed3) . The t wBFABi ghest x
concentrations were in dog manure (5.52 and 5.51 ftdrklyl-40 and M41, respectively),

though a third sample of the same dog manure and wood shavings mix had no detectable PFAS
(M-39). PFAS diversity is relatively low in manure wastes and composts, with up to nine
compounds detected in-¥D and 8 quantified in M1 (Figurel8). PFOS was the most abundant
PFAS in the two dog manure composts, comprisingg58 % esPFAS, and it had the highest
individual PFAS concentrations in any manure compost (3.70 and 3.23%uFkgure18). Of

12 mixed zoo herbivore manure composts obtained from three different zoos across the US, four
had < LOQ detections while the remaining eight had no PFAS detected.

Other studies find similarly lower concentration and diversity of PFAS in manure waste
productsGoossen et al., (2028gtected only PFOS in a compost of mixed animal manures at

3.7 ug kgt. In a nonrtargeted screening including different PFAS polarities5@average 4)

PFAS were detected among 21 marra s e d  w a s 4RFAS= (0.66quq ki) compared

to 7-113 PFAS detected in urban organic waste prodiviisioz et al., 2021)Other than the

yard waste and animal bedding feedstock components, likely PFAS sources in manure compost
includetheanimak fieed and drinking watdbDeath et al., 2021; Estoppey et al., 2024; Lupton et
al., 2014; Simones et al., 2024; Vestergren et al., 2@kY) study observettiat onlyll+ 1.3%

of a high dose of PFOS ingested by three angus steers was excreted into their manure, while a
majority was distributed throughout their bodyipton et al., 2014 WVestergren et al(2013)

observed no measurable PFAASs in the feces of dairy cows on a typical Swedish farm with no
history of applying sewage sludge to the pastureland or any other known PFAS sources.
Excretion rates vigeceslikely vary for different PFAS, as they do for urinary excretiDeath

et al., 2021)butthese studies suggest that low rates of PFAS excretion into feces could explain
the consistently low concentrations of PFAS measured in manure prddtensstingly, pet
manure (dog and cat) was found t1®FAB=18.e474nuc h h
ug kg?h), presumably due to their proximity to household sources of RFASet al., 2020;

Weiss et al., 2021)
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Figure18. Heatmap depicting the magnitude of individual PFAS concentrations in manure camgbost
feedstock ssRFAS measured is indicated in parentheses next to each sample IDYp@/kge
space corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
corresponds to the magnitude of quantified concentrations on a log scale with dark brown
indicating the highest concentratioRerfluoroalkyl acids (PFAAS) are marked blue, and other
PFAS are marked red along the top. Feedstock samples are marked green, and composted
samples are marked brown along the left side of the figure. The exact concentrations for each
PFAS in each sample are listed in Table S10.

Yard waste and agricultural waste Yard waste samples included feedstocks of mulched wood,

dry leaves, hay, lawn trimmings, and garden waste. Many composts include yard waste as a

maj or feedstock component (Table S1; particul
leaves to fulfill an ideal C/N ratio and promote aerafOhEM US EPA, 2013) but sometimes

yard waste is composted on its own. In many US states, yard waste is banned from landfills in an
effort to preserve existing landfill space and promote beneficial reuse of wastes, causing

recycling strategies like composting to be widesp(&sl Composting Council, 2023\ mong

15 samples of yard waste compost and 14 samples of yard waste feedstock, the 7 samples with

no quantifiable PFAS were mostly comprised of only mulch or wood shavings. The highest
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x esPFAS concentrations in yard waste compost were measured in an unspecified municipal yard
waste (YDB10; 188 ug kd), a vermicompost of inoculated mulch (¥ 16.1 ug kg), and

leaves (YD11;9.46 pgkd) . T h e oPFAS boaceritratians in raw yard waste feedstocks
were in two hay samples, FDD-13 (64.6 ug kg) and FDYD-12 (15.4 ug kg), and in a

sample of municipal leaves (FED-6; 13.3 ug kg). PFAS profils in yard waste feedstock and

yard waste compostereprimarily comprised of PFCAs, PFSAs, and sometimes PAPs (Figure
19), except in two hay feedstock samples-¥D-13 contained primarily FTS, with some H

PFCAs and PFECA, and FIDD-12 contained primarily PFCAs, with some FTUCA and PAP.

1 B YD-10 (188) 2
YD-5 (16.1) 15
YD-11 (9.46)
YD-15 (7.75) 1
YD-14 (6.12) 05
YD-12 (2.07)
YD-6 (1.27)
YD-13 (1.03) 05
YD-7 (0.584)
YD-2 (0.331)
YD-3 (0.124)
(
(

YD-4 (0.110)
YD-1 (0.098)
YD-8 (< LOQ)
FD-YD-13 (64.6)
FD-YD-12 (15.4)
FD-YD-6 (13.3)
FD-YD-14 (5.90)
FD-YD-7 (5.60)
FD-YD-10 (4.77)
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Figure19. Heatmap depicting the magnitude of individual PFAS concentrations in yard waste compost
and f e e®PFASonedsured is indicated in parentheses next to each sample ID*{ug kg
White space corresponds to no detection, grey corresponds to < LOQ detection, and the color
scale corresponds to the magnitude of quantified concentrations on a logiicalark brown
indicating the highest concentratioRerfluoroalkyl acids (PFAAS) are marked blue, and other
PFAS are marked red along the top. Feedstock samples are marked green, and composted
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samples are marked brown along the left side of the figure. The exact concentrations for each
PFAS in each sample are listed in Table S10.

Agricultural waste compost included feedstocks of kenaf, bagasse, straw, cannabis, cotton, and
other unspecified plant waste. Like yard waste compost, agricultural waste compost had a wide

r a n g esPFAS comcentrations (Figurel}, with the highest three all containing an

unspecified plant and straw waste from the same facility (137, 44.4, and 33.3)u&ikgout of

14 agricultural wast e PRABPBAS prefilehimagricultaral qu ant i f
compost were dominated by PFCAs, with four samples containing PFSAs and one sample
containing FTUCA and PFESA (Figuge).

1

AG-12 (137)
AG-13 (44.4)
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Figure20. Heatmap depicting the magnitude of individual PFAS concentratiagriculturalwaste
c 0 mp 0sPEAS measured is indicated in parentheses next to each sample IDYu@/kge
space corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
corresponds to the magnitude of quantified concentrations on a logviitetiarkredindicating
the highest concentratioriRerfluoroalkyl acids (PFAAs) are marked blue, and other PFAS are
marked red along the top. Feedstock samples are marked green, and composted samples are
marked brown along the left side of the figure. The exact concentrations for each PFAS in each
sample are listed in Table S10.

For municipally sourcedard waster other vegetative wasteollection bags and other ngard

waste contamination may contriblREAS if included in compost feedstodk study of 16 paper

yard waste collection bags compaceshcentrations of TOF to concentration88fPFAS

analyzed via targeted mass spectrometry aftetahoxidizable precursor (TOP) assapH
concentrations, quantified in 8 samples, rangetbPpm, all below the 100 ppm limit that

would indicate intentional PFAS treatmeHbwever, arget PFAS (1 to 9) were quantified in all

16 bags, with individual PFAS concentrations ranging 0.283 ppb(Minnesota Pollution

Control Agency, 2022)Compost derived from unsupervised community ebfifyard waste

was found to contain hjlgelydue toRdatandnatiod f®m papel 1 . 5
and plastic product&Saha et al., 2024)
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Other likelyc aus es f or t hePFASIicantehtnations & yardanviasteend x
agricultural waste include the application of different pesticides or fertilizers to the vegetation
andproximity to major PFAS point source&n estimated 2080 % of hard plastic containers
used for agricultural products such as pesticides, fertilizers, adjuvants are fluofiBrsed
2022)and variable concentrations of PFCAs, PFSAs, HEPQand 6:2 FTS have been
measured in common pesticides in recent yd2osley et al., 2024)Furthermore, a

commentary that investigated pesticide ingredients in the US found that 23 % of conventional
active ingredients currently registered were organofluorines (containing one or +Rdyer@s)
while 14 % (66 ingredients) were PFAS according to the OECD definition, with increasing
fluorinated active ingredients registered in recent ydaosley et al., 2024)A later

investigation by the Minnesota Department of Agriculture identified at least 90 pesticide active
ingredients that contained at least one fully fluorinated cafldomesota Department of
Agriculture, 2025) A smaller number of inert pesticide ingredients (12) were identified
(Minnesota Department of Agriculture, 2026t this is likely due to a lack of requirements for
disclosing inert ingredien{®onley et al., 2024)Though some pesticide ingredients have
structural components similar to those of PFAS with establishethaisd threshold®onley et

al., 2024) further research is needed to understand if these pesticide active ingredients can
degrade into the PFAS we analyzed in this study they should be considered PFAS with
potential for adverse health effects

The repeated application of PFA&SNtaining fertilizers, particularly biosolidsased products, to
forests, rangelands, gardens, yards, and agricultural fields can also cause elevated PFAS
concentrations in plants that end up in yard waste or agricultural waste compost. Soils amended
with biosolids can accumulate PFAS, but attenuation is variable due to initial concentrations in
biosolids, precursor transformation, application rates, and soil charactgdeticson, 2022;
Pepper et al., 2021; Sepulvado et al., 20kfiyation water, especially if impacted by WWTP
effluents, can also contribute PFAS to plai@sstello and Lee, 2020; Dalahmeh et al., 2018)
However, plant uptake varies by plant species. For example, no PFAS (of 33 monitored) were
observed in dry farmed oats grown in agricultural soil with extensive historical biosolids
application(P.Black et al., 2025)In other studies, PFAS uptake was observed in lettuce,
tomatoes, root vegetables, corn, sugarcane,-pesed forages, and wheat. Skarain PFAAs

were the most likely to accumulate in the edible parts of p(&t&ine et al., 2013; Dalahmeh et
al., 2018; Simones et al., 2024; Wen et al., 2014)

In some cases, proximity to PFAS hotspots results in elevated PFAS concentrations in
vegetation. PFAS%aden wastewater effluents from manufacturing facilities or historical
usage/spills of AFFF can contaminate groundwater and/or surface water used for irrigation or
drinking water(Braunig et al., 2017)The investigation oBraunig et al., (2017Jocumented
communitywide contamination of PFAAs resulting from historic AFFF contamination of local
groundwater, including in water, soil, grass, chicken egg yolk, and sera from hooved animals and
humans. The PFOS sera concentrations for cattle grazing and drinking water within the main
plume (24 to 1283 ¢e€g/ L) were significantly hi
t o 2 1 5Braurgg/eta)., 2017 Deposition onto soil and water bodies from RRJFAS

atmospheric emissions are of particular concern, as it is less limited by topography. Elevated
concentrations of longhain PFCAs, likely originating from fluoropolymer processing aids,

were observed in surface soil within 200 meters of a fluoropolymer manufacturing facility
(Dauchy, 2023)Schroeder et al., (202bpserved up to 100 ppt concentrations of PFOA in
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groundwater springs and seeps up to 8 km downwind and over 300 m above the elevation of
Teflon-coating facilities.

Food waste Food waste compost is typically comprised of a greater fraction of yard waste and a
smaller portion of residential/commercial food scraps, which often include food contact materials
(FCMs).In this study, 28 food waste composts were obtained from commercial and household
compostergcross the US. Eighteen sample$%d) hadno quantifiable PFASNnd 92 samples

(72%) h a dssPRAS concentrations below biosolids compost concentrations, ranging 0.095

32.6 ug kg'. Notably, the remaining 18 food waste compost sampe%(l  h @PIFASX
concentrations ranging 39964 pg kg, within the range of or exceeding sum concentrations in
biosolids composanalyzed herérigure 31). The food waste compost with the highest sum
concentration, FW68 (x sPFAS= 564 g kg'), was a backyard compost contained in a rotating
plastic tumbler, with the continuous addition of kitchen food scraps, eggs, paper towels,
cardboard, takeut containers, and leaves for ~ 7 years (also the oldest compost sample we
analyzed). The other #Ahigh PFAS0O food waste c
food waste, compostable products, yard wastd other components

Figure21visualizes the magnitude of individual PFAS concentrations across food waste
compost samples. Thidgix PFAS were detected and 25 were quantéiedssood waste

composs. The most often detected and most abundantly quantified PFAS in food waste compost
was PFHXxA, similar to other studies of PFAS of food waste conf@bsti et al., 2019; Goossen

et al., 2023; Timshina et al., 202Qut of two samples of raw food waste feedstock analyzed,

the food waste bin rinseate, which was received as a thick slurry that was dried and extracted as a
solid, had only < LOQ detection of diSAMPAP. The other sample of dehydrated ground food
scraps had a significant concentration of the intermediate precursor 6:2 FTUCA (25:3) ug kg
likely a result of a specific point of contamination captured in this subsample. Previous analyses
of bulk food waste found relatively low PFAS concentrations (< LDQ ug kg') (Thakali et

al., 2022; Timshina et al., 2024)ut some foods might have higher PFAS concentrations
depending on their exposure to PFAS during growitpatamination from

processing/packaging.
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Figure21. Heatmap depicting the magnitude of individual PFAS concentrations in food waste compost
and f e e«®PFASonedsured s indicated in parentheses next to each sample ID'ug kg
White space corresponds to no detection, grey corresponds to < LOQ detection, and the color
scale corresponds to the magnitude of quantified concentrations on a log scale with dark green
indicating the highest concentratioRerfluoroalkyl acids (PFAAS) are marked blue, and other
PFAS are marked red along the top. Feedstock samples are marked green, and composted
samples are marked brown along the left side of the figure. The exact concentrations for each
PFAS in each sample are listed in Table S10.
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Figure21. Continued
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Figure21. Continued

In addition to theaforementionedources of PFAS to vegetation (the use of PEEA&aining

pesticides and fertilizers or proximity to PFAS pesources)FCMs are a known major source

of PFAS to food waste compostere we define FCMs as any food serviceware or related
materials, such as takeout containers, paper towels, pizza boxes, and compostable food scrap
bags.Plantbased=CMs (paper, bagasse, etc.) are often labeled as biodegradable or compostable,
but only those marked with a thighrty certification have been tested to meet standards of
compostability. The Biodegradable Products Institute (BPI)Tasd Austria, the most common
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third-party testing organizations in the US and the EU, respectively, also require testing to show
under 100 ppm of totarganicfluorine (TOF) and a sekdeclaration that no intentional PFAS

were added by the manufactu(BPl, 2025; TUV AUSTRIA, 2025)In our previous study,

FCMs separated from food waste upon arrival to a-sitate composting facility were batch
leachedTimshina etal.,, 2024) The r esul t isP§ASIcencectrat@rt oé1380ppb a x
T three orders of magnitude higher than in ground food scraps or mulch alone (< 1 ppb). Despite
FCMs contributingonly % of t he i ni t i40BHAS ih maudesdampastk v ol u me
ranged 12.684.3 ppb. Aftel3 months othe facility staff removing calisposed FCMs from the

food scraps after t fPEASrconeentrationsanlthe comsost wiedrow av er a
were reduced b87 %.Source separation by the consumer prior talisposal was hypothesized

to result in a greater reduction in compost PFAS concentrdfiomshina et al., 2024)

Since FCM and compost samples analyzed in this previous study were collected shortly after the

100 ppm TOF limifor compostcertified FCMswas enforced in the US, onetbkgoals of the

current study was to investigate grgtentialcorrelation between FCM content and PFAS
concentrationamong the 128 diverse food waste compost samples analyzdadrgieg ages,

locations, and compositiond)sing information obtained from initial survey responses and a

follow-up survey specific to food waste compostéwed waste compost samples were

categorized as either containing no intentionally included FCMs (n= 23), only ceogpbiéed

FCMs (n= 30), any FCMs that appeared compostable (n= 26), or unknown FCM conté®}. (n=

The median concentratianf ¢sP¥ASin compost that did not include FCMs was significantly

lower than in composts that intentionally included FQptsalue < 0.001)regardless of

whetherthe composting facility/individual specified that tR€Ms should be certified

compostabléFigure 22)Th e t wo efPFAGdomcantrations564 and 253 ug kY were

found in composts that had noertifiedFCMs.Twel ve of the 23 sampl es i
category were obtained from one facility. In addition, this comparison is limited due to the
inconsistency of survey responses. Only 20 of 44 participants that contributed food waste

compost samples responded to the follggsurvey. There also may have been confusion
regarding the definition of ePEASTgncentratiorBt4he com
ug kgl), the suveyindicated that no FCMs were included, but a later comment indicated that

pizza boxes were included in the compost.
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Figure22. Boxpl ot s compar sAFAS (1gtkg) actossfead waste eompost samlels  x
with different FCM inputsThe number of samples with quantified PFAS out of the total number
of samples analyzed are indicated for each catdgavgls (a)(b) indicate compost groups that
were significantly different from each other according to the Krugkallis and Dunn postoc
tests.Medianx ssPFAS concentration inompost with no intentionally included FCMs was lower
thanx gsPFASIn composts that intentionally included FCMeghether they were specified to be
compostcertified or nof(p-value < 0.01).

A selectionof new or used/discarded FCMs were also providesevgralstudy participants

based on common products observed in their compost feedsAmgkdetails, either observed or
written on the product, regarding the use category (e.g. plate, hot cup, clamshell), material (e.qg.
compostable plastic, paper, or other plant fiber), and compost certifications or claims (e.g. BPI
compostable or A100% c o mpXR.Of39 BAMs fested,82had r ecor d
detectable PFAS, but only 13 had quaatifi | ¢sPFAS concentrations ranging 0.238.3 g

kg (Figure23). The three FCMs with the highestsPFAS concentrationsere unbleached

(brown) plantfiber materials, including a discarded berry car®h 3 pg kgh), a discarded piece

of cardboard (7.20g kg?), and @ unused heat sleeve (5.04 kg?). These three FCMs all
contained a range of PFCAs and PAPs. The most often detected PFAS in these FCMs was
6:2diPAP, typically at < LOQ concentratiofidie highest concentration of a singular PFAS was

in sample FBFCM-26 for disAmPAP (16.5ig kg?), which is apotentialprecursor to PFOA

(Bugsel et al., 2023)
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Figure23. Heatmap depicting the magnitude of individual PFAS concentrations ircfodact materials
(FCMs). sRFAS measured is indicated in parentheses next to each sample IDYuigvkige
space corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
corresponds to the magnitude of quantified concentrations on a log scale with dark green
indicating the highest concentrations. Perfluoroalkyl acids (PFAAs) are marked blughend
PFAS are marked re@erfluoroalkyl acids (PFAAs) are marked blue, and other PFAS are
marked red along the top. The exact concentrations for each PFAS in each sample are listed in
Table S10.

Some FCMs, particularly uncoated phditier products, may be intentionally treated with PFAS
to prevent disintegration from contact with water and grdaseer concentrations in FCMs

may be a result of nemtentionally added PFAS, such as via paper recyctiogtact during
manufacturingpr crosscontamination during disposal for items removed from food scrap waste
(Peters et al., 2019; Thakali et al., 2022; Timshina et al., 2824#)e pevious studiebave

found much higher concentrations of PFAS in certain compostable pr¢8ubtsartzNarbonne

et al., 2023)In addition,our study did not monitor other precursor PFAS such as FTOHSs, which
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are known to be present in high concentrations in some compostable p(&dhetartz
Narbonne et al., 2023; Yuan et al., 2Q01¥tably, cardboard and takeout containers were
repeatedeedstock componengnd likely PFAS sourcea compostsample FW68.

This data set, including samples of food waste compost as well as a limited selection of food
waste, compostable FCM, and yard waste feedstocks, revealed high variation in both feedstocks
and finished food waste compost. Though variation in food scrap contamination and yard waste
components is likely, the type and volumd-@fMsincludedcan bea major factor. FCMs that

are certified compostable may still contain PFAS concentrations ranging anywhere from trace
ppt concentration up to 100 ppm of TOF (i.e. potential PFA&) example, an analysis of 28

PFAS in compost with significantcompositionof compostcertified servicewareollected from

a large event foundoncentration 0209 455 pg kg?, with PFOA concentrationd7.2 55.5ug

kg (Goossen et al., 2023 our current study, most participants estimated that FCMs
comprised only O 5 % of the tot68Wthéedugphgdst f ee
of xgsPFAS Interestingly, for several composts that include€@%6 FCM composition of

their feedstock, concentrations>ofsPFASonly ranged up to 4.23g kg'. Thus, there appears

to be high variatiomf the PFAS concentratioms compostcertified FCMs.In addition,

increasing compost age can affect measurable PFAS concenteattbtige types of PFAS
observedTimshina et al., 20245iven time and suitable conditionmecursor PFASsuch as
FTOHsand PAPscan transform into terminal PFAS measured [iBrgsel et al., 2023,
SchwartzNarbonne et al., 2023; Yuan et al., 2016)

Fish compost Forty samplesRSH-1 toFSH-24, FW-112 to FW123and YD1 to YD-4) were

obtained from a project assessingtaiie of composting blue tilapia, an abundamasive fish

in Southwest Floridarigure24A illustrates the experimental design: 10 small compost piles

included three with whole fish admlilk, three with filleted fish carcass and bulk, three with food

waste (includinggomeBPI certified compostables) and one with only bulk yard waste. Each pile

was sampled during four turning event$@, 40, 70, and 90 days. Figu4B, illustrates that,
regardl ess of compost age, whol ePFASsh compost
concentrations at 3.891.2 pg kg' (n= 12), followed by fish carcass compost (n= 12; 115053

ug kgl), food waste compost (n= 12, 0.09670 pg kg, and bulk yard waste compost (n= 4,

0.098i 0.331 ug kd'). Figure25illustrates the magnitude of individual PFAS concentrations

thesefish compost sampleSome PFAS may have originated from the bulk yard waste

feedstock componentugntified concemation in the bulk yard waste (YD to YD-4, Figure#)

were mostly comprised of PFDoA, with PFOA quantified in one sample, though other long

chain PFCAs, PFOS, and 6:2diPAP were also detected < LOQ. PFDoA was also quantified in all
other food waste and fish containing compdaiséd contained this bulk yard waste component
However, PFOS and the lomfpain PFCAs PFENA, PFDA, PFTrDA, and PFTeDAckmore

with fish content, as expected based on previous literature characterizing PFAS profiles in
marine life(Mehdi et al., 2024)Figure26 further illustrates that PFDA, PFUdA, PFDOA,
PFTr DA, and PFTeDA are strongly correlated am
al so strongly correlated with PFUdA and PFDA
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Figure24. Experimental setup and results from fish compost studfagh circle represents one eft
compost pileshatwassampled four times during turning events at 30, 40, 70, and 90 days.
Bulk yard waste was mixed into each compost. B) Boxplots comparing the distribution of
x esPFAS (g kg') across fish compost test groups. Labelg¢n)ndicate compost groups
that were significantly different from each other according to the Kriskdlis and Dunn
posthoc tests. R e g a r @AFASscenceantfatior in winpl®fish congpgsewas  x
significantly higher than in compost made from fish carcasses or food waste, and fish carcass
compost was significantly different frothefood waste compost {palue < 0.05). Bulk yard
waste was not included in the statistical comparisentd insufficient data points (n < 5).
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Figure25. Heatmap depicting the magnitude of individual PFAS concentratidishinompost.
x ssPFAS measured is indicated in parentheses next to each sample ID'{ug/kge space
corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
corresponds to the magnitude of quantified concentrations on a log scale with dark green
indicating the highest concentratioRerfluoroalkyl acids (PFAAS) are marked blue, and other
PFAS are marked red along the top. Feedstock samples are marked green, and composted
samples are marked brown along the left side of the figure. Hut esxncentrations for each
PFAS in each sample are listed in Table S10.
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Figure26. Table of orrelationsbetweerindividual PFAS quantified in fish compost. Only PFAS
guantified in > 50 % of 24 fish compost samples were includ&p&armarcorrelation testsThe
strength and direction of the correlation is indicated by a color scale: darkest red indicates a
positive correlation of 1, white indicates a correlation of zero, and the darkest blue indicates a
negative correlation (etl). The significance of the correlation is indicated by asterisks. One
asterisk (*) indicates p < 0.05, two asterisks (**) indicate p < 0.01, and three asterisks (***)
indicate p < 0.001.
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Other compostFigure27 illustrates the PFAS profile of the remaining other composts analyzed.
Thehighestx gsPFASconcentration in this category is in a sample of composted poultry mortality/waste
comprised of only PFHxAt 17.9 ug kg. No PFAS were detected in the other four composts containing
animal mortality mixed with yard waste, agricultural waste, and/or manure-@Q0JTG9, OTG10

OTC-14). For five sargassum composts of varying ages (QTG OTG5), x ssPFASranged fronk

LOQ to 1.33ug kg, with PFOS quantified in four samples and PFOA quantified in one. A
sample of composted mushroom substrate including hardwood and soybean flakes had only
6:2diPAP quantified at 0.644g kg, with several other PAPs and leoain PFCAs detected <
LOQ.

]
OTC-11 (17.9)
I ] OTC-12 (13.8) 1
OTC-13 (3.10)
OTC-5 (1.33) 0.5
OTC-4 (1.01)
OTC-2 (0.732) 0
OTC-3 (0.722)
B OTC-6 (0.644) 05
OTC-1 (< LOQ)
OTC-15(<LOQ) = 4
OTC-16 (< LOQ)
5538355558553 355%%s
CEREEPEEs2rbonRiadss o
RNTINTN] &&&&&wmmm$§888< Other PFAS
IAI% (IS © % 0 %
= ﬁ o ICompost
N Feedstock

Figure27. Heatmap depicting the magnitude of individual PFAS concentratiathéncompost.
x esPFAS measured is indicated in parentheses next to each sample IDY{u@/kge space
corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
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corresponds to the magnitude of quantified concentrations on a logvittadiarkblueindicating

the highest concentratiorRerfluoroalkyl acids (PFAAs) are marked blue, and other PFAS are
marked red along the top. Feedstock samples are marked green, and composted samples are
marked brown along the left side of the figure. The exact concentrations for each PFAS in each
sample are listed in Table S10.

Two compost samples (OF2 and OTEL3), withxssPFAS concentrations of 13.8 and 3.10 ud,kg

were obtained from amallproject testing the compostability of textil@svelve swatches of textiles

utilized in this experiment were also provided by this composter, and the profile of PFAS detected in
these textiles is illustrated in Figu?8 Sampled=D-TX-1 throughFD-TX-4 were pulled out of the

compost pilegampleOTC-12 and wer e not PRABE 106686 gaghdlees ed ( x
remaining 8 textiles wer egPWASconcebtrations raoging fsorm 7.06¢00 mp o0 s
937 ug kg". Interestingly thetwo h i g h &P$AS coencentratigwere in a sample of cotton musbh
unknown use (FEXTX-11, xssPFAS=937 g kg') and a cotton canvas curtain (AIX-10, x ¢sPFAS=

436ug kg?h). Like with FCMs, some textiles are intentionally treated with PFAS for the purpose of water
or stain resistanc¢@articularly for fabrics used in housewares and ed@th,concentrations of targeted

PFAS reaching >100,000 ng ¢Robel et al., 2017; Xia et al., 2022 addition, most textiles tested here
were made of polymer fibers, which are a significant source of microplastics to the envir(@olematia

et al., 2021and some fluorinated polymers can release additional PFAS through normal use and
weatheringPeaslee et al., 2020; van der Veen et al., 2020; Xia et al.,.2022)
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FD-TX-2 (4.50)
FD-TX-1 (1.96)

PFAAs
Other PFAS

-

PFHxA NN
N
N e N

PFBA
PFPeA
PFHpA
SPFOA
PFDA
PFUdA
PFDoA
PFTrDA
STPFOS
5H-PFPeA
7H-PFHpA
FHUEA
FOUEA
FDUEA

SPFOSA .
TN-MeFOSAA Il

> N-EtFOSAA
6:2FTS

SPFNA
PFTeDA
PFHxDA
PFODA
SPFHxS
9H-PFNA
11H-PFUdA
8:3 FTCA

S N-MeFOSE
S N-EtFOSE
8:2FTS
10:2FTS
6:2diPAP
6:2/8:2diPAP
8:2diPAP
10:2diPAP
diSAMPAP

Figure28. Heatmap depicting the magnitude of individual PFAS concentrations in textile samples.
x esPFAS measured is indicated in parentheses next to each sample IDY{u@/kge space
corresponds to no detection, grey corresponds to < LOQ detection, and the color scale
corresponds to the magnitude of quantified concentrations on a log scateimigindicating
the highest concentratioriRerfluoroalkyl acids (PFAAs) are marked blue, and other PFAS are
marked red along the top. The exact concentrations for each PFAS in each sample are listed in
Table S10.

Other (soil mixessoil amendmentsand synthetic fertilizejsNo PFAS were quantified in seven
samples of synthetic fertilizer pellets (2Rhrough SF7); but there was a < LOQ detection of
6:2diPAP in sample SB (Figure 29) The highestx ssPFAS concentration quantified in the soill
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amendment catego(t30 ug kg) contained heatreated biosolidsfollowed by a sample of
fermented liquid fertilizer derived from aquatic and agricultural wastes that contained 77.0 ug
kg! of only PFBA.The ingredients are unknown for the soil mix sample with the highest

x 6sPFAS of 118 g kg (SM-13), but the elevated concentration and PFAS profile (which
included PAPs, PFPiAs, FASAAs, andMFCAS) suggest biosolids contésée Figure,)as

does the profile of the soil mix S 1 sPPAS= 35.1 g kg). Some soil mixes containing

food waste compost also have relativieigherconcentrations of 74 g kg* (SM-5) and 19.8

ug kg! (SM-6), as well as higher concentrations of PFHgAaracteristic of food waste compost
containing compostable produ¢@hoi et al., 2019; Goossen et al., 2023; Timshina et al., 2024)

H B H B BN N AM-9 (130)
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- AM-23 (8.46) 1
Y2 n
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SM-4 (13.5)
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SM-9 (9.77)
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B:2diPAP
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Figure29. Heatmap depicting the magnitude of individual PFAS concentrations in other soi) soikes
amendmentsand synthetic fertilizers sRFAS measured is indicated in parentheses next to each
sample ID (ug kg). White space corresponds to no detection, grey corresponds to < LOQ
detection, and the color scale corresponds to the magnitude of quantified concentrations on a log
scalewith darkpurpleindicating the highest concentratioRerfluoroalkyl acids (PFAAS) are
marked blue, and other PFAS are marked red along thAtogndmentsire markedellow, soil
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mixesare markegbink, and synthetic fertilizers are marked purgieng the left side of the
figure. The exact concentrations for each PFAS in each sample are listed in Table S10.

Water added to compo$depending on the availability of rainfall and method of composting,
composting facilities may need to add water to reach the optimal moisture content for aerobic
decomposition. Of 10 water samples analyzed5 had quanti fi adPFAS PFAS.
concentration was in recirculatéabd wastecompost runoff (FBW-9; 5.73 pg L2, or ppb),

dominated by PFHxA and PFP€Rigure 30) The shorichain PFHxXA and PFPeA also

dominated leachable PFAS concentrations food waste compost during batch leaching tests
performed byTimshina et al.(2024) and leachable concentrations from samples of the compost
windrow (n=50) reached up to 17.8 ug PFAS pecémpost The other four onsite water

sources ranged between 0.0091 ug 1. Sampling campaigns of groundwater, surface water,
and tap water across the globe indicate that water at some locations could be of greater concern
in terms of PFAS, especially if a well tap water sourds located near an active or historic

PFAS contamination hotsp(®ao et al., 2020; Camacho et al., 2024; Pétré et al., 2021; Scher et
al., 2018; Schroeder et al., 2021; Sinkway et al., 2024; Sérengard et al.,RRiI2z2)mparison

the highest concentration ®53PFAS measured across 448 Florida tap water samples was 219

ng L (Sinkway et al., 2024PFAS mayalsoenter compost through atmospheric deposition (wet

or dry) as well, which may be significant if downwind from a point source of atmospheric PFAS
emissions, such as a fluorochemical pl&throeder et al., 2021)

1 i i FD-W-9 (5.73) 05
FD-W-10 (1.91)
| FD-w-4 (0.083) [ ©
FD-w-8 (0.018) [ 05
FD-W-3 (0.009)
FD-W-1 (< LoQ) Y -7
FD-W-2 (<LOQ) I .1 5
$3355550285258 2
LATFoLnLTroOan QPPAAS ]
oo apwiloo MOther PFAS .25
IN n©o

Figure30. Heatmap depicting the magnitude of individual PFAS concentrations in samples of water
added t o sPFASMeasured is indicated in parentheses next to each samplelUD (ug
or pph. White space corresponds to no detection, grey corresponds to < LOQ detection, and the
color scale corresponds to the magnitude of quantified concentrations on a log scdékvith
blueindicating the highest concentratioRerfluoroalkyl acids (PFAAs) are marked blue, and
other PFAS are marked red along the top. The exact concentrations for each PFAS in each sample
are listed in Table S10.

3.13 Correlations

Figure31shows the results &pearmartorrelation testbetweenx sgsPFASconcentration or
compost agandorganic matter content, pH, aetectrical conductivity (EC)Results for
organic matter content, pH, aB¢C in each compost are listedTiable S27 Statistically
significant (p < 0.05) weagositive correlations were observed betwgggPFASand organic
matter content (Figure 31A, r= 0.19) and betweetsPFASand EC (Figure 31C, r=0.24). A
weak negative correlation was observed between compost age and-pR29p= 5.565). In
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addition, there was a weak positive correlation betwegRFASand compost age across
different composts (r= 0.18, p= 0.012). This lack of strong correlasiomss compost types

suggests that compost age, organic matter content, pH, and EC have minimal (if any) affect on

x gsPFASconcentrations in compost. However, correlagibatweerPFASand age will be

further explored for composts of the same feedstock origge¢onvhich feedstock compositions

may follow the pattern observedTimshina et al.(2024) where unknown precursor PFAS

transformation into PFAAs during composting increased overall PFAS concentrations as

compost matured.
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plot. Plots AC showcorrelationtest resultd e t w sBFAS concentrations and compost

organic matter content (%), soil pH, or EC (n@S3 247). Plots BG show correlation test results
organi c eHRAS (h=€188). c o nt
Samples with no data for compost parameters or age were removed from the correlation tests.

bet ween

compost

age and

ent

Compost age reported in this study is often an unprecise estimate. For samples with no quantified
PFAS, a concentration of zero was used.
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3.14 Evaluating the Magnitude of PFAS in Compost

With no regulatory limits for PFAS in compost, itasrrentlydifficult to conceptualize what
concentrations are fAtoo higho for safe and su
PFAS, US EPA rislbased soil screening levels (SSLs) can be used as a guide for identifying
potential risk(US EPA, 2024e)However, these are not practical as regulatory limits, as some of

the increasingly stringent protection of groundwater SSLs are at or below our limit of detection

for several PFAAs that are already ubiquitous in waste streams and the environgnét QA

and PFO#$ In addition, compost is often diluted with other soil when land applied. With these
gualifiers in mind, all quant isdlameddmenoncentr at
samples) exceeded residential soil and protection of groundwater SSLs, and all quantified values
of xPFOA (in 107 of 292 samples) exceeded bot
protection of groundwater SSLs. These results illustrate just how pervasivéetismsd’FAS

still arein our organic waste streams and the need for developing practicable limits specifically

for PFAS in compost.

Regulatory limits are typically more practical and based on available treatment technology, such
as the limits implemented by several US states for PFOS and PFOA in biaselked for

land applicatior{lzuegbunam, 2025Pne sample dbiosolids compost in this study exceeded

the Tier 1 limit of 20 pg kg for PFOA, meaninghat additional testing and consideration would

be needed before land application in some US stii@sgbunam, 2025However, sveralUS

states have introduced temporary moratoriums on biosolids land application alt¢§ataer

States, 2025)

3.2 Total Fluorine

3.2.1TF Results

TF concentrationand TF errorfor all analyzed sampdecan be found ifable 28. The
reproducibility of TF measurements via PIGE in replicate samples can be found in Z8kld S
290 soil amendment samples analyzed via PIGE, 285 had quantifiable concentrations of TF (>
LOQ), ranging from 5.27 to 8350 mg kgr ppm (median = 51.Mmg kg?). One < LOQ

detection of TF was in manure, one in yard waste compost, and three in other amendments.
Figure32 compareshe distribution and quantitative frequency of TF across compost categories
and Table 2rovidesTF summary statisticgiosolids compost had the highest median TF
concentration 0239mg kg* (range 72.7412mg kg?) and it was significantly different {p

value< 0.05) from food waste, manure, agricultural, and fish compost catdgagie®32). The

fish compost category, which was comprised of 24 fish compost samples from similar feedstock
and same location, had the lowest overall range of TFi(@9.8mg kg?). TF concentration

ranges were similar between food wa8t®% 203mg kg'), manure (13.215mg kgl), yard

waste (22.1230mg kg'), and agricultural waste (7.8838 mg kg') compost categories. The

other compost and other amendment categories had a group of outliers with much higher TF
concentrations between S@B50mg kg'.
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Figure32. Boxplots comparinghe distribution and quantitative frequencyléf across compost
categoriesrag kg! dry weight ppm). The number of samples with quantifiable concentrations (>
LOQ) out of the number of samples analyzed is indicated for each cat€gargost categories
with different labels (a)b) were significantly different from each other according to Dunnpost
hoc testsTF concentration ifbiosolids compost was significanttijfferent from TFin food
waste compost, manure compasjriculturalcompostandfish compos{p-value < 0.05)no
other significant differences were observed

Table2. Summary statistics for TF in compastd other amendmesamplescategory number
of samplesanalyzedN), number of samples with quantified concentratiawveraggmg
kgl ppm), medianrig kgt), median absolute deviation (MAMg kg?l), minimum (ng
kgl), and maximumrtig kg?) concentrations.

Category N N quantified Mean Median MAD Min Max
Biosolids compost 10 10 234 239 37.1 72.7 412
Food waste compost 128 128 60.8 46.7 244 8.95 203
Manure compost 41 40 72.3 67.5 36.0 13.0 215
Yard waste compost 15 14 74.1 61.4 35.8 221 230
Agricultural waste compos 14 14 61.7 41.9 30.5 7.84 138
Fish compost 24 24 41.6 41.2 4.11 294 69.5
Other compost 17 17 119 82.5 82.5 20.8 566
Soil mix 13 13 87.5 89.8 89.8 334 152
Amendment 21 18 534 351 351 5.27 8350
Synthetic fertilizer 7 7 542 504 504 297 904
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3.2.2 Assessing the Gap Between TF and known F

Concentrations of known F from targeted PFAS analysi® compared to TF concentrations

measured in each sample to deterntifee% of known KTable 28). KnownF concentrations

were determined by converting concentrations of 65 PFAS analyzed via targeteeM8?MS

to their summed f | uor éH)usingcEquatiore6On avdrages fluarinee d her
comprises approximately 66 % of the total molecular weight of ABASanalyzed here,

resul tefFng@oinmexntrati ons that are apPHAS.XOI mat el y
290 soil amendment samples analyzesF,rdngng TF, 2
from 0.034 to 36§ig kgt or ppb (median = 3.77 ppb). Two samples had quantified

concent r ask, bubnlOQ fetections for TF.

Ofthe200smp | es t hat had quanti fi absFeghedfterece nt rati o
bet ween TF e codceritrationsmmgel between 3 to 7 orders of magnitueath an

average @3% known FFigure33A) . The Spearmands rank correl a
somewhat statistically significant bwery weak positive correlation (R= 0;1p-value= 0.a8)

b et wesE and X concentrations ftris samplegroup(Figure33B), suggestinghat TF

analysis is not good predictor of knoWRRFAS concentrations and vice verdawever, median
concentrations of botkesF and TF were significantly higher in biosolids compost when

compared to most other categori€se % of known F is under 0.4 % for all samples except for

sample FW68, which has 2 % known Fhis consistently large gap between known F and TF

suggests there may be both inorganic and organic sources of F in these soil amendment samples.
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Figure33. Pie chart illustrating the gap between average % known F across samples with quantifiable
concentrat i on ssk Mo200) the kndwn F deteranimatl from the mass
spectrometric analysis of 65 target PFAS comprised only an average 0.03 % of TF determined via
PIGE analysis of the same sampl&s Spearman correlation test between TF and knofvark
targeted PFAS analysfs &F) shows weak positive correlation (B).

Figure34A illustrates the types of fluorine that may be captured in a TF measurement, and

Figure34B summarizesome potential sources of unknowim these sampleg&.or some soil

amendments and synthetic fertilizers, high TF concentrations may be primarily a result of high

IF content. The highest TF concentration measured in this study was an order of magnitude

greater than all other concentrations (8350 ppm), found in a sample of rock phosphate
amendmentAM-16) , t hough t hi s mas KRock phdsphhtaisiknawntod et ect
contain inorganic fluorine as a natural impu@ray, 2018) Slow-release pellets likely
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containing phosphate fertilize8F1 to SF7) also contained high TF concentrations (2804

ppm), but n esF. Buedishtboné meaiile %26 ppm of eFHS 2. 01
likely to contain high IF as well, due to natural accumulation in bones and Gaatla et al.,

2015) Interestingly, blood meal sampd-5had4 6 2 ppm of T FeF[,While0 34 ppb
bloodmeal sampl&M-6 had only 15.9 ppm of TF. The potential for ppm levels of fluoride to
accumulate in some sargassum may also explain high TF in sargassum compost@agiiles

to OTC-5 (containing 138219 ppm of TFand < LO . 8 6 7 pf (kl-Said anc El

Sikaily, 2013) Soil mixes such as sampl&M-2 (152 ppm TF) an&M-6 (104 ppm TF could

alsoinclude phosphate rock, bone meal, or local soil that canbaghlF. Though we @l not

initially expect most composts to contain significant concentrations tdrther investigation is

needed to determine if pplavel accumulation of IF is possible in vegetation such as that

common in food, yard, and agricultural waste composts.
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Figure34. Types of fluorine as adapted from Figure 1. in Aro et al. (2021). Most targeted PFAS analysis
captures < 1 % of the existent PFAS (>14,000).
concentrations, but some samples may have high IF. TOF can be a close approximation of total
PFAS, depending on the PFAS definitigA) TF measurementwesented in this repamay
include inorganic fluoride, as well as fluorinated organic compoundsaléd not be detected
with our targeted PFAS methd@H).

For theunidentified organofluorind [OF) portion of TF measured in these samples, there is still
debate regarding how many OF compounds should be included in the PFAS definition.
Fluorinated pharmaceuticals are likely a significant contributor to OF in biosolids and fluorinated
pesticides are likely common across yard waste, agricultural, and food waste cdiaostel

et al., 2022; Jagani et al., 2028)any OF compounds known to be PFAS are either not analyzed
via targeted mass spectrometry due to lack of analytical standards or not extractable by typical
methods (i.e. fluorinated polymer€hu and Letcher, 2017 hough fluoropolymers were
originally considered inert, some have been demonstrated to leach PFAAs, whether due to
manufacturing impurities or fluoropolymer breakdown, particularly of-stekn fluorinated
polymers(Meng et al., 2024; van der Veen et al., 2020 increase of longhain PFCAs in

the environment may be partially due to the degradation of fluorotelbased polymers
(Washington et al., 2019)rifluoroacetic acid (TFA), an ultrahort chain PFCAwvith one
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perfluorinated carbgmmay also account for a significant portion of TF in many samples as it is a
common transformation product of industrial chemicals, pharmaceuticals, pesticides, and
fluorinated gases. TFA has been measured in soil, water, sediments, and biota at greater
abundances than other terminal PFAS, and it is readily taken up by plants due to its short chain
(Arp et al., 2024; Freeling et al., 2022; Sun et al., 2020ye research is needed in developing
standardized methods of analyzing TFA and characterizing the magnitude of TFA in different
matrices.

3.2.3 Future Directions

Measurement of TF via PIGE spectroscopy captures all F present in a sample. The high
concentrations of TF in synthetic fertilizers and some soil amendments are likely due to high IF
presence. The potential fppmtlevels oflF to be incorporated into composted vegetative waste
should also be further investigated. Conveniently, PIGE spectroscopy simultaneously measures
different elements, and we noticed that some samples with high F peaks also had high
phosphorous peaks, potentially indicative of phosphate fertilizer presence. Future work will
explore whether a correlation between phosphorus concentrations and IF content in phosphate
fertilizer can be determined and exploitedjtockly identify phosphate related IF in soll
amendment samples.

The nondestructive nature of PIGE spectroscopy also allows for foliaextractable organic

fluorine EOF measurements on the same ground compost subsamples already analyzed for TF,

to approximate TOF concentrations. Samplés be extracted with methanol, and extracts

cleaned witHPESfilters and diluted with watebefore loading ontgranulated activatecarbon

felt disks. This carborelt method has been previously demonstrated for PIGE screening of EOF

in drinking water(Tighe et al., 2021)IF is insoluble in methanol and should remain on the

sample, with only organic F extracted. This extraction method may not capture 100 % of each

PFAS due to variable extraction efficiencies, losses during filter cleanup, and caltdonding

efficiencies (particularly for ulteghortchain PFASO C3) . Ho wespeeificsetad mat r i X
calibration standards, created from PFgked compost samples that undergo every stage of
extraction, vill improve method LOD to 5 ppb and help to normalize potential PFAS losses.

Though not all PFAS will be captured by this EOF measurement, it will exclude fluoride and be

a better approximation of dAtotal potent-i al PF
targeted mass spectrometric analysis.

Future work can also further optimize sample representation and normalizationdoETHF
measurements. As with any sampling from a largleme material, the ability to analyze a
representative subsample of compost is difficult due to the variability in particle size distribution
among samples. In this study, a grain mill was adapted to size reduce and homogenize whole
composite compost samples to a 2mm passing powder amenable to PIGE spectroscopy. While
minimal crosscontamination was achieved through a rigorous cleaning protocol (S2ioh

this reportand TableS8), the device was not bost enough to withstand repeated mulch samples
and there was potential for more PFAS crogstamination with increasing wear of plastic and
metal components. A more rigorous stainless steel grinding device with removable components
for cleaning would be ideal for routine analysis of coarseligailmaterials. In Tabl&29,

variability between replicatesasreported as % difference for duplicates (n=25) and % RSD for
samples with 31 replicates (n=5). RSD values ranged 1393 %, while % difference bgeen
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duplicates ranged 1.96.8 %. Thus, composite sampling strategies, sampling replicates, and
analytical replicates, in addition to whedample size reduction, would be ideal for robust
characterization of TF or EOF in compost. In addition, the calcium sulfate pucks used as
calibration standards for sdike samples are made to simulate standard soil density
(approximately 2.960 g ci), but some composts and other amendments in this study had
variable densities potentially resulting in a factor of @.Brror. If a large sample set is relatively
uniform, itwould be besto create singleise calibration pucks from that matrix. Otherwise, a
correction factorould be applied based on the densities of individual samples.

3.3 Microplastics

3.3.1 MP Concentrations Across Compost Categories

Concentrations of MPs counted in each analyzed sample (h=54) can be found in TablE S30.
concentration ranged from 3033 to 16,166 pérticlesper kg of soil amendment, on

averaggTable3). Thenumber of MPs found inibsolidsamendment (meant6167 MPs k)

wasi gni ficantly hi gher?=28h18m<0.0001)aranding ram2&to c at e (
5.3 times higher than in other samplsnure compost had the lowest MP co{mean= 3033

MPs kgh). Pairwise comparisons highlighted that adigen biosolidsamendmentsall other soil

amendment types were not significantly different from amether (Figur&5).

Table3. Summary statistics of average MPs across soil amendment catégouietd kg)

Category N Mean MPs SD SE Cl

Ag Byproduct 22 3818 3217 686 1426
Biosolids 18 16167 16493 3883 822
Food waste 53 4811 6511 894 17%
Manure 30 3033 2785 509 1040
Mixed 24 67R 7695 1571 3249
Yard waste 18 3611 3517 829 1749

N=number of subsample replicates analy&id=standard deviation, SE= standard error, Cl= confidence inter
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Figure35. Bar chart illustrating man MP concentrations across soil amendment categooigst kg
dry wt). Different letters (A)B) indicate significant difference in MP couBtiosolids
amendments had significantly higher MP count when compared to all other amendment
categoriesff < 0.000). Exact values for mean MP concentrations can be found in Table 3.
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3.3.2 MP Classification Across Compost Categories

Shape Amongall samples analyzed, fiber and fragments were the doniiflant
morphologiegFigure36). For four of the soil amendment categories (agricultural byproduct,

food waste, manure, and mixetihers were the dominant morphologpmprising86%, 76%,

76%, and 82% of MPs, respectivéRigure36A-36D). Relatively small amounts of films or

pellets were also found in food waste compost, manure compost, and mixed soil amendments
(Figure36B, 36C, 36D). MPs in yard waste arfaiosolids composts were mainly composed of
fragments, representing 78% and 69%, respectively (FRAEE6F). Clusters of fibers found
aggregated together, classified as fiber bundles, were found in only three amendment categories
(agricultural byproduct, foodiaste, and mixed) (FiguR6A, 368, 36D).

(A) (B)

Agricultural Byproduct Food waste
3.4%
™

BN Fiber KN Fiber 3 Film
3 Fragment 1 Fragmentta Pellet
Em Fiber bundle Em Fiber bundle
Manure Mixed

(C) : (D)

Eﬁ—‘)‘ﬁt 5N Fiber =3 Film
B3 Fragment B Fiber bundle C3 Fragment
(E) Yard Waste (F) Biosolids

78.2%

Fiber Fiber
O3 Fragment 3 Fragment
Figure36. MP shape classification acrossil amendment
categories.

Color: There were some instanaesvhich MPs were composed of twotbreedifferent
colors.However,the majority of particles across samples were black, blue, white, clear, and red
(Figure37). Food waste compost had the greatest diversity of colors, witiffé8ent
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colorsidentified, and a majority of multicolor particl@Sigure37B). Black was the dominant
particle color for agricultural, yard waste, mixed, &mabsolids categoriesepresentingt2%,
48%, 28%, and 42%, respectively (Fig@®&, 37D, 37E, 37F). Clear particles were the
dominant color in food waste and manure composgesentin@9% and 27%,
respectively(Figure37B, 37C).

(A) (B)
Agricultural Byproduct
4.8%

Food Waste

(C) Manure
1.1%

(F)

Figure37. MP color classification across soil amendment categories.

3.3.3 MP Polymer Composition

Following Raman masspectrometry analysis, more than 19 compouvel® identified (Table

4), 16 of which were plastic polymers and 3 of which were organic matter, cellulose, or other
natural signature®©f thedifferent categoriesf soil amendments analyzed, biosolids
amendmentbad the greatest diversity of polymers (Fig8& The dominanpolymers

recovered included polystyrene (PS), polypropylene @®R)polyester (PES)I'houghpolyester
(PES) and polyethylene terephthalate (PET) have the same chemical compibstiare
reportedseparatly here to emphasize thalifferent functionsYard wasteproductscontaineca
notable number of particletassified asnthropogenic in originrmeaning
theyexhibitedcharacteristics of anthropogenic particles (melting, additives, and dye signature),
buttheir exact composition was unable to beesdeined(Figure38). Table5 summarizes the
results ofdiversity index analysisShannorAWeiner diversity values refletbhediversity

54



andevennessf MP polymer compositionThesevalues rangettrom 1.4 to 2.1, with biosolids
amendmentshowing the highest valudadicatinggreater diversity and evenness of polymers
than the other soil amendment typ8snpsondiversity valuesangeal from 0.72 to 0.86, with
manurecomposthaving a slightly higher value than biosolmsmpost despite having fewer
polymercountsin themanuresamplea. This islikely due tothe uneven distribution of polymers

in biosolidsamendmentsompared to thenanureamendmensamples.

Table4. Names and abbreviations of (A)

polymers and other compounds
identified with Raman spectroscopy.
Abbreviation Full Name

PET Polyethylene Terephthalate
PP Polypropylene

PS Polystyrene

PTFE Polytetrafluoroethylene
Natural Natural

PVA Polyvinyl acetate

PVK Polyvinyl carbazole

HDPE High densitypolytheylene
PC Polycarbonate

Cellulose Cellulose

PES Polyester

IR isobutyleneisoproperrubber
PA Polyamide

PE Polyethylene

oM Organic Matter

PCL polycaprolactone

EMA ethylene_methacrylic_acid
ABS acrylonitrile butadiene styrer
EVA Ethylenevinyl acetate

Table5. Diversity index values for MF
polymer assemblages

Agricultural Byproduct

10%

OPA CIPVA
1 HOPE W PVK
O PET O PP
3 Naturald PS

(E) Yard Waste
4.3%

B.T% \

Food Waste

O PS O PE
= PC W PES
O PP O PET
B Cellulose

Mixed

S

O PETO PTFE
O PP [@ Natural
0 PS

Biosolids

@D HDPE O PS

Shannon

Weiner Simpsons

Diversity Diversity
Category Index Value Index Value
Mixed 1.42 0.72
Manure 2.04 0.86
Food Waste 1.89 0.84
Ag Byproducts 1.42 0.72
Yard Waste 1.69 0.80
Biosolids 2.12 0.85

4.3%
O PA CJ Cotton PCL 0 PE
B pyMS . EES Bou OPA
O Cellulose OJ Natural CINolD I ABS
o B OM O PTFE M IR
Anthropogenic Unknown O EMA B PES
= PC O EVA
O PP

Figure38. MP polymer composition across soil amendme
categories. Percentages reflect the proportion of the sub:
particles characterize®olymer abbreviations are defined
Table 4.
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3.3.4 Comparing to Other MP Studies

Here, we present a comprehensagsessmemf MP levels invarious type®f composs and

other soil amendment$he morphology of MPs that dominatéetsesamplesveremajority

fibers and fragment#\gricultural, food waste, manure, and mixed categories were dominated by
fiber MPs (7686 % of MPs present) and fragments-@I3%).Gui et al.,(2021)similarly found
fibers to be the most abundant MP particle shape in rural domestic waste compost products
Films and pelletsverealsopresent buat much lowerevels;this may be an artifact of the size
selection of compost sampldosolids and yard waste products were dominated by fragment
shaped MPs (698 %), with the remaining MPs being fibeBiosolids compost had

significantly higher MP counts than all other categories, which were not significantly different
from each other in MP couriDespite thissome categories hashique signatures of specific
plastic polymers. For exampleibber particles were found agricultural byproduct compost
Thesdikely originatedfrom products used in tillage, fertilizatioandtire wear that can deposit
into agricultural system&Chia et al., 2021; Luo et al., 202%)ard waste and biosolids)ost
notably, had the greatest diversity of MP polymers. Due to biosmiigmatingfrom sewage
treatment processes and yard waste coming from residents or comowmggstingprograms,

this finding highlights thevarious type®f plastic items that may inadvertently be introduced into
these types of compost systef@seater diversity is aause for concern because these polymers
can eaclaffectsoil quality, microbial communities, and soil fertility in unique ways; the more
diverse, the greater thisk (Golia et al., 2025)Compost levels reporteatross different regions
worldwiderange from 39 to 4066 items per {gong et al., 2025)in comparison with other
studies done globally, levels in the US are comparable to levels repotiiguuiania’'sfood

waste (3783 and 4066 items per k§holokhova et al., 2022However, levels we found were
higher than those reported in Germany (39 to 102 items per kg), the Netherlands (2800 in garden
waste and 1253 in greenhouse wdgss Schothorst et al., 2021)

3.4 Metals

Individual concentrations of all 25 trace metals analyzed in each sample (n=67) can be found in
Table S31Most metals were quantified in all samples, except six mgedenic, beryllium,
cadmium, cobalt, antimony, and vanadium) thate quantifiedn at least 70 % of samples (see
guantitative frequency for each metal in Table SBigure 39illustrates the distribution cfix

heavy metals across 67 samples analyzed. Cadmium, copper, nickel, lead, and zinc have
regulatory limits for compost intended for land application in Florida, as defiredrina
Administrative Code Ann. R. 6209.550(Classification of Compos2010) Three samples of
synthetic fertilizer pellets and 1 sample of hieadted manure exceedéret Florida Class 1
composiimit of 450 mg k¢t for copper, though these are not compost and would not be subject
to these limits. One sample of manure compost exceeded the Florida Class 1 compost limit of
900 mg kg for zinc. Potential presence of arsenic in compost was of particular interest for
stakeholders of this study. Arsenic concentrations were quantified in 66 of 67 amendment
samples tested, ranging from 0.31 to 20.2 mé(kgedian=2.10mg kg?). The highest
concentration of 20.2 mg Kgvas measured in a sample of sargassum compost.

When comparing concentrations of the five heavy metals regulated in Florida across compost
categories, no highly significant differences were observed through Ki&khs comparisons.
Lead wassignificantly higher(p= 0.0265)n biosolids compost (n=5, median= 9.7#g kgl)

than insynthetic fertilizer§n=5, median= 0.68hg kg*). However, he highestoncentratios of
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lead werein the heattreated biosolidsample AM9 (27.2mg kg?), the yard waste compost ¥D
12 (24.0mg kg?), and the food waste compost sample-BEO\23.5mg kg?), butthese
concentrations were all under 6 % of the Florida Class 1 limit ofiRg™. For copper,
synthetic fertilizers (n=5, mediar667mg kg*, p= 0.0293 and biosolids composts (n=5,
median=173mg kg*, p= 0.0126)were significantly highein concentratiothan agricultural
composts (nZ median=13.3mg kg?).
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Figure39. Boxplotsillustratethe distribution and quantitative frequency of six heavy méGdsimium,
Copper, Nickel, Lead, Zinc, and Arsenamross 67 compost and other amendment samples
analyzed (mdkg?* or ppm dry weight)The number of samples with quantifiable concentrations
(> LOQ) out of the number of samples analyzed is indicated forreatdd Exact concentrations
are listed in Table S31.

4.0 CONCLUSIONS

As the presence of persistent pollutants such as PFAS, MPs, and heavy metals continues to
proliferate in consumer and industrial products, thisp continue to be circulatéiorougtout

waste streams artde environmentAs a result, composteanid other waste managensy

become unwitting passive receivers of waste containing these pollutamtany cases, it is not
feasible to fully eliminate the presence of these pollutants in organic wastes and organic waste
products such asompostHerg weconductech USwide surveyof the presence of PFAS, MPs,
and trace metals in a variety of opportunistically crowdsourced soil amendmept®posed
somestrategies for reducintpe landapplication of these pollutants.
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To address concerns about specific PFAS of potential regulatory concern, aediyziedor

65 PFAS usingdiPLC-MS/MS in mmposts and other soil amendments (n= 292), as well as a
selection of feedstock materials (n=8Bjosolidscontaining productsven diluted with

vegetative feedstockyereconsistently highemix ssPFAS concentration and most consistently
diverse in precursor PFAS preseneBAS concentrations in biosolids are currently unavoidable
while the vast array of consumer products that contribute to wastewater sludge (toilet paper,
skincare products, clothing, etc) continue to contain PS&Seral US states have already begun
limiting the landapplication of biosolids and regulatory limits for PFAS in kapgblied

biosolids are on the horizdhrlall et al., 2020; Hughes, 2023; Izuegbunam, 2025; US EPA,
2024f). As such, the optimization of alternative wastewater sludge treatment options for PFAS
containment or destruction is necessitakaat. example,iermal treatment of wastewater sludge
could potentially not only destroy most (if not all) PFAS, but also provide safe options for reuse,
such as in the case of biochar soil amendment. Howsweh, treatmennethods still need to be
optimized for optimal PFAS destruction, while retaining a product with relevant commercial
viability (US EPA, 2024g; Yunus et al., 2025)

Manure composts may be a suitable alternative to biosolids compost as they had the lowest range
of PFAS concentr at issPHFAS in mesi santplesobbotly ecorapodt and rave d = x
feedstock. However, yard waste, agricultural waste, food waste, and other amendments had wide
r a n g essPFASEoncentrationsyith some samples in the range of manure composts and

several samples on par with or greater than tfmsedin biosolids composiThis indicates a

diversity of both composting practices and inconsistent PFAS sources in these vegetative organic
waste streams. PFA®nNtaining pesticides, fertilizers, and irrigation, historic PFAS

contamination, or proximity to PFAS point sources could all result in PFAS incorporation into
vegetative matter that ends impthesecompostsSite-specific testing of all feedstock materials

and vicinity would be necessary to identify the uniqgue PFAS source(s) at each facility.

For food waste compostptvever, FCM inclusion iscommoncause otlevated®FAS
concentrationsgCompost samples with no intentional FCM inclusion Aaower median
concentration ok sPFAS than composts that intentionally included FCMs, regardless of
whether the facility/individuaspecified that only compaosertified products were included.
However, cumulative inclusion of FCMs that are not compesiified did result in the highest

x esPFAS concentratiofor a single compost in this whole study (sample-68Y. The specific
FCMs included and the ratio of FCM feedstock likely matter more than compost certifizgiation
the products

Theexisting100-ppm limit for TOF in FCMs certified for composting in the W8 its the

certification of products with intentional PFAS treatment, bataly not bestringent enough to
satisfactorily reduce PFAS in compost that includes high volumes of these products. This is
exemplifiedin Goossen et al(2023) where large quantities of compasrtified FCMs were

composted and resulted in compost with highly elevated PFAS, including PFOA and RRHXA
addition, controlling the input of necertified FCMs that appear to be compostableften

unfeasible for a composter passively receiving the waste stream. More stringent regulation to
prevent confusing labeling of natompostcertified plantf i ber profioucesdbhyofieco
Abi odegradabl eo, or Acompostabledo wouwtlonl be he
of compost feedstock with uncertified FCMRejection of all FCMs may be the current best

practice for composters, at least until there is clgaublicinformation on which FCMs contain
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PFAS or more stringent PFAS limits are enacted for FGMspecific PFAS are to be regulated

in compost, there would need to becarespondingly stringent limfor those PFASas well as

their precursoran compostertified products, requiring targeted analysis to prove this

eligibility for certification. The European Union (EU) will begin enforcing several regulation

late 2026, including more stringent limits for both TOF and target PFAS in FCMs, as well as
limits for PFHxA (commonly the most abundant PFAS in food waste compost) and its precursors
in FCMs(EU, 2024a, 2024b}t will be helpful to observe the efficacy of these forthcoming
regulations in practicand toevaluate the feasibility of proposingrslar regulations in the US.

No strong correlations were observed betwegif®?FASand compost age, organic matter

content, pH, or EC when comparing across all compost types, suggesting that the influence of
these parameters onsPFASIs negligible compared to the individual compost feedstock
composition A limitation of this study was the inconsistencytioé primarily handwritten
participantresponse$o our survey regarding composting feedstocks and methods. There were
many missing responses, and the different formats of responses made it difficult to efficiently
categorize the samplesd draw conclusions from the dafnce these samples were
opportunistically crowdsourced from anyone that would respond tmitiaf request for

samples, we did not knotie number and what types of samples we would receive and how they
should be organized ahead of tifiéis caused sample categorization to change throughout the
study as we learned more about the samples. Future work would greatly benefit from a digitized
survey with distinct response options that can be easily catalogued.

Though PFAS analysis is continuously expanding to incorporate the monitoring of emerging
precursor PFAS, there are still thousands of potential PFAS unidenitifiaddition to targeted
PFAS analysis, soil amendment samples (n=290) wtdized in assessing PIGE spectroscopy
as a potential quick screening tool émtermining an upper boundaryfibtal potential PFAS

in soik-like environmental sample. Pagiermillion levels of TF were measured in most
composts, fertilizers, and other soil amendments. Biosolids compost had higher TF
concentrations than most other composts and amendriientsver, IF is likely high in samples
containing phosphate, bone meal, and/or iigbride soils, and the potential fppm-level IF
concentrationgn other compostshouldbe further investigatedin-progress work will continue

to explore ways to isolafEOF thef r act i on of TF that 1 sinamost ana
methodcompatible with PIGE spectroscohile targeted analysis continues to be necessary
for reliable quantitation of specific PFAS and assessment in relation doaseld thresholds,
standardized OF method for soilike materials wuld be highly valuable for screening high
PFAS materials and for identifyirgamples ideal for the pursuit of ntargeted analysis.

Microplastics and trace metals were also analyzed in a subset of soil amendments and synthetic
fertilizers (n= 54 and 67, respectiveli))JP resultssuggest that, despite limited investigation of

MPs in compost in the US, these matriaggrantfurther evaluation, as their levels are
neartheupper limits reported globallyBiosolids compostevels were amongst the highest

reported. The medevel we report (16,166 MPs per kg) is higher but within the same order of
magnitude as MP concentrations reported/lahon et al.(2017)in the Netherlands, where
sludgecontained4,19615,385 MPs/kgAs MPs pose a threat to ecological systems, there is a
need to improve monitoring and detection of their presence across ecosystems to assess the
severity of the situation and the implications for agriculture and plant haattlore compatible
method of digestion and/or analysis shdwdidentified for identifying MPs in synthetic
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fertilizer pellets, to verify whether they may be a significant source of MPs to agricultural soils.

For heavy metals,ne sample of manure compost exceeded the Florida Class 1 compost limit of

900 mg kg for zinc. Otherwise, there were no notable findings regarding regulated heavy metals

for compost in FloridaSince plastics andlPsar e known to fAcarryo other
heavy metals and PFA&inigopoulou et al., 2022; Saha et al., 2Q2tyrelations among these

pollutants in compost should be further explored.
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SUPPLEMENTAL INFORMATION (SI)

S1.Sampling Instructions and Questionnaire

Sampling kit inventory

Gloves

Precleaned stainlessteel scoop

Prelabeled gallon Ziplock bag(s) for sample(s)
Field blank Ziplock bag

Icepacks for sample transport

LOEOLOL QL

How to collect a composite sample of compost

The goal is to collect a representative sample of your entire compost pile by combining
subsamples from different areas of the pile. Below is an example composite sample, where each
X represents one of 12 subsamples. Move aside the outermost layer of the compost pile before
scooping and try to include subsamples from different heights of the pile (top, middle, bottom).

Avoiding external PEAS contamination

PFAS are ubiquitous both in consumer products and in the environment. When sampling, avoid
sample contact with PFA&bntaining products such as makeup, sunscreen, and waterproof
clothing. Wear the gloves provided during sampling. The sample should only touch the stainless
steel scoop and the inside of its designated Ziplock bag. Similarly, the sampling scoop should not
touch anything but the sample and the inside of its Ziplock bag. In addition, seal each sample
thoroughly so that no contamination can occur during storage and transport; use a secondary bag
to contain sample bags if needed.

Field blank procedure

At your sampling location, while wearing gloves, open and close the bag. Then, treat it like a
sample (freeze, transport, etc).
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