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Abstract

This thesisaimsto employbiochar(a carbonaceous materiay acosteffectivesorbent
to removeper andpolyfluoroalkyl substance (PFAS)om waterby two casestudies Study 1
seeks tadentify which biochars perform better for the sooptof perfluorooctane sulfonate
(PFOS) from waterand which physicochemical gperties of biochars control PFOS sorption
The biochars with higher sorpé capacityof PFOSare further tested in Study 2 ilvestigate
how these biochars perform at environmentally relevant conditionsgel.,gsalt, andhatural
organic matterfor the sorption of PFOS and othed-C8 PFAScompoundsBiochars produced
from Douglas fir and poplaieedstock exhibit high PFOSsorptionefficiency. Biochar
properties such apecific surface arepprediameter porediametefporevolumeratio, and
hydrophobicityplay important roles foPFOS sorptionSaltpromotes PFAS sorptionwhile
natural organic matter decreases PFAS sorptiaimly due to the competition of sorption sites

of biochars
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Chapter 1. Introduction
1.1 PFASHistory andProduction

On April 6", 1938, Dr. Roy J. Plunkett and méesearchassociates at DuPont were working with
chlorofluorocarbon refrigerants in an attempt to make a refrigeedet than those on the market
[1]. Upon checking a compressed frozen sample of tetrafluoroethylendotimelya new

material thahadspontaneously polyerized into a waxy white solid substarasel named it as
polytetrafluoroethylene (PFTH2]. PFTEis uniquely special since it isert to most chemicals
andis one of the most slippery materialsnature making it usefuin aerospace,
communications, electronics, architecture, and virtuallpthkérindustrial processgg]. In

1945 PFTE was trademarked as Teffoand commercially solih 1946, becoming the first
generatiorof many perand polyfluoroalkyl substances (PFAS) on the maiketin the same
year, 3M licensethe Simonselectrochemicalluorination (ECF) method, a method for
synthesizing organofluoride molecules invented by Dr. Joseph SimBesinState University

[3]. This ECF process yieldedi3b% perfluorooctane sulfonfiloride (@ precursoiof
perfluorooctane sulfoe PFOS) as the main product and a wide range of other perfluorinated
carboxylic acidgprecursors to perfluorooctanoic acRFOA)asbyproductgd4]. In 1949 3M

built their first pilot scale manufacturing ECF process in Cottage Grove,avitl continuously
developed the ECF method for flusteemical products until 20J23]. It has been estimated that
80i 90% of global PFOA manufacturing from the 1950s to 2002deas by 3M plants in
Antwerp, BelgiumCottage GroveMN; Cordova, IL, andDecaturin Alabama[5]. In 20®, 3M
beganvoluntarily phasg out ofthe ECF perfluorooctyl chemistridsr long-chain PFAS
production but contnues to use it for sheahainPFAS[6]. Although it is not entirely clear, this

pha® outactionwas likely due to pressufeom theregulatory agencies such as thé.
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Environmental Protection AgenciRA) [7]. Thelargescale production of PFOA continued
under a new process called fluorotelomeriza(ien) developed by DuPont in the 19783.
PFAS isomersreated frontT approachdiffer from those derived fronkCF, since produced
isomers are pure, and typically have linear geomety, CB(CF)xC2H4R) [5, 8]. This process
is estimated to account for120% of PFOA production globally from 19752004 however, it
is currently the dominamhethodfor makingperfluorinated carbox)ic acidsand other
fluorotelomer products in North Ameri¢8, 9]. Although 3M ceasetheuse of ECFmethod
both ECF andFT approacheare stillbeingused to producetherPFAS compoundiday[10,

11].

PFAS is a broad family of chemicals, with over 4,700 different compoundsfidd [6, 12].

These compounds can either be classified as polymer or nonpplymehn can bdurther
categorizedhs perfluoroalkyl or plyfluoroalkyl substances, depending on the structure of the
carbons and fluorine within the compourkdg 1.1)[12]. However, a large area of concern
surrounding environmental contamination and health effects is focused oni {38 C4
perfluoroalkyl acidsi(e., compounds have four ¢éight carbondn the structurefig. 1.1). For
example, C&FOA and PFOS, and C4nluorobutanoic acidPFOA) and perfluorobutane
sulfonate (PFBS|Fig. 1.2 have been widely detected in the subsurface environment, including

soil, sediment, surface watgroundwater, and biofd 3-16].
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Perfluoroalkanoyl fluorides Group
Perfluoroalkyl iodides (PFALS) Subgroup

Perfluoroalkyl aldehydes (PFALs

Fig. 1.1.Flowchart for PFAS classificatiomadapted fronthe IRTC Naming Convention for
PFAS[12]. The family of PFAS chemicalsan be easily expandeddoverover 4,700chemical
abstractservice (CAS) registerechemicals with so many differecategories and functional
groupsin their strictures Thisthesisfocuses on the perfluoroalkyl acids subgrogapted
from I RTC6s Naming. Conventions for PFAS

F 3 F F F F 0 F F F F F F F F 0
L
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F F F F F F F F F F F F F F (e}
FOA PFOS
F F F F ﬁ
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PFBS

Fig 1.2. Four common PFA8Sompounds widelgetectedn the environment are also included in
thisthesis PFOS, PFOS, PFBS, and PFBS. These PFAS fall under the perfluoroalkyl acid
sulgroup, have a carbon chain length of four to eight and either a carboxylate or sulfonate group
attached.
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1.2 PFASUse
Duringtheinitial PFAS productionthe synthesis process BFOA and PFO%®vas stillhad uses

in stain and water resistant produatsi protective coatings by the mitb50s[6]. By the 1960s
PFOS was being implementadtheproduction offirefighting foars, also known as aqueous
film-forming foams (AFFB) [6]. AFFFs areeffectivein suppressindires on highly flammable
and hazardous liquigdhowever they areone of themajor source for PFAS contaminatioto

soil and groundwatdpe.g., widely used by the Depiarent of Defense; DoJ)L7]. Firefighting
foams ae groupedinto two majorclassesclass A anatlassB [17]. TheClass A foamsvere
developed in the 1980s and can be usedvild and structure firegL7]. Thesefoams do not
containPFAS[18]. In contrat, the ClassB foams are specifically designedewtinguish
flammable and combustible liquidsd gasses such as grease, tars, oil, gasoline, solvents, and
alcohok [17]. Most of the tassB foamsused in theJ.S. contain PFAS17]. In 1976 Gore
TexE began makingvaterproofiacketsfrom expanded PTFEePTFB, which thenwasalso
used to make space suits for astronantthe apollo missionsvater resistant footwear and other
outdoor clothind19]. Production and synthesis of other fluorotelomerslang-chain(O 8C
PFAS compounds also began in the 1970s forfruaechitectural resins and firefighting foams
By 200Q fluorotelomerqprecursors to manypes of PFASyvere the primary form of
firefighting foamg[6]. PFAS havananyunique physiochemical propesisuch as
hydrophobicity water solubility,corrosiortheatresistanceability to lowersurface tension, and
acidity that makehem a usefuthemical in many every day and industrial prod{@fs 21}
Gluge et al(2020 found that PFASvereused in 64 differentreas of industrgnd other use
categoriesvith 210differentwaysthatPFAS are directly employed in industry azmhsumer
producs [21]. PFAS long production history an$e in so many areasiveled toa presentday
worldwide contaminabn crisisin the environmenf22].
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13 PFASContaminationandHealth Effects

PFAS are released into the environmfenin primary and secondary induigts AFFF
applicationsandmany others since they goeesemnin so many producf®3]. Primary industrial
facilities that produce PFAS release lasgaeountsof theminto the environmenthroughair,
wastewater, and stormwatemissiong23]. Secondary facilitiesefer toall other industrial
facilities that may us fluoropolymers or othd?FASbased products as part of their specific
industrial processd23]. Examples o6econdaryndustries include buiidg and construction,
cable and wiring, metal finishing and plating, paper products and packaging, semiconductors,
textiles,apparelandmany other$9, 21, 2327]. These industries inherently contaminaiany
forms of environmental media in some walyrough directischarge ofndustrial waste into air
and waterwaysAFFF applicationgontaminate soil angroundwaterpr through théransport of
PFAS in theenvironmen{23]. PFAScanvolatilize via stack emissions fronndusties resuling
in direct agial contaminationlong range air transporndfinally deposition to soil and surface
water[28, 29]

AFFFis alargeand highly concentratesburce of PFASor soil contamination, whickurther
transports teurfacewaterand groundwatethrough runoff and percolatid@3]. Class B
firefighting foams have beemand continue to hetored and useat military installations,
civilian facilities, airports petroleim refineriesand bulk storage facilities, and chemical
manufacturing plants and storage facilifi¢s30]. Solid waste management facilitissch as
landfills are the finalepository & PFAS fromsolid waste sourcef23]. Landfill leachats
containhigh concentrationef PFAS fromtheconsumer and industri®lFAS-containing solid
wastetheyhold [31, 32] Theleachate arecollected and sent to wastewater treatment plants

(WWTPs) for treatmen{23]. Contamination of WWTP effluent comes from a large variety of
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sources other than landfill leachaf23]. WWTP effluents are a major thatto surface water

contaminationsincePFAScamotbe efficientlyremoved by conventionédeatment methods
[33, 34] Biosolids from WWTR are also a source of PFAS contaminatishen they ag used
asagricultural fertilizerdor land application$§35, 36] PFAS from this contamination source

will either betakenup by crops or percolated back into tp@undwatef37, 38]

Recently PFAS have beeetectecatlevelsa b o v e t h e prdpgos& MBXEMWIN s
Contaminant level (MCL) of #g/L in variousenvironmental mediacross the United States
[39]. PFAS @currencan adrinking waterdistribution systenmear primaryPFAS production
facilities has beereportedat aconcentratiomange of 1,500 to7,200 ng/L. while otherdrinking
water distribution sstemsthat arenot heavilyaffected by primary industrgtill havePFAS
concentrations ranging frobto 29 ng/L{40]. Industrial wastewaters have been tdsted
found to have effluent concentrations ranging from 662 to 1,143[A§]LPFAS have been
detectedubiquitouslyin WWTP effluent with concentriins reaching several hundred ngd2].
For the year 2013he total volume ofandfill leachate generated in the U.S. was estimated to be
61.1 millioncubicmetess, meaninghe mas®f measured PFAB8om U.S. landfill leachate to
WWTP was estimated to be between 563 638l kgin the year 201$43]. Soils adjacent tdire-
trainingareaghat usehe class BAFFFs have had PFAS concentrations ranggfrom 0.3
65,000 pg/gleading to contamination of tls&irrounding groundwateoncentratiorat 22 pg/L

EPFAS[44].

The first documentation of global contamination wesortedon PFAS concentrations in

wildlife by Giesy and Kannain 2001[14, 15] A common focudor studyingPFAS
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toxicological effects is immunomodulation, or how PF&ffectt he f uncti on of
immune systen5]. A review publishedby Antoniouet al (2022 reportedthelowest observa
adversemmunomodilation effect levels of PFO# different small rodent specieangel from
0.002 3.5 mg/kg/day45]. Another review by Boyd et 82022 showedthat PFAS may have
adversecancer related health effects in low doaesng animalshowever it is difficult to
confidently desabe the response for the cangelated effectérom a mechanistic standpoint
[46]. Documentabn of fluorochemicapresencén plant workers has dated back to 1980, but
there were no health effects reportethattime [47]. PFOA, PFO$Sand other PFAS welater
documented in human blood samples by Hansen @1 with samplegpurchagsdfrom
biological supply companig45, 48] PFAS contamination itiving organismshas been
attributed to theiability to bind to blood proteingiving them long halfives within the body

[6, 4951].

Some of the most comprehensive evideiocd® FAStoxicity in humansarisesfrom agroup of
studieson thecommunitiesnear theDuPont Washington Worktuorotelomer plant inVest
Virginia[52]. These sudiesfound probabldinks between PFOA exposure aglévated levelsf
cholesterol, thyroid disease, pregnafrayuced hypertension, ulcerative colitis, and kidney and
testicular canceb2-56]. This group of studievasone ofthe largest PFAS exposugeous
evermonitored with over 69,000 participanf§7]. Grandjean et a(2012 observedhat

children with2-folds higher concentratieof PFAS intheir blood serum at ageéxhibiteda

50% decline in antibody concentratidme years lateat age 7, supporting the hypothesis that
PFAS impair immune system functidor children[58]. Similarly, a study byGrandjean and

BudtzJgrgenseim 2013had a benchmark dose b3 ngimL PFOSand 0.3 ng/mL PFOA

19
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among children in the Faroe Islands and estimitatdrinking water advisas areseveral
hundredfolds high, based on dose response cuf&z®y. The 3MDecatur (AL) manufacturing
workershad some of the highest PFA&8ncentrations in their blalp and so @l the surrounding
residents due to the caminated watef60]. Fig 1.3 shows what human populationsAtabama
may be at rislof PFAS contaminatigrbased on a receRFASconcentration survegonducted

by Viticoski et al (2022).
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Fig. 1.3. This map containthe major rivers and populated sse& Alabama along with thtotal
PFAS concentration from sevetatationswithin Alabama riversampled by Viticoski et al.

(2022) PFAS analyzed includgdFBS, PFPeA, PFHxARFOA and PFO®ecaturis in north-
central Alabama anig known for its high PFAS concentrations in residents and the surrounding
water from years of PFAS manufacturittpwever, residents thget their drinking water from

the Coosa, Alabama, and Mobile rivarg at riskof high PFAS concentrationd.arge
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City, Pell City, Millorook Montgomery, Prattville, Selm&ritchard, and MobileResidents in
Valley, Phenix City, Eufaulanay also be aisk due to PFAS levels in the Chattahoochee River.
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1.4  PFAS Regulation

Regulation of PFAS compountiavenot come until recent years, and original regulatioenge
focused on longhain PFASompoundsin 2016, the 5. EPA released Bfetime health

adviory level (HAL) for the PFOA and PFOS, the two most widely detected PRAB ng/L
combinedin drinking watel{61]. In June 2022, the).S. EPA released significantly more
stringentHALs for PFOA and PFOS at 0.004 ng/L and 0.02 ng/L, respectively, while adding two
new PFAS compounds, PFBS and hexafluoropropylene oxide dimer acid (GenX), at HALs of
2,000 ng/Land 10 ng/L respectivel$2]. The mosrecentU.S. EPA proposalbn PFAS
regulationwas announced on March1,£2023 whereenforceablanaximum contaminant levels
(MCLs) of 4 ng/L for PFOA and PFO@ndividual concentratior)svereproposedas well as
Hazardindex(HI) for perfluorononanoic@d (PFNA), perfluorohexane sulfate(PFHxS,

PFBS, and GenX63]. This Hl is a tool used to determine the toxicity of a mixwirehemicals
based on their combinencentration§63, 64] The calculation for the proposétl is as

follows:

(AUAOAMAp — . PP
wherethe sum of the measured concentration of each cheosinabt be above a value of 1.0
(unitless) Some states havbeir ownPFASregulationsn drinking water andMichigan,
Minnesota, New Hampshire, New Jersey, New York, Ohio, and Vermont hav@BA&d
manufacturers for threats to public health and the environi®&htin 2021 alone, state
legislatures considered a combined 196 bills related to PFASatigdfrom regulating
production to drinking water standaf@®]. The PFASstudied in thesis along with their physical

and chemical properties can be foundable 1.1
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Table 1.1.Physical and chemical properties of the C&8 PFASusedin thisthesis

Density . o -
Acronym Full Name C,:\IAC‘)S (gl\//ln\?él) ?:gfrr::ﬁ:l (gicgg) MPecI)tilr?tg Blgcl)liI:? ?r(rzlt‘:zjlil)hg P\r/SSpsOL:re goisrtlagty( (S,I':;/E) pPKa
' a0l o | co| c | @ (Kan)
prpa | Perfluorobutanoicl 375 | 514 | cacoon | LB 75 | 120 | S2TI0| 02210 600020 LITIOL | 0D
s | PR 2% | o | crson | | B e o |l g | ot
roan | PN T ou | crcoon | 1 | 4P| 1 | Gk | b | 10 | sam | 000
PFPeS Perfslﬂﬁgorg‘fgta”e %71(_’2 350.0 | CsFuSOH 1fé4t° 1%37_4}0 1225“’ fz'cl)g o | 380x10° | 8.90x10° n/a n/a
oo | PO 01| 1 | orcoon | 110 | 108 | 0¢ | 0%, | AP | e | Zav | a0
oo | P 35 | o | crson | ot | AL | S | a0t | A | S g | 01t
pron | Pt 2 | an | crcoon | 1w |4 e S8 | Sow | el | e | o
pros | Peflumoccane | 1193 | sonp | cson | P4 | 1920 1| ok | awant | weeante | s | Mog

MW: Molecular weight.

CMC: Critical micelle concentration.

pKa: Acid dissociation constant

n/a: Not available.
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15 PFAS treatment technologies

Ultimately, PFAS remediatiomustlead to a destruction processstop their persistence tine
environmental cycleS herefore PFAS remediationonsists ofo two maintechnologies(l)
PFASremovalfrom environmental medjand(ll) PFASdestructior{66]. Thetechniques
currentlyemployed in PFAS removal inclugéaysical, chemical, biological, and treatméain
techniguesombiningdifferent removal techniqug67]. More specifically these technique
includeconventional flocculation and coagulation, sedimentafitiration, sorption ion
exchange resins, polymers, nanomaterials, foam fractionatzone fractionatiorand soil
stabilization[66, 68} Conventionalwater treatment methodsecoagulation and flocculation
approachethat arenot successfuat removingPFASdue to theichemical propertiesuch as
high water solubilityandaretherefore unsuccessfi@6, 69, 70] Moderntechnologiehave
given birth to many more advartteater treatmendptions One common solution @ddress
environmental contaminant issuewia sorptiveremoval[71]. Some of the iore advanoa
sorption technologies such as resins offesrtequilibrium times and highorptionefficiendes
of PFAS reaching capacities as high @390 mdg for PFOS[72, 73]. Anion exchange resins
contain ethanol groups, giving them a more favorable surface structure for PFAS sorption than
other sorbentf72, 74] Wu et al.(2018 also employed sorptive tacs, fabricaing a layered
porous graphite structure thdisplayed sorptiogapacities as high as2#0 mg/g for PFOS and
366 mg/g for PFB$75]. Nanomaterialsuch as carbon nanotubes and nanosized iron oxides are
also potential PFAS sorbents being td$#2]. Thesenanomaterialfiave reported equilibrium
times lesshan two hours andapacities as high as 700 m¢/&]. However, some of the most
successful sorption materials to date are polyf&s7780]. For exampleLiu et al.(2022

found thatpositive aromatic framework polymevgth an N,Ndimethytbutylamine amendment
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had a sorption capacity of ove0R0 mg/gand removed 99.99% of PFQA,000ng/L initial
concentratiohin less than 2 mif80]. There have also been studies that show natural materials
such as minerals possess surface characteristics suitaBEASsorption[72, 81, 82]

Although minerals tend to have a much lower sorption capacity compared to other sorbents,
modifications can drastically improve their res{iitg, 83] Surface modification of sorbents is a
strategyfor many materialsowards enhanced sorptioh PFAS[84, 85] Since PFAS are
hydrophobic and typically haveregativelycharged functional groygorbent surface
modifications typically attempt to improvg/drophobicityand/ormake negative charges

positiveto promotehydrophobic interactions and electrostatic interact[84s 86]

Activated carbon (AChas beenvidely used to treat a variety of environmental contaminants
due to its relativelyeasy production processdhigh sorption capacityor many contaminants

[72, 87] AC is a carbonaceous material pyrolyzed from substances with high carbon and low
inorganic contentswhichis also commonlyeferred taas granular activated carbon (GAC) or
powdered activated carbon (PA[BB, 89] AC has been used for potable water treatment since
1862, ancperfornms well atremovng a wide variety of contamants[90, 91] The sorption
capacity of AC has been reportiedeach up td20 and 290 mg/g for PFOA and PFOS
respectively{72]. It is generally agreed that AC is effective at removorgy-chain PFAS while
showing poor performance for shechaincompoundg72, 92, 93] AC performance islso

greatly reducedbr waters withpresence of other organic contaminants or natural organic matter
(NOM) [72, 94] Some studies have alBadsuccess istabilizing PFAS in the sub surface with
AC both at the lab and field scal®5-97]. Although AC is not the most efficient adsorbent, it is

cost effedve comparedo otheroptionsand already widely implemented in many water
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treatment scenaridg66]. Both GAC and PAC have been successfuiplemented inWWTPs
andshownpromising removaperformancdor long-chain PFAS compound88-104].
Generally specific surface are&6A) and hydropholaity arethetwo main properties for the

efficient removal of PFAS by AC.

16  Biochar Production, HistoryQualities,and Use inWater Treatment.

Similar to AC, hochar is defined by thimternational Biochar Initiativas a solid material

obtained from the thermochemical conversion of biomass axagenlimited environment

[105].

Biochar is deemed as the precurgbactivated carbon (AC) in that both can be derived from
similar materials (AC can also be made from coal), but biochar is generally produced at lower
pyrolysis temperatures (normally less than 1,000 °C). However, there are some types of AC
made at lowepyrolysis temperatures, and many ACs have been known to be made from
feedstocks such as coconut and palm sk, 107] Therefore, a clear definition separating
biochars from ACs has not yet been reached. Herein, the carbonaceous material produced from
biomass under oxygeinee (N2) conditions will be referred to as biochar in this thesis.

Biochar isalsoproduced aturally by wildfires, but evidence of anthropogenic biochar
productiondates to over 2,000 years ago with links to tribes in the Amazon River[b@8in

1100 These amazon soils known as Terr aerdr et a,
derived from slash and burn activiti¢$08-112]. For most of its known existence, biochar has

been used primarily as a soil amendmedaog to itshigh surface area, increased biomass
production, andability to increase nutrient and wateolding capacity109, 113] Areas of Asia,

specifically Japan and Korea, also haveng history of bochar use as a soil amendmigii8,
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109]. During research on Terra Preta in thiel-1990s it was disovered that biochar also had

the potential to reduce atmosphericCénd in the early 2000sesearch on other biochar uses

for environmental heath begflil4]. Fast forward to present day, it has been found that biochar
has uses in water and wastewater treatment, building materials, climate change mitigation,
caibon sequestratioms well asmany other environmental usit arestill beingexplored[109,
115,116]. Although biochars historical use in water treatment is short lived it has proven
successful in removing heavy metals, organic and inorganic contaminants, nitrogen, phosphorus,

pesticides, and antibioti¢$17-122].

Biochar hagicher surface functional groups than Adiie to thdower pyrolysis temperatures
duringproduction[123, 124] A lower pyrolysis temperature coupled with the waste derived
feedstocks iherently makes biochar more caftective, tunable, and energfficient compared

to AC. For example, the energy demand, average greenhouse gas emission, and price tag
between biochar and AC areported a6.1 vs. 97 MJ/kg, 0.9 vs. 6.6 kg €6€g/kg, ands350
1,200tonnevs. $1,1001,700tonne respectivel\j89, 125] Furthermore, biochar has also shown
to offer carbon sequestration and energy production benefits during pyrotymsigared to AC
[89]. Additionally, biochar sorptive removal of PFAS is expected to be promising, due to high
SSA, richfunctional groups, hydrophobicity, and tunable surface functiondlitégjsBiochar

also converts wastes from agriculture and forestry into useful materials, creating a circular
economyandkeeping the biochar producti@ost low All these benefits clearly suggest biochar

holds the high promise to remove PFAS from water.

1.7  Biocharfor PFASRemoval and Scope ®his Thesis

27



Recentstudieshave shown that biochderived from many feedstocksan effectivavay for the
sorptive removal oPFASfrom water[126-130]. However, these studies ladkndamental
knowledge on whanechanisméikely play a key role ilPFASsorptionwith respetto which
physicochemical properties of biochaas,well as whatnd the extent to whiatnvironmental
factorsaffectPFAS sorptiorperformance Therefore, twaasestudieswere conducted in this
thesis Study 1screened out which biochars perform better for PFAS sorptiowhiuth biochar
physicochemicapropertieanfluencethe sorptionefficiency of PFASIn total, 15 biochars
pyrolyzedin the labplus onecommercially produced biocharere used in batch sorption
experiments for PFQ®hysiochemicgbropertiesof all biochars were systematicalyalyzed
includingelementatontent pH, SSA, pore volume, pore diametlydrophdicity, surface
chargefunctionalgroups,and surfacerystallographyPFOSwas used as a representative PFAS
compoundn batchsorption experimentsStructural equation modelifl@EM) wasused to
narrow dowrwhatphysiochemical properties most influerimechars sorptioefficiency. It was
hypothesized that SSA, hydrophobicity, dadctional groups will be the key players for PFOS

sorption.

Based on th®FOSbatchsorptiondatafrom Study 1, thebiocharswith higherPFOS sorption
capacitywereusedin Study 2 with several sets of experiments. Fastreeningexperiment
containingC4-C8 PFAS compounslin acocktail solutiorwas conducted using these biochars
a relatively clean backgroundedia Theseselectedbiocharswvere also used to doC4-C8
PFASfrom water undedifferent environmentatonditions varying in pH, salt, and natural
organic matter (NOM) concentratiaripecifically, differensolution pHsconcentrations of

saltsand NOMwere investigatetb quantify biocharssorptiveperformanceunder different
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environmental conditiondJltimately, an artificial groundwater solutiomasutilized toassess
how environmental conditioreffectbiocharsperformancefor all C4-C8 PFAS It was
hypothesizedhathigh solutionpH andaddition of NOM will negatively impact biochars
sorption performance. However, salts may improve sorpligntocationsdecreasing the
effective chargand increasing PFAS aggregati@ata gathered fronthe twocasestudiesin

the thesiswill provide insights intohow to further improve biochars sorptive abilities for future
researchas well asneedednformation about biocharsorptiveefficiencyfor PFASIn real world

scenarios
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Chapter 2: Mechanistic Understanding of Perfluorooctane Sulfonate Sorption by Biochars
2.1 Abstract

Biochar hagecentlyemerged as a cesffectivesolutionto combatP FASpollution inwater, but
mechanistic understandimg which physicochemical properties of bluarsaffectPFAS
sorptiveremovalfrom waterremairs elusive. Hereinl5 biochars were pyrolyzed frot
feedstocksdorn, Douglasfir, eucalyptuspoplar, andswitchgrass) a8 pyrolysis temperatures
(500, 700, and 900°C) to investigate their rem@ffitiency andnechanismef PFOS from
water. A commercidbiochar was also included for comparisBiochar ghysiochemical
properties, including elemental composition, ghecificsurface areéSSA), porestructure
hydrophobicity, surface charge, surfacediimnal grou, and crystalline structure were
systematicallycharacterizedBatch ®rptiondatashowedthat the Douglair 900, poplar 900,
and commercial biochars remavever95% of PFOSrom water Structural equation modeling
(SEM) was used tanravelwhich biochar propertieaffectPFOS sorptioninterestingly biochar
pore diametewas identified ashe most critical factocontrollingPFOS removal, but pore
diameter/pore volumeatio, SSA pyrdysis temperature, hydrophobicity, and elemental
composition all plagdvariable roleslt has beerypothesized that biochars with small pore
diameters and largaorevolumes have a narrow yet deep pore structure that traps PFOS inside
once already sorbetksulting h an enhanced PFOS sorpti@mochars with mall pore diameter,
low nitrogen content, and higiyrolysistemperatureverefavorable for enhanced PFOS
sorption Our findingsmechanistically advance the understandihgsing biochars with

optimized properties to remove PFOS gubsibly othesimilar PFAS compoundom water
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2.2 Introduction

PFAS have beeextensivéy used ina wide spectrum géroducts suc\FFF for fire training
purposes, surfactants, paints, and adhesives since the earlyj2,38L0k9, 20]On March14"
2023, the U.S. EPA proposed setting MCLs for PFOA and PFOS at 4and/aH| for PFNA
PFHxS, PFBS, and Gen&3]. PFASremediation coss ultimately paid for by tax dollars so a
costeffective, efficient, and sustainable treatment technique for PFAS removal is ¢tithl
GAC is efficient at removing lorghain PFAS compounds, bhigh production and peration
costs in WWTPs make it an undesirable opfR8y 125] Biochar is similar to AC in that it a
low-density carbonaceous material, produced by the pyrolysis of agricultural and forestry wastes
in an oxygedimited environmentand can be thought of as a{oresor toactivatedcarbon
[132-135]. Thelower energy demand, average greenhouse gas emission, and potéitadhar
make it amore lucrative and eefrsiendlier alternativegl89, 125] Additionally, biochar sorptive
removal of PFAS is expected to be promising, due to high SSA, rich functional groups,
hydrophobicity, and tunabkurface functionalitief76]. All these benefits clearly suggest

biochar holds the highest promise to remove PFAS from water.

Recent studies back this hypothesiswing thabiochar derived from many feedstocks is an
effective tool for PFAS sorptiofi26-130]. However, these studies lack key informataiout
whatbiocharpropertiegpromote or inhibisorption efficiencyThus, he current knowledge on
which biochar types, what physicochemipebpertiesand what environmental factosffect
sorptive peformanceremain unclearThisresearckaims to provide an Hlepthinvestigation

into biochar physiochemical properties for®@%Fremoval from watelhefindingsfrom this
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study will shed light on the mechanistic understanding for the development aferestation

biochars for effective and efficient removal of PFAS from water.

2.3 Materials andMethods

2.3.1 Chemicals andReagents

Potassium perfluorooctane sulfonate (PFG$85% purity) was purchased from Matrix
Laboratories (Mount Prospect, IL). The physiochemical properties of RE@Shown in
Table 1.1. Sodium chlorideaCl) was purchased from Acros Organié€S-grade methanol
was purchased from VWR. Deionized (DI) water and Mjllivater were produced usiag

Milli -Q Ultrapure water systefarmstadt, Germany)

2.3.2 Feedstocks foBiochar Production

Five feedstocks.e.,corn cob(Zea mays)Douglasfir (Pseudotsuga menzigsieucalyptus

(Eucalyptus benthamjipoplar (poplus spp,)andswitchgrasgPanicum virgatumwere used to
producebiocharis (one commercial biochar was also included for comparison). These five
feedstocks include two grasses (corn and switchgrass), two hardwoods (eucalyptus and poplar),
and one softwood (Douglas filthough corn is not actually a grass feedstock, its properties are
more similar to grass than to wood feedstocks and will be referred to as a grass feedstock for the

remainder of studyDetailed descriptionsf feedstocks are shown Trable 2.1.
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Table 21. Basic descriptions of the 5 feedstocks used for biochar production.

Feedstock Details

Corn Cob Obtained from the Auburn University Variety Testing Program. Ears of
were shelled and ground on site at the seed station in Auburs. réizged
approximately0.5 10 mm.

Douglas Fir | Obtained from Forestconcefts Precision Feedstocks (Sample ID;

2015.04.06.01.6A.B). Douglas Fehips were processed by cascading to
mm Lab Crumblé?. Chipsizesranged 0.501.14 mm

Eucalyptus | Obtained from Forestconceps Precision Feedstocks (Sample ID;
2015.02.23.001.A). The Eucalyptus chips were processed by cascading
mm Lab Crumblet. Chipsizes ranged 0.51.14 mm

Poplar Obtained from Forestconcefts Precision Feedstocks (Sample ID;
201506.18.01.A.E). The poplar chips were rap a hammer millto pass
though mesh 3(but not mesh 60

Switchgrass | Obtained fromthe University of Tennessee Biofuels Initiative (UTE
program.

CommercialP | Rouge BiochdE was obtained from Oregon Biochapl&tions produced a
~1,000°C from softwood feedstocks and powdered from a roller mill.

a Commercidly producedbiochar was donated by Oregon Biochar Solutions.

2.3.3 BiocharProduction

Theslow pyrolysisprocess ofeedstocksvas used to produd®ochars athreetargeted
temperatures of 500, 700, and 90@f&ngan MTI 1100Xfurnace K TI Corporation Richmond,
CA). The heating gradient started at a rate of 8.5°Cfram 25°Cto 200°C, where it was held
for 30 min, allowing the furnace to purgeyamoisture and precisely reach the desired
temperature. The same rate of 8.5°C/min thasiused to reach the targeted pyrolysis
temperatures (500, 700, and 900°C) and held there for 30 min teens&and complete
pyrolysis of the feedstoskThe furnae was therooleddownto 200°C at a rate of 8.5°C/min
Then the biochawas allowed to coaddownon its ownwithin the sealed furnacé detailed
depiction of biochar productiomas showrnn Fig. 2.1 Biochar samples were stored in beakers

covered byfoil inside a desiccator. The commercial bioclanatedoy Oregon Biochar
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Solutionswas produced in an oxygen limited environmerit,800°C, buta detailed production
method vasnot provideddue to intellectual property rights. fotal, 16 biochars (15iochars
produced from 5 feedstocks at 3 pyrolysis tempera@mmdsone commercially produced biochar

were used for PFOS removal from wa@escribed below)

b

Tube Block
Fiberglass
wool

Feedstock

Steel sheet

Start Button
Heating
Indicator
Temperature Screeg
Control Panel

Figure 2.1 (a) Schematic showing thgyrolysis ofbiocharin a furnace under Ncondition.(b)
guartz tube holding thieedstockinside the furnacéor biochar production

An easy way to increassocharSSA for better PFOS sorptiasto reduce particle size. This
was done by ball milling in an MTI planetary ball mill 600 mL capacityMTI Corporation
Richmond, CA) All biochar samples were ball milled at 500 rpm for,3nhwhich10 mL of
methanol was added tbhemilling jar to facilitate particle breakup. After ball milling, biochar
was saturated with methanol and transferred to 50 mL polypropylene centrifuge tubes. The

biochar samples were then centrifuged at 9,500 rpm for 30 min, and the methanol supernatant
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was discarded. The remaining biochar/methanol slurry left over was dried for 24 h at 70°C to
ensure all methanol was evaporafBdis drying process caused coagulati@tween biochar
particles so the biochars aregmund with a pestle and mortar and stored in a desiccator for

later use.

2.3.4 DetailedCharacterization oPhysicochemicalPropertiesof theBiochars

Thephysicochemical properties of biochars, inclggdelemental composition, pH, SSA, pore
structure, hydrophobicity, surface charge, surface functional groups, and crystallinity were
systematically characterized. Briefly, elemental composition of biochars was analyzed on a
Vario MICRO, Elementar (RonkonkamNY) using the ASTM D537%21 method136]. This
analysis was performed using 12133 g of biochar, and samples were run in duplicate. The pH
of biochar suspensions (0.1 g/L) was measured on an Orion star pH meter (Thermo Fischer
Scientific Waltham, MA) irtriplicate. The nitrogen adsorption/desorption isotherms were
measured at 77 K using a micrometrics MicroActive for ASAP 2460 2.02 (Apdamn, Ashland,
Virginia) to determine biochar SSA and pore structure. The SSA was obtained according to the
BrunauerEmmettTeller (BET) equation and total pore volume was calculated4sdsiorbed
amount at a relative pressure of 0.99. Both pore size and pore size distribution were calculated
from N2 desorption via the BarrefioynerHalenda (BJH) method, assuming thidpare shapes

are cylindrical and the absorbed amount is from both physical adsorption onto the pore walls and

capillary condensation in mesopo{&87].

The contact angle of water droplets was used to assess the hydrophobicity of biochraraén a

hart Contact Angle GoniometeBiiccasunna, NJ) equipped with the DROPimage softwage (
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2.2). Biochar hydrophobicity was determohasing a modified sessile drop methad8].

Briefly, a doublesided tape was adhered to a msmape slide and a small amount (<0.005 g) of
each biochar was spread to form a thin homogeneous layer on the-sidel¢éape. Contact

angles on either side of the water droplets were measured at a contrast above 80% and a tilt of
less than 0.2°. A blankeasurement of the doukdeded tape was found to have a contact angle

of approximately90° (£2° to account for instrument error), meaning the tape was neither

hydrophobic nor hydrophilic.

a b
Wa t
aer\A

DROPIi m
o Soft war

Mi cr ocs «—Bi oc

S i~
Figure 2.2 (a) Imageof water droplebn biochar through the lens of the goniometer @madn
image of the water droplet being measured with DROPimage software.
Surface charge and patrticle sifebiochar suspension (0.1 g/L in 1 mM Na@gre measureith
aDTS1070disposabldoldedcapillary cellsona Malvern Pro Blue Zetasizer Particle size
analyzer(Malvern Panalytical Ltd, UK.). Surfacefunctional groups of biochakgere measured
ona Jaso Fouriertransform infraredRT-IR-6600 (Jasco Inc., Easton, MBpectrometeusing
the FT-IR Diffuse reflectance infrareBouriertransform(DRIFT) method. Biochar samples were
mixed withpotassium bromideKBr) at amassratio of~300:1 (KBr: biochay, and nfrared
absorbance was measured between wavenumbers 600 and 4b80astanning rate#f 4 cm/s.
After obtaining theaw data, theobtainedcurves were smoothed and zero correadgthe

Jasco Spectra Manager Program. Proto manufagtdiD (X-ray diffraction)powder
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diffraction systen{Proto ManufacturingTaylor, MI) was used to analyze the crystallographic
structure of biochar8iochar amples were prepared by spreading the fine biopbaders
uniformly across a small shallomvagnéic dish. Tre dishwas thenadhered to a magnetic holder
on the instrument for analysis. Biochar samplesascanned at a rate of 2.2°/min at 30 mA and

40 kV with 2-thetaof 10° and dwelhg time of 5 seconds.

2.3.5 BatchSorption Experimentsof PFOS byBiochars and PFO®&oncentrationAnalysis

Batch ®rption experiments wernductedo determine the removal efficiency (%) of PFOS by
the 16 biochar€Experimentsvere performed in triplicatesing50-mL polypropylene centrifuge
tubes in a totatolume of 40 mL. All stock solutions of PFOS, biochar, and NaCl were made
with Milli -Q water and stored in 1 L polypropylene bottles. For the experiment, biochar and
NaCl were diluted to 0.1 g/L and 1 mM, respectively. Biochar suspensions were sonidated an
shaken vigorously before spiking to break apart any coagulation that may have occurred. PFOS
was spiked last at@ncentration of 500 pg/L and samples were placed on an orbital shaker for
48 h(sorption equilibrium was achieved within 48 Bamples werthen centrifuged at 9,500

rpm for 30 minand 25 mL of supernatant wagpetted out byassng through 2 sequentially
stacked 0.22 um polypropylene filters to remove any excess biochar particles. The first 5 mL of
supernatant was discarded to eliminae interference of PFAS losdue to membrane filtration.
Then, 0.9 mL of supernatant was transferred to a 2 mL polypropylene microcentrifuge tube and
spiked with 0.1 mL internal standard in methanol. Final internal standard concentration was 20
Mg/l in a90% water 10% methanol solution. Samples were then vortexed and 300 puL was
transferred to a polypropylene autosampler vial. Samples were stored at 4°C until analysis

(within 2 weeks)
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PFOS concentrations the samplesvere analyzedn the Vanquish Binaryltrahigh

performance liquid chromatographyRLC), quadrupoleorbitraptandemmass spectrometer
(MS/MS; Exploris 120, ThermoScienifichased on the retention time (Randthe exact mass

of [MTH]", which was further verified via tandem MS, when needée. limit of quantification
(LOQ) of PFOS was estimated to be arouncpafts per trillion ppt). The instrument had a

delay column between pump and autosampler (HypersilGOLD, 1.9 pm, 175 A, 3 x 50 mm) to
separate any PFAS in thiguid chromatographyl(C) system and solvents from the analytes. An
Accucore RPMS, 2.6 um, 2.1 x 100 mm C18 column was used for UPLC separati®r@$
analytes. Mobile phase composition consisted of 2 mM ammonium acetedé iperformance
liquid chromatographyHPLC)-grade wateand HPLCgrade acetonitrile. Sample injection
volume was 10 pL. A constant flow of 0.2 mL/min was maintained in the column at 40 °C. The
gradient began at 20% 2 mM ammonium acetate for the first 1.8 min then to 95% at 13.4 min,
held at 95% for 0.5 min,dzk to 20% at 14.5 min, and thereguilibrated at 3.5 min. The
UPLC-HRMS/MS system was interfaced with a heated electrospray ionization source. The MS
scan range was 100000 m/z with a resolution of 60,000, standard automatic gain control
(AGC) target,70% radiofrequency (RF) lens, maximum injection time auto, with EASYun-

start on. The spray voltage was 2,200 V, ion transfer tube temperature was 250°C, vaporizer
temperature was 175 °C, and mild trapping was on. The sheath gas was 30 and aux gas 5
(arbitrary units). A targeted inclusion mass list with retention time windows was used for
comparing the standard and sample fragmentation pattern wigpa $nass tolerance. Raw
UPLC-MS/MS data was analyzed by Xcalibur 4.4, TraceFinder 5.1 EFS, and Coanpoun

Discoverer 3.2 software.
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2.3.6 StatisticalAnalyses

Linearregression models in R39], were used to unravel potentralationships between
feedstock type, pyrolysis temperature, and biochar physiochemical properties with PFOS
removal. Gathered information from these linear regression models were used to busltb6EM
determining which biochar physicochemical properéiesmost important in controlling PFOS
sorption[140]. This SEM package in R hagen widely used in ecology and natural resource
fields to explain complex causal relationships among various variddlé443], which is the
scenario in our study involving 5 feedstock types, 3 pyrolysis temperature, and diverse
physicochemical properties (section 2.4). Particularly, SEM enables us to generalize the
considered propertiend efficiency of all biochars to filter out which physiochempralperties

of biochars may affect PFOS sorption. Like other multivariable analyses, SEM works the best
when the variables of interest are normalized, so direct comparisons can be madesThis
achieved by log transforming all data, including pyrolysis temperature and PFOS removal. To
this end, biochar properties and performance can be compared using standard deviation rather
than respective units, allowing direct comparison of which pragsecarry more weights for

PFOS sorptionThreedifferent SEMswere created to find the most likely influence of sorption
between physiochemical properties, witiie best modelas discussed in deptExplanation on
PFOS removalpwestAkaike InformationCriterion (AIC) weightscore and strongest influence

from pore structure were considered when choosing the best.model
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24 Results and Discussion

24.1. PhysicochemicaPropertiesof Biochars

As expected, ibbcharwas mostly comprised afarbon, with a carbon content ranging from

74.1% éwitchgrassr00) to 95.6% (Douglas fir 900 &ble 2.2 and Fig. 2.3). Higher contents

of nitrogen were observed in biochars produced from grass feedstocks compared to soft and
hardwood feedstockp & 0.05)(Table 2.2and Fig. 2.3). It is hypothesized this increased

nitrogen content comes from the naturally higher nitrogen content of grass feedstocks compared
to wood materias. For exampleBransby et al. (1998) fourttiat switchgrass had nitrogen

contents & high as 1.26% whil®zcan et al. (2020) fourttiat poplar only had 0.65% nitrogen.
Except for the hardwood feedstocks, the hydrogen content exhibited an inverse relationship with
pyrolysis temperaturélable 2.2) [144, 145] The linear regression model analyses shothatl
therewas no consisterstatistical trend between pyrolysis temperatindfeedstock typevith

contents of otheelementge.g., S).
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Figure 2.3 Elemental composition of thésbiocharsused in this study, includinga) carbon
content (%) andb) hydrogen, nitrogen, sulfur, and oxygen contents % eror bars
represent the standard deviations from duplicate analf/seschbiocharsample

41

Nitrogen Content (%)



Table 2.2 Theproduction yieldpH, SSA pore volume, pore diametgryore diameter/pore volumatio, andcarbon (C), hydrogen
(H), nitrogen(N), and sulfur(S) contens of the 16 biochargsedin this study

Bioch | PT PY pH SSA PV PD PD/PV C H N S
OENArsaAmPE (ecya | (o6)® (mPg)° | (cniig)® | (nm)° | (miendig) | (@6) | %) | %) | (%)
Corn 500 500 | 40.8+ 7.3 | 6.82+0.03 56.7 0.117 9.18 788 83.2 3.02 1.00 0.04
Corn 700 700 | 33.8+£8.1| 6.78+0.05 112 0.119 4.00 337 86.7 1.83 0.81 0.03
Corn 900 900 | 21.8+4.4| 6.85+0.15 33.6 0.070 335 476 86.0 1.36 0.72 0.07
Douglasfir 500 | 500 | 38.1+5.3 | 5.91 £0.00 163 0.122 2.70 222 84.4 2.99 0.07 0.02
Douglasfir 700 | 700 | 27.9+9.0 | 6.00 +0.08 453 0.107 12.8 120 91.3 1.98 0.13 0.01
Douglasfir 900 | 900 24.1+ 13 | 6.09+£0.11 410 0.124 10.7 86.2 95.6 0.98 0.31 0.06
Eucalyptus 500 500 51.0+13 | 6.16 £0.01 379 0.117 8.35 713 86.6 2.94 0.10 0.01
Eucalyptus 700 700 | 34.0+5.1| 6.7 +0.07 134 0.090 7.83 86.9 90.7 1.55 0.19 0.02
Eucalyptus 900 900 | 19.9+£9.5]| 6.61 +£0.09 429 0.099 12.0 122 84.3 2.63 0.17 0.02
Poplar 500 500 | 34.8+ 16 | 6.47 +0.05 292 0.238 2.59 10.9 88.3 3.09 0.09 0.02
Poplar 700 700 27.1+ 15 | 6.51 +0.06 393 0.129 14.6 114 87.6 1.79 0.14 0.02
Poplar 900 900 | 20.9+8.8| 6.72+0.09 60.9 0.073 8.02 110 83.8 2.68 1.26 0.07
Switchgrass 50( 500 41.6+ 10 | 7.03 +0.07 121 0.087 16.6 191 83.2 2.59 1.07 0.09
Switchgrass 70( 700 | 30.8£8.9 | 7.02 + 0.04 232 0.099 18.8 190 74.1 1.53 0.72 0.06
Switchgrass 90( 900 | 22.4+8.8 | 5.92 £ 0.12 60.9 0.082 22.7 276 77.9 1.25 0.75 0.07
Commercial | 1,000 n/a 8.60+0.01| 471 0.184 8.94 485 83.0 1.71 0.27 0.17

2 Pyrolysis temperaturé Production yield® BET specific surface area (SSABJH pore volume (PVY.BJH pore diameter (PD).
pore diameter/pore volume ratio.
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Interestingly, all biochasuspensions were measunaeltralor slightly acidic except for the
commercial biochar witanunknown production metho@all milling of biocharis
hypothesized to enhan@©, exposuremaking the biochas more acidic. However, this
hypot hesis was ruled out since there was
the Douglasfir 700 biochamwith vs. without ball milling Similar pH results were reported for
other biochars produced frobouglasfir feedstock{146]. Linear regession model results
indicatedthere was no significamtifference of biochar pH witpyrolysis tenperature and

feedstock type ithis study.

SSA and pore structure of biocteeimportantproperties affectingFASsorption A biochar
with higher SSAhas more sites for PFG®rption, bubther surface features such as pore
diameter and pore volunaealso importantAs shownin Table 2.2, most biochars produced at
700°Cexhibitedthe highesSSA, which is inconsistent with the notion that higher pyrolysis
(e.g.,900°Q producesiocharswith higher SSA We speculatéhat ball milling dd not
proportinally increasehe SSA of biochar as a function of pyrolysis temperatrather
feedstock propertyT@able 2.1), pyrolysis temperature, and ball milling-determined the SSA
of biochargTable 2.2). Neverthelesswoodyfeedstock (e.g., Douglas fir and poplagenerally
producediochars witha much higheSSA,compared tdiochars produced from other

feedstockgi.e., corn cobandswitchgras$ (Table 2.2).

Biochar hydrophobicity is thought to be influenced by several factorsasiporosity, particle
size,alkalinity, pyrolysis conditions, feedstock type, O/C molar ratio, and functional groups

present[147-152]. All biochars had a contact angle greater than B@f. .4), meaning their

43



surfaces are overall hydrophobite Douglas fir biochars were significantly more hydrophobic,
while the corn biochars were sigiaidintly less hydrophobic at the p < 0.05 level. Biochars
produced at 700°C had a significantly lower contact angle than biochars produced at 500 and
900°C (p < 0.05). Overall, the hydrophobic propensity of biochar surfaces is expected to sorb
hydrophobic PARS molecules (CC backbone) via hydrophobic interactida§3].
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Figure 2.4. The ontact anglé dbo) 16biochas. A contactangle above 90° indicates
hydrophobicity. The error bars represent the standard desd@ween samples and the

number(n) indicates total effectiveneasurements.

All biochars have a point of zero charge gpdjiranging from pHi 4 (Fig. 2.5). At
environmentally relevant pH conditions (e.gl 9%, the biochars were negatively charged (&.g.,
25.0 toi 58.1 mV), indicative of electrostatic repulsions between negatively charged biochars
and anionic PFOFig. 2.5). The Douglasfir, switchgrass, andommecial biocharsvere less
negatively chargedompared ta@orn andpoplarderived biochargp < 0.05),suggesting a less

electrostatic repulsion between these three biochars with Rr@&ver, thalifferences of zeta

44



potentialamong the biochamdid notexhibita significanteffect on PFO%e.g, no significant
relationship between zeta potential and PFOS remoyet &.05). Therefore, zeta potential was
not considered in the SEM analys#milarly, feedstock typ@ndpyrolysis temperaturevere
found tohavea negligible impactnthe zeta potentiabf biochars p > 0.05), further suggesting

that zeta potential should be ruled out during the SEM analysis.
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Thesurfacefunctionalgroups of biochars after pyrolysis we@mprisedf carbon, oxygen, and
hydrogen. Similato Keiluweit et al. (2010)we found an increasing degree of condensation
across the three pyrolysis temperatures in this JtLi¥4]. Approximately 10 different
characteristic peaks were identified for the produced biockagsa.6 andTable 2.3). These 10
characteristic peaks were38503600cm'* (free O H stretching of phenolic and alcoholic

OH); 3500-3100cm' (water, Hbonded hydroxyl{OH) groups)3100-3000cm'! (Ci H

stretching of substituted of aromatic GR06-2900cm'* (asymmetric CH stretching of

aliphatic CH); 1750-1700cm'! (C=0 stretching of ketones and carboxylic acid600-1550

cmt (C=Cand C-O stretching oftarboxyliccarbor); 13501100cm' (O-H a nQH: U

bending); 1257 ch (C-O-C groups and aryl ether€)3501100cm' ! (Ci Oi C symmetric stretch

in ester groups of cellulose and hemicellulose); and 83 cm? (various types of substituted

C-H bending)[154-157]. More importantly, biochargroduced at lowpyrolysis temperatures,
particularly at 500°Cretained most of these functional groips. 2.6 andTable 2.3). Only

two characteristic peaks weidentified on the surfaces of the commercial biochar at 1584 cm
(C=C stretching of aromatic componentsl&=0 stretching of conjugated ketones and chinons)
and 1212 ci (C-O stretching of alkyl aryl ethef)155, 156] (Fig. 2.6). This could be due to the
high pyrolysis temperature (1,000°C) for producing the commercial bid8leahars negative
surface barge can be attributed to surface functional groups. Specifically, phenolic and
carboxylic groups on the biochars surface are regarded as major contributors responsible for the
negative surface charges of biochars observed in this thesis. Carboxylicrfahgtoups are the

dominant functional groups on biochars surf@icable 2.3 and Fig 2.6)
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Table 2.3. Surface functional groups of biochars determined by the Fetwaiesform infrared
(FT-IR) spectroscopy analysis.

Wavenumber Characteristic Functionality Structure
(cm'd) Vibration
3650-3600 ofrekd alcoholic and phenoligOH,
stretching not hydrogen bondegd 54, O—H
158]
35003100 | phenolicH-bonded | water, Hbonded hydroxyl{ "

hydroxyl-OH OH) groupg154, 158]
3100-3000 | substituted aromatig [154, 159] @
C
30002900 symmetric GH aliphatic CH [154, 160] CHs
stretching */
1750-1700 C=0 stretching | mainly carboxyl with traces of o
aldehydes, ketones, and estg
[154, 161163]
R R
1600-1550 C=0and C=C C=0and C=Cstretching of o
stretching carboxylic[155, 156] Ll
R/ \OH
1500-1250 U-C-H2 bending alphatic-CHs deformations o
[158, 164] H—C—H
13561100 N-H bending N-H stretching of amine H
groups[86] —
\H
13501100 C-O-C symmetric | C-O stretching of estefd55,
C—O0—cC
esters 156]
881-683 C-H deformation aeromatic CH oubf-plane
deformation and less H—o0

substituted rings at lower

wavenumber§l65, 166]
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Figure 2.6. Fouriertransform infrared (FIR) spectraof the 16biochas. Triplicate experiments
were conducted for each biochar sample.

The XRD spectra showetat five different peaks were identified for the 16 biochkig.2.7).
The first peak around 9° is negsentative of oxygen atoms that may intercalate into interlayer
space, which is bonded to the graphite planar surface during the pyrolysis p16césa wide
peak near 25° is indicative of tridymite and graphitic plate#&8]. Peaks on the downslope of

the broad tridymite graphitic peakgi2 8 A) r epresent the (0, O,

49

2)



structure and the last broad peak at 45° signifies-shnged order in graphene oxide layers
[167, 169] Overall, the intensity of the broad peak around 45° (grap#idtelets and short
ranged order in graphene oxide layensreasd asthe pyrolysis temperature/asincreasd
(Fig. 2.7). This suggests that the carbonacesinscture in biocha&beamemoreorderedat

higherpyrolysis temperatuse
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Figure 2.7.X-ray diffraction (XRD) spectraf the 16 biochars used in this studyith

increasing pyrolysis temperatuifeofn 500 to 900°C), the aromatic carbon became more
ordered, which is reflected by the increased intensity at higher pyrolysis tempsrature
Overall, different feedstocks and pyrolysis temperatures tended to produce a wide variety of
biochars with different physicochemical properties. All biochars were ricarimon (74.1

95.6%), but nitrogen content in gradsrived biochars erehigher than that of biochars derived
from woody feedstock§Table 2.2). The pH of biochars was neutral or slightly acidic, while the
commercial biochar was alkalii€able 2.2). SSAis a function of pyrolysis temperature,
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feedstock properties, and ball milling but woody feedstocks produce biochars with higher SSA
than grass feedstocks. All produced biochars were hydrophobic, with corn feedstocks producing
the biochars with the lowebkydrophobicity while Douglas fir biochars having the greatest
hydrophobicity. Surface charge of biochars ranged fir@dm0 toi 58.1 mV at environmentally
relevant pH conditions, suggesting electrostatic repulsions between biochars and PFOS. All
biochars shred similar characteristic peaks based ofifE&nd XRD spectra, while peak

intensitiesare reduceas a function of pyrolysis temperatures.

|l ncreasing Pyrol

@ @& B

Figure 2.8 Proposed schematic showihgw increasing pyrolysis temperatwaféects the
ordering of carbon and graphite shestthebiochas.

2.4.2. PFOSsorption byBiochars

Batch sorption experiments were used to investigate the removal efficiency (%) of PFOS by the
16 biocharsThe Dougasfir 900, poplar 900, andommercial biochars remode*95% ofthe

added 500 pg/IPFOS from solutiofFig. 2.9). The linear regression model analyses showed

that pyrolysis temperature was a significant factor for PFOS renfemaéxample,dr every
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1°C increase ithepyrolysis temperature, we found a 0.052% (£0%5%5% CI) increase in
PFOS removalf(< 0.05; ¢ = 0.29). Howeverbiochar produced at oqgrolysis temperature did
not significantly outperform another terms of PFOS removal atigere was not one feedstock
typethat systematicallputperforned other feedstock types for PFOS removal. Whibehars
derived from woog feedstockst 900°Cdid perform significantlybetter tharother biochars,

removing 28.24% (+13.99%; 95% CI) more PFOS than other biochars in this gt@yQ5; ¢

= 0.59) Fig. 2.9).
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Figure 2.9. PFOS removafficiency (%)by the 16 biochars Experimentakconditiors include
500 pg/L PFOS, 100 pg/L biochaand 1 mM NaCl. Therror bars represent the standard
deviations among triplicate experiments

2.4.3 PFOSSorption Mechanisms
Biochar properties vargignificanty due to theliversity of their respectivéeedstock and
pyrolysis temperaturesjaking trend analysifficult. The corn 900 biochar was found to be an

extreme outlier in several physiochemical properties analyzgd &SA, pore diameter, pore

volume, and pore diameter/pore volume ratio) and poplar 500 biochar was also an extreme
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outlier with respect to pore volume and pore diameter/pore volume ratio, so both biochars were
removed from the dataset before SEM consimacRemoving these two biochars allowed for
better trend analyses among dependent variables (e.g., when corn 900 and poplar 500 were
removed, thercomparing PFOS removal to pore diameter/pore volume ratio was increased

from 0.12 to 0.27).

Feedstock tge and pyrolysis temperature are two independent variables in this study, meaning
that the selection of a given feedstock at a pyrolysis temperature dictates the outcome of all other
dependent variables (e.g., physicochemical properties like SSA, hydraphand thus PFOS
removal ability) However, categorical variables would not have worked in this SEM due to the
small sample size, so feedstock type aias removed from the model constructi@iven that

pyrolysis temperature is an independent vaeaibldoes not have a direct impact on PFOS

removal. Rather, itaffectsthe individual biochar propertieghich in turn affecPFOSsorption

A path coefficient connecting pyrolysis temperature and PFOS removal enables us to capture the
unexplained varidbs in the model (e.g., zeta potential and pH), which helps us to explain the

holistic influence of pyrolysis temperature on PFOS removal, as showig.i.10.
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