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Abstract

Disposal of mercury (Hg) containing products related to industrial activigiesedo large

scale watershed contamination across the globe, posingdongisks to human health due

to its persistent properties. Hg in terrestrial systems canter guatic systems directly
through soil erosioand sediment resuspension, and indirectly through reductive dissolution
of manganese (Mn) and iron (Fe) oxides, desorption from clays and other minerals, and
breakdown of soil organic matter. Hg is transformed methylmercury (MeHg), a well

known neurotoxin that accumulates through the food chain, mainly by microbially driven
processes under anoxic conditions. Remediation of Hg in riverine environments is
challenging due to dynamic redox oscillations causeiftblogling and drainage which

influence Hg mobility and bioavailability. Mercury sulfate (Hg$@as used by a textile

plant in Waynesboro, VA between 192050s, ands a result of inadvertent discharge
elevated Hg concentratiohgave beembservedn the South River watershed since 1970

long after cessation of HgS@se. Biochars have been proposed for use in reactive capping
mats or as soil amendments fioisitu Hg stabilization Studies evaluating the effectiveness

of biochar for stabilizing Hg focushahe effectiveness under fulbaturated conditions, but
how treatment systems respond to more environmentally relevant conditions, such as drying

and rewettingis lessstudied

This dissertatiorevaluates selected biochars for $tgbilizationin river bank sediments
and floodplain soils collected along the South River using laboratmlg experiments

under conditions relevant to riverine environments, including flooding and drainage, fully
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saturated anoxic, and drying and rewetting conditions. Roahbrsselected for study were:
hardwood biochar (OAK), sulfurizeldardwood biochar (MOAK)andbiochar prepared

from ethanol refinery byroducts, including distillergrains (DIS), anaerobic digestate
(DIG), and a mixture of digestate and distilleggins (75G25S). OAK was evaluattxt
potential applicatiomsareactive capping mat as well as a soil amendment, and the other

biochars were evaluated as soil amendments.

To evaluatéDAK as a reactive capping mat which intercepts flow paths under fig@afid
drainage conditionghetreatment systermonsisted ofwo sets of modified humiditgell
experiment®perated fod00 weekly cycles. The weekly cycles started with dry air, water
saturated air, anderefollowed by an aqueous leachday 7 of eaclweek. Each set
contained a souramlumnand a treatment column. Source columns contained river bank
sediment and floodplain soil collecttdm different locationglong the South River.
Treatment columns contained 50% v/v OAK anuarreactivequartz sand. South River water
(SRW)was used as input solution for the source column containing river bank sedintent,
acidic rain water (ARW) wasusedasaninput solutionfor the source colummontaining
floodplain soil. leachates collected frothe source columns were used input solutions for
thetreatment columns. More than 80% Hgsketained in the treatment columns with
limited formationof MeHg in bothaqueous and solid phases. Results of micrayX
fluorescence mapping {RF) indicateHg reained on OAKco-occurredwith Si, S, Fe and
Cuwithin thebiochar porous structure. Results of #ge Xray absorption near edge
structure (XANESHhnNalyses indicatlwer fractions of sulfoxide for OAK in treatment

systems tham untreated OAK. Theseyschrotronbased analyses indicate titg
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accumulation iIrDAK when useds a reactive capping mat under flooding and drainage
conditiors can beattribuedto reentionof the Hg agarticulates in the biochar porous

structure as well as formtion ofcompkexes with Gcontaining functionalities on the biochar.

OAK and MOAK were evaluated as soil amendments in a floodplainsdéranoxic
saturated conditionssing laboratoryscale microcosm experimeritdlowed bydrying and
rewettingof the biocharamened systems. Floodplain soilasmixed with or without
biochars and equilibrated with SRimderanoxicconditionsfor up to 200 d, and solid
materialscollected aselected reaction intervals were drigteroxic conditionsfor 90 d
and rewetunderanoxicconditionsfor an additional 90 d. Limited Hg removal was observed
in OAK-amended systems. Addition of MOAK enhanced Hg remordEranoxic
conditionswithout promoting MeHg production. After drying and rewetting, Hg in GAK
amended systemgasremobilized likely due toassocidabn with dissolved organic carbon
(DOC), while Hg in MOAkamended systems remairgdow concentrations. Increases in
solid MeHg cowentrationsoupled with increases afueousdvin, Fe, S@* and HS
concentrations in MOAKamended systems were observed. 16s RNA pyrosequencing
analysis suggests shiftsHg mehylating communiy compositiortoward sulfusreducing
bacteria (SRB). Drying and rewettiadfers thestructure of thenicrobialcommunity
therefore generag conditions favarablefor MeHg production in MOAKamended

systems.

DIG, DIS, and 75G25S were evaluated as alternative soil amendments in floedplain
following the same experimental protocsied to evaluatd AK and MOAK as soil

amendrents. Addition of digestatbased biochar (DIG and 75G238)lto greater Hg
viii



uptakeand lower MeHg concentrations than the addition of DIS. After drying and rewetting,
increases in DOC concentrations were observed in digdstatiearamended systems, wall
concentrations of Hg remainatllow concentrations, suggesting Hg in digestzdsed

biochars vaslesslikely affected by the release of DOConcentrations of MeHg in these
biocharamended systems remairegdow concentrations, and solid MeHg conterats 50%
lower after drying and rewetting thamderinitial anoxic conditionsThese experiments
suggest thatigestatebased biocharcanpotentialy be usal assoil amendment in fully
saturated anoxic environments with limited imgdicam drying and rewttingon the system

performance

MOAK and DIG were further evaluated as soil amendments under pewnetting and
drying conditions due to their greateontrol ofHg underanoxicconditions The periodic
wetting and dryingonditions were mimicked using a modified humietigil experiment.
Eachwetting and dryingycle contained a wetting, leaching and drainage period, and a total
of tencycles vasconducted. In wetting periods, SRWasadded andhe system was
allowed tostagnde for 14 d, andhendrained by gravitygluringleaching periods,feer which
solid materials were dried before the next wetting period. An paripdof elevated
leachateconcentrations of Hg, MeHg, DOC andMn, wasobserved irthe soil control aml
biocharamended systems. Limited Hg removal (up to 57%8abserved irthebiochar
amended systems at steady state. Minimal MeHg (<0.6%hgvéisobserved irsoil control
and DIGamended systems, while MeHg concentrations were up to 158 imgthe MOAK -
amended system during the early flush. THg and MeHg concentrations in the early flush

werepositively correlated with DOC and Mn concentrations. Concentrations 8f SO
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increased with decreases in pH and alkalinity in the M&&kended systenmitial release

of elevatedSQx*) wasobserved in the DIG@mended system. S-&dge XANESspectra
indicatepolysulfur isthe predominan formin the biocharamended systems. Results of 16s
rRNA pyrosequencing suggebke microbial community in th&1OAK -amended system
shifted toward sulfur oxidizey while the microbial community in the DI@amended system
wassimilar tothe soil control. Thegreaterabundanceof sulfur oxidizesin the MOAK-
amended system suggest MOAK is more available for microbgalnisms to promote

microbialy-driven oxidation under periodigetting and dryingonditions.

Results of this study suggest that Hg removal under conditions relevant to riverine
environment depends on application methods, biochar propertidscgsbdremical
conditions.Biochars may be used as reactive material embeddgzbiextiledor river bank
stabilization and as soil amendmemygnamic oscillationsepresentative aiverine
environments indirectlinfluencesthe effectiveness of Hg removal dmay result in
unintended consequences. Careful characterization of biochar properties and local

environments areecommended prior timplementing largescalebiocharapplications.
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Chapterll nt roducti on

1.1 Mercury Contamination at the Global Scale

Mercury (Hg) contaminatiorelated to human activitidsas beemgloballydocumented
(Kocman et al., 2013Mining Hg deposits has been reported as early as 3000 years ago in
the Peruvian Andes, followed by the world's EgdHg mining district in Spain, Almaah,

which operated more than 2000 years ago (Cooke et al.; Gz@@et al., 2004 Hg

emissions were primarily related to volatilization from natural Hg deposits prior to the
industrial revolutionAfter the industrial revolution, Hg release increahdeamatically

mainly due tothewidespread use d¢ig-containing products in industrial activitiesausing
contamination in air, soil and water bodies (Table (Hbrowitz et al., 2014; Kocman et al.,
2013,2017% Streets et al., 20).70nly 30% of the cumulative total Hg released after the
industrial rewlution hasdirectly entered the atmosphere, whereas the remaining 7% ha
entered terrestrial and aquatic systems (Fig.(Sttgets et al., 201.7pn an annual basis,

only 42% of the rele@sfrom historical contaminated sites had entered the atmosphere
through volatilization, while the majority directly erd@quatic systems, creating loteym
catchmensscale contamination mainly through hydrological events (Kockman et al., 2013).
Artisanal and smatkcale gold mining has been identified as the primary source of Hg in
aguatic systems, followed by disposal of-etintaining productéAdler Miserendino et al.,
2018;Kockman et al., 2017 After 1970, atmospheric Hg release declined by phasindig

in commercial products, howevétg releaselerived from historical contaminated sites
terrestrial and aquatic systems has remained ele(dtedwitz et al., 2014Streets et al.,

2017)



In North America, Hg contamination related to dispo$al@-containing products from
industrial activities resudtin elevated concentrations of Hg in river water, soil, and fish
tissues in numerous watersheds. For example, at a f@repartment of Energyuclear
weapons plant in Oak Ridg@ N, USA) 100metiic tons ofHg were released to the East
Fork Poplar Creek, resulting in up to 2500 pgHg in river water and up to 3000 pg n
floodplain soils downstream of the site (Turner and Southworth, 1999). Hg was extensively
used in largescale historical Aunining in California before 1960, resulting in elevated
filtered total Hg concentrations (up to 8000 n¢) bssociated with colloidal Hg8
downstream stream waj@ndMeHg/Hg in invertebrates collected in the watersivede
>50% (Alpers et al., 2005_owry et al., 200% HgSQ was discharged into the South River
(VA, USA) by a textile plant from 19265950s resulting inelevated Hgn downstream
sediments, floodplain soils, stream water, shallow groundwater, and fish tissues (Carter,
1977; Flanderstal., 2010; Lazareva et al., 2019)chAlor-alkali plantin Arvida (Québe¢
Canada}ischarged 300 metric tons of Hgttee Saguenay Fjor¢Québec, Canajldetween
1947and1976, resulting in 120 metric tons of Hg in surrounding gMiscci et al., 2015).
More than 60 pg t of Hg has been observénthe Gossan Creek (New Brunswick, Canada)
due to dscharge of a shallow groundwater plume derived fgmhd mine tailings (Al et al.,
2006).A chlor-alkali plantin Dryden (Ontario, Canadagleasd 9 tol1l metic tons of Hg
between 1963970into the English Wabigoon RivéOntariq Canada), and elevated Hg has
been observed in fish tissues between 1BFD0 which potentially posaisks to human

health(Neff et al., 2012; Takaoka et al., 2014).



It is importar to control Hg release from historical contamatigites as well as suppress
MeHg production, howevenaditional soil remediation technologiesght not be adaptable
for riverine environments, the focus of this theBist. exampleit is difficult to goply
physicalseparatioomethodsatthe watershed scale, becaubggical extractions usually
applied only ahighly localized sitegAkcil et al., 2014; Hempel and Thoeming, 19999il
washing, combined with physical extractions baen globally appdid atpilot or smaltfield
scales (Dermont et al., 2008 Addition of strong chemicals, such as ioding, DTA, nitric
acid (HNQ), aqua regia, hydrochlaracid (HCI), and sodium hydroxide (NaOHégmove
Hg from soilbutalter soil propertiesn many casesausng unintended contaminatig@kcil
et al., 2014; Mulligan et al., 2001; Wang et al., 20TRermal desorption removes Hg from
the solid matrix as volatile phasashightemperatureandgaseousvaste are usudy
treatedn a secondary treatment plant, whiskexpensive to operate at fiebgalegMulligan

et al., 2001; Wang et al., 2012)

Increasecffortsto improve remediatiotechniquegor Hg have been undertakenltwer
cossk and environmental risk#n situ stabilization/immobilization hegrowndue to the
potential fordecreased costs anglvegetatior{Dermont et al., 2008 Application ofin situ
sorbent amendmesinay reduce transport and biouptake with limited destruction of the
natural systems (Gksb 2011). This thesis focuses on evaluaitingjtu Hg stabilization
approaches in riverine environmentsth an overalto propose sustainable remediation

options for largescale application in riverine environments.



1.2 Background on HgBiogeochemistry

Hg is classified as a chalcophile element and occurs in three different oxidatiofHstigs
Hg(l) and Hg(ll) as well as organomercury in natural environments. Hg(0), highly volatile
and insoluble at room temperature, is the dominanbvsgpimeric form of Hg (Fitzgerald and
Lamborg, 2013). Hg(l) is not common because Hg(l) easily converts to Hg(0) and Hg(ll)

depending on prevailing redox conditions.

Hg(ll) is the most common oxidation state of Hg in natural environsnkatge Hg(ll)
depodts areusuallycomprisedot i nna-H@8) (&nd me-Hgs)x Ih agnatich a r
systemsHg(ll) tends toform neutral (e.g., HgS Hg(SH)}?, HgS®) andchargedanionic
aqueouspecies (e.g., Hgl", HgS?, HgSH™ and Hg(S)H?) with Sthat are deperatit on
pH and concentration of total sulfidesaqueous solutio(Drott et al., 2013; Jay et al.,

2000) In addition to total sulfides, Hg(ll) forms complexes with reduced S gliaups
dissolved organic mattée.g., HQ(NOMRSY)) (Liem-Nguyen et al.2017) In the absence of
strong ligands, Hg(ll) hydroxide complexesgie Hg(OH}» and HgOH) are common in fresh
water, and the Hg(ll) chloride complexes (e.g., Hgid HgCl?) are expected to occur at

low pH and in high chloride systerflRavichandran2004)

Methylmercury (Még), one of the most studied organomercury compounds, is a
neurotoxin that accumulates through the food chain (Mergler et al., 200i®)tregsformed
into MeHg mainly througlpassive biouptaki aroxic environmentgFleming etal., 2006;
Gilmour et al., 2013a; HsKim et al., 2013) Microbial communities such as sulfate
reducing bacteria (SRB), irereducing bacteria (FeRB), methanogens, syntrophic

acetogenic, and fermentaxsntain potential Hg methylato(Bravo et al., 2018Fleming et
4
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al., 2006; Gilmour et al., 2013Bamelin et al., 2011 SRB are the most studied methylating
communities in freshwater systeif@ilmour et al., 1992)FeRB may methylate Hg at a
similar rate as SRBFleming et al., 2006)Recently, methanogeasd FeRB have been
observed to contribute more MeHg production than SRB in boreal lake enviror{B&avs

et al., 2018)

Bioavailability of neutrally charged Hy$creases as particle size and structural order
decrease. Changes in total sulfides andaiv®d organic carbon (DOC) concentrations affect
Hg-S-DOM equilibria, indirectly influencing Hg bioavailabiliffBenoit et al., 1999; Graham
et al.,2012,2017; LiemNguyen et al., 2017; Slowey, 201Qpw sulfide conditions favour
formation of neutrallcharged Hg% which is positively correlated with MeHg formation
(Benoit et al.;1999,2001) Increases ilDOC concentrationandaromaticityunder
sulfidogenic conditionenhance Hg bioavailability bprmingp oor I 'y c#HHgSst al | i ne
nanoparticlegGraham et al., 2012017) In systems with both sulfide and organic matter,
polysulfur, one of the primary intermediate species for sulfide oxidation, may attach to
organic matter to form sulfurized organic maf@raham et al., 2017; Sieey, 2010) which
reacts with Hg to fornmeutrally charged Hghiol-DOM complexes (HQ(NOMRS)Y) that are

highly bioavailabldGraham et al., 2017; LiefNguyen et al., 2017)

1.3Mercury Cycling in Riverine Environments

Hg derived from historical industrialtescancontinuously contaminate watersheds,
resulting in elevated Hg contents that persist in downstream riverbank sediments, floodplain

soils, and, in some cases, estuarine environnfahts al., 2006 Brooks and Southworth



2011; Eggleston 200%landes et al., 2010Horvat et al., 1999;azareva et al., 2019;

Turner and Southworth, 1999) addition to large spatial distribution across watersheds, Hg
accumulates in discontinuous soil horizons along riverbanks (Fig indajly associated

with layersrich in soil organic matte(SOM), Fe/Mnoxides,clay mineralsand sulfides
(Hesterberg et al., 2001; Kim et al., 2004; Lazareva et al., 2019; Lowry et al. N&0deau

et al., 2015Rimondi et al., 2014; Skyllberg et al., 200Becent studies demonrate Hg
associated with SOM can convertanoparticulat®-HgS (Manceau et al., 2015). These
nanoparticles can becommeobile during flooding events arniighly bioavailable to

methylating communities (Hofacker et al., 2013; Graham et al., 2012; Poulin2&1).

Transport and transformation of Hg in riparian soilssrengly influenced by the
dynamicnature ofhydrological and biogeochemigaiocesse riverine environments. Hg
previouslydeposited in surface soitsin directly entewater columns throughiverbank
erosion surface water rwoff, andturbidity flows, while Hg deposited in channel margins
can enter water bodies through riverbank failure, disturbance of sediment, diffusion, and
surface water/groundwatateractions (Fig. 1.28) (Babiarz et al., 2012; Eggleston, 2009;
Gibson et al., 2011; Mucci et al., 201Extended flooding in riverine environments can lead
to anoxic conditions that stimulate anaerobic oxidation of organic matter (E4). Udder
these conditiong;ig in riparian soilscanindirectly entethewater columrthroughreductive
dissolution of Hgbearing FAMn oxides, degradation of soil organic matter, reductive
di ssol uti on eHgS) & a, ard releasd ol Hgea(iry mnoparticles
during flooding eventgFig. 1.2c)(Hofacker et al., 2013;azareva et al., 201®1ucci et al.,

2015; Poulin et al., 20)6Conditionsfavourablefor Mn(1V), Fe(lll), and SG@* reduction
6



and methanogenedigq. 11-4) have been reportdd beassociateavith anincrease in
MeHg production (Bravo et al., 2018; Fleming et al., 2006; Gilmour €1992,2013a;

Hamelin et al., 2011;iu et al.,2017,2018a; Poulin et al., 2016; Singer et al., 2016).
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Periodic drying and rewetting in riverine environments induce dynamic microbial stresses

and redox oscillations, which further influendg mobility and bioavailability. Rewetting

soil after longterm drought conditions rapidly increases bacterial activity and promotes DOC
production (Fierer and Schimel, 2002; lovieno and B&ath, 2008). Yu et al. (2014) observed
cumulative respiration depds on end products from the previous drying and rewetting

event, indicating microbial responses for frequent drying and rewetting may differ from a
sudden drying or a rewetting event. Drying and rewetting also can shift the taxonomic
structure of bacterimlommunities in sod, with differences observed for soils maintained
under longterm drought conditions versus those undergoing frequent drying and rewetting
events (Fierer et al., 2003; Zhou et al., 2016). Intermittent drying altersrOentrations in

the soil matrix and furthdeads taSOM oxidation/reduction reactions coupled to cycling of



soil N, Mn, Fe, and S (Fig. dac). Newly precipitated Mn(1V) and Fe(lll) oxides act as
carriers for Hg and MeHg (Dent et al., 2014; Lazareva et al., 2019).ri&¢agoling of
Mn(IV) and Fe(lll) oxides enhances release of Hg and MeHg through reductive dissolution

to aquatic systems (Lazareva et al., 2019; Poulin et al., 2016).

1.4 Removal ofHg using Biochars

Carbonaceous materials with great sorption capacities and large porous structures, such as
activated carbon, have been studied as sediment capping materials to minimize transport and
biouptake of Hg in contaminated sediments under saturated conditiorsh(@0d1;

Gilmour et al,2013b,2018). Both untreated biochars and modified biochars (e.g., sulfurized
biochars) may be used as alternative materials to activated carbon for controlling the release
and transformation of Hg due to the great affinity of blghieir surface functionalities
(GomezEyles et al., 203,3.iu et al.,2016,2018b; Park et al., 2019). Studies on applying
biochars to control Hgontaminated soils have been conducted underg$allyrated

conditions (Fig. 1.3)Kellin, 2016 Liu et al.,2017, 2018a201%; Ting et al, 2018;

O6 Connor )ewhichamay repre8eft tegediation applications in benthic zones.

Hg deposited in channel margins may be released continuously to stream water through
riverbank failure, resuspensiofhgediment in contact with stream water, and advective
transport of dissolved or colloidal Hgearing particles with interflow and groundwater
discharge (Fig. 1.2a). This Hg can be stabilized by emplacing biochar as reactive material
embedded in permeabfabrics and installed along riverbanks (Fig. 1.3). Laboratory column

experiments using biochar as a reactive media demonstrate >95% Hg removal with limited



MeHg production under saturatfidw conditions Desrochers, 201®aulson, 2014;

Peterson et al2017).

Although the abovetsdies demonstrate biochars may limit the discharge of Hg without
promoting methylation under saturated conditions, these studies may not be representative of
environments that are subject to changes in hydrological and biegeoi@l conditions as a
result of periodic flooding and drying in riverine environments (Fig. B8kers et al.

(2019 observed limited impacts aygueoudig concentrationgn biocharamended systems
as Eh values increased fre80 to 300 mV, while ineases in MeHg were observed at the
Eh window from 0 to 100 mV. Release of Hg and production of MeHg in these biochar
amended systems are positiviely correlated to concentrations of DOC ah@B®Cker et

al., 2019) Cycling of DOC, Mn, Fe, and S stemrgifrom frequent flooding and drying and
fluctuations in water levels may influence the effectiveness of biochar for Hg stabilization.
These studies suggest that applications of bidchdynamic hydrological and
biogeochemical settings require thoroughleation prior to installation of larggcale

remediation systems.

1.5 General ResearchObjectives

This study evaluasHg stabilization usin@ range obiochars under different
environmentally relevant conditionBhe hocharsinvestigatedncluded hardwood biochar
(OAK), sulfurizedhardwood biochar (MOAK), biochars prepared from 100%eswbic
digestate grains (DIG), 100% distillegrains (DIS), and a mixture of 75% anaerobic

digestate grains with 25% distillergrains(75G25SIPrevious studiesaimonstrate OAK and



MOAK have the potential for stabilizing Hg from aqueous solutions (Liu et al, 2016; 2018b).
The current study complements tiseof OAK and MOAK forin situHg stabilization under
environmentally relevant conditions. Biochars preparechfethanol refinery bproducts,
including biochars prepared from anaerobic digestate or distillers™ grains have not been
evaluated for Hg stabilization, bliochars prepared from anerobic digestate effectively
decrease concentrations oRIC*, CU**, and Nf* in aqueous solutions mainly through
surface adsorption (Lnyang et al., 2012; Ni et al., 2019). Biochars preparethésen

ethanol refinery byproducts can further provide sustainable waste management. Therefore,
biochars, including DIG, DIS,ral 75G25S, weralsoselected and evaluated for their

potential as soil amendments for stabilizing Hgboratorymicrocosms and dynamic

column experiments were conducted to evaluate the extent of Hg stabilization under
conditions that were designed to niinfong-termflooding and drainage, lorgrm fully

saturated, drying and rewetting, amttder multipledrying and rewettingycles

1.6 Site Descriptions

Contaminated floodplain soil and sediment was collected from the South River watershed
(VA, USA) (Fig. 14). The South River starts from southern Stanton passing through
Waynesboro and flowing to northern Port Republic. Hg®@s used as a catalyst in acetate
production by a textile plant in Waynesboro (VA, USA) from 192950s. Elevated
concentrations of glwere observed in the South River water, downstream soil samples,
shallow ground water and fish tissues more than 20 years after cessation of Hg use at the
textile plant (Cater, 1977; Flanders et al., 2010; Lazareva et al., 2019). Changes in river

morphobgy led to deposition of Hg in clay and silt fractions of channel margins more than
10



38 km downstream of the historical release site, with particularly high concentrations
observed close to the river edge (e.g., Lazareva et al., 2019 ofig2fftat 5.6 km

downstream). Concentrations of Hg greater than background concentratigng (3)have

also been observed further from the river edge notably witkis-year floodplain but also
extending further inland in 18gear floodplain soil§URS, 218) Frequent inundation

events and erosion of riverbanks containing this accumulated Hg have been postulated to be
the primary sources of Hg released to the South River with an estimated minimum annual
rate of 109.6 kg yedr(Eggleston, 2009; Pizzuto022; Rhoades et al., 20093otopic
measurements suggest the source of Hg along the South River is derived from direct
industrial discharge from the textile plant, but also an unknown Hg source, and mixing of

these two sourcd¥®Vashburn et al., 2017)

Concentrations of MeHg in the South River bank sediments are closely correlated to the
solid-phase organic carbon and poorly crystalline Mn and Fe oxides (Lazareva et al., 2019).
Both FeRB and SRB are the predominant microbial communities contributing to Hg
methylation in South River sediments (Liu et 2017,2018a; Paulson et al., 2016; Yu et al.,
2012). Elevated concentrations of MeHg have been observed in fish, birds and amphibians in
the watershed (e.g., Cristol et al., 2008; Bergeron et al., 20Ksakset al., 2011). Newman
et al. (2011) demonstrate greater biomagnification factors in the South River floodplains than

in the South River.
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1.7 Dissertation Contents

This dissertation consists of an introduction (Chapter 1), four chapters (Chaptersi2atio 5)
are presented in the form of manuscripts either published or prepared for submittal to peer
reviewed journalsThe goals of the four research chapters are to answer the following

guestions:

1. Can hardwood biochar (OAK) be used as a reactive cappingndat

environmentally relevant flooding and drainage conditions?

2. Can sulfurizeehardwood biochar (MOAK) enhance Hg removal when applied as a soil
amendment under lortgrm anoxiccondition® How do drying and rewetting events

affect the biochaamended ystems?

3. Canalternativebiochars, such as biochars prepared from ethanol refingpydolucts,
be applied as soil amendments? How do drying and rewetting events affect the-biochar

amended systems?

4. How do multiple wetting and drying cycles in floodplaafect Hg removal as well as

biocharamended systems?

Chapter 2 evaluates thise of hardwood bioché®AK) as a reactive mainder
environmentally relevant flooding and drainage conditions. Weekly laboreyoti
experiments (100 weeks) were conducteat started with dry air, watesaturated air, and
followed by an aqueous leach at the end of each week to simulate frequent flooding and
drainage conditions along riverbankEsch set of experiments contains a source and a
treatment column. Source coluncentain Hgcontaminated riverbank sediments and

12



floodplain soils collected along the South River. South River water (SRW) and simulated
acid rain water (ARW) were used as the aqueous leach for the source columns. Treatment
columns contained 50% v.v OAK thinonreactivequartz sand. Leachate collected from the
source columns at the end of each week were used as input solutions to the treatment

columns.

Chaptes 3 and4 evaluatalternativebiocharge.g., OAK, MOAK, DIG, DIS, and
75G25S)s soil amendmesto floodplain sod and impacts of drying and rewetting on
biocharamendedystems using laboratesgcale microcosm experimenBochars were
mixed with Hgcontaminated floodplain soil and equilibrated with SRW under anoxic
conditions with different rezion intervals up to 200 d. Aqueous samples were collected for
analysis, solid residues in reaction vessels at selected reaction intervals were dried under oxic
conditions for 90 d and then rewet under anoxic conditions for an additional 90-ed§eK
X-ray absorption near edge structure (XANES) andrRB$A pyrosequencing analyses were
conducted on solid material after the initial wetting, drying and rewetting conditions to

explain impacts of drying and rewetting on the bioelrmended systems.

Chapter ZevaluatesVlOAK and DIGfor applcation as soil amendmenisdermultiple
wetting anddrying conditionsdue to their greater Hg remowhln other biochansnder
fully-saturated anoxic conditionisaboratory dynamic column experiments containitgtal
of ten wetting and drying cycles were conducted, and each wetting and drying cycle
consisted of a :dl wetting period, followed by leaching and drying periods. SRW was added
to amended systems at the beginning of each wetting pericallaned tostagnate for 14 d.

After 14 d, leachatevasdrained from the solid matrix by gravity, and the solid was then
13



dried in air prior to the next wetting period. Solid samples collected over the experimental
duration were analyzed for S&dge XANES and 16RRNA to determine impacts of

continuously wetting and drying in the biockeanended systems.

Chapter 6 provides a summary of experimental results, contributions of the reselech to
sciencditerature descriptions of the environmental implications, andriutesearch
directions. The results of the series of experiments are compared and contrasted to provide
insight into biochar applications for situ Hg stabilization in dynamic riverine environments

and recommendations are made to guide future-sagkeapplications.
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Tablel1l.1 Commercial past and current global uses of Hg and processes (Reprinted from
Horowitz et al., Environ. Sci. Technol. 2014, 48, 1024250. Copyright (2019) American

Chemical Society.)

Category

Description

Chlor-alkali plants

Silver and large-scale gold mining
Artisanal and small-scale gold mining (ASGM)
Vinyl chloride monomer and other chemical

Paint
Lamps
Batteries
Wiring devices and industrial measuring
devices
Medical devices
Pharmaceuticals and personal care products
Dental amalgam
Dyes/ vermilion

Pesticides and fertilizer

Explosives/ weapons
Other

Electrochemical production of caustic soda and
chlorine with Hg cathode
Extraction from ore by Hg amalgamation
Hg amalgamation by individual miners
Production of chemicals with Hg catalyst, felt
hat manufacturing and laboratory uses
Hg fungicide in marine antifouling paint, interior
and exterior latex paint
All types of Hg-containing lightbulbs
(fluorescent, high intensity discharge, etc.)
Button cells and cylinders using Hg as cathode
or to prevent corrosion
Switches and relays, thermostats, barometers,
manometers
Thermometers and sphygmomanometers
(blood pressure meters)

Vaccines and medicines, soaps, cosmetics
Cauvity fillings with Hg/Ag/Sn/Cu amalgam
Pigments containing Hg compounds
Fungicides used in agriculture and pulp and
paper
Munitions, blasting caps, fireworks
Ritual, cultural, and miscellaneous uses
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Fig. 1.1 Cumulative Hg release by human atties up to 2010Reprintedirom Streets et al.,
Environ. Sci. TechnoR017, 51, 59695977. Copyright (2019) American Chemical Society.)
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Fig. 1.2 Hg release in riverine environments under different hydrological events
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Soil amendments
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Y Reactive mat Hg deposition

¥ Groundwater discharge

Fig. 1.3 Proposed appaches of biochar applications in riverine environme®édiment
capping refers topplication ofbiocharabove benthic sedimeuander fully-saturated
conditions Reactive mat refers to ajgation of biahar as reactive material installed along

riverbanks to minimize release of Hg. Soil amendments raefgkcation ofbiochars
directly in floodplainsoils.
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Fig. 1.4 South River watershed with selected ritbank sediment (0.16 km) and floodplain
soils (1.65 and 36 km) in this study.
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Chapter2Appl i cation of hardwood biochar as
stabilize mercury derived from cont amin

sedi ment s

This chapter is modified fro:

Wang, A.O., Ptacek, C.J., Blowes, D.W., Gibson, B.D., Landis, R.C., Dyer, J.A., Ma, J.,
2019. Application of hardwood biochar to stabilize mercury derived from contaminated
floodplain soil and river bank sediments as a reactive mat in flsysams. Sci. Total
Environ. 652, 540561. doi:10.1016/J.SCITOTENV.2018.10.213

Summary

Hardwood biochar (pyrolyzed at 700 °C), a potential candidate for Hg removal, has been
proposed for use as reactive capping at@ng groundwater discharge zomesiverbanks to
control release of Hg from contaminated riverbank sediments. Frequent flooding and
drainage in fluvial settings can influence the effectiveness of remediation systems in
contaminated riverbank sediments and floodplain soils. This studya¢edlthe

effectiveness of Hg removal using hardwood biochar under hydrogeochemical conditions
representative of those present within a reactive capping mat installed in a fluvial setting.
Two sets of treatment columns, containing 50% v.v biochanandeactivequartz sand,

were subjected to 100 weekly wetting/drying cycles that included dry air,-satterated air,

and drainage using leachate derived from two source columns as input solutions: 1. Passing
simulated acid rain water through floodplain sgilPassing river water through riverbank
sediment. In both treatment columns, more than 80% of the Hg was retained on the biochar
without promoting Hg methylation and the release of other unintended dissolved constituents

(including N, P, DOC). Resultsdm solid phase extraction analyses suggest that Hg
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accumulated near the air/biocksand interface (@ cm) in the treatment columns at low
loadings but was present at greater depths at higher loadings. Results of sragro X
fluorescence (}XRF) mapping ad micro Xray absorption near edge structureXfiNES)

for the biochar collected at depth@m in treatment columns suggest retention of Hg
bearing particles derived from riverbank sediment and floodplain soil within the pore
structure of the biochagulfur K-edge XANES analysiof the unused biochar and biochar
after treatment suggefstrmation of HgS complexes on the biochar surface. Based on these
results, hardwood biochar is potentially an effective media for application in reactive mats

for contolling Hg discharging from contaminated riverbank sediments.

2.1 Introduction

Mercury contamination in river water related to industrial activities has been widely
documented around the world (Carter, 1977; Kocman et al., R0dr8vay et al., 201) The

release of Hg compounds to riverine systems can result in extensive accumulations of Hg in
surrounding riverbank sediment and floodplain soils (Carter, 1977; Eggleston, 2009; Flanders
et al., 2010; Mucci et al., 201Morway et al., 2017 Under reducing conddns,

microorganisms in streams and soil pore water can methylate inorganic Hg species, such as
nanoparticulate HgS, dissolved Hg(ll), and dissolvet’Hg methylmercury (MeHg) in the
presence of organic matter, posing health risks to hsarahwildlife (Desrochers et al.,

2015; Gilmour et al., 2013a; Guedron et al., 2011; Hu et al., 2013; Liu et al,, 2118

Mosher et al., 2012; Paulson et al., 2016).
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Mercury accumulates in alluvial sediments and floodplain soils mainly by adsorption on
soil organc matter and Fe oxides (Mucci et al., 2015; Pizzuto, 2012). The release of Hg to
pore water is controlled by multiple processes, including the release of suspended particles,
release of particulate HgS, degradation of soil organic matter, reductivautissolf Hg
richFeoxi des, and reducti on o4HgShtaHP.pBabidrzet ul at e m
al., 2012; Gibson et al., 2015; Hofacker et al., 2013; Lowry et al., 2004; Mucci et al., 2015;

Poulin et al., 2016).

Frequent hydrological changesfinvial settings can result in shifts in biogeochemical
conditions, thus affecting the dynamic Hg cycle. During high runoff events, upstream soil
erosion leads to increases in the release of suspended patrticles, thus causing the
remobilization of Hg to rier water associated with clay particles (Babiarz et al., 2012).
Natural resuspension of sediments in freshwater bodies under oxic conditions can also result
in the release of Hg to river water (Gibson et al., 2015). During exténdedation
conditions, @ssolved Q originally trapped within sediment pore spaces can be rapidly
consumed by organic matter oxidation. Under these reducingtiomsgd mercury release to
porewater is controlled by rates of soil organic matter degradation and reductive dissoluti
of reactive Feoxides, among other processes (Mucci et al., 2015; Poulin et al., 2016).
Periods of extended flooding provide favourable conditions for methylation reactions at the
sedimemwater interface, mainly related to incressebacterial actiwty (Johnson et al.,

2010; Poulin et al., 201&inger et al., 2016

Recent studies an situHg stabilization focus on soil amendments for immobilizing Hg

and minimizing production of MeHg (Bundschuh et al., 2015; Gilmour et al., 2013b, 2018;
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GomezEyles et al., 2013; Li et al., 2018; Liu et al., 2017, 2018; Wang et al., 2019; Zhang et
al., 2018) Biochar, produced from natural raw organic materials with relatively large surface
areas and abundant surface functionalities, has been widely evaluated as an alternative Hg
immobilizing reagent due to its relatively lesost and potential for local avalility

(Bundschuh et al., 2015; Gilmour et al., 2018; Goifagles et al., 2013; Liu et al., 2017,

2018; Zhang et a., 2018). Studies on Hg stabilization using biochar indicate biochar can
reduce net MeHg production (Bundschuh et al., 2015; Gilmour @0418; Gomezyles et

al., 2013; Liu et al., 2017, 2018; Zhang et al., 2013) as well as control the release of Hg from

sediments (Liu et al., 2017, 2018).

Management of Hg release from riverbank sediments and floodplain soils is challenging
due to the complexity of processes controlling the release and transformation of Hg. Mercury
contamination at the watershed scale is usually distributed at isolated locations in a relatively
large catchment (Flanders et al., 20I0ject application of biochar as a kamendment at
isolated locations in a watershed scale may not be effective due to erosional losses caused by
frequent flooding and drainage in riverine environments (Gilmour et al., 2018). Installing
engineered reactive passive mats containing bioch@aative materials along riverbanks
has been proposed as a solution to retain biochar in designated locations and stabilize Hg
under saturated flow conditions (Desrochers, 2013; Paulson 2014). Theidong
effectiveness of Hg removal using reactive maigen flooding and drainage conditions is
unclear. An evaluation of the robustness of the reactive mat is essential before installing in

the field at larger scales
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Based on a previous 4®ur batch study, the hardwood biochar (pyrolyzed at 700°C) was
selected due to its relatively high surface area and abundant surface functionalities, and low
concentrations of S& and organic acids compared to agricultural residue and maasesl
biochars (Liu et al., 2015). The batsbale experiments evaluatitige hardwood biochar
also show Hg removal that is similar to the removal observed using commercial activated
carbon, but slightly less than agriculture residue biochars and maased biochars (Liu et
al., 2016). However, due to the relatively low concerdratiof SG*, DOC and acetate, the
selected hardwood biochar, is less likely to promote Hg methylation in contaminated
sediments under fully saturated static conditions (Liu et al.,&0a&8d in experiments
designed to evaluate a reactive capping matusadturated flow conditions (Desrochers,
2013; Paulson, 2014y he effectiveness of biochar to stabilize Hg in fluvial settings, where
frequent changes in hydrogeological and biogeochemical conditions basurpt been

widely evaluated.

This study evalated the longerm effectiveness of Hg removal derived from riverbank
sediment and floodplain soil using hardwood biochar as a passive reactive capping mat.
Floodplain soils and sediments were used in laboratory apparatus modified from a standard
humidity cell test method to provide the input source water for the experiment. Effluent from
the source columns was directed to humidity test cells containing treatment materials. This
configuration mimicked field weathering conditions and placement of reacedeam

representative of typical riverine systems.
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2.2 Study Site

The South River, located in the Shenandoah Valley in Virginia, starts to the south of Stanton,
pasesthroughWaynesboro, anflowsto north of Port Republic before it joins the South
Fork Shenanolah River Fig. A 1). A textile plant in Waynesboro, VA, use)SQ; as a
catalyst to manufacture acetate fiber froma&21950. In the 1970s, elevated
concentrations of Hg were observed in South River water, downstream soil samples, and fish
tissue (Cater, 1977). Bank erosion has been postulated to be the primary source of Hg
release from the alluvial sediments in the South River watershed to freshwater bodies
downstream, corresponding to an estimated minimum annual input rate of 109.6kg year
(Egglesbn, 2009; Rhoades et al., 2009). Concentrations of inorganic particulate Hg of up to
29.9 ug ¢ have been observed 16 km downstream from the historical release site (Flanders
et al., 2010). Sulfateand ironreducing bacteria present iretliverbank sedimestand

floodplain sois contribute to the net production of MgkDesiochers et al., 2015; Paulson et

al., 2016; Yu et al., 2012).

2.3 Material and Methods

2.4 Materials

Hardwood biochar, prepared from oak and maple hardwoogyantyzed at appramately
700°C, was obtained from Cowboy Charcoal LLC (Brentwood, TN, USA). The biochar was
sieved between 0&nd2 mm. Rverbark sediment (SR6) was collected from the unsaturated
zoneof the South Rivefrom a depth of 0.3 m below ground surface at atioa 0.16 km
downstreanirom the point of historical Hg relegd#oodplain soil (MOTO) was collected

from the cergr of a cutoff floodplainlocatedl.65 km downstream from the historical
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release siteHig. A 1; Table A J). The riverbank sediments andddplain soils were shipped
to the Universityof Waterloo and stored belowW@ before use. The South River water
(SRW)used in the experiment was collected upstre&the historical Hg release site on a
bimonthly basis and shipped on ice to the UnivemsitWaterloo. SRWwas stored at’€

and in dark conditions prior to utilization in the experiment. Simulated acid rain water
(ARW) was prepared by diluting a stock solution of 1 M5B and 1.14 M HNQ@to a final

pH of 4.6.

2.4.1Experimental design

The humidiy-cell-test method is a standardized laboratory procedure to evaluate the release
of metals from mine wastes using a fixamlume of aqueous leaching solution under

simulated weathering conditions (Ardau et al., 2009; ASTM, 2012; Langman et al., 2015a,b
Maest and Nordstrom., 2017; Wilson et a., 20I8e first week of the test method includes
adding three aliquots of ultrapure water to remowpimducts generated during storage.
Subsequent weekly cycles start with dry air, watgurated air at 22, and the addition of

an aliquot of ultrapure water at the end of each wiealis drained by gravity.

In this study, nmor modificationsvere madéo the standard method. Acrylic columns
were downscaled and had dimensions 0f71%.3 cm. Two source columns were packed
with contaminated sediments that were leached under cyclic wetting/drying conditiens
leachate from the source columns was collected and used as the input solution for subsequent
treatment columns that also waghjected to cyclic wetting/drying conditions (Fijl).

One source column (HMTWaspacked with MOTOSediments at the MOTO site are
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subject to acid precipitation, therefok& W was useds the input solutiofor HMT. Weekly
cycles started with @ dryair, 4 d wateisaturated airandthe addition of 125 mL ARW on

day 7 of each week. The other source column (H6S) was packed with SR6 and had SRW as
the input solutionits weekly cycle started with d dry-air, 1 d watersaturated aithen125

mL SRWaddedto the column on day 3 of daweek. SRW was held in the column for 4 d

to represent flooding conditions. On day 7, the leachate was drained by gravity and an aliquot
collected for analysis, with the remaining volume used as the input solution foedtmadnt
columns. The treatment columns were packed with 50% v/v biocharcarréactivequartz

sand and flushed with three 288 aliquots of ultrapure water during the first week to

remove fine ash on the biochar. Aliquots of leachate collected from &iMTH6S wereised

as the input solutiafor treatment humidity cedlITHC-HMT and THGHGES, respectfully

The weekly cycle for the treatment columns started with dry aif¢8 @HC-HMT and 1d

for THC-H6S), watersaturated air (4 d for THEIMT and 5 d fo THC-H6S),then100mL

of leachate from HMT or H6S on day 7. Treatment effluents were drained by gravity on day

7 and collected for analysis.

2.4.2Effluent sample collection

Effluent samples were collected in 260 Erlenmeyer flasks washed in 20% HCI. Samaple
for pH, Eh, total alkalinity, total Hg (THg), methylmercury (MeHg), cations, anions,
dissolved organic carbo®(QC), NHz-N, and PQ-P were collected using 20L
polypropylenepolyethylene sterile Luer lock syringes (Nedact, Thermo Fisher Scientific,
Burlington, ON, CanadapH and Eh werdeterminedn unfiltered samples shortly after

collection.Samples foanalysis ototal alkalinity, THg, MeHg, cations, anions, DOC, NH
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N, and P@-P were passed through-8#m diametersyringe filters with0.45um Supof
membrans (Acrodis®, VWR, Burlington, ON, Canada). Unfiltered samples were also
collected for THg and MeHg analys@s15-mL vacuum and ionized amber borosilicate

glass vials with PTFHined caps (Qorpak®, VWR, Missiasga, ON, Canada). Samples for
cation and anion analysis were collected imil5 polypropylene copolymer bottles
(Nalgene®, VWR, Mississauga, ON, Canada). Samples for DOG-N\ldnd PQ-P were
collected in 15mL amber borosilicatglass vials with PTFined capsAll samples, except

for anion samples, were acidified to pH < 2 as follosanples for THg and cations with

ACS reagent grade 15.6 N HNQT Baker®, VWR, Mississauga, ON, Canada); samples for
MeHg with ACS reagent grade 12.1 N HCI (JT Baker®, RWiississauga, ON, Canada);
and samples for DOC, NPHN, and P@QP wi t h Omni TracsSUl traE 18. 4
(MilliporeSigma, VWR, Mississauga, ON, Canada). All samples wined at < 4C before

analyses.

2.4.3Solid sample collection

After 100 subsequertycles, the treatment humidity cells (THKMT and THCH6S) were
sectioned into m intervals downward from the air/biocksand interface to the bottom of
the column in a 3.5% #balanced Mvinyl anaerobic chamber (COY, Mandel Scientific
Company, GuelphON, Canada) to avoid further oxidation. Tindid samples were frozen at
-20°C prior until further analyses. Solghase samples collected at depth6-af 2-4, 4-6,

and 68 cm from the treatment columns were used for a$iep sequential extraction
procedure, THg digestion, MeHg extraction, and-8dge Xxray absorption neadge

structure (XANES) analysi Portions of materials from2cm were used to prepare polished
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thin sections for micro Xay absorption spectroscopy-§AS) analysis. The polisiiethin
sections were prepared by mounting fredded biochar particles on 2626 mm quartz

slides with thicknesses of 30 um (Vancouver Petrographics Ltd, Vancouver, Canada).

2.4.4Analytical methods

pH wasdetermined using a combination Ross electrode (Qriodel 8156, Thermo

Scientific, Waltham, MAUSA) calibrated with standard pH buffers (Thermo Fisher

Scientific, Burlington, ON, Canada) at 7.00, 4.00, 10.01chetked against buffer 7.01

where slopes for thregoint calibrations were between 98 and #0&h was determined

using a combination platinum Ag/AgCl electrode (Orion 9678, The3mentific,
Burlington, ON, Canada) checked against ZoBe
1972) solutions. All Eh values are reported relative to the stahgdrdgen electrode.

Alkalinity (as CaC@mg L) wasanalyzed on 0.45m filtered samples at the time of

sample collection with a digital titrator using standardized 0.16804(HACH, VWR,

Mississauga, ON, Canada) and with bromocrgseén methyl red amn indicator.

Concentrations of trace elements were determined using inductively coupled plasma mass
spectroscopy (ICRMS, X Series 2, Thermo Scientific), and concentrations of major cations
were determined using inductively coupled plasma optical enisgiectrometry (IGIOES,
iICAP 6000, Thermo Scientific). Concentrations of anions were determined using ion
chromatography (DIONEX' DX600, Thermo Scientifi¢with a hydroxide eluent (lonPac
AG17 4 mmx 50, AS17 4 mmx 250) used for organic acids (lactadeetate, propionate,

and formate) and a carbonate eluent for major inorganic anions (lonPael@@9mmx 50,
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AS93-HC 4 mmx 250). DOCwasdetermined using ttal organic carbonl{OC) analyer

(TOC-LCPH/CPN, Shimadzu Scientific Instruments, Inc. Columbia, MD, USA) following

US EPA method 415.3 (US EPA, 200Bgactive phosphorus R® (orthophosphateyas

determined following the ascorbic acid method 4508 described in the Standard Methods

for Examination of Water and Waste Water (APHA, 2005). Samples faiNNWlere

neutralized with 5 N NaOH (Hach, VWR, Mississauga, ON, Canada) before analysisl NH
wasdetermined using LR Teéstf ube E vi als (Hach, VWR, Mi ssi ssa
following the salicylate method (Method 10023 from Hach DR 2800 manual) adapted from

Reardon et al. (1966).

THg in different fractionsvasdetermined using coldapouratomic fluorescence
spectroscopYCVAFS, Tekraff 2600, Tekran Instruments Corp, Scarborough, OhaGa)
following US EPA Method 1631 Revision E (US EPA, 20@)ality assurance/quality
control for THg analyses are summarized in supplementary information (Table A 2). The
arithmetic mean for the instrument detection limit was 0.19 + 0.1'ng'he recwery of
certified reference material NIST 1614 D was 97% (n> 25). The arithmetic means of the
relative percent standard deviation R45.D) for triplicate samples for 0.48n and
unfiltered THg were 10.7% and 7.82%, respectively. The recovery for make\sps

106%.

MeHgwasdetermined using an automated MeHg aredyTekraff2700, Tekran
Instruments Corp Scarborough, ON, Canada), after distillation using a temperature
controlled apparatus (Tekr&2750, Tekran Instruments Corp, Scarborough, ON, Canada

and ethylating and purging following US EPA Method 1630 (US EPA, 200&) analysis
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detects both monomethylmery (CHsHg") and dimethylmercury ((ChkHg). The
instrument detection limit was 0.02 + 0.01 n§(n=7), and distlation standard recovery

ranged fronB3-125%. Matrix spikes ranged from 1:021%.

2.4.5Calculation of Hg retained on biochar

Hg retained on biochavasestimated using the difference between concentrations of
unfiltered Hg in the input solutions and in theatment effluents, normalized to the masses

of biochar in the treatment columns

"YOIQ'QO O OEOTRD ¢ M :
0 “"Q B 0 [ ,

0 ‘'Q B 0 W :
whereMugin (Ug) is the nass of Hg loaded ale biochar Mugout (MQ) is the nass of Hg
eluted fromthe biochar Mpiocharis the nass of biochar ithetreatment ce)lCinputi (Mg LY) is
the ®ncentration of unfiltered THg itheinput solution at week Vinputi (L) is the olume
of the input solution added thetreatment celbnweek | Coutpuii (Ug L) is the
concentration of unfiltered THg ithetreatment effluenbnweek | andVoutputi (L) is the

volume of treatment effluent collected week i Missing data points were interpolated

assuming a linear relationship between two measured points.

2.4.6Characterization of particles in leachates

Unfiltered samples derived from HMT (weeks 57, 8id 111), H6S (week 57), THEMT
(weeks 52 and 82), and THEGS (weeks 40 and 50) were characterized using transmission

electron microscopy (TEMYEM samples were prepared piacing5-10 uL of unfiltered
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agueousample on standard 200 mesh Cu gridsNEMEC Inc, Montréal, QC, Canada) or
on lacey formvar/carbon coated 200 mesh Ni grids (SPi®, SPi Supplies, London, ON,
Canada). Thereparedsamples were analyzed using a Philips CM10 TEM operating at 60
KV at the University of Waterloo to obtain partidze informationwith three to nine

locations were randomly selectidt each sample.

2.4.7Solid-phase analyses

Solid-phase extractions, including a figéep sequential extraction, total Hg digestion, and
MeHg digestion were conducted on solid samples ectiéd at different depths within the
treatment humidity cells at the termination of the experiment. Duplicate extractions were
conducted on each solid sampimn-reactive giartz sand used in the treatment columns had
limited impurity and retentioriTherebre, concentrations can be corrected for the biochar

mass in each column to represent concentrations retained on the biochar.

A five-step Hg sequential extraction procedure, developed by Bloom et al. (2003), was
used to target water solublell WAT), stanach acid solubl@2; STQ, organechelated
(F3; ORQ, elementa(F4; ELE), and mercuric sulfidg=5; SUL) fractionsusing the
following extractants: Apurged Milli-Q water WAT), 0.1 M CHCOH + 0.1 M HCl at pH
2 (STO), 0.1 M KOH ORG), 12 M HNG: (ELE), and aqua regiésUL). Concentrations of
total Hg retained on the biochar were determined by digesting 0.5 g of solid material in aqua
regia for 3 d. Soligphase concentrations of MeHg were obtained by digesting 0.2 to 2 g of
solid material using 20% KGind 8 M HSQO, with an addition of 0.M CuSQ, for

distillation, with the digestate analyzed using the method described above.
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Statistical differences for the solfgthase concentrations on the biochar within each
treatment column were determined using lefigctor analyses of variance (ANOVA) at a
95% confidence levép<0.1). Differences for the THg retained on the biochar determined
using the sum of Hg extracted at each step from thesfe sequential extraction method
and concentrations of Hg obtathfom the THg digestion were anadg using twefactor
ANOVA at a 95% confidence levgb<0.1). Significant differences between the means of
measured soligphase concentration on the biochar at different depths within each treatment
column were determinaasing Fisheds least significant difference (LSD) (Montgomery,

2012).

2.4.8X-ray absorption spectroscopy (XAS)

2.4.8.1Referencematerials

Mercury reference compounds included mineral spe@mécinnabar ¢-HgS) and
corderoite (HgCl2) (Excalibur Mineral Corp., &kskill, NY, USA)as well ageagent
grade mercury compounds HgO, HgGind HgS@(SigmaAldrich, Oakville, ON, Canada)
The spectrum of metacinnab@érKlgS) was obtained from the Hephaestus utility of the
Demeter software packa@avel and Newville, 206). Eighteen S reference compounds
representing a wide range of oxidation states of S were analyabld (A 3. These
references included natural mineral specimens, pyrrhotitex{Sg 6-HgS, pentlandite
((Fe,NipSg), pyrite (Fe9), marcasite (Fe metacinnabafbfHgS), elemental S €5

NaSO; HgSO: FeSQ, NiSQs, KoSQy, and gypsum (CaS&2H20) to represent inorganic S

compounds. Organic S reference compounds included dibenzyl disuliysidine, dibenzo
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thiophene (Sigm&ldrich, Oakville, ON, Canada), tetramethylene sulfoxide (Acros
Organics, Thermo Fisher Scientific, Burlington, ON, Canada), and sodium methane sulfonate

(Alfa Aesar, Fisher Scientific, Ottawa, ON, Canada).

2.4.8.2Micro X-ray absorption spectroscopy-¥AS)

Micro X-ray absorpbn gpectroscopy (iXAS) analyss, including micro Xray fluorescence

(L-XRF) mapping and micro Xay absorption near edge structureXANES) analyss,

were conducted at beamline-II3-E at the Argonne National Laboratory, IL, USA. A feur

element silicon drifdetector (Vortex ME4, Sll Nanotechnology USA IndNorthridge, CA

USA) and a focused ion beam measuring2um were used to collect iRF maps of Hg

and other elements on the polished thin sectigtisa Hebag placed around the sample

stage to minirize radiation damage and reduce absorption by air. TR&RF maps f or Si
and S Kdéncé linas werecollected &3D eV, andthe4X RF maps for Fe KU,
KU, and Hg LU fluorescence |ines were collect

intensities of Hg were selected to collect{ANES across the S4€dge at 272 eV and

across the Hg lk-edge at 12,284 eV.

2.4.8.3X-ray absorption near edge structure (XANES)

Sulfur K-edge XANES spectra for bulk biochar samples and reference materials were
collected athe Soft xray Microcharacterization Beamline (SXRMB&{)the Canadian Light
Source (CLS, Saskatoon, SK, Canada) using a Si (111) monochromatoaddbleam,
measuring x 2 mm, was used to collect spedtndluorescence mode. Unused biochar and

biochar cdlected at the termination of the experiments were analyzed. The biochar samples
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and the reference materials were homogenized and smeared as thin films on conductive
doublesided tape on a copper sample holder. The sample holder was then mounted in a
chamker under vacuum during the analyses. Three scans were collected for each sample, and

the scans merged before normalization.

Mercury Li-edgeXANES spectra for the floodplain soil (MOTO) and the riverbank
sediment (SR6) were collected on beami0dD-B,C-PNC/XSD at the Advanced Photon
Source (Argonne National Laboratory, Lemont, IL, US&)ng a 4element Si drift detector
(Vortex®, Hitachi High Technologies Science America Inc., Chatsworth, CA, USA)

fluorescence mod@ defocused beam measuring 500,000um were used

2.4.8.4Spectra analyses
Data processing for-XANES spectra anbulk XANES spectravasperformed using

ATHENA (Ravel and Newville, 2005). hear combination fitting analysis wesnducted

foll owi ng mehédol@Qomdescri bed by Madgeeau et al
XANES spectra and XANES spectra were also decomposedeivtoas Gaussian peaks

between 2466 and489 eV following Manceau and Nagy (2012). Two arctangent steps,
representing reduced S speciedq2 eV) and ridized S species d82.5 eV), were used to
decompose spectra for reference compounds and the biochar samples. The collected spectra
for reference compounds were first decomposed into Gaussian peaks to determine the
whiteline positions indicate of different S species (Fié 2-4). Ten Gaussian peaksgble

A 4), representing sulfide minerals (2470.4, 2471.5, and 2472.3 eV), exocyclic S (2473.5

eV), heterocyclic S (2474 eV), sulfoxide (2476.1 eV), sulfite (2478.5 eV), sulfone (2480.2
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eV), sulbnate (2481.4 eV), and sulfate (2482.7 eV), were used to decompoesdde i
XANES spectra and XANES spectra for the biochar samples by constraining peak widths
within a range of 0.65 to 0.8. Fitting qualities were estimated using a normsdjmade sum
(NSS)method described by ManceandNagy (2012):
0°YYB™QQ6 ¢1 dwa (BEEA ad 0a.QaQQ

The area under a Gaussian peak for a given S species is proportional to the number of
vacancies in 3p transitions, and thus increases with tiodstate (Waldo et al., 1991).
Scaling factorsKig. A 5; Table A 4, estimated by normalizing the area under each Gaussian
peak to the area under theuSsian peak of elemental S d{72 eV, were used to account for
the changes in absorption cregxton and quantify fractions in each species following

Manceau and Nagy (2012).

2.5Reallts and Discussion

2.5.10verview of riverbank sediment and floodplain soil

Both SR6 and MOTO are abundant in Al, Fe, soil organic matter, and clay minerals with
relatively low Scontents (<40Qug g?) (Table A 1). SR6 and MOTO are figgained and
classified as silty loam based tive USDA solil texture triangle (Soil Survey Division Staff.,
1993). Hg Li-edge Xray absorption neaedge structure (XANES) analggievealed thatig

is mainly present as metacinnabaHgS), cinnabarl¢HgS) and Hg sorbed on goethite

(Fig. A 6).
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2.5.20verview of hardwood biochar

Characterization of the hardwood biochar was conducted in previous studies (Liu et al., 2015,
2018). The hardwood biochar mbirtontained C (99.9%) with lessemaunts of Ca (200

ug gb) and K (B00 pg gb). The surface area of the hardwood biochar is 6§ mThe most
abundant functional groups on the hardwood biochar were hydroxyl, aliphatic, and

carboxylic groups.

2.5.3Chemical composition of input solutions

Leachates derived from humidity cells containing floodplain soil (HMT) and riverbank
sediment (H6Shadvarying composition over the 16@eek duration of the experiment
(Table2.1). Leachates derived from HMT and H6S hadegelty consistent concentrations

of DOC, dissolved anions (CNQOs, SO%), major cations (Na, Mg, Si, and K), and other
trace elements with minor fluctuations. Slightly different values for pH, alkalwuity,
concentrations of Al and Ca were observedthe leachates derived from HMT and H6S,
mainly due tahedifferent input solutions used for these source colufablé2.1). Results

of TEM analyss indicate that leachate derived from HMT and H6S contained aggregates of
nanascale particlesHig. A 7), whichis consistent with the mobilization of Hg through the
release of colloidal particles from flooded riverine soil (Hofacker et al., 2013; Lowry et al.,

2004; Poulin et al., 2016).

The unfiltered éachates derived from HMT and H6S contained elevaiadentrations of
THg that varied over the duration of the experiment.(ER). Effluent concentrations of
unfiltered THg derived from HMT ranged from 11,800 to 55,300 ig\erthe 100-week

experimental periadUnfiltered dfluent concentrations of THgerived from H6S varied from
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1500 to 14,600 ng L with a mean value ofé®0 ng L* fromweeks 1 to 63beforerapidly
increagng to 36,800 ng ! at week 84and therdropgng to 6160 ng L at week 92The
relatively large variations the chemical composition of leachates from HMT and H6S are
attributed to the weekly application of simulated acidic rain water (ARW), river water (SRW)
which induce oscillations in pore water chemistry and affect kinetic release rates. These
variationsare consistent with leachate chemistry derived from other humidity cell
experiments (e.g., Ardau et al., 2009; Langman et al., 2818agest and Nordstrom, 2017).
Concentrations of unfiltered THg from HMT and H6ES sirailarto therelease of total Hg
under saturated flow conditions (Desrochers, 2013, 2015; Paulson, 2014; Paulson et al.,
2016) and saturated static conditions (Liu et al., 2017) for sediments collected near South
River, VA, USA whereas the release of total Hg under saturated flow andcsiatitions

mostly occurred in the fraction passing a 645 filter.

Concentrations of 0.4fm filtered THg andfrom HMT ranged from 1520 to020 ng L2,
with a maximum occurring at week 43. Concentrations of-Qriltered THg from H6S
fluctuated lessranging from 322 to 741 nglover the cotse of the experimerithe
relatively low proportions of 0.4am to unfiltered THg in HMT and H6S suggest that the
majority of Hg release under flooding and drainage conditions was present in particulate
forms,whereas Hg release under saturated flow/static conditions was present in dissolved (or

colloidal) forms.
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2.5.4Composition of effluent from treatment columns

Passage of the source colurttiMT and H6S effluent through the biochar columns

designed toepresena reactive matesulted in limited changes in aqueous chemical
composition (Tabl@.1; Fig A 8-9). Concentrations of DOC {© mg %), organic acids

(<0.5 mg LY), NOs (<10 mg L), and Ca in the treated effluent were close tceffisent

from the respective source columns. Concentrations gt 9@y, and K in the traad

effluent were slightly highathan in effluent fronthe source columns. Lower concentrations
of Al and Si wee observed in the treated effluent, suggesting removal of these constituents
through uptake of clay particles within therousbiochar structure. Application of the

hardwood biochar resulted in limited release ofsNNH(<0.3 mg LY) and PG-P ({2 mg LY).

Application of the hardwood biochar resulted in lower concentrations ofuldittered
and 0.45um filtered THg inthe treatment effluent derived froimet treatmentolumns
(THC-HMT and THGH6S)than from the source columns (HMT and H6S) (Rig). The
weekly removalaried over the duration of the experimantl isattributed to the variable
Hg releasdrom the source column€oncentrations of unfiltered THg derived from THC
HMT varied from a minimum of440 ng L* at week 23 to a maximum of 35,100 In¢d at
week 25 while mncentrations of 0.45m filtered THg varied from a minimum of 95 ng'L
at week 23 t@ maximum of 830 ng Lt at week 25WeeklyHg removaloy THC-HMT
ranged from 19 to 90% (unfiltered) and 50 to 90% (Qu#bfiltered). The minimum THg
removal for both unfiltered and 0.48n filtered THg occurred at week 25 when the lowest
Hg release from HMT occurre@oncentrations of unfiltered THg derivedifn THGH6S

varied from a minimum of 121 ngliat week 19 to a maximum o230 ng L at week 40
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while concentrations of 0.4fm filtered THg varied from a minimum of 44 ngtlat week
16 to a maximum of 422 ng'iat week 75. Weekly Hg removedluesin THC-H6S were

>90% (unfiltered) and 66% (0.45um filtered).

TheConcentrations of total Hg retained in the biochar were estimated by normalizing
differences between concentrations of unfiltered THg in the source and the treatment
effluents to the mass biochar in the treatment columns. Mercury retained in the-HNMI
biochar wasdwice asthe concentration retained in THd6S (Table2.2), with this difference
likely related to the relatively higher release of Hg from HMT (T&l¢. The estimated
total mass of Hg retained in the biochar represents > 80% Hg rempvaéTHC-HMT

columnand > 96% removdly theTHC-H6S column(Table2.2).

MeHg concentrations in treatment effluents were lower than those derived from the source
columns (Table.1). Minor formation of MeHg in treatment effluents was observed for

THC-HMT (< 1.0 ng LY) and THGH6S (< 0.5 ng 1) (Fig. 23).

2.5.5Solid-phase extractions

Concentrations of Hg retained on the biochar collected at the termination of the experiment
show different distbutions within the two treatment columns (F&#4). No significant
differencesnvereobservedetween two methodshe sum of Hg extracted from the figgep
sequential extraction and thgua regiadigestion) used to determine total Hg retained on the
biochar Total Hg retained in biochar at different depths changed significgnty0.002)for
THC-HMT and THGHGES. Mercury retained on the biochar collected from TH@T,

which had a higher concentration of unfiltered THg in the input, was present thubtigio
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entire column lendt with minor differencesMercury retained on the biochar collected from
THC-H6S, which had a lower concentration of unfiltered THg in the input, was mainly
distributed close to the air/biochsand interface (@ cm),with concentrationshen

decreamg with increasing depth.

Different concentrations of Hg retained in the biochar in TH@T and THGH6S could
berelated to the differences in Hg loading to the treatment coluhtreslower mass of Hg
retained in the biochar iNHC-HG6S is likely related to lower Hg release from H6S than from
HMT. Lower Hg removal observed in THEMT than in THCGH6S (Fig 2.1; Table2.2)
could also be attributed to the relatively acidic pH values and alkalinity (Zdf)lderived

from HMT.

Resuts of Hg extraction on the biochar collected from FH®IT and THCGHG6S (Fig
2.4) at the end of the experiment indicate the hardwood biochar had not reached its removal
capacity for stabilizing Hdpearing particles after 100 weeks (82 pore volumes for-THC
HMT and 101 pore volumes for THE6S), especially for THEH6S that had 30% of the Hg
loading of THGHMT. The decrease in Hg in the biochar at greater depth in-HBE
suggests that Hg first accumulated near the air/biesdwad interface (@ cm) at the
begnning of the experiment until the removal capacity of biochar at this location was
exceededOver time, Hghadpenetratd furtherand accumulatkat greater depth3.he
accumulation of the majority of Hg atcm in THGHGS is consistent with a previous
study where the majority of Hg was observed to accumulate within the first 2 cm when the
same hardwood biochar was used to stabilize Hg derived from river bank sediments under

saturated flow conditions (Paulson., 2014).
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Results othefive-step sequentiaxtraction procedure indicate that Hg retained in the
biocharwas mainly present in the orgaribelated HHORG),andelemental HJELE)
fractions (Fig 24), with minimal amounts of water soluble HYAT), weak acid
extractable HgRTO), and mercury suliie and residual form$UL). For the biochar in
THC-HMT, concentrations of Hg extracted from tBEE, andSUL fractions were
significantlylower (p < 0.009 at depths of 2 and 68 cm than fron2-6 cm whereas
variations in the @ncentrations of Hg extcted fromthe ORGfractionwere not significantly
over the length of the column (p > 0.0Epr the biochar in THEH6S, concentrations of Hg
extracted from th©RG, ELE, andSUL fractions decreased significan{ly < 0.02)from 0-2
cm to greatedepths (Fig24). As the total Hg retained on the biocihaTHC-H6S
decreasedsig on the biochar shifted from the ELE fractions toward to the ORG fractions.
Percentage of Hg extracted from tBeE fractiondecreased from 49 to 26%hereas
percent of Hgextracted from the ORG fraction increased from 46 to .6B8s shift in
relative percentage of Hg extracted from Eide towardORG fractionsas loading
concentration decreasalicates Hgends tdbound tofunctional groups on biochar at lower

concentrabns.

The minimal presence of WAT and STO fractions for biochar in FHIMCT and THG
H6S suggest Hg retained on the biochar is present in less mobile forms. This observation is
consistent with a study in which hardwood biochar was used as a reactive nrat unde
saturated flow conditions (Paulson, 2014). In the same study, no significant release of Hg
occurred when the biochar was exposed to SRW, and minimal release when it was exposed

to ARW (Paulson, 2014).
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Insoluble and fingrained HgS phases with impurities, such as Fe and Zn, can be extracted
in theELE fraction when the total Hgoncentratioris less than 20 ug'yBloom et al., 2003;
Kim et al., 2003). The -Hgb GipA§,likelyim soi | mai nl
nanoparticulate formHig. A 7) and associated with other metals, suggesting Hg extracted in

the ELE step night also have targeted HgS phases

Results for MeHg on the biochar suggestinimal presence (< 0.02 ng-gin solid
samples collged at the termination of the experimenith the distribution (Fig25)
following a similar pattern to the total Hg distribution (F&¢t). Changes in biochar MeHg
concentrations in THEIMT were insignificant with awverall mearof 0.15 + 0.02 ng ¢.
MeHg inbiochar inTHC-H6S decreasesignificantly(p = 0.037) from the air/biochaand
interface (0.10 + 0.04 ng*yto greater depths (0.01 + 0.01 n¢).grhe concentrations of
MeHg on the biochar represented less than 0.01% of total Hg retainiee loio¢harThe
concentrations of MeHg on biochar from THHMT and THCGHG6S aresimilarto those in a
studythat used the same hardwood biochar for Hg remavééraerobicfully -saturated
flow conditions (Paulson, 20)4and the concentrations were morarti00 times lower than
those observed in a study of Hg removal in anoxic sediments using the hardwood biochar
(Liu et al., 2018). The relatively low concentrations sbrbedvieHg in biochar collected at
the end of the experiment suggest the hardwoodhramight be a good candidate as a
reactive material installed under flooding and drainage conditions without promoting MeHg

production.
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2.5.6Synchrotron X-ray absorption spectroscopyanalyses

Micro XRF maps were collected on polished thin sections prepatkedardwood biochar
from the air/biochasand interface (@ cm) of the treatment columns at the termination of
the experiment. Results pfXRF maps for THEHMT indicate the presence of Si, Fe, S, Cu,
and Hg within the porous structure of the biochag.(E6). Mercury retained on the biochar
co-occuredwith S and Cu in isolated locations. Limited Hg hot spots were observed in p
XRF maps collected for biochar from THE6S, however, the&eoncentrations of total Hg
retained were close to those from THIBIT, whichmight be related to the heterogeneous

distribution of Hg orthe biochar.

Micro-XANES analyses across the Hgledge and S ¥dge were performed at locations
wheregreater abundance$ Hg and S were observed. Results from the Wegdge
XANES results (Fig2.7) suggest Hg on the biochar is present in different forms, with linear
combination fitting results in derivative mode indicating a composition of ~50%
met ac i nlHg®)h48% HY sbrbed on goethite, and 7% Hgi@ear combination fittig
was conducted with/without Hg&x c | udi ng HFO1.Txr1&MN8c=etd x 0
2) resulted in a fit that did not closely correspond to the normalized spectralingHgO
(r ed e 84x 1ff;NSS = 2.3 x 18) resulted in improved fit tthe normalized
spectra. This result suggests that HJO was likely a contributing phase for Hg retertien by
biochar.A similar composition of Hg phases retainedtib@biochar was identified at a
second location for the biochar collected & m in THGHMT. Metacinnabar and Hg
sorbed on iron oxides (Fié\ 6) have been observed in the same floodplain soil sample

obtained from the South River, Virginia, US¥hich areconsistent with common Hg phases
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observed in sediments at sites contaminated by induattivities (Gibson et al., 2015; Kim
et al., 2000; Lowry et al., 2004; Poulin et al., 2016; Rimondi et al., 2014; Santoro et al., 2010;
Terzano et al., 2010). h e p r e sHg® ané&Hgadrbedon iron oxides on biochar

suggest retention of particlesrived from floodplain soil.

Thedifferences in th@redominant Hdormsin thebiochar identified usinghe Hg
sequential extraction analyses and linear combination fitting ofiHedige pXANES
spectracanbeattributed to differences between theseo techniques. Sequential Hg
extraction method targetlifferent phases of Hg in bulk samples of biochar, whereas;Hg L
edge WXANES analyses directly indicate chemical speciation ofrHg2 pmx 2 um beam

size area where the spectra were collecteyl %7).

Sulfur K-edge RXANES spectrecollected at the same locations where higadge i
XANES werecollected show peakat 2470.4, 2473.5, and 2482.7 edd. A 10). The results
of Gaussian peak fitting suggest the spectra are mainly composed ax sultferals
exocyclic S, and sulfate. The presence of these groups is consistent with obsebyations
Cheah et al. (2014) for XANESpectracollected on biochar prepared with oak or corn
stover. Minimal amounts of other S phases, such as sulfoxidee ssififtone, and sulfonate
mightalso be present at the location where-8dge tXANES spectravere collectedKig.

A 10). Sulfur groups, including sulfidainerals elemental S, exocyclic S, heterocyclic S,
sulfoxide, sulfone, sulfonate, and sulfate, are common in soil containing natural organic
matter (Prietzel et al., 2003; Manceau and Nagy, 2012). The S groups identified by p

XANES analysesnight have originatedrom S phases present in the floodplain soil.
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Three main peaks at 2,473.5, 2,476.1, and 2,482.7 eV were observed on¢ugs K
XANES spectrdor the unused biochar (Fig8), and these correspond to exocyclic S
functionalities, sulfoxide, and sulfate ester S functionalitiesT@ble A 4 (Cheah et al.,
2014; Manceau and Nagy, 2012). The peak at 2,476.1 eV is less pronounced for the biochar
collected at different depths from the treatment columns, indicating a loss of sulfoxide
functional groups. Widgpeak shoulderare observed at approximately 2,470.4 and 2,472.3
eV for the biochar after treatment relative to the unused biochar, suggatiarg

precipitation omphysicalaccumulation of sulfide minerals during treatment (Ri8).

Results ofGaussan peak fitting and linear combination fittibgth suggestiecreasein
fractions of reduced S functionalities and sulfoxidetifi@biocharin THC-HMT and THG
H6S at the terminatioof the experiment than for the unused biodlkég. 2.8b-d and9;
TableA 5). The decrease in the fraction of reduced S functionattede related tdhe
formation of Hgthiol complexes on the biochar (Liu et al., 2016). The disappearance of the
sulfoxide peakor biochar collected at-2 cm(Fig. 2.8) and the decrease salfoxide
fractions for the biochatollected at greater depths in THKMT and THGH6S (Fig. 2.9)
canbe related to the formation of Hg complexes on biochar with sulfoxide functional
groups. Sulfoxide has the potential to forrb@nhded complexes with viaus metals, such as
Fe, Cu, or Hg (Calligaris and Carugo, 1996; Calligaris, 2004). For example, the use of
dimethyl sulfoxide to préreatAspergillus flavudiomass improved the biosorption of Pb (1)
and Cu (Il) from agueous solution (Akar and TunaliQ@). An EXAFS studyindicates Hg
tends to form complexes with sulfoxideasix-fold Hg-O coordinaion (Persson et al.,

2008). Fractions of sulfoxide on the bioclhes not statistically correlatesith the total Hg
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retained orthebiochar whichcouldbe related to competition between Hg and other metals
present innput solutionderived from HMT and H6S, such as Fe or Mn (T&hlg as well
asHg forming complexes with other functional groups on the bioasasuggested by the

five-step sequerdl extraction method (Fi@ 4).

Results ofGaussian peak fitting and linear combination fittaigo both suggest increases
in the fractions of sulfide and intermedi&dsulfone and sulfonate) ftre biocharin THC-
HMT and THGHGES at the terminationféhe experimenthan for the unused biochéfig. 2.
8b-d and9; Table A 5. The increase in the sulfide fractiemconsistent with the
accumulation of Hgs onthebiochar as suggested by the fstep sequential extractions
(Fig. 24), -XRF maps, Hg li-edge 4XANES (Fig. 26-7), and S Kedge pXANES (Fig.
A.10). Formation of HS from aggregation of Hthiolate occurs in the presence of organic
matter (Manceau et al., 2015). The increase in sulfide fractions, coupled with decreases in
reduced S fraabins, in the biochar is also likely related to the formation ofSHgrough
aggregation of Hghiolate complexesThe increase in intermediatesSecieswvithin the
biochar after treatmem$ consistent with the results of Sdfige pXANES (Fig. A 10). The
increases imothsulfide and intermediate S fractiomgy berelated to the accumulation of

particles derived from the floodplain soil.

2.5.7Long-term performance of the hardwood biochar

The results of this study can be used to assess whether hardwood tércharused to
promote sustained removal of Hg when installed in a riverine environment. Under the rapid

drainage conditions and short residence times (<5 h) used in this experiment, the hardwood
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biochar stabilized >80% Hg derived from source columns av€Oweek duration. These
results suggest that the hardwood biochar may be a highly effective material fteriong

use as reactive mat under environmentally relevant flooding and drainage conditions.

Previous studies have shown thidbrmation extracted from laboratesgale humidity cell
experiments can provide a reasonable assessment of solute release and microbial processes
for mediumscale (>1000 kg and < 10, 000 kg) field studies (Langman et al., 20119adst
and Nordstrom, @L7;Wilson et al., 2018). A similar prediction using humidity cell data is
not available for Hg release under field conditions. Variations in local geochemical
properties, changes in seasonal temperatures and hydrographic conditions may limit direct
trander of humidity cell predictions. For example, extreme storm events associated with
climate change can lead to dramatic increases in the release of Hg to aquatic environments
(Krabbenhoft and Sunderland 2013), which may natapured in laboratory tesgn
Therefore, field pilot studies are recommended before implementingdeadg engineered

remediation projects using biochar for Hg stabilization.

2.5.8Proposed mechaisms for Hg removal

The mechanisms involved in Hg stabilization using hardwood biochar aodditions
representative of typical fluvial settings can be attributed to a combination of
physicochemical processes, including the formation of complexes with functional groups on
the biochar surfaces and the retention/filtration of particulate Hgntihe biochar porous

structure.

48



Mercury can form complexes with functional groups on the biochar surface, including
carboxylic groups, thiol functionalities, and sulfoxide groups (Calligaris, 2004; Calligaris and
Carugo, 1996; Liu et al2016,2017; Pesson et al., 2008; Uchimiya et al., 20¥®)

reactions including:
00000Q° fou®Q O,
YO '0'Q © YO'Q ,
YUY ‘0Q °© YOoQy ,
@Y YO Y 0Q©° 0Q Y
Carboxyl groups are one of the most abundant functionapgrouthe biocharlfu et al.
2015) which areknown to promote the removal of heavy metals in contaminated sediment
(Uchimiya et al., 2012). Concentrations of eigracted fronthe ORGfractionfor biocharin
THC-HMT and THGH6S (Fig. 24) may represerthe release of Hg bound to carboxyl
groups Other functional groups, including sulfoxide and thiol, can also contribuieto
removal of Hg. Results of S-Edge XANES for biochan THC-HMT and THGH6S (Fig.
2.8-9) andu-XANES for selecteddcations on biochaat depth0-2 cm ig. A 10) indicate a
decrease in peak intensity at 2,476.1 exhpared to the spectra for the unused biochar,
suggesting the formation of metlfoxide complexes (Calligaris, 2004; Calligaris and
Carugo, 1996; Persset al., 2008). A decrease in reduced S functionalities with depth

suggested b$ K-edge XANES for the biochan THC-HMT and THGHG6S (Fig. 29) may

be related to the formation of metal and thiol functional complexes, as suggested in studies of
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Hg removalfrom aqueous solution using the same type of biochar (Liu et al., 2016) and from

riverbank sediment under strongly reducing conditions (Liu et al., 2017).

Particles derived from the floodplain seikere also retainedithin the biochar porous
structure Results of pXRF for the biochar collected from the air/biocisand interface (2
cm) indicate a visual correlation between Hg and S, and the presence of other metals and clay
minerals within the porous structure (F&H). Results from sequential extten (Fig 24)
and Hg li-edge BXANES (Fig 2.7) analyses suggest the presence ofSHzhases in the
biochar collected from the treatment columns, whight be related to the retention of
me t a c i n-Hg®)Rgr2.7)(arfd other sulfide minerals abservedn the results of S K
edge WXANES (Fig. A 10) and S Kedge XANES (Fig2.8-9) analyses ofloodplain soil

(Fig. A 6).

The relative contributions of physicochemical processes controlling Hg removal appear to
differ depending on the extent of Hoplding. At low loading, Hg is primarily bound to
surface functional groups on the biochar. As loading increases, other metals derived from
natural sediment, including RadCu, compete with Hg for available sites on the biochar
surface. Athigherloading,when limited functionalities are available, the physical filtration
of particulatebound HgS phases and other mebkaaring phases becomes the dominant

removal mechanism.

2.6 Conclusions

This study indicatethat biochar prepared from hardwood can minimize the release and

transport of particulate and dissolved Hg derived from riverbank sediments under the rapid
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drainage flow conditions and short residence times representative of dynamic fluvial systems.
Relatvely low concentrations of MeHg observed in effluent from treatment columns and in
solid material at the end of the experiment suggest the application of biochar does not
promote methylation reactions. Relatively low concentrations of other dissolveduemnts
suggest that application tife hardwood biochar does not release undesirable constituents
(e.g., N, P), thusinimizing the potential for unintended environmental consequences. The
application ofthehardwood biochar in flowhrough systems, su@s reactive mat has the
potential for controlling londerm Hg release and transport in fluvial settings characterized

by frequent changes in hydrological and geochemical conditions.
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Fig. 2.2 Concentrations of unfiltered Hg (orange diamonds) and-@miltered Hg (blue
circles) in the effluent of treatment humiditgleamns (THGHMT and THGHG6S) containing
biochar. Dashed lines represent the concentration of Hg in the input solutions for the
treatment columns. The input solutions were obtained by leaching floodplain soil MOTO
(HMT) and riverbank sediment SR6 (H6S).

53



1.0
—@— THC-HMT

—%¢— THC-H6S

0.5

MeHg (ng L")

0.0 T T
0 50 100

Week

Fig. 2.3 Concentrations of methylmercury (MeHg) in O-4 filtered effluent samples for
treatment columns THEIMT (blue circles) and THE6S (crosshairs).
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biochar collected at different depths from the treatment columns at the termination of the
experiments using input derived from source columns HMT and H6S
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Fig. 2.5 Concentration ofobedMeHg in biochar samples versus depth after termination of
humidity cell experiments using input derived from source columns HMT and H6S. Error
bars show the results of the first standard deviation of duplicate extractions at each depth.
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Fig. 2.6 Transmitted light microscope image and normalize$RF maps for Si, S, Fe, Cu,
and Hg (a) obtained from the hardwood biochar collected fr@ei® of treatment column
THC-HMT, and the corresponding XRF spectra obtained from the location denot&d by (
for lighter elements (b) and heavier elements (c).
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Fig. 2.8 Sufur K-edge spectra (a) for the unused biochar and biochar after treatment at the
different depths (in cm) from treatment columns FH®IT and THGHG6S. Examples

showing Gaussian peak fittings (orange dashed line) between 2466 and 2489 eV for fresh
hardwoodbiochar (b, NSS = 6.5 10%), and biochar collected from®cm in THGHMT (c,
NSS = 3.9 10%) and THGH6S (d, NSS = 2.8 103). Two optimized arctangent steps

(black daskdot line) were used to simulate reduced sulfur groups at 2474 eV and oxidized
sufur groups at 2482.5 eV. The grey solid lines indicated white line positions for sulfide
minerals(2470.4 eV, 2472.3 eV), exocyclic sulfide (2473.5 eV), heterocyclic S (2474 eV),
sulfoxide (2476.1 eV), sulfone (2480.2 eV), sulfonate (2481.4 eV), andes(2#82.7 eV).
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Table2.1 Mean chemical compositions of effluents released from source columns (HMT and
H6S) and treatment columns (THOMT, THC-H6S) over 100 weeksvalue represents

mean + variance

Parameter HMT THC-HMT H6S THC-H6S
pH 5.59 +/- 0.99 7.79 +/- 0.58 7.81 +/-0.20 8.01 +/-
0.41
Eh, mV 539 +/- 87 470 +/- 78 427 +/- 42 424 +/- 74
Alkalinity, mg L* (as CaCOs) 5+/-4 63 +/- 45 89.83 +/- 116 +/- 38
43.19
Dissolved organic carbon, mg 5.31 +/- 1.47 2.89 +/- 0.66 2.912 +/- 3.99 +/-
Lt 0.468 2.09
Lactate, mg L <0.06 <0.06 <0.03 <0.06
Acetate, mg L? <0.6 <0.2 <0.08 <0.3
Propionate, mg L <0.07 <0.07 <0.07 <0.07
Formate, mg L? <0.06 <0.06 <0.03 <0.06
0.45-pm filtered THg, ng L1 3,180 +/- 1,510 541 +/- 227 472 +/-79.1 151 +/- 75
unfiltered THg, ng L? 27,000 +/- 7,700 +/- 861 11,200 +/- 538 +/- 241
11,400 11,400
F, mgL? 0.02 +/- 0.01 0.05 +/- 0.11 0.08 +/- 0.01 0.10 +/-
0.01
Cl, mgL? 0.26 +/- 0.26 1.25 +/- 1.36 5.70 +/-0.68 6.70+/-1.0
NO2, mg L? <0.09 0.70 +/- 1.34 <0.09 <2
Br, mgL? <0.4 1.02 +/-1.42 <0.4 <04
NOs, mg L? 4.83 +/- 3.11 4.83 +/- 2.65 4.01 +/- 2.23 1.40 +/-
0.60
S0O4%, mg L* 2.48 +/- 0.35 5.54 +/- 1.62 7.87 +/- 1.54 10.3 +/-
2.40
Na, mg L1 2.93 +/-1.76 0.19 +/- 0.19 4.20 +/- 0.51 3.52 +/-
1.09
Mg, mg L? 1.25 +/- 0.38 1.75 +/- 0.89 4.66 +/- 0.86 7.40 +/-
0.75
Al, pg L1 44.3 +/- 20.0 18.3 +/- 25.3 2.75 +/- 0.59 13.8 +/-
11.6
Si, mg L? 3.20 +/- 0.81 2.82 +/- 0.59 9.66 +/- 0.55 6.63 +/-
1.08
Ca, mgL? 9.63 +/- 2.64 5.42 +/- 12.6 58.0 +/-1.61 37.5+/-54
K, mg L? 1.68 +/- 0.98 14.8 +/- 30.2 1.95 +/- 0.46 20.8 +/-
34.1
MeHg, ng L 1.62 +/- 1.76 0.38 +/- 0.23 0.28 +/- 0.16 0.11 +/-
0.02
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Table2.2 Mean total Hg retairceon biochaobtained from the differences of unfiltered Hg
in effluent from source and treatment columns and normalized to mass of biochar in
treatment columns

Reactive Material in Humidity Cells THC-HMT THC-H6S

Hg loaded on biochar (ug g1) 7.96 2.38
Cumulative Hg eluted (ug g1) 1.52 0.09
Hg retained on biochar (ug g*) 6.44 2.29
Percent Hg retained on biochar 81.3% 96.2%
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amendmemiteodmwml ain soil from South

dryireguetting on Hg removal
This chapter has been submitted t

Wang, A.O., Ptacek, C.J., Blowes, D.W., Finfro¥kZ., Paktunc, D., Mack, E.E., 2019. Use
of hardwood and sulfurizedardwood biochars as amendments to floodplain soil from South
River, VA, USA: Impacts of dryingewetting on Hg removaRAccepted for publication in
Science of the Total Environment

Summary

Periodic flooding and drying conditions in floodplains affect the mobility and bioavailability
of Hg in aquaticsedimentsand surrounding soilSulfurized materials have been recently
proposed as Hg sorbents due to their high affinity to bigdwhile silfurizing organic

matter may enhance methylmercury (MeHg) productidfsetting the beneficial aspects of
these materiald his study evaluated hardwood biochar (OAK) and sulfurtzadiwood
biochar (MOAK) as soil amendments for controlling Hg releasedantaminated floodplain
soil under conditions representative of periodic flooding and drying in microcosm
experiments in three stages: (1) wet biochar amesgst@ms with river water in an anoxic
environment upd 200 d (2) dy selected reaction veds@ an oxic environment for 90 d

(3) rewet such vesselsith river water in an anoxic environment for 90 d. In Stage 1, greater
Hg removal (1798% for unfiltered total Hg (THg) and 4©R% for 0.45um THg) and lower
MeHg concentratio (<20 ng L) were dserved in MOAKamended systems

(109%MOAKS). In Stags, release of Hg in 10%MOAKSs was eigfiold lower than irsoil

controls (SedCTRs), while increasesagueous (up to 21 ng*) and soil (up to 88 ng¥
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MeHg concentrations were observed. The incieas&leHg corresponded to elevated
aqueous concentrations of Mn, Fe,s3Cand HSin Stage 3. Results of S-&dge Xray
absorption near edge structure (XANES) analysis suggest oxidation of S in Stage 2 and
increases in polysulfur in Stage 3. Resultsygbpequencing analysis indicate sulfate
reducing bacteria (SRB) became abundant in Stage 3 in 10%MOAKSs. The shifts in
biogeochemical conditions in 10%MOAKSs in Stage 3 may increase the bioavailability of Hg
to methylating bacteria. The results suggest &thimpacts on Hg removal during drying and
rewetting, whilechange inbiogeochemical conditiomsay affectMeHg productionn

sulfurized biochaamended systems

3.1 Introduction

Mercury (Hg) contamination related to industrial activities is a worldwide occurrence
(Kocman et al., 2013Hg is transported through air, water bodies, and accumulates in
surrounding soils and sediments, and is a potentiattemy source of contaminati

through sediment resuspension, soil erosion, and flooding g¢anter, 1977; Gibson et al.,

2015; Kockman et al., 2013; Mucci et al., 2015; Poulin et al., 2016; Singer et al., 2016)

Inorganic Hg species are transformed imethylmercury (MeHg) by anaerobic bacteria,
including sulfatereducing bacteria (SRB), ireeducing bacteria (FeRB), methanogens, and
fermentergFleming et al., 2006; Gilmour et al., 2013a; Hu et al., 2013; Jonsson et al., 2012;
Yu et al., 2012)MeHg poduction not only depends on microbial activity but also

bioavailability of Hg speciefHsu-Kim et al., 2013Liu et al., 2019 MeHg is a major
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concern for human health because it is a neurotoxin and accumulates through the aquatic

food chain(Mergler etal., 2007)

Frequent drying and flooding events induce changes in geochemical conditions in
floodplain environments. During drying stages, oxidation of S, Fe, Mn, and N occurs to form
SQZ, Fe(lll) and Mn(1V) oxides, and N§ respectively. The newly fored Fe(lll) and
Mn(IV) oxides are potent sorbents for heavy meftsrch et al., 2010)During extended
flooding, floodplain soilbecomes anoxic after-@& consumed through microbial aerobic
respiration. Microorganisms utilize NOMn(IV) and Fe (lll)(oxy)hydroxides and SGQ* as
terminal electron acceptofsr organic carbon oxidation coupled with BOMn(IV)-,

Fe(lll), SQ%-reduction and methanogenesis. Remobilization of Hg in anoxic conditions has
been associated with reductive dissolution oftiéging Fe oxidegMucci et al., 2015)

binding to particulate soil organic matter, reductive dissolution of metacinfabS) to
Hg(0)q (Poulin et al., 2016)and release of Hgearing nanoparticlgglofacker et al., 2013)
lovieno and Baath (200®)bseved a rapid increase in bacterial growth (within 7 h) after
rewetting airdried soil, and relatively high MeHg production potential is proposed to occur

in floodplains during long inundation everi&nger et al., 2016)

Traditional soil remediation teclques include excavation, stabilization, immobilization,
vitrification, thermal desorption, soil washing, eleetemnediation, and phytoremediation
(Akcil et al., 2015; Dermont et al., 2008; Mulligan et al., 2001; Wang et al., 2004; Wang et
al, 2012). Howeer, these techniques either require high operational costs or disturb the
natural systems, and therefore these techniques may be difficult to apply iadalge

contaminated sites. For example, physically excavating may remobilize Hg through sediment
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resuspension (Gibson et al., 2015; Wang et al., 2004). Soil washing can potentially alter soil
properties using strong chemicals, and release of these chemicals to the environment can lead
to unintended consequences (Dermont et al., 2008)tu stabilization has recently become

more widely utilized due to its potential for lowering costs and limiting disturbance to natural

systems (Ghosh, 2011; Wang et al., 2019).

Biochars, with a relatively large surface areas and abundance of functional, gmeups
increasingly proposed as reactive materialsrfaitu Hg stabilization(Bekers et al., 2019;
Desrochers, 2013; Fellin, 2016; Gilmour et al., 2018; Paulson, 2014; Peterson et al., 2017;
Ting et al., 2018; Wang et al., 2018aboratory column studserevealed that such
applications decrease Hg release and suppress MeHg production under sttuvated
conditions(Desrochers, 2013; Fellin, 2016; Paulson, 2014; Peterson et al.,&204/@)l as
under flooding and drainage conditidivgang et al., 2019)n floodplains where extended
inundation occurs, biochars are proposethaitu capping material® control Hg release as
well as MeHg productiofBekers et al., 2019; Gilmour et al., 2013b; 2018; Golbgdes et
al., 2013; Liu et al., 2017, 2018King et al., 2019Zhang et al., 2018V ariable Hg removal
and MeHg production are observed in these studies, which are likely to be related to different

raw materials used in the production of biochars.

Sulfurized materials, with a relative high affinityfidg, have been proposed as Hg
adsorbents fovapourphase (Feng et al., 2006), aqueous solutions (Asasian and Kaghazchi,
2012;Huang et al., 2029.iu et al., 2018b; Park et al., 2019), and in sediment, as a reactive
capping mat (Ting et al., 2018), arslamendments in Hgontaminated sediment (Fellin,

2016; 0O6Connor et al ., 2018; Ting et al .,
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high temperature with corrosive chemicals (Feng et al., 2006; Graydon et al., 2009;
O6Connor et enal,.2Q018).Z0rkr8 resedrdh mtgrests focus on using more
environmentally friendly compounds, such as disulfide solution, a US FDA approved flavor
additive (Asasian and Kaghazchi, 2012), or lime sulfur solution, a US EPA approved
insecticide and fungide (Liu et al., 2018Db). In previous studies on lime suifiadified

biochar, more than 99.5% Hg removal was achieved from spiked simulated groundwater (Liu
et al., 2018b) and >80% when the biochar was used as a soil amendment under-saturated
flow conditions (Fellin, 2016). These high rates of Hg removal suggest sulfurized biochar

may be effective in controlling Hg in floodplain soils.

Most studies on Hg removal using sulfurized materials in spiked solution and sediments
were reacted for relatively sharbntact times (up to 72 h for aqueous solutions and 5 d for
spiked sedimentgAsasian and Kaghazchi, 2012; Liu et al., 2018b; O Connor et al., 2018;
Pap et al., 2018; Park et al., 20TBl)e longterm impacts of applying sulfurized biochar in
natural sednentor soilhave not been extensively studi@éhg et al. (2018pbserved a
lower Hg removal rate in spiked sediments using sulfurized activated carbon than unmodified
activated carbon, likely related to release of nanoparticulate HgS through dissof&ion
functionalities. Adding an organic carbon amendment to soil may also alter the microbial
community structuréChristensen et al., 2018 eriodic drying and rewetting in floodplains
may further alter microbial community structure (Fierer et al., d@8reases in Hg
methylation with sulfurized organic matter have been recently documi@rtett et al.,

2013; Graham et al., 2017; Jay et al., 2000; tigayen et al., 2017; Poulin et al., 2017)

Liu et al. (2018) observed oxidation of sulfurized bivar after being exposed to air for 60
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d, but Hg removal and MeHg production associated with oxidatigerdiyucts of sulfurized
biochar in soil during periodic flooding and drainage is unclear. As such, there is a need to

evaluate the performance of sulhed materials before applying at the fisichle.

This study evaluated loAgrm Hg removal and MeHg production using hardwood (OAK)
and sulfurizeehardwood biochars (MOAK) under repeated wetting and drying conditions.
Geochemical measurements and sphdse analyses were conducted to provide insights into
the longterm effectiveness o situ Hg stabilization in floodplains using hardwood and

sulfurizedhardwood biochars.

3.2 Experimental Details

3.2.1Study Site

Hg contamination in the South River watershekiated to the use of HgS@s a catalyst

for acetate fiber production from 1929 to the 1950s by a textile plant in Waynesboro, VA,
USA. Elevated Hg was found downstream of the historical release site in river water,
surrounding sediments and soil, shallgreundwater and fish tissues 20 years since the use
of HGSQ had endedCarter, 1977; Lazareva et al., 201Bank erosion is one of the primary

factors contributing to Hg release in the South R{faggleston, 2009; Rhoades et al., 2009)

3.2.2Materials

Floodplain soil was collected 36.5 km downstream of the textile plant4b Bigh-density
polyethylene bottles and shipped to the University of Waterloo and storé€athe
floodplain soil was atdried for 3 d and sieved to <2 mm to remdarge pebbles, plant
roots, and organic debris, then homogenized and storetl lmdh density polyethylene
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wide-mouth bottles. South River water (SRW) was collected 4.8 km upstream of the textile
plant and shipped to the University of Waterloo on ia# stored in dark conditions at

temperatures <4C.

Hardwood biochar (OAK), prepared from oak and maple hardwood &7 0Gas
obtained from Cowboy Charcoal LLC (Brentwood, TN, USA). OAK was sieved to between
0.5 to 2 mm and washed in ultrapure waterfi8ided-hardwood biochar (MOAK) was
prepared by immersing 20 g of rinsed and sieved OAK in 0.4% lime sulfur solution (Green
Earth SureGro IP Inc.) for 7 d in a 3.5%#balance with Nvinyl anaerobic chamber (Coy
Laboratory Products, Inc.) following thegeedure described by Liu et al. (2018b). After 7 d,
the supernatant was decanted, and the sulfurized biochar (MOAK) was rinsed six times with

ultrapure water before drying in the anaerobic chamber.

3.2.3Experimental design

Microcosm experiments were conductedhree stages to represent periodic flooding,

drying, and reflooding in the South River floodplain (TabiB. Stage 1 included

submerging 2@ air-dried floodplain soil with and without @ biochar in 25@nL individual
reaction vessels with 240 mL SRMYminimize headspace. Reaction vessels were
equilibratedn anoxic environments fafd up to 200 d (denoted as wet). Floodplain soil and
biochar mixtures were equilibrated in an anaerobic chamber for 24 h before adding SRW.
Controls included ultrapure wex controls and SRW controls (SRWCTRS) at 7, 90, and 200

d. Triplicate microcosm experiments were conducted for 7, 90, and 200 d, and an additional

duplicate experiment was conducted at a randomly selected reaction interval. A total of 48
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reaction vesselwere assembled in a random order withinaezk period to minimize the

effect of changes in floodplain soil and river water composition. At the end of each reaction
time interval, aqueous and solid samples were collected for further analyses, exdept soli
residues in two of triplicate reactors at 7, 90, and 200 d. In Stage 2 (denoted as dry), these
solid residues were adiried for 90 d under natural light conditions in their original reaction
vessels. In Stage 3 (denoted as rewet), thdrgad solid reidues were rewet with 240 mL

SRW in an anaerobic chamber and equilibrated for an additional 90 d. After 90 d, aqueous
and solid samples were collected. All reactors in Stages 1 and 3 were homogenized every 2 d

by gently inverting 10 times by hand.

3.2.4Samplecollection

Aqueous samples were collected in anaerobic chamber for pH, Eh, alkalinity as @&LO
concentrations of Chtg), total sulfidetotal Hg (THg), MeHg, major and trace cations,
inorganic and organic anions, dissolved organic carbon (DOCHNyldnd PGQ*. Samples
for, total sulfide, cations, anions, DOC, NN, PO, andMeHg were passed through 0-45
pum filter membranes, and samples for THg were passed through different filter sizes,
including unfiltered (unf), 0.4%m, 0.2um, and 0.1um. Further details of sampling
methodology for agueous samples are provided in supporting informaaahg 1). After
collecting aqueous samples, solid residuals were collectedrim 20WR® TraceCleafi
vials. Samples for polymerase chain reaction sequerasiatysis were collected in

autoclaved 50nL centrifuge tubes. All solid samples were store@GC prior to analysis.
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3.2.5Analytical methods
Total C, H, N, and O were determined using a combustion method &CYB&TM, 2008)

with ash content determined%80°C to minimize thermal degradation of the mineral phase
(Bachmann et al., 2016)ajor and trace metals were determined using a heated strong acid
digestion with HN@ and HCI modified from US EPA Method 20Q2artin et al, 1994)

and analyzed using inductively coupled plagmass spectrometry (ICGHS).

Concentrations of Hg in biochapsior to utilization as amendmenigre analyzed using

cold vapouratomic fluorescete spectroscopy (CVAFSYUS EPA, 2002)Total Kjeldahl N

was determined by digesting the biochar §$8; with CuSQ and kSO as catalysts,

followed by colorimetric analysis at 660 nm.

pH, Eh, and alkalinity were determined immediately after collecfibrwas determined
on unf samples using a combination Ross electrode (Orion model 8156, Thermo Scientific)
and calibrated with thregoint (7.00, 4.01, and 10.01). Eh was determined on unf samples
using a combination platinum Ag/AgCl electrode (Orion 96#&rmo Scientific. The Eh
probes were checked against ZoBell's (Nordstrom, 1977) and Light's solutions (Light, 1972).
All Eh values were corrected to the standasceldctrode. Alkalinity was determined by
titrating samples passing 04 filter membranewith a digital titrator using 0.16N 1$Qu

and bromocresegreen methyl red as an indicator (Hach Method 8203).

Concentrations of dissolved Gghywere determined using a headspace mefadpbell
and Vandegrift, 1998)n a gas chromatography (GCpncentrations of total sulfide were
determined using the methylene blue metregbrted as S (Hach Method131) and

converted tdHS in this study the reflect the predominant species theapHranges
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determined irthemicrocosm experimen{®Richard and Lther IIl, 2007) Concentrations of
major cations were determined using inductively coupled plasma optical emission
spectrometry (ICROES), and concentrations of trace elements were determined using ICP
MS. Concentrations of inorganic anions and organidsasiere determined using ion
chromatography. Concentrations of DOC were determined using a wet oxidation method
following US EPA Method 415.@JS EPA, 2009)Concentrations of NN were

determined using the salicylate method (Hach Method 10@28)centrations of reactive
phosphorus (P£) were determined using the ascorbic acid method (Hach Method 8048).
Concentrations of THg (unf, 0.48m, 0.2um, and 0.3um fractions) were determined using
CVAFS following US EPA Method 1631 Revision(BS EPA,2002)with an instrument
method detection limit (n = 16) of 0.16+0.07 ng. The relative percent difference (%RSD)
for duplicate analyses (n = 19) was 2.5+2.4%. Recoveries for matrix spikes (n = 8) and
standard reference material (NIST 1641e, Hg in iyatere 95115% and 101.12%,
respectively. Detailed information for instrumentation used for analytical methods is

provided in supporting informatioff éxt B 2).

Concentrations of aqueous and solid MeHg were determined following US EPA Method
1630(US ERA, 2001) Freezedried solid samples were digested in 25% (w/w) KRIEIOH
solution prior to analysis. Instrument detection limit for MeHg was <0.08gniatrix

spike recovery was 77-38%, and recoveries of quality controls were388%.

Total S concentationsin solidresidues were determined iojrared absorption

spectroscopy following combustion usingBCO resistance furnace analyzer.
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3.2.6Synchrotron-basedspectroscopyanalyses

3.2.6.1High-energy resolution fluorescence detectionay absorption spectroscopy
(HERFD-XAS)

HERFD-XAS analysis of floodfain soilat the Hg WU fluorescence emission line was
conducted at CLS@APS, Sectorl20line, Advanced Photon Sourc&RS; Argonne

National Laboratory, Lemont, IL, USA). TheBRFD-XAS experiment was conducted using
Rowland geometry witlbnebent Si (111) crystal analyzesith a radius of 0.5 mand a
PILATUS 100K pixel detector at 77 K modified from Manceau et al. (2015). A focus beam
size measuring 36300 um? was used. A He path was installed between samples and the
crystal analyzer to minimize air absorptiorair. The floodplain soil sample was
homogenized before packing in polytetrafluoroethylene holders sealed in Ketpios Five

scans at five differeribcations were collected and merged prior to data analysis.

Hg reference compounds included mineral specimens of cinnablyS) and corderoite
(HgsS:Cl>) (Excalibur Mineral Corp., Peekskill, NY, USA) as wellraagenigrade mercury
compounds HgO, Hggland HgS®@(SigmaAldrich, Oakville, ON, Canadapynthesized
me t a c i n-lHg&)madrHg gofbed on soil organic matter (Hg_SOM) were prepared
according tdManceau et al. (2015pynthesized-HgS were prepared by mixing
Hg(NGs)2-H20 (SigmaAldrich, Oakylle, ON, Canada) with {cystine (SigmaAldrich,
Oakville, ON, Canada) and heated at’@h from 60to 160 T, then held at 168C for 48 h
before gradually cooled to £4€ at 15°C/h. Hg associated with soil organic matter was
prepared by adding Hg as fNDs)2-H20 in an Elliott Soil humic acid suspension
(International Humic Substances Society) at pH 6 for 15 hours and then filtered and dried
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Mercury bound to thiol compounds, Hg(HCysere prepared by adding Hg(M@-H20 in
L-Cysteinesolutions, and aqueous complexeswad-coordinated [Hg(HCys)> and four
coordinated [Hg(HCys)® complexes were preparadth molar ratios of ECysteine and
Hg(ll) as 2.2 and 15, respectively in alkaline conditions following the description by
Jalilehvand et al. (2006 Hg sorbed on Fe oxides were prepared accordikgcet al.

(2004)

3.2.6.2 S K-edge Xray absorption near edge structure (XANES)
S K-edge XANES for solid samples were collected at BeamlB&1%t the APS in

fluorescence mod&olid samplesvere freezedried and stored in an anaerobic chamber

prior to S kedge XANES measuremengolid samples were ground and smeared as thin

films on conductive doublsided tape, and a He chamber was lm#aleen samples and
fluorescence detecttm minimizeabsorptiorduring spectra collectiorAn extra

10%MOAKSs sample from Stage 3 was prepared and analyzed as a duplicate. Five scans were
collected for each sample and mergegd(iB) prior to quantitative analysis. Sédge

XANES spectra were calibrated to tivkite line position for CaS£RH.0 at 2482.7 eV.

3.2.6.3Spectral analysis

Data processing was performed using ATHE{Ravel and Newville, 2005} inear
combination fitting for HERFEXAS at the Hg LU emission |ine
t he fic o mbobManceau btald2D1Reference compounds were first applied with

unconstrained weights, and negative weighted components was eliminated in an ascending

order. Then, a maximum of three components was used to determine tfie best
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S K-edge XANES spectra weidecomposed into 11 Gaussian peaks representing sulfide
minerals (2470.4, 2471.5, and 24748V), elemental sulfur (or polysulfur) (2472.7 eV),
exocyclic S (2473.5 eV), heterocyclic S (247dV), sulfoxide (2476.1 eV), sulfite (2478.5
eV), sulfone (248@ eV), sulfonate (2481.4 eV), and sulfate (2482.7 @3ifyg two
arctangent steps representing reduced S (2474 eV) and oxidized S (24838:én 2466
and 2489 eV following Manceau and Na@@12) Diluted L-cysteine (Sigma Aldrich) and
CaSQ-2H:0 (2%) were first decomposed with peak positions and widths unconstrained. The
determined shift in whiteline position (0.15 eV) and peak width foysteine were applied
to reduced S species (sulfide minerals, exocyclic S, heterocyclic S, and sulfoxidég and
peak width forCaSQ-2H.0 was applied to intermediate and oxidized S species (sulfite,
sulfone, and sulfonate and sulfate). Then, the 11 Gaussian peaks were used to decompose S
K-edge XANES spectra for solid collected in soil controls (SedCTRs) actidramended
systems (10%0OAKs and 10%MOAKSs) with constrained peak positions and widths and
unconstrained peak heights. Gaussian peaks with negative height values were eliminated
from fitting in an ascending ordek. generic scaling factor determined by M&au and
Nagy (2012) was used to overcome changes in absorptionsacsn as oxidation status
increases and to quantify fractions of S species in the solids. Goanfrfessas evaluated
by excluding components weighted <10% to assess whetherxhkisien significantly
affected fitting results. Exclusions that resulted in insignificant changes to the goothiiess

were no longer considereldyrosequencingnalysis

DNA purification for PCR analysis was completed for soil amendments stored <0.5 yea

after being frozen at20 °C following manufacturer protocols given in the Powder®&oil
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DNA Isolation Kit (Mo Bio Laboratories) in a Clea®eil™ Fan Filter Module (Microzone).
Purified DNA was shipped frozen to MR DNA Laboratory (Shallowater, TX, USA) f
pyrosequencing analysis using primer 515/806 targeting bacteria and archaea. Details about
polymerase chain reaction, sequencing, and data analysis are summarized in supporting

information Text B 3).

3.2.7 Statistical analysis

The effects of amending floolfn soil with OAK and MOAK and of dryingewetting were
evaluated using an unbalanced tway ANOVA with a 95% confidence interval. Pearson
product moment correlation coefficients (r) were calculated to determine correlations

between measured parameters.

3.3 Results andDiscussion

3.3.1 Composition offloodplain soil and biochar

The floodplain soil used in this study is rich in Al (6389g?), Fe (24000ug g?), and

organic matter (1800ug g?), and low S (1599 g*) (TableB 1). Concentrations of Hg in

the floodplain soil (55 pug¢ exceed the screening level for residential soil (23 BgdS

EPA, 2019).The floodplain soil is fine grained and classified as silt according to the USDA
soil texture syster(Soil Survey Divison Staff, 1993The besffit of linear combination

fitting (NSS=4.17x16) for HERFD-XAS spectraat the Hg lUemission lingor the

floodplain soilreveal that Hg is mainly associated with soil organic matter (57%), with
almost equal fractions of metacinnabiaHgS) (27%) and Hg baul to organic thiol

complexes ([HgICys)2]* (18%) Fig. B 1). The linear combination fitting was also
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conducted with/without the aqueous-gol complexes. The excluding [Hg(HCyE)

resulted in limited changes in fitting quality (NSS=4.30%1 0 herebre, the twe

coordinated [Hg(HCys)?> aqueous species was excluded. Hg in the floodplain soil is mainly
present as Hg associat ed -HWgSt(42%)XRD ahalysisofjani ¢ n
the sediment indicates crystalline phases that mainly caisgicate minerals, including

quartz (SiQ) and Mg/Fe/Al silicates (e.g., vermiculite (MjsO10(OH)2) and biotite K(Mg,

Fe?)3(Al, Fe™®)Siz010(0OH,F)).

The hardwood biochar (OAK) is highly aromatic (H/C = 0.02) and mainly contains C
(~90%) with relatively low concentrations of major and trace elements (BahleA
previous study reported hydroxyl, quinone, and aliphatic are the three most abundant
functional groups on the biochériu et al., 2015)OAK has a low S content (<0.16%), and
the S kedge XANES analysis indicates S on OAK is mainly associated oxidized S
(inorganic S@ and ester Sg3) (47%), followed by heterocyclic SL@%), intermediate S

(17%)and sulfoxide 15%),with minimal elemental S (or polysulfu%) (Fig. 31).

Sulfurization of OAK resulted in up to a nifi@ld increase in S and a twold increase in
Ca (Table3.2). Sulfurizedhardwood biochar (MOAK) contains similar major andcéra
elements as OAK (Tab@2). S K-edge XANES analysis indicates th@furization process
shifted S species toward polysulfur (57%) and heterocyclid®) with minimal sulfide

minerals intermediate sulfate, and oxidized (%) (Fig.3.1).
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3.3.2Aqueous themical concentrations in Stages 1 and 3

3.3.2.1Stage 1: Initially wet under anoxic conditions

3.3.2.1.1General chemical compositions

Concentrations of DOC, acetate, and H8reased and Eh, alkalinity (as Cafl&nd
concentrations of S decreased in SRW controlsR®/CTR) over 200 d (Fig8.2). Other
parameters, including pH and concentrations of&H<0.1 mg L), THg (<20 ng ),

MeHg (<0.3 ng %), NOs (<0.1 mg L), NHz-N (<0.2 mg 1), and PG> (<0.4 mg b,

remained relatively unchanged over 200 de increases in DOC and acetate in SRWCTRs
are likely associated with the breakdown of particulate organic matter in the river water. The
decreases in Eh and $Qcoupled with increases in HBdicate sulfate reducing conditions

were established in Stad. (Eq.3.1):

¢c6™@ GO 000U ®YO O ¢cw06 U JOY ¢wd O ¢d'@ U Eq 3.1
Eh and concentrations of DOC, acetatesiN@nd SG* in thesoil controls (SedCTRs)
were similar to SRWCTRS(g. 31), suggesting DOC, NiDand SG* in the systems mainly
reflect the composition of SRW. Increases in alkalinity and concentrations of Mn, Fe,
CHaagy NHz-N, and PG> coupled with lower pH and H8oncatrations were observed
(Fig. 31; Fig. B2). The minimal N@ and increases in concentrations of Mn, Fe, anadgH
coupled with lower pH and increases in alkalinity, &\¥{ and PG indicate organic matter

oxidation in SedCTRs is likely associated with denitrification, Mn and Fe reduction, and

methanogenesis reactions (Eg2-5):

vdéA GO O0 U T00 0 Eq.3.2
O VWO 0 cwlhd cw™@ WO vVwO O va@ o
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6@ 00 V00 &l owO Eq. 3.3

O 00U qu ¢ ¢O0 w0 gOUv U

6@ 0O 000 1630 'O x&O Eq. 34

O w000 TWOQ pfOO w0 GOL L
0@ 00 ™uvo WOUL © WOOUL WO WO QOv L Eq.35
The lower concentrations of H&5 pg L) in SedCTRs than in SRWCTRSs indicate the
formation of FeS, and the peak at 30 d (u@7.7) is likely associated with buildup of HS

with a slow release of Mn and Fe early in the experirféfatybrant et al., 2002)

Applying biochars to the floodplain $a@ilightly altered river water compositioRi¢y. 32;
Fig. B2). Parameters associated with organic matter oxidation (e.g., pH, Eh, alkalinity, and
concentrations of DOC, Ni-N, and PG*) in biocharamended systems were similar to
those in SedCTRHg. 32; Fig. B 2), indicating organic matter oxidation is maiulgrived

from organic matter in the floodplain sailstead of from biochar

In 10%0AKSs, river water compositions were similar to SedCTRs except for an elevated
SOs% at 200 d and higher concentrations of4akj This elevated S£ is likely related to
continuous release of SOderived from oxidized S species on OARid. 31), which is
consistent with a previous studp OAK controls (OAK+SRW) and OAlamended systems
(Liu et al., 2018). The elevated S@ is similar to SRWCTRs at 200 d, indicatingttha
variability of SQ? in SRW may contribute to this elevated concentration. Increased

concentrations of Ckhkgsuggest applying OAK promotes methanogenesis.

In 10%MOAKS, elevated concentrations of acetate, Fe, M@* 345, and CHgwere

observedFig. 32). Concentrations of acetate were elevated at 7 d, and gradually decreased
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to <0.4 mg ! at 120 d. Concentrations of Mn and Fe rapidly increased-tartD>32fold

higher than the SedCTRs at 30 d before slowly decreasing to concentrationstgimilar
SedCTRs at 200 d. The elevated Mn and Fe in 10%MOAKSs are not likely derived from
MOAK due to similar Mn and Fe content in OAK and MOAK (TaBI2). A peak in SG
concentration (18 mg1) was observed at 120 d, likely associated with variability of S©

the river water and not derived from the release of oxidized S in MOAK (due to the relatively
low oxidized S content as indicated in the ®d#ge XANES analysigzig. 31).

Concentrations of HSvere elevated (~300 pug) at 7 d and then declined €5 ug L.
Concentrations of Clhqwere fve-fold higher than the concentration in SedCTRs. The
elevated concentrations of acetate, Mn, Fe, B8l CHq indicate organic matter oxidation

(Egs.3.1-5) is more prone to occur in MOAKmMended systems.

3.3.2.1.2Total Hg removal and MeHg production
Release of both unf and O-4Bn THg from SedCTRs increased prior to 120 d and fluctuated

within 10% thereafterHig. 3.3). Concentrations of unf THg increased fro®8D0 to 71,700
ng L%, and concentrations of 0.46n THg increased from 1140 to 51,400 nY§ Release of
Hg from SedCTRs shifted from predominantly particulate forms (unf) to colloidal forms
(e.g., 0.45um, 0.2um, and 0.3um fractions) as incubation tienncreasedHig. B 3).
Releassof unf (r = 0.64) and 0.4fm THg (r = 0.82) were positively correlated with DOC
concentration. This positive correlation is consistent with the majority of Hg release being

associated with Hg bound to soil organic matkeg.(B 1).

Application of biochar, especially MOAK, to the floodplain soil significantly lowered

concentrations of both unf and 0-gh THg (p<0.01) Fig. 33). Greater removal of unf and
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0.45um THg were observed after 120 d when Hg derived from thélam soil is mainly
associated with colloidal form&ig. B 3). In 10%0AKs, removal of unf THg was between

53 and 68% after 120 d; the removal of BB THg was between 7 and 82% over 20(hd.

a previous study, limited removal of Hg was observed in é@#ended systems when

applied at a 5% dry weighatio in Hg-contaminated river bank sediment (Liu et al., 2018a).
The greater Hg removal observed in this study suggests that the enhanced Hg stallization
due to the higher biochar to solid ratin.10%dMOAKSs, the removal of unf THg was

between 188% over 200 d. Concentrations of O THg were <600 ngt, representing

47-99% Hg removal over the duration of the experiment.

A previous study on the use of OAK for stabilizing Hg derived from riverbadiknest
and floodplain soil suggests the predominant Hg removal mechanisms include both
stabilization of Hgbearing particulates with the porous structure of the biochar and
complexation with Gcontaining functionalities on the bioch@vang et al., 2019).iu et al.
(2019%) suggest the mechanisms of Hg removal using biochar internganoxic
environments may involve transforming less stable Hg forms (dissolved, colloidal) into more
stable HgS on biocharPolysulfur, the predominant S on MOAK (Fig. 1), y@ontribute to
the enhanced Hg removal through formation of HgS with the polysulfur structure as
suggested biiu et al.(201&). Kim and Luthy (2011pbserved formation of H§DOM
complexes on a polysulfiedeibber polymerKim et al. (2012)ater suggasthe mechanism
of Hg removal using polysulfideubbercoated activated carbon involves both surface and
intra-particle migration. In contrast to the better Hg removal rate observed in 10%MOAKS,

Ting et al. (2018pbserved a lower Hg removal rate for sulfurized activated carbon due to
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release of nanoparticulate HgS. The inconsistency of Hg removal rates may be due to

different reagents used in the sulfurization process.

Applying OAK and MOAK to the floodplain soibwered concentrations of MeHg in
SRW (ig. 33). Concentrations of MeHg in SedCTRs were <60 HgApplying OAK and
MOAK to floodplain soil reduced the concentration of aqueous MeHg by up to 60%.
Concentrations of MeHg in 10%O0AK were similar to a prasistudy in which OAK was
used to stabilize Hg from another South River sedirfigatet al.,2018a) Concentrations of
MeHg in 10%MOAK were similar to those in vertidddw microcosm experiments

conducted with spiked sediments and sulfurized materigis&¥ d(Ting et al., 2018)

3.3.2.2Stages B: Drying and rewetting

After drying selected reaction vessels under oxic conditions for 90 d (Stage 2), the reaction
vessels were rewet under anoxic conditions for 90 d (Stage 3) to evaluate potential impacts of
drying andrewetting on biochaamended systems. Results of average aqueous

concentrations in replicates after rewetting were compared to the initially wet conditions to

explain changes in geochemical conditions during drying and rewetting.

3.3.2.2.1 General geochermal properties

In Stage 3, minimal changes in the concentrations of 0.2 mg L), NHs-N, PO, and
CHa@g)Were noted, but large variations in other aqueous parameters associated with organic
matter oxidation (e.g., pH, Eh, and concentrations o€D&xetate, Mn, Fe, $&, and HS

were observedHig. 34; Fig. B4). Substantial increases in concentrations of DOC, Mn, and

Fe were observed in systems reacted for 7 d in Stage 1, while concentrations of Mn and Fe
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were close to those reacted for 9dbitage 1. Concentrations of DOC in Stage 3 were Six
to eightfold higher than in Stage 1. In addition to increases in concentrations of DOC, Mn
and Fe, elevated $®(up to 113 mg I}) and HS(up to 107ug L) were observed in
10%MOAKS, indicating thelevelopment of more strongly sulfidogenic conditions than for

SedCTRs and 109%0AKs.

3.3.2.2.2THg and MeHg

Release of Hg in SedCTRs and 10%0OAKs increased in systems reacted for 7 d in Stage 1,
where Hg release in 10%MOAKSs was limitddg. 35a). Concentrations ainf and 0.45um

THg in SedCTRs in Stage 3 were up to thaaad >206fold higher than in Stage 1,
respectively. Concentrations of unf and GtB THgin 10%0OAKs in Stage 3 were twold
higher than in Stage 1, respectively. The relatively higher condensaif unf and 0.4%m

THg in SedCTRs and 10%0OAKs were associated with increases in DOC in SEge 3 (

3.4), suggesting Hg in SedCTRs and 10%0OAKs remobilized as a result of enhanced organic
matter decomposition after the dryingwetting process. In 10%0AKS, concentrations of

unf THg were eightold and 56fold lower than incorresponding systems 8tage 1 and in
SedCTRsn Stage 3, respectiveloncentrations of 0.46m THg were close to the
concentrations in Stage 1. The relatively low concentratadrunf and 0.4%m THg in
10%MOAKSs suggest that Hg retained in MOAttnhended systems is less extensively

remobilized by the dryingewetting process.

Limited changes in MeHg production were observed in SedCTRs and 10%0OAKs, whereas
increases iMeHg were observed it0%MOAKscompared t8tage 1[ig. 35a).

Concentrations dfleHg in SedCTRs and 10%0AKs were <5 ng,land concentrations of
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MeHg in 10%MOAKsincreased up to ld to 21 ng L. The increasd MeHg in

10%MOAK is associated with elevatedmcentrations of Mn, Fe, S& and HS(Fig. 34).

3.3.3Solid-phases analyses

Selected solid samples in Stages 1, 2, and 3 were collected and analyzed to evaluate
transformations in solid phases after drying (Stage 2) and rewetting (Stage 3pHaskd
analyses included solid MeHg content, total S contented8de Xray absorptia near edge

structure (XANES), and 16s rRNA sequencing.

3.3.3.1MeHg in solid

Solid samples in reaction vessels reacted for 200 d in Stage 1 and after rewetting were
collected and analyzed for MeHg. In Stage 1, solid MeHg content in biaomamded

systems (286 ng g*) was similar to SedCTRs (23 ng))gAfter drying and rewetting, solid
MeHg content in SedCTRs and 10%0AKs decreased by 83%, whereas solid MeHg content

in 10%MOAKS (up to 88 ngY increased up ttwo-fold (Fig 5b).

The increases in both aqueaursl] solid MeHg in 10%MOAK suggest ancrease in
MeHg production. Biochars contain strong adsorption sites for MeHg, which can decrease as
dissolved organic matter increases in anoxic sediments (GBgteg et al., 2013; Schwartz
et al., 2019). If changes MeHg sorptiordesorption equilibrium had occurred due to
enhanced DOC production after drying and rewetting, increases in aqueous MeHg coupled
with decreases in solid MeHg should have been observed. The increases in both aqueous and

solid MeHg Fig. 35 ab) coupled with enhanced DOC productibig(34) in 10%MOAKSs
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indicate enhanced MeHg production, inhibited degradation or loss rather than changes in

MeHg sorptiordesorption equilibrium (Gilmour et al., 2018).

3.3.4Solid-phase S transformation in Stages-B

Solid samples in systems reacted for 200 d in Stage 1 and in their corresponding systems in
Stages 2 and 3 were analyzed for total S content. Solid samples form SedCTR and 10%0AK
contained similar S content, and MOAK addition to floodplain soil incredsszhtent by

threefold in Stage 1Kig. B5). Dryingrewetting resulted in limited changes in total S

content Fig. B5).

Solid samples collected from the same systems as total S content were analyzed for S K
edge XANES. Results of Gaussian peak fittamgduplicate S Kedge XANES indicate
minimal differences (<5%) in fractions of sulfid@nerals reduced S, and oxidized S and
moderate differences (<10%) in fractions of polysulfur and intermediate S. The differences

between duplicate analysis are withaimalytical error.

Results of S Kedge XANES analysis for SedCTRs and 10%0AKs samples reveal similar
S forms in Stage 1 and limited changes after Stage@R). 36al Figs B 6-7). S in
SedCTRs reacted for 200 d in Stage 1 is mainly associatedxidlizedS (~48%),
intermediate S(sulfoxide, sulfite, sulfonate, and sulfoneB(%), oxidized S (inorganic
sulfate and ester sulfate) (~30%), reduced S (heterocyclic S) (~10%), elemental (or

polysulfide) (~10%), and minimal sulfide minerals (<5%).

Resultsof S K-edge XANES analysis for 10%MOAKSs indicates shiftzardelemental S
(or polysulfur) in Stage 1 and transformation of S in Stagé$F2g. 36; Fig. B 8. In Stage
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1, S in 10%MOAKS is mainly associated with elemental S (or polysulfur) (~3o#gwed
by oxidized S (inorganic and ester sulfate) (~22%), intermediate S (sulfite, sulfone, and
sulfonate) (~22%)sulfide minerals (34%), and reduced S (exocyclic S11¢%). The shifts
towardelemental S (polysulfur) and reduced S are likely associated with the sulfurization
process in MOAK Fig. 31). The higher fraction of sulfide minerals in 10%MOAKS is likely
related to formation of HgS and other sulfide minerals through bacterial selfatetion
reactionsIn Stage 2minimal sulfide minerals coupled with an increase in oxidize8 234,
indicating sulfide oxidation during drying according to:

0°Y 0 °°YG D Eq.36

Liu et al.(2018b)observed increases in oxidized S after sgpNMOAK in an oxic

environment for 60 d. The increase in oxidizecb8pled with a decrease in polysulfur
(~12%)mayalsobe associated with oxidation of elemental (or polysulfur) in MOAK. In
Stage 3, increases in polysulfud@%o) and sulfidaninerals(4%) and decreases in oxidized
S (27%) were observed. The increases in sulfideeralsand decreases in oxidized S may be
related to sulfate reduction (E81). Polysulfur, a major intermediate species of sulfide
oxidation, forms through a wide range of alm@nd biotic pathwayg~indlay, 2016)Yao
and Miller (1996)bserved formation of polysulfur as an initial product of sulfide oxidation
coupled to Fe(lll) and Mn(IV) reduction. The increases in fractions of polysulfur in solid
materials might releasessiolved polysulfide ($) to solution, where it associates with
organic matter to form sulfurized organic maf@raham et al., 2017; Gun et al., 200l)e

formation of sulfurized organic matter can lead to increases in net MeHg production through
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eithe formation of highly bioavailable H§DOM complexes or inhibition of

nanopar tHgSaggregation (Gbaham et al., 2017).

3.3.5Microbial communities

Solid materials in systems reacted for 7, 90, and 200 d in Stagel and their corresponding
systems in Stage2 and 3 were collected for 16s rRNA sequencing analysis. After denoising
the pyrosequencing data, an effective sequencing reattefar-driedfloodplain soil was
62029t10470, with 2481293 operational taxonomic units (OTUs) detected (>p&¥tent
homology). The effective sequencing reads for samples collected in SedCTRs, 10%0AKs,
and 10%MOAKs was 8880+20916 per sample. Effective sequencing reads for biechar
amended systems in Stage 1 are similar to SedCTRs. Significantly (p = 0.0@5) high
effective sequencing reads per sampleZB8:13 178) were observed in solid samples
collected in Stage 3 than in Stage 1 {35£19104). The mean number of OTUs for solid
materials in SedCTRs, 10%0AKs, and 10%MOAKSs was 1983 (>97% percent

homology) OTUs for solid materials collected in 10%MOAKSs reacted for 90 and 200 d in
Stage 1 (2556188) were significantly higher (p<0.005) than OTUs in other reactors in
Stages 1 (19G2244) and 3 (172€138). The results of duplicate samples were within 20%

relative standard difference.

The airdried floodplain soil was highly heterogeneous due to the relatively large
differences in the results of pyrosequenciiig (3.7ab).The ar-driedfloodplain soilhad
abundant Proteobacteria (32%), Acidobacteria (:82%), Bacteroidetes (20%),

Actindobacteria (115%), Gemmatimonadetes-8%0), and Chloroflexi (8%).

87



In Stage 1, similar microbial communities with <10% differences were observed in
SedCTRs and 10%0AKs, whereas greater changes in microbial communigesbserved
in 10%MOAKSs ig. 37a). In SedCTRs and 10%0OAKs, Proteobacteria, Bacteroidetes, and
Firmicutes were the three most abundant communities at early time points in Sage 1 (
3.7a). In 10%MOAKS, Proteobacteria, Bacteroidetes, and Firmicutestixesteree most
abundant communities after 7 d. ShifisvzardBacteroidetes were observed in 10%0MOAKsS
at 200 d, where Bacteroidetes (26%), Proteobacteria (25%), and Euryarchaeota (16%)
became the most three abundant communities. At genera taxonomic ramknadpjal
community in SedCTRs and 10%0AKs shifted from rhizosphere bacteriaMessilia) and
nitrogenfixing bacteria (e.g.Herbaspirillum) towardFeRB (e.g.Prolixibacter, Geothrix
Geobactey and fermenters (e.d?elobacte) as incubation timencreased. In 10%MOAKS,
microbial community shifted from FeRB (e.G&eobactey towardmethylotrophic bacteria
(e.g.,Methylobacillu3, fermenters (e.gAnaerophaggeAlkaliflexug, and methanogens (e.g.,
Methanobacteriumattributed to the shiftowardBacteroidetes and Euryarchaeokag

3.7h).

Redoxactive biochars function as electron shuttles between FeRB and Fe(lll) oxides and
promote dissimilatory Fe(IHyeduction (Kappler et al., 2014; #bel et al., 2014). Biochars
with more redoxactive propdres also promote methane production by facilitating direct
interspecies electron transfers between FeRB and methanogens (Yuan et al., 2018). The
higher abundance of FeRB and methanogEits 8.7ab) as well as elevated concentrations
of Mn, Fe and Chtag)(Fig .2) in 10%MOAKS indicate MOAK may be more redastive

than OAK. Polysulfur as the predominant S phases in MOA# B1) stimulates Fe(lll)
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reduction and methanogenesis (Flynn et al., 2014 Thermodynamic calculations suggest FeRB
favour mediating elemental S reduction than Fe(lll) reduction at alkaline ) &€nd
further reduce Fe(lll) oxides through abiotic reduction (Flynn et al., 2014; Kiene et al.,

1986).

In Stage 3, Proteobacteria and Bacteroidetes were the most abundam gbylland
biocharamended systems, and changes in other soil communities were obsegv8d4).
Euryarchaeota, mostly containing methanogens, became abun@sn} {8 SedCTRs and
10%O0AKs reacted for 200 d in Stage 1. Nitrospirae, including mairifiers (e.g.,
Nitrospira), became more abundant in 10%MOAKs-({&%) whereas this bacterial
community remained in relatively low abundance (<1%) in SedCTRs and 10%G#&KSs (

3.7a).

In Stage 1, applying OAK and MOAK increased the relagivendance of predicted Hg
methylators and drying and rewetting may shift methylating communiiigs38). The
relative abundance of identified genera containing predicted Hg methylators was <t@@% in
air-driedfloodplain soilbefore the experiment. glier relative abundances of genera
containing predicted Hg methylators were observed in bieatmenmded systems (23.%)
than in SedCTRs (<1%). FeRB (e @gobactey and fermenters (e.d?elobacte) accounted
for the most abundant genera containing mtedi Hg methylators in Stage 1. Although
higher abundances of methylators were observed in bi@rhanded systems, MeHg in
biocharamended systems was similar to SedCFR.(3.3; Fig 5b). This inconsistency
between relative abundances of methylatorshMeHg is likely related to the presence of

less bioavailable Hg species in the bioeharended systems.
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In Stage 3, relative abundances of genera containing predicted Hg methylator in SedCTRs
and 10%0AKs increased, whereas shiftsardSRB (e.g.Desulfonicrobiumand
Desulfobulbusoccurred in 10%MOAKSsKig. 38). The increases in the relative abundances
of genera containing potential methylators in SedCTRs and 10%0OAKs are likely related to
the observed increases in DOC and acetate available to micr@ongaas an energy source
(Fig. 34). Desulfobulbudacteria mediate S/polysulfur disproportionation to form both HS
and SG* (Eq.3.7) and reduction of Mn(I(Eq. 3.8) in anoxic sedimentBottcher et al.,

2001; Fuseler and Cypionka, 1995; Lovley andIpisil 1994)

@y ou o vOoY p®d0Y YO (O Eq.3.7

Y ob&gU0 TO OO ob¢ ¢O0 Eq.3.8
The shifts in predicted Hg methylatdosvardSRB corresponded to elevated

concentrations of Fe, $&, HS, and MeHg observed in 10%MOAKSs in Stage 3, which
likely promoted conditions fawwable for MeHg production (Fig8.4-5). Elemental S
disproportionation (Eqs.7-8) by SRB produced elevatednuentrations of S, HS, Mn,
and Fe, potentially affecting Hg methylation. S@rovides terminal electron accepters that
further stimulate SRB growtfGilmour et al., 1992)Concentrations ofudfide in aqueous
solutionscontrol the bioavailability oHg by forming neutrally charged Hg specie¢Benoit
et al., 1999)DOC further enhances Hg bioavailability by inhibiting aggregation of neutrally

charged nanoparticulate F&specie¢Graham et al., 2012The increases in polysulfur after

Stage 3 in 1094dOAKs (Fig. 36; Fig. B 8§ may promote formation of sulfurized organic
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matter, which forms highly bioavailable Hiiol-DOM aqueous complexes under conditions

that are supersaturated with respedi-tdégS (Graham et al., 2017)

3.4 Environmental I mplications

The effectiveness of biochar amendment with MOAK is strongly depéiod the

conditions where the biochar was applied. Under conditions where soil remained saturated
for a relatively long time (days to months), MOAK effectively controlledréiease of Hg

from sediment without significantly promoting MeHg production. The dryewetting

process enhanced microbial activity and shifted microbial composition. After drying
rewetting the 10%MOAKs, Mn(IV) and Fe(lll) reduction occurred with thelpotion of

SO and HS, which were associated with microbially mediated elemental (or polysulfur) S
disproportionation. The changes in aqueous composition and shifts in microbial composition
may favaur MeHg production by changing H§DOM equilibrium(Graham et al., 2017;

Liem-Nguyen et al., 2017; Poulin et al., 2017)

The applied biochar to solid ratio (10% wt.) was higher than typical biochar loading rates
(1~5%) used as sediment amendments in other studies (Liu et al., 2017, 2018a; Gilmour et
al., 2aL8; Zhang et al., 2018). Abujabhah et al. (2016) observed increases in soil pH,
moisture content and exchangeable cations, and decreases in microbial biomass in 10% wt.
biochar amended sandy loam soil compared to lower application rates (0, 2.5, 5%). Saoil
physical, chemical and biological properties may differ at lower biochar to solid ratios, which

may affect the efficacy ah situHg stabilizationTherefore, detailed investigations
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regarding the hydrogeological and biogeochemical conditions shouldvipeated before

applying sulfurized biochar amendments at the fsaidle.
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Table3.1 Experimental setip including reaction time in Stage 1(wet) and reactors selected
for Stages 2 (dry) and 3 (rewet).

10% dry wit.

Reaction Soil controls  10% dry wt. MOAK OAK Ultrapure SRW control
time (d) (SedCTR) (10%MOAKS) (10%0AKS) water control  (SRWCTRS)

7 al’, b%, c? a,b,c a, b, c a a

30 a a, b a

60 a, b a a, b

90 a, b, c a,b’,c a,b,c a a

120 a a a

160 a a a

200 a, b, c a,b,c a,b,c a a

Replicate experiment 1
* Reactors used for Stages 2-3
2 Replicate experiment 2
% Replicate experiment 3
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Table3.2 Physical characteristics and elemental composition of hardwood biochar (OAK)
and sulfurizeehardwood biochar (MOAK). Surface area and C, H, O, N, and ash content
were not remeasured after sulfurization.

OAK MOAK
Surface area, m? g1 65 -
Ash content % (550 °C) 3.1 -
C,% 89.5 -
Volatile C, % 16.0 -
H, % 1.57 -
0O, % 4.08 -
N, % 0.26 -
Total Kjeldahl N, % 0.22 -
S, % 0.16 0.55+0.24
Al, mg kg1 77 <50
Ag, mg kg? <0.10 <0.10
As, mg kg? <0.10 <0.10
B, mg kgt <5.0 <5.0
Ba, mg kg? 30.4 28.0
Be, mg kg? <0.10 <0.10
Bi, mg kg <0.20 <0.20
Ca, mg kgt 3880 5050
Cd, mg kg? <0.020 <0.02
Co, mg kgt <0.10 <0.10
Cr, mg kg <0.50 0.65
Cu, mg kg? 1.71 1.02
Fe, mg kg? 106 63
Hg, mg kg1 0.02 0.04
K, mg kg 1340 1430
Mg, mg kg 299 261
Mn, mg kg 54.1 71.7
Mo, mg kg <0.10 <0.10
Na, mg kg? <50 <50
Ni, mg kg? 0.93 2.66
P, mg kgt 94 54
Pb, mg kg 0.84 0.65
Sh, mg kg? <0.10 <0.10
Sn, mg kgt <1.0 <1.0
Sr, mg kgt 14.1 15.8
Ti, mg kg* 1.6 <1.9
U, mg kg <0.050 <0.050
Zn, mg kgt 9.1 7.3
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Fig. 3.1 S K-edge xray absorption near edge structure (XANES) spectroscopy for hardwood
(OAK) and sulfurizeehardwood biochar (MOAK). Measured spectra (a) (Isi&l line) and
bestfit (orange dash line) using Gaussian peak fitting for OAK (NSS=1.47)x(b) and

MOAK (NSS=.75x10% (c). Distribution of S based on Sédge XANES data corrected
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Chapter4dAppl i cation of biochar prepared
products for Higl csadmplidiie agaioln: ilnmpact

rewetting

Summary

This study evaluated three biochars derived from bioenergydducs 8 manurebased
anaerobic digestate (DIG), dist | geanss(DIS), and a mixture thereof (75G25S)as
amendments to stabilizég in contaminated floodplain soil under letegm watersaturated
conditions (up to 200 d) and under cyclic drying and rewetting. Greater total Hg (THQ)
removal 72to nearly 100%) and limited MeHg production (<65 nt) vere observed in
digestatebased biochaamended systems under initial saturated conditions. Drying and
rewetting resulted in limited release of THg. Slight increases in agueous MeHg occurred in
digestatebased biochaamended systems, while solid MeHg concentratiesasedb0%
compared to those prior to drying and rewetting. Changes in Fe and S chemistry as well as
microbial communities during drying and rewetting were observed, potentially affecting
MeHg production. Biochars derived from anaerobic digestieprbguctsmay be effective

as amendments to control Hg release and minimize MeHg production in floodplain soils.

4.1 Intr oduction

Mercury (Hg) contamination related to various industrial activities has been documented
worldwide (Kocman et al., 2013)errestrial Hg pses a risk of legacy contamination at the
catchment scale by entering freshwater systems through soil erosion, sediment resuspension,
and flooding event&Carter, 1977; Gibson et al., 2015; Kocman et al., 2013; Mucci et al.,

2015; Poulin et al., 2016Mg s transformed into methylmercury (MeHg), a more toxic
103



neurotoxin that accumulates through the food chain, mainly by microliiallgn processes
(HsuKim et al., 2013) Sulfatereducing bacteria (SRB), irer@ducing bacteria (FeRB),
methanogens, and feemtative bacteria all contain members that can stimulate Hg
methylation(Compeau and Bartha, 1985; Fleming et al., 2006; Gilmour et al., 2013; Hu et
al., 2013; Liu et al.2017,2018; Paulson et al., 2016)g methylation processes mainly
depend on the miobial activity of methylating bacteria and the bioavailability of Hg species
(Hsu-Kim et al., 2013), the latter of which may be affected by changes in concentrations of
dissolved organic carbon (DOC), $Qand HS(Graham et al., 2012; Hdim et al., D13;

Poulin et al., 2017)

Biochars, prepared from organic raw materials, have been proposed as reactive materials
for in situHg stabilization. Biochars can be used as passive reactive mats under
environmentally relevant conditions, such as saturatedrfp(Fellin, 2016; Paulson, 2014)
and flooding/drainage conditioifé/ang et al., 2019Biochars can also be used as soil
amendments in areas whendensiveflooding may occu(Beckers et al., 201€ hapter 3;
Gilmour et al., 2018, Liu et al2017,2018. The effectiveness of Hg stabilization using
biochars depends on the type of raw materials used to produce the biochar as well as
environmental conditions. In studies where hardwood biochar was used as a permeable
reactive mat to intercept discharge &rat effective removal of Hg without promotion of
MeHg production was observed/ang et al., 201,%Paulson,2014) In studies where
biochars were applied as soil amendments, the removal of Hg was more variable; the use of

hardwood biochar was less effeetithan manurased and switchgrass biochars, and the
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addition of pine dust biochar resultieda smallereduction of MeHg than activated carbon

(Gilmour et al., 2018; Liu et al.,(®7, 2018.

Periodic flooding and drying in floodplains can alter the geochemical and microbial
conditions that control Hg mobility and bioavailability. Drying and rewetting may enhance
DOC production and carbon mineralizatigovieno and Baath, 2008Prying and rewtting
may also affect Fe and Mn chemistry, which are terminal electron acceptors for microbial
activity contributing to MeHg production, and also potential sinks for heavy n{Btaish et
al., 2010;Fleming et al., 20065ilmour et al., 2013Poulin et &, 2016) For example,
release of Hg may occur through reductive dissolution of Fe oxides and the associated release
of particulate soil organic mattéviucci et al., 2015; Poulin et al., 201&ubstantial Hg
release corresponding to elevated DOC haslaen observed in biochamended systems
under dynamic redox conditiof€hapter 3Beckers et al., 2019)n addition, drying and
rewetting can stress microbial communities, leading to shifts in community composition and
changes in microbial respiratig@hapter 3Fierer et al., 2003; lovieno and Baath, 2008; Yu
et al., 2014)Changes in microbial activity may also control Hg methylatidarvin-

DiPasquale et al., 201,43s increasesn MeHg coupled with shifttowardSRB have been
observed in sulfured-biocharamended systems after a drying and rewetting eGirdgter

3).

Recent interest in using biochars derived from bioenergyrbglucts has grown due to
their potential in terms of sustainable resource management. Biochars derived from manure
basel anaerobiaigestion have been highly effective for removing heavy megais, Pt*",

CuU?, Ni?*, Cd?*) from aqueous solutiofinyang et al., 2012; Ni et al., 201®istillersd
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grains hae beenevaluated as a soil amendment, but enhanced As mobility has been
observedJia et al., 2012)Using such biochars for Hg stabilization as soil amendments
under conditions representative of periodic flooding and drying in floodplain has not been

widely evduated.

This study focused on utilizing biochars derived from bioenerggrbgucts as soil
amendments fdn situ Hg stabilization under periodic flooding and drying typical of
conditions occurring in floodplain settingShapter 32019b)describeshe use of hardwood
and sulfurized biochar as amendments to floodplain soil under such conditions. The current
study complements this previous work by evaluating alternative materiatssitu Hg
stabilizationusing the same biochar to solid rati@eochental measurements, solghase
characterization, and pyrosequencing were conducted to provide insights into Hg removal
mechanisms, factors contributing to MeHg production, and impacts of drying and rewetting

in biocharamended systems.

4.2 Materials and Methods

4.2.1Materials

Hg-contaminated floodplain soil was collected 36.5 km downstream of a legacy
contaminated site on the South River in Waynesboro, VA, USA. Floodplain soil was air
dried for 3 d and sieved to <2 mm before use in the experiments. SoutwRaiee (SRW)

was collected 4.8 km upstream of the historical release site.

Three biochad1 00 % anaerobic digestate (DI G), 100 %

mixture composed of DIG and DIS at a ratio of 3:1 (75Ga58¢re prepared &ornell
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University (Ithaca, NY)using feedstocks produced by an advariednergy(Coaltec
Energy,Carterville IL, USA). DIG was prepared using a digestate mixture containing beef

cattle manure and thin stillage extracted from an ethanol refinery and separating the liquid

from solids. DIS was separated from the ethanol refinery without removing oils. 75G25S was

preparedbyni xi ng 75% anaerobic digestate and 25%

4.2.2Experimental setup

Microcosm experiments were conducted by mixingddgtaminated floodplain soil and
biochars at a ratio of 10:1 at three stages representing dynamic flabging-flooding
conditions as previously described (TaBl&) (Chapter 3. Each reaction vessel contained

20 g of airdried floodplain soil, with or without 2 g of biochar, in a 250 wide-mouth

amber bottle. Amber bottles were cleaned with 10% HCI enrsed with ultrapure water

before use. Stage 1 included equilibrating 240 mL of SRW in an anaerobic chamber with
3.5% H/balance M (Coy Laboratory Products, Inc.) for up to 200 d. Replicate experiments
were conducted at 7, 90, and 200 d and at randondgted reaction times f@oil control
(SedCTR) and 10% anaerobic digestate biochar (10%DIG)L1 0 % di st i | | er s 6
(10%DIS}, and mixed biochar (10%75G25&nended systems. Controls included SRW
control (SRWCTRSs) and ultrapure water control (@/BRS) as previously described

(Chapter 3. Experiments with #@otal of 62 reaction vessels were conducted ovewaek

period in random order to minimize changes in floodplain soil and SRW. At the end of each
reaction time, aqueous and solid samples wellected for further analyses, with the
exception of solid residues in two of three replicates at 7, 90, and 200 d. Stage 2 included

drying these residues in their reaction vessels under an oxic environment for 90 d under
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natural light conditions. Stageificluded rewetting the reaction vessels with 240 mL of SRW
in an anaerobic chamber for 90 d. All reaction vessels in Stages 1 and 3 were mixed every 2

to 3 d by gentle inversion.

4.2.3Sample collection

Aqueous samples were collected for pH, Eh, alkalinitifpna, anions, DOC, Cigq), NHs-

N, PQ?, total Hg (THg) passing different filter sizes (unfiltered (unf), 4% 0.2um, 0.1
pum), and MeHg analyses. Solid samples were collected and storedit#6® before solid
MeHg, S kedge Xray absorption neadge structure (XANES), and 16s rRNA polymerase
chain reaction analyses. Details about sample collection have been previously described

(Chapter 3Chapter 3.

4.2.4Analytical methods

4.2.4.1Aqueous samples

Concentrations of THg passing different filter membranes (u4b, 0.2, 0.1 um) were
determined using automated cef@pouratomic fluorescence spectroscopy (CVAFS,
Tekrar? 2600, Tekran Instruments Corp, Scarborou@N, Canada) following US EPA
Method 1631 Revision BUS EPA, 2002)The nstrument method detection limit £nl6)
was 0.16+0.07 ng'L Relativestandard deviatio(foRSD) for duplicate analgs (n= 33)
was0.1to 14%. Recoveesfor matrix-spikesamplegn = 13) were95to 115%. Recoveées

for standard reference material (NIST 1641e, Hg in water)1(®) were101to 112%.

Concentrations of MeHg wedeterminedat the Biotron Experimental Climate Change
Research Cergr(University of Western Ontario, Londo®N, Canadafollowing US EPA
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Method 163QUS EPA, 2001)The nstrument detection limit was <0.08 ng.IMatrix spike
recovereswere77.5to 98%. Relative percent differences for matrix spikere<15%.

Recoveles forquality contros were86to 94%

Other aqueous parameters, including pH, Eh, alkalinity, concentrations of DOC, organic
acids, total sulfide (3, nitrogen ammonia (N#N), reactive phosphorus (B9, CHi(aq)
trace elements, and major cations and anions, were determined as preasoshed
(Chapter 3. Details for analytical methods for these aqueous parameters are provided in the
supporting information. Concentrations of total sulfide are reported as concentratioris of HS

(Text C ).

4.2 .4.2Biochar characterization

C, H, N, and O contestwere determined using a combustion method (3@30@nodified
from ASTM D537316 (ASTM, 2008)by ALS Environmental (Tucson, AZ, USA). Ash
content was determined at 53D to minimize the thermal degradation of minerals
(Bachmann et al., 2016$ content w&s determined using a method modified from ASTM
D423911(ASTM, 2012) Major and trace elements were digested with heatedstND

HCI modified from US EPA method 200(Rlartin et al, 1994) Concentrations of major and
trace elements in the biochars waralyzed usingnductively coupled plasmmass
spectrometry (ICBMS). Concentrations of Hg in the biochars were analyzed wsilag
vapouratomic fluorescence spectroscopy following US EPA method 16RISEEPA,

2002) Total Kjeldahl N was determined bygksting biochar samples in$0; with CuSQ

and KSQ, as catalysts at ALS Environmental (Saskatoon, SK, Canadahiddiear
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samples were characterized uskauriertransform infraredFTIR) spectrosopy (Tensor 27

FT-IR, Bruker) at théJniversity of WaterloqWaterloo, ON, Canada)

4.2.4.3Solid-phase analyses

Solid oncentrations of MeHg in SedCTR and bioeharended systems were determined by
digesting freeza@ried materials with 25% (w/w) KO#WeOH solution and analyzing
following US EPA Metlod 1630(US EPA, 2001at theBiotron Experimental Climate

Change Research Ceatr

S K-edge XANESspectra for biochars and solid materials in batch systems wetted for 200
d in Stage 1 and their corresponding systems in Stages 2 and 3 were collectedliaeBea
BM at the Advanced Photon Source (APS), Argonne National Laboratory (Lemont, IL,
USA) using fluorescence modeeference compounds includingclystine (Sigma Aldrich)
and CaS®2H.0 were groundand diluted to 2% with graphergolid samples were gund
and smeared as thin films on conductive dowlded tape, and a He chamber was used to
minimize X-ray absorption. Five scans were collected and merge(Enprior to spectral
analysis. S Kedge XANES spectra were calibrated to the wiivite positon for

CaSQ-2H,0 at 2482.7 eV.

Data processing for S-Edge XANES spectravasperformedusingATHENA software
(Ravel and Newville, 20055 K-edge XANES spectra were decomposed into Gaussian
peakswith two arctangent steps representing reduced S (2474 eV) and oxidized S (2483.8
eV) between 2466 and 2489 @¥described previously (Chapter 3) following Manceau and

Nagy (2012). Diluted tcygteine and CaS£2H.O were first decomposed with
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unconstrained white line positions and peak wid#tstts in white line positions (0.15 eV)

and the peak width (0.658) fordysteine were applied to Gaussian peaks representing
sulfide minerals (2476, 2471.7, 24725 eV), elementa$ (or polysulfur) (2472.7 eV),

exocyclic S (2473.5 eVheterocyclic S (2478 eV), andsulfoxide (24763 eV). The peak

width (0.848) for CaS®2H.O wasused to constrain peak widths for Gaussian peaks
representingulfite (24785 eV), sulfone (2480.2 eV), sulfonate (2481.4 eV), and sulfate
(2482.7 eV) Then, S Kedge XANES spectra for solid materials collected from the
microcosm experiment were decomposed into these 11 Gaussian peaks with constrained peak
positions and peak widsh Peaks with negative peak heights were eliminated aseending
order. Results of the Gaussian peak fitting analysis were used to quantify fractions of each
representative S fraction by using a generic equation accodotioganges in absorption
cross-sectionwith increases in S oxidation status as suggestéddmnceau and Nagy (2012).
Fitting quality wasdetermined using a normalizeduare sum (NSS. Goodnesf fit was
evaluated by eliminatingomponentsveighted <10% in an ascending order, axclsions

resulted in insignificant changes in fitting quality were not considered

DNA purification for16s rRNA pyrosequenciranalysis was completddr solid
materials in biochaamended systems inClearCeil™ Fan Filter Module (Microzone)
foll owing the mafPowidaSoilt®DNAeIsolat®n Kit, MO BI® c o |
Laboratories)Purified DNA was shipped feento MR DNA Laboratory (Shallowater, TX,
USA) for pyrosequencingnalysisusing primer 515/806F tartjieg bacteria and archaea.
Sequencing was performedamlaon Torrent PGM f ol l owing the

and sequencing data were analyzed using-twouse analysis pipeline (MR DNA,
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Shallowater, TX) Details for pyrosequencing reaction and @atalysis are provided in the
suppoting information (ext C2). Identifiedgenera containing predicted tethylators

werecompared tahe Oak Ridge National Laboratory datab@3BNL, 2016).

4.2 5Geochemical calculations

Calculations of saturation indicescaHg speciation were conducted with Phreeqcl
(Parkhurst and Appelo, 19983ing the MINTEQAZ2 databag@llison et al., 1991)The
MINTEQAZ2 database was modified by Liu et al. (2B)Lto include thermodynamic
constants for organic complexes. Thermodynaraicstants for HS-DOM and MeHgS-
DOM reported byDrott et al.(2013, Graham et al(2017), andLiem-Nguyen et al(2017)

were added to the previously modified MINTEQAZ2 database (T&li.

4.2.6 Statistical analysis

Statistical analysis was performed at a 95% confidence level. Effects of drying and wetting

and biochar addition on river water composition, solid MeHg content, and microbial

taxonomic communities were determined usingtway ANOVA. Dunnds mul tip
compaison test was used to further compare parameters in biaohemded systems and

soil controls if the ANOVA suggested significant differences. Correlation analysis on
concentrations of MeHg and measured parameter

coefficient (r) to identify factors that potentially influence MeHg production.
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4.3 Reallts

4.3.10verview of sediment and river water

The floodplain soil is rich in Al, Fe, and organic matter with elevated concentrations of Hg.
The Hg in the floodplain soil isvainly associated with Hg bound to soil organic magted
metacinnabaftHgS). SRW has a neutral to slightly alkaline pH, elevated concentrations of
SQ? (up to 20 mg 1), and minimal concentrations of Gih, NHs*, PO, THg, and

MeHg. The chemicatompositions of the floodplain soil and SRW were previously

described Chapter 3.

4.3.20verview of biochar

Biochass prepared fronanaerobidigestate (DIGand75G25S)have similasurface area

and elemental compiti®n comparedo thebiochar prepared fromistillersbgrains (DIS)
(Table4.1). DIG and75G25S with relatively large surface area and high ash content, are
composed o€, O, elevated amousbf nutrients (N, P, K, S, Ca, and M@ndtrace amount
of metals S content in DIG and 75G25S is between 0.33 and 0.D88pwith minimal
surface area and relatively low ash contentainly composed of C, MndO with alimited
amount of nutrientdrace elementsand S. S content in DIS 9.11%. FTIR spectra foDIG
show two strong vibration stretches (3257 and 1024)@nd two weak vibration stretches
(874 and 602 cmy; minimal vibration stretches are observed for CA§)(C1). S K-edge
XANES analysis indicates different S species in digediated biocha and DIS Fig. C2).

S in DIG and 75G25S is mainly associated with elemental or polysulfur S (~40%), oxidized

S 21-28%), and reduced &(9.,heterocyclic S and exocyclic $40%), whileS in DIS is
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mainly associated with heterocyclic /%) and sulfoxide (13%) andd a limited ex¢nt with

other S functional groups (<10%).

4.3.3Aqueous concentations under initial wetting conditions

4.3.3.1THg and MeHg

Greaer Hg removalvasobserved irthe batches containing 10%DIG and 10%75G25S than
10%DIS Fig. 41). Hgremoval increased as reaction time increased with limited removal
observed after 7 d. IND¥DIG, concentrations of unf THg were between 2320 and 15,500 ng
L2, representing 793%removalof Hg. Concentrations of 0.4m THg were between 102
and 643 ng L, representing 75 to nearly 100% Hg removal. In 10%DIS, limited removal of
unf THg was observed over 200 d, and removal of-Q#A5THg was minimal before 90 d

and 5176% thereafter.

Concentrations of MeHg in 10%DIG and 10%75G25S were similar to SedCTR@¥er
(<60 ng LY, while elevated concentrations of MeHg were observed in 10%E84S41).
Concentrations of MeHg peaked at 30 d and stabilized over 200 d. The highest peak

concentration was in 10%DIS and more thanfola higher than in SedCTR.

4.3.3.2Gereral geochemical parameters, carbon source, and nutrients

Biochar addition resulted in limited changes in pH, Eh, alkalinity, and concentrationgof NO
, DOC, acetate, and major cations, but notably affected concentrations of Mn ,FeHSO
CHaagy, and PQ* (Fig. 42; Fig. C3). Higher concentrations of $®, HS, and PGQ* were
observed in 10%DIG and 10%75G25S than in SedCTR while concentrations of Mn and Fe
were 5080% lower. Concentrations of $Owere up to 30 mgtin 10%DIG over 200 d,
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while SO% was depleted after 60 d in other systems. Concentrations gfddBedafter 30 d
in all biocharamended systems, and peak concentrations{88Qg L™!) were more than
five-fold higher than in SedCTR. Concentrations ofiP®ere up to twefold greater than in
SedCTR. In 10%DIS, river water chemistry was similar to SedéXdept for CH(aq), which

was up to sevefold higher.

4.3.4Aqueous concentrations aftedrying and rewetting

4.3.4.1THg and MeHg

After drying selected sediment and biochar mixtures for 90 d and then rewetting with SRW
for 90 d, limited release of Hg was observebdimcharamended systems, while slight
increases in MeHg concentrations were observed in systems amended with digestdte
biochars Fig. 43). Concentrations of THg (unf and 0-aB) in 10%DIG and 10%75G25S
systems weaxup to 99%ower thanin SedCTRin 10%DIS systemghe concentrations were

up to 79% lowe(Fig. 43). Concentrations of MeHg in systems amended with digestate
based biochars {82 ng L'!) were threeto severfold higher than in Stage 1, and up te 10

fold higher than in SedCTR in Stage

4.3.4.2Agueous parameters

Increases in concentrations of DOC, acetate, Mn, F&;,30d HSin digestatebased

biochar amended systems were observed in Stage 3, especially in 1084dPI&A( Fig. C

4). Reaction time before drying and rewetting slightly affected river water composition, and
the most pronounced changes (DOC, acetate, Mn, and Fe) occurred in systems at the early

sampling time (7 d) in Stage 1. Elevated concentrations of DOC and agetatebserved in
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10%DIG reacted for 7d in Stage 1. Concentrations of DOC (up ton$29?) were up to 20

and sevetfold higher than corresponding systems in Stage 1 and SedCTR in Stage 3,
respectively. Concentrations of acetate (up to 72 Mglere moe than 106old higher

than corresponding systems in Stage 1 and SedCTR in Stage 3. Increases in concentrations of
Mn (4.311 mg %) and Fe (0.82.9 mg %) were observed in 10%DIG reacted for 7 d in

Stage 1, which were up to-1dnd 306fold higher tharcorresponding systems in Stage 1,
respectively. However, these observed Mn and Fe concentrations were similar to SedCTR in
Stage 3. Concentrations of $Q(13-45 mg L'!) remained elevated in 10%DIG systems,

which were up to 58old higher than corresponaj systems in Stage 1 and SedCTR in Stage

3. Concentrations of Hup to 639ug L) in systems amended with digesthtsed

biochars were up to #®ld higher than corresponding systems in Stage 1, which were

significantly higher (p<0.05) than SedCTR.

4.3.5 Solid-phase characterizatiors

4.3.5.1 Solid MeHg content

Solid materials in systems reacted for 200 d in Stage 1 and their corresponding systems in
Stage 3 were collected and analyzed for solid MeHg corfkentC5). In Stage 1,ibchar
additions insignificany affected solid MeHg content (23 ngg?). Solid MeHg contents in

Stage 3 were 50% lower (p = 0.005) than in Stage 1.

4.3.5.2S

Solid materials in systems reacted for 200 d in Stage 1 and their corresponding systems in

Stages 2 and 3 were collected for t&alontent and S4€dge XANES analysis. In Stage 1,
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S content in 10%DIG systems was 40% higher than iICEB&ystemsin Stages 2 and 3, S

content did not significantly change in any systé&ig.(C6).

Shifts in S in solid materials collectedbhiocharamendedsystems reacted for 200 d in
Stage 1 and their corresponding systems in Stages 2 (drying) and 3 (rewetting) were observed
(Fig. 45; Fig. C7-9). In Stage 1, S ¥dge XANES spectrdor 10%DIG and 10%75GZ
systens contained two peaks in theduced S (2472 eV) andidized S (2482.7 eV) regions,
while spectra for solid materials collected from 10%DIS systems in Stage 1 showed one
pronounced peak in the intermediate and oxidized S region (2482.FigV45a Figs. C
7a, 99). Gaussian pealktfing for these spectra suggest S in 10%DIG is mainly associated
with polysulfur (34%)0xidized S 22%), and reduced @xocyclic and heterocyclic S)
(23%) (Fig. C A); S in 10%75G25S is mainly associated with sulfide mined&f],
oxidized S 20%), andreduced S (exocyclic S19%) (Fig. C 9a) S in 10%DIS is mainly
associated with intermediate S6¢0), oxidized S 27%), and polysulfur (14%i{Fig. 45b;

Fig. C 83. In Stage 2, increases in fractions of oxidize@%40%) were observed ithe
biocharamendedystemswhile decreases in fraction$sulfide minerals (10%75G25S) and
polysulfur (10%DIG and 10%DIS) were obser€&ty. 4.5; Figs. C 7b, 8b, and 9l Stage
3, shiftstowardthe sulfide region (2472472 eV) were observed in solid materiaddlected
from biocharamended systemand Gaussian peak fitting analysis suggestieases in
fractions of sulfidemineralsanddecreases in fractions oxkidized S(Fig. 45; Figs. C 7c, 8c

and 9¢.
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4.3.6Microbial community

Solid samples collected in systems reacted for 7, 90, and 200 d in Stage 1 and their
corresponding systems in Stage 3 waslectedfor 16s rRNA pyrosequencing. After
denoising sequencing data, effective sequencing readsifaontrol and biochaamened
systems was 8832t19 073 per sample, with 1,86688 detected operational taxonomic

units (OTUs). Application of biochar to floodplain soil did not significantly affect the
effective sequencing reads (p = 0.94) and OTUs (p = 0.12). Effective sequesatisgn

Stage 3100412t14 018)were significantly (p = 0.003) higher than in Stage 1

(7783316 820. No significant differences for OTUs were observed between Stages 1 and

3.

Shifts in microbial composition in phyla taxonomic rankings were observbdovachar
addition in Stages 1 and Bi¢. 46a). In Stage 1, applying biochar resulted in shifts in
microbial compositionowardBacteroidetes and Firmicutes. Euryarchaeota, primarily
containing methanogens, became more abundant as incubation timeddctasstage 3,
Nitrospirae, containing nitrifiers, became more abundant in 10%DIG and 10%75G25S.

Acidobacteria became more abundant in 10%DIS.

Fereducing bacteria (FeRBgulfatereducing bacteria (8B), and fermergtive bacteria
were thepredominant genera containing predicted Hg methsdatobiocharamended
systems in Stage 1, and limited changes in microbial structure containing predicted Hg
methylators were observed in Stagd-B)(46b). In Stage 1, SRB were more abundant in

10%DIGand 10%75G25S systems. In Stage 3, increases in the relative abundance of FeRB
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were observed in systems reacted for 7 d in Stage 1. The highedaabe (19%) of FeERB

was observed in 10%DIG stegms.

4.4 Discussin

4.4.1Mechanisms of Hg removal undeiinitial wet conditions

Multiple processes may contribute to greater Hg removal using digbsisee biochars.
Oxygencontaining functional groups and hydrophilic surface properties may contribute to
Hg removal(Liu et al., 2016; Xu et al., 2016FreatetO/C molar ratios for DIG and 75G25S
(0.15to 0. 2) compared to DIS (0.03) indicate digedtased biochars have abundant
oxygencontaining functional groups. Strong vibration stretches observed for DIG can be
assigned to Hbound hydroxyl {OH) groups (337 cmit) and symmetric @ stretches (1024
cm?) (Keiluweti and Nico, 2010). Formation of Fgjon biochar is likely the predominant
mechanism controlling Hg in biochamended systems under anoxic conditions (Liu et al.,
2019%). Polysulfur and reduced Srfationalities on DIG and 75G25S, as determined from S
K-edge XANES analyses, may promote the formation eBHgpmplexesKig. C2).

Physically filtering Hgbearing particulates by the porous biochar structure may also occur in

biocharamended systems, sgggested bWang et al(2019)

FeS is a strong scavenger for Hg through coprecipitation and compleftddiort al.,
2014) Phreeqcl calculations indicate FeS is near saturation in 10%DIG and 10%75G25S
systems at early times before becoming underdatlig@g. C10). The near saturation with
respect to FeS is likely due to the production of &%l generation of reduced Fed. 42).

Dissolved Hg(ll) and Hg bound to organic thiol (Hg(9R®act with FeS to forrb-HgS
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(Skyllberg and Drott, 2010), whit lower the release of Hg derived from the floodplain soil.
Oxygencontaining functional groups in biochars are redox actik@/iding similar electron
transfer capacities as humic substar{ggépfel et al., 2014). Biochars stimulate microbial
Fe(lll) reduction by acting as electron shuttles, first reducing radtxe sites on biochars
and then transferring electrons to Fe(lll) minerals (Kappler et al., 2014). Digbatzd
biochars with more oxygetontaining functionalitiesHig. C1) aremore redox active than

DIS, and thus stimulate microbial Fe (II) reduction to form FeS uadaerobiconditions.

4.4.2MeHg production under initial wet conditions

Concentrations of MeHg in biochamended systems were positively correlated (r> 0.88)
with concentrations of HSThis observation is consistent wBlenoit et al(1999) in that
MeHg production in sulfidic pore water is associated with elevated concentratioans HS
Phreeqcl calculations suggest aqueousSHpecies (e.g., Hgi8") were the predomant
species in the bioch@mended systems, and the peak #fySoncentration corresponded to
peak aqueous MeHg at 30kid. C11). HgSH" forms through reactions of metacinnalfar (
HgS) andHS(Eq.4.1) and dissolution of neutrally charged Hg(SHpedes (Eq.4.2) (Drott
et al., 2013)which are available for passive uptake by Hg methylating bacergdém et

al., 2012; HstKim et al., 2013).

‘oQY 0OY 00 Log K=-4.3t0.1 Eq.4.1

0°0Y0 0°0™D O Log K =-6.6:0.1 Eq. 4.2
The size and structural orderfdHgSin systems supersaturated with respe6btitgS

depends on the concentration of ld8d aromaticity of dissolved organic maif@raham et

al., 2012;Slowry 2010. In anoxic systems, the high aromaticity of organic matter with
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relatively low concentrations of H&ads to the formation of disordeleda nopar t i cul at
HgS that is highly imavailable(Poulin et al., 2017)The aromaticity of dissolved organic

matter in this study was not measured, lbutet al.(2018)observed elevated aromaticity in
biocharamended systems before 100’de elevated MeHg in 10%DIi& 30 d(Fig. 4.1)

may result from formation of poorly ordered nanoparticulatdgS as indicated byhe

elevated concentrations of unifi§j and low concentrations of H&ig. 42).

Solid MeHg content in systems amended with digedtated biochars were uptteo-
fold higher ttan in SedCTRRig. C5). Solid MeHg content is positively correlated (r = 0.93)
with fractions of Hg bound to thiol functional groups on dissolved organic matter (e.g.,
HgDOMS'). Polysulfur identified on DIG and5G25S (Fig 45; Fig. C2) may lead to
organic matter sulfurization, because polysulfur is one of the primary sources contributing to
organic matter sulfurizatiofWerne et al., 2008Hg bound to sulfurized organic matter
enhances Hg bioavailability in a similar pathway as Bigral to lowmolecular weight thiols
due to active transport by Hg methylating bacté@@eaham et al., 2017; Schaefer and Morel,
2009) Elevated nutrient content in systems amended with digdstatsl biochars may
further increase microbial activity andomote MeHg production, as suggested_tem-

Nguyen et al(2016)

4.4.3Impacts of drying and rewetting in biocharr-amended systems

Reaction time prior to drying and rewetting potentially affects the release of DOC and
increase in concentrations of Fe in biaehmended system§i@. 44). Elevated

concentrations of DOC are likely related to the release of residual labile organic matter,
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which is consistent with increases in DOC in manure/anaedipgstateamended systems
after a dryrewet cycle(Schouten etlg 2012) Elevated concentrations of Fe in systems at
earlier reaction time (7 d) coupled with increases in the relative abundance of FeRB (e.g.,
Geobacter)Kig. 46) indicate conditions favourable for microbially driven Fe(lll) reduction.
Similar increaes in Mn and Fevere observeth hardwood and sulfurizeebiocharamended

systems after drying and rewetti(@@hapter 3)

Drying and rewetting resulted in changes in S chemistry in the biachanded systems.
After drying, the decreased fractions off&ld minerals and polysulfur with the increased
oxidized S in solid collected from biochamended systems (Fig. 4FEgs. C 79) indicate
oxidation of sulfide minerals and polysulfur. After rewetting, the increased fractions of
sulfide minerals and theedreased oxidized S (Fig. 4Egs. C 79) reflectthe occurrence of
SO reductionand sulfide mineral formatio®olysulfurforms asaby-product for sulfide
oxidation in anoxic sediments through either abiotic or biotic pathweegkated by sulfur
oxidizing bacterigFindlay, 2016)With the limited abundance of sulfur oxidizing bacteria in
10%DIS after rewettingFig. C 8c) the increased fraction of polysulfur is likely related to

abiotic oxidation of sulfides in solid materials and aqueous sokition

The devated concentrations of $Dand HSin 10%DIG and 10%75G25S systelikely
reflect net reactions of dissimilatory $Qreduction, microbially drivenS disproportiontion
as well as continuous release of oxidizefdo®h the bochar.The increased relative
abundances of sulfateducing bacteria (SRB)dicate thestimulaion of dissimilatory SG*
reduction. The m-existence of Sg3 and HSin biocharamended systenadter drying and

rewetting isalsolikely related to microbially driven S disproportionation as previously
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observedChapter 3. SRB (e.g.Desulfovibrio, Desulfobulbgsn systems amended with
digestatebased biochars in StageH”d. 46) may stimulate Sisproportimation to form

both SQ% and HS (Eqgs.4.3-4) (Fuseler and Cypionka, 1995; Jgrgensen, 199gidized S

on digestatdased biocharg~{g. C2) may account for the elevated aqueous*S®

10%DIG and 10%75G25S systems, consistent @lihiated S¢F in manurebasedbiochar
systemgLiu et al., 20152018) For systems with less reaction time (7 and 90 d) prior to
drying, concentrations of S®remained elevated under initial wetting conditions, and the
elevated concentrations in Sta&gjalsoare likely related tohe net effects adissimilatory

SO reduction, S disproportion, atlde release of residual oxidized S functionalities on the
biochar. For systems with a longer reaction time (200 d) in Stages2 v&® depleted in
Stage land then became elevated in StagEi§.(44). The increases in S©in such

systems may be related to the release of newly formed oxidized S during drying. For such
systems, the limited abundance of SRB obserkag 46) indicates factors other th&Qu>

stimulate microbial S& reduction.

YO '0O°Ys O O Eq.43
@'y Yyou o voY pad0O"Y (YO Yo Eq 4.4
Hg in biocharamended systems was resistant to changgsaohemical conditions after
drying and rewetting, especially for systems amended with digdstiatsl biochard=(g.
4.3). Hg in the floodplain soil, as previously describ€tdpter 3, is mainly associated with
Hg bound to soil organic matter and metaebar H-HgS). The release of Hg in SedCTR
associated with the release of DOC after drying and rewetting was obséhagutdr 3.

Although elevated concentrations of DOC occuiretl0%DIG reacted for 7 d in Stage 1
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concentrations of THg (unf and O-4Un) were >89% lower than in SedCTR. The relatively
low concentrations of THg suggest Hg was maintained in more stable forms in biochar

amended systems than in SedCTR.

Changes in geochemical conditions and shifth@microbial communityafter drying and
rewettingmay affecinetMeHg production fig. 43; Fig. C5). FeRB and SRBre known to
mediate Hg methylation in anoxic sedimefieming et al., 2006Gilmour et al., 2013a
The increasgaqueous MeHg in 10%DIG reacted for ihdStage 1s associatedavith the
increaseatoncentrations dDOC, acetateFe, SQi> and HS (Fig. 44) as well as the
increasedelative abundaresof the potential Hg methylatrs FeRB and SRB-ig. 4.6) The
increased DOC and acetate are available for FeRB and SRB to utilize as electroricdonors
growth ando stimulate Fe(lll) and SgF reduction to form Fe(ll) and HSTherefore, the
increaseciqueoudMeHg after drying and rewetting is likely relatedenhanced microbial
driven Fe(lll)and SQ@? reduction. For systems reacted for 200 &tage 1the decreased
solid MeHg contenin Stage 3 (Fig. C Shdicatesconditionsfavourable foritherinhibition
of MeHg productioror demethylation reaction$helower MeHg contentsh 10%DIG and
10%DIS in Stage 3 correspondeditoited concentrations of DOC and acetate as well as
decreased relative abundances of FeRB and (&RB4.6) In 10%75G25S, the relative
abundances of FeRdd not changsignificantly, and the relative abundancesSiRB
increased compared to in StagéFig. 4.6) Concentrations of S& and HSin 10%75G25S
remained elevated with limited concentration of Fe (Fig. &H¢low MeHg concentrations
in 10%75G25%renotas clearlyrelated to biological activityThe decreasksolid MeHg

concentratior{Fig. C 5)concurrentith increasingsQu> conentrationgFig. 4.4)is
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inconsistent withthe previous results with respect to increased MeHg in sulfurized
hardwoodbiocharamended systems after drying and rewett®@igapter 3. However,Bailey

et al. (2017pbserved a similar inverse relation betwperewater and solid MeHg in

sulfateimpacted lake sediments with elevated Bi® low FeTherefor, systems amended

with biochars prepared fr om an bharerthe patentialdi g e st
for inhibiting MeHg productionandMeHg prodictionis less likely affected during drying

and rewettingevents

Long-term drying and rewetting of floodplain soils may further affect microbial activity as
well as MeHg production. The frequency of vaey-wet cycles, duration of moist periods,
and subtrates present at end of each-adstwet cycle may influence cumulative microbial
respiration(Yu et al., 2014)lovieno and Baat2008)observed variable microbial growth
rates at different times after rewetting dried sediment. #eng impacts of dynamic drying
and rewetting on Hg removal in floodplains may need to be further evaluated before

conducting largescale field applications.

4.5 Environmental I mplications

The results of this study indicate digesthssed biochars catecreasélig release in
floodplain soils under anoxic conditions as well as after drying and rewetting conditions
without substantially promoting MeHg production. Aipption of biochars derived from
anaerobic digestion may increase reactive phosphorus during long periods (months) of
flooding. Digestatdased biochars may not be suitable for direct application in freshwater

systems due to the elevated nutrient coneéintrs, however, it may be beneficial if used in
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floodplains to provide nutrients for plant growth. Reaction time prior to drying and rewetting

events may influence the evolution of geochemical and microbial reactions. Biochar
produced from a mixtureofaner obi ¢ di gestate and distillerso
comparable Hg stabilization in floodplain soil to biochar produced from anaerobic digestion

without introducing elevated S©.
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Table4.1 Properties for tochar prepared from ethanol refinery-psoducts including 100%

anaerobic digestate (DI G), 100% distill erso
distillersd grains (75G258S) .
DIG DIS 75G25S
Surface area, m2g?! 53.2 <0.5 24.2
H, % 0.65 0.75 0.59
C,% 42.7 78.9 52.8
N, % 2.02 7.29 3.36
Total Kieldahl N, % 1.84 6.23 3.08
O, % 11.8 3.22 104
S, % 0.75 <0.11 0.33
Ash content, % 53.7 9.7 41.1
(550 °C)
Volatile matter, % 10.6 12.4 11.2
P, mg kg 53 500 2180 40 100
K, mg kg 11 300 1360 9870
Na, mg kgt 4130 733 3660
Mg, mg kgt 11 600 1050 12 700
Mn, mg kg 766 12.2 496
Ca, mg kg? 94 000 553 65 300
Fe, mg kg* 4430 1080 3210
Al, mg kg1 4650 106 2830
Cu, mg kg? 191 1.93 90.8
Hg, mg kg? <0.0050 0.0175 0.019
Zn, mg kg 3240 30.7 1930
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peak analysis (NSS<2.¥40?) (b) for solid materials collected in systems reacted for 200 d
in Stage 1 and their corresponding systems in Stages 2 (drying for 90 djrentBed for

90 d). Spectra for theoil control are from Chapter 3.

132



[V

100
R
o 80
Q
c
g 60
c
=]
o
T 40
[}
=
S 20
[0}
x
0
@
SedCTR 10%DIG 10%DIS 10%75G258 SedCTR 10%DIG 10%DIS 10%75G258
E=] Others EZZZ Nitrospirae [ Firmicutes Actinobacteria
Euryarchaeota [ Verrucomicrobia E= Chloroflexi Acidobacteria
Planctomycetes [ Bacteroidetes B Gemmatimonadetes [ Proteobacteria
b Stage 1 Stage 3
50
Q\Q
@ 40 -
3]
c
g 30
c
=]
a
@ 20
)
=
8 10 [
o} e
m et
0 T T
X
& Q0
5\6@‘5\\
L
) SedCTR 10%DIG 10%DIS 10%75G25S SedCTR 10%DIG 10%DIS 10%75G25S8
FeRB SRB Fermentors Methanogens Others
[ Geobaoter 771 Desulfitobacterium Clostridium = Anasroiin 5T Dehaiococcoides
[0 Geoalkalibacter FA Desulfuromonas Bacteroides y ?s o e?f X Synirophorhabdus
E eithanoceila
B Desulfovibrio [ Acetivibrio B Methanospiriliom &0 Dehalobacter
A Desulffobulbus Smithella = wein i
2T Desuffomicrobium Ethanoligenens = Se tan(;me viovorans
Il Desulfococeus Leptolinea ymirophus
=71 Desulfobacula Spirochaeta
B2 Desuffomonite Peiobacter

B Desulfosporosinus
A Dethiobacter
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Chapter5I mpact of mul tiple drying and rew

amendments for Hg stabilization in flo

Summary

Biochar prepared from anaerobic digestate (DIG, a product gtiblgroduction) and
sulfurizedhardwood biohar (MOAK) are potential amendment materialsifositu Hg
stabilization in soils. Drying and rewetting as a result of flooding/precipitation and drainage
events in floodplains can induce redox oscillations that may affect the effectiveness of Hg
removalusing these materials. This study evaluated continuously repeated drying and
rewetting events on DIGand MOAK-amended systems using a modified humidity cell
protocol. The ten sequential cycles each consisted of a wetting stage, followed by leaching
and dying stages. An early flush (before tHewetting and drying cycle) characterized by
elevated concentrations of filtpassing (0.4%m) total Hg (THg), DOC, and Mn was
observed. Concentrations of O-gB THg were up to fivdold higher in the biochar

amended systems than in the soil control during this early flush. Thereafter, ldeitezhses

(up to 57%)n 0.45um THg and greatattecreases ianfiltered THg (up to 93%) were
observed in both bioch@mended systems. MeHg concentrations in the soitaartd the
DIG-amended system were <0.3 ng, While MeHg was present in concentrations up to
158ngLtin the MOAK-amended system. THg and MeHg showed strong correlations with
DOC (r>0.95) and Mn (r>0.98). Initial release of elevated concentratidd&dfwere
observedn the DIGamended system. As the number of wetting and drying cycles increased,
oxidation of MOAK led to decreases in pH and alkalinity as well as increases in

concentrations of SO (up to 796mg L) and Ca (up to 215 mg¥), wheras oxidation of
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DIG was not observed. Results of SeHge Xray absorption near edge structure (XANES)
analysis suggest polysulfur is the predominant S phase in both M@#&KDIGamended
systems. Changes in S chemistry were observed in the M@&Ad¢hded sstems as the
number of wetting and drying cycles increased. Results of 16s rRNA pyrosequencing
indicate community shifts toward sulfoxidizing bacteria occurred in the MOA&mended
system, whereas the community in the Edf@ended system was similar te toil control.
The different responses to the repeated wetting and drying events in these twa biochar
amended systems are likely related to differenceteimental compositions asgecies of
onbiochar. Repeated wetting and drying as a resuloofling/precipitation and drainage
events alters biogeochemical conditiaffecing microbial activitiesn biochar amended
systemsTheimpacts of drying and rewettimyerecommendetb considebeforedesigning

large fieldscale applications.

5.1Introdu ction

Mercury (Hg) contamination in freshwater systems has been documented worldwide
(Kocman et al., 2@, 2017). Disposal of Hgcontaminated products from industrial activities
(the second largest source after smsalle gold mining) has led to a legaxdyelevated Hg in
numerous watershe@ocman et al., 2017)At many legacy contaminated sites, riverbank
erosion is the predominant transport mechanism causingdaade dispersal of Hg that can
continue decades after phasing out Hg usage (Egglesto®;, P@nders et al., 2010; Horvat
et al., 1999). Hg entrained in floodplain soils and sediments is mainly associated with
nanoparticulate metacinnabérkigS), thiol groups in soil organic matter, and poorly

crystalline and amorphous Mn and/or Fe oxyhydteg and clay minerals, which can be
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remobilized during flooding evenf{kazareva et al., 2019; Manceau et al., 2015; Poulin et al.,

2016)

During flooding events, Hg has a great potential for forming methylmercury (MeHg)
(Poulin et al., 2016Singer et b, 2016, a neurotoxin that accumulates through the food web
(Jackson et al., 2011; Mergler et al., 20@Mder these conditions, water displacesrO
pore spaces, generating anoxic conditions that stimulate Hg methylation through biouptake of
inorganicHg species by anaerobic microl{eeming et al., 2006; Gilmour et al., 2Gi3
Hamelin et al., 2011; HsKim et al., 2013 Lazareva et al. (20)@bserved elevated
concentrations of MeHg in floodplain soils associated with elevated concentrations of poorly
crystalline and amorphous Fe and/or Mn oxyhydroxides, suggesting active Fe and Mn
cycling may play a strong role in controlling methylation teens in floodplain soils.
Correlations between concentrations of MeHg and both Fe and Mn have also been observed
in lake water as a result of changing redox conditions (Dent et al., 2014). Singer et al. (2016)
noted that MeHg production hotspots are nyoafisociated with areas with a high flood
frequency compared to areas with a low flood frequency. A Meh$gd model showed
MeHg biomagnification factors are higher in floodplains than in adjacent rivers (Newman et
al., 2011), suggesting the need to applyediation activities in floodplains in a manner that

limits methylation reactions.

Conventional soil remediation approaches (e.g., soil washing, physical extraction,
containment, thermal extraction, vitrificatiodulligan et al., 2001) can be costlydapply to
large contaminated floodplains. Recent alternative management strategies for Hg

contaminated sediments and soils have focused on the applicaitnogitafamendments with
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green materials that sequester Hg in the solid phase and concurrentlyzenimethylation

without disturbing the natural system. Carbonaceous materials, including activated carbon

and biochars, have been evaluated as sediment capping materials and amendments under
fully-saturated stagnant anoxic conditioBedkers et al., 201€hapters 3 and 4;

Desrochers, 201&ilmour et al. 2013b,2018; Liu et al.2017, 2018 201% O6 Connor et

al., 2018) and saturatdlbw conditions (Ting et al., 2018)

Differences in biochar properties can lead to different Hg renmmtabmesLimited
decreases in concentrations of Talgl MeHg have been observed in systems amenited
biochars prepareflom pine cone, oak and maple, pine dust, switchgrass, and manure
(Beckers et al., 2019; Chapter 3, Gilmour et al 20@G3Imour et al, 2019t.iu etal, 2017,

2018 a) whereaghe additions of sulfurized materials and biochar prepared from anaerobic
digestatdo Hg-contaminated sediments and ssilbstantially decreases Hg concentrations

with limited formation of MeHgunder anoxic conditionChapter8and4 O&6 Connor et
2018).In previous stuis a sulfurized biochar prepared with lime sulfur solution, an EPA
approved fungicide and insecticideasevaluated aareactive material for Hg removal

(Felin, 2016; Liu et al., 2018 b\ column studyreveas greater Hg stabilization in systems
amended with 5% sulfurizeldardwood biochar (MOAKgompared to hardwood biochar
undersaturateeflow conditions(Fellin, 2016).Laboratory microcosm experimant
demonstratanearly 100% decrease in Hg concentrations in systems amendekD9attry

wgt. MOAK and biochar prepared from anerobic digestate (DIG) with minimum net MeHg

production under anoxic conditions for up to 200 d (Chapters 3 and 4). Thase stiggest
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thatMOAK and DIGare potentially effective reactive materifds use as soil amendments

in floodplains.

Changes in hydrological and biogeochemical conditions during precipitation/flooding and
drainage events can alter soil organic matter oxidation (Cholky 2086; Fierer et al., 2002;
Rezanezhad et al., 2014), microbial structure (Fierer et al., 2003), cycling of Fe, Mn, and S
(Borch et al., 2010; Rezanezhad et al., 2014), and, in turn, indirectly influence Hg transport
and methylation reactions in floodph settings (Frohne et al., 2012; Poulin et al., 2016). A
single drying and rewetting event has a limited impact on Hg release and MeHg production
in DIG-amended systems but may induce shifts in microbial structure and favour MeHg
production in MOAkamened systems (Chapters 3 and 4). However, the impacts of
ongoing repeated wetting and drying events, which occur in floodplain settings, with these

biochars are unclear.

Ongoing repeated drying and rewetting results in different cumulative microbial tiespira
and microbial activity than a single drying and rewetting event. Cumulative microbial
respiration after each wetting and drying cycle is dependent on end products from the
previous cyclg€Yu et al., 2014)Microbial respiration may rapidly increaserihg the first
few drying and rewetting events after extended drought conditions and then slows with
further wetting and drying cycld&ierer and Schimel, 2002y herefore, a single drying and
rewetting event as previously evaluated for B&8d MOAK-amemed systems (Chapters 3

and 4) may not fully represent responses under conditions of repeated drying and rewetting.
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The humidity cell test method is a standardized laboratory weathering protocol that
enhances the release of reaction products from a knwasgs of mine waste rock and ores
(ASTM, 2012) The standardized protocol includes weekly drying and wetting cycles
providing oxidative conditions with three days dry air, three days vsaterated air,
followed by a leach with water. The protocol has beggplied to mine tailings and waste
rock to evaluate contaminant release in response to oxidative con@irdiasl et al., 2009;
Langman et al., 2015a,b; Maest and Nordstrom, 204 ®)odified protocol has been applied
to evaluate hardwood biochar as aateve mat for Hg removal under cyclical flooding and
drainage condition@/Nang et al., 2019Although information obtained from the humidity
cell test may not directly preditdachate concentrations undietd conditions, the results
can reflecfield-scalemajorgeochemical and microbipltocessegArdau et al., 2009; Maest
and Nordstrom, 2017)ntegratednodelsincorporating detailed temporal variables (e.qg.,
temperature fluctuations and wabefiltrations parametersggnddeveloped from laboratory
humidity cell experimentsanprovidea reasonablagreenentbetween laboratory and field
measurements that capture major weathering procesgkieh can be used for geochemical
evaluations under realistic muitear fieldconditiongWilson et al., 2018)Therefore, results
obtained from humidity cell testan provide more realist information in terms of conditions

exposed to redox oscillations thfiom batchscaleexperiments.

This study evaluated DIG and MOAK as potential candidate amendmeirissftarHg
stabilization in floodplain soils subjected to multiple drying and rewetting condifising
the same biochar to solid ratio as previously described (Chapters 3 @nnhddlified

procedure from the standard humidity cell protocol representing dynamic flooding and
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drainage was applied over ten wetting and drying cycles. Each cycle featured wetting,
leaching, and drying stagegSeochemical analyses and segbldase characteazion were
conducted to provide information related to the application of DIG and MOAK as soil

amendments in floodplains

5.2 Study Site

Soils were collected from the floodplain of the 608 I8outh River watershed, located in the
Shenandoah Valley, VA, USA KE floodplain is occupied by pastures and agricultural fields,
together with forest and open space (URS, 2018). At a historical release site, WSO

used as a catalyst for fabric production and discharged into the river near Waynesboro, VA
from 1929 t01950. As early as the 1970s, elevated concentrations of Hg were reported in the
downstream river water, surrounding soil, and fish tis¢Gaster, 1977)Hg persists today

and has been observed throughout the floodplain with variable concentrationfiamof® t

km downstream of the textile plant (Eggleston, 2009; Flanders et al., 2010; Lazareva et al.,
2019; URS, 2018). Hg is concentrated in surface soil and subsoil (<200 cm) along the river
edge close to the textile plant (<8 km) (Lazareva et al., 20RS, 2018). One of the highest
reported Hg concentrations (1200 mg‘kevas observed 5.6 km downstream of the textile

plant and 3 m in from the river edge (Lazareva et al., 2019). Moving downstream from the
textile plant, Hg persists in surface soils (<#0) 40 kmdownstreanwithin the 100year
floodplain,with analyzedHg concentration§N=508) rangng from 0.01 to 7Jug g*(URS,

2018). Elevated concentrations of MeHg have also been observed in fish tissue, amphibians,

and birds up to 137 km downstreantlod textile plant (Bergeron et al., 2011; Carter, 1977,

140



Jackson et al., 2011). Greater MeHg biomagnification factors are observed within the

floodplain than in the South River (Newman et al., 2011).

5.3 Materials and Methods

5.3.1Materials

Floodplain soil was ctdcted 36.5 km downstream of the textile plant in thred.high-

density polyethylene bottles, shipped to the University of Waterloo with icepacks, and stored
at <4°C under dark conditions. The floodplain soil was homogenized, air dried, and sieved
to <2 mm before conducting the experiment. South River water (SRW) was collected
seasonally 4.8 km upstream of the textile plant and shipped to the University of Waterloo on

ice. SRW was also stored at ¥4 under dark conditions.

Anaerobic digestate (DIG)dcharwere prepared &ornell University(lthaca, NY)
using feedstocks produced by an advariednergy (Coaltec Energgarterville IL,
USA). The digestate grains contained a mixture of beef cattle manure, captured in a clean
catch manure system, and thin stillage extracted from the ethanol refinery. After digestion,
solids were separated from liquids and dried. Sulfurlzdiwood biochar (MEK) was
prepared by immersing an oak biochar (~700Cowboy Charcoal Co LLC, Bretwood, TN)
in a 0.4% Cagsolution using gardegrade lime sulfur (Green Earth St@o IP Inc.) in a
3.5% H/balance Mvinyl anaerobic chamber (Coy Laboratory Products,) liee 7 d and

rinsing with ultrapure water as previously descrif@Hdapter 3Liu et al., 2018).
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5.3.2Experimental design

A modified humidity cell protocol was applied using three acrylic columns with dimensions
of 7.6 cm(height)x 23 cm(internal diametgr Each column consisted of customized ports
one leachatport below the bottongne solidcollection port, two porgvater collection ports

in opposing directions, and a soil moisture sensor§EBecagon Device, Pullman, WA)
installed 2.5 cm above the bottotw,o stagnantvater collection ports opposing directions

5.5 cm above the bottgrand one influent port and twar release ports on the tdpid. 51).

The pore water collection ports were connected to ritrizon samplers with a&m

porous length and 0.45m pore size (Rhizon MOM, Rhizosphere Research Products B.V.
Wageningen, Netherlands). The stagnant water collection ports were connectenito 10
polytetrafluoroethylene tubg8.2 mm OD x 1.6nm ID) with multiple holes drilled at

random intervals. The experent included oneoil control (HCSed) and two amended
systems with 10% biochar by dry weight: one Ed@ended soil system (HCDIG) and one
MOAK -amended soil system (HCMOAK). Each column was started with 0.5 cm silica sand
on the bottom to which floodplasoil with or without biochar was added to a final height of

5 cm above the column bottom. Biochars were mixed and homogenized with the floodplain

soil every 100 g increment to an approximately total solid mass of 1200 g.

Each humidity cell column was gebted to ten subsequent wetting and drying cycles.
During the wetting periods, 1000L SRW were added through the influent port and allowed
to stagnate in each column with both the influent port and tkrelaise port closed. At the
end of each wettingeriod, stagnant water (8%96.3 mL for HCSed, 80#21.5 mL for

HCDIG, andalimited volume for HCMOAK) was collected through the stagnant water
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collection port before the leaching began. During the leaching periods, SRW was drained
through the solid maitt by gravity with the air release port opened. A -I2b amberglass

bottle prefilled with Ar (99.999%) was connected to the leachate collection port. An aliquot
of initial leachate was collected within 30 min after the leaching began, and the remaining
aliquots were collected within 24 h. During drying periods, solid materials were dried with
the top lid left open and covered with a NITEX cloth. Pore water was collected 48 h after the
drying periods began. The leaching and drying periods during*tvetting and drying

cycle were 7 d, after which they were increased to 14 d to generate lower moisture contents.

5.3.3Sample collection

Aqueous samples of the stagnant water and leachate were collected for determination of pH,
Eh, alkalinity, and concentration$total Hg (THg) (unfiltered (unf), 0.45nd 0.2um),
methylmercury (MeHg), inorganic anions, organic acids, major and trace elemegts, NH
PQ:*, dissolved organic carbon (DOCY;,Sand CHq The stagnant water and leachate

were collected using 2@\L polypropylene/polyethylene sthriLuer Lock syringesNorm-

Ject, Thermo Fisher Scientifipassing through 3ghm diameter syringe filters with 0.45m
Supor® membranes (Acrodisc®, VWR) except for pH, Eh, and unf ard.2ZHg. Pore
watersamples were collected for THg, MeHg, inorganic anions, organic acids, and major and
trace elements in-BL plastic vacuum tubes with no preservative (VACUTTEreiner

Bio-One International GmbH). All agqueous samples were preserved and determined as
descibed previouslyChapters 3 and 4Vang et al., 2019Details about analytical

information and QA/QC are summarized in the supporting information (see Text D1).
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Solid samples at the end of th#aind 4" cycles were collected from the solid portiahe
volume removed replaced with silica dart the end of the 10cycle, solid materials in
each column were separated intor intervals from the air/solid interface-20cm) to the
bottom (24 cm). Four separate samples were collected from each intgevarating a total
of eight samples for each column. Solid samples were collected for total S conteadigs K
X-ray absorption near edge structure (XANES) spectroscopy, and 16s rRNA pyrosequencing
analyses. Solid samples for total S and XANES analysig collected in 20nL glass vials
(VWR®, TraceCleai, avantorE) and for 16s r RNA were col

plastic centrifuge tubes. All solid samples w

5.3.4Total S content

Total S content in solid samples leated at end the of4and 1" wetting and drying cycles
was analyzed by combustion using a resistance furnace an&yA&RA® CS-2000,

ELTRA GmbH).

5.3.5S K-edge XANES

S K-edge XANES spectroscopy was performed for solid materials collected frofi the 4
cycle at beamline‘BM at the Advanced Photon Source, Argonne National Laboratory
(Lemont, IL, USA). S Kedge XANES spectra were collected using fluorescence mode with
a beam size measuring 1Qe@x1000um. Solid samples were ground and smeared as thin
films on conductive doubleided tape, then mounted in a He chamber during the experiment.
S K-edge XANES spectra were calibrated to the white line position for gypsum

(CaSQARH.0) at 2482.7 eVReference compounds included dilutegysteine and gypsum
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(2%). Three spectra were collected for reference compoundsivargpéctra were collected

for each sample and mergedufkt) prior to normalization and data analysis.

S K-edge XANES spectral analysis was performed using the ATHENA pa¢Ragel
and Newwile, 2005)by decomposing normalized spectra into several Gaussian peaks
between 2466 and 2489 eV representing different S species, follMaingeau and Nagy
(2012)and summarized previous{€hapters 3 and 4Vang et al., 2019)A total of 11
Gaussian peks representing sulfide minerals (2470.4, 2471.5, 285&X/), elemental sulfur
(or polysulfur) (2472.7 eV), exocyclic S (2473.5 eV), heterocyclic S (2A%5&V), sulfoxide
(247625 ¢€eV), sulfite (2478.5 eV), sulfone (2480.2 eV), sulfonate (2481.4 eV)pxsidized
S (inorganic sulfate or ester sulfate) (2482.7 eV) as well as two arctangent steps representing
reduced S species (2474 eV) and oxidized S species (2482.5 eV) wevdthsed
unconstrained peak heights and constrained peak widtksk widths foreduced S
components (sulfide minerals, polysulfur, exocyclic S and heterocyclic S) were constrained
at 0.658 accordintp the peak width for the diluted-tysteine, and peak widtHor
intermediate S and oxidized S were constrained at 0.848 acctowdirggpeak width for the
diluted gypsumComponents with negative peak heights were eliminated in an ascending
order.The areas under each Gaussian peak were normalized to the area under the elemental S
peak (2472 eV) to overcome the proportional peak iagraases with increases in vacancies
in 3p transitions of S speci@d/aldo et al., 1991)ising a generic equation suggested by
Manceau and Nagy (2012)The fitting quality was assessed using a normaiszed square
(NSS).Goodnessf fit was evaluatedypeliminating components with <10% weight, and

exclusions insignificantly afferrtg the fitting quality were not considered.
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5.3.6Pyrosequencing analysis

Solid samples collected at the end of tleardd 1" cycles were analyzed for 16s rRNA

sequencing. DNAurification for such solid samples was conducted using the Pow& Soil

DNA I solation Kit (Mo Bio Laboratories) follo
Ceil E Fan Filter Module (Microzone). Purified
DNA Labordory (Shallowater, TX, USA) for the analysis using primer 515/806 targeting

bacteria and archaea. Details about polymerase chain reaction, sequencing procedures, and

dataanalysis arsummarized in the supporting informatieeTextD 2).

5.3.7 Statistical analysis

Correlations between the measured parameters
coefficient (r) at a 95% confidence interval (p<0.05). @@ ANOVA was used to evaluate

the impact of the biochar amendments on total S coatehimicrobial effective sequence

reads at a 95% confidence inten@lu n n éest vads siIsed to compare results from the

biocharamended systems to theil control.

5.4 Results and Discussion

5.4.10verview of sediment, river water, and biochar

The floodplain soils fine grained with elevated Fe (24 Q0§ g') and organic matter (14
800ug gh), moderate Al (670Qg g1), Ca (150Qug g1), Mn (1500ug g?t), and Mg (1100
ug gb), and limited S (159g g?) concentrations. &rmiculite (MgSisO10(OH)), biotite
K(Mg, Fe?)3(Al, Fe*3)Siz010(0H,F), and quartz (Sig) arethe predominantrystalline

mineral phases. Hg (55 g?) in the floodplain soil is mainly associated with Hg bound to
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soil organic matter and metacinnabaHgS). Further details about tHeodplain soil are

described previously (Chapters 3 and 4). SRW has a slightly alkaline pH, measurable Na,

Mg, Ca, K, Cl, N@, and S@ concentrations, and minimal NHN, PO, THg, and MeHg
concentrations (Table.1l). DIG and MOAK have similar surfa@ggeas and solid phase S
concentrations. DIG has elevated ash content and concentrations of both nutrients (e.g., N, P)
and other major elements (e.g., Ca, K, Mg, Fe, and Zn) (badleMOAK is mainly

composed of C (90%) with moderate concentrationsajprrelements (e.g., Ca and K)

(Table5.2). Previous S Kedge XANES analysis suggefi{c and MOAK contain similar

fractions ofpolysulfur @7-60%), reduced $exocyclic S and heterocyclic §5-1%%),

sulfide mineral§15%), and intermediate S%), and DG also contains moderate fractions

of oxidized S (11%) compared MOAK (2%) (Chapters 3 and 4F{g. D1).

5.4.2Volumetric water content (VMC)

The mean volumetric water conted} (n HCSed during the wetting and drying periods was

0.4 and 0.15, respective(Fig. 52). Before the ? cycle, limited changes idwere observed
between the wetting periods, indicating the drying period (<7 d) was not sufficient to achieve
a low moisture content. After increasing the time between wetting periods to 14(d, the
values observed during the drying periods ranged betw88ra@id 0.16. Slightly highef

values were observed in HCDIG and HCMOAK during the wetting periods (between 0.45
and 0.60) and the drying periods (between 0.11 and 0.28). The slightly tiiggdaes during

the wetting periods are likely related to a l@gpore volume derived from the relatively high
internal porosities of the biochars as indicated by their relatively large measured surface

areas (Tabl&.2). Theslightly increased water content in biockanended systems is
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consistent with increased mtise content observed in a soil system amended with the same
biochar to solid ratiowhich can increase microbial activiti@®@eddy et al., 2015puring the
leaching periodg] values decreased at different rates in HCSed, HCDIG, and HCMOAK.
Specifically,d values decreased at a higher rate in HCDIG but at a lower rate in HCMOAK
compared to HCSed. The different drying behaviors observed in the bertleaided

systems are likely associated with different internal porous structures for DIG and MOAK.
The different leaching rate in these bioclaanended systems reflect changes in hydraulic

conductivity and permeability with the additions of biochar in soils (Reddy et al., 2015).

5.4.3Aqueous parameters

5.4.3.1THg and MeHg

An early flush of THg<0.45um) was observed ipore water andeachate from HCSeahd
thebiocharamended systems, and thare water concentrations were consistent with
leaching concentrations passing-Q2 filter membranes (Table D1) except for an elevated
initial concentration in HCMOAK. In HCSedpacentrations of 0.4fm THgwas initially
752 ng L}, thendecreased anstabilizedbetweer63 and115 ng L (Fig. 53a). The initial
concentrations of 0.4pm THg in leachate from HCDIG and HCMOAK were up to 3650
L1, The initial concentratios of Hg in pore water in HCMOAK (28 400 ng ) were eight
fold higher than inheleachateAfter the early flush¢concentationsof 0.45um THg
(betweenl 16 and143 ng™?) in HCDIG were similar to HCSedvhile amuchsmaller
releaseof 0.45um THg (49-95 ng L'Y) wasobserved in HCMOAKConcentrations of 0.45
um THg in stagnant water from HCSed remained <100-hépt_the duration of the

experiment, while higher concentrations were observed in the biaaiamded systems
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during the early flus. The initial concentrations of 0.46n THg in stagnant water from

HCDIG (433 ng %) and HCMOAK (2110 ng ) were sevenand 33fold higher than

HCSed, respectivelyhe early flush has also been observed in other mining projects
evaluated using humigitcell tess (Maest et al., 2017). The early flush may represent release

of Hg associated with prexisting oxidation products.

Althoughafter the early flushgoncentrationsf 0.45um THg inthe leachate frorthe
biocharamended systenase similar to HCSed:oncentrationsf unf THg continuel to
dedine (Fig. 5.3a). Concentrations of unf THg in leachate from HCSed were between 2060
and 47800 ng !, and a peak was observed at tReyicle after the release of 0-4#n THg
stabilized. @ncentrations of unf THg in leachate from HCDIG and HCMOAK systems
decreased as wetting and drying continued. Concentrations of unf THg in leachate from
HCDIG decreased from 7110 to 197@L 1, representingminimal to 90%decrease
Concentrations of urifHg in leachate from HCMOAK rapidly decreased from08® ng L*
before the early flush and stabilized below 1000 RdHereafter, representira4 to 93%
decreaseThe variable concentrations of unf THg in HCSed are consistent with the large
variatiors in unf THg observed in South River sediments collected at different locations in a
previoushumidity cell experimenfWang et al., 2019After the early flushHg release in
HCSed shifted from colloidal particl¢s0.45um) to mostly particulatdound(>0.45um),
increasng from 68% to greater than 9786 unf THg In the biochalamended systemthe
greater release of unf THtyring the earlylush may result from the release of Hg associated
with smaller biochar particles. After the early fluthe greatedecreases in unf THg in the

biocharamended systemisdicate biochars as soil amendments stabilize partichtataed
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Hg betterthan colloidal odissolved Hg under the experimental conditions. The limited
stabilizationof colloidal or dissolved fractions (<0.48m) is likely related to the relatively
high leaching rate (>0.02 mL*) which may not provide sufficient time to allow

precipitation/ dsorption reactions within the biochars.

5.4.3.2Minimal concentrations of MeHg were observed in leachate and pore water from
HCSed and HCDIG (<0.3 ng-1) over the duration of the experiment, while elevated initial
concentrations of MeHg were observedeachate and pore water collected from HCMOAK
(Fig. 5.3a). Concentrations of MeHg in leachate and pore water collected from HCMOAK
were initially 15 and 158 ng-IL, respectively, then decreased to 0.6 flgwithin the 2nd

cycle and remained <0.1 ngl.thereafter. The relatively low concentrations of MeHg in
HCSed and HCDIG are similar to those reported in a previous study that used a hardwood
biochar as a reactive mat to stabilize Hg release in South River sediments from different
locations under floodingnd drainage conditions (Wang et al., 20T% elevated leachate

and pore water MeHg in HCMOAK is striking as MeHg production in natural environments
occurs under anaerobic conditions (Gilmour et al., 2Q¥3a) lower MeHg fluxes are

usually observeciaerobic conditions compared to anaerobic conditions (Duvil et al., 2018).
The elevated MeHg in leachate collected from HCMOAK during the early flush isftiicee
higher than the peak concentrations observed under saturated flow conditions (Fellin, 2016)

and similar to longerm anaerobic conditions (Wang et al., 2019). The elevated pore water
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concentrations are similar to other biochanended studies for stabilizing ¥édgntaminated

riverbank sediments under anoxic conditions for 400 d (Liu et al.,, 201'Ba).

5.4.3.3Eh, DOC, and Mn

Increases in Eh werbservedluring the early flush when concentrations of DOC and Mn
decreased as the number of wetting and drying cycles increased (Fig. D 2). Stagnant water
had a slightly higher Eh and lower DOC than leaehgh in leachate from HCSed varied
between 377 and 430 mV, indicating aerated conditions. Eh in leachate from HCDIG and
HCMOAK was initially lower (328 mV for HCDIG; 280 mV for HCMOAK) and then
increased to nearly 400 mV as the number of cycles contimgidating shifts from
moderately anaerobic to aerobic conditions in the bieah@nded systems. Concentrations
of DOC in leachate from the HCSed and HCMOAK systems decreased from 24, g
then fluctuated between 5 and 10 mY Concentrations ddOC in leachate from HCDIG
fluctuated between 14 and 18 mg &xcept for a low value of 7 mgiat the & cycle.

Similar to DOC, elevated initial concentrat®of Mn were observed in leachate from the
HCSed (1.7 mg i) and HCMOAK (25 mg %) systems that then decreased to belowni@y1
L-1. Concentrations of Mn in leachate from HCSed stabilaethe 2% cycle. Concentrations
of Mn in HCMOAK stabilizedby the 5" cycle. In contrast, concentrations of Mn in HCDIG

were below 0.5ng L™ throughot the experiment

The increases in Eh coupled with decreases in concentrations of DOC and Mn indicate
favourableconditions in HCSedbr reductive dissolution of Mn(IV) during the early flush

that became ledavourableat later times$tumm and Morgan,B®%; Husson, 2013)ierer
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and Schime(2002)suggest the release of DOC after a wetting and drying cycle could be
related to the release of labile organic substrates as a result of biomass turnover. With
repeated wetting and drying cycles, the solids ikatcome more aerated. Less labile
organic matter and changes in microbial composition may lead to decreases (FiP@C
and Schimel, 2002).oss of Mn may occur through -gwecipitation with Fe oxides during

continuous aeratiorDent et al,2014)

Addition of biochars in the floodplain soil further affects Eh as well as concentrations of
DOC and Mn. Biochars can act as electron shuttles to transfer electrons between bacteria and
terminal electron accepters (e.g., Fe (Ill) minergds)ppler et al., 204). Therefore, the
lower Eh observed in HCDIG and HCMOAK at early time points may be due to enhanced
electron transfer with the addition of biochars. The relatitagper DOC concentrations in
HCDIG are consistent with enhanced soil organic matter reddesea rewetting event in
anaerobic digestai@mended systen{€hapter 4Schouten et al., 2012\hich is likely
related to the continuous release of labile organic matter as wetting and drying cycles
continued. Enhanced dissimilatory reductiomvf(IV) was observed in MOAKamended
systems under longerm anaerobic conditions (Chapter 3). The elevated initial agueous Mn
concentrations in HCMOAK are almost the same as underdatiyrated and anoxic
conditions at 30 d (En=39+28 mV) (Chapter B Although the Eh was moderately reducing
(300 mV) in HCMOAKIeachates, more reducing conditions may occur within the pore
spaces. Therefore, the elevated initial concentrations of aqueous Mn in the HCMOAK system

are likely associated with the reductive dis$ioin of Mn oxides.
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5.4.3.4Release of Hg and MeHg associated with DOC and Mn dynamics
The release of THg (0.4fam) is positively correlated with concentrations of DOC (r>0.989,

p<0.05) and Mn (r>0.953, p<0.05), especially in HCSed and HCMOAK (Bg-d.
Remotilization of Hg associated with soil organic matter has been reported in flooded
floodplain soil(Chager 3 Poulin et al., 2016) and in biochkamended systenadterdrying
andreweting evens (Chapters 3 and 4n addition to positive correlations beten THg

and Mn, the elevated Mn in HCMOAK corresponds to elevated MeHg (r=0.979, p<0.05)
(Fig. 53d). Strong correlations between Hg or MeHg and Mn have been observed in river
water and shallow groundwater at the South River(kdeareva et al., 2019)d an anoxic

lake (Dent et al. 2014)

5.4.3.5pH, alkalinity, Ca, and S£&
The addition of DIG and MOK affected pH, alkalinity, and concentrations of Ca and®’SO

(Fig. 54). Specifically, the addition of DIG led to slightly higher pH (2@3.1) and

alkalinity (14535 mg L) values. Concentrations of $0in HCDIG decreased from 369 to
95 mg L' over the course of the experiment, indicating the release of oxidized S fractions
from DIG (Fig. D 1). The addition of MOAK lowered the pH by 1.2 units aikialinity by

90%, coupled with increases in Ca andSantil peak concentrations of 2aHd 796mg L

! respectively, occurred at th® ycle. pH and alkalinity then stabilized, and concentrations

of Ca and S@ decreased.

5.4.3.60ther major elements (K drCl) and nutrients (NEHN, NOs', and PG*)
Addition of DIG and MOAK resulted in changes in N chemyisand the release of RQ K,

and Cl was also observéat HCDIG (Fig. D 34). Decreases in Ng&-N coupled with
153



increases N© concentrations were observed in HCSed and HCDIG before the early flush.
After the early flush, NgtN was <0.1 mg 1* while NOs™ plateaued as the systems became
more aerated. The stabilized concentrations of NCHCDIG were 50% lower than in
HCSed, sugesting addition of DIG may suppress nitrification. Unlike HCSed and HCDIG,
concentrations of NEN in HCMOAK peaked at the"2cycle (2.2 mg ) and then slowly
decreased to 0.5 mg'lwhile concentrations of NOwere <1 mg L. Addition of DIG
resultedn increases in concentrations of £@ver the experimental duration. Initial

releases of elevated K (105 mg)land Cl (108ng L) were observed in HCDIG.

5.4.4Solid-phases analysis

5.4.4.1S in solid

Solid materials collected at the end of tHeafad 18" cycles were analyzed for total S content
in solid (Fig. 55a-d). Addition of DIG and MOAK led toignificantincreases§0.05,
p=0.00001) in total S in solid materials, with the laghtotal S observed in HCMOAIIQ.
5.5a). The total S contenf solid sampes collected from each system at different depths
the end of 18 cyclewere not significantly differerin soil control and biochaamended
systemsAs wetting and drying cycles increased, insignificant changes in S content were
observed in HCDIG{=0.05,p=0.63), while S content in HCSed and HCMOAK decreased

significantly ((50.05,p<0.0001) by 23 and 37%, respectively (Figb&d).

5.4.4.2S K-edge XANES

S K-edge XANES analysis of solid material collected at end of theydle demonstrates

different S pecies for solid materials in HCSed, HCDIG, and HCMOAK (Fige®). S K-
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edge XANES spectra for solid materials collected from HCSed contain one pronounced peak
in the oxidized S region (2482 e{fig. 5.5e) S K-edge XANES spectra for solid materials
collected from HCDIG and HCMOAK contain pronounced peaks in the reduced S region

(2470 eV) as well as in the oxidized S region (2482 (&¥). 5.5eandf).

Gaussian peak fitting analysis suggests the addition of DIG or MOAK to the floodplain
soil shifts intemediate S toward polysulfur, reduced S, and sulfide minerals in solid
materials, while fractions of oxidized S remain relatively unchanged. (b:lsg-h). Results
of Gaussian peak fitting for solid materials collected in HCSed suggest S is mainly asgsociat
with intermediate SG1%), oxidized S phase8@%), and limited other S fractions (<10%)
(Figs. 5.5eandh). Addition of DIGand MOAK to the floodplain soihcreased fractions of

polysulfur 6-35%) andreduced Sexocyclic S and heterocyclic §)2-15%) (Figs. 5.5fh).

5.4.4.3Microbial community

After denoising pyrosequencing data, the number of effective sequencing reads was
126,126+13,040 per sample, with 10428 detected operational taxonomic units (OTUS)
(>97% percent homology). The effectisequencing reads per sample@.05 p=0.51) and
detected OTUs did not change significantliz@.05,p=0.68) during the experiment.

Application of DIG and MOAK as soil amendments resulted in minor changes in both

effective sequencing readd=0.05,p=0.16)and OTUs (£0.05,p=0.17).

Shifts in microbial community at the phyla and genera taxonomic levels were obasrved
the number of wetting and drying cycles increased (F&al). Proteobacteria were the

predominant microbial community as the number aleyincreased (Fig.&a). Decreases
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in the relative abundancesBécillusandSporosarcinanembers accounted for the
decreases in Firmicutes. Other than the decreases in Firmicutes, addition of DIG or MOAK

led to limited changes in microbial communiteghe phyla taxonomic level.

At lower taxonomic levels, such as the genera level, shifts in the microbial community
increased over time (Fig.@b). For example, bacteria that are more resistant to arid/semi
arid environments (e.ggemmatimonaandRamnibacter) became more abundant in the
biocharamended systems. These shifts in taxonomic structure in soils are consistent with
other observations after drying and rewetting evéim et al., 2018)As wetting and drying
cycles increased, the microbiaramunities in HCSed and HCDIG were similar, while more
distinct changes were observed in HCMOAK. For example, nitrogen fixing bacteria (e.qg.,
Azoarcu$, sulfur oxidizing bacteria (SOB) (e.d-hiobacillug, and acid tolerant bacteria
(e.g.,Candidatus Kothacte) were abundant in solid materials collected at the end of'the 4
cycle in HCMOAK; at the end of the ¥@ycle, the relative abundancesTdfiobacillus
dropped whilghe relative abundances miethylotrophs (e.gMethyloteneraand

Methylophilu3 increased

SOB communitiesanutilize NOs as an electron accepter in the presence of elemental S
(Germida and Janzen, 1993; Okabe et al., 2000 abundance of SOB coupled with lower
concentrations of N©in HCMOAK than in HCSed and HCDIG (Fig. D 8)ggests N©in
HCMOAK was utilized by microorganisms for growth. The increases in the relative
abundanceof Thiobacillusspecies in solid materials collected in HCMOAK at the end of
the 4" cycle are consistent with increase§ liobacillusspecies irsoils amended with

elemental §Yang et al., 2008)Members ofl hiobacillusare the most important microbes
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mediating biotic elemental S oxidation in soils. The abundantiobacilluscoupled with
low pH, alkalinity, and peak S® (Fig. 54) in HCMOAK suggestshe activity of these
microorganismss responsible for the slightly acidic conditions generated in HCMOAK
during the early flushGermida and Janz€h993)state oxidation of elemental S depends on
physicochemical properties of soil and amenddida$are available for microbes. Although
increases in fractions of polysulfur (or elemental S) were observed in solid materials
collected from HCDIG and HCMOAK (Fig..5e-h), polysuliur is likely more availabléo

support microbial growth in HCMOAK than HCDIG.

The increases in concentrations of Ca from HCMOAK (Fi4) 8uring the early flush are
likely related to the oxidation of polysulfur in MOAK. Increases in Ca concentrations under
acid-generating conditions are mostly associated with the dissolof carbonate minerals
that buffer acidic pH water and maintain near neutré)(6H conditiongJohnson et al.,
2000; Jurjovec et al., 20Q2)ecreases in biochar pore volume have been reported in other
studies using sulfurizing carbonaceous materials, likely due to the trapping of polysulfide
solution in the porous structure after sulfurizatiodh s asi an and Kaghazchi,
et al., 218) Asasian and Kaghazc{2012)state that the trapped solution is difficult to
eliminate even after rinsing several times with distilled water. Oxidation of polysulfide
solution trapped in the biochar porous structure during sulfurization processetsmbgad

to increases in concentrations of Ca in leachate from HCMOAK.

After the 4" cycle, decreases in the abundanc&hibbacillusmay indicatea decline in
SOB activity (Fig. 54). The decreases in the relative abundance are consistent with the

decline in Thiobacilluspopulation after eight weeks of elemental S application in a shallow
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soil (Yang et al., 201Q)which is likely related to a decrease in bacterial growth witif SO
concentrations greater than 100 ni®uzuki et al., 1999)The elevatedoncentrations of
SO released in HCDIG early in the experiment may have inhibited the growth of SOB, and

therefore limited polysulfur from DIG for SOB growth.

5.5 Conclusiors

Although alditions of biochars to floodplaspilsdecreasethe release of Hg especially in
particulate forms, repeated drying and rewetting can affect the efficacy of Hg stabilization.
Enhanced release of THg and Meafggociated with the release of DOC and reductive
dissolution of Mn(IV)canoccur in biochailamertded systems during an early flugtithough
the early flush was only observed once under the experimental condition, the enhanced
release can recur on a seasonal basis as resaharajes in hydrogeological and
meteorological conditions (Maest and Nordst, 2017). For example, the enhanced release
can occuduringheavy rainfall events after a lotgrm droughtAfter the early flush,
additions of MOAK to floodplain soilesulted in loweHg releasen colloidal or dissolved
fractions (<0.45um ) aswell as particulate (>0.4pm) fractionscompared to the additions

of DIG. For conditions where the efficacy of washing contaminated soil is more important

than changes in microbial processes, MO&Kkely a betteccandidate than DIG.

Addition of different biochars to floodplain soils may result in different environmental
consequences. The addition of DIG, with elevated major element and nutrient content, may
releaseelevated concentrations kif, CI and SG* to aqueous phases at early times

ElevatedSQs> concentrations of solutes can inhibit the growth of sudiidizing bacteria
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communities, us limiting the aidation of S functionalitieg the biochar. Addition of DIG
can increase nadénts that may become available for plants. Addition of MO®K
elevated fractions of polysulfur and limited other major and trace elerhastthe potential
to stimulategrowth of sulfuroxidizing bacteria angromote microbiallydrivenoxidization

of polysulfur as the system becomes aerdtethg repeated diyg and rewetting

Results of this study suggestlox oscillations caused lbgpeatedirying and rewettings
well asbiochar compositiosicanaffect outcomes for remediation activities in field
applicationsAssessment of local and regional environmesdaditions and
characterizatiomof biochars are recommended before implementing-Selde remediation

projects
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Table5.1 Chemical composition of South River water (SR8pwing mean valuesnd
standard deviation from the mean

Parameter Value#*
pH 7.60£0.14
Eh, mV 342+31
Alkalinity, as 169
CaCOsz mg Lt
Cl, mg L!? 15.0£9.20
NOs-, mg L? 2.67+2.21
S04?%, mg Lt 15.7+4.86
Na, mg L-! 5.84+0.08
Mg, mg L-? 11.2+0.56
K, mg L! 2.20+0.06
Ca, mg L-! 29.6+1.19
DOC, mg L? 1.4£0.1
MeHg, ng L-? 0.02
NHs-N, mg L-? 0.01
PO4%, mg L 0.03
THg, ng L-? 50+1.35
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Table5.2 Physical characteristics and major elemental composition of biochar prepared from
anaerobic digestate (DIG) and sulfurized hardwood biochar (MOAK). Surface area, C, H, O,
N, and ash content for MOAK were measured prior to salfig the hardwood biochar.

Values for DIG and MOAK are from Chapters 3 and 4.

DIG MOAK
Surface area, m2/g 53.2 65
H, % 0.65 1.57
C, % 42.7 89.5
N, % 2.02 0.26
Total Kjeldahl nitrogen, 1.84 0.22
%
0O, % 11.8 4.08
S, % 0.75 0.54+0.24
Ash content % (550 °C) 53.7 3.1
Volatile component 10.6 15.9
Al, mg kg 4650 77
Ca, mg kg 94 000 3880
Cu, mg kg 191 1.71
Fe, mg kg 4430 106
Hg, mg kg* <0.0050 0.02
K, mg kg? 11 300 1340
Mg, mg kg 11 600 299
Mn, mg kg-? 766 54.1
Na, mg kg-* 4130 <50
P, mg kg 53 500 94
Zn, mg kg 3240 9.1
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Fig. 5.1 Schematic diagram showing experimental design for modified humidity cell
experiment.
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Fig. 5.3 Concentrations ofiltered andunfiltered (unf) total Hg (THg) and MeHg (a) and
correlation analysis ¢d) for soil control(HCSed) DIG- (HCDIG), and MOAkamended
systems (HCMOAK)with respect tavetting and drying cycle€orrelation analysis for 0.45

pm THgwith Mn (n=6) (b), DOC (n=6) (c), and MeHg with Mn for HCMOAK (n=5) (d).

Error bars for leachate represent standard deviation for leachates collected within 24 h after
leaching; the exception is error bars for unfiltered THg, which represent the miningum a
maximum concentrations due to the relatively large variation. Error bars for pore water
represent standard deviations for concentrations obtained from two pore water collection
ports on each humidity cell. Error bars for MeHg are smaller than the sgmbol
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wetting and dryingycles. Error bars for leachates represent the standard deviation of
leachate collected within 24 h during leaching periods. Error bars for pore water represent the
standard deviation of samples collected from two pore water collection ports on each
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Fig.5.5 Total S content and S-Kdge xray absorption near edge structure (XANES)
analysis for solid materials collected frawil control (HCSed), DIG(HCDIG), and

MOAK -amended systems (HCMOAK). Total S content for solid materials collected at the
endof the 4" (a) as well as at@and10" wetting anddrying cycle forsoil control (HCSed)

(b), DIG- (HCDIG) (c) and MOAkamended systems (HCMOAK) (ddaussian peak fitting
analysis for S Kedge XANES irsolid materials collected at the eoitthe 4" wetting and
drying cycle in HCSed (e, NSS=3:2103), HCDIG (f, NSS=3.981073), and HCMOAK (g,
NSS=1.2x103). Fractions of S in solid materials obtained from Gaussian peak fitting
analysis (h). Asterisks ) denote significant differences (p<0.01) att&®confidence

interval. Error bars represent the standard deviation from the mean.
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Fig. 5.6 Results of 16s rRNA pyrosequencing for solid samples collected over the course of
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Chapter6Conclausi on

6.1 Summary of Research

Remediation of Hg contaminated sites in riverine settings is complex the dynamic
nature of rivergeomorphology, water levels, and geocleaihconditions that affect the
release, transport and bioavailability of Hg. Biochar has been proposed for use as a reactive
media in bank stabilization capping méesrochers, 2013; Paulson, 2014; Ting et al.,
2018)and as soil amendmer(&ellin, 2016; Gilmour et al2013b,2018; Liu et al.2017,
201822 019 ; OO6 Co n nwander fellysatardted condtions. 81g stabilization using
biocharsn settings exposed to flooding and dryimas not beewidely evalliated. In his
thesis, a set of complementadaporatory experimentsas conducted using five selected
biochardfor application as reactiveapping mats ansbil amendments under variably
saturated conditions relevant to riverine environments (e.gsteomgflooding and drainage,
long-term fully-saturated, drying and rewetting, lotegm drying and rewetting).he five
biochargestedncluded hardwood biochar (OAK), sulfurizedardwood biochar (MOAK),
biochar prepared from 100%a@mobic digestate (DIG),00% distillers grains (DIS), and a

mixture of 75%anaerobic digestate and 25% distillaggains(75G25S)

Chapter Z2valuatedDAK asareactivematerialfor encapsulatioin geotextile materials
installed along riverbanks for bank stabilizatiomder longterm flooding and drainage
conditionsusinga weeklycyclic experiment for 100 weekKgVang et al., 2019)'reatment
systems containing0% v/v OAK andhonreactivequartzsandretained more thad80% Hg
with minimal MeHg production in both aqueous and solid phaRetaining dissolved and

particulate Hg in the biochar porous structure and forming complexes with functionalities on
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the biochar are the predominant mechanismsribmting to Hg removal. Results of this
chapter suggest OAK is a promising material for embedment in geotextile layers for bank
stabilization, and the effectiveness of Hg remasaxpected to bminimally impacted by

changes in stream level and groumdsv/surface water interactions.

Chapter 3valuated OAK and MOAK as soil amendments in floodplain soil under anoxic
conditions as well as impacts of drying and rewetting on the bi@handed systems. In
contrast to limited Hg removal in the OAKmendedystemsa 99% reduction ig release
and limited MeHg production were obseniedhe MOAK-amended systenmslative tothe
soil controls Drying and rewettingenhanced the mobilization of Hg in the OAdthended
systems, likely due to the complexatiorttwilissolved organic carbon (DOC). In the
MOAK -amended systemdhifts in microbial communig compositions and changes in S
chemistry during drying and rewetting likely contributedncreases imqueous and solid
MeHg. Results of this chapter suggest MKAnhanced Hg removal under anoxic
conditions, and changes in biogeochemical conditions as a result of drying and rewetting may

influence MeHg production.

Chapter4 evaluated DIG, DIS, and 75G25Sadternative soil amendments in floodplains
under anoxiconditionsand impacts of drying and rewetting their effectiveness following
the same experimental design as in the previous chaplgition of digestatébased
biochars (DIG and 75G25S) in floodplainlsender anoxic conditionsubstantially
decreasgthe release dfig (up to a 99% reductionyithout promoting MeHg production
compared to theoil controls while addition of DIS resulted in limited Hg removal and

increased aqueous MeHg concentrations. Drying and rewetting had limited impacts on Hg
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release and MeHg production in these biograended systemResults of this chapter
suggest digestateased mchars may be applied as sediment capping materials under anoxic

or occasionally drying and rewetticgnditions.

Chapter Furtherevaluated MOAK and DI@s soil amendments undepeated wetting
and drying conditions using dynamic column experimenta fiotal of ten wetting and
drying cyclesLimited decrease ig releasg<60%) was observed thebiocharamended
systems unddhe experimental conditions, likely related to the relatively low release of Hg
from the floodplain soil under oxic conditie and the rapid rate of drainage from the solid
matrix. An early flush of Hg and MeHg in the MOAKmMended system was positively
correlated with the aqueous concentrations of DOC and Mn. In theaDhded system,
minimal production of MeHg was observeddahe release of Hg during the early flush was
positively correlated with concentrations of DOC. Shifts in microbial community structure
toward sulfuroxidizing bacteria were observed in the MOAKended system, which may
stimulate oxidation of polysulfun MOAK to form elevated Sg& and decrease pH. In the
DIG-amended system, sulfoxidizing bacteria were not as abundant as in the MOAK
amended system. The initia@lease of elevated $0in the DIGamended system can
inhibit growth of sulfuroxidizing bacteria as well as oxidation of S in DResults of this
chapter demonstrate that MOAK is more susceptible to changes in biogeochemical
conditions, and addition of DIG did not increase MeHg concentrations or alter microbial

structure under repeated dhg and rewetting conditions.
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6.2 Contributions and Environmental I mplications

Results of this research complement studies on Hg removal using biochars by evaluating
different conditions relevant to riverine environments (Table 6.1). Results of this thesis
suggest biochars may be effective reactive materials for stabilizing Hg at thedaé]

provided careful consideration is given to the application methods, environmental conditions,

biochar properties, and forms of Hg in contaminated sediments.

Most studies evaluating Hg removal using biochars start with batch experiments to obtain
sorption isotherms using input solutions spiked with Hg salts (Gdiyks et al., 2013;
Huang et al., 2019; Liu et al., 2016; Peterson et al., 2017; Park et al., 2019). These
experiments provide an initial indication of the Hg removal capacity of different biochars.
However, the higher removal capacity of the investigated biochars in Hg salt dpiked
fully incorporatethe impacts of DOC. Lower sorption of Hg/MeHg on aatéd carbon has
been observed in simulated oxic solution containing organic matter than Hg salts (e.qg.,
HgCl, or Hg(NQ)2) spiked solution (Johs et al., 2019; Schwartz et al., 2018nW
biochars are proposed as reactive materials embedded in gedtsxdilled along riverbanks
for bank stabilization, these types of experimental approanhggrovideinitial screening
resultson the sorption capacity of the investigated biochars. For example WV@aK
previously demonstratead have a large Hg removal capaditp9%) in HgC} spiked
solutions (Liu et al.2016,2018b).Similar removal (80%) wasobserved when OAKvas
evaluated as a reactive material for stabilizing Hg derived from contaminated sediments in
fully-saturated colmn experiments (Desrochers, 2013; Paulson, 2014) and under flooding

and drainage conditions (Wang et al., 2019). The similar Hg removal rate is likely related to
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limited DOC in leachate derived from Hgntaminated sedimenitsthese experiments

(Wang et &, 2019).

When biochars are directly amended in riverbank sediments or floodplain soils, soil
organic matter further lowers the effectiveness of Hg removal by formin§BM
complexes odecreasinghe rate of formationf b-HgS (Schwartz et al., 20L%or example,
although OAK has been demonstrated previoteslyavealarge Hg removalcapacity(Liu
et al., 2016), limited removal was observed when OAK was used as a soil amendment in
anoxic sediments (Chapterl3u et al., 2018a MOAK has been denmstrated previously to
remove more than 99% Hg in HgGpiked simulated groundwatgriu et al.,2018b) but a
lower rate of Hg removal was observed when MOAK was evaluated as a soil amendment
under saturateflow conditions (>74%) (Fellin, 2016) and anoxonditions (47
99%)(Chapter 3). Therefore, isothermal sorption studies with Hg added as inorganic salts
may not fully capture the complexities of Hg forms in natural environments, overestimating

Hg removal when biochars are applied as soil amendments.

Drying and rewetting in riverine environments induces oscillations in biogeochemical
conditions which further influence the efficacy @f situHg stabilization using biochars. For
example, remobilization of Hg associated with DOC occurs in the -@Akndd systems
after drying and rewetting (Chapter 3). In the MOAKiended systems, remobilization of
Hg associated with DOC was limited, but increases in MeHg were observed in both aqueous
and solid phases (Chapter 3)cieases in Mn, Fe, $©and HS concerrationsassociated
with microbially-driven disproportionation of polysulfur on MOAK and changes in S

chemistry in MOAkamended systems during drying and rewetting may generate conditions
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favourable for MeHg productiofBenoit et al., 1999; Chiassdbouldet al., 2014; Graham et
al.,2012,2017; Jonsson et al., 2017; Liedguyen et al., 2016Repeated drying and
rewetting events in floodplains further alter biogeochemical conditions in the MOAK
amended system which influence the release of Hg and MeHg. Increases in MeHg
concentrations have been reported with fluctuations of Mn concentréienset al., 2014;
Lazareva et al., 2019Repeated drying and rewetting in floodplains may promote microbial

oxidation of S on MOAK (Chapter 5).

Variations in biochar properties mbgad to different geochemical responses. Amendment
with digestateébased biochars (DIG and 75G25S) containing abundant nutrient elements, O
containing functional groups and elevated S content reduced Hg release in floodplain soil by
99% withoutincreasingleHg in aqueous and solid phases (Chaptdp#jng and
rewetting of these bioch@mended systems resulted in limited impacts on Hg release, MeHg
production as well as shifts in microbial structure (Chapter 4). Under multiple wetting and
drying events, axlation of polysulfur on DIG was not observed although MOAK and DIG
contained similar S contentikely caused by the initial release of $0nhibiting the
growth of sulfur oxidizing bacterigChapter 5Suzuki et al., 1999Elevated reactive P was
observed in the digestatgiochar amended systems under anoxic conditions, after drying and
rewetting, and under repeated wetting and drying conditions.(Chapters 4 and 5). In
freshwater systems, the bioavailability of P from the bioegmaended systems to
phytoplankton community may need to be addressed first. Addition of biochars prepared

from distillers™ grains, with limited @ontaining functional groups, enhanced Hg release in
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particulate forms and raised aqueous MeHg concentrations (Chapter 4), liatdd ttel

formation of highly bi oavaiHg® Poulinenah,20lp.ar t i cul

Different environmental conditiorresult in release of Hg associated with different
predominant fractions, which further affect #féicacyof Hg stabiizationin biochar
amended systemnder fully-saturated conditionsyeaterdecreases iRig release in both
particulatebound(>0.45um) and colloidal (<0.4pm) fractionsin biocharamended
systems werebserved when Hg was mainly associated with atdlioiractions (Chapters 3
and 4) Hg is entrained within the biochar porous structure and forms complexes with
functionalities on the biochdLiu et al.,2017, 2018a201%). Under repeated wetting and
drying as well agapiddrainageconditions, Hgvasmainly associated with particulate
fractions(Chapter 5)Greater decrease in the release of particulate fractions (g}5
occurred witHimited decreases in colloidal fractions, likely duehe rapiddrainage rates
thatretain a lesser amount Bfy associated with smaller fractions in the biochar porous

structure than particulate fractions.

Results of this thesis suggest ttia extent oHg removal using biochars in riverine
environmentss depenénton application methods, environmental cormis andbiochar
propertieqTable 6.1 Fig. 6.). If biochars are applied ageactive capping mat, materials
with highremonal capacity, such as OAK, may be used. If biochars are applied as soil
amendments, environmental conditions and bioghiarserties require consideration
Biochars withabundantunctional groups (e.g., MOAK, DIG, and 75G25S) may be used
under conditions that remain fulBaturated and anoxic. Sulfurizing biochars may enhance

Hg removal, but the sulfurizingrocesses may shift surisiunctionalities bward more
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redoxactive moieties available for microbial growBiochars prepared from anaerobic
digestate are more resistant to changes in redox conditions than sulfurized blagtars.
drainagerates as well adrequent redox oscilteons in floodplaingnay limit Hg removal and

generate unintended environmental consequences.

6.3 ResearchL imitations

Although all laboratoryscale experiments were carefully designed to mimic relevant
conditions in riverine environments, these experimerag not fully represent field

conditions due to seasonal fluctuations in hydrological, biogeochemical, and climatic
conditions. For example, frequency and duration of drying and rewetting vary depending on
the season. Changes in frequency and duratioryofgdand rewetting lead to changes in
microbial cumulative respiration and activ{tyu et al., 2014)which may indirectly affect
microbially-driven processes. The early flush observed in the biearhanded systems

under repeated drying and rewettingnditions (Chapter 5) may recur in the field during a
heavy rain after a long period of drought. More extreme weather conditions are expected to
occur as a result of climate change, which may further influence the effectiveness of Hg

removal using biochaiia the field.

This research focused on the impacts of environmental conditions, other factors may affect
the longtermkinetic reactions, such as biochar particle size and biochar to solid ratio, are not
evaluated. Changes in biochar particle sizelaadhar to solid ratio affect geotechnical
properties of soil (Reddy et al. ,201Release of fine biochar particles may occur during an

early flush, resulting in increase in biochar particle size and decreases in biochar to solid ratio
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in amended systemkongterm biochar stability nesdo be considered together with

changes in environmental conditions.

This research focused on sediments collected at a few locations along the South River.
Previous studies showed that variations in sediment propexteesdrganic content, Fe and
Mn oxides, predominant Hg phases and microbial communities) affect the associated Hg
release and MeHg producti¢bazareva et al., 2019; Poulin et al., 20$6hwartz et al.,
2019. Implementing remediation operations in tfei® River or other Hg contaminated
systems will require careful characterization of local soils and sediments to maximize control

of Hg release and bioavailability.

6.4 Future Directions

Both MOAK, DIG, and 75G25S showed greater Hg removal than OAK und&icano
conditions (Chapters 3 and 4), but their potential use as reactive capping materials were not
evaluated. Future studies are recommended to evaluate DIG or MOAK as reactive capping

materials under saturatéldw conditions as well as flooding and drageaconditions.

Mid-scale pilot studies may assist in evaluation of the effectiveness sthbiitjzation
using selected biochars under local environments and impacts of seasonal fluctuations.
Although, data obtained from this thesis might notliectly applied in the field,
experimental designs can provide initial informatiorgenchemical and microbial
evaluations ofthe additions of iecharin field conditions.Biochars may be sandwiched
between geotextiles that intercept flow paths or ilestalong riverbanks. Biochars may be

directly applied as soil amendments in floodplalepending on the environmental
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conditions Results obtained from pilot studies should be compared to the results obtained
from laboratoryscale systems to evaluateetier laboratorgcale experiments are good

predictors of fieldscale behavior.

Largescale applications require careful planning to incorporate sediment characteristics,
biochar properties, and local environments. Local sediments may be charactegraith by
size, elemental compositions and mineralogy. Synchrdiesed techniques such as
HERFD-XAS provide insights regarding predominant Hg phases in local sediments. Biochar
properties control the effectiveness of Hg removal and their environmental genses.
Biochars that are redesensitive should not be applied in environments that are exposed to
frequent redox oscillations. Biochars with elevated nutrients may not be suitable for

freshwater systems or any systems that are sensitive to nutrieserelea

Other biochars with different raw materials may result in different environmental
consequences. Sulfurizing hardwood biochar after pyrolysis enhanced Hg removal, but
polysulfur on the biochar is available for microbiadliven S oxidation. Sulfurizbiochar
prior to pyrolysis may stabilize-&ntaining groupin the biochar structur@Huang et al.,
2019). Future studies on sulfurizing biochar prior to pyrolysis may be useful for evaluating

alternative reactive materials.
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Table6.1 Application of biochars foin situ Hg stabilization under different conditions showing 646 THg removal, peak aqueous
MeHg concentrations, and measured solid MeHg content.

Biochar OAK DIS DIG 75G25S
Description Hardwood biochar Sulfurized-hardwood 100% Distillers® 100% Digestate 75% Digestate +25%
Grains Distillers’
THg MeHg THg MeHg THg MeHg THg MeHg THg MeHg
removal removal removal removal removal
Batch Spiked J NA NA NA NA NA NA NA NA
experiment ultrapure
water
Spiked J NA J @ NA NA NA NA NA NA NA
simulated
groundwater
Reactive Saturated- J NA NA NA NA NA NA NA
capping mat flow
Flooding and J @ NA NA NA NA NA NA NA
drainage
Soil Saturated- L B J Bl J Bl J NA NA NA NA NA NA
amendments flow
Saturated and L [ J K [ L @ J J 8 J @l J 8
anoxic
(up to 200d) K [1 J J % [ J
Drying for 90d Zn Zn g 7] z z z z z z
and rewetting
for 90d
Long-term NA NA K [ L [ NA NA L [ NS NA NA
drying and
rewetting
Notes: References:

The highest THg removal over experimental durations:
J >80%; K 20-79%; L <20%

MeHg production:

J similar to control; L higher than control

NA: Not applicable

Drying and rewetting compared to initial conditions:

§ increases; Z decreases;

i mited

L Liu et al. (2016)

2 Liu et al. (2018a)
3 Paulson (2014)
4Wang et al. (2019)
5 Fellin (2016)

6 Liu et al. (2018b)

7 Chapter 3

8 Chapter 4

9 Chapter 5

178



Soil amendments
(MOAK?)
Bank erosion

Sediment capping
(MOAK, DIG, 75G25S)

X Reactive mat e
" (OAK, MOAK? DIG?)
< Groundwater discharge

Fig. 6.1 Proposed biochar applications according to results obtained from the evaluated

experimental conditions. Question marks (?) represent further studies are recommended
before field installations.
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Appendix A
Supporting Information for Chapter 2

Table A1 Physicochemical properties of riverbasgdiment (SR6) and floodplain soil (MOTO),
including concentrations of Hg, and main elements (Al, Ca, Fe, K, Mg, Mn, C) and grain size

analysis.

SR6 MOTO
Description Riverbank Floodplain soil
sediment
Relative km to historical 0.16 km 2.56 km
contaminated site
Hg, ug g? 280 77
Al, ug g 5400 3800
Ca, ug gt 4100 1600
Fe, ug g? 16 000 14,000
K, ug gt 820 920
Mg, ug gt 930 760
Mn, ug gt 300 290
C,ug gt 22 800 15 300
TOC, ng gt 18 400 24 800
S, ug g?t 400 330
Sand, % 28 26
Silt, % 66 68
Clay, % 7 6
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Table A2 QAQC for THg analysis including 0.4a5m filtered THg, unfiltered’Hg, and matrix
spike. Theablecontained the number emples for QAQCaveraged relative standard
deviation (% R.S.D), and tteveraged relative percenfférence (% R.P.D) for 0.4am filtered
and unfilteredl'Hg.

Samples 0.45-pm THg unfiltered THg Matrix Spike
NO. % % NO. % % NO. %
Samples R.S.D R.P.D Samples R.S.D R.P.D Samples Recovery
THC-HMT 3 8.27 15.0 4.0 757  13.27 8 102
THC-H6S 4 4.62 5.95 7 11.3 21 7 104
HMT 7 19.9 28.9 7 104 12.3 3 108
H6S 7 10.2 14.7 7 2.02 2.01 4 108
Average 10.7 16.1 7.82 12.1 106
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Table A3 Chemical information for selected reference compounds includildigtion states,
CAS number, chemical structdi@mula, and whiteling@ositiors obtainedrom S K-edge
XANES spectra at th€anadian Light Source (Saskatoon, SK).

CAS Max Peak
Oxidation Chemical eV
Compounds Group number/ Structural formula oo
state - formula (Whiteline
Origin -
position)
. Inorganic
Pyrrhotite sulfide FeixS 2470.4
Cinnabar Inorganic -2 23333-45- U-HgS 2471.2
sulfide 1
. Inorganic .
Pentlandite sulfide (Fe, Ni)o:xSs 2471.8
. Inorganic
Pyrite sulfide -1 FeS:2 2472.4
. Inorganic
Marcasite sulfide -1 FeS:2 2472.4
Metacinnabar ~ 'norganic 2 2333345 155 2472.2
sulfide 1
Sulfur Elemental Se 2472.7
sulfur
Dibenzyl- ExocyclicS  +0.2 150-60-7  CiaHuaS2 f5v© 2473.4
disulfide : ©As :
(0]
L-cysteine ExocyclicS  +0.5 52-90-4 C3sH7NO2S HS/YkOH 2473.6
NH,
Dibenzo- Heterocyclic O
thiophene S +1 132-65-0 C12HsS 2474.0
S
Tetramethylene g roiide 42 1600-44-8  CaHsOS 0=s 2476.1
sulfoxide
Sodium sulfite Sulfite +4 7757-83-7 Na2S0s3 2478.5
H,C Q CH
Butyl sulfone Sulfone +4 598-04-9  CsH1s02S NS 2480.2
0
Sodium o. 0
methane Sulfonate +5 2386-57-4 CHsNaOsS Na* " ~ 2481.4
sulfonate ye)
Mercury sulfate Inorganic +6 7783-35-9  HQgSO4 2483
sulfate
Ferrous sulfate  morganic +6 7720-78-7  FeSOs 2482.8
sulfate
Nickle sulfate Inorganic +6 7786-81-4  NiSOq 2482.9
sulfate
Potassium norganic g 7778-80-5  K2SO4 2482.2
sulfate sulfate
Inorganic
Gypsum sulfate +6 CaS04-2H20 2482.7
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Table A4 Whiteline positions and scaling factors selected sulfur group.

Sulfur Group

Whiteline position eV

Scaling Factor

Sulfide minerals (pyrrohotite)
Sulfide minerals (cinnabar, pentlandite)
Sulfide minerals (metacinnabar, pyrite)

Exocyclic S
Heterocyclic S
Sulfoxide
Sulfite
Sulfone
Sulfonate

Sulfate

2470.4
2471.5
2472.3
2473.5+0.1
2474.0
2476.1
2478.5
2480.2
2481.4
2482.7+0.3

0.708
0.767
0.809
0.873
0.899
1.011
1.138
1.229
1.292
1.361
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Table A5 Gaussian peak fitting (GPF) and linear combination fitting (LCF) (NSS <0.006) fee @& XANES spectra for the

biochar collected from different depths in treatment colui€-HMT and THGHGS at the end of the experiment.

Sample pyrrohotite cinnabar, metacinnabar exocyclic S heterocyclic S sulfoxide sulfone sulfonate sulfate
pentlandite  pyrite

2470.4 eV 24715eV 2472.3 eV 24735 eV 2474 eV 2476.1 eV 2480.2 eV 2481.4 eV 2482.7
Unused GPF 1% 0% 5% 12% 18% 10% 2% 14% 223/%
biochar LCF 28% 29% 14% 5% 24%
THC-HMT GPF 0% 0% 5% 8% 25% 6% 5% 16% 35%
0-2 LCF 18% 42% 1% 0% 11% 28%
THC-HMT GPF 0% 0% 8% 12% 12% 3% 6% 22% 38%
24 LCF 0% 0% 0% 22% 23% 3% 0% 22% 30%
THC-HMT GPF 0% 0% 9% 10% 11% 1% 5% 22% 42%
4-6 LCF 25% 14% 0% 0% 23% 36%
THC-H6S GPF 0% 4% 12% 11% 20% 2% 5% 15% 30%
0-2 LCF 21% 30% 0% 0% 16% 22%
THC-H6S GPF 0% 0% 7% 11% 11% 1% 6% 22% 41%
24 LCF 22% 20% 2% 0% 24% 32%
THC-H6S GPF 0% 0% 5% 10% 8% 2% 6% 24% 45%
46 LCF 16% 18% 2% 0% 28% 36%
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Study Area g

Historical site Okm
Waynesboro

Fig. A 1 Maps showing theamplinglocation for river bank sediments (SR&)d floodplain
soils (MOTO. SR6 was collected near the surfat@.16 km from the historical disposal
site andMOTO was collected in the ceetof a cutoff floodplainat1.65 km from the

historical disposal site.
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Fig. A2 Decomposing S KdgeXANES spectra between 2466 and 2489iafd several
Gaussian péa for sulfide mineral§NSS <0.03), including pyrrhite (a), cinnabar (b),
pentlandite (c), marcasite (d), metacinnabar (e), and p¥yite (
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Fig. A3 Decomposing S Kdge XANES spectra between 2466 and 2489 eV for reduced
organic sulfur reference compoun@SS<0.03), includingL-cysteine (a), dibenzyl
disulfide (b),anddibenzyl thofide (c), dibenzo thiophene (dgtramethylene sulfoxide (e)
and buaylsulfone (f).
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Fig. A4 Decomposing S Kdge XANESspectrabetween 2466 eV and 2489 eV for
intermediateand oxidizednorganic reference compoun$SS <0.006)including sodium
sulfite (a),potassium sulfate (b), gypsum (fgrrous sulfate (d), nickel sulfafe), and
mercury sulfate (f).
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Fig. A5 Scaling factor used tguantify S functionalities from Gaussian peak fitting. Scaling
factors wergplotted by normalizing area under whiteline pasis for reference compounds
to that for elementab at2472.7 eV.
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Fig. A6 Hg Lii-edgeXANES spectraor selected riverbank sedimgi@R6) and floodplain
soil (MOTO)collected alonghe South River, Virginia, USA.
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Fig. A7 Selected transmission electron microscope (TEM) images collected at 60 kV for
particles in leachate derived from HMT (a) and H6S (b).
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Fig. A9 Temporal changes in chemical composition of effluent collected from hardwood
biochar treatment loaded with leachates collected from (HIB€-H6S).
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Appendix B
Supporting I nformation for Chapter 3

Experimental Details
Text B 1: Collections of aqueous samples

Aqueous samples were collected usingn@0polypropylene/ polyethylensterile Luer Lock
syringes (NormJect, Thermo Fisher Scientific). Samples forsai(at 120, 160, and 200 d)
were collected using gaght30mL gl ass syringes (BD Mul tifit
Bioscience). Samples for Giywere immediately sealed with adway polycarbonate
stopcock (Cole Parmer Canada Inc.) be&iogage under water at <€ for a maximum of 7

d. Samples for total sulfides were collected passing through®Supor® syringe filters
(32-mm in diameter, Acrodisc®, VWR) in gaight glasssyringes and sealed with threay
polycarbonate stopcocks. The collected total sulfide samples were analyzed within 24 h.
Samples for cations, DOC THg, and MeHg were preserved <pH 2 and stored < 4 °C before
analysis. Samples for anions, BN, and PQ* were not preserved. Samples for anions were
kept frozen before analysis, and samples fog-NHind PG* were analyzed within 24.

Text B 2: Analytical method

Concentrations of dissolved Gl were determined on gas chromatography (GC) (7890B,
Agilent). Concentrations of major cations were determined usingdE® (ICAP 6000,

Thermo Scientific). Concentrations of trace elements were determined usihSQCR

Series 2, Thermo Scientific). Comteations of inorganic anions and organic acids were

determined using ion c000+DE, Tieegno Righér Hcieqtific). o n e x E
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Concentrations of DOC were determined on a TOC analyzer (Aurora 1030W TOC analyzer,
Ol Analytical, College Statioril X, USA). Concentrations of THg (unf, 0.46n, 0.2um,

and 0.1um fractions) were determined using CVAFS (Tekran® 2600, Tekran Instruments
Corp.).

Text B 3: Pyrosequencing analysis

The 16S rRNA gene V4 variable region P@fmers 515/80@or soil controland biochar
amended systemgere conducted byIR DNA Laboratory (Shallowater, TX, USA) in a
singlestep 30 cycle PCR using a HotStarTaq Riaster Mix Kit (Qiagen, USA)The

reaction conditions were 9€ for 3 mins, 28 cycles (5 cycles used on PCR ptxjat 94

°C for 3 s, 53C for 40 s, and 72 for 1 min, followed by a final elongation step &C7@r 5

min. Sequencing was performedoha@n Torrent PGM foll owing the
guidelines and sequencing data were analyzed using-aouse angsis pipeline (MR

DNA, Shallowater, TX). Sequences were denoised by depleting barcodes and primers and
removing sequence data with <150 bp, vaithbiguous base calland withhomopolymer

runs exceeding Bp. Operational taxonomic unit©{T Us) were generat by defining

clusters at 97% similarity using a basic local alignment search tool (BLAST) against a
curated database derived from Green Gef(DeSantis et al., 2006RDP(Wang et al.,

2007) and NCBI(Benson et al., 2009; Sayers et al., 2009)
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Table and Figures

TableB 1. Elemental composition and grain size classification according to the USDA soil
texture classification (Soil Survey Divison Staff, 1993) for floodplain soil collected 36.5 km
downstream from the historical release site near South,RivertUSA.

Parameter Concentration
Hg, pg g™ 57
Al, ug g 6700
As, ug g? 4.4
Ba, ug gt 140
Ca, ug gt 1500
Cu, ug gt 130
Fe, ug g? 24 000
K, ug g1 780
Mg, ug g* 1100
Mn, ug g 1500
Na, ug g* 29
Ni, ug g* 22
Pb, ug g* 27
Ti, ug g* 70
V, g gt 20
Zn, pyg gt 100
C,ug gt 19 090
TOC, ug gt 14 800
S, ug gt 159
Sand, % 10.3
Silt, % 80.4
Clay, % 9.3
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Fig. B 3 Concentrations of Hg passing diffatdilter sizes for gil controk (a), OAK-
amended (b), and MOAlmended (c) systems in Stage 1. Note the axis breaktm (c)
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Fig. B4 Concentrations of NEIN and PG* in soil controk (SedCTRs)OAK-amended
(10%0AKs) and MOAK-amended systen{e0%MOAKS)in Stage 1(grey bars) antheir
correspondig systems in Stage(blue bars).
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