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Abstract

Soil contamination has become a major environmental problem of global coereethere is

a need for effective remediation methods ctmunteractthis problem.Immobilisation of
contaminantsin soil using the carbonaceous mateti@char as a sorbent can make an
important difference in the future, as it is both a sustainable aneftestive remediation
alternative. However, thereisstiluchu n k nown about bi ochwarodss sor p

contaminants and this thesigthfore aims to contribute knowledge to #xsstingknowledge
gap.

In order to investigate the sorption of a group of organic pollutants called aper
polyfluorinated alkyl substances (PFAS) and métadsalloids(lead, copperand antimonyto
biocharin contaminated soil, orgtep batch leadhg testswere conducted, with increasing
dose of biochar added. Previous researctshasnthat biochar has potential for improvement
as a sorbent material and therefore two types of "designer" biochars wesggated in this
thesis In the PFAS contaminated sdifferentactivated biobars were tested and in the metal

contaminated soil,ibchars enriched with zerowalued iron and sulfuveretested.

In soil with low organic mattefOM) content, the additioof activated biobar gave an almost
100%reduction in PFAS leaching already at a dose of 0.5%. Sorption of PFAS in soil with high
OM contentrequireda dose of 5% tabserve a cleareduction in PFASeaching Fully
activated biobar gavethe most effectve PFAS sorption in both soil types. In métadtalloid
contaminated soil, baharenriched with zerevalued iron had the best ability sorbbothlead,
copper and antimony. A dose of 10% waquiredto get a clear effedh soil with both high

and lowOM content

So far, theresearch on such types of "designer" bards scarce. e present work mvides
promising prospects for loha as an effective sorbent material in soil remediation. Further
research on activated loloarand irorenriched bigharis needed to gain a better understanding

of the sorption capacity and the underlying sorption mechanisms.






Sammendrag

Jordforurensning har blitt et stprglobalt miljgproblem og derer behov foreffektive
behandlingsnetoder for & motvirke dette prahet. Immobilisering av forurensninger i jorda
ved hjelp awdet karbonrikesorpsjonmaterialetbiokull kan utgjgre en vig forskjell i tiden
fremover, da det bade er et miljgvennlig og kostnadseffekiétiandlingalternativ. Det er
imidlertid mye somgjenstar nar det gjelder kunnskap dmokulls evne til abinde ulike
forurensninger i jordDenne oppgavehar derfor som nél & bidra med kunnskap til dette
eksisterend&unnskapshullet.

For & undersgkieindingav en gruppe organiske forurensninger kalt pgrpolyfluorerte alkyl
substanser (PFAS) og metalteetallioder(bly, kobber og antimoi til biokull i forurenseé

jord, ble det gjennomfart utlekkingsster(onestep batch leadhg tess) med gkende dose
biokull tilsatt. Tidligere forskning hawist at biokull har et forbedringspotensia som
sorbentmaterialeog derfor ble to typer «designer» biokull undersgkt i denne oppgaven. | den
PFAS forurensede jorden blalike varianter av aktivert biokull testetmensi den

metallmetalloidforurensede jordehle biokull beriket med nullverdig jern og svovel testet.

| jord med lavt innhold av organisk materiale ga tilsetning av aktivert biokull en naermest
fullstendig reduksjon i PFAS8tlekking alleredereden dosea0,5%. Sorpsjon av PFAS i jord
med hgyt innbld av organisk materialerevdeen dose pa 5% for dbservee enmarkant
reduksjon i PFAS utlekking. Fullstendig aktivert biokull ga mest effektiv RBi&8ingi begge
jordtypene. | metalinetalloidforurenset jord var det biokull beriket med nullverdegn som
hadde best evne til Gindebly, kobber og antimorEn dose pa 10% var ngdvendig for a fa
tydelig effekti jord med bade hgyig lavt OM innhold

Det er forelgpig sveert lite forskning pa slike typer «designer» biokgliresultatene fra
oppgaven @ lovende utsikter for biokull som et effektivt sorbentmite for behandling av
forurenset jordVidere forskning pa aktivert biokull og jernberiket biokeitl ngdvendidor a

fa en bedre forstaelse for sorpsjons kapasitet og de underliggende sonp&@mmismene.
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1 Introduction

Today, he reality is characterised by climate change and continuously emerging environmental
problems and hese issues are mainly caused by anthropogenic actidteisg the last half

of the twentieth century, anthropogenic pollutiomas sky-rocketed resulting in the
omnipresence of chemical contaminants in the environifMatser, 2013)Soil, which is
defined as fithe top | ayer of the etter,wdtes cru
air and | i (BCn2§06)ispngenvironsiental@ompartment receiving a lot of these
chemical compoundsand thereforesoil contamination is an example of such an emerging

environmental problem

Soil degradationn generahasalreadybeen on the E& agedafor decadesand the European
Commission has listed soil contamination as the third biggest threat to soil in the Thematic
Strategy for Soil ProtectiofEC, 2006) The Food and Agriculture Organization (FAO) of the

United Nations (UN) has also increased their focus on soil comé&ionby raising awareness

ard increasingknowledgd he i ni ti ation of the annual Wor/l i
was dedicated solely to soil contamination, and the publicafidimedfirst ever report on the
Status of the WGOAOD &IIRS, 2681barétestiRnerses to this. ©se of the

UNs strategic development goals (SDG15), adapted in 2015, is also concerned with land
degrada i on ai mi ng tendipprodmactte gwesttaoirreabl e use
(SDGs, 2015)reflecting the growing concern related to soil contaminatiwhthe importance

of counterating this issuenow.

The most effective way of reducing a pollution is by stopping the emissions. For soll
contaminatiorthese emissions are almost exclusively related to anthropogenic actwities,
industy, mining, military activities, and agriculture accounting for most of the emissions
(RodriguezEugenio et al., 2018)n Norway, military activities with the use of small arms
shooting rangesand firefighting drill facilities at airports with the use direfighting foam
constitute two examples of major emissions of contaminants to Geérall, the source®f

soil contaninationare vast and varieahd &en if they are reduce or stopped, the soil is aslow
turning systen{EC, 2006)and contaminants already in the ground can cause problems for years

to come.

To abate thselongterm challengg a thorough soil cleanp is neededSoil cleanup, a

remediation,makes upa whole field in science with a lot of remediation options ade



available to counteract soil contaminationafy of these techniques arenfortunately,

expensive and time consuming, lkecavatiorand landfilling but luckily, new and promising
techniques are emergintike biochar remediationBiochar has beerubject to soil research
since theearly 2000s primarily because ican increase soil fertility, buhe discovery of

b i o c abdity 6 snmobilise contaminantsas reently spiked the interes biochat

Biochar is a carbonaceous material withigh sorption capacity for both organic and inorganic
contaminants. When added to sbibchar can therefore immobilise contaminants and prevent

the contaminants from beirsgreadfrom the site of contaminatioReducingspreadings key

to reducing riskrelated to a contaminatipbecause large share ofansport happens via the
agueous phase and this is also where contaminant exposure and uptake in organisms take place
(Figurel). The main goal of remediationtisereforeto limit or stop the main rout of exposure

and br biocharsoil remediationthis equates to rededeaching of a contaminant and hence
reduce the contaminat ldicavailability (Figure 3). This thesis will theefore be restricted to

contamination and transppds indiated by theed circlein Figure X.

[ Contamination ] |::> [ Transport ]

[ Exposure ] |:> [ Risk ]

Figure 1: The connection between a contamination and risk. Red circllksniree focus of this thesis

In addition to theaspect of contaminant immobilisation, biochar of@ossiblesustainable

and costefficient alternative taexisting soil remediation methods. Biochar can be produced
from resources which previously were colesed waste, like crop residues and wastédim

which enables better use of resources and keeps the resources in the éopalomgerperiod

of time. When the biochar is used to stabilise contaminated soil, this adds another dimension to
thesustaimbility andcosteffectiveness of biochaln addition to connectintyvo waste streams
(waste biomass and contaminated soil) anihgithem new value, biochar soil amendment

mitigates climate chand® sequestrationf carbon This concept is illustrated figure X.This



line of resource utilisation corresponds well with the circular economy, whihle économic

modelwarrantedn afuture sustainable society.

Remtéla'@'.on of Con"‘o.,m‘.v\oj}_é So‘.\
Wit~ blochar 'WNM.J Bowws s Do

Con‘\'km'.na—tfl S0\ \

Contaminant stabilised sot )

Figure2: Concept sketg stabilisaton of contaminated soihrough remediatiomwith biochar produced
from waste timber.

However, there are some obstacles that need to be solved before biochar can become a fully
competitive remediation alternativendtherefore, this master thesissetit to solve one

such obstacley contributing knowledge to an existing knowledge gap on biochar sorption
effectivenessThe sorption effectivity of both regular biochar made from waste timber and
various versions of this biochar will therefore be testetiis thesis, with focus orogption of

a group of organic contaminants called-@ard polyfluoroalkyl substances (PFAS) and metal

contaminated soils.






2 Theory

2.1 Contaminants in pore water

Soil is, as mentioned above,camplex matrix and contaminants in soilllwherefore be
dispersed between minerals, organic matter (the solid phase) and water (aqueous phase) at a
site of contaminationRisk related to a contaminated site often determined by total
contaminant concerations in soil, buthisapproachmay lkead to wrong conclusions, asldes

not considerthe partitioning of a contaminant betwesolid and aqueous phasehe main

problem withusing total concentrations thatthe actual risk is oveestimated, and the severity

of a contaminatiomay be misepresentedoecause aqueous concentrationsnaoes strongly

related toenvironmental risk. Therefore a shift from using total contaminant concentration to
contaminant pore ater concentration in risk assessmentarranted(Alexander, 2000)

(Ghosh et al., 2011)

Pore water denotes the water that is inside the pores on the sttlépan soil, and pore water
concentrations represent the mobile and bioavailrbction of a contaminarfEigure 3). A
bioavailableor bioaccessibleompound is defined byemple et al. (2004s a compouwhthat
isflavail able to cross anooporwgherrembds oaehel Uhbr |
actual fraction freely available right now and bioaccessihildgotes botlthe freely available

and thepotential available fraction of the contaminar@sntaminant degradation, in addition

to bioavailability/bioaccessibilitgnd mobility is also inportant when assessing risk related to

a contaminationandall threeprocesses occur in the aqueous phase and therefore pore water

concentrations are most retat when assessing risk.

The type of soil in which the contamination takes place issal&y important aspect regarding

risk, because the soil determines the sorption of the contam{ktai¢set al., 2016and hence

the freely dissolved aqueousfraction T h e term Asor pt iawsorpglion i ncl u
(dissolution in a flexible matrix) anddsorption (surface attraction)Cornelissen et al.,
2005)oxforddictionaries.com 24.04.2019The fraction oforganic matter (OM) is very

important in this respect. It provides theil with a poras structureand containsa lot of

functional groups and reactivees on theOM particle surfacesyhich arecrucial trais for

sorption ofcontaminantsA high fraction of organic carbon in the sgénerallycorresponds to

a high contaminant sorptiqilexander, 2000jNGI, 2019)



A contaminant 6s di sltndthéagueous phase ia solvocarebe calctated s o |

usingequation(eq) 1 and is called the distribution/partition coefficiento)KThe Ko value is
determined by théydrophobicity and/or solubilitpf a compound and the sorption strength
(capacity and afffity to compound) of the so{NGlI, 2019) A high Kp value indicates low
solubility of a compound in thequeous phase (or tip@re watey and consequently khigh
fraction associated with the solid phalsence, a low risk of transportation and uptaks.is
calculaedby dividing a compounds concentration in soi)(&y the compounds concentration

in the pore water (& at equilibriumandthe Ko will changefrom one soil type to the next

0 — eql

Kb is the partitioning coefficient, &he concentration in soil, and,@e concentration in water.

Kp valuesare widely usedn management of contaminated sobgcause thegan predict
leachability and uptake of a contaminant based on its partitioning between the solid and the

agueous phase of the soil system.

2.2 Soil remediationdevelopment

The word firemediationd denotes the a@ei on
(oxforddictionaries.com 20.02.19), which, in the context of this thesis, can equate to
contaminant immobilisation. Soil remediation has been a part of contaminati@yemaent

for overforty years, but there has beetaegedevelopment in technologyrgie the late 1970s
(Meuser, 2013p. viii). In the beginning, soil remediation wasly concerned with complete
removal of the contaminanégd diganddump was the preferred mechani@vteuser, 2013)

This is perhaps the most intuitive way of dealing with contamination, but today the objectives
of remediation are concerned with rsdduction. As stated previously, risk is related to
bioavailability, and in order toeduce the risk a contamination pose to the environment and
human healththe bioavailable concentration of the contamination needs to be reduced. This

seldom coincide wit complete removdMeuser, 2013)

Over thetime of remediation history, new remediation techniques have developed as a reaction
to the growing issue of soil contamation(Marques et al., 20097 raditiorally these techniques

have been expensive and intrusive to the soil system, like soil washing and electrokinetics, but
lately more coseffective and less intrusive,in situ, technologies are emerging.

Phytoremediation, bioremediation, and contaminant itsihsation using sorbent amendments



like biochar, which is the subject of this thesis, are examples of these new remediation
technologieg¢Meuser, 2013; Roychowdhury et al., 2019; Thapa et al., 26h3joremediabn

is a technology where contamingaareextraced from the soilthroughuptake by plant roots

and subsequent plant harvedfleuser, 2013) Bioremediation decontaminates soils by
microbial degradation of the contaminants aad be bothn situandex situ Consequently,

both these remediation techniqdesus orredicingtotal contanmant concentrationdeuser,

2013)

Immobilisation of contaminants using sorbembhendmentshowever,is a soil remediation
techniquewhereonly the bioavailable concentration is reducedn@minantsn the freely
available and potentially availabl e infdd acti or
backo 1 n t heausead $trond affiiyitcatise amelmdmment materi@igure3). This

may seem like a temporary solution, because the contaminants are still in Hrelgbi total
concentratn is not reducedut if highly stable naterials like biochar and activated carbon

are used asorbent materiaJghe contaminants can be retained in the solid ploageindreds

to thousands of yea(blale et al., 2011; Kuzyakov et al., 200@here they are unavailable for

uptake and pose no riskéavironment or humahealth(Semple et al., 2004)

Pore water Plant root Soil organic matter

=

Contaminant Biochar

Figure 3: Contaminant distribution, up take, and leaching in soil without biochar (left) and withdioch
present (right



2.3 Sites and contaminants of interest

The scope of this thesis was restrictedcontaminated soil from two geographic locations;
RyggeAirport and Tittelsnesmall arms military range. These locations were chosen because
they represent big sources of anthropogenic contaminant emission. At Rygg# the soll

was sampled from frefighting training area/facility where firefighting foam had been used
for mary years, and the soil was therefore contaminated with ged polyfluoroalkyl
substances (PFAS). The firefighting foam are called aqueous film forming foams (AFFF) and
are ugd at airports all over the world. At Tisnes smallans range the soil wasrsgled from

the backstop berrtbullet trap)of the shooting range and therefore the soil was contaminated

with heavy metals and antimony from spent ammunition.

2.3.1 PFAS

Per and polyfluoroalkyl substances (PFAS), previously called-p&nd polyfluorinated
chamicals (PFC), are a large group of organic chemicals of anthropogenic origin, with superior
oil- and watetrepelling properties. Because of these properties, PFAS has besy wgdd in
industrial applications and consumer products since the 1@0ED, 2013) Firefighting

foams (AFFF), Gordex fabrics, and anstick Teflon kitchenware aneell-known products

that owe their functionality to the surface active propemie®FAS (Herzke et al., 2012;
OECD, 2013)Desjite their advantageous contribution to their intended areas of use, PFAS are
found to persistent in the environment, have a high bioaccumulation potential, and cause

adverse #ect in living organisms/humar(&rafft & Riess, D15)

The adverse effects of PFA®hich are still largely unknowngcan be cofributed totheir
molecular structurePFASconsists of a fully (peJ or partly (poly) fluorinated carbon chain

with a functional head group, typicallycarboxylic acidor asulfonic acid/sulfonat@-igure4).

The fluorinated chain has both hydrophobic and oleophobic properties, whereas the head groups
has hydrophilic properties, and overall PFAS are anionic organic comp@iigdss & Luthy,

2006) Because PFAS are anthropogenic chemicals, they are not naturally present in the
environment and hence there are no known natural enzymetaldgrade thm (Krafft &

Riess, 2015)Additionaly, the bonddbetweercarbon (Cland fluorine (F) in the perfluoroalkyl

moiety (CnF2n+1) are extremely inert and difficult to degrade/break down, making PFAS
persistent in the environment. Because of this, perfluorooctanoic sulfonic acid (PFOS), which

hasbeen the madsextensively produced and frequently detected PFAS in the environment, is



recognised as a persistent organic pollutant (POP) and was in 2009 listed in Appendix B of the

Stockholm Convention of Persistent Organic Pollutants.
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Figure 4: Chemical structure gberfluorooctane sulfonatd’FOS) perfluorooctanoic acid (PFOA)
perfluorohexane sulfonate (PFHx$erfluorohexanoic acidRFHxA), andperfluorobutane sulfonate
(PFBS).

Concern about PFAS presence in the environment and human exposure started in the 1970s
where low concentrations of PFAS were measured in human blood. &ydhe beginning of

the 2000s it was evident that PFA&somnipresent in the environment and concentrations of

the chemicals were detected in water, soil, air, also in remote(@8Ma&ompany 2003) The

adverse health effectf PFAS on humans still require a lot of research to be fully understood,

but some results from studies of human exposure show that PFAS can increase cholesterol
levels, increase the risk of cancer, interfere with natural hormones, and affect the immune
sydem (ATSDR, 2018) Generally, the longhained PFAS (> 7 C) are reported to be more
toxic, bioaccumulative, and biomagnifying than the skebeined PFAS (> 7 C).



2.3.1.1PFAS restrictions

As more and more informaticebaut the persistent, toxic, and bioaccumulative properties of

PFAS has been discovered, the restrictions on production and use of these compounds has
emerged and gradually become stricter. However, introduction of laws and regulations take
time, and as amitigating measure the Norwegian Environmeniiotection Agency
(Miljgdirektoratet) has included several of the PFAS chemicals on the List of Priority
Substance. This Ilist contain chemical Subst
environmemn @nd that Norway aim to reduce and eliminate emissions of by @aRdir,

2018) PFOS was put on the List of Priority Substances in 2002, as the first PFAS, followed by
perfluorooctanoic acid (PFOA) in 20Q%rfluorohexaga silfonate(PFHxS) in 2017, and lastly
perfluorobutane sulfona{®FBS) was added earlier this year (2019).

So far, only PFOS is regulated through global and European legislatioexamplein the
Stockholm Convention on Persistent Organic Pollutagsentioned above, and in the EU
regulation REACH. Norwegian legislation continuously adapts to these regulations, and in
March 2007 PFOS and PF@&ated compounds in firefighting foam was banned in Norway
(regjeringen.no, 2010) complying with the EU directive on PFOS from 2006
(2006/122/ECOF)PFOS is alstincluded in legislation that deals with pollution. In soil, PFOS
normative values are set to 0.1 mg(kgrurensningsforskriften, 2004, del 1, vedleggsbjls

containing higher concentrations are cdeseédcontaminateqdhazardous waste)

Even though these regulations limited the use of PFOS and related PFAS compounds, the
demand for compounds with similar properties did not decrease. PFOS was phabatiaiu

the same time substitution compoundsheiit restrictions were phased in. PFBS, a short
chained PFAS with 4 C, is an example of such a substitute compbi@id 2018) The
legislation concerning PFAS is continuously changing as new knowledge is uncovered, and all
the PFAS cmpounds mentioned in this thesis could probablydstricted by regulations in

the near future. Currently both PFOA and PFHXS are on the REACH candidate list, being
considered for entry on the list, and the Norwegian Environmental Agency is working on
geting PFBS on the candidate list as w@&llGI1, 2018)

PFOS and perfluorooctait acid (PFOA) are the most studied chemicals of the PFAS,
contributed to their extensive production and presence in the environaieft 2018, and
therefore most of the data available about PFAS isectl® PFOS and PFOA.

10



2.3.2 Lead, Copper andAntimony

Even though metals in general are natural compounds in the environment, as opposed to
PFAS, the presence of lead (Pb), copper (Cu), and antimony (Sb) in the environment have
become problematic because ofrfan activity. One human activity of major conceyithe

use of small arm shooting rang€%, Cu, and Sb are important constituents of ammunition
and because spent ammunition is left in the soil of the shooting rangedy(in the bullet
traps), thesareas represent a significant input of heavy metatl metalloids into the
environmen{Okkenhaug et al., 2016)he Norwegia military alone, which deposited over
55.5 ton Cu, 9 ton Pb, and 0.7 ton Sb in 2016tal et al., 2017)can be used as an example
to illustrate the severity of this problem.

When left in the soil, the spent ammunition i®jsat to physical and chemical deterioration.
New projectiles may hit and splinterdolprojectiles, causing physical deterioration, and
corrosion of the projectiles cause chemical deteriorgfime et al., 201Q) Both types of
deterioration lead to mobilisation of the metals in the soil system; either by chipping off small
and mobile fractions of the projectiles or by transformimg metals and metalloid into more
soluble species. Unlike organic compounds, metadsraetalloids cannot be degraded, they
can only be transferred from one oxidation state to and#esind Cu are transformed into
soluble cationic forms, and Sb into dolel anionic form(Okkenhaug et al., 2016ncreased
solubility correspond$o increased mobility, and thus increased transport, and therefore these

compounds mst be immobilised to reduce the risk associatgd shooting range soil.

2.3.2.1Metal restrictions

The adverse effect of these metals in humans are varied, but the greatest torelated to

Pb. Pb and Pb compounds are included in the List of Priority Substaiigdir, 2018),

reflecting the risk they pose to humhbealth and the environmerRbis especially harmful to

children, and Pb exposaihave been shown to affect the development of the brain with results
beingfor examplereduced 1Q andeducedattention span and increased antisocial behaviour

(WHO, 2018) Pb can accumulate in the body and the World Health Organization state that

At hiegs eno known | evel of | eadWHODx20BsDue teitst hat i
toxicity, Sb is included on the list of priority pollutants of the Environmental Proteagjency

in the United States, but currently it is not listed in Norway (Okkegh2012). ©@pperis an

essential mineral, but at high doses it can also have toxic effects, like PareceldLis slagd

dose that makes the poison
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To assess the healtiskirelated to contaminated soil, the Norwegian Environmental Protection
Agency hae developed Norwegian quality guidelines for contaminated BAiR553) These

quality guidelines relate the degree of contaminatiorexpected health effects, dividing
contaminated soils into five classes. Classgtesents areas where contaminantentrations

in the soil pose no risk to the environment and are set to be the normative values of the
compoundswhereasail with contamnant concentrations qualifying for class 5 deéined as

very poor. Often, a@ls in both class 5 and #equireremedation measurements to prevent
contaminant leachingTable 2.1 list the limits for Pb and Cu in the Norwegian quality
guidelinesLimits for Sb has not yet been developed.

Table2.1: Norwegian Quality guidelines for contaminated soil vagthss limits(mg/kg)for lead (Pb),
antimony (Sb), and copper (Cu).

Quality guidelines ‘ 2 3 4

Description of soll Good Moderate | Poor

Limits for Pb <60 607 100 | 1007 300 | 3007 700 70071 2500
Limits for Cu <100 1007 200 | 2007 1000 | 10001 8 500 | 85001 25 000

If contaminated soil is to be removed and put on a landfill, then the leaching limits for waste
landfills set in Norwegian legislation (Avfallstkriften) applies. A list of these limits for Pb,

Sh and Cu can be found appendk A.

2.4 Biochar

2.4.1 Whatis it?

Biochar is the carbon rich, solid product of biomass combustion (thermochemical conversion)
with little or no oxygen present (incomplete combustioa process called pyrolys{gehmann

& Joseph, 2015)it is produced as a cortitition © environmental management and is used as

a nonoxidative soil applicationfor example in contaminant immobilisatidagemann et al.,

2018; Lehmann & Joseph, 2013iochar can be produced from any kind of biomass,
originating from animks or plnts, but the biomass has to be sustainably so(ifaagkmann

et al., 2018) This means ttiano newland or resources should leaploited solely for the

purpose of produang biomass for biochar productiolueally, biochar is produced from waste
materials | i ke; Acrop residues, forestry was

wase, munic pal sol i d wast @hmadeta., 28ld)wage sl udgeo

12



Biochar is only one out of several carbiach products of pyrolysis, generally called pyrogenic
carbonaceous materials (PCM) or black carbon, and a distinction between hjochar,ii)
charcoal,andiii) activated carbon (AC) is beneficial for a proper understanding of the concept
of biochar{Hagemann et al., 2018) Char is the product of natural fire and is what most people
would asso@ate with a bonfire. Char is not an intended product, but ratherpduoluct of
(making) a fireii) Charcoal is generally produced in the same aspiocharbut without the
necessity of sustainabilitgnd in literature the term has previously beerdusgrchangeably

with biochar (Hagemann et al.,, 201.8The main difference between the two liestlweir
intended end use. Charcoal S produced Af c
applicati ons (lehmarn & dasephm20iL5nd mgsbpeople would probably
associate it with barbequing. The distinctions arellsana if someone were to put biochar on

their barbequeit would actually be classifiess charcoalHagemann et al., 2018)

iii) Activated carbonon the other handan havehe same intended end use as bioamamely

soil remediationSeveral studies have demonstrated ACs extreme effectiveness in contaminant
immobilisation(e.g. Brandli et al., 2008andKupryianchyk et al. (2016lso found that it is

even more effective than biochar. BAC is not a sustainable sorbent material. The carbon
source in AC could be renewable biomasaste or fossil chareb(Hagemann et al., 201,8)

but due to cost and accessibility of anthraciéebon from coal mineall over the world it is

most often the lattehis contribute to a large environmental footprint when employing AC
remediation, because of the amount of energy and resources riegagding an overall
negative effect compared tatural recovery of theontaminated sit€Sparrevik et al., 2011)
Biochar, could therefore, represents the most sustainable altern&divéhis type of soil

remediation.

2.4.2 Biochar as asustainablesorbent for soil remediation

In relation toenvi r onment al management , bi ochar has
production and application to soil have a multitude of positive outcomes for the environment.
Lehmann and Joseph (201dgrpup these outcomes, or motivations for applyigchar into

four groups i) soil improvement, ii) mitigation of climate chang#), waste management, and

iv) energy productioriWhat really makes biochar an attractive technology is the fact that these
groups overlap, and when applied, several benégfiiects are achieved at the same time. In

remediation of contaminated soils, ®ample, the main objective is soil improvement, but if
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the biochar is made from waste materials and the energy produced during pyrolysis is exploited,

all four objectives g covered.

The climate change mitigation related to biochar is achieved by ingdgceenhouse gas
emissiongespecially CQemissionyandby carbon (C) sequestration in saN.common trait
for biochar igts high content of organi€ relative tothatin the biomas# wasproduced from
(Lehmann & Joseph, 2015yhichis key to reduaig CQ emissionsHalf the C captured during
biomass production (photosynthesis) is preseimdtie biocharduring pyrolysis Biochar is
alsoa very stable compound and thereftire C issequesteretbr thousands of years when
biochar is added to soil.i@char can thus wéras a sink for C in the atmosphere, because
will take up to thousands of years before sequesternedl be broken down andereleased

back into the atmosphere as J®uzyakov et al., 2009)

Even though biochar is of high environmental relevance todaygubiochar for soil
improvement is not amew phenomenon. It dates back around eight thousand years and
originates from the Amazon, where the I ndian
(Mulvaney, 201L)when charcoal made from sustainably sourced biomass are left in the soil,

it is called biochafHagemann et al., 2018Jhese fertile, mamade soils are often referred to

asTerra Preta de Indo$ the black soilfLehmann & Joseph, 2015)he discovery of this

application of charcoal in the 1970s spiked the scientific interest and biochar research has

increased dramatically over the last decade

Numerousstudies have looked at beneficial agronomical effects of biptharstudies of
contaminant immobilisation in soil remediation is a moreemé phenomenon. After the
discovery of the strong sorption of contaminants to naturally occurring ldadion in
sedimentqe.g.Ghosh et al., 2000AC was prod c e d a s black cahoremchwa® then
deliberately introduced into soil/sediment to immobilise organic contami(Bréadli et al.,

2008) This field of biochar application shows great promise, but there are still some obstacles
that need to be solved for biochar to become a fully competitive remediation alternative. One
maino b st ac | e sor®ionéffecovenes whiclhas been shown to neuch lower than
sorption to AC(Kupryianchyk et al., 2016; Oleszczuk et al., 2012)

This thesis addressesme ofthesecurrent obstackerelated to the use of biocharasorbent
in soil remediation, andi&sto find solutions to them, so that biochar can reach its potential as

an effective, sustainable soil remediatadternative
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2.4.3 Production and properties

To investigate the sorption effectiveness of biochar and meslgochars, an introduction to
producton conditions andiochar propertiealready known iskey. As previously stated,

biochar is produced through pyrolysis of biomaSsnsequently, biomass feedstock and
pyrolysis conditions arthereforehe most impdant factors influencing biocharopetiesand

sorption capacity especial(g.g. Ahmad et al., 2014Because biochar feedstock biomass can

vary a lot, so can tlrephysical and chemicgbroperties Biochar made from plant based
biomass, for example, have high C contand low content of essential nutrienp®iassium
magnesiumnitroger), whereas the opposite is true for biochar made from mghalgnann

& Joseph, 2015 Ahmad et al. (201421 so reported that nAgenerall
cont ent resul ts ilignin eingdanmporiamt comstituent wff reolst gland

biomass.

The pyrolysis temperatures, on the other hdwad, auniversal,cleartrend when it comes to
biochar characteristican increase in pyrolysis temperatures lead to an increase in C content
(aromatic C) and stace area (because of increase in micropore volumegddition toa
decrease ioxygen (O)andhydrogen ) contenti hence a decrease inagtive functional
groups on the biochar surfagdhmad et al., 2014)All biochars are alkaline materials
especiallythose produced at high pyrolysis temperature due to ash cartdntjhen added to

soil they therefore induce an increase in pH. Becausedigchpertievary a lot, they should
always be produced with respect to their specific use; which contamiegrarthto immobilise

and in what type of soil.

2.4.4 Sorption mechanism

The underlying mechanism of biochar remediation in soil is the massarafisfontaminants

from weaker sorption sites @oil particles tastronger sorption sites drmochar particlesThis

is illustrated inFigure 5. The mass transfer include an initial desorption prqogksre the
contaminants leave the soil particles, followed by a diffusion in the pore water toward the
biochar particles wheithe contaninants are finallgequesterdddsorbedlLehmann & Joseph,
2015) Theeffect of biochar remediation is thus dependent onitiverent sorption strength of

the soil matrix, and for optimal remediation to occur sbeption of contaminants to biochar
must be much stronger that to the soil mafti@hmann & Joseph, 2013 ence the K piochar

must be greater than the Koi.
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@ (Activated) Biochar particle

Q/ ‘ Soil or organic matter

./% @ Soil or native black carbon (BC)

® ./ ‘ Transfer of pollutants to biochar

Transfer of pollutants to BC

Figure 5: Sequestration of contaminants in soil after biochar or AC amendment. lllustration from
(Lehmann & Joseph, 2018&jith slight modificationgn colour and design

Specific sorption mechanismen the biochar surfacenclude partitioning or adsorption,
electrostatic interactions (hydrophobic), ion exchange, and precipitation. These mechagisms
highly dependent on specifturfacearea(SA) and surface functional groups. Partitioning or
adsorption of contaminantscur on sorption sitelcatedinside micropore®n the biochar
surface and hence a hi§i#V/pore volumesquat more sorption sit® Thesize of these pesis

in the range 00.4 - 1.5 nmandthey caneasilybe blocked by largesoil particles likeOM if

the fraction of these particles in the sai# high However, occlusion of large molecule
contaminants in the pores is also a paessorption mechanisigKupryianchyk et al., 2016)
Pore blockage is one dfireema j or attenuati on prsorptensthees af f
seconds sorptionsaturationSorption saturatiois a result of limited number of sorption sites,
which at high concentrations cé@come fullyoccupied Because of this, biochar is most

effective at low contaminant concentratiamseresarption is approximately linear.

Electrostatic interaction is @iption mechanism determined by van der Waals $oarel is of
importancefor sorption ofunpolar organic compound&hmad et al., 2014Kupryianchyk et

al., 2016) This interaction can also bescribed asydrophobic interactiobecause the organic
compounds have a low affinity to water molecules and emigrate towards solid particles in water.
lon-exchange and precipitation assrption mechanismsdetermined by polar functional

groups, typicallycontaining O.The functi onal gr oup shightyn bi oc
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determinedby pyrolysis temperature and tlieedstock biomass they are produced frang
generally nost ofthem arenegativelychargedwith the occasional amphoteric (pH dependent)
growp (Ahmad et al., 2014)These mechanisms may ékectedby competing ions, especially
divalent calcium C&*), in the soitwater systemCompetition for sorption sites by native
compounds in the sosystem is the third major sorption attenuation process for biochar
(Higgins & Luthy, 2006)

Studies of biochar sorption capacity for organic and inorgaonpounds in soil are scarce

(Ahmad et al., 2014put some general trends have been found. The biochar produced at high
pyrolysis temperatures (O700AC) hanpoandsa gr e:
Aattributed to their hy &hmadetalf20kchs wadl asehigh and n
carbonisation and aromaticity increasing the
(Kupryianchyk et al., 2016)Sorption of PFAS to biochar has previously been found to be

highly dependent on surface ar@upryianchyk et al., 2016)Adsorption on sorption sites

inside the micropores and hydrophobic interactions are postulated te lbeogt important

sorption mechanisms between PFAS and biochar, but this is a new science and still a lot is

unknown.

Biochar produced at lower pyrolyss t emper atures (O700AC) are r
inorganics because they contain mamplar functional groups(Ahmad et al.,, 2014)As

mentioned in the previous chapter, Pb and Cu most often occur as cations (positively charged)

in soil, whereas Sb ast often occur as an oxyanion (negatively charged). Sorption of these

polar compounds to biochar is therefore highly dependent on the surface functional groups, and
because the shooting range soil contains both cations and anions, the amphoteric groups ar
especially important. Electrostatic attraction between biochar and metal ions (either cation or
anion), ion exchange between exchangeable metals on biochar surface and target metals (Pb,
Cu, or Sh), and precipitation of metals as insoluble species emadhkt important sorption

mechanisms governing metal immobilisation to bio¢/Adimad et al., 2014)

Apart from the sorption mechanismishdochar, amendments with biochar cause an increase in

pH as biochar is an alkaline materidihe change in pH magffect pH dependent sorption

mechanisms in the soil systeandcreat more negatively charged surface functional groups

This could increaseCation ExchangeCapacity (CEC) increasing cation sorption, whereas

Anion Exchange Capacity (AEQould be reduced resuttg in higher mobility & anions

(Okkenhaug et al., 20131OM (also referred to as Organic Carbon (O@))an importat

component of soibnditcont r i but es a great de al to the s
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contaminantsOM is shown to beaffected bypH. Increasen pH affect the electrostatic
attractions in the soil and caugeprotonation of organic acids, whienaylead to an increase
in Dissolved Organic Carbon (DQ@ndfurthercontaminant mobilityCationic compounds in
soil, like Pb, are for example very often associated with DOC ir(®k&kenhaug et al., 2016)

and hence mobilised when DOC content increase

To shortly summarisgthe sorption strengtéffectivity of biocharfor contaminants in soiis

determined by sorption capacity (number of sorption sites) and affirtitye tmntaminarg.

2.4.5 Designer biochari activation and enrichment

As previously stated, the use of biochar in soil remediation is thwgedan k e ned by bi o
inferior sorption strength/effectiveness compared to other sorbents, likkupGyianchyk et

al. (2016) for exampé, found that AC amendment to contaminated soils almost completely
removed PFAS from pore water, whereas biochar had small or no effect. To solve this problem,

it is postulated that activation and modification of biochar should be conductedento

incr ease biocharodos -poogpguciomgefidest grven@sisi ocha

Physical activation is a process that increase surface area and pore volume of carbonaceous
materials. When these materials are exposed to an activation agent, reactitree Gurfae is
converted to gas (CO) in a process called gasification, resulting in opening and widening of
existing pores (Lehmann 2009, p.EBEenedetti et al., 2017Bteam (HO) and CQ are often

used as activation agents with the following gasification reactions:

0 OO0 o060 © eq 2
0 60 ¢O0 eq 3
Althoughthisacttai on process has widely been used in

sorption effectiveness, it has not been adopted for biocharvenjitecently. The increase in

sorption effectiveness or strength after activation is obtained by increasedycéwébi a

| arger surface area) and affinity (a fAcl eane
with the contaminantQornelissen, 2009 Research on activated biochar is scarce and this

thesis is one of few studies where activated biochmvisstigated in relation to contaminant
immobilisation.The effect of dferent degrees of activatiamm sorption strength/effectiveness

has never (to the authors knowledge) been tested before.

18



Another treatment that recently has emerged in biocharrobssahe enrichment of biochar

with other sorbent materials, like Zero Valent Iron (later referred to as ZVI Qrdfel
sulfidated ZVI (SZVI1). These materials have earlier been used as sorbents in contaminated
soils causing effective immobilisation Bb, Sb (Okkenhaug et al., 201@&nd mercury (HQ)
(O'Connor et al., 2018When applied to contaminated sites? Beeasily oxidised in the soil
forming highly reactive ferric oxyhydroxides through the following reacti(@kkenhaug,
2012)

&A c(/1 el A&A (1 ¢l ( eq 4
&A (1 el A&A e (1 I eq5
&A  @(/ AOQO o( 0 eq 6

Ferric oxyhydroxides have amphoteric properties, due to variable charge of surface hydroxyl
groups, enabling reactionitiv - and immobilisation of both cations andiens in soll
(Okkenhaug et al2016) Sulfidation of ZVI has recently beg@roven to increase contaminant
immobilisation by ZVI. The increased sorption is highly dependent on S/Fe ration and ZVI is
supplemented by sorption mechanisms of ion exchange, complexation, and copretipitatio
between FeS and FeSgtroups and metal caninantqLi et al., 2017)Enrichment of biochar

with ZVI and SZVI would thus probably increase the sorbents amphoteric character, resulting
in better sorption of metalgccurring as both cations and anions in $ilt as mentioned

earlier, the area of designer biochar is novel and therefore little knowledge about effects on

biochar sorption capacity exist®his highlights ther el evance of thi s mast

need for more researdike it.
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2.5 Objectivesand hypothesis

The overall aim of this thesis was @waluatecostefficient sorbent materialgead: designer
biochar produced from waste timbé&} PFAS and metal contaminated sdthe objectives of

the thesis were therefore to investigation of organic and inorganic contamination to
designer biochar, and identify the most effective sorbent and amendment dose needed to

optimise biochar remediation.

PFAS contaminated soil was remediated withvatéid biochar and the specific objges were

to observe if the degree of activation (50%, 75%, 100%, and 125%), the pyrolysis temperature,

or the activation agent @@ or CQ) affected bi ochar 6s sorpti
contaminated soil was remet#d with zero valent iron (ZVI) and Bur (S) enriched biochar,
nonramended biochar, and pure ZVI, and the specific objectives were to compare sorption
between these sorption materials and to observe if the biochar enrichments contributed

significantlytoboi ochar s sorption capacity.

Throughthe work of this thesis a set of hypotheses was tested, one parent hypothesis and three

subhypotheses:

1 HO: Waste timber biochar can serve as an effective sorbent for PFAS and
metalgmetaloids(Pb, Cu, and Sb) in contanated soils
1 H1: Biochar effectiveness in sorbing PFAS increases with inedeasivation
1 H2: Metal sorption increasevhen using designer biochar
1 H3: Biochar effectiveness varies with soil characteristics, especially orgabanca

content

Some reseatthasalreadybeen done on this subject, but this thesis stands out in the following

respects;

it usesa sustainable sorbent (biochar instead of activated carbon),

it uses designer biochars; testing various degrees iotHar activationand
enrichments

it uses natively contaminated soils (not spiked in the laboratory),

it usesbiochars for PFAS remediation

it useshiochars for antimon{Sb) remediation.
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3 Materials and method

To establish if biochar could work as an effee sorbent material fommobilisation of PFAS
and metal contaminants in séilwhi ch i s t hiesmptortests ithenativelyv e

contaminated soils were conducted.

3.1 Soil samples

The soil used in experimental work of this thesis was nativelyaotinated soil, meaning tha
the soil was sampled from sites where actual contamination had occurred. The contaminant
concentrations therefore represent environmental relevant concentrations. To see if factors
other than biochar affected contaminant sorptgwil with different cotent of organic carbon

was used.

3.1.1 Samplingand sample preparation

All soil sampling was done prior to the stag of this thesisThe soil wasollected from a
Norwegian waste handling facility, but originally it weempled from two different locations;
RyggeAirport (59.3732 N, 10.7935 E, thé& &f July 2017) and Tidlsnesmilitary smallarnms
shooting range (59.7231 N, 5.5156 E, tReoflduly 2017). The soil from Ryggairport was
samples from a former firefighting training facility and the soihfr@ittelsnes was sampled
from, and around, a backstop befiullet trap).At each location soil with high total organic
content (TOC) (from theipper organic horizod0-20 cm and low TOC (from the illuvial
mineral horizon below the podzol) were colledgdmixing five subsamples. The soil samples

were stored cold and dark until use.
The sample preparation consisted of three parts:

1 Homogenisabn
1 Drying
1 Crushing and sieving

The high TOC soil sample from Rygéaérport amountedo 14 plastic buckets (1QLTo get a
representative subsample of this soil, the buckets needed to be mixed and homogenised. This
was done by transferring the soil intigdper plastidubs where it was mixed by hand and then
transferred back into the plastimickets(Figure 6a). Further homogenisatioof a smaller
subsample (2 plastic bucketsas done by hand in ticontainerqFigure 6b), this subsample
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constitutedthe expected volume needed in theemment. Clay and poorly degraded organic
material were torn apart and neail objects, like sticks, roots, and stones were takernAdiut.
handling of the soil wasahe by handavhile wearing gloves.

Figure 6a-c): Sol sample preparatioyg) initial homogenisation of total soil sample, b) homogenisation
of soil subsample, and c) crushing of soil sample.

The same procedure was done for the low TOC soil from Ryggm®rt and high TOC soil

from Tittelsnes except for tle prehomogenisationvhich was not needed due to much smaller
sample volumesSubsamples were taken out by hand wearing gloves and transferred into tin
containersThe low TOC soil from Ti#lsnes was homogenised prior to the stgrtof this
thesis, so ndurther homogenisain was needed for this soA subsample was taken out by
transferring the soil directly into the batch leach test sample bgtfespcoming chapte3.3).

After homogenisation, the swles were put in oven to dry. PFAS soils were dried at 110°C,
low TOC overnight and high TOC f& days(d) (because extra soil had to be added due to
massie soil volume reduction (high water contenffhe metal soils were dried in room
temperature fod d. Later it was discovered that the soil was not properly dry, so both high and
low TOC metal soils were put in oven overnight at 40L%v temperature wassed to prevent
changed speciation of the metal(loid) contaminaltte.dried soil was thecrushed andsieved

to a size < Imn{Figure 6¢) to produce the required amount for the te3tisis was the size
fractionappropriate PFAS leaching test as defimeNS-EN 124572 (Standard Norge, 2003)
1.64 kg of both high and low TOC PFAS soil <Imnd#®.136 kg of both high and low TOC

metal soil <lmm wsneeded for the sorption tests.

22




































































































































