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Abstract

Laboratoy batch andong-termcolumnexperimentsvere conducted to westigate the effects
of wood-chipbiochar and coatlerived activated carbon amendmentlos microbiologyof a
volatile petroleunhydrocarbon (VPH) contaminated gravelly sand. First, a stabt#ope
labelled mono aromatic compoundoluene was used as a model VPH to gain insiigitd

the mineralization of VPHs by soil microorganisms in the presence and absence of biochar or
activated carbon. The biodegradation of a mixture of 12 VPHs wasguéntly monitored in
batch microcosms over a duration e1® days by measuring headspace: €C@hcentration.
Further analysisvascarried out by characterizing changes in the soil microbial community
composition using next generation sequencing techsiqdé4 pyrosequemeg and lon
torrent sequencingntreassin the levels of headspace i@ cortaminated soil batchess
compared to live and abiotic controls thish no VPHsvere added indicateal stimulation of
microbial activity in the batches thrgln VPH additionBy fitting a maximum specific growth
rate of 0.6 i (in line with published rates), it was possible to match model predictions of
4°C 0O, and**CO; concentrations with thexperimentally determined datdaf-saturation
constants of 4.06 ¥0° mgL?, 7.76x 10? mgL* and 1.83« 10> mgL*were predicted for soil,
soil & BC and soil & AC respectively, much higher than values reported in the literature.
Differences in lhe haltsaturation constarsuggests that sorbent amendment affects the
microbial ecology, by making microorganisms which can utilize substrates at lower
concentrations more competitivéield coefficients (g biomas€ relative to g (biomas€ +
C0O»-C)) compared more closely in the nutrient (N & P) amended soils ranging from
4.834).46 in soil and biochar to 7.86+0.72 in unamehsial, thann the batches without
nutrients, 4.1+3.1 in soil 8C, 17.745.2 in soil and 13.7£4.6 in soil & AC. Sorbent
amendment thus reduced yield coefficients, thereby slowing the growth of VPH degrading
biomass. Microbial community structure analysis revealed an increase in the relative
abundance ranking of members of the geRseudomona$’seudoxanthomonaand
Arenimonady up to 32 foldsand in the familie®Nocardioidacea@ndPseudomonadaceae
by atleast 32 foldsn sorbent amended and unamended soil baame@solumngompared to
their initial soil conditios. Consequentlyamending soils with 2% BGr AC changed the
biokinetics of VPH degradation by rendering VPHSs less bioavailable, but digypearato
have any detrimental effects on the VPH degrading bacteria both in theasttblvongterm,
and may serve as a sustainable,-edfgictive approach for enhancing the natural attenuation

of VPHSs in soil, thus addressing the challenge of petroleyoinocarbon contamination.
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Chapter 1: Introduction, aim and thesis scope
1.1 Introducti on
Volatile petroleum hydrocarbons are among the hazardous components of crude oil and
because of their readily volatile nature, they have the capacity to migrate across
different environmental compartments once they are released from a source.
Contaminard released from under the ground due either to leakages from storage tanks
or groundwater pollution have been reported to intrude into indoor air resulting in
elevated concentrations of these compounds in builqWgGE.P.A., 2002U.S.E.P.A.,
2012. Depending on the depth of contaminant source in the subsurface, the
concentration of the pollutants and the degree of natuealiattion of the pollutants in
the unsaturated zone, the amooiwapouremanatng into the atmosphere may vary
from low to high concentration®).S.E.P.A., 201p

Claims from a study biyicHughet al. (2004)shows that vapour intrusion from the
subsurface is often associated with chlorinated VOCs, at least from the majority of sites
so far studied. This has been attributed to the poor biodegradability of these compounds
by indigenous microbial communities atpacted site¢McHughet al, 2004 McHugh

et al, 201Q. In contrast, VPHs are more readily biodegradable by soil microbial
communities premnt at contaminated sites where oxygen is sufficient to support the
growth of these organisms, thus reducing the potential for indoor vapour intrusion by
this group of VOCg¢McHughet al, 201Q. These claims can be challenged based on
reports from studies byloheneret al. (2006)andPasteriset al. (2002)in which other

factors such as depth of VPH source underneath the ground and soil porosity were
shown to affect the level of oxygen that permeates thrdwghnsaturated zone hence
affecting the amount of oxygen that becomes available to the petroleum hydrocarbon
degraders at certain depths. Measurement,0€0> and VPH profiles in the

unsaturated zone of soils containing residual NAPL revealed inteyedigervations

where regions closest to the NAPL source had lewddcentrations and, high amounts

of CO, and VPHSs while regions that were further away from the NAPL source had low
concentrations of C&£and VPHSs but high £concentrations further highligihg the

role of biodegradation in the attenuation of VPHs in the unsaturateqioheneret

al., 2006 Luo etal., 2013. Higher concentrations of neaqueous phase liquid at the

point of release may result in a situation where oxygen utilisation by VPH degraders
occurs at a rate that limits the rate of aerobic degradation thereby elevating the potential
for indoor VPH intrusion. This may also increase the risk of groundwater contamination
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as the vapours may also migrate downwards to the waterBdséret al,, 1999
Pasteriset al, 2003. In addition to the amount of pollutants present in the soil
environmentabove the groundwater table, oxygen levels aendfufficiently available
from the atmosphere via the soil-&lled pore spaceas a resulbf which inorganic
nutrients e.g. nitrogen and pphorous becontde limiting factor to théviodegradation
of VPHs in soil(Hoheneret al, 2006 ElazhariAli et al, 2013.

Biodegradation of organic pollutants have been investigated using a variety of
approachs. One common method that has been employed to study the degradation
kinetics of organic compounds involves the use of laboratory batch microcosms.
Meynetet al. (2012)reported the study of sherm effects of powdered and

granulated (GAC) activated carbon on the soil respiration of a PAH impacted soil using
batch microcosm experiments. In anothedgtcarried out byushnafet al.(2011) the

first order biodegradation rates of a mixture of 12 volatile petroleum hydrocarbons were
determined in a batch experiment in which sandy soils were contaminated with the
pallutant mixture ElazhartAli et al.(2013)conducted a batch as wall mintlysimeter

study to investigate the effects of biofuglsthanol and biodiesel on the biodegradation

of a VPH mix consisting of straight chain/branched alkanes, cycloalkanes and aromatic
hydrocarbons.

In addition to microcosm studies, experimemse been designed in columns to study
the effects ofyapaur migration, sorption and biodegradation on the attenuation of
volatile organic compounds. In a study conductedibt al.(1994) the effects of

toluene vapour migration through soil columns of different lengths contastengzed
pre-exposed and unexposedils on the biodegradation of the substrates were
investigated. In another study bipheneret al. (2003) volatile petroleum hydrocarbon
degradation kinetics were t@emined using laboratory batch and column experiments.
Other column studies include a shtatm and longerm experiment to investigate the
effect of vapour migration along column lengths, sorbent amentiand microbial
degradation on the attenuationaomixture of 12 volatile petroleum hydrocarbons
(Bushnafet al, 2011). The use of these approaches (laboratory microcosms and
columns) as a means of gaining insights into the biodegradation processes taking place
in the vadose zanhave their advantages as well as their limitations. While laboratory
experiments offer the flexibility of controlled conditions, it does not account for the
complex and variable environmental conditions under which the attenuation of organic

pollutants @curs in most cases.
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1.2 Research motivation

In dealing with the challenges of contamination of soil and water bodies, Environmental
Engineers have adopted a nwenbf remediation approachdditherto, the attention has
been on removing pollutants from thev@anment, in other words reducing
concentratiorof pollutants in the environment. However, there is currently a shift in the
paradigm of Environmental regulators from a mere reduction of total pollutant
concentration in the environment to a reductiorrangfer of pollutants teensitive
ecological receptor@Beesleyet al, 201]). This arises from eealizationof the

possibility for onward transfer of toxic organic and inorganic pollutants that persist in
the environment to receptors like plants and humans. As a result of thissthare i
increase in the adoption of riddased approaches in the remediation of organic
pollutants from the environment in order to mitigatedffectsof the pollutants in the

environmen{Fernandezt al, 2005 Beesleet al, 2011)).

In situ stabilizationof contaminated soils and sediments which involves the use of
sorbents to amend polluted environmeatene approach that can be used to

accomplish both a reduction in concentration of pollutants in the environment as well as
mitigate their effects to receptors within the environn{&ftoshet al, 2011). These

bind to pollutants therglreducing bioavailability of pollutants and exposure of such
pollutants to humans and the environment. Examples of sorbents being considered for
their sorption capacity are activated carbon (AC) and big@hsshnafet al, 2011

Chen and Yuan, 201 Meynetet al, 2019.

Quite a number of researches are currdming conducted into the sorption properties

of biochars and AC with respect to the remediation of soils and sediments contaminated
with organic compounds. However, not much has been done with regards to the effects
of sorbent amendment on the microbiglay the soils to which they are being applied,
particularly with respect to biodegradation of pollutgdemnssen and Beckingham,

2013. This research therefore intends to investigate the potentialitiftethat may

or may not exist between the applications of charred materials te@soiEminated

with petroleum hydrocarbons as a remediation approaeaviz the biodegradation of

the bioavailable fraction of pollutants in the sdih attempt is also made at

understanding the relationship between microbial diversity in the VPH exposed
treatments and their functions with respect to pollutant degradation and nutrient cycling
(Gray and Hed, 200). Biochar is environmentally friendly in terms of its ability to

sequester atmospheric C in the aromatic form for several years in tf@laséret al,

3
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2001, Lehmannand Joseph, 2009vhereas AC is coal derived aadds tahe carbon
footprint of thesoil environmen{Sparreviket al, 2011, but hasa higher sorption
capacity compared to biochar due to the presence of 4paes and a greater surface

area. Both sorbent matesalould be used in the current study.

1.3 Research questions

From the review of literature, there are indications that biochar and activated carbon
amendment of hydrocarbon polluted soils influences the sorption of some hydrocarbon
fractions more than otherShe aromatic hydrocarbon, toluene, for instance has been
shown to sorb more to biochar in soils compared to straight chain alkanes e.g. octane
and cyclic alkanes (cyclohexan®ushnatfet al, 201J). This difference in the binding
affinity of compounds to biochar also affects the choices as well as biodegradation rate
of the available compounds by soil microorganisms. We therefore hypothesize that by
amending sodl impacted with petroleum hydrocarbons with biochar and activated
carbon, a better sorption of one or two fractions of hydrocarbons selected for this
project will be observed and this will likely result in a different biodegradation pattern
of the soil micobes. Based on this hypothesis, the following research questions will be

investigated:

1. Are there strong negative correlations between sorption of organic pollutants in

the soil and biodegradation of organic pollutants?

2. Does biochar or AC amendment oflsdter the growth kinetics of

microorganisms in a VPH contaminated soil?

3. What are the effects of biochar or AC amendment and nutrient amendment

effects on the bacterial community response in aerobic soil?

1.4 Aim and objectives

The ultimate aim of this reagch is to assess and to also gain an improved
understanding of the effects of biochar and activated carbon amendment of petroleum
polluted soils on microbiological processes, with specific interest in pollutant
biodegradation, taking place within the sdil order to achieve this aim, and to provide
answers to the aforementioned research questions, the following objectives will be

considered:
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1. To determine any correlations between sorption of organic compounds by

sorbents and biodegradation of organicuygalhts in the soil.

2. To determine the effects of biochar and activated carbon amendment on the
growth kinetics of microorganisms usitif;-toluene as a model VPH in

gravelly sand.

3. To determine theffects of biochar and AC amendment as well as nutrient
amendment effects on the bacterial community response following exposure of
soil to a VPH NAPLsource

1.5 Thesis scope and structure

To start with, the microbiology of petroleum hydrocarbon degradation is reviewed in
chapter 2. Pathways for the metabolishaifferent classes of petroleum hydrocarbons
are discussed and then the chemodynamics of organic pollutants once in the
environment are also reviewed. The effects of different processes including sorption,
biodegradation, and diffusion on the fate ajamic pollutants in the environment are
further discussed before considering the conventional remediation approaches. The
chapter ends by reviewing a nowelsitu sorbent amendment as a eeffective and

environmentally friendly remediation strategy d@hdir effects on soil biota.

Chapter 3 presents a chemical analysis of the fate of volatile petroleum hydrocarbons in
gravelly sand using’C toluene as a model VPH as a way of gaining improved
understanding of the effects of sorbent amendment on elnglgkinetics of

microorganisms in VPH contaminated soil.

As a sequel to Chapter 3, a study of the microbial community structure dynamics upon
addition of VPHSs to sorbent amended soil using batch experiments were conducted.
Chapter 4 considers the effeofsdifferent classes of VPHs on the microbial

community response in soil without sorbent amendment in thetghortwhile chapter

5 factors in the effects of inorganic nutrient (N & P) limitation and amending soil with
and without biochar and activatedioan on the microbial community response over a

duration of 6 days in a batch sei.

Chapter 6 is a study that investigates the {tmmg effects of exposure to VPH vapours
from a NAPL source containing a mixture of VPHs. The chapter is a follow up tstudy
a previous study (PhD research) by Bushnaf (2014) in which glass columns were

packed with soil, or soil & 2% biochar or soil & 2% AC and exposed to pollutant (VPH
5
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mixture)vapours over a duration of 430 days and considers the microbial community
respons to VPH exposure using negéneration sequencing approaches. Chapter 7
presents the conclusions, any remaining research questions that are yet to be answered

and suggestions for future work.

Chapter 2Literature review

U Petroleum fidrocarbon microbiology
U Chemodynamics of organic pollutants in so
U In situ sorbent amendmeinta novel
remediation strategy

Insights into Chapter 3Effects of biochar and activatec Insights into
microbial ecology carbon amendment on the Himetics of | _Microbial ecoloay
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v A 4

Chapte 4: Comparirg the effects Chapter 5Shortterm effects of
of different PHclasses on the sorbent amendment dhe attenuation
bacteria community response in of VPHs in gravelly sanda nutrient
gravelly sand limiting perspective
t Short-term sorbent amendment effects f

Chapter 6 Long-termeffects of volatile
petroleumhydrocarbon vapor migration ol
the microbial community composition in
biochar and activated carbon amended s

Long-term
effects

Long-term
effects

W
v

Chapter 7. Conclusions and
recommendations for future work

Figure 1.1. Schematic of thesis scope and structure



Chapter 2: Literature review
2.1 Petroleum hydrocarbon degrading microbial communities
Quite a number of bacterial and fungal species have been identified with the capacity to
utilize petroleum hydrocarberas their sole source of carbon and energy even though the
percentage of the overall heterotrophic microbial community represented by these organisms
(bacteria and fungi) varies according to negdl he most important genenaat an exhaustive
list) of petroleum hydrocarbon degrading bacteria isolatesed on frequency of isolation
from both marine and soil environments inclédghromobacte(Gojgic-Cvijovic et al,
2012, AcinetobactefThroneHostet al, 2007, Nocardia(Coloreset al, 200Q Kalmeet al,
2008 Zeinaliet al, 2008, Pseudomona@sinder and Williams, 199@Perfumoet al, 2006,
Bacillus(Gojgic-Cvijovic et al, 2012 Mukherjee and Bordoloi, 2012Arthrobacter(Jones
et al, 1983, FlavobacteriumMicrococcus Alcaligenesand theCoryndorms(Adebusoyeet
al., 2007. Important fungal genera that have been implicated with petroleum hydrocarbon
degradation includB&hodotorula AureobasidiumCandidaandSporobolomicesfrom marine
environments whiléMortierella, Trichoderma Graphium TalaromycesAmorphoteca
NeosartoryaCandida Yarrowiaand Pichia have been isolated from petroleum hydrocarbon
contaminated soilChaillanet al, 2004. Others ar€ephalosporinPenicilliumand
Aspergillus(Chaillan et al, 2004 Singh, 2005

Other important terrestrial and aquatic members of the microbial community are protozoa and
algae. Hitherto, these have not been implicated with the degradation ofynetrole

hydrocarbons at contaminated sites. StudieSdmigliaet al. (1980)however indicate the
capacity of some algae to metabolize the pualglear aromatic hydrocarb®maphthalene.

There are no indications that protozoa have the capacity to utilize any class of petroleum
hydrocarbons. In the final analysis, protozoa and algae do not appear to play any significant
role in the in situ degradation of petroleum hydrocarbons at contaminated site at least from
available reports. The table belewmmarizesome petroleum hydrodzon degraders along

with their petroleum hydrocarbon substrates:
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Substrate Microorganism

Saturates:

n-Pentane Mycobacterium smegmatis, Norcadia sp

n-Hexane Mycobacterium smegmatis, Norcadia,sp Hglodendron,

Varicosporium, Paecilomyces and Cladosporium.

n-Octane Pseudomonas , P. putida, Corynebacterium sp. 7EIC, Nocardia spp
n-Decane Corynebacterium
n-Dodecane Arthrobacter, Acinetobacter, Pseudomonas putida and yeasts

Methylcyclopentane P. anaerooleophila

Methylcyclohexane Nocardia petroleophila

Isooctane Pseudomonas spAcinetobacter
Aromatics:
Toluene Bacillus sp, P. putida, Cunninghamella elegans, Pseudomonas aeruginosa, P. mildenhetganogens, anerohes

Methylosinus trichosporium OB3b, Pseudomonas spp., Achromobacter sp., P. anaerooleophila, Azoarccu tolu#ycus Tol
(anaerobic), Nocardi coralline, P. gladioli BSU 45124, P.putida, Psychrotrophic sippn, reducing bacteria,
Phanerochaete chrysosporiuMicrocystis aeruginosa, Seanastrum capricornafmd Thauera selenati@naerobe)

m-Xylene Pseudomonas putigd®seudomnas aeruginosa, Phanerochaete chrysosporiumethanogens and anaeraobes

1, 2, 4Trimethylbenzene Yeasts.

Table2.1. Some Petroleum hydrocarbon degraders and their substrates. Source: Riser
Roberts (1998).

In addition to PHs serving as carbon and energy sources to microorganisms at contaminated
sites, other nutrients like nitrogen and phosphorous have been shown to play significant roles
in the stimulation of PH degraders. Several studies have been coniduictegstigate the
strategies for the delivery of these nutrients as well as the optimum amounts required to
stimulate microbial activityLee, 1995 Boufadelet al, 1999 Obuekweet al, 200J).

2.1.1 Metabolism of petroleum hydrocarbons

As mentioned earlier, PHs have been categorised into three (3) classebasidiud their
structures, viz: alkanes (normal and branched), cycloalkanes and aromatic hydrocarbons.
Other classes of PHs such as alkenes and alkynes have been reported to occur in trace
amounts in crude o{lOkoh, 2006 Chandreet al, 2012. Studies reveal thatalkanes are

more readily biodegraded than branched (iso) alkanes withdhenes of chain length

between @ and Csbeing more susceptible to microbial attack. Alkanes of shohiin

length (< Go) are volatile and easily evaporate during the weathering process due to their low
molecular weights and have been reported to be toxic to microbes. Straight chain alkanes of
chain length betweenzgand Go have been shown to supptire growth ofAcinetobacter

calcoaceticuandNocardioformgespectivelyRadwaret al, 1999.

8
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Terminal oxidation of methyl groups (terminal) produces a primary alcohol which is
subsequently oxidised to carboxylic acids and has been reported to oeseuagomonasp.
andAcinetobacter sgMay and Katapodis, 199Qal and Khanna, 19960ther organisms

like Rhodococcus shave been shown to carry out siglminal oxidation of ralkanes in
addition to terminal oxidation in reactions catalysed by monooxygenasese@uinal
oxidation of nalkanes produces a secondary alcohol, then a ketone and finally a fatty acid
(Whyteet al, 1998. This pathway (suberminal pathway) is not considered as the primary
metabolic pathway for most PH degradgkdas, 198).

Monooxygenase reactions

0, H,0

CH;—(CH,) »—CH3 CH;—(CH,),—CH,OH
n-alkane Primary alcohol

Rubredoxin Rubredoxin

Fe?t R Fe3t
NADH NAD*
02\ /HAEO gy HO H OH
m H OH f i, ~SoH
NADH NAD™" IAD* NADH
Benzene NAD Arene oxide trans-Dihydrodiol NAD Catechol

Dioxygenase reaction

NADH NAD™ NAD® NADH
Benzene cis-Dihydrodiol Catechol

O

Figure 2.1. Metabolic pathways highlighting the enzymatic processes involved in the

metabolism of petroleum hydrocarboiaé and Chandran, 2010

Microbial degradation of aliphatic hydrocarbgm®ceeds with the oxidation of the substrates
in a series of reactions catalysed by oxygenases. Oxidation which could either be terminal,
subterminal or diterminal depending on the angsm involved results in the formation of

mono and/or dicarboxylic aci ds vokidatom ar e

S u

pat hway of fatty acids. Ot her mi-axidationpndt hway

¥-oxidation pathway$RiserRoberts, 1998

In prokaryotes, aromatic hydrocarbons are convertedisdihydrodiols by the action of

dioxygenases, then to dihydroxgompounds such as catechol in the case of benzene.

Eukaryotes and fungi oxidise aromatic hydrocarbons using an atom of oxygen (O) in a reaction

9
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catalysed by monooxygenases to produaes-dihydrodiols and finally catechol. Ultimately,

catechol undergodsirther oxidation to produce intermediates in the citric acid c{Riser
Roberts, 1998

10
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Substrate

Microorganism

Reference

Ci11 Csalkanes, alkenes, Soluble methane

and cycloalkanes Monooxygenases

Cs1 Ciealkanes, fatty acids, AlkB related alkane

alkyl benzenes, cycloalkanes Hydroxylases

Cio1 Ciealkanes, Eukaryotic P450

fatty acids

Baterial P450

oxygenase system

Cs1 Cisalkanes,

cycloalkanes

Ci01 Czoalkanes Dioxygenases

Methylococcus
Methylosinus
Methylocystis
Methylomonas

Pseudomonas
Burkholderia
Rhodococcus
Mycobacterium
Candida maltosa
Candida tropicalis

Yarrowia lipolytica

Acinetobacter
Caulobacter

Mycobacterium

Acinetobactersp.

(McDonaldet al., 2006)

(Janet al, 2003

(lidaet al, 2006

(Van Beilenet al., 2006

(Maenget al,, 1996

11
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2.2 Environmental risk assessment: Effects of pollutants versus concentration of
pollutants in the environment

2.2.1 Chemo dynamics of organic pollutants in the environment

A major factor that determines the concentration and constytiee effects of pollutants in

the environment is the rate at which their chemical and biological transformation occurs. As
most pollutants occur in low concentrations in the environment, the process of transformation

of these compounds proceeds viatforder kinetics. Hence,

Ye 9 2.0
Y o0z b 2.2
— 07 b 2.3

whereR s the rate of reaction/uptake of pollutai] {s the concentration of pollutants and

the proportional change per unit time.

Pollutant uptak by microbial cells occurs via three (3) main mechanisms, namely active
transport, passive transport and filtration. The mechanism of uptake depends upon the
solubility of the compounds as well as on the size of the molecules. Microbial cytoplasmic
membraes serve as barriers to regulate the flux of compounds within the cells. The cell
membrane is composed of a phospholipid bilayer and forms a matrix in which transport
proteins and enzymes are localig8tkkemaet al, 1995. Phospholipids are made up of a
molecule of glycerol attached to two fatty acid moieties and a chargktule such as

inositol, choline, ethanolamine or serifidelson and Cox, 2005The proteins embedded in

the lipid bilayer often occur in a folded form such that they invaginate into the membrane
forming pores through which compounds can diffuse. Depending on their sizes, neutral
compounds, pécularly if they are lipophilic in nature, traverse the cytoplasmic membrane
without any obstruction by passi v(@hame f fusi on
1994). As the molecules increase in size, or become charged, the predominant means of
transport across the cytoplasmic membranes switches to the active transport which requires
the expenditure of chemical ener@hane, 1994 Several mechanisms by which

hydrocarbons are transported across microbial membranes have been proposed. Fer examp
cyclic hydrocarbons can easily diffuse across the lipid bilayer of the membrane due to their
nonpolar naturgSikkemaet al, 1995. The uptake of the nepolar PAH naphthalene in a

Pseudomonaspecies did not require ATP or any electrical potential suggesting that passive
12
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diffusion was a likely means of transport acrbesmembranéBatemaret al, 1986. Witholt

et al.(1990)proposed that the uptake of alkanes was facilitated by the release of the outer
membrane lipopolysaccharide which encapsulates droplets of hydrocarbons thereby
enhancing mass transfer efficiency. Other studies observed the inclusion of hydrocarbons in

bacteria and yeast and in a strailPesEudomonaéScott and Finnerty, 1976

Persistence of organic compounds in the environment has been related to two main properties
of such comounds; viz: the inaccessibility of compounds to sodroorganismsgor

biodegradation and their toxicity to soil microbiota. The presence of these persistent
compounds in high concentrations in the environment thus makes bioremediation of

contaminated &s a serious challenge.

Toxicity of most organic compounds is thought to be correlated to their hydrophobicity as
indicated by the logarithm of partition coefficient of those compounds between octanol and
water (logP). There are indications that most watduble compounds are relatively less

toxic to microorganisms. At the same time, the much more lipophilic compounds including
some hydrocarbons have been reported not to be toxic to whole cells. In between these two
categories are compounds with intermaéel hydrophobicity such as alcohols, phenols and
aromatic compounds which have been applied as antimicrobial agents in food preservatives,
and disinfectants e.t.c. due to their highly cytotoxic nafidepieperet al, 19914. Studies

have shown that the toxicity of hydrophobic organic compounds including petroleum
hydrocarbons is due to a general, nonspecific effects of these compounds on tlyeofluidit
microbial cytoplasmic membrane as they accumulate in the lipid bilayer and not due to any
specific chemical reactions within the bilay@abral, 1991 Saitoet al, 1994 Farranatest

al., 1995.

In addition to hydrophobicity as a factor that determines toxicity of PHs, highly toxic
intermediates of thmetabolism of some complex aromatic PHs as well as alkanes could also
accumulate within the cytoplasm of microbial céCmmareet al, 20094. An example of this
effect was observed in the biodegradation-ottane during which a toxic intermedidte

octanol was reported to accumulate within the ¢€llsenet al, 1993. The preferential
partitioning of hydrocarbons into the lipid bilayer of microorganisms is reportedly the primary
cause of toxicity as thisrpcess results in the accumulation of the compounds within the lipid
bilayer and a subsequent increase in-specific permeability of the membrane. The

molecular structure of hydrophobic compounds also affects their solubility within the
membrane. For exaple, amphiphatic molecules with a similar structure to that of membrane
phospholipids will solubilise relatively easily compared to other compounds. Because of this

13
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property, chlorinated derivatives of aromatic compounds e.g. phenolics and other compounds
such as alkanols are known to be highly toxic. The composition of membrane phospholipid
fatty acid has also been shown to influence the toxicity of hydrocarbon compounds in a study
involving artificial membranefAntunesMadeira and Madeira, 198%eber and de Bont,

1996.

Another mechanism that has been proposed as an explanation for the cytotoxic effects of PHs
is a reduction offte energy status of microbial ce{ldeipieper and Martinez, 20L0~rom the
foregoing discussion, increased permeabilization of microbial membranes leads to a flux of
protons and other ions across the membranes which in turn dissipates the proton motive force
(PMF) and the electrical potential of the membra(Stiskemaet al, 19949. In a study by

Uribe et al.(1990) the functions of the enzyme ATPase as well as otlueeips embedded in

the membrane and involved in energy transduction was found to be impaired by the effects of

organic compounds.

Organic logPow logPmib Pmib Solubility | MMC | Toxicity
Compound (mM) (mM) (mM) (mg/L) (mM)
Toluene 2.48 1.77 58.29 6.3 367 +
n-Octane 4.55 3.77 5,936.08 0.0058 34 -
p-Xylene 3.17 2.43 272.21 1.2 327 +
Ethylbenzeng 3.03 2.30 199.11 1.6 319 +
Hexane 3.29 2.55 355.88 0.150 53 -
Decane 5.61 4.80 63,343.20| 0.00035 22 -
Cyclohexane| 3.50 2.76 568.85 0.500 284 +
1-octanol 2.92 2.19 154.90 3.8 588 +
1-Decanol 3.97 3.21 1,621.80 0.23 379 +
1-Hexanol 1.87 1.17 14.80 56.9 841 +
1-Dodecanol 5.02 4.23 16,982.40 0.015 254 +
Naphthalene 3.30 2.56 363.92 0.240 87 -
Phenanthren¢  4.46 3.69 4,855.12 0.006 29 -

Table2.3. Partition coefficient of some petroleum hydrocarbons in octanol/water (logPo/w),
membrane buffer (logPm/b), solubility in wasgr25 °Cand the maximum membrane
concentration of organic compounds= toxic; - = not toxic. Source:

(http://chem.sis.nlm.nih.gov/chemidplus/, 2P05
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The effect of pollutants, once in the environment, is determined by their dynamics in the four
(4) main compartments of the ecosphere, viz: air, watdfsediments and biota. Inter
compartmental transfer rates of pollutants is largely dependent upon the transfer rates
occurring at the interface between two compartments. At equilibrium, the rates of transfer of
these compounds between the two compartsare equal. Several processes interact in the
environment to determine the fate of VOCs in the soil subsurface. The dominant processes
include the following:

1. Sorption
2. Volatilisation and

3. Biodegradation

According toSchwarzenbacktd. (1993)or pti on is defined as ATh
chemicals become associated with solid phases (either adsorption ontdiemémsional

surface, or absorption intbreedimensional matria . It is a key process
reported to determinte fate and ecotoxicity of organic pollutants in soils and sediments as
sorption lengthens the persistence of organic pollutants in the environment. This process
reduces availability of the pollutants to microorganisms and consequently their

biodegradaltity but concurrently also reduces the concentration of the compounds in soil
porewater, the ecotoxicity and uptake of the pollutants by soil bigtaquilibrium, the ratio

of a substanceds total <concent rladncentrationim t he
solution is denoted by the soldater distribution coefficient (§ (Schwarzenbacht al,

1993:

6 - —— (2.4)

whered is the compound concentrationthe sorbed phase in moles/Ky, is the

concentration in solution in moles/L and the solidwater distribution coefficienn L/Kg.

It has been proposed that sorption of organic compounds to soil is a function of the organic
matter contentfosoils. The soHwater distribution coefficient was describeglPasteriset al.

(2002)according to the following equation:
0 "QzU (2.5

wherev is the solidwater distribution coefficient of the soil or sediment systé&ms the
mass fraction of the more amorphous soil organic carbom anid the sorption coefficient of

the organic carbon content of soil/sediment.
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More recently the solidwater distribution coefficient) ) of soils and sediments has been
normalised to the total organic carbon content of the carbonaceous geosorbents present within
the systems. Hence, for unamended soils and sediments containing pyrodgeamgeich

materials (PyQ)Xornelisseret al, 2005 Haleet al, 2015, equation (2.4) becomes:

0 QzH  Q z0 (2.6

where’Q and0  are the mass fraction and sorption coefficient of the native carbonaceous
geosorbents such as soot, black carbon, and charcoal in soil or sediments. Carbonaceous
geosorbats have been shown to possess strong sorption capacities and their presence in soils
and sediments can enhance the overall sorption capacities by several orders of magnitude in

comparison to pristine soils and sedimdftsrnelisseret al, 2005.

Upon addition of biochar or activatedrbon to solil, the overall sorption to soil becomes

further modified as follows:
0 "QzY "Q z 0 Qy 20 ¢ (2.7

where’Q y is the mass fraction and y the sorptn coefficient of activated carbon or

biochar.

The dnmopu&eld sorption theory has been proposed.
matter consists of two organic domains; an amorphous organic matter (AOM) domain also
descri bed as andhhe olderssoilforgahic attendomain which is also referred

to as the 06har (Xingand Pighagelloal®9% Both SAM doraains have

been reported to sorb organic compounds differently and with the passage of time, the AOM
domain have been shown to undergo transfor mat
charges in composition of elements, polarity, condensation and aromgfRzyet al,

2007. Worthy ofnote are the differences between natural organic matter (NOM) and charred
organic matter e.g. charcoal, biochar, char e.t.c. with respect to their sorption properties

(Smernik, 2009 The sorption capacity of pyrogenic organic matter is reported to be several

times higher than that of natural organic matBaringet al, 2002 Yang and Sheng, 20D3

Also, significant differences exisetween pyrogenic and nq@yrogenic organic matter in

terms of the mechanism of sorption of the sorbates, reversibility of sorption and the

dependence of sorption on the concentration of sorbates. While natural organic matter

sorption affinity depends ta less extent on the concentration of the sorbate (as shown by the

linear sorption isotherms) and has been describatsas ptionor partitioning, the sorption

affinity of pyrogenic organic matter depends largely on the concentration of sorbates and
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decrases with a rise in the concentration of sorbates. This phenomenon is described as

adsorption(Smernik, 2003

As a result of the readily volatileature of most VOCs, the composition of a mixture of
volatile compounds will vary from time to tinfgVanget al, 2003. Gasphase diffusion has
been reported to be the predominant process for VOCs migration in the vadofeasters
et al, 2002 Hoheneret al, 2009. Diffusive fluxes for each hydrocarbon compound in a
mixture of 13 petroleum hydrocarbons were determined in a lysimtidy conducted by

Pasterietal.(2002usi ng Fickdés first | aw of diffusio

0  O0— (2.9

Where Orepresentshe vapoudiffusive fluxes at the lysimeter surface (g & oh),! C41 z

is the vapour phase concentration gradient at the lysimeter surfacefy £+0 andD, the
effectivediffusion coefficientin solil, is the product of the aifilled soil porosgty, the

tortuosity factor and molecular diffusion coefficient in @n%/d). A derivative of equation 2.8
can be obtained according to the methods describ&thwyarzenbacht al. (1993)assuming

a spatially constant diffusion cdiefent D is taken into account. Equation 2.7 then becomes:

— 00— (29

where x and t are distance in meters and time in days. This expression is also known as
Fickb6s second | abeusedtodbsclibé thestransiant diffastn of \elatile

compounds irsoil (Schwarzenbacht al, 1993.

A modified version of mathematical model was proposedibgt al.(1994)and was used to

describe the vapotphase diffusion based on the following assumptions:

Diffusion is the predominant transport procegthe vapour phase in the subsurface
The sorbed and the dissolved phases undergo reversible, linear equilibrium sorption
The dissolved and gaseous phases comply

The biodegradation reactions obey first order kinetics and

ok~ 0N PE

Soil diffusion cefficients for the gaseous and dissolved phases are modified from
their values in air and water by tortuosity factors according to the methods described
by Millington and Quirk (1961)
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U= 2%% no? (2.10)
U = w28 no? (2.11)

where dais the volumetric content of soil air frgas n¥) ,wis the volumetric content of soil
water (nf gas n¥), netis the total porosity in the soil. Considering the aboweatqgn (210 &
2.11), the vapouphase transport model from (2#Ben becomes:

Y G—=0—-1 6 2.12)

where 'Y Gis the capacityactor (n? gas n’) andD the diffusion coefficient are given by:
Yo "0 | | 'O¥0 (2.13)
O [ zO0O [ z©O 70 (2.19

where” is the soil bulk density (kg 1¥), 0 is the distribution between the solid and the

dissolved phases fkg?), OistheHe nr yoés | aw di mensiamkhbm®ss coef f
water),Ois the effective diffusion coefficient of any fuel compound in aif/@pO is the

molecular diffusion coefficient in air (ffd), O is the molecular diffusion coefficient in

water (n#/d), andi 6 is the degrdation term(g n3 d?).

The concept of molecular diffusivities has been proposed based on the Brownian motion of
molecules through a medium of interest. The relationship between molecule sizes and
diffusivities indifferent media has also been proposed. Accordir@ctawarzenbacht al.

(1993) molecules with larger molecular masses and molar volumes both indicative of larger
sizes tend to have lower diffusivities as a result of reduced meapdth which also reduces
their ability to move through a crowd of other molecules. Other factors such as the viscosity
of the medium of interest and the temperature of the molecules have also been suggested to
affect molecular diffusivities. Several rhetds have been used for the quantification of
molecular diffusivities of chemicals in gas and aqueous phases. One of such approaches that
has been used to estimate the diffusivities of organic molecules in air is the meguddrof

et al.(1966)

0O pm — (cn? s (2.15)

where

T is the absolute temperature (K)
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mair is the average molecular mass of air (28.97 ginol

mis the organic chemical moleculaass (g mot),

P is the gas phase pressure (atm),

Vair is the average molar volume of the gases inxair0.1cn? mol?)
Vis the molar volume of the chemical of interest {enol™)

2.3 Growth dynamics of heterotrophic microorganismsi The Monod and Contois
models

Heterotrophic bacterial growth in soils is a function of the type as well as the diversity of the
organisms present in the soil. It also depends on the soil organic matter content. In the
absence of any growth inhibition due to contaminant toxitgy growth of microorganisms

can be described by the mathematical model propositbhyd (1949)

t t — (2.16)

where |, and gaxare the specific growth rate (per hour) and maximum specific growth rate
(per hour) Ks is the halfvelocity constant which is equivalent to the concentration of the

nutrients at half the maximum growthate (mg ¢f) andSis the initial substrate concentration
(mg g'soil).

Reports have suggested that the maximum specific growth rai¢ ¢ftheterotrophic
microorganisms depends on the type of organism and the carbon or energy source being
utilised whie the halfvelocity constant is a measure of the affinity of the organism for the
limiting nutrient and is an indicator of how fast the maximum specific growth rate can be
attainedChenet al, 2003. For efficient microbial performance, the ha#locity constant
must be a minimum value which implies that that the microb#®isoil should be adapted

to the soil organic matter or carbon source being introduced.

The Contois equatiofChenet al, 2003 can be used to describe the relationship between
biomass formation and organic matter or a carbon source depletion in a heterotrophic bacterial

growth as follows:

— — Q0 (2.17)

S (2.18
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whereX is the mass of biomass (mgswil, andKqis the specific microbial decay rate (mg
biomass 1, Y is the stoichiometric yield coefficient (mg biomassiied mg' carbon
utilised). Since the amount of biomass formed can be expressed in terms of nutrient
concentration and vieeersa, it is possible to simulate biomass formation and nutrient

depletion as a function of time as follows:

YO B QT (2.19
O B O Y (2.20

whereS andXo are initial substrate concentration (méggil) and initial mass of biomass
(mg g'soil) respectively. Substituting f&andX in equations 2.2and 2.8, we have:

~

— Q6 (2.29)

- - (2.22

2.3.1 The Nitrogen gcle

Nitrogen is the most abundant element in theoaphere constituting about 78% of the
atmosphere and as such the most likely to limit ongoing natural processes in the ecosystem.
Nitrogen in the soil is derived from a range of sources including plants and animal wastes, and
from incorporation into the ddoy nitrogen fixing bacteria which may either be free living or
living in a mutual association with the root nodules of leguminous plants. Atmospheric nitrogen
(N2) is quite stable because of the triple bonds between the nitrogen atoms and needs to be
converted to a form that is more readily utilisable by plants and other organisms. Using the
energy generated from the oxidation of carbohydrates, and electrons supplied by the nitrogenase
enzyme complex, a molecule of nitrogen) ¢ reduced to two mole§ ammonia (NH) as

follows:

Nitrogenase enzyme complex

N2+8H + 8 e-B4)ATP (16 2NHs + Ho + (1624) ADP + (1624) R (2.23

The process of nitrification coverts ammonia into nitrates via estep reaction both mediated
by nitrifying bacteria. In the first step, ammonia, a chemolithaitic substrate, is converted to
nitrites by the bacterial speciBstrosomonasvhich oxidises ammonia to nitrites followed by

a second step in which a different grobiirospira oxidises nitrites to nitrates as shown below:
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ammonia monooxygase
NHz+ O +2H'+ 2 —eE 20H + HO (2.24)

hydroxylamine oxidoreductase

NH2OH + HO ND +*+4€eH (2.25)
nitrite oxidoreductase

H.0 + NOE NOsE +*+2e H (2.26

The ammonia monooxygenasezgmes have been implicatedtire oxidation of ammonia to
hydroxyl amines (2) and these enzymes are reported to be integral membrane (@btxias

al., 2003. In the ammonia oxidation step, two electrons are requiretthéonxidation process

and these are generated by the oxidation of hydroxylamines in a reaction catalysed by
hydroxylamineoxidoreductaseln total, four electrons are produced in this step but only two
reach the terminal electron acceptor)(@a the cytehrome oxidases to produce water and

energy.

The environmental significance of the nitrogen cycle is the balance created between
atmospheric nitrogen and soil nitrogen each year by this process. Intensely fertilised soils from
agricultural activities leatb excess accumulation of ammonia and by implication of nitrites
and nitrates which are highly watsoluble compounds. These compounds may leach into
groundwater and react with organic compounds to form toxic products such as nitrosoamines
(Madiganet al, 2009. There are also reports of a blood disorder, methemoglobinemia, caused
by the presence of nitrates in drinking wgt®lonczewski and Foster, 201Amending such
excessively fertilised soils with charred matisrige biochar or activated carbon may reduce

the amount of inorganic nitrogen in these forms that reach groundwater and by extension

alleviate any ecotoxicological effects associated with these compounds in solution.

2.4 Modelling the fate of organic contamnants in the environment

More recently, the concept of modelling the fate of organic pollutants in soils and sediments

is gaining wider acceptandeasteriset al. (2002)repoted the modeling of vapour phase

transport of a mixture of 13 petroleum hydrocarbon compounds to groundwater and to the
atmosphere and also monitored the rate of arrival of the persistent components to the
groundwaterBushnafet al.(2011)reported the predictions of a pollutant fate model based on
first-order rate biodegradation kinetics of volatile petroleum hydrocarbons in soil pore water

of biochar amended soil which did not match experimental values. As a setuslgtudy, a

more Orobustdéd mat he ma tMegnatétal(201d) predictale fied e v el o
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of VPHs in soils amended with and without biochar based on microbial growth dynamics in
addition to physicochemical properties of soil and biochar used in the previous study by
Bushnafet al.(2011)

It becomes appant that mathematical models are an invaluable tool for use not only in

predicting the fate of contaminants in the environment given a set of environmental

parameters, but can also be used to study several factors and processes that may be interacting
to produce specific effects that can be obseriate specifically, predicting pollutant
biodegradation via-viz soil microbiology remains a challengéne advent of new molecular
methods empowers us to gain an improved understanding of soil microbiajyeaabhence

to better investigate the biodegradation pollutants in thdGagrmouchest al, 2013.

Predictive models may be used to augment results from chemical and ecotoxicological tests as
it makes room for consideration of teHect of factors that would otherwise ris

considered in a laboratory beld experiment.

2.5 Current remediation strategies

Traditionally, the cleatup of organic contaminants in the environment involves a consortium

of different approaches depending be prevailing circumstances. Physical, chemical and

biological remediation strategies may be used in concert one with another in order to alleviate
poll utant concentration t{RAM@B20ecol ogicall yb

Physical remediation approaches range from soil washing to incineration, thermal desorption,
to soil flushing and encapsulati¢Robertsoret al, 2003. Soil washing involves cleaning
contaminated soils using a combination of solverts water and some mechanical action to
reduce the concentration of pollutants present in thélSlodnet al, 2009. The choice of
solvents used in this approach is based on their potential environmental and health effects and
their ability to dissolve certain contaminants. Petroleum hydrocarbons bind more readily to
smdler soil particles such as clay and silt. The process of washing separates smaller particles
(e.g. silt and clay) from the more coarse patrticles (e.g. sand), hence, during soil washing, the
smaller volume of soil composed mainly of clay and silt and aantamost of sorbed
hydrocarbons is collected and can be further treated by more suitable methods such
bioremediation while the larger faction composed mainly of sand and gravel is considered to
be nonhazardous as it contains less amount of pollutamtsan be used to refill the
excavated sit@USEPA, 1996RAAG, 2000Q. Another twaestep procedure for treating non
volatile and semvolatile organic compoursde.g PAHSs, diesel fuel and fuel oils has been
reported byMcBean and Anderson, 19p&ontaminated soils are excavated and placed on
polymer linings after which the soil is washed and drained from the bottom (of the polymer
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lining) in order to extract the hydrodams in aqueous solution. The solid phase can be
returned to the original site while the leachate is further treated with conventional wastewater
treatment techniques. The merit of this method is that as the two stages are exclusively
independent of eachtteer, each stage can be optimised to obtain an improved efficiency of

the overall process. For example, a minimum surfactant concentration of 1% is required
during the washing process, while concentrations above 2% may affect hydraulic conductivity
and cold also inhibit microbial activity should the two stages be conducted concurrently. The
wash solution can then be treated with a suitable consortium of microorganisms. The thermal
desorption process involves the use of heat to treat petralentaminatedoils (Molleron,

1994 USEPA, 199%in an inert atmosphere (oxygen deficient) in order to elevate the vapou
pressure of the organic contaminants and cause them to vaporize thereby separating the

contaminants from the soil matri{vilbournet al, 1994.

Chemical remediation method include but is not limited to solidification/stabilisation,
encapsulation and steam extraction. In situ stabilisation technique aimscgetie

amount of organic and inorganic contaminants available for uptake by ecological receptors by
immobilising hazardous substances through physical and chemical methods. Contaminants
are converted into less soluble and less toxic forms and encagsuolatenonolithic solid of

high structural integrity through this technigi#enderson and Mitchell, 2003 'he

encgsulation technique involves physical isolation and containment of a contaminated site
with the aid of cubff walls, low permeability caps, grout curtains e.t.c. designed to limit or
prevent the transfer of contaminants from the source tecaptaminategnvironment

(Anderson and Mitchell, 2003

Bioremediation is the use of biological agents such as microorga(bsicteria and fungi),
green plants or their metabolic capacity to remediate contaminated sites and to restore them to
their original norcontaminated statglazerand Nikaido, 199b The process of

bioremediation has several components to it including the following:

1. Bioattenuation: This is also known as passive remediation or natural attenuation and
involves the use of ongoing natural processes to transform titencioants to a less
harmful form and to reduce the transfer of the contaminants tear@aminated sites
(Khanet al, 2004. Natural processes involved in bioattenuation include sorption of
contaminants to geologic media, biodegradation by microorganisms and in some
cases, reactions of pollutants with naturalbcurringchemicals in the soils. It is a
contaminantspecific process and can be used to treat specific compounds e.g. BTEX

(Atteia and Guillot, 200pbut not many others. Its advantages include its cost
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effectiveness, nemvasive remediation method and simple technique to perform. On
the other hand, it ia slow clearup approach that may lead to migration of pollutants
with time and whose performance can be difficult to predict.

2. Biostimulation: In order to attain optimum microbial activity in contaminated soils and
sediments, certain conditions mustrbet such as optimum temperature, moisture, pH,
salinity, oxygen and nutrient availability. Biostimulation is an enhanced form of
bioattenuation that involves the stimulation of microbial degradation by introducing
the essential nutrients carbon, nitroger phosphorous in the correct proportion in
order to increase the turnover of chemical pollutants. The proportions of inorganic
nutrients required for optimum microbial activity has been repovtedicka et al.
(2009)reported a C: N: P ratio of 100:9:2, 100:10:1 or 250:10:3 during an in situ
remediation of BTEX. Also, a-5% N by weight of petroleum with a ratio of N: P
between 5 and 10:1 was reported3ayannellet al. (1996) The process of
biostimulation requires the native microbial communities to have the capacity to
metaboliseéhe contaminant of interest and for the contaminants to be readily available
to the microbes for biodegradation. As nutrients are delivered to soils in solution, the
process may increase the chances of pollutant mobility thereby necessitating the
treatmen of the underlying groundwater. Also, microorganisms may colonise the
injection points of the nutrients, resulting in the clogging of nutrients and the injection
wells.

3. Bioaugmentation: In some cases, a very slow microbial response to contamination in
sites without any prior contamination history might be due to the fact that the
indigenous microbial communities lack the metabolic capacity to transform the
pollutants, necessitating the introduction of previously adapted microbial inoculum in
order to augrant the native microorganisms present in the contaminated site. Soils in
which microorganisms have been adapted by prior exposure to organic contaminants
such as petroleum hydrocarbons can be used to remediate soils newly contaminated
with petroleum hydroarbons. This technique was attempteddtie et al. (1994)in
which biomass from a fraction of contaminated soil was cultivated and used as an
inoculum to remediate soils contaminated with palyghated biphenyls (PCBs) and
poly-aromatic hydrocarbons (PAHS).

2.6 In situ sorbent amendmenti a novel technique for the remediation of volatile
petroleum hydrocarbon contaminated soils and sediments

A more recent approach for remediation of soils andsealis contaminated with organic
compounds builds on the concept of the solidification/stabilisation technique. Sorbent
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amendment is an in situ soil remediation technique that involves the use of-garbporous
materials with a high sorption capacityamend soils and sediments contaminated with

organic and inorganic compounds. Examples of adsorbents that are been investigated for their
sorption capacity on organic pollutants are activated caibasilyevaet al, 2002 Rhodeset

al., 2008 Vasilyevaet al, 201Q Ghoshet al, 2011 and biochar¢Bushnafet al, 2011
GomezEyleset al, 2017).

Activatedcarbon is a synthetic form of carbon produced by subjecting carbonaceous materials
such as coal, lignite and pdatib et al, 200Q Murillo et al, 2009 to a limited supply of air

and subsequently activating by oxidation to eliminate any impurities and to increase total
surface area to about 1000fg. The resulting material has a complex pore structure and
surface functional groups making it an excellent sorbent material for hydrophobic organic

compounds.

Biochar is the product of pyrolysis of biomass, a catidmsolid material obtained when
plantderived biomass is heated in a limited supply of oxygealatively high temperatures
(<700°C). It is the term used to describe charred materials of biological origin intended for
use in improving the quality of soils for agricultural purposes. This distinguishes it from other
charred products of nepiological aigin referred to as agrichar which can also be used for

the same purpogéehmann and &eph, 2009

Organic pollutants may persist in the environment and this is another serious challenge with
respect to remediation. The sorption properties of biochar and activated carbon make them
good sorbent materials for immobilising organic pollutamtie soil as indicated by a

number of studie€Smernik, 2009Beesleyet al, 2011). The mechanism by whighe

sorption of organic compounds to biochar occurs has been documented. For example, poly
aromatic hydrocarbons are one group of organics that are strongly adsorbed by biochar
through & spewcdfing between the adbiooltIinc r i n
addition, the planar structure of PAHs makes it easy for the compound to fit into the pores of
biochar(Baringet al, 2002 Pignatello and Sander, 200®ther chsses of organic

compounds that have been shown to be affected by biochar amendment are p@gti@ties

al., 201Q Lou et al, 2011 ard organic solvents.

2.7 Sorbent amendment effect on soil biota
A high level of prokaryote diversity exists in the soil as a result of the high level of
heterogeneity and diversity of soil habitats. More specifically, bacteria has beeedep be

the dominant life form. In like manner, certain species within the prokaryotic community
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(bacteria and archaea) predominate and are present in large numbers in the soil environment
because of the presence of nutritional and physiesnical coditions necessary for their

growth and establishment. Important functions of soil bacteria include nutrient cycling
(McLeod and Parkinson, 199Katterer and AndrerDominy and Haynes, 200Zhenet al,

2003, and decomposition of soil organic maitBarrett and Burke, 200@&pacciniet al,

2002.

Even though biochar effects on soil bi ota has
number of evidences to a@nstrate that biochar addition to soil changes soil properties such

as pH, wateholding capacity, aeration and nutrient retention capacity. The differences in

physical properties between soil and biochar is expected to be responsible for the altieration o

soil properties and by extension, soil biota. Biochar with tensile strength less than those of

soils can be added to such soils to reduce their tensile str&ingthet al. (2007)

demonstrated a reduction in tdasstrength of soil from an initial bioch&ee value of

64.4KPai 31KPa after biochar was added to the soil at an amendment rate of 50t biochar ha

! Plant root elongation and seed germination may be facilitated with reduced soil tensile

strength as thisondition reduces mechanical interference by soil particles.

Another important soil property that could be affected by biochar addition is soil bulk density.
Biochar has been found to contain micaod macrepores both of which have been

implicated in tke reduction of soil bulk densiffpownieet al, 2009.

Biocha surface area has also been reported to influence soil surface areas with attendant
effects on soil processes like nutrient cycling, water and soil aeration and microbial activity.
Sandy soils for example are poor in terms of their ability to retain \w&@atenutrients partly

due to the relatively small surface area of their particles. On the other hand, clay soils have
very fine particles and a relatively large surface area and therefore able to retain more water
than sand. By addition of biochar to swdils, it is possible to create a balance in the net
surface areas of different soil types hence improving the fertility of such soils. Soil pH may
also increase or decrease depending on the pH and liming value of lasiaannet al,

2011). The pH values of biochar have been correlated to the pH values of the original
feedstock, pyrolysis temperatuaad the degree of oxidation of the biochar during pyrolysis
(Chenget al, 2006 Chan and Xu, 2009

The physical properties of biochar such as its porosity and surface areas are thought to create
a suitable environment for microorganisms to grow and reproduce. Notable microbes known

to inhabit biochar pores and surfaces are bacteria, actinomycetes and arbuscular mycorrhizal
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(AM) fungi (Thies and Rillig, 200P The porous nature of biochar may enhance their capacity
to retain moisture which may consequently enhance their habitability to microongains

addition to moisture, other gases such aar@ CQ may also dissolve in biochar pore water

and depending on the available quantity of these gases, microorganisms would proceed to
respire aerobically or anerobicallfkntal and Gronli, 2003Thies and Rillig, 200P Othe

factors that have been reported to affect microbial activity, abundance and diversity in the soll
are temperature and pH. StudiesHigrer and Jackson (200@veals that soil pH played a
significant role in determining bacterial abundance and diversity with diversity climaxing in
neutral soils and at a minimum in acigmils. Fungal strains are more likely to dominate

under extreme pH conditions because of their ability to tolerate wide pH ranges. As a result of
this, it is expected that soil pH changes that is brought about by biochar addition to soils
would alter theoverall ratio of bacteria to fungi as well as the abundance and composition of

these microbes in the soil.

Several methods have been used to investigate microbial abundance in soils amended with
biochar. These techniques include total genomic DNA extra@oossmaret al, 2010,

substrate induced respiration (SB}eineret al, 2009, phospholipid fattyacid (PLFA)
extraction(Birk et al, 2009, culturing and plate countin¢D'Neill et al, 2009 and

fumigation extractiorJin, 2010. Studies usig some commonly occurring mycorrhizal fungi
(arbuscular [AM] and ectmnycchorizal [EM]) showed that there was an increase in the
abundance of these organisms around plant root tips upon addition of biochar to soils. The
exact mechanism by which this inase occurs is not fully understood but a number of
mechanisms have been proposed. These include the sorption of signalling compounds,
detoxification of allelochemical®Varnocket al, 2007, protection of microorganisms

(bacteria and fungi) against dessication and from other (8aito and Marumoto, 2002

Thies and Rillig, 2009 nutrientand carbon availabilit{Steineret al, 2009 Blackwell et al,

2010 and bacterial adhesion to biochBeacteria appear to adhere more readily to biochar
surfaces than fungi thereby rendering less leachable in soil and consequently increasing their
abundance in biochar amended s(#®tikaineret al, 200Q. There are indications of the
variable effects of biochar on microbial biomass with respect to diffptgmotypes and

functional groups. Alteration of the soil environmental conditions such as available carbon
sources, pH and other abiotic factors by biochar has been reported to cause a change in soil
microbial community structures. Studies on soils aradnalith biochar have shown

significant changes in composition and structure of fungal, bacterial and archaeal populations
(O'Neill et al,, 2009 Grossmaret al, 2010.
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Bacterial community composition in biochach soils of the Terra preta were found to vary
significantly in comparison with communities from unmodified soils both having similar
minerology(Kim et al, 2007a O'Neill et al, 2009. About 25% diversity was reported

amongst bacterial communities in biochieh soils against biochdree soils at the genus,
species and faihy levels of taxonomyKim et al, 2007a O'Neill et al, 2009. Other groups

of microorganisms like the archaea and fungi were observed to have a lower diversity in the
Terra Pret (biochar amended) in comparison with unamended soils suggesting that different
groups of microbes respond quiet differently to biochar amendment. The foregoing effects of
biochar on microbial communities could be due to the-kengn enrichment of the Tie

Preta several hundreds of years with biochar.

Common soil processes affected by biochar addition to soil include denitrification, methane
(CHa) oxidation, carbon mineralisation and nutrient transformation. Carbon mineralisation
increased in nopyrolysed organic matter as a result of higher microbial abund@aeey

and Matson, 2005Biochars have been reported to contain recalcitrant and labile carbon
fractions and an increase in soil respiration (indicated by the evolutionDttiGdis

observed upon the addition of fresh biochars is thought to be due to their highly leachable
cabon contents. Biochar also influences nutrient transformation by microorganisms within
the soil. Studies on forest soils showed an increase in the activity of nitrogen metabolising
enzymes which also resulted in an increased plant uptake of nitrogeth&@oil(Lehmann

et al, 2003 Deeniket al, 201Q. Biochar containing a high mineralisable fraction was
reported to increase the immobilisation of nitrogen and hence reduce the amoungehnit
available for uptake by plan(®eeniket al, 2010Q. Because of the varying effects of biochars
on C and N availability in the soil, emission from microbial processes suchan@MNO

are often ambiguou&thylene, a phytohormone forms the rasomatic portions of fresh
biochars and is produced by microbes in the presence of bidSparsaset al, 201Q. This

is thought to explain the observed reduction ok @@l NO emissions from biochansended
soils. The exact mechanism by which biochar affee@ &hd CH emissions from the soil is

however not clearly understood.

Activated carbon amendment effect on soil biota has been rep@reyhetet al, 2012

conducted an experiment to investigate the effect of 2% AC amendment of PAH impacted
urban soils on the soil microbiota. A bacterial community strecanalysis othe powdered

or granular @ctivated carbon amended soils revealed the presence of bacterial taxa that have
been reported to degrade PAHs sucRlsdococcus jostRHA-1 andRhodococcus

erythropolisin all the soils being investigated. tiately, amending PAH impacted soils with
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either PAC or GAC did not appear have any detrimental effect on the soil microbiology as the
amended soils retained the capacity to degrade PAHs although the degradation effect was
most notable in unamended solher studies were also conducted to investigate the effect

of AC amendment on soil macrobiodMcLeodet al. (2007)reported a survival rate of 100%

for the polychaetéleanthesarenaceodentathut observed a reduction in their growth rate by

50% following AC amendment.
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Chapter 3: Effects of biochar and activated carbon amendment on the bio
kinetics of toluene degradationn gravelly sand

3.1 Introduction

Toluene is a mnoaromatic volatile petroleum hydrocarbon compound commonly released
into the environment due to its universal presence in fuel and petroleum products, and for its
role as a solvent in the manufacture of common products such as plastics, pesticides and
synthetic fibre(Jindrovaet al., 2002. Due to its toxic nature, and potential to contaminate soil
and groundwater, several studies have been conducted to investigate effective approaches for
the remediation of this compound from environmental compartments including the use of
inorganic nutrients to stimulate microbial degradafi@osenbergt al, 1996 and in situ

sorbent amendment of contaminated s@lsshnafet al, 2011 among others.

Transformation of VOCs by soil microorganisntsceknown as biodegradation is

increasingly becoming a preferred option because of itseffesitive and environmentally
friendly nature in addition to effectively metabolising these compounds to minimum

concentrations in the environment.

Microbial trangormations of VPHSs is a function of the structure of mixed bacterial

populations present at contaminated sites as well as their growth kinetics on specific
substrates. Most degradation kinetics for pure cultures and bacterial consortia growing on
either shgle substrates e.g. toluene or complex mixtures e.g. benzene, toluene, ethylbenzene
ando-xylene (BTEX) have been extensively stud{&dhirmeret al, 1999 Abuhamecet al,

2004 Littlejohns and Daugulis, 2008Also, most studies involving the attenuation of organic
pollutants have taken into conerdtion the effects of key processes such as diffusion and
sorption of pollutants on biodegradation of the compounds mostly focusing on individual
processes e.g diffusion or sorption rather than investigating the effects of two or more
processes on the attuation of contaminants. Quite a few studies have investigated the
integrated effects of these processes on the attenuation of contaminants in the environment.
Karapanagiotet al.(2004)described a model that couples the effects oflm@ar sorption

with intraparticle diffusion, sorption and biodegradation on the attenuation of organic
contaminants in the environmehtoheneret al. (2003)also conducted a study to determine

the biodegradation kinetics of a mixture of VPHs and the Monod growth kinetics of microbial
communities growing on the substrates in batch systems. In order to atheadesign and
operation of engineered systems, it is imperative to develop growth models that can quantify
kinetic parameters of microorganisms while growing on organic compounds and concurrently

considering the complex interactions between chemicakpsas such as diffusion of
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pollutants, volatilization and sorption to soil matrix and biological transformation processes as
they affect microbial growth kinetics. Especially the effect of sorption on VPH biodegradation
by dynamic microbial communities ssill poorly understood. Biochar and activated carbon

are currently begin investigated for their sorption capacity on volatile organic compounds and
as an innovative approach to mitigating transfer of volatile compounds to ecological receptors
and to norcontaminated environmen{Bushnatfet al, 2011 Ghoshet al, 2011

Kupryianchyket al, 2013. Not much has been done, however, on the effects of sorbent

amendment on the indigenous microbial community response in contaminated soils.

3.2 Aim

The aim of this study was to investigate for toluene as an exempliatjies petroleum
hydrocarbon compound the effects of sorption by biochar and activated carbon on the
pollutant mineralization to COThe insights gained from this study will be used in
subsequent chapters to further understand the dynamics of VPH dgdvadterial

communities in soils contaminated with a mixture of volatile organic compounds.

3.2.1 Obijectives
In line with the above study aim, the following objectives were set to be accomplished in the

current study:

1. To more reliably distinguish the end protl(]¢CQO,) of toluene mineralization from
that £2CQ,) of other substrates used by the soil microorganisms by introducing into
different soil systems a fully stabisotope labelled compound (toluen¥Cy) to

serve as a model pollutant.

2. To determine theffects of sorption on the biodegradatiortid; -toluene in biochar

and activated carbon amended and unamended sand.

3. To predict the sorption effects of biochar and activated carbon dfQtidoluene

mineralization with a model that considers groWwitietics of VPH degraders in soil.

3.2.2 Hypotheses

Based on the study objectives mentioned earlier, the following hypotheses are proposed:

1. As microorganisms tend to adapt to changes in environmental conditions, an
increasing preference for utilisation of théraduced substratethe stablesotope

labelled toluene as carbon source versus other substrates should occur over time.
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2. Sorption of organic compounds reduces their bioavailability to soil microorganisms,
hence biochar and activated carbon amendmerdrdéminated soils is expected to

slow the rate of toluene mineralization by soil microorganisms.

3. The effect of sorbents can be predicted by assuming that only soil pore water
dissolved toluene is biodegradable, whereas microbial growth kinetics parsafoeter
the substrate toluene would not be altered by addition of biochar or activated carbon.
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3.3 Materials and methods

3.3.1 Sail, biochar and activated carbon

Previously uncontaminated gravelly sand used for the construction of the lasy bib the
Newcastle University was obtained for this study. Wet soil was passed through a 2 mm sieve
and the resulting soil particle size was mostly in the range of @000um. Total organic

carbon (TOC) content of the soil was 1.6+0.1%, total nitatgent 3.9+0.6 pg/g dry weight.,
nitrite < 1.0 pg/g dry weight and ammonia nitrogen 6.7+0.3 pg/g dry weight. A soil pH value
of 7.43 was measurd8ushnaf, 2014

Biochar produced by fast pyrolysis of woodchips at a temperature of about 800 °C in a fixed
bed reactor was obtained from Environmental Power International EPI (Wiltshire, UK) and
used for this study. Biochar was groundtparticle size below 163 pum with a total organic
carbon (TOC) content of 85+2% and an alkaline pH of 7.83+0.16.

A bitumenderived activated carbon obtained from Chemviron Carbon Ltd (Lancashire, UK)
was ground to particle size below 163 um, with totglamic carbon content of 73+1% and a
pH of 7.74+1.00.

3.3.2 Chemical pollutant

The chemical preparation consisted of a pure stock (99 atom % isotopic purity) of stable
isotopelabelled toluene (heavy isotope3C7) obtained from Sigma Aldrich (Dorset, UK).
The demical had the following properties: molecular weight of 99.08 by atom percent
calculation, a boiling point of 110 °C and melting point@8 °C and a density of 0.930 g/mL
at 25 °C (Sigma Aldrich, UK). The chemical was stored as received in a seagdglpule

at room temperature.

3.3.3 Batch experiments

Batch experiments were conducted at room temperature (20+2 °C) in 65 mL amber coloured
vials in order to prevent photolytic degradation of substrates and/or their metabolites during the
experiment. Vials wer capped with Teflon Mininert caps as illustrated Figure 3.1
Treatments consisted of soil (15 g d.w.; water content: 0:1 gpid.w.), soil amended with
biochar or activated carbon (15 g, 2% amendment on soil d.w.) to which 5'C;abluene
wasinjected through the Mininert valve. The amount of sorbent amendments used was chosen
based upon standard application rates previously used in remediation Budiesafet al,

2011 Meynet et al, 2012. Each treatment consisted of a total of six (6) replicates.
Concurrently, two sets of controls were prepared in order to monitor any background respiration

that may occur in the course of the experiments. Sterile controls were prepared by autoclaving
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three vials (triplicates) containing equal amounts of soil (15 g d.w.) each at 115 °C for 10
minutes while live controls contained only soils also preparedphctites. The experiment
lasted for 19 days.

I B B N

Batch
headspace
Soil + Soil + Soil + Live soil Sterile
toluene 2%BC+ 2%AC+ control soil
toluene toluene control

Figure 3.1. A schematic of the batch systems containing soil, soil & biochar, soil & AC, live
and sterile soil controls.

3.3.4 COz analysis by GC-MS analysis, microbial respiration

In order to monitor microbial respiration in the batches over the duration of the experiments,
the concentration of C{n the headspace of each vial was measured using Gas
Chromatography. Briefly, headspace gas analysis was condurcteBisons 8060 GC using

spilt injection (150 °C) linked to a Fisons MD800OMS (electron voltage 70eV, filament current
3.6 A, emission current 150 pA, source current 600 YA, source temperature 200 °C, multiplier
voltage 500 V, interface temperature 150 “)e acquisition of data was controlled by a
Compag Deskpro computer using the Xcalibur software in full scan mod&51.0

amu/sec). The sample was injected in split mode. Separation was performed-GiLOHP
capillary column (30 mm x 0.32 mm i.d)geed with 20 um Q phase. The GC was held
isothermally at 35 °C with helium as the carrier gas (flow rate 1 mL/min, pressure of 60 kPa,
open split at 100 mis/min). The chromatograms of the headspace gas&®integrated

and quantified and the gas contrations deduced:heoretical values ajxygen (Q)

concentrations in the batch headspaces were also calculated before and at the end of the
experiments to determine whether batches were still aerobic by the end of the biodegradation
experimentsCalculatons were done based on @esumptions of thieleal gas law using the
following conditions: temperature = 293.15K, atmospheric pressure = 1 atm, volume = 1L and
a gas constant R = 0.0821 L atrit Kol ™.
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3.3.5 CO, leakage experiments

A separate set of batchmetiments were conducted in order to quantify an apparent loss of

COp via diffusion through the gap between walls of the vials and the Mininert Eepsd

3.2), and also the distribution of G@etween the headape air and soil. The batches

consisted of an empty 65 mL vial, and vials with soil (15 g d.w.), respectively, soil amended
with 2% biochar or activated carbon (on soil d.w; 15 g) as described in the preceding section
(3.3.3). Batches were prepared inlidates and autoclaved at 115 °C for 10 minutes in order

to prevent CQproduction from soil microorganisms. A set of empty vials were also prepared

in triplicates and autoclaved to serve as controls. All batches were tightly capped and injected
with 2 mLof pure CQ (CP Grade, BOC Gases, Surrey, Usljowed by monitoring of

headspace C{aoncentrations according to the timeds described in section 3.3¥he

leakage experiments lasted for 14 days (2 weeks). A leakage factor was determined based on
theass mpti ons of gas | eakage by diffusion acc

follows:
O 00— (3.2)

whereF is the CQ mass flux per unit crossectional aread) per unit time, an@® is the
molecular diffusion coefficient of the moving compound L@ the gas phase and has the

dimension of length squared per tinral& cis distance travelled by the gas.

Figure 3.2. An illustration of empty baltcvial showing the gap length (dx) and the cross

sectional aregA) of the assumed gap between the Mininert cap and the wall of the vial.
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3.3.6 Determination of carbon isotope signatures

The isotopic signature of carbon in each batch was detediby comparing stable isotope

ratios ¢3C:1°C) of CQyin the respective batch headspaces with that of the reference material

VPDB according to the methods described by Diochon and Kellman (2008). Isotopic ratios

were reported using the U0 notation relative t
2008):

0 — ppPMONT (3.2

where'Y and'Y is the*C:12C of the measured sample and the reference
material Vienna Pee Dee Belemnite (VPDB)spectively. The concentrations of
mineralisable toluene and soil organic matter were calculated based on the peak areas of CO

mass ions (45 and 44 respectively) for each batch.

3.3.7 GC-FID analysis, headspace VPH measurements

The headspace concentoat of volatile petroleum hydrocarbons in the batches was measured
using a HP7890A Series Gas Chromatograph (Agilent Technologies, Palo Alto, USA).
Briefly, 30 uL of samples were injected manually using a Hamiltortighas syringe into the
machine in spl mode, the injector set at 200 °C, flame ionisation detector at 300 °C. Prior to
this, a bank sample containing air wasri ensure that there had not been any previous
contamination of the GC columns. This was followed by a calibration of the iresttursing
different volumes of the pure chemicEC; i labelled toluenéSeparation of headspace gas

was performed on a fused silica capillary column (30 m x 0.25 mm i.d) coated with 0.25um
dimethyl polysiloxane (HP5 phase). The column temperature wasntained at 30 °C for 5
minutes and raised to 120 °C at a rate of 10 °Clraind then held at this temperature for 6
minutes. The hydrogen carrier gas was set at a flow rate of 1 mt, pressure of 50 kPa and

split at 10 mls mir.

3.3.8 Sample clearup and quantification of strongly sorbed residuals
At the end of the biodegradation experiments, on day 19, all vials were uncapped in a fume
cupboard and allowed to stand for 48 hours in order to evacuate any remaining volatile
petroleum hydrocarbon (tadne- 3C7) present in the batches. Duplicate batches from each
treatment were then extracted by adding 30mL of the extraction solvent (Dichloromethane:
Pentane mix; 60:40 by volume) to the soil systems. Prior to the addition of the extraction
solvents, sits were properly stirred using a clean stirrer each time in order to break up
aggregates that stick together. 5uL of toluéh€d) (Sigma Aldrich, UK) was used to spike
each mixture and to serve as an internal standard and the vials containingsblreailmix
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were shaken overnight on an orbital shaker. Glass chromatographic columns (45cm x 10mm
i.d) were set up and the combined extracts from each batch was passed through separate
columns each of which was plugged with glasswool to prevent silideogelflowing

through the columns. Columns were-packed with 3.0 g of silica gel topped by a spatula

full of sodium sulphate (N&Qy) (SigmaAldrich, Dorset, UK). Silica gel removes humic
substances that is contained in the original soil samples whiglaccamulate in the GEID
columns while sodium sulphate, a hygroscopic material, removes any water molecules
contained in the DCM: Pentane mix. Eluents were collected in 40 mL glass vials from which
1mL of clean extracts were transferred into clean lnals\for GCMS analysis. The

compounds in the clean samples were analysed onr%8BIPseries Il in split less mode,

injector temperature set at 280 °C. The separation of compounds was performed on an Agilent
fused silica capillary column (30m x 0.25mm iabated with 0.25 um dimethyl pekiloxane
(HP-5 phase) (Agilent Technologies, Palo Alto, USA). The GC temperature was programmed
from 50-310 °C at 5 °C and held at the final temperature for 20 minutes with hydrogen as the
carrier gas (flow rate of 30 misin™ and initial pressure of 50 kPa).

3.3.9 Determination of microbial degradation of poorly available substrate after pollutant
source removal

In order to assess the biodegradation of the poorly available substrate at the end of the
remediation cycle idifferent treatments, a second batch experiment was conducted as a
follow-up to the initial biodegradation experiment. After evacuating the volatile compounds
from the batches over a4®urs period, duplicate samples from each treatment were pooled
into ambercoloured crimptop vials (37.65 mL) followed by the addition of sterile deionised
water (1 mL) to remoisten the soil environment for enhanced microbial activity. For the

sterile and live controls, only one batch each was transferred into thetopmjals. The

vials were sealed and the aluminium stoppers clamped using a tool. Carbon dioxide
production was monitored in batch headspaces on a weekly basis according to the methods in
described in section 38.The experiment lasted for 14 weeks.

3.3.10 Determination of cation (Ca" and M¢?*) concentrations in soil systems, IGBES
analysis

Soluble cations were extracted from the pore water of different soil systems: soil, soil &
biochar and soil & AC by adding 20 mL of deionized water to 20 @ibbs soil amended
with 2% biochar or activated carbon (2% on soil d.w.) in 50 mL-hligh centrifuge tubes
with screw caps (VWR Intol, USA) and shakin
SSL1) for three hours. The resulting suspensions wetdfoged in a 3L6P model
centrifuge (Sigma, Germany) ad@0 rpm for 5 minutes. A clear supernatant from each
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centrifuge tube was further filtered using a 25 mm syringe filter with a sterilepyrogenic

0.2 um Supdt membrane in order to remove anysersded particles that might interfere

with the analysis. Filtrates were analysed for residual individual cation concentrations using a
Varian Vista MPX axial Inductively Coupled Ptaa Optical Emission Spectrome{éCP-

OES) with CCD, operated accordingth® British Standards methods for the determination of
selected elements in the assessment of water q(@iégdards, 2007

3.3.11 Batch modelling

A model simulating the kinetic batch sorption and biodegradatiomittstirst-order rate

kinetic pollutant sorption by soil particles, radial pollutant intraparticle diffusion in biochar,
Monod kinetic pollutant biodegradation and logistic growth of pollutant degrading biomass
was used to interpret the batch study dakee model was implemented in Matlab by David
Werner, and the equations, numerical solutions and the Matlab codes are provided in the

appendix(Appendix A)as supporting information.
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3.4 Results and Discussion

3.4.1 Effects of biochar and activatedatbon amendment on biodegradation and sorption
of 13Cs-Toluene

Solil respiration was monitored in the headspace of batches as an indication of the level of
biodegradation taking place within the systems, a technique which has been shown to be
effective andeliable in studying the effects of environmental variables on the mineralisation
of petroleum hydrocarbor{fritchardet al, 1992. The heavy isotope containing compound
(13C7 - toluene) served as the primary carbon source in this stumhdén to track the source

of carbon dioxide in the batches. Similarly, radiolabetf&@ihydrocarbons have been used
previously in mineralisation studies to monitor the polluderived CQsince**CO;, could

also begenerated from soil organic mat{dtuelleret al, 1992 Pritchardet al, 1992. More
recently, carborspecific isobpe analysis (CSIA) have been used to gain insights into the
various processes involved in the fractionation of carbon isotopes during the biodegradation
of volatile petroleum hydrocarbons in the unsaturated Zmechardet al. (2008b)

conducted an investigation into the fractionation of natural caeidmiopes occurring during

the aerobic biodegradation ofatkanes and aromatic hydrocarbons in contaminated soils. In a
separate but related study Bguchardet al.(2008a) the effects of diffusive transport and
volatilization of VPHs across a porous medium on the fractionation of carbon isotopes were
investigated. Both studies resulted in an improved understanding of potential biodegradation
pathways otompounds containing both light and heavy carbon isotopes and the enzymatic
processes involved in the transformation of volatile organic compounds. As only a small
fraction of the total naturally occurring light isotol3€ is represented by the heavy e

13C (ca 1.1%), it is anticipated that most#€0; in the current batch study originates from

soil organic matter mineralisation, and only a small fraction of the soil organic carbon is
mineralised intd°CO,. Consequently, most of tifeCO; producedn the batches is expected

to originate from the mineralisation 5fC7-toluene.

Results from the current study showed that there was an increase in the amubio; of
production in the soil systems to which #3€; toluene was added compared to lared

abiotic controls Figure3.3). In the soil only batches, there was an initial lag period of about 8
days. This was followed by an increase in the levet8@®, to reach a peak concentration of
0.59 g/L on dayl6 before entering into a stationary phase. In the soils amended with 2%
biochar and activated carbon, there was a shorter lag phase geamib56 days followed

by anincrease in the levels of headsp&iO; for the biochar and AC amended soils
regectively. The level of°CO; production was initially higher in the biochar amended soils
than in the AC amended soils until thé"iy wherf®CO, production in AC amended soils
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overtook those in the BC amended soils to reach a peak concentratioBlgf/D.6n day 19.

The most intensive biodegradation of VPH that followed the longest lag phase in the
unamended soils could both be a result of the high concentration of the substrates in the batch
headspace indicative of good substrate bioavailabilityndutie first 14 daysHigure3.4)

which is higher than in the biochar and AC amended soils. Good substrate availability means
high potential for substrate utilization and growth of substrate degrading microorgahigm

also high potential for toxic effecfdono et al, 1994 Sikkemaet al, 1995 Heipieper and
Martinez, 2010, which may explain the long lag phase in the unamended soil. In the biochar
and AC amended soil, a short lag phase is likely the result of low substrate concentration
reducing toxicity and enablgtoluene mineralisation from around dayF&y(re3.4), an

indication of sorption of the pollutants in the sorbent amended soils affecting soil

microbiology.

The maximum cumulative amount BC0; produced in te unamended soil was higher than
those produced by the biochar amended soil and AC amended soils by a factor of 4.5 and 3.0
respectively. Amending soils with carbonaceous sorbents have been shown to enhance the
sorption of organic pollutants from contante@ soils. Studies bighodeset al. (2008)
demonstrated the strong sorption capacity of activated black carbon to phenanthrene thereby
reducing its extractability from contaminated soil and to some extent, bioavailability of the
pollutant to soil microrganisms. AC was also reported to adsorb VPHs more strongly than
biochars in a longerm column study in which sorbent amended and unamended soils were
exposed to a NAPL source containing a VPH mixture for over 12 m@atistinaf, 20134

These findings correspond with the results from the current skugiyré3.4) in which

activated carbodemonstrated a higher sorption capacity over the duration of the experiment
compared to biochar amended and unamended soil. This may also explain the lower initial

concentration of°CQO»in the AC amended batches.

Theoretically determined oxygen {Qevek at the start and the end of the experiments reveal
that24.33%, 7.70% and 9.97% of the initial amount of headspace oxygsail, soil & BC

and soil & AC respectivelitad been used up for the mineralization of the substrate. This
suggests that the batsystems were in principle, largely aerobic by the end of the
experiments. Any leuéng off of headspace COn the batches may therefore not have been

as a result of limited supply of oxygen in the batch systems.

In the live and sterile controls, thevé of “*CO;, production was very low and below the limit
of detection of the G®AS indicating the absence of the stable isotiapelled carbon source

in the control batches.
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Figure 3.3. Headspac€e®CO;, corcentrations in different soil systems for ligentrols
unamended soikoil & biochar and soil & AC. Error bars represent +1 standard deviat

fromthe mean o$ix replicates

Sorption profiles for toluene in the different soil systems as indicatbéedyspace

concentration are shown in Figure 3.4 below. The initial ststatg in toluene headspace
concentration of the unamended soil batch from day 3 to around day 11 is an indication of
sorption to soil organic mattandcan be interpreted to medrat sorption equilibrium

between soil, water and air in the batch is attained within this period. A comparison of the
effects of sorbent amendment on toluene sorption reveals that amending soils with 2% biochar
(represented by red bars) reduced toluenddpeece concentration by one order of magnitude
compared to unamended soil batch on day 3 whereas for the soil & activated carbon batch,
headspace toluene concentration was reduced by up to 2 orders of magnitude right from the
onset (day 3) and remained néae limit of detection of the instrument throughout the
experiment. Amending soil with 2% biochar was reported to enhance thevstdéd

distribution coefficient of the soil for toluene by an order of magnitude in a batch study
(Bushnafet al, 2011). These observations also correspond with a-teng column study in

which soiltwater distribution coefficient of toluene in soil was increased by a factor of 10 in
2% biochar amended soil and by a factor of 100 in 2% activated canbemded soils

(Bushnaf, 2011
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Activated carbon is typically a stronger sorbent than biochar considering a wide range of
feedsto& materials from which both sorbents are médaleet al, 2015. The presence of
pyrogenic carbomich materials such as soot, black carbon e.t.c may also influence the
sorption of organic pollutants in contaminated soils and sedint@atselisseret al, 2005,
althoughsorption efficiency is dependent on the amount of pyrogenic material present in the
soil and on the concentration of the pollutants as sorption may be more linear at low pollutant

concentrations.

The 0di s a phpaelspaceagasesbdich etidies habeen linked to other abiotic
processes such as sorption to rubber seals and to leakage from tfidohaiser2010. In
order to check the effects of aipmducedinpr
batch headspacdgakage experiments were performed and the results are discussed in a

following section (Section 3.44
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0 — — — —
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Figure 3.4. Headspacé®Cs-toluene vapour concentrations (g/in)the batch systems for soil

soil & biochar and soil & ACmeasured at different time points during the experiments.

3.4.2 Effects of substrate availability on the mineradison of soil organic matter in a
batch system

The lighter isotopé #“CQ,in the headspace of batches was concurrently monitored over a 19
T day period as an indication of the level of mineralisation of soil organic matter taking place
in the soil systemdn the soil treatments (i.e. amended and unamended soils), an initial lag

phase of one day followed by a brief rise in the level of @@duction on the 3rd day of the
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experiments is noticed. On day 4, a fall in the level of @@duction is observedhese
observed rise and fall in the levels of headspacedf @is stage (between day 3 and 4) may
simply be due to systematic measurement uncertainty, i.e. in tid$€alibration as it
occurs in all treatments. From about da§*@0; levels start toise in soils amended with 2%
biochar and ACIn the unamended saif$CO, production remained approximately constant
until the 8" day before rising steadily to reach a maximum concentration on théa9In

the live and abiotic controls, the cumulatismount of“CO, producedever rose above a
minimum level indicating that either microbial activity was not stimulated or the batches were
sterile (abiotic testsfigure3.5). This shows that®Cr-toluene minerasation stimulated the
mineralisation of otheY’C-substrates, sinc€CQ, concentrations rose broadly in line with
44C0O;, concentrations. Comparing the maximum cumulative ansairifCO; produced in

the unamended soils on day 19 with that produced lohbicand AC amended soils reveals
that*‘CQ; levels were twice as high in the unamended soils at the end of the experiment.
With respect to the control¥CO; levels in unamended soils were higher by a factor of 13
and 70 in the live and abiotic contro&spectively Figure3.5).
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Figure 3.5. Headspacé*CO; concentrations (g/L) in different $aystems for sterile contrgls

live controls soil only soil & biocha and soil & AC. Error bars represent +1 standard
deviation fromthe mean omeasurement® replicates)
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The lower organic carbon contents of soil compared to the biochar amended and AC amended
soils as determined previouslgdction 3.3.Lmay have beeexpected to generate a lower
amount of**CQ,in the batch headspaces. On the contrary, the maximum cumulative amount
of #4CO; produced by soil wasvice as much as that produced in the biochar and activated
carbon amended soilBigure3.5) suggesting that the carbon added in the form of biochar and
activated carbon is largely inert i.e. not biodegradable. Soil organic matter is the product of
microbial activity on the readily decomposable plant matter (DPM) asawélie recalcitrant

plant matter (RPM) composed mainly of cellulose and lignin respectively. It is also made up
of soil microbial biomass as well as the exudates of organic carbon being released from plant
roots (Standing and Killham, 2007). By perceningosition, it is made up of approximately
50-55% C, 5% H, 4.5% N, 33% O, 1% P and 1%8rwath, 200Y. Biochar consists mainly

of a large fraction of stable, aronssd carbon which is not readily biodegradable. Hence,
microorganisms are not able to utilise the major part of bieChas energy source or the N
present within the carbon structteeshmanret al, 2011). A fraction of biocharC has,

however, been described as labile or volatile and has been shown to readily leach and to be
easily mineralised by soil ntigorganisms. In such cases, there has been indications of
microbial activity stimulation as well as increase in abundé8taineret al, 2008 Lehmann

and Joseph, 2009The process of mineralisation of soil organic matter releases nutrients such
as N in the organic forms which can be subsequently utiliseddrganganisms to sustain the
process of decomposition. The growth of microbial populations is a process that is thought to
be carborimited, therefore the introduction of a carbon source to soil systems should
stimulate the growth and activity of microargsms until the limiting factor to their growth
becomes the amount of available nitrog&arten and Wullschleger, 1999arten Jr and
Waullschleger, 1999Garten Jet al, 200Q. Such a situation would result in an intense
competition for inorganic nutrients by heterotrophic bacteria where carbon aitgiiabiigh
(Frankoet al, 1995. Biochar used in the current stuaias produced at high temperature
(pyrolysis) and therefore would not have contained much labile carbon suggesting that there
was not a significant stimulation of the soil microorganisms based on the labile carbon

content in the live soil & biochar batch.

The continuous rise in the production 9€0, on day 19 Figure 3.5), when the**CQ,
production in the unamended soil had largely ceased, can be interpreted to mean that
mineralisation of SOM is not yet limited/lother factors such as nitrogen availability but that

instead !°C; toluene has been exhausted as an available carbon $oguces.5).
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3.4.3 Relationship between VPH biodegradation and SOM mineralisation in batch
sysems

The*CO; : ¥CO, ratios were determined in each soil system over the duration of the
experiment as a way of comparing the level of metabolism of carbon sources present in the
batchesAn increase in the isotope ratio is indicativeadfigher level bmineralisation of the
substratefC; - toluene) compared to the mineralisation of soil organic matter as shown in
Figure3.6. In the biochar and AC amended soils, a rise in the isotope ratio is observed from
araund day 4 and increases steadily to reach comparable peak values of 1.30+0.03 and
1.02+0.05 respectively. In the unamended soil, a longer lag phase that corresponds to earlier
observations made in biodegradation of the substrigere3.3) is observed. A maximum
isotope ratio of 2.22+0.05 was attained on day 17 in the unamended soils. There was a
statistically significant strong positive correlation between substrate biodegradation and
mineralisation of soil orgao matter (r > 0.9, p < 0.01) in the inoculated batches as indicated
by CQ production Figure3.6) which suggests that toluene degrading microorganisms also
utilize other carbon substrates to meet their overalivty requirements. The live soil

controls showed a weaker, yet significant correlation (r = 0.68, p < 0.01) while in the sterile
controls in which n¢°®CO, was detected throughout the experiment, no correlation between

substrate biodegradation an@8 minealisation was observed

Treatment Correlation P-value | sot opi c®Gi(gdn)at ur e
coefficient (r)

Live soil 0.682 1.31x 10 -159+89

Soil 0.982 1.31x 108 199222+14624

Soil & BC 0.992 3.64 x 10"  86,030+1204

Soil & AC 0.986 1.46x 10  114614+3248

Table 3.1. Pearson correlation coefficientr)( between measured®CQO, and *CO;
concentrations in the respective soil systems along with their correspondiailgigs (95%

confidence levgland isotopic signatures.

Results from a Onr&/ay Analysis of Variance (ANOVA) reveals that the amendmenorfact
had a significant effect (p &.05) on the carbon isotope signatures of the different soil
systems. Considering that the substr&ié(toluene) was labelled 100% with the heavy
carbon isotopet{C), such high values up to four orders of magnitude higher than the carbon
isotope signatures for naturally occurring toluene is expéBtegaichardet al., 2008a

Bouchardet al, 2008h. The process of sorption reduces bioavailability of organic pollutants

from soils and sediments thereby hindering biodegradation by indigenous microbial
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communtiies. The bioavailability of soil organic matter is probably less affected by the
presence or absence of biochar or AC, since SOM compounds are less mobile than toluene
and hence less readily bound by the biochar or AC. This can explain the lower isotopic
signature of C@carbon in the biochar and AC amended soil headspace compared to
unamended soilsTable3.1).

2.5

0.5

0 2 4 6 8 10 12 14 16 18 20
Time (days)

—e—Live control —@—Soil only —@—Soil+2%Biochar —@— Soil+2%AC

Figure 3.6. Measured®CQ,:**CQ; ratios at differentime pointsdr the batches sterile contrgls
live controls soil only soil & biochar and soil & AC. Error bars represent +1 standard

deviation from measurements.

A comparison of the percentage toluéd@ (g) converted int6°CO;i C (g) in the different

soil systems with respect to time reveals that less than 50% of the initial mass of-téuene
(g) was metabolised infSCO.i Cin all treatments at the end of the experim&gre3.7).
Total CQ-C concentréion in the batches as determined froeadspace C{xoncentrations
and total soHpore water dissolved CQrevealed that by the T@lay, 28.7+2.4%f toluene

13C (g) had been mineralised to €0 in the unamended soil. In contrast to this, 8.4+1.4%
toluene!>C (g) in the biochar amended soil and 11.8+0.7% toki&Dég) in AC amended
soils had been converted to &0. Results from quantification of residuals (see AppeRdix
after a 48 hours volatilisation in the fume hood shows that at the end oforengents, on

day 19, 96.20%+0.07, 80.48%=1.81 and 64.04%z=0.18 of the initially introduced substrate

(toluene- 3C7) had in principle been bioavailable for either metabolism te @@ ®iomass
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formation in soil, soil & biochar and soil & AC batches respety. The relationship

between the level dPCO, production and the amount of substrate available for

biodegradation is directly proportional, although the fate of most of the substrate in the
batches is not thoroughly accounted for. Given that a ginkna biomass yield was

determied for all soil systemst is reasonable to assume that most of#6€, produced by

the substrate metabolism was lost to other ongoing abiotic processes in the soil systems. It is
believed that a significant amount oDgwas lost through leakage from the Mininert caps

and this became the motivation for subsequent|€&kage experiments in the batches as

discussed in @ section below (section 3.34.4

35

w
o

N
(61

Percent CQC (%)
= N
(&3] o

=
o

)]

1

Q o Q \2) ©
g g 4 4 A \\ 3 \\ X N \, '\, '\, '\, N & '\/ '\/ '\/
> > > > 2 2> 2 2 RN N\ N\ N\ 3\ 3 N N N \
QY Q7 QF QF QOF QOF QOF QO 9 PR R R R R R

Time (days)
H Soil+Toluene ® Soil+2%BC+Toluene m Soil+2%AC+Toluene

Figure 3.7. Percem**CO,-C (g) relative to"Cr-tolueneC (g) produced at different tingoints
for unamended soil, soil & biochar and soil & ABercentages represent tot&ICO,-C in
batch headspace and soil pore waassuming that no CQwvas lost in the batches by |leae
Calculations were based on the assumption that all of f@@duced is retained in the batches.

Error bars represent £1 standard deviation fromean of four replicates

3.4.4 Quantitative estimation of C@loss from batch microcosms

Results from C@Ileakageand dissolution experiments are displayed in the graphs below
(Figure3.8; dotted lines). A comparison of the final concentrations of, @@er 14 daysyith

the initial CQ concentrations in the respective sggtems and controls (empty batch) reveals
a variaton in the reductionf CO,. The empty batch vials had the highest percentage of CO
reduction o0f75.0+1.8% followed by the soil & biochar batch in which 72.2+12.5% was
reduced by the process of diffusidrtiae end of the experiment on day 14. In the soil & AC
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batch and unamended soils, there was a percentage redud@iGpndoncentration of
59.1+8.6% and 53.8+10.5% respectively from the batch headspaces by day 14.

A simulation of the leakage process inighhthe effects of pH on dissolution 60;in the

pore water of the soil systems was also considered is illustrakegure3.8a (solid lines).

Based upon the assumptions of Z€ductionin the vials via a smbhgjap between the

Mi ninert cap and the gl ass Vvionalleakggefagarafed by F
5.0x 10°% m (gap area/gap length) for leaks via the gaps between the wall of the vials and the
valves in the empty batchegréylines) was diermined in the models by fitting predicted

values with experimental values using the least sum of squares method. In teads@dsoil
(represented by bldae graphs), the model predictions for headspace concentrations
considering this leakage factardaCQ dissolution in soil pore water and at the initial soil pH
were in line with the experimental measurements indicating that both dissolution and
diffusion controlled the C&roncentration in the headspace of the batches. In soils amended
with 2% bibchar and AC represented by raddgreenline graphs respectivelyigure3.8a),
predictions were consistently above the measured values throughout the duration of the
experiments suggesting that €l@ss in these slosystems was affected by factors other than
diffusion and dissolution and leakage. Model predictions éf €mcentrations at equilibrium
with CaCQ, andCOs* in comparison with the measured aqueou¥ €ancentrations are
displayed inTable3.2. Predicted and measured values were comparable for soil and soil &
AC but not for soil & BC amended batch. A higher measuréd €mcentration in the soil &

BC batch relative to the predicted equilibrium concentratioicates that the posgater in

this batch was oversaturated with regards te &@quilibrium with calcium carbonate.

Further simulations of the leakage experiments assuming that all of the dissolved céations Ca
and Md* precipitated out of the soil ppwater solution as carbonatf®wed that the

predictions agreed more closely with the measured values in the soils amended with biochar
and AC Figure3.8b). This could mean that a high concentration of carbaoateCQOs*)

species present in pore water of the soil systems at higher pH values of soil & BC and soil &
AC (7.74 and 7.83 respectively) relative to soil pH (7.43) caused a precipitation of carbonate
ion in the forms ofnsoluble CaC@s)andMgCQOss)sdts thereby further reducing the
concentration 0€0; in the batch headspacds.contrast to the soil & biochar and soil & AC
batches, the model predictions fell below experimental measurements in the unamended soil
(Figure3.8b) which may be due to the fact that a relatively low pH value (7.43) in the
unamended soils did not have any significant effect on carbonate ion speciation in solution

compared to the other soil treatmemesults from an ICIDES analysisfathe cation
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concentration in the pore water of the respective soil systems is included in the appendix
(Appendix A)

Treatments Cé&* conc.(aqueous)Equilibrium C&* conc. Sum of squared
(g cntd) (atmo) (g cm®) residuals

Sall 6.49 x 10¢ 8.46 x D* 1.98x 10*

Soil & BC 1.10 x 10° 1.34 x 10 1.15x 10°

Soil & AC  4.02x 10 2.03 x 10 2.35x 10°

Table 3.2. Measured calcium ion concentration and modelled calcium ion concentration at

equilibrium with atmospheric C&concentrations in different soil systems
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Figure 3.8. Effects ofa) CO. dissolution in soil pore water on loss of headspace & b)

dissolution andprecipitation of CQ in forms of insoluble salts on the reductiaf CO

concentrationsfor an empty batch vial (measur¢®i, modelled=— ), unamended soil
(measurec*, modelle~—), soil & biochar (measure®, modelle==) and soil & AC
(measurec* , modelled—) batches respectively
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3.4.5 Predicting biochar and activated carbon amendment effects on the biodegradation
of stableisotope labelled toluené{Cv) in gravelly sand

The biokinetic model fits to the experimental data of headspace toluene concentration, and
CQ evolution for soil, soi& biochar and soil & AC are shown Figure3.9, Figure3.10and
Figure3.11 respectively. At the outset, a biomass maximum $ipegriowth rate of 0.6 #in

line with published ratesT@ble3.3) was assumed for all soil systems. Based on this
assumption, the ha#faturation constant was varied for the different systems to obtain best fits
between experimental and modelled data. Furthermore, the maximum soil biomass carrying
capacity was adjusted to explain a levelling off of@@ncentrations in soil & biochar and

soil & AC systems towards the end of the experiments. Leakage odi@doliene from the
batches was predicted using the leakage factor determined from the empty batch experiment
described in the previous section. Growth'#htoluene and’C soil organic matter was

simulated based on a fixed ratio'@€ to 2C assimilation.

In the soil batches, substrate utilization profiles along with the corresponding predicted
biomass growthKigure3.9 a & b) showed an initial rapid decline in the headspace
concentration of toluene whichisfollemd by a o6f airl yd consi stent
of about ten (10) days. This can be interpreted to mean that sorption of pollutant by soil
organic matter at the onset of the experiment attains equilibrium between the soil solids, the
soil porewatea and the headspace air quite rapidly. The period between day 1 arRdure (

3.9a) is interpreted in the model as the lag phase in the biomass gFaguhe@.9b) after

which a second dip is observed in the headspace concentration of the substrate due to
biodegradation. The period from day 10 onwafdgyre3.9a) represents a phase of intense
biodegradation of toluene which inetimodel corresponds with a rapid biomass growth
(Figure3.9b) and a concurrent increase in £d€velsin the batch headspacdsqure3.9c &
Figure3.9d). The long lag phase could be due to the toxic nature of toluene at high
concentrations. Toxicity of toluene has been associated with accumulation of the compound
into bacterial membranes due to its hydrophobicity and ability temetially partition into
bacterial cell membranes thereby increasing membrane fluidity arsipeaific
permeabilizatior{fAono et al, 1994 Heipieper and Martinez, 20L0This may also explain

the relatively longer laghase during which soil microorganisms acclimate to the new
substrate in thenamended soil batclrigure3.9b). With respect to C&production in the

soil batches, the model fits were in line with experimentaltgreined data indicating a

fairly accurate description of substratization and biomass formation by the Monod

kinetics model. A halsaturation constant value 406 x 10° mgL* was predicted by the

model for the unamended soil batdrable3.3). The predicted value was higher than the
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values obtained from most studies on the growth kinetics of toluene degrading
microorganismsTable3.3). One could fit a lower halfauration constant to the data by
reducing the value of the maximum growth rate from the literature values used in this study
(Table3.3).

In the soil & biochar batch, the substrate degradation profile as predicted model
(Figure3.10) reveals a different pattern in which a sharp decline in the headspace
concentration of toluene due to bioclesrhanced sorption is followed by a stable
concentration almost below the linaf detection over the duration of the experiment.
Substrateutilization was slightly ovetpredicted from around day 10, although this could be
due to the difficulty of quantifying heagpace concentrations near the detection limit.
Biomass growth, howeyr, showed a pattern that corresponds with the Monod growth model
but limited by logistic growthKigure3.10b). Based upon the model predictions, maximum
biomass growth in the biochar amended soils was approXjn@atenes lower than the
biomass growth in the unamended soil. Model predictions for the productiondfdd®the
mineralizationof SOM and themineralizationof toluene in the biochar amended batches
(Figure3.10c & Figure3.10d) were comparable. The halaturation constant in the soil &
biochar batches had a value of 7x760* mgL and was lower than the prediction in the
unamended soil batches by an order of magdeif{liable3.3). This could be due to sorption

of toluene in the biochar amended soil which reduces the concentration of bioavailable
substrate to the microorganisn€onsequently, microorganisms which can morectffely
utilize low substrate concentrations may have an ecological advantage in the soil & biochar
batches. The predicted halhituration constant was however still much higher in the biochar
amended soil than the values obtained from the literature tyytwm orders of magnitude
(Table3.3).

In the soil and activated carbon batch, the predicted toluene degradation profiles followed a
similar pattern to those in the biochar amended seitgi(e3.11a). A lower value was

predicted for the haléaturation constant of toluene in the activated carbon amended soil
compared to the unamended soil and the biochar amended soil baaibles.3). Activated

carbon amendment of VPH contaminated soils was shown to enhance the sorption of VPHs
more than biochar or unamended soils in a recent batch and column study by Bushnaf (2014).
A relatively shorter lagphase in the growth cycle of the biass in the AC amended soil can

be interpreted to mean that less amount of toluene is bioavailable to soil microorganisms in
soil pore water, hence less pollutant toxicity and the length of time required for acclimation to

the substrate.
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The concurrent inease in the concentrations of b&#6-CO, and'*C-CQzis a common trend
in the batch headspaces of all treatments under investigatguré3.9c&d, Figure3.10
c&d, andFigure3.11 c&d). The level of?C-CO; produced in response to the addition of a

13C substrate is remarkable. The cometabolic activity of soil microorganisms on stable

53



Chapter 3:  Effects of biochar and activated carbon amendment on tHerigtics of toluene degradation in gravelly sand
Model type Compounds Parameters Microorganism Reference
Monod Toluene 0 TP ¢ T8rag A Pseudomonas putidal (Reardoret al)
[“ @ @ 18T 2
Wy P8 Y 18 PpAQ
Monod Toluene 0 pR G Bacterial consortium (Ohetal)
{ T (O
@y T Q0
Cometabolism, SKIP BTEX i T TQ Consortium (Littlejohns and Dauguljs
Op Oo® QA
Wrp PR UQQ
Andrews Toluene 0 ™M ¢ A Pseudomonas putidgdG  (Mirpuri et al)
t odo (0
Wy TBAQ
Monod Toluene i T Q Soil VPH degraders Current study
0 4.06x 1(B& "Q0
Wy ™ 0Q'Q
0 0 7.76 x 1Fa "Q0
Wy o) T3 X 6'Q
0 0 1.83x 1% & Q0
Wr o g, ¢UQ

Table3.3. A summary of the biokinetmarameters used to simulate the biodegradation of toluene and biomass growth of associated microorganisms

from the current study compared to values obtained from some published Biatiesss yields are esgssed as dry weight (g) biomagssubstrate.
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isotope labelled toluene and SOM is a likely explanation for this observation. Similar

observations were made in studiesdhanget al. (1992 andLittlejohns and Daugulis (2008)
in which the compound toluerwas utilised by microbes as a primary substrate for energy
while simultaneously metabolising other secondary;grawth substrates in the presence of

toluene.

Biomass yields coefficients (g biomaSsy?! substrateC) ranged from 0.078 biomassy™*
subgratefor soil & biochar to B3 g g* for soil and 0.2@&) g* for soil & AC and were much

lower than values reported BEyazhariAli et al.(2013)in a study to investigate the effects of
nutrient amendment on the biodegradation of a mixture of 12 VPHSs. Yields were determined

assuming a biomass carbon content of 100 fglO/hitmanet al, 1998.

Treatments PKgec PCbimax aSorption 8 ag phase 2C1o/ Ci3
() (Moles coefficient  (hour9 assimilation
biomassC n3) (m® kg?) ratio
Soil 6.3x 10* 400 7.93x 10* 240 0.45
Soil& BC  9.0x10° 11 1.64 96 0.70
Soil & AC  2.7x10° 25 9.32 142 0.63

Table 3.4. Fitted and experimentally determined parameters used to run the logistic growth
model of toluene degrading biomass in ddfé soil systems

a) experimentally determined valueb) fitted values

Other parameters used to predict microbial growth kinetics on ®inghe batches are
displayed n Table3.4. Microbial biomass decay rates &) ranged fron6.3x 10*in soil to

9.0x 10°and2.7x 10° (h?) for soil & biochar and soil & AC respectively. These values are
comparable with decay rates@0x 10* (h) and2.1x 102 (h) used byMeynetet al,

2014 to simulate the biodegradation of a mixture of VPHs in column sand amended with or
without biochar respectively. In a sjutdy Baueret al. (2008) a higher vale for the decay

rate, d, of 1.% 102 (h) was used to simulate the biodegradation of petroleum hydrocarbons
in aquifer material containingseudomonas putdstrains. Maximum biomass carrying
capacity (Chay wasquite variable and somewhat hegtfor the unamended soil batches than
the amended soil batchékhis could be due to sorption of nutrients such as ¥ the

biochar and ACSorption capacity as thicated by the sorption coefficient was higher for the

sorbents (biochar and activated carbon) by about four orders of magnitude compared to soil.
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Figure 3.9. A graph indicatingg) substrate utilisatia b) biomass growth in soil pore watey
headspacé’CO, concentration andl) headspacé°CO, concentration with respect to time in
a soil batch. Modelledine graph)and measureotted graph)
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3.4.6 Predicting the biodegradation of poorly available substratéCt - toluene) by
microorganisms in different soil systems after evacuation of pollutant source

Model predictons for the mineralisation of SOM and strongly sorbed toluene post evacuation
of the pollutant source based on £®olution in the different sogystems are shown in
Figure3.12. Forthe unamended soil (figurel®a &b), the experimentally determinétC-

CO; production rose slowly in a similar mannertt6-CO; production with a short lag phase.
Although soil microorganisms were expected to have acclimated to soil conditions from the
previous batch experiments.igrior to evacuation of toluene, soil bacteria appeared to

require a brief period of lag in growth. This was likely due to the processes of pollutant
removal, transfer of soil into smaller vials, addition of deionised water droplet to moisten soil
and mixng of soils in order to break up aggregates and to further aerate tHéaihd'*C

COe production in unamended soil reached maximum concentrations of 0.014 g/L and 0.010
g/L respectively by the f4week. From the residual toluene analysis conduatied to the

batch (phasé) experiments (Section 3.3.8t is evident that only a fraction (3.66+0.07%) of
the originally introduced substrate was still bound to soil particles after evacuating the batches
of toluene vapour. The model slightly oyanedcted the concentrations of botfC and™*C -

COzin the unamended soil batch. This may be based on the assumption that the sorbed
toluene to soil is relatively rapidly desorbed back into paaéer than is suggested by the

experimentally determined values

In the soil and biochar batch, model predictions for the mineralisation of SOM and toluene are
more in line withthe measured values (Figure 3cl& d). The maximum experimentally
determined C@i C concentrations were 0.008 g/L and 0.004 g/}fGrard 13C

respectively. These values are one order of magnitude lower than the values for the
unamended soils which may be interpreted to mean that the strongly sorbed pollutants to
biochar is more slowly released into soil pore water for biodegradation bgarganisms
compared to the soil batches. In the AC amended soil batch, model predicfié®ao**C

COe were initially higher than the measured values but were eventually aligned for the most
part. Maximumt?C and®*C CQ, concentrations in the soil diAC batch as determined
experimentally were 0.014 g/L and 0.016 g/L respectively. The concurrent increase in the
concentration of*CQ; in the headspace of the batches could imply ongoing respiration by
live microbial biomass from the metabolism of SOMatoich they have been previously
adapted or that biomass decomposition also genéf@esin the respectiveatcles
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3.5 Conclusions

The effects of amending soil with and without biochar and activated carbon on the
biodegralation of stablasotope labelled toluene and soil organic matter by indigenous soil
microorganisms was investigated. From the foregoing discussion, addition ofistabjee
labelled toluenefC7) to soil treatments increased the concentrations of haad$°CO;
compared to sterile and live soil controls indicating that microbial activity was enhanced by
addition of a carbon source in the form of VPH. Also, there was an increase in the preference
for 13C toluene as carbon source compared to SOM misatin in the different soil systems.
Carbonisotope ratios*PCO; : )CQy) in headspace air f@oil & biochar and soil & AC were
1.30+0.03 and 1.02+0.0%igure 3.6) respectivelyas compared to 2.22+0.05 in swithout

VPH additionfurther confirming the increase in the utilisation'é€; toluene compared to
other carbon substratespeciallyin theunamended soil batch

Amending soil with either 2% biochar or activated carbon enhanced sorption of the substrate
13C; toluene right from the start of the experiment as indicated by the headspace toluene
concentration in the batchesSigure 3.4). Sorption of the pollutants reduced their availability

to soil microorganisms antbnsequently slowed mineralisation of toluene as indicated by the
lower CQ concentrations in the sorbent amended soil bat¢hgsre3.3). Amending soil with
activated carbon was previously shown to slow the afitphenanthrene mineralisation in a
study byRhode<t al. (2008)

Model predictions assuming that only soil pore walissolved toluene is biodegradable,

indicate that biochar and activated carbon amendment also altered the growth kinetics of
toluene degrading microorganisms contrary to our proposed hypothesis. By fitting a
maximum specific growth rate of 0.6 iin line with published rates), it was possible to

match model predictions 61CO, and*CQ;, concentrations with the experimentally

detemined dataRigure3.9, Figure3.10, Figure3.11). Half-saturation constants 4f06 x 18

mgL?, 7.76x 10 mgLtand1.83x 10> mgL'were predicted for soil, soil & biochar and soil

& AC respectively, much higher than values reported in the literature. The difference between
the treatments suggests that amending the soil with biochar and activated carbon thus
increased the affintof microorganisms for the substrate. Differences in thedaifration

constant also suggests that sorbent amendment affects the microbial ecology, by making
microorganisms which can utilize substrates at lower concentrations more competitive.
Overall,amending soil with 2% biochar or activated carbon hindered the mineralisation of the
substraté>C; toluene due to sorption of the compound and caused a shift in preference for the

substrate as indicated by the relatively high SOM mineralisation in thera@mended soils.

61



Chapter 3:  Effects of biochar and activatedrbon amendment on the Bimetics of toluene degradation in gravelly sand

Microbial growth kinetics parameters (umax afyl are determined by several environmental
factors such as soil type, microbial community structure, substrates e.t.c. It is necessary to
study the effects of these environmental variablethe biokinetics of petroleum

hydrocarbon contaminated soil. A further study was therefore motivated to investigate the
effects of VPHs on the microbial community structure and dynamics of the different soil
systems in the short and letgym in orderd gain a better understanding of their effects on

microbial growth kinetics.
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hydrocarbon classes on the bacteria community response in gravelly
sand

4.1 Introduction

Petroleum hydrochons may serve as excellent sources of carbon and energy for the growth
of microbial biomass in contaminated si(€alli, 1999. The metabolic pathways for the
degradation of PHs have been extensively stufad Hammeet al, 2003 Das and

Chandran, 2010 Petroleim hydrocarbons are reported to have varying levels of susceptibility
to microbial attack and the order of susceptibility of PHs to microbial attack is as follows:
cyclic alkanes < monoaromatics < branched alkanes < linear alitdlinies 2000). At the

same time, some constituents of petroleum may become persistent ancht¢exieleased

into the environment. Toxicity of PHs could be a function of their physihamical

properties such as molecular structures e.g. complexgpoiyatic hydrocarbons (PAHS) tend

to persist in the environment compared to manamatic compoundsue to their recalcitrant
nature, or the solubility of these compounds in aqueous solutions as solubility enhances the
bioavailability of organic compounds to indigenous microorganisms and hence their
biodegradabilitySikkemaet al. (1995)conducted a study to investigate the relationship
between the hydrophobtgiof cyclic hydrocarbons and their toxicity and reported a
correlation between compound hydrophobicity and toxicity. In another stuldglissfitz et

al. (2003) varying chain lengths of aliphatic hydrocarbon metabolites rangingghmrt

chain to intermediate chain length compounds were investigated for their toxic effects on
microorganisms. The antimicrobial effects of these compounds were found to be directly
proportional to hydrophobic chain length of the molecules undersatengjgnificance of
compound lipophilicity in the determination of toxicity. Above a threshold concentration in
the environment, VPHs may exert some deleterious effects on soil microorganisms. The
mechanisms by which these effects occur have been prevrengtwed(Heipieperet al,

1991h Kabelitzet al, 2003 Heipieper and Martinez, 201 Mifferent organisms are reported

to show different levels of sensitivities to the same class of compounds. As a result, it is
critical to develop an understanding of the response of soil bacteria community to
contanination with different classes of Bidnder varying environmental conditions as this

would enhance the design and development of effective remediation systems.

The use of culturendependent techniques as a means to gaining improved understanding of
themicrobial community responses to environmental factors is gaining wider acceptance and
applicability in the 0ecosimongolealarlbidlogg o mmuni t vy

technique$ nextgeneration sequencingas enabled an-4depth exploration of large
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amouns of sequencing data from environmental samffwkallaet al, 2019. Such

sequencing data have been used in a variety of environmental applications including studying
the effects of soil management types on microbial commuiiiiaskeet al, 2011 and
investigating the health status of an ecosystem by analysing its biodiyelgityabaeiet al,

2011).

454-pyrosequencing plaifm has been widely used within the last decade to conduct
metagenomics studies of environmental samples particularly because of the long read lengths
of sequences and the relatively short run time of the tech(fghakallaet al, 2012 while

the lon torrent sequencing platform, which is bageah the reatime detection of hydrogen

ion concentration, has been developed to utilise one of three different ion chips 314, 316 or
318 each of which is capable of generating up to 10Mb, 100Mb or 1Gb of sequencing data
respectively(Shokallaet al, 2019. Such advances may serve as an in\ddusol for

gaining insights into the effects of petroleum hydrocarbon contamination on soil

microbiology.

4.2 Aim

The aim of this study was to investigate the effects of aagpeous phase liquid (NAPL) of
different VPH classes (in separate mixtures): ghtachain alkanes, aromatic hydrocarbons

and cyclic/branched alkanes on the response of the indigenousargarisms in a gravelly

sand using molecular biology techniques. An aerobic batch experiment was set up in order to

monitor the level of biodegratian taking place within different soil systems and control.

4.2.1 Objectives
In order to accomplish the aforementioned aim, the following objectives were set:

1. To determine the level of biodegradation of different classes of VPHs compared to an

uncontaminated ddoy indigenous microorganisms under aerobic batch condition.

2. To determine the effects of different VPH classes on the richness and diversity of

microbial communities present within the soil under investigation.

3. To identify pollutant degrading microongams for different VPH classes based on

their increased abundarsia specific treatments.
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4. To determine any variation in soil microbial community structures that may arise from

the use of different sequencing platforimé54 pyrosequencing and lon tortren
sgjuencing to conduct metagenorstadies.

4.2.2 Hypotheses
The following hypotheses are proposed:

1. VPHs are known to serve as a carbon and energy source for the growth of certain
microorganisms that are able to grow on them. It is therefore expected that the
addition of a carbon source in the formdifferent PH classewill result in varying
bacterial responsavith respect to the relative biodegradability of straight versus

branched/cyclic alkanes versus aromatic hydrocarbons

2. Also, addition of new subsite (VPH) to the soil should enhance the richness and
diversity of microbial communities in the contaminated soils compared to soil in
which no VPH was added.

3. ltis expected that microbial communities growing on different VPH classes will differ

significantly in their species compositions.

4. Itis not expected that different sequencing platfoim84 pyrosequencing and ion
torrent sequencing will significantly affect the quality of data generated i.e. type of
microbial communities identified from the ssamples. It is, however, expected that a
higher amount of data generated by the lon torrent sequencing platform would result
in higher richness and diversity indices of microbial communities compared to the
454-pyrosequencinglerived dataset.
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4.3 Materials and methods

4.3.1 Soil and chemical pollutant mixtures

The soil used in this chapter is the same as the soil used in chapter 3 (Section 3.3.1). The
chemical preparations are as follows: high purity chemicals (Sigma Aldrich, UK) were mixed
into three sparate classes of petroleum hydrocarbons. The aromatic hydrocarbon mixture
consisted of 1 mL eaddf toluene, mxylene, and 1, 2,-rimethylbenzene (I, 2,-FMB).

Straight chain hydrocarbon mixture consisted of Jeathof n-octane, pentane, hexane,

decamr and dodecane while the cycloalkanes/branched alkane was made up of a mixture of
iso-octane, cyclohexane, methylcyclohexane and methylcyclope(itank each) Each PH
mixture was made in transparent glass vials and stored in the dark at room temf#@ature

+2 °C).

4.3.2 Batch experiments

Batch microcosm experiments were performed in amber vials (65 mL, Jencons, a VWR
Division, Leicestershire, UK) oked with Teflon Mininert cap$Supelco, Bellefonte, USA)
containing 15 g of gravelly sand/ter content: 0.8 g* soil d.w) and inoculated with 30

pL of either aromatic hydrocarbon mix or straight chain hydrocarbon mix or a mixture of
cycloalkanes/branched alkane. Each treatment was prepared in triplicates and an additional set
of live soil controls (without geoleum hydrocarbons) was also prepared in triplicates. The

experiments lasted for 14 days (2 weeks).

4.3.3 Microbial respiration

Soil respiration was monitored in the batches over a 14 days period by measuring the
concentration of headspace €0 each vial cotaining either soil, or soil inodated with
aromatic hydrocarbomixture or soil inoculated with aliphatic hydrocarbon mix or soil and
alicyclics/branched alkanes. For each soil type, contaminated arambaminated, triplicate
batches were monitored mtom temperature (20 °C) and the analysis of headspagev&O
conducted using a Fisons 8060 GC linked to a Fisons MD800 MS withRLBF-Q

capillary column.

4.3.4 Sample collection and storage

At the end of the batch experiments, the vials were uncoverecamies were collected in
triplicatesand stored a20 °C in filteredsterile phosphate buffer saline (PBS, Oxoid) 1:1
vol/vol for DNA extraction and PCR amplification. Jlicate samples were also collected

from the unamended soil batch and stored foraobial analysis.
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4.3.5 DNA extraction and PCR amplificatiorf454 pyrosequencing library preparation)

Genomic DNA was extracted from 50 mg of soil (wet weight) using the FastDNA Spin kit
according to t hetionsgMPuBioraeditals,rUK)fhé \¢4 and masttof the

V5 regions of 16S rRNA gene was PCR amplified by multiplex PCR reactions (averagely 15
reactions per sampl GIGNCAGCMBQCGEGATAM O ) sand515
9 2 6 rCCCBCAATTYMTTTRAGTTT-3 aWilhelm et al, 2013, with readength of 400

i500 base pairs (bp). A uhnendplbethtBe fdwardbnar c od e
reverse primers through a GA linker, was used to label each sample. The primers were
attached to the GS FCHATCGECTQACUICGGECAIQAGET A (
30) and aidCIATGEGCCHB GCCAGCCCGCTCAG 3 6Bach PCR reaction

was performed in a total volume of 25 pL containing 0.5 puL of DNA template, 0.4 pmol L

of each universal primer, 0.2mmoftldNTPs (PCR grade Nucleotide Mix, Roche)stSdart

High Fidelity Enzyme Blend (2.5U/reaction), and a final concentration of 1.8 mM NgCl

the FastStart High Fidelity Reaction Buff@dche Diagostics GmbH, Mannheim,

Germany) The following PCR thermal cycling programme was usedinitial den&uration

step of 95°C for 4 minutes followed by 25 cycles of denaturation &®%r 1minute,

annealing of primers at 3& for 45 seconds, and elongation atC@Zor 1 minute. The final
elongation step was at 7€ for 7 minutes. Multiplex PCR ampline were pooled together
andcleaned using the QIAquick PCR purification kit (QIAGEN, Crawley, UK) according to

t he ma n uihsauctionuPria to4b4sequencing of PCR amplicons, the amount of

DNA present in clean PCR products were guantified usiQglat® 2.0 Fluorometer

foll owing the manufactureds protocol

4.3.6 454 pyrosequencing and lon torrent sequencing

Clean PCR amplicons were pooled together (in triplicates) in equimolar concentrations and
sequenced on a Roche 454 GS Junior (MacropathologyQddentry, UK). Sequencing was
carried out in a bdirectional manner using unique 8 bagmsers barcoded 515f and 926r

primers for both forward and reverse runs. The output data from the sequencing runs in the
standard flowgram format (SFF) was filtered fmality and subsequently denoised on a 16

corecomputercluster

For the ion torrent sequencing,addition to the sample preparation for PCR, the samples

were | abelled using a unigue 1li2enchofitllsee pai r s
forward prmers through a GAT spacer, and attached to the lon adajfeHA
CCATCTCATCCCTGCGTGTCTCCGACTCAE8 6) whil e the reverse |
to the | on -GQTETCTATGGACAG@TCGETEA3 60 BCR amplicons were
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cleanedand size selectagsingdoubk-sided solidphase reversible immobilisation (SPRI)
beads (Agencourt AMPure XP system, Beckman Coul@epan PCR amplicons from
sampes as described in section &.@ere also pooled in triplicates in equimolar
concentrations and sequenced on a Persaaabme Machine (PGM)sing a 316on chip by
the School of Civil Engineering & Geosciences, Environmental EngineBepty Newcastle

University.

4.3.7 Microbial community structure aalysis

Briefly, the reads were filtered for quality (filtering criteria: matf match to sequence
barcode/primer, 200bp minimum sequencing length). QIIME Den(isssder and Knight,

2010 was used to dett and correct sequencing errors and the data were reintegrated into the
QIIME pipeline by inflation. The so obtained sequences were clustered into Operational
Taxonomic Unit (OTU) at 97% sequence similarity level by the uclust algorithm, a
representatie sequence from each OTU was selected and taxonomically identified using
Greengenes databa@®¢cDonaldet al, 2012 Werneret al, 2019. Representative sequences

and correspondent taxonomic assignment were used to build a table of OTU abundances at
different levels of taxonomy. The QIIME (v8l0) pipeling(Caporaseet al, 2010 was used

to determine the microbial community diversity within each sample and acrds3 the

samples. The resulting OTU table at the class level (L3) of taxom@symported into

PRI MER v6 and |l og transformed for subsequent
dissimilarity metric was calculated for L3 OTU table and an average pairwise distance and
standard deviation was determined for each pair of saf@fdeke Robertt al, 2006. The

resulting Bray Curtis distance matrix was mapped unto a 2 dimensionaietoin
multidimensional scaling plot (nMDS) using Primer6.

For alpha diversity analysis in the pgequencinglerived dataset, an in silico rarefaction was
performed using an OTU table generated in QIIME at a minimum rarefaction depth of 100 in a

series of depth and a stefise increase of 200 sequences, a total number of 10 replicates
(multiple rarefations) at each depth andreaximum rarefaction depth 0080 in the series of

depth. For the lon torrent data analysis, rarefaction was performed at a minimum depth of 4000
sequences in a series of depths, a-stisp increase of 2000 sequences and a mmaxi

rarefaction depth of 2000 in the series of depth. For the diversity within each sample (alpha
diversity), thenorp ar amet ri ¢ species richness estimator
diversity (PD) index were determined according to the mettedsribed byChao (1984 and

Faith (1992)yespectively in QIMET he Shannon6s Hpwayatso deiermiyedi n d e x

for each sample as a measure of alpha diversity based on derivatdaoy&hannon and

68



Chapter 4: A comparison of the varyingfects of different petroleum hydrocarbon classes on the bacteria community response in
gravelly sand

Weaver (1949)This index of diversityShannon and Weaves based on the assumption that
biological systems contain information that can be analysed in a similar manner to some coded
information and that individual species, if sampled randomly from a large commusytyaes

are well represented in the samp(@elou, 1975 Magurran, 200% Shannonoés i

diversity is given by the equation below:
0 Bl (4.1)

where pi is the proportion of individuals present withinithespecies and is estimated based

on a maximum likelihood estimatai/N according tdPielou (1969)

4.3.8 Statistical analysis

A 2-Way Analysis of Variance (ANOVA) was performed using Miniteb Statistical

software (Minitab Ltd., Coventry, UK) on thepaila diversity indices in order to compare the
interactive effects afhe factors under consideration (VPH classes$pecies richness and

mi crobial diversity. Analysis of Similaritd.
productmoment correlation digsiilarity matrix using PRIMER v6. To compare microbial
community structure across all samples based on the relative abundance of OTUs, the
dominant genera ( relative abundance > 1.0% of the total number of sequences) were square
root transformed and a Pripal Components Analysis (PCA) performed on the transformed
data using XLSTAT for Windows (XLSTAT2014. A comparison of the relative abundances

of identified bacterial groups betwesail treatments (VPH classesas conducted using

Microsoft Excel v201{Microsoft, Redmond, USA) for significant effecis< 0.05).
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4.4 Results and Discussion

4.4.1 Biodegradation of volatile petroleum hydrocarbon mixtures in batch systems

Biodegradation profiles for the different petroleum hydrocarbon classes are shéigaren

4.1 below. In the control soil batch, an initial lag phase of approximately 6 days is observed.
This was followed by a slow rise in the headspace concentration df@day 7 which

remained fairly consisnt throughout the experiments. Maximum cumulative CO

concentration for the control batch wa60319g/L. A similar pattern was observed for the
aromatic hydrocarbon contaminated soil batch in which headspag®$&3slowly to reach a
comparable rmximumconcentration of 0.0030§/L by day 15. In the cyclic and branched

alkane contaminated soil batch, headspaced@@centration was slightly higher than in the

soil and the aromatic hydrocarbon contaminated batches but never increased by more than one
orde of magnitude above the background level. In the strailgain alkane contaminated soil
batch, a relatively faster increase in the biodegradation of the compounds was observed as
indicated by the rise in headspacep@duction in the batcheFifure4.1) suggesting that

soil microbial activity was stimulated the most by the addition of straight chain alkane class of
petroleum hydrocarbons in contrast to the other PH classegréduction in the straight
alkanesoil batch rose by up to two orders of magnitude to reach a maximum cumulative
corcentration of 0.12g/L before entering into a stationary phase from around dayigur¢

4.1).

The biodegradation af-alkanes depnds on their solubility in sepore water which is
proportional to the carbon chain length of the moleaikkemaet al, 1995. Alkanes of
intermediate chain lengths {C Cy6) are less water soluble than the stubrain length
compounds (€i Cy) rendering them less bioavailable for degradation and less toxic at high
corcentrations. Therefore, a relatively high concentratiomatkanes of intermediate chain
length such as those used in the current batch study may not have been inhibitory to the
growth of the microorganisms. More so, they are more readily biodegradatpaied to

other classes of PHBlIrici, 2000). Mono-aromatic hydrocarb@on the other hand are
comparatively more soluble in water thasalkanes of intermediate chain length
(http://chem.sis.nim.nih.gov/chemidplus/, 2D0At equivalent concentrations, a higher
amount of dissolved angatic hydrocarbons is expected to result in a more toxic effecththan
alkanes. Cyclealkanes were reported to be less preferable substrates for microbial growth in a

related laboratory column study by Bushnaf (2014).
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Figure4.1. Headspace C&concentration (g/L) in different soil batches &rSoil onlyb) Soil
+ aromatic Hc) Soil + straightchain alkanes and) Soil + cyclic/branched alkane&rror
bars represent 1 standard deviation from the mearn3afeplicates.
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4.4.2 Microbial diversity and pecies richness

Microbial diversity and species richness across the different samples as determined by the
nonparametric richness estima{@hao, 198%a nd t he Fai t hdés (Rithyl ogenet
1992 areillustrated in Figure 4.2For the pyrosequencing datadeiglire4.2a), at an even
rarefaction depth of 500 sequences, microbial
phylogenetic diversityPD) was the lowest in the Sdikanes contaminatesbil (31.43+0.58).

The control soil had a PD value of 43.33+1.34 followed by the soil & aromatic H batch

(39.99+1.43) and the B& cyclic/branched alkaneatch (35.77+0.62).

The gecies richness estimator (Chaol) was higher in the control soil samples compared to the
contaminatedoils. Chaol values for soil, soil & aromatic Hs, sviGtr-alkanes, and soil &

cyc-alk batches were 797.51+80.14, 733.23+42.01, 580.91+25.33 and 634.48+

respectively. There was a statisticalgnificant difference (p < 0.0%etween different

petroleum hydrocarbon class species richness as indicated byneapm@@alysis of variance
(ANOVA). A posteriori hypothesis (po$iOC) analysis of the resslfrom the ANOVA

using the Tukeyb6s pairwise comparison showed
differed significatly from that of straight chain alkamentaminated soils (p < 0.0&ne way
ANOVA) and speciedchness of straight chain alkaoentaminated soils also differed
significantly from the species richness of aromaticrbgdrbon contaminated soils (p < 0.05

One wy ANOVA but was not statistically significantly different from those of the
cyclic/branched alkane contaminated soils.

Theobserved number of species at a 97% sequence similarity level were statistically
significantly different between the different classes of PH (ANOVA, p < 0.05). More
specifically, the control soil samples had the highest observed number of species®320.5
5.51 followed by the aromatic hydrocarbon contaminated soils with an average observed
number of speciesf 289.10 + 4.73. The straight chain alkamel cyclic or branched

hydrocarbon contaminated soils had an average observed spp. of 229.70 + 25g.5nda

2.46 respectively. This suggests that contamination of soil with an equivalent dose of different
petroleum hydrocarbon classes impacted soil microbiology negatively by significantly
reducing lacterial richness with the Sdlkane contaminated sdieing the mostféected

(Chaol and Observe spigure4.2a). Toxicity of petroleum hydrocarbons was reported to
increase with increasing hydrophobicity of the compounds in water. Whilkanes are

reported tdoe relatively more biodegradable by microorganisms compared to other petroleum
hydrocarbon classes, a high concentration of the compounds may result in increased uptake of
the pollutants and consequently an increased cytotoxic effect.
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With respect to mi@abial diversity in the pyrosequenchugrived dataset, the Shannon
Wiener diversity index ranged from 7.08 08 in the straight chain alkagentaminated

soils to 8.04 = 0.03 in the control soils. These values are in the higher range for most soil
typesas indicated by previous studi@dagurran, 2004Nackeet al, 2017).

Species richness and microbial diversity as determined in the ion tdereved dataset at an

even rarefaction depth of 22, 08€quences across all samplesilarstrated inFigure4.2b.

In contrast to the pyrosequencidgrived dataset, there was no statistically significant
difference between the species richness estimator (Chaol) of the different soil treatments (p
0.05, One wayANOVA). There was however, aadistically significant difference between

the observed number of species in the different classes of petroleum hydrocarbons and control
soils with the control soils having the highest observed number of spp. of 4875 + 188 and the
soils contammated with graight chain alkanesaving the least observed number of spp. of

3711 £ 261. In comparison with the pyrosequencdagved dataset, the average species
richness estimator Chaol in the ion torrdatived dataset increased by a factor of
approximately 10wgggesting that sequencing depth significantly affected the species richness
of the soil samples. A one waNOVA also revealed a statisticalljgsificant difference (p

< 0.09 between the average number of observed species obtained from the pyrosequencing
data (274.5£35.5) and the average value obtained from the ion torrent data (4352 + 515)

which was higher by a factor of approximately 15.
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Rarefaction plots of thebserved number of species in the pyrosequencing data and the ion
torrent data are shown in theggure4.3 below. The results show that by sampling a higher

number of sequences, a higher species richness estiadittained in both datasets. In the
pyrosequencing data, the number of OTUs increased with an increase in the sequencing depth
but never attained saturation indicating that the sequences were not exhaustively sampled.
Similarly, in the ion torrent data, élrarefaction curve never reached saturation although they
were less steep compared to the rarefaction curve from the pyrosequencing data. Several
studies on samples from the environment have highlighted the effects of sequencing efforts on
the species rlmess and microbial diversity of such samglReseschet al, 2007 Nackeet

al., 201).
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Figure 4.3. Rarefaction plots showing the effects of sequencing®fin the observed numbe

of Secies form) lon torrent sequencing arw) 454 sequencing platforms.
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4.4.3 Taxa distribution across samples

At the phylum level of taxonomy, a total of 39 phyla were identified and classified within the
bacteriddomain and 2 unclassified phylatiaiin this domain. In the archaea domain there

were 3 classified and 1 unclassified domain. The dormhinalb act er i a pRBO%P a r epr e
of the overall (total) relative abundances in the pyrosequeii@nged data are shown in

Figure4.4a. They are thécidobacteria Actinobacteria BacteroidetesChloroflexi,

Firmicutes Gemmatimonadetehlitrospirag Planctomyceted/errucomicrobiaand the
Proteobacteriaclasse®lphaproteobacteriaBetaproteobacteriadDeltapraeobacteria
Gammaproteobacterieepresenting 4.64, 13.97, 1.38, 7.16, 10.35, 3.93, 1.59, 8.45, 1.43,

13.36, 6.18, 5.89, and 15.27% respectively across theatiffeamples under investigatidn

the achaea domairthe Crenarchaeotavas the dominant phyla accounting £064% of the

total relative abundance across all samples. Théoraree t er i a phyl| Booltlhec ount i n
total relative abundance were tAematimonadetesChlorobi, GNO4, and TM6 ngresenting

0.25, 0.15, 0.17, 0.25% respectively while the rare archaea phyla wérerjtaechaeotaand

the Parvarchaeotaepresenting 0.13 and 0.33%spectivelyof total relative abundance

across all samples.

Further analysis of the phyla level taxaealed a variation in the relative abundances of the
different soil treatments. For instance, Amdobacteriahad a higher relative abundance in
the uncontaminated soils than in all the treated soil samples (p < 0.05, 2 stasdp t
Actinobacteriawere significantly moe abundant in the straight alkacentaminated soils

than they were in the uncontaminated soils but were comparable in the other treated solls.
Firmicuteswere significantly higher in relative abundance in the aromatic hydrocarbon
contaninated soilghan in the uncontaminated and straight alkame: cyclic alkane
contaminated soil samples whiBemmatimonadeteshowed the opposite pattern in which
uncontaminated soils had a significantly higher relative dance compared to the straight
chain alkanend cyclic hydrocarbon contaminated soils but not the aromatic hydrocarbon
contaminated soil samples. TAphaproteobacteri@lass did not show any significant
variation with respect to their relative abundance across the control and s@asainples.

In contrast, th&ammaproteobacteriavere signifi@antly more dominant in the Saéik and
Cyc-alk contaminated soils than in the control soils and theAamntaminated soil samples

(p <0.05, 2 sampletests).

There are no reports to thesbeur knowledge to indicate that members of the phylum
Acidobacteriahave the potential to degrade any known VPH. On the other hand, members of
the phylaActinobacteria Firmicutes GemmatimonadeteandAlphaproteobacteriahave

76



Chapter 4: A comparison of the varying effects of different petroleum hydrocarbon classes on the bacteria community response in
gravelly sand

been isolated and showm potentially degrade different classes of PHs including alkanes
(Engelhardet al, 200]), o-xylene(Moraschet al, 2009, benzendLi et al, 200§ and
gasoling(Robertsoret al, 200). Members of the phylurAlphaproteobacteriand
Gammaproteobacteriarere reported from previous studies to dominate bacteria communities
in petroleum hydrocarbon contaminated beach sands and marine seditealst al, 2006
Yakimov et al, 2007 Kostkaet al, 2011).

Similarly, the ion torrentlerived phyla level taxa summary for the dominant phyla are
displayed in thé-igure4.4b below. The taxa distributions reveal an identical pattern to those
obtained from the pyrosagncingderived data as the dominant phyla were retained and did
not show any variation. From a qualitative view point, the bacteria community composition
did not change between both ngeneration sequencing platforms, at least at the phylum
level (Figure4.4) highlighting the reproducibility of results from both ngpneration
sequencing platforms. From a quantitative view point, however, there were some variations
between soil treatments when compared to tke déstribution from the pyrosequencing
derived data. ThAlphaproteobacteriavere significantly more dominant in the Akb
contaminated soils than the uncontaminated soil but were more dominant in the
uncontaminated soil than in the Jtik contaminated @il samplegfor both sequencing
platforms) The Gammaproteobacterieevealed a similar pattern in the #wrrent generated
data where the phylum sidgicantly dominated in the Sk and the Cyealk contaminated

soils compared to the Afld contaminate@nd the control soil samples.
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