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Abstract

The success of phytoremediation is dependent on the exposure of plants to contaminants,
which is controlled by root distribution, physicochemical characteristics, and
contaminant behaviour in the soil environment. Whilst phytoremediation has been
successful in remediating hydrocarbons and other organic contaminants; there is little
understanding of the impact of non-aqueous phase liquids (NAPLs) on plant behaviour,
root architecture and the resulting impact of this on phytoremediation. The ability of
plants to phytoremediate dissolved-phase contamination is well known, but the impact
of Light NAPLs (LNAPLs) contaminants on plant growth and subsequent contaminant

behaviour is largely unknown.

A review of current literature available on phytoremediation was conducted. Across the
studies considered, sandy loam, loam, and silt loam appear to have a better organic
contaminant removal than other soil types because of nutrient availability and water
supply for plant growth and root development. The review shows that the NAPLs, in
particular, have an effect, which suggests that there is a physical effect of NAPLs on

plants rather than the chemical impact.

In this thesis, experimental works with ryegrass (Lolium perenne) grown under both
hydroponic conditions and planted in artificial soils are presented, exploring the impact
of the physical presence of an LNAPL (mineral oil) on plant growth, root distribution and
oil removal. In the presence of LNAPL, a significant increase in root biomass yields and
distribution, a decrease in shoot biomass and significant LNAPL removal were observed.
Roots close to LNAPL sources were able to remove dissolved-phase contamination, and
root growth through LNAPL sources suggest that direct uptake/degradation is possible,
but any contribution from physical and direct interaction between root and NAPL has not
been conclusively demonstrated here. Evidence of root redistribution in the case of
LNAPL contamination across multiple adjacent pores is also presented. Although some
impediment to root growth was seen at low oil contamination levels in general increased
root biomass and also deeper root structures were observed as the coverage of the oil
layer increased. The presence of plants corresponded to significant removal of the LNAPL
in both hydroponic conditions and planted soil, whereas without plants only minimal oil
loss was observed. The research has demonstrated the potential for plants to tackle NAPL
contamination and shows that the phytoremediation of organic contamination is not
limited to tackling only the dissolved phase, but that roots interacted with the NAPL

which resulted in a significant indirect reduction in the presence of the LNAPL.
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Chapter 1 INTRODUCTION

Phytoremediation is the treatment of environmental contamination through the use
of plants to clean up or contain contaminants in soil in situ. It has been used in the
treatment of numerous organic contaminants, with a number of different
mechanisms postulated, including plant-associated direct plant uptake and
translocation into plant shoots and metabolism of the contaminants (Gobelius et
al., 2017, Wang et al., 2004), volatilization of contaminants (Limmer and Burken,
2016) or directly through plant, microbe and contaminant interactions with plant’s
rhizosphere (dos Santos and Maranho, 2018). Phytoremediation techniques are easy
to implement and cost-effective. This strategy for removing contaminants has been
extensively investigated, and the initial phytoremediation research showed great
promise as a cost-effective remedial strategy (Gerhardt, 2009). However, despite a
good knowledge of the mechanisms of remediation, and successful laboratory
studies, efforts to transfer research to the field have been challenging (Tomlinson
et al., 2017). Improvements in practical implementation of this technology requires
a greater understanding than currently exists concerning plants, soils, and plant-
soil interactions involved in the degradation of organic contaminants. With the
actual mechanisms of the multiphase interactions of plants with contaminants
remaining relatively ill-defined and as such pose one of the more intriguing

challenges in phytoremediation research today (Tomlinson et al., 2017).

A significant problem humanity is presently confronting is the degradation of our
soils. Some disturbing facts are 24 billion tonnes of fertile or 12 million hectares
topsoil are lost every year to contamination (Food and Nations, 2015), with greater

consequences on food production, human and ecosystem health.

Phytoremediation success might be limited by (i) the depth of the plant’s root
systems, (ii) the bioavailability of the contaminants with degradation occurring
mainly at the plant rhizosphere (Gent et al., 2007, Arslan et al., 2017) and (iii) the
long time required for complete remediation, as a result of the toxicity effect of
contaminants on plant growth and root development. Nonetheless, there are many
advantages of phytoremediation. The consistency of reported positive reductions or
loss of contaminant across most studies shows that phytoremediation is a
worthwhile intervention for remediating or removing most organic contaminants
from soil. In all cases, however, the interaction between contamination and the

plant root system is central to the success of the treatment. Many organic
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contaminant species are relatively insoluble in water, and so are commonly refered
to as non-aqueous phase liquids (NAPLs), a separate liquid phase to groundwater
which is relatively immobile, difficult to remediate and a persistent and recalcitrant
source of dissolved phase contamination which pose serious management challenges
(Tomlinson et al., 2017). Light non-aqueous phase liquids (LNAPLs), such as fuel
oils, are less dense than water and so are commonly present in the capillary zone
and around the phreatic surface. They are therefore likely to interact with plant
root systems and so could be considered targets for phytoremediation but to date
there has been little consideration of the impact of NAPLs on plant roots, or vice
versa. Their physical distribution may be complex, with scenarios ranging from
larger zones of continuous NAPL contamination to small unconnected individual
ganglia isolated in single pore spaces with the latter becoming more common as the

contaminant source ages.

Interaction between the plant rhizosphere and contaminants is essential for
remediation - the potential for plants to clean up dissolved phase contamination is
well established as these are mobile and easily taken up by roots or microorganisms.
The ability of various species to phytoremediate oil contamination at levels where
NAPLs would be expected has also been demonstrated (Hunt et al., 2018, Lu et al.,
2010). However, the interaction of LNAPLs with roots, and their effect on root
development and morphology, plant growth and subsequent contaminant behaviour
is yet to be established. For example, NAPLs may hinder root development and
instigate root avoidance of NAPL-contaminated pores or zones, but roots in close
proximity to NAPLs may be able to reduce dissolved-phase contamination through
mechanisms including uptake and rhizodegradation such that non-equilibrium
conditions arise, causing relatively rapid dissolution of the NAPL. It may even be the
case that roots and the rhizosphere interact with the NAPL to bring about its
removal or breakdown directly. The impact of likely NAPL-forming contaminants on
roots has been considered previously (Vazquez-Cuevas et al., 2018b), but the impact
of the physical form of the chemical, and therefore the presence or absence of
NAPL, was not addressed. Roots of plants in soil mixed with heavy oil were found to
be coarse and injured (Naidoo, 2016, Franco et al., 2011) with increased root

diameter commonly observed. Effects of oils or similar contaminants that are known
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or likely to impact upon root morphology include decreased hydraulic conductivity
due to heavy oil blocking flow paths (Khamehchiyan et al., 2007a), higher soil
temperature due to darker soil causing increased absorption of heat (Balks et al.,
2002), increased mechanical impedance (Merkl et al., 2005), water deficiency
causing drought stress (Merkl et al., 2005), or increased competition for nutrients
such as phosphorus with microorganisms biodegrading the oil (Merkl et al., 2005).
However, the actual mechanisms of the multiphase interactions of plant, soil
minerals, soil pore liquid and soil pore gas with NAPL contaminants in the
rhizosphere remain ill-defined. Part of this work have been reported in Oniosun et
al. (2018).

1.1 Research aims and objectives

The overall research aim driving this project is to understand plant and NAPL
interactions within the vadose zone. Phytoremediation of organic contaminants
depends on the close interaction between plant and contaminant. For some
phytoremediation treatments of contaminated soils, NAPLs may be present and
prove detrimental to the process. A key question is whether the spatial distribution
of roots is governed or correlated with the spatial distribution of NAPL
contamination in the soil and what role does the form of contamination play in the
remediation, and why this happens?. This work will explore the multiphase
interactions of plant, soil minerals and soil pore liquid with NAPL contaminants at
microcosm and macrocosm levels. By so doing, the investigations seek to develop
an understanding of how phytoremediation can be employed for source zone

treatment in the presence of NAPLs.
In addressing the project aims, some questions are to be answered:

e What is the performance and efficacy for current phytoremediation studies

based on scientific findings?

¢ What is the impact of NAPL on physical distribution of roots at pore scale as

a single plant exposed to oil?
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What is the impact of NAPL on physical distribution of root growth on a

planted soil?

How do plants impact the behavior and fate of NAPL?

Some objectives were established to address the research questions:

Conduct a review of current literature available to compare a large number
of phytoremediation studies with regards to their performance and efficacy
of the studies. Compare broad trends in results focusing on scientific

findings.

Investigate and observe the impact of contaminant spatial distribution on
the root development in individual plants in order to understand the

interactions of roots and non-aqueous phase liquids at the small scale.

Investigate and observe the spatial distribution of root development
between contaminant spatially distributed in unsaturated, NAPL
contaminated soils in order to understand the interactions of roots and non-

aqueous phase liquids at the larger scale.

Investigate and study the fate of NAPLs in order to understand whether
plants clean up only dissolved contamination or if there is any effect on the
NAPL itself.

In order to address the primary aims of the thesis, two series of experimental

laboratory works were designed and undertaken:

Experiment 1 - Laboratory microcosm phytoremediation experiments.

The hydroponic microcosms mimicked the soil pore structure to explore the impact

of NAPL on individual plant root systems with single seed. The principal aim of the

hydroponic study is to explore how root growth and distribution is affected by

physical proximity to an LNAPL in the pore space. Quantitative and semi-

quantitative measurements for root growth, root morphology, NAPL loss, shoot

height and root length were measured over time, and root and shoot biomass
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determined. Preliminary results from a small part of this work have been reported
in Oniosun et al. (2018).

Experiment 2 - Laboratory mesoscale phytoremediation experiment.

The larger scale mesocosms have explored phytoremediation and impact of oil on
plants in artificial soil systems. The behaviour observed at the microcosm scale was
explored at a larger scale in soil mesocosms to determine how the response of an
individual plant could be extrapolated to the behaviour of a planted soil and its
effect on LNAPL contamination. The primary aims of the mesocosms study are to
observe the spatial distribution of root development in the presence of a spatially
distributed contaminant in unsaturated soils and to explore how soil/plant/water
relations are affected by direct physical contact with NAPLs. In particular, this study
investigates the impact of an LNAPL on root growth, root distribution, and oil loss,
in soil at the macroscopic scale. Also, preliminary results from a small part of this

work have been reported in Oniosun et al. (2018).

1.2 Thesis overview

This thesis investigated the multiphase interactions of plant, soil minerals and soil
pore liquid with LNAPL (mineral oil) contamination on two different studies. The
project included the characterization of two soils modeled in the laboratory.
Preliminary growth trials were conducted in the laboratory to test all the equipment

and materials.

This thesis comprises of 6 chapters including chapter 1 (Introduction), dealing with

the context and background of previous researches in the field of phytoremediation.

Chapter 2 - Literature Review: This chapter used an elaborate review methodology
to compare a large number of phytoremediation studies with regard to their
performance and efficacy. The study assessed 350 experimental (laboratory and
field-based) articles concerning the success or otherwise of phytoremediation and
by combining outcomes from multiple studies seeks to identify patterns and
relationships not apparent at the level of individual investigations. The study

compared broad trends in results focusing on variables such as site-specific soil
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conditions, plant and contaminant type, soil pH and organic matter/organic carbon,

plant survival, contaminant reduction and the fate of pollutants.

Chapter 3 - Materials and Methods: This chapter presents the materials used and
the experimental methods adopted for carrying out the laboratory tests presented

in this thesis, and the methods used to analysed and interpreted results.

Chapter 4 - Laboratory phytoremediation experiments on the impact of NAPLs on
root distribution and growth, and oil Loss, at the pore-scale. This chapter presents
the results of the experimental work with ryegrass (Lolium perenne) grown under
hydroponic conditions, exploring how plant growth, root distribution and
development, and oil removal are affected through direct physical contact with
mineral oil, a light non-aqueous phase liquid (LNAPL), in pore-scale 3D-printed
rhizoboxes. The results and analysis of root distribution and growth, and oil loss in

the hydroponic system are presented.

Chapter 5 - Laboratory phytoremediation experiments on the impact of NAPLs on
root distribution and growth, and oil loss, in soils at the macroscopic scale. This
chapter presents the results of a series of experiments that studied the impact of
NAPL contaminants on plant growth in artificial soils at the macroscopic level to
identify how phytoremediation can be employed for source zones treatment in the
presence of NAPLs. The results and analysis of root distribution and growth, and oil

loss in the artificially prepared sandy loam and loam are presented.

Chapter 6 - Implications and conclusions. This chapter applied the knowledge gained
from the pore-scale and the macroscopic experiments to discussed how plants
impact the behaviour and durability of NAPLs and identify how plants can be
employed for phytoremediation of source zone contamination where NAPLs are

present.

Work conducted as part of this thesis has been presented at the 8th International
Congress on Environmental Geotechnics in 2018. An article has also been submitted
to the Journal of Environmental Management. All papers are presented in Appendix
2.
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2.1 Introduction

This chapter presents the results of a review to compare a large number of
phytoremediation studies. Phytoremediation is a method for cleaning up a wide
range of environmental contaminants, a technique by which plant root exudates
trigger microbial activities, or induce microorganisms to produce specific enzymes
to enhance rhizodegradation or a process where plants degrade pollutants through
plant uptake and metabolic process. However, this technology still requires a
greater understanding than is currently available concerning plant and soil
components and interactions involved in the degradation of organic contaminants.
The goal of this study was to compare a large number of phytoremediation studies
with regard to their performance and efficacy. The study assessed 350 experimental
(laboratory and field-based) articles concerning the success or otherwise of
phytoremediation and by combining outcomes from multiple studies seeks to
identify patterns and relationships not apparent at the level of individual
investigations. The study compared broad trends in results focusing on variables
such as site-specific soil conditions, plant and contaminant type, soil pH and organic
matter/organic carbon, plant survival, contaminant reduction and the fate of

pollutants.

The aim and objectives of the review undertaken here is to significantly extend
work done in previous reviews by combining outcomes from multiple studies and
identify patterns and relationships not apparent at the level of individual
investigations. And to compare broad trends in results focusing on quantitative

analysis of scientific issues.
2.2 Methodology

An elaborate review methodology was used to compare a large number of
phytoremediation studies regarding their performance and efficacy. Analysis was
used to merge results and compare broad trends in outcomes (Antman et al., 1992).
The methodology has been used to review large number of phytoremediation studies
on the multiphase interactions of plant, soil minerals, soil pore liquid and soil pore
gas with LNAPL contaminants. A key objective of the elaborate review methodology

is to minimise bias and ensure that all reasonable efforts are made to include
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relevant research papers and not be restricted by language or publication status.
Such bias is minimised by adopting elaborate, review search methods that seek to
gather research evidence which meets pre-set selection criteria to address the
specific research questions. Such a meta-analysis procedure was used to assess 350
experimental (laboratory & field-based) articles regarding the success or otherwise

of phytoremediation to determined trends in outcomes.
2.2.1 Literature search and scope

Data sources on the effects and mechanism of phytoremediation of residual oil
hydrocarbons on soil were collated from the scientific literature. The following
sources which include electronic databases covering all available years were
searched for relevant studies: Scopus, Google Advanced Scholar, Web of Science,
Engineering Village, Intute, National and regional databases, Universities Websites,
Dissertations and thesis databases. To enhance the search of various bibliographic
databases a combination of search fields were used. In most of the databases, a
search using the Regular Search Field, an Advanced Search Option or the Multi-Field
Search Option was undertaken. The search was carried out with two or more search
terms active, typically for each search term (loose phrase or separate words) the
field where those terms appear was also defined (with “Title, Abstract, and
Keywords” fields mainly used to retrieve results in the title and summary of the
documents). The concept of phytoremediation was combined with descriptive terms
defining the contaminant by using the ‘OR’ or ‘AND’ operator based on the database
platform. Also, truncation was used for finding variants of search terms, e.g. phyto*
- to find phytoremediation, phytovolatilisation, phytodegradation, etc. Truncation
was also combined with wildcard symbols (e.g., **’ or ‘?” or ‘#’, depending on the
database), to find terms with alternative spellings, such as “phyto*volatili#ion”.
Proximity searching was also carried out to find relevant results if they appear in
different order by using different operators, depending on the database platform,
such as Scopus Pre/n and W/n. e.g., phyto Pre/2 remediation and phyto W/2

remediation or ‘Remediation W/2 by the plant’, etc.

The terms in Table 2-1 were searched using truncation, wildcard and proximity

symbols depending on the database platform:




Chapter 2: Literature Review

Table 2-1- Search terms from various bibliographic databases

Process search terms (Loose The The descriptive terms
phrase or Separate words) combine
operators
Phytoremediation of Petroleum
Plant remediation of Contaminated soil
Phyto* of Residual oil
Natural phytoremediation of Hydrocarbon
Phytovolatilizion of Bioremediation
Rhy?odegradation of Oil
Rhi?oremediation of Diesel oil
Rhi?ostimulation of ‘AND’ / Total Petroleum Hydrocarbon
‘OR’ (TPH)
Phytorestoration of Polycyclic Aromatic Hydrocarbon
(PAH)
Phytoaccumulation of Light non-aqueous phase liquid
Phytotransformation of LNAPL
Plant-assisted Dense non-aqueous phase liquid
bioremediation of
Plant-assisted degradation DNAPL
of
Plant-aided in situ Organic contaminant

biodegradation of
Chlorinated Organic
Chloro ethylene

2.2.2 The data collected

Data were independently obtained from the selected studies to determine broad
trends in outcomes based on quantitative analysis of scientific issues. Data were
extracted on the following key elements: the nature, type and concentration of the
contaminant, the types of remediation technique used, the success or otherwise of
technique, remediation plant(s), analyses, and results summary. The properties of
the soil were also collated such as organic matter, pH value and soil types.
Outcomes such as plant viability & survival, contaminant reduction and the fate of

contaminants were also gathered as outlined in the research aims and objectives.
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The values of the added or estimated contaminants in the soil by the studies were
normalized arbitrarily using the ‘Dutch Values’ - Earth/sediment (mg/kg dry matter)

‘Intervention Values’ for soil remediation (van Volkshuisvesting, 2000, Pronk, 2000).
2.2.3 Implementation of paper selection and data collection process

The study selection was made in the following steps: (i) merging search results and
removing duplicate records (ii) examining title and abstracts to remove obviously
irrelevant studies, (iii) reviewing full text reports to ensure relevance of studies,
(iv) making final selection decision on study inclusion based on relevance of studies
and (v) undertaking data collection. To help ensure that the decisions of which
studies to add are reproducible, literature suggested that it is advantageous for
more than one author to repeat parts of the selection or analysis process (Becker,
1998, Higgins and Green, 2011). In this review, the author and the PhD supervisors
took part in the paper selection process. The data collection process, analysis and
graphical plots were carried out by the author. The assessments of relevant papers
were made by people who were masked to information about the article, such as
the journal that published it, the authors, the institution, and the scope of the
results. The final data set contained 350 papers. The majority of the selected
studies are laboratory experiments (75%), followed by greenhouse studies (17%),

with 8% corresponding to field research.

The studies have been classified using two different categories considering
contaminant type and contaminant state. The contaminant type category defines
studies as considering either ‘heavy oil’, ‘total petroleum hydrocarbons’ (TPH),
‘polycyclic aromatic hydrocarbons’ (PAH) or ‘higher alkanes’ (TPH has been
separated from higher alkanes because TPH are measure of gross quantity of amount
of petroleum-based hydrocarbons without identification of its constituents
(Edwards et al., 1997)). These sub-categories are based on the methods for sampling
and analysis of environmental media for the family of petroleum hydrocarbons as
listed by the Total Petroleum Hydrocarbon Criteria Working Group Series (TPHCWG)
who group hydrocarbon compounds into a small number of fractions having similar
transport properties. i.e., compounds having similar leaching factor (LF) and
volatilization factor (VF) values ranging one order of magnitude for both aromatics
and aliphatics (Gustafson, 1997). The range represents the fractions in equivalent

carbon number (EC). It is a reasonable level of accuracy, given the simplifying
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assumptions and uncertainty inherent in modelling the behaviour of hydrocarbons
in soils and is consistent with other approaches dealing with complex mixtures
(Bischoff et al., 1991, Peterson, 1994). The second categorisation is related to state
of the contaminants and groups the studies as considering DNAPL, LNAPL, or
dissolved contaminants. The sub-categories were determined based on density and
site concentrations compared to water solubility of the petroleum hydrocarbons
contaminants for the actual study conditions. The two categories have been chosen
because there has not ever been any consideration of phytoremediation tackling
free-phase contamination explicitly. Mineral oil (light and heavy or white mineral
oil (petroleum) or saturated hydrocarbons)) have been classified under TPH (for the
contaminant type category) and under LNAPL (for the contaminant state category).

The breakdown of studies for each category are shown in Table 2-2.

Table 2-2 - The reviewed studies contaminants grouping by the review

Contaminant Type Percentage of Studies (%)
Heavy oil 44

Total petroleum hydrocarbons (TPHs) 27

Polycyclic aromatic hydrocarbons (PAHs) 21

Higher alkanes 8
Contaminant State Percentage of Studies (%)
Light non-aqueous phase liquids (LNAPLS) 67

Dense non-aqueous phase liquids (DNAPLs) 26

Dissolved (Concentration below solubility 7

limit)

The analysis of the collected data has been structured to begin with the study of
the effects of LNAPLs and residual oils on physical, mechanical and chemical
properties of the soils and then, the impacts of LNAPLs on the plant behaviour and
survival. This is then followed by consideration of the phytoremediation and plant
accumulation of LNAPLs and residual oil and the implications for practical

application.
2.2.4 Limitations and exclusion criteria

The review does not cover intervention techniques focusing on metals pollutants

and mathematical models. Across studies, the depth of hydrocarbon contaminants
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in the soil varied but the effects of contaminant depth were not analysed in the
review. Moreover, the results of current research regarding plants used are difficult
to interpret, and causative relationships are hard to establish because many studies
involve plant species with many phenotypic differences. Growth conditions are not
reported because the condition varied widely between studies. Contaminant levels
and concentration are not reported; however, they have been used in the review
sub-categories which were determined based on density and site concentrations
compared to water solubility of the petroleum hydrocarbons contaminants for the

actual study conditions.

2.3 Impact of NAPLs and residual oil on soil properties

2.3.1 NAPLs and residual oil physical effects on soil properties

NAPL contaminated soil saturates more gradually when compared to similar
uncontaminated soils because of the nonpolar characteristics of the oil which causes
contaminated soils, especially with high viscosity contaminants to exhibit poor or
restricted water infiltration (Boulding and Ginn, 2016, Alrumman et al., 2015). The
clogging of the pore space restricts water from reaching the rhizosphere and blocks
interchange of gases in the soil. Some studies observed aggregation of NAPL
contaminated soil, while others reported soil structure disintegration and dispersion
following contaminant release. The non-polarity of oil causes the observed effects.
It was suggested that the non-polarity of oil further restricts the infiltration of water
and oxygen into the soil profile (Fernandez and Quigley, 1985, Khamehchiyan et al.,
2007b). The restricted infiltration of water and oxygen can also lead to a decrease
in the Atterberg limits in clay soil with increasing LNAPL contamination and there is
a reduction in maximum dry density and optimum water content of the soil
(Ghasemzadeh and Tabaiyan, 2017). Therefore, with restricted water infiltration in
contaminated soils, the ability of the soil particles to be densely compacted is
usually inhibited by capillary forces. Moreover, with the increasing oil content, the
capillary tension force will decrease, (Delage, 2013, Fernandez and Quigley, 1985)
due to the hydrophobic nature of oil that can inhibit water from making contact
with the soil particles, this can create a soil crust which can also restrict water and

oxygen infiltration into the soil profile and hinder plant development.

12
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Direct shear tests to investigate the impact of NAPL contamination on the strength
properties of soil show an extreme reduction in cohesion with increasing oil
addition, especially in fine soils (Delage, 2013, Alrumman et al., 2015). Studies
suggested that during infiltration of an unsaturated soil only capillary forces are
involved. Therefore, the reduction in shear strength following NAPL contamination
is likely due to mechanical interactions caused by the viscosity of the pore fluid and
the physical-chemical impacts caused by the reduced dielectric constant

(Ratnaweera and Meegoda, 2005).

It has been reported that following a release or oil application to the soil, the
moisture content may increase or decrease depending on the soil properties (Benka-
Coker and Ekundayo, 1995, Khamehchiyan et al., 2007b). Phytoremediation studies
suggested that residual oil will pool in poorly drained low areas in fine-grained soils,
displacing pore gas and causing the soil to saturate (Marin-Garcia et al., 2016). In
contrast to clayey soils, sandy soil presented severe water repellency due to
relatively small surface area and low organic content, and are more prone to
develop soil water repellency than finer soil (Oostindie et al., 2017). Some well
aerated NAPL contaminated soils have a propensity to dry out and be susceptible to
erosion as a result of increase in water repellency which may result in very long
infiltration times causing more run-off, soil erosion, and a reduced capacity of the

soil to support vegetative growth for phytoremediation (Huang et al., 2018) .

Therefore, the adequate addition of organic residues leads to the synthesis of
complex organic compounds that hold soil particles together which help to maintain
a loose, open, granular condition (Meena et al., 2015, Mbuthia et al., 2015) . Water
is then better able to infiltrate and percolate downward through the soil. Organic
matter promotes soil granulation thus maintaining large pores through which water
can enter and percolate downward which permit the better exchange of gases
between soil and atmosphere and thus enhances plant growth (Senesi and Loffredo,
2005).

2.3.2 NAPLs and residual oil chemical effects on soil

Studies indicate that inhibition of the nitrification of ammonium-N to nitrate-N is
one of the key effects of NAPLs and residual oil on the soil as a result of

contaminants depressing the activity of the microorganisms, such as low
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temperature and a deficiency of water leading to low oxygen and unfavourable
conditions for nitrifying bacteria (Nitrosomonas) (van Kessel et al., 2015). The
extractable potassium and phosphorus levels in the soil may also become inhibited
after contamination due to the reduction in nutrients availability following oil
contamination (Inglezakis et al., 2017, Ramadass et al., 2015). Usually, there is a
high demand for oxygen by microorganisms following LNAPL addition to soil, and
anaerobic conditions may arise as the oxygen levels in the oil contaminated soil
become diminished (Marshall, 2012, Norris, 2017). Literature suggests that
increased solubility of iron and manganese in NAPL contaminated soil may also
contribute to anaerobic or reduced nutrients conditions (Alarcén et al., 2008) that

causes inhibition to plant developments.

2.4 Impact of LNAPLs and residual oil on plant behaviour and

survival

2.4.1 Effects of contaminants on plant growth and developments

Organic contaminants are known to inhibit plant growth (Buss et al., 2015, Franco
et al., 2011, Vazquez-Cuevas et al., 2018c). The primary inhibiting factors are
considered to be the toxicity of lower molecular weight compounds and the
hydrophobic properties of the higher molecular weight compounds limiting the
ability of plants to absorb water by decreasing the field capacity of soils and

nutrient contents (Inglezakis et al., 2017, Norris, 2017).

The effect of contaminant presence on plant growth in the reviewed literature was
categorised based on seed emergence and relative plant yield data, using the

descriptors detailed in Table 2-3.
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Table 2-3 - Categorisation of effects of LNAPLs and residual oil on plant growth *by

fresh/dry weight of shoots and leaves, shoot height, root length, fresh/dry biomass of

shoot, fresh/dry biomass of root, chlorophyll content or soluble protein content. The

contaminant effect descriptor was based on the review statistical analysis.

Contaminant effect
descriptor

Seed emergence relative to

control (days)

Plant yield*:
(%) of control

Significantly Promotes
Plant’s Growth

Moderately Promotes
Plant’s Growth

Slightly Promotes Plant’s
Growth

No Reported Inhibition
on Plant’s Growth

Slightly Inhibits Plant’s
Growth

Moderately Inhibits
Plant’s Growth

Significantly Inhibits
Plant’s Growth

Over 5 days early

3-4 days early

1-2 days early

The same as control

1-2 days delayed

3-4 days delayed

Over 5 days delayed

Over 120

110 - 120

100 - 110

No apparent change

70 - 99.5

40-70

0- 40

The results of this meta-analysis are shown in Figure 2-1, subdivided by each

contaminant state considered (as defined in Table 2-2).
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Figure 2-1 - The effect of contaminant states on plant growth and survival

Figure 2-1 indicates that both LNAPLs and DNAPLs have the potential to affect plant
growth, with 81 % and 73 % of studies indicating some inhibition (i.e. this covers the
three worst categories) of plant growth and 27 % and 43 % of studies indicating a
significant impact from LNAPLs and DNAPLs respectively. Studies suggest that the
disparity between solubilities of the constituents in NAPL has significant
implications for the behaviour of these contaminants and their potential to
contribute to plant development. First, some NAPLs compounds are toxic
predominantly because of the relative solubility in water and volatility, e.g.
xylenols, cresols and naphthols (Mateas et al., 2017, Malk et al., 2014). Literature
suggests that the lower molecular weight (lighter fraction) hydrocarbons are more

toxic than the medium and heavy fractions. For example, among the chlorinated

16



Chapter 2: Literature Review

paraffins (CPs), the longer chains (LCCPs, C >17) are insoluble in water and are
therefore metabolised slowly making them less toxic to plant growth (Parrish et al.,
2006). Moreover, the soluble aromatic compounds appear to be more toxic because
they degrade more slowly and are more volatile, and can move quickly through the
cell membranes, causing harm to the plant and consequentially inhibit growth
(Vazquez-Cuevas et al., 2018b). Second, the significant inhibition in plant growth
has also been attributed to the presence of medium and higher molecular weight
NAPLs in the soil, and even though they were reported to be less toxic, they did
affect soil fertility and interchange of gases by clogging pore space. (Chen et al.,
2013, Ramadass et al., 2015). This is because with low solubility and low volatility,
the medium and higher molecular weight NAPLs are persistent in the environment
(Vazquez-Cuevas et al., 2018b). Moreover, the exposure of the medium and higher
molecular weight NAPLs to sunlight will increase their toxicity through acid and
peroxide formation (Franco et al., 2011, Wolfe, 2013a). Compounds that are less
soluble also tend to be more recalcitrant to phytoremediation and tend to cover the
surface of the soil particles thereby reducing the electrostatic interaction with some
essential nutrients (K, Ca™, NH4") for the plants (Atlas and Bartha, 2012, Wolfe,
2013a). Under these conditions, the plant will experience a metabolic imbalance
caused by a condition of oxidative stress which hampers the ability of the cell to

regulate the chemical processes (Romeh, 2017, Hou et al., 2015).

However, in Figure 2-1, the presence of dissolved contaminants with concentrations
below the solubility limit appears to be less toxic to the plants with only 25% of
studies report any noticeable inhibition on plant growth (i.e. this covers only two
of the worst categories). This is possibly due to the fact that they degrade more
rapidly (Wolfe, 2013a, Wenzl et al., 2006). Therefore, the NAPLs (lower, medium
or higher molecular weight) have potential to contribute to the adverse effect on
the plant growth due to high toxicity of their soluble components and can form a
hydrophobic layer around root and seed that reduce nutrients absorption and
oxygen. The NAPLs, in particular, may have an effect on phytoremediation, the
review has indicated that both the medium and higher molecular weight NAPLs are
persistent in the environment which suggests that there is a physical effect of NAPLs

on soil and plant development rather than just the chemical impact.
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70 % of studies reported a reduction in fresh or dry weight of shoots and leaves of
plants with increasing contaminant concentration. Palmroth et al. (2006) and Zhang
et al. (2010) found that the presence of high levels of contaminants negatively
affect the growth and health of plants due to the reduced permeability of solutes
induced by the introduction of pollutants. It was noted that clogging of some inter-
particle spaces by contaminants, reducing the available inter-particle spaces for
water seepage, is considered to be one of the reasons for this. Some physiological
processes in plants, such as transpiration, respiration, and translocation are also
affected adversely by oil contamination. It has been established for some time that
heavy oils have herbicidal properties and direct effects on plants are usually very
distinct (Baker, 1970). Leaves may display signs of phytotoxicity such as chlorotic
or necrotic lesions and stunted growth (Adelusi Oyedeji et al., 2015, Agamuthu et
al., 2010). Basumatary et al. (2012) and Feng et al. (2016), studying Cyperus
odoratus and paddy rice in the presence of organic contaminants, also reported that
there is a reduction in growth and development in terms of height, leaves and

biomass production, which are usually characteristics of plant stress.

Plant roots can be directly or indirectly affected by the presence of heavy oil in the
soil. Studies observed that roots of plants growing in pots after the soil was mixed
with heavy oil were coarse and injured (Merkl et al., 2005, Phillips et al., 2012),
with the roots of Brachiaria brizantha (Hochst. ex A. Rich.), Stapf (Poaceae), and
Cyperus aggregatus (Willd.) were severely damaged and death resulted in
contaminated pots. Root death or injury can be related to intermediate compounds
- alkanoic acids, phenols and aromatic acids that can potentially form when heavy
oil is biodegraded by microorganisms in soil (Atlas and Bartha, 2012, Vazquez-
Cuevas et al., 2018b). Also, petroleum hydrocarbon-contaminated soil may become
anaerobic and reducing conditions can result in increased solubility of iron and
manganese to the level that the potentially phytotoxic elements are sorbed by roots
and plants leading to growth deterioration in the form of thicker roots and

decreased shoot height and mass (Alarcon et al., 2008, Dodangeh et al., 2018).

The results of the meta-analysis are also shown in Figure 2-2, subdivided by

contaminant type (as defined in Table 2-2).
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Figure 2-2 - The effect of contaminant type on plant growth and survival

Considering Figure 2-2 it is clear that heavy oil, total petroleum hydrocarbons (TPH)
and polycyclic aromatic hydrocarbons (PAH) have potential to affect plant growth

with 25, 37 and 32 % of studies respectively reporting a significant impact on growth
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and 34, 32 and 18 % of studies respectively indicating moderately effects on growth
and development of plants. The reports of significant and moderate impacts for the
TPHs and PAHs are perhaps due to the toxicity of their soluble components on the
plants (Rice et al., 1976, Wolfe, 2013a, Wenzl et al., 2006). Dissolved forms of
these groups contain components that are toxic to the plant growth as water
solubility determines the possible routes of its entry into the plant cells (Ramadass
et al., 2015). Moreover, low solubility and low volatility of the heavy oil
contaminants makes them persistent in the environment and more recalcitrant to

phytoremediation.

From the reviewed literature, the reduced percentage growth and development for
heavy oils, TPHs and PAHs may be due to a decrease in the soil organic carbon and
total nitrogen after contamination (Al-Surrayai et al., 2009, Sutton et al., 2014).
The loss of nitrogen could have resulted from the conversion of nitrate ions to
gaseous forms of nitrogen through a series of subsequent biochemical reduction
reactions as a result of denitrifying bacteria associated with the biodegradation
process. Moreover, the hydrophobic nature of contaminated soil can also act as a
physical barrier leading to a reduction in oxygen and water, and poor accessibility
of nutrients especially nitrogen to the rhizosphere. The decrease in soil available
organic carbon may be due to the facts that soil organic matter is capable of
enhancing the adsorption of organic chemicals and reducing the bioavailability of
pollutants which may lead to a decrease fraction of organic carbon available for

microorganism degradation. (Chen et al., 2015).

In general, the higher alkanes have no impacts as reported by 75% of studies (Figure
2-2). These are chemicals which have been reported to be nearly non-toxic (Benelli
et al., 2017, Esbaugh et al., 2016) and are insoluble in water and therefore

metabolised more slowly from solution (Forth et al., 2017).
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2.4.2 Toxicity effects of different types of LNAPLs and uptake

mechanism

The toxicity of LNAPL components on plants and animals has been considered in
many studies, with aromatic hydrocarbons and then naphthenes being reported as
the most toxic (Rice et al., 1976, Wolfe, 2013b). Alkanes were recorded as the least
toxic (Baker, 1971, Ottway, 1971) while pentadecane and higher alkanes are nearly
non-toxic (Wolfe, 2013b). Moreover, the low molecular weight members of the
alkanes are also most volatile, e.g., ethane. The interchange of the aromatic
compounds with methyl increases their toxicity (Kauss et al., 1973, Rice et al.,
1976), but also reduces their solubility in water and volatility meaning that toxicity
can often be inversely correlated with water solubility. Joner et al. (2004) reported
that monocyclic aromatics are the cause of serious injury to plants, and polycyclic
aromatics cause long-term harm. Examples of polycyclic aromatic hydrocarbons in
crude oil are 3,4-Benzopyrene, alkylbenzanthracenes, Benzo(d,e,f)chrysene and
1,2-Benzanthracene (Wenzl et al., 2006) and are classified as being carcinogenic by
International Agency for Research on Cancer (IARC, 1972). Substituting nitrogen or
oxygen in aromatic compounds in crude oil are also highly toxic and are quite
hazardous because of the relatively high solubility in water, examples are pyridines,
xylenols and cresols and their derivatives (Wolfe, 2013b). Toxic compounds with
high water solubility can also occur as intermediate compounds of microbial
degradation; examples are phenols, aromatic acids and alkanoic acids (Joner et al.,
2001). Nonetheless, the intermediate products of the degradation are rapidly
degraded further to carbon dioxide by various microbial species in the presence of
oxygen (Siddiqui et al., 2001). Exposure to direct sunlight may also increase the
toxicity of NAPLs through acid and peroxide formation (Kauss et al., 1973, Wolfe,
2013b).

The degradation process of organic contaminants by plant enzymes occurs both in
root and shoot tissue. Usually, the movement of organic contaminants into plants
occurs via the liquid phase of the soil via the following pathway as illustrated in
Figure 2-3 (Simonich and Hites, 1995).
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Sail Outer | Inner Xylem / Inner | Outer Seeds
root | root Phloem leaf | leaf

Figure 2-3 Uptake mechanism and translocation of organic contaminants

The plant enzymes can catabolize organic contaminants by wholly mineralising the
organic pollutants to inorganic compounds, e.g., water and carbon dioxide, or by
partly degrading them to stable intermediate compounds that are accumulated and
stored in the plant tissues (Arslan et al., 2017, Chirakkara et al., 2016). The
reviewed studies explained that the process of contaminants being taken up into
plant roots consist of three parts. Firstly dissolved in the aqueous solution within
the rhizosphere; secondly, adsorbed on the root (Li et al., 2014b); and thirdly

penetrating into root tissues (Hurtado et al., 2016).

From the review literature, Vervaeke et al. (2003) observed a significant decrease
of 79% in the mineral oil concentration in the planted disposal site, with the mineral

oil degradation under willow was most pronounced in the root zone.

2.4.3 NAPLs and residual oil effects on seed emergence

In some phytoremediation studies, a delay in seed emergence and stunted growth
was observed following oil contamination (Golan et al., 2016, Spiares et al., 2016).
Adieze et al. (2012) suggested that contaminants can cause a film of oil to form
around the seed which would act as a physical obstacle, prohibiting or reducing both
water and oxygen transfer to the seed. As soil moisture conditions are affected by
heavy oil contamination and due to hydrophobic nature of petroleum, water spreads
inhomogeneously in the contaminated soil which can inhibit water from reaching
the seed thereby adversely affecting seed emergence (Spiares et al., 2016, Xu et
al., 2018).
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2.4.4 Plant tolerance to NAPLs and residual oil contamination

Plant tolerance to organic contaminants is dependent on plant species, and also, on
the type and concentration of the contaminants in the soil (Wu et al., 2015, Lv et
al., 2016). The reviewed studies have assessed seed germination and plant yield as
a means of assessing plants tolerance to organic contaminants. Most species with
few stomata (i.e. tiny openings that allow plants to exchange gases necessary for
cellular processes) and a thick cuticle (i.e. the water-impervious protective layer
that limits water loss) have been reported to be more tolerant of NAPL (Edema et
al., 2011, Heredia-Guerrero et al., 2018). The thick cuticle and few stomata are
advantageous in reducing transpiration. Moreover, in extremely wet conditions, the
few stomata and thick cuticle will prevent the excess water from leaching out

nutrients (Fernandez et al., 2017).

Literature also suggests that perennial plants with large food reserves are more
tolerant than plants lacking underground reserves such as most annual plants
(Barrutia et al., 2011, Bento et al., 2012). Plants with large underground food
reserves in root systems (stolons and rhizomes) are more likely to; first, have an
alternative supply of water and nutrient to mitigate the toxic effects and the
inhibited supply of solutes and nutrients following oil contamination (Helga et al.,
2018); second, plants are able to accumulate the organic contaminants into the
storage system (Bonanno and Vymazal, 2017); third, enzymes are exuded (such as
oxidoreductases) which may be able to metabolise organic contaminants (Hurtado
et al., 2016); and fourth the enrichment of rhizosphere microorganisms which may
be involved in the degradation processes (Macherius et al., 2014). Therefore,
perennial plants survive contamination by underground rhizomes with studies
suggesting that these species are the least sensitive when compared with annual
vegetable crops that lack underground rhizomes or storage organs. These include
amaranth, green pea, sorghum, maize, southern crabgrass, bermudagrass and

alfalfa planted in oiled soil.

Tree species can also tolerate organic contaminants in soil. It was indicated that
tropical woody plants, kiawe, milo, and kou showed less stress to organic
contaminants as the seeds planted in contaminated soil did not suffer any adverse
effects, and there was even, a decrease in the germination time (Pérez-Hernandez

et al., 2013, Bento et al., 2012). Studies suggest that this is linked to an increase in
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the adsorption of water into the seminal cover of the seeds and the endosperm that
causes enzymatic changes at the start of the germination (Zhang, 2013). Moreover,
upon going through stress, the trees respond to organic contaminants in the soil by
changes in rhizosphere exudates, which causes a modification in the rhizospheric
activities and microflora composition which then results in the degradation of the
contaminants, hence reducing the layer of contaminants around the roots (Pérez-
Hernandez et al., 2013). The tree species also tolerate organic contaminants due
to the deep roots which can penetrate beyond contaminated layers after they are

well established, their long life and biomass production (Rivera-Cruz et al., 2016).

2.5 Impact of soil on phytoremediation of organic contaminants

2.5.1 Impacts of organic matter and different soil types on

phytoremediation

Optimal plant growth is a major factor influencing rhizodegradation of hydrocarbon
contaminants. Soil organic matter content directly or indirectly affects the
availability of nutrients for plants used in phytoremediation, by functioning as a
source of N, P, S and many other substances through its mineralization by soil
microorganisms. Organic matter promotes good soil structure, thereby improving
tilth, aeration and retention of moisture and increasing buffering and exchange
capacity of soils in the hydrocarbons contaminated soil rhizosphere and also,
influencing the supply of nutrients from other sources, for example, as an energy
source for N-fixing bacteria to reduce the adverse impacts of organic contaminants
(He et al., 2015).

Organic matter has a profound effect on the structure of many soils. The soil organic
constituents favourably influence the permeability, aeration and water-holding
capacity of soil (Zhou et al., 2018). Usually, when compared with the
phytoremediation of the contaminated soils with low organic content, soil with a
high organic matter will have a higher oil holding capacity. The results of a
laboratory phytoremediation experiment by Rowell (1976) on soils with different

organic matter contents showed the fastest rate of oil decomposition in the soil
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with high organic matter, while decomposition of oil was slow and low in soil with

a low organic matter content.

A soil texture triangle analysis (Shirazi and Boersma, 1984) is presented in Figure 2-
4 (overlaid the results from the 350 phytoremediation review studies) to explore if

soil texture has any bearing on contaminant removal.
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Figure 2-4 - The effect of soil types on contaminant removal based on the overlaid

results from the 350-phytoremediation reviewed literature

Moreover, Figure 2-5 shows the effect of soil texture and the study duration to

explore if soil texture and study time have any bearing on contaminant removal.
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on the reviewed literature. Error bars represent + one standard error of the mean.

It appears from Figure 2-4 that sandy loam, loam and silt loam have a better
contaminant loss than other soil types, with 85% of studies reporting 80% or more
oil loss having these soil types. Also, from Figure 2-5, the rate of contaminant
removal is better for the loam soils (loamy sand, sandy loam, loam and silt loam)
than clay soils, with 141 studies suggested that there was 100% contaminants
removal in less than 200 days. Moreover, this also implies that remediation in clay
is effective but slow, whilst in clay loam it’s faster but not always as effective Figure
2-5. This observation indicates that there is better root development for the sandy

loam, loam and silt loam soil types perhaps due to increased nutrient availability
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and pore water supply for plant growth and root development when compared to
more fine-grained soil. As noted by Gadi et al. (2016), optimum water retention in
the root zone is considered to be one of the essential requirements for plant growth
and yield. As suggested by the effects of plant root on soil-water retention curves
(Leung et al., 2015), sandy loam and loam are at optimum suctions values, whereas
a soil of high plasticity will only desaturate at high suctions. This implies that soil
containing a higher percentage of fine particles will not favour the growth of the

plant species of interest for phytoremediation.

The reviewed studies reported reduced seed germination and low biomass (shoot
and root) production for plants grown in contaminated sandy soils as compared to
contaminated loamy soils indicating a loam texture is a better soil for
phytoremediation. For example, Afzal, (2011) and Al-Sanad, (1995) reported that
during hydrocarbons phytoremediation, loamy soil provided the best medium for
plant growth, and sandy soil the worst. In addition to loam soils having smaller pores
when compared with sandy soils, which favours the optimum water retention in the
rhizosphere, differences in organic carbon content and cation exchange capacity of
the soil also have an impact. Loam soil that is high in organic matter has a high
cation exchange capacity (about 250 to 400 cmol kg-'). However, clay soil has a low
CEC (about 3 - 15 cmol kg™?), while sand and silt soils have a negligible CEC (because
they are not charged particles). Therefore, loam soil usually demonstrates high
nutrient levels that were possibly leading to better plant growth (Kaakinen et al.,
2007, Sharma et al., 2015). Sandy soil texture is typically more porous, warmer,
drier, and less fertile than soils with a medium texture thus limiting plant growth

in phytoremediation studies (Ouzounidou et al., 2015).

Regarding the effect of clay content on oil phytoremediation and degradation, it
was observed that reduction in oil content was inversely correlated with clay
content because clay content influences the properties of soil and, a high clay
content may reduce moisture permeation and aeration and consequentially slow
down decomposition and impede phytoremediation (Ratnaweera and Meegoda,
2005, Nawab et al., 2016).

Moreover, soil water content, which is affected by the organic matter content and
clay content, can influence the amount of oil that is held in the soil pore space and

therefore affect oil phytoremediation. NAPLs must displace the existing pore fluids
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to enter into the pore space; the air is displaced from the vadose-zone pores and
water from saturated zone pores (Delage, 2013). Also, soil moisture conditions are
affected by heavy oil contamination, and due to the hydrophobic nature of
petroleum, water spreads nonuniformly in the contaminated soil, which can inhibit
solutes and nutrients from reaching the rhizosphere. Therefore, the stress
experienced by plants due to lower solutes and nutrients may inhibit plant growth,
leading to an increase in root diameter and reduced root length and consequentially

affects phytoremediation (Liu et al., 2014)

Figure 2-6 presents the overlaid results from the 350 phytoremediation review
studies relating organic matter and soil pH with contaminant loss from the 350
reviewed studies. The Effect of NAPLs and variation between the chemicals were
not analysed. The range of pH is found to be between 5.0 - 8.5 with 85 % of studies
within a pH range of 6 - 8. For studies reporting > 80 % contaminant loss, 20 % of
these studies have pH less than 6.8. These findings suggest that within acceptable
ranges for plant growth, the soil organic matter and pH have little impact on
contaminant removal. Some of the reviewed studies also confirmed that oil
phytoremediation was slow under acidic soil conditions, and an increase in pH of
soil from 6.0 to 7.8 increases the decomposition rate and plant rhizosphere
degradation were optimal at a soil pH of 6.0 - 7.5 (Malhi, 1990, Willscher et al.,
2017).
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Figure 2-6 - The impacts of pH and organic matter on contaminant loss

2.6 Phytoremediation and plant accumulation of NAPLs and

residual oil.

Phytoremediation of organic contamination in soils may arise as a result of
contaminant uptake into plant tissues (Ucisik and Trapp, 2008, Hurtado et al.,
2016), phytovolatilization (Limmer and Burken, 2016) or biodegradation of
contaminants by rhizosphere-associated microorganisms (Ghattas et al., 2017). Less
than 1% of the literature explores explicitly the impact of phytoremediation on
NAPLs, therefore NAPL phytoremediation requires much more investigations than

currently available.

The meta-analysis of contaminant removal by plants and microorganisms by
contaminant state and contaminant type considered (as defined in Table 2-2) are
shown in Figure 2-7 and Figure 2-8 respectively. In Figure 2-8, the heavy oil and TPH

has been separated from higher alkanes because heavy oil and the TPH are measure
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of gross quantity of amount of petroleum-based hydrocarbons without identification
of its constituents. The heavy oil and TPH values still represent a mixture (Edwards
et al., 1997, WHO., 1982).
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or removal

On the above Figure 2-7 and Figure 2-8, it is fairly clear that DNAPLs and LNAPLs,

and certain specific contaminant groups (Heavy oil, TPH and PAH) do appear to have
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more of a spread-out profile (indicating less effective removal) than the dissolved
contaminants and the higher alkanes. Both the higher alkanes group (100 %) and
dissolved group (96 %) have the highest number of studies indicating a medium to
very high contaminants loss. Moreover, Figure 2-1 and Figure 2-2, supported the
results, with 75% of the studies indicating no reported inhibition and slightly
promotes plant growth for the higher alkanes and the dissolved contaminants groups
respectively. Therefore, the better plant growth and root development might have
played a significant role in the significant phytoremediation success of the higher
alkanes and the dissolved contaminant groups. The results suggest that the
significant contaminant loss from the soil for these groups of contaminants may also
be due to less toxicity. Phytoremediation studies showed that the potential for high
phytoremediation of the organic contaminant in the soil could be due to good plant
development and favourable root morphology such as greater root length and larger
surface area (Franco et al., 2011, Merkl et al., 2005). It was noted that fibrous root
systems provide a large specific surface area and root volume and a high number of
root tips to interplay with microorganisms in the rhizosphere thereby promoting soil
aeration by de-compacting the soil and creating new macropores and space for the
pores containing water and oxygen for plant respiration (Colombi et al., 2017, Al-
Kaisi et al., 2017). High root volume could enhance oxidative degradation of organic
compounds (Liao et al., 2015), and this may also widen the way for “trapped”

contaminants to become accessible to plant rhizosphere bacteria.

Figure 2-7 indicates that light non-aqueous phase liquids and dense non-aqueous
phase liquids can also be phytoremediated with 95 % and 93 % of studies suggest a
medium to very high contaminant loss. Likewise, 88, 87 and 93% of studies for heavy
oils, TPHs and PAHs respectively report a medium to very high contaminant loss
which also demonstrates apparent phytoremediation of NAPL contamination,
despite their physical state and toxicity of their dissolved components on plants. It
was reported that the dissolved components of these groups affect plant growth
rate through reducing photosynthetic rates and photochemical efficiency, resulting
in significant reduction in cell size, leaf area, stem elongation and overall plant
mass production (Fatima et al., 2018, Gerhardt et al., 2017). The abiotic stress
effects, may further limit the survival, growth and plant phytoremediation
potential. Since soil polluted with organic contaminants have poor water holding

capacity and high volatility (Agnello et al., 2016), plants are subject to high degree
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of stress effects due to lack of access to solutes and nutrients (Oostindie et al.,
2017).

240 out of 350 studies investigated the effects of contaminants state on plant
accumulation of the contaminant by the plants, and 206 out of 350 studies
investigated the effects of contaminants type on plant accumulation of the
contaminant by the plants. 189 studies (contaminant state grouping) and 145 studies
(contaminant type grouping), suggested that plant don’t accumulate contaminant.
Only 51 studies (contaminant state grouping) and 61 studies (contaminant type
grouping), suggested that plant accumulate contaminant. Therefore, from 112
studies that observed contaminant accumulation from both categories. It was
demonstrated in experiments to determine the residual levels of organic
contaminant concentrations in the plant that shoots and leaves have a higher
concentration of contaminant than the roots and stems following remediation as a
result of soil-to-root transfer of organic contaminants followed by the subsequent
upward translocation of the contaminant in the transpiration stream to shoots and
leaves (Atagana, 2011, Bystrzejewska-Piotrowska et al., 2008, Li et al., 2014a).
Moreover, the root uptake has been reported as the primary pathway for organic
contaminants accumulation in the shoots and leaves (Waqgas et al., 2014). The
process of accumulation by the plant is believed to be by the presence of roots and
the plant enzymes secreted in exudates into the soil; then the degradation occurs
at oil-water interfaces of soil pores where degradative organisms are located before
the uptake of the resultant compound or enzymes within the plant tissues (Kaakinen
et al., 2007, Molnar et al., 2002).

The meta-analysis of contaminant accumulation by the plant as analysed by
contaminant state and contaminant type considered are shown in Figure 2-9 and

Figure 2-10 respectively.
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The contaminants state in Figure 2-9 shows that 96 % of studies reported a
significant plant uptake of contaminants for the dissolved phase and the low

percentage number of studies for LNAPLs (8 %) and DNAPLs (10 %) accumulations in
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the plant. Figure 2-10 illustrating contaminant types indicates that 79 % of studies
for higher alkanes suggest plant accumulate these contaminants and the low number
of studies for heavy oil (11 %), TPHs (11 %) and PAHs (16 %) uptake by the plants.
The higher number of studies reporting accumulations of dissolved phase and higher
alkanes can also be related to Figure 2-7 and Figure 2-8 which show that higher
percentage of studies reported that the dissolved phase contaminants and the
higher alkanes have no or little impacts on plant survival and growth because they
have a low impact on plant. The results suggest that the extent of plant
accumulation of contaminants is affected by contaminant toxicity. Therefore, the
accumulation of organic contaminants could be more significant in an environmental
condition which is characterised by the less toxic (i.e. low impact on the plant

development) organic contaminants present in the soil.

The low percentage of studies reporting contaminant accumulation in the plant with
LNAPLs and DNAPLs, or with heavy oil, TPH and PAHs, is possibly due to the high
initial concentration and the inherent toxicity of their dissolved components (Li et
al., 2014a, Empereur-Bissonnet et al., 2013). Perhaps, it may also be that these
groups are dissolving at such a slow rate that microbes can degrade them before
they get to the plant rhizosphere. Literature reports that though the roots were
exposed to high concentrations of organic contaminants, the plant did not appear
to translocate them into the roots, shoots or leaves probably because they are not
in the non-aqueous form (Montiel-Rozas et al., 2016, Hurtado et al., 2016).
Moreover, the plants’ accumulation of organic contaminants was mostly reported
with the low concentration of organic contaminants (Figure 2-9). Although most oil
components appear to be degraded, the high molecular weight branched
hydrocarbons, and polycyclic aromatic components are broken down quite slowly
(Wang et al., 2012, Ma et al., 2012). The degradation of organic contaminants by
plant enzymes occurs both in root and shoot tissue. The plant enzymes can
catabolize organic contaminants by wholly mineralising the organic pollutants to
inorganic compounds, e.g., water and carbon dioxide, or by partly degrading them
to stable intermediate compounds that are accumulated and stored in the plant
tissues (Arslan et al., 2017, Chirakkara et al., 2016). The reviewed studies explained
that the process of contaminants being taken up into plant roots consist of three

parts. Firstly dissolved in the aqueous solution within the rhizosphere; secondly,

36



Chapter 2: Literature Review

adsorbed on the root (Li et al., 2014b); and thirdly penetrating into root tissues
(Hurtado et al., 2016).

2.7 Implications for practise and conclusions

The understanding of the impact of NAPL on soil quality from the literature review

has inform this thesis in many ways.

It is clear from the literature review that NAPLs and residual oil contamination can
adversely alter the chemical and physical properties of the soil and consequently

affect vegetation.

Sandy loam, loam, and silt loam have a better organic contaminant removal than
other soil types because of the optimum suction values that favour water retention,
nutrient availability and water supply for plant growth and root development. The
literature suggested that high organic matter content leads to good removal but it
is not crucial that it be present as long as organic matter is within the acceptable
range for plant growth, the soil organic matter and pH have little impact on

contaminant removal as suggested from the analysed data.

Laboratory studies have revealed that depending on the volume of contaminants
released and the site properties, some of the LNAPLs or their water-soluble
constituents will usually penetrate the surface soil and be transported as a separate
phase in the vadose zone under the influence of gravity, capillary, and pressure
forces. The migrating NAPLs might be leaving residual droplets such that the
contaminated area is diffuse and comprise of many unconnected small contaminant
sources, while others will migrate downward to the water table and coexist with
water in the pore space. Lateral and radial migration can also occur, depending on
the spill volume and the soil characteristics, and not only in the direction of the
groundwater flow. As a result, the remedial action is challenging, and
phytoremediation methods may offer the viable options for a successful cleaning;
therefore, the potential for phytoremediation of NAPL contaminant sources needs
to be established. For example, roots close to NAPLs may be able to reduce
dissolved phase contamination through mechanisms including uptake and
rhizodegradation, resulting in non-equilibrium conditions that cause relatively rapid

dissolution of the NAPL. Moreover, it may even be the case that roots and the
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rhizosphere interact with the NAPLs to bring about their removal or breakdown

directly.

Plant tolerance to organic contaminants toxicity is species dependent, and the use
of trees and perennial plants with vast food reserves, few stomata and thick cuticle
for phytoremediation could be advantageous because of their deep roots, food

reserves and long life.

Moreover, the residual NAPLs material left following the traditional ex-situ
remediation techniques and evaporation of crude oil are toxic and contain
potentially carcinogenic components which may, consequently, pose a public health

hazard.

The effects of different hydrocarbon contaminants were explored in two ways. The
first group was based on contaminant types, and the second categorised as
contaminant states based on the actual study conditions. Using both categories in
assessing impacts of contaminant types on plant behaviour and plant accumulation
of contaminants. There is a minor effect of different contaminants, with ‘dissolved’
and ‘higher alkanes’ contaminants having little impacts on plant, while all other

hydrocarbons significantly inhibit plant survival.
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3.1 Introduction

This chapter presents the materials used and the experimental methods adopted

for carrying out the laboratory tests presented in this thesis.

Non-aqueous phase liquids (NAPLs) are persistent sources of contamination in the
ground, providing a long-term supply of dissolved phase contamination and taking
significant periods to dissipate naturally. Even in the long term, light NAPLs
(LNAPLs) take the form of a separate phase within the ground, often as individual
ganglia in pore spaces within the capillary zone such that the contaminated region
is diffuse and comprised of many unconnected small contaminant sources.
Consequently, remedial action is challenging and success may be limited to ex-situ
remediation techniques. The ability of plants to phytoremediate dissolved-phase
contamination is well known, but the impact of LNAPLs on plant growth and

subsequent contaminant behaviour is largely unknown.

Two series of laboratory experimental works were carried out based on the overall

research aims and objectives as set out in Chapter 1.

The first series of experiments were carried out to study the impact of a LNAPL on
plant root growth and distribution, and absorption of LNAPL by plants at pore-scale
level. The tests were carried out in small-scale 3D-printed rhizoboxes with a single
ryegrass plant (Lolium perenne) grown in each rhizobox under a soil-free and
hydroponic conditions. The rhizoboxes provided a simplistic model of soil
macropores allowing control of LNAPL distribution and precise monitoring of root

growth and contaminant loss in individual pores.

The second series of experiments were carried out to investigate the impact of a
LNAPL on root growth, root distribution, and oil loss, in soil at the macroscopic
scale. The tests were carried out in a larger scale rhizoboxes with multiple ryegrass
plants (Lolium perenne) grown in each rhizobox using laboratory prepared soils

similar to that of naturally occurring soils.

In section 3.2, the soils used were characterised and the details of light aqueous
phase liquids (LNAPL) used are discussed. In section 3.3, the properties of the soils

were discussed. Section 3.4 presents materials and methodology for the single plant
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experiments. In section 3.5 the materials and methodology for the larger scale
experimental works with plant are described. A summary of the materials used and

some salient features of the test set ups are presented in section 3.6.
3.2 Soils and light non-aqueous phase liquid (LNAPL) used

3.2.1 Soils used

Two soils were prepared and used in this study, such as a sandy loam and a loam.
The compositions of the prepared soils were similar to that of naturally occurring
sandy loam and loam soils. The soil texture triangle (Shirazi and Boersma, 1984)
provided guidelines for determining the percentages of sand, silt and clay for
preparing the two soils. The soils (i.e. sandy loam and loam) were prepared by
mixing predetermined percentages of sand, silt and clay based on the dry weight.
A portable electric mixer was used for obtaining homogenous mixtures. The sandy
loam was composed of 70% sand, 20% silt and 10% clay, whereas the loam was
composed of 40% sand, 40% silt and 20% clay. The soils were selected for this
research because it appears from 350 phytoremediation studies (Figure 2-4 and
Figure 2-5) that sandy loam, loam and silt loam have a better contaminant loss than
other soil types, with 198 studies reporting 80% or more oil loss having these soil
types (Vervaeke et al., 2003, Sung et al., 2004, Reza, 2008, Mohsenzadeh, 2009).
Moreover, from Figure 2-5, the rate of contaminant removal is better for the loam
soils (loamy sand, sandy loam, loam and silt loam) than other soils, with more than
140 studies indicated that there was 100% contaminants removal in less than 200
days. However, artificial soil was used with no organic carbon for this thesis,
ensuring that the NAPL removal will be as a result of the presence of plant, and not
related to the impact of organic matter. A quarter-strength Hoagland’s solution was
used for nutrient supply. The solution is essential for the growth of plants due to
the lack of organic matter in the artificial soils. The nutrient solution contains
nitrogen and potassium and other essential elements for plant growth (Hothem et

al., 2003), making it best for the development of plant in low nutrient scenarios.
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3.2.2 Light non-aqueous phase liquid (LNAPL) used

The light non-aqueous phase liquid (LNAPL) used in this investigation was a mineral
oil (MSDS name: mineral oil, light and heavy or white mineral oil (petroleum) or
saturated hydrocarbons). The mineral oil was supplied by Fisher Bio-Reagents
(Fisher Scientific UK, 2018). All the laboratory tests involving LNAPL were carried
out using this petroleum byproduct. The mineral oil used is a non-aromatic and
slightly toxic hydrocarbon composed of a mixture of C-Cy5 carbon atoms. The
density and viscosity of the oil are 0.83 Mg/m?* and viscosity of 33.5 x 103 Pa.s. The
other characteristics of the mineral oil are very low volatility and water solubility.
It is considered to be non-miscible with water. The boiling point range is between
260 - 426 °C. The oil is stable at normal temperatures and pressures and has been
used in the past in some phytoremediation investigations (Lee et al., 2008, Popp et
al., 2006). From the literature review, Figure 2-1 and Figure 2-2, the LNAPL and the
TPH categories (under which mineral oil was classified) do appear to have more of
a spread-out profile indicating the negative effects of mineral oil on plants.
Moreover, Figure 2-7 and Figure 2-8, results from literature also shows that the
LNAPL and the TPH categories can be successfully phytoremediated. The chosen
mineral oil has low toxicity to plants (Vervaeke et al., 2003), volatility and aqueous
solubility, firstly to minimise the impacts of the toxicity of the NAPL on plant growth
(ensuring the main impacts are due to physical presence), and secondly to ensure
that any contaminant loss is down to phytoremediation and biodegradation rather

than solubilisation or volatilisation.

The Oil Red O colorant, also called solvent red 27 (Sigma-Aldrich) was added to the
mineral oil before preparing the soil-mineral oil mixtures or use in the hydroponic
conditions. ORO is a fat-soluble, lipid sensitive, diazo (R-N=N-R’) dye (i.e. it stains
fat and lipid components in biological samples) and Its also used to stain waxes and
oil to a red tint (MF; et al., 2005). It has a molecular weight of 408.510. The
structural confirmations of ORO prevent it from ionizing and therefore facilitate its
solubility in lipids (Kutt and Tsaltas, 1959). ORO absorbs radiation having
wavelength of 518 nm and stains the item red (Beaudoin, 2004). The red stain is
attributed to the hydroxyl auxophore (Beaudoin, 2004). Laboratory preliminary
growth trials show that the colorant have no impact on plant growth and

development before it was used in the research.
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The concentration of colorant used was 50mg/L. An addition of the colorant is
expected to enhance oil visibility which in turn allows the movement and location
of the LNAPL within the soil samples (Page et al., 2007). The oil was stored in dry

and cool conditions.

3.3 Properties of the soils

The properties of the two soils were determined following British Standards Methods
(British Standards Institution, 2009, British Standards Institution, 2010a, British
Standards Institution, 2010b, British Standards Institution, 2010e, British Standards
Institution, 2010d, British Standards Institution, 2010c, ASTM Standard C-1699-09,
2009).

3.3.1 Initial water content

The oven-drying method was used to determine the initial water content of the soils
(British Standards Institution, 2010a). The initial water contents of sandy loam and

loam were found to be similar (0.2%).
3.3.2 Particle size distributions

The soils used were mixtures of sand, silt and clay of various percentages. The sand
used in the soils was a commercially available ProArena 100™ Leighton buzzard sand
procured from Garside Sands, Leighton Buzzard, Bedfordshire, UK. Table 3-1 shows
the size range of the particles present in the sand. The particle sizes of the sand in
this study was controlled by carrying out dry-sieve analysis using a sieve size range
of 2.63 to 0.063 mm. The silt-size fraction (< 0.06 mm) was derived from the sand
by using a 63 uym sieve. The specific gravity, silica content, pH and loss on ignition
at 100 °C of the sand fraction were found to be 2.65, 94.6 %, 7.6 and 1.04 %
respectively. The specific gravity, silica content, pH and loss on ignition at 100 °C
of the silt-size fraction were found to be 2.65, 94.8 %, 7.5 and 0.93 % respectively.
Table 3-2 shows the chemical composition of the sand used. As can be seen in Table

3-2, the silica content in the sand was about 95%.
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Table 3-1 - Particle size distribution of Garside Washed Fine Silica Sand (WFSS)

(Source: Leighton Buzzard, Bedfordshire)

Sieve size (mm) Average % passing

2.63 100
1.18 100
0.60 96
0.30 80
0.15 24
0.063 1

Table 3-2 - Chemical composition of Garside Washed Fine Silica Sand (WFSS) (Source:
Leighton Buzzard, Bedfordshire)

Chemicals %

Silica Si0; 94.6
Alumina ALOs 1.52
Titania TiO, 0.33
Iron FE;O; 1.20
Magnesium MgO 0.11
Calcium Cao 0.07
Sodium Na;O 0.66
Potassium K20 0.61

Loss on ignition @ 100°C Lonl 0.93

The clay used was Speswhite kaolin. Speswhite kaolin was procured from Imerys
Performance Minerals, Par, Cornwall, UK. Table 3-3 shows the properties of the
Speswhite kaolin. The specific gravity and pH of Speswhite kaolin were found to be
2.6 and 7.5 respectively. Beside the dominant kaolinite mineral, other minerals
(about 0.2 %), such as mica, quartz, and feldspar or ilmenite were found to be

present in the clay.

Table 3-3 - Properties of Speswhite kaolin (Source: IMERYS®; (IMERYS, 2008)).

Mineralogy Kaolinite (main) and other
minerals (mica, quartz,
and feldspar or ilmenite)

Aspect ratio 20:1
Specific Gravity 2.6
Refractive Index 1.56
MOH Hardness 2.5
Moisture content (%) 1.5
pH: 5-7.5
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3.3.3 Specific gravity of soil solids

The specific gravity values of the two prepared soils (sandy loam and loam) were
determined by using pycnometer method (British Standards Institution, 2010a). The

specific gravity of sandy loam and loam were found to be 2.68 and 2.66 respectively.
3.3.4 Liquid limits

The liquid limits of the soils were determined by cone penetrometer (British
Standards Institution, 2010a). The soils were made to pass through a 425 pm sieve
prior to performing the liquid limit tests. The values of liquid limits for sandy loam

and loam were found to be 13 % and 15 % respectively.
3.3.5 Plastic limits

The plastic limits of the soils were determined by rolling method (British Standards
Institution, 2010a). The soils were made to pass through a 425 pm sieve prior to
performing the plastic limit tests. The values of plastic limits for sandy loam and

loam were found to be 10.6 % and 10.3 % respectively.

3.3.6 Organic contents

The organic contents present in the soils were determined by loss on ignition (LOI)
method (British Standards Instituition, 1990). The samples of both soils were oven-
dried at a temperature of 440 °C. The organic content was determined based on
the percentage loss in weight of the soil samples. The organic content in both soils

were found to be 0 %.
3.3.7 pH values

The pH of samples was measured using a Mettler Toledo SevenMulti dual meter with
specific pH and EC electrodes. Firstly, pH 4 and pH 7 were used to calibrate the pH
electrodes. After the calibration process, the electrodes were tested with deionized
water blanks before sample analysis was conducted to ensure that calibration
solutions were removed from electrodes. The equipment was calibrated for every

pack of samples analyzed. Further, Whatman Grade 40: 8 uym (medium flow) filter
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paper was used to screen each liquid mixture before immersing the pH probes. The

pH values of the sandy loam and loam averaged at 7.9 + 0.1 and 6.6 + 0 respectively.

3.3.8 Standard Proctor compaction tests

The standard Proctor compaction tests (BS light compaction effort) were carried

out using a 2.5 kg rammer falling through a height of 300 mm. The volume of the

compaction mold used was 1000 cm®.

Figure 3-1 shows the standard Proctor compaction curves of the soils. The maximum

dry density of the sandy loam was 2.0 Mg/m?3 at the optimum water content of 8.9

%. Moreover, the maximum dry density of the loam was 1.96 Mg/m3 at the optimum

water content of 9.8 %.
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Figure 3-1 - Standard Proctor compaction test results for the soils used
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3.3.9 Permeability tests (constant and falling head methods)

The constant head and falling head methods (British Standards Institution 2010c)

were used to determine the coefficient of permeability of the soil.

3.3.9.1 Procedure for Constant Head test

The constant head test method is suitable for soils having coefficients of
permeability in the range of 102 to 10° m/s. The method was therefore used for
sandy loam soil specimen only. The test procedures followed are outlined in BS
1377-5:1990 (British Standards Institution, 2010d). The flow volume of water passing
through the soil in a known time is measured, and the hydraulic gradient is measured
using manometer tubes. The specimen was connected through the inlet to the
constant head reservoir. The bottom outlet was opened and a steady flow of water
was established. The quantity of water flow for a time interval was recorded. The

process was then repeated three times for the same interval.

3.3.9.2 Specimen preparation method for constant head test

The initial water content, dry density, initial void ratio and degree of saturation of
compacted sandy loam soil specimen for the permeability test were 0.2 %, 0.98
Mg/m3, 0.348 and 19.7 % respectively. A 2.5 kg sample was taken from a thoroughly
mixed air-dried soil. The sample was stored in an airtight container. The required
quantity of water was added to get the desired moisture content. The sample was
then mixed thoroughly. The empty permeameter mould was weighed. The inside
was greased slightly, and then the mould was clamped between the compaction
base plate and extension collar. The assembly was placed on a solid base and filled
with soil-water mixture and which was then compacted. Following the completion
of compaction, the collar and excess soil were removed. The weight of mould with
the sample was then measured. The mould with the sample was then placed in the
permeameter, with drainage base and a cap. For observation and recording, the
water flow was very low at the beginning, and gradually increased and then remains
constant. Table 3-4 shows the testing details and the key information that are

required for calculating the coefficient of permeability from constant head tests.

46



Chapter 3: Materials and methods

Table 3-4 Results for Constant Head Method for sandy loam

Experiment No. 1 2 3
Length of specimen L (cm) 10 10 10
Area of specimen A (cm?) 42.45 42.45 42.45
Time t (sec) 264 624 37
Discharge g (cm3) 50 100 10
Height of water h (cm) 2.8 0.2 4.2
Temperature (°C) 25 25 25

The coefficient of permeability for a constant head was calculated from Equation
3—1.

Where k = coefficient of permeability,

q = discharge cm?/sec

L = length of specimen in cm

A = cross-sectional area of specimen in cm?
H = constant head causing flow in cm

t = time in sec

The coefficient of permeability of sandy loam was found to be 1.5 x 10* m/s at
20°C.

3.3.9.3 Procedure for falling head test

The soil specimen was prepared following the procedure stated in section 3.3.9.4.
The soil specimen was then saturated with the de-aired water. The permeameter
was then assembled in a tank filled with water. The inlet nozzle of the mould was
then connected to the standpipe. Some water was allowed to flow until a steady

flow was obtained. The time interval ‘t’ for a fall of a head in the stand pipe ‘h’
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was recorded. This step was repeated three times to determine ‘t’ for the same
head.

3.3.9.4 Specimen preparation method for falling head test

Falling head tests were carried out to measure the coefficient of permeability of
the loam. The initial water content, dry density, initial void ratio and degree of
saturation of the compacted sample tested were 0.2 %, 0.948 Mg/m3, 1.81 and 22.0
% respectively. The loam sample was prepared using static compaction method.
1000 g of representative loam soil was weighed and mixed with distilled water
corresponding to the optimum moisture content determined by standard proctor
compaction test. The soil-water mixture was then stored in an airtight container for
24 hours. The permeameter was assembled for static compaction by attaching the
3 cm collar to the bottom end of 0.3 litres mould and the 2 cm collar to the top
end. The mould assembly was then supported over 2.5 cm end plug, with 2.5 cm
collar resting on the split collar and kept around the 2.5 cm end plug. Then, the
inside of the 0.3 litres mould was lightly greased. The soil-water mixture was placed
into the mould. The top 3 cm end plug was then inserted into the top collar while
tapping the soil with hand. The entire assembly was then kept on a compressive
machine and the split collar was removed. The compressive force was then applied
until the flange of both end plugs touched the corresponding collars. The load was
maintained for 1 minute and later released. Then the top 3 cm plug and collar were
removed, and a filter paper was then placed on a fine wire mesh on the top of the
specimen and the perforated base plate was secured. The mould assembly was then
turned upside down and the 2.5 cm end plug and collar were removed. The sealing
gasket was then inserted and the perforated top plate was placed on the top of the
soil specimen. The top cap was fixed before the commencement of the test. Table
3-5 shows the testing details and the results obtained from the tests for calculating

the coefficient of permeability.
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Table 3-5 Results for Falling Head Method for loam

Experiment No. 1 2
Area of stand pipe ( dia. 3.75 mm) | a (mm?) 11.045 11.045
Cross sectional area of soil specimen | A (mm?2) 4185.39 4185.39
Length of soil specimen L (mm) 203 203
Initial reading of stand pipe hy (mm) 990 990
Final reading of stand pipe hz (mm) 850 850
Time t (sec) 659 659
Test temperature (°C) 20 20

The coefficient of permeability from falling head test was calculated from Equation
3-2

23xaxl (loglohl/hz)

k = Axt

The coefficient of permeability of loam was found to be 1.2 x 107 m/s at 20 °C.
3.3.10 Water retention behaviour of the soils

The water retention behaviour of the soils used in this investigation was studied by
carrying out pressure plate tests and chilled-mirror dew-point potentiameter tests
(British Standards Institution, 2009, ASTM Standard C-1699-09, 2009). For the
pressure plate tests, soil specimens were prepared at initial water content of 15.6
% for sandy loam and 18 % for loam. The pressure plate tests were carried out using
a 5-bar pressure plate extractor. The applied suctions in the pressure plate tests
were 10, 25, 50, 100, 150, 200, 250, 300, 350 and 400 kPa. Multiple specimens were
used for pressure plate tests. The mass of the soil specimens were monitored
periodically until an equilibrium was reached under each applied suction. Specimens
at each applied suction were dismantled after the equilibrium was reached and the

water contents of the specimens were measured by oven-drying method.

49



Chapter 3: Materials and methods

3.3.10.1 Suction measurement by dewpoint potentiameter

A chilled-mirror dew-point device was used to indirectly determine the total suction
(in the range 0 to 300 MPa to an accuracy of + 0.05 MPa from 0 to 5 MPa and 1%
from 5 to 300 MPa) of soil specimens. The device is commercially known as WP4C
Dewpoint PotentiaMeter. The WP4C device is made up of a sealed chamber with a
fan, a mirror, a photodetector cell, and an infrared thermometer (Deacagon
Devices, 2010). The WP4C is provided with a drawer to place a specimen cup. For
most soil specimen, the representative measuring time is from 10 to 15 minutes

while in a precise mode of measurement.

The WP4C operating principles is by a chilled mirror measuring the dew-point of
ambient water vapour in a sealed chamber. The measurement is recorded when the
dew-point of the ambient water vapour is at equilibrium with water in the soil
samples. The attached Peltier thermoelectric cool the chilled mirror. Condensation
starts to occur on the mirror surface when the dew-point temperature is reached.
The first dew-point at which condensation takes place is detected by a beam of
light focusing on the mirror which reflects into a photodetector cell. A
thermocouple records the dew-point temperature. The temperature of the soil
specimen at which relative humidity measurement must be made is measured using
a temperature control device that comes with the WP4C. A temperature equilibrium
plate can also be used to bring the temperature of the specimen to the set-point
temperature of the device. The dew-point with the set specimen temperature is
then used to determine the relative humidity. Kelvin’s law is used to calculate the

total suction. The device software performs the calculation.

3.3.10.2 Sample preparation for chilled-mirror dewpoint tests

Five soil-water mixtures were prepared corresponding to the data on the
compaction curve of each soil type. The chosen water contents were 2, 4, 6, 8 and
10% for both soils. Soil-water mixtures were prepared by adding predetermined
quantities of distilled water. The mixtures were thoroughly mixed. The moist soil
was then placed in double bags and stored in sealed plastic containers for at least
24 hours. Using a 1000 cm?® mold, the standard Proctor compaction (BS light
compaction effort) was carried out with a 2.5 kg rammer falling through a height of

300 mm to compact the soil. Five specimens were obtained by trimming the initially
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prepared compacted samples to the recommended size (half the capacity of the

specimen cup).

3.3.10.3 Suction measurement using chilled-mirror dewpoint

potentiameter

Calibrations of the WP4C device was done before each test using standard solution
to ensure proper operation. Potassium chloride (KCl) solution was used in calibrating
the device. The sample cup containing the soil sample was first placed on the
thermal equilibration plate for approximately ten minutes to bring the temperature
of the sample cup to the set-point temperature of the device. The sample was then
moved to the WP4C sample chamber. The measured final suction of any sample was
indicated by a blinking green LED indicator located in the device. The duration of
each test was found to vary between 10 to 15 minutes. The oven drying method was
used to determine the water contents of the soil samples after the total suction

measurements.

3.3.10.4 Suction of soil-mineral oil mixtures

For studying the effect of mineral oil on suction of the soils, suction measurements
were carried out on compacted soil-mineral oil mixtures. The procedure adopted
for preparing soil-mineral oil samples for chilled mirror dewpoint tests was similar
to that mentioned in section 3.3.10.2. In this case, six soil-mineral oil samples were
prepared with mineral oil instead of distill water. The oil content chosen were 2, 4,
6, 8, 10 and 12%.

The procedure adopted for measuring suctions of compacted soil-mineral oil
mixtures using chilled-mirror dewpoint potentiameter remained the same as that
adopted for soil-water mixtures (see section 3.3.10.3). The duration of each test
was found to vary between 10 to 30 minutes. The oven drying method was used to

determine the oil contents of the soil samples after the total suction measurements.
3.3.10.5 Influence of water and mineral oil on suction of the soils

used

The experimental results from the pressure plate and chilled-mirror dewpoint

potentiameter tests are shown in Figure 3-2. Figure 3-2 shows the water content
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versus suction plots of the soils used. Figure 3-3 shows the suction versus fluid

content (water or mineral oil) plots of the soils.

It can be seen from Figure 3-2 that the suction-water content plot of loam remains
above that of the sandy loam up to a suction of about 1.0 MPa. At higher suctions
(>1.0 MPa), the water retention behaviour of both soils are very similar. The
experimental data presented in Figure 3-2 were analysed to determine the air entry

values which showed that both soils desaturated at very low suctions.

Figure 3-3 (a) and (b) show that the interaction between the soils and mineral oil
was not very distinct. For all mineral oil contents used, the suction of the soil
remains at about 100 MPa. A greater suction in case of loam soil mixed with mineral
oil as compared to the sandy loam with mineral oil is attributed to a higher clay

content in the loam soil.

Mineral oils usually possess a very low vapour pressure. The magnitude of suction at
a mineral content of 1% (that is, 100 MPa or higher) as compared to that of suctions
of the soils at the same water content of 1% is due to the fact that the soils were
oven dried prior to mixing the mineral oil. The suction of the soils at oven dried
condition can be expected to be 1000 MPa. The suction of the soils at oven dried
condition can be expected to be greater than 100 MPa. Additionally, mineral oil
does not hydrate the surfaces of soil particles as that occurs in case of adding water
to soils. The presence of LNAPL in oven-dried soils reduced the total suction from
1000 to about 100 MPa. However, an increase in the LNAPL content (i.e., the oil
content) did not influence the suction of the soils. For both soils, the measured
suctions remained at about 100 MPa for a range of oil content between 2 to 12%
indicating that the trapped air within the soil systems did not allow a reduction of

suction of the soils when the oil content was increased.
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Figure 3-2 Water retention curves of the soils based on pressure plate and chilled-

mirror dew-point potentiometer tests
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Figure 3-3 Soil-water and soil-mineral oil retention of the soils used in this study based

on pressure plate and chilled-mirror dew-point potentiometer tests
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The properties of the soils used are summarised in Table 3-6. The sandy loam and
loam soil have very similar plasticity properties and both soils tend to desaturate at
a lower suction which is very important in relation to the workability and efficiency

of growing plants.
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Table 3-6 Properties of soils used in this investigation

Soil type Initial Specific Liquid Plastic Initial Losson  Initial pH Initial void ratio  Permeability,
water gravity of  limit, w.  limit, we total ignition @ value of compacted k (m/s)
content,  soil solids, (%) (%) organic 100°C soil for
w (%) (Gs) matter, (LOD) permeability
(%) (%), test (e)
Sandy Loam
(70% Sand; 20% Silt; 0.2 2.68 13 10.6 0.065 0 7.9 0.348 1.5x 10
10% Clay)
Loam
(40% Sand; 40% Silt; 0.2 2.66 15 10.3 0.074 0 6.6 0.399 1.2x107
20% Clay)
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3.4 Laboratory Microcosm Phytoremediation Experiments

This section discusses the materials and methodology for the hydroponic
experimental conditions with a single ryegrass (Lolium perenne) seed. The growth
trial explores the impact of LNAPL (mineral oil) on root distribution and growth, and

oil loss.
3.4.1  Microcosm phytoremediation tests

The response of single grass plants to oil in a soil-free, hydroponic system has been
explored to understand the impacts on root growth and distribution, as well as oil

removal, in a highly idealized scenario.
3.4.2 Apparatus for microcosm phytoremediation tests

For studying phytoremediation of LANPL with a single perennial ryegrass seed under
hydroponic conditions, a pore-scale 3D-printed rhizobox was designed and
fabricated in this study (Figure 3-4). The external dimensions of the box are 30 high
x 15 long x 3 mm thick; the internal dimensions are 27.5 high x 10 wide x 2 mm
thick; and a 19 x 5 x 2 mm thick base. These were designed using AutoCAD and
printed from polylactic acid (PLA) on an Ultimaker 3D printer. Each box had PLA
back and side walls, base and four equally spaced columns (1.75 mm wide by 2.0

mm thick).

A V-shaped seed housing was created to ensure the consistent location of seed
germination and plant growth (Figure 3-4). To allow visual observation of plant
development, acetate transparencies (26 x 15 x 1 mm) were bonded to the rhizobox
front with superglue and further sealed with LS-X jointing compound and external
leak sealer ensuring water and oil tightness (transparent front cover not shown in
Figure 3-4 for clarity). Each transparency was placed to leave a 2mm gap at the
base of the box, allowing nutrient solution movement to and from an external

reservoir (Figure 3-4).

Rhizobox materials (PLA, glues/sealants and acetate) were tested for their potential
impacts on experimental observations through oil absorption and permeability tests.
The trial tests showed an average absorption of 1.14% (PLA and glues/sealants) and
0.02% (acetate). Moreover, the average permeability rate of 1.13 mg/min/m?2 was

obtained for the PLA, glues/sealants and acetate. The results were found to be
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appropriate for the test requirements. The pore-scale rhizoboxes were then

systematically arranged in a plastic container as explained in section 3.4.7.
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//— Cotton wool lining

30mm

(without seed slot)

Figure 3-4 - Schematic of the pore-scale 3D-printed rhizobox
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3.4.3 Contamination scenarios for microcosm phytoremediation tests

Ten contamination scenarios were considered in this study. The ten scenarios were
considered to give a practical representation of the state of LNAPL in pore spaces
in the capillary zone and could be considered as a continuous or semi-continuous
phase, or as unconnected ganglia which act as individual contaminant sources.
Table 3-7 presents the details of the scenarios considered. The ten scenarios
comprise all possible combinations of oil contamination in the four columns (note
that combinations that are ‘reflections’ of others, e.g. oil in columns 2 and 4 rather
than 1 and 3, are considered to be identical and so were not tested. Scenario 10 is
deemed to be a no-oil control to which other scenarios can be compared. Five
replicates were tested for each of the ten scenarios. In each case, a 2.9 mm thick
contamination zone was established on the nutrient solution constant head surface.
The water table was maintained at the base of the contamination layer in all cases
(Figure 3-4).

Table 3-7 - Mineral oil contamination scenarios inside the rhizoboxes

Soneammation | column 1 | Column2 | Column3 | Column 4
1 oil

2 oil

3 oil oil

4 oil oil

5 oil oil
6 Oil 0il

7 oil oil 0il

8 Oil Oil oil
9 oil oil oil oil
10
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3.4.4 Light non-aqueous phase liquid (LNAPL) used

The light non-aqueous phase liquid (LNAPL) used as a contaminant in this

investigation was a mineral oil as discussed in section 3.2.2.
3.4.5 Plant used

Perennial ryegrass (LIBRONCO “Lolium perenne”) was used as a remediation plant.
The plant was germinated in-situ from seeds obtained from Boston Seeds, UK.
Lolium perenne was selected due to its well established capability to remediate
organic contaminants and was found to reliably grow in the hydroponic
experimental conditions employed (Gunther, 1996, Gurska et al., 2009, Hou, 1999,
Kechavarzi et al., 2007, Rezek et al., 2008). The seeds were stored in a sealable

bag and kept in a cool, dry storage.
3.4.6 Hydroponic solution and nutrients used

The plant growth was supported by using quarter strength Hoagland’s solution
(prepared as 2.5 g/L Hoagland’s No.2 Basal Salt Mixture (Sigma-Aldrich, UK) in
deionized water) as the hydroponic solution. The diluted solution was then stored

in a fridge.
3.4.7 Rhizobox preparation and arrangements

The fifty rhizoboxes were affixed to the base of a 66 cm (W) x 65 cm (D) x 21 cm
(H) plastic container with a raised back level and low front for easy access. The
boxes were arranged in a uniform clockwise row as shown in Figure 3-5, with a
centre-centre distance of 6 cm between adjacent boxes, and 18 cm distance
between rows to allow monitoring and photography of root growth without

disturbing the plant.

The reservoir container was filled with 3500 ml of the nutrient solution (Hoagland’s
No. 2 Basal Salt Mixture, Sigma Aldrich, UK), maintaining the height of nutrient
solution in the rhizoboxes at 18 mm above the lowest point of the base with no oil
present. When oil was present, the upper surface of the oil layer was at a height of
20 mm above the lowest point of the base. A Mariotte bottle supplied nutrient
solution to the reservoir when necessary to maintain a constant fluid level within

the rhizoboxes and surrounding reservoir. The reservoir fluid was pumped through
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an ultraviolet water steriliser (Vecton 120 Nano) at around 5 ml per minute (one
volume per 11.7 hours) to control microbial growth (Figure 3-6). The pH was
checked daily to ensure that it was maintained between the range of 5.3 - 6.5 to
maximise nutrient solubility. Airborne microbial contamination and water loss to
evaporation were minimized by a purpose-made plastic cloche with vents to allow
air circulation. The container and cloche were contained within a transparent PVC

tunnel greenhouse.
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Scenario 1

Scenario 2
Scenario 3
Scenario 4

Scenario 5

Scenario 6
Scenario 7

Scenario 8

Scenario 9

C00000000OO

Scenario 10

(b)

Figure 3-5 - Pore-scale rhizobox arrangement inside a plastic container. (a) plan view:
each scenario is represented by a different colour, with white rectangles showing the
location of the acetate film, i.e. the front of the box. (b) Physical arrangement of

rhizoboxes. Variation in box colour is due to change in PLA batch used.
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Ten microliters of coloured mineral oil was deposited on the nutrient solution
surface in all the rhizobox columns designated as being contaminated by oil (Table
3-7) with a Hamilton 701RN syringe. This gave an oil layer within the column of
depth 2.9 mm. One seedling of perennial ryegrass was placed into the seed
housing, along with a small amount of cotton wool moistened with quarter-

strength Hoagland’s solution.

Figure 3-6 shows the growth trials set-up. Plant images were captured with a water
resistant 12 MP wide-angle digital camera, placed on a small camera stand located
15 cm from the front of the rhizobox (Figure 3-6). A Softbox Twin-Head Continuous
lighting kit, comprising 2 x continuous single lamp heads105W (5500K Daylight
balanced Compact Fluorescent Light bulbs) with integrated 50 cm x 70 cm softboxes

was used as a broader light source.

s .
Fluo_rgscent tubes ;"
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Easysense Q5+ data logger ﬁ,i ’

AR

Water pumps assembly

Portable camera stand - -

Figure 3-6 - Micro-scale rhizobox growth test set up. Plastic cloche and the transparent

PVC greenhouse cover removed for clarity.
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3.4.8 Environmental conditions

The container with the rhizoboxes were subjected to a 16-hour day length light
exposure provided by four 58 W cool white daylight spectrum fluorescent tubes,

placed 1500 mm above the rhizoboxes, Figure 3-6.

An Easysense Q5+ temperature data-logger (Data Harvest Group Ltd, 2018) was used
to record the ambient temperature for the experiments (Figure 3-6). The data
logger was placed in the middle of the growing platform. The temperatures are
measured by three different probes: Two external probes placed at a different
location across the planting platform and one internal thermometer within the
logger (Figure 3-6). The logger also measured and recorded the humidity and air
pressure, taking readings at every hour. All climatic data logged information can be

found in Appendix 2.
3.4.9 Plant and mineral oil analysis

The microcosm phytoremediation experiments lasted four weeks, with day 0
defined as the time of seeding. At 7, 14, 21 and 28 days, images were taken and
observations made of root and shoot growth patterns and oil levels in all rhizoboxes.
Semi-quantitative measurements of root growth and distribution and oil loss were
made during the experiment as fully quantitative and accurate data could not be

obtained without disturbing the specimen.

The presence of roots in each column of each rhizobox was assessed as established
(score = 1, where the root was observed to reach a depth of at least 14 mm below
the seed housing (8 mm below the surface of the oil layer where present), limited
(score = 0.5, where the root has penetrated the oil layer and/or water beneath but
where the depth is less than 14 mm below the seed housing), and none (score = 0,
where there is no root, or the root has not yet penetrated the oil and/or water
layer); whilst oil loss was categorized as full (score = 1, where there was no visible
oil left), partial (score = 0.5, where oil was visible but clearly reduced in thickness)
or none (score = 0, where the oil has remained at or near its initial volume, i.e.

approximately 2.9mm using the box side ruler as a reference).

The main shoot (vegetative parent tiller) height and main (primary seminal) root

length were also measured over time. The root and shoot biomass were determined
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at the end of the experimental growth trial by carefully washing the seedlings with
de-ionized water and separating them into shoots and roots at the crown (growing
point). The fresh root and shoot samples were dried at 75°C for 24 hours in
accordance with British Standards Instituition (2007) and then weighed to determine
the biomass production. Total root and shoot lengths were determined by summing

the total length of all roots or shoots in a replicate.

The oil and root scoring data were statistically between scenarios and columns
examined using non-parametric t-tests and the quantitative shoot and root data was
statistically examined using an independent-sample t-tests (SPSS v25) at P<0.05

confidence level to compare the differences in the means.

3.5 Laboratory Mesoscale Phytoremediation Experiments

This section presents the materials and methodology for experimental work with
ryegrass (Lolium perenne) grown in two prepared soils for exploring the impacts of
LNAPL (mineral oil) on root distribution and growth, and oil loss in soil at the

macroscopic scale.
3.5.1 Mesoscale phytoremediation tests

The behaviour observed at the microcosm scale was explored at a larger scale in
soil mesocosms to determine how the response of an individual plant could be
extrapolated to the behaviour of a planted soil and its effect on LNAPL

contamination.

As with the microcosm experiments, mineral oil (coloured with Oil Red O) was used
as a model LNAPL contaminant (section 3.2.2), perennial ryegrass (Lolium perenne)
was used as the model plant (section 3.4.5) and quarter-strength Hoagland’s
solution was used for nutrient supply (section 3.4.6). The solution is essential for
the growth of plants due to the lack of organic matter in the artificial soils used, as
the nutrient solution contains nitrogen and potassium (Hothem et al., 2003), making

it best for the development of plant in low nutrient scenarios.
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3.5.2 Apparatus for mesoscale phytoremediation tests

For studying phytoremediation of LANPL with multiple plant perennial ryegrass
seeds using artificially prepared soils, a specially constructed large-scale acrylic
plant growth rhizobox was designed and fabricated in this study. The box internal

dimensions are 350 high x 250 wide x 25 mm deep as shown in Figure 3-7.

This transparent box was constructed from 12 mm thick clear acrylic material on all
sides to enable visual inspection of both contaminant transport and root growth
during the experiment. The front plate of the box (not shown in Figure 3-7 for clarity
purpose) was fixed in place using sealant and screws to allow removal after the test
and to allow the sample extraction for post-test analysis. Some space was left at

the top of the box for tolerance.

A 3mm acrylic sheet central partition separated the chamber into two segments,
although the number of columns vary according to the experimental scenarios. A 40
mm gravel layer was placed at the bottom of the rhizobox interior to allow free
drainage of the top layers of soil. This gravel fraction was prepared from thoroughly
washed gravel passing the 12 mm test sieve but retained on 4 mm test sieve and

covered with a layer of Whatman filter paper to prevent mixing with the soil.

Water levels within the chamber were controlled using an external, movable, plastic
tube connected by flexible tubing to a port located in the gravel layer. The water
level in this was maintained at a constant height, maintaining the ‘groundwater’

level within the soil.
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Figure 3-7 - A Schematic view of rhizobox section

3.5.3 Sample preparation and soil placement

Two soils (sandy loam and loam) were prepared as discussed in section 3.2.1. The

properties of materials used in this investigation are summarised in Table 3-6.

For each test either sandy loam or loam was placed in four layers: a 230 mm thick

soil layer, a 10 mm thick contamination layer, a 20 mm soil layer and a final 10 mm

soil layer.

Required amounts of sandy loam or loam sample were taken from a thoroughly
mixed air-dried sample. The samples were then stored in an airtight container. The
sandy loam or loam soil was prepared in plant growth rhizoboxes by first of all wet-
packing a 230 mm thick layer of soil at a water content equal to the plastic limit to
a target density of 1.748 Mg/m3 and 1.549 Mg/m3 for sandy loam and loam

respectively. The sample was mixed thoroughly and placed into the rhizobox before
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compacted on a mechanical shaker for 2 seconds. The chosen initial water contents
of the soils were corresponding to the plastic limits of the soils and for full
saturation condition. Following the completion of compaction, the soil sample was
then saturated via the external plastic tube (i.e. from the base of the soil) with

quarter-strength Hoagland’s solution to the top of the soil.

A 10 mm thick layer of soil was placed on top. In some scenarios’ plant growth
rhizobox, this had a moisture content equivalent to the plastic limit as before. In
the other, the soil was mixed with mineral oil (coloured with Oil Red O) instead of
water, to an oil content equivalent to the plastic limit. The placed soil was then
compacted by gently tapping the box to the same target densities as before to

produce a layer of a constant horizontal thickness of 10 mm.

Further, a 20 mm layer of uncontaminated moistened soil was prepared which had
a moisture content equivalent to the plastic limit as before and placed above the
10 mm layer. Subsequently, the ryegrass seeds were spread on top of the 20 mm
layer of uncontaminated soil to a density of 50 g/mZ2. Finally, the seeds were then

covered by a further 10 mm layer of moistened soil.

3.5.4 Contamination scenarios for mesoscale phytoremediation tests

Five contamination scenarios were considered in this study for the mesoscale
phytoremediation tests. The five scenarios have been arranged to explore the
response of plants to oil in artificial soils, as well as oil removal in persistent sources
of contamination in the ground which probably may provide a long-term supply of
dissolved phase contamination and taking significant periods to dissipate naturally.
Figure 3-8 presents the details of the scenarios considered. In each case a 10 mm
thick contamination zone was established 30 mm below the soil surface (termed
hereafter as the contamination layer) and depending on the scenario this is either
made up of contaminated or clean soil in each of the partitioned columns. The
water table was maintained at the base of the contamination layer in all cases
(Figure 3-7).

Control scenario 1 for sandy loam or loam were control experiments which had two

equal columns (12.35 mm) with LNAPL contaminated soil placed in the
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contamination layer of the right-hand column but with no seed planted (Figure 3-
8a). Scenario 2, also was a control experiment for the two prepared soils with seeds
planted evenly across (Figure 3-8b). Scenario 3 was a contaminated setup which had
a continuous LNAPL contaminated soil placed in the contamination layers and seeds
planted evenly across (Figure 3-8c). Scenario 4 was an experimental setup which
had two equal columns (12.35 mm) with LNAPL contaminated soil placed in the
contamination layer of the right-hand column and clean soil in the left-hand column
with seed evenly planted across (Figure 3-8d). Scenario 5 had two main equal
columns (12.35 mm), where the left side was entirely uncontaminated, and the right
side was subdivided into five alternately contaminated and uncontaminated sub-
columns with seeds evenly planted across (Figure 3-8e). In total there were 20
rhizoboxes with each scenario replicated twice for both soils. Two replicates were
used for the soil experiments because the analytical work required was considerable
for each specimen, and it was determined that two replicates was a manageable
number. Using averaging across more than two replicates may increase the precision
of root, shoot and oil loss measurements and permits minor changes to be

distinguished.
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Figure 3-8 - Schematic of the five rhizoboxes treatments. (All Dimensions in ‘mm’)
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3.5.5 Watering and environmental conditions for mesoscale tests

Over the ten weeks of testing period, quarter-strength Hoagland’s solution was
added via the supply tube every day to maintain the water table at the same
position. The plant growth chambers were wrapped with aluminium foil to protect
roots from light and subjected to lighting and environmental conditions as that

occurred for the microscale experiments, Figure 3-9.

Figure 3-9 - Mesoscale phytoremediation growth test set up
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3.5.6 Plant analysis

During the growth trials, the shoot growth was monitored by using the surface of
the soil as a datum and the digital images of the plants were documented. The shoot
growth was monitored on alternate days and for the entire duration of the tests, At
the end of the experiment, the shoots were cut for each of the ten columns (A-E,
left and right sides) for analysis using the soil surface as a cutting reference. The
rhizoboxes were then stored in upright positions in a freezer at -20 °C to allow the
soil to freeze. The front plate of the rhizobox was removed and the frozen soil was
extracted to allow it to be cut along the predetermined vertical and horizontal
boundaries. Samples were taken up to a depth of 10 cm from the soil surface
because the analytical work required was considerable for each specimen, and it
was determined that combining two specimens was a manageable number (Figure
3-10).

Figure 3-10 shows the individual sample cut boundaries. The frozen soil grid cutting
was carried out using a 2mm tooth pitch Starrett high performance welded band
saw blade. In Figure 3-10 the dashed lines indicate band saw blade cut centres and
the redline boundaries show combined samples for analysis. The volumes of the
samples within the rhizobox as indicated in Figure 3-10 are: Sample (i) - 3.2 cm’;
Sample (ii) - 6.4 cm?; Sample (iii) - 10.97 cm?; Sample (iv) - 21.94 cm®. The samples

were kept in individual resealed bags in a freezer at -20 °C prior to analysis.

The mineral oil in the frozen sawn soil cubes (samples) was extracted by dissolving
the frozen soil samples in distilled water. Each sawn soil sample was mixed with
distilled water at a ratio of approximately 1 to 4 by volume in Fisherbrand™ sterilin
polystyrene petri dishes. The root was then separated from the soil by placing the
mixed soil in a 200-micron sieve (with base). The sieve base was filled with distilled
water, and the floating ryegrass roots above the water were collected with the aid
of a wire mesh scoop. The plant materials (shoot and root) were dried at 75 °C for
24 hours in accordance with British Standards Instituition (2007) to avoid excessive
drying. The root biomass content is expressed in mg/cm? of soil and shoot biomass
expressed in mg. Sealed bags were used to store all dried plant materials in a cool

and dry place in the laboratory.
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The quantitative shoot and root data was statistically examined using an
independent-sample t-tests (SPSS v25) at P<0.05 confidence level to compare the

differences in the means.
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Figure 3-10 - Samples taken up to the depth of 10 cm from the soil surface. Individual
sample cut boundaries (dashed line) and combined samples (red line). * (i) - represents
3.2 cm3 sample volume, (ii) - represents 6.4 cm3 sample volume, (iii) - represents
10.97 cm?3 sample volume and (iv) - represents 21.94 cm? sample volume - *L/H - Left

Hand Side; R/H - Right Hand Side. All dimensions in millimetres (mm)

3.5.7 Oil Analysis

The mineral oil content was measured at the end of the experiment using the ‘QOil
Mat’ method (Al-Ansary and Al-Tabbaa, 2007). Polypropylene oil absorbent mats
(MAT440, New Pig Ltd) were used which had an absorption capacity of 0.043 L/cm?

and exhibited 80 % and 99 % recovery at oil concentrations (by weight in soil) of
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0.01 and 20% respectively in the preliminary tests (see appendix 4, calibration data
for oil analysis). The concentration of mineral oil was determined by adding 40 g of
distilled water to the already sawn frozen contaminated soil cubes in a petri dish (a
ratio of approximately 1 to 4 by volume). An oil mat cut to the size of the inner
diameter of the petri dish was then placed over the mixture of oil, soil, and water
and covered to avoid evaporation. The petri dish container was then placed on an
orbital shaker for 24 hours to dislodge trapped oil. The mat was taken out after 24
hours and weighed. The difference in weight of the matting over this period was

reported as the mass of oil present in the sample.

The quantitative oil data was statistically examined using an independent-sample
t-tests (SPSS v25) at P<0.05 confidence level to compare the differences in the

means.

3.6 Summary

This chapter presents the materials used and the methods adopted in case of a
series of experiments that studied the impact of LNAPL contaminant on plant growth

in hydroponic conditions (microscale) and specially prepared soils (mesoscale).

The properties of the sandy loam used in this investigation were 2.68, 13 %, 10.6 %,
0.348, 7.9 and 1.5 x 10~* m/s for the specific gravity of soil solid, liquid limit, plastic
limit, the initial void ratio of compacted soil for permeability, pH and permeability
respectively. The specific gravity of soil solid, liquid limit, plastic limit, the initial
void ratio of compacted soil for permeability, pH and permeability for loam were
found to be 2.66, 15 %, 10.3 %, 0.399, 6.6 and 1.2 x 107 m/s respectively.

The maximum dry density for sandy loam was 2.0 Mg/m3 at the optimum water
content of 8.9 %, while 1.96 Mg/m3 maximum dry density was recorded for loam at
the optimum water content of 9.8 %. The water content versus suction plots showed
that both soils desaturated at lower suction. The chilled-mirror dew-point tests for

soil-mineral oil mixtures showed very high value of suction (100 MPa) in the presence
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of oil, however, varying the oil content in the soil has less impact on the suctions

measured.

A pore-scale 3D-printed rhizobox was designed and fabricated for studying
phytoremediation of LANPL with a single perennial ryegrass seed under hydroponic
conditions. The boxes were designed to give a realistic representation of the effects
of LNAPL contaminants spatially located in individual ganglia on the physical
distribution of the root growth. Mineral oil (coloured with Oil Red O) was used as a
model LNAPL contaminant, perennial ryegrass (Lolium perenne) was used as the
model plant, and quarter-strength Hoagland’s solution was employed for nutrient
supply. Following four weeks of growth, the remaining oil levels were monitored
and scored as the oil layer was not sufficiently thick to allow accurate
measurement. Similarly, root growth in each of the four columns was observed and
scored. Subsequently, the microcosms were dismantled before roots and shoots

were separated and total weight and length recorded.

For the mesoscale phytoremediation study. A specially constructed large-scale
rhizobox was designed and fabricated. The boxes were designed to give a highly
idealised scenario to study the response of plants to oil in artificial soils, as well as
oil removal in persistent sources of contamination in the ground. Similar to the
microcosm experiments, mineral oil (with Oil Red O), perennial ryegrass (Lolium
perenne), and quarter-strength Hoagland’s solution was employed. Following the
ten week growth period the shoot material was cut and divided into samples for
each of the ten columns (left and right sides) and stored before freezing of the plant
growth rhizobox. After removal of the front cover of the rhizobox the frozen soil
was cut into the sections with a Starrett band saw blade. Individual samples were
frozen in resealable bags prior to analysis. The mineral oil content of each sample

was determined using hydrophobic oil-absorbent matting (MAT440, New Pig Ltd).
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Chapter 4 Laboratory Phytoremediation Experiments
on the Impact of NAPLs on Root Distribution and Growth,

and Oil Loss, at the Pore-Scale

This chapter presents the results of the experimental work with ryegrass (Lolium
perenne) grown under hydroponic conditions, exploring how plant growth, root
distribution and development, and oil removal are affected through direct physical
contact with mineral oil, a light non-aqueous phase liquid (LNAPL), in small-scale
3D-printed rhizoboxes. These rhizoboxes provided a simplistic model of soil
macropores allowing control of oil distribution and accurate monitoring of root
growth and oil loss in individual ‘pores’. The main aim of the experiment was to
explore the multi-phase interactions of plant, water, and LNAPL contaminants at
the pore-scale level to identify how phytoremediation can be employed for source
zone treatment in the presence of NAPLs. The research questions, the aims and the
purpose of the growth trial are further explained in section 1.1. Growth trials were
conducted in a series of small-scale 3D-printed rhizoboxes to study oil loss, root
mass, root length, shoot growth, the biomass of roots and shoots as described in
sections 3.5.2 to 3.5.7.

The light non-aqueous phase liquid (LNAPL) used is a mineral oil and was selected
so that the experiment could be conducted with just one well defined petroleum
by-product component as described in section 3.2.2. The oil and root scoring data
were statistically examined using non-parametric t-tests and the quantitative shoot
and root data was statistically examined using an independent-sample t-tests (SPSS

v25) at P<0.05 confidence level to compare the differences in the means.

The results and analysis of root distribution and growth, and oil loss in the
hydroponic system for the ten scenarios considered in this research are presented
in the following sections: (4.1) the impacts of a NAPL location on the plant growth.
(4.2) the plant effects and oil loss in a hydroponic system. (4.3) the general analysis,

discussions and summary.
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4.1 Impact of a NAPL zone on plant growth

Seedling germination and growth was found to be consistently good across all
replicates in all scenarios, at least 80% of control as per OECD tests (Reuschenbach
et al., 2003). There were no germination failures in any rhizobox. Examples of plant

images to illustrate root growth and oil loss are shown in Figure 4-1.

Figure 4-1. Rhizobox images illustrating examples of plant growth and oil loss for (from

left): scenario 2 (day 14), scenario 4 (day 14), scenario 2 (day 28) and scenario 4 (day 28).

Figure 4-3, Figure 4-4 and Figure 4-5 show stacked root growth and oil loss scores -
each ‘stack’ includes the scores from all five replicates, presented for each of the
4 columns in all ten scenarios, for days 14, 21 and 28 respectively. For example, if
full root growth or complete oil loss (i.e. score = 1) was observed in a particular
column in all five replicates, the bar will have a total index of 5. Stacked root
growth bars are presented (in these and later figures) in order to graphically show
the distribution of growth across all replicates as it was not found to be sufficiently
informative to present data as, for example, averages with error bars given the
limited number of possible scores in the raw data.
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No significant growth was observed on day 7, nor was any oil loss observed as any
roots were aerial and had not yet contacted the contaminant, and hence no results
are presented for this time. At all three other times and in all scenarios, it is
apparent that roots were spatially located primarily in the two middle columns
(columns 2 and 3) regardless of contaminant location, indicating that roots tend to
grow vertically downwards with little lateral spread initially, and that this is largely
unaffected by the presence of individual oil ‘ganglia’ in these columns. The roots
appear to coexist with the contaminants in oil-contaminated columns rather than
avoiding them. Nonetheless, from day 21 onwards (Figure 4-4 and Figure 4-5), there
was an apparent effect of mineral oil on root growth in the experimental scenarios
7, 8 and 9 where three or four columns had oil, with root growth being considerably
more evenly distributed across the columns. In Figure 4-2, the standard deviation
of the root growth score across each rhizobox was determined as a measure of root
growth distribution across the different columns. For scenarios 1-6 and 10, at 28
days, this value was typically between 0.4 and 0.6 (n = 35, with one outlier at 0.3),
which may be expected given the preponderance of growth in columns 2 and 3. For
scenarios 7-9, this measure of root growth distribution was typically between 0 and

0.3 (n = 15, with two outliers at 0.48), demonstrating much more even growth.
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Figure 4-2 - The standard deviation of the root growth score across each rhizobox in
different scenarios (Day 28). For each column, root growth is scored for all five
replicates and all scenarios and the average of the standard deviation for these scores
presented as a scatter plot (established root = 1; limited root growth = 0.5; no root

growth = 0). Error bars represent + one standard error of the mean.

However, it is not simply the presence of oil in columns 2 and 3 which subsequently
caused the plant to seek out new routes to the nutrient medium, as scenario 4 had
oil only in these columns and no diversion or spreading of roots was observed.
Instead, it is hypothesized that the larger oil presence in scenarios 7 to 9 may
probably led to higher levels of dissolved mineral oil (though dissolved mineral not
measured in the study), at least transiently, and that it might be this that limited
growth in columns 2 and 3 and therefore caused root spreading. There is some
evidence for this in that the root growth in columns 2 and 3 of scenario 4 was found

to be consistently higher than that in scenarios 7 to 9.
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Figure 4-3. Root growth and oil loss in individual columns for all ten scenarios (Day 14)
(blue - column 1; orange - column 2; yellow - column 3; green - column 4). For each
column, root growth and oil loss are scored for all five replicates and these scores
presented as a stacked bar (established root / full oil loss = 1; limited root growth /

partial oil loss = 0.5; no root growth / no oil loss = 0).
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Figure 4-4. Root growth and oil loss in individual columns for all ten scenarios (Day 21)

(blue - column 1; orange - column 2; yellow - column 3; green - column 4). For each

column, root growth and oil loss are scored for all five replicates and these scores

presented as a stacked bar (established root / full oil loss = 1; limited root growth /

partial oil loss = 0.5; no root growth / no oil loss = 0).
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(blue - column 1; orange - column 2; yellow - column 3; green - column 4). For each
column, root growth and oil loss are scored for all five replicates and these scores
presented as a stacked bar (established root / full oil loss = 1; limited root growth /

partial oil loss = 0.5; no root growth / no oil loss = 0).
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4.2 Plant effects and oil loss in a hydroponic system

In oil contaminated columns, the presence of a root led to substantial oil loss as
time progressed (Figure 4-3 - Figure 4-5) whereas in plant-free experiments little or
no oil loss was observed (see section 5.1). Even where little or no root growth was
observed in an oil-contaminated column, the oil still disappeared, albeit much more
slowly than when a plant root was present. This suggests that oil removal was
possible through the actions of roots in adjacent columns, potentially due to
phytoremediation of the dissolved fraction of oil leading to increased rates of oil
dissolution. Greater oil loss was generally observed in scenarios with less
contamination overall, similar to the outcomes in other studies (Terzaghi et al.,
2018, Vazquez-Cuevas et al., 2018a). This may also be related to the possible
phytoremediation of dissolved phase oil, as if all roots contribute to remediation of

all columns, a smaller amount of oil will generally be remediated more quickly.

4.3 General analysis and discussions

The effect of the presence of oil on the extent of root growth in individual columns
across all scenarios is demonstrated in Figure 4-6. The average of the observed root
growth indices for a given column with or without oil for all five replicates and all
ten scenarios are scored and presented as a bar chart in Figure 4-6. The average
root growth scores were presented because the total number of columns with and
without oil are different and so a stacked plot (as in Figures 4-2, 4-3 and 4-4) would
not suffice (e.g. there are more column 3s and 4s without oil than with it). Although
the effect of oil is small, in columns 2 and 3 there is apparently a small negative
effect of the presence of oil on root growth in individual columns. This was only
statistically significant in column 2 however (p = 0.008, p = 0.034 and p = 0.007 for
days 14, 21 and 28 respectively). It may be that the thickness of the oil layer was
insufficient to affect the root growth significantly, and that greater amounts of oil
would have a larger effect. In addition, ryegrass has some tolerance to mineral oil

contamination (Zhu et al., 2018).
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Figure 4-6. Effect of presence of oil on average root growth score in individual
columns at days 14, 21 and 28. For each column, root growth is scored for all five
replicates and all scenarios and the average of these scores presented as a column bar
(established root = 1; limited root growth = 0.5; no root growth = 0). The numbers of
each column with and without oil (i.e. the number of readings used to calculate the
averages) are presented on the figure. Error bars represent + one standard error of the

mean.
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Figure 4-7 illustrates how the root growth scores for all columns and all replicates
in a given scenario (stacked bars including the growth scores from all four columns
from all five replicates for each scenario - i.e. maximum score of 20) are affected
by increasing oil coverage (represented by the number of columns with oil present).
At day 14, the presence of oil had a negative effect on root growth, but the situation
was slightly worse at the lowest oil coverage, but over time this effect decreased
and may even reversed by day 28, with the highest oil coverage having slightly
higher root growth than without any oil. It was observed that, in the oil-
contaminated columns, plant roots were coarse and crooked, while those in
uncontaminated columns were long, fine and smooth. Slightly increased root growth
with increasing oil levels was observed in scenario 7 and 9 (oil in three or four
columns), compared to the uncontaminated scenario 10, and this may be a response
of the plants to environmental stress, increasing the spread of roots in an effort to
find an uncontaminated route to nutrient supply. The mass increase was partially
caused by an observed thickening of roots. Root injuries and changes in root
architecture (length, thickness and branching) are commonly observed as a result
of abiotic stresses such as drought, salinity or metal contamination (Franco et al.,

2011) although the actual impact is highly species dependent.
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Figure 4-7. Effect of oil coverage (number of columns with oil present) on root growth
(Days 14, 21 and 28). Root growth scores for all 4 columns in all 5 replicates are
stacked for a given scenario (established root = 1; limited root growth = 0.5; no root

growth = 0).
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Figure 4-8 combines the root growth and oil loss data for columns where oil was
present, for each time point, and shows that root growth appears to be correlated
to oil loss at days 14 and 21 - increased root growth in columns 2 and 3 is matched
by increasing levels of oil loss. It should be noted that there is overlap of data points
on this figure, because of the limited number of possible values for both
parameters. However, as time progressed there was some root growth and
concomitant oil loss in columns 1 and 4, though the oil loss was large for relatively
small root growth and in certain cases, oil was lost without any root growth in a
column. This indicates that there is another mechanism of oil loss - as noted above,
it is suggested that enhanced removal of the low levels of dissolved phase mineral
oil by established roots in columns 2 and 3 disrupts the equilibrium causing further
mineral oil in all columns to dissolve, which in turn is removed by the action of the

roots and possibly attendant microorganisms.
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Figure 4-8. Relationship between root growth and oil loss in individual columns for all
ten scenarios, (Days 14, 21 and 28). Shape outlines indicate the plotted points for each
column to account for some points overlapping. (blue - column 1; orange - column 2;
yellow - column 3; green - column 4). For each column, root growth and oil loss are
scored for all five replicates and the total counts of these scores presented as a scatter
plot (established root / full oil loss = 1; limited root growth / partial oil loss = 0.5; no

root growth / no oil loss = 0).
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Figure 4-9 shows the total root and shoot length for each scenario, averaged across
all replicates, whilst Figure 4-10 shows root and shoot biomass in a similar manner.
There are trends in the average values in each scenario which may be of relevance
but these must be viewed with caution given the high variability. Scenario 10,
without any contamination, had the highest average total shoot length and mass as
might be expected, whilst the average values from scenarios 4, 7 and 9 were
significantly lower (shoot length: scenario 4 - p = 0.042; scenario 7 - 0.041; scenario
9 - 0.030. Shoot mass: scenario 4 - p = 0.032; scenario 7 - 0.0026; scenario 8 - 0.038;
scenario 9 - 0.005). The largest average root masses (Figure 4-10) were also found
in these scenarios, which are the ones with oil present in both central columns, so
given the prevalence of root growth in these columns it is perhaps not surprising
that this has impacted upon plant shoot development. With roots, the average total
length in scenarios 7, 8 and 9 approached that of largest values in scenario 10 whilst
others were lower, which is indicative of the greater distribution of root growth
across all columns in these scenarios as noted earlier. It is in these scenarios also
that the root mass (Figure 4-10,) was significantly larger than in scenario 10
(scenario 7 - p = 0.041; scenario 8 - p = 0.0025; scenario 9 - p = 0.019) due to a
combination of the thickening noted previously and increased root spread. It is
perhaps surprising that the greatest root growth was observed with either no oil or
the highest levels of oil contamination, similar to the earlier root growth scoring in
Figure 4-6 - the greatest inhibition was seen with low oil contamination. The
observed effects could be related to the reported results from the literature on the
mechanisms of plant toxicity (Simonich and Hites, 1995) and the physical impacts
of NAPL. It was suggested that the contaminants will first dissolved in the aqueous
solution within the rhizosphere (dissolved phase not measured in the thesis) and
secondly adsorbed on the root (Li et al., 2014b); and thirdly penetrating into root
tissues (Hurtado et al., 2016), causing harm to the plant and consequentially inhibit
growth (Vazquez-Cuevas et al., 2018b). The significant inhibition in plant growth
has also been attributed to the presence of NAPLs in the soil. They did affect soil
fertility and interchange of gases by clogging pore space. (Chen et al., 2013,
Ramadass et al., 2015), thereby reducing the electrostatic interaction with some
essential nutrients (K", Ca™, NH4") for the plants (Atlas and Bartha, 2012, Wolfe,
2013a). Under these conditions, the plant will experience a metabolic imbalance

caused by a condition of oxidative stress which hampers the ability of the cell to
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regulate the chemical processes (Romeh, 2017, Hou et al., 2015). This has impacted

upon plant shoot development and thickening and the increased root spread noted.

The increase in root biomass, compared to the corresponding decrease in shoot
biomass, in response to increasing mineral oil might suggest the plants put more
energy into root growth than shoot growth due to stress induced by oil
contamination. Qil can not only reduce the amount of water and oxygen available
for plant growth (Kaur et al., 2017) but also can interfere with plant-water relations
by direct physical contact (coating of root tissues) thus negatively affecting shoot
growth (Razmjoo and Adavi, 2012). Such phenomena affect the local
biogeochemistry, for example changing nutrient dynamics (Xu and Johnson, 1997)
which in turn cause changes in root morphology similar to those observed here
(Franco et al., 2011, Hermans et al., 2006).

It has previously been found that mineral oil negatively affects plant root
architecture (thickness, length and branching) as a result of injuries caused by
contamination (Vervaeke et al., 2003). Studies have observed increased root
biomass in mineral oil-treated soil, attributed to a typical plant response to the
reduced rhizosphere mycorrhiza and nutrient deficiency due to oil contamination
(Heinonsalo et al., 2000). Poorter and Nagel (2000) concluded that plants respond
to a decrease in below ground nutrients with increased allocation of biomass to
roots and a reduction in above-ground resources (e.g. sunlight) with increased
allocation of biomass to shoots. This effect resulted in coarser roots, expressed in
increased average root diameter with a reduction in specific root length, but a
larger surface area. Greater phytodegradation of organic contaminants has
previously been related to higher specific root surface area (Ahmad et al., 2012,
Merkl et al., 2005).
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Figure 4-9 - Effect of the presence of oil on root and shoot length for all scenarios. For
each scenario, root and shoot lengths are measured and totalled for each replicate,
and the average of this total for all five replicates is presented for all ten scenarios.

Error bars represent + one standard error of the mean.
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Figure 4-10 - Effect of the presence of oil on root and shoot biomass for all scenarios.
For each scenario, root and shoot mass are totalled for each replicate, and the average
of this total for all five replicates is presented for all ten scenarios. Error bars

represent + one standard error of the mean.

4.3.1 Limitations

Only plant control hydroponic scenario has been used, and it was determined that
the oil-free plant control specimen was sufficient. Moreover, a plant-free control
was planned for the mesoscale experiment. The specific column where the seminal
root was located has not been ascertained due to the small scale rhizobox.
Moreover, quantitative root length and root biomass can only be measured for the
whole box (not in the columns) after the rhizobox has been dismantled due to the
small size of the rhizobox. Scenarios have been arranged together for ease of data
collection rather than using a randomised block design to allow statistical
comparison across treatments. No characterisation tests performed on the mineral
oil on the composition and properties such as solubility in water tests before and

after the experiments as the analytical work required was considerable for each
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specimen, Therefore, the dissolution of mineral oil in the hydroponic setup could

not ascertained.

4.3.2 Summary

A laboratory experiment to provide a simplified simulation of the scenario believed
to be familiar at many contaminated sites where the non-aqueous phase liquids are
persistent sources of contamination was performed. Light NAPLs may be present in
pore spaces in the capillary zone as a continuous or semi-continuous phase, or as
unconnected ganglia which act as individual contaminant sources, providing a long-
term supply of dissolved phase contamination. The degradation of the source zone
and the root growth was monitored on a regular basis, and the resulting contaminant
loss, root morphology, root, and shoot biomass analyzed. These pore-scale
experiments have demonstrated consistent effects of LNAPLs on the growth and
development of ryegrass, and also the removal of mineral oil by the plant. The root
growth patterns recorded and observed indicate that physical presence of the root
does not correlate to the individual contaminant ganglia degradation which suggests
that the removal of the oil due to plants may be due to the removal of dissolved
phase contamination, which in turn causes more oil to dissolve and be taken up by
the plant. The presence of the plant resulted in an increased amount of oil loss over

time from the system, and more loss was observed where there is less oil.

The root development and patterns for all the scenarios are consistent, regardless
of contaminant locations. The same pattern of root distribution was also observed
for the control scenarios. Therefore, the presence of oil does not prevent the roots
from growing directly downward into the oil layers. Hence, the roots coexist with
the contaminants within these columns rather than avoiding the contaminants which
suggest that the thickness of the contaminant layers might be insufficient to affect
root growth. There is, however, a substantial lateral spread of root in all four
columns in the experimental scenarios where three or all four columns had oil
suggesting that high oil contamination may cause root diversion whereby the plant
increased the spread of roots in an effort to find an uncontaminated route to

nutrient supply.
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The impact of NAPL on root architecture is clear, with greater distribution with
more extensive NAPL (thought to be caused by increased access to dissolved phase
oil) and changes to individual root morphology. There was evidence of negative
impacts on root development regarding changes to root architecture within the
contaminated layers which may be attributed to the toxicity of mineral oil and a
reduced supply of moisture and nutrients, which will stress root development. Root
death or injury has been linked to oil toxicity. Hence, increased root biomass
observed in the presence of oil contamination, indicating that the plant was putting
more energy into root growth to mitigate the oil toxicity effects and degrade the
mineral oil contaminant. The presence of oil is also associated with reduced shoot
biomass production as compared to the uncontaminated controls with much more
significant shoot biomass due to its inherent toxicity. This suggests that the stress
induced by oil toxicity causes the plant to exert more drive into root growth than

shoot growth.

This hydroponic microcosm experiment has provided evidence of the impact of the
presence of an LNAPL (mineral oil) on plant growth, root distribution and oil
removal. The study has demonstrated the potential for plants to tackle NAPL
contamination and shows that the phytoremediation of the contaminant is not
limited to the dissolved phase but that roots and the rhizosphere interacted with
the NAPL which resulted in significant indirect reduction in the presence of the
LNAPL. Apart from direct root contact with NAPL, roots close to NAPLs were able to
remove dissolved-phase contamination through uptake and rhizodegradation
resulting in the rapid dissolution of NAPL source. The study indicates the potential
for phytoremediation of LNAPLs by perennial ryegrass in a hydroponic system, and

in soils that are accessible by plant root systems.
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Chapter 5 Laboratory Phytoremediation Experiments
on the Impact of NAPLs on Root Distribution and Growth,

and Oil Loss, in Soils at the Macroscopic Scale

This chapter presents the results of a series of experiments that studied the impact
of NAPL contaminants on plant growth in an artificial soil at the macroscopic level
to identify how phytoremediation can be employed for source zones treatment in
the presence of NAPLs. The main aim of the experiment was to explore the impact
of LNAPLs on plant growth and subsequent contaminant behaviour at macroscopic
levels. By so doing, an understanding of how phytoremediation can be employed for
source zone treatment in the presence of NAPLs would be developed. The research
questions, the aims and the purpose of the growth trial are further explained in
section 1.1. Growth trials were conducted in a series of rhizoboxes to study root
mass, root length, shoot growth, the biomass of roots and shoots as described in
sections 3.5.1 to 3.5.7.

The light non-aqueous phase liquid (LNAPL) used is a mineral oil and was selected
so that the experiment could be conducted with just one well defined petroleum
by-product component as described in section 3.2.2. The oil loss, shoot and root
data were statistically examined using an independent-sample t-tests (SPSS v25) at

the P < 0.05 confidence level to compare the differences in the means.

The results and analysis of root distribution and growth, and oil loss in the artificially
prepared sandy loam and loam for the five scenarios considered in this research are
presented in the following sections: (5.1) control scenario 1, plant-free oil
contaminated soils. (5.2) control scenario 2, the response of grass plants to oil-free
soils. (5.3) scenario 3, the response of grass plants to continuous zones of oil
contamination in soils. (5.4) scenario 4, the response of grass plants to a
discontinuous zone of oil contamination in soils. (5.5) scenario 5, the response of
grass plants to small unconnected zones of oil contamination in soils. (5.6) the

general analysis, discussions and summary.
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5.1 Control scenario 1 - Oil and water interaction with artificial

soils

Scenario 1 tests were control experiments for sandy loam and loam. The
experimental setups had two equal columns with LNAPL contaminated soil placed
in the contamination layer of the right-hand column but with no seed planted in
either (Figure 5-1). There are two replicates for each soil. The results for scenario
1 tests which considered oil and water interaction with artificial soils are presented

and discussed.

I
BPEL o s e

(a) - Sandy loam

(b) - Loam

Figure 5-1 - Control scenarios 1 - LNAPL contaminated soil placed in the contamination

layer of the right-hand column but with no seed planted.

The scenario 1 tests recorded low oil loss at the end of the experiment with total
average oil loss for sandy loam and loam measured at 5.19 % and 3.59 % respectively,
which suggested that there is little oil loss in the absence of plants for both soils.
The results also provide confidence in the experimental protocols by recovering the
majority of the oil present. Studies have shown that higher level of contaminant
degradation in the planted soil may be explained by the rhizosphere effects
supported by root system (Afzal et al., 2011, Alrumman et al., 2015). The presence
of plants may favourably enrich the rhizosphere microbial flora by providing
enzymes, exudates, and oxygen through its roots. The plant roots and mycelium can
also create pores in the structure of the soil which can improve connectivity and
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diffusion (Colombi et al., 2017). Therefore, the oil loss in the unplanted controls
could take place by volatilization, photooxidation or the activity of microflora in
the soil as a result of nutrient additions (Peng et al., 2009). Under this experimental
condition, it would be expected that the natural breakdown would occur very
slowly. In the soil that was supplied with nutrient solution, but without plants, the
addition of nutrients and water may stimulate microbial activity, resulting in some
crude oil breakdown compared to what can occur in the treatments without plant
nutrients. The results from the analysed samples from the uncontaminated left side
columns show zero oil recovery as measured at the end of the experiment using the
‘Oil Mat’ method.

5.2 Control scenario 2 - Plants and water interaction with

artificial soils

Scenario 2 tests were control experiments for the two artificial soils with seeds

planted evenly across (Figure 5-2). There are two replicates for each soil.

(a) - Sandy loam " (b) - Loam

Figure 5-2 - Control scenarios 2 - Clean soil placed in both columns with seeds planted

evenly across at a depth of 1 cm

Results of scenario 2 tests, which acted as a control experiment exploring plant and
water interaction with uncontaminated sandy loam or loam, are shown in Figure 5-
3, Figure 5-4 and Figure 5-5. Figure 5-3 and Figure 5-4 present root biomass with
depth data for sandy loam and loam respectively, while Figure 5-5 presents shoot
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and root biomass data for sandy loam and loam soils. Data are presented for both
the left hand and right side of the central partition. Each side was further
subdivided into five columns A - E (‘A’ closest to partition on both sides). The

subdivision was done to study the difference in root development in different zones.

Root biomass decreases with depth in all samples. The discrepancy between the A
samples and the B - E samples is because the former were taken every centimetre
rather than every two centimetres as the remainder were. However, from Figure 5-
3 and Figure 5-4 plots of root mass with depth, and Figure 5-5 plots of total root
and shoot biomass for each of the columns, it is clear that there is a very uniform
growth across all columns. The average total root biomass production for the whole
box (across all sampling columns A - E) between a depth of 0 - 10 cm are similar for
both sandy loam (600 mg) and loam (580 mg). Figure 5-3 shows the root biomass
dropped below 2 cm depth in both columns. Also, in Figure 5-3, the average overall
shoot biomass production is similar for both soils, with an average total of 3990 mg
for sandy loam and 4100 mg for loam for the whole box. Though plant growth is
dependent on many factors, the observed similarity in average root and shoot
biomass for both soils may be due to the fact that sandy loam and loam soil have an
almost identical initial water content of 10.6% and 10.3% respectively, and both
desaturate easily at a lower suction as shown in section 3.3.10.5, Figure 3-2.
Typically, at lower air entry value, soil with a lower proportion of fine soils will
start desaturating, whereas soil with a high proportion of fine soils will desaturate
at an air entry value of several hundreds of kPa (Barbour, 1998). Therefore, it may
be that sandy loam and loam which contain almost similar lower percentages of fine

particles induce lower suction which favours plant growth.
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Scenario 2 - Replicate 2 - Root biomass with depth for sandy loam

Figure 5-3 - Control Scenario 2 - Replicates 1 and 2 - Sandy loam root biomass with
depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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Figure 5-4 - Control Scenario 2 - Replicates 1 and 2 - Loam root biomass with depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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Figure 5-5 - Control Scenario 2 - Sandy loam and loam soils root and shoot biomass

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;

R/H - Right Hand Side
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5.3 Contamination scenario 3 - Impact of a continuous NAPL

zone on plant growth

Scenario 3 experiments were contaminated setups for sandy loam and loam. These
had a continuous LNAPL contaminated soil placed in the contamination layers and
seeds planted evenly across (Figure 5-6). Scenario 3 was arranged to explore the
response of plants to oil in artificial soils, to understand the impacts on root growth
and distribution, as well as oil removal in persistent sources of contamination in the
ground which provide a long-term supply of dissolved phase contamination and
taking significant periods to dissipate naturally. There are two replicates for each

soil.

(a) - Sandy loam

Figure 5-6 - Scenarios 3 - LNAPL contaminated soil placed in the contamination layers

of both columns with seeds evenly planted in both at a depth of 1 cm.

The biomass present in the contaminated scenarios 3 for sandy loam and loam after
10 weeks are shown in Figure 5-7 and Figure 5-8. The figures are presented in a
similar way to Scenario 2, although here the grey bar in Figure 5-7 and Figure 5-8
show the location of the contaminated zone. Again, there is generally uniform

growth across the mesocosm, both above and below the soil surface.
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Figure 5-7 - Scenario 3 - Replicates 1 and 2 - Sandy loam root biomass with depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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Figure 5-8 - Scenario 3 - Replicates 1 and 2 - Loam root biomass with depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;

R/H - Right Hand Side.
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5.3.1

Scenario 3 - Impact of NAPL on shoot growth

Comparing the shoot mass in the control scenario 2 with scenario 3 for both soils,

there is a significant difference in shoot growth in both soils as shown in Figure 5-

9.
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Figure 5-9 Scenarios 2 and 3 - Shoot biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

The scenario 2 sandy loam shoot mass is significantly higher compared to scenario

3 (p = 0.0005), and also scenario 2 loam shoot mass is significantly higher compared

to scenario 3 (P = 0.0003). The decreased shoot biomass in both soils in scenario 3

suggests the presence of oil inhibits shoot growth as a result of the physical

exclusion of moisture and nutrients, and the oil toxicity. Therefore, these results

106



Chapter 5: Laboratory Phytoremediation Experiments on the Impact of NAPLs on Root

Distribution and Growth, and Oil Loss, in Soils at the Macroscopic Scale

indicate that mineral oil does have an effect on shoot growth. As with the
microcosm experiments (section 4.1), there is a decrease in the overall mass of
shoots in the presence of oil, but there is a significant increase in the mass of roots,
although this is particularly clearly illustrated with sandy loam (Figure 5-9). This
latter effect was observed at all depths where roots were found, and root mass was

also discovered at slightly greater depth.
5.3.2 Scenario 3 - Impact of NAPL on root growth

The comparison of root growth in the control scenario 2 and scenario 3 for sandy
loam and loam shows there is a significant difference in root growth in both soils as

indicated in Figure 5-10.
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Figure 5-10 - Scenarios 2 and 3 - Root biomass for sandy loam and loam soils. Error

bars represent + one standard error of the mean.
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The scenario 3 sandy loam root mass is significantly higher compared with scenario
2 (p = 0.0006), and also scenario 3 loam root mass is significantly higher compared
with scenario 2 (P = 0.0005), perhaps because of the oil presence clogging the pore
space thereby preventing oxygen and nutrients from reaching the rhizosphere which

can lead to the observed injury to the roots.

The increased root growth may be a response of the plants to environmental stress,
increasing the spread of roots in an effort to find an uncontaminated route to
nutrient supply, as was observed in the microcosms, see section 4.3. The mass
increase was partially caused by an observed thickening of roots (again also
observed in microcosms), see section 4.1. Comparison of the results shows that the
root biomass production for sandy loam is 36% greater than in the loam soil whose
biomass production 15% higher than both samples of the uncontaminated controls
(scenario 2). The higher root biomass for sandy loam might be because of an impact
of the oil, which apparently has more effect in the sandy loam, perhaps because
sandy loam has 30% less fine particles than loam. NAPL more easily displaces water
to occupy the pores in sandy soil which holds water less tightly. Fine soil holds water
more tightly making the movement of NAPL into and out of water-saturated soil
pores difficult, which can lead to a decrease in their bioavailability and transport
in the ground (Eibes et al., 2006, El-Tarabily, 2002) , this might give plants greater
accessibility to larger pores meaning accessibility to nutrients and moisture. In the
sandy loam, the contaminants are not bound up in the soil material and can clog
the pore space leading to a decrease in solutes and pore water availability compared
to more fine-grained soil. Hence, the reduced access to nutrients and moisture and
the toxic oil compounds will affect the plants (Mitton et al., 2014). In the sandy
loam soil, the ratio of the shoot to root mass is 3:1 in comparison to 6:1 for the
control (scenario 2). The loam soil shoot to root mass ratio is 3:1 in comparison to
7:1 for the control (scenario 2), indicating the plant put more energy into root
rather than shoot growth. The stress on root development may be because of the
presence of high concentrations of mineral oil, which leads to increased toxicity

and reduced access to moisture and nutrients.
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5.3.3 Scenario 3 - Impact of plants on oil loss

Between 55 % and 60 % (sandy loam) and 45 % and 57 % (loam) of the oil was removed
across all columns, when compared with scenario 1 where the total average oil loss
for sandy loam and loam measured at 5.19% and 3.59% respectively (Figure 5-11).

The results demonstrate the phytoremediation effect of ryegrass in non-aqueous
phase contamination.
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Figure 5-11 - Scenarios 1 and 3 - Oil loss for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

In Scenario 3, sandy loam where greater amounts of root biomass were observed
has a higher contaminant loss. The increased mineral oil loss in sandy loam, might
suggest an increase in contaminant bioavailability and transport in the sandy loam.
NAPLs will preferentially enter larger pores (easier to move water out of the larger
pore in the sandy loam) resulting in higher residual saturation in the pores.

Therefore, this might give plant roots greater accessibility to degrade the
contaminants.
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5.4 Contamination scenario 4 - Impact of a discontinuous NAPL

zone on plant growth

Scenario 4 tests were experimental setups for both artificial soils. The scenarios
had two equal columns with LNAPL contaminated soil placed in the contamination
layer of the right-hand column and clean soil in the left-hand column with seed
evenly planted across both (Figure 5-12). Scenario 4 arrangements had been tested
to understand the response of root growth and distribution to discontinuous zones
of oil contamination as well as oil removal. The physical distribution of NAPLs may
be complex, with scenarios ranging from larger zones of continuous NAPL
contamination to small unconnected individual ganglia. This scenario explored
whether the plants may increase the spread of roots in an effort to avoid toxicity
effects and environmental stress from oil contamination. Perhaps, the plants may
increase the spread of roots in an effort to find an uncontaminated channel to
nutrient supply in response to the toxicity effects and environmental stress from oil

contamination. Again, there are two replicates for each soil.

(a) - Sandy loam (b) - Loam
Figure 5-12 - Scenarios 4 - LNAPL contaminated soil placed in the contamination layer
of the right-hand column and clean soil in the left-hand column with seed evenly

planted across both at a depth of 1 cm.
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Figure 5-13 and Figure 5-14 are presented in a similar way to both Scenario 2 and
Scenario 3, although here the grey bar also shows the location of the contaminated
zone on the right-hand side. Also, data are presented for both the left hand and
right side of the central partition. Each side is further subdivided into five columns
A - E. There are differences in growth between the right-hand and the left-hand
columns, both above and below the soil surface for all the replicates. Comparing
the overall total for the whole box for scenario 4 and scenario 2 shows that the root
mass and shoot mass difference are statistically significant for both soils (Figure 5-
15, Figure 5-16, Figure 5-17 and Figure 5-18).
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Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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5.4.1 Scenario 4 - Impact of NAPL on shoot growth

The scenario 3 sandy loam shoot mass is significantly lower than scenario 4 (p =
0.015), and also scenario 3 loam shoot mass is significantly lower than scenario 4 (p

= 0.017) as shown in Figure 5-15.
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Figure 5-15 Scenarios 3 and 4 - Shoot biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

The higher shoot mass in scenario 4 also suggests the adverse effects of high levels

of contaminant in scenario 3 which affects shoot growth when compared with
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scenario 4. The results further confirmed that the presence of contaminant does

affect plant root and shoot growth in both soils.

The scenario 4 sandy loam shoot mass is significantly lower compared with scenario

2 (p = 0.005), and also scenario 4 loam shoot mass is significantly lower compared

with scenario 2 (p = 0.0002) as illustrated in Figure 5-16, the reduced shoot mass

was also observed in scenario 3 as a result of the presence of oil (Figure 5-9).
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Figure 5-16 Scenarios 2 and 4 - Shoot biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.
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Also, comparing shoot mass in scenario 4 right-hand with scenario 2 right side
(Figure 5-16), as with the scenario 3, there is a decrease in the overall mass of
shoots in scenario 4 right-hand column in the presence of oil, but there is a very

significant increase in the mass of roots (Figure 5-16 and Figure 5-17).

Moreover, the combination of contaminated and uncontaminated zones within the
same box has had an effect. The plant growth is affected by adjacent NAPL
contamination. In scenario 4, the average total shoot mass for the right hand is 1657
mg and left hand 1908 mg. Therefore, comparison of scenarios 4 and 2 left side
total shoot mass (1908 mg) is lower compared with scenario 2 (1945 mg) as shown
in Figure 5-16. Moreover, comparison of scenarios 4 and 3 right side total shoot mass
shows that scenario 4 right side shoot mass (1657 mg) is similar to scenario 3 (1661
mg), Figure 5-15. The results suggest that the fact that the contaminated and
uncontaminated zones were in the same box has led to a decrease in the overall
mass of shoots in scenario 4 compared with scenario 2, perhaps because of oil and

reduced access to nutrients.
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5.4.2 Scenario 4 - Impact of NAPL on root growth

Moreover, comparing the overall experiment total for scenario 3 and scenario 4
shows that the root mass difference is significant for sandy loam and loam (Figure
5-17).
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Figure 5-17 Scenarios 3 and 4 - Root biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.
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The scenario 3 sandy loam root mass is significantly higher compared with scenario
4 (p = 0.0005), and also scenario 3 loam root mass is significantly higher compared
with scenario 4 (p = 0.0033) as illustrated in Figure 5-17. The increased root mass
observed in scenario 3 in both soils may be because of the high levels (continuous
zones) of oil contamination in scenario 3 resulting in more damaged roots as plant
increased the spread of roots in an effort to find an uncontaminated route to

nutrient supply.

Comparison of the results for the scenario 4 right side with scenario 3 also shows
that the root biomass production for scenario 4 sandy loam is 25 % greater than in
the loam, an effect that was also observed in the scenario 3 results. The increase
in root biomass for the sandy loam soil might be as result of damaged roots in
response to the increased contaminant bioavailability and transport in the sandy

loam larger pores, resulting in less accessibility to oxygen, nutrients and moisture.

The scenario 4 sandy loam root mass is significantly higher compared with scenario
2 (p = 0.016), Figure 5-18 and also scenario 4 loam root mass is significantly higher
when compared with scenario 2 (p = 0.005), Figure 5-18, the increased root also

shows the adverse effects of oil on the root growth.
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Figure 5-18 Scenarios 2 and 4 - Root biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

Also, comparing root mass in scenario 4 right-hand with scenario 2 right side, as
with the scenario 3, there is a decrease in the overall mass of shoots in scenario 4
right-hand column in the presence of oil, but there is a very significant increase in
the mass of roots (Figure 5-18). This is particularly clearly indicated in the scenario
4 sandy loam (Figure 5-18), where root biomass was increased at all depths

compared to the scenario 2 control in locations where an oil layer was present.
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Moreover, higher root biomass was recorded in the scenario 4 left side columns
when compared to the control scenario 2 left side, as illustrated in Figure 5-18. It
is probable that the roots responded to the diffusion of the dissolved phase
contamination diffusing to the left, hence the changes in the root architecture.
Moreover, the combination of contaminated and uncontaminated zones within the
same box has had an effect. The plant growth is affected by adjacent NAPL
contamination. In scenario 4, the total root mass for the right hand is 560 mg and
left hand is 366 mg. Therefore, comparison of scenarios 4 and 2 left side total root
mass indicates that scenario 4 left side root mass (366 mg) is higher compared with
scenario 2 (270 mg), Figure 5-18. Moreover, comparison of scenarios 4 and 3 right
side total root mass shows that scenario 4 right side root mass (560 mg) is similar to
scenario 3 (558 mg), Figure 5-17. The results suggest that the fact that the
contaminated and uncontaminated zones were in the same box has led to a decrease
in the overall mass of shoots in scenario 4 and a very significant increase in the mass
of roots (Figure 5-17, Figure 5-18) when compared with scenario 2, perhaps because

of oil and reduced access to nutrients.
5.4.3 Scenario 4 - Impact of plants on oil loss

Comparing oil loss in scenario 4 with scenario 3 as shown in Figure 5-19, between
67 % - 76 % (sandy loam) and 58 % - 66 % (loam) of the oil were removed on the
right-hand of scenario 4, while between 55 % - 60 % (sandy loam) and 45 % - 57 %
(loam) of oil were lost across all columns (totals for the whole box) of scenario 3
(Figure 5-11).
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Figure 5-19 - Scenarios 3 and 4 - Oil loss for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

This demonstrates apparent phytoremediation of NAPL contamination and the
adverse effects of persistence sources of dissolved phase contamination. The total
average oil loss for sandy loam is higher compared with loam in scenario 4, Figure
5-19. The lower overall percentage of contaminant loss in scenario 3, when
compared to scenario 4 contaminated right-hand, might be because of the high
levels (continuous zones) of oil in scenario 3 (Figure 5-19). The removal or loss of
organic contaminants by the plant generally depends on the volume or its
concentration in the soil (Zengel et al., 2016, Lim et al., 2016). The results suggest
that more contamination might mean less contaminant loss due to the high oil
content clogging the pore space, thereby reducing the supply of oxygen, moisture
and nutrients which may be responsible for shoot growth inhibition and the observed
injury to the roots and the subsequence less contaminant loss. The analysed samples

from the scenario 4 left side show zero oil recovery.
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5.5 Contamination scenario 5 - Impact of small unconnected

NAPL zones on plant growth

Scenario 5 tests had two main equal columns, where the left side was entirely
uncontaminated, and the right side was subdivided into five alternately
contaminated and uncontaminated sub-columns with seeds evenly planted across
both. (Figure 5-20). The five sub-columns represent small unconnected contaminant
sources which is more common as the contaminant source ages. There are two
replicates for each soil.

|
I
AL

S R T

a - Sandy loam b - Loam

Figure 5-20 - Scenarios 5 - LNAPL contaminated soil placed in the contamination layer
of the right-hand column (further subdivided) and clean soil in the left-hand column

with seed evenly planted across both at a depth of 1 cm.

Results for scenario 5 are shown in Figure 5-21 and Figure 5-22, that show the root
biomass with depth for the two soils as recorded at the end of the experiment. The
effects observed in Scenario 4 right-hand column (Figure 5-13 and Figure 5-14) are
replicated here but in smaller alternate unconnected zones. However, the
introduction of five sub-columns has a negative effects of plant shoot and root
biomass production.
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Figure 5-21 - Scenario 5 - Replicates 1 and 2 - Sandy loam root biomass with depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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Figure 5-22 - Scenario 5 - Replicates 1 and 2 - Loam root biomass with depth.

Note: Refer to Figure 3-10 for samples’ sizes and volumes. * L/H - Left Hand Side;
R/H - Right Hand Side.
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5.5.1 Scenario 5 - Impact of NAPL on shoot growth

In Figure 5-23, the comparison of the total root mass and shoot mass for the whole
box for scenario 4, and scenario 5 shows that the scenario 4 root mass is significantly
higher for sandy loam (p = 0.006) and loam (p = 0.0061) compared with scenario 5

as a result of root damage caused by the increased oil contamination.
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Figure 5-23 Scenarios 4 and 5 - Shoot biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.
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The increased oil contamination also leads to a significant reduction in the shoot

mass in the loam for scenario 4 (p = 0.0068), Figure 5-23.

Moreover, the scenario 5 shoot mass is also statistically significantly lower (p =
0.0013, sandy loam; p = 0.0016, loam) compared with scenario 2, Figure 5-24. The
results suggest that low contamination levels with the presence of non-continuous
contamination reduce root mass as well as shoot mass. Perhaps, the smaller extent
of the contamination regions in scenario 5 may have caused a fluctuation in nutrient
availability, with small regions providing a very different condition of nutrient input

and root competition which will negatively affect plant growth.

The inhibition to shoot growth and root growth was also observed with either no oil
or the highest levels of oil contamination with multiple partitions in the microcosm
experiments. This is similar to the earlier root growth scoring in Figure 4-6,
microcosm experiments - the greatest inhibition was seen with low oil
contamination and a significant root damage with higher levels of oil contamination.
The observed effects could be related to the reported results from the literature
on the mechanisms of plant toxicity (Simonich and Hites, 1995, Lim et al., 2016)
and the physical impacts of NAPL. The contaminants will dissolved in the aqueous
solution (not measured in the thesis) and adsorbed on the root (Li et al., 2014b);
before penetrating into root tissues (Hurtado et al., 2016), causing harm to the
plant and consequentially inhibit growth (Vazquez-Cuevas et al., 2018b). The
significant inhibition in plant growth has also been attributed to the presence of
NAPLs in the soil. They did affect soil fertility and interchange of gases by clogging
pore space. (Chen et al., 2013, Ramadass et al., 2015), thereby reducing the
electrostatic interaction with some essential nutrients for the plants (Atlas and
Bartha, 2012, Wolfe, 2013a). The plant can experience a metabolic discrepancy
caused by a condition of oxidative stress which impedes the ability of the cell to
regulate the chemical processes (Romeh, 2017, Hou et al., 2015). This has impacted

upon plant shoot development noted.
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Figure 5-24 Scenarios 2 and 5 - Shoot biomass for sandy loam and loam soils. Error bars

represent + one standard error of the mean.

5.5.2 Scenario 5 - Impact of NAPL on root growth

The scenario 5 left side root biomass seems to be quite low when compared with

the control scenario 2 left side, as clearly shown in sandy loam (Figure 5-25).
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Figure 5-25 Scenarios 2 and 5 - Root biomass for sandy loam and loam soils. Error

bars represent + one standard error of the mean.

Although the root architecture for both scenario 5 and scenario 2 left side are similar
(roots were fine, long and smooth), the lower root mass in scenario 5 left side
suggests that there is a significant inhibition on the root growth in the low oil
contamination, while injury to root was observed with high oil concentration as seen
in all high-level oil contaminated layers. Moreover, the combination of alternate
contaminated and uncontaminated zones within the same box has had an effect.
Overall, root biomass for the whole box seems to be quite low in scenario 5, also
particularly clearly illustrated in the sandy loam (Figure 5-25) when compared with

the control scenario 2.
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Therefore, the combination of alternate contaminated and uncontaminated zones
within the same box has had an effect. These results show that the scenario 5 root
mass is significantly lower (p = 0.0051, sandy loam; p = 0.0023, loam) compared
with scenario 2. Moreover, the scenario 5 shoot mass is also statistically significantly
lower compared with scenario 2, Figure 5-24. The results suggest that low
contamination levels with the presence of non-continuous contamination reduce
root mass as well as shoot mass. Perhaps, the smaller extent of the contamination
regions in scenario 5 may have caused a fluctuation in nutrient availability, with
small regions providing a very different condition of nutrient input and root
competition which will negatively affect plant growth (McConnaughay and Coleman,
1998, Lavorel et al., 1997). Moreover, the significant inhibition in plant growth has
also been reported at low oil concentration in the soil, and even though low
contamination levels were considered to be less toxic, contaminants can affect soil
fertility and interchange of gases by clogging pore space (Chen et al., 2013,
Ramadass et al., 2015).

5.5.3 Scenario 5 - Impact of plants on oil loss

A higher proportion oil loss was observed in scenario 5 probably because of the
reduced extent of contamination in the contamination layer, compared to other
contaminated scenarios (Scenario 1 - R/H, Scenario 3, and Scenario 4 - R/H), Figure
5-11, Figure 5-19, Figure 5-26, and Figure 5-27. The sandy loam columns exhibited

more oil loss compared to loam columns as shown in Figure 5-26 and Figure 5-27.

Figure 5-26 and Figure 5-27, decreasing amounts of oil loss were observed as the
coverage of the oil layer increased. Although the improved performance is largest
at low contaminant levels (as seen in scenario 5), as oil contamination increases,
the oil recovery from the two soils becomes similar. The observed reduced oil loss
with increasing oil levels might be because the removal of oil by the plant will
generally depends on the levels in the soil (Zengel et al., 2016, Lim et al., 2016).
The observed results might be because of the damaged root in the high-level
contaminated scenarios, Figure 5-26, Figure 5-27 (Naidoo, 2016, Merkl et al., 2005)

or the plant root branching and avoidance of contaminated zones in an effort to
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find an uncontaminated route to nutrient supply as seen in the microcosm (section

4.2).
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Figure 5-26 - Scenarios 3 and 5 - Oil loss for sandy loam and loam soils. Error bars
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represent + one standard error of the mean.
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Figure 5-27 - Scenarios 4 and 5 - Oil loss for sandy loam and loam soils. Error bars

represent + one standard error of the mean.
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5.6 General analysis and discussions

5.6.1 Plant root and shoot biomass production relative to oil coverage

The behaviour observed at the microcosm scale was explored at a larger size in soil
mesocosms to determine how the response of an individual plant could be
extrapolated to the behaviour of a planted soil and its effect on NAPL
contamination. Plant root biomass was measured for each experimental setup to
verify the impact of spatially distributed mineral oil on physical distribution of root
growth and at the interface between plant root and oil. Similar to the microcosm
experimental design (section 3.4.1), in all scenarios, the 3 cm uncontaminated
surface soil layer allows germination and initial establishment of ryegrass which has
been reported to be affected by phytotoxicity of mineral oil (Adam and Duncan,
2002). The presence of deeper contaminated layers has been found to result in
enhanced initial root density and longer root system from preliminary investigations
(Kechavarzi et al., 2007). In the reported tests, the introduction of the mineral oil
contaminant in planted experiments corresponds to a decrease in the overall mass
of shoots in the presence of oil, but there is a very significant increase in the

biomass of roots (Figure 5-28).
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Figure 5-28 - Effect of the presence of oil on root and shoot biomass for all scenarios
with plants. For each scenario, root and shoot dry mass are totalled up for each
replicate, and the average of this total for the two replicates is presented for scenarios

2, 3, 4 and 5. Error bars represent + one standard deviation.
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The latter effect was observed at all depths where roots were found, and root mass
was also observed at slightly greater depth (Figure 5-3, Figure 5-4, Figure 5-7, Figure
5-8, Figure 5-13, Figure 5-14, Figure 5-21, Figure 5-22). In particular, there appears
to be an increase in root mass in all contaminated zones. Moreover, Increased root
biomass was observed as the coverage of the oil layer increased (Figure 5-28), hence
there is a decrease in root biomass across scenarios 3 - 5 for both soils as oil
contamination levels reduced, this is particularly clearly illustrated in the sandy
loam (Figure 5-28). The decrease root mass across scenarios 3 - 5 demonstrates the
adverse effects of high sources of dissolved phase contamination and possibly the
presence of non-continuous contamination layer which might have played a role in
impact on the plants. The result, therefore, suggests that the response of plant root
to environmental stress, in the form of changes to the root architecture by the plant
may be dependent on the contaminant volume or its concentration in the soil and
restrictions or non-continuous contamination layer. The non-continuous
contamination layer may cause a variability in root development, as partitions
provide a very different condition for root competition which will negatively affect
plant growth. Moreover, high oil content will clog the pore space, thereby reducing
the supply of oxygen, moisture and nutrients, especially in the sandy loam with low
fine-grained contents. In the contaminated scenarios 3 and 4 with high oil contents,
the root biomass production for sandy loam is greater than loam soil but the reverse
is the case in the low oil contents scenario 5 with loam having a higher root mass
than sandy loam, however, in the uncontaminated controls (scenario 2), the biomass
production is similar for both samples (Figure 5-28). The higher root mass for loam
in scenario 5 might be because the low oil content is bind up in the fine soil material,
which can lead to a decrease in their bioavailability and transport in the ground,
this might give plants greater accessibility to larger pores meaning accessibility to
nutrients and moisture. The higher root biomass for sandy loam in the scenarios 3
and 4 might be because of an impact of the oil, which apparently has more effect
in the sandy loam, perhaps because sandy loam has 30% less fine particles than
loam. There is an increase contaminant bioavailability and transport in the sandy
loam larger pores when compared with soils with high clay contents; therefore the
toxic compounds can migrate in the soil and inhibit water and nutrients from

reaching the rhizosphere which will affect the plants (Mitton et al., 2014).
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Also, 50% and 36% more root biomass for sandy loam and loam respectively were
recorded at all depth in the high contaminated scenarios 3 and 4 as a result of root
damage. However, 65% and 55% less root biomass was recorded for the sandy loam
and loam respectively at all depth in the lower contaminated scenario 5 when
compared with the control scenario 2, suggesting that the greatest impediment to
root growth was seen with high oil contamination levels (or possibly the presence
of smaller non-continuous contamination layer) reduces root mass as well as shoot
mass, but without non-continuous contamination layer or as the levels of NAPL
increase, there is a threshold at which root mass starts to increase. The negative
impact of NAPL and non-continuous contamination layer is of greater magnitude in
the sandy loam. However, the higher root mass observed for loam might be because
the low oil content having low inhibitory impacts on plant growth due to a decrease
in their bioavailability in the rhizosphere. The higher root biomass recorded
compared to the uncontaminated control is likely due to the toxicity of the inert or
immobile mineral oil clogging the pore space and the physical exclusion of oxygen,
moisture and nutrients required by the plant for growth and developments. The
environmental stress effect on root development as a result of the contamination
may be attributed to the presence of high concentrations of mineral oil; leading to
increased toxicity and reduced access to moisture and nutrients, which will strain
root development in the contaminated scenarios. The increased root growth may
be a response of the plants to environmental stress, increasing the spread of roots
in an effort to find an uncontaminated route to nutrient supply, as was observed in
the microcosms. The mass increase was partially caused by an observed thickening
of roots (again also observed in microcosms). Changes in root architecture such as
length, thickness and branching (branching has been seen previously in the
microcosms, see section 4.1 but not observed or measured in this experiment) are
commonly observed as a result of abiotic stresses such as drought, salinity or metal
contamination (Franco et al., 2011) although the actual impact is highly species
dependent. In the presence of oil, plant roots were coarse and looked injured, while

the uncontaminated control plant roots were longer, fine and smooth (Figure 5-29).
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Figure 5-29 Root images in contaminated and uncontaminated soils scenarios

Plant roots can be directly or indirectly affected by the presence of oil in the soil.
Merkl et al. (2005). Merkl et al. (2005) observed that roots of plants growing in pots
after the soil mixed with heavy oil were coarse and injured, as roots of Brachiaria
brizantha (Hochst. ex A. Rich.) Stapf (Poaceae), and Cyperus aggregatus (Wild.)
were severely damaged, and death resulted in contaminated pots. Root death or
injury can be related to intermediate compounds like aromatic acids, phenols and
alkanoic acids that can form when oil is biodegraded by microorganisms in soil
(Hutchinson and Freedman, 1978). Nonetheless, oil contamination affects soil
moisture conditions, and due to the hydrophobic nature of petroleum, water
spreads in-homogeneously in the contaminated soil which can inhibit water from
reaching the rhizosphere. Therefore, the stress experienced by the plants due to
less permeability may lead to an increase in root diameter and reduced root length
(Zhang et al., 2003) .

As with the microcosm experiments, there is a decrease in the overall mass of shoots
in the presence of oil (Figure 5-28). Contaminated scenarios relative masses of shoot

and root is 8:3 when compared to the 10:1 for the control scenario 2. Scenarios 3 -
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5, with LNAPL contaminants recorded the reduced shoot biomass when compared
with control scenario 2. These results suggest that mineral oil does have an effect

on shoot growth.

There is a decrease in the overall mass of shoots in the presence of oil (Figure 5-28)
with scenarios 3 - 5 recording reduced shoot biomass when compared with control
scenario 2. In particular, there appears to be a decrease in shoot mass in all
contaminated zones when compared with control scenario 2 (Figure 5-28).
Moreover, there is an increase in shoot biomass across scenarios 3 - 5 for both soils
as oil contamination levels reduced, clearly illustrated in the loam soil (Figure 5-
28). Lower shoot biomass was recorded in scenario 4 left-hand columns when
compared to the control scenario 2 left hand especially in the loam soils, see Figure
5-18. It is probable that the roots responded to the diffusion of the dissolved phase
contamination diffusing to the left, hence the changes in the shoot growth. The
results also confirm that the presence of contaminant in adjacent zones does affect
plant shoot growth in both soils. It may be because the plant put more energy into
root growth than shoot growth due to stress induced by oil contamination. The
adverse impacts on plant shoots might be because of high oil concentrations in the
soil. This will not only reduce the amount of water and oxygen available for plant
growth (Kaur et al., 2017) but also can interfere with soil-plant-water interactions
by direct physical contact (coating of root tissues) thus negatively affecting shoot

growth (Razmjoo and Adavi, 2012).
5.6.2 Plant effects and oil loss in artificial sandy loam or loam soils

The presence of plants corresponded to significant oil loss (between the average of
60 - 80 % for sandy loam and 50 - 70 % for loam), whereas without plants only
minimal oil loss was noted (5.19% and 3.59% for sandy loam and loam respectively)

as shown in Figure 5-30.
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Figure 5-30 - Scenarios 1, 3, 4 and 5 - sandy loam and loam - Total average oil loss.

Error bars represent + one standard error of the mean.

Within planted experiments, decreasing amounts of oil loss were observed as the
coverage of the oil layer increased. Although the improved performance is largest
at low contaminant levels, as oil contamination increases, the oil recovery from the
two soils becomes similar. Therefore, the results show that the success of
phytoremediation is because of the presence of the plant which resulted in an
increased amount of oil loss from the system (Figure 5-30). The observed reduced
oil loss with increasing oil levels is because the removal of oil by the plant generally
depends on the volume or its concentration in the soil (Zengel et al., 2016, Lim et
al., 2016). The observed results might be because of the damaged root in the high-
level contaminated scenarios (Naidoo, 2016, Merkl et al., 2005) or the plant root
branching and avoidance of contaminated zones in an effort to find an
uncontaminated route to nutrient supply as seen in the microcosm (section 4.2.10)
and plant growth and root morphology in an oil polluted soil experiment by Langer
et al. (2010). Perhaps, it may also be because all scenarios have the same mass of
plants, and they can only deal with oil at a fixed rate, thereby taking longer to

remove a similar percentage.
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The sandy loam which produced higher amounts of root biomass has a higher
contaminant loss, and it is perhaps not surprising that this has affected the plant
shoot development. The increase in root biomass (the observed injury to roots) in
response to increasing mineral oil loss, might suggest an increase in contaminant
bioavailability and transport in the sandy loam. Oil will preferentially enter sandy
loam larger pores, thereby resulting in higher residual saturation in the pores. Under
these conditions, plant roots will have greater accessibility to degrade the
contaminants; however, high oil content in the pore space will result in less
accessibility to oxygen, nutrients and moisture and the consequential damaged
roots. Loam soil with high fine-grained content holds water more tightly making the
movement of oil into and out of water-saturated soil pores difficult, which can lead
to a decrease in the oil bioavailability and transport in the ground and the resulting

lower loss.

5.6.1 Limitations

Samples up to a depth of 10 cm has been analysed. It is possible that there was an
impact of oil on root growth deeper than 10 cm, but the evidence presented in the
results section suggests this will be minimal. There is a lack of oil free control for
scenario 5, because the analytical work required was considerable for each
specimen, and it was determined that two specimens was a manageable number.

The uptake mechanism for LNAPL loss was not tested.
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5.6.2 Summary

Phytoremediation of organic contaminants depends on the close interaction
between plant and contaminant. For some scenarios, non-aqueous phase liquids
(NAPLs) may be present and prove detrimental to the process. This work explores
the impact of NAPL contaminant on plant growth in an artificial soil at the
macroscopic scale to identify how phytoremediation can be employed for source

zones treatment in the presence of NAPLs.

The multiple plant systems grown in artificial sandy loam and loam soils
demonstrate the effects of the presence of an LNAPL (mineral oil) on the
development of perennial ryegrass, and subsequently the removal of the oil by the
plant. Plant growth and metabolism resulted in the removal of significant quantities
of oil from the system, indicating that perennial ryegrass, and potentially other

plant species too, is capable of the phytoremediation of non-aqueous phase liquids.

In conclusion, the introduction of the contaminant in planted experiments was
found to significantly impact upon vertical root biomass distribution, including
zones of increased root growth compared to uncontaminated controls, with
increased root biomass observed as the coverage of the oil layer increased. The
increase in root biomass is seen through increased root thickening as a result of
exposure to the LNAPL. There were injuries on root development in terms of
changes to root thickness within the contaminated layers which may be attributed
to the toxicity of mineral oil and a reduced supply of moisture and nutrients, which
will stress root development in this zone. Root death or injury has been linked to
oil toxicity in soil and reduced access of the plant to moisture and nutrients which
strain plant growth. The effect on the root system architecture is consistent with

effects observed in other species due to various environmental stresses.

The presence of oil is also associated with reduced shoot biomass production as
compared to the uncontaminated controls with much more significant shoot biomass
than contaminated soils due to its inherent toxicity. This suggests that the stress
induced by oil toxicity causes the plant to exert more drive into root growth than

shoot growth.
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Significant removal of LNAPL was recorded in the planted soil, but minimal oil loss
was noted in unplanted soils. Although sandy loam with greater root biomass
removed 80% - 90% oil at lower concentrations, the improved removal was similar

for both soils as concentration increases.
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6.1 Introduction

This chapter discusses the outcomes of a review of current literature available on
phytoremediation and two sets of experiments with ryegrass (Lolium perenne)
grown in hydroponic conditions as well as planted soil that are presented in this
thesis. The goal of the literature review was to use an elaborate review to compare
a large number of phytoremediation studies with regard to their performance and
efficacy. The study assessed 350 experimental (laboratory and field-based) articles
concerning the success or otherwise of phytoremediation and by combining
outcomes from multiple studies seeks to identify patterns and relationships not
apparent at the level of individual investigations. The two sets of experiments
explored the impact of the physical presence of an LNAPL (mineral oil) on plant
growth, root distribution and oil removal. The use of hydroponic systems has
investigated the response of single grass plant to oil in a soil-free, hydroponic
system to understand the impacts on root growth and distribution, as well as oil
removal, in a highly idealized scenario, whilst larger scale experiments (mesocosms)
have investigated phytoremediation and effects of oil on plants in artificial soil
systems. The knowledge gained has been used to discuss how plants impact the
behaviour and durability of NAPLs. This thesis aimed to understand plant and NAPL
interactions within the vadose zone. Phytoremediation of organic contaminants
depends on the close interaction between plant and contaminant. For some
phytoremediation treatments of contaminated soils. A key question is whether the
spatial distribution of roots is governed or correlated with the spatial distribution
of NAPL contamination in the soil and what role does the form or state of
contamination play, and why this happens?. This work aimed to investigate the
multiphase interactions of plant, soil minerals and soil pore liquid with NAPL
contaminants at microcosm and macrocosm levels. By so doing, the investigations
seek to develop an understanding of how phytoremediation can be employed for

source zone treatment in the presence of NAPLs.

Based on the research questions in section 1.1, the elaborate review has given the
research into phytoremediation an opportunity of a higher chance of detecting an
effect and improve precision in the application of phytoremediation techniques by

identifying patterns and relationships not apparent at the level of individual
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investigations. Moreover, this has also allowed the degree of conflict to be assessed,
and reasons for different results explored and explained. Also, the smaller scale
hydroponic and the larger scale soils experiments that explored how plant growth,
root distribution and development, and oil removal are affected through direct
physical contact with LNAPL in pore-scale has established that LNAPLs may hinder
root development and instigate root spread of NAPL-contaminated pores or zones
and roots in close proximity to NAPLs may be able to reduce dissolved-phase
contamination through mechanisms including uptake and rhizodegradation such that

non-equilibrium conditions arise, causing relatively rapid dissolution of the NAPL.

This research has added to the understanding of the use of plants for remediating
NAPL contaminants in many ways based on the initial aims and objectives in section

1.1. In particular, from the literature review, the study has:

e established from the review that sandy loam, loam, and silty loam have a
better organic contaminant removal than other soil types because they
favour water retention, nutrient availability and water supply for plant

growth and root development.

e identified from the review that high organic matter leads to good removal
but its presence is not crucial, and that within acceptable ranges for plant
growth, the soil organic matter and pH have little impact on contaminant

removal.

¢ indicated from the review that the physical presence of NAPLs, in particular,
may have an effect, which suggests that there is a physical effect of NAPLs
on plant rather than just chemical effects. The uptake mechanism indicates
that the contaminants will dissolve in the aqueous solution within the
rhizosphere and then adsorbed on the root before penetrating into root

tissues.

e observed a reduction in the concentration of contaminants after
intervention with plant species. Longer-term studies from the review showed

that these positive trends were either maintained or improved with time.
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Moreover, from the microcosms and mesocosms experiments, the study has:

identified from the experiments that spatial distribution of NAPL

contamination loss is related to the spatial distribution of roots.

suggested, from interpretation of the experiments data, that
phytoremediation of dissolved phase contamination accelerates the
dissolution of LNAPLs into adjacent groundwater and thus can indirectly
destroy these persistent contaminant sources considerably more rapidly than

by natural attenuation alone.

established from the experiments that the presence of NAPL does not
prevent the growth of a root within a pore, allowing co-existence and
therefore more rapid NAPL removal (either directly, indirectly or both) than

might otherwise be the case.

identified from the experiments that the impact of NAPL on root
architecture is clear; it is not merely the presence of oil which subsequently
caused the plant to seek out new routes to the nutrient medium. However,
there was greater root distribution and spreading with more extensive NAPL
(thought to be caused by increased access to dissolved phase oil) and

changes to individual root morphology.

suggested from the experiments that any contribution from direct
interaction between root and NAPL has not been conclusively demonstrated
but direct uptake of hydrocarbons is known to be possible (Hunt et al., 2018)

although likely to be slower than dissolved phase effects.

shown from the experiments that NAPL impact on the plant as a whole was
detrimental, with considerably reduced above ground biomass (shoots) as

well as the changes to the roots.

indicated significant removal of LNAPL was recorded in the planted
experimental scenarios, but minimal oil loss was noted in unplanted

scenarios.
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6.2

identified from the experiments that the adverse effects of high sources of
dissolved phase contamination and the presence of non-continuous
contamination layer in the contamination layer played a role in variations in

the impact of contamination on plant growth.

established that soil type influenced the water retention characteristic
curves of the soils from the experiments. Due to the presence of significant
percentages of sand, both soils desaturated at suction less than 1.0 kPa. The
loam (clay-size = 20%) was found to have higher water holding capacity than
the sandy loam (clay-size = 10%) for suctions less than 1.0 MPa. At higher
suctions, both soils had similar water retention characteristics, which may
be one of the factors that lead to a similar average overall root and shoot

biomass production for both uncontaminated soils.

identified that the presence of LNAPL in oven-dried soils reduced the total
suction from 1000 to about 100 MPa. However, an increase in the LNAPL
content (i.e., the oil content) did not influence the suction of the soils. For
both soils, the measured suctions remained at about 100 MPa for a range of
oil content between 2 to 12% indicating that the trapped air within the soil
systems did not allow a reduction of suction of the soils when the oil content
was increased. Although plant growth is dependent on many factors, the fact
that sandy loam and loam soils desaturate relatively easily at lower suctions

would favor plant growth (Ni et al., 2016).

established from the experiments that, of the soils considered, plants grown
in sandy loam removed the most significant amounts of LNAPL, which suggest
an increase in contaminant bioavailability and transport in the sandy loam.
However, the improved contaminant removal was similar for sandy loam and

loam soils as the concentration of contaminant increases.

Impact of NAPL on root growth.

Organic contaminants are known to inhibit plant growth (Buss et al., 2015, Franco

et al., 2011, Vazquez-Cuevas et al., 2017). The primary inhibiting factors from many

studies are considered to be the toxicity of low molecular weight compounds and

the hydrophobic properties of the higher molecular weight compounds limiting the
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ability of plants to absorb water by decreasing the field capacity of soils and

nutrient contents (Inglezakis et al., 2017, Norris, 2017).

Generally, root matter decreases with depth across the mesocosms (Figure 5-3,
Figure 5-4, Figure 5-7, Figure 5-8, Figure 5-13, Figure 5-14, Figure 5-21, Figure 5-
22). This is because perennial grasses are fibrous-rooted (Schenk and Jackson, 2002)
and root profiles of grass communities tend to be as shallow as possible and as deep
as required to meet the evapotranspiration (ET) demand, also factors related to
reduced probability of oxygen deficiency, and high water and nutrient availability
in the upper soil layers (Schenk, 2008) are at play. At the mesoscale, it is clear that
there is varying root growth across all sampling columns from the plots of root dry
weight with depth, and also the plots of total shoot mass and root mass for each
column. At least 80% of control as per OECD tests (Reuschenbach et al., 2003).
Seedling germination and growth was found to be good and dense in all replicates
in all scenarios in the mesocosms (example images in Figure 5-2, Figure 5-6, Figure
5-12 and Figure 5-20). Moreover, in the microcosm experiments, seedling
germination and growth was found to be consistently good across all replicates in
all scenarios (example images in Figure 4-1). Germination occurred in all pore-scale

rhizoboxes.

In this investigation, there was an apparent effect of LNAPL on root growth in the
microcosm experiments, it is hypothesized that high oil concentrations were leading
to high levels of dissolved mineral oil contents that caused root growth to be evenly
distributed across the columns. Moreover, in the planted larger scale experiments
(mesocosm), high oil concentrations lead to changes in the root architecture.
Mineral oil has been shown to have an adverse effect on the plants (Zhu et al.,
2018). Furthermore, increased root mass (as a result of root damage) at high oil
concentrations suggests environmental stress experienced by the plant. The
environmental stress effect on root development as a result of the contamination
may be attributed to the presence of high concentrations of mineral oil; leading to
increased toxicity and reduced access to oxygen, moisture and nutrients, which will

strain root development in the contaminated scenarios.

Moreover, root growth occurs at deeper locations (below the NAPL contamination)
compared to uncontaminated samples resulting in changes in both root biomass

quantity and location. More root biomass was recorded at all depths in the highly
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contaminated scenarios as a result of root damage for sandy loam and loam soils.
However, reduced root biomass was recorded for the sandy loam and loam at all
depths in the lower contaminated compared with the uncontaminated control
scenario, suggesting that the most significant impediment to root growth was seen
with more damaged root mass. The increased root growth may be a response of the
plants to environmental stress, increasing the spread of roots to find an
uncontaminated route to nutrient supply, as was observed in both microcosm and
mesoscale experiments. Marked thickening of roots partially caused the mass
increase. In the presence of oil, in both microcosm and mesoscale experiments,
plant roots were visibly damaged and injured, while the uncontaminated control

plant roots were longer, fine and smooth (Figure 5-29).
6.3 Impact of NAPL on shoot growth.

Some of the functions of the root are to absorb moisture, nutrients and firmly hold
the plant in the ground. The root development and metabolism can directly affect
the growth of the plant parts above the ground (Davies and Zhang, 1991). In some
studies, it is evident that under environmental stress, and during seed imbibition,
a decrease in water and nutrients uptake takes place which causes a reduction in
germination ability of seeds (Pirasteh-Anosheh et al., 2011, Ashraf et al., 2008).
Environmental stress can cause a permanent loss in shoot yield potential because it
inhibits seed germination (Ashraf et al., 2013, Sharif et al., 2007). The microcosm
recorded an overall decrease in the mass of shoots (Figure 4-3, Figure 4-4 and Figure
4-5) at high oil levels. Moreover, in the presence of oil in the mesocosms, there was
an overall decrease in the mass of shoots. Therefore, the behaviour observed at
the microcosm scale and the larger size experiments in soils (sandy loam or loam)
mesocosms shows there is a very significant increase in the mass of roots and a

decrease in the overall mass of shoots in the presence of oil (Figure 5-28).

Both experiments suggest that due to stress induced by oil contamination, the plants
put more energy into root growth than shoot growth. Therefore, the decrease in
overall mass and length of the shoot after oil contamination suggests environmental
stress experienced by the plant as a result of some physiological process in plants
such as respiration, translocation and transpiration being affected adversely by

LNAPL contamination.
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6.4 Impact of spatial NAPL location on plant growth.

Plant growth is affected in areas adjacent to LNAPL contamination in all scenarios
that combined contaminated and uncontaminated zones when compared to
uncontaminated experiments without oil and the experiments with complete oil
coverage. Hence, the combinations of contaminated and uncontaminated zones
(separated by partitions) in the same box has led to a decrease in the overall mass
of shoots and a very significant increase in the mass of roots for both microcosm
and mesocosm experiments (see microcosm Figure 4-7 and mesoscale). The
decreased shoot biomass and the increased root growth in all scenarios that
combined contaminated and uncontaminated zones suggest the presence of oil and
perhaps, the presence of the different zones (separated by partitions) inhibits shoot
growth and causes root damage. The observed adverse effects suggest physical
exclusion of moisture and nutrients as a result of oil toxicity and the presence of
partitions. There was observed injury, characterized by a thicker and reduced
length, to the roots. Specifically, there is an increase in the root mass in all
locations. It is probable that the oil presence in adjacent columns led to dissolved
mineral oil and that it might be this that inhibited root growth in the
uncontaminated columns and therefore caused root damage. There is some
evidence for this in that the root growth in contaminated columns soils was found
to be consistently higher than the uncontaminated columns. See Figures 4-5, 4-6,
5-9, 5-10, 5-12 and 5-13.

However, the adverse effects of alternating contaminant locations on the plant
growth are most significant as oil concentration levels increase (Figure 5-28,
scenarios 3 - 5), indicating that the highest levels of LNAPL contamination and
partitions have the most significant adverse impact on the root architecture. The
increased in root mass as oil contamination levels increased also explains the
adverse effects of high sources of dissolved phase contamination transport from the
adjacent LNAPL zones and the presence of partitions which might have played a
part in impact on the plants. The combinations of contaminated and
uncontaminated zones (separated by partitions) may cause root competition with
each other for space which will affect the plant. The result, therefore, suggests
that the response of plant root to environmental stress, in the form of changes to

the root architecture by the plant may be dependent on the contaminant
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concentration levels in the soil and the physical restrictions imposed by the

partitions.
6.5 Impact of root location on NAPL removal

In this study, it is apparent that the presence of NAPL does not prevent the growth
of a root within a pore in the early stages regardless of contaminant location,
indicating that roots tend to grow vertically downwards with little lateral spread
initially and that this is mostly unaffected by the presence of individual oil ‘ganglia’.
The roots appear to coexist with the contaminants within the NAPL contaminated
layers and therefore more rapid NAPL removal (either by direct interaction between
root and LNAPL, indirectly by dissolved phase effects or both) than might otherwise
be the case. In all oil-contaminated scenarios, the presence of a root led to
substantial LNAPL loss (Figure 4-5) whereas in plant-free experiments little or no oil
loss was observed (Figure 5-30). Even where little or no root growth was observed
in an oil-contaminated pore, the oil was still removed, although more slowly than
when a plant root was present. The analysed data from microcosm experiments
show that root growth appears to be correlated to oil loss as increased root growth
is matched by increasing levels of oil loss (Figure 4-8). Though, in some instances,
the oil loss was substantial for relatively small root growth and oil was lost without
any root growth. This suggests that enhanced removal of the low levels of dissolved
phase mineral oil by established roots in the adjacent pores disrupts the equilibrium
causing further mineral oil in all pores to dissolve, which in turn is removed by the
action of the roots. Also, in the mesocosm experiments, this led to a decrease in
the overall mass of shoots and a very significant increase in the mass of roots in the
adjacent columns when compared with the oil-free experiments. The result suggests
the probability of the roots responding to dissolved phase contamination diffusing
to the adjacent uncontaminated columns causing LNAPL phytoremediation and

changes in the root architecture, see Figure 5-17 and Figure 5-18.
6.6 Impact of different levels of LNAPL on plant growth

Studies reported a reduction in fresh or dry weight of shoots and leaves of plants
with increasing contaminant levels. Palmroth et al. (2006) and Zhang et al. (2010)
found that the presence of high levels of contaminants negatively affects the growth

and health of plants due to the reduced permeability induced by the introduction
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of pollutants. As soil moisture conditions are affected by heavy oil contamination
and due to hydrophobic nature of petroleum, water spreads inhomogeneously in the
contaminated soil which can inhibit water from reaching the rhizosphere thereby

adversely affecting plant growth (Spiares et al., 2016, Xu et al., 2018).

In this investigation, scenarios without any contamination had the highest average
total shoot mass and length as might be anticipated. In the microcosm experiments,
it is not merely the presence of NAPL contamination (oil) which caused the plant to
seek out new routes to the nutrient medium. It is postulated that the high oil
presence led to higher levels of dissolved mineral oil, and that it was this that
limited growth which subsequently caused the plant to seek out new routes to the

nutrient medium.

In the higher oil content contamination scenarios, there was an increase in root
mass as a result of root damage (Figure 5-29) for both soils and a decrease in shoot
mass. The adverse effect of high oil contents on the root and shoot biomass is of
greater magnitude in the sandy loam. It is expected that this is because of lower
clay content in the sandy loam mixed with mineral oil. Oil displaces water more
easily to occupy the pores in sandy loam soil which holds water less tightly when
compare with loam soil. This means the contaminant can clog the pore space more
easily in the sandy loam because the oil is not bound up in the soil material, leading
to a decrease in nutrients and pore water availability compared to more fine-
grained soil. Hence, the reduced access to solutes and moisture and the toxic oil
compounds as a result of oil clogging the pore space in sandy loam will significantly
affect the plants (Mitton et al., 2014).

For lower oil levels, loam soil had a higher root mass than sandy loam (Figure 5-25).
There is higher suction in the case of contaminated loam soil when compared with
sandy loam soil, Figure 3-3 (a) and (b). The higher root mass for loam in the lower
oil level might be because loam soil holds water more tightly making the movement
of oil into and out of water-saturated soil pores difficult. The low oil content is
bound up in the fine soil material, which leads to a decrease in their bioavailability
and transport in the ground, this might give plants greater accessibility to larger
pores meaning accessibility to nutrients and moisture (oil recovered from loam soil
is lower than sandy loam, Figure 5-30). However, with the increase in levels of oil

concentrations, there appears to be a threshold at which root mass starts to
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increase in both soils as a form of environmental stress (Figure 5-28). In the
mesocosm experiments, the small unconnected oil contaminated zones scenarios
average total root mass was lower when compared with the oil-free scenarios
(clearly illustrated in the sandy loam, Figure 5-28). However, as the layer of
contamination starts to increase, as shown in the discontinuous and continuous
LNAPL zones scenarios, the root mass starts to increase for both soils in proportion

to the contamination levels (Figure 5-28).

Moreover, there was a reduced oil loss (by proportion) as the levels of contamination
increased. The observed reduced oil loss with increasing oil levels in both microcosm
and mesoscale experiments might be because of the damaged root in the high-level
contaminated scenarios. Also, the reduced oil loss may be because of plant root
branching and avoidance of contaminated zones to find an uncontaminated route
to nutrient supply. Perhaps, it may also be because all scenarios have the same
number of plants, and they can only deal with oil at a fixed rate, thereby taking

longer to remove a similar percentage.
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6.7 Implications for phytoremediation

The hydroponic microcosm and mesocosm experiments have provided evidence of
the impact of the presence of an LNAPL (mineral oil) on plant growth, root
distribution and oil removal. The research has demonstrated the potential for plants
to tackle NAPL contamination and shows that the phytoremediation of organic
contamination is not limited to tackling only the dissolved phase, but that roots
interacted with the NAPL which resulted in a significant indirect reduction in the
presence of the LNAPL. It has been shown that roots close to NAPLs can remove
dissolved-phase contamination through uptake and rhizodegradation resulting in the
rapid dissolution of NAPL source, and that roots are able to tolerate direct contact
with NAPLs, although whether LNAPL removal took place as a result of this direct
contact is unclear. The study indicates the potential for phytoremediation of LNAPLs
in a hydroponic system, and soils accessible by plant root systems. Although the
grass species may only be suitable for shallow depth NAPL contamination, however,
the successful phytoremediation of dissolved phase contamination that accelerates
the dissolution of LNAPLs source suggests that other plants too may be employed.
Studies have shown that deep-rooted tree species can also tolerate organic
contaminants due to their deep roots (Pérez-Hernandez et al., 2013, Rivera-Cruz et
al., 2016).

The general limitation of the techniques is that plants have to be alive with water,
nutrients and oxygen adequately available to the roots. Moreover, the soil texture
(organic matter content, pH and clay content), contaminant levels and
concentrations and other toxic elements must be within the limits of plant
tolerance. NAPL contaminants may leach outside the rhizosphere and require
containment if they have higher water solubility. The technique also may need to
be considered as a remediation strategy in the long-term because of the time it
takes the plants to be well established. However, despite these limitations, the
technique may be appropriate in situations where significant surface areas of
relatively NAPL contaminants exist in the surface soils. For example, in remediation
of aged NAPLs, with scenarios ranging from larger zones of continuous NAPL
contamination to small unconnected individual ganglia which act as individual
contaminant sources. It has been shown that the plants may increase the spread of

roots to find an uncontaminated channel to nutrient supply in response to the
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toxicity effects and environmental stress from oil contamination. The research has
demonstrated the phytoremediation effect of aged NAPLs contamination with
complex physical distribution. In the case of different contaminants, the success of
phytoremediation requires the bioavailability of the pollutants for uptake or

absorption to, and metabolism by the plant or associated plant microbial systems.
6.8 Further work

The experimental design, materials and methods generated data that demonstrates
the impact of non-aqueous phase liquids (NAPLs) on plant behavior, root
architecture and the resulting impact of this on phytoremediation. While
phytoremediation of mineral oil by ryegrass has been successful in this investigation,
the robustness of the technique requires exploration, for example, changes to NAPL
constituents and degree of contamination may adversely affect ryegrass to the
extent that phytoremediation may not be possible. Only one well-defined petroleum
by-product component (mineral oil) has been used as LNAPL. It is possible that a
mixture of organic chemicals may result in only some of the compounds being
removed or that the combination of chemicals might cause difficulties in plant
growth or the soil structure. Thus, research into mixed organic contaminants is
required. Similarly, while ryegrass is appropriate for shallow contamination, deeper
contamination problems would require more deep-rooted plants, with different root
architectures and densities, for example, hybrid poplars and willow trees (Reilley
et al., 1996, Limmer et al., 2018), Cedrela odprata and Tabreburia rosea (Pérez-

Hernandez et al., 2013) and Acacia species (Bento et al., 2012).

Moreover, the contaminant level or concentration has not been phytotoxic;
therefore, experimental work with extensive NAPL spill would have to be conducted
to supplement the findings of this study. Although roots are able to tolerate direct
contact with NAPLs, direct LNAPL removal as a result of this direct contact should
further be investigated. Moreover, further investigations into whether the
phytoremediation of dissolved phase contamination accelerates the dissolution of
LNAPL source into adjacent groundwater should also be considered. Nonetheless,
this study has highlighted the effect of LNAPL on root distribution and spreading
with more extensive NAPL as a result of increased access to dissolved phase oil.

While the fundamental underpinning science of the multi-phase interactions of
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plant, soil minerals, soil pore liquid with NAPL contaminant has been investigated
in part, further work is required to establish source zone phytoremediation of NAPLs

and long-term predictive NAPL remediation models.

Additionally, in the microcosm experiments, semi-quantitative measurements of
root growth and distribution and oil loss were made during the experiment as fully
quantitative and accurate data could not be obtained for either measurement
without disturbing the specimen. Thus, future experimental setup and equipment
could be improved to allow fully quantitative and accurate data measurement. Also,
in the mesocosm experiments, the set up could be improved so that the root growth
can be physically monitored and measured over time. Additionally, the study only
investigated soil properties before the experiment, so changes in soil conditions
concerning the impact of NAPL and plant were not monitored. Therefore, the soil
characteristics after NAPL phytoremediation will require more investigations.
Ultimately, the underpinning science and attention to soil chemistry could improve

the techniques of NAPL phytoremediation.

Phytoremediation is a technology that seeks to exploit the growth habits and
metabolic abilities of the plants. There is a significant need to pursue both
fundamental and applied research to understand the limiting factors in plant
tolerance, increasing uptake and translocation of soils and groundwater
contaminants. Moreover, the fate of many contaminants and the mechanisms of
sequestration within the plant is not well understood. It will be difficult to exploit
many of the recent advances in plant assisted remediation without this basic
understanding. There is a need to provide research tools, for example by grouping
plants that are different in only a single trait, such as a specific metabolic pathway
or root morphology. The results of current research are difficult to interpret, and
causative relationships are hard to establish because many studies involve plant
species with many phenotypic differences. Also, research cooperation between the
engineering, agronomic and chemical-remediation professionals to produce
integrated hybrid technologies is needed, e.g. applied research into plants with
higher biomass hyperaccumulators and higher translocation rates. Exploring the
cooperation between various disciplines may eventually provide low-impact and

environmentally sound remediation technologies.

153



REFERENCES LIST

ADAM, G. & DUNCAN, H. 2002. Influence of diesel fuel on seed germination.
Environmental Pollution, 120, 363-370.

ADELUSI OYEDEIJL A., KAYODE, J., BESENYEI L. & FULLEN, M. A. 2015.
Germination of Seeds of Selected Leguminous Tree Species Moistened with
Varying Concentrations of Crude Oil-Contaminated Soil Water Extracts.
American Journal of Plant Sciences.

ADIEZE, 1. E., ORJL, J. C., NWABUEZE, R. N. & ONYEZE, G. O. C. 2012.
Hydrocarbon stress response of four tropical plants in weathered crude oil
contaminated soil in microcosms. International Journal of Environmental

Studies, 69, 490-500.

AFZAL, M., YOUSAF, S., REICHENAUER, T. G., KUFFNER, M. & SESSITSCH,
A. 2011. Soil type affects plant colonization, activity and catabolic gene
expression of inoculated bacterial strains during phytoremediation of diesel.
Journal of Hazardous Materials, 186, 1568-1575.

AGAMUTHU, P., ABIOYE, O. P. & AZIZ, A. A. 2010. Phytoremediation of soil
contaminated with used lubricating oil using Jatropha curcas. Journal of
Hazardous Materials, 179, 891-894.

AGNELLO, A. C., BAGARD, M., VAN HULLEBUSCH, E. D., ESPOSITO, G. &
HUGUENOT, D. 2016. Comparative bioremediation of heavy metals and
petroleum hydrocarbons co-contaminated soil by natural attenuation,
phytoremediation, bioaugmentation and bioaugmentation-assisted
phytoremediation. Science of the Total Environment, 563, 693-703.

AHMAD, F., IQBAL, S., ANWAR, S., AFZAL, M., ISLAM, E., MUSTAFA, T. &
KHAN, Q. M. 2012. Enhanced remediation of chlorpyrifos from soil using
ryegrass (Lollium multiflorum) and chlorpyrifos-degrading bacterium Bacillus
pumilus C2A1. Journal of hazardous materials, 237, 110-115.

AL-ANSARY, M. S. & AL-TABBAA, A. 2007. Stabilisation/solidification of
synthetic petroleum drill cuttings. Journal of Hazardous Materials, 141, 410-
421.

AL-KAISI, M. M., LAL, R., OLSON, K. R. & LOWERY, B. 2017. Fundamentals and
functions of soil environment. Soil Health and Intensification of
Agroecosytems. Elsevier.

AL-SURRAYAI T., YATEEM, A., AL-KANDARI, R., AL-SHARRAH, T. & BIN-
HAIJIL A. 2009. The Use of Conocarpus lancifolius Trees for the Remediation
of Oil-Contaminated Soils. Soil & Sediment Contamination, 18, 354-368.

ALARCON, A., DAVIES JR, F. T., AUTENRIETH, R. L. & ZUBERER, D. A. 2008.
Arbuscular mycorrhiza and petroleum-degrading microorganisms enhance

154



Reference List

phytoremediation of petroleum-contaminated soil. International Journal of
Phytoremediation, 10,251-263.

ALRUMMAN, S. A, STANDING, D. B. & PATON, G. L. 2015. Effects of
hydrocarbon contamination on soil microbial community and enzyme activity.
Journal of King Saud University-Science, 27, 31-41.

ANTMAN, E. M., LAU, J., KUPELNICK, B., MOSTELLER, F. & CHALMERS, T.
C. 1992. A comparison of results of meta-analyses of randomized control trials
and recommendations of clinical experts: treatments for myocardial infarction.
Jama, 268, 240-248.

ARSLAN, M., IMRAN, A., KHAN, Q. M. & AFZAL, M. 2017. Plant-bacteria
partnerships for the remediation of persistent organic pollutants.
Environmental Science and Pollution Research, 24, 4322-4336.

ASHRAF, M., ATHAR, H., HARRIS, P. & KWON, T. 2008. Some prospective
strategies for improving crop salt tolerance. Advances in agronomy, 97, 45-
110.

ASHRAF, M., SHAHBAZ, M. & ALIL Q. 2013. Drought-induced modulation in
growth and mineral nutrients in canola (Brassica napus L.). Pak. J. Bot, 45, 93-
98.

ASTM STANDARD C-1699-09 2009. Standard Test Method for Moisture Retention
Curves of Porus Building Materials Using Pressure Plates. Annual Book of
ASTM Standards.

ATAGANA, H. L. 2011. Bioremediation of Co-contamination of Crude Oil and Heavy
Metals in Soil by Phytoremediation Using Chromolaena odorata (L) King &
HE Robinson. Water Air and Soil Pollution, 215,261-271.

ATLAS, R. M. & BARTHA, R. 2012. Hydrocarbon Biodegradation and Oil Spill
Bioremediation. Advances in Microbial Ecology, 12, 287.

BAKER, J. 1970. The effects of oils on plants. Environmental Pollution (1970), 1,27-
44,

BAKER, J. M. 1971. Seasonal effects of oil pollution on salt marsh vegetation. Oikos,
106-110.

BALKS, M. R., PAETZOLD, R. F., KIMBLE, J. M., AISLABIE, J. & CAMPBELL,
I. B. 2002. Effects of hydrocarbon spills on the temperature and moisture
regimes of Cryosols in the Ross Sea region. Antarctic Science, 14, 319-326.

BARBOUR, S. L. 1998. Nineteenth Canadian Geotechnical Colloquium: The soil-
water characteristic curve: a historical perspective. Canadian Geotechnical
Journal, 35, 873-894.

155



Reference List

BARRUTIA, O., GARBISU, C., EPELDE, L., SAMPEDRO, M. C., GOICOLEA, M.
A. & BECERRIL, J. M. 2011. Plant tolerance to diesel minimizes its impact
on soil microbial characteristics during rhizoremediation of diesel-
contaminated soils. Science of the Total Environment, 409, 4087-4093.

BASUMATARY, B., BORDOLOI, S. & SARMA, H. P. 2012. Crude oil-
contaminated soil phytoremediation by using cyperus brevifolius (Rottb.)
Hassk. Water, Air, and Soil Pollution, 223, 3373-3383.

BEAUDOIN, A. 2004. New technique for revealing latent fingerprints on wet, porous
surfaces: Oil Red O. Journal of Forensic Identification, 54, 413.

BECKER, B. J. 1998. Summing up: The science of reviewing research. Journal of
Educational and Behavioral Statistics, 23, 77-92.

BENELLI, G., PAVELA, R., CANALE, A., CIANFAGLIONE, K., CIASCHETTI,
G., CONTIL F., NICOLETTIL M., SENTHIL-NATHAN, S., MEHLHORN, H.
& MAGGI, F. 2017. Acute larvicidal toxicity of five essential oils (Pinus nigra,
Hyssopus officinalis, Satureja montana, Aloysia citrodora and Pelargonium
graveolens) against the filariasis vector Culex quinquefasciatus: synergistic
and antagonistic effects. Parasitology international, 66, 166-171.

BENKA-COKER, M. & EKUNDAYO, J. 1995. Effects of an oil spill on soil physico-
chemical properties of a spill site in the Niger Delta Area of Nigeria.
Environmental Monitoring and Assessment, 36, 93-104.

BENTO, R. A., SAGGIN-JUNIOR, O. J., PITARD, R. M., STRALIOTTO, R., DA
SILVA, E. M. R., DE LUCENA TAVARES, S. R., DE LANDA, F. H. T. G,,
MARTINS, L. F. & VOLPON, A. G. T. 2012. Selection of leguminous trees
associated with symbiont microorganisms for phytoremediation of petroleum-
contaminated soil. Water, Air, & Soil Pollution, 223, 5659-5671.

BISCHOFF, K. B., NIGAM, A. & KLINE, M. 1991. Lumping of discrete kinetic
systems. Kinetic and Thermodynamic Lumping of Multicomponent Mixtures.
Elsevier Amsterdam.

BONANNO, G. & VYMAZAL, J. 2017. Compartmentalization of potentially
hazardous elements in macrophytes: insights into capacity and efficiency of
accumulation. Journal of Geochemical Exploration, 181, 22-30.

BOULDING, J. R. & GINN, J. S. 2016. Practical handbook of soil, vadose zone, and
ground-water contamination. assessment, prevention, and remediation, CRC
Press.

BRITISH STANDARDS INSTITUITION 1990. BS 1377-3: 1990: Methods of Test
for Soils for Civil Engineering Purposes. Part 3: Chemical and Electro-
chemical Tests. London: British Standards.

156



Reference List

BRITISH STANDARDS INSTITUITION 2007. BS 13040: 2007. Soil Improvers and
growing media-Sample preparation for chemical and physical tests,
determination of dry matter content, moisture content and laboratory
compacted bulk density. London: British Standards.

BRITISH STANDARDS INSTITUTION 2009. BS ISO 11274: Soil Quality -
Determination of the Water Retention Characteristic - Laboratory Methods.
London: British Standards.

BRITISH STANDARDS INSTITUTION 2010a. BS 1377 - 2: 1990. Methods of Test
for Soils for Civil Engineering Purposes. Part 2: Classification Tests. London:
British Standards.

BRITISH STANDARDS INSTITUTION 2010b. BS 1377-1: 1990. Methods of Test
for Soils for Civil Engineering Purposes. Part 1: General Requirements and
Sample Preparation. London.: British Standards.

BRITISH STANDARDS INSTITUTION 2010c. BS 1377-4: 1990: Methods of Test
for Soils for Civil Engineering Purposes. Part 4: Compaction-related Tests.
London: British Standards.

BRITISH STANDARDS INSTITUTION 2010d. BS 1377-5: 1990. Methods of Test
for Soils for Civil Engineering Purposes. Part 5: Compressibility, Permeability
and Durability Tests. London: British Standards.

BRITISH STANDARDS INSTITUTION 2010e. BS 1377-6: 1990. Methods of Test
for Soils for Civil Engineering Purposes. Part 6: Consolidation and
Permeability Tests in Hydraulic Cells and With Pore Pressure Measurement.
London: British Standards.

BUSS, W., MASEK, O., GRAHAM, M. & WUST, D. 2015. Inherent organic
compounds in biochar—their content, composition and potential toxic effects.
Journal of environmental management, 156, 150-157.

BYSTRZEJEWSKA-PIOTROWSKA, G., PIANKA, D., BAZALA, M. A,
STEBOROWSKI, R., MANJON, J. L. & URBAN, P. L. 2008. Pilot study of
bioaccumulation and distribution of cesium, potassium, sodium and calcium in
king oyster mushroom (Pleurotus eryngii) grown under controlled conditions.
International journal of phytoremediation, 10, 503-514.

CHEN, C.-F., CHEN, C.-W., DONG, C.-D. & KAO, C.-M. 2013. Assessment of
toxicity of polycyclic aromatic hydrocarbons in sediments of Kaohsiung
Harbor, Taiwan. Science of the total environment, 463, 1174-1181.

CHEN, M., XU, P., ZENG, G., YANG, C., HUANG, D. & ZHANG, J. 2015.
Bioremediation of soils contaminated with polycyclic aromatic hydrocarbons,
petroleum, pesticides, chlorophenols and heavy metals by composting:

applications, microbes and future research needs. Biotechnology Advances, 33,
745-755.

157



Reference List

CHIRAKKARA, R. A., CAMESELLE, C. & REDDY, K. R. 2016. Assessing the
applicability of phytoremediation of soils with mixed organic and heavy metal
contaminants. Reviews in Environmental Science and Bio/Technology, 15,
299-326.

COLOMBI, T., BRAUN, S., KELLER, T. & WALTER, A. 2017. Artificial
macropores attract crop roots and enhance plant productivity on compacted
soils. Science of the Total Environment, 574, 1283-1293.

DATA HARVEST GROUP LTD 2018. Data Harcest (Model EASYSENSE Q5+
datalogger, Data Harvest Group Ltd., 1 Eden Court, Leighton Buzzard,
Bedfordshire., LU7 4FY, UK.

DAVIES, W. J. & ZHANG, J. 1991. Root signals and the regulation of growth and
development of plants in drying soil. Annual review of plant biology, 42, 55-
76.

DEACAGON DEVICES 2010. The Dew Point Potentiameter (Model WP4C,
Decagon Devices, Inc., Pullman, WA 99163 USA.

DELAGE, P. 2013. Multiphase aspects of soil contamination by immiscible petroleum
hydrocarbons. Coupled Phenomena in Environmental Geotechnics: From
Theoretical and Experimental Research to Practical Applications, 119-130.

DODANGEH, H., RAHIMI, G., FALLAH, M. & EBRAHIMI, E. 2018. Investigation
of heavy metal uptake by three types of ornamental plants as affected by
application of organic and chemical fertilizers in contaminated soils.
Environmental Earth Sciences, 77, 473.

DOS SANTOS, J. J. & MARANHO, L. T. 2018. Rhizospheric microorganisms as a
solution for the recovery of soils contaminated by petroleum: A review.
Journal of environmental management, 210, 104-113.

EDEMA, C.U.,IDU, T. E. & EDEMA, M. O. 2011. Remediation of soil contaminated
with polycyclic aromatic hydrocarbons from crude oil. African Journal of
Biotechnology, 10, 1146-1149.

EDWARDS, D., ANDRIOT, M., AMORUSO, M., TUMMEY, A., BEVAN, C,,
TVEIT, A., HAYES, L., YOUNGREN, S. & NAKLES, D. 1997. Total
Petroleum Hydrocarbon Criteria Working Group Series Volume 4,
Development of Fraction Specific Reference Doses (RfDs) and Reference
Concentration (RfCs) for Total Petroleum Hydrocarbons (TPH). Amherst
Scientific Publishers Amherst, MA.

EIBES, G., CAJTHAML, T., MOREIRA, M. T., FEIJOO, G. & LEMA, J. M. 2006.
Enzymatic degradation of anthracene, dibenzothiophene and pyrene by

manganese peroxidase in media containing acetone. Chemosphere, 64, 408-
414.

158



Reference List

EL-TARABILY, K. A. 2002. Total microbial activity and microbial composition of a
mangrove sediment are reduced by oil pollution at a site in the Arabian Gulf.
Canadian journal of microbiology, 48, 176-182.

EMPEREUR-BISSONNET, P., ASSELINEAU, J., BERNILLON, P., DANIAU, C.,
FISMES, J., MOREL, J.-L. & CABANES, P.-A. 2013. Modeling polycyclic
aromatic hydrocarbon uptake in common vegetables grown in aged polluted
soils. Environnement, Risques & Sante, 12, 29-40.

ESBAUGH, A.J., MAGER, E. M., STIEGLITZ, J. D., HOENIG, R., BROWN, T. L.,
FRENCH, B. L., LINBO, T. L., LAY, C., FORTH, H. & SCHOLZ, N. L. 2016.
The effects of weathering and chemical dispersion on Deepwater Horizon
crude oil toxicity to mahi-mahi (Coryphaena hippurus) early life stages.
Science of the Total Environment, 543, 644-651.

FATIMA, K., IMRAN, A., AMIN, 1., KHAN, Q. M. & AFZAL, M. 2018. Successful
phytoremediation of crude-oil contaminated soil at an oil exploration and
production company by plants-bacterial synergism. International journal of
phytoremediation, 20, 675-681.

FENG, R. W, LIAO, G. J., GUO, J. K., WANG, R. G., XU, Y. M, DING, Y. Z., MO,
L.Y.,FAN,Z. L. & LI, N. Y. 2016. Responses of root growth and antioxidative
systems of paddy rice exposed to antimony and selenium. Environmental and
Experimental Botany, 122, 29-38.

FERNANDEZ, F. & QUIGLEY, R. M. 1985. Hydraulic Conductivity of Natural Clays
Permeated with Simple Liquid Hydrocarbons. Canadian Geotechnical
Journal, 22, 205-214.

FERNANDEZ, V., BAHAMONDE, H. A., JAVIER PEGUERO-PINA, J., GIL-
PELEGRIN, E., SANCHO-KNAPIK, D., GIL, L., GOLDBACH, H. E. &
EICHERT, T. 2017. Physico-chemical properties of plant cuticles and their
functional and ecological significance. Journal of experimental botany, 68,
5293-5306.

FISHER SCIENTIFIC UK 2018. Fisher BioReagents - Fisher scientific (part of
Thermo Fisher Scientific), Bishop Meadow Road, Loughborough,
Leicestershire, LE11 5RG.,.

FOOD & NATIONS, A. O. O. T. U. 2015. FAO Statistical Pocketbook 2015. World
Food and Agriculture. Food and Agriculture Organization of the United
Nations Rome, Italy.

FORTH, H. P., MITCHELMORE, C. L., MORRIS, J. M. & LIPTON, J. 2017.
Characterization of oil and water accommodated fractions used to conduct
aquatic toxicity testing in support of the Deepwater Horizon oil spill natural

resource damage assessment. Environmental toxicology and chemistry, 36,
1450-1459.

159



Reference List

FRANCO, J., BANON, S., VICENTE, M., MIRALLES, J. & MARTINEZ-
SANCHEZ, J. 2011. Root development in horticultural plants grown under
abiotic stress conditions—a review. The Journal of Horticultural Science and
Biotechnology, 86, 543-556.

GADI V. K., BORDOLOIL S., GARG, A., KOBAYASHI Y. & SAHOO, L. 2016.
Improving and correcting unsaturated soil hydraulic properties with plant
parameters for agriculture and bioengineered slopes. Rhizosphere, 1, 58-78.

GENT, M. P. N., WHITE, J. C., PARRISH, Z. D, ISLEYEN, M., EITZER, B. D. &
MATTINA, M. 1. 2007. Uptake and translocation of p,p'-
dichlorodiphenyldichloroethylene supplied in hydroponics solution to
Cucurbita. Environmental Toxicology and Chemistry, 26, 2467-2475.

GERHARDT, K. E., GERWING, P. D. & GREENBERG, B. M. 2017. Opinion:
Taking phytoremediation from proven technology to accepted practice. Plant
science, 256, 170-185.

GERHARDT, K. E. H., X. D.; GLICK, B. R.; GREENBERG, B. M. 2009.
Phytoremediation and rhizoremediation of organic soil contaminants: Potential
and challenges. Plant Science, 176, 20-30.

GHASEMZADEH, H. & TABAIYAN, M. 2017. The Effect of Diesel Fuel Pollution
on the Efficiency of Soil Stabilization Method. Geotechnical and Geological
Engineering, 35, 475-484.

GHATTAS, A.-K., FISCHER, F., WICK, A. & TERNES, T. A. 2017. Anaerobic
biodegradation of (emerging) organic contaminants in the aquatic
environment. Water research, 116, 268-295.

GOBELIUS, L., LEWIS, J. & AHRENS, L. 2017. Plant uptake of per-and
polyfluoroalkyl substances at a contaminated fire training facility to evaluate
the phytoremediation potential of various plant species. Environmental Science
& Technology, 51, 12602-12610.

GOLAN, S., FARAJ, T., RAHAMIM, E., ZEMACH, H., LIFSHITZ, D., SINGER,
A., BAR, D., CARMELLI, D., STEINBERGER, Y. & SHERMAN, C. 2016.
The effect of petroleum hydrocarbons on seed germination, development and
survival of wild and cultivated plants in extreme desert soil. Int. J. Agric.
Environ. Res., 2, 1743-1767.

GUNTHER, T. D., U.; FRITSCHE, W. 1996. Effects of ryegrass on biodegradation of
hydrocarbons in soil. Chemosphere, 33, 203-215.

GURSKA, J., WANG, W. X., GERHARDT, K. E., KHALID, A. M., ISHERWOOD,
D. M., HUANG, X. D., GLICK, B. R. & GREENBERG, B. M. 2009. Three
Year Field Test of a Plant Growth Promoting Rhizobacteria Enhanced
Phytoremediation System at a Land Farm for Treatment of Hydrocarbon
Waste. Environmental Science & Technology, 43, 4472-4479.

160



Reference List

GUSTAFSON, J. B. T., JOAN GRIFFITH; OREM, DOUG 1997. Selection of
representative TPH fractions based on fate and transport considerations,
Citeseer.

HE, S., HE, Z., YANG, X., STOFFELLA, P. J. & BALIGAR, V. C. 2015. Soil
biogeochemistry, plant physiology, and phytoremediation of cadmium-
contaminated soils. Advances in Agronomy. Elsevier.

HEINONSALDO, J., JORGENSEN, K. S., HAAHTELA, K. & SEN, R. 2000. Effects
of Pinus sylvestris root growth and mycorrhizosphere development on bacterial
carbon source utilization and hydrocarbon oxidation in forest and petroleum-
contaminated soils. Canadian Journal of Microbiology, 46, 451-464.

HELGA, B. E., SCHMID, C. A., FEHER, 1., PODAR, D., SZATMARI, P.-M,,
MARINCAS, O., BALAZS, Z. R. & SCHRODER, P. 2018. HCH
phytoremediation potential of native plant species from a contaminated urban
site in Turda, Romania. Journal of Environmental Management, 223, 286-296.

HEREDIA-GUERRERO, J. A., GUZMAN-PUYOL, S., BENITEZ, J. ],
ATHANASSIOU, A., HEREDIA, A. & DOMINGUEZ, E. 2018. Plant cuticle
under global change: Biophysical implications. Global change biology, 24,
2749-2751.

HERMANS, C., HAMMOND, J. P., WHITE, P. J. & VERBRUGGEN, N. 2006. How
do plants respond to nutrient shortage by biomass allocation? Trends in Plant
Science, 11, 610-617.

HIGGINS, J. P. & GREEN, S. 2011. Cochrane handbook for systematic reviews of
interventions, John Wiley & Sons.

HOTHEM, S. D., MARLEY, K. A. & LARSON, R. A. 2003. Photochemistry in
Hoagland's nutrient solution. Journal of plant nutrition, 26, 845-854.

HOU, F. S. L. L., D. W. M.; MILKE, M. W.; MACPHERSON, D. J. 1999.
Improvement in ryegrass seed germination for diesel contaminated soils by
PEG treatment technology. Environmental Technology, 20, 413-418.

HOU, J., LIU, W., WANG, B., WANG, Q., LUO, Y. & FRANKS, A. E. 2015. PGPR
enhanced phytoremediation of petroleum contaminated soil and rhizosphere
microbial community response. Chemosphere, 138, 592-598.

HUANG, Q., CARROW, R. N. & RAYMER, P. L. 2018. Methods and compositions
to reduce soil water repellency. Google Patents.

HUNT, L. J., DUCA, D., DAN, T. & KNOPPER, L. D. 2018. Petroleum hydrocarbon
(PHC) uptake in plants: A literature review. Environmental Pollution.

HURTADO, C., DOMINGUEZ, C., PEREZ-BABACE, L., CANAMERAS, N,
COMAS, J. & BAYONA, J. M. 2016. Estimate of uptake and translocation of

161



Reference List

emerging organic contaminants from irrigation water concentration in lettuce
grown under controlled conditions. Journal of hazardous materials, 305, 139-
148.

HUTCHINSON, T. C. & FREEDMAN, W. 1978. Effects of Experimental Crude-Oil
Spills on Sub-Arctic Boreal Forest Vegetation near Norman-Wells, Nwt,

Canada. Canadian Journal of Botany-Revue Canadienne De Botanique, 56,
2424-2433.

IARC 1972. IARC monographs on the evaluation of carcinogenic risk of chemicals to
man. IARC monographs on the evaluation of carcinogenic risk of chemicals to
man., 1.

IMERYS, M. L. 2008. Ultrafine Kaolins: Speswhite - Specification data sheet. Eight
Edition.

INGLEZAKIS, V., MALAMIS, S., OMIRKHAN, A., NAURUZBAYEVA, J.,
MAKHTAYEVA, Z., SEIDAKHMETOV, T. & KUDAROVA, A. 2017.
Investigating the inhibitory effect of cyanide, phenol and 4-nitrophenol on the
activated sludge process employed for the treatment of petroleum wastewater.
Journal of environmental management, 203, 825-830.

JONER, E. J., HIRMANN, D., SZOLAR, O. H., TODOROVIC, D., LEYVAL, C. &
LOIBNER, A. P. 2004. Priming effects on PAH degradation and ecotoxicity
during a phytoremediation experiment. Environmental Pollution, 128, 429-
435.

JONER, E.J., JOHANSEN, A., LOIBNER, A. P., DELA CRUZ, M. A., SZOLAR, O.
H., PORTAL, J.-M. & LEYVAL, C. 2001. Rhizosphere effects on microbial
community structure and dissipation and toxicity of polycyclic aromatic

hydrocarbons (PAHs) in spiked soil. Environmental science & technology, 35,
2773-2777.

KAAKINEN, J., VAHAOIJA, P., KUOKKANEN, T. & ROPPOLA, K. 2007. Studies
on the effects of certain soil properties on the biodegradation of oils determined
by the manometric respirometric method. Journal of Automated Methods and
Management in Chemistry, 2007.

KAUR, N., ERICKSON, T. E., BALL, A. S. & RYAN, M. H. 2017. A review of
germination and early growth as a proxy for plant fitness under petrogenic
contamination—knowledge gaps and recommendations. Science of The Total
Environment, 603, 728-744.

KAUSS, P., HUTCHINSON, T., SOTO, C., HELLEBUST, J. & GRIFFITHS, M. The
toxicity of crude oil and its components to freshwater algae. International Oil
Spill Conference, 1973. American Petroleum Institute, 703-714.

KECHAVARZI, C., PETTERSSON, K., LEEDS-HARRISON, P., RITCHIE, L. &
LEDIN, S. 2007. Root establishment of perennial ryegrass (L. perenne) in

162



Reference List

diesel contaminated subsurface soil layers. Environmental Pollution, 145, 68-
74.

KHAMEHCHIY AN, M., CHARKHABI, A. H. & TAJIK, M. 2007a. Effects of crude
oil contamination on geotechnical properties of clayey and sandy soils.
Engineering Geology, 89, 220-229.

KHAMEHCHIY AN, M., CHARKHABI, A. H. & TAJIK, M. 2007b. Effects of crude
oil contamination on geotechnical properties of clayey and sandy soils.
Engineering Geology, 89, 220-229.

KUTT, H. & TSALTAS, T. T. 1959. Staining properties of oil red O and a method of
partial purification of the commercial product. Clinical chemistry, 5, 149-160.

LANGER, 1., SYAFRUDDIN, S., STEINKELLNER, S., PUSCHENREITER, M. &
WENZEL, W. W. 2010. Plant growth and root morphology of Phaseolus
vulgaris L. grown in a split-root system is affected by heterogeneity of crude
oil pollution and mycorrhizal colonization. Plant and soil, 332, 339-355.

LAVOREL, S., MCINTYRE, S., LANDSBERG, J. & FORBES, T. 1997. Plant
functional classifications: from general groups to specific groups based on
response to disturbance. Trends in Ecology & Evolution, 12, 474-478.

LEE, S. H,, LEE, W. S., LEE, C. H. & KIM, J. G. 2008. Degradation of phenanthrene
and pyrene in rhizosphere of grasses and legumes. Journal of Hazardous
Materials, 153, 892-898.

LEUNG, A. K., GARG, A. & NG, C. W. W. 2015. Effects of plant roots on soil-water
retention and induced suction in vegetated soil. Engineering Geology, 193,
183-197.

LI F., ZENG, X., YANG, J., ZHOU, K., ZAN, Q., LEIL, A. & TAM, N. F. 2014a.
Contamination of polycyclic aromatic hydrocarbons (PAHs) in surface
sediments and plants of mangrove swamps in Shenzhen, China. Marine
pollution bulletin, 85, 590-596.

LI, Y.-W., CAL Q.-Y., MO, C.-H., ZENG, Q.-Y., LU, H,, LL, Q.-S. & XU, G.-S.
2014b. Plant uptake and enhanced dissipation of di (2-ethylhexyl) phthalate
(DEHP) in spiked soils by different plant species. International journal of
phytoremediation, 16, 609-620.

LIAO, C., XU, W., LU, G., LIANG, X., GUO, C., YANG, C. & DANG, Z. 2015.
Accumulation of hydrocarbons by maize (Zea mays L.) in remediation of soils
contaminated with crude oil. International journal of phytoremediation, 17,
693-700.

LIM, M. W., VON LAU, E. & POH, P. E. 2016. A comprehensive guide of
remediation technologies for oil contaminated soil—present works and future
directions. Marine pollution bulletin, 109, 14-45.

163



Reference List

LIMMER, M. & BURKEN, J. 2016. Phytovolatilization of Organic Contaminants.
Environmental Science & Technology, 50, 6632-6643.

LIMMER, M. A., WILSON, J., WESTENBERG, D., LEE, A., SIEGMAN, M. &
BURKEN, J. G. 2018. Phytoremediation removal rates of benzene, toluene,
and chlorobenzene. International journal of phytoremediation, 20, 666-674.

LIU, H., MENG, F., TONG, Y. & CHI, J. 2014. Effect of plant density on
phytoremediation of polycyclic aromatic hydrocarbons contaminated
sediments with Vallisneria spiralis. Ecological engineering, 73, 380-385.

LU, M., ZHANG, Z., SUN, S., WEI, X., WANG, Q. & SU, Y. 2010. The use of
goosegrass (Eleusine indica) to remediate soil contaminated with petroleum.
Water, Air, & Soil Pollution, 209, 181-189.

LV, T., ZHANG, Y., CASAS, M. E., CARVALHO, P. N., ARIAS, C. A., BESTER,
K. & BRIX, H. 2016. Phytoremediation of imazalil and tebuconazole by four
emergent wetland plant species in hydroponic medium. Chemosphere, 148,
459-466.

MA, B., WANG, J., XU, M., HE, Y., WANG, H., WU, L. & XU, J. 2012. Evaluation
of dissipation gradients of polycyclic aromatic hydrocarbons in rice
rhizosphere utilizing a sequential extraction procedure. Environmental
pollution, 162,413-421.

MACHERIUS, A., SEIWERT, B., SCHRODER, P., HUBER, C., LORENZ, W. &
REEMTSMA, T. 2014. Identification of plant metabolites of environmental
contaminants by UPLC-QToF-MS: the in vitro metabolism of triclosan in
horseradish. Journal of agricultural and food chemistry, 62, 1001-1009.

MALHI S. M., WB; NYBORG, M 1990. Nitrate losses in soils: effect of temperature,
moisture and substrate concentration. Soil Biology and Biochemistry, 22, 733-
737.

MALK, V., TEJERA, E. B, SIMPANEN, S., DAHL, M., MAKELA, R.
HAKKINEN, J., KIISKI, A. & PENTTINEN, O.-P. 2014. NAPL migration
and ecotoxicity of conventional and renewable fuels in accidental spill
scenarios. Environmental Science and Pollution Research, 21, 9861-9876.

MARIN-GARCIA, D., ADAMS, R. & HERNANDEZ-BARAJAS, R. 2016. Effect of
crude petroleum on water repellency in a clayey alluvial soil. International
journal of environmental science and technology, 13, 55-64.

MARSHALL, K. C. 2012. Advances in Microbial Ecology, Springer US.

MATEAS, D.J., TICK, G.R. & CARROLL, K. C. 2017. In situ stabilization of NAPL
contaminant source-zones as a remediation technique to reduce mass discharge
and flux to groundwater. Journal of contaminant hydrology, 204, 40-56.

164



Reference List

MBUTHIA, L. W., ACOSTA-MARTINEZ, V., DEBRUYN, J., SCHAEFFER, S.,
TYLER, D., ODOI, E., MPHESHEA, M., WALKER, F. & EASH, N. 2015.
Long term tillage, cover crop, and fertilization effects on microbial community

structure, activity: Implications for soil quality. Soil Biology and Biochemistry,
89, 24-34.

MCCONNAUGHAY, K. & COLEMAN, J. 1998. Can plants track changes in nutrient
availability via changes in biomass partitioning? Plant and soil, 202, 201-209.

MEENA, B., KUMAR, A., LAL, B., SINHA, N. K., TIWARI, P. K., DOTANIYA,
M., JAT, N. & MEENA, V. 2015. Soil microbial, chemical properties and crop
productivity as affected by organic manure application in popcorn (Zea mays
L. var. everta). African Journal of Microbiology Research, 9, 1402-1408.

MERKL, N., SCHULTZE-KRAFT, R. & INFANTE, C. 2005. Phytoremediation in
the tropics - influence of heavy crude oil on root morphological characteristics
of graminoids. Environmental Pollution, 138, 86-91.

MF;, A., BM;, E. A. & ]G, S. 2005. Handbook of industrial chemistry - organic
chemical, New York.

MITTON, F. M., MIGLIORANZA, K. S., GONZALEZ, M., SHIMABUKURO, V.
M. & MONSERRAT, J. M. 2014. Assessment of tolerance and efficiency of
crop species in the phytoremediation of DDT polluted soils. Ecological
engineering, 71, 501-508.

MOHSENZADEH, F. N., S.; MESDAGHINIA, A.; NABIZADEH, R
CHEHREGANI, A.; ZAFARI, D. 2009. Identification of Petroleum Resistant
Plants and Rhizospheral Fungi for Phytoremediation of Petroleum
Contaminated Soils. Journal of the Japan Petroleum Institute, 52, 198-204.

MOLNAR, M., FENYVESI, E., GRUIZ, K. LEITGIB, L., BALOGH, G.,
MURAANYI, A. & SZEJTLI, J. 2002. Effects of RAMEB on bioremediation
of different soils contaminated with hydrocarbons. Journal of Inclusion
Phenomena, 44, 447-452.

MONTIEL-ROZAS, M., MADEJON, E. & MADEJON, P. 2016. Effect of heavy
metals and organic matter on root exudates (low molecular weight organic
acids) of herbaceous species: an assessment in sand and soil conditions under
different levels of contamination. Environmental pollution, 216, 273-281.

NAIDOO, G. 2016. Mangrove propagule size and oil contamination effects: Does size
matter? Marine pollution bulletin, 110, 362-370.

NAWAB, J., KHAN, S., AAMIR, M., SHAMSHAD, 1., QAMAR, Z., DIN, I. &
HUANG, Q. 2016. Organic amendments impact the availability of heavy metal
(loid) s in mine-impacted soil and their phytoremediation by Penisitum

americanum and Sorghum bicolor. Environmental Science and Pollution
Research, 23, 2381-2390.

165



Reference List

NIL J., LEUNG, A. K., NG, C. W. W. & SO, P. S. 2016. Investigation of plant growth
and transpiration-induced matric suction under mixed grass—tree conditions.
Canadian Geotechnical Journal, 54, 561-573.

NORRIS, R. D. 2017. In-situ bioremediation of soils and ground water contaminated
with petroleum hydrocarbons. Handbook of Bioremediation (1993). CRC
Press.

ONIOSUN, S., HARBOTTLE, M., TRIPATHY, S. & CLEALL, P. Phytoremediation
of Light Non-Aqueous Phase Liquids. Proceedings of the 8th International
Congress on Environmental Geotechnics; Zhan, L., Chen, Y., Bouazza, A.,
Eds., 2018 Springer: Singapore. 788-795.

OOSTINDIE, K., DEKKER, L. W., WESSELING, J. G., GEISSEN, V. & RITSEMA,
C.J. 2017. Impacts of grass removal on wetting and actual water repellency in
a sandy soil. Journal of Hydrology and Hydromechanics, 65, 88-98.

OTTWAY, S. 1971. Zoological studies on shore communities. The comparative
toxicities of crude oils. The ecological effects of oil pollution on littoral
communities., 172-180.

OUZOUNIDOU, G., SKIADA, V., PAPADOPOULOU, K. K., STAMATIS, N,,
KAVVADIAS, V., ELEFTHERIADIS, E. & GAITIS, F. 2015. Effects of soil
pH and arbuscular mycorrhiza (AM) inoculation on growth and chemical

composition of chia (Salvia hispanica L.) leaves. Brazilian Journal of Botany,
38, 487-495.

PAGE, J. W. E., SOGA, K. & ILLANGASEKARE, T. 2007. The significance of
heterogeneity on mass flux from DNAPL source zones: An experimental
investigation. Journal of Contaminant Hydrology, 94, 215-234.

PALMROTH, M. R. T., KOSKINEN, P. E. P., PICHTEL, J., VAAJASAARI, K.,
JOUTTI, A., TUHKANEN, T. A. & PUHAKKA, J. A. 2006. Field-scale
assessment of phytotreatment of soil contaminated with weathered
hydrocarbons and heavy metals. Journal of Soils and Sediments, 6, 128-136.

PENG, S., ZHOU, Q., CAI Z. & ZHANG, Z. 2009. Phytoremediation of petroleum
contaminated soils by Mirabilis Jalapa L. in a greenhouse plot experiment.
Journal of Hazardous Materials, 168, 1490-1496.

PEREZ-HERNANDEZ, 1., OCHOA-GAONA, S., SCHROEDER, R. A., RIVERA-
CRUZ, M. & GEISSEN, V. 2013. Tolerance of four tropical tree species to
heavy petroleum contamination. Water, Air, & Soil Pollution, 224, 1637.

PETERSON, D. R. 1994. Calculating the aquatic toxicity of hydrocarbon mixtures.
Chemosphere, 29, 2493-2506.

166



Reference List

PHILLIPS, L. A., GREER, C. W., FARRELL, R. E. & GERMIDA, J. J. 2012. Plant
root exudates impact the hydrocarbon degradation potential of a weathered-
hydrocarbon contaminated soil. Applied Soil Ecology, 52, 56-64.

PIRASTEH-ANOSHEH, H., SADEGHI, H. & EMAM, Y. 2011. The effects of KNO3
and urea on germination, early growth, total protein and proline content of four

maize hybrids (Zea mays L.) under drought and salt stress conditions. J Crop
Sci Biotech, 14, 289-295.

POORTER, H. & NAGEL, O. 2000. The role of biomass allocation in the growth
response of plants to different levels of light, CO2, nutrients and water: a
quantitative review. Functional Plant Biology, 27, 1191-1191.

POPP, N., SCHLOMANN, M. & MAU, M. 2006. Bacterial diversity in the active
stage of a bioremediation system for mineral oil hydrocarbon-contaminated
soils. Microbiology, 152, 3291-3304.

PRONK, J. 2000. Circular on target values and intervention values for soil
remediation. Ministry of Housing, Spatial Planning and Environment Report
No. DBO/1999226863. The Hague, Netherlands.

RAMADASS, K., MEGHARAIJ, M., VENKATESWARLU, K. & NAIDU, R. 2015.
Toxicity and oxidative stress induced by used and unused motor oil on

freshwater microalga, Pseudokirchneriella subcapitata. Environmental Science
and Pollution Research, 22, 8890-8901.

RATNAWEERA, P. & MEEGODA, J. N. 2005. Shear strength and stress-strain
behavior of contaminated soils.

RAZMJOO, K. & ADAVI, Z. 2012. Assessment of bermudagrass cultivars for
phytoremediation of petroleum contaminated soils. International Journal of
Phytoremediation, 14, 14-23.

REILLEY, K., BANKS, M. & SCHWAB, A. 1996. Dissipation of polycyclic aromatic
hydrocarbons in the rhizosphere. Journal of Environmental Quality, 25, 212-
219.

REUSCHENBACH, P., PAGGA, U. & STROTMANN, U. 2003. A critical
comparison of respirometric biodegradation tests based on OECD 301 and
related test methods. Water research, 37, 1571-1582.

REZA, E. M., V.; SOHEILA, Y.; JAHANGIR, A. K.; MAHDI, B.; GHOLAM REZA,
P. 2008. Effect of C/N ratio on the phytoremediation of crude oil contaminated
soils by puccinellia distance. lranian Journal of Chemistry and Chemical
Engineering, 27, 77-85.

REZEK, J., WIESCHE, C. . D., MACKOVA, M., ZADRAZIL, F. & MACEK, T.
2008. The effect of ryegrass (Lolium perenne) on decrease of PAH content in
long term contaminated soil. Chemosphere, 70, 1603-1608.

167



Reference List

RICE, S. D., SHORT, J. W. & KARINEN, J. F. 1976. Comparative oil toxicity and
comparative animal sensitivity. Fate and effects of petroleum hydrocarbons in
marine ecosystems and organisms, 78-94.

RIVERA-CRUZ, M. D. C., TRUJILLO-NARCIA, A., TRUJILLO-RIVERA, E. A,
ARIAS-TRINIDAD, A. & MENDOZA-LOPEZ, M. R. 2016. Natural
attenuation of weathered oil using aquatic plants in a farm in southeast Mexico.
International journal of phytoremediation, 18, 877-884.

ROMEH, A. A. A. 2017. Phytoremediation of azoxystrobin and its degradation
products in soil by P. major L. under cold and salinity stress. Pesticide
biochemistry and physiology, 142, 21-31.

ROWELL, M. Restoration of oil spills on agricultural soils. Conference on the
Environmental Effects of Oil and Salt Water Spills on Land. Held in Banff
Springs Hotel, 1976.

SCHENK, H. J. 2008. Soil depth, plant rooting strategies and species’ niches. New
Phytologist, 178, 223-225.

SCHENK, H. J. & JACKSON, R. B. 2002. Rooting depths, lateral root spreads and
below-ground/above-ground allometries of plants in water-limited ecosystems.
Journal of Ecology, 90, 480-494.

SENESI, N. & LOFFREDO, E. 2005. Soil humic substances. Biopolymers Online.

SHARIF, S., SAFFARI, M. & EMAM, Y. 2007. The effect of drought stress and
cycocel on barley yield (cv. Valfajr). JWSS-Isfahan University of Technology,
10, 281-291.

SHARMA, A., WEINDORF, D. C., WANG, D. & CHAKRABORTY, S. 2015.
Characterizing soils via portable X-ray fluorescence spectrometer: 4. Cation
exchange capacity (CEC). Geoderma, 239, 130-134.

SHIRAZI, M. A. & BOERSMA, L. 1984. A Unifying Quantitative Analysis of Soil
Texture 1. Soil Science Society of America Journal, 48, 142-147.

SIDDIQUI, S., ADAMS, W. A. & SCHOLLION, J. 2001. The phytotoxicity and
degradation of diesel hydrocarbons in soil. Journal of Plant Nutrition and Soil
Science, 164, 631-635.

SIMONICH, S. L. & HITES, R. A. 1995. Organic pollutant accumulation in
vegetation. Environmental Science & Technology, 29, 2905-2914.

SPIARES, J. D., KENWORTHY, K. E. & RHYKERD, R. L. 2016. Emergence and
height of plants seeded in crude oil contaminated soil. Texas Journal of
Agriculture and Natural Resources, 14, 37-46.

168



Reference List

SUNG, K., MUNSTER, C. L., CORAPCIOGLU, M. Y., DREW, M. C,, PARK, S. &
RHYKERD, R. 2004. Phytoremediation and modeling of contaminated soil
using eastern gamagrass and annual ryegrass. Water Air and Soil Pollution,
159, 175-195.

SUTTON, N. B., GROTENHUIS, T. & RIJNAARTS, H. H. 2014. Impact of organic
carbon and nutrients mobilized during chemical oxidation on subsequent
bioremediation of a diesel-contaminated soil. Chemosphere, 97, 64-70.

TERZAGHI, E., ZANARDINI, E., MOROSINI, C., RASPA, G., BORIN, S,
MAPELLL F., VERGANI L. & DI GUARDO, A. 2018. Rhizoremediation
half-lives of PCBs: Role of congener composition, organic carbon forms,
bioavailability, microbial activity, plant species and soil conditions, on the
prediction of fate and persistence in soil. Science of The Total Environment,

612, 544-560.

TOMLINSON, D. W., RIVETT, M. O., WEALTHALL, G. P. & SWEENEY, R. E.
2017. Understanding complex LNAPL sites: Illustrated handbook of LNAPL
transport and fate in the subsurface. Journal of environmental management,
204, 748-756.

UCISIK, A. S. & TRAPP, S. 2008. Uptake, removal, accumulation, and phytotoxicity
of 4-chlorophenol in willow trees. Archives of Environmental Contamination
and Toxicology, 54, 619-627.

VAN KESSEL, M. A., SPETH, D. R., ALBERTSEN, M., NIELSEN, P. H., DEN
CAMP, H. J. O., KARTAL, B., JETTEN, M. S. & LUCKER, S. 2015.
Complete nitrification by a single microorganism. Nature, 528, 555.

VAN VOLKSHUISVESTING, M. E. M., RUIMTELIJKE ORDENING 2000.
Circular on target values and intervention values for soil remediation.
Ministerie van Volkshuisvesting, Directorate-General for Environmental
Protection, Department of Soil Protection, Holland.

VAZQUEZ-CUEVAS, M; G., STEVENS, C. J. & SEMPLE, K. T. 2018a.
Enhancement of 14 C-phenanthrene mineralisation in the presence of plant-
root biomass in PAH-NAPL amended soil. International Biodeterioration &
Biodegradation, 126, 78-85.

VAZQUEZ-CUEVAS, G. M. STEVENS, C. J. & SEMPLE, K. T. 2017.
Enhancement of 14C-phenanthrene mineralisation in the presence of plant-root
biomass in PAH-NAPL amended soil. International Biodeterioration &
Biodegradation.

VAZQUEZ-CUEVAS, G. M., STEVENS, C. J. & SEMPLE, K. T. 2018b.
Enhancement of 14 C-phenanthrene mineralisation in the presence of plant-
root biomass in PAH-NAPL amended soil. International Biodeterioration &
Biodegradation, 126, 78-85.

169



Reference List

VAZQUEZ-CUEVAS, G. M., STEVENS, C. J. & SEMPLE, K. T. 2018c.
Enhancement of 14C-phenanthrene mineralisation in the presence of plant-root
biomass in PAH-NAPL amended soil. International Biodeterioration &
Biodegradation, 126, 78-85.

VERVAEKE, P., LUYSSAERT, S., MERTENS, J., MEERS, E., TACK, F. M. G. &
LUST, N. 2003. Phytoremediation prospects of willow stands on contaminated
sediment: a field trial. Environmental Pollution, 126, 275-282.

WANG, X., DOSSETT, M. P., GORDON, M. P. & STRAND, S. E. 2004. Fate of
Carbon Tetrachloride during Phytoremediation with Poplar under Controlled
Field Conditions. Environmental Science & Technology, 38, 5744-5749.

WANG, Z., LIU, Z., YANG, Y., LI, T. & LIU, M. 2012. Distribution of PAHs in
tissues of wetland plants and the surrounding sediments in the Chongming
wetland, Shanghai, China. Chemosphere, 89, 221-227.

WAQAS, M., KHAN, S., QING, H., REID, B. J. & CHAO, C. 2014. The effects of
sewage sludge and sewage sludge biochar on PAHs and potentially toxic
element bioaccumulation in Cucumis sativa L. Chemosphere, 105, 53-61.

WENZL, T., SIMON, R., ANKLAM, E. & KLEINER, J. 2006. Analytical methods
for polycyclic aromatic hydrocarbons (PAHs) in food and the environment
needed for new food legislation in the European Union. 7rAC Trends in
Analytical Chemistry, 25, 716-725.

WHO. 1982. Selected petroleum products, environmental health criteria 20. IPCS
International Programme on Chemical Safety. World Health Organization,
Geneva. .

WILLSCHER, S., JABLONSKI, L., FONA, Z., RAHMI, R. & WITTIG, J. 2017.
Phytoremediation experiments with Helianthus tuberosus under different pH
and heavy metal soil concentrations. Hydrometallurgy, 168, 153-158.

WOLFE, D. A. Fate and effects of petroleum hydrocarbons in marine ecosystems and
organisms. Proceedings of a symposium, November 10-12, 1976, Olympic
Hotel, 2013a Seattle, Washington. Elsevier.

WOLFE, D. A. 2013b. Fate and effects of petroleum hydrocarbons in marine
ecosystems and organisms: proceedings of a symposium, November 10-12,
1976, Olympic Hotel, Seattle, Washington, Elsevier.

WU, H., ZHANG, J., NGO, H. H., GUO, W., HU, Z., LIANG, S., FAN, J. & LIU, H.
2015. A review on the sustainability of constructed wetlands for wastewater
treatment: design and operation. Bioresource technology, 175, 594-601.

XU, J. & JOHNSON, R. 1997. Nitrogen dynamics in soils with different hydrocarbon
contents planted to barley and field pea. Canadian journal of soil science, 77,
453-458.

170



Reference List

XU, Y., SHI, G. & WANG, S. Effects of oil pollution stress on the growth status of
ryegrass. IOP Conference Series: Earth and Environmental Science, 2018. IOP
Publishing, 052033.

ZENGEL, S., MONTAGUE, C. L., PENNINGS, S. C., POWERS, S. P., STEINHOFF,
M., FRICANO, G., SCHLEMME, C., ZHANG, M., OEHRIG, J. & NIXON,
Z. 2016. Impacts of the Deepwater Horizon oil spill on salt marsh periwinkles
(Littoraria irrorata). Environmental science & technology, 50, 643-652.

ZHANG, L. 2013. The selection of tree and grass species to tolerate soil contamination
in the Loess Plateau in Northern Shaanxi. Northwest A&F University, Yangling
Google Scholar.

ZHANG, Y. J., LYNCH, J. P. & BROWN, K. M. 2003. Ethylene and phosphorus
availability have interacting yet distinct effects on root hair development.
Journal of Experimental Botany, 54,2351-2361.

ZHANG, Z., ZHOU, Q., PENG, S. & CAIL Z. 2010. Remediation of petroleum
contaminated soils by joint action of Pharbitis nil L. and its microbial
community. Science of the Total Environment, 408, 5600-5605.

ZHOU, T., WU, L., LUO, Y. & CHRISTIE, P. 2018. Effects of organic matter fraction
and compositional changes on distribution of cadmium and zinc in long-term
polluted paddy soils. Environmental Pollution, 232, 514-522.

ZHU, H., GAO, Y. & LI, D. 2018. Germination of grass species in soil affected by
crude oil contamination. International journal of phytoremediation, 20, 567-
573.

171



APPENDIX 1: LITERATURE REVIEW REFERENCE LIST

ABDALLA, ABDELRAHMAN;, M., AWAD ELKARIM, HASSAN;, A.,
TANIGUCHI, T., ENDO, T. & YAMANAKA, N. 2017. Phytoremediation of
calcareous saline-sodic soils with mesquite (Prosopis glandulosa). Acta
Agriculturae Scandinavica, Section B—Soil & Plant Science, 67, 352-361.

ABIOYE, O. P.,, AGAMUTHU, P. & AZIZ, A. R. A. 2012. Phytotreatment of soil
contaminated with used lubricating oil using Hibiscus cannabinus.
Biodegradation, 23, 277-286.

ABRO, S. A., OTHO, A. A., BUGHIO, F. A., SAHITO, O. M., JAMALI A. R. &
MAHAR, A. 2017. Desodification from calcareous saline sodic soil through
phytoremediation with Phragmites australis (Cav.) Trin. ex Steud. and gypsum.
International Journal of Phytoremediation.

ADAM, G. & DUNCAN, H. 2003. The effect of diesel fuel on Common vetch (Vicia
sativa L.) plants. Environmental Geochemistry and Health, 25, 123-130.

ADAM, G. & DUNCAN, H. J. 1999. Effect of diesel fuel on growth of selected plant
species. Environmental Geochemistry and Health, 21, 353-357.

ADELUSI OYEDEIJL A., KAYODE, J., BESENYEI L. & FULLEN, M. A. 2015.
Germination of Seeds of Selected Leguminous Tree Species Moistened with
Varying Concentrations of Crude Oil-Contaminated Soil Water Extracts.
American Journal of Plant Sciences.

ADIEZE, 1. E., ORJL, J. C., NWABUEZE, R. N. & ONYEZE, G. O. C. 2012.
Hydrocarbon stress response of four tropical plants in weathered crude oil
contaminated soil in microcosms. International Journal of Environmental

Studies, 69, 490-500.

AFZAL, M., YOUSAF, S., REICHENAUER, T. G., KUFFNER, M. & SESSITSCH,
A. 2011. Soil type affects plant colonization, activity and catabolic gene
expression of inoculated bacterial strains during phytoremediation of diesel.
Journal of Hazardous Materials, 186, 1568-1575.

AFZAL, M., YOUSAF, S., REICHENAUER, T. G. & SESSITSCH, A. 2012. The
Inoculation Method Affects Colonization and Performance of Bacterial
Inoculant Strains in the Phytoremediation of Soil Contaminated with Diesel
Oil. International Journal of Phytoremediation, 14, 35-47.

AGAMUTHU, P., ABIOYE, O. P. & AZIZ, A. A. 2010. Phytoremediation of soil
contaminated with used lubricating oil using Jatropha curcas. Journal of
Hazardous Materials, 179, 891-894.

AGOSTINI E., CONIGLIO, M. S., MILRAD, S. R., TIGIER, H. A. & GIULIETT]I,
A. M. 2003. Phytoremediation of 2, 4-dichlorophenol by Brassica napus hairy
root cultures. Biotechnology and applied biochemistry, 37, 139-144.

172



Reference List

AL-ANSARY, M. S. & AL-TABBAA, A. 2007. Stabilisation/solidification of
synthetic petroleum drill cuttings. Journal of Hazardous Materials, 141, 410-
421.

AL-MANSOORY, A. F., IDRIS, M., ABDULLAH, S. R. S. & ANUAR, N. 2017.
Phytoremediation of contaminated soils containing gasoline using Ludwigia
octovalvis (Jacq.) in greenhouse pots. Environmental Science and Pollution
Research, 24, 11998-12008.

AL-OBAIDY, A. H. M. J., AL-ANBARI, R. H. & HASSAN, S. M. 2018.
Phytoremediation of soil polluted with Iraqi crude oil by using of cotton plant.

AL-SURRAYAI T., YATEEM, A., AL-KANDARI, R., AL-SHARRAH, T. & BIN-
HAIJIL A. 2009. The Use of Conocarpus lancifolius Trees for the Remediation
of Oil-Contaminated Soils. Soil & Sediment Contamination, 18, 354-368.

ALAIE, E., VAKILI, F. & SHARIF, A. A. M. 2010. Phytoremediation of
Phenanthrene from soil by Sorghum. Journal of Environmental Studies, 36, 79-
88.

ALARCON, A, DAVIES JR, F. T., AUTENRIETH, R. L. & ZUBERER, D. A. 2008.
Arbuscular mycorrhiza and petroleum-degrading microorganisms enhance
phytoremediation of petroleum-contaminated soil. International Journal of
Phytoremediation, 10, 251-263.

ALAVI, N., PARSEH, 1., AHMADI, M., JAFARZADEH, N., YARIL, A. R,
CHEHRAZI, M. & CHOROM, M. 2017. Phytoremediation of Total Petroleum
Hydrocarbons From Highly Saline and Clay Soil Using Sorghum halepense
(L.) Pers. and Aecluropus littoralis (Guna) Parl. Soil and Sediment
Contamination: An International Journal, 26, 127-140.

ALMANSOORY, A. F., HASAN, H. A., IDRIS, M., ABDULLAH, S. R. S. &
ANUAR, N. 2015. Potential application of a biosurfactant in phytoremediation
technology for treatment of gasoline-contaminated soil. FEcological
Engineering, 84, 113-120.

ALVARENGA, A. C., SAMPAIO, R. A., PINHO, G. P., CARDOSO, P. H., SOUSA,
I. D. P. & BARBOSA, M. H. 2017. Phytoremediation of chlorobenzenes in
sewage sludge cultivated with Pennisetum purpureum at different times.
Revista Brasileira de Engenharia Agricola e Ambiental, 21, 573-578.

AMADI, P., AGOMUO, E., AKPOBASAHA, N. & NJOKU, U. 2017. Application of
Root Maceration of Common Weeds: T. diversifolia and S. jamaicensis for
Phytoremediation of Ohaji Egbema Crude Oil Polluted Soils.

ANDERSEN, R. G.,, BOOTH, E. C.,, MARR, L. C., WIDDOWSON, M. A. &
NOVAK, J. T. 2008. Volatilization and biodegradation of naphthalene in the
vadose zone impacted by phytoremediation. Environmental science &
technology, 42, 2575-2581.

173



Reference List

APRILL, W. & SIMS, R. C. 1990. Evaluation of the Use of Prairie Grasses for
Stimulating  Polycyclic Aromatic Hydrocarbon Treatment in Soil.
Chemosphere, 20, 253-265.

ATAGANA, H. 1. 2011a. Bioremediation of Co-contamination of Crude Oil and
Heavy Metals in Soil by Phytoremediation Using Chromolaena odorata (L)
King & HE Robinson. Water Air and Soil Pollution, 215, 261-271.

ATAGANA, H. 1. 2011b. The Potential of Chromolaena Odorata (L) to Decontaminate
Used Engine Oil Impacted Soil Under Greenhouse Conditions. International
Journal of Phytoremediation, 13, 627-641.

ATLAS, R. M. & BARTHA, R. 2012. Hydrocarbon Biodegradation and Oil Spill
Bioremediation. Advances in Microbial Ecology, 12, 287.

AYOTAMUNO, J. M. & KOGBARA, R. B. 2007. Determining the tolerance level of
Zea mays (maize) to a crude oil polluted agricultural soil. African Journal of
Biotechnology, 6, 1332-1337.

AYOTAMUNO, J. M., KOGBARA, R. B. & AGORO, O. S. 2009. Biostimulation
supplemented with phytoremediation in the reclamation of a petroleum

contaminated soil. World Journal of Microbiology & Biotechnology, 25, 1567-
1572.

AYOTAMUNO, J. M., KOGBARA, R. B. & EGWUENUM, P. N. 2006. Comparison
of corn and elephant grass in the phytoremediation of a petroleum-
hydrocarbon-contaminated agricultural soil in Port Harcourt, Nigeria. Journal
of Food, Agriculture and Environment, 4,218-222.

BANESHI, M. M., KALANTARY, R. R., JAFARIL A. J, NASSERI, S,
JAAFARZADEH, N. & ESRAFILI, A. 2014. Effect of bioaugmentation to
enhance phytoremediation for removal of phenanthrene and pyrene from soil
with Sorghum and Onobrychis sativa. Journal of Environmental Health
Science and Engineering, 12, 24.

BANKS, M. K., KULAKOW, P., SCHWAB, A. P., CHEN, Z. & RATHBONE, K.
2003a. Degradation of crude oil in the rhizosphere of Sorghum bicolor.
International Journal of Phytoremediation, 5, 225-234.

BANKS, M. K., SCHWAB, P., LIU, B., KULAKOW, P. A., SMITH, J. S. & KIM, R.
2003b. The effect of plants on the degradation and toxicity of petroleum
contaminants in soil: a field assessment. Advances in biochemical
engineering/biotechnology, 78, 75-96.

BANUELOS, G., TERRY, N., LEDUC, D. L., PILON-SMITS, AH;, E. & MACKEY,
B. 2005. Field trial of transgenic Indian mustard plants shows enhanced
phytoremediation of selenium-contaminated sediment. Environmental science
& technology, 39, 1771-1777.

174



Reference List

BARRUTIA, O., GARBISU, C., EPELDE, L., SAMPEDRO, M. C., GOICOLEA, M.
A. & BECERRIL, J. M. 2011. Plant tolerance to diesel minimizes its impact
on soil microbial characteristics during rhizoremediation of diesel-
contaminated soils. Science of the Total Environment, 409, 4087-4093.

BASUMATARY, B., BORDOLOI, S. & SARMA, H. P. 2012a. Crude oil-
contaminated soil phytoremediation by using cyperus brevifolius (Rottb.)
Hassk. Water, Air, and Soil Pollution, 223, 3373-3383.

BASUMATARY, B., SAIKIA, R., BORDOLOI, S., DAS, H. C. & SARMA, H. P.
2012b. Assessment of potential plant species for phytoremediation of
hydrocarbon-contaminated areas of upper Assam, India. Journal of Chemical
Technology and Biotechnology.

BESALATPOUR, A. A., HAJABBASI, M. A. &« KHOSHGOFTARMANESH, A. H.
2010. Reclamation of a Petroleum-Contaminated Calcareous Soil Using
Phytostimulation. Soil & Sediment Contamination, 19, 547-559.

BORDOLOIL, S., BASUMATARY, B., SAIKIA, R. & DAS, H. C. 2012. Axonopus
compressus (Sw.) P. Beauv. A native grass species for phytoremediation of
hydrocarbon-contaminated soil in Assam, India. Journal of Chemical
Technology and Biotechnology.

BRANDT, R., MERKL, N., SCHULTZE-KRAFT, R., INFANTE, C. & BROLL, G.
2006. Potential of vetiver (Vetiveria zizanioides (L.) Nash) for
phytoremediation of petroleum hydrocarbon-contaminated soils in Venezuela.
International Journal of Phytoremediation, 8, 273-284.

BYSTRZEJEWSKA-PIOTROWSKA, G., PIANKA, D., BAZALA, M. A,
STEBOROWSKI, R., MANJON, J. L. & URBAN, P. L. 2008. Pilot study of
bioaccumulation and distribution of cesium, potassium, sodium and calcium in
king oyster mushroom (Pleurotus eryngii) grown under controlled conditions.
International journal of phytoremediation, 10, 503-514.

CAL B., MA, J.,, YAN, G., DAL X., LI, M. & GUO, S. 2016. Comparison of
phytoremediation, bioaugmentation and natural attenuation for remediating
saline soil contaminated by heavy crude oil. Biochemical Engineering Journal,
112, 170-177.

CARTMILL, A. D., CARTMILL, D. L. & ALARCON, A. 2014. Controlled release
fertilizer increased phytoremediation of petroleum-contaminated sandy soil.
International journal of phytoremediation, 16, 285-301.

CHAINEAU, C., YEPREMIAN, C., VIDALIE, J., DUCREUX, J. & BALLERINI, D.
2003. Bioremediation of a crude oil-polluted soil: biodegradation, leaching and
toxicity assessments. Water, Air, & Soil Pollution, 144, 419-440.

175



Reference List

CHAINEAU, C. H.,, MOREL, J. L. & OUDOT, J. 2000. Biodegradation of fuel oil
hydrocarbons in the rhizosphere of maize. Journal of Environmental Quality,
29, 569-578.

CHARLES, U.-I. U,, EDEM, D. & NKERERUWEM, J. 2013. Application of Phyto-
Remediation (Sunflower and Vetiver Grass) on Crude Oil Spilled Soil
Cultivated to Jute Mallow (Corchorus Olitorius L.). Resources and
Environment, 3, 169-175.

CHEKOL, T. & VOUGH, L. R. 2001. A Study of the Use of Alfalfa (Medicago sativa
L.) for the phytoremediation of Organic Contaminants in Soil. Remediation,
11, 89-101.

CHEN, F., HUBER, C., MAY, R. & SCHRODER, P. 2016. Metabolism of
oxybenzone in a hairy root culture: perspectives for phytoremediation of a
widely used sunscreen agent. Journal of hazardous materials, 306, 230-236.

CHEN, Y. C., BANKS, M. K. & SCHWAB, A. P. 2003. Pyrene degradation in the
rhizosphere of tall fescue (Festuca arundinacea) and switchgrass (Panicum
virgatum L.). Environmental Science & Technology, 37, 5778-5782.

CHENG, L., WANG, Y., CAIl Z., LIU, J, YU, B. & ZHOU, Q. 2017.
Phytoremediation of petroleum hydrocarbon-contaminated saline-alkali soil by

wild ornamental Iridaceae species. International journal of phytoremediation,
19, 300-308.

CHUNG, N. & ALEXANDER, M. 2002. Effect of soil properties on bioavailability
and extractability of phenanthrene and atrazine sequestered in soil.
Chemosphere, 48, 109-115.

COFIELD, N., SCHWAB, A. P. & BANKS, M. K. 2007. Phytoremediation of
polycyclic aromatic hydrocarbons in soil: Part I. Dissipation of target
contaminants. International Journal of Phytoremediation, 9, 355-370.

CORGIE, S. C., JONER, E. J. & LEYVAL, C. 2003. Rhizospheric degradation of
phenanthrene is a function of proximity to roots. Plant and Soil, 257, 143-150.

COUTO, M. N. P. F. S., BASTO, M. C. P. & VASCONCELOS, M. T. S. D. 2011.
Suitability of different salt marsh plants for petroleum hydrocarbons
remediation. Chemosphere, 84, 1052-1057.

CRISTIAN, P. & YULIA, A. 2017. Bioremediation and phytoremediation of total
petroleum hydrocarbons (TPH) under various conditions. International journal
of phytoremediation.

D.M. SYLVIA, S. S. W. 1992. Vesicular-arbuscular mycorrhizae and environmental
stress, in: G.H. Bethlenfalvayn, R.G. Linderman (Eds), Mycorrhizae in
Sustainable Agriculture. ASA Special Publication, Madison, 101-124.

176



Reference List

DADRASNIA, A. A., P. 2013. Diesel fuel degradation from contaminated soil by
Dracaena reflexa using organic waste supplementation. Journal of the Japan
Petroleum Institute, 56, 236-243.

DE FARIAS, V., MARANHO, L. T., DE VASCONCELOS, E. C., CARVALHO, M.
A.D.,LACERDA, L. G., AZEVEDO, J. A. M., PANDEY, A. & SOCCOL, C.
R. 2009. Phytodegradation Potential of Erythrina crista-galli L., Fabaceae, in
Petroleum-Contaminated Soil. Applied Biochemistry and Biotechnology, 157,
10-22.

DELORME, T. A., JS; COALE, FJ; CHANEY, RL 2000. Phytoremediation of
phosphorus-enriched soils. International Journal of Phytoremediation, 2, 173-
181.

DENYS, S., ROLLIN, C., GUILLOT, F. & BAROUDI, H. 2006. In-situ
phytoremediation of PAHs contaminated soils following a bioremediation
treatment. Water, Air, and Soil Pollution: Focus, 6,299-315.

DESJARDINS, D. B., NICHOLAS JB; MARCHAND, LILIAN; BRISSON,
JACQUES; PITRE, FREDERIC E; LABRECQUE, MICHEL 2018.
Complementarity of three distinctive phytoremediation crops for multiple-

trace element contaminated soil. Science of the Total Environment, 610, 1428-
1438.

DEVI, S. N., AS; ANGRISH, R; ARYA, SS; KUMAR, N; SHARMA, SK 2016.
Phytoremediation potential of some halophytic species for soil salinity.
International journal of phytoremediation, 18, 693-696.

DICKINSON, S. J. R, P. M. 2006. Utilization of biosolids during the
phytoremediation  of  hydrocarbon-contaminated  soil.  Journal of
Environmental Quality, 35, 982-991.

DIETZ, D. N. 1973. Behaviour of components from spilled oil on their way through
the soil. Journal of Petroleum Technology, 25, 1,045-1,046.

DOMINGUEZ-ROSADO, E. P., J. 2004a. Phytoremediation of soil contaminated with
used motor oil: II. Greenhouse studies. Environmental Engineering Science,
21, 169-180.

DOMINGUEZ-ROSADQO, E. P., J. 2004b. Transformation of fulvic substances in the
rhizosphere during phytoremediation of used motor oil. Journal of
Environmental Science and Health Part a-Toxic/Hazardous Substances &
Environmental Engineering, 39, 2369-2381.

DOMINGUEZ-ROSADO, E. P., J.; COUGHLIN, M. 2004c. Phytoremediation of soil
contaminated with used motor oil: 1. Enhanced microbial activities from

laboratory and growth chamber studies. Environmental Engineering Science,
21, 157-168.

177



Reference List

DORONILA, A. I. F., MICHAEL A 2015. Performance measurement via sap flow
monitoring of three Eucalyptus species for mine site and dryland salinity
phytoremediation. International journal of phytoremediation, 17, 101-108.

DOTY, S. L., FREEMAN, J. L., COHU, C. M., BURKEN, J. G., FIRRINCIELI, A.,
SIMON, A., KHAN, Z., ISEBRANDS, J. G., LUKAS, J. & BLAYLOCK, M.
J. 2017. Enhanced degradation of TCE on a Superfund site using endophyte-
assisted poplar tree phytoremediation. Environmental science & technology,
51, 10050-10058.

DOWTY, R. A. S., G. P.; HESTER, M. W.; CHILDERS, G. W.; CAMPO, F. M.;
GREENE, M. C. 2001. Phytoremediation of small-scale oil spills in fresh
marsh environments: a mesocosm simulation. Marine Environmental
Research, 52,195-211.

DYER, M. P., L 2018. Phytoremediation of toxaphene polluted soils using the example
of Amaranthus in Nicaragua.

DZANTOR, E. K., CHEKOL, T. & VOUGH, L. R. 2000. Feasibility of using forage
grasses and legumes for phytoremediation of organic pollutants. Journal of
Environmental Science and Health Part a-Toxic/Hazardous Substances &
Environmental Engineering, 35, 1645-1661.

EDEMA, C.U,,IDU, T. E. & EDEMA, M. O. 2011. Remediation of soil contaminated
with polycyclic aromatic hydrocarbons from crude oil. African Journal of
Biotechnology, 10, 1146-1149.

EL-GENDY, A. S., ESPINA, A. A.,, CHAPMAN, B. & SCHNOOR, J. L. 2010.
Beneficial effects of oxygen addition and hybrid poplar phytoremediation of
petroleum-contaminated soils. Journal of Environmental Science and Health

Part a-Toxic/Hazardous Substances & Environmental Engineering, 45, 1492-
1503.

EL-GENDY, A. S., SVINGOS, S., BRICE, D., GARRETSON, J. H. & SCHNOOR,
J. 2009. Assessments of the Efficacy of a Long-Term Application of a
Phytoremediation System Using Hybrid Poplar Trees at Former Oil Tank Farm
Sites. Water Environment Research, 81, 486-498.

EPURI, V. & SORENSEN, D. L. 1997. Benzo(a)pyrene and hexachlorobiphenyl
contaminated soil: Phytoremediation potential. Phytoremediation of Soil and
Water Contaminants, 664, 200-222.

EROL, C. E., O.; UNLU, S.; YILDIZHAN, Y.; ONARICI, S.; YUKSEL, B,
MEMON, A. 2011. Effect of Siberian Light Crude Oil on Alfalfa (Medicago
sativa L.) Cultivars. Asian Journal of Chemistry, 23, 593-596.

ERRINGTON, I. K., CATHERINE K; HOULAHAN, SARAH; GEORGE, SIMON
C; MICHIE, ALEXANDER; HOSE, GRANT C 2018. The influence of

178



Reference List

vegetation and soil properties on springtail communities in a diesel-
contaminated soil. Science of The Total Environment, 619, 1098-1104.

ERTEKIN, O., KOSESAKAL, T.,UNLU, V. S., DAGLL S. P., VOLKAN;, UZYOL,
H., TUNA, Y. KULEN, O. YUKSEL, B. & ONARICI, S. 2015.
Phytoremediation potential of Landoltia punctata on petroleum hydrocarbons.
Turkish Journal of Botany, 39, 23-29.

EZZATIAN, R., VOUSSOUGHI, M., YAGHMAEI, S., ABEDI-KOUPAI, 1J.,
BORGHEI, M. & GHAFOORI, S. 2009. Effects of Puccinellia Distans and
Tall Fescue on Modification of C/N Ratios and Microbial Activities in Crude
Oil-Contaminated Soils. Petroleum Science and Technology, 27, 452-463.

FANG, C., RADOSEVICH, M. & FUHRMANN, J. J. 2001. Atrazine and
phenanthrene degradation in grass rhizosphere soil. Soil Biology and
Biochemistry, 33, 671-678.

FEDORAK, P. & WESTLAKE, D. 1981. Degradation of aromatics and saturates in
crude oil by soil enrichments. Water, Air, and Soil Pollution, 16,367-375.

FENG, N.-X., YU, J., ZHAO, H.-M., CHENG, Y.-T., MO, C.-H., CAL, Q.-Y.,LLL Y.-
W., LI, H. & WONG, M.-H. 2017. Efficient phytoremediation of organic
contaminants in soils using plant—endophyte partnerships. Science of the Total
Environment.

FENG, R. W., LIAO, G.J.,GUO, J. K., WANG, R. G., XU, Y. M., DING, Y. Z., MO,
L.Y.,FAN,Z.L. & LI, N. Y. 2016. Responses of root growth and antioxidative
systems of paddy rice exposed to antimony and selenium. Environmental and
Experimental Botany, 122, 29-38.

FERRERA-CERRATO, R., ALARCON, A. MENDOZA-LOPEZ, M. R,
SANGABRIEL, W., TREJO-AGUILAR, D., CRUZ-SANCHEZ, J. S,
LOPEZ-ORTIZ, C. & DELGADILLO-MARTINEZ, J.  2007.
Phytoremediation of a fuel oil-polluted soil with Phaseolus coccineus using
organic or inorganic fertilization. Agrociencia, 41, 817-826.

FERRO, A., KENNEDY, J., DOUCETTE, W., NELSON, S., JAUREGUI, G.,
MCFARLAND, B. & BUGBEE, B. 1997. Fate of benzene in soils planted with
alfalfa: Uptake, volatilization, and degradation. Phytoremediation of Soil and
Water Contaminants, 664, 223-237.

FOGHT, J., FEDORAK, P. & WESTLAKE, D. 1990. Mineralization of [14C]
hexadecane and [14C] phenanthrene in crude oil: specificity among bacterial
isolates. Canadian Journal of Microbiology, 36, 169-175.

FONTENOT, D., BUSH, E., BEASLEY, J. & FONTENOT, K. 2015. Evaluating
Bermudagrass (Cynodon dactylon), seashore Paspalum (Paspalum vaginatum),
and weeping lovegrass (Eragrostis curvula), as a vegetative cap for industrial

179



Reference List

brine landform stabilization and phytoremediation. Journal of plant nutrition,
38, 237-245.

GADI V. K., BORDOLOI S., GARG, A., KOBAYASHIL Y. & SAHOO, L. 2016.
Improving and correcting unsaturated soil hydraulic properties with plant
parameters for agriculture and bioengineered slopes. Rhizosphere, 1, 58-78.

GAHLAWAT, S. M., MANVI; CHAUHAN, KIRTI; VALSANGKAR, SHUBHA;
GAUBA, PAMMI 2014. Accessing the phytoremediation potential of Cicer

arietinum for aspirin. International Journal of Genetic Engineering and
Biotechnology, 5, 161-168.

GAO, Y. L., Q.; LING, W.; ZHU, X. 2011. Arbuscular mycorrhizal phytoremediation
of soils contaminated with phenanthrene and pyrene. Journal of Hazardous
Materials, 185, 703-709.

GASKIN, S. E. B., R. H. 2010. Rhizoremediation of hydrocarbon contaminated soil
using Australian native grasses. Science of the Total Environment, 408, 3683-
3688.

GASTON, L. & KOVAR, J. 2015. Phytoremediation of high-phosphorus soil by
Annual Ryegrass and Common Bermudagrass harvest. Communications in soil
science and plant analysis, 46, 736-752.

GENT, M. P. N. W, J. C.;; PARRISH, Z. D.; ISLEYEN, M.; EITZER, B. D
MATTINA, M. I 2007. Uptake and translocation of p,p'-
dichlorodiphenyldichloroethylene supplied in hydroponics solution to
Cucurbita. Environmental Toxicology and Chemistry, 26, 2467-2475.

GERHARDT, K. E. H., X. D.; GLICK, B. R.; GREENBERG, B. M. 2009.
Phytoremediation and rhizoremediation of organic soil contaminants: Potential
and challenges. Plant Science, 176, 20-30.

GERMIDA, J. J. F., C. M.; FARRELL, R. E. 2002. Phytoremediation of oil-
contaminated soils. Soil Mineral-Organic Matter-Microorganism Interactions
and Ecosystem Health, Volume 28b, 28B, 169-186.

GHALY, A., KAMAL, M. & MAHMOUD, N. 2005. Phytoremediation of aquaculture
wastewater for water recycling and production of fish feed. Environment
international, 31, 1-13.

GOLAN, S., FARAJ, T., RAHAMIM, E., ZEMACH, H., LIFSHITZ, D., SINGER,
A., BAR, D., CARMELL, D., STEINBERGER, Y. & SHERMAN, C. 2016.
The effect of petroleum hydrocarbons on seed germination, development and

survival of wild and cultivated plants in extreme desert soil. Int. J. Agric.
Environ. Res., 2, 1743-1767.

GORDON, M., CHOE, N., DUFFY, J., EKUAN, G., HEILMAN, P., MUIZNIEKS,
I., RUSZAJ, M., SHURTLEFF, B. B., STRAND, S., WILMOTH, J. &

180



Reference List

NEWMAN, L. A. 1998. Phytoremediation of trichloroethylene with hybrid
poplars. Environmental Health Perspectives, 106, 1001-1004.

GOUDA, A. H., EL-GENDY, A. S., EL-RAZEK, T. M. A. & EL-KASSAS, H. L
2016. Evaluation of phytoremediation and bioremediation for sandy soil
contaminated with petroleum hydrocarbons. [International Journal of
Environmental Science and Development, 7, 490.

GUIDI, W. K., H.; LABRECQUE, M. 2012. Establishment techniques to using willow
for phytoremediation on a former oil refinery in southern Quebec:
achievements and constraints. Chemistry and Ecology, 28, 49-64.

GUNDERSON, J. J. K., J. D.; VAN REES, K. C. J. 2007. Impact of ectomycorrhizal
colonization of hybrid poplar on the remediation of diesel-contaminated soil.
Journal of Environmental Quality, 36, 927-934.

GUNDERSON, J. J. K., J. D.; VAN REES, K. C. J. 2008. Relating hybrid poplar fine
root production, soil nutrients, and hydrocarbon contamination.
Bioremediation Journal, 12, 156-167.

GUNTHER, T. D., U.; FRITSCHE, W. 1996. Effects of ryegrass on biodegradation of
hydrocarbons in soil. Chemosphere, 33, 203-215.

GURSKA, J., WANG, W. X., GERHARDT, K. E., KHALID, A. M., ISHERWOOD,
D. M., HUANG, X. D., GLICK, B. R. & GREENBERG, B. M. 2009. Three
Year Field Test of a Plant Growth Promoting Rhizobacteria Enhanced
Phytoremediation System at a Land Farm for Treatment of Hydrocarbon
Waste. Environmental Science & Technology, 43, 4472-4479.

HAWROT-PAW, M. B., TERESA 2014. Growth and development of selected plant
species in the phytoremediation of diesel oil contaminated soil. Environment
Protection Engineering, 40.

HE, Y. C., JIE 2016. Phytoremediation of sediments polluted with phenanthrene and
pyrene by four submerged aquatic plants. Journal of soils and sediments, 16,
309-317.

HE, Y. C., JIE 2017. Pilot-scale demonstration of phytoremediation of PAH-
contaminated sediments by Hydrilla verticillata and Vallisneria spiralis.
Environmental technology, 1-9.

HOFLICH, G. & GUNTHER, T. 2000. Effect of plant-rhizosphere microorganism-
associations on the degradation of polycyclic aromatic hydrocarbons in soil.
Bodenkultur, 51, 91-97.

HONG, S. H., KOO, S. Y., KIM, S. H, RYU, H. W,, LEE, . S. & CHO, K. S. 2010.
Rhizoremediation of petroleum and heavy metal-contaminated soil using

rhizobacteria and Zea mays. Korean Journal of Microbiology and
Biotechnology, 38, 329-334.

181



Reference List

HONG, S. H. R., H.; KIM, J.; CHO, K. S. 2011. Rhizoremediation of diesel-
contaminated soil using the plant growth-promoting rhizobacterium Gordonia
sp S2RP-17. Biodegradation, 22, 593-601.

HOODA, L. C., S MARY,; SINGH, SK 2016. Phytoremediation of 2, 4, 6-
Trinitrotoluene (TNT) by Tagetes patula. European Journal of Advances in
Engineering and Technology, 3, 60-63.

HOU, F. S. L. L, D. W. M,; MILKE, M. W.; MACPHERSON, D. J. 1999.
Improvement in ryegrass seed germination for diesel contaminated soils by
PEG treatment technology. Environmental Technology, 20, 413-418.

HOU, F.S.L. M., M. W.; LEUNG, D. W. M.; MACPHERSON, D. J. 2001. Variations
in  phytoremediation performance with diesel-contaminated  soil.
Environmental Technology, 22, 215-222.

HUANG, H. Y., NING; WANG, LIJUN; GUPTA, DK; HE, ZHENLI; WANG, KAI,
ZHU, ZHIQIANG; YAN, XINGCHU; LI, TINGQIANG; YANG, XIAO-E
2011. The phytoremediation potential of bioenergy crop Ricinus communis for

DDTs and cadmium co-contaminated soil. Bioresource technology, 102,
11034-11038.

HUANG, X. D., EL-ALAWI, Y., GURSKA, J., GLICK, B. R. & GREENBERG, B.
M. 2005. A multi-process phytoremediation system for decontamination of
persistent total petroleum hydrocarbons (TPHs) from soils. Microchemical
Journal, 81, 139-147.

HUESEMANN, M. H. H., T. S.; FORTMAN, T. J.; THOM, R. M.; CULLINAN, V.
2009. In situ phytoremediation of PAH- and PCB-contaminated marine
sediments with eelgrass (Zostera marina). Ecological Engineering, 35, 1395-
1404.

HURTADO, C., DOMINGUEZ, C., PEREZ-BABACE, L., CANAMERAS, N,
COMAS, J. & BAYONA, J. M. 2016. Estimate of uptake and translocation of
emerging organic contaminants from irrigation water concentration in lettuce

grown under controlled conditions. Journal of hazardous materials, 305, 139-
148.

HUTCHINSON, T. C. & FREEDMAN, W. 1978. Effects of Experimental Crude-Oil
Spills on Sub-Arctic Boreal Forest Vegetation near Norman-Wells, Nwt,

Canada. Canadian Journal of Botany-Revue Canadienne De Botanique, 56,
2424-2433.

IGHOVIE, E. S. 1., ELENWO EPHRAM 2014. Phytoremediation of crude oil
contaminated soil with Axonopus compressus in the Niger Delta region of
Nigeria. Natural Resources, 5, 59.

IKEURA, H. K., YU; KAIMI, ETSUKO; NISHIWAKI, JUNKO; NOBORIO,
KOSUKE; TAMAKI, MASAHIKO 2016. Screening of plants for

182



Reference List

phytoremediation of oil-contaminated soil. [International journal of
phytoremediation, 18, 460-466.

ISMAILA, H. L, UJJ; RISKUWAC, ML; ALLAMINA, IA; ISAHA, MA 2014.
Assessment of phytoremediation potentials of legumes in spent engine oil
contaminated soil. Eur J Environ Saf Sci, 2, 59-64.

JAGTAP, S. S. W., SEONG MIN; KIM, TAE-SU; DHIMAN, SAURABH SUDHA;
KIM, DONGWOOK; LEE, JUNG-KUL 2014. Phytoremediation of diesel-
contaminated soil and saccharification of the resulting biomass. Fuel, 116,292-
298.

JEAN, J. S., LEE, M. K., WANG, S. M., CHATTOPADHYAY, P. & MAITY, J. P.
2008. Effects of inorganic nutrient levels on the biodegradation of benzene,
toluene, and xylene (BTX) by Pseudomonas spp. in a laboratory porous media
sand aquifer model. Bioresource Technology, 99, 7807-7815.

JI, G., SUN, T. & NI, J. 2007. Impact of heavy oil-polluted soils on reed wetlands.
Ecological Engineering, 29, 272-279.

JI, G. D.,, YANG, Y. S., ZHOU, Q., SUN, T. & NI, J. R. 2004. Phytodegradation of
extra heavy oil-based drill cuttings using mature reed wetland: an in situ pilot
study. Environment International, 30, 509-517.

JONER, E. J. & LEYVAL, C. 2003. Rhizosphere gradients of polycyclic aromatic
hydrocarbon (PAH) dissipation in two industrial soils and the impact of
arbuscular mycorrhiza. Environmental Science & Technology, 37, 2371-2375.

JONER, E. J. & LEYVAL, C. 2009. Phytoremediation of Organic Pollutants Using
Mycorrhizal Plants: A New Aspect of Rhizosphere Interactions. Sustainable
Agriculture, 885-894.

JONER, E. J., LEYVAL, C. & COLPAERT, J. V. 2006. Ectomycorrhizas impede
phytoremediation of polycyclic aromatic hydrocarbons (PAHs) both within
and beyond the rhizosphere. Environmental Pollution, 142, 34-38.

JONES, D., WILLIAMSON, K. & OWEN, A. 2006. Phytoremediation of landfill
leachate. Waste Management, 26, 825-837.

JONES, R. K., SUN, W. H. H, TANG, C. S. & ROBERT, F. M. 2004.
Phytoremediation of petroleum hydrocarbons in tropical coastal soils - II.
Microbial response to plant roots and contaminant. Environmental Science and
Pollution Research, 11, 340-346.

JURELEVICIUS, D., KORENBLUM, E., CASELLA, R., VITAL, R. L. & SELDIN,
L. 2010. Polyphasic Analysis of the Bacterial Community in the Rhizosphere
and Roots of Cyperus rotundus L. Grown in a Petroleum-Contaminated Soil.
Journal of Microbiology and Biotechnology, 20, 862-870.

183



Reference List

KAIMI, E., MUKAIDANI, T., MIYOSHI, S. & TAMAKI, M. 2006. Ryegrass
enhancement of biodegradation in diesel-contaminated soil. Environmental
and Experimental Botany, 55, 110-119.

KAIMI E., MUKAIDANI, T. & TAMAKI, M. 2007a. Effect of rhizodegradation in
diesel-contaminated soil under different soil conditions. Plant Production
Science, 10, 105-111.

KAIMI, E., MUKAIDANI, T. & TAMAKI, M. 2007b. Screening of twelve plant
species for phytoremediation of petroleum hydrocarbon-contaminated soil.
Plant Production Science, 10,211-218.

KAMATH, R., SCHNOOR, J. L. & ALVAREZ, P. J. J. 2004. Effect of root-derived
substrates on the expression of nah-lux genes in Pseudomonas fluorescens
HK44: Implications for PAH biodegradation in the rhizosphere. Environmental
Science & Technology, 38, 1740-1745.

KAMINSKI, A., BOBER, B., CHRAPUSTA, E. & BIALCZYK, J. 2014.
Phytoremediation of anatoxin-a by aquatic macrophyte Lemna trisulca L.
Chemosphere, 112, 305-310.

KARAMALIDIS, A. K., EVANGELOU, A. C., KARABIKA, E., KOUKKOU, A. I,
DRAINAS, C. & VOUDRIAS, E. A. 2010. Laboratory scale bioremediation
of petroleum-contaminated soil by indigenous microorganisms and added
Pseudomonas aeruginosa strain Spet. Bioresource Technology, 101, 6545-
6552.

KARPENKO, O., BANYA, A.,, BARANOV, V., NOVIKOV, V. & KOLWZAN, B.
A. 2015. Influence of Biopreparations on Phytoremediation of Petroleum-
Contaminated Soil. Polish Journal of Environmental Studies, 24.

KARTHIKEYAN, R., KULAKOW, P. A., LEVEN, B. A. & ERICKSON, L. E. 2012.
Remediation of vehicle wash sediments contaminated with hydrocarbons: A

field demonstration. Environmental Progress & Sustainable Energy, 31, 139-
146.

KARTHIKEYAN, R., MANKIN, K. R., DAVIS, L. C. & ERICKSON, L. E. 2003.
Modeling jet fuel (JP-8) fate and transport in soils with plants. International
Journal of Phytoremediation, 5,293-314.

KASSEL, A. G. G, D.; GOYAL, A. 2002. Phytoremediation of trichloroethylene
using hybrid poplar. Physiology and Molecular Biology of Plants, 8, 3-10.

KECHAVARZI, C., PETTERSSON, K., LEEDS-HARRISON, P., RITCHIE, L. &
LEDIN, S. 2007. Root establishment of perennial ryegrass (L. perenne) in
diesel contaminated subsurface soil layers. Environmental Pollution, 145, 68-
74.

184



Reference List

KELLER, J. B., M. K.; SCHWAB, A. P. 2008. Effect of soil depth on
phytoremediation efficiency for petroleum contaminants. Journal of
Environmental Science and Health Part a-Toxic/Hazardous Substances &
Environmental Engineering, 43, 1-9.

KERI, L. J., R 2014. Phytoremediation of Pesticide Wastes in Soil. Zeitschrift fA%r
Naturforschung C.

KHAITAN, S. K., S.; ERICKSON, L. E.; KULAKOW, P.; MARTIN, S;
KARTHIKEYAN, R.; HUTCHINSON, S. L. L. DAVIS, L. C;
ILLANGASEKARE, T. H.; NG'OMA, C. 2006. Remediation of sites
contaminated by oil refinery operations. Environmental Progress, 25, 20-31.

KHAMEHCHIY AN, M., CHARKHABI, A. H. & TAJIK, M. 2007. Effects of crude
oil contamination on geotechnical properties of clayey and sandy soils.
Engineering Geology, 89, 220-229.

KHRUNYK, Y., SCHIEWER, S., CARSTENS, K. L., HU, D. & COATS, J. R. 2017.
Uptake of Cl4-atrazine by prairie grasses in a phytoremediation setting.
International journal of phytoremediation, 19, 104-112.

KIISKILA, J. D. D., PADMINI; SARKAR, DIBYENDU; DATTA, RUPALI 2015.
Phytoremediation of explosive-contaminated soils. Current Pollution Reports,
1,23-34.

KIM, J. Y. & CHO, K. S. 2006. Bioremediation of oil-contaminated soil using
rhizobacteria and plants. Korean Journal of Microbiology and Biotechnology,
34, 185-195.

KIM, K. J., JUNG, H. H., SEO, H. W., LEE, J. A. & KAYS, S. J. 2014. Volatile
toluene and xylene removal efficiency of foliage plants as affected by top to
root zone size. HortScience, 49, 230-234.

KIRK, J. L., KLIRNOMOS, J. N., LEE, H. & TREVORS, J. T. 2002. Phytotoxicity
assay to assess plant species for phytoremediation of petroleum-contaminated
soil. Bioremediation Journal, 6, 57-63.

KIRK, J. L. K., J. N.; LEE, H.; TREVORS, J. T. 2005. The effects of perennial
ryegrass and alfalfa on microbial abundance and diversity in petroleum
contaminated soil. Environmental Pollution, 133, 455-465.

KIRKPATRICK, W. D. W., P. M.; WOLF, D. C.; THOMA, G. J.; REYNOLDS, C.
M. 2006. Selecting plants and nitrogen rates to vegetate crude-oil-
contaminated soil. International Journal of Phytoremediation, 8,285-297.

KIRKPATRICK, W. D. W., P. M.; WOLF, D. C.; THOMA, G. J.; REYNOLDS, C.
M. 2008. Petroleum-degrading microbial numbers in rhizosphere and non-
rhizosphere crude oil-contaminated soil. [International Journal of
Phytoremediation, 10, 210-221.

185



Reference List

KITAMURA', R. S. A. M., LEILA TERESINHA 2016. Phytoremediation of
petroleum hydrocarbons-contaminated soil using Desmodium incanum DC.,
Fabaceae. Revista Latinoamericana de Biotecnologia Ambiental y Algal, 7, 1-
15.

KOLIYAR, D. J. G. S, SANKRANTI K COMPARISION OF
PHYTOREMEDIATION EFFICIENCY OF WATER HYACINTH AND
TYPHA PLANT USING CETP WATER.

KOOH, M. R. L., LINDA BL; LIM, LEE H; DHARI, MUHAMMAD K 2016.
Phytoremediation capability of Azolla pinnata for the removal of malachite
green from aqueous solution. Journal of Environment & Biotechnology
Research, 5, 10-17.

KOSESAKAL, T. U., MUAMMER; KULEN, OKTAY; MEMON,
ABDULREZZAK; YUKSEL, BAYRAM 2016. Phytoremediation of
petroleum hydrocarbons by using a freshwater fern species Azolla filiculoides
Lam. International journal of phytoremediation, 18, 467-476.

KOSESAKAL, T. U. VESILE SELMA; KULEN, OKTAY; MEMON,
ABDULREZZAK; YUKSEL, BAYRAM 2015. Evaluation of the
phytoremediation capacity of Lemna minor L. in crude oil spiked cultures.
Turkish Journal of Biology, 39, 479-484.

KRUTZ, L. J., BEYROUTY, C. A., GENTRY, T. J., WOLF, D. C. & REYNOLDS,
C. M. 2005. Selective enrichment of a pyrene degrader population and
enhanced pyrene degradation in Bermuda grass rhizosphere. Biology and
Fertility of Soils, 41, 359-364.

KUIPER, 1., BLOEMBERG, G. V. & LUGTENBERG, B. J. J. 2001. Selection of a
plant-bacterium pair as a novel tool for rhizostimulation of polycyclic aromatic
hydrocarbon-degrading bacteria. Molecular Plant-Microbe Interactions, 14,
1197-1205.

KUMAR, V. & CHOPRA, A. 2017. Phytoremediation potential of water caltrop
(Trapa natans L.) using municipal wastewater of the activated sludge process-
based municipal wastewater treatment plant. Environmental Technology, 1-12.

KUO, H.-C., JUANG, D.-F. Y., ANG, L., KUO, W.-C. & WU, Y.-M. 2014.
Phytoremediation of soil contaminated by heavy oil with plants colonized by
mycorrhizal fungi. International Journal of Environmental Science and
Technology, 11, 1661-1668.

KURASHVILI, M. A., GEORGE; ANANIASHVILI, TAMAR; AMIRANASVILI,
LIA; VARAZI, TAMAR; PRUIDZE, MARINA; GORDEZIANI, MARLEN;
KHATISASHVILI, GIA 2014. Plants and microorganisms for
phytoremediation of soils polluted with organochlorine pesticides. Int J Biol
Veter Agri Food Eng, 8.

186



Reference List

LABBE, J. 1. R.-S., JUAN LUIS; HERNANDEZ-PEREZ, ALEXIS; BAEZA,
ANDREA; HANSEN, FELIPE 2017. Microalgae growth in polluted effluents
from the dairy industry for biomass production and phytoremediation. Journal
of Environmental Chemical Engineering, 5, 635-643.

LAFLEUR, B. S., SEBASTIEN; DUY, SUNG VO; LABRECQUE, MICHEL 2016.
Phytoremediation of groundwater contaminated with pesticides using short-
rotation willow crops: A case study of an apple orchard. International journal
of phytoremediation, 18, 1128-1135.

LANDMEYER, J. E. 2001. Monitoring the effect of poplar trees on petroleum-
hydrocarbon and chlorinated-solvent contaminated ground water.
International Journal of Phytoremediation, 3, 61-85.

LEE,K.Y.S.,S.E.; DOTY, S. L. 2012. Phytoremediation of Chlorpyrifos by Populus
and Salix. International Journal of Phytoremediation, 14, 48-61.

LEE, S. H. L., W. S.; LEE, C. H.; KIM, J. G. 2008. Degradation of phenanthrene and
pyrene in rhizosphere of grasses and legumes. Journal of Hazardous Materials,
153, 892-898.

LI, G. Z., JUN; HE, QIANG; ZHI, YUE; XIAO, HAIWEN; RONG, JING 2014a.
Phytoremediation of levonorgestrel in aquatic environment by hydrophytes.
Journal of Environmental Sciences, 26, 1869-1873.

LI, R.-L. L., BEI-BEI; ZHU, YA-XIAN; ZHANG, YONG 2016. Effects of flooding
and aging on phytoremediation of typical polycyclic aromatic hydrocarbons in
mangrove sediments by Kandelia obovata seedlings. Ecotoxicology and
environmental safety, 128, 118-125.

LI, Y.-W.,CAL Q.-Y.,MO, C.-H., ZENG, Q.-Y.,LU, H,, LL, Q.-S. & XU, G.-S. 2014.
Plant uptake and enhanced dissipation of di (2-ethylhexyl) phthalate (DEHP)
in spiked soils by different plant species. [International journal of
phytoremediation, 16, 609-620.

LI, Z. X., HUIPING; CHENG, SHUIPING; ZHANG, LIPING; XIE, XIAOLONG;
WU, ZHENBIN 2014b. A comparison on the phytoremediation ability of
triazophos by different macrophytes. Journal of Environmental Sciences, 26,
315-322.

LIAO, C., LIANG, X., LU, G., THAI T., XU, W. & DANG, Z. 2015a. Effect of
surfactant amendment to PAHs-contaminated soil for phytoremediation by
maize (Zea mays L.). Ecotoxicology and environmental safety, 112, 1-6.

LIAO, C., XU, W., LU, G., LIANG, X., GUO, C., YANG, C. & DANG, Z. 2015b.
Accumulation of hydrocarbons by maize (Zea mays L.) in remediation of soils
contaminated with crude oil. International journal of phytoremediation, 17,
693-700.

187



Reference List

LIN, Q. M., I. A. 2009. Potential of restoration and phytoremediation with Juncus
roemerianus for diesel-contaminated coastal wetlands. Ecological
Engineering, 35, 85-91.

LISTE, H. H. F., D. 2006. Crop growth, culturable bacteria, and degradation of petrol
hydrocarbons (PHCs) in a long-term contaminated field soil. Applied Soil
Ecology, 31, 43-52.

LIU, C.S. Z., D. F.; WU, W. H.; ZHANG, Y. B,; LIU, Q. Y.; WANG, Z. H. 2012a.
Phytoremediation of petroleum contaminated soil by reed in Xinjiang.
Zhongguo Shiyou Daxue Xuebao (Ziran Kexue Ban)/Journal of China
University of Petroleum (Edition of Natural Science), 36, 186-190.

LIU, H. M., FANBO; TONG, YINDONG; CHI, JIE 2014. Effect of plant density on
phytoremediation of polycyclic aromatic hydrocarbons contaminated
sediments with Vallisneria spiralis. Ecological engineering, 73, 380-385.

LIU,R.J.,R.N.; ZHOU, Q.; LIU, Z. 2012b. Treatment and remediation of petroleum-
contaminated soils wusing selective ornamental plants. Environmental
Engineering Science, 29, 494-501.

LIU, W. H., JINYU; WANG, QINGLING; YANG, HUIJUAN; LUO, YONGMING;
CHRISTIE, PETER 2015. Collection and analysis of root exudates of Festuca
arundinacea L. and their role in facilitating the phytoremediation of petroleum-
contaminated soil. Plant and Soil, 389, 109-119.

LU, M., ZHANG, Z. Z., SUN, S. S., WEL X. F., WANG, F.;, Q. & SU, Y. M. 2010.
The Use of Goosegrass (Eleusine indica) to Remediate Soil Contaminated with
Petroleum. Water Air and Soil Pollution, 209, 181-189.

LV, T., ZHANG, Y., CASAS, M. E., CARVALHO, P. N., ARIAS, C. A., BESTER,
K. & BRIX, H. 2016. Phytoremediation of imazalil and tebuconazole by four
emergent wetland plant species in hydroponic medium. Chemosphere, 148,
459-466.

MACKOVA, M., MACEK, T., KUCEROVA, P., BURKHARD, J., PAZLAROVA,
J. & DEMNEROVA, K. 1997. Degradation of polychlorinated biphenyls by
hairy root culture of Solanum nigrum. Biotechnology Letters, 19, 787-790.

MAHMOUD, H. M., SULEMAN, P., SORKHOH, N. A., SALAMAH, S. &
RADWAN, S. S. 2011. The Potential of Established Turf Cover for Cleaning
Oily Desert Soil Using Rhizosphere Technology. International Journal of
Phytoremediation, 13, 156-167.

MALACHOWSKA-JUTSZ, A. K., J. 2010. Influence of mycorrhizal fungi on
remediation of soil contaminated by petroleum hydrocarbons. Fresenius
Environmental Bulletin, 19, 3217-3223.

188



Reference List

MASU, S. A., MARIANA; BALASESCU, LIGIA-CARMENA 2014. Assessment on
phytoremediation of crude oil polluted soils with Achillea millefolium and
total petroleum hydrocarbons removal efficiency. Rev Chimie, 65, 1103-1107.

MASU, S. C., LUMINITA; BORDEIAN, DESPINA MARIA;
MARINELHORABLAGA MORARIU, F 2016. Phytoremediation of oil
polluted soils and the effect of petroleum product on the growth of glycine
max. Rev Chim, 67, 1774-1777.

MASU, S. D., NICOLAI; MIREL PANA, STEFANITA; LEHR, CAROL BLAZIU
2017. In-situ phytoremediation variants for TPH polluted soils.

MATHUR, N. S., J.; BOHRA, S.; BOHRA, A.; MEHBOOB,; VYAS, M.; VYAS, A.
2010. Phytoremediation potential of some multipurpose tree species of Indian
Thar desert in oil contaminated soil. Advances in Environmental Biology, 4,
131-137.

MENA-BENITEZ, G. L., GANDIA-HERRERO, F., GRAHAM, S., LARSON, T. R.,
MCQUEEN-MASON, S. J., FRENCH, C. E., RYLOTT, E. L. & BRUCE, N.
C. 2008. Engineering a catabolic pathway in plants for the degradation of 1,2-
dichloroethane. Plant Physiology, 147, 1192-1198.

MENG, F. & CHI, J. 2015. Phytoremediation of PAH-contaminated sediments by
Potamogeton crispus L. with four plant densities. Transactions of Tianjin
University, 21, 440-445.

MENG, L. Q., M.; ARP, H. P. H. 2011. Phytoremediation efficiency of a PAH-
contaminated industrial soil using ryegrass, white clover, and celery as mono-
and mixed cultures. Journal of Soils and Sediments, 11, 482-490.

MERKL, N. & SCHULTZE-KRAFT, R. 2002. Phytoremediation in Venezuela - The
potential of tropical species to recover petroleum-contaminated soils. Soil and
Sediment Contamination, 11, 460-461.

MERKL, N., SCHULTZE-KRAFT, R. & ARIAS, M. 2005a. Influence of fertilizer
levels on phytoremediation of crude oil-contaminated soils with the tropical
pasture grass Brachiaria brizantha (Hochst. ex A. Rich.) Stapf. International
Journal of Phytoremediation, 7,217-230.

MERKL, N., SCHULTZE-KRAFT, R. & ARIAS, M. 2006. Effect of the tropical grass
Brachiaria brizantha (Hochst. ex A. Rich.) Stapf on microbial population and

activity in petroleum-contaminated soil. Microbiological Research, 161, 80-
91.

MERKL, N., SCHULTZE-KRAFT, R. & INFANTE, C. 2004. Phytoremediation of
petroleum-contaminated soils in the tropics - Pre-selection of plant species
from eastern Venezuela. Journal of Applied Botany and Food Quality-
Angewandte Botanik, 78, 185-192.

189



Reference List

MERKL, N., SCHULTZE-KRAFT, R. & INFANTE, C. 2005b. Assessment of
tropical grasses and legumes for phytoremediation of petroleum-contaminated
soils. Water Air and Soil Pollution, 165, 195-209.

MERKL, N., SCHULTZE-KRAFT, R. & INFANTE, C. 2005c. Phytoremediation in
the tropics - influence of heavy crude oil on root morphological characteristics
of graminoids. Environmental Pollution, 138, 86-91.

MIRZAKHANI, E., MORTAZAEINEZHAD, F., TAHMORESPOUR, A. &
RADNEZHAD, H. 2016. Potential of phytoremediation for the removal of

petroleum hydrocarbons in contaminated soils associated with Rhodococcus
erythropolis. BULGARIAN CHEMICAL COMMUNICATIONS, 48, 44-51.

MITTON, F. M., GONZALEZ, M., MONSERRAT, J. M., MIGLIORANZA & SB,
K. 2016. Potential use of edible crops in the phytoremediation of endosulfan
residues in soil. Chemosphere, 148, 300-306.

MITTON, F. M., MIGLIORANZA, K. S., GONZALEZ, M., SHIMABUKURO, V.
M. & MONSERRAT, J. M. 2014. Assessment of tolerance and efficiency of
crop species in the phytoremediation of DDT polluted soils. Ecological
engineering, 71, 501-508.

MOHSENZADEH, F.; NASSERI, S., MESDAGHINIA, A., NABIZADEH, R.,
ZAFARI, D., KHODAKARAMIAN, G. & CHEHREGANI, A. 2010.
Phytoremediation of petroleum-polluted soils: Application of Polygonum
aviculare and its root-associated (penetrated) fungal strains for bioremediation
of petroleum-polluted soils. Ecotoxicology and Environmental Safety, 73, 613-
619.

MOHSENZADEH, F. N., S.; MESDAGHINIA, A.; NABIZADEH, R
CHEHREGANI, A.; ZAFARI, D. 2009. Identification of Petroleum Resistant
Plants and Rhizospheral Fungi for Phytoremediation of Petroleum
Contaminated Soils. Journal of the Japan Petroleum Institute, 52, 198-204.

MOLNAR, M., FENYVESI, E., GRUIZ, K., LEITGIB, L., BALOGH, G.,
MURAANYI, A. & SZEJTLI, J. 2002. Effects of RAMEB on bioremediation
of different soils contaminated with hydrocarbons. Journal of Inclusion
Phenomena, 44, 447-452.

MOSADDEGH, M. H. J., ABBAS; GHASEMI, ADELE; MOSADDEGH,
ALIMOHAMMAD 2014. Phytoremediation of benzene, toluene,
ethylbenzene and xylene contaminated air by D. deremensis and O. microdasys
plants. Journal of Environmental Health Science and Engineering, 12, 39.

MOUBASHER, H. H., AK; MOHAMED, NH; MOUSTAFA, YM; KABIEL, HF;
HAMAD, AA 2015. Phytoremediation of soils polluted with crude petroleum
oil using Bassia scoparia and its associated rhizosphere microorganisms.
International Biodeterioration & Biodegradation, 98, 113-120.

190



Reference List

MUKHERJEE, B. M., MADHURINA; GANGOPADHYAY, AMITAVA;
CHAKRABORTY, SANKAR; CHATERJEE, DEBASHISH 2015.
Phytoremediation of parboiled rice mill wastewater using water lettuce (Pistia
Stratiotes). International journal of phytoremediation, 17, 651-656.

MURATOVA, A. G. S.; WITTENMAYER, L.; DMITRIEVA, T,
BONDARENKOVA, A.; HIRCHE, F.; MERBACH, W.; TURKOVSKAYA,
0. 2009. Effect of the polycyclic aromatic hydrocarbon phenanthrene on root

exudation of Sorghum bicolor (L.) Moench. Environmental and Experimental
Botany, 66, 514-521.

MURATOVA, A. H., T.; NARULA, N.; WAND, H.; TURKOVSKAYA, O,
KUSCHK, P.; JAHN, R.; MERBACH, W. 2003a. Rhizosphere microflora of
plants used for the phytoremediation of bitumen-contaminated soil.
Microbiological Research, 158, 151-161.

MURATOVA, A. H., T.; TISCHER, S.; TURKOVSKAYA, O.; MODER, M.;
KUSCHK, P. 2003b. Plant - Rhizosphere-microflora association during
phytorernediation of PAH-contaminated soil. International Journal of
Phytoremediation, 5, 137-151.

MURATOVA, A.Y.B.,A.D.; PANCHENKO, L. V.; TURKOVSKAYA, 0. V. 2010.
Use of Integrated Phytoremediation for Cleaning-up of Oil-Sludge-
Contaminated Soil. Applied Biochemistry and Microbiology, 46, 789-794.

MURATOVA,A. Y.D., T. V.,; PANCHENKO, L. V.; TURKOVSKAYA, O. V. 2008.
Phytoremediation of oil-sludge-contaminated soil. International Journal of
Phytoremediation, 10, 486-502.

MURATOVA, A. Y. G, S. N.; DUBROVSKAYA, E. V.; POZDNYAKOVA, N. N,;
PANCHENKO, L. V.; PLESHAKOVA, E. V.; CHERNYSHOVA, M. P;
TURKOVSKAYA, O. V. 2012. Remediating abilities of different plant species
grown in diesel-fuel-contaminated leached chernozem. Applied Soil Ecology,
56, 51-57.

NASCIMENTO, A. F. P, FABIO RIBEIRO; CHAGAS, KRISTHIANO;
PROCOPIO, SERGIO DE OLIVEIRA; OLIVEIRA, MARCELO ANTONIO;
CARGNELUTTI FILHO, ALBERTO; BELO, ALESSANDRA FERREIRA,;
EGREJA FILHO, FERNANDO BARBOZA 2015. Risk of soil
recontamination due to using Eleusine coracana and Panicum maximum straw

after phytoremediation of picloram. International journal of phytoremediation,
17,313-321.

NEWMAN, L. A. R., C. M. 2004. Phytodegradation of organic compounds. Current
Opinion in Biotechnology, 15, 225-230.

NEWMAN, L. A. W, X. P,; MUIZNIEKS, I. A.; EKUAN, G.; RUSZAJ, M.;
CORTELLUCCI, R.; DOMROES, D.; KARSCIG, G.; NEWMAN, T,
CRAMPTON, R. S.; HASHMONAY, R. A.; YOST, M. G.; HEILMAN, P. E.;

191



Reference List

DUFFY, J.; GORDON, M. P.; STRAND, S. E. 1999. Remediation of
trichloroethylene in an artificial aquifer with trees: A controlled field study.
Environmental Science & Technology, 33, 2257-2265.

NG, Y. S. C., DEREK JUINN CHIEH 2017. Wastewater phytoremediation by
Salvinia molesta. Journal of Water Process Engineering, 15, 107-115.

NICHOLS, E. G. C., RACHEL L; LANDMEYER, JAMES E; ATKINSON, BRAD;
MALONE, DONALD R; SHAW, GEORGE; WOODS, LEILANI 2014.
Phytoremediation of a Petroleum-Hydrocarbon Contaminated Shallow Aquifer
in Elizabeth City, North Carolina, USA. Remediation Journal, 24, 29-46.

NICHOLS, T. D. W., D. C.; ROGERS, H. B.; BEYROUTY, C. A.; REYNOLDS, C.
M. 1997. Rhizosphere microbial populations in contaminated soils. Water, Air,
and Soil Pollution, 95, 165-178.

NIE, M. L., M.; YANG, Q. A.; ZHANG, X. D.; XIAO, M.; JIANG, L. F.; YANG, J;
FANG, C. M.; CHEN, J. K.; LI, B. 2011a. Plants' use of different nitrogen

forms in response to crude oil contamination. Environmental Pollution, 159,
157-163.

NIE, M. W., Y.; YU, J; XIAO, M.; JIANG, L.; YANG, J.; FANG, C.; CHEN, J.; LI,
B. 2011b. Understanding plant-microbe interactions for phytoremediation of
petroleum-polluted soil. PLoS ONE, 6.

NJOKU, K. L. A., M. O.; OBOH, B. O. 2008. Growth and performance of Glycine
max L. (Merrill) grown in crude oil contaminated soil augmented with cow

dung. Life Science Journal-Acta Zhengzhou University Overseas Edition, 5,
89-93.

NWAICHI, E. & COLIN, S. 2017. Sequestration of PAHs in a Phytoremediation
Using Indian Mustard and Bambara Plants. Journal of Biotechnology
Research, 3,31-41.

NZENGUNG, V. A.J., P. 2001. Sequestration, phytoreduction, and phytooxidation of
halogenated organic chemicals by aquatic and terrestrial plants. /nternational
Journal of Phytoremediation, 3, 13-40.

PALMA-CRUZ,F.D.J.P.-V., JOSEFINA; CASADO, NOEMI ARACELI RIVERA;
GUZMAN, OCTAVIO GOMEZ; CALVA-CALVA, GRACIANO 2016.
Phytoremediation potential and ecological and phenological changes of native
pioneer plants from weathered oil spill-impacted sites at tropical wetlands.
Environmental Science and Pollution Research, 23, 16359-16371.

PALMROTH, M. R. T., KOSKINEN, P. E. P., MUNSTER, U., PUHAKKA, J. A. &
PICHTEL, J. 2004. Microbial activity and characterization during hydrocarbon

phytoremediation. European Symposium on Environmental Biotechnology,
Eseb 2004, 373-376.

192



Reference List

PALMROTH, M. R. T., KOSKINEN, P. E. P., PICHTEL, J., VAAJASAARI, K.,
JOUTTI, A., TUHKANEN, T. A. & PUHAKKA, J. A. 2006. Field-scale
assessment of phytotreatment of soil contaminated with weathered
hydrocarbons and heavy metals. Journal of Soils and Sediments, 6, 128-136.

PALMROTH, M. R. T., PICHTEL, J. & PUHAKKA, J. A. 2002. Phytoremediation
of subarctic soil contaminated with diesel fuel. Bioresource Technology, 84,
221-228.

PALMROTH, M. R. T. M., U.; PICHTEL, J.; PUHAKKA, J. A. 2005. Metabolic
responses of microbiota to diesel fuel addition in vegetated soil.
Biodegradation, 16, 91-101.

PAN, S. H., MAOPING; LEI, ZHIHUA; YUAN, XIN 2016. Influence of inoculating
earthworms on removal of pyrene in soils growing Festuca arundinacea.
Toxicological & Environmental Chemistry, 98, 601-610.

PANDEY, A. V., RK; MOHAN, J; MOHAN, N 2015. Utilization of Azolla aquatic
plant as phytoremediation for treatment of effluent. Int. J. Applied Res, 1, 28-
30.

PANDEY, V. C. 2013. Suitability of Ricinus communis L. cultivation for
phytoremediation of fly ash disposal sites. Ecological engineering, 57, 336-
341.

PARK, S., KIM, K. S., KIM, J. T., KANG, D. & SUNG, K. 2011. Effects of humic
acid on phytodegradation of petroleum hydrocarbons in soil simultaneously
contaminated with heavy metals. Journal of Environmental Sciences-China,
23,2034-2041.

PARRISH, Z. D., BANKS, M. K. & SCHWAB, A. P. 2004. Effectiveness of
phytoremediation as a secondary treatment for polycyclic aromatic
hydrocarbons (PAHs) in composted soil. [International Journal of
Phytoremediation, 6, 119-137.

PARRISH, Z. D., BANKS, M. K. & SCHWAB, A. P. 2005a. Assessment of
contaminant lability during phytoremediation of polycyclic aromatic
hydrocarbon impacted soil. Environmental Pollution, 137, 187-197.

PARRISH, Z. D., BANKS, M. K. & SCHWAB, A. P. 2005b. Effect of root death and
decay on dissipation of polycyclic aromatic hydrocarbons in the rhizosphere of
yellow sweet clover and tall fescue. Journal of Environmental Quality, 34,207-
216.

PARRISH, Z. D., WHITE, J. C., ISLEYEN, M., GENT, M. P. N., JANNUCCI-
BERGER, W., EITZER, B. D., KELSEY, J. W. & MATTINA, M. L. 2006.
Accumulation of weathered polycyclic aromatic hydrocarbons (PAHs) by
plant and earthworm species. Chemosphere, 64, 609-618.

193



Reference List

PENG, S., ZHOU, Q., CAI Z. & ZHANG, Z. 2009. Phytoremediation of petroleum
contaminated soils by Mirabilis Jalapa L. in a greenhouse plot experiment.
Journal of Hazardous Materials, 168, 1490-1496.

PETROVA, S.R., JAN; SOUDEK, PETR; VANEK, TOMAS 2017. Preliminary study
of phytoremediation of brownfield soil contaminated by PAHs. Science of The
Total Environment, 599, 572-580.

PEZESHKI, S. H., MW; LIN, Q; NYMAN, JA 2000. The effects of oil spill and clean-
up on dominant US Gulf coast marsh macrophytes: a review. Environmental
pollution, 108, 129-139.

PHILLIPS, L. A., GREER, C. W., FARRELL, R. E. & GERMIDA, J. J. 2012. Plant
root exudates impact the hydrocarbon degradation potential of a weathered-
hydrocarbon contaminated soil. Applied Soil Ecology, 52, 56-64.

PICHTEL, J. & LISKANEN, P. 2001. Degradation of diesel fuel in rhizosphere soil.
Environmental Engineering Science, 18, 145-157.

PILON-SMITS, E. 2005. Phytoremediation. Annu. Rev. Plant Biol., 56, 15-39.

PURWANTI, L. F., ABDULLAH, S. R. S., IDRIS, M., BASRI, H.,, HAMZAH, A.,
MUKHLISIN, M. & LATIF, M. T. Artificial Aeration for Enhancement TPH
Degradation in Phytoremediation of Diesel-Contaminated Sand.

QUINONES-AGUILAR, E. E. F.-C., R.; GAVI-REYES, F.; FERNANDEZ-
LINARES, L.; RODRIGUEZ-VAZQUEZ, R.; ALARCON, A. 2003.
Emergence and growth of maize in a crude oil polluted soil. Agrociencia, 37,
585-594.

R. CARRENHO, S. F. B. T., V.L.C.R. BONONI, E.S. SILVA 2007. The effect of
different soil properties on arbuscular mycorrhizal colonization of peanuts,
sorghum and maize. Acta Bot. Brasilica, 21, 723-730.

RADWAN, S. S., DASHTI, N. & EL-NEMR, 1. M. 2005. Enhancing the growth of
Vicia faba plants by microbial inoculation to improve their phytoremediation
potential for oily desert areas. International Journal of Phytoremediation, 7,
19-32.

RADWAN, S. S. A.-A., H.; EL-NEMR, 1. M. 2000. Cropping as a phytoremediation
practice for oily desert soil with reference to crop safety as food. International
Journal of Phytoremediation, 2, 383-396.

RAHIM, S. A. R., NOR AZILA 2017. Preliminary Study of Phytoremediation for
Sulphide Treatment using Scirpus grossus. Indian Journal of Science and
Technology, 10.

RAMAMURTHY, A. S. M., R. 2012. Phytoremediation of mixed soil contaminants.
Water, Air, and Soil Pollution, 223, 511-518.

194



Reference List

RAMASWAMI, A. R., E.; BONOLA, S. 2003. Non-significance of rhizosphere
degradation during phytoremediation of MTBE. International Journal of
Phytoremediation, 5,315-331.

RAMOS, D. T. M., L. T.; GODOI, A. F. L.; DA FILHO, M. A. S. C.; LACERDA, L.
G.; DE VASCONCELOS, E. C. 2009. Petroleum hydrocarbons
rhizodegradation by sebastiania commersoniana (Baill.) L. B. SM. & Downs.
Water, Air, and Soil Pollution: Focus, 9, 293-302.

RANE, N. R. C., VISHAL V; WATHARKAR, ANUPRITA D; KHANDARE,
RAHUL V; PATIL, TEJAS S; PAWAR, PANKAJ K; GOVINDWAR,
SANJAY P 2015. Phytoremediation of sulfonated Remazol Red dye and textile
effluents by Alternanthera philoxeroides: an anatomical, enzymatic and pilot
scale study. Water research, 83, 271-281.

RAZMJOO, K. & ADAVI, Z. 2012. Assessment of bermudagrass cultivars for
phytoremediation of petroleum contaminated soils. International Journal of
Phytoremediation, 14, 14-23.

REDDY, K. R. A.-S., GEMA; COOPER, DANIEL E 2017. Field-Scale
Phytoremediation of Mixed Contaminants in Upland Area of Big Marsh Site,
Chicago, USA. Indian Geotechnical Journal, 1-16.

REDDY, S. S. G. R.,, A] SOLOMON; KUMAR, BEZAWADA MANI 2015.
Phytoremediation of sugar industrial water effluent using various hydrophytes.
International Journal of Environmental Sciences, 5, 1147.

RENTZ, J. A.,, CHAPMAN, B., ALVAREZ, P. J. J. & SCHNOOR, J. L. 2003.
Stimulation of hybrid poplar growth in petroleum-contaminated soils through
oxygen addition and soil nutrient amendments. International Journal of
Phytoremediation, 5, 57-72.

REZA, E. M., V.; SOHEILA, Y.; JAHANGIR, A. K.; MAHDI, B.; GHOLAM REZA,
P. 2008. Effect of C/N ratio on the phytoremediation of crude oil contaminated
soils by puccinellia distance. lranian Journal of Chemistry and Chemical
Engineering, 27, 77-85.

REZEK, J., MACEK, T., MACKOVA, M., DER WIESCHE, C. I. & ZADRAZIL, F.
2004. The effect of vegetation on decrease of PAH and PCB content in long-
term contaminated soil. European Symposium on  Environmental
Biotechnology, Eseb 2004, 833-837.

REZEK, J., WIESCHE, C. I. D., MACKOVA, M., ZADRAZIL, F. & MACEK, T.
2008. The effect of ryegrass (Lolium perenne) on decrease of PAH content in
long term contaminated soil. Chemosphere, 70, 1603-1608.

RIAZ, G. T., AMTUL BARI; IQBAL, SHAKIR; YASAR, ABDULLAH; ABBAS,
MATEEN; KHAN, ABDUL MUQEET; MAHFOOZ, YUSRA; BAQAR,
MUJTABA 2017. Phytoremediation of organochlorine and pyrethroids

195



Reference List

pesticides by aquatic macrophytes and algae in freshwater system.
International Journal of Phytoremediation, 00-00.

RIBEIRO, H. M., ANA P; ALMEIDA, C MARISA R; BORDALO, ADRIANO A
2014. Potential of phytoremediation for the removal of petroleum
hydrocarbons in contaminated salt marsh sediments. Journal of environmental
management, 137, 10-15.

RIJAL, M. A.,, MOHAMMAD; ROHMAN, FATCHUR; SUARSINI, ENDANG
Potential Pistia Stratiotes and Limnocharis Flava as Agent Phytoremediation
Coliform Waste.

ROBSON, D. B. K., J. D.; FARRELL, R. E.; GERMIDA, J. J. 2004. Natural
revegetation of hydrocarbon-contaminated soil in semi-arid grasslands.
Canadian Journal of Botany-Revue Canadienne De Botanique, 82, 22-30.

ROGERS, H. B. B., C. A.; NICHOLS, T. D.; WOLF, D. C.; REYNOLDS, C. M. 1996.
Selection of cold-tolerant plants for growth in soils contaminated with
organics. Journal of Soil Contamination, 5, 171-186.

ROMEH, A. 2015. Evaluation of the phytoremediation potential of three plant species
for azoxystrobin-contaminated soil. International Journal of Environmental
Science and Technology, 12,3509-3518.

SAADAWI, S. A, MARWA; AMMAR, AMAL; MOHAMED, SALAH;
ALENNABI, KHAIRI 2015. Phytoremediation effect of Ricinus communis,
Malva parviflora and Triticum repens on crude oil contaminated soil. Journal
of Chemical and Pharmaceutical Research, 7, 782-786.

SALT, D. E. S., RD; RASKIN, ILYA 1998. Phytoremediation. Annual review of plant
biology, 49, 643-668.

SANGABRIEL, W. F.-C., R.; TREJO-AGUILAR, D.; MENDOZA-LOPEZ, M. R ;
CRUZ-SANCHEZ, J. S.; LOPEZ-ORTIZ, C.; DELGADILLO-MARTINEZ,
J. ALARCON, A. 2006. Tolerance and phytoremediation of fuel oil-
contaminated soil by six plant species. Tolerancia y capacidad de

fitorremediacion de combustoleo en el suelo por seis especies vegetales, 22,
63-73.

SANUSIL S. N. A. A., S. R. S.; IDRIS, M. 2012. Preliminary test of phytoremediation
of hydrocarbon contaminated soil using paspalum vaginatum sw. Australian
Journal of Basic and Applied Sciences, 6, 39-42.

SARAEIAN, Z., HAGHIGHI, M., ETEMADI, N., HAJABBASI, M. A. & AFYUNI,
M. 2017. Phytoremediation effect and growth responses of Cynodon spp. and
Agropyron desertorum in a petroleum-contaminated soil. Soil and Sediment
Contamination: An International Journal, 1-15.

196



Reference List

SCHAEFER, M. J., FILSER 2007. The influence of earthworms and organic additives
on the biodegradation of oil contaminated soil. Applied soil ecology, 36, 53-
62.

SCHNARR, M. T., C; FARQUHAR, G; HOOD, E; GONULLU, T; STICKNEY, B
1998. Laboratory and controlled field experiments using potassium
permanganate to remediate trichloroethylene and perchloroethylene DNAPLSs
in porous media. Journal of contaminant hydrology, 29, 205-224.

SCHNOOR, J. L. L., LOUIS A; MCCUTCHEON, STEVEN C; WOLFE, N LEE;
CARREIA, LAURA H 1995. Phytoremediation of organic and nutrient
contaminants. Environmental science & technology, 29, 318A-323A.

SCHWAB, A. P., AL-ASSI, A. & BANKS, M. 1998. Adsorption of naphthalene onto
plant roots. Journal of Environmental Quality, 27, 220-224.

SCHWAB, P., BANKS, M. K. & KYLE, W. A. 2006. Heritability of phytoremediation
potential for the alfalfa cultivar Riley in petroleum contaminated soil. Water
Air and Soil Pollution, 177, 239-249.

SHELEF, O., GROSS, A. & RACHMILEVITCH, S. 2012. The use of Bassia indica
for salt phytoremediation in constructed wetlands. water research, 46, 3967-
3976.

SHIRDAM, R. Z., A. D.; BIDHENDI, G. N., MEHRDADI, N. 2008.
Phytoremediation of hydrocarbon-contaminated soils with emphasis on the
effect of petroleum hydrocarbons on the growth of plant species.
Phytoprotection, 89, 21-29.

SHIRDAM, R. Z., A. D.; BIDHENDI, G. N.; MEHRDADI, N. 2009a. Removal of
Total Petroleum Hydrocarbons (TPHs) from Oil-Polluted Soil in Iran. Iranian

Journal of Chemistry & Chemical Engineering-International English Edition,
28, 105-113.

SHIRDAM, R. Z., A. D.; NABIBIDHENDI, G.; MEHRDADI, N. 2009b. Enhanced
Biodegradation of Hydrocarbons in the Rhizosphere of Plant Species in Semi-
Arid Regions. 4Asian Journal of Chemistry, 21, 2357-2368.

SHIRI, M. R., MOKDED; AMRANI, ABDELHAK EL; ABDELLY, CHEDLY 2015.
The halophyte Cakile maritima reduces phenanthrene phytotoxicity.
International journal of phytoremediation, 17, 925-928.

SHIVSHARAN, V. S. W., MINAL 2017. Anaerobic-aerobic Activated Sludge
Treatment followed by Phytoremediation to Dairy Effluent. International
Journal of Biotechnology and Biochemistry, 13, 67-72.

SICILIANO, S. D. G., J. J. 1998. Degradation of chlorinated benzoic acid mixtures by
plant-bacteria associations. Environmental Toxicology and Chemistry, 17, 728-
733.

197



Reference List

SIDDIQUI, S., ADAMS, W. A. & SCHOLLION, J. 2001. The phytotoxicity and
degradation of diesel hydrocarbons in soil. Journal of Plant Nutrition and Soil
Science, 164, 631-635.

SIDDIQUI, S. A., W. A. 2002. The fate of diesel hydrocarbons in soils and their effect
on the germination of perennial ryegrass. Environmental Toxicology, 17, 49-
62.

SIVARAM, A. K. P., LOGESHWARAN; LOCKINGTON, ROBIN; NAIDU, RAVT;
MEGHARAJ, MALLAVARAPU 2017. Impact of plant photosystems in the
remediation of benzo [a] pyrene and pyrene spiked soils. Chemosphere.

SOLEIMANIL M. A., M.; HAJABBASI, M. A.; NOURBAKHSH, F.; SABZALIAN,
M. R.; CHRISTENSEN, J. H. 2010. Phytoremediation of an aged petroleum
contaminated soil using endophyte infected and non-infected grasses.
Chemosphere, 81, 1084-1090.

SOMNATH, T. 2017. Characteristics of Soil Moisture / Soil-Water Relationship / Soil
Science.

SOMTRAKOON, K. C., WARAPORN; LEE, HUNG 2014a. Comparing anthracene
and fluorene degradation in anthracene and fluorene-contaminated soil by
single and mixed plant cultivation. International journal of phytoremediation,
16, 415-428.

SOMTRAKOON, K. C., WARAPORN; LEE, HUNG 2014b. Phytoremediation of
anthracene-and fluoranthene-contaminated soil by Luffa acutangula. Maejo
International Journal of Science and Technology, 8, 221.

SOMTRAKOON, K. K., MALEEYA; LEE, HUNG 2014c. Phytoremediation of
endosulfan sulfate-contaminated soil by single and mixed plant cultivations.
Water, Air, & Soil Pollution, 225, 1886.

SOOD, A. U., PERM L; PRASANNA, RADHA; AHLUWALIA, AMRIK S 2012.
Phytoremediation potential of aquatic macrophyte, Azolla. Ambio, 41, 122-
137.

SOUZA, W. M. D. G.,, FERNANDA APARECIDA RODRIGUES; SOUZA,
MATHEUS DE FREITAS; SILVA, DANIEL VALADAO; MELO,
CHRISTIANE AUGUSTA DINIZ 2017. Rhizospheric activity of
phytoremediation species in soil contaminated with picloraml. Pesquisa
Agropecuaria Tropical, 47, 127-133.

SPIARES, J. D., KENWORTHY, K. E. & RHYKERD, R. L. 2016. Emergence and
height of plants seeded in crude oil contaminated soil. Texas Journal of
Agriculture and Natural Resources, 14, 37-46.

198



Reference List

SPIARES, J. D. K., KEVIN E; RHYKERD, ROBERT L 2016. Root and shoot biomass
of plants seeded in crude oil contaminated soil. Texas Journal of Agriculture
and Natural Resources, 14, 117-124.

SUMA, R. 2017. Phytoremediation of domestic sewage by Hibiscus Rosa and
Catharanthus Roseus plants.

SUN, M. F,, D.; TENG, Y.; SHEN, Y.; LUO, Y.; LI, Z.; CHRISTIE, P. 2011. In situ
phytoremediation of PAH-contaminated soil by intercropping alfalfa
(Medicago sativa L.) with tall fescue (Festuca arundinacea Schreb.) and
associated soil microbial activity. Journal of Soils and Sediments, 11, 980-989.

SUN, W. H. L, J. B;; ROBERT, F. M.; RAY, C; TANG, C. S. 2004.
Phytoremediation of petroleum hydrocarbons in tropical coastal soils: I.
Selection of promising woody plants. Environmental Science and Pollution

Research, 11, 260-266.

SUNDARALINGAM, T. G., N 2014. Phytoremediation potential of selected plants
for Nitrate and Phosphorus from ground water. International journal of
phytoremediation, 16, 275-284.

SUNG, K., MUNSTER, C. L., CORAPCIOGLU, M. Y., DREW, M. C., PARK, S. &
RHYKERD, R. 2004. Phytoremediation and modeling of contaminated soil

using eastern gamagrass and annual ryegrass. Water Air and Soil Pollution,
159, 175-195.

TANG, C. S., SUN, W. H. H., TOMA, M., ROBERT, F. M. & JONES, R. K. 2004.
Evaluation of agriculture-based phytoremediation in pacific island ecosystems
using trisector planters. International Journal of Phytoremediation, 6, 17-33.

TANG, J. C., WANG, R. G, NIU, X. W., WANG, M., CHU, H. R. & ZHOU, Q. X.
2010a. Characterisation of the rhizoremediation of petroleum-contaminated
soil: effect of different influencing factors. Biogeosciences, 7, 3961-3969.

TANG, J. C., WANG, R. G, NIU, X. W. & ZHOU, Q. X. 2010b. Enhancement of soil
petroleum remediation by using a combination of ryegrass (Lolium perenne)
and different microorganisms. Soil & Tillage Research, 110, 87-93.

TENG, Y., SHEN, Y., LUO, Y. S., X.;, SUN, M. F, D.; , LI, Z. & CHRISTIE, P.
2011. Influence of Rhizobium meliloti on phytoremediation of polycyclic
aromatic hydrocarbons by alfalfa in an aged contaminated soil. Journal of
Hazardous Materials, 186, 1271-1276.

TERZAGHI, E., ZANARDINI, E., MOROSINI, C., RASPA, G., BORIN, S.,
MAPELLI, F., VERGANI L. & DI GUARDO, A. 2018. Rhizoremediation
half-lives of PCBs: Role of congener composition, organic carbon forms,
bioavailability, microbial activity, plant species and soil conditions, on the

prediction of fate and persistence in soil. Science of The Total Environment,
612, 544-560.

199



Reference List

THOMA, G. J.,, LAM, T. B. & WOLF, D. C. 2003. A mathematical model of
phytoremediation for petroleum contaminated soil: Sensitivity analysis.
International Journal of Phytoremediation, 5, 125-136.

THOMAS, J. C. & DABKOWSKI, R. T. 2011. Glucose and plant exudate enhanced
enumeration of bacteria capable of degrading polycyclic aromatic
hydrocarbons. Canadian Journal of Microbiology, 57, 1067-1072.

THOMAS, J. C., RUSSELL, D. K. & RUGH, C. L. 2017. Polyaromatic Hydrocarbon
Phytoremediation Stimulated By Root Exudates. International Journal of
Environmental Bioremediation & Biodegradation, 5, 1-7.

THOMPSON, O. A. W., D. C.; MATTICE, J. D.; THOMA, G. J. 2008. Influence of
nitrogen addition and plant root parameters on phytoremediation of pyrene-
contaminated soil. Water, Air, and Soil Pollution, 189, 37-47.

TU, S. M., LENA Q; FAYIGA, ABIOYE O; ZILLIOUX, EDWARD J 2004.
Phytoremediation of arsenic-contaminated groundwater by the arsenic
hyperaccumulating fern Pteris vittata L. [International Journal of
Phytoremediation, 6, 35-47.

UCISIK, A. S. & TRAPP, S. 2008. Uptake, removal, accumulation, and phytotoxicity
of 4-chlorophenol in willow trees. Archives of Environmental Contamination
and Toxicology, 54, 619-627.

UNTERBRUNNER, R. W. G.; HOLLENDER, U.; FELDERER, B;
WIESHAMMER-ZIVKOVIC, M.; PUSCHENREITER, M.; WENZEL, W.
W. 2007. Plant and fertiliser effects on rhizodegradation of crude oil in two
soils with different nutrient status. Plant and Soil, 300, 117-126.

URBANIAK, M. W., ANNA; ZIELINSKI, MAREK; MANKIEWICZ-BOCZEK,
JOANNA 2016. Potential for phytoremediation of PCDD/PCDF-contaminated
sludge and sediments using Cucurbitaceae plants: a pilot study. Bulletin of
environmental contamination and toxicology, 97, 401-406.

VAN AKEN, B. C, P. A; SCHNOOR, J. L. 2010. Phytoremediation of
Polychlorinated Biphenyls: New Trends and Promises. Environmental Science
& Technology, 44, 2767-2776.

VAN AKEN, B. D., S. L. 2009. Transgenic plants and associated bacteria for
phytoremediation of chlorinated compounds. Biotechnology and Genetic
Engineering Reviews, 26, 43-64.

VAZQUEZ-CUEVAS, M;, G., STEVENS, C. J. & SEMPLE, K. T. 2018.
Enhancement of 14 C-phenanthrene mineralisation in the presence of plant-
root biomass in PAH-NAPL amended soil. International Biodeterioration &
Biodegradation, 126, 78-85.

200



Reference List

VERVAEKE, P., LUYSSAERT, S., MERTENS, J., MEERS, E., TACK, F. M. G. &
LUST, N. 2003. Phytoremediation prospects of willow stands on contaminated
sediment: a field trial. Environmental Pollution, 126, 275-282.

WALWORTH, J. R., CM 1995. Bioremediation of a petroleum-contaminated cryic
soil: Effects of phosphorus, nitrogen, and temperature. Soil and Sediment
Contamination, 4,299-310.

WANG,J. L., X. Y.; ZHANG, X. Y.; WANG, Z. Z.; CAO, Z. N.; ZHONG, C. L.; SU,
P. C. 2010. Phytoremediation potential of Cyperus rotundus for diesel-
contaminated wetland. Journal of Shanghai University, 14, 326-331.

WANG, J. Z., ZHONGZHI; SU, YOUMING; HE, WEIL;, HE, FENG; SONG,
HONGGUANG 2008. Phytoremediation of petroleum polluted soil. Petroleum
Science, 5,167-171.

WANG, X. P. D, M. P.; GORDON, M. P.; STRAND, S. E. 2004. Fate of carbon
tetrachloride during phytoremediation with poplar under controlled field
conditions. Environmental Science & Technology, 38, 5744-5749.

WANG, Y. Z., JUN-XING; REN, HE-JUN; WANG, YING; PAN, HONG-YU;
ZHANG, LAN-YING 2015. Phytoremediation potentiality of garlic roots for
2, 4-dichlorophenol removal from aqueous solutions. Applied microbiology
and biotechnology, 99, 3629-3637.

WANG, Z. X., Y.; ZHAO, J.; LI, F.; GAO, D.; XING, B. 2011. Remediation of
petroleum contaminated soils through composting and rhizosphere
degradation. Journal of Hazardous Materials, 190, 677-685.

WEL]J. L., XIAOYAN; ZHANG, XINYING; CHEN, XUEPING; LIU, SHANSHAN;
CHEN, LISHA 2014. Rhizosphere effect of Scirpus triqueter on soil microbial
structure  during phytoremediation of diesel-contaminated wetland.
Environmental technology, 35, 514-520.

WEL R., NI, J, LI, X.,, CHEN, W. & YANG, Y. 2017. Dissipation and
phytoremediation of polycyclic aromatic hydrocarbons in freshly spiked and
long-term field-contaminated soils. Environmental Science and Pollution
Research, 24, 7994-8003.

WEI S. P., S. 2010. Phytoremediation for soils contaminated by phenanthrene and
pyrene with multiple plant species. Journal of Soils and Sediments, 10, 886-
894.

WHITE, J. C., PARRISH, Z. D., ISLEYEN, M., GENT, M. P. N., IANNUCCI-
BERGER, W., EITZER, B. D. & MATTINA, M. L. 2005. Influence of nutrient
amendments on the phytoextraction of weathered 2,2-bis(p-chlorophenyl)-1,1-
dichloroethylene by cucurbits. Environmental Toxicology and Chemistry, 24,
987-994.

201



Reference List

WHITE, P. M., WOLF, D. C., THOMA, G. J. & REYNOLDS, C. M. 2003. Influence
of organic and inorganic soil amendments on plant growth in crude oil-
contaminated soil. International Journal of Phytoremediation, 5, 381-397.

WHITE, P. M. W, D. C.; THOMA, G. J.; REYNOLDS, C. M. 2006.
Phytoremediation of alkylated polycyclic aromatic hydrocarbons in a crude oil-
contaminated soil. Water Air and Soil Pollution, 169, 207-220.

XUN, F. X., BAOMING; LIU, SHASHA; GUO, CHANGHONG 2015. Effect of plant
growth-promoting bacteria (PGPR) and arbuscular mycorrhizal fungi (AMF)
inoculation on oats in saline-alkali soil contaminated by petroleum to enhance

phytoremediation. Environmental Science and Pollution Research, 22, 598-
608.

YATEEM, A. A.-S., T. 2011. Enhanced Hydrocarbons Degradation in the
Rhizosphere of Mangrove Plants by a Halophilic Bacillus Subtilis Subtilis
Strain. Soil & Sediment Contamination, 20, 261-273.

YATEEM, A. A.-S., T.; BIN-HAJI, A. 2007. Investigation of microbes in the
rhizosphere of selected grasses for rhizoremediation of hydrocarbon-
contaminated soils. Soil & Sediment Contamination, 16, 269-280.

YATEEM, A. A.-S., T.; BIN-HAJI, A. 2008. Investigation of microbes in the
rhizosphere of selected trees for the rhizoremediation of hydrocarbon-
contaminated soils. International Journal of Phytoremediation, 10,311-324.

YATEEM, A. B., M. T.; EL-NAWAWY, A. S.; AL-AWADHI, N. 2000. Plants-
associated microflora and the remediation of oil-contaminated soil.
International Journal of Phytoremediation, 2, 183-191.

YIN, C. Q. S., Q. B.; WANG, F.; JIANG, X. 2009. Effects of different fertilizations
on the extractable concentrations of polycyclic aromatic hydrocarbons (PAHs)

in aged contaminated soil. Huanjing Kexue/Environmental Science, 30, 3710-
3717.

YOSHITOML K. J. S.,J. R. 2001. Corn (Zea mays L.) root exudates and their impact
on C-14-pyrene mineralization. Soi/ Biology & Biochemistry, 33, 1769-1776.

YOU, S.-H. Z., BO; HAN, HONG-JUAN; WANG, BO; PENG, RI-HE; YAO,
QUAN-HONG 2015. Phytoremediation of 2, 4, 6-trinitrotoluene by
Arabidopsis plants expressing a NAD (P) H-flavin nitroreductase from
Enterobacter cloacae. Plant Biotechnology Reports, 9, 417-430.

YOUSAF, S., AFZAL, M., REICHENAUER, T. G., BRADY, C. L. S. & ESSITSCH,
A. 2011. Hydrocarbon degradation, plant colonization and gene expression of
alkane degradation genes by endophytic Enterobacter ludwigii strains.
Environmental Pollution, 159, 2675-2683.

202



Reference List

YOUSAF, S., ANDRIA, V., REICHENAUER, T. G., SMALLA, K. & SESSITSCH,
A. 2010a. Phylogenetic and functional diversity of alkane degrading bacteria
associated with Italian ryegrass (Lolium multiflorum) and Birdsfoot trefoil
(Lotus corniculatus) in a petroleum oil-contaminated environment. Journal of
Hazardous Materials, 184, 523-532.

YOUSAF, S., RIPKA, K., REICHENAUER, T. G., ANDRIA, V., AFZAL, M. &
SESSITSCH, A. 2010b. Hydrocarbon degradation and plant colonization by
selected bacterial strains isolated from Italian ryegrass and birdsfoot trefoil.
Journal of Applied Microbiology, 109, 1389-1401.

ZALESNY, R. S. & ZALESNY, J. A. 2011. Clonal Variation in Lateral and Basal
Rooting of Populus Irrigated with Landfill Leachate. Silvae Genetica, 60, 35-
44,

ZAND, A. D., BIDHENDI, G. N. & MEHRDADI, N. 2010a. Phytoremediation of
total petroleum hydrocarbons (TPHs) using plant species in Iran. Turkish
Journal of Agriculture and Forestry, 34, 429-438.

ZAND, A. D., NABIBIDENDI, G., MEHRDADI, N., SHIRDAM, R. & TABRIZI, A.
M. 2010b. Total Petroleum Hydrocarbon (TPHs) Dissipation through
Rhizoremediation by Plant Species. Polish Journal of Environmental Studies,
19, 115-122.

ZAZOULI, M. A., MAHDAVI, Y., BAZRAFSHAN, E. & BALARAK, D. 2014.
Phytodegradation potential of bisphenolA from aqueous solution by Azolla

Filiculoides. Journal of Environmental Health Science and Engineering, 12,
66.

ZHANG, J., YIN, R., LIN, X., LIU, W., CHEN, R. & LI, X. 2010a. Interactive effect
of biosurfactant and microorganism to enhance phytoremediation for removal
of aged polycyclic aromatic hydrocarbons from contaminated soils. Journal of
Health Science, 56, 257-266.

ZHANG, Y. J.,, LYNCH, J. P. & BROWN, K. M. 2003. Ethylene and phosphorus
availability have interacting yet distinct effects on root hair development.
Journal of Experimental Botany, 54,2351-2361.

ZHANG, Z., ZHOU, Q., PENG, S. & CAI, Z. 2010b. Remediation of petroleum
contaminated soils by joint action of Pharbitis nil L. and its microbial
community. Science of the Total Environment, 408, 5600-5605.

ZHU, L. & ZHANG, M. 2008. Effect of rhamnolipids on the uptake of PAHs by
ryegrass. Environmental Pollution, 156, 46-52.

ZHU, Y., ZHANG, S., HUANG, H. & WEN, B. 2009. Effects of maize root exudates
and organic acids on the desorption of phenanthrene from soils. Journal of
Environmental Sciences, 21, 920-926.

203



Reference List

204



APPENDIX 2: CONFERENCE AND JOURNAL PAPERS

The 8™ International Congress on Environmental Geotechnics, 2018.

)

Check for
updates

Phytoremediation of Light Non-Aqueous
Phase Liquids

Sunday Oniosun, Michael Harbottle(‘g), Snehasis Tripathy,
and Peter Cleall

School of Engineering, Cardiff University, Cardiff, UK
harbottlem@cardiff. ac.uk

Abstract. Non-aqueous phase liquids (NAPLs) are persistent sources of con-
tamination in the ground, providing a long-term supply of dissolved phase
contamination and taking significant periods to dissipate naturally. Light NAPLs
(LNAPLs) take the form of a separate phase within the ground, often as indi-
vidual ganglia in pore spaces within the capillary zone such that the contami-
nated region is diffuse and comprised of many unconnected small contaminant
sources. Consequently, remedial action is challenging and success may be
limited to ex-situ remediation techniques. The ability of plants to phytoreme-
diate dissolved-phase contamination is well known, but the impact of LNAPLs
on plant growth and subsequent contaminant behaviour is largely unknown.
Experimental work with ryegrass (Lolium perenne) is presented, exploring the
impact of the physical presence of an LNAPL (mineral oil) on plant growth, root
distribution and oil removal. The presence of the oil was found to significantly
impact root biomass and distribution, leading to zones of increased root growth
alongside decreased shoot growth. Significant removal of the LNAPL was noted
in both hydroponic conditions and planted soil.

Keywords: Phytoremediation + Ryegrass + Mineral oil
Non-aqueous phase liquids

1 Introduction

Phytoremediation of organic contamination in soils may arise as a result of contaminant
uptake into plant tissues [1, 2], phytovolatilization [3] or biodegradation of contami-
nants by rhizosphere-associated microorganisms [4]. Success has been reported in the
remediation of a range of organic contaminant families - for example fuel oils [5],
chlorophenols [1] and polyaromatic hydrocarbons [6]. However, phytoremediation
studies typically do not report the form of the organic contamination, i.e. is it present as
a non-aqueous phase liquid (NAPL) or in the dissolved phase? It is to be expected that
NAPLs (particularly light, or LNAPLs) might impact on plant growth and surviv-
ability, not just through their toxicity but also through their physical presence in the
pore space and their ability to act as a barrier to moisture and solutes.

The impact of NAPLs on plants, and the potential for plants to tackle NAPL
contamination, is unknown. Zhang et al. [7] explored uptake of trichloroethylene,
introduced in NAPL form, by alfalfa although the impact of NAPL on the plant is
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unknown and impacts on the contaminant may have been limited to the dissolved
phase. Previous studies on organic contaminants may have involved sufficient con-
centrations that NAPLs were present but this is not specifically reported. NAPLs are
challenging to remediate [8] but if phytoremediation were capable of treating this form
of contamination, then this may potentially be a valuable mechanism of remediation for
LNAPLs in soils accessible by plant root systems. This work has explored the impact
of the presence of LNAPL on plant growth, alongside determining the degree of oil
removal due to the presence of the plant. Two studies are presented -hydroponic
microcosms mimicked the soil pore structure to explore the impact of NAPL on
individual plant root systems, whilst larger scale mesocosms have explored phytore-
mediation and impact of oil on plants in artificial soil systems.

2 TImpact of NAPLs on Root Distribution and Growth,
and QOil Loss, at the Root Scale

The response of single grass plants to oil in a soil-free, hydroponic system has been
explored to understand the impacts on root growth and distribution, as well as oil
removal, in a highly idealized scenario.

2.1 Experimental Design and Methodology

Perennial ryegrass (Lolium perenne) is capable of phytoremediation of organic con-
taminants [9] and grew reliably in the experimental conditions. Quarter strength
Hoagland’s solution (2.5 g/ Hoagland’s No.2 Basal Salt Mixture (Sigma-Aldrich,
UK) in deionized water) was used as a hydroponic solution. Mineral oil (Fisher
BioReagents) was chosen as the model LNAPL. Its low toxicity, volatility and aqueous
solubility minimised the impact of NAPL toxicity on plant growth (ensuring the main
impacts are due to physical presence), and ensured that any contaminant loss was down
to biodegradation rather than solubilisation or volatilisation. The oil was coloured with
50 mg/L Oil Red O (Sigma-Aldrich) to enhance visibility.

Plant growth microcosms (Fig. 1) were 3D-printed from polylactic acid. Each
microcosm comprised four vertical columns to represent soil pore channels, above
which a ‘v’ shaped housing held a plant seed whilst allowing roots to progress
downwards through the open apex of the housing. The front face of the microcosm was
covered with a thin sheet of acetate film for visual monitoring, apart from over a small
area at the base. The construction materials only minimally absorbed the oil.

Experiments explored root growth in two scenarios with and without mineral oil.
Each scenario had five replicates, with the ten microcosms secured to the base of a
plastic reservoir filled to a depth of 20 mm with the Hoagland’s solution - the opening
at the base of the acetate film allowed this level to be maintained within the microcosm.
This level was maintained using a Mariotte bottle system, whilst the reservoir fluid was
pumped through an ultraviolet steriliser at approximately one volume per twelve hours
to control algal growth. In the scenario with oil, each column had 10 pl mineral oil
placed on the surface of the fluid by syringe. A single seed of ryegrass was placed in
the seed housing and secured with a small amount of cotton wool soaked in Hoagland’s
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Fig. 1. Plant growth microcosm schematic diagram.

solution. The planted microcosms were subjected to an artificial daylight regime from
58 W cool white daylight spectrum fluorescent tubes, located 1.5 m above the
microcosms, for 16 h per day over four weeks.

Following this period, oil levels were observed visually and scored (all oil
remaining = 1, partial oil = 0.5, no oil = 0) as the oil layer was not sufficiently thick to
allow accurate measurement. Similarly, root growth in each of the four columns
(numbered 1-4 from left to right) was observed and scored (established root
growth = 1, partial root growth = 0.5, no root = 0). Subsequently, the microcosms
were dismantled then roots and shoots separated and total weight and length recorded.

2.2 Results and Discussion

Root growth was observed to be non-uniform, with significant growth in the central
columns (2 and 3, directly below the seed housing) when no oil was present whilst that
for the peripheral columns (1 and 4) was much smaller, with only one microcosm in
each showing partial growth (Fig. 2a). With oil present, the roots were better dis-
tributed across all columns, although there was still greater presence in the centre. This
corresponds to typically greater oil loss in columns 2 and 3 with lower oil removal in
the peripheral columns. Oil loss without plants was found to be minimal (results not
presented), inferring that the process of oil loss is biological.

Root and shoot masses and lengths are shown in Fig. 2b. The presence of oil has a
detrimental effect on both shoot mass and length. Root lengths are, on average,
comparable but there is larger root mass with oil present. This may be explained by
observations of thicker roots in the presence of oil, suggesting that this causes the plant
to put increased effort into root development at the expense of shoot growth.

207



Appendix 1: Conference and Journal Papers

Phytoremediation of Light Non-Aqueous Phase Liquids 791

2 14 EColumnl  ®Column2
8 12 = Column 3 Column 4
g«
o
'Eg 1
Té: EO.S
£ 506
o .2
g 204
b
%702
L
z2 o
Average root growth score  Average root growth Average oil levels
(a) (with oil) score (without oil) remaining (with oil)
10 .
9 m With oil m Without oil
Es
£ 7
0
S 6
55
Tg 4
*a' 3
g 2
1
0
(b) oot dry mass (mg) Root dry mass (mg| oot length (cm Root length (cm
Shoot d ()Rd (mg) Shoot length (cm) length (cm)

Fig. 2. (a) Scoring of root growth and oil loss in individual columns. (b) Final shoot and root
masses and lengths.

3 TImpact of NAPLs on Plant Growth in Soil at the Meso-
Scale

The behaviour observed in microcosms was explored at a larger scale in soil meso-
cosms to determine behaviour of a planted soil and effect on NAPL contamination.

3.1 Experimental Design and Methodology

A sandy loam was prepared by mixing sand (70% by mass Leighton Buzzard Gar- side
medium sand, 0.18-2.00 mm), silt (20% by mass Leighton Buzzard Garside fine
sand, < 0.06 mm) and clay (Speswhite kaolin, Imerys) in the laboratory. The com-
ponents were thoroughly mixed using an electric mixer and the resulting soil charac-
terized following British Standard methods [10] to determine liquid (13.0%) and plastic
limits (10.6%), hydraulic conductivity (1.5 x 107 m/s) and pH (7.9).

Mineral oil (with Oil Red O) was again used as a model LNAPL, perennial ryegrass
(Lolium perenne) was used as the model plant and quarter-strength Hoa- gland’s
solution was employed for nutrient supply. Experiments were conducted in acrylic
plant growth chambers with internal dimensions 25 x 250 x 350 mm (Fig. 3).
A central partition separated the chamber into two segments, although in these
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experiments conditions on either side were identical. A 40 mm thick free-draining
gravel layer (4-12 mm) was placed at the bottom of the chamber and covered with a
layer of Whatman filter paper to prevent mixing with the sandy loam. W ater levels
within the chamber were controlled using an external plastic tube connected by flexible
tubing to a port located in the gravel layer. The water level in this was maintained at a
constant height, maintaining the ‘groundwater’ level within the soil.

Sampling columns

10mm pocition of
20 mm ryegrass seeds

10 mm

'
1
| Sy A==
|
w:tfl.-r su’pplv i Position of NAPL
and leve!
I
monitoring |- Nl ' 4 4+ o+ 0 4 4o _E____ o
230 mm
40 mm

250 mm

gram. Dashed lines represent sample cutting locations.

Sandy loam was placed in two plant growth chambers by firstly wet-packing a
230 mm thick layer with the moisture content at the plastic limit to a density of
1.75 g/cm® before shaking on a mechanical shaker for 2 s. This was then saturated via
the plastic tube (i.e. from the base) with quarter-strength Hoagland’s solution.

Next, a 10 mm thick layer of soil was placed on top, then lightly compacted to the
target density. In one plant growth chamber this had a moisture content equivalent to
the plastic limit as before. In the other, the soil was mixed with mineral oil to an oil
content equivalent to the plastic limit. A further 20 mm of uncontaminated moistened
soil was placed above this, with ryegrass seeds spread on top to a density of 50 g/mz.
This was then covered by a further 10 mm layer of moistened soil.

Over the ten weeks of the experiment, quarter-strength Hoaglands solution was
added via the supply tube every day to maintain the water table at the same position.
The plant growth chambers were wrapped with aluminum foil to protect roots from
light and subjected to lighting and environmental conditions as for the microcosm
experiments. Following the experiment the shoots were cut for each of the ten columns
(A-E, left and right sides) and stored before freezing of the plant growth chambers at
—20 °C. After removal of the front cover of the chamber the frozen soil was cut into the
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sections (see Fig. 3) with a Starrett band saw blade (2 mm tooth pitch). Individual
samples were frozen in resealable bags prior to analysis.

Frozen soil samples were mixed with distilled water (approximately 1 to 4 by
volume) in petri dishes. The mineral oil content of each sample was determined using
hydrophobic oil-absorbent matting (MAT440, New Pig Ltd) [11] - a piece of mat was
placed in the dish, covered and the sample shaken on an orbital shaker for 24 h. The
difference in weight of the matting over this period was reported as the mass of oil
present in the sample. In preliminary tests the matting was found to recover 80 and 99%
of the oil present in soil samples with 0.01 and 20% oil by mass using this method.
Root material was collected by placing the soil/water mixture in a sieve (200 pm

| ! e

t oil, and (b) with oil.
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aperture) and submerging this in water such that the floating root matter could be
collected and dried before weighing.

3.2 Results and Discussion

The biomass present in the oil-free mesocosm after 10 weeks is shown in Fig. 4a. Data
are presented for both the left and right side of the central partition, in columns A-E
(A closest to partition). Root matter decreases with depth, which is particularly clearly
illustrated with the A samples. The discrepancy between the A samples and the B-E
samples is because the former were taken every centimetre rather than every two
centimetres as the remainder were. From the plot of root mass with depth, as well as the
sub-plots of total root and shoot mass for each column, it is clear that there is very
uniform growth across all sampling columns.

Figure 4b is presented similarly, although the grey bar shows the location of the
NAPL and oil loss is presented alongside the plot of total root biomass. Between 50
and 70% of the oil was removed, demonstrating substantial phytoremediation of non-
aqueous phase contamination. Once more, there was generally uniform growth across
the mesocosm, both above and below the soil surface. As with the microcosm
experiments, there is a decrease in the overall mass of shoots in the presence of oil, but
there is a significant increase in the root mass, particularly in the uppermost two cm and
just below the NAPL. The latter effect was observed at all depths where roots were
found, and root mass was also found at slightly greater depth. The increased root
growth may be a response of the plants to environmental stress, increasing the spread of
roots in an effort to find an uncontaminated route to nutrient supply, as was observed in
the microcosms. The mass increase was partially caused by an observed thickening of
roots (again also observed in microcosms). Changes in root architecture (length,
thickness and branching) are commonly observed as a result of abiotic stresses such as
drought, salinity or metal contamination [12] although the actual impact is highly
species dependent.

4 Conclusions

Two experiments at different scales have demonstrated consistent effects of the pres-
ence of an LNAPL (mineral oil) on the development of perennial ryegrass, and sub-
sequently the removal of the oil by the plant. Both hydroponically grown single plants
and multiple plant systems grown in artificial sandy loam soil demonstrate an increase
in root biomass (both through increased root numbers and distribution, as well as root
thickening) and a decrease in shoot biomass as a result of exposure to the LNAPL. The
effect on the root system architecture is consistent with effects observed in other species
due to various environmental stresses. Plant growth and metabolism resulted in
removal of significant quantities of oil from the system, indicating that perennial
ryegrass, and potentially other plant species too, is capable of the phytoremediation of
non-aqueous phase liquids.

211



Appendix 1: Conference and Journal Papers

Phytoremediation of Light Non-Aqueous Phase Liquids 795

References

11.

12.

. Ucisik AS, Trapp S (2008) Uptake, removal, accumulation and phytotoxicity of 4-

chlorophenol in willow trees. Arch Environ Contam Toxicol 54:619-627

. Zhu L, Zhang M (2008) Effect of rhamnolipids on the uptake of PAHs by ryegrass. Environ

Pollut 156:46-52

. Huang XD, El-Alawi Y, Gurska J et al (2005) A multi-process phytoremediation system for

decontamination of persistent total petroleum hydrocarbons (TPHs) from soils. Microchem J
81:139-147

. Gurska J, Wang WX, Gerhardt KE et al (2009) Three year field test of a plant growth

promoting rhizobacteria enhanced phytoremediation system at a land farm for treatment of
hydrocarbon waste. Environ Sci Technol 43:4472-4479

. Afzal M, Yousaf S, Reichenauer TG et al (2011) Soil type affects plant colonization, activity

and catabolic gene expression of inoculated bacterial strains during phytoremediation of
diesel. J] Hazard Mater 186:1568-1575

. Rezek J, Wiesche CID, Mackova M et al (2008) The effect of ryegrass (Lolium perenne) on

decrease of PAH content in long term contaminated soil. Chemosphere 70:1603-1608

. Zhang Q, Goplen B, Vanderhoof S et al (1996) Fate and effect of trichloroethylene as

nonaqueous phase liquid in chambers with alfalfa. In: Proceedings of 26th annual
biochemical engineering symposium, Kansas State University, US

. Soga K, Page JWE, Illangasekare TH (2004) A review of NAPL source zone remediation

efficiency and the mass flux approach. J] Hazard Mater 110:13-27

. Kechavarzi C, Pettersson K, Leeds-Harrison P et al (2007) Root establishment of perennial

ryegrass (L. perenne) in diesel contaminated subsurface soil layers. Environ Pollut 145:68-74

. British Standards Institution (1990) Methods of test for soils for civil engineering purposes.

BS 1377:1990

Al-Ansary M, Al-Tabbaa A (2007) Stabilisation/solidification of synthetic petroleum drill
cuttings. J Hazard Mater 141:410-421

Franco JA, Banon S, Vicente MJ et al (2011) Root development in horticultural plants grown
under abiotic stress conditions - a review. J Horticult Sci Biotechnol 86:543-556

212



Appendix 2: Complete data sets

APPENDIX 3: OIL ADSORPTION TESTS

1. Acetate Transparency Absorption Analysis by Sample Weight Gained

The absorption ability of acetate material was tested in the laboratory. Acetate
film is a clear and flexible plastic sheet that will accept printing ink. It is also known
for its wrinkle resistance, grease-proofness, water resistance, dimensional stability,
high gas permeability, good electrical insulation properties, resistance to fogging
and medium water vapor transmission (online ref.,

www. lairdplastics.com/product/materials/acetate).

The absorption ability was tested with a flat 2.3cm long x 3.0cm wide x 0.1cm thick
cut out acetate materials fully immersed in mineral oil for 24hrs. The size was
chosen to represents the front cover for the small rhi-box design for the plant root
observation experiments. The sample was then taken out after 24hrs, thoroughly

wiped out of oil and weigh. The process was repeated four times and the results are

shown in table 1 below. The average mineral oil absorption to reach equilibrium is
0.02%.

Fig. 1 - Acetate cut-outs fully immersed in

mineral oil
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Table 1: Acetate Transparency Material Oil Absorption Test

1st 2nd 3rd 4th
Reading Reading | Reading Reading
Material | Sampl | Sample + | Sample + | Sample + | Sample + | Average Sample | Percent
Sample e Oil (after | Qil Oil (after | Oil (after Oil age
Weigh | 24hrs). (after 24hrs). 24hrs). Absorpt | Absorpt
t(g) Weight 24hrs). Weight (g) | Weight ion /| ion (%)
(g) Weight (g) Weight
(g) Gained
(g)
0.220
1 ; 0.2201 0.2201 0.2201 0.2201 0.2201 0.0000 | 0.00
0.197
2 6 0.1976 0.1976 0.1976 0.1977 0.1976 0.0000 | 0.01
0.211
3 3 0.2114 0.2114 0.2114 0.2113 0.2114 0.0001 | 0.04
0.198
4 5 0.1986 0.1985 0.1986 0.1985 0.1986 0.0000 | 0.03
0.193
5 5 0.1932 0.1933 0.1933 0.1933 0.1933 0.0001 | 0.04
0.02
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2. 3D Printing - PLA Filament Mineral Oil Permeability & Absorption Analysis
by Rhizo-box Weight Loss

This is a non-standard procedure that has been used to measure the permeation of
mineral oil through PLA material between 0.1cm - 0.45cm thick. The rhizo-box
exposed areas are 1.35cm high x 1.5cm long x 0.1cm thick, back cover; 1.35cm high
x 0.2cm wide x 2.5mm thick, sides and 1.5cm long x 0.2cm wide x 0.45cm thick
base. The acetate transparency is cut to shape and bonded to the rhizo-box front
with super glue and further sealed with LS-X jointing compound, an external leak
sealer to make it water and oil tight. The test method then involves filling the 3D
rhizo-box with mineral oil. The test sample is then sealed by placing it an air tight
; container to prevent evaporation. The
weight loss was then measured over time (in
this case 24hrs). Permeation rates are then
calculated from the rate of weight loss and
the total areas of the four exposed sides of
the PLA in (mg/min/m2). The average

permeation rate is 1.13mg/min/m?as shown

in table 2.

(@) (b)

Figure 2 - (a) Rhizo-box Sample, (b) Sample in air tight container
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3D Printing - PLA Filament Mineral Oil Absorption Analysis by Weight

Table 2: 3D Printing PLA Plastic Material Oil Permeability Test 1

3D Container
3D Container Permeati
3D 3D Rhizo- | 3D Rizo-box + + Qil (After
+ Qil (after on Rates
Rhizo- | box Weight | Oil (Before) 24hrs) )
) 24hrs). ) (mg/min
box (g) Weight (g) Weight Loss
Weight (g) /m?)
(g)
1 1.625 1.9739 1.9721 0.0018 1.1990
2 1.6496 1.9959 1.9945 0.0014 0.9326
3 1.5682 1.9293 1.9267 0.0026 1.7319
4 1.655 2.0029 2.0011 0.0018 1.1990
5 1.6302 1.9841 1.9822 0.0019 1.2657
Average 1.2657
Table 3: 3D Printing PLA Plastic Material Oil Permeability Test 2
3D Rizo- | 3D Container | 3D Container + | Permeati
3D Rhizo-
3D Rhizo- b box + Oil | + Oil (after | Oil (After | on Rates
oX
box (Before) 24hrs). 24hrs) Weight | (mg/min
Weight (g) . .
Weight (g) | Weight (g) Loss (g) /m?)
1 1.6627 2.0031 2.0011 0.0020 1.3323
2 1.7092 2.0468 2.0449 0.0019 1.2657
3 1.687 2.0172 2.0152 0.0020 1.3323
4 1.6903 2.0111 2.0101 0.0010 0.6661
5 1.7906 2.1414 2.1398 0.0016 1.0658
Average 1.1324
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APPENDIX 4: CALIBRATION DATA FOR OIL ANALYSIS

The extraction ability of oil mat technique on mineral oil was measured. The oil
mat used was the ‘New Pig Ltd’. Oil-Only Mat; product number MAT440, which is
made of 100% polypropylene which absorbs and retains oils and oil-based liquids
without taking in a drop of water. The mat floats to clean up oil on water with
absorption capacity of 0.043L/cm?. The technique was tested with known mineral
oil concentrations ranging between 0.01% and 20% by weight. The range was chosen
because 10.6% and 10.3% of mineral oil were added to the rhizo-box growth

experiments for sandy loam and loam respectively.

20g of dry soil was mixed thoroughly with known mineral oil concentration by weight
and placed in a petri dish container. 40g of water was then added to the mixture of
mineral oil and soil and stir with spatula. Oil mat cut to the size of the inner
diameter of the petri dish was then placed over the mixtures of oil, soil and water
and covered to avoid evaporation. The container was then placed on orbital shaker
for 24hrs to dislodge probable trapped oil. The mat was then taken out after 24hrs

and weigh.

The recovery level of this technique is shown in the tables below, the result is

consistence with the test result observed by ((Al-Ansary and Al-Tabbaa, 2007). ®
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Table 1: Oil Mat Technique Test - Sandy Loam Soil

% Oil | Oil Oil Mat | Oil Mat | Extracted | %
Concentration Concentration | Weight |+ Oil | Oil (g) Extracted
added to 20g of | by Weight (g) (g) (g)
Soil (Sandy Loam)
0.01 0.002 2.1404 | 2.1421 | 0.0017 85
0.05 0.01 2.0556 | 2.0643 | 0.0087 87
0.1 0.02 2.1872 | 2.2054 | 0.0182 91
0.5 0.1 2.0818 | 2.1764 | 0.0946 94.6
1.0 0.2 2.1453 | 2.3364 | 0.1911 95.55
5.0 1.0 2.0558 |3.0170 | 0.9612 96.12
10.0 2.0 2.2950 | 4.2434 | 1.9484 97.42
15.0 3.0 2.0105 | 4.9573 | 2.9468 98.23
20.0 4.0 2.0417 | 6.0242 | 3.9825 99.56
Table 2: Oil Mat Technique Test - Loam Soil
% Oil | Oil Oil Mat | Oil Mat | Extracted | %
Concentration | Concentration | Weight | + Oil (g) | Oil (g) Extracted
added to 20g | by Weight (g) (g)
of Soil (Loam)
0.01 0.002 2.1199 | 2.1215 | 0.0016 80
0.05 0.01 2.1591 2.1676 | 0.0085 85
0.1 0.02 2.1021 2.12 0.0179 89.5
0.5 0.1 2.2478 | 2.3398 | 0.092 92
1.0 0.2 2.1446 | 2.3335 | 0.1889 94.45
5.0 1.0 2.2190 3.1756 | 0.9566 95.66
10.0 2.0 2.1878 | 4.1304 | 1.9426 97.13
15.0 3.0 2.2281 5.1702 | 2.9421 98.07
20.0 4.0 2.2920 | 6.2342 | 3.9422 98.555
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APPENDIX 5: COMPLETE DATA SETS

Electronic copy, available from author.
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