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Abstract

Potential of alfalfa for use in chemically and biabgically
assisted phytoremediation of soil co-contaminatediti
petroleum hydrocarbons and metals

General background: As a result of human activity, soil resources hbeen
contaminated with heavy metals and petroleum hyattmns. The great number of co-
contaminated soils in the environment shows justv hoportant it is to find
remediation solutions adequate in such complex aaes) which had seldom been
studied before. Phytoremediation is a biologicahediation technology, which takes
advantage of the intrinsic physiological abilities plants to remediate contaminated
media. Plants and their associated microorganisrfenm phytoremediation processes
(e.g. phytoextraction and rhizodegradation), which cangbabout the clean-up of co-
contaminated soils. However, a major constraint civhhinders the success of
phytotechnologies is low bioavailability of polluta in soil. As a result, chemically and
biologically assisted phytoremediation are possHilategies used to overcome this
limitation and enhance the efficiency of remediati®he chemical approach presented
in this study involves adding biodegradable soieadments to increase the ability of
contaminants for being transferred from soil ton@aand microorganisms. The
biological strategy explored herein consists ofcidating contaminated soils with
bacteria (bioaugmentation) able to improve rememhabf pollutants and/or promote
plant features.

Main objectives: a) investigating the phytoremediation potential aifalfa
(Medicago sativalL.) in co-contaminated soils b) studying the effeof the low
molecular weight organic acid citric acid and therfactant Tweefi 80 on the
phytoremediation process c) assisting phytoremiediatvith a bioaugmentation
approach using@seudomonas aeruginobacteria.

Methodologies: Determining germination and mortality rates, assegs plant
physiological parameters. Quantifying plant biomassavy metals in plants, total
petroleum hydrocarbons (TPH) in soil, soil micrdbgcal indicators. Calculating
phytoremediation parameters.

Remarkable results: Alfalfa presented low tolerance to TPH contamidateil
at 8400 mg kg soil, which was improved when TPH were preserd &wer rate of
concentration (3600 mg Kgsoil). Alfalfa was able to take up limited quaietit of
metals (<100 mg K§ dry matter), while it had a positive effect on mating the
microbial number of alkane degraders and lipaswigcin the rhizosphere. Moreover,
the combined application of citric acid and TwBeBO resulted in a greater
improvement of these parameters. Bioaugmentatioth VA. aeruginosahad a
promoting effect on alfalfa biomass (71% increaseplant total dry biomass). In
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addition, the highest TPH removal rates (68%, a@@rdays of experiment) were
obtained in soils vegetated with alfalfa and bicaaegted withP. aeruginosa

Overall conclusion: Alfalfa can tolerate a heavy metal and petroleum
hydrocarbon co-contaminated soil (subject to TPMel®, which is an essential
characteristic of any plant species used in phytediation. Alfalfa could not be
considered as an active heavy metal removal spasiéswas not able to phytoextract
significant amounts of heavy metals (still in theegence of soil amendments or
bioaugmentation). Nevertheless, the enhancementi@bbial number and activity in
the rhizosphere encouraged the potential of tlaat@pecies to be successfully used in
the remediation of petroleum hydrocarbons. Thefeetsf were further enhanced by the
joint application of soil amendments. Finally, @@mbination of phytoremediation and
bioaugmentation seems to be a promising approachretoediate petroleum
hydrocarbons, when present in co-contaminated.soils

Key words: Bioaugmentation, Contaminated Soils, Heavy met@lsjanic
Acids, Petroleum Hydrocarbons, Phytoremediatiomfegtants.
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Résumeé

Utilisation de la luzerne pour le traitement par
phytoremédiation assistée chimiguement et biologiggment de
sols co-contaminés par des métaux lourds et des
hydrobarbures pétroliers

Contexte general:En raison des activités anthropiques, les sols soatent
contaminés par des métaux lourds et des hydroesIpdtroliers. Le nombre important
de sites co-contaminés dans I'environnement méatreieére la nécessité de trouver des
solutions adéquates a ces scénarios complexesidlasement, qui, de plus, sont
rarement étudiés. Parmi les techniques dassam&se biologique, la
phytoremédiation est une technique qui se baskesuropriétés naturelles des plantes
pour assainir les sols. L'utilisation conjointe ddantes et des microorganismes pour
dépolluer les sols co-contaminés est une stratégietraitement en plein essor.
Cependant, I'obstacle majeur qui entrave la réeiss# tels traitements est la faible
biodisponibilité des polluants dans le sol. Parséguent, la phytoremédiation peut étre
assistée par des traitements chimiques et/ou lipleg afin de surmonter cette
limitation et d'améliorer I'efficacité de l'assaisement. Dans cette étude, I'approche
chimique implique l'ajout d'amendements biodégridatEnfin, la stratégie biologique
retenue dans ce travail est la bioaugmentationcqosiste a ajouter dans le sol des
bactéries capables d'améliorer l'assainissement pidsiants et/ou favoriser la
croissance des plantes.

Principaux objectifs: a) FEtudier le potentiel de la luzerne pour la
phytoremédiation des sols co-contaminés, b) Etudieffets de I'acide organique de
faible poids moléculaire acide citrique et le teastif Tweeff 80 sur le processus de
phytoremédiation et c) Etudier l'effet de la biomentation avec la bactérie
Pseudomonas aeruginosar le processus de phytoremédiation.

Méthodes: Détermination des taux de germination et de mitétaévaluation
des parametres physiologiques des plantes. Quaatitiin de la biomasse végétale, des
métaux lourds dans les plantes, hydrocarbures lgétrdotaux (HCT) dans le sol, et
indicateurs microbiologiques du sol. Calcul desapatres de phytoremediation.

Résultats remarquables:La luzerne a présenté une faible tolérance aux HCT
du sol & 8400 mg Kgde matiére séche (MS). Celle-ci qui a été amélitmésjue les
HCT étaient présents a plus faible concentrati®@@3ng kg MS). La luzerne a été en
mesure de prendre les métaux dans une proportintéé (<100 mg kg MS), tandis
gu’elle a eu un effet positif sur le nombre de marganismes du sol capables de
dégrader les alcanes et sur l'activité¢ de la lipdaes la rhizosphere. En outre,
l'application combinée de l'acide citrique et due®w 80 a donné lieu & une
amélioration plus importante de nombre et de V#étmicrobienne dans la rhizosphere.
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La bioaugmentation aveR. aeruginosaa eu un effet sur 'amélioration de la biomasse
de luzerne (augmentation de la biomasse végétale 4étale de 71%). En outre, les
taux les plus élevés d'élimination des HCT (68%es®0 jours d'expérience) ont été
obtenues dans les sols plantés avec la luzerneaidmentées p&t. aeruginosa

Conclusion géneérale:La luzerne pourrait tolérer le sol co-contaminé ges
métaux lourds et des hydrocarbures pétroliers,uc@sf une caractéristique essentielle
en phytoremédiation. La luzerne ne peut cependast&re considérée comme une
espeéce capable d'extraire activement les métauxddpuméme en présence
d'amendements chimiques ou par bioaugmentationnii@as, I'augmentation du
nombre et de I'activité microbienne dans la rhibése a confirmé le potentiel de cette
plante a étre utilisée avec succés dans le traitenes hydrocarbures pétroliers. Ces
effets ont été par ailleurs renforcés par l'apgiheaconjointe d'acide citrique et de
Tweer? 80. Enfin, la combinaison de la phytoremédiatiorde la bioaugmentation
semble une approche prometteuse pour réalisemitéssement des hydrocarbures
pétroliers, lorsqu'ils sont présents dans descastontaminés.

Mots clés: acides organiques, bioaugmentation, hydrocarburésoliers,
métaux lourds, phytoremédiation, sols contamir@ssibactifs.
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Sintesi

Uso di erba medica per il fitorimedio di suoli coesontaminati
da metalli pesanti e idrocarburi petroliferi, assigito da
trattamenti chimici e biologici

Contesto generale:A seguito delle attivita antropiche, i suoli resiaspesso
contaminati da metalli pesanti e idrocarburi péiedl L'alta frequenza di occorrenza di
suoli co-contaminati nell'ambiente mette in lucenkecessita di trovare metodi di
bonifica adeguati a tali scenari complessi, chelti®, sono scarsamente studiati. Il
fitorimedio € una tecnologia di bonifica biologiazhe sfrutta le capacita fisiologiche
intrinseche delle piante per bonificare i mezzi teamnati. Le piante e i loro
microrganismi associati eseguono processi di fitedio (tra i quali ricordiamo la
fitoestrazione e rizodegradazione), che possonanai® i suoli co-contaminati.
Tuttavia, un vincolo importante che ostacola ilcsso di queste fitotecnologie e la
bassa biodisponibilita degli inquinanti nel suol®er questo, i processi di
fitorimediazione possono essere assistiti da tragtdi chimici e biologici che superano
questo limite e migliorano I'efficienza della bocd. L'approccio chimico presentato in
guesto studio comporta l'aggiunta di ammendantddgoadabili che aumentano la
capacita dei contaminanti di essere trasferitisiadlo alle piante e ai microrganismi.
Inoltre, la strategia biologica qui esplorata pavéinoculazione di batteri nel suolo
(bioaugmentation) in grado di migliorare la bordafidegli inquinanti e/o di promuovere
le caratteristiche della pianta.

Obiettivi principali: a) Indagare il potenziale di fitorimedio dell’ erlnedica
(Medicago sativd..) in suoli co-contaminati b) Studiare gli effeti due ammendanti
chimici ('acido organico di basso peso molecola@do citrico e il tensioattivo
Tweer? 80) sul processo di fitorimedio c) Assistere léorfimediazione con un
approccio di bioaugmentation utilizzando il battd?seudomonas aeruginasa

Metodologie: Determinazione dei tassi di germinazione e di alivat delle
piante, valutazione dei parametri fisiologici dglianta. Quantificazione della biomassa
vegetale, dei metalli pesanti nelle piante, dedtocarburi totali (IT) nel suolo e
d’indicatori microbiologici del suolo. Calcolo dearametri di fitorimedio.

Risultati notevoli: L'erba medica presenta bassa tolleranza al suolo
contaminato con concentrazioni di IT di 8400 md' kpso secco (PS); la tolleranza &
migliorata abbassando la concentrazione di IT (388kg* PS). L'erba medica & stata
in grado di assorbire i metalli in misura limitg&l00 mg kg PS), mentre ha avuto un
effetto positivo nella promozione del numero di mrganismi degradatori di alcani e
nell‘attivita della lipasi nella rizosfera. Inoltréapplicazione combinata di acido citrico
e Tweeff 80 ha determinato un miglioramento maggiore di stjugarametri
microbiologici. La bioaugmentation coR. aeruginosaha promosso la biomassa
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dell’erba medica (aumento del 71% nella biomassalep Inoltre, i piu alti tassi di
rimozione di IT (68%, dopo 90 giorni di esperimgngmno stati ottenuti in terreni
vegetati con I'erba medica e inoculati d@naeruginosa

Conclusione generalel’erba medica puo tollerare metalli pesanti e cdrduri
petroliferi in suoli co-contaminati. Questa e uraatteristica essenziale per tutte le
specie vegetali da utilizzare in fitorimedio. L'arlmedica non pud essere considerata
come una specie attiva nella rimozione di metaamti, in quanto non é stata in grado
di fitoestrarre notevoli quantitd di metalli (adttira in presenza di ammendanti
chimici o bioaugmentation). Tuttavia, 'aumento aeimero e dell'attivita dei batteri
nella rizosfera ha confermato il potenziale di qgaespecie vegetale da utilizzare con
successo nel trattamento degli idrocarburi petnolif Questi effetti sono stati
ulteriormente migliorati attraverso l'applicaziosengiunta degli ammendanti acido
citrico e Tweefi 80. Infine, la combinazione di fitorimedio e bigmentation sembra
un approccio promettente per realizzare la bonificédrocarburi petroliferi, quando
sono presenti in terreni co-contaminati.

Parole chiave: acidi organici, bioaugmentation, fitorimedio, idesburi
petroliferi, metalli pesanti, suoli inquinati, teoattivi.
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Samenvatting

Potentieel van alfalfa voor gebruik in chemische en
biologische fytoremediatie van door
petroleumkoolwaterstoffen en zware metalen verontr@igde
bodems

Achtergrond: Als gevolg van menselijke activiteit zijn boderkdpmmen
verontreinigd met zware metalen en petroleumkoavetdffen. Het groot aantal
meervoudig verontreinigde bodems in het milieu [zi@h hoe belangrijk het is om
saneringsoplossingen te vinden die afdoende zigtengelijke complexe scenario's, die
zelden eerder bestudeerd zijn. Fytoremediatie mskéalogische saneringstechnologie
die gebruik maakt van de intrinsieke fysiologiscbapaciteiten van planten om
verontreinigde materie te saneren. Planten en déhaa verbonden micro-organismen
voeren fytoremediatieprocessen uit (bijvoorbeekbdytractie en rhizodegradatie), die
kunnen leiden tot de opschoning van meervoudigntezmigde bodems. Echter, een
belangrijke beperking die het succes van fytoteldgieén belemmert is de lage
biobeschikbaarheid van verontreinigingen in de budelierdoor zijn chemische en
biologische fytoremediatie mogelijke strategieén deze beperking te overwinnen en
de efficiéntie van sanering te verhogen. De chemeidmenadering die in deze studie
gepresenteerd wordt, omvat het toevoegen van hsolog afbreekbare
bodemverbeteraars om het waarschijnlijker te malerde verontreinigingen vanuit de
bodemdeeltjes worden overgeheveld naar plantenie-4organismen. De biologische
strategie die hierin wordt onderzocht bestaat it han verontreinigde bodems
toevoegen van bacterién die de sanering van veioigende stoffen kunnen
bevorderen en/of planteigenschappen kunnen vedme(biroaugmentatie).

Hoofddoelstellingen:a) Het onderzoeken van het fytoremediatie-potehtian
alfalfa (Medicago satival..) in meervoudig verontreinigde bodems. b) Hedtbderen
van de effecten van het laagmoleculaire organigthe citroenzuur en de surfactant
Tweer? 80 op het fytoremediatieproces. c) Het bevordeeenfytoremediatie met een
bioaugmentatiebenadering die gebruik maaktReeudomonas aeruginobacterién.

Methodologieén: Het bepalen van de ontkieming en afstervingsratiet
beoordelen van de fysiologische parameters varaegm. Kwantificering plantaardige
biomassa, zware metalen in planten, totaal aawlpamkoolwaterstoffen (KWS) in de
bodem, microbiologische indicatoren in de bodent lbé#ekenen van fytoremediatie-
parameters.

Opmerkelijke resultaten: Alfalfa toonde een lage tolerantie voor met KWS
verontreinigde grond bij 8400 mgfkaarde, maar dit verbeterde wanneer een lagere
concentratie KWS aanwezig was (3600 mg'/legrde). Alfalfa kon een beperkte
hoeveelheid metalen opnemen (<100 md thpge stof), terwijl het een positief effect
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had op de bevordering van het aantal microben aligen voor degradatie van alkanen
en tevens op de lipase-activiteit in de rhizosf®&avendien leidde de gecombineerde
toepassing van citroenzuur en TwBeB0 tot een grotere verbetering van deze
parameters. Bioaugmentatie nketaeruginosahad een bevorderend effect op alfalfa-
biomassa (71% toename van totale plantaardige driogeassa). Bovendien werden de
hoogste KWS afnamewaarden (68%, na 90 dagen vaexperiment) verkregen in
bodems begroeid met alfalfa en waarop bicaugmentatds toegepast mep.
aeruginosa

Algemene conclusie: Alfalfa kan een meervoudig verontreinigde bodem
verdragen die vervuild is met zware metalen enopgimkoolwaterstof (afhankelijk
van KWS niveaus), wat een essentieel kenmerk isellem plantensoort die gebruikt
zou kunnen worden in fytoremediatie. Alfalfa kaetnworden beschouwd als een soort
die zware metalen actief verwijdert, aangezien et in staat was om significante
hoeveelheden zware metalen te verwijderen door ehidén fytoextractie (met
gebruikmaking van bodemverbeteraars of bioaugmetaiiettemin moedigde de
verbetering van het aantal microben en van de itativn de rhizosfeer aan tot het
nader bekijken van het potentieel van deze plant@hom met succes te worden
gebruikt bij de sanering van petroleumkoolwatefstaf Deze effecten werden nog
versterkt door de gecombineerde toepassing vannibgetbeteraars.Tenslotte lijkt de
combinatie van fytosanering en bioaugmentatie essibelovende benadering voor de
sanering van petroleumkoolwaterstoffen, wanneee demwezig zijn in meervoudig
verontreinigde bodemes.

Trefwoorden: bioaugmentatie, bodemsanering, opperviakteactietoéfes,
organische zuren, petroleumkoolwaterstoffen, veeamgde grond, zware metalen.
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Introduction

1.Introduction

1.1. Environmental problem: soil pollution
1.1.1. Definition of contamination and pollution

The term contamination refers to the presence saftstance where it should not be or
at concentrations above natural (baseline) levBsnerally, a contaminant is an
undesired material although it does not have tonbeessarily harmful. Thus, a
contaminated soil is a soil whose chemical stateaties from the normal composition
but does not have a detrimental effect on organi¢ebata-Pendias, 2011). By
contrast, pollution occurs when an element or atsuze is present in greater amounts
than background concentrations, generally as dtreshuman activity, and has a net
detrimental effect on the environment and its congmts, principally affecting
biological processes in living organisms (plantsimels, humans) (Kabata-Pendias,
2011). In consequence, all pollutants are contamténebut not all contaminants are
pollutants (Chapman, 2007). In spite of these séimdifferences, it is not uncommon
that both terms are considered as synonyms by rmmamynunities and even scientific
journals. Although in the present manuscript thhengecontaminant/contamination and
pollutant/pollution may be used interchangeablyyats considered opportune to clarify
the difference between them.

1.1.2. Generalities of soil pollution

Soil pollution arises in the environment princigaks the result of anthropogenic
activities. The direct discharge of industrial vessto soil, the accidental spillages of
chemicals, the application of agricultural chensogdesticides) to soils, the percolation
of contaminated surface water to subsurface straiunmproper disposal of wastes
(e.g.leaching of wastes from landfills) are just a femamples causing soil pollution
with a variety of inorganic and organic pollutafiirsal, 2004). Generally, two main
types of sources of environmental pollution candistinguished. If the origin of the
pollution can be traced to a single point, it iflegh point source pollution, which is
usually present in a concentrated nature (namely leivels and often on a small area).
On the contrary, if the pollutants are spread smehvironment, or the pollution is of a
general nature and cannot be traced to a singleeon is called diffuse pollution or
non-point-source pollution (Mirsal, 2004). The ratand degree of pollution for each
polluted site vary widely, but in most cases, peklsites do not create immediate
dangers and serious risks to the surrounding pbtipnlainstead, associated risks to
polluted sites are generally those resulting froqmosure to pollutants at low doses over
a long period of time, which may even correspond lisetime. It is also frequent that a
polluted site becomes a threat to groundwater dase water putting drinking water
resources in jeopardy. In any case, damage toendarget is not possible unless the
risk source and the target are in contact (direcindirectly) allowing a transfer of
pollutants from the source to the target (Wilso®91). Only when these three
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parameters (source of pollution, transfer and targecur, risk does exist. When this
arises, the application of suitable risk assessmetihodologies is essential, in order to
identify the issues of concern and define the bletaactions to be implemented
(BASOL, 2014). Treatment of soils may be appliediin (without removing the bulk

soil) or ex situ, which involves the removal of taminated media, either for off-site
disposal or for on-site treatment and subsequentrreo the subsurface. Existing
remediation technologies can be classified in foajor types: a) chemical and physical
methods, b) biological methods, c) fixation methamisd d) thermal destruction

methods. The choice of one or another remediaBohniology is the result of a cost-
benefit assessment that evaluates many aspectsasuble concentration of pollutants,
the risk engendered by the pollution, the availabt@ncial resources and time
restrictions (Mirsal, 2004). It is beyond the scopk this study to examine the

distinctive features of each different type of relm&on technology. Moreover, this

thesis will focus on one single remediation tecbggl phytoremediation, which

belongs to biological methods.

1.1.3. Overview of polluted sites and soils in France

In France, the extent of contaminated soils is Wedlwn and there is a legal framework
to identify and deal with each environmental prabl@he French approach is to set the
objectives of rehabilitation according to the irded use of the sitee(g. agricultural,
industrial, forestry, residential use). An implicet of this is that the treatment of the
site will be accomplished only when its future pase is established. According to this
approach, it is not so much pollution that is peobétic but its impact (potential or
actual) on the environment, which must be accwyatdtiressed. This strategy is termed
treat according to usand it is now used by almost all countries of Hueopean Union.
Another feature of the French approach is not talbdish generic values defining soll
quality, but to perform specific site studies, whicdetermine the aims of the
rehabilitation for each particular site (MEDDE, Z0BASOL, 2014).

The French Ministry of Ecology, Sustainable Devebept and Energy created
BASOL, a database of polluted or potentially patitsites and soils calling a
preventive or remedial government action. The mifation gathered in this database
covers the key aspects of soil management, whinhbealisted as follows: a) location
of the site, b) technical situation, c) nature ofiygants, d) impact of polluted sites, e)
origin of the government action, and f) monitorimiggroundwater quality. Each one of
the mentioned aspects will be briefly describeawel

At the present time, France presents 5759 pollategotentially polluted sites, which
are broadly distributed in the country, but in amewen way. In fact, 72 % of the
polluted sites are spread on only 25% of the Frdaadiitory. The three most affected
regions are Rhone-Alpes, Nord-Pas-de-Calais andt#iga, which concentrate 17.62,
11.51 and 9.83% of polluted sites, respectively.idéntified sites are grouped in five
categories according to their technical situat@entreated site free of restrictions (646
sites), b) site under work in progress (864 sitey)site set to safety and/or to be the
subject of a diagnosis (358 sites), d) site ungealuation (1052) and e) treated site with
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monitoring and/or usage restrictions (2839 sitd)ymerous types of pollutants are
present in the sites of concern. Table 1.1 summsattize type of pollutants found (alone
or in combination) in the affected sites, in temh®ccurrence. As can be seen from the
table, the most prevalent pollutants are metalshgmilocarbons, which affect 60.13%
and 23.53% of soils, respectively. It is also imanot to highlight that contamination of
groundwater is found in 70.07% of the cases. Thmnodige effect of different
mechanismse(.g. runoff, volatilization, plant uptake) pollutants ihe soil can become
mobile and impact the man, an ecosystem or a weseurce. Among the sites in the
inventory, 2938 (51.02%) have been found to havemgract €.g.on surface water, on
groundwater, on sediments, on plants for humareairdal consumption, or on animals
for human consumption), 559 (9.71%) have demorestrato impact and the rest
remains indeterminate. With respect to the oridithe government action on polluted
sites, three possibilities can be distinguishednaty be the result of a presumption of
pollution, it may be the consequence of findingimpact or it may be spontaneously
reported by site managers. Finally, managementairglwater quality requires either
detecting or monitoring actions depending on whrethe pollution of groundwater is
known or not. Since 2000, the sites listed withiAS®DL must implement a quality
monitoring of groundwater or have a technical jicstion for lack of supervision.
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Table 1.1Types of pollutants affecting French contaminatézss

Pollutant Occurrence in polluted soils (%)
Arsenic (As) 8.39
Barium (Ba) 1.84
Cadmium (Cd) 3.91
Cobalt (Co) 0.45
Chrome (Cr) 9.05
Copper (Cu) 8.79
Mercury (Hg) 3.25
Molybdenum (Mb) 0.35
Nickel (Ni) 6.27
Lead (Pb) 11.3
Selenium (Se) 0.30
Zinc (Zn) 6.23
Sulphates 0.17
Chlorides 0.10
Ammonium 0.38
BTEX 1.81
TCE 0.47
Hydrocarbons 23.5
PAHs 10.3
Cyanides 3.72
PCB-PCT 3.72
Halogenated solvents 9.05
Non-halogenated solvents 2.29
Pesticides 0.87

(BASOL, 2014). BTEX: benzene, toluene, ethyl berzesnd xylenes. TCE: trichlorethylene. PAHS:
polycyclic aromatic hydrocarbons. PCB-PCT: Polycinlated bi and terphenyls.

1.1.4. Pollutants of concern

Since the presence of petroleum hydrocarbons aadyheetals is so diffuse in French
polluted sites, the present thesis is centeredotimtigpes of pollutants. Moreover, is not
uncommon that pollutants of different types arespré simultaneously in polluted soils
intensifying the threat that they represent. Aesult, the problem of co-contaminated
soils is particularly addressed.

1.1.4.1. Heavy metals

There is no whole consensus on the definition ef tdtrmheavy metal Criteria that
have been used with the aim to define this ternudexd atomic weight, atomic number
density or chemical properties. Besides, in thergdic literature heavy metal has been
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generally employed to refer to metals and semimetaletalloids) associated with
toxicity effects or chemical hazards rather thatmeotintrinsic physicochemical
properties (Kabata-Pendias, 2011).

Heavy metals originate from various sources. Thegutinof heavy metals in the
environment is the result of anthropogenic actgitimainly related to energy and
mineral consumption. Common sources of heavy metalsde mining, industrial and
municipal wastes, motor vehicle emissions, lead-dwtteries, fertilizers, pesticides,
and all sewage-derived materials (Kabata-Pendisl] )2

Trace element speciation refers to the distributietween the various chemical species
in which metals can be found (Tessier et al., 19%9)soils, metals are distributed
mainly in two phases: the soil solution and thd solid phases. Metals in the soil
solution phase can exist as free ions, inorganit aganic complexes and suspended
colloids of clay, organic matter and sesquioxidesl{ran et al., 2000). Conversely, the
soil solid phases contain metals exchangeably beorntharged surfaces, complexed
with organic matter, in hydrated oxides of Fe and, Ms precipitates (carbonates,
phosphates, sulfides) or as structural componeantsinerals (Gobran et al., 2000). The
behavior and fate of heavy metals in soils depemusnumerous physicochemical
processes: a) dissolution, b) sorption, ¢) compierad) migration, e) precipitation, f)
occlusion, g) diffusion into minerals, h) binding brganic substances, i) absorption
and sorption by microbiota and j) volatilizatiorh&se processes are certainly affected
by soil properties, such as cation exchange capéCiEC), pH, redox potential and
texture. Moreover, the fate of metals accumulatedails is subjected to a number of
mechanisms: leaching, plant uptake, erosion, olatief, which would conduct to
metal depletion. However these processes are \ew and thus the persistence of
trace metals in soil appears to be practically peent. Calculated half-lives of trace
metals in soils are in the order of several hundreats, indicating that the complete
removal of metallic contaminants from soils is mgampossible. Long persistence
together with toxicity and bioaccumulation make \heanetals a threat for the
environment and living organisms (Kabata-Pendi@$12

Exposition to heavy metals may occur in severalsmMay oral, dermal or inhalation
route. For instance, drinking water sources capdieited by heavy metals. Moreover,
plants growing on heavy metal polluted soil or esqubto heavy metals through the
uptake of polluted water may result contaminateddaagering the food chain.
Likewise, absorption through skin owing to direontact with polluted soil is another
potential source of heavy metal exposition. Motehigle emissions are a major source
of airborne contaminants as well. As heavy metals laard to metabolize they
accumulate in living organisms causing detrimemrtiécts. The toxicity exerted by
heavy metals is mostly the result of the interactath biomolecules€.g. proteins,
enzymes, nucleic acids) interfering with their natrfunctioning. Exposure to heavy
metals can have carcinogenic, nervous system, iramsystem and circulatory effects
(Kabata-Pendias, 2011). Table 1.2 and Table 1.3 wuriurther characteristics of Cu,
Pb, Zn, which are the representative heavy metdgst of the present thesis.
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Table 1.2Selected properties of heavy metals of concern

Parameter Copper (Cu) Lead (Pb) Zinc (Zn)
Atomic number 29 82 30
Atomic weight 63.54 207.20 65.38
Atomic radius® (pm) 60-91 181 153
Oxidation stat& +1, +2 +2, +4 +2
Density (kg rﬁg) 8920 1135 7130
Mean Background on

Surface Soil§ 39 27 70

(mg kg* soil)

Maximum Allowable 60-150 20-300 100-300
Concentratiof{

(mg kg* soil)

Trigger Action Valu€ 60-500 50-300 200-1500
(mg kg* soil)

¢ Approximate average values for the main oxidasiates.

® Valence values in bold are for main oxidationestat

¢ World soil average calculated as the mean valuesarious soils of different countries.

dValues most commonly reported in the literaturenpibed by Kabata-Pendias (2011).

¢ Values proposed in some European countries, cethfibm various sources by Kabata-Pendias (2011).
Adapted from Kabata-Pendias (2011).
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Table 1.3Selected properties of heavy metals of concerataélto plant physiology and phytotoxicity

Parameter Copper (Cu) Lead (Pb)

Zinc (Zn)

Deficient 2-5 -
(mg kg*)

Sufficient or 5-30 5-10
Normal

(mg kg') *

Excessive or Toxic 20-100 30-300
(mg kg *

Function in plants Essential element. Non-essential element for plants
Constituent of oxidases,
plastocyanins.
Possesses a role in:
Cell wall metabolism
Photosynthesis and respiration
Carbohydrate and nitrate metabolisms
Water permeability
Reproduction
Disease resistance

27-150

100-400

Essential element. Constituent of
anhydrases, dehydrogenases, proteinases,
peptidases, and phosphohydrolases.
Possesses a role in:
Metabolism of carbohydrates, proteins,
phosphates, auxins, RNA, and ribosome
formations.
Membrane permeability
Cellular components stabilization
Dry and hot weather resistance
Bacterial and fungal disease resistance.

(Continued on next page)
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Table 1.2 Selected properties of heavy metals of conceratadlto plant physiology and phytotoxicity (conta

Parameter Copper (Cu) Lead (Pb) Zinc (Zn)
Reported mechanisms  Tissue damage and elongation of roolnhibition of respiration and photosynthesis They are likely to be similar to those
responsible of metal cells due to the disturbance of the electron reported for other trace metals. However,
phytotoxicity Alteration of membrane permeability, transfer reaction. Zn is not considered to be highly
causing root leakage of ions.¢, K,  Destruction of the plasmalemma, which, in phytotoxic
PO,*) and solutes effect, disturbs the permeability for water
Peroxidation of chloroplast and leads to impaired plant growth.

membrane lipids and inhibition of
photosynthetic electron transport
Immobilization of Cu in cell walls, in
cell vacuoles, and in non-diffusible
Cu-protein complexes
Damage to DNA, and in
conseguence, inhibition of
photosynthetic processes

Symptoms of metal Dark green leaves followed by Dark green leaves Chlorotic and necrotic leaf tips
phytotoxicity induced Fe chlorosis Wilting of older leaves Interveinal chlorosis in new leaves
Thick, short, or barbed-wire roots Stunted foliage Retarded growth of entire plant
Depressed tillering Brown short roots Injured roots resemble barbed wire

Changes in lipid content
Losses of polypeptides involved in
photochemical activities

¢ Approximate concentrations of trace elements itunedeaf tissue generalized for various speciasKgt, on fresh weight basis)
Adapted from Kabata-Pendias (2011)
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1.1.4.2. Total petroleum hydrocarbons

Total petroleum hydrocarbons (TPH) is the term usedlescribe a large family of
heterogeneous compounds that are found in crudearall whose main chemical
constituents are carbon and hydrogen atoms. As ¢kest as a mixture of so many
different compounds is more practical to quantifgrh in environmental samples as a
group of congeners rather than separately. TPHeativided into groups (fractions) of
petroleum hydrocarbons that act alike in the spivater. It can be distinguished two
main fractions: aromatics and aliphatics, whichum, can be subdivided in additional
groups containing individual compounds with carlebains of different length (Todd et
al., 1999).

The use of petroleum-based produ&g(gasoline, kerosene, fuel oil, mineral oil, and
asphalt) for human purposes, which is mainly relate the use of fuels for
transportation, heating and power-generation, @mowelispensable in modern life.
However, as the number of facilities, individuasd processes as well as the various
ways in which the products are stored and handiesbidiffuse, contamination of the
environment by them is not uncommon (Osuji and @kej 2006; Russell et al., 2009).
For instance, TPH can enter the environment fromusitrial releases, through
accidental spills or leaks from containers, or ysrbducts from commercial or private
uses. TPH entering the environment can affectralirenmental compartments: water,
air, and soil (Wang et al., 2014b). When TPH igaskd to water, light TPH fractions
will float forming thin surface films, while heavi@PH fractions will accumulate in the
sediment at the bottom of the water (Ou et al.,4200n addition, some TPH
compounds released to the soil may evaporate haoatr while others may move
downwards, dissolve into the groundwater and mavaydarom the release area (Teng
et al., 2013). Other TPH compounds may attach tocpes in the soil staying for a long
period of time.

TPH are organic compounds susceptible to biodegoedd hey are used as a source of
energy for microorganisms obtaining carbon dioxidater, and microbial biomass as
final products. TPH metabolism by soil and watecnmorganisms (bacteria and fungi)
represents one of the primary mechanisms that alld®WH dissipation from the
environment. TPH compounds exhibit different suibdy to microbial degradation,
but in general it occurs in the following orderd#creasing susceptibility: n-alkanes >
branched alkanes > low-molecular-weight aromaticyctic alkanes. The n-alkanes, n-
alkyl aromatics, and the aromatics in thgyCy, range are the most readily
biodegradable; n-alkanes, n-alkyl aromatics, ammmatics in the &Cgy range are
biodegradable at low concentrations by some migasms, but are generally
volatilized; n-alkanes in the €&, ranges are biodegradable only by a narrow range of
specialized hydrocarbon degraders; and n-alkanedkyh aromatics, and aromatics
above G; are generally not available to degrading micronig/as. Hydrocarbons with
condensed ring structures, such as polycyclic atiocrhgdrocarbons (PAHS) with four
or more rings, have been shown to be relativeligtast to biodegradation, while PAHs
with only two or three ringse(g, naphthalene, anthracene) are more easily biodedra
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(Atlas, 1981; Leahy and Colwell, 1990). Environnariactors such as oxygen content,
pH, temperature, water activity and nutrient comons, affect the rate of
biodegradation of petroleum hydrocarbons by bactand fungi. Optimal parameters
for biodegradation are summarized in Table 1.4.

Table 1.40ptimal conditions for petroleum hydrocarbon bigdalation

Parameter Optimal conditions

O, content Qis essential for the oxidation catalyzed by oxygenenzymes.
(Anaerobic conditions lead to extremely low ratébiodegradation)

pH Close to neutrality
Temperature From 18 °C to 30 °C
H,0 activity Within 50-70% of the water holding capgc
Excessive moisture will limit the gaseous supply oxfygen needed for the

aerobic biodegradation.

Nutrients Suitable supply of nutrients, mainly ogen and phosphorus.

(Atlas, 1981; Leahy and Colwell, 1990).

The release of TPH to the environment does notyawead to exposure and toxicity to
human beings. This only occurs if coming in contadh the substance of concern.
Moreover, and as for any toxic substance, toxieitgcts on the individual depend on
several aspects: (1) pathway of exposiue By oral, dermal or inhalation exposure),
(2) time and number of exposures (acute, chrof®))dose and physical form of the
substance and (4) individual factoesd. genetic background, sex, age, diet, lifestyle,
overall health state). TPH exposition may arisemfrmmany sources. The general
population may be exposed to gasoline fumes atpthmep, spilled crankcase oil on
pavement, chemicals used at home or work, or cepasticides that contain TPH
components as solvents. Other circumstances thatead to a TPH exposition include
breathing TPH compounds evaporating from a spilleak, drinking contaminated
water, children playing in contaminated soil (Edesr2014; Smargiassi et al., 2014).
Moreover, occupations related to the extraction agithe of crude oil or to the
manufacture of petroleum and other hydrocarbon ymtsd result in an increased TPH
exposition for the employees (Sahmel et al., 2BL&hton et al., 2014).

The toxicity effects of TPH compounds will vary acding the different compounds
present in TPH fractions. For instance, n-hexane @ause a nerve disorder called
peripheral neuropathfWang et al., 2014a)Similarly, compounds such as benzene,
toluene, and xylene, can affect the human cen@malaus system (Proctor et al., 2014).
Moreover it has been determined that benzene tsncayenic to humans and other TPH
compounds or petroleum products, such as benzaoémeyand gasoline, are considered
to be probably and possibly carcinogenic to hun{&ushton et al., 2014). It has been
reported that swallowing some petroleum producth $1$ gasoline and kerosene causes
irritation of the throat and stomach, central nemvcsystem depression, difficulty
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breathing, and pneumonia from breathing liquid itite lungs (Gonullu et al., 2013).
Certain TPH compounds can be irritating to the skimd eyes. Effects on blood,
immune system, liver, spleen, kidneys, developioetds, and lungs, have also been
reported for particular TPH compounds (Bahadat.ep@14).

1.2. Remediation technology: phytoremediation
1.2.1. Generalities about phytoremediation

Phytoremediation comprises a group of emergingogiobl remediation technologies
that use plants to remove pollutants from the @mvirent or to make them harmless
(Salt et al., 1998). Plants can be used to part@llsubstantially remediate different
media, such as soil, sludge, sediment, groundwateface water and waste water
contaminated with a wide variety of inorganic andgamic contaminants.
Phytoremediation removal technologies imply theawieg-up of the contaminated
media, while phytoremediation containment techne®gentail a reduction in the
mobility, bioavailability and/or toxicity of the platant in the environment (Gobran et
al., 2000).

Phytoremediation is based on natural physiologpmakcesses of plants that include
water and nutrient uptake, translocation, accurarattranspiration, gas exchange,
photosynthetic metabolism and exudate release;hahiturn, lead to different types of
phytoremediation mechanisms that conduct contarhiremediation or containment
(Tsao, 2003). These main phytoremediation techmedocare phytostabilization,
phytoextraction, phytodegradation, rhizodegradatiorphytovolatilization and
evapotranspiration, each of which are exploitedpecific design applications to treat a
certain environmental issue depending on the goabé¢ achieved, the type of
contaminated media and pollutants of concern (T2803). Table 1.5 summarizes the
main characteristics of each phytoremediation teldgy. Major advantages reported
for phytotechnologies, as compared to traditiorfe@nsical and physical remediation
technologies €.g. soil washing, chemical oxidation, air venting amsgarging,
electrokinetics, etc.), include relatively low codow maintenance, applicable to
simultaneously remediate sites with mixed contamimialess environmental impact,
possible reuse of the treated soil and high puéticeptance due to the inherently
esthetic nature of planted sites. On the other hdrel main drawback is the longer
restoration time that may be required to achieearlip goals (Susarla et al., 2002).
Other limitations of phytotechnologies are relatéol the plant tolerance of
contaminants, the disposal of plant wastes andathebioavailability of pollutants to
plants (Peralta-Videa et al., 2004; Sas-Nowosiettkd., 2004; Evangelou et al., 2007).
In spite of these limitations, phytoremediatioraigpromising remediation technology,
whose development is increasing since its emergence
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Table 1.5Summary of phytoremediation technologies

Phytotechnology Clean-up  Mechanism of remediation Type of
Goal contaminants

Phytostabilization  Containment Contaminants are @fitized in Inorganic and
the root zone through adsorption, organic
absorption and precipitation
processes.

Phytoextraction Remediation Extraction of contamtsdy plant Inorganic
roots and translocation to the above
ground tissues.

Phytodegradation = Remediation Uptake and transfoomat Organic (moderately
contaminants by plant enzymes. hydrophobic
compounds)
Rhizodegradation = Remediation Metabolism of contamis by Organic

rhizosphere microorganisms, whose
growth and activity are supported
by the release of plant root
exudates.

Phytovolatilization Remediation Plants transform contaminants intthorganic and
more volatile and less polluting  organic (moderately
substances that are released to thehydrophobic
atmosphere through transpiration. compounds)

Evapotranspiration Containment Rain water interception, Inorganic and
evaporation and plant transpirationorganic (water
that reduces contaminant soluble organics)
infiltration.

Adapted from Interstate Technology and Regulatargggration (ITRC) Work Group, (2001).
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1.2.2. Overview of phytoextraction and rhizodegradation

Phytoextraction and rhizodegradation are two typephytoremediation technologies
that can be used to clean-up contaminated soils imitrganic contaminants like heavy
metals and organic pollutants such as TPH (Tsda3)20n phytoextraction, plants have
a central role as heavy metals are taken up byt ptets and translocated to the above
ground tissues (Salt et al., 1995). To enable heastal uptake it is necessary that the
heavy metal is located at the vicinity of the rootsat the boundary between soil and
root (Clemens et al., 2002). This contact is acdmihed when the inorganic compound
is dissolved in the transpirational stream thdhen carried into the root zone and into
the plant (Clemens et al., 2002). As a consequendbe extraction and storage of
heavy metals by plants, soils could be remediaBdahey et al., 1997). Differently to
phytoextraction, in rhizodegradation plants hav@eondary role in the dissipation of
organic contaminants. The plant roots, throughrélease of root exudates, provide
energy sources that support the growth of micrausyas in the rhizospheree. the
volume of soil influenced by the root and the caory microorganisms (Hiltner,
1904). The role of the rhizosphere is essentiabtdwemediation purposes (Kuiper et
al., 2004) and strongly depends on the processasgrowy in this particular volume of
soil (Hinsinger et al., 2006). The rhizosphere espnts about 1-3 mm around the root
surface and in this area plants, microorganisntgeraoil organisms, soil structure and
chemistry, all interact in a complex way (Lynch90% Thus, in rhizodegradation, the
clean-up goal is the remediation of soils throudie tdegradation of organic
contaminants by rhizosphere soil microorganismysehgrowth is enhanced by plants
(Kuiper et al., 2004; Fan et al., 2008).

One of the limiting factors in both phytoremediatijorocesses is the low bioavailability
of pollutants in soils. Bioavailability is defineds the proportion of a chemical
compound that is freely available to living organss thus able to cross the cellular
membrane of the organism from the medium whereotganism lives at a given time
(Semple et al., 2004). In the context of phytoesttom heavy metals need to be
bioavailable in order to be able to be taken upplayts. Similarly, in rhizodegradation
organic pollutants must be bioavailable to soil nmicganisms so that they can be
metabolized. Chemical and biological strategiemtoease bioavailability of pollutants
with the aim to assist and improve the phytoremqatiacess are one of the key aspects
of the present thesis.

1.2.3. Use of alfalfa in phytoremediation

Alfalfa (Medicago sativd..) is a flowering perennial plant that belongghe Fabaceae

family. Its flowers vary in color from purple to N@wv and are borne in loose clusters.
Pods of alfalfa range from the sickle type to thited are twisted into spirals. Each pod
contains several small kidney shaped seeds. Steaifalia plants are erect and grow
from a woody crown to about 1 m tall. New growtltis from buds in the crown. The
plant has a tap root system (it has a dominantaemiot from which other roots sprout
laterally) which may penetrate deep (4-5 m.) inbe soil. Leaves are alternately
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arranged on the stem and are normally trifoliat&S[P8, 2002). Figure 1.1 shows
different parts of alfalfa plants.

Alfalfa grows best on deep, well drained, friableils Lands subject to frequent
overflows or high water tables are unfavorabledibalfa. The pH of the soil should be
close to neutrality (6.8-7.5), as alfalfa is sausito acidic conditions. It is extensively
grown throughout the world (mainly in United Stat€anada, Argentina, Australia,
Southern Europe, South Africa and the Middle Edst)ng used principally as forage
for cattle (USDA, 2002).

Alfalfa presents a number of remarkable charadtesigor phytoremediation: 1) is a
perennial plant with fast growth rates; 2) produtage biomass above and below
ground (Coburn, 1912); 3) develops an extensivedapsystem with considerable soil
deep exploration ability; 4) establishes a vashaifor the development of rhizosphere
microorganisms (Kirk et al., 2005); 5) associatathwymbiotic Rhizobium bacteria
allowing nitrogen fixation and letting alfalfa graw soils with high C/N ratios (Truchet
et al., 1991); 6) is a phreatophyte speadiescan draw water from a deep water table,
which is especially useful for groundwater remadrathrough hydraulic control and 7)
is widely distributed, well adapting to differentingatic conditions. Over the past
decade, there has been a widespread use of atigtfaytoremediation. Heavy metals
like Cd, Cr, Cu, Ni and Zn (Peralta-Videa et al002; Peralta-Videa et al., 2004;
Bonfranceschi et al., 2009), petroleum hydrocarb®igtse et al., 1998; Kirk et al.,
2002), PAHs (Fan et al., 2008) or organochloringsafid Yang, 2013) have all been
targeted by phytoremediation with this species. ddoer, recent findings have shown
promising results for alfalfa phytoremediation of@ntaminated soils (Ding and Luo,
2005; Ouvrard et al.,, 2011; Zhang et al., 2013)bldal.6 reviews a number of
phytoremediation experiments where alfalfa plangseaused to deal with pollutants of
different kinds in solls.

Fruits Leaves

Figure 1.1 Alfalfa (Medicago sativd..) plants
15
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Table 1.6Phytoremediation experiments with alfalfa

Soil Contaminants Type and Remarkable results Reference
(mg kgh) duration

Cd: 50 Photoperiod  Alfalfa was able to take up elements fronfPeralta-
Cu: 50 controlled multi-metal contaminated soils following Videa et

Ni: 50 conditions, the sequence: Ni>Cd>Zn>Cu. Maximumal., 2002)
Zn: 50 15 days shoot concentrations were 437, 202, 160,

Total petroleum
Hydrocarbons:
31000

Pyrene: 9.7, 49,
102, 199, 493

16 polycyclic
aromatic
hydrocarbons
(PAHSs): 1924, 106
Zn: 2086, 2745
Cd: 2.66, 2.14

Pb: 482, 673

Ni: 97.3, 102.3

Cu: not available
Benzo[a]pyrene
(B[a]P): 1, 10, 100

Growth room,
56 days

Greenhouse,
63 days

Field,
4 years

Greenhouse,
60 days

105 mg kg dry weight, respectively.

In the presence of alfalfa the number of (Kirk et al.,
total petroleum degraders and alkane 2005)
degraders were increased (5 and 15-fold

increase, respectively).

Bacterial and fungi counts were 5.0-7.5 (Fan et al.,
and 1.8-2.3 times higher in alfalfa 2008)
rhizosphere than in non-rhizosphere soil,
respectively. The average removal of

pyrene in the rhizosphere soil of alfalfa

was 6% higher than that in the non-

rhizosphere soil.

Alfalfa cover alone did not affect total (Ouvrard et
contaminant concentrations in soil. al., 2011)
However, it was most efficient in

improving the contamination impact on

the environment (limiting water fluxed)

and in increasing the biological diversity

and abundance (microbial, fauna).

Microbial biomass and the degradation (Ding and
rate of B[a]P were enhanced in the Luo, 2005)
presence of alfalfa. Degradation rates

ranged from 39.8% to 86.0%.

(Continued on next page)
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Table 1.€ Phytoremediation experiments with alfalfa (congdy

Soil Contaminants Type and Remarkable results Reference
(mg kgh) duration

PentachloronitrobenzeneGrowth Alfalfa was able to accumulate PCNB. (Li and
(PCNB): 10 chamber, PCNB degradation rates were 17.84- Yang,

20 days 29.26% higher in the presence of 2013)
alfalfa. The process of PCNB
degradation was mainly through the
biodegradation, which occurred
concomitantly with phytoextraction in
the presence of alfalfa plants. Several
soil enzyme activities were increased
following the planting of alfalfa.

Hg: 10, 20, 30, 40 Greenhouse, Transgenic alfalfa expressing (Zhang et
Trichloroethylene 21 days glutathione S-transferase and human al., 2013)
(TCE): 100, 200, 300, P450 genes were more resistant to the

400 toxic effects of Hg and TCE than

nontransgenic plants.

1.2.4. Chemically-assisted phytoremediation

Chemically-assisted phytoremediation refers to dtdition of chemical amendments
with the aim to improve the phytoremediation praceb the present thesis two
particular types of soil amendments will be addzdsdow molecular weight organic
acids (LMWOAs) and surfactants. They will be suctyintroduced in the following
section. Chapter 2 presents a more detailed déscrippf chemically-assisted
phytoremediation with such type of soil amendments.

1.2.4.1. Low molecular weight organic acids

LMWOAs are organic compounds containing a chaia tdw carbon atoms and at least
one acid functional group (-COOH, carboxylic grauphey are weak acids presenting
different acidic behaviors and as the carboxyliougs dissociate, the organic acid can
carry one or more negative charges (McMurry, 200%9. a result of their acidic
properties, organic acids can act as ligands bindietals and forming organometallic
complexes. In LMWOA-assisted phytoextraction méftalding capacity of chelates is
used to increase heavy metal uptake by plants.

Among LMWOAs citric acid (Table 1.7) is of partieulinterest. It has been reported to
increase soil desorption of heavy metals like Cadi,a@d Pb as well as to enhance their
uptake by several plant species (Chen et al., 2G@®; et al., 2003; Quartacci et al.,
2005; do Nascimento et al., 2006; Qu et al., 20EW)thermore, citric acid enhanced
soil desorption of organics like PAHs and organochk pesticides, and even their
plant uptake (White et al., 2003; An et al., 2060 et al., 2010a; Gao et al., 2010b;
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Mitton et al., 2012). Citric acid is the LMWOA thavas used as representative
compound in LMWOA-assisted phytoremediation expenits of the present thesis.

1.2.4.2. Surfactants

Surfactants are amphiphilic compounds that havé Ibgdrophobic and hydrophilic
groups in their molecular structure (Pletnev, 20@r)e of the central characteristics of
surfactants is their property to aggregate fornmmgelles in aqueous solution when the
critical micelle concentration (CMC) is exceededc(aught and Wilkinson, 1997).
This particular arrangement creates a spheriaattstre in which the hydrophilic part of
the surfactant is in contact with the polar solyevitile the hydrophobic region of the
molecule remains sequestered in the center avoiti@gontact with the hydrophilic
medium. A distinctive feature of surfactants wheraaged in these clusters is that the
non-polar central part of the micelle can interaith hydrophobic organic compounds
increasing their water solubility. As a result,fagtants can increase the bioavailability
of hydrophobic compounds, property that has beead us surfactant-enhanced
phytoremediation (Gao et al., 2007).

Tweer? 80 (polyethylene glycol sorbitan monooleate, Tal&) is a non-ionic
surfactant that has been shown to increase sadrolgsn of organochloride pesticides
(Gonzalez et al., 2010), as well as to enhancet plptake (Gao et al., 2008) and
removal of PAHs (Cheng et al., 2008) and petroldwdrocarbons (Adetutu et al.,
2012) from soils. Moreover, TweBn80 has been recently used to assist the
phytoremediation of soils co-contaminated with Gul denzo[a]pyrene (Sun et al.,
2013). Tweefi 80 is the model surfactant that was used in stafidenhanced
phytoremediation experiments of the current thesis.
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Table 1.7Chemical characteristics of citric acid and Twe8a

Soil Citric Acid Tweerf 80
amendment
Amendment Low molecular Non-ionic surfactant
type weight organic

acid
Molecular C6H807 C64H124026
formula
Molecular 192 1310
weight
(g mol™®)
CMC (mM) - 0.010
Chemical O OH O HO(CH2CH20)y, ;\(OCHZCHz)xOH
Structure HO Ao OH 0" CH(OCH,CH),OH 0

CH20~=(CHzCH20),.1=CH2CH,0~-C~CHy(CH2)sCH2CH=CHCH(CH,)¢CH3
Sumofw+x+y+2z =20

Tweerf 80: polyethylene glycol sorbitan monooleate
CMC: critical micelle concentration at 25°C
(Mukerjee and Mysels, 1971; Morrison and Boyd, 1983

1.2.5. Biologically-assisted phytoremediation

Another strategy that can be used alone or in coatioin with phytoremediation relies
on the introduction of microorganisms to polluteds Bioaugmentation improves the
biodegradative capacities of contaminated sitethbyintroduction of single strains or
consortia of microorganisms with desired catalgipabilities, and thus competent for
the degradation of the pollutants of concern (Mk@mnd Piotrowska-Seget, 2010).
Bioaugmentation can be done through various altees a) addition of exogenous
microorganisms, b) reinoculation of soil with indigous microorganisms and c)
selection of appropriate microorganisms from siéh similar contaminants (Lebeau,
2011). In addition to bioaugmentation with singteams it is also possible to use a
consortium of microorganisms. This strategy maynoge effective than the application
of particular individual strains by the fact thatarmediates of a catabolic pathway of
one strain may be further degraded by other stramssessing suitable catabolic
pathways (Bois et al., 2013; Huguenot et al., kesBY.

The success of bioaugmentation depends on sevietad Bnd abiotic factors which
determine the possibility of maintaining a propamier and biomass of the introduced
strains. Major factors affecting bioaugmentatiom @numerated in Table 1.8.
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Table 1.8Factors influencing bioaugmentation

Biotic Factors Abiotic Factors
Survival and growth Temperature
Microbial interactions (competition, mutualism, Moisture content
symbiosis, predation) with indigenous microorgarism pH

Enzyme induction and activity Eh

Metabolic activity Aeration

Production of toxic metabolites from degradation Organic matter
compounds Availability of nutrients

Availability of electron acceptors
Amount and bioavailability of
substrates and contaminants
Soil type

(Lebeau, 2011)

Another crucial aspect in bioaugmentation is theéhoa to deliver inoculants into soil.
Inoculants can be relatively easily dispersed istwface soil introduced in liquid
culture. However, it is difficult to ensure the idery of the inoculants to subsurface
environments as microorganisms may adhere to sganic matter limiting an
homogeneous distribution. To improve the delivefrynoculants several technologies
with encapsulated or immobilized cells using carn®aterials have been developed
(Braud et al., 2006; Jézéquel and Lebeau, 2008).

Desired characteristics for microorganisms to bedus bioaugmentation include: a)
fast growth, b) easy culturable, c) ability to talie high concentrations of pollutants
and d) ability to survive in different environmenhtanditions (Mrozik and Piotrowska-
Seget, 2010).

In a previous study, Bento et al. (2005) have regbthat bioaugmentation was the
most effective method, as compared with biostimmfatand bioattenuation, in the
removal of light fraction (&-Czs) of petroleum hydrocarbons. Among microorganisms
used in bioaugmentatioRseudomonas aeruginogaa gram negative bacteria that has
been used to assist the remediation of dieselnull aude petroleum-oil hydrocarbon
contaminated soils (Ueno et al., 2006; Das and Mrtjkk, 2007). This bacteria exhibits
several characteristics that make it suitable fmalgmentation. One of the main
features of this strain is its ability to producerfactants, which render organic
pollutants more accessible and more easily degladaba result (Zhang et al., 2012).
Moreover, it is widely found in contaminated envineents, can be easily isolated and
cultured and it shows rapid growth as well (Zhanhgle 2012). Because of all the above
mentioned attributes?. aeruginosavas chosen to be employed in biologically-assisted
phytoremediation experiments of the present thesis.

1.3. Objectives

The major objectives of this research project aye¢o investigate the potential of alfalfa
plants for the phytoremediation of soils co-contaaed by heavy metals and petroleum
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hydrocarbons and b) to study chemical and bioldégstmategies to assist the
phytoremediation process.

Particular objectives are to determine the extentvhich alfalfa can tolerate a co-
contaminated soil and whether it contributes torémeediation of pollutants through the
phytoextraction of heavy metals and the rhizodeafiad of petroleum hydrocarbons.

In the context of chemically-assisted phytoremeaimtthis thesis examines alfalfa
tolerance to two types of soil amendments, namiglg @cid and Tweeh 80, as well as
the way in which they influence the phytoremedmatiprocess, when applied
individually and in combination.

Finally, an approach of biologically-assisted phgtoediation is also assessed. This
study seeks to ascertain the role of bioaugmemtatith Pseudomonas aeruginosa
the remediation process, with and without the presef alfalfa vegetation.

1.4.Novelty of the project

Although it is not uncommon that metallic and origasontaminants are present
together in polluted sites, environmental reseaiahtended to focus on the remediation
of single pollutants rather than tackling multiglentaminants. The high occurrence of
co-contamination in soils highlights the need tuedep adapted remediation strategies.
In this context, phytoremediation is not only aviesnmentally friendly alternative to
traditional remediation technologies, but also asilele strategy for the remediation of
multiple pollutants when present simultaneouslyhailigh in the past years the study of
phytoremediation in heavy metal or organic contated soil has been widely studied
(Salt et al., 1995; Cavallini et al., 1999; Gao adi, 2004; Kim et al., 2004; Kathi and
Khan, 2011), less information is available regagdphytoremediation of sites co-
contaminated with metal and organic pollutantstiarmore, there is currently a lack
of evidence on using the combination of phytoexioacand rhizodegradation to treat
soils both contaminated with heavy metals and peiro hydrocarbons.

There are several important areas where this stualkes an original contribution to
phytoremediation with alfalfa species. In the pasirs, alfalfa has been used to target
multiple pollutants in phytoremediation (Peraltad¥a et al., 2002; Kirk et al., 2005;
Fan et al., 2008; Li and Yang, 2013). However, anfgw studies have focused on co-
contaminated soils (Ding and Luo, 2005; Ouvrardalet 2011; Zhang et al., 2013),
while no previous study has specifically targetedady metal and petroleum
hydrocarbon phytoremediation with alfalfa. In aduhi{ no research has been found that
investigated the phytotoxicity of different levelscitric acid and Tweéh80 on alfalfa
species, nor their role in assisting alfalfa phgtoediation of co-contaminated soils.
Moreover, there is a lack of information in whaspects to comparative studies
contemplating bioattenuation, bioaugmentation amggremediation.

As a result, this study aims to contribute to tnewledge of phytoremediation of co-
contaminated soils, which is a growing area of aes® by exploring the potential of
alfalfa species as well as the possibilities ofncteally and biologically assisted
phytoremediation.
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1.5. Structure of the thesis

The overall structure of the present thesis takesform of eight chapters and one
appendix.

The first chapter begins by laying out the reseacomtext. A brief review on
contaminated soils with a special focus on the éhesituation is described. Heavy
metals and TPH are presented as the pollutantsoofecn and phytoremediation
technologies are proposed as a biological remediaéipproach, with a particular
interest on alfalfa species. Chemically- and bialally-assisted phytoremediation are
introduced as strategies to improve the phytoreatiedi process. At the end of the
chapter the objectives as well as the original etspaf the thesis are stated.

Chapter two presents a bibliographic research &t two types of biodegradable
soil amendments: low molecular weight organic a@dd surfactants, evaluating the
feasibility of their application in the frame ofststed phytoremediation.

The following four chapters of the thesis comptise findings of the research through
experiments at laboratory scale.

Chapter three examines the potential of alfalfatf@r phytoremediation of a soil co-
contaminated by heavy metals (Cu, Pb and Zn at@®and 98 mg ksoil dry weight
(DW), respectively) and petroleum hydrocarbons (T&H8400 mg kg DW). The
results of this experiment reveal low toleranceatiilfa towards this soil, limited
phytoextraction ability and only an initial enhantnt of rhizosphere microbiological
indicators, favorable for rhizodegradation. With ethaim to improve the
phytoremediation process by alfalfa, two approadresadopted, namely chemically
and biologically assisted phytoremediation. Theswlifigs are presented in the
subsequent chapters.

The fourth and fifth chapter deal with chemicalgssted phytoremediation. Chapter
four presents a preliminary study that evaluateseffects of citric acid and Twe®80
on the development of alfalfa plants growing inan4tontaminated soil. This study
supports the feasibility of using these chemical eadments in assisted
phytoremediation with alfalfa, which is assessdadrafards in chapter five. In the study
presented in this chapter, citric acid and TwWeg® are applied (individually and in
combination) to a soil co-contaminated by heavyaisetCu, Pb and Zn at 87, 100 and
110 mg kg soil dry weight (DW), respectively) and petroletnydrocarbons (TPH at
3600 mg kg DW), vegetated with alfalfa. This experiment destoates an improved
tolerance of alfalfa plants towards this soil. Altgh the application of soil
amendments appears not to improve metal phytodximacit further promotes
microbial number and activity in the rhizosphereatfalfa indicating a potential for
rhizodegradation.

The sixth chapter presents the findings of biolallyeassisted phytoremediation,
comparing several biological strategiese.(natural attenuation, phytoremediation,
bioaugmentation and the combination of phytorentemiaand bioaugmentation) for the
remediation of a co-contaminated soil (Cu, Pb, &d @aPH at 87, 100, 110 and 3600
mg kg' DW, respectively). Soil bioaugmentation demonssato have a growth
promoting effect on alfalfa, while in general, @eb not improve total uptake of heavy
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metals by plant shoots. The highest soil TPH remoates are obtained through the
joint action of bacteria and plants in the treattrteat combines phytoremediation and
bioaugmentation. The findings presented in chapeaen complement chapter six,
reporting the results of several parametees biomass, maximum quantum yield of
photosystem Il (PSII) and plant content of chlorgptilavonols and malondialdehyde)
to evaluate physiology of alfalfa growing in a higanented co-contaminated soil. In
addition, these parameters are also studied imacantaminated agricultural soil.

The final chapter draws upon the entire thesis)gyally overviewing and comparing
the findings obtained from chapter three to seVidn@ implications of such findings are
discussed and an overall conclusion is presentats dhapter concludes with final
considerations if. phytoremediation at different scales, phytomanaggmof
contaminated soils, legislative issues and exposusk in relation with
phytoremediation) and future perspectives.
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Enhanced phytoremediation: a review of low moleculeight organic acids and surfactants used as
amendments

Abstract

The contamination of soils with inorganic and oingamollutants is a diffuse
environmental issue of significant relevance. Ptgrtediation has been proposed as an
economically feasible and sustainable remediati@cthriology even if low
bioavailability of contaminants constitutes onetlo¢ main limitations restricting the
success of phytotechnologies. To overcome thistcainsthe addition of biodegradable
amendments has been recently proposed in alteentdivsynthetic ones. This paper
presents an overview of two types of biodegradabié amendments: low molecular
weight organic acids and surfactants, evaluatieg¢sibility of their application in the
frame of soil remediation throughout enhanced pieytediation.

Keywords

Phytoextraction, rhizodegradation, soil remediatie@avy metals, polycyclic aromatic
hydrocarbons, organic amendments.

32



Chapter 2

2.Enhanced phytoremediation: a review of low
molecular weight organic acids and surfactants used
as amendments

2.1.Introduction

The contamination of soil resources with heavy tsetnd organic contaminants
originates either from natural and anthropogeniarees representing a global
environmental issue of great concern.

Heavy metal is the generic term to refer to a groumetal and metalloids with atomic
density greater than 4000 kg *m Even though some of them are essential
micronutrients for both animal and vegetal, at kighoncentrations they can lead to
severe poisoning. For instance, Co, Cu, Mo, Ni Zndare essential trace elements for
plant growth, while other elements such as Cd, Hg Bb demonstrate no apparent
function for plants (Cavallini et al., 1999; Lasa002; Ait Ali et al., 2004). However,
all of them exhibit toxicity to living organisms @be a threshold concentration which
depends on the metal, the living organism and thgsipochemical properties of the
considered soil. Moreover, metal speciation whefiens to the distribution between the
various chemical species in which metals can badq essier et al., 1979; National
Research Council, 2003), determines metal bioawétlg which in turn influences the
toxic effects on biological systems (van Hullebusttal., 2005). Speciation affects the
mobilization pattern of trace elements in the emwinent as well (Alloway, 1995).
Many remediation technologies have been developécat heavy metal contaminated
media (Hashim et al., 2011). Although heavy med&aéspersistent contaminants which
cannot be biodegraded, they can be treated by mmtxiation technologies such as
phytoextraction or phytostabilization (Lasat, 2002)

Among organic contaminants, polycyclic aromatic togérbons (PAHs) are critical
pollutants. PAHs are chemical compounds made umare than two fused aromatic
rings in a linear or clustered arrangement, usualytaining only carbon and hydrogen
atoms (Agency for Toxic Substances & Disease Rggidi996). These compounds
have low water solubility, high melting and boilipgints and low vapor pressure (Clar,
1964). PAHs arise in the environment from natueb.(forest fires and volcanic
eruptions) and anthropogenie.q. vehicular emissions, residential wood burning,
petroleum catalytic cracking, and industrial contlmrs of fossil fuel) sources
(Medeiros et al., 2005; Wilcke, 2007; Boitsov et aD09). These pollutants are of great
significance because of their adverse health effeet toxicity, mutagenicity and
carcinogenicity (Mumtaz and George, 1995). AlthougAHs in soil may undergo
volatilization, photolysis, plant uptake and soibr@ion processes, microbial
degradation constitutes their major dissipatiornpwaly as they can be used as a carbon
source by microorganisms (Joner et al., 2001; bshiand Kaushik, 2009). Thus, fungi
and bacteria can metabolize hydrocarbons and coenfileir mineralization to carbon
dioxide and water or at least transform these patlis into harmless products (Atlas,
1981). The ability of microorganisms to degraderbgdrbons leads to the possibility
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of using biological methodse(g. bioremediation, phytoremediation) to remediate
hydrocarbon contaminated media (Thapa et al., 2012)

Even though heavy metals are often associatedasi@inic pollutants in contaminated
soils, these multiple pollution situations andrgsediation have been poorly studied.
Phytoremediation is one of the remediation techgielthat could be used to deal with
these contaminants when they are present indiiduat collectively in co-
contaminated sites (Roy et al., 2005; Ouvrard .et28l11; Chigbo et al., 2013; Hechmi
et al., 2013; Sung et al., 2013). The basic débimibf phytoremediation is the use of
plants to partially or substantially remediate eoninated media (Salt et al., 1998).
Phytoremediation removal technologies imply theawieg-up of the contaminated
media, while phytoremediation containment techne®gentail a reduction in the
mobility, bioavailability and/or toxicity of the platant in the environment.
Phytoremediation is based on natural physiologpraperties of plants that include:
water and nutrient uptake, translocation, accuranrattranspiration, gas exchange,
photosynthetic metabolism and exudate release,iwhiturn lead to different types of
phytoremediation mechanisms that conduct contarhiremediation or containment
(Tsao, 2003). These main phytoremediation techmetogare: phytostabilization,
phytoextraction, phytotransformation, rhizodegramgt phytovolatilization and
evapotranspiration, each of which are exploitedpecific design applications to treat a
certain environmental issue depending on the goabé¢ achieved, the type of
contaminated media and pollutants of concern (Tsda003). In particular,
phytoextraction and rhizodegradation can be usede@n-up contaminated soils with
inorganic and organic contaminants, respectively phytoextraction, plants have a
central role as heavy metals are taken up by tbes reranslocated and accumulated in
the above ground tissues (Safital, 1995; Marquegt al, 2009). Several processes are
involved during heavy metal phytoextraction, inchgd mobilization and uptake from
the soil, compartmentation and sequestration witlie root, xylem loading and
transport, distribution between metal sinks in dleeial parts, and finally sequestration
and storage in leaf cells (Clemens et al., 2002).aAconsequence of these processes
carried out by plants, heavy metal contaminatedianeould be remediated (Chaney et
al., 1997). In contrast to phytoextraction, in ddegradation, plants have a secondary
role in the dissipation of organic contaminantsrf{@edt et al., 2009). The plant roots,
through the release of root exudates, provide gngvgrces that support the growth of
microorganisms in the rhizosphere. the volume of soil influenced by the root and the
colonizing microorganisms (Hiltner, 1904). The dsphere represents about 1-3 mm
around the root surface and in this area plantsyaniganisms, other soil organisms,
soil structure and chemistry, all interact in a ptew way (Lynch, 1990). Thus, in
rhizodegradation, the clean-up goal is the remexhatf soils through the degradation
of organic contaminants by rhizospheric microorgars, whose growth is enhanced by
plants (Kuiper et al., 2004; Fan et al., 2008).

Major advantages reported for phytotechnologies;amspared to traditional chemical
and physical remediation technologiesy(soil washingjn situ chemical oxidation, air
venting and sparging, electrokinetics, etc.), idelu relatively low cost, low
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maintenance, aptness to remediate extended areamddrately contaminated soil,
suitability to simultaneously remediate sites witlmixed contaminants, low
environmental impact, possibility to reuse the tedasoil and high public acceptance
due to the inherently esthetic nature of plantedssiOn the other hand, the main
drawback is the longer restoration time that maydapiired to achieve cleanup goals
(Susarla et al., 2002). Other limitations of phgtdinologies are related to the plant
tolerance to contaminants (Peralta-Videa et aD42(he disposal of plant wastes (Sas-
Nowosielska et al., 2004) and the low bioavail&pibf pollutants (Evangelou et al.,
2007).

Semple et al. (2004) define bioavailability as gheportion of a chemical compound
that is freely available to living organisms, thalde to cross the cellular membrane of
the organism from the medium where the organiseslat a given time. These authors
also make the distinction between this term anddlsed one of bioaccessibility which
encompasses not only what is actually bioavailbbtealso what would potentially be if
the organism had access to the chemical. Bioavityais influenced by many factors,
such as contaminant type and concentration, tHepsgsicochemical characteristics
and plant and microorganisms involved (National éaesh Council, 2003). Low
bioavailability of contaminants in soils may restrithe success of the mentioned
phytoremediation technologies and, as a resultymesearch attempts have been done
in order to increase the ability of pollutants ®stbansferred from a soil compartment to
plants or microorganisms to accomplish its accutrarieand/or degradation.

One of the most diffused approaches to increasditievailability of heavy metals to
plants and as a consequence to improve the physoérn efficiency, has been the
application of synthetic chelating agents that ezngetals soluble in soil solution so
that they can be uptaken by plarnts, chelate-assisted phytoextraction (Evangedbu
al., 2007; Meerst al, 2008; Marque®t al, 2009). Nevertheless, the use of synthetic
aminopolycarboxylic acids like ethylene diaminedatetic acid (EDTA), which has
been widely used to assist phytoextraction of hemstals (Epelde et al.,, 2008;
Labanowski et al., 2008), is currently falling intdisuse due to the poor
biodegradability, leaching risks and high toxiaitfiysuch compounds (Evangelou et al.,
2007). For these reasons, research on chelateesspisytoextraction tends to look for
alternative compounds that combine high biodegriéitigblow phytotoxicity and
chelating strength. In this context, natural low |leealar weight organic acids
(LMWOASs) were recently used to enhance phytorenmxhiaof heavy metals (Chen et
al., 2003; Quartacci et al., 2005; Evangelou et24l06; Han et al., 2006; Duquéne et
al., 2009; Qu et al., 2011). Another approach tiaatbeen used with the aim to increase
the bioavailability of pollutants during phytoreneibn is surfactant enhanced
phytoremediation (SEPR) (Di Gregorio et al., 20@heng et al., 2008; Wu et al.,
2008a; Almeida et al., 2009; Gunawardana et all02@hang et al., 2010). This
strategy consists in the use of surfactants toeas® the water solubility of organic
contaminants and thus improve the mobility and égvddation of pollutants
throughout phytoremediation (Gao et al., 2007).

This article reviews concisely the main charactessof LMWOAS and surfactants as
well as their behavior and fate in the soil envimamt. Several experiments that
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assessed desorption of contaminants from soil & pghesence of LMWOAs and
surfactants are pondered. Furthermore, recentestuoi LMWOA- and surfactant-
enhanced phytoremediation are reviewed and compéiedlly, toxicity effects of
LMWOAs and surfactants towards plants within phgtoediation are considered as
well. This review is mostly focused on the remadmtof soils polluted with heavy
metals and/or PAHS.

2.2.Low molecular weight organic acids
2.2.1. Organic acids at the soil-plant interface

LMWOASs are organic compounds containing a chaia tdw carbon atoms and at least
one acid functional group (-COOH, carboxylic grauphey are weak acids presenting
different acidic behaviors and as the carboxyliougss dissociate, the organic acids
(OAs) can carry one or more negative charges. @asammonly found in all living
organisms playing important roles not only in theergy production metabolism as
intermediates in the tricarboxylic cycle but also most cell metabolic pathways
(McMurry, 2009).

At the soil-plant interface, the existence of OAghe result of the balance of multiple
processes that principally include the productiond arelease by plants and
microorganisms, the uptake and mineralization byl ssicroorganisms and the
sorption-desorption to soil particles (Jones, 1998)us, soils represent a complex
environment where OAs interact with plants, micgaorisms and organo-mineral
particles in an intricate way.

Although microbes are known to produce OAs, esflgdia situations where nutrients
may be limiting (Takao, 1965; Carson et al., 19923nt root exudates constitute the
predominant input of OAs in rhizosphere soils.His tontext, OAs are, with sugars and
aminoacids, among the soluble compounds exudedant pots in the rhizosphere.
Pinton et al. (2007) compiled a wide list of OAdeesed by plant roots, which
included: acetic, aconitic, aldonic, ascorbic, mozbutyric, caffeic, citric, erythonic,
ferulic, formic, fumaric, glutaric, glycolic, glyatic, lactic, malic, malonic, oxalacetic,
oxalic, p-coumaric, p-hydroxybenzoic, piscidic, pienic, pyruvic, succinic, syringic,
tartaric, tetronic, valeric and vanillic acids. T@R.1 shows the chemical characteristics
of some of these common aliphatic acids. Amounts/a@s as relative proportions of
OAs released by plants are variable depending amt gbecies and physiological status
(age, nutritional condition, stress factors) arftuanced by the soil environment. Jones
(1998) reviewed the soil solution concentrationQAs reported in the literature for
different plant species finding in general, OA cemications in the order of 0.5-10/.
This author also pointed out that the experimentathodology used for the
quantification of OAs may limit the understandingoat the rhizosphere exudates
released by plant roots. Many studies of root etaglare made from solution culture
studiesi.e. synthetic liquid culture medium, as it is eas@collect the root exudates in
these conditions. However, roots grown in hydropsnnay be morphologically and
physiologically different from plants grown in neall soil. Moreover, the aeration,
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microbial and nutrient statuses are also differerartificial aqueous media from real
soil environments. For these reasons, many diffesilmay arise when extrapolating
results from this sort of studies to soils.

As a result of pKa values of OAs and the pH ofdi®sol, which is close to neutrality,
OAs exist in their dissociated form and are reldase the rhizosphere mainly as
organic anions. Thus, the exudation of OAs hake lgffect in the acidification of the
rhizosphere (Gobran et al., 2000). The OA efflugurs across the plasma membrane of
root cells both by passive diffusion and membrahanoel proteins following a
favorable electrochemical potential gradient (Jot898; Ryan et al., 2001). Moreover,
the release of OAs as organic anions requiresriggepce of an accompanying counter
ion to maintain the electrical neutrality. This da@ achieved through the release of a
cation or through the uptake of an anion togethi¢éh the OA release. For instance,
when malate is released from wheRttjcum aestivunroots K is the accompaniment
cation (Ryan et al., 1995). In the same wayhKs been shown to be the counter ion
released with citrate by arabidopstsdbidopsis thaliangp(Murphy et al., 1999).

The exudation of OA by plant roots has been reléethree main functions: nutrient
deficiency, metal toxicity and anoxia (Ryan et 2001). It has been observed that plant
roots release OAs under nutrient.d. Fe and P) deficiencies to improve the
mobilization and uptake of nutrients. The relea®As in these conditions increases
the availability of nutrients for root uptake thgbuthe chelation of cations. For
instance, citrate is released by roots of dicotyhenlis plants grown in calcareous soils
where Fe is in its insoluble form: ferric oxyhydrdes (Fe(OHj). Citrate can form a
complex with F&, which is then reduced and uptaken by plants @co., 1996). As
well, OA release (mainly citrate and malate) is ohéhe mechanisms used by plants to
mobilize unavailable P. Although the total amouhtPomay be high in soils, only a
little part of it is in a soluble form accessibte filants. For this reason, the release of
OAs is crucial in the plant acquisition of P in@ggy its concentration in the soil
solution by solubilizing minerals and desorbingréhf mineral surfaces (Randall et al.,
2001). Besides, OAs participate in the detoxifmatof metals like Al, which is known
to inhibit the root growth of some plant speciest E&xample, aconitic, citric, malic and
oxalic acids are released by plant roots formingOAl complexes that prevent Al
rhizotoxicity through the chelation of Al ions ihé rhizosphere, thus increasing root
tolerance to Al (Delhaize et al., 1993; Pellet ket B995; Ma, 2000). Likewise, it has
been observed that oxalic and malic acids could imeortant in alleviating
phytotoxicity of rice plants under Cr stress (Zataal., 2008). In addition, it has been
demonstrated that OAs also play a role in caseaémbic stressJnder anoxia, roots
change their metabolism from aerobic to fermengativhe lactic acid formed by this
process is released to the rhizosphere avoidiragdemulation in the cellular metabolic
pool as it may be toxic to cellular metabolism (diad Saglio, 1992).

Plants are known to have a positive effect on threigal of microorganisms (Bashan et
al., 1995). The release of OAs into the root zankniown to enhance the development
of rhizosphere bacteria, which can use these argammpounds as source of energy.
OA uptake by microorganisms occurs via specifiagporter proteins that are selective
for either dicarboxylic or tricarboxylic acids. Thdecomposition of OAs follows
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Michaelis-Menten kinetics with typically 60% of tl@A mineralized to C@and 40%
incorporated into new cell biomass (Jones et &96). OAs biodegradation in soils
takes place at rates that may vary according t®©#heype and soil environment. Strom
et al. (2001) reported 33% and 30% biodegradatitesr for malate and citrate
respectively, after 24 h in a calcareous soil.dntrast, oxalate seemed to be resistant to
microbial degradation (7% biodegradation rate) pldp because of the formation of
Ca-oxalate precipitates that limited its metabolistven et al. (2009) studied the
degradation rates of citric acid in soils with dint physicochemical characteristics
and contaminated with heavy metals, reporting,\va@arage, a cumulative degradation of
69% for citric acid after 20 days. Soil propertigleyed an important role in the
degradation of citric acid: organic matter contesdtion exchange capacity and pH
were found to be positively associated with biomaasbon and thus citric acid
degradation. This study also showed that the poesehCd-contaminated soil inhibited
citric acid degradation, and this effect was mam@npunced in case of Cd and Zn co-
contamination. Similarly, Brynhildsen and Rosswgll997) observed that metal
complexation affected the mineralization rates ofrate by mixed microbial
communities from soil extracts. Interestingly, aftd days about 80% of the free citric
acid was degraded, while the degradation of citcateplexed with Zn, Cu or Co was
almost totally inhibited, suggesting that the fotima of complexes with metals exerted
a protective effect on the mineralization of citaicid. These authors also reported that
free citric acid mineralization rates in the saileer study varied between 51 and 67%
after 36 days. In contrast, malate showed fastgradiation rates as reported by Jones et
al. (1996), who studied the kinetics and charasties of malate degradation in four
acidic soils. They reported a rapid breakdown ofateain all soils, with a half-life of
approximately 1.7 h. Similarly, predicted half-lifef malate in calcareous soils is
approximately 3 h (Strom et al., 2001). Regarding properties influencing the
interaction with OAs, it has been observed thatgd#ption to the solid phase of soils is
particularly high in surface horizons that are richH-e and Al oxyhydroxides and, as a
result, this process may affect the degree of (Aldgradation (van Hees et al., 2003).
Van Hees et al. (2002) studied the mineralizatimetics of citrate, oxalate and acetate
in different soil horizons finding greater biodeda#ion rates in the surface organic
horizons than in the deeper mineral ones. Thedereifces were attributed to stronger
sorption processes rather than lower microbialvagtin the deeper horizons.

Apart from enhancing the development of bactenaaaly present in the rhizosphere,
OAs can act as chemical signals that induce theemewt of motile microorganisms
towards the plant roots. For instance, it has bdemonstrated that to form the
symbiotic association between the legume soyb&dytihe mayx and the soil bacteria
Bradyrhizobium japonicundicarboxylic acids released B/ maxroots play a key role
acting as natural chemoattractants (Barbour e1891).

As a result of the enhanced microbial activity e trhizosphere it could be expected
that the decomposition of OAs in the rhizospheiieisdaster than in the bulk soil. In
this sense, Strom et al. (2001) found that malat®hposition rates in rhizosphere soil
are 0.25-1-fold faster than in bulk soil. On thentrary, citrate and oxalate were
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consumed at similar rates in rhizosphere and baoilk.sThese differences may reflect
the adaptation of rhizospheric microorganisms o glant exudation pattern, since the
uptake and mineralization of OAs by microorganismeorrelated with root exudation
(Jones et al., 1996). In addition, a spatially temdporally heterogeneous pattern of OA
turnover could be correlated with the oxygen reddasthe rhizosphere. In this sense, a
recent study performed by Blossfeld et al. (20&Yealed that there are changing zones
of production and consumption of OAs by anaerolsid aerobic microflora due to
changes from hypoxic to oxic conditions on a miscade level within the rhizosphere
of Juncusspecies.

Due to the central roles of plant exudates as srgphf OAs in the rhizosphere, usually
higher concentrations of OAs are found in the rgptwere compared to those present in
the bulk soil. Ciglinski et al. (1998), reported water extractable LMWOA
concentrations up to 953énol kg™ in the rhizosphere of two cultivars of durum wheat
(Triticum turgidumvar.durum) grown in three different soils while no water rextable
OAs were found in the bulk soil. Acetic and succiacids were the predominant OAs
among oxalic, fumaric, L-malic, tartaric, citricrgpionic and butyric acids that were
also found. Likewise, Strém et al. (2001) repotrtieakt the amounts of extractable OAs
(aconitate, citrate, isocitrate, malate, oxalate@rew significantly greater in the
rhizosphere soil of maizeZéa May$ relative to those in the bulk soil. In addition,
Cieslinski et al. (1998) showed that LMWOAs quantity armmposition varied with
soil type, highlighting the great influence of chieah and biological properties of soils.
According to these authors the differences in OAdation found in different soils
could be the result of different soil fertility lels which affect root growth, as well as of
different rhizosphere soil microbe-root interacton

Another aspect of OAs in the soil environment isitthnteraction with the soil solid
phase, which is influenced by OA and soil chemipabperties. The degree of
association between OAs and soils solid phasesrade the charge of the OA,
increasing with its valence. As a result the adsompdegree follows the sequence:
monovalent < divalent < trivalent OAs (Jones an&sBmgton, 1998; Jones et al.,
2003).
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Table 2.1Chemical characteristics of common aliphatic orgjacids

Organic Molecular Carbon  chain Number of carboxylic pKar pKaz pKas
acid Formula length groups

Formic CHO, 1 1 3.74 - -
Acetic GH,0, 2 474 - -
Pyruvic GH.0; 3 1 2.39 - -
Lactic GHeOs 3 1 3.86 - -
Butyric C,HgO, 4 1 482 - -
Oxalic GH-0, 2 2 1.27 4.28 -
Succinic GHeO4 4 2 419 564 -
Fumaric GH.O, 4 2 202 439 -
Malic C4HgOs 4 2 340 511 -
Tartaric GHgOs 4 2 3.03 4.37 -
Citric CeHsO; 5 3 3.13 4.76 6.40
Isocitric GHsO; 5 3 3.29 471 6.40

(Kortim et al., 1961; Serjeant and Dempsey, 197&rigon and Boyd, 1983)
pKa: negative logarithm of the acid dissociationstant, Ka for dilute aqueous organic acid solgian
25°C

2.2.2. LMWOA-enhanced desorption of contaminants from soil

As a result of their acidic properties, OAs canasctigands binding metals and forming
organometallic complexes. OAs are able to form dewgs with metals in various
stoichiometric ways and structures. Those OAs hlaae more than one electron donor
group, such as oxalic and citric acids, can formm onmore rings when complexed with
metals (Basolo and Johnson, 1964; Martell and Haqd®96). In these cases, the OAs
can be termed chelating agents and the resultingplexes as metal chelates (Martell
and Calvin, 1952). The main factors that influetite complexation process are the
relative concentrations of OAs and metals, the pld the stability constant of each
metal-OA complex, as well as ionic strength and pmesence of competing ions
(Devévreet al, 1996).

In soils, chelating agents initially act complexitigg metals that are solubilized in the
soil solution. Therefore, the free-metal activigcdeases causing a shift in equilibrium
according to Le Chatelier's principle (Le Chatelieh884), which results in the
dissolution of previously unavailable metals (Gaobedt al., 2000). The process stops
when the chelating agent is saturated, when tlseme more metal in the solid phase or
when the equilibrium solubility of the metal is &ked. In this way, chelating agents
can increase the concentration of metals in tHesehition (Gobran et al., 2000).

Due to the chelating ability of LMWOASs, which caorin soluble complexes with
metal cations, it could be expected that LMWOA=etftthe interaction of metals with
soils, reducing their soil adsorption as a redd# ¢t al, 2005). In this way, LMWOAs
have been tested in desorption experiments witkiyheeetal contaminated soils (Table
2.2). The influence of citrate and tartrate on @d &d desorption from naturally and
artificially contaminated soils was studied by Gaal. (2003), finding that these OAs
may have a dual behavior on metal desorption depgrah its concentration. At low
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concentrations, citrate and tartrate inhibited @d &€d desorption while this effect was
reverted at higher concentration, which is in adaace with the behaviour of these two
metals in acidic condition. These authors also detmated that metal desorption was
affected by the pH and electrolyte condition. I ttame way, Yuan et al. (2007)
observed an enhanced desorption of Cu and Cd iprésence of OAs. Cu desorption
was enhanced by citric, oxalic and tartaric acidslevthe desorption of Cd was only
enhanced by oxalic acid. In all cases, the desmr@ifect was highly influenced by pH.
The formation of ligand-metal complexes was ondhaf proposed mechanisms that
contributed to the desorption of heavy metals fswis. Similarly, Chen et al. (2003)
demonstrated that citric acid decreased Cd, aradléss extent Pb, adsorption to soils.
This effect was attributed to a decrease of pHhim firesence of citric acid. In other
desorption experiment with OAs, Qin et al. (2004idged the effect of citric, malic and
acetic acids on Cd, Cu and Pb desorption from .sbitsvever, in this study the pH
appeared not to be the dominant factor governiegdlease of metals while LMWOAs
demonstrated to play a dominant role. These autfmrad that metal desorption
behavior was consistent with the stability constanft metal-LMWOA complexes and
also related to the chemical structures (numbercarboxylic groups) and acidic
properties (pK) of LMWOAs. Finally, this study also highlightetld influence of soil
properties such as pH, cation exchange capaciggnor matter and manganese oxide
content on the amount of desorbed metals. Quant@di (2005), found citric acid able
to desorb Cd from soils as well. Although citricidcaevas less effective than other
chelates, it showed a 3-fold increase in comparieamater. Similarly, Krishnamurti et
al. (1997) studied the kinetics of Cd release fsmwiis in the presence of various OAs
(i.e. acetic, citric, oxalic, fumaric and succinic agidghowing that LMWOASs can
influence the rate of Cd release from differentissancreasing the solubility of Cd
through the formation of soluble Cd-LMWOAs. Furthasorption studies with citric
acid demonstrated a 200-fold increase in U desmrdtom contaminated soils (Huang
et al., 1998).

In addition to the role of promoting heavy metasalgtion from soils, LMWOAs have
been used in desorption studies with organic com@mis as well (Table 2.2). An et al.
(2010) assessed the effect of OAs on the adsorpisorption behavior of PAHS.
Acetic, citric, lactic, oxalic and tartaric acidshibited pyrene adsorption to soils while
promoted its desorption to different extents and thost significant effects were
observed for citric and oxalic acids. Moreover gr@aexperiments demonstrated that the
addition of artificial root exudates has a positefeect on PAH desorption from spiked
soils, and this effect may be mainly due to thespnee of OAs in the exudates. Zhu et
al. (2009) showed that when microorganisms areeptesatural root exudates collected
from the culture solution oZ. mayscan promote the desorption of phenanthrene.
Likewise, Gao et al. (2010a) studied the influerafeartificial root exudates on
phenanthrene and pyrene desorption finding difieeraccording to the concentration
of root exudates, the content of organic mattesails and the ageing time. Similar
results were obtained when testing the direct addivf citric, oxalic and malic acids,
achieving the most significant results for citricicaon the phenanthrene desorption
from soils with low organic matter contents andslaged soil (Gao et al., 2010b). To
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explain the enhanced desorption of organic contamin the presence of LMWOAS
the following mechanism has been proposed. Metabrtsa can act as “bridges” in
organic matter-soil mineral complexes. However, tudition of LMWOAs can
dissolve the metallic cations breaking the so ddlleidges” and resulting in the release
of soil organic matter (SOM) into solution phaserfelating with an increase in the
dissolved organic matter (DOM) content) and alsonmting the desorption of
hydrophobic organic compounds like hydrocarbonso(@a al., 2003; White et al.,
2003; Ling et al., 2009; Gao et al., 2010b). Tolaxpthe different influences on
hydrocarbon desorption among OAs, An et al. (20i@hlighted the importance of the
chemical structure of OAs. In this sense, ternaAs @.e. citric acid) could provide
more anions for complexing than other acids. @cetic acid). As a result, ternary acids
could be more efficient in desorbing metals and S@&m soils carrying more
adsorbed hydrocarbons with them. The observatiore dy Gao et al. (2010a) supports
this hypothesis, as they demonstrated that citid @ernary OA) had a stronger effect
than oxalic acid (binary OA) on PAHs desorptiomireoil.

Other type of organic contaminant whose desorptiom soil has been increased by
LMWOAs are organochlorine pesticides. In this seiWaite et al. (2003) tested six
different LMWOAs at various concentrations for theability to increasep,p’-
dichlorodiphenyldichloroethyleng (p’-DDE) desorption. Best results were obtained for
citric acid at 2.75 mol K§ soil with a 58% desorption increase compared ttemwa
Similarly, Luo et al. (2006) addressed the effedtexalate and plant root exudates of
Z. mays T. aestivumand ryegrassLOlium rigidum) on the desorption op,p’-
dichlorodiphenyltrichloroethanepp’-DDT) in soils. Oxalate increase@,p’-DDT
desorption even at very low concentrations and lamincreased desorption effects
were observed in the presence of plant root exaddieese authors also reported that
soil properties influenced the degree of desorptlmegative correlation was found
between the amounts pfp’-DDT desorption and the soil organic carbon contdmits
suggesting that hydrophobic compounds Ilgke’-DDT are likely to bind with soil
organic carbon becoming less mobile. Oxalate amd exudates disrupted the soil
structure, altering the organo-mineral linkages eggllting in the release of organic
carbon and metal ions into the aqueous phasg,B<DDT was complexed with this
fraction of organic carbon, its desorption was @aled. The same process was
proposed by Gonzalez et al. (2010) to explain tueeased desorption of the highly
hydrophobic pesticidep,p’-DDT, p,p-DDE and a-cypermethrin in the presence of
citrate and oxalate in aged and freshly spikedsoll

As final point and in the context of the impactamitibiotics in the environment, Zhang
and Dong (2008) studied the soil adsorption of Ingécin in the presence of OAs.
Increasing concentrations of citric, malic andsdic acids (0-2.5 mM) decreased the
adsorption of norfloxacin to soils. The authorspm®ed that the formation of soil-
organic anion-Al complexes could inhibit the conifpet adsorption of norfloxacin. In
addition, the formation of complexes between orgamions and norfloxacin cations
may also be a mechanism involved to explain theredsed soil adsorption of
norfloxacin in these conditions.
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For further information regarding the retentionqasses affecting organic contaminants
in the soil environment, the reader can refer tow&gszenbach et al. (2003) and Calvet
et al. (2005).

Table 2.2Relevant experiments of LMWOA enhanced desorptiocontaminants from soils

Contaminant class  Contaminant LMWOA  Major desorption fold Reference

(mg kg* soil)  (mM) increases

Heavy Metals Cd: 281 CA: 1,3 CAat3 mM: 0.4 for Cd (Chenetal.,
Pb: 518 and 0.04 for Pb 2003)
Cd: 197,233, CA:0,1- CA:14.0forCd (at197 (Gaoetal.,
258 20 mg kg") and 34.7 for Cu 2003)
Cu: 168, 245, TA:0,1- (at 168 mg kg)
357 20 TA: 1.6 for Cd (at 197

mg kg") and 6.4 for Cu
(at 168 mg k@)
CA and TA at 20 mM

Cd: 50,100, CA:1,2 Average 3.0-fold (Quartacci et
150, 200 increase. al., 2005)
Polycyclic Phe: 100 ARE": 0- ARE at 1000 mM: 2.2 for (Gao et al.,
Aromatic Pyr: 30 1000 Phe and 1.6 for Pyr 2010a)
Hydrocarbons CA: 0- CA: 0.7 for Phe and 0.1
1000 for Pyr”
OA: 0- OA: 0.4 for Phe and 0.1
1000 for Pyr”

CA and OA at 100 mM.
#Fold increases with
respect to ARE at 100

mM
Phe: 100 CA: 0- CA: 0.9 for Pheand 0.5 (Lingetal.,,
Pyr: 30 1000 for Pyr. 2009)
OA: 0- OA: 0.7 for Phe and 0.3
1000 for Pyr.

CA and OA at 1000 mM

(Continued on next page)
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Table 2.2 Relevant experiments of LMWOA enhanced desorptibnontaminants from soils
(continued)

Contaminant class Contaminant LMWOA Major desorption fold Reference

(mg kg* soil)  (mM) increases
Organo-chloride p,p-DDE: 0.3 CA:1-100 CA: 0.6 (White et al.,
pesticides MiA: 1-100 MiA: 0.3 2003)
MoA: 1- MoA: 0.4
100 OA: 0.5

OA:1-100 SA:0.2
SA:1-100 TA:0.3
TA:1-100 LMWOAs at 50 mM

p,p’-DDT: 2 NRE* n.s NRE from maize: 3.3, (Luo et al.,
Ox: 0.5-100 from wheat: 2.8 and from 2006)
ryegrass: 6.7
Ox at 10 mM or higher:
3.9

Contaminants: p,p’-Dichlorodiphenyldichloroethylene p(p’-DDE),  p,p’-Dichloro diphenyl
trichloroethane,p’-DDT), Phenanthrene (Phe), Pyrene (Pyr). LMWOAs:tiscacid (AA), Citrate (Ci),
Citric acid (CA), Malic acid (MiA), Malonic acid (A), Oxalate (Ox), Oxalic acid (OA), Succinic acid
(SA), Tartaric acid (TA).

'ARE: Artificial Root Exudates. Solutions of 50 mNugose, fructose and sucrose; 25 mM SA and Mia;
12.5 mM serine, arginine and cysteine.

’NRE: Natural Root Exudates collected from maiZea maysL.), wheat Triticum aestivumL.) or
ryegrassl(olium rigidumL.).

n.s.: concentration not specified.

2.2.3. LMWOASs enhanced phytoremediation

The ability of LMWOAs to form soluble compounds inetal cations can be used in
phytoremediation to increase metal bioavailabiliznd, as a result, improve
phytoextraction rates. Plant metal uptake is mdfieient when metals are in their
soluble form in order to maximize the contact witie root cells so that they can be
dissolved in the transpirational stream and carnéadl the plant (Clemens et al., 2002).
Following the formation of the chelate-metal complmetal uptake by plants may be
achieved by different mechanisms that consist ln$ogption of the free metal after its
release from the chelating agent, absorption o#cintchelate-metal complex, or
exchange of metal between the chelating agent got@nd metabolic ligand (Gobran et
al., 2000).

In the last years, there were several reports shatied the effect of LMWOAS on
phytoremediation with the aim of using OAs to ertethe phytoextraction of heavy
metals (Table 2.3). In this context, some authagehassessed the role of OAs in
comparison to classic synthetic chelates. Evangelowal. (2006) investigated the
application of citric, oxalic and tartaric acidsasalternative to EDTA. Positive results
were obtained for citric acid (62.5 mmolkgoil), which showed a better performance

44



Chapter 2

than EDTA (0.125 mmol K§ soil) in enhancing Cu uptake by tobacddicotiana
tabacun). Similarly, Quartacci et al. (2005) made a compae study testing
nitrilotriacetate (NTA) and citric acid to enhanc&d uptake by Indian mustard
(Brassica juncep The addition of amendments at 20 mmot lepil produced average
increases of Cd shoot accumulation of 31% for N &7% for citric acid. Moreover,
do Nascimento et al. (2006) compared the additfocitoc, gallic, oxalic and vanillic
acids with the synthetic chelates EDTA and diethglaminepentacetic acid (DTPA) to
enhance the phytoextraction of heavy metalsBbyjuncea Citric and gallic acids
enhanced the net removal of Cd, Ni and Zn at alaimate than the synthetic chelates
when applied at the same concentrations (10 mmdl sajl). Thus, these authors
concluded that OAs could be as efficient as syithehelates to enhance the
phytoextraction of multi-metal contaminated soifSonversely, some tested OAs
seemed to be unsuitable to enhance phytoextracifoheavy metals from soils
compared to synthetic chelates. For instancegcitialic and tartaric acids (62.5 mmol
kg' soil) did not increase Pb uptake by tabacumin contrast to EDTA treatment
(0.125 mmol kg soil), which enhanced Pb shoot concentration byentban 2-fold
(Evangelou et al., 2006). Wu et al. (2003) founat tim contaminated soils vegetated
with B. junceaand amended with citric, malic and oxalic acidsni®ol kg* soil) there
was a negligible increase in soil solution concarmians of Cd, Cu, Pb and Zn compared
to EDTA (3 mmol kg soil), thus limiting the potential use of this iof amendment
to increase phytoextraction of heavy metals from so

An indirect role in enhancing heavy metal phytoastion was attributed to LMWOASs
as well. The ability of the organic fraction of mcipal solid wastes (OFMSW) to
enhance heavy metal (Cr, Cu, Ni, Pb, Zn) uptak&.hyayswvas examined by Salati et
al. (2010), reporting an increase in heavy metabslkoncentration from 23% to 302%
depending on the heavy metal considered. Concottyitam the presence of OFMSW it
was detected a 41.6-fold increase in soil DOM. &lthh the mechanism by which
plants could uptake heavy metals bound to DOM tduity understood, it is suggested
that LMWOASs, which comprise DOM, can be taken uppbgnt roots along with the
metals they have bound resulting in increased m@xytaction rates.

Some studies have investigated the influence of @AsCd uptake by plants.
Interestingly, Ciglinski et al. (1998) studied the relationship betwebizosphere
LMWOAs and Cd accumulation by two cultivars ©fturgidumthat varied in their Cd
accumulating ability. They found that Cd accumuwalatiby high and low Cd
accumulation cultivars off. turgidumwas correlated to the amounts of LMWOAS
found in the rhizosphere soil of each cultivar. yharoposed that the levels of
LMWOAs influence the solubilization of particulab®und Cd into soil solution and
determine Cd phytoaccumulation as a result. Likewi¢an et al. (2006) verified that
acetic and malic acids increased the uptake of €dZb maysplants grown in
hydroponics. In addition, these authors also studie mechanisms underlying OA
enhanced Cd uptake. It was hypothesized that Gdedrcomplexes with OAs in the
root zone that could subsequently decompose aadatd Cd. Cd root uptake across the
plasma membrane occurred probably mediated by @msporters. Moreover, plant
response to elevated Cd levels involved the releaseAs by Z. maysroots, which
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could complex Cd and act as a resistance mechatusaileviate Cd toxicity. In
addition, a similar mechanism for Cd uptake imglitg the formation of Cd-citrate
complexes followed by its dissociation within thdéfusion layer and/or at the root
surface was proposed by Panfili et al. (2009) tplaar Cd uptake by. turgidumvar.
durum To explain the differences among OAs in enhantiegvy metal uptake by
plants it is necessary to consider the binding t@ots of the OA-metal complexes. Han
et al. (2006) found differences in the ability afeic and malic acids to enhance Cd
uptake byZ. mays being acetic acid more effective. In this stu@y, uptake by plants
appeared to occur after the dissociation of OA-imebanplexes, which allowed the
liberation of Cd. As the complex capacity of acetad with Cd is lower than that of
malic acid, Cd release from labile Cd-acetic a@thplexes was easier and could lead
to a higher uptake of Cd than Cd-malic acid comggex

In some cases, it has been observed that the rffast ef OAs was not on the metal
uptake but in the metal translocation from plamitsoto shoots. Chen et al. (2003)
demonstrated that citric acid increased the roshtmot translocation of Cd and Pb (1.4
and 1.9-fold increase in the translocation fact@spectively) in radishRaphanus
sativug plants grown in hydroponics, whilst their uptakées decreased. Similarly, an
hydroponic experiment with barleyHérdeum vulgarg conducted by Wu and Zhang
(2002) showed that ascorbic acid increased shaninaglation of Cd by enhancing its
translocation from roots to the above ground tissue

OAs have also been used as amendments in phytoegoadcexperiments dealing with
U contaminated soils. Citric acid has shown to ffieient in enhancing plant uptake of
U as demonstrated by Huang et al. (1998) who redartore than 1000-fold increase in
U shoot accumulation by four plant spec{8s juncea, Brassica chinensis, Brassica
narinosg andAmaranth cruentyswvhen soils were amended with citric acid at 20ahm
kg™ soil. In addition, Duquéne et al. (2009) reportedthe presence of citric acid at 5
mmol kg soil, an increase if*®U shoot concentrations of 3 and 5-fold for ryegrass
(Lolium perenngandB. juncearespectively. However, the increase in plant uptais
not always been found to be directly proportiomalthe increase in soil solution
concentrations. In general, the increase in sdutiem concentrations was higher than
the increase in plant uptake in the presence ohdments.

Biodegradation rates of LMWOASs may limit the efigehess of these compounds in
assisting phytoextraction. Krishnamurti et al. (Ip@nalyzed Cd release from soils,
noticing that Cd formerly forming part of Cd-LMWOA.e. acetic, citric, fumaric,
oxalic and succinic) complexes was adsorbed ongatnhely charged soil particles
after LMWOA biodegradation. In addition they showadincrease of Cd release from
the soils to the soil solution with the renewal LWiIWOA application after every 2
hours. Meers et al. (2004) studied the timing of WKAA application in a calcareous
clayey soil vegetated with. mays They tested the effects of several OAs. @scorbic,
citric, oxalic and salicylic acids, and NHcetate) on heavy metalphytoextraction at a
dose of 2 mmol kg soil, applying them to soils 1 day before sowitg.these
conditions they observed no significant increas€dn Cu, Pb and Zn shoot uptake. As
a result, they concluded that they would ratherdya@As soon before harvesting than
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near the sowing time in order to overcome the kjoa@ation of OAs. According to
Meers et al. (2008) the selection of the most bletaime to amend soils should be
made taking into consideration phytotoxicity, plaptake dynamics and attenuation of
induced effects in the soil.

Apart from considering the exogenous applicatio®8E, it is also promising the direct
role of plant-associated microbes because throhglptoduction and release of OAs
they may increase heavy metal mobility for planttap and thus, improve
phytoremediation. Through this biocaugmentation apph, microorganisms can
improve phytoremediation not only directly actirgysources of OAs, which influences
the metal uptake by plants but also indirectly bgnpoting shoot and root biomass,
which influences total metal removal (Lebeau et aD08; Marques et al., 2009;
Rajkumar et al., 2012; Bois et al., 2013; Yanglet2913). This approach was carried
out by Chen et al. (2005) who determined the imfageof bacteria inoculation on Cu
uptake byElsholtzia splendensThe addition of bacterial strains isolated frohe t
rhizosphere oE. splendengnhanced Cu accumulation in plant shoots (up 2efdd
increase) and roots (up to 2.5-fold increase),iam@s hypothesized that OAs excreted
by bacteria could facilitate this process.

The potential of OAs in enhancing phytoremediati@s been recently broaden to other
pollutants rather than heavy metals. Mitton e(20.12) studied the effect of carboxylic
acids on the phytoremediation potential of orgatmahe pesticides by willowSalix
humboldtiand. The combined addition of citrate and oxalate agwled the
bioavailability and hence plant uptake and traraioa ofp,p’-DDT, p,p’-DDE to the
aerial tissues. It is hypothesized that LMWOA mayse an alteration of the soil matrix
that may subsequently increase pollutant avaitgblivhite and Kottler, 2002). As a
result, in the presence of these amendmehtdhumboldtianacould be consider as
medium-high accumulator @fp’-DDT.

Regarding the phytotoxicity of OAs when used asraineents during phytoextraction
protocols, different effects on biomass and visitdgicity symptoms, which varied
according to plant type, OA and concentration udmaye been reported. Certain
adverse toxicity effects have been observed irptheence of LMWOAs. For instance,
Evangelou et al. (2006) reported lower shoot dryghteand chlorosis ifN. tabacum
treated with citric, oxalic or tartaric acids amncentrations above 62.5 mmol kspil.

In turn, do Nascimento et al. (2006) noticed visaginptoms of toxicity such as
chlorosis and necrosis @ juncealeaves when applying citric, gallic, oxalic or viaa
acids at 10 mmol kisoil. Other deleterious effects include, as obsgttyy Duquéne et
al. (2009), 45% reduction in water consumptiongated eveiB. junceadeath after the
addition of citric acid at 5 mmol Kg On the contrary, it has also been reported neithe
phytotoxicity, nor decrease and still slight in@eain biomass production in the
presence of LMWOAs. For example, do Nascimento let(2006) observed no
significant difference in the dry matter yield®f junceain the presence of citric, gallic,
oxalic or vanillic acids at 10 mmol Kgsoil. In the same way, Luo et al. (2005)
observed no significant effects @nmaysand white beanRhaseolus vulgar)sbhiomass
when treated with citric acid at 5 mmolkgoil. Moreover, Qu et al. (2011) reported an

a7



Enhanced phytoremediation: a review of low moleculeight organic acids and surfactants used as
amendments

increase in the biomass of alfalfisl¢dicago satival..) treated with sodium hydrogen
phosphate/citric acid mixtures.

48



Chapter 2

Table 2.3Relevant experiments of LMWOA enhanced phytoreatésh ofheavy meta

LMWOA Contaminant Media Plant Duration/ Phytotoxicity/ Effect Major fold increases in plant  Reference
(mmol kg*soil)  (mg kg* species Experiment type on plant biomass HM uptake

sail)
CA: 10 Cd: 50 Spiked Indian 42 days/ Chlorosis and CA: 9.3 for Cu in shoots. (do Nascimento
GA: 10 Zn: 300 soil mustard Greenhouse necrosis on leaves.  GA: 1.61 for Ni in roots. et al., 2006)
OA: 10 Cu: 200 (B. juncea No significant
VA: 10 Ni: 200 difference in plant

Pb: 500 biomass.
CA: 62.5 Cu: 225, Spiked Tobacco 21 days/ Above 62.5 mmol CA: 3.5 for Cu (at 450 mg kj  (Evangelou et
OA: 62.5 450 soil (N. Greenhouse kg™: chlorosis. in shoots al., 2006)
TA: 62.5 Pb: 300, 600 tabacum Decrease in shoot

biomass.

CA (0.05-0.37)/ Cd: 75.3 Soil from  Alfalfa 30 days/ No phytotoxicity. CA/ NaHPQ, mixtures: 4.3 for (Qu et al., 2011)
NaHPQO, Zn: 290.7 Mo mine (M. sativa) Greenhouse Increase in plant Mo in shoots and 2.2 for Mo in
mixtures Cu: 31.8 Outdoors biomass. roots (average results).

Ni: 47.4

Pb: 398.3

As: 150.4

Cr: 182.7

Hg: 4.6

Mo: 711.0

(Continued on next page)
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Table 2.3Relevant experiments of LMWOA enhanced phytoreatésh ofheavy meta (continued)

LMWOA Contaminant Media Plant Duration/ Phytotoxicity/ Effect Major fold increases in plant  Reference
(mmol kg*soil)  (mg kg* species Experiment type on plant biomass HM uptake
sail)
CA:5 Cd:1,2 Soils with Indian 44 days/ For Indian mustard  CA: 4.5 for U in shoots of (Duquéne et al.,
NH4-Citrate/CA: Zn: 704, 151 industrial or  mustard Greenhouse treated with CA: 45% Indian mustard and ryegrass 2009)
2.5/2.5 Cu: 467, natural (B. juncea reduction in water
OA:5 209 contamination Ryegrass consumption, plant
Pb: 254, 35 history (L. death.
Cr: 467, 209 perenng 27% decrease in shoot
U: 14, 41 biomass.
AA: 20 U: 280, 750  Soil from Indian 28 days/ No data available. CA (at 20 mmol Ky 100 for  (Huang et al.,
CA: 5, 10, 15, 20 industrial site mustard Growth chamber U (at 750 mg 1998)
MA: 20 (B. juncea kg?) in shoots of Indian
Chinese mustard and Chinese cabbage.
cabbage
(B.
chinensi}
CA: 10, 20 Cd: 50, 100, Spiked soils Indian 37 days/ No significant CA (at 20 mmol kg"): 2 for Cd  (Quartacci et al.,
150, 200 mustard Growth chamber difference in shoot (at 200 mg 2005)
(B. juncea biomass. kg?) in shoots of Indian
mustard.

(Continued on next page)
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Table 2.2 Relevant experiments of LMWOA enhanced phytoreatésh of heavy metals (continued)

LMWOA Contaminant Media Plant Duration/ Phytotoxicity/ Effect on Major fold increases in plant  Reference
(mmol kg*soil)  (mg kg* species Experiment type plant biomass HM uptake

soil)
CA: 0.5 Cd: 2 Spiked Radish 14 days/ Plant growth improvement. CA: 0.4 for Cd in shoots. (Chen et al.,

Pb: 10 water (R. Hydroponics 2003)

sativug

AA: 0.005-0.5 Cd: 0.6 Spiked Maize 2 days/ No data available. AA: 1.1 in roots, 0.85 in stemgHan et al.,
MA: 0.005-0.5 water (Z. May3 Hydroponics and 0.7 in leaves. 2006)

HM: Heavy metal, LMWOAs: Acetic acid (AA), Citricced (CA), Gallic acid (GA): Malic acid (MA), Oxaliacid (OA), Tartaric acid

(TA), Vanillic acid (VA).
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2.3. Surfactants
2.3.1. Generalities

Surfactants are amphiphilic compounds that havé gdrophobic and hydrophilic
groups in their molecular structure (Pletnev, 20@gpending on the chemical nature
of the hydrophilic part, surfactants can be clasdifis non-ionics (with no charge) and
ionics, which in turn can be cationic, anionic eongoteric differing if they have
positive, negative or both charges, respectiveletfiev, 2001). One of the central
characteristics of surfactants is their propertaggregate forming micelles in agueous
solution. This particular arrangement creates aemsgdl structure in which the
hydrophilic part of the surfactant is in contactttwithe polar solvent, while the
hydrophobic region of the molecule remains sequedtén the center avoiding the
contact with the hydrophilic medium. The formatiah micelles depends on the
concentration of the surfactant. At low concentnasi, surfactants exist as monomers.
However, above a certain concentratian critical micelle concentration (CMC), the
thermodynamics of the system enables the formatibmicelles (McNaught and
Wilkinson, 1997). The CMC is a characteristic otleaurfactant and depends on the
chemical structurei.e. the hydrophilic and hydrophobic parts of the malec Non-
ionic surfactants have lower CMC levels than amdcemd cationic surfactants (Ying,
2006) and in general, the CMC decreases with iseemn the hydrophobic character of
the molecule (Haigh, 1996). Other factors suchhastémperature of the solution and
the presence of electrolytes, affect the CMC a$ (izligh, 1996). A distinctive feature
of surfactants when arranged in these clustersasthe non-polar central part of the
micelle can interact with hydrophobic organic commpds increasing their water
solubility. As a result, surfactants can increakBe bioavailability of hydrophobic
compounds, property that has been used for enveatah applications in many
remediation technologies, including phytoremedia{iGao et al., 2007).

Apart from surfactants of synthetic origin (Tabld&), an additional class of surfactants
are biosurfactants (Table 2.4b), which are defiasdow molecular weight microbial
surface-active compounds (Neu, 1996). These sudeiiee metabolites are naturally
produced by both prokaryotic (bacteria) and eukiarygyeasts) microorganisms.
Regarding their chemical structure, these amphglubmpounds are made up of
combinations of saccharides and lipids (glycolipidsr peptides and lipids
(lipopeptides) and they have molecular weights betw500 and 1500 Da (Van Hamme
et al., 2006). Due to their amphiphilic chemicatune, biosurfactants as well as their
synthetic counterparts, can form micelles in aggesolution and the CMC values
typically range from 1 to 200 mg®*l(Ward, 2010). The natural production of
biosurfactants by microorganisms has been invoilmeskveral functions and related to
many processes, such as antimicrobial activity,robi@l growth enhancement by
increasing the bioavailability of hydrophobic subgts, attachment of microorganisms
to surfaces, bacterial pathogenesis and biofilrm&dion (Ron and Rosenberg, 2001).
There are three principal types of biosurfactargephorolipids, surfactins and
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rhamnolipids. Sophorolipids are glycolipids prodiid®y yeasts of the gen@andida
The hydrophilic portion is constituted by sophor¢disaccharide of glucose) while the
hydrophobic part is a fatty acid chain of 16 orch8bon atoms with different degrees of
saturation (Van Bogaert and Soetaert, 2010). Stumiaare cyclic lipopeptides mainly
synthesized bacillus subtilisspecies and formed by a polar part of seven amidea
in a looped structure and a hydrophobic fatty atidin of 13 to 15 carbons (Jacques,
2010). Rhamnolipids are glycolipids made up of onévo units of the sugar rhamnose
(leading to mono and di-rhamnolipids, respectivalgyl a non-polar part gkhydroxy-
decanoic acid chains. They are mainly produced ly bacteriaPseudomonas
aeruginosa(Abdel-Mawgoud et al., 2010). In general, biosutdats production by
microorganisms does not occur as a single uniquepooent. Indeed, most times
biosurfactants are produced as a mixture of comgemaecules with a range of
different related structures varying, for instanicethe length of the fatty acid chain,
degree of saturation or configuration of the molacwstructure (Haigh, 1996). As
biosurfactants may facilitate the release of coirtants from soils, they have been used
with different aims in the context of environmentgbplications (Mulligan, 2005).
Several environmental remediation techniques haen lwescribed for biosurfactants,
including their use in protocols of soil washingp land phytoremediation (Pacwa-
Plociniczak et al., 2011). With the aim to mainttie environmental sustainability, in
the last years there is a tendency to move towhimsurfactants as an alternative to
chemically-synthesized surfactants (Marchant antaB&012a, b). Due to the fact that
biosurfactants can be readily biodegraded they mmduce less toxicity to the
environment than other more recalcitrant chemicafastants, rendering their use an
environmentally-friendly choice (Mulligan, 2005).

Table 2.4Chemical characteristics of common surfactants

a) Surfactants of synthetic origin

Type Surfactant Molecular Molecular weight CMC

formula (g mol™®) (mM)

Anionic SDS G-H,50,SNa 288 8.1
Non-ionic  Brij®35 GeH116024 1198 0.060
Triton™ X-100  G4H,,0(CH40),(n= 9, 10) 625 0.240
Tweer? 80 GosH 124026 1310 0.010

(Mukerjee and Mysels, 1971; Hait and Moulik, 2001)

CMC: critical micelle concentration at 25°C

Surfactants: polyoxyethylene (23) lauryl ether (B85), polyoxyethylene (20) sorbitanmonooleate
(Tweerf 80), sodium dodecyl sulfate (SDS), t-octylphenoxypthoxyethanol (TritoH" X-100)
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b) Surfactants of synthetic origin
Type Surfactant Producer Chemical structure of a representative
microorganism  congener
Glycolipids Rhamnolipids Pseudomonas e
aeruginosa ° i i
H H H
OH 0—CH—C —C—0—C——C —C—O0H
OH (le)s (le)e
OH <|:H3 <|:H3
Sophorolipids Candida (raococtts
bombicola ° T”3
OH 0—CH
CH,OH OH (CH)15
@ o COOH
OH
OH
Lipopeptids  Surfactins Bacillus subtilis T
ch—g—(CHz)g—TJ—EQ—C—é?u Leu—Leu
CHs (¢] Leu—Leu—A(;Dp—VaI

(Mulligan, 2005)
The CMCs (critical micelle concentrations) of bidastants generally range from 1 to 200 ritgand
their molecular mass is from 500 to 1500 Da (Landj Wagner, 1987)

2.3.2. Surfactants in soil

When surfactants are present in the soil systemptisa interaction processes take
place. A two phase mechanism has been proposedplaire the sorption process,
which relies on surfactant concentration. In thestfistep, at low concentrations,
surfactant molecules are adsorbed to the soil selidace interacting through
electrostatic attractions. Afterwards, when incregsurfactant concentration, further
molecules are adsorbed interacting through thedrdgarbon chains by hydrophobic
interactions with the formerly adsorbed species é8d Rupprecht, 1990; Ying, 2006).
Surfactant molecules attached to the soil and fognthese particular aggregates are
termed hemimicelles and admicelles (Behrends, 198¢prt from the surfactant
concentration, sorption effects are also influentgdthe surfactant type and soll
characteristics. For instance, cationic surfactéetsl to adsorb to negatively charged
soil components such as clay and organic matteugfr electrostatic interactions. By
contrast, anionic and non-ionic surfactant sorptmsoil relies mainly in hydrophobic
interaction processes between the surfactant an8@M content (Haigh, 1996). In the
same way, Ying (2006) reviewed the sorption cogfits of several types of surfactants
to different media (sediments, sludge and soifjoreéng a general sorption trend in the
order: cationic > non-ionic > anionic. The sorptmfrsurfactants to soils also influences
its distribution in this media. Surfactants ardrtsited between the soil surface and the
water that fills the pore space. However, thisadtmn is not equal and a greater part of
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the surfactant is adsorbed onto the soil rathar tkeanaining in solution. Furthermore,
sorption of surfactants to soils significantly udhces its degradation in the
environment. Surfactants, as biodegradable commouceh be metabolized by
microorganisms when utilized as substrates for ggnén aerobic and/or anaerobic
conditions (Ying, 2006). Biodegradation rates vapyt in general terms reported
surfactant half-lives are in the order of days. lRstance, Knaebel et al. (1994) studied
the mineralization of two different types of sutfaas in soil: linear alkylbenzene
sulphonate (anionic) and linear alcohol ethoxylai@n-ionic) finding for both a mean
half-life of 2 days. Similarly, Pawar et al. (2008udied the biodegradation of sodium
dodecyl sulfatdSDS, anionic) and polyoxyethylene (20) sorbitanoweate (Tweeh
80, non-ionic) by microorganisms isolated from\aeribank. They reported more than
90% reduction for both surfactants after 6 dayse @h the factors that affect the
biodegradation of surfactants is its concentratibrhas been demonstrated that the
degradation rates of surfactants decreases abeveM€, and this effect may be due to
a lower bioavailability of the surfactant when & in the micellar arrangement in
contrast with the monomeric form (Zhang et al., 999n addition, the chemical
structure of the surfactant also determines itsratkgion. As a general rule, the
presence of chain branching in the alkyl chain ltesn more recalcitrance (Scott and
Jones, 2000). Lastly, other environmental effedtat tmight also influence the
biodegradation degree of surfactants were revielmedcott and Jones (2000) and
include the content of dissolved oxygen, the pHe tresence of complexing
compounds and the formation of salts. It is wodhpbint out that to achieve the
complete degradation of a surfactant it may be @e&edconsortium of bacteria rather
than unique species because the metabolic facaitigslividual microorganisms may
be restricted (van Ginkel, 1996).

2.3.3. Surfactant enhanced desorption of contaminants oin

Surfactants may affect the mobility of organic campds in soil through micellar
solubilization. For this reason, they have beerdusedesorption experiments to test if
in the presence of surfactants organic compounds aesorbed (Table 2.5).
Improvement in the desorption efficiency and, asoasequence in the mobility and
bioavailability of organic compounds in aqueoussghes central to remediate organic
contaminated soils by bio/phytoremediation.

Synthetic surfactants were tested in desorptiorexgnts with soils contaminated
with organic or inorganic pollutants. Alcantaraabt (2009) studied the desorption of
PAHs from soil, testing the potential of five namic surfactants to enhance the
solubility of benzanthracene, fluoranthene and mgreas individual and mixed
contaminants. Tweé&n80 removed more than 80% of the three PAHs tested
individual contaminants. Similar results were fouilod PAHs in binary and ternary
combinations; even though the single-component lefvdesorption could not be used
to predict the binary or ternary mixture level efmoval, probably because of variations
in the solubility properties of contaminants wheegent in mixtures. Pesticides have
been tested for their desorption behavior fromiscihe presence of surfactants as well.
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Gonzalez et al. (2010) observed that the non-ismidactant Tweeh80 effectively
enhanced the desorption @fp’-DDT, p,p’-DDE anda-cypermethrin. Furthermore, the
anionic surfactant SDS enhanced the desorption p@-DDT, p,p-DDE, a-
cypermethrina-endosulfan and endosulfan sulfate. Finally, Ranrémyuet al. (2008)
investigated the sorption/desorption behavior oévye metals from an artificially
contaminated sandy soil in the presence of sumét&urfactants such as SDS, alpha-
olefin sulfonate (AOT) and Tritdf X-100 demonstrated to be effective in enhancing
the removal of both Cu and Zn from soil, although rmoval was greater than Cu
removal, probably because Cu binds more stronglthéosoil matrix than Zn. The
effectiveness of surfactants followed the ordeitoff™ X-100 > SDS > AOT for Cu,
and SDS > AOT > Tritol! X-100 for Zn. Best performance was obtained afastant
concentrations slightly above the CMC, suggestireg the micelles indirectly caused
the mobilization and removal of these metals.

Apart from synthetic surfactants, biosurfactantwvehalso been studied for their
desorption properties. For example, An et al. (3@kEessed the effect of rhamnolipids
on the desorption of phenanthrene from a spiketl $biey tested rhamnolipids at
various concentrations above the CMC, observingeaimancement in phenanthrene
desorption with increased rhamnolipids concentnatithe desorption effect was also
affected by the soil texture and organic conteeindp greater for a clay loam soil with
low organic matter. Biosurfactants have been tettednhance the removal of total
petroleum hydrocarbons (TPH) from contaminatedssas well. Lai et al. (2009)
performed a comparative study in which synthetid lbiosurfactants were evaluated for
their action in TPH removal. Biosurfactants showaedsuperior performance than
synthetic ones, following the order: rhamnolipidsserfactin > Triton™ X-100 >
Tweerf 80. Likewise, a batch experiment with TPH contargdasoil conducted by
Liu et al. (2012) demonstrated that the additiorrtefmnolipids at 100 mg Kgsoil,
improved TPH degradation and this effect variedoediog to the SOM. TPH
degradation in the presence of rhamnolipids wakdrign the soil with higher SOM.
The authors hypothesized that high SOM improvecemadlding capacity of the sails,
permitting the formation of a better emulsion betwethe diesel oil and the
rhamnolipids. As a consequence, the bioavailabdityTPH to microorganisms was
enhanced, and their biodegradation increased.

In addition to single-surfactant studies, some angtinave recently reported the effect of
the application of mixtures of surfactants on tbeikilization of organic compounds.
This strategy has been applied with the aim toe@se contaminant remediation rates
without rising surfactant concentrations, as tlagelr case would lead to increased
remediation costs and potential surfactant contatiwn. In this sense, Zhu and Feng
(2003) evaluated the capabilities of mixed aniamecionic surfactants in enhancing the
water solubility of PAHs. They tested surfactant xesi of SDS with t-
octylphenoxypolyethoxyethanol (Trit8h X-100), octylphenol ethoxylate (Tritd# X-
305) or polyoxyethylene (23) lauryl ether (Bri5), finding the greatest synergistic
power for the mix SDS-Tritof' X-305. The synergistic solubilization of PAHs by
mixed-surfactants was attributed to the formatibmixed-micelles, the lower CMC of
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the mixed-surfactant solutions and the increasethef solute partition coefficient
between micelle and aqueous phase. In anotherasistildy, Alcantara et al. (2009)
performed an experiment with a combination of twon4onic surfactants:
polyoxyethylene (20) sorbitanmonolaurate (Twé2@) and Tweef80. They observed
that the maximum level of fluoranthene and pyresraaval (more than 90% and 80%
respectively) occurred in the presence of combingafactants, while for
benzanthracene the removal obtained in the presanibe combination of surfactants
was similar to that obtained with Twé&B0 alone (around 88%). Similarly, Sales et al.
(2011) observed that the solubility of naphthalem&s enhanced by a mixture of
Tweerf 80 and fatty acids (sodium laurate), also demotistra synergistic effect for
this combination of surfactants. Another study witlxed amendments was performed
by Cheng and Wong (2006) to evaluate the combiffedteof Tweelf 80 and DOM on
the desorption of PAHSs in a soil-water system. @ddition of DOM (from pig manure
or pig manure compost) concomitantly with Tw8&0 caused an average of 1.8 and
3.1-fold desorption increase for phenanthrene amdng respectively, compared to the
sole use of TweéB0. This desorption enhancement was attributetigddrmation of
DOM-Tweerf 80 complexes with a stronger desorbing capacitpabilize PAHs from
soil into the agueous phase. The use of composemament solutions was employed
to cope with the problem of co-contaminated sodsweell. Fonseca et al. (2011)
assessed the desorption of Pb and phenanthrerantariranated soils in the presence of
combined solutions of the synthetic chelate EDTA #me non-ionic surfactants Btij
35 or Tweefi 80. Extractions of 48% and 55% were obtained foeRt phenanthrene,
respectively, with EDTA-Brff 35 composed solution. The authors conclude that thi
kind of composed solutions could be used to enhahee remediation of co-
contaminated soils for example, in the context dfytpremediation techniques.
Furthermore, the use of biosurfactants in combiagtendments has been recently
studied by An et al. (2011). These authors assessedlesorption characteristics of
phenanthrene in the presence of combinations ahmb&pids and OAsj.e. acetic,
citric, oxalic or tartaric acids. The best desamptiresult was obtained for the mix
rhamnolipids-citric acid, which reached an aver@dfold increase compared to the
single use of rhamnolipids. According to the aushophenanthrene desorption
enhancement could be attributed to the synergatimns of rhamnolipids and OAs
through potentially different modes of action. Argothem, they propose that OAs
disrupt the linkage between the organic matter #ral soil matrix. As a result,
phenanthrene is released from the soil along with tdesorbed organic matter.
Rhamnolipids, in turn, facilitate the solubilizatiof phenanthrene molecules bound and
unbound to the released organic matter.
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Table 2.5Relevant experiments of surfactant enhanced diésomf contaminants from soils

Contaminant class Contaminants Surfactant Major desorption Reference
(mg kg* soil) (mM) fold increases

Heavy Metals Cu: 1.216 AOT: 0-20 AOT at 1.25 mM: (Ramamurthy et
Zn: 1.152 SDS: 0-32 5.0 for Cu and 0.4 al., 2008)
Tx-100: 0-8 for Zn
SDS at 10 mM:
5.3for Cuand 0.4
for Zn
Tx-100 at 0.50
mM: 7.0 for Cu
and 0.3 for Zn

Hydrocarbons Phe: 100 RhL: 0.087, RhL at 200 mg kg (An et al., 2011)
017,035 :29

TPH: 3000, Sfc: 0.48, Sfcat 0.48 mM:  (Lai et al., 2009)
9000 0.97,1.93 0.5 for TPH at
RhL: 0.87, 9000 mg kg
1.73, 3.47 RhL at 0.87 mM:
0.9 for at 3000 mg

kg™
Organo-chloride p,p’-DDT: 0.05, SDS: 16.2, SDS at 81.0 mM: (Gonzalez et al.,
pesticides 4.2 81.0 up to 45 2010)
p,p’-DDE: 0.55, Tw-80: Tw-80 at 0.024:
5.8 0.024,0.12 upto5

Contaminants:p,p’-dichlorodiphenyldichloroethylenep (p’-DDE), p,p’-dichlorodiphenyltrichloroethane
(p,p’-DDT), phenanthrene (Phe), pyrene (Pyr), total petm hydrocarbons (TPH). Surfactants: dioctyl
sulfosuccinate (AOT), rhamnolipids (RhL), sodiumddoyl sulfate (SDS), surfactin (Sfc), Trif6hx-
100: t-octylphenoxypolyethoxyethanol (Tx-100), Tw8&0: polyoxyethylene (20) sorbitanmonooleate
(Tw-80)

2.3.4. Surfactant enhanced phytoremediation
2.3.4.1. Synthetic surfactants

SEPR is a remediation strategy consisting in the afssurfactants to improve the
mobility and biodegradation of pollutants throughphbytoremediation. The addition of
surfactants as amendments to organic polluted nteidbeen primarily used with the
aim to increase the bioavailability of hydrophobmmpounds by enhancing the mass
transfer from the soil solid to aqueous liquid ghd&ao et al., 2007). The main
implication of this is to facilitate the degradatioof pollutants principally by
microorganisms at the rhizosphere level (rhizodggian) and potentially by plants
that could take up and metabolize moderately hyasb organic contaminants
(phytotransformation) (Dietz and Schnoor, 2001).
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Several SEPR experiments were conducted in theyést testing different types of
synthetic surfactants, plants and contaminated anddiable 2.6). For instance,
experimental studies performed in hydroponic coodg evaluated the plant uptake of
PAHSs in the presence of non-ionic surfactants aicentrations above and below the
CMC (Gao et al., 2006; Gao et al., 2008). Thesb@atdemonstrated that the use of
Tweerf 80 and Brif’ 35, when present at low concentrations, could etdh@yrene and
phenanthrene uptake by red cloveFrifplium pretensg and ryegrass LElium
multiflorum), respectively. On the contrary, cationic surfattaappeared to be effective
in enhancing the soil retention of PAHs. Lu and Z2009) tested two synthetic
surfactants: cetyltrimethylammonium bromide (CTMABNd dodecylpyridinium
bromide (DDPB), which led to a reduction of pheha@he and pyrene uptake by
common vegetables such as chrysanthem@hrysanthemum coronarigmcabbage
(Brassica campestrjsand lettucel(actuca sativy due to an enhancement in PAH soll
sorption in the presence of surfactants. This ptgpaf cationic surfactants could be
eventually utilized to produce safe agriculturabdoproducts from plants grown on
contaminated soils. Even if this study supportsféoe that PAHs could be uptaken by
plants, in most cases plant uptake or accumulaticguch hydrophobic compounds are
considered negligible and degradation by soil ndoganisms is found as the main
pathway for the removal of PAHs (Haritash and KaisB009). Cheng et al. (2008)
studied the effect of Twe&80 on PAH removal from a spiked soil vegetated wéih
wheatgrassAgropyron elongatujn Tweerf 80 had a positive effect on pyrene removal
(0.3-fold increase) probably due to its solubilgiand desorbing capacity, which
improved the bioavailability of the contaminantoBegradation was established as the
key mechanism for PAH dissipation, while plant ketavas insignificant. In a different
experiment, phenanthrene dissipation in spikedssedgetated withM. sativa and
amended with Tritol! X-100 was studied by Wu et al. (2008a). TritdriX-100 had a
particular effect on phenanthrene remaining saicemtration: it decreased the residual
concentrations of phenanthrene in the bulk soildenincreased it in the rhizosphere
soil. The authors hypothesized that the surfactaad likely to change the desorption
behavior of phenanthrene enhancing its mobility tiadsportation from bulk soil to the
rhizosphere, which seemed to act as a sink forgttrene. In addition it could also be
possible that Tritol! X-100 causes a decrease in rhizosphere phenaattiegmadation
due to toxic effects on arbuscular mycorrhizal fuong the associated microflora.
Nevertheless, this study also demonstrates thatsedbar mycorrhizal inoculation in
combination with Tritof¥ X-100 had a positive effect on phenanthrene disiip.
Similarly, the association of arbuscular mycorrifahgal colonization oM. sativa
roots and the treatment with Tritdh X-100 resulted in a successful remediation of
soils affected by organochloride pesticides. Wuakt (2008b) showed that this
combined treatment improvel. sativaroot and shoot accumulation pfp’-DDT,
mainly due to an increase in the adsorptionpgf-DDT on colonized roots, which
resulted inp,p-DDT dissipation from soil. Once more, it was olser a distinct
distribution of the contaminant between rhizospleerd bulk soils, in whiclp,p’-DDT
was sequestered in the rhizosphere zone dueitcrsased mobility in the presence of
Triton™ X-100.
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In addition to SEPR of organic contaminants, suafists may also have a part in
removing heavy metals from soils, probably througke formation of complexes,
micelles and ion exchange processes (Pacwa-Plpakiet al., 2011). A few
phytoremediation studies have reported that swafdstcan improve metal availability
to plants influencing metal phytostabilization arddhytoextraction potential of plants.
Among them, Almeida et al. (2009) demonstrated Tritbn™ X-100 and, to a less
extent SDS, could favor Cu sorption by the saltghglantHalimione portulacoides.
Triton™ X-100 promoted the adsorption/absorption of Cuth®y plant root, while not
improving its translocation. In turn, Liu et al.0@) studied the effects of SDS on Cd
phytoremediation by the ornamental plaéithaea roseaSDS could not only increase
the dry biomass of the plants (up to 28% incredsé)also promote Cd accumulation in
shoots (up to 2.1 times) and roots, as well aasing the Cd translocation factor of
this species. Thus, SDS was effective in enhanpimgoremediation withA. rosea
which could be regarded as a potential Cd-hyperaatator with chemical
enhancement. To cope with heavy metal contaminatedia, mixtures of surfactants
with chelating agents have been assessed as wekkxBmple, satisfactory results were
obtained for Pb phytoextraction from contaminatedssvegetated withB. juncea
where the surfactant TritG X-100 stimulated the plant uptake of EDTA-Pb
complexes. However, to overcome the phytotoxicatftbat this represented, it was
necessary to implement a bioaugmentation treate@misting in the inoculation with
an autochthonous plant growth-promoting rhizobaater which protected. juncea
possibly by lowering plant ethylene synthesis (Degbrio et al., 2006). Similarly, the
combined effect of SDS and the synthetic cheldiglenegluatarotriacetic acid (EGTA)
was effective in enhancing. roseabiomass of roots and shoots, Cd uptake from soil
and Cd translocation from shoots to roots (Liulet2909).

The presence of surfactants when used as amendinetiis frame of SEPR could
cause stress and toxicity to plants as well actffe biomass yield. Various effects on
biomass and visible toxicity symptoms, which vargihcipally according to plant
species, surfactant type and concentration usea: been reported. In general terms,
among non-ionic surfactants, Tritdh X-100 showed more negative effects than
Tweerf 80. In the presence of TweéeB0 at 8 times the CMC, no significant difference
in T. Pretensdiomass or phytotoxicity effects were observedraf days of growth in
hydroponics (Gao et al., 2008). Likewise, the aggtion of Tweefi 80 at
concentrations up to 100 mg kgsoil did not affect the germination rates Af
elongatumor cause any significant effect on the biomaslygi€¢Cheng et al., 2008).
Other type of surfactant from the group of anioaies, which showed no apparent
damage to plants, is SDS. The photosynthetic efficy of H. portulacoideswas not
affected by the addition of SDS at 8 mM (CMC) (Aideeet al., 2009). By contrast, the
treatment with Tritod! X-100, in most cases demonstrated some plant damag
Triton™ X-100 application (0.1% w/w in the soil) generatlgcreased. sativashoot
and root biomass as well as the percentage of mhezal root colonization. (Wu et al.,
2008b). Phytotoxic effects of Tritd#l X-100 (at concentrations 5-10 times higher than
its CMC) were also reported f@. junceaas well as a 72% decrease in plant biomass
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production (Di Gregorio et al., 2006). These efestre attributed to a direct damage
effect of the surfactant on the cell phospholipidspma membranes of plant roots
(Cserhéti, 1995). Adverse effects were also repofite the non-ionic surfactant Bfij
35. In the presence of this surfactdntmultifforumbiomass grown in hydroponics was
generally significantly smaller. Moreover, at contations of 148 mg} and above it
caused toxicity symptoms that included interruptidrplant growth, leaves turning to
brown and roots becoming gray (Gao et al., 2006).

2.3.4.2. Biosurfactants

Biologically-produced surfactants (biosurfactarttaye certain particular features that
could improve SEPR. Main advantages of biosurfastarely on their greater
biodegradability and lower toxicity. Therefore,thre last years, some experiments have
been carried out to assess the role of biosurfectamthin the context of
phytoremediation (Table 2.6). The inclusion of bidactants into phytoremediation
systems can be done by two main strategies: agpliosurfactants as solutions
obtained from the culture of biosurfactant prodgamicroorganisms or by inoculation
of the contaminated media with microorganisms atide produce biosurfactants
(bioaugmentation). The second approach is partigulanteresting because the
production of biosurfactants can ocdar situ at soils, but typically most SEPR are
performed according to the first approach. Foransgé, hydroponic experiments with
species of ryegrass@lium) demonstrated that rhamnolipids could be usednforove
the remediation efficiency of organic and inorgacmntaminants. Zhu and Zhang
(2008) evaluated the effect of rnamnolipids on tpgake of PAHs by.. multiflorum
They observed that within a certain range of cotredions the root uptake of
phenanthrene and pyrene could increase, with thénmian uptake at 0.5 times the
CMC. Likewise, Gunawardana et al. (2010) testedmri@ipids alone and in
combination with other natural amendments for teéect on heavy metal uptake by
perenne A combined treatment of rhamnolipids (at 1.7 smthe CMC) and
ethylenediamine-N,N'-disuccinic acid (EDDS) prodlige22, 8 and 2-fold increase in
the shoot concentrations of Cu, Cd and Pb, respdgtiln addition, mixed treatment of
rhamnolipids, citric acid and EDDS resulted in gimprovements (38, 9 and 3-fold
increases for Cu, Cd and Pb shoot uptake, respégtivn spite of this, rhamnolipids
applied alone had little effect, possibly due te tiigh molecular mass of the metal-
rhamnolipid complexes, which can limit its uptakeough the roots. Although both
combined treatments (rhamnolipids+tEDDS and rhammdiEDDS+citric acid)
considerably increased heavy metal translocatius, led to plant toxicity symptoms,
that theoretically could be overcome if amendmeats applied shortly before
harvesting. Gunawardana et al. (2010) also concltide the combination of
rhamnolipids and citric acid could be an altermativ the individual application of citric
acid or rhamnolipids for Cu and Pb phytoextractiorCd phytoextraction, respectively,
as these combined treatments had no significamctsffon biomass vyield, while
enhanced shoot metal accumulation. Similarly, feght experiment with combined
amendments showed that the synergistic use of rbigods, arbuscular mycorrizal
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fungi and aromatic hydrocarbon degrading bacteriaeiased the removal of PAHs in
contaminated soils vegetated with sativa(Zhang et al., 2010).

Concerning the bioaugmentation strategy during SESPRng et al. (2008) assessed the
effect of a biosurfactant-producing and heavy megalstant strain oBacillus sp. on
plant growth and Cd uptake from contaminated sdilse inoculation withBacillus
strain significantly enhanced both biomass of tanfaycopersicon esculentyrand its
Cd uptake. The stimulation of plant growth wasiladtied to the production of indole
acetic acid and siderophores by the tested baktaran, while its production of
biosurfactants could cause the increased solutdizand Cd accumulation by plants.
Regarding the effects of biosurfactants on plantsnd SEPR, rhamnolipids have
demonstrated both favorable and detrimental inftesron plants. Single application of
rhamnolipids (150 mg Ky soil) slightly increasedV. sativadry weight, but it was
observed that if rhamnolipids were applied in cambobn with PAHs-degrading
bacteria and arbuscular mycorrhizal fungi, theyl@aignificantly improve shoot and
root biomass oM. sativa(Zhang et al., 2010). In addition, rhamnolipids@& CMC or
below) could stimulate the growth &f multiflorum shoots (Zhu and Zhang, 2008).
These authors proposed that the increased root epdility in the presence of
surfactants may lead to a more efficient uptakaudfients, which could be one of the
mechanisms involved to explain such enhancemepiaim biomass yield. Conversely,
L. perennetreated with rhamnolipids (individually and in cbimation) displayed
symptoms of toxicity, €.g.necrosis of leaf tips) which became more seriausd the
course of the experiment. In addition, rhamnolipjas1.7 times the CMC) combined
treatment with EDDS and citric acid resulted inn#igant shoot and root biomass
decrease (Gunawardana et al., 2010). Accordingeteet authors, the observed negative
effects may be due to the damage caused in cellomz@res by rhamnolipids (specially
being detrimental for metal exclusion mechanismajich in turn could allow greater
uptake of higher bioavailable metal-amendment cewgd from heavy metal
contaminated soils.
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Table 2.6Relevant experiments of surfactant enhanced péytediation of inorganic and organic pollutants

a) Heavy Metals

Surfactant HM Media Plant species  Duration/ Phytotoxicity/ Impact  Major fold increases in plant Reference
(mM) (mg Experiment type on plant biomass HM uptake
kg™
soil)
Tx-100: Pb: Soil from Indian 42 days 72% decrease in plant 0.48 for EDTA-Pb (Di Gregorio et al.,
1.6,3.1 465 industrial area  Mustard Greenhouse biomass. complexes. 2006)
(B. juncea)
Tx-100: Cu: Spiked Sea Purslane 6 days Outdoors  No decrease in Triton™ X-100: 2 in roots. (Almeida et al.,
0.25 10.2 sediments and (H. photosynthetic 2009)
SDS: 0.25, water portulacoi- efficiency.
8 des)
SDS: 0.5, 1, Cd: 30, Spiked soil A. rosea 4 months Up to 28% increase in SDS at 2 mmol kg 2.1 for  (Liu et al., 2009)
2 100 Outdoors shoot biomass. Cd at 30 mg kg in shoots
mmol kg*
RhL: 0.15 Cd:1 Spiked water Ryegrass 30 days Necrosis of leaf tips.  Approximately 0.3 for Cuin (Gunawardana et
Cu: 10 (L. perenng  Hydroponics No significant effect on roots and 2 for Cd in shoots. al., 2010)
Pb: 5 plant biomass.

HM: Heavy metal. Surfactants: rhamnolipids (Rhlodism dodecy! sulfate (SDS), TritBh X-100: t-octylphenoxypolyethoxyethanol (Tx-100)
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b) Polycyclic aromatic hydrocarbons

Surfactant PAH Media Plant species Duration/  Phytotoxicity / Impact  Major fold Major fold Reference
(mg kg* soil)  (mg kg* Experiment on plant biomass increases in increase in PAH
soil) type/ plant PAH dissipation
uptake
Tw-80: O- Phe: 1.0 Spiked water Red clover 12 days No significant increase Tw-80 at 6.6 mg . (Gao et al.,
105.6 Pyr: 0.12 (T. pretense) Greenhouse in plant biomass. kg’ 0.18-1.15 2008)
RhL: 6.4, Phe: 1.0 Spiked water Ryegrass 17 days Approximately up to RhL at 25.8 mg (Zhu and
12.9, 25.8, Pyr: 0.12 (L. Greenhouse  50% increase in shoot kg™: 4.6 for Phe Zhang,
51.5 multiflorum) and root biomass. and 0.8 for Pyr 2008)
Bj-35: 18.5, Phe: 0.52 Spiked water Ryegrass 10 days Above 148 mg kg: Bj-35 at 37.0 mg Bj-35 at 296 mg (Gao et al.,
37.0, 74.0, Pyr: 0.12 (L. Greenhouse  brown leaves, gray kg 1.04 kg': -0.7 for Phe  2006)
148, 296 multiflorum) roots, growth stunt. and -0.6 for Pyr.
Up to 44% decrease in
plant biomass.
RhL: 150 15 Soil from Alfalfa 90 days No significant increase 0.06 for total (Zhang et
PAHSs. sewage (M. sativg Greenhouse  of shoot (12%) and root PAHs al., 2010)
Total: irriga-ted (7%) biomass.
12.9 farm-land

(Continued on next page)

64



Chapter 2

b) Polycyclic aromatic hydrocarbons (continued)

Surfactant PAH Media  Plant Duration / Phytotoxicity / Impact on plant Major fold Major fold Reference
(mg kg* (mg kg species Experiment biomass increases in plant increase in PAH
soil) ! soil) type/ PAH uptake dissipation
Tw-80: 20, Phe: Spiked Tall 60 days No negative effect on Tw-80 at 100 (Cheng et
100 294 soil wheatgrass Greenhouse germination rates or plant mmol: 0.3 for Pyr al., 2008)
Pyr: (A. biomass.
296 elongatum)
Tx-100: Phe: Spiked Alfalfa 60 days Growth 24% average increase in root 0.7 for Phe at 2.5 (Wuetal.,
1000 25,5, saoll (M. sativg  chamber biomass. 9% average decrease mg kg 2008a)
10 in shoot biomass.

Contaminants: phenanthrene (Phe), pyrene (Pyrja8ants: Brﬁé 35: polyoxyethylene (23) lauryl ether (Bj-35), rhamfipids (RhL), Tritod" X-100: t-

octylphenoxypolyethoxyethanol (Tx-100), Tw&&0: polyoxyethylene (20) sorbitanmonooleate (Tw-80)
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2.4.Conclusions

Desorption experiments can be a first step to assbe interaction between
amendments and contaminants in soils. This revitwws that LMWOAs and
surfactants have a significant potential to inceetae bioavailability of contaminants in
soil, feature that can result in the applicationtloése compounds during enhanced
phytoremediation.

One of the benefits of using LMWOAs as amendmentphytoremediation is a
reduction in excessive mobilizing effects and l@éaglrisks with respect to synthetic
chelates. This is due to their higher biodegradatiates, which leads to a lower
persistence in the soils. However, high biodegiadatates of LMWOAs may also be
one of the principal reasons for the low effectie®s of these compounds in assisting
phytoextraction. It is likely that in the first t& MWOAS solubilize metals in the soil
solution, but as LMWOAs are degraded by soil micgamisms, their action is limited.
For this reason, a single application of LMWOAs mayt be sufficient to enhance
metal accumulation in plants up to levels adequBde an efficient use in
phytoextraction technology. Another benefit of LM\A®is that, in general terms, they
have less toxicity towards plants than synthetielaties, allowing higher plant biomass
production. Total removal of metals during phyteagtion depends both on plant metal
concentration and biomass production. In this seasebserved by do Nascimento et
al. (2006), higher biomass production due to ldsgtqioxicity when applying OAs
could compensate for lower metal concentrationsplemt shoots with respect to
synthetic chelates resulting in similar phytoexti@t rates for OAs than for synthetic
chelates. The main challenge of LMWOA enhanced qguieynediation remains to find
an ideal amendment tolerated by plants and ablkeeép metals soluble as long as
necessary to enhance phytoextraction but withousigieng excessively in the soil
because that would lead to increased leaching.ridksugh, this leaching effect could
be potentially reduced by increasing plant densityd taking advantage of the
evapotranspiration process carried out by plants.

As for LMWOASs, when adding surfactants in the cahtef SEPR it is important to
estimate multiple aspects to select the most daitate. In some cases, the introduction
of surfactants (especially synthetic ones) may teatbntamination concerns. Although
the potential toxicity of the surfactant itselfilsportant, surfactant enhanced desorption
of organic contaminants from soils may increasdupeart availability, also producing
phytotoxic effects (Zhanget al, 2010). Moreover, it has been observed that the
introduction of surfactants may modify soil physichemistry and biology (Kuhnt,
1993). The concentration of surfactants is also amampeter to consider. As a
consequence of surfactant sorption to soils, thecefe concentration of surfactant in
soil solution able to form micelles and hence sitizdo contaminants may be limited.
As a result, more surfactant than expected mayeeeled to achieve the CMC in the
soil (Haigh, 1996).

Although the mentioned limitations, the range okgbilities to use LMWOASs and
surfactants has been demonstrated to be broadesméch is encouraging. Increased
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desorption and thus bioavailability of heavy metaisl organic contaminants could be
achieved either by the use of LMWOASs or surfactahisnce, this would lead to the
possibility of using these compounds to deal wite problem of co-contamination.
Combinations of LMWOAs and surfactants could be teatsgy with auspicious
potential too. Moreover, LMWOASs and surfactantsIdooe used with biostimulation
purposes as additional carbon sources for microwsges, resulting in higher bacterial
growth and increased organic contaminant biodet¢jadeates (Bautista et al., 2009).
Regarding the perspectives of chelate-assistecbpktytction, Evangelou et al. (2007)
expressed a doubtful point of view, questioninturther research would really lead to
progress in this field, based on the fact that nsttedies would lead to different
observations, ambiguity of which relies on the #peexperimental conditions of each
study. These authors believed that chelate-assighgdoextraction had reached a
turning point, and instead supported the stratdgglassic phytoextraction coupled to
the obtaining of bioenergy to compensate for thgyéo restoration times that may be
needed in the absence of chelates.

As shown above, LMWOA and surfactant-enhanced phyptediation experiments
resulted in different observations, which may batesl to heterogeneous experimental
conditions é.g. different concentrations and classes of contantsnasoncentrations,
nature, biodegradation rates and strategy of agtpbic of chemical treatments, as well
as soil characteristics and plants involved). Alitfo enhanced phytoremediation by
LMWOAs and surfactants is definitely not a fully védoped technique, extensive
progress has been made in characterizing the patexitsuch amendments during
phytoremediation. This review highlights that apgprate amendment types,
concentrations and exposure times are key contefis considered in order to make
this technology feasible. Future research shoutddmn kinetics and timing application
of LMWOA, surfactants and their combinations toiagk the optimization at lab scale
before it can be effectively applied in pilot/fieekperiments. Finally, an exhaustive
understanding of each particular situation is neagsin order to adapt and use the best
strategy to a cost effective approach together avitbduction of the operating time.
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Phytoremediation potential of alfalfa in co-contaatied soil

Abstract

A pot experiment was conducted to evaluate theqgobgtediation potential of alfalfa
(Medicago sativalL.) in soil contaminated by petroleum hydrocarbaarsd heavy
metals. Germination rates, biomass vyield and plaortality over 150 days of
experiment were assessed in order to evaluatdaatfaerance to the co-contaminated
soil. Heavy metal concentration in plant parts wiletermined so as to assess
phytoextraction capacity. Microbial counts of alkasegraders and lipase activity were
studied as soil bioindicators of rhizodegradatiateptial. The results showed that
alfalfa could germinate in the co-contaminated $gdrmination rates 66%) but plant
growth was stunted after 60 days. Shoot and rawnhass were scarce and after 150
days of experiment 100% plant mortality was obsérwifalfa plants were able to
uptake heavy metals, while poor metal translocatomk place. The microbial number
of alkane degraders and lipase activity were erdthng the rhizosphere of alfalfa,
particularly after 60 days (rhizosphere effect ealwf 3.3 and 1.4, respectively), but
these effects gradually diminished as plants dwettied. The findings of this research
suggest a limited potential to use alfalfa for ghgtediation of co-contaminated soil
used in this study.

Keywords

Phytoremediation, heavy metals, hydrocarbons, falfledicago satival.), co-
contaminated soil
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3. Phytoremediation potential of alfalfa in co-

contaminated soil
3.1.Introduction

Human activity, directly or indirectly, leads to deterioration of the environment.
Industry €.g. metal mining) and agricultures.g. use of chemical fertilizers) result in
heavy metal pollution of the biosphere (Kabata-Fas3d2011). Likewise, crude oil
production and the use of petroleum products gseto major concerns given the high
incidence of accidental spillages, industrial retsa or discharges as byproducts of
commercial and private uses in urban areas. Thessdtin widespread pollution of the
environment (Russell et al., 2009). Heavy metals$ petroleum hydrocarbons, due to
their toxicological characteristics, are a seriotisk to human health and the
environment (Agency for Toxic Substances & DiseRsgistry, 1998). Although it is
not uncommon that metal and organic contaminargsbath present in polluted sites
together (Obiajunwa et al., 2002), environmentakagch has tended to focus on the
remediation of single pollutants instead of tadglimultiple contaminants. Frequent
occurrence of co-contaminated soils in the envir@enmtmeveals just how important it is
to find adequate remediation solutions (SandrinMader, 2003).

Phytoremediation is a green remediation approaskdan the use of plants to remove
pollutants from the environment or to render theamtiess (McCutcheon and Schnoor,
2004). Phytoremediation can be a feasible cost®ie remediation strategy if
contaminants are present up to levels that camlbeated by plants and if the time to
achieve remedial goals is not a priority. Extensigeearch has been carried out on
phytoremediation of inorganic or organic contamidatmedia, and recently more
studies have targeted co-contaminated soils (Odwtal., 2011; Chigbo et al., 2013;
Hechmi et al., 2013; Sung et al., 2013).

Remediation of heavy metals involves phytoremeaimatiprocesses such as
phytoextraction and phytostabilization. Although atng metals are inorganic
compounds that cannot be degraded by plants athefuthey can be removed from the
contaminated soil through phytoextraction. Heavyaisecan be uptaken by plant roots,
translocated and accumulated in the abovegroumsdess of the plant. To complete
heavy metal removal, plants must be harvested hedt biomass must finally be
disposed of (Salt et al., 1995). In addition, itw Kiontainment of heavy metals in soils
can be achieved through phytostabilization, whigltaused by the plant altering the
biological, chemical or physical characteristicstbé soil. Processes such as root-
mediated precipitation and root surface sorption stabilize metals within the root
area, decreasing their mobility. Phytostabilizatiennot a clean-up technique but a
containment measure, which reduces contaminanthilggicand runoff and also
minimizes erosion and dispersion of the contamohatEl (Mendez and Maier, 2008).
In contrast, organic contaminants like petroleundrbgarbons are susceptible to
biodegradation, and therefore can be targeted loyhan phytoremediation process:
rhizodegradation, which entails the enhancemebiarfegradation within the root zone
by rhizosphere microorganisms. This process isedrilly stimulation of the suitable
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microbial populationsj.e. able to degrade the pollutant in question. Inangashe
microbial number and activity under the influendeptant roots ie. the rhizosphere
effect) relies on the release of root exudatesrtier to ensure the rhizosphere effect
close contact between plant roots and contaminsdéddis essential. As a result, the
depth of root penetration and its density detersiite process (White and Newman,
2011).

Alfalfa (Medicago satival.) presents a number of remarkable charactesisfic
phytoremediation: 1) it is a perennial plant widlstf growth rates; 2) it produces large
biomass (Coburn, 1912); 3) develops an extenspeadat system establishing a vast
niche for the development of rhizosphere microoigras (Kirk et al., 2005); 4) it
associates with symbiotic Rhizobium bacteria alfgyvhnitrogen fixation and letting
alfalfa grow in soils with high C:N ratios (Truchet al., 1991); and 5) it is diffusely
distributed worldwide, well adapting to differenlingatic conditions. Over the past
decade, there has been widespread use of alfgtlaytoremediation. Heavy metals like
Cd, Cr, Cu, Ni and Zn (Peralta-Videa et al., 200%Zralta-Videa et al., 2004;
Bonfranceschi et al., 2009), petroleum hydrocarb®igtse et al., 1998; Kirk et al.,
2002), polycyclic aromatic hydrocarbons (PAHSs) (feral., 2008) or organochlorines
(Li and Yang, 2013) have all been targeted by pieytediation with this species.
Moreover, recent findings have shown promising ltedor alfalfa phytoremediation of
co-contaminated soils (Ding and Luo, 2005; Ouvretrél., 2011; Zhang et al., 2013).
However, no previous study has addressed the sulfj@hytoremediation potential of
alfalfa in heavy metal and petroleum hydrocarbomt@otaminated soils.

The aims of the present study were to investigHiééfa tolerance to a co-contaminated
soil and if the presence of alfalfa vegetation dowontribute to heavy metal
remediation and/or indicate petroleum hydrocarlEmaval combining different forms
of phytoremediation.

3.2. Materials and methods
3.2.1. Soil origin and properties

Soil samples were collected from a French urbaa alese to a fuel station with a
history of contamination by heavy metals and petrol hydrocarbons, mostly diesel.
Samples were taken with a drill auger, which alldvellecting soil from different
depths between 0 and 100 cm. The different sodttivas were mixed unequally as it
was technically not possible to ensure the mixifgsails from different depths in
equivalent proportions. The soil was homogenizexles! to pass through a 6 mm mesh
and used for the pot experiment. Selected chemimalphysical properties of this soil
(sondage % are presented in Table 3.1. Physicochemical ckenaation of soll
samples was performed by an external laboratorygofitrol Laboratories. ALcontrol is
accredited by the Cofrac (Comité francais d’acdedidin) and by the RvA (Raad voor
Accreditatie) under number L028, in accordance withcriteria of laboratory analysis:
ISO / IEC 17025:2005. All their services are parfed in accordance with their general
conditions, registered under KVK number 2426528ahat Rotterdam Chamber of
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Commerce, Netherlands. Analysis are performed cor@ance with French standards
(NF: Norme francgaise), the Dutch Standards In&i(idEN: Nederlands Normalisatie-
instituut) and the International Organization fdar®lardization (ISO). The following
analyses were performed: actual soil pH (NF ISO9B)6cation exchange capacity (NF
X 31-130), organic carbon and organic matter (N® I81235), total nitrogen (sum of N
Kjeldahl, NG and NQ internal method, NEN 6604), C/N ratio (calculatedlze ratio
between the content of organic carbon and totabgein), BOs (Joret-Hebert method,
NF X 31-161), KO, MgO and CaO (NF X 31-108), DTPA (diethylene rrine
pentaacetic acid) available fraction of Fe and NWF (X 31-121), water available
fraction of B (NF X 31-122), soil texture (NF X 3D7), content of As, Cd, Cr, Cu, Pb,
Ni and Zn (internal method: destruction in accomtamvith NEN 6961, analysis in
accordance with ISO 22036), content of Hg (NEN 6@ftruction in accordance with
NEN 6961, analysis in accordance with NEN-ISO 167 f&troleum hydrocarbon
fractions: Go-Ciz, C12-Ci6, C16Co1 and Gi-Cyo (internal method: acetone, hexane
extraction, purification and analysis by GC-FIDHarotal Go-Cyso (Equivalent to NEN-
EN-ISO 16703).
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Table 3.1Chemical and physical properties of the ssildage %

Agronomic Parameters

pH (H,0) 8.1
Cation Exchange Capacity at soil pH (ciriagj* DW) 15.7
Organic Matter (g kg DW) 44.6
Organic Carbon (g kKgDW) 25.8
Total Nitrogen (mg kg DW) 610
C/N ratio 42
P,Os (g kg' DW) 0.12
K,0 (g kg DW) 0.16
MgO (g kg' DW) 0.12
CaO (g kg DW) 9.45
Fe* (mg kg' DW) 140
Mn* (mg kg DW) 20.4
B* (mg kg* DW) 0.94
Sand (%) 67.8
Silt (%) 25.1
Clay (%) 7.1
Heavy Metals (mg KgDW)
As 7.4
Cd <0.4
Cr <15
Cu 76
Hg 3.5
Pb 100
Ni 8.1
Zn 98
Hydrocarbons (mg KgDW)
Ci0Ci2 640
C12-Cis 3000
Ci6Cx1 3400
C,1-Cao 1400
Total Cg-Cyg 8400

DW: dry weight
* DTPA (diethylenetriaminepentaacetic acid) exti@act

3.2.2. Plants

Alfalfa seeds Kedicago sativd.. v. La Bella Campagnola, purity: 99%, germindpil
85%) were surface disinfected by immersion in 2%)(laydrogen peroxide for 8 min,
thoroughly rinsed three times with sterile wated aised for the pot experiment (Qu et
al., 2011).

3.2.3. Pot experiment

Disinfected alfalfa seeds were sown in plastic g@ts/x6.7 cm) filled with 200 g of
contaminated soil (10 seeds per pot). Number aflsggs emerging daily were counted
from day of planting in order to determine germimatrates. Nine days after sowing,
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seedlings were tined to six per pot in order toawmbtuniform plant size and
characteristics. Non-vegetated pots were used adrot® The experiment was
performed in a growth chamber (Sanyo Versatile Emvnental Test Chamber MLR-
352. Growth conditions: photoperiod of 16 h light22 °C and 8 h dark at 18 °C,
photosynthesis photon flux density (PPFD) of 1800l m? s*) and plants received
water daily gently spraying with tap water. Thedtan of pots was randomly changed
daily (within the same shelf and also between diffii¢ shelves in the growth chamber).
Plant mortality rates over the experimental timeaveecorded. Plant mortality was
determined after counting live and dead plants,civtwere differentiated by visual
inspection. Plants were considered as dead wherewdeaves were growing anymore
and old leaves were dried.

Plants were harvested after 60, 90, 120 and 159 (@dgnts were grown in parallel). At
harvesting times, plants were removed from potd, rants and shoots were separated.
Roots were washed with distilled water to removié garticles and blotted with tissue
paper. The plant material was put in the oven aC70r 3 days (Campbell and Plank,
1998) and dry weights of shoots and roots wererdecb Soil was sampled at the same
harvesting times and kept at 4 °C until furtherlgses. In the case of vegetated pots,
rhizosphere soil samples were taken. In order teecorhizosphere soil, plant roots
were vigorously shaken by hand, taking care ofrtlmes integrity. The external soil not
attached to roots was removed, while the soil & ithmediate vicinity of roots was
kept for the analyses.

3.2.4. Analysis of heavy metal content in plants

Dried plant material was wet digested with 65%imiéicid and 30% hydrogen peroxide
in a digestion block (LabTech DigiBlock Digester BE&5) at 125 °C for 1h (Campbell
and Plank, 1998). Heating cycles and hydrogen paeoaddition were repeated to
obtain a clear digest. To remove residual partjakeiseralized samples were filtered,
brought to final volume and stored at 4 °C untiayye metal analysis by Inductively
Coupled Plasma-Optical Emission Spectrometry (R&lkner Optima 8300 ICP-OES
Spectrometer). Cu, Pb and Zn were analyzed atethgective wavelengths of 324.752
nm, 220.353 nm and 213.857 nm.

3.2.5. Soil microbiology
3.2.5.1. Number of aliphatic hydrocarbon degraders

Aliphatic hydrocarbon degraders were counted by rtost-probable-number (MPN)
method described by Wrenn and Venosa (1996), uSéwvell microtiter plates.
Briefly, Bushnell-Haas medium supplemented with R#CI| was used as the growth
medium and n-hexadecane as the selective growtstratda 10-fold serial dilutions
were performed from a suspension of fresh soil dndfer (0.1 % sodium
pyrophosphate and 2% NaCl, pH 7.5). Plates wereulated with the appropriate
dilutions, in 5 replicates. Microplates were inctgzafor 2 weeks at room temperature.
To identify positive wells, plates were incubateceimight with iodonitrotetrazolium
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violet (3 g IY). MPN of alkane degraders per g of soil was caked according to
Briones Jr. and Reichardt (1999).

3.2.5.2. Soil lipase activity

Soil lipase activity was measured through the awletric method described by
Margesin et al. (2002). In brief, fresh soil sampkes mixed with phosphate buffer (100
mM NaH,POy/NaOH buffer, pH 7.25), and pre-warmed at 30°CI0rmin. Substrate
(100 mM p-nitrophenyl butyrateplPB) in 2-propanol) was added and tubes were
incubated at 30°C for 10 min. To stop the reactiba,tubes were cooled for 10 min on
ice. Tubes were centrifuged at 209@r 5 min and the absorbance of the released p-
nitrophenol pPNP) in the supernatants was measured spectrophoicatiyg
(PerkinElmer LAMBDA 10 UV/Vis Spectrophotometer) 420 nm against the reagent
blank. A standard solution gdNP (100pg ml™* in phosphate buffer) was used to
prepare a calibration curve in the presence of Eghse activity was expressed &g
pNP (g soil x 10 miriy.

3.2.6. Phytoremediation parameters

To evaluate the ability of metal phytoextraction &lfalfa, the following parameters
were considered: a) plant biomass, b) root:shod I®:S), calculated as the ratio
between the dry weight of roots and the dry wedafighoots, c) metal concentration in
plant tissues, d) translocation factors (TFs) dated as the metal in shoots to the metal
in roots ratio and e) bioconcentration factors (BCEalculated as the ratio between
metal concentration in plant tissues and total matdtial soil concentration.
Concerning the potential of rhizodegradation, reptere effect values were calculated
as the ratios: MPN of rhizosphere soil/MPN of ndanped soil and soil lipase activity
of rhizosphere soil/ soil lipase activity of norapted soil.

3.2.7. Statistical analysis

Unless stated to the contrary, all data reportedaseraged values of three independent
replicates. For the quantification of heavy metalglant tissues, due to scarce plant
biomass, plants from three replicates were poajgdther to make one single sample.
When possible, treatment effects were statisticallgluated by one-way analysis of
variance (ANOVA) and multiple comparisons of mebgslukey contrasts. Differences
were considered significant p&0.05. The statistical analysis was accomplishead i
software, version 3.0.2 (R Core Team, 2014).

3.3.Results and discussion
3.3.1. Plant tolerance to co-contaminated soil

After sowing alfalfa seeds, germination rates ie to-contaminated soil were scored.
In the following days, germination rates graduaflgreased, until the maximum was
reached: 66% of alfalfa seeds germinated by dag (dlata not shown). Figure 3.1
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presents the experimental data on plant biomassfasction of experimental time. As
shown in the figure, the alfalfa biomass yield aid in this experiment was limited.
The biomass levels of shoots reached after 60 aflagrowth were maintained from that
time on and no significant differences between éstimg times were observed. As a
result, it is apparent that shoot development wasted. In addition, root growth was
not only hindered but inhibited throughout the ekpent. This effect was reflected in a
continuous reduction of R:S ratios: 1.5, 1.0, W@ 8.6 after 60, 90, 120 and 150 days
of experiment, respectively. After 150 days, a digant reduction (46%) in root dry
matter was observed, with respect to the first éstimg time. Moreover, alfalfa survival
was severely affected in the co-contaminated sod premature plant death was
manifest. As shown in Figure 3.2, mortality ratemstantly increased over time,
reaching absolute plant mortality at 150 days q@egxnent.

The polluted soil used in this study appeared t@l@rmful environment for alfalfa
plants, leading to serious adverse effects on falfgermination and growth. Seed
germination is known to be a sensitive processctdte by environmental factors like
the presence of soil pollutants (Moosavi et all20Heavy metals are known to inhibit
water uptake by the embryo (Kranner and Colvill@lD) and to cause oxidative stress
after permeation through the seed coat, disruptiegrespiration process (Ko et al.,
2012). Likewise, oil coating the seed may prevexntgen and water uptake and oil
penetrating seed coats may result in the embrythd&aker, 1970). Therefore, these
deleterious processes may explain the observedtiedun alfalfa germination rates in
the present co-contaminated soil. The inhibitionatfalfa germination rates in the
presence of hydrocarbons has already been repattimiver threshold levels by Al-
Ghazawi et al. (2005), who observed a decline %3in alfalfa seeds germination at
500 mg kg diesel or higher, in a filter paper media gernioratest. Similarly, Cr has
been identified as a heavy metal responsible fatfalgermination inhibition (Peralta-
Videa et al., 2002).

Furthermore, alfalfa biomass yield was severelyaot@d by the presence of pollutants.
The present findings seem to be consistent withigus research which found that the
simultaneous presence of Cd, Cu, Ni, and Zn, am§Okg" dry weight (DW)each,
significantly reduced the shoot length of alfalfmyssibly due to a combined stress
exerted by the heavy metal mixture, as this effi@tinot take place in soils individually
contaminated with the heavy metals with more thanrs kg* DW (Peralta-Videa et
al., 2002). Concerning alfalfa sensitivity to pétton hydrocarbons, a previous study
reported that growth of alfalfa seedlings was s&dsand stunted in a soil contaminated
with total petroleum hydrocarbons (TPH) at highelev(31000 mg kg DW) (Kirk et
al., 2005). However, the current study demonstratest alfalfa tolerance to
hydrocarbons is substantially lower since phytatibxiwas manifest at a TPH soill
concentration of 8400 mg KgDW. This discrepancy may be related to the faat th
contaminant concentration alone is not sufficiemtptedict phytotoxicity and other
factors such as the composition of heterogeneotrsl@em hydrocarbon fractions and
soil-hydrocarbon interactions must also be consdiefSalanitro et al., 1997).
Moreover, the simultaneous presence of heavy metether with petroleum
hydrocarbons may add a further contribution to plaricity.
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The calculation of R:S ratios is one indicator taibws to assess the overall plant
health. It appears that alfalfa roots were moresisiga than shoots to the toxic effect
exerted by the co-contaminated soil as demonstiatdatie greater negative impact on
root biomass than on shoot biomass. As a resdtddtrease in R:S ratios stemmed
from a decrease in root biomass and not from arease in shoot weight. It seems
possible that the direct contact between polluteitl and the root surface may have
contributed to the root sensitivity (Kummerova &t 2013). Mechanisms underlying
heavy metal and petroleum hydrocarbon phytotoxioigy be related both to direct
effects on plant physiologye(g. cell membrane disruption, damage of photosynthetic
apparatus) or indirect ones such as, altering tbéodical, chemical and physical
properties of the soil in which plants grow (Baked70; Kabata-Pendias, 2011). Apart
from the primary mechanisms that occurred, it islent that they were intense enough
to produce absolutely lethal effects on alfalfanpdaafter 150 days.

High above ground biomass yield is a requisiteploytoextraction purposes; while the
establishment of a rich root system creates a &bler niche for rhizosphere
microorganisms involved in rhizodegradation. Thet filhat in this study low biomass
yield and high mortality rates were verified, sebgrlimits the use of alfalfa for
phytoremediation purposes of the present soil.

@shoots roots

Dry weight (g pot?)

60 days 90days 120days 150 days

Figure 3.1Biomass of alfalfa
Dry weight (g pot) of shoots and roots. Values are expressed assraestandard deviations of
triplicate measurements. Different letters abowedblumns indicate statistically significant
differences between the data s@ks(05).
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Figure 3.2 Mortality rates of alfalfa
Plant mortality (%) values are expressed as meatantiard deviations of triplicate
measurements. Different letters above the columdisate statistically significant differences
between the data sets<Q.05).

3.3.2. Heavy metals in plant tissues

Table 3.2 shows the data of Cu, Pb and Zn condentsain alfalfa tissues depending
on the experimental time. As can be seen from alwet the extent of plant uptake
varied with metal type. Heavy metal concentrationshoots and roots of alfalfa after
150 days of experiment were in the following ordém:> Pb > Cu and Zn > Cu > Pb,
respectively. Metal contents of all elements warestantially higher in roots than in
shoots. Maximum metal concentration in roots red388.2, 245.8 and 231,7 mgkg
DW for Zn, Cu and Pb, respectively. In shoots, emtiations did not exceed 219.8,
110.6 and 74.8 mg KgDW for Zn, Pb, and Cu, respectively. These resstimw that
heavy metals were mainly accumulated in root tisstevealing, in general, poor metal
translocation from roots to shoots. As shown by défa, Cu and Pb were slightly
translocated (average TFs ranged from 0.31 to @88 Zn was the most translocated
element, presenting an averaged TF value of 0.64demonstrated by the BCF values
of shoots, Cu and Pb were accumulated in alfalféalaparts to equivalent extents.
Average BCF values for these metals ranged frorb @70.81. In contrast, Zn was
accumulated to a greater extent (mainly in the 8i6sdays of experiment) presenting an
average BCF of 1.97. BCF values of roots were clamably higher than those of
shoots. Average BCF values were: 2.03 for Pb, fa68u and 3.09 for Zn.

The uptake of heavy metals by plants varies acogrdo plant species, but soil
characteristics and metal speciation also deterthiagrocess (Kabata-Pendias, 2011).
Soil properties like a high pH value or elevatedamic matter content decrease metal
mobility in soils and as a result their plant ugalGobran et al., 2000). Moreover,
antagonistic effects between metals in multi-metaitaminated soils (Flogeac et al.,
2007) as well as the simultaneous presence of mrgaillutants can decrease plant
uptake of heavy metals in co-contaminated soils étial., 2008).
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TF and BCF were calculated to better evaluate tlogerpial of alfalfa for
phytoremediation purposes. The TF represents thgyatf the plant to transfer the
metals from roots to shoots. In the present stubBlyv@lues were low (always <1),
revealing low mobility of metals towards abovegrduissues, while immobilization of
heavy metals in roots was favored. Qu et al. (20Ele previously reported a similar
pattern of limited heavy metal translocation byaki#, with TF values of 0.40 for Cu,
0.61 for Zn and 0.79 for Pb. Results of the prestatly are also similar to those
previously reported by Qu et al. (2011), althougk tatter study was conducted in
different conditiond.e. a multi-metal contaminated soil, without organallptants. In
addition, BCFs were calculated as indicators of ah#ity of the plant to accumulate
metals in plant tissues from soils. BCF values lodats calculated in this study are
comparable to those previously reported by Qu.gR8ll1), who found BCFs of shoots
of 0.81 for Pb, 1.42 for Cu and 1.81 for Zn. Likewiji they reported higher BCFs of
roots than shoots. The fact that in the presentlystouieavy metals were poorly
translocated and preferentially accumulated inlfalfeots may further support the idea
of an association between high concentration of/yheaetals in roots and increased
phytoxicity affecting plant root biomass, as disadin the previous section.

The phytoextraction ability of a plant relies ore ttotal amount of metal that can be
uptaken, which depends on both, metal concentratigriant harvestable tissues and
plant biomass yield. The fact that heavy metalseweainly accumulated in roots and
the scarce plant biomass obtained, result in nibigigotal heavy metal uptake by
alfalfa, hence low phytoextraction ability. Howeyéhne fact that heavy metals were
accumulated to a certain extent in plant roots (Téwbut high BCF of roots) could lead
to the possibility of phytostabilization of heavyetals, provided that plants were able to
tolerate their presence. Moreover, a vegetativecosth alfalfa species could improve
ecosystem functioning and physicochemical properid the contaminated soil
(Ouvrard et al., 2011; Hamdi et al., 2012).
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Cu Pb Zn

60 d 90d 120d 150d 60d 90d 120d 150d d60 90d 120d 150d
ShOOtS_l 57.4 65.0 48.2 74.8 52.8 71.2 65.5 110.6 212.119.2 1755 164.1
(mg kg™ DW)
Roots 152.3 183.0 218.2 245.8 230.2 137.9 210.7 231.7 333.2 263.9 298.9 315.2
(mg kg* DW)
TF 0.38 0.36 0.22 0.30 023 052 031 0.48 0.64 0.83 0.59 0.52
BCF of Shoots 0.76 0.86 0.63 0.98 0.53 0.71 0.66 1.11 2.16 2.24 1.79 1.67
BCF of Roots 2.00 2.41 2.87 3.23 2.30 1.38 2.11 322. 3.40 2.69 3.05 3.22

DW: dry weight, TF

: translocation factors, BCF: @mcentration factors
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3.3.3. Effect of plants on soil microbiology

Table 3.3shows the experimental data on MPN of aliphatidrbgarbon degraders and
soil lipase activity. Although fluctuating, the gaal trend showed an increase in the
two parameters over the 150-day experimental peboth in planted and unplanted
conditions. The presence of alfalfa plants stinadamicrobial number and activity in
the rhizosphere, as demonstrated by the higheesalhtained in vegetated pots relative
to the unplanted control. However, as the experinoemtinued the plant promoting
effect became less pronounced, as can be correbldogtdecreasing rhizosphere effect
values for MPN enhancement: 3.3, 1.1, 1.6 and fie8 60, 90, 120 and 150 days of
experiment, respectively. A similar tendency wasesbed for lipase enzyme, with
rhizosphere effect values of 1.4, 1.3, 1.1 andé&ftér 60, 90, 120 and 150 days of
experiment, respectively.

Microbial counts of alkane degraders and lipaseviictare soil bioindicators of
hydrocarbon rhizodegradation potential. The MPN gafil aliphatic hydrocarbon
degrading bacteria is a quantitative marker ofgbpulation of microorganisms able to
metabolize aliphatic hydrocarbons (Wrenn and Ven&886). In addition, soil lipase
activity can be a suitable parameter to monitorb@mldegradation in soil, as microbial
enzymatic systems responsible for lipid degradatiay be similar to those involved in
oil decomposition (Margesin et al., 1999). Bothihdicators can be related to the
potential of a soil for hydrocarbon dissipation,ragealed by the positive correlation
between soil hydrocarbon removal and the mentiobexndicators (Wrenn and
Venosa, 1996; Margesin et al., 1999).

Rhizosphere effect values were calculated to adjuthgg magnitude of plant root
influence over the non-planted soil on soil micedlmumber and activity. In accordance
with the present results, a former study has reploat rhizosphere effect value of 5 in
the MPN of hexadecane degrading microorganismalfalfa growing in a hydrocarbon
contaminated soil (31000 mg kW), after 49 days of experiment (Kirk et al., 2D05
They also reported a positive effect of alfalfa dnzospheric total heterotrophic
bacteria and total petroleum degrading bacterimil&ily, a study performed with
alfalfa growing in soils co-contaminated by heawstafs and PAHs showed an increase
in both total and PAH-degrading bacteria populaion the rhizosphere of alfalfa
(Ouvrard et al., 2011). Enhancement of lipase #gtim the presence of plants has been
previously reported as well. Gaskin and Benthaml1l@20observed a significant
stimulation of soil lipase activity in the rhizosgle of Australian grasses growing in
hydrocarbon-contaminated soil, relative to non-vaigel control.

The rhizosphere effect refers to the positive wrfice of plant roots on microbial
population and activity in the rhizosphere (Man@ichiary and Mukerji, 2006). This
effect is mainly the result of rhizodepositiare. the release of organic compounds by
plants, which supplies microorganisms with nutsefNguyen, 2009). In addition, roots
offer mechanical support for the attachment of pvcganisms as well as an
improvement of soil physicochemical propertiesg(aeration), which further benefit
the development of microorganisms in the rhizosplieynch, 1990). The current study
found that as the experiment advanced the rhizesptféect declined. This result may
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be explained by the fact that as time passed playgiology was gradually deteriorated.
This fact was also reflected in a reduction of rbmmass and possibly related to the
accumulation of metals in these tissues. It cas thei hypothesized that alfalfa plants
were able to create a proper niche for the devedmpraf rhizosphere microorganisms
during the first 60 days of experiment. Howevennirthen on phytotoxicity was
manifest and the rhizosphere effect was hindereéréffore it seems that the potential
of alfalfa to enhance rhizodegradation remainstédito the initial phase of plant
development when the rhizosphere effect is evidaedtbefore root phytotoxicity takes
place. Still, these results need to be interpreti¢id caution because in the present study
the residual soil petroleum hydrocarbon concemmnatvas not measured and as a result
the correlation between bioindicators and pollutamoval was not established.

Table 3.3Soil microbial number of alkane degraders andskpactivity

MPN of soil aliphatic degraders Soil lipase activity

Treatment Time (MPN (g soil)") (ng erE)’]if]g)'ls)OIl x 10
60 d (4.3+1.9) x 10 182+ 3
Soli 90 d (1.3+0.2) x 10 505 + 11
120 d (7.1+0.1) x fo 470 + 34
150 d (1.2 +0.6) x o 610 + 16
60 d (1.4 +0.1) x 10 248 + 6
. 90 d (1.4 £0.01) x 10 661 + 15
+
Soil+ Alfalfa o6 ¢ (1.2 + 0.1) xT0 515 + 43
150 d (6.6 £9.7) x 10 633 +57

Values are expressed as means * standard deviafidnplicate measurements.
Initial (prior to planting) MPN of alkane degradédssoil)*: (2.7 + 0.7) x 16 and soil lipase
activity: 399 + 3 1g pNP (g soil x 10 min).

3.4.Conclusions

On the whole, these results suggest that the presainheavy metals and petroleum
hydrocarbons, at the studied concentrations irptksent soil, are probably above the
phytotoxicity threshold for alfalfa restricting piagrowth and survival. Although it
seems possible that the presence of pollutants avdey factor affecting plant
performance, other causes cannot be excluded. dihewdrient state is of significant
relevance for plants to grow healthy. As a resulfriant deficienciesg.g. nitrogen,
phosphorus) may have also resulted in a significaahiction of plant yield and shorten
stand life.

The findings of this study do not support strongoramendations to use alfalfa for
metal phytoextraction. In spite of this, the acclatian of heavy metals in plant roots
could lead to the possibility of phytostabilizatiohmetals in the root zone. Moreover,
the initial concomitant increase in alkane-degrgdmicrobial numbers and lipase
activity in the rhizosphere of alfalfa plants coutbtentially result in enhanced
rhizodegradation of hydrocarbons. In any case andrder to make these approaches
feasible, alfalfa tolerance to contaminants wilvéaao be improved. Future studies
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could assess further amendments to improve thesgsaidture or the use of fertilisers to
provide essential nutrients to plants. Other giatethat could result in increased plant
tolerance are a reduction in the level of soil lhts, bioaugmentation of soil with

plant growth promoting rhizobacteria or even the ofgenetically modified plants.
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Abstract

Enhanced phytoremediation adding biodegradable dments like low molecular
weight organic acids and surfactants is an intergsarea of current research to
overcome the limitation that represents low biokmlity of pollutants in soils.
However, prior to their use in assisted phytoremgai, it is necessary to test if
amendmentgper seexert any toxic effect to plants and to optimibeit application
mode. In this context, the present study asses$sedffects of citric acid and Tween
80 (polyethylene glycol sorbitan monooleate) ondbgelopment of alfalfaMedicago
sativaL.) plants, as influenced by their concentratiowl &requency of application to
evaluate the feasibility for their future use inhanced phytoremediation of co-
contaminated soils. The results showed that ciread negatively affected plant
germination, while it did not have any significagffect on biomass or chlorophyll
content. In turn, Tweéh80 did not affect plant germination and showedead to
increase biomass, as well as it did not have agmjifgiant effect on chlorophyll levels.
alfalfa appeared to tolerate citric acid and TwWe®&0 at the tested concentrations,
applied weekly. Consequently, citric acid and Tw&8fa could be potentially utilized
to assist phytoremediation of contaminated soitgeteted with alfalfa.

Keywords

Soil remediation, heavy metals, organic contammaatfalfa Medicago satival.),
citric acid, Tweefi 80.
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4. Phytotoxicity of citric acid and Tweer?® 80 for
potential use as soil amendments in enhanced
phytoremediation

4 .1.Introduction

Phytoremediation is one of the remediation appresaathich can be used to deal with
inorganic and organic contaminants when they agegnt individually or collectively in
co-contaminated sites (Ouvrard et al., 2011). Inti@dar, phytoextraction and
rhizodegradation are two types of phytoremediatemhnologies that can be employed
together to clean-up contaminated soils with inorga@ontaminants like heavy metals
and organic pollutants such as hydrocarbons (TX2@8).

When dealing with phytoextraction, plants have r@treé role as heavy metals are taken
up by the roots, translocated and accumulatederatiove ground tissues (Salt et al.,
1995). Several processes are involved during metaytoextraction including
mobilization and uptake from the soil, compartmépédion and sequestration within
the root, xylem loading and transport, distributioetween metal sinks in the aerial
parts, and finally sequestration and storage ih dells (Clemens et al., 2002). As a
consequence, heavy metal contaminated media paltgntiould be remediated by
cultivation of plants and harvesting the metal eorihg biomass.

When compared to phytoextraction, plants used imodegradation have a secondary
role in the dissipation of organic contaminantse ftant roots, through the release of
root exudates, provide energy sources that supipergrowth of microorganisms in the
rhizospherei.e. the volume of soil influenced by the root and tbelonizing
microorganisms (Hiltner, 1904). Thus, in rhizodei@gon, the clean-up goal is the
remediation of soils through the degradation ofaarg contaminants by rhizospheric
microorganisms, whose growth is enhanced by pxisates (Kuiper et al., 2004).
Alfalfa (Medicago satival.) exhibits interesting characteristics to be dus@
phytoremediation. It is a fast growing perennighr which leads to high biomass
harvests (Coburn, 1912); it can develop an extensiot system that provides a large
surface for the support of rhizosphere microorgasigKirk et al., 2005), and presents
root nodules with bacteria able to fix nitrogenuy@dmet et al., 1991) allowing alfalfa to
grow in soils with high C/N ratios. Alfalfa has lmedemonstrated to be able to grow in
contaminated media and has been used for the gny&aliation of heavy metals and
organic contaminants. Previous studies have shbaatfalfa can phytoextract heavy
metals such as Cd, Cr, Cu, Ni and Zn (Peralta-Vigteal., 2002). In addition, alfalfa
has been demonstrated to have a role in the retiediaf organic contaminants like
polycyclic aromatic hydrocarbons (PAHs) (Fan et 2008) or organochlorines (Li and
Yang, 2013). Moreover, it has been also studiedtfa phytoremediation of co-
contaminated soils in a short-term greenhouse éwrpat (Ding and Luo, 2005), in a
long-term field experiment (Ouvrard et al., 201X)damore recently, through the
improvement of genetic engineering techniques (ghedral., 2013).
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Still, one of the limitations that may restrict theiccess of phytoremediation
technologies is the low bioavailability of contamms in soils (Evangelou et al., 2007,
Meers et al., 2008). As a result, many researadmgits have been done in order to
increase the ability of pollutants to be transféri®m a soil compartment to plants or
microorganisms to accomplish its accumulation andégradation pathway.

One of the most diffused approaches to increasditievailability of heavy metals to
non-hyperaccumulator plants has been the applicatiachelating agents that increase
metal availability in soil solution to be finallyptaken by plantsi.e. chelate-assisted
phytoextraction (Evangelou et al., 2007; Meerslgt2908). Nevertheless, the use of
synthetic aminopolycarboxylic acids like ethylenamndine tetraacetic acid (EDTA),
which has been widely used to assist phytoextmaatibheavy metals (Lopez et al.,
2005), poses adverse effects due to the poor biadafility, leaching risks and high
toxicity of such compounds (Evangelou et al., 200-9r these reasons, research on
chelate-assisted phytoextraction tends to lookafternative compounds that combine
high biodegradability, low phytotoxicity and chetat strength. In this context, there is
a renovate interest on low molecular weight orgauitis (LMWOAS), whose use as
soil amendments to enhance phytoremediation of yheaetals has already been
reported for many years (Huang et al., 1998). AmahMWOAS, citric acid is a
tricarboxylic acid which has been reported to iaseeboth heavy metal desorption from
soils (Gao et al.,, 2003) and uptake by severaltptpecies (Chen et al., 2003; do
Nascimento et al., 2006; Evangelou et al., 2006gu2ne et al., 2009). However, few
studies assessed the phytotoxic effects of citid an alfalfa and the influence of citric
acid on heavy metal uptake by alfalfa (Qu et &11).

Additionally, surfactant-enhanced phytoremediai®a remediation strategy consisting
in the use of surface active compounds with amplgpthemical structure to increase
the water solubility of organic contaminants andisthmprove the mobility and
biodegradation of pollutants throughout phytoreraBdn (Gao et al., 2007). The
addition of surfactants as amendments to an orgasliated media has been primarily
used to increase bioavailability of hydrophobic pomwnds by enhancing the mass
transfer from the soil solid to aqueous liquid ghabhe main implication of this is to
facilitate the degradation of pollutants princigally microorganisms at the rhizosphere
level (rhizodegradation) and potentially by plathat could take up and metabolize
moderately hydrophobic organic contaminants (phgtwformation) (Dietz and
Schnoor, 2001). Surfactant-enhanced phytoremedi&i@s been primarily used to deal
with organic contaminants like PAHs (Wu et al., 8)0but also to remediate heavy
metal contaminated media (Almeida et al., 2009)panticular, Tweeh 80 is a non-
ionic surfactant that has been shown to increased#ésorption of organochloride
pesticides from soils (Gonzalez et al., 2010), el us plant uptake (Gao et al., 2008)
and removal (Cheng et al., 2008) of PAHs. Thougtle linformation is available
regarding the phytotoxicity of Twe&r80 on alfalfa and if its application affects the
dissipatiorof contaminants in soils vegetated with alfalfa.

Evidence from LMWOA and surfactant-assisted phytwdiation experiments has
shown different effectiveness depending on the gyt concentration of amendments,
strategy of application, type and concentrationpofiutants, plant species and soil
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characteristics (Agnello et al., 2014). In additisdinen using such kind of amendments
it is essential to know if these compounds thenesekxert any toxicity effect toward
the plant species in order to value if they carubed for phytoremediation purposes.
One of the mechanisms by which chelating agentssanfdctants may increase metal
uptake is through root membrane disruption, whadilitates plant-metal accumulation
as a result (Nowack et al., 2006; Evangelou et2@l07). This fact reveals that certain
degree of phytotoxicity at the root level may bguieed for soil amendments to be
effective in this way. However, elevated dosesrméadments may also produce other
adverse phytotoxic effectsd. inhibition of seed germination, hindering of plgnbwth

or alteration of plant physiology), making hardetstablish the limit between desirable
and detrimental phytotoxicity.

In this sense, the aim of the present study waassess the effects of the LMWOA
citric acid and the surfactant TwéeB80 on the development of alfalfa plants, as
affected by their concentration and mode of appboa The outcome of this work is
expected to provide insights regarding the appboastrategy of citric acid and Tween
80 to successively use them as amendments to entld@@hytoremediation of soils
contaminated with heavy metals and petroleum hytbmns, and vegetated with
alfalfa.

4.2. Materials and methods
4.2.1. Chemicals

The tricarboxylic acid citric acid §EzO;, molecular weight: 192 g md| pKay: 3.13,
pKa: 4.76, pKa: 6.40) used in this experiment was purchased f@anlo Erba
Reagents Group (EsO7.H,0O, purity >99.5%). The anionic surfactant Tw&eB0
(polyethylene glycol sorbitan monooleate, 24026, molecular weight: 1310 g md|
critical micelle concentration (CMC): 0.012 mM) wabtained from Sigma-Aldrich
Chemical Co. All the other chemicals usee.(acetone, hydrogen peroxide) were of
analytical grade.

4.2.2. Plants

Alfalfa seeds Kedicago sativd.. v. La Bella Campagnola, purity: 99%, germindpil
85%) were surface disinfected by immersion in 2%)(lydrogen peroxide for 8 min
(Qu et al., 2011). After that, seeds were washeskttimes with sterile water and used
for the pot experiment or for the germination test.

4.2.3. Pot experiment

Disinfected seeds were germinated and seedlingsngiar 14 days in Styrofoam trays.
Subsequently, three seedlings of uniform size veetected and transplanted in each
plastic pot (10 cm diameter, 8 cm height) filledlwi00 g of commercial soil (organic
carbon: 20%, organic nitrogen: 0.4%, organic ma#6fo, undefined mineral fraction)
and formerly lined with a plastic bag to prevenuid loss. Pots were put outdoors and
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received water daily by gentle spraying with tageraThe experiment was performed
from May 28" to July 27" and diurnal temperatures varied between 16-30%Ea(dot
shown). The experimental design included the wetkigtment of pots with a range of
concentrations of citric acid (5, 15, 45 and 90 rhikw" dry soil) or Tweefi 80 (at
0.25, 0.5, 1 and 3 times the CMC). A revision aficiacid-enhanced phytoremediation
experiments showed citric acid concentrations vayyrom 0.5 (Chen et al., 2003) to
62.5 mmol kg dry soil (Evangelou et al., 2006). Although higleencentrations could
not be used during phytoremediation due to phyioityx practical or economic
reasons; a wider range of concentrations was chimseampensate for the lower bulk
density of the used organic commercial soil witepext to a mineral soil, plausible
target of future phytoremediation experiments. &elé concentration for Twe&r80
encompassed several values above and below the @MICh were related to doses
used in previous phytoremediation experiences thithsurfactant (Cheng et al., 2008).
There were chosen weekly applications of amendmeititsthe aim to keep elevated,
stable and effective soil concentrations when agssgsamendment impact on alfalfa,
but considering that such frequency of applicabauld be decreased to make feasible
a phytoremediation approach. The control treatnrentived the same amount of
distilled water instead of the amendments soluti@ash condition was replicated three
times for statistical purposes. Plants were haegesfter 1, 4, 6 and 8 weeks growth
(the different treatments were grown in paralleif every time three days after the
amendment application. Plant parts were separatedroots and shoots. Afterwards,
roots were washed with tap water to remove sotigas and blotted with tissue paper.
Subsequently, the vegetal material was put in trenat 70°C for 3 days (Campbell
and Plank, 1998). Finally, dry weights of shootsl anots were recorded. One day
before the mentioned harvesting times, one plasach pot was removed and its leaves
were used for chlorophyll determination.

4.2.4. Chlorophyll determination

Chlorophyll was extracted from plants and analyzgidg the Arnon method (Pocock et
al., 2004). Briefly, fresh leaf tissue was grindaichilled mortar and pestled in acetone.
The extract was centrifuged to clarify and aftedgardiluted in 80% acetone.
Absorbance of the extract was measured in the rgeeter (Perkin Elmer Lambda 10
UV/VIS Spectrometer) at 663 (Chlorophyll a) and 64 (Chlorophyll b). Total
chlorophyll concentration was calculated accordmghe equations of Arnon (Arnon,
1949; Porra, 2002) and expressed as mg of totatapihyll per g of fresh leaf weight.

4.2.5. Germination test

12 disinfected alfalfa seeds were put in Petrigss{10 cm diameter) covered with filter
paper (Whatman N°42, 90 mm diameter). The expetiahedesign included the
treatment of Petri dishes with solutions of ci@itid at 5, 15, 45 and 90 mM or Twéen
80 at 0.25, 0.5, 1 and 3 times the CMC. Contrattreent consisted of the addition of
distilled water instead of the amendments soluti&a&h condition was replicated three
times for statistical purposes. All the materiatl asolutions used in the case of citric
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acid treatment were sterile in order to avoid macganism contamination, which was
previously observed. Petri dishes were left indaekness at room temperature (23°C)
and germinated seeds were quantified after 24nd&a hours.

4.2.6. Statistical analysis

The experiment was arranged in a completely rangiedndesign. All data reported are
averaged values of three independent replicateta are statistically evaluated by
one-way analysis of variance (ANOVA) and signifitgndifferent means were
assessed by the Tukey's test. Differences betweeatntents were considered
significant at p<0.05. The statistical analysis was accomplisheth ViR software,
version 3.0.2 (R Core Team, 2014).

4.3.Results and discussion
4.3.1. Effects on germination rates

Germination rates of alfalfa in the presence oficiticid at the different tested
concentrations differed significantly from the aaht(Figure 4.1a) and decreased with
increasing concentrations of citric acid. After &4, the germination rate obtained for
control was 92%, while in the presence of citricdaat 5 mM it was 56% and only 6%
at 15 mM. When citric acid was applied at 45 mM legher concentrations the
germination was totally inhibited. These resultdigate that citric acid hinders the
germination of alfalfan a concentration-dependent manner. Similar obsemnstivere
done by Wu et al. (2006), who observed that aceiticc and oxalic acids were toxic to
the germination of cresd €pidium sativun seeds. These authors assumed a seed
germination index of 100% in distilled water andsetved that citric acid at 1.7 mM
reduced the germination index to 37%. MoreoverJioX2.5 mM) and acetic (5 mM)
acids were highly toxic, resulting in a germinatiolex of 8% and 0% respectively.
Likewise, Een et al. (2006) observed that citric acid (5.7 neMposures longer than 48
hours substantially decreased black chelfiypiius avium seeds germination, possibly
due to embryo damage. As well, Lynch (1980), ob=sgihat certain organic acids had
inhibitory effects on seed germination: benzoicdaeind salicylic acids (5 mM)
decreased germination rates of barlelrdeum vulgargto 60% and acetic acid (30
mM) to 77%. In addition, organic acids have shownegative effect on the early
development of seedlings. Cui et al. (2007) peradra seed germination test of zinnia
(Zinnia elegansJacq.) in presence of citric, oxalic and tartasicids at various
concentrations (1.2-9.6 mM). After 7 days, thesgaaoic acids negatively affected the
root length of seedlings and tartaric and oxalitladecreased their shoot length as
well.

Citric acid solutions used in the present germaratest covered a range of pH between
2.1 and 2.8 (n.b.: pH calculation was done by agsgitiat citric acid is deprotonated
once, thus only using Kand considering as negligible Kand Ka). It is likely that
the adverse effect of citric acid on alfalfa geration is due to an increase ifi bns
concentration. This hypothesis is consistent witkevpus results obtained by Ryan et
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al. (1975), who observed a significant decreasalfa@fa germination rates when pH
was below 4.0 using sulfuric acid as acidulantpAt3.0, they reported 30% inhibition,
magnitude which is comparable to that reported:Retéo inhibition for citric acid at 5
mM, i.e. pH 2.8. Although pH decrease could be a majofacdusing the inhibition of
alfalfa germination, a direct effect of citric ad@dnnot be excluded.

By contrast, germination rates of alfalfa in thegemce of Tweéh80 at the different
tested concentrations did not differ significarftigm the control (Figure 4.1b). After 3
days, germination rates were more than 90%, inidigahat Tweefi 80 did not affect
the germination of alfalfa. Comparable results weléained by Cheng et al. (2008),
who evaluated the germination rates of tall whestgrAgropyron elongatuinin a
PAH-contaminated soil amended with Tw8e30 at concentrations up to 100 mg'kg
soil, observing no difference with the control amiotaining germination rates in the
range of 84% to 87%. Moreover, it has been obsethat Tweefi 80 may exhibit
morphogenic properties. Parr and Norman (1964)ietuthe effect of Tweéh 80
(0.01% v/v) on organ development of 4-day-old bafldordeum vulgare seedlings,
finding that Tweefi 80 enhanced the length of coleoptiles, roots @adds by 6%,
30%, and 59% respectively.

To select the most suitable moment to amend dbiseffect of amendments on plant
germination should be considered, which is espgdialportant in the case of annual
crops. In a typical phytoremediation applicatiorthnalfalfa plants would be planted
and allowed to grow promoting the initial estabfent of the root system.
Subsequently soil amendments would be appliedméraiments were applied before
certain plant establishment occurred, they coulddbgraded before producing any
effect. After amendment addition plants would bevasted and allowed to regrow
without any need for replanting, due to the perahnature of alfalfa species. In this
context, the relevance of amendment applicationachpn alfalfa germination rates
could be guestionable. Hence, it could be concéyvtiat during the extended period
that a phytoremediation approach would requirdargmg may be needed, for instance
in case of mortality of established plants. Althbwgcondary, the effect of amendments
on germination rates has also certain implicatiomscerning the inherent reproduction
of alfalfa by seed production. Results from thigpexment show that, although not
recommended, Twe&mB0 could potentially be applied near the sowimgetiwhile for
citric acid, which inhibited the germination of @ffa, it could be necessary to supply it
after the germination of plants. Moreover, this raagh could be convenient to
overcome limitations in the effectiveness of LMWOdse to their rapid biodegradation
in soils. This is consistent with earlier obseroa made by Meers et al. (2004), who
studied the timing application of LMWOA in a caleaus clayey soil vegetated with
maize Zea mayp They tested the effects of several organic agidsascorbic, citric,
oxalic and salicylic acid acids, and Nldcetate) on heavy metal phytoextraction at a
dose of 2 mmol kg soil, applying them to soils 1 day before sowitg.these
conditions they observed no significant increas€dn Cu, Pb and Zn shoot uptake. As
a result, Meers et al. (2004) concluded that it dae better to apply organic acids
soon before harvesting than near the sowing timeoider to overcome the
biodegradation of organic acids.
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Figure 4.1 Germination rates of alfalfa
Alfalfa seeds germinating in the presence of: taicacid (CA) and (b) Tweéh80 (Tw) as a
function of time. Values are average + S.D. (n¥3jlues followed by different letters are
significantly different f<0.05). Lack of letter means no significant diffeze £<0.05) between
treatments and controls.

4.3.2. Effects on biomass production

Biomass of alfalfa shoots and roots increased tirout the 8 weeks that the
experiment lasted, for all the conditions evaluatadicating that the amendments did
not hinder plant growth.

There was no evident effect on alfalfa biomass rmydasing concentrations of citric
acid: the application of citric acid at the testethcentrations did not affect significantly
the biomass of shoots (Figure 4.2a) and roots (Eigu3a) of alfalfa with respect to
controls at any of the harvesting times. Similaity,was observed no significant
difference in the dry matter yield of Indian must#Brassica juncepin the presence of
citric acid at 10 mmol K§ soil (do Nascimento et al., 2006) as well as mmificant
effects orZ. maysand white bearRhaseolus vulgar)shiomass when treated with citric
acid at 5 mmol kg soil (Luo et al., 2005). Furthermore, there aneesa reports in the
literature which support that citric acid could tdoute to alleviate heavy metal stress
on plants, preventing negative effects on plantaiss and growth. In this sense, Gao et
al. (2010) observed that the application of ciicid (20 mmol k@) significantly
improved the biomass of black nightshadg&ol@anum nigrum growing in Cd-
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contaminated soils and Qu et al. (2011) reportetharease in the biomass of alfalfa
treating the heavy metal polluted soil with sodidnydrogen phosphate/citric acid
mixtures. Similarly, Najeeb et al. (2011) foundttbéric acid (2.5 and 5 mM) improved
root dry weight and root morphological characterg (root diameter, surface area and
volume) of mat rushJuncus effus@growth in Cd-contaminated soils. In turn, Jean et
al. (2008) showed that a single or double applicatf 5 and 10 mmol Kycitric acid

to a vegetated soil contaminated with Cr and Nulted in a decrease in root and leaf
biomass oDatura innoxig while at a lower concentration (1 mmolghere were no
significant differences when compared to controldoreover, whatever the
concentration and the application mode to the comated soil, citric acid did not
significantly deteriorate the plant net photosyhtheate. In contrast, other reports
demonstrated that citric acid may produce negasffects on plant biomass and
physiology (do Nascimento et al., 2006; Evangelioale 2006; Duquéne et al., 2009).
It is evident that the effects of citric acid ormpl biomass may vary according to citric
acid concentration and mode of application, plgeicges and soil characteristics. As a
result, it is hard to generalize and predict tfeat$ of citric acid on plants and thus, it
is essential to study the conditions of every palér situation (nature, concentration
and supply frequency of organic acid and also paeties and its nutritional status).
alfalfa is known to be sensitive to soil pH. Thte consequences of citric acid on plant
biomass and physiology can not only be due to tfeeteof citric acidper se but also
because of its influence on soil pH. One of the maesms determining alfalfa
intolerance to soil acidity is mediated by ionstsas Al and Mn. Solubility of these
ions is enhanced as soil acidic conditions increasaining phytotoxic levelse(g.root
extension inhibition) when soil pH is below 5.5 @yaet al., 1992). Although soil pH
measurements were not performed throughout theriexpat, it is likely that the
transient pH decrease subsequent to citric aciditiaddwas not sufficient to
substantially affect alfalfa yield, as no signifitadecrease in alfalfa biomass, with
respect to non-amended control, was observed. idddity, alfalfa nodulation is a
process susceptible to soil pH, in which acidic dibons may alter the symbiotic
interaction between alfalfa and rhizobia bacte8agundo et al., 1998). Even though
the study of the effects of citric acid on plantiesia symbiosis was beyond the scopes
of the present study, it was possible to verifyt thvhen citric acid was applied to the
soil (even at the highest concentration) root natiloih still occurred, as evidenced by
visual inspection of the root system when plantsaviarvested.

Concerning Tweeh80, in general terms its application increasedlfalfshoot (Figure
4.2b) and root (Figure 4.3b) biomass compared totrols. This difference was
statistically significant for shoots when Tw&e80 was applied at &MC and at
CMC for plants harvested after 1 and 4 weeks. éndhse of plant roots, differences
were significant at concentrations abovex@HC for plants harvested after 1 week and
at all the experimental concentrations for plaras/ésted after 4 weeks. After 6 weeks
of experiment, only the application of Tw&e80 at the CMC resulted in a significant
increase of root biomass. It has been previousigatestrated that in the presence of
Tweer? 80 at 8 times the CMC, no significant differencered clover Trifolium
pretensg biomass or phytotoxicity effects were observe@rat2 days of growth in a
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hydroponics study with phenanthrene and pyreneesdpikater (Gao et al., 2008).
Likewise, the application of Twe&80 at concentrations up to 100 mgkspil did not
cause any significant effect on the biomass yield&. elongatun{Cheng et al., 2008).
Concerning the improvement of plant biomass byassaints, Zhu and Zhang (2008)
reported that biologically produced surfactantshsas rhamnolipids (at O€MC or
below) could stimulate the growth of ryegrakslium multiflorun) shoots growing in
phenanthrene and pyrene spiked water. These aythmpssed that the increased root
permeability in the presence of biosurfactants heayl to a more efficient uptake of
nutrients, which could be one of the mechanismsluad to explain such enhancement
in plant biomass yield.
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Figure 4.2 Biomass of alfalfa shoots
Dry weight (g pot) of alfalfa shoots treated with (a) citric acid{)Cand (b) Tweefi 80 (Tw)
as a function of time. Values are average + S.B3\nValues followed by different letters are
significantly different f<0.05). Lack of letter means no significant diffece £<0.05) between
treatments and controls.
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Figure 4.3 Biomass of alfalfa roots
Dry weight (g pot) of alfalfa roots treated with (a) citric acid (Cand (b) Tweeh80 (Tw) as
a function of time. Values are average + S.D. (n¥3)Jues followed by different letters are
significantly different p<0.05). Lack of letter means no significant diffeze <0.05) between
treatments and controls

4.3.3. Effects on chlorophyll content

Leaf chlorophyll content was studied as a paramtieassess plant health in the
presence of the amendments. During the first foeeks, total chlorophyll content.in
alfalfa leaves experienced, on average, 1.24-fuddease from weeks 1 to 4. However,
after one month total chlorophyll content tendeddiminish and by week 8 it was
observed a 33% decrease relative to the chlorogoyltent at week 4. This was the
general behaviour observed, with no distinctiomieen control, citric acid and Tween
80 treatments. A previous study demonstrated diatfa plants under drought stress
suffered a considerable reduction in their chlogdiptontent (Antolin et al., 1995). The
present experiment was performed between May-itl, increasing temperatures as
the study progressed. As a result, the decreashlamophyll content that affected all
the plants after week 4, whatever the treatment w@sld be the result of a moderate
water restriction due to higher ambient temperature

Although certain visual toxicity symptomse. foliar chlorosis in a mottled pattern,
were manifested during the experiment for citriecdareated plants (mainly at the
highest concentration and from week 4 on), this wassreflected in any significant
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difference in the chlorophyll content between citicid and control plants (Table 4.1).
The observed chlorosis could be the expressiomlotes uptake disequilibrium due to
root structure alteration mediated by high levélsiic acid (Evangelou et al., 2006).

It has been demonstrated that surfactants may @&awegative impact on chlorophyll
content. Lewis (1990) reviewed the chronic toxastievels of different surfactants to
algae, which are known to affect not only theirothphyll content but also other
parameters such as growth, protein synthesis, antbgynthesis. Although not fully
understood, the mechanism underlying surfactantitgxwas in general attributed to
the alteration of membrane permeability to nutsesmid chemicals. Similarly, Kirdva

et al. (1992) demonstrated that surfactants of tyijpe 1-alkyl-1-ethylpiperidinium
bromides and 1-alkylpiperidine-N-oxides inhibiteklarophyll synthesis in the green
algae Chlorella vulgaris In turn, Triton (alkyl aryl polyether alcoholsyuréactants
decreased duckweetgmna minoy chlorophyll content to different degrees depegdin
on surfactant structure (Caux et al., 1988). Intesmf this previous experimental
evidence, in the present study Tw8e0 did not cause any significant effect on the
chlorophyll content of alfalfa (Table 4.1). Thissudt could be in accordance with the
observations of Neumann and Prinz (1974), who padd a bioassay with beet roots
showing that, differently from other surfactantsyeerf 80 appeared not to damage cell
membranes, at least at the tested doses (up 86 Q).

Table 4.1Chlorophyll content in alfalfa

Total Chlorophyll (mg g fresh weight)

Treatment

1 week 4 weeks 6 weeks 8 weeks

Control 1.40 +0.25 3.36 +1.00 2.78 +0.62 2.2B#

CA 5 mmol kg' 1.59 + 0.50 4,11 +0.98 2.87 £0.61 2.25+0.81
CA 15 mmol kg' 1.73+0.30 4.05+0.72 2.92+0.35 2.59 +£0.82
CA 45 mmol kg 1.47 +£0.37 2.74 £0.57 3.43+0.48 2.24 £0.52
CA 90 mmol kg' 1.67 £0.38 3.08 +£1.63 271 +0.74 1.66 £0.32
Tw 0.25<CMC 1.53+0.20 3.38 £ 0.54 2.95+0.25 2.31+£0.58
Tw 0.5xCMC 1.50+0.21 3.66 £ 0.65 3.43+0.35 2.35+0.23
Tw CMC 1.21 +0.25 2.78 £0.58 3.02+£0.98 2.45#10
Tw 3xCMC 1.38 +0.20 3.19 +0.54 2.90 + 0.66 2.23+0.56

Values are average *+ S.D. (n=3). There were ndfgignt differences§<0.05) between treatments and
controls.

4.4.Conclusions

The present study was designed to determine teetesf the LMWOA citric acid and
the surfactant Tweéh80 on alfalfa germination rates, plant biomassdpetion and
chlorophyll content, using weekly applications @il amendments and varying their
concentrations.

The results of this study, while preliminary, susfgthat alfalfa can tolerate citric acid
and Tweefi 80 at the tested concentrations, applied onceekw@onsequently, citric
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acid and Tweeh 80 could be potentially utilized as soil amendrsem assist
phytoremediation. In particular, this initial woektablished the base to successively use
these amendments in future experiments of assishgtioremediation of soils co-
contaminated with heavy metalse( Cd, Cr, Cu, Hg, Ni, Pb, Zn) and petroleum
hydrocarbons, and vegetated with alfalfa. Thougtgsibility to apply these soil
amendments in future experiments of assisted péytediation should be interpreted
with caution because the behavierg sorption, half-life) of citric acid and TweBr80
may be considerably different according to soiletypThe findings reported here could
be extrapolated to soils with analogous propertmgjcipally soils with important
proportions of organic matter (Histosols), whosstaetion could be targeted by
assisted phytoremediation. Conversely, extendirgg gresent findings to soils with
diverse characteristics will be difficult and fuethstudies, which take these variables
into account, will need to be undertaken. For ims¢a in future investigations it might
be possible to use distinct soil matrices to tagtgtoxicity of soil amendments.

The present findings may be helpful to understdredimpact of the LMWOA citric
acid and the surfactant TwéeB0 on alfalfa, in terms of phytotoxicity. Neveriass,
defining the most effective combination of dose aindgquency of amendment
application that takes full advantage of phytoreiadoh processes but minimize
undesirable phytotoxicity still represents a gdsllenge.

4.5. Acknowledgements

The authors would like to thank the European Corsimis for providing financial
support through the Erasmus Mundus Joint DoctorBregramme ETeCoS3
(Environmental Technologies for Contaminated Sol&lsils and Sediments) under the
grant agreement FPA n°2010-0009.

114



Chapter 4

4.6.References

Agnello, A.C., Huguenot, D., van Hullebusch, E.[Esposito, G., 2014. Enhanced
phytoremediation: a review of low molecular weigbtganic acids and
surfactants used as amendments. Critical Revielswuronmental Science and
Technology 44, 2531-2576.

Almeida, C.M., Dias, A.C., Mucha, A.P., Bordalo AA. Vasconcelos, M.T.S.D., 2009.
Influence of surfactants on the Cu phytoremediapotential of a salt marsh
plant. Chemosphere 75, 135-140.

Antolin, M.C., Yoller, J., Sanchez-Diaz, M., 19%fects of temporary drought on
nitrate-fed and nitrogen-fixing alfalfa plants. Ri&cience 107, 159-165.

Arnon, D.1., 1949. Copper enzymes in isolated atasts. Polyphenoloxidase Beta
Vulgaris. Plant Physiology 24, 1-15.

Campbell, C.R., Plank, C.O., 1998. PreparationlantTissue for Laboratory Analysis.
in: Kalra, Y.P. (Ed.). Handbook of Reference Methdor Plant Analysis. CRC
Press Taylor & Francis Group, Boca Raton, Flongma,37-49.

Caux, P.Y., Weinberger, P., Carlisle, D.B., 198%siological study of the effects of
Triton surfactants ohemna minorL. Environmental Toxicology and Chemistry
7,671-676.

Chen, Y.X., Lin, Q., Luo, Y.M., He, Y.F., Zhen, S.Yu, Y.L., Tian, G.M., Wong,
M.H., 2003. The role of citric acid on the phytoetration of heavy metal
contaminated soil. Chemosphere 50, 807-811.

Cheng, K.Y., Lai, K.M., Wong, J.W.C., 2008. Effeat$ pig manure compost and
nonionic-surfactant Tween 80 on phenanthrene amdngyremoval from soil
vegetated wittAgropyron elongatumChemosphere 73, 791-797.

Clemens, S., Palmgren, M.G., Kramer, U., 2002. #glavay ahead: understanding and
engineering plant metal accumulation. Trends imP&tience 7, 309-315.
Coburn, F.D., 1912. The book of alfalfa. Historyjtivations and merits. Its uses as a

forage and fertilizer. Orange Judd Company, NewkY or

Cui, S., Zhou, Q.-x., Wei, S.-h., Zhang, W., Cao, Ren, L.-p., 2007. Effects of
exogenous chelators on phytoavailability and tayxiof Pb inZinnia elegans
Jacq. Journal of Hazardous Materials 146, 341-346.

Dietz, A.C., Schnoor, J.L., 2001. Advances in Phgiteediation. Environmental Health
Perspectives 109, 163-168.

Ding, K.Q., Luo, Y.M., 2005. Bioremediation of Cagp and Benzo[a]pyrene-
Contaminated Soil by Alfalfa. Journal of Agro-eronmental Science 24, 766-
770.

do Nascimento, C.W.A., Amarasiriwardena, D., XiBg, 2006. Comparison of natural
organic acids and synthetic chelates at enhandigpextraction of metals from
a multi-metal contaminated soil. Environmental Bdin 140, 114-123.

Duquéne, L., Vandenhove, H., Tack, F., Meers, E&et8n, J., Wannijn, J., 20009.
Enhanced phytoextraction of uranium and selecteavyhanetals by Indian

115



Phytotoxicity of citric acid and TweB80 for potential use as soil amendments in enhénce
phytoremediation

mustard and ryegrass using biodegradable soil amemis. Science of the Total
Environment 407, 1496-1505.

Esen, D., Yildiz, O., Cicek, E., Kulag$., Kutsal, C., 2006. Effects of different
pretreatments on the germination of different walierry Prunus aviumL.)
seed sources. Pakistan Journal of Botany 38, 735-74

Evangelou, M.W.H., Ebel, M., Schaeffer, A., 200&akiation of the effect of small
organic acids on phytoextraction of Cu and Pb femih with tobaccdNicotiana
tabacum Chemosphere 63, 996-1004.

Evangelou, M.W.H., Ebel, M., Schaeffer, A., 200hetate assisted phytoextraction of
heavy metals from soil. Effect, mechanism, toxi@hd fate of chelating agents.
Chemosphere 68, 989-1003.

Fan, S., Li, P., Gong, Z., Ren, W., He, N., 200&nkotion of pyrene degradation in
rhizosphere of alfalfaMedicago sativd..). Chemosphere 71, 1593-1598.

Gao, Y., He, J., Ling, W., Hu, H., Liu, F., 2003fdets of organic acids on copper and
cadmium desorption from contaminated soils. Envitent International 29,
613-618.

Gao, Y., Ling, W., Zhu, L., Zhao, B., Zheng, Q.,0Z0 Surfactant—-Enhanced
Phytoremediation of Soils Contaminated with Hydmopic Organic
Contaminants: Potential and Assessment. Pedosplied®9-418.

Gao, Y., Miao, C., Mao, L., Zhou, P., Jin, Z., SkY., 2010. Improvement of
phytoextraction and antioxidative defense&wmlanum nigruni.. under cadmium
stress by application of cadmium-resistant straid aitric acid. Journal of
Hazardous Materials 181, 771-777.

Gao, Y., Shen, Q., Ling, W., Ren, L., 2008. Upta&k polycyclic aromatic
hydrocarbons byrifolium pretensd.. from water in the presence of a nonionic
surfactant. Chemosphere 72, 636-643.

Gonzalez, M., Miglioranza, K.S.B., Aizpun, J.E.lalsF.l., Pefia, A., 2010. Assessing
pesticide leaching and desorption in soils witHfedént agricultural activities
from Argentina (Pampa and Patagonia). ChemospHerg>3 -358.

Haby, V.V., Rouquette, F.M.J., Davis, J.V., LeonakdT., Evers, G.W., Hons, F.M.,
Reeves, S.A., 1992. Alfalfa Production on Acid, Hd+Region Soils. American
Forage and Grassland Council. Proceedings 6, 265-26

Hiltner, L., 1904. Uber neuere Erfahrungen und Rnole auf dem Gebiete der
Bodenbakteriologie unter beson-derer Bertcksichggder Griindingung und
Brache. Arbeiten der Deutschen LandwirtschaftlicBas-ellschaft 98, 59-78.

Huang, J.W., Blaylock, M.J., Kapulnik, Y., Ensléy,D., 1998. Phytoremediation of
Uranium-Contaminated Soils: Role of Organic AcidsTiriggering Uranium
Hyperaccumulation in Plants. Environmental Sciesucg Technology 32, 2004-
2008.

Jean, L., Bordas, F., Gautier-Moussard, C., Verry,Hitmi, A., Bollinger, J.-C.,
2008. Effect of citric acid and EDTA on chromiumdanickel uptake and
translocation byatura innoxia Environmental Pollution 153, 555-563.

116



Chapter 4

Kirk, J.L., Klironomos, J.N., Lee, H., Trevors, J.R005. The effects of perennial
ryegrass and alfalfa on microbial abundance ancersity in petroleum
contaminated soil. Environmental Pollution 133, 45%5.

Krérova, K., Serdg F., Mitterhauserova, L., Devinsky, F., Krempadk4,1992. Effect
of surfactants on growth, chlorophyll content andl Heaction activity.
Photosynthetica 26, 181-187.

Kuiper, ., Lagendijk, E.L., Bloemberg, G.V., Lugteerg, B.J.J., 2004.
Rhizoremediation: A Beneficial Plant-Microbe Intetian. Molecular Plant-
Microbe Interaction 17, 6-15.

Lewis, M.A., 1990. Chronic Toxicities of Surfactardnd Detergent Builders to Algae:
A Review and Risk Assessment. Ecotoxicology andifenmental Safety 20,
123-140.

Li, Y.Y., Yang, H., 2013. Bioaccumulation and degdgtion of pentachloronitrobenzene
in Medicago sativaJournal of Environmental Management 119, 143-150.

Lépez, M.L., Peralta-Videa, J.R., Benitez, T., Gadorresdey, J.L., 2005.
Enhancement of lead uptake by alfalMeglicago sativausing EDTA and a
plant growth promoter. Chemosphere 61, 595-598.

Luo, C., Shen, Z., Li, X., 2005. Enhanced phytasotion of Cu, Pb, Zn and Cd with
EDTA and EDDS. Chemosphere 59, 1-11.

Lynch, J.M., 1980. Effects of organic acids on ¢feemination of seeds and growth of
seedlings. Plant, Cell and Environment 3, 255-259.

Meers, E., Hopgood, M., Lesage, E., Vervaeke, BckTF.M.G., Verloo, M., 2004.
Enhanced phytoextraction: In search of EDTA alteves. International Journal
of Phytoremediation 6, 95-109.

Meers, E., Tack, F.M.G., Van Slycken, S., RutténsDu Laing, G., Vangronsveld, J.,
Verloo, M.G., 2008. Chemically Assisted Phytoextiat A Review of
Potential Soil Amendments for Increasing Plant Wetaof Heavy Metals.
International Journal of Phytoremediation 10, 394-4

Najeeb, U., Jilani, G., Ali, S., Sarwar, M., Xu,, .Zhou, W., 2011. Insights into
cadmium induced physiological and ultra-structwligbrders inJuncus effusus
L. and its remediation through exogenous citricdadiournal of Hazardous
Materials 186, 565-574.

Neumann, P.M., Prinz, R., 1974. Evaluation of Sudats for Use in the Spray
Treatment of Iron Chlorosis in Citrus Trees Jouwfathe Science of Food and
Agriculture 25, 221-226.

Nowack, B., Schulin, R., Robinson, B., 2006. Catiéssessment of Chelant-Enhanced
Metal Phytoextraction. Environmental Science & Treabgy 40, 5225-5232.

Ouvrard, S., Barnier, C., Bauda, P., Beguiristdin Biache, C., Bonnard, M., Caupert,
C., Cébron, A., Cortet, J., Cotelle, S., Dazy, Maure, P., Masfaraud, J.F.,
Nahmani, J., Palais, F., Poupin, P., Raoult, Nssdar, P., Morel, J.L., Leyval,
C., 2011. In situ assessment of phytotechnologiesfulticontaminated soil
management. International Journal of PhytoremeahalB, 245-263.

Parr, J.F., Norman, A.G., 1964. Effects of Nonio8iarfactants on Root Growth and
Cation Uptake. Plant Physiology 39, 502-507.

117



Phytotoxicity of citric acid and TweB80 for potential use as soil amendments in enhénce
phytoremediation

Peralta-Videa, J.R., Gardea-Torresdey, J.L., GorBezTiemann, K.J., Parsons, J.G.,
Carrillo, G., 2002. Effect of mixed cadmium, coppaickel and zinc at different
pHs upon alfalfa growth and heavy metal uptake.ifenmental Pollution 119,
291-301.

Pocock, T., Krol, M., Huner, N.P.A., 2004. The detmation and quantification of
photosynthetic pigments by reverse phase high-padoce liquid
chromatography, thin-layer chromatography, and tsppliotometry. Methods
in Molecular Biology 274, 137-148.

Porra, R.J., 2002. The chequered history of theeldpment and use of simultaneous
equations for the accurate determination of chloytip a andb. Photosynthesis
Research 73, 149-156.

Qu, J., Lou, C., Yuan, W., Wang, X., Cong, Q., Wang 2011. The effect of sodium
hydrogen phosphate/citric acid mixtures on phyt@éiation by alfalfa &
metals availability in soil. Journal of Soil Scienand Plant Nutrition 11, 85-95.

R Core Team, 2014. A Language and Environment fiatisiical Computing. R
Foundation for Statistical Computing, Vienna, Aisstr

Ryan, J., Miyamoto, S., Stroehlein, J.L., 1975.eEfffof Acidity on Germination of
some Grasses and Alfalfa. Journal of Range Manage?® 154-157.

Salt, D.E., Blaylock, M., Kumar, N.P.B.A., DushenrkdV., Ensley, B.D., Chet, I,
Raskin, I., 1995. Phytoremediation: A novel strgtégy the removal of toxic
metals from the environment using plants. Natudgihnology 13, 468-474.

Segundo, E., Martinez-Abarca, F., van Dillewijn, Boto, M.J., Toro, N., 1998.
Meliloti-Alfalfa Symbiosis in Acidic Conditions. in: Elmeh, C., Kondorosi,
A., Newton, W.E. (Eds.). Biological Nitrogen Fixati for the 21st Century.
Springer Netherlands, p. 517.

Truchet, G., Roche, P., Lerouge, P., Vasse, J.,uGa&, De Billy, F., Promé, J.-C.,
Dénarié, J., 1991. Sulphated lipo-oligosaccharigaass of Rhizobium meliloti
elicit root nodule organogenesis in alfalfa. Nat8sd, 670-673.

Tsao, D., 2003. Overview of Phytotechnologies.Tisao, D. (Ed.). Phytotechnologies.
Springer-Verlag, Heidelberg, pp. 1-50.

Wu, N., Zhang, S., Huang, H., Christie, P., 2008h&hced dissipation of phenanthrene
in spiked soil by arbuscular mycorrhizal alfalfandmned with a non-ionic
surfactant amendment. Science of the Total Enviemir894, 230-236.

Wu, Q.-t.,, Deng, J.-c., Long, X.-x., Morel, J.-Bchwartz, C., 2006. Selection of
appropriate organic additives for enhancing Zn &ul phytoextraction by
hyperaccumulators. Journal of Environmental Scierié; 1113-1118.

Zhang, Y., Liu, J., Zhou, Y., Gong, T., Liu, Y., W@ J., Ge, Y., 2013. Enhanced
Phytoremediation of Mixed Heavy Metal (Mercury)-@nijc Pollutants
(Trichloroethylene) with Transgenic Alfalfa Co-ergsing Glutathione S-
Transferase and Human P450 2E1. Journal of HazarMaterials 260, 1100-
1107.

Zhu, L., Zhang, M., 2008. Effect of rhamnolipids the uptake of PAHs by ryegrass.
Environmental Pollution 156, 46-52.

118



Chapter 5

Citric acid - and Tweer? 80-
assisted ytoremediation of co-
contaminated soil vegetated wh

alfalfa

This chapter has been submitted Eovironmental Science and Pollution Research
journal for publication as an original researchgrap

Agnello, A.C., Huguenot, D., van Hullebusch, E.Bsposito. Citric acid- and Twe&n
80-assisted phytoremediation of multi-contaminatealls vegetated with alfalfa
(Medicago sativd..)



Citric acid- and Tweeh80-assisted phytoremediation of co-contaminatéidvegetated with alfalfa

Abstract

The present study assessed the phytoremediati@mtgadtof alfalfa Medicago sativa
L.) in a co-contaminated.€. heavy metals and petroleum hydrocarbons) soilthad
effects of citric acid and Twe&80 (polyethylene glycol sorbitan monooleate), apli
individually and combined together, in the phytoeshation process. The results
showed that alfalfa plants could tolerate and gima co-contaminated soil. Over a 90-
day experimental time, shoot and root biomass as@é and negligible plant mortality
occurred. Heavy metals were uptaken by alfalfa tonéted extent, mostly by plant
roots and their concentration in plant tissues viretbe following order: Zn > Cu > Pb.
The alfalfa rhizosphere effect was manifest, enimgnboth the microbial population
(alkane degraders) and activity (lipase enzymedh whizosphere effects of 28.1 and
2.0, respectively, after 90 days. Soil amendmenrdsndt significantly enhance plant
metal concentration or total uptake. By contrase tombination of citric acid and
Tweer? 80 significantly improved alkane degraders (5.2Hahcrease) and lipase
activity (1.0-fold increase) in the rhizosphere ahended plants, after 30 days of
experiment. This evidence supports the phytoreniedigotential of alfalfa species to
promote the remediation of heavy metal and hydimrarco-contaminated soils and the
possibility to enhance the phytoremediation prodessugh the joint application of
citric acid and Tweeh80.

Keywords

Soil remediation, heavy metals, hydrocarbons, falf@edicago sativa..), citric acid,
Tweerf 80.
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5. Citric acid- and Tween® 80-assisted
phytoremediation of co-contaminated soil vegetated
with alfalfa

5.1.Introduction

In France, major pollutants in terms of occurrendeund individually or in
combination) are heavy metals.¢. As, Cd, Co, Cr, Cu, Hg, Ni, Pb or Zn) and
petroleum hydrocarbons, impacting 63% and 26% ehém affected sites, respectively
(BASOL, 2014). Such pollutants pose serious riskthito human health and the
environment and it is not uncommon that they aes@mt as mixtures of inorganic and
organic contaminants in co-contaminated soils. éfeyhediation is a green remediation
approach based on the use of plants to removetaoltufrom the environment or to
render them harmless (Salt et al., 1998; McCutclewh Schnoor, 2004). Plant-based
technologies can target both inorganic and organitutants and in recent years, an
increasing interest to study the phytoremediatibrcacontaminated soils emerged
(Ouvrard et al., 2011; Chigbo et al., 2013; Hecletnal., 2013; Sung et al., 2013). In
particular, the combination of phytoextraction ahtzodegradation processes can be
employed together to clean-up co-contaminated .sBlg/toextraction is among the
phytotechnologies used for heavy metal remediatind involves: metal uptake by
plant roots, translocation of metals from rootshoots and finally metal accumulation
in the above ground tissues (Salt et al., 19953 dutition, rhizodegradation is one of the
mechanisms involved in organic contaminant phyt@eiation, through the so-called
rhizosphere effectin which plant root exudates enhance rhizosphmierobial
population and activity, thereby improving the nitizsm of organic pollutants (White
and Newman, 2011). One of the main constraints dring the success of
phytoextraction and rhizodegradation is low biokklity of pollutants. To overcome
this limitation, amendment-enhanced phytoremeduaigoone of the strategies that has
been used (Evangelou et al., 2007; Meers et aQi8)20onsisting in the addition of
appropriate amendments to vegetated soils. Thibystill principally focus on two
types of soil amendments: low molecular weight argaacids (LMWOAs) and
surfactants.

LMWOASs are biodegradable compounds that possebsxyic functional groups with
chelating ability, which increases the bioavailépibf heavy metals (Huang et al.,
1998). In addition, LMWOAs have been describedrtorease the bioavailability of
organic compounds as well (White et al., 2003; @&&al., 2010c). Among LMWOAs,
citric acid has been particularly studied. It hasrreported to increase soil desorption
of heavy metals like Cu, Cd and Pb as well as tapoce their uptake by several plant
species (Chen et al., 2003; Gao et al., 2003; Qc@ret al., 2005; do Nascimento et al.,
2006; Qu et al., 2011). Similarly, citric acid enbad soil desorption of organics like
PAHs and organochlorine pesticides, and even thait uptake (White et al., 2003; An
et al., 2010; Gao et al., 2010b; Gao et al., 200Mittpn et al., 2012).
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Surfactant-enhanced phytoremediation consists @ dpplication of surfactants as
amendments. Surfactants present an amphiphilic ichéstructure, which can increase
the water solubility and bioavailability of hydroghic compounds improving their
phytoremediation (Pletnev, 2001; Gao et al., 20@&fhough surfactants have been
mostly used to increase desorption and bioavaitalf organic contaminants (Gao et
al., 2006; Wu et al., 2008), they may also infltmheavy metal bioavailability through
the formation of complexes, micelles and ion exgeaprocesses (Mulligan et al., 2001;
Pacwa-Plociniczak et al., 2011). In particular, W&80 (polyethylene glycol sorbitan
monooleate) is a non-ionic surfactant that has lseéemwn to increase soil desorption of
organochloride pesticides (Gonzalez et al., 20&8)well as to enhance plant uptake
(Gao et al., 2008) and removal (Cheng et al., 200®AHs, and facilitate removal of
hydrocarbons from soils (Adetutu et al., 2012). btver, Tweefi80 has been recently
used to assist the phytoremediation of soils cdasomated with Cd and
benzo[a]pyrene (Sun et al., 2013).

LMWOA and surfactant-assisted phytoremediation @rpents have demonstrated a
variable effectiveness, showing the importancetddyseach particular system, as it is
difficult to generalize and predict results (Agoe#t al., 2014). Phytotoxity of citric
acid and Tweeh 80 in a non-contaminated soil has been previouslyessed
demonstrating that these amendments could be patgntused to assist
phytoeremediation (Agnello et al., In Press). Hogrewno previous research has studied
the influence of citric acid and/or TweéerB0 on the phytoremediation of co-
contaminated soils vegetated with alfalfde{dicago sativa..). This species has been
subject to phytoremediation studies because iteptesseveral favourable traits. It is a
fast growing perennial plant, able to develop haglove ground biomass and an
extensive root system that serves as a niche ferdiévelopment of rhizosphere
microorganisms (Coburn, 1912; Kirk et al., 2005)orkbver, the presence of root
nodules with nitrogen fixing bacteria allows altatb grow in soils with high C/N ratios
(Truchet et al., 1991). Several studies have redditte potential use of alfalfa species
in the phytoremediation of heavy metals such as@dCu, Ni and Zn (Peralta-Videa
et al., 2002; Peralta-Videa et al., 2004; Bonfraobe et al., 2009) and organic
contaminants like petroleum hydrocarbons (Wiltseakt 1998; Kirk et al., 2002),
polycyclic aromatic hydrocarbons (PAHs) (Fan et 2008) or organochlorines (Li and
Yang, 2013). However, only few studies have ingsgéd the use of alfalfa in the
phytoremediation of co-contaminated soils (Ding &nd, 2005; Ouvrard et al., 2011;
Zhang et al., 2013).

The present study has two primary aims. Firstly,agsess the phytoremediation
potential of alfalfa to remediate soils contamidat@th heavy metals and petroleum
hydrocarbons. Secondly, to evaluate the effectsdifidual and combined applications
of citric acid and Tweéh80 on the phytoremediation process. Different patans
were examined such as plant biomass and heavy metalentration to evaluate
phytoextraction, and the number of alkane degraderd soil lipase activity, to
indirectly assess rhizodegradation. Phytoremedigiarameters were also calculated.

122



Chapter 5

5.2.Materials and methods
5.2.1. Chemicals

The tricarboxylic acid, citric acid @EsO;, molecular weight: 192 g md), used in this
experiment was purchased from Carlo Erba ReagentsipG(GHsO;.H.O, purity
>99.5%). The anionic surfactant Tw&e0 (polyethylene glycol sorbitan monooleate,
CeaH124006, molecular weight: 1310 g mdl critical micelle concentration (CMC):
0.012 mM) was obtained from Sigma-Aldrich Chemi€al. All the other chemicals
used were of analytical grade.

5.2.2. Soil origin and properties

Soil samples were collected from a French urbaa aftese to a fuel station with a
history of contamination by heavy metals and petrol hydrocarbons, mostly diesel.
Samples were taken with a drill auger, which alldvemllecting soil from different
depths between 0 and 100 cm. The different soditivas were mixed unequally as it
was technically not possible to ensure the mixifgsails from different depths in
equivalent proportions. For this study, this sedr{dage ¥was sieved to pass through a
6 mm mesh and homogenized. To limit the level ofupants in order to improve
alfalfa performance, the contaminated soil was ohi@el w/w) with soil from the same
site but characterized by negligible hydrocarbontamination §ondage B Before
mixing, this soil was sieved through a 2 mm mestle@ed chemical and physical
properties of the 1:1 w/w mix of both soilsofidage 3/¥are presented in Table 5.1.
Physicochemical characterization of soil samples vp&rformed by an external
laboratory: ALcontrol Laboratories. ALcontrol is aiedited by the Cofrac (Comité
francais d’accréditation) and by the RvA (Raad vAocreditatie) under number L028,
in accordance with the criteria of laboratory asay SO / IEC 17025:2005. All their
services are performed in accordance with theireggnconditions, registered under
KVK number 24265286 at the Rotterdam Chamber of @ence, Netherlands.
Analysis are performed in accordance with Frenahddrds (NF: Norme frangaise), the
Dutch Standards Institute (NEN: Nederlands Normasiksinstituut) and the
International Organization for Standardization (JS@he following analyses were
performed: actual soil pH (NF ISO 10693), catioheange capacity (NF X 31-130),
organic carbon and organic matter (NF ISO 1423%gal hitrogen (sum of N Kjeldahl,
NO, and NQ'internal method, NEN 6604), C/N ratio (calculatedtlae ratio between
the content of organic carbon and total nitrog@Qs (Joret-Hebert method, NF X 31-
161), KO, MgO and CaO (NF X 31-108), DTPA (diethylenenrine pentaacetic acid)
available fraction of Fe and Mn (NF X 31-121), wadgailable fraction of B (NF X 31-
122), soil texture (NF X 31-107), content of As,,Q, Cu, Pb, Ni and Zn (internal
method: destruction in accordance with NEN 696X lyais in accordance with ISO
22036), content of Hg (NEN 6950, destruction incaidence with NEN 6961, analysis
in accordance with NEN-ISO 16772), petroleum hydrbon fractions: ¢-Cio Cio-
Ci6 Ci6-Co1and G;-Cyo (internal method: acetone, hexane extraction fipation and
analysis by GC-FID) and TotalCaso (Equivalent to NEN-EN-ISO 16703).
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This mix was used for the pot experiment as alfatih exhibited high germination

rates in the 1:1 w/w mix (data not shown).

Table 5.1Chemical and physical properties of the ssilndage 3/%

Agronomic Parameters

pH (H,0) 8.1
Cation Exchange Capacity at soil pH (ciia™* DW) 10.7
Organic Matter (g kg DW) 49
Organic Carbon (g kKgDW) 28.3
Total Nitrogen (mg kgDW) 640
C/N ratio 44
P,0s (g kg' DW) 0.10
K,0 (g kg DW) 0.09
MgO (g kg' DW) 0.12
CaO (g kg' DW) 9.63
Fe* (mg kg' DW) 116
Mn* (mg kg' DW) 19.5
B* (mg kg* DW) 0.71
Sand (%) 82.6
Silt (%) 12.5
Clay (%) 4.9
Heavy Metals (mg KgDW)
As 7.4
Cd 0.36
Cr <10
Cu 87
Hg 1.0
Pb 100
Ni 8.7
Zn 110
Hydrocarbons (mg kgDW)

Ci0Ci2 130
Ci12Cis 1100
Ci6Co1 1600
C21-Cao 830
Total Qo‘C40 3600

DW: dry weight
* DTPA (diethylenetriaminepentaacetic acid) extiaact

5.2.3. Plants

Alfalfa seeds Medicago sativd.. v. La Bella Campagnola, purity: 99%, germindipil

85%) were surface disinfected by immersion in 2%)(lydrogen peroxide for 8 min
(Qu et al., 2011), in order to avoid the additidmon-indigenous microorganisms to
the system. Then, seeds were thoroughly rinsee timmees with sterile water and used
for the pot experiment.
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5.2.4. Growth chamber experiment

Disinfected alfalfa seeds were sown in a commesgodl(organic carbon: 20%, organic
nitrogen: 0.4%, organic matter: 40%, dry mattertenh 58%), where seedlings grew
for 30 days in a growth chamber (Sanyo Versatileifenmental Test Chamber MLR-
352. Growth conditions: photoperiod of 16 h light22 °C and 8 h dark at 18 °C,
photosynthesis photon flux density (PPFD) of 1880l m? s%). Subsequently, six
seedlings of uniform size were selected and tramspdl in plastic pots (10 cm
diameter, 8 cm height) filled with 200 g of the Isonder study. Previous research
showed that tolerance of alfalfa plants towardsvhaaetals is positively correlated
with the plant age (Peralta-Videa et al., 2004). fhis reason, in the present study,
seedlings where transplanted to the polluted gogtafter growing for 30 days in the
commercial soil.

Pots containing the transplants were put in thevtirochamber (same conditions as
stated above) and received water daily by gentlewyspy with tap water. The
experimental design included the fortnightly treaintnof pots with citric acid (CA: 15
mmol kg* dry soil), Tweefi80 (Tw-80: 0.036 mmol K§dry soil), or the combination
of citric acid and Tweéh80 (CA+Tw-80: 15 and 0.036 mmol kgdry soil,
respectively). Selected concentrations have beemdstrated to be well tolerated by
alfalfa (Agnello et al., In Press) and they areated to those found in the literature
(Quartacci et al., 2005; Gonzalez et al., 2010)eAdments were applied fortnightly in
order to keep the concentrations in soil stable effieictive while minimizing plant
damage or environmental impact. Controls of ungldrand planted (C) soil received
the same amount of distilled water instead of ther@dments solutions. The location of
pots was randomly changed daily (within the samelfsiind also between different
shelves in the growth chamber). Each conditioretarh harvesting time was performed
in triplicate pots. Plants in every single pot the corresponding condition (vegetated
pots used as control or amended with citric acidedif 80, or the combination of
citric acid and Tweéh 80) were harvested after 30, 60 and 90 days ofthrin the
polluted soil (the different treatments were groimnparallel), every time three days
after amendment application. Plants were removau foots, and roots and shoots were
separated. Roots were washed with distilled wategemove soil particles and blotted
with tissue paper. The plant material was put endkien at 70°C for 3 days (Campbell
and Plank, 1998) and dry weights of shoots andsra@tre recorded. Soil was sampled
at the same harvesting times and kept at 4 °C tuntiher analyses. In the case of
vegetated pots, rhizosphere soil samples were tdkemder to collect rhizosphere sail,
plant roots were vigorously shaken by hand, taleéage of the roots integrity. The
external soil not attached to roots was removedevthe soil in the immediate vicinity
of roots was kept for the analyses.

5.2.5. Analyses of heavy metal content in plants

Prior to elemental analyses, dried plant materiak wet digested as described by
Campbell and Plank (1998). Briefly, plant matenias digested with 5 ml concentrated
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nitric acid and 2 ml 30% hydrogen peroxide in aegigpn block (LabTech DigiBlock
Digester ED16S) at 125 °C for 1h. Heating cycles laydrogen peroxide addition were
repeated three times to obtain a clear digest.ehwve residual particles, mineralized
samples were filtered through cellulose filtersrépsize 2.5:m) and brought to a final
volume of 50 ml. Samples were additionally filterddough nitrocellulose syringe
filters (pore size 0.4m) and stored at 4 °C until heavy metals were amalyby
Inductively Coupled Plasma-Optical Emission Speugtry (PerkinElmer Optima 8300
ICP-OES Spectrometer). Cu, Pb and Zn were analgizéte respective wavelengths of
324.752 nm, 220.353 nm and 213.857 nm.

5.2.6. Soil microbiology
5.2.5.1. Number of aliphatic hydrocarbon degraders

Aliphatic hydrocarbon degraders were counted by miost-probable-number (MPN)
method described by Wrenn and Venosa (1996), uS@wvell microtiter plates.
Bushnell-Haas medium supplemented with 2% NaCl wsesl as the growth medium
(180 ul per well) and n-hexadecane (b per well) was added as the selective growth
substrate. 10-fold serial dilutions were perfornfireain a suspension of 1 g of fresh saill
and 10 ml of 0.1 % sodium pyrophosphate (pH 7.5) @& NaCl. Plates were
inoculated by adding 2@ of the dilutions from 18 to 107, in 5 replicates. Microplates
were incubated for 2 weeks at room temperature.enAfirds, 50 ul of
iodonitrotetrazolium violet (INT, 3 g) were added to identify positive wells in which,
INT is reduced to an insoluble formazan that ddpastracellularly as a red precipitate.
The scoring was done after incubating overnighh NT at room temperature. MPN
of alkane degraders per g of soil was calculatedraing to Briones Jr. and Reichardt
(1999).

5.2.5.2. Soll lipase activity

Soil lipase activity was measured through the awletric method described by
Margesin et al. (2002). 0.1 g of fresh soil was edixwith 5 ml 100 mM
NaH,POy/NaOH buffer, pH 7.25, and pre-warmed at 30°C forin. 50ul of substrate
solution (100 mM p-nitrophenyl butyratpNPB) in 2-propanol) were added and tubes
were incubated at 30°C for 10 min. To stop thetreacthe tubes were cooled for 10
min on ice. Tubes were centrifuged at 2000 g fanih and the absorbance of the
released p-nitrophenoplP) in the supernatants was measured spectrophticatig
(PerkinElmer LAMBDA 10 UV/Vis Spectrophotometer) 420 nm against the reagent
blank. A standard solution @NP (100pg pNP mI™* phosphate buffer) was used to
prepare a calibration curve in the presence of boibrder to measure thgNP released
from the substrate, a control was prepared witlsmilt After subtracting the control
reading (hydrolysis in absence of soil) from thengke reading (hydrolysis in presence
of soil), soil lipase activity was calculated angreessed agg pNP (g soil x 10 min}.
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5.2.7. Phytoremediation parameters

To evaluate the performance of metal phytoextractie following parameters were
considered: a) plant biomass, b) metal concentrahoplant tissues, c) translocation
factors (TF) calculated as the metal in shootshtorhetal in roots ratio and d) total
metal uptake per pot, calculated as the produtheinetal concentration in plant parts
by the plant biomass per pot.

Concerning the potential of rhizodegradation, thieasphere effedte. the influence of
the plant over the non-planted soil, was evaludtgdalculating the ratios: MPN of
rhizosphere soil/MPN of non-planted soil and sipidée activity of rhizosphere soil/soil
lipase activity of non-planted soil.

5.2.8. Statistical analysis

The experiment was arranged in a completely rangieandesign. All data reported
were averaged values of three independent repdicaleeatment effects were
statistically evaluated by one-way analysis of amace (ANOVA) and multiple
comparisons of means by Tukey contrasts. Differeveere considered significant at
p<0.05. The statistical analysis was accomplisheith \® software, version 3.0.2 (R
Core Team, 2014).

5.3. Results and discussion
5.3.1. Plant growth and response to soil amendments

Immediately after transplanting alfalfa seedlingstihe contaminated soil, all plants
survived and at 90 days plant mortality was only @ (data not shown). This is in
accordance with previous evidence, where tolerah@falfa plants to Cd, Cu and Zn
(at 480, 575, 775 mg Kgdry soil, respectively) was demonstrated to beitpety
correlated with the growth stage (Peralta-Videal €2004).

As shown in Figure 5.1, from 30 to 90 days there aasignificant increase in plant
biomass for all the experimental conditions, and #émhancement was greater for roots
than for shoots. There was a 1.5, 1.1, 0.8 andoldlincrease in shoot dry weight for
control, citric acid, Tweeh80 and the combined treatment, respectively, wisefea
roots the fold increases were: 3.2, 2.1, 2.1 aBdraspectively. Throughout the 90 days
of the experiment, alfalfa growth was not hindeaed! both above and below ground
biomass progressively increased.

Previous studies have demonstrated that alfalfa geow in soils individually
contaminated with heavy metals at more than 50 gigcky soil (Peralta et al., 2001a;
Peralta et al., 2001b). One of the mechanisms we¢bin alfalfa heavy metal tolerance
may be related to the expression of metallothiane®. metal-binding ligands in plant
cells that prevent metals from binding to physiadally important functional groups
(Wang et al., 2011). In contrast, it has been oleskthat when heavy metals (Cd, Cu,
Ni, and Zn) were present in a mixture (at 50 mg kgch) they exerted combined stress
and affected the shoot length of alfalfa (Peralided et al., 2002).
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Regarding alfalfa tolerance towards petroleum hgaroons, Kirk et al. (2002)
documented an hormesis resporise the stimulation of plant growth at low levels of
contamination) in alfalfa grown in 10000 and 1500 kg* hydrocarbon-contaminated
soils. However, at higher levels of soil petrolebgdrocarbon contamination (31000
mg kg") alfalfa could still germinate but growth of sdeds was stressed and stunted
(Kirk et al., 2005). It seems possible that higlels of petroleum hydrocarbons exert a
negative effect on alfalfa, directly affecting pigrhysiology or indirectly, altering the
physical and chemical properties of the soil wh#aats are developing.

Alfalfa tolerance to pollutants is currently welb@imented in the literature for a
remarkable variety of inorganic and/or organic eomhants (Wiltse et al., 1998;
Peralta-Videa et al., 2002; Fan et al., 2008; Ild aang, 2013). Likewise, the present
results provide further support for the phytoreragdn potential of alfalfa, extending
the ability of this species to grow in the simuétans presence of heavy metals and
petroleum hydrocarbons at the studied concentrstiarihich seem to be below the
phytotoxicity threshold for alfalfa. In addition,igh above ground biomass is an
important feature for phytoextraction purposes;l&an abundant root system creates a
rich environment for the development of microorgams involved in rhizodegradation.
The effect of amendments on alfalfa biomass, waigpect to the control, varied with
time. After 30 days, no treatment influenced plaiomass. However, from 60 days on,
it was observed that Twe®B0 negatively affected plant biomass; and thiscefieas
significant for both shoots and roots at 60 daysl amly for roots at 90 days.
Interestingly, this negative effect on plant biosyappeared to be counteracted by the
joint application of Tweeh 80 and citric acid. In the presence of the combined
treatment (or citric acid alone) there was no digant decrease in plant biomass. In a
previous short study in non-contaminated soils @lgnet al., In Press), it was
observed that Twe&®B0 did not negatively affect alfalfa biomass aneréhwas even a
trend to increase it. It was hypothesized thatesti@ints could increase root permeability
resulting in a more efficient uptake of nutriesich would explain the positive effect
on plant biomass (Zhu and Zhang, 2008). Howevecpintaminated soils, the increase
in root permeability mediated by TweéeB0 could lead contaminants to exert plant
toxicity, negatively affecting plant growth as asu#. Nevertheless, the chelating
properties of citric acid could prevent the toxiaitf such contaminants, as reflected by
the non-negative impact on plant biomass, in thesgmce of the organic acid. This
observation is supported by previous studies, whitddwed that citric acid could have a
role in alleviating heavy metal stress on plantaq@t al., 2010a; Najeeb et al., 2011;
Qu et al.,, 2011).
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Figure 5.1 Biomass of alfalfa
Dry weight (g pot) of shoots and roots in not amended pots (C) ambis treated with citric
acid (CA), Tweef 80 (Tw-80) or citric acid and Twe®®0 (CA + Tw-80). Values are
expressed as means + standard deviations of &iplimeasurements. The symbol * indicates
that mean values are significantly different betveentrol and amended treatment at a definite
time (p<0.05).

5.3.2. Phytoextraction performance

Figure 5.2 shows the data of Cu, Pb and Zn coratoris in alfalfa tissues depending
on the treatment and experimental time. Heavy noetatentrations in shoots and roots
of control alfalfa after 90 days of experiment wbetow 100 mg kg DW (dry weight)
and in the following order: Zn > Cu > Pb. Plant atetoncentrations obtained in the
current study were considerably lower than thopented formerly by Peralta-Videa et
al. (2002), who observed a lack of specificity foetal uptake by alfalfa and found that
at least 100 mg kgDW of Cu and Zn were present in the shoot tissdiedfalfa plants
growing in a multi-metal freshly spiked soil. Thenee several possible explanations for
the lower plant metal concentration reported heranly related to the soil used in this
study. Firstly, the ageing effect due to chronidyimn may lead to poor bioavailability
of heavy metals to plants in aged soils with respeca freshly spiked one (Bruus
Pedersen et al., 2000; Chigbo and Batty, 2013) therqossible explanation is that the
presence of hydrocarbons impairs the mobility ofatselimiting their bioavailability in
soils. Simultaneous occurrence of hydrocarbonsheag’y metals in soil can negatively
affect metal uptake and accumulation by plantsuggported by a previous study which
showed that the ability of Cu phytoextraction byizeawas inhibited under co-
contamination of pyrene (Lin et al., 2008). Finalmulti-metal contaminated soils
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consists of a complex matrix where metals intevattt each other influencing, in turn
plant metal uptake. These metal interactions mayltrén additive or synergistic effects
if the sorption capacity of metals in the mixtuextbases due to a competitive process.
However, antagonistic effects between metals hiseeleeen described (Alloway, 1995;
Luo and Rimmer, 1995; Flogeac et al., 2007; Braretial., 2012).

Among the amendments, citric acid did not havegaiicant effect on heavy metal
plant concentration relative to control. Althoughiop evidence demonstrated that
sodium hydrogen phosphate/citric acid mixtures @oethhance the phytoextraction
efficiency of heavy metals (As, Cd, Cr, Cu, Hg, MMi, Pb, Zn) by alfalfa (Qu et al.,
2011), in the present study such an effect wa®bserved in the presence of citric acid
alone. In contrast, Twe&®0 significantly increased heavy metal concentratioroots
with respect to alfalfa controls, producing incessf 0.74-fold for Pb (at 90 days) and
0.79-fold for Zn (at 60 days). A significant inceeain Zn root concentration at 60 days
was also observed when Tw&&0 was applied in combination with citric acid. $ke
findings support the fact that TwéeB0 can influence heavy metal uptake by alfalfa.
However, it is conceivable that a higher accumatatf heavy metals in plant tissues
mediated by Tweéh80 exerted toxicity effects on alfalfa, justifyinthe observed
reduction in plant biomass when the surfactant pvasent.

Sun et al. (2013) recently reported a similar pesieffect of Tweefi 80 on heavy
metal accumulation by plants. They found an inaéa<Cd concentration in the tissues
(roots, stems, leaves and shootsYafetes patulgrowing in a soil contaminated with
Cd and benzo[a]pyrene. The observed increase ial metumulation in the presence of
Tweer? 80 could be attributed to a direct effect on planes an increase of root
permeability due to biological membrane disruptimediated by surfactants (Jones,
1992). Moreover, it is also possible that surfatgact indirectly through the formation
of complexes, micelles and ion exchange procesghswetals in soils (Mulligan et al.,
2001; Pacwa-Plociniczak et al., 2011).

None of the amendments significantly influencedostemncentration of heavy metals,
with respect to non-amended control, implying nosifiee influence of tested
amendments on metal phytotextraction by alfalfajeast at the present doses and
application rates. This fact was supported by @deutation of the translocation factors
(TF). Independently of the tested condition, cotdeof heavy metals in the roots
compared with the shoots were higher, revealing poetal translocation from roots to
shoots (TF < 1, data not shown) and limited phyti@etion potential as a consequence.
Interestingly, an increase in the TF during timeatfmetals was observed in control
alfalfa, suggesting no saturation of aerial paytsretals. Calculated TF at 90 days for
control alfalfa were: 0.84, 0.49 and 0.30 for Zh,&hd Cu, respectively. These results
are in accordance with a previous phytoremediatexperiment in multi-metal
contaminated soil, which showed more accumulatibheavy metals in alfalfa roots
than in aerial parts, with TF of 0.61, 0.79and (@0Zn, Pb and Cu, respectively, after
30 days of trial (Qu et al., 2011).

Figure 5.3 presents the total amount of metalsaetdd by plant parts. Heavy metal
uptake by alfalfa increased with time, both in cohand amended pots. After 90 days,
Cu, Pb and Zn uptake by roots significantly incegaselative to the uptake found at 30
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days, for all the conditions. For heavy metal shgatiake, the trend was the same. A
significant enhancement at 90 days relative to @@gsdfor all the conditions was
observed, except for Cu in citric acid amended potd for Pb in the pots which
received Tweeh80 and the combined treatment. Total heavy metalkepby shoots
and roots of control alfalfa after 90 days of expent was in the following order: Zn >
Cu > Pb. Total metal uptake by alfalfa was not ificemtly increased by any
amendment with respect to control. This outcominésresult of the insufficient plant
biomass, which cannot compensate for a deficiehaecement in metal concentrati
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Figure 5.2 Metal concentration in alfalfa

Concentration (mg kfdry weight) in alfalfa shoots and roots in not aaed pots (C) and in pots treated with citric {€4),
Tweer? 80 (Tw-80) or citric acid and Twe&80 (CA + Tw-80). * indicates that mean values agaificantly different between
control and amended treatment at a definite tips®.05).
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Figure 5.3 Metal uptake by alfalfa
Metal uptake (g pd) by shoots and roots in not amended pots (C) mpois treated with citric acid (CA), TweeB0 (Tw-80)
or citric acid and Twe€ét80 (CA + Tw-80). * indicates that mean values agaificantly different between control and amen
treatment at a definite time<0.05).
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5.3.3. Effect of plants and soil amendments on soil miciolgy
5.3.3.1. Effect on aliphatic hydrocarbon degraders

Table 5.2 shows the results of the MPN of aliphhyidrocarbon degraders. Soil alkane
degraders were found to increase over the 90-dgerewental period for all the
conditions tested. Microbial abundance in the umield control soil tended to increase
(81-fold increase relative to initial value), alttgh MPN values were comparable over
the experimental period. In contrast, in the preseof alfalfa there was a significant
enhancement of the initial number of soil alkangrdders after 90 days (2294-fold
increase). Although not significant, the abundaméesoil hydrocarbon-degrading
microbial community in the rhizosphere of alfalfasvhigher than in the unplanted
control soil. Rhizosphere effects of 1.8, 8.5 aBdlavere obtained after 30, 60 and 90
days of experiment, respectively.

The MPN of solil aliphatic hydrocarbon degradingtbda is a quantitative indicator of
the population of microorganisms able to metabdditgghatic hydrocarbons. Therefore,
it can be expected that there is a positive cdioglabetween the number of soil
aliphatic hydrocarbon degrading bacteria and thssipiation of pollutants such as
petroleum hydrocarbons in the soil (Wrenn and Vand®996). The findings of the
current study are consistent with those previopsgsented by Kirk et al. (2005), who
reported a rhizosphere effect value of 5 for adfatfrowing in an hydrocarbon
contaminated soil, after 49 days of experimentehilse, Nichols et al. (1997) reported
an enhancement (rhizosphere effect of 2.8) in tiRNMf microorganisms capable of
using a mixture of organic chemicals, in the rhptere of alfalfa grown in soil spiked
with six compounds that are found in crude oileai3 days. The enhancement of total
microbial biomass in the rhizosphere of alfalfangdahad already been demonstrated in
soils contaminated by PAHs (Fan et al., 2008). Mwvee, in petroleum-contaminated
soils, rhizospheric total heterotrophic bacteriald apetroleum degrading bacterial
numbers were enhanced by alfalfa plants (Kirk ¢t2805). In soils co-contaminated by
heavy metals and PAHs a positive effect on bothl tahd PAH-degrading bacteria
populations was noted in the rhizosphere of alf@lfavrard et al., 2011). An analogous
positive effect in the total abundance of hydrooardegrading microorganisms relative
to non-vegetated control was demonstrated in gpteant species such as Australian
grasses (Gaskin and Bentham, 2010). The positifectebf plants to support and
enhance rhizosphere microbial community is thorbuglocumented in the literature,
and many physicochemical mechanisms are suppodsslittvolved:e.g.the release of
root exudates, which create a nutrient-rich envirent favorable for microbial
development; the physical effect of root growth ioying aeration and the mechanical
support provided by roots delivering a suitablefarg for microbial colonization
(Lynch, 1990).

Concerning amended treatments, the MPN of alkageaders increased by 724-, 2017-
and 4993-fold for Tweéh80, citric acid and the combined treatment, respelyt over
the 90 day experiment. Irrespective of the expemntaldime, the general trend for MPN
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counts was in the following order: combined treattrecitric acid > Tweeh80. Citric
acid alone and in combination with Tw&e80 positively influenced the population of
alkane degraders relative to the vegetated conifiad. joint application of citric acid
and Tweefi 80 significantly increased the MPN of alkane degradby 5.3-fold
increase at 30 days, while it improved by 2.7- arif#fold increase at 60 and 90 days,
respectively. In the latter cases variability was high for these differences to be
statistically significant. The enhancement of atkalegraders in the presence of citric
acid can be the result of its use as a source erfggrby microorganisms (Strom et al.,
2001). In addition, previous studies have repotiiedenhancement of organic pollutants
desorption from soil in the presence of citric agh et al., 2010; Gao et al., 2010c).
As a result it could be possible that alkane degysmdre enriched due to an increase in
hydrocarbon bioavailability facilitated by citriccid. This effect on pollutant
bioavailability could be enhanced when TW8&0 is also present. This hypothesis is
supported by a former study in which the applicgatxd rhamnolipid biosurfactant with
citric acid produced a higher desorption of phemaarte compared to single
rhamnolipid application (An et al., 2011). In cadr, the single application of Twéen
80 did not have a significant effect on alkane ddgrs, and the tendency was a
decrease of the microbial population with respechédn-amended plants. Analogous
results showed that the addition of TwBe8D had no significant effect on the
population size of both total heterotrophic baeteand PAH degraders in vegetated
(Agropyron elongatuinsoil spiked with phenanthrene and pyrene (Chérdy,€2008).

Table 5.2Soil microbial number of alkane degraders

Number of alkane degraders (MPN (g sdil)

Treatment 30 days 60 days 90 days

Soil 47 (*23)x10 15(x03)x10 1.8(x1.7)x10
aA aA aA

Soil + Alfalfa 83(*4.0)x10  1.2(x0.8)x10 5.0 (x1.7) x 18

Soil + Alfalfa + CA

Soil + Alfalfa + Tw-80

Soil + Alfalfa + CA + Tw-80

aA

2.3 (x0.9) x 10
abA

9.7 (#5.2) x 10
aA

5.2 (+2.2) x 10

bA

abA

2.2 (+2.0) x 16
abA

7.6 (+5.8) x 16
aA

4.5 (+2.1) x 16
bA

aB
4.4 (+2.6) x 16
aB
1.6 (+1.9) x 18
aA
1.1 (#1.2) x 18
aA

Citric acid (CA), Tweefi80 (Tw-80). Initial (prior to planting) MPN of alke degraders (g soif) 2.2
(+1.2) x 10°. Values are expressed as means + standard desiatfdriplicate measurements. Different
lower case and upper case letters following the diata column and in a row, respectively, means
significant differences among the dap&@.05).
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5.3.3.2. Effect on soil lipase activity and relation withlipdatic hydrocarbon
degraders

Table 5.3 shows the experimental data on soil digagivity. Although fluctuating, the
general trend showed an increase in lipase actwigy time. In the vegetated control a
significant enhancement (1.9-fold increase) ofdgactivity was observed after 90 days
relative to the initial value, while for the unptad control soil only a 0.40-fold increase
was found. The presence of alfalfa plants stimdldifgase activity in the rhizosphere,
as demonstrated by the higher values obtained getaged pots relative to the
unplanted control. This effect was significant afé® days, with a 1.0-fold increase.
Rhizosphere effects of 2.0, 1.2 and 2.0 were obthiafter 30, 60 and 90 days of
experiment, respectively.

Soil lipase activity can be a suitable bioindicaimmmonitor oil biodegradation in soill,
based on the assumption that microbial enzymatstesys responsible for lipid
degradation may be similar to those involved in dgcomposition (Margesin et al.,
1999). Increased lipase activity implies an inceemsthe general soil biogeochemical
activity, where hydrocarbons are used as substramed metabolized by soil
microorganisms. Soil lipase activity can be relatedthe potential of a soil for
hydrocarbon dissipation, as demonstrated by thatinegcorrelation between residual
soil hydrocarbon content and soil lipase activijafgesin et al., 1999). Previous
studies have demonstrated that lipase activitypgaanhanced in the presence of plants.
For instance, a significant stimulation of soildge activity has been reported in the
rhizosphere of Australian grasses growing in hydroon-contaminated soil, relative to
non-vegetated control (Gaskin and Bentham, 2018¢. Aigher enzyme activity in the
rhizosphere can be explained by different mechamishirstly, the stimulation of
microbial activity mediated by rhizodeposition ofganic carbon by plants, which
creates an environment rich in organic substratemifcroorganisms. Secondly, a direct
contribution by plants releasing enzymes by rootigydysis of root cells (Nannipieri et
al., 2012).

Regarding the amendments, soil lipase activity @only increased over time in the
presence of citric acid alone and in combinatiothviiweerf 80. After 90 days a
significant enhancement of 3.7- and 2.6-fold inseewas observed for citric acid and
for the combination of citric acid and Twé&D, respectively and relative to the initial
value. In addition, these treatments exhibitedrdraaced lipase activity with respect to
vegetated controls, which was significant for tleenbined treatment at 30 days (1.0-
fold increase) and for citric acid at 90 days (6f@l8 increase). The positive effect of
citric acid on lipase activity may be explainedthg mobilization of metal ions in the
presence of the organic acid. In the review by @haet al. (2001) the positive effects
of metal ions €.g. Ca, Co, Cu, Fe, Mg) on lipase production by micganisms were
reported, but also inhibition of lipase activity svdescribed by metals.¢.Ag, Fe, Hg,
Zn), possibly as a result of enzyme conformatideration.

Conversely, in the presence of TW8&D alone lipase activity reached the maximum
after 60 days (2.0-fold increase relative to theahvalue), and decreased afterwards to
a value comparable with that found in the non-@édrtontrol soil. Lipase activity was
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still lower in the presence of Twee®0 than in the planted control, showing the
negative impact of the surfactant. This inhibiteféect is in accordance with a previous
study that evaluated the effect of the non-ionidagtant Triton X-100 on the lipase
activity of chronically and freshly oil-polluted &8 demonstrating that Triton X-100
severely inhibited (84% inhibition) enzyme activifiMargesin et al., 2002). The
mechanisms underlying the inhibitory effects onyame activity by surfactants may be
related to the denaturing properties of these ag@fdnwar et al., 2005). Furthermore,
it has been hypothesized that surfactants may ladedhe lipid surface of the substrate,
altering the interaction with lipase enzyme assalltgGargouri et al., 1983).

Squared correlation qr coefficients between soil lipase activity and memof alkane
degraders were calculated to estimate the streoigtihe relationship between both
variables Interestingly, the highest correlation was obtaingden the combined
treatment of citric acid and Twe®80 was applied, {r 0.772). In all other condition$ r
obtained values were: 0.0054, 0.3180, 0.1243 a@i38. for non-vegetated control,
vegetated control, citric acid and Tw&e0 amended alfalfa pots, respectively. It is
likely that a connection between soil lipase atgivand number of alkane degraders
does exist. Although the quantity of microorganisabie to degrade alkanes could be a
major factor determining soil lipase activity it eertainly not the only one. Global
enzyme activity in the soil is the result of thentdution of a multitude of microbial
species, plants and microfauna (Nannipieri eéi12).

Table 5.3Sall lipase activity

Lipase activity (ig pNP (g soilx 10 min)Y)

Treatment

30 days 60 days 90 days
Soil 66 + 40 aA 426 + 15 aC 188 + 36 aB
Soil + Alfalfa 132 + 3 abA 522 +55 aC 384 + 56 bB
Soil + Alfalfa + CA 190 £ 7 bcB 510+ 17 aC 632 & 2D
Soil + Alfalfa + Tw-80 102 +15 aA 407 £ 52 aB 1796 aA
Soil + Alfalfa + CA + Tw-80 266 + 15 cB 449 £ 23 aC 484 +3bC

Citric acid (CA), Tweefi 80 (Tw-80). Initial (prior to planting) soil lipasactivity: 135 + 11ug pNP (g
soil x 10 min)}). Values are expressed as means * standard demsiatif triplicate measurements.
Different lower case and upper case letters follgwihe data in a column and in a row, respectively,
means significant differences among the dpt® (05).

5.4.Conclusions

The present study assessed the phytoremediatioent@dt of alfalfa in a co-
contaminated soil and the effects of citric acid dmveerf 80, applied individually and
combined together, in the phytoremediation process.

Under the experimental conditions presented hdfafaacannot be considered as an
actively heavy metal removal species. Althoughli@favas not able to phytoextract
significant amounts of heavy metals, still in tiregence of the tested soil amendments,
it could tolerate a co-contaminated soil, whiclamsessential characteristic for any plant
species to be used in phytoremediation. Moreoves, is the first study reporting an
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enhancement of alkane degrader population andelipasivity in the rhizosphere of
alfalfa growing in a co-contaminated soil encounggihe potential of this plant species
to be successfully used in the remediation of petra hydrocarbons. The joint
application of citric acid and Twe®80 further stimulated the quantity and metabolism
of the rhizosphere community able to degrade hyatlmns, supporting a promising
use of such soil amendments in assisted phytorextiedlj to trigger the cleaning up of
petroleum hydrocarbons. Nevertheless, these datd t® be interpreted cautiously
because the present study is limited by the lacknfafrmation on the residual soil
petroleum hydrocarbon concentration.

In future investigations it might be possible tsttd different soil amendments or
application doses could successfully enhance npéigtbextraction rates by alfalfa. In
addition, the possible use of biologically-produceétabolites as amendments could be
assessed to go further in the field of biologicail semediation. Finally, additional
work is required to better establish the link andelation between soil lipase activity
increase, alkane degraders’ enhancement and petrdigdrocarbon dissipation, in the
presence of plants and soil amendments.
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Abstract

Biological remediation technologies are an envirentally friendly approach for the
treatment of polluted soils. This study evaluatedrfbioremediation strategies: a)
natural attenuation, b) bioaugmentation withaeruginosac) phytoremediation with
alfalfa (Medicago satived..) and d) bioaugmentation-assisted phytoremedtafior the
treatment of a heavy metal and petroleum hydrocarbe-contaminated soil. The
results showed that alfalfa plants were able ter&dé and grow in the co-contaminated
soil. In addition, bioaugmentation treatment enleanshoot and root biomass by 56 %
and 105 %, respectively after and 90 days of erpent. The content of heavy metals in
alfalfa plants was limited and following the ord@n > Cu > Pb. Heavy metals were
mainly concentrated in plant roots and were podrnslocated. Bioaugmentation-
assisted phytoremediation generally decreased metalentration in plant organs as
well as metal translocation, but increased thd tgitake of Cu by alfalfa roots and that
of Zn by shoots. Bioaugmentation-assisted phytockatien treatment showed the
highest removal rates of petroleum hydrocarbons¥$8followed by bioaugmentation
(59 %), phytoremediation (47 %) and natural attéooa(37 %). Although soil lipase
activity and the number of alkane degraders tenddze higher when alfalfa and/Br.
aeruginosawere present in the system, there was not an @ksobrrelation between
these parameters and petroleum hydrocarbon removal.

The findings of this study suggest that bioaugnterisassisted phytoremediation
could be a promising bioremediation option for tteatment of co-contaminated soils.

Keywords

Co-contamination, heavy metals, petroleum hydramasb natural attenuation,
bioaugmentation, phytoremediation
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6. Comparative bioremediation of co-contaminated
soil by natural attenuation, bioaugmentation and
phytoremediation

6.1. Introduction

The most prevalent pollutants in French pollutddssare heavy metals and petroleum
hydrocarbons, which affect 60 % and 23 % of sodspectively (BASOL, 2014). They
arise in the environment from various sources degifrom anthropogenic activities.
Heavy metals originate mainly from human activitretated to energy and mineral
consumption (Kabata-Pendias, 2011), while petrolaydrocarbons usually come from
accidental spills (Russell et al., 2009). Both ty/pé pollutants entail a danger for the
environment and living organisms. Moreover, it &8 ancommon that such pollutants
are present simultaneously in polluted soils stilegrgng the threat that they pose.
Among existing soil remediation technologies biatad) methods are environmentally
friendly and particularly attractive because ofithew cost and relatively simple
maintenance  (Mirsal, 2004). Natural attenuation, oabgmentation and
phytoremediation are examples of biological rem@aliastrategies and can be used for
the remediation of soils affected by different typeof pollutants. Natural
(phyto)attenuation consists in thesitu metabolism of target compounds by indigenous
microbial communities, which, through microbial cgans, drive the natural
attenuation of both organic and inorganic contami®aln order to make natural
attenuation a feasible strategy, the postulatedamial metabolic transformations must
be not only possible but also ongoing and sust&né®mets and Pritchard, 2003).
Bioaugmentation consents an increase of intrinsicddgradative capacities of
contaminated sites by the introduction of singtaias or consortia of microorganisms
with the desired catalytic capabilities (Mrozik aRibtrowska-Seget, 2010; Lebeau,
2011). Finally, phytoremediation comprises a grotipechnologies that use plants and
their associated microorganisms to remove pollsténoim the environment or to make
them harmless (Salt et al., 1998). The uptake awdraulation of heavy metals by
plants (phytoextraction) and the metabolism of bigapollutants by rhizosphere
microorganisms (rhizodegradation) are examples bytggemediation processes.
Natural attenuation, bioaugmentation and phytoreatieth approaches can be used not
only as remediation technologies in themselvesalsd in combination. For instance,
bioaugmentation can be coupled with phytoremediatiointensify clean-up processes
(White, 2001; Glick, 2003). In particular, bioaugmegtion-assisted phytoextraction
optimizes the synergistic effect of plants and wacganisms and has been used for the
cleaning-up of soils contaminated by metals (Lebetaal., 2008; Huguenot et al., In
Press). This enhanced trace element uptake inrdeemce of microorganisms can be
attributed to beneficial effects on plant growthd@am by increasing the plant
availability of trace elements in the rhizosphe®egsitch et al., 2013). Moreover, plant-
microorganism associations can also be used tditdei the removal of organic
contaminants (Glick, 2010). In particular, somedsts have addressed the combined
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use of plants and biodegradative bacteria withatine to remove petroleum products
(Lin et al., 2008b), which seems to be a promisergediation strategy.

A key aspect in biological remediation methodshis selection of appropriate plant-
bacteria partnerships for the remediation of petlusoils (Khan et al., 2013). Among
plants used in phytoremediation, alfalfdgdicago sativd..) is of particular relevance.
It is a fast growing species that produces largenbiss (Coburn, 1912), develops an
extensive tap root system favourable for the estallent of rhizosphere
microorganisms (Kirk et al., 2005) and can assecwith symbiotic nitrogen fixing
bacteria (Truchet et al., 1991). Alfalfa has besedito remediate several types of
pollutants: heavy metals like Cd, Cr, Cu, Ni and(Beralta-Videa et al., 2002; Peralta-
Videa et al., 2004; Bonfranceschi et al., 2009jrgheum hydrocarbons (Wiltse et al.,
1998; Kirk et al., 2002), polycyclic aromatic hydewbons (PAHS) (Fan et al., 2008) or
organochlorines (Li and Yang, 2013). Moreover, iedamdings have shown promising
results for alfalfa phytoremediation of co-contaated soils (Ding and Luo, 2005;
Ouvrard et al., 2011; Zhang et al., 2013).

Among bacteria strains used for bioremediatPsgeudomonas aeruginosaespecially
interesting because it can improve pollutant reatezh through various mechanisms.
Firstly, P. aeruginosahas been described to produce metal chelatingagiteres,
which could improve metal bioavailability (Viscaat, 2006). Secondly it can produce
biosurfactants (rhamnolipids) that enhance the kslidation of poor water soluble
organic compounds and the mobility of heavy me(®slligan, 2005; Zhang et al.,
2012) improving their bioavailability. As a resuR, aeruginosahas been tested for
bioremediation of metals (Singh et al., 2013) agdrbcarbons (Das and Mukherjee,
2007). Finally, a role as plant growth promotingzdbacteria (PGPR) has been
described forP. aeruginosa which leads to improved plant growth, and pogsibl
enhanced phytoremediation rates (Wang et al., 2011)

The aim of this study was to perform a comparatissessment of four bioremediation
strategies: a) natural attenuation, b) biocaugmiematwith P. aeruginosa c)
phytoremediation with alfalfa and d) bioaugmentatassisted phytoremediation, for
the treatment of a heavy metal and petroleum hyatbmn co-contaminated soil.

6.2. Materials and methods
6.2.1. Soils samples, plants and bacteria

Soil samples were collected from a French urbaa alese to a fuel station with a
history of contamination by heavy metals and petrol hydrocarbons, mostly diesel.
Samples were taken with a drill auger, which alldvemllecting soil from different
depths between 0 and 100 cm. The different sodtivas were mixed unequally as it
was technically not possible to ensure the mixifigsals from different depths in
equivalent proportions. This soddndage ¥was sieved to pass through a 6 mm mesh
and homogenized. To limit the level of pollutants order to improve alfalfa
performance, the contaminated soil was mixed (¥M)with soil from the same site
but characterized by negligible hydrocarbon contetion §ondage B Before mixing,
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this soil was sieved through a 2 mm mesh. Seletttedhical and physical properties of
the 1:1 w/w mix of both soilsspndage 3/Mare presented in Table 6.1. Physicochemical
characterization of soil samples was performed myexternal laboratory: ALcontrol
Laboratories. ALcontrol is accredited by the Cof(@omité francais d’accréditation)
and by the RvA (Raad voor Accreditatie) under numi@28, in accordance with the
criteria of laboratory analysis: 1ISO / IEC 1702830All their services are performed
in accordance with their general conditions, reged under KVK number 24265286 at
the Rotterdam Chamber of Commerce, Netherlands.lygisaare performed in
accordance with French standards (NF: Norme fraegaihe Dutch Standards Institute
(NEN: Nederlands Normalisatie-instituut) and thetetnational Organization for
Standardization (ISO). The following analyses waeeformed: actual soil pH (NF ISO
10693), cation exchange capacity (NF X 31-130)anig carbon and organic matter
(NF ISO 14235), total nitrogen (sum of N KjeldaNIQ," and NQ' internal method,
NEN 6604), C/N ratio (calculated as the ratio betmvthe content of organic carbon and
total nitrogen), FOs (Joret-Hebert method, NF X 31-161),@& MgO and CaO (NF X
31-108), DTPA (diethylene triamine pentaacetic peaidhilable fraction of Fe and Mn
(NF X 31-121), water available fraction of B (NF31-122), soil texture (NF X 31-
107), content of As, Cd, Cr, Cu, Pb, Ni and Zn dinal method: destruction in
accordance with NEN 6961, analysis in accordandd V8O 22036), content of Hg
(NEN 6950, destruction in accordance with NEN 69&dalysis in accordance with
NEN-ISO 16772), petroleum hydrocarbon fractiongg-Ci2, C12-Ci6, C16-Co1 and Gs-
Cyo (internal method: acetone, hexane extraction fipation and analysis by GC-FID)
and Total Gg-C4o (Equivalent to NEN-EN-ISO 16703).

Alfalfa seeds edicago sativd.. v. La Bella Campagnola, purity: 99 %, germiridyai

85 %) were surface disinfected by immersion in 2/%6) hydrogen peroxide for 8 min
(Qu et al., 2011), in order to avoid the additidmon-indigenous microorganisms to
the system. Then, seeds were thoroughly rinsee tinrees with sterile water and used
for the pot experiment.

The bacterial straifPseudomonas aeruginogel CC® 9027 was used as inoculum for
the bioaugmentation treatments. This strain wagghbibas Vitroids™ discs (Sigma-
Aldrich) of bacteria (1000 CFU).
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Table 6.1Chemical and physical properties of the sedindage 3/%

Agronomic Parameters

pH (H,0) 8.1
Cation Exchange Capacity at soil pH (civia* DW) 10.7
Organic Matter (g kg DW) 49
Organic Carbon (g kKjDW) 28.3
Total Nitrogen (mg kgDW) 640
C/N ratio 44
P,Os (g kg' DW) 0.10
K,0 (g kg DW) 0.09
MgO (g kg' DW) 0.12
CaO (g kg DW) 9.63
Fe* (mg kg' DW) 116
Mn* (mg kg DW) 19.5
B* (mg kg* DW) 0.71
Sand (%) 82.6
Silt (%) 12.5
Clay (%) 4.9
Heavy Metals (mg kg DW)
As 7.4
Cd 0.36
Cr <10
Cu 87
Hg 1.0
Pb 100
Ni 8.7
Zn 110
Hydrocarbons (mg kKgDW)

C10Cr2 130
C1Cis 1100
Ci6-Co1 1600
C21-Cyo 830
Total G-Cyo 3600

DW: dry weight
* DTPA (diethylenetriaminepentaacetic acid) exti@act

6.2.2. Pot experiment

Disinfected alfalfa seeds were sown in a commers@l (organic carbon: 20 %,
organic nitrogen: 0.4 %, organic matter: 40 %, dmgtter content: 58 %), where
seedlings grew for 21 days in a growth chamber y{&arersatile Environmental Test
Chamber MLR-352). Growth conditions were as follogriphotoperiod of 16 h light at
22 °C and 8 h dark at 18 °C, photosynthesis phiftordensity (PPFD) of 13@mol m

2 g1 Subsequently, ten seedlings of uniform size wsslected and transplanted in
plastic pots (7x7x6.7 cm) filled with 200 g of fresoil. Transplantation of alfalfa
seedlings was the strategy chosen because it hed greviously demonstrated that
heavy metal tolerance is positively correlated vilte age of alfalfa plants (Peralta-
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Videa et al., 2004). Pots containing the transglamére put in the growth chamber
(same conditions as stated above) and received wWaiy. The location of pots was
randomly changed daily (within the same shelf dsd between different shelves in the
growth chamber).

The experimental design included four conditions etealuate heavy metal and
petroleum hydrocarbon remediation. The treatmemiew(a) natural attenuation (NA,
intrinsic clean up ability of the soail), (b) bioamgntation (BA, soil inoculated witR.
aeruginosastrain), (c) phytoremediation (PR, soil vegetateithwalfalfa), and (d)
bioaugmentation-assisted phytoremediation (BA+P#tl, wegetated with alfalfa and
inoculated withP. aeruginosastrain). Bioaugmentation was applied every 15 degs,
up to six times during the experimeRt. aeruginosavas added to pots as 5 ml of cell
suspension (4.0x181.0x10d? cells mI'). Non-bioaugmented pots received the same
amount of sterile distilled water. Each conditioasaperformed in triplicates.

Plants were harvested after 30, 60 and 90 daysrafith in the polluted soil (the
different treatments were grown in parallel), evetyne three days after
bioaugmentation. Plants were removed from pots,raats and shoots were separated.
Roots were washed with distilled water to removiaciied soil particles and with
ethylenediaminetetraacetic acid (EDTA, 10 mM) tonoee adsorbed metals. Roots
were further rinsed with distilled water and bldtigith tissue paper. The plant material
was put in the oven at 70°C for 3 days (Campball Rlank, 1998) and dry weights of
shoots and roots were recorded.

Soil samples were taken at 0, 30, 60 and 90 dagiskapt at 4°C until further soll
analyses (number of aliphatic hydrocarbon degraderd soil lipase activity).
Moreover, the number of soil total heterotrophs wWetermined every 7 days and total
petroleum hydrocarbons (TPH) were quantified atnd &0 days. In the case of
vegetated pots, rhizosphere soil samples were tdkemder to collect rhizosphere sail,
plant roots were vigorously shaken by hand, taleéage of the roots integrity. The
external soil not attached to roots was removedevthe soil in the immediate vicinity
of roots was kept for the above mentioned analyses.

6.2.3. Analysis of heavy metal content in plants

Prior to elemental analyses, dried plant materiab wet digested as described by
Campbell and Plank (1998). Briefly, plant matewias digested with 5 ml concentrated
nitric acid and 2 ml 30 % hydrogen peroxide in gegdtion block (LabTech DigiBlock
Digester ED16S) at 125 °C for 1h. Heating cycled Agdrogen peroxide additions
were repeated three times to obtain a clear digestremove residual particles,
mineralized samples were filtered through celluld#ers (pore size 2.5um) and
brought to a final volume of 20 ml. Samples weralitohally filtered through
nitrocellulose syringe filters (pore size 0.4f) and stored at 4 °C until heavy metals
were analyzed by Inductively Coupled Plasma-Optiéahission Spectrometry
(PerkinElmer Optima 8300 ICP-OES Spectrometer). Rluand Zn were analyzed at
the respective wavelengths of 324.752 nm, 220.35amd 213.857 nm.
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6.2.4. Soil analyses
6.2.4.1. Number of total heterotrophs

A soil suspension was prepared mixing 1 g of freshand 10 ml of KCI solution (9 g

1Y, pH 7.0). Total heterotrophic microflora (THM) wasunted in microwell plates,

filled with 200 pl of Luria-Bertani broth and indeted with 20 pl of appropriate

dilutions of the soil suspension. Plates were iatedd 5 d at 25 °C. The number of
positive wells (visible turbidity) was scored arfte tmicrobial concentrations in soil

were calculated by using the most probable numiezthod designed by Briones Jr. and
Reichardt (1999).

6.2.4.2. Number of aliphatic hydrocarbon degraders

Aliphatic hydrocarbon degraders were counted by miost-probable-number (MPN)
method described by Wrenn and Venosa (1996), uSéwvell microtiter plates.
Bushnell-Haas medium supplemented with 2 % NaCl wgzsl as the growth medium
(180 ul per well) and n-hexadecane (b per well) was added as the selective growth
substrate. 10-fold serial dilutions were perfornfireain a suspension of 1 g of fresh saill
and 10 ml of 0.1 % sodium pyrophosphate (pH 7.5 @8n% NaCl. Plates were
inoculated by adding 2@ of the dilutions from 18 to 107, in 5 replicates. Microplates
were incubated for 2 weeks at room temperature.enAfirds, 50 ul of
iodonitrotetrazolium violet (INT, 3 g) were added to identify positive wells in which,
INT is reduced to an insoluble formazan that ddpastracellularly as a red precipitate.
The scoring was done after incubating overnighh WNT at room temperature. MPN
of alkane degraders per g of soil was calculatedraing to Briones Jr. and Reichardt
(1999).

6.2.4.3. Soil lipase activity

Soil lipase activity was measured through the awletric method described by
Margesin et al. (2002). 0.1 g of fresh soil was edixwith 5 ml 100 mM
NaH,POy/NaOH buffer, pH 7.25, and pre-warmed at 30°C forin. 50ul of substrate
solution (100 mM p-nitrophenyl butyratpNPB) in 2-propanol) were added and tubes
were incubated at 30°C for 10 min. The tubes werded for 10 min on ice to stop the
reaction. The tubes were centrifuged at 2000 g5fanin and the absorbance of the
released p-nitrophenoplP) in the supernatants was measured spectrophticatig
(PerkinElmer LAMBDA 10 UV/Vis Spectrophotometer) 420 nm against the reagent
blank. A standard solution gfNP (100png pNP mI* phosphate buffer) was used to
prepare a calibration curve in the presence of boibrder to measure thgdNP released
from the substrate, a control was prepared witlsmilt After subtracting the control
reading (hydrolysis in absence of soil) from thengke reading (hydrolysis in presence
of soil), soil lipase activity was calculated angreessed agg pNP (g soil x 10 min}.
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6.2.4.4. Total petroleum hydrocarbons

Total petroleum hydrocarbons (TPH) and their fiawdi (Go-Ci12, C12-Cis, Ci6-Co1, Cor-
C40) were quantified in soil samples by an externbbtatory: ALcontrol Laboratories,
which performed and internal method consisting cegt@e-hexane extraction followed
by purification and analysis by gas chromatograpftlg flame ionization detector (GC-
FID).

6.2.5. Phytoremediation parameters

To evaluate the ability of metal phytoextraction &lfalfa, the following parameters
were considered: a) plant biomass (dry weight oftgoand shoots), b) metal
concentration in plant tissues (roots and shoat$),translocation factors (TFS)
calculated as the metal in shoots to the metabotsrratio and d) bioconcentration
factors (BCFs) of shoots and roots calculated agdtio between metal concentration
in plant tissues (shoots or roots, respectively) tatal metal initial soil concentration.
Plant contribution to rhizodegradation potential swavaluated by calculating the
following ratios: MPN of rhizosphere soil (in phygmediation or bioaugmentation-
assisted remediation treatments) / MPN of non-plu#oil (in natural attenuation or
bioaugmentation treatments) and soil lipase agtivaf rhizosphere soil (in
phytoremediation or bioaugmentation-assisted reatiedi treatments) / soil lipase
activity of non-planted soil (in natural attenuatior bioaugmentation treatments).

6.2.6. Statistical analysis

The experiment was arranged in a completely rangendesign. All data reported
were averaged values of three independent repdicaleeatment effects were
statistically evaluated by one-way analysis of amace (ANOVA) and multiple
comparisons of means by Tukey contrasts. Differenveere considered significant at
p<0.05. The statistical analysis was accomplishétd ® software, version 3.0.2 (R
Core Team, 2014).

6.3. Results and discussion
6.3.1. Plant biomass

After transplanting alfalfa seedlings in the conit@ated soil, all plants survived and no
plant mortality was evidenced throughout the 90-dageriment. Figure 6.1 presents
the experimental data on plant biomass for alfglfawving in bioaugmented and non-
bioaugmented soil as a function of experimentaktislfalfa growth was not hindered
and both above and below ground biomass continyonsteased for both treatments.
After 90 days there was a significant enhancenreptant biomass, with respect to that
at the moment of transplanting. This enhancemeshobt biomass was of 24 and 38-
fold for alfalfa growing in non-bioaugmented an@duigmented soil, respectively. For
root biomass, 167 and 341-fold increase was obdefoe alfalfa growing in non-
bioaugmented and bioaugmented soil, respectivelyoalgmentation with P.
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aeruginosahad a positive effect on plant biomass producfidrere was an initial trend
to improve plant biomass, which became signifidanshoots and roots after 60 and 90
days, respectively. Soil inoculation wikh aeruginosaenhanced shoot biomass by 15,
33 and 56 % at 30, 60 and 90 days, respectivemil&ly, root biomass was also
increased by 13, 19 and 105 % at 30, 60 and 9Q degsectively.

The results of this study indicate that alfalfa wedde to grow in the simultaneous
presence of heavy metalse( Cu, Pb and Zn at 87, 100 and 110 mg lepil DW,
respectively) and petroleum hydrocarbons (tota}-@o at 3600 mg kg soil DW).
High above ground biomass vyield is a requisite phwytoextraction purposes. In
addition, the establishment of a rich root systereaes a favorable niche for
rhizosphere microorganisms involved in rhizodegtiada As alfalfa combines this two
features in the present experimental conditiorialfalcould be a promising plant model
for the phytoremediation of the present co-contated soil.

Several factors influence plant tolerance/sengjtidwards heavy metals and petroleum
hydrocarbons. Although pollutant concentration estainly a key factor determining
plant phytotoxicity, is not sufficient to predi¢t Other factors such as metal speciation,
composition of heterogeneous petroleum hydrocarfrantions, soil-pollutant and
heavy metal-petroleum hydrocarbon interactions nalst be considered (Salanitro et
al., 1997). For instance, previous studies repdtiatiheavy metals had a distinct effect
on alfalfa when present individually or in a mikwlas observed that alfalfa could grow
in soils individually contaminated with heavy metat more than 50 mg RPW
(Peralta et al., 2001) but if heavy metals weres@néin a mixture (Cd, Cu, Ni, and Zn
at 50 mg kg DW each) they exerted combined stress affectimgsttioot length of
alfalfa (Peralta-Videa et al., 2002). Concerninfpléd tolerance towards petroleum
hydrocarbons, Kirk et al. (2005) observed diffee@ccording to total petroleum
hydrocarbon (TPH) soil concentration. They reporiedohytotoxicity up to 15000 mg
kg DW, while they observed that growth of alfalfa diéegs was stressed and stunted
at higher TPH levels (31000 mg k®Ww).

Mechanisms underlying heavy metal and petroleunrdoatbon phytotoxicity may be
related both to direct effects on plant physiologyg. cell membrane disruption,
damage of photosynthetic apparatus) or indireethgring the physical and chemical
properties of the soil where plants are growingk3al970; Kabata-Pendias, 2011).

In this study, the fact that alfalfa biomass combuasly increased and no plant mortality
was observed consent to assume that alfalfa wastaltolerate the polluted soil, at
least to a certain extent compatible with phytoréiaittgon purposes. Nevertheless
biomass data were also recorded in the same groeamglitions but in a non-
contaminated agricultural soil attaining considérahigher biomass vyields (data
available in chapter 7). Therefore, the presencesadlf pollutants could be a major
factor, if not the only one, causing biomass reiduct

Another important finding of this study was thabdnigmentation withP. aeruginosa
had a promoting effect on alfalfa growing in theaomtaminated soil, which further
encourages the application of bioaugmentation-&ssEhytoremediation.

These results are in accordance with the findiriggher studies, in which plant growth
promoting ability ofP. aeruginosavas studied. For instance, it has been demongtrate

154



Chapter 6

that P. aeruginosapromoted not only dry matter accumulation but asymbiotic
attributes €.g.nodule numbers and leghemoglobin content), gragfdyand protein of
chickpea Cicer arietinumL.) growing in a soil contaminated with Cr (Ovetsa.,
2013). The growth promoting ability (under both mat and stress conditions) of
PGPR could be attributed to several mechanisms RRG#&y facilitate the plant growth:
a) directly by either assisting in resource acgoisi(nitrogen, phosphorus and essential
minerals) or modulating plant hormone levels, oritdirectly by decreasing the
inhibitory effects of various pathogens on plardvgth and development in the forms of
biocontrol agents (Ahemad and Kibret, 2014). Intipalar, several plant growth
promoting traits have been described Raraeruginosa For instance, increase of P
solubilization, indole acetic acid (IAA) and exopshccharide (EPS) production have
been reported fdP. aeruginosayrowing in the presence and absence of Cr (Ovak, et
2013). LikewiseP. aeruginosahas been found to produce secondary metabolitibs wi
antibiotic activity useful for the control of plandiseases caused by pathogenic
Xanthomonasspecies (Spago et al.,, 2014). Moreover, PGPR #blenetabolize
pollutants may also improve plant growth and dewelent indirectly, as a result of
pollutant reduction in the media where plants amving (Khan et al., 2013). In this
senseP. aeruginoséas been reported to promote green pesu(m sativuni.) growth
and alleviate lead toxicity through the productioh metallothioneins (Naik et al.,
2012). Similarly, inoculation witl?. aeruginosan a phenol-spiked soil vegetated with
corn Zea maygresulted in plant growth promotion, which cortethwith the decrease
in soil phenol content (Wang et al., 2011).

Although the scope of this study was limited inmerof establishing which are the
mechanisms responsible for alfalfa growth promotigrP. aeruginosan the present
co-contaminated soil, one or more of the above imeet direct and indirect
mechanisms might be involved.
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Figure 6.1 Plant Biomass
Dry biomass (g pd for two treatments: phytoremediation (PR, soietted with alfalfa),
and bioaugmentation-assisted phytoremediation (BA3+d®il vegetated with alfalfa and
inoculated withP. aeruginosastrain) at initial time (§) and after 30, 60 and 90 days of
experiment. Values are expressed as means + sthaielsiations of triplicate measurements.
Different lower case letter means significant digfeces between treatments, at a definite time.
Different upper case letter means significant diffees between experimental times, for a
definite treatment (p<0.05). The symbol ’ distirghes root from shoot statiscal analysis.

6.3.2. Phytoremediation treatments and uptake of heavglmet

Figure 6.2 and Table 6.2 show the data of Cu, RbZm concentrations in alfalfa
tissues depending on treatment and experimental. tiheavy metal concentrations in
shoots and roots of alfalfa growing in non-bioaugted soil were, in decreasing order:
Zn > Cu > Ph. Metal contents of all elements wettestantially higher in roots than in
shoots. Maximum metal concentration in roots redch®8.5, 70.8 and 22.7 mg kg
DW while in shoots they did not exceed 77.8, 20& &7.2 mg kg DW for Zn, Cu and
Pb, respectively. As shown by TF data (Table 6E%), was the most translocated
element (average TF value of 0.76) while Cu was l#ast translocated element
(average TF value of 0.37). As demonstrated byBG€& values, BCF of roots were
higher than for shoots. Average BCF of shoots amoksr were in the following
decreasing order: Zn > Cu > Pb.

The extent of metal accumulation in alfalfa tissuesms influenced by the
bioaugmentation treatment. Heavy metal concentratia shoots and roots of plants
growing in bioaugmented soil were, in decreasindearZn > Cu > Pb. The general
trend was that Pb and Zn concentrations in alfaffisues tended to be lower when
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bioaugmentation was performed. In contrast, Cu eotmations in plant roots were
higher in the bioaugmentation treatment. Likewi§SE, values were always lower in
bioaugmented treatment, except for Zn at 60 andl®®. Averaged BCF values of
shoots and roots were also lower in bioaugmentaatgl except for Cu BCF of roots.
Although alfalfa is not an hyperaccumulator, presstudies have demonstrated certain
accumulation of metals in alfalfa harvestable &ss(Peralta-Videa et al., 2002; Qu et
al., 2011). When the heavy metals were at traceldenm the soil, the amounts of Zn in
the shoot plant tissues (160 mg'ksoil DW) were significantly higher than Cd, Cu,
and Ni. By contrast, when the soil was artificiatlgntaminated with a soil mixture of
Cd, Cu, Ni, and Zn (each one at 50 mg"kspil DW), maximum concentrations
reported in alfalfa shoots were 437, 202, 160, h@pkg* DW for Ni, Cd, Zn and Cu,
respectively (Peralta-Videa et al., 2002). Apaotrirthe intrinsic ability of plant species
to uptake metals, also soil characteristics shdyge pgrocess and may negatively
influence plant uptake of metals (Kabata-Pendi@4,1? Soil alkaline pH and sorption
to organic matter may decrease metal mobility ilsg&obran et al., 2000). Moreover,
antagonistic effects between metals in multi-metaitaminated soils (Flogeac et al.,
2007) as well as the simultaneous presence of mrgenlutants and the ageing time
can also decrease plant uptake of heavy metal®-togtaminated soils (Lin et al.,
2008a). TF were determined to evaluate the abiityhe plant to transfer the metals
from roots to shoots. In this study, heavy metalsken by alfalfa mainly accumulated
in root tissues, revealing poor metal translocafrom roots to shoots and preferential
accumulation in alfalfa roots (TF<1). This is inregment with Qu et al. (2011), who
have reported a similar pattern of limited heavytahéranslocation by alfalfa, with
comparable TF values of 0.40 for Cu, 0.61 for Zd ar/9 for Pb. In addition, BCFs
were calculated as indicators of the ability of filant to accumulate metals in plant
tissues from soils. The results of this study iathcthat Zn is the metal that can be
accumulated the most by alfalfa roots (BCF >1).

In this study, bioaugmentation witR. aeruginosawas generally found to cause a
decrease in Pb and Zn accumulation by alfalfa éisstihis result may be explained by
the fact that bacteria can biosorb metals (Lebeawal.e 2008). In particularP.
aeruginosahas been reported to biosorb metals like Cu, KiaRd Zn (Gabr et al.,
2008; Pérez Silva et al., 2009). It could be hypsitbed that metal immobilization onto
bacteria due to biosorption processes may congitmutlleviate metal phytotoxicity by
lowering their accumulation in the plant. As a tesbioaugmentation may reduce the
stress caused by metal toxicity and allow more tptgowth, which is in accordance
with the biomass data presented in the previoustiogec Interestingly, soil
bioaugmentation had a different effect on Cu acdatian, increasing its concentration
in alfalfa roots. This finding is supported by paws research which showed an
increase of metal concentration in plants when wai bioaugmented (Dupponois et
al., 2006; Braud et al., 2009; Ptociniczak et daD13). P. aeruginosais known to
synthetize metabolitese(q. biosurfactants, siderophores, organic acids) e
enhance metal bioavailability (Braud et al., 20@@)jch justifies how microorganisms
may increase plant trace element uptake (Sessiteh,e2013). Nevertheless, in the
present study the production of such metabolites ned testedn situ. As a result it is
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not possible to ensure that the synthesis of sugclegules is taking place and data
should be interpreted with caution. The distincpatt of bioaugmentation on heavy
metal accumulation by alfalfa (increased accumotatifor Cu and decreased
accumulation for Pb and Zn) may be explained bycifipecoordination properties of
chelating molecules produced by bacteria towards8cpéar metals. This hypothesis is
supported by a recent study of Cornu et al. (20d8) found contrasting effects of one
siderophore produced . aeruginosapyoverdine) on the bioavailability of Cu and
Cd in a calcareous soil. They observed that théicgpion of pyoverdine, enhanced the
mobility, the phytoavailability and the phytoexttian of Cu while the fate of Cd was
not affected. This effect was the result of différecoordination properties of
pyoverdine towards Cd and Cu: the stability cortstdpyoverdine-Cu complexes was
found much higher than that of pyoverdine-Cd comxgde

Metal translocation in alfalfa plants decreasetdioaugmented soils. Although it is not
clear the cause of such effect, the present firedgegm to be consistent with Lebeau et
al (2008), who reviewed several experiments of q@éytraction-assisted
bioaugmentation with bacteria and found that PGRiRays decrease TF. They also
found that BCF vary irrespective of bioaugmentatidn the present study,
bioaugmentation tended to cause a decrease in BlDEs/(except for Cu BCF of roots)
as a result of the effect of bioaugmentation omtptaetal concentration.

The total amount of metals uptaken by alfalfa @gRigure 6.3) depends both on plant
biomass and metal concentration in plant tissuek s an essential parameter to
evaluate the significance of the remediation precetn the present study,
bioaugmentation resulted in an increase of plamimbiss simultaneously to a) a
decrease of metal concentration accumulated bifaalthe case of Cu in shoots at any
time, Pb in shoots and roots at any time and Zoats and shoots at 30 and 90 days) or
b) an increase of metal concentration accumulayealfalfa (the case of Cu in roots at
any time and Zn in shoots and roots at 60 dayghdriirst case (a), the net effect on the
total amount extracted by plants will depend onwthgable (biomass increase or plant
metal concentration decrease) of greater magnitooleinstance, total uptake of Pb by
alfalfa shoots was significantly reduced at 90 dayshe enhancement of plant biomass
was not enough to compensate for a decrease it gfoconcentration. The second
case (b) is the most favorable scenario (increaseplant biomass and metal
concentration) that will indeed result in enhanceetal extraction by plants. In the
present study that was the case for Cu, whose tgitdke by alfalfa roots was
significantly enhanced at 60 and 90 days and far\mose total uptake by alfalfa
shoots was significantly enhanced at 60 days.
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Figure 6.2Metal concentration in alfalfa
Concentration (mg K§DW) in alfalfa shoots and roots for two treatmeptsytoremediation
(PR, soil vegetated with alfalfa), and bioaugmeataassisted phytoremediation (BA+PR, soail
vegetated with alfalfa and inoculated wirhaeruginosastrain) after 30, 60 and 90 days of
experiment. Values are expressed as means + sthaehaiations of triplicate measurements. *
indicates that mean values are significantly défembetween treatments at a definite time
(p<0.05).
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Table 6.2Heavy metal phytoextraction parameters

a) Phytoremediation treatment (PR, soil vegetated alithifa)

Cu Pb Zn
30d 60d 90d 30d 60 d 90d 30d 60d 90d
Shoots 16,2 13,4 20,5 16,9 9,0 17,2 77,8 57,2 56,7
(mg kg‘1 DW) +44 +2,2 +1,2 +10,2 +1,7 +1,3 +15,7 +5,2 +1,6
Roots 35,0 37,9 70,8 22,7 13,5 19,6 168,5 155,7 145,6
(mg kg‘l DW) +6,2 +27 +9,1 +6,0 +2,0 +19 +6,6 +14,6 + 20,6
TF 0,46 0,35 0,29 0,74 0,67 0,87 0,46 0,37 0,39
BCF of Shoots 0,19 0,15 0,24 0,17 0,09 0,17 0,71 0,52 0,52
BCF of Roots 0,40 0,44 0,81 0,23 0,13 0,20 1,53 421 1.32

Metal concentration values are expressed as mestasdard deviations of triplicate measurements.
DW: dry weight, TF: translocation factors, BCF: @mcentration factors
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b) Bioaugmentation-assisted phytoremediation treatrf@t PR, soil vegetated with alfalfa and inoculateith P. aeruginosastrain)

Cu Pb Zn
30 60 90 30 60 90 30 60 90
Shoots 14,7 13,1 10,9 11,4 5,1 35 67,4 66,6 39,4
(mg kg* DW) +7,9 +0,8 +0,5 +7,7 +0,2 +0,4 +12,0 +3,2 +3,4
Roots 35,5 59,8 76,9 18,1 12,6 13,2 164,7 164,4 92,4
(mg kg* DW) +3,6 +10,1 +10,5 +20 +1,8 +3,6 +11,8 +3,4 +8,7
TF 0,42 0,22 0,14 0,63 0,40 0,27 0,41 0,40 0,43
BCF of Shoots 0,17 0,15 0,13 0,11 0,05 0,04 0,61 0,61 0,36
BCF of Roots 0,41 0,69 0,88 0,18 0,13 0,13 1,50 491 0,84

Metal concentration values are expressed as mesiadard deviations of triplicate measurements.

DW: dry weight, TF: translocation factors, BCF: @emcentration factors
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Figure 6.3 Metal uptake by alfalfa
Uptake (ug pot) by shoots and roots for two treatments: phytodiai®n (PR, soil vegetated
with alfalfa), and bioaugmentation-assisted phytwdiation (BA+PR, soil vegetated with
alfalfa and inoculated witR. aeruginosastrain) after 30, 60 and 90 days of experimentu¥s
are expressed as means * standard deviationplafdte measurementsindicates that mean
values are significantly different between treattaext a definite time (p<0.05).
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6.3.3. Soil microbial number and activity

Figure 6.4 shows the microbial number of total retephs for the bioremediation
treatments throughout the experiment. Although tflatng, countings of total
heterotrophs tended to be higher in vegetated niemas (phytoremediation and
bioaugmentation-assisted phytoremediation) than non-vegetated ones (natural
attenuation and bioaugmentation), confirming thie @f plants to enhance microbial
populations in the rhizosphere (Pinton et al., 300Fe rhizosphere is known to sustain
a great number of diverse microorganisms becausentitutes a rich environment
where the supply of water, oxygen and nutrientgnsngly influenced by plant activity
(Hawkes et al., 2011). Plant stimulates the groeftihhizospheric microorganisms by
releasing high amounts and different types of Gnfithe roots, mainly organic acids
and sugars (Haichar et al., 2014).

As expected, soon after every inoculation timeaswbserved a rise in the number of
total heterotrophs population, in the case of bjpaented treatments. This was always
the case except soon after the fifth inoculatioay(®é6), where the counts of total
heterotrophs were not as high as expected bas#dte@reviously obtained values. It is
difficult to explain this discrepant result, but experimental error cannot be excluded.
Over time, there was an increasing tendency inniim@ber of total heterotrophs in
bioaugmented treatments. Maximum counts reachei dp35x16? (bioaugmentation
treatment) and 2.34xb(bioaugmentation-assisted phytoremediation treatyrat 80
days of experiment, after inoculating for sixth ¢imit was also observed that, on
average, bioaugmented and non-bioaugmented treetnadfered by four orders of
magnitude. Every rise in microbial population wadldwed by a falling-off in the
successive seven days. A decline of the inoculbgaterial populations in a few days
after bioaugmentation has been often reportedaaugmentation experiments (Bois et
al., 2013). It seems possible that this is dueidtid(e.g. competition with indigenous
microorganisms) and abiotie.g.availability of nutrients) factors that affect giwal of
the inoculum, which is one of the key aspects Imgitthe success of bioaugmentation
(Lebeau et al., 2008). Therefore, in the presamdystit was adopted the strategy to
apply several consecutive inoculations with the tanmaintain an elevated number of
microorganisms throughout the experiment, as ajr@adformed by Huguenot et al. (In
Press). The pronounced difference in microbial t®wi total heterotrophs between
bioaugmented and non-bioaugmented treatments maigate that the inoculated
microorganisms were competitive towards the natindigenous bacteria. However, in
order to be conclusive in that hypothesis particalaalyses €.g. fluorescencen situ
hybridization, FISH) that specifically follow thatke of the inoculated strain are needed.
Table 6.3 shows the results of soil microbial numifealkane degraders, which varied
depending on time and bioremediation treatmentpDeshe fact that variability was
too high to make differences significant, it can de&n from the data a tendency to
increase microbial number of alkane degraders lyy3fa with respect to the initial
value, for all the treatments. The greatest enhmeoé was observed for the
bioaugmentation treatment, with a difference oé¢horders of magnitude between the
end and the beginning of the experiment. In genexathber of alkane degraders was
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found in the following decreasing order betweenattreents: bioaugmentation >
bioaugmentation and phytoremediation > phytoremexia> natural attenuation.
However, differences among treatments were onlyifsignt between bioaugmentation
and natural attenuation at 30 days and betweenudoantation and phytoremediation
at 60 days. The contribution of plants to enharee MPN of alkane degraders is
presented in Table 6.5, where it can be observiedsphere effect values on MPN of
alkane degraders greater than one only for phytedetion treatment, with a
maximum rhizosphere effect value of 11.9 at 90 days

Table 6.4 presents the experimental data on lipaseity in soil. As can be seen from
the table soil lipase activity was very fluctuatiagd, irrespective of the treatment rose
at 30 days, fell at 60 days and rose again at 96. dRelative to the initial value, it was
observed a significant enhancement of lipase agthy the end of the experiment for
all the treatments. The greatest enhancement wiieador bioaugmentation treatment
with a 7.8-fold increase. Although the pattern gfate activity varied among
bioremediation treatments, natural attenuation subwenerally the least microbial
activity compared with the other treatments. Tablb presents rhizosphere effect
values on soil lipase activity greater than 1 maiok the phytoremediation treatment,
with a maximum rhizosphere effect value of 2.8@téys.

The number of alkane degraders and lipase actigity soil bioindicators of
hydrocarbon biodegradation potential. The numbersofl aliphatic hydrocarbon
degrading bacteria is a quantitative marker ofpbpulation of microorganisms able to
metabolize aliphatic hydrocarbons (Wrenn and Vent886). In addition; soil lipase
activity can be a suitable parameter to monitorb@mldegradation in soil, as microbial
enzymatic systems responsible for lipid degradatiay be similar to those involved in
oil decomposition (Margesin et al., 1999). The entrstudy found that bioremediation
treatments in which inoculation wit. aeruginosavas done presented higher levels of
soil microbial number of alkane degraders and Bodse activity. This finding is in
agreement with the ability ¢?. aeruginos&ao produce and secrete extracellular lipases
(Gilbert, 1993; Jaeger et al., 1994) as well asféworlty of this species to degrade
petroleum hydrocarbons by means of the suitablgreaezathways (Ji et al., 2013).
Rhizosphere effect values were calculated to etaltiee plant root influence over the
non-planted soil on soil microbial number and attivihe rhizosphere effect refers to
the positive influence of plant roots on microb@bpulation and activity in the
rhizosphere (Manoharachary and Mukerji, 2006). Hfisct is principally the result of
rhizodeposition,i.e. the release of organic compounds by plants, wlsghplies
microorganisms with nutrients (Nguyen, 2009). Irdiddn, roots offer mechanical
support for the attachment of microorganisms asl w&el an improvement of soll
physicochemical propertie®.g. aeration), which further benefit the developmeht o
microorganisms in the rhizosphere (Lynch, 1990)this study, plant contribution to
enhance microbial number and activity appeared edliinited, as the presence of
vegetation (phytoremediation and bioaugmentatiaistesd phytoremediation
treatments) did not always result in a greater owpment, with respect to unvegetated
soil (natural attenuation and bioaugmentation tneaits). The positive effect of plants
on microbial number and activity in the rhizospheeemed to be particularly diluted
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when bioaugmentation was performed, as shown lzpsphere effect values below 1
in the case of bioaugmentation-assisted phytoreatieditreatments.

The number of alkane degraders and soil lipasevigctdid not exhibit the same
behaviour throughout the experiment. As a resuls not possible to establish a well-
defined relationship between soil lipase activitydanumber of alkane degraders.
Despite the fact that the population of alkane dégrs may contribute to soil lipase
activity, another microbial species, plants androfauna are also an input of soil lipase
activity (Nannipieri et al., 2012).

MPN Total Heterotrophs (g soil)!
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Figure 6.4 Soil microbial number of total heterotrophs

Most probable number (MPN'gsoil) for the treatments: natural attenuation (NAinsic
clean up ability of the soil), bioaugmentation (B#jl inoculated withP. aeruginosastrain),
phytoremediation (PR, soil vegetated with alfada)l bioaugmentation-assisted
phytoremediation (BA+PR, soil vegetated with akadind inoculated witR. aeruginosa
strain), throughout the 90-day experiment. Valuesexpressed as means * standard deviations

of triplicate measurements.

165



Comparative bioremediation of co-contaminated bgihatural attenuation, bioaugmentation and
phytoremediation

Table 6.3Soil microbial number of alkane degraders

MPN of soil aliphatic degraders

Day (MPN (g soil)})
NA BA PR BA + PR

0 (13+0,6)x10 (1,3+06)x10 (1,3+0,6)x10 (1,3+0,6) x 10
aA aA aA aA

30 (62+41)x10 (9,7+3,1)x10 (1,6+0,4)x10 (41+1,8)x 16
aA aB aA aA

60 (1,5+02)x10 (1,2+0,7)x160 (1,0+x04)x1®6 (1,1+0,5)x 10
aAB aB aA aAB

% (20+16)x10 (22+26)x1d (24+32)x10 (9,8+9,6)x 10
aA aA aA aA

NA: natural attenuation (intrinsic clean up abildf/the soil), BA: bioaugmentation (soil inoculateith
P. aeruginosastrain), PR: phytoremediation (soil vegetated wailtalfa) and BA+PR: bioaugmentation-
assisted phytoremediation (soil vegetated withifalfand inoculated witlP. aeruginosastrain).

Values are expressed as means + standard deviafitniyglicate measurements. Different lower casd a
upper case letters following the data in a columa i a row, respectively, mean significant diffezes
among the data (p<0.05).

Table 6.4Soll lipase activity

Lipase activity in soll

Day (ng pNP (g soil x 10 min})

NA BA PR BA + PR
0 116 £ 2 aA 116 + 2 aA 116 £ 2 aA 116 £+ 2 aA
30 530 + 43 bA 653 + 18 cAB 697 + 54 cB 529 + 3 bA
60 70 £ 18 aA 198 + 3 bAB 196 + 55 aAB 277 £94 aB
90 522 + 36 bB 1024 +11 dD 394 + 16 bA 882 +28 cC

NA: natural attenuation (intrinsic clean up abildf/the soil), BA: bioaugmentation (soil inoculatetth

P. aeruginosastrain), PR: phytoremediation (soil vegetated wailtalfa) and BA+PR: bioaugmentation-
assisted phytoremediation (soil vegetated withifalfand inoculated witl. aeruginosastrain).

Values are expressed as means + standard deviatiahgplicate or triplicate measurements. Different
lower case and upper case letters following the diata column and in a row, respectively, mean
significant differences among the data (p<0.05).

Table 6.5Rhizosphere effect values

Rhizosphere effect on MPN of alkane Rhizosphere effect on soil lipase

Day degraders activity

PR BA + PR PR BA + PR
30 2,5 0,0 1,3 0,8
60 0,7 0,9 2,8 14
90 11,9 0,5 0,8 0,9

PR: phytoremediation (soil vegetated with alfalfBA+PR bioaugmentation-assisted phytoremediation
(soil vegetated with alfalfa and inoculated withaeruginosastrain)
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6.3.4. Bioremediation treatments and removal of petroldwairocarbons

The effect of bioremediation treatments on soilggotration of TPH fractions is shown
in Figure 6.5. All bioremediation treatments afégtthe concentration of TPH fractions
after 90 days of experiment. Natural attenuationl g@hytoremediation treatments
significantly reduced all TPH fractions except @g-C,; fraction, relative to the initial
concentration. In contrast, bioaugmentation and aulgjonentation-assisted
phytoremediation significantly reduce all TPH fiaos between ¢ and Go.

Removal rates of different TPH fractions after 9@ysl of experiment were also
calculated for the different bioremediation treatmse(Figure 6.6). Irrespective of the
bioremediation treatment, the pattern of removaiheflight TPH fractions was higher
than that of the heavy TPH fractions and removi@sravere in the following decreasing
order: Go-Cy2 > C2-Ci6 > Cie-Co1 > G1-Cyo. There are several possible explanations
for this observed pattern of removal, which is jjadgselated to the chemical structure
of n-alkanes that determines their physico-chenpoaperties. Firstly, it is possible that
hydrocarbons with shorter carbon chain length aneensusceptible to microbial attack
and more readily biodegradable as a consequencet (@l., 2013). Secondly, the
hydrophobicity oin-alkanes increases with an increase in moleculasn#ss a result, it
Is possible that the fractions with longer C chajasd higher octanol-water partition
coefficient, Koy) are less bioavailable for biodegradation due ighdr sorption onto
organic matter (Guo et al., 2010). Finally, thelingi points of alkanes increases with
their number of carbons, and thus their chain leragid molecular mass (Mehta and
Mehta, 2005). Therefore, a higher dissipation tgfoavaporation could be expected for
the fractions of shorter C length.

The extent of TPH removal varied among bioremeaimatieatments. Bioaugmentation-
assisted phytoremediation treatment showed theekiglemoval rates of TPH (68 % for
total TPH), followed by bioaugmentation (59 %), frgmediation (47 %) and natural
attenuation (37 %). The results of this study shbwbkat natural attenuation
significantly reduced TPH levels in the presentlyted soil. This implies that
indigenous microorganisms of this soil were notyadapted to the conditions of their
habitat, but also functional and able to degradél.TiAR accordance with the present
results, Serrano et al. (2008) demonstrated thiatralaattenuation of diesel aliphatic
hydrocarbons can occur to substantial extents. Thbgerved that aliphatic
hydrocarbons were used as sources of carbon amgyebg soil microorganisms and
that soil quality indicators and microbiologicalrpmeters regained their original levels
about 200 days after the spill. Although evaluatihg impact of metals on the
biodegradation of petroleum hydrocarbons was nttiwithe scopes of this study, it is
important to highlight that TPH removal rates obéa in a co-contaminated soil are
possibly lower than those obtained in the absemacaatals. These differences can be
explained by the fact that metals have been demaiadtto affect the biodegradation of
organic pollutants as a result of their negativpaot on the physiology and ecology of
organic degrading microorganisms (Sandrin and M2i@03).

Although natural attenuation is the simplest appihoaamong bioremediation
technologies, it can be improved through the assioci with other biological strategies
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to achieve reduced clean-up times. This experincenfirmed that vegetation with
alfalfa species (phytoremediation treatment) letliglher removal rates. These findings
support the idea of plant contribution to pollutathssipation possibly through an
enhancement of microbial number and/or activitthie rhizosphere (Pinton et al., 2007,
Segura and Ramos, 2013). As shown by rhizosphéet efalues, it seems that plants
had a greater contribution by enhancing microbiahber of alkane degraders than by
stimulating lipase activity. This is possibly thesult of plant-bacteria interactions
mediated by root exudates rich in organic compousdsh as amino acids, organic
acids, sugars, enzyme and complex carbohydrateshwgnovide carbon source and
energy for the growth of rhizosphere microorganis(hsichar et al., 2014). An
increased number of bacteria capable of petroleegradiation in an hydrocarbon-
contaminated soil vegetated with alfalfa has alydagen reported in the literature (Kirk
et al., 2005), as well as enhanced pyrene degaadatithe rhizosphere of alfalfa (Fan
et al., 2008). Moreover, recent studies supporidba of an active role of alfalfa plants
in the rhizospheric degradation of hydrocarbonghasresult of the action of plant
enzymes released in root exudates (Muratova et28i14). Thus, the increased
degradation of pollutants in the rhizosphere cdaddhe result of a combined action of
plants and rhizospheric microorganisms. Finallyothar possible explanation for the
enhanced pollutant removal rates in the presenceegétation may be related to an
abiotic contribution of root exudates to the rhigtoare effect. Root exudates have been
demonstrated to enhance soil desorption of poltstamproving bioavailability and
subsequent biodegradation potential as a resufigle et al., 2013; Sun et al., 2013).
In turn, bioaugmentation withP. aeruginosaresulted in even greater remediation
efficiency. The present findings seem to be coeststvith a previous comparative
study which demonstrated that bioaugmentation waseneffective than natural
attenuation on the degradation of light £6C;3) and heavy (&C,) fractions of TPH

in soil samples (Bento et al., 2008)can be hypothesised that the observed increase i
TPH removal rates when soil inoculation was perfednare due td®. aeruginosa
hydrocarbon-degrading ability (Ueno et al., 200@; ket al., 2012; Ji et al., 2013).
Nevertheless, specific techniques.g. FISH) are required to attribute petroleum
hydrocarbon degradation Bx aeruginosaThe observed increase in TPH removal rates
when bioaugmentation was performed could be furhatitated by the production of
biosurfactants that increase organic pollutant \adability (Zhang et al., 2012).
Relative to natural attenuation, a 10 and 22 %emee in removal rates was obtained
for phytoremediation and bioaugmentation, respebtivit is apparent from this data
that the contribution of TPH removal of bacteriaodugmentation treatment) was
greater than that of plants (phytoremediation ineait). However, the effect of plants is
not only limited to the enhancement of pollutangsfpation in the rhizosphere. The
presence of plants makes several noteworthy additioontributions, which renders
advisable the vegetation of a contaminated sintBlhave a role in sequestering,CO
and greenhouse gas emissions. In addition, vegetatiproves control of soil erosion,
surface water runoff and infiltration. Moreover,etlpresence of plants improves
physico-chemical properties of the soil as weleassystem functioning and landscape
aesthetics.
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The present study also demonstrated that the catymof plants and microorganisms
in bioaugmentation-assisted phytoremediation treatmgave rise to the best
performance in TPH removal, among the bioremediatieatments tested. The effects
of bacteria and plant contribution seemed to betiaddrather than synergic, as the
bioaugmentation-assisted phytoremediation treatmesiilted in a 31 % increase of
TPH removal rates, relative to natural attenuatidfter 90 days, the content of total
TPH in bioaugmentation-assisted phytoremediatieattnent was 39 % and 20 % lower
than that of phytoremediation and bioaugmentatiggatinents, respectively. It is
possible to hypothesise that this reduction indbetent of TPH pollutants when soils
were inoculated witl?. aeruginosamay result in a higher biomass production of &fal
plants as a consequence of decreased toxicity eekdsy TPH pollutants. This
hypothesis is consistent with the obtained resoithigher biomass of alfalfa when
bioaugmentation was performed. The association dmiwalfalfa and®. aeruginosa
appeared to be particularly effective in terms BHIremoval, probably due to the fact
that P. aeruginosacombines petroleum hydrocarbon biodegradativetalahd plant
growth-promoting activity at the root level. It igely therefore that the reduction of
TPH in the rhizosphere of alfalfa resulted botmfrthe ability to degrade TPH of a)
inoculated microorganisms and b) rhizosphere-aattimicroorganisms growing in
the surroundings of alfalfa roots. The results lifs tstudy demonstrate that the
combined use of plant and bacteria is a more piomistrategy for the remediation of
petroleum hydrocarbons, as compared to bioaugmemtat phytoremediation applied
alone.

Although this study has successfully demonstratedpasitive contribution of
bioaugmentation (alone and in combination with fdanthe application of bacteria to
soils may have certain limitations in terms of ierpkenting such strategy at higher scale
being thus more feasible the application of bioaegtation in confined systems, which
are easier to control. In any case, careful cdseg¥eness of the process should be
contemplated, considering not only economic asp@ctscosts of design, engineering
of the site and monitoring) but also safety issnexrder to determine whether it is safe
to introduce a new species to an environment thaiiot native to.

Contrary to expectations, this study did not finddent consistency between the
number of alkane degraders, soil lipase activity @&RH removal rates. At 90 days the
following divergent trends were obtained in 1) Nuenbf alkane degraders: NA < PR <
BA+PR < BA, 2) Saoil lipase activity: PR < NA < BARP< BA and 3) TPH removal:
NA < PR < BA < BA+PR. The three parameters werehéigin bioaugmented
treatments that in non-bioaugmented treatments.ederwy the presence of plants leads
to a more variable behavior. The lack of a clearatation indicates that the population
of alkane degraders and the solil lipase activityewgossibly not the only factors
determining the removal of TPH.
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Figure 6.5 Soil concentration of petroleum hydrocarbons
Concentration (mg kfsoil DW) of petroleum hydrocarbon fractions foe tiieatments: natural
attenuation (NA, intrinsic clean up ability of theil), phytoremediation (PR, soil vegetated
with alfalfa), bioaugmentation (BA, soil inoculatedth P. aeruginosastrain), and
bioaugmentation-assisted phytoremediation (BA+RR vegetated with alfalfa and inoculated
with P. aeruginosastrain) after 90 days of experiment and at inttrak (Ty). Values are
expressed as means + standard deviations of aiplimeasurements (except gt Different
letters indicates that mean values are signifigatifferent between treatments (p<0.05).
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Figure 6.6Removal rates of petroleum hydrocarbons
Removal rates (%) of petroleum hydrocarbon fractifum the treatments: natural attenuation
(NA, intrinsic clean up ability of the soil), phytmediation (PR, soil vegetated with alfalfa),
bioaugmentation (BA, soil inoculated wikh aeruginosastrain), and bioaugmentation-assisted
phytoremediation (BA+PR, soil vegetated with aHadind inoculated witR. aeruginosastrain)
after 90 days of experiment

6.4.Conclusion

The present study was designed to compare fouermiediation strategies: a) natural
attenuation, b) bioaugmentation wikh aeruginosac) phytoremediation with alfalfa
and d) bioaugmentation-assisted phytoremediationthfe treatment of a heavy metal
and petroleum hydrocarbon co-contaminated soil.

This study has shown that alfalfa was able to &déeand grow in the co-contaminated
soil. In addition, the bioaugmentation treatment fea promoting effect on alfalfa
biomass. The content of heavy metals in alfalfafslavas limited, mainly concentrated
in plant roots and poorly translocated. Bioaugntmaassisted phytoremediation
generally decreased metal concentration in plars p& well as metal translocation, but
increased the total uptake of Cu by plant roots dhdt of Zn by shoots.
Bioaugmentation-assisted phytoremediation treatrslemived the highest removal rates
of TPH, followed by bioaugmentation, phytoremediatiand natural attenuation. Soil
lipase activity and the number of alkane degradensied to be higher when alfalfa
and/or P. aeruginosawere present in the system, but a definite caicglabetween
these parameters and TPH removal could not be found

Taken together, these results support the ideadlfe@fa. aeruginosacould be an
effective partnership for the remediation of cotemninated soils. Bioaugmentation had
a significant effect as PGPR, alleviating the plkytaity caused by soil pollutanti
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contrast, bacteria effect to enhance heavy metakepby shoots tended to be more
limited. As a result, this system seemed to be moitble for metal stabilization at the
root level rather than for metal phytoextractiomeTcombined effects of alfalfa afrd
aeruginosawere particularly relevant for TPH removal, pripaily as the result of
bacteria contribution. The present study providdditeonal evidence with respect
to bioaugmentation-assisted phytoremediation of cattaminated soils and
demonstrates that it could be a suitable approackduce clean-up time and improve
natural attenuation.

For a better understanding of bioaugmentation-gskighytoremediation further
research might explore the mechanisms respongiblfalfa growth promoting effects
of P. aeruginosa More research is also required to determined pinoduction of
metabolites €.g. siderophores, organic acids, biosurfactants) ttaild enhance
pollutant bioavailabilty byP. aeruginosas taking placen situ after bioaugmentation.
In any case, a close monitoring after inoculat®meritical in order to ensure succesful
inoculum survival, colonization and metabolic aityiv
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7. Physiological impacts of co-contaminated soil and
bioaugmentation on alfalfa plants

7.1.Introduction

This chapter presents supplementary data that edesgplhe results presented in chapter
6. This study had two primary aims: 1) to evaluai development and physiology of
alfalfa plants growing in a non-contaminated adtigal soil and in a polluted soil and
2) to ascertain the influence of soil bioaugmentatvith Pseudomonas aeruginosa
alfalfa development and physiology when plants gi@wing in a non-contaminated
agricultural soil and in a polluted soil. Severatgmeters (biomass, maximum quantum
yield of photosystem 1l (PSIl) and plant content chlorophyll, flavonols and
malondialdehyde) to evaluate plant physiology well®wed in alfalfa plants growing

in an agricultural and a co-contaminated soil bgpaanted or not withP. aeruginosa
over a 90-day experimental time.

7.2.Materials and methods
7.2.1. Soils samples, plants and bacteria

Two types of soil samples were used: a) agriculsoa (AS) and b) polluted soil (PS).
Samples of AS were collected in an agriculturalbarehis soil was used to test the
performance of plants when pollutants were notgres

Samples for PS were collected from a French urbea @ose to a fuel station with a
history of contamination by heavy metals and petrol hydrocarbons, mostly diesel.
Samples were taken with a drill auger, which alldvellecting soil from different
depths between 0 and 100 cm. The different sodttivas were mixed unequally as it
was technically not possible to ensure the mixifgsails from different depths in
equivalent proportions. This soddndage #was sieved to pass through a 6 mm mesh
and homogenized. To limit the level of pollutants order to improve alfalfa
performance, the contaminated soil was mixed (1\)wvith soil from the same site
but characterized by negligible hydrocarbon contetion §ondage B Before mixing,
this soil was sieved through a 2 mm mesh.

Selected chemical and physical properties of ASR®dsoil mixsondage 3/4soils are
presented in Table 7.1 and Table 7.2, respectiVysicochemical characterization of
soil sondage 3/4samples was performed by an external laboratorycoftrol
Laboratories. ALcontrol is accredited by the Cof(@omité francais d’accréditation)
and by the RvA (Raad voor Accreditatie) under nuni#28, in accordance with the
criteria of laboratory analysis: ISO / IEC 1702830All their services are performed
in accordance with their general conditions, reged under KVK number 24265286 at
the Rotterdam Chamber of Commerce, Netherlands.lygisaare performed in
accordance with French standards (NF: Norme fraegaihe Dutch Standards Institute
(NEN: Nederlands Normalisatie-instituut) and thetetnational Organization for
Standardization (ISO). The following analyses waeeformed: actual soil pH (NF ISO
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10693), cation exchange capacity (NF X 31-130)anig carbon and organic matter
(NF ISO 14235), total nitrogen (sum of N KjeldaNIQ,  and NQ' internal method,
NEN 6604), C/N ratio (calculated as the ratio bemvthe content of organic carbon and
total nitrogen), FOs (Joret-Hebert method, NF X 31-161),@& MgO and CaO (NF X
31-108), DTPA (diethylene triamine pentaacetic paidhilable fraction of Fe and Mn
(NF X 31-121), water available fraction of B (NF31-122), soil texture (NF X 31-
107), content of As, Cd, Cr, Cu, Pb, Ni and Zn dinal method: destruction in
accordance with NEN 6961, analysis in accordandd V8O 22036), content of Hg
(NEN 6950, destruction in accordance with NEN 69&dalysis in accordance with
NEN-ISO 16772), petroleum hydrocarbon fractiongg-Ci2, C12-Cig, C16-Co1 and Gs-
Cyo (internal method: acetone, hexane extraction fipation and analysis by GC-FID)
and Total Gg-Cy4o (Equivalent to NEN-EN-ISO 16703).

Alfalfa seeds edicago sativd.. v. La Bella Campagnola, purity: 99 %, germiridyai

85 %) were surface disinfected by immersion in 2#%6) hydrogen peroxide for 8 min
(Qu et al., 2011), in order to avoid the additidnmon-indigenous microorganisms to
the system. Then, seeds were thoroughly rinsee timmees with sterile water and used
for the pot experiment.

The bacterial straifP'seudomonas aeruginogel CC® 9027 (Sigma-Aldrich) was used
as inoculum for the bioaugmentation treatments.

181



Physiological impacts of co-contaminated soil ammhlhgmentation on alfalfa plants

Table 7.1Chemical and physical properties of the agricaltspil (AS)

Agronomic Parameters

pH (H,0) 8.0
Cation Exchange Capacity at soil pH (civia* DW) 32.0
Organic Matter (g kg DW) 31.7
Organic Carbon (g kKgDW) 18.4
Total Nitrogen (mg kg DW) 885
C/N ratio 21
Sand (%) 11.3
Silt (%) 32.7
Clay (%) 56.0
Table 7.2Chemical and physical properties of the pollutet (&5, sondage 3/%
Agronomic Parameters
pH (H,0) 8.1
Cation Exchange Capacity at soil pH (civia* DW) 10.7
Organic Matter (g kg DW) 49
Organic Carbon (g kKjDW) 28.3
Total Nitrogen (mg kg DW) 640
C/N ratio 44
P,Os (g kg' DW) 0.10
K,0 (g kg DW) 0.09
MgO (g kg' DW) 0.12
CaO (g kg DW) 9.63
Fe* (mg kg' DW) 116
Mn* (mg kg DW) 19.5
B* (mg kg* DW) 0.71
Sand (%) 82.6
Silt (%) 12.5
Clay (%) 4.9
Heavy Metals (mg kg DW)
As 7.4
Cd 0.36
Cr <10
Cu 87
Hg 1.0
Pb 100
Ni 8.7
Zn 110
Hydrocarbons (mg kKgDW)
CiCr2 130
C12'C16 1100
Ci6-Co1 1600
C1-Cuo 830
Total Qo‘C40 3600

DW: dry weight
* DTPA (diethylenetriaminepentaacetic acid) exti@act

182



Chapter 7

7.2.2. Pot experiment

Disinfected alfalfa seeds were sown in a potting) @vganic carbon: 20 %, organic
nitrogen: 0.4 %, organic matter: 40 %, dry mattamtent: 58 %), where seedlings grew
for 21 days in a growth chamber (Sanyo Versatileifenmental Test Chamber MLR-
352). Growth conditions were as following: photapdrof 16 h light at 22 °C and 8 h
dark at 18 °C, photosynthesis photon flux dens®PRD) of 130umol m? s™.
Subsequently, 10 seedlings of uniform size werecsetl and transplanted in plastic
pots (7x7x6.7 cm) filled with 200 g of fresh soA§ or PS). Pots containing the
transplants were put in the growth chamber (samelitons as stated above) and
received water daily. The location of pots was manly changed daily (within the same
shelf and also between different shelves in thevtirahamber).

The experimental design included four treatmerdy:agricultural soil vegetated with
alfalfa (AS + Alf), (b) agricultural soil vegetatedth alfalfa and bioaugmented with
aeruginosastrain (AS + Alf + Pa), (c) polluted soil vegetatetth alfalfa (PS + Alf),
and (d) polluted soil vegetated with alfalfa andahigmented witl. aeruginosastrain
(PS + Alf + Pa). All treatments were performed iiplicates. Bioaugmentation was
done every 15 days, for a total of six bioaugméoraevents during the experimeft.
aeruginosawas added to pots as 5 ml of cell suspension (#:3x110x10? cells mi*).
Non-bioaugmented pots received the same amounteoiflesdistilled water. Each
condition was performed in triplicates.

7.2.3. Plant biomass

Plants were harvested 30, 60 and 90 days aftesptiamting (the different treatments
were grown in parallel), every time three days rafteaugmentation. Plants were
removed from pots, and roots and shoots were degar®oots were washed with
distilled water to remove attached soil particlesl avith ethylenediaminetetraacetic
acid (EDTA, 10 mM) to remove adsorbed metals. Rooése further rinsed with
distilled water and blotted with tissue paper. Phent material was put in the oven at
70 °C for 3 days (Campbell and Plank, 1998) andveights of shoots and roots were
recorded.

7.2.4. Maximum quantum yield of photosystem (PS) HF)

The maximum quantum vyield was measured with a platgoulse modulated
fluorimeter (Hansatech Fluorescence Monitoring &yst FMS1) able to detect
chlorophyll fluorescence emissions. Leaves wer& ddapted for at least 15 min using
leaf clips designed for use with the FMS1. Follogvidark adaptation the modulated
light was turned on, the minimal fluorescenceg, (¥ith all PSIl reaction centres fully
open) signal recorded and then a saturating pytpdied to measure the maximal
fluorescence (F with all PSII reaction centres fully closed). Thximum quantum
yield of PSII, which quantifies the maximal effinoiey of photon capture by open PSII
reaction centers, was calculated af~F = (Fn-Fo)/Fm (Papageorgiou and Govindjee,
2007).
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7.2.5. Chlorophyll and flavonols content

The chlorophyll index and the flavonols index wareeasured using the sensor
DUALEX SCIENTIFIC+™. This portable battery-powered fluorimeter with a light-

emitting diode possesses a leaf-clip to measuem imstantaneous and non-destructive
way chlorophyll content in plant leaves and flavisncontent in plant epidermis. Each

measurement was performed on two leaves per potder to have a representative
sample. Chlorophyll and flavonols indices were glted as described by (Cerovic et
al., 2012) and results were expressed in arbitraitg (a.u.).

7.2.6. Malondialdehyde content

Malondialdehyde (MDA) was measured according todblerimetric method in which
MDA contained in fresh plant tissue extracts reagth thiobarbituric acid (TBA) at 95
°C during 25 min to form a coloured product whobsabance is recorded at 538.
The modified method described by (Hodges et al99)1%@llows to correct for plant
interfering compounds that also absorb at &32 The effect of these interferences is
avoided by subtracting the absorbance atrB82f a solution containing plant extract
incubated without TBA from an identical solutionntaining TBA. Results of MDA
concentration are expressed as nmol MDA equivaleertg of fresh plant tissue.

7.2.7. Statistical analysis

The experiment was arranged in a completely rangieandesign. All data reported
were averaged values of three independent repdicBtata were statistically evaluated
by one-way analysis of variance (ANOVA) and mukiptomparisons of means by
Tukey contrasts. Differences were considered saamf at p<0.05. The statistical

analysis was accomplished with R software, ver8i02 (R Core Team, 2014).

7.3.Results
7.3.1. Plant biomass

Figure 7.1 shows the experimental data on planhasgs for the four treatments and as
a function of time. Alfalfa growth was not hinderadd both above and below ground
biomass continuously increased for all the treatsiehfter 90 days there was always a
significant enhancement in plant biomass, with eespgo that at the moment of
transplanting. For plants growing in the agricudtusoil there was an 85 and 89-fold
increase for shoots and 961 and 998-fold increasseobts of alfalfa growing in non-
bioaugmented and bioaugmented soil, respectivelthoAgh of less magnitude, for
plants growing in the polluted soil the enhancenvess of 24 and 38-fold increase for
shoots and 167 and 341-fold increase for rootdfaffa growing in non-bioaugmented
and bioaugmented soil, respectively.

The comparison between biomass yield in polluted agricultural soil revealed a
significant shoot biomass reduction up to 71 and%or alfalfa growing in non-
bioaugmented and bioaugmented soils, respectivel9Oadays. For roots, it was

184



Chapter 7

observed a significant reduction of 83 and 66 % &bfalfa growing in non-
bioaugmented and bioaugmented soils, respectigeB0 days.

Bioaugmentation withP. aeruginosahad a positive effect on plant yield principalfy i
the polluted soil. Soil inoculation witR. aeruginosanhanced shoot biomass by 15, 33
and 56 % at 30, 60 and 90 days, respectively. 8iipjl root biomass was also
increased by 13, 19 and 105 % at 30, 60 and 90, dagpectively. In contrast the
improvement was considerably less pronounced imagrecultural soil and only from
60 days on. There was just a 2 and 5 % enhancefaerghoots and 8 and 4 %
enhancement for roots after 60 and 90 days, rasphct
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Figure 7.1Biomass of alfalfa
Dry biomass (g pd for four treatments: (a) agricultural soil vegetawith alfalfa (AS + Alf),
(b) agricultural soil vegetated with alfalfa anddiigmented witlP. aeruginosgAS + Alf +
Pa), (c) polluted soil vegetated with alfalfa (P8If), and (d) polluted soil vegetated with
alfalfa and bioaugmented with aeruginosgPS + Alf + Pa) at initial time (TO) and after 30,
60 and 90 days of experiment. Values are expressateans + standard deviations of triplicate
measurements. Different lower case letter abowves{foots) or below (for roots (‘)) a column
indicates that mean values are significantly ddf¢between treatments at a definite time
(p<0.05). Different upper case letter above (for $tpor below (for roots () a column
indicates that mean values are significantly déférthroughout time for a single treatment
(p<0.05).

7.3.2. Maximum Quantum Yield of photosystem (PS)JHF)

The results of maximum quantum vyield of PSI|/Bs) are presented in Figure 7.2.
Fv/F, values were constant over time for alfalfa plagrt®swing in the agricultural soil
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with comparable values for plants growing in bicaegted or non-bioaugmented soill
(Average K/Fn: 0.84). On the contrary, there was a significaeduction in K/Fn
values 15 days after transplanting alfalfa seedling the polluted soil in both
bioaugmented and non-bioaugmented treatments,{K 0.75), compared to the initial
F/Fm value (0.83). As time passed, these values tentnfwove mirroring those
obtained in the agricultural soil. Interestingly @vhbioaugmentation was performed the
recovery of /Fn, values was favoured.
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Figure 7.2 Maximum gquantum yield of photosystem I, in alfalfa
Treatments: (aqgriculturalsoil vegetated with alfalfa (AS + Alf), (l@griculturalsoil
vegetated with alfalfa and bioaugmented viAtraeruginosgAS + Alf + Pa), (c) polluted soil
vegetated with alfalfa (PS + Alf), and (d) pollutsail vegetated with alfalfa and bioaugmented
with P. aeruginosdPS + Alf + Pa) as a function of experimental titdalues are expressed as
means * standard deviations of triplicate measunésn®ifferent lower case letter above a
column indicates that mean values are significadiffgrent between treatments at a definite
time (<0.05). Different upper case letter above a columicates that mean values are
significantly different throughout time for a siegireatmentg<0.05).
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7.3.3. Chlorophyll content

The results of chlorophyll content in alfalfa leavare provided in Figure 7.3. For
alfalfa plants growing in the agricultural solil, lefophyll content continuously and

significantly increased as experimental time pasa#édining quite constant values by
the end of the experiment. On the other hand, oployll content in alfalfa leaves

suffered a significant fall (almost 50 % decreakg)days after transplanting seedlings
to the polluted soil. Afterwards, chlorophyll contegradually increased for both

biougmentated and non-bioaugmented treatmentsinbilte presence of bacteria this
improvement was additionally facilitated. At 90 daywas observed a significant 1.04
and 1.57-fold increase for non-bioaugmented andugimented plants, respectively and
relative to the chlorophyll content at 15 days.
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Figure 7.3 Chlorophyll content in alfalfa
Chlorophyll index (arbitrary units, a.u.) in alfalfeaves for four treatments: (a) agricultural soil
vegetated with alfalfa (AS + Alf), (b) ) agriculalrsoil vegetated with alfalfa and bioaugmented
with P. aeruginosgAS + Alf + Pa), (c) polluted soil vegetated wétalfa (PS + Alf), and (d)
polluted soil vegetated with alfalfa and bioaugneentithP. aeruginosgPS + Alf + Pa) as a
function of experimental time. Values are expressetheans + standard deviations of triplicate
measurements. Different lower case letter abov@larmn indicates that mean values are
significantly different between treatments at ardef time <0.05). Different upper case letter
above a column indicates that mean values arefisgmily different throughout time for a
single treatmentp<0.05).
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7.3.4. Flavonols content

Figure 7.4 presents the results of flavonols cdniteralfalfa. As shown in the figure,
flavonols content significantly increased over tinmelependently of the type of soil and
bioaugmentation treatment. From 45 days on, andiapeat 75 days, the highest
flavonols contents were found in plants growingtive polluted soil that was not
inoculated with P. aeruginosa The remaining treatments presented comparable
flavonols contents.
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Figure 7.4 Flavonols content in alfalfa
Flavonol index (arbitrary units, a.u.) in alfalalves for four treatments: (a) agricultural soil
vegetated with alfalfa (AS + Alf), (b) agricultursbil vegetated with alfalfa and bioaugmented
with P. aeruginosgAS + Alf + Pa), (c) polluted soil vegetated watalfa (PS + Alf), and (d)
polluted soil vegetated with alfalfa and bioaugneenvithP. aeruginosgPS + Alf + Pa) as a
function of experimental time. Values are expressetheans + standard deviations of triplicate
measurements. Different lower case letter abov@larmn indicates that mean values are
significantly different between treatments at ardedf time (<0.05). Different upper case letter
above a column indicates that mean values arefisgmily different throughout time for a
single treatmentp<0.05).
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7.3.5. Malondialdehyde (MDA) content

The results obtained from MDA analysis are showFRigure 7.5. The highest levels in
MDA content of plant tissues were found at the moihwd transplanting seedlings and
after 30 days of experiment. Subsequently MDA aanntended to decrease. Among
treatments, at 30 days the greatest MDA levels ieued in plants growing in the

polluted and non-bioaugmented soil (23 % highen thiants growing in the polluted

but bioaugmented soil and 48 % higher than plantsvipg in the non-polluted and

non-bioaugmented soil).
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Figure 7.5Malondialdehyde (MDA) content in alfalfa
MDA (nmol g* fresh weight, FW) content in alfalfa leaves fonrfereatments: (a) agricultural
soil vegetated with alfalfa (AS + Alf), (b) agrit¢utal soil vegetated with alfalfa and
bioaugmented witlP. aeruginosgAS + Alf + Pa), (c) polluted soil vegetated wélialfa (PS +
Alf), and (d) polluted soil vegetated with alfaiad bioaugmented witR. aeruginosgPS +
Alf + Pa) at initial time (TO) and after 30, 60 a@d days of experiment. Values are expressed
as means + standard deviations of triplicate measents. Different lower case letter above a
column indicates that mean values are significadiffgrent between treatments at a definite
time (p<0.05). Different upper case letter above a columicates that mean values are
significantly different throughout time for a siegreatmentf<0.05).
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7.4.Discussion

This study evaluated alfalfa growth and physiolagy non-contaminated agricultural
soil and in a polluted soil. Plant biomass of baotbts and shoots was lower in the
polluted soil, although root biomass was compaeftiimore strongly reduced. Roots
might have been more sensitive than shoots toftbete of soil pollutants as a result of
a direct contact with them (Kummerova et al., 2018)accordance with the present
results, inhibition of plant growth in the presemeéhydrocarbons and/or heavy metals
has already been reported for alfalfa species [{@evadea et al., 2002; Fan et al.,
2008). Mechanisms underlying heavy metal and patral hydrocarbon phytotoxicity
may be related both to direct effects on plant hggy (e.g.cell membrane disruption,
damage of photosynthetic apparatus) or indireeilgring the biological, chemical and
physical properties of the soil where plants a@wvyng (Baker, 1970; Kabata-Pendias,
2011). The study of physiological parameters shosyptoms of phytotoxicity in
plants growing in the polluted soil. Chlorophyludirescence measurements are useful
to estimate the photochemical activity of PSIl. Tago K/F, represents the maximum
potential quantum efficiency of PSII if all capableaction centers were open. In
general, FF, is about 0.8 in healthy leaves and a decrease/H, Kfewer open
reaction centers available) is indicative of plasttess and dysfunction of PSII
(Pessarakli, 2005). In the present study, photb®gié process carried out by alfalfa
plants was strongly affected as observed by theedse in FF, ratio and by the
decrease in leaf chlorophyll content in alfalfantéagrowing in the polluted soil. In
addition, high levels of MDA were also found. MD#& & secondary end product of the
oxidation of polyunsaturated fatty acids (Del Rioak, 2005), used as an index of
general lipid peroxidation (Hodges et al., 1999jidative processes are responsible of
cell membranes damage, which may modify membranéitff and permeability. These
modifications can result in the alteration of elenttransfer in photosystems and the
reduction of photosynthetic efficiency (Del Rioatt, 2005; Demidchik, In Press). The
increase of lipid peroxidation, as observed byramaase in MDA content, is indicative
of toxicity that resulted in oxidative stress, pbBs responsible of physiological
perturbations on alfalfa plants. In response taatxwe stress plants are able to develop
antioxidant defense systems, which comprises tin¢hegis of protective compounds
with antioxidant activity (Gill and Tuteja, 2010dmong them, flavonols are a class of
flavonoids, which are plant secondary metabolitele do inhibit the generation of
reactive oxygen species (ROS) and reduce the lefeROS once they are formed
(Agati et al., 2012). The findings of the curremidyy suggest that the synthesis of
flavonols occurred in alfalfa plants growing in tbelluted soil, possibly in response to
oxidative stress.

After transplanting alfalfa plants to the polluteail it was observed a negative impact
on plant biomass (reduction of shoot and root Yieldd photosynthetic machinery
(reduction in K/Fy ratio and chlorophyll content), which was evidemt30 days of
experiment. It is likely that these effects were tlesult of oxidative processes taking
place in stressed plants, which exhibited an irsgeima MDA content at 30 days.
Subsequently alfalfa plants started to adapt tattiavourable environment triggering a
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plant defense system. It could be hypothesized ttatsynthesis of molecules with
antoxidative activity (flavonols) helped to courtelr the oxidative events taking place.
This hypothesis could be supported by the decreabtbA content at 60 and 90 days.
As a consequence of plant acclimatization to tHeifsal soil, physiological parameters
(FJ/Fm ratio and chlorophyll content) returned to theelevfound in plants grown in the
agricultural soil and plant growth in the co-contaated soil was not hindered.

The presence of petroleum hydrocarbons and heavialsne@ppeared to be a
determining factor affecting the growth and physgy of plants growing in the
polluted soil. However, these results need to berpneted with caution because soil
properties differed between the polluted soil dr@lnon-contaminated agricultural soil.
Soil characteristics such as the nutrient staggar@c matter content or texture may have
also influenced plant performance. As a resulis itot possible to attribute the observed
differences exclusively to the presence of co-auirtation.

The present study also assessed the influence f Boaugmentation with
Pseudomonas aeruginosa alfalfa growth and physiology for plants grogiin a non-
contaminated agricultural and a polluted soil. Bigmentation treatment seemed
somehow to counteract the negative impact of sollufants on plant biomass and
physiology parametersPseudomonas aeruginoses a plant growth promoting
rhizobacteria (PGPR) able to promote plant grottough several mechanisms: a)
directly by either assisting in resource acquisitty modulating plant hormone levels,
or b) indirectly by decreasing the inhibitory effe®f plant pathogens (Ahemad and
Kibret, 2014). Moreover, PGPR able to metabolizBupents may also improve plant
growth, as a result of organic pollutant biodegtaxtain the media where plants are
growing (Khan et al., 2013). Moreover, bacteria baysorb metals, which would result
in a decrease of their mobility and their toxiciowvards plants (Lebeau et al., 2008).
This study showed that plant growth promoting &pibf P. aeruginosawvas mainly
observed in the polluted soil. Therefore, it i®likthat alfalfa growth promotion by.
aeruginosais the result of decreased pollutant phytotoxi@td/or the influence on
plant phytohormones in stressed plants. Furthermbreas been demonstrated that
plant growth promoting bacteria enhance plant &wlee to biotic and abiotic stress,
mitigating the levels of ROS (Jebara et al., 200Brqueira Rodrigues et al., 2013).
Hence, it could be hypothesised that soil inocatatwith P. aeruginosaalleviated
oxidative stress in alfalfa plants, which is in @dance with the observed decrease in
MDA content and the increase iIk, values and chlorophyll content, relative to those
found in alfalfa growing in the non-bioaugmentedyged soil.

7.5.Conclusion

This work analysed the behaviour of alfalfa plagitswing in a polluted soil and in a
non-contaminated agricultural soil. The measurem@ftplant biomass and selected
physiological parameters showed a negative inflaemcalfalfa growing in the polluted
soil. Heavy metals and petroleum hydrocarbons miigivie been at the origin of bad
plant performance although other factors cann@xXatuded. Alfalfa plants were able to
tolerate the presence of pollutants, and to devatopdaptative response to the hostile
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soil environment. As plant tolerance to pollutaistene of the crucial characteristics for
plant species to be used in phytoremediation, ulccbe predicted a viable application
of alfalfa species with this purpose. Moreover, ithpact of soil bioaugmentation with
P. aeruginosaon alfalfa was addressed. Soil inoculation wethaeruginosgpromoted

plant growth and appeared to alleviate plant toxitwwards the co-contaminated soil.
Therefore, suitable plant-bacteria associationddcoepresent a promising solution to
improve the clean-up of soils through a bactersisésd phytoremediation approach.
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8. General experimental overview, final considerations
and future perspectives.

8.1. Overview relating the experiments performed

This research project was undertaken to investitiegepotential of alfalfaMedicago
sativa L.) plants for the phytoremediation of co-contaateéd soils and to study
chemical and biological strategies to assist the/tgsbmediation process. To
accomplish these aims a set of five experimentewenducted. A summary of the
whole experimental design, highlighting the maimarelcteristics of each experiment is
presented in Table 8.1.

The starting point of this research was the bidalgitreatment of a real co-
contaminated soilspndage % This soil was affected by the simultaneous preseof
inorganic and organic pollutants. Among inorganitt&e main heavy metals present
were Cu, Pb and Zn (at 76, 100 and 98 m{ &gijl dry weight (DW)), while petroleum
hydrocarbons were the organic pollutants of condgotal petroleum hydrocarbon
(TPH) concentration: 8400 mg kdPW). A first preliminary experiment was performed
to assess the behaviour of alfalfa plants in thicantaminated soil over a relatively
long timeframe of five months (Chapter 3). The hessof this investigation showed
important plant growth restriction and elevatednplanortality. These effects could be
attributed to the presence of heavy metals andlpeitm hydrocarbons in the soil,
which were probably above the phytotoxicity thrddhtor alfalfa. However, other
causes such as soil nutrient deficiencies cannekbkeided. Heavy metals were uptaken
by plants to a limited extent but microbiologicaldicators were enhanced in the
rhizosphere, which could be promising for rhizo@etion of hydrocarbons. However,
it was apparent from this study that in order tokenshis approach feasible, alfalfa
tolerance to contaminants had to be improved aalgily phytoremediation needed to
be assisted by means of supplementary treatments.

In order to reduce phytotoxicity of the co-contaated soil towards alfalfa three
strategies were adopted for the subsequent phyeali@tion studies. Firstly, the soil
concentration of TPHs was reduced by mixing (1:tvmthe soilsondage 4with soil
from the same site but characterized by negliglpjdrocarbon contamination (soil
sondage B The resulting soil mix (sodondage 3/¥ contained heavy metals at similar
levels (Cu: 87, Pb: 100 and Zn: 110 mg“kéW), while TPH content was
comparatively reduced (3600 mgk®W). Secondly, germination of alfalfa seedlings
was performed in a non-polluted soil. Just afteshart growth phase in a separate
substrate, seedlings were transplanted to thetpdllspils subject to phytoremediation.
Finally, it was proposed that phytoremediation Bgl&a could be assisted by chemical
and biological strategies to improve the efficientyhe remediation process.

The method adopted for chemical assistance of piytediation involved the use of
two types of soil amendments: namely the low mdbeacweight organic acid citric acid
and the non-ionic surfactant Twé&eB0 (polyethylene glycol sorbitan monooleate).
Next, a second preliminary study was performec#t if the selected amendmepty
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secould exert any toxic effect on alfalfa plantswgiog in a non-polluted soil, thus not
affected by pollutant stress (Chapter 4). A sefoof levels of concentration of each
amendment were analyzed and an intensive frequencweekly applications to
vegetated soils was implemented. This study fotmadl alfalfacould tolerate citric acid
and Tweefi 80 (significant inhibition of plant biomass or dease in chlorophyll
content were not observed), thus supporting thempay use of such amendments in
future experiments of chemically assisted phytodiat®n. The following step was to
perform a phytoremediation experiment in the soihdage 3/4and in the presence of
individual and combined applications of citric acidd Tweefi 80 (Chapter 5). This
experiment demonstrated that alfalfa could bettierate the levels of pollutants present
in soil sondage 3/4 Plant biomass increased in the course of the rempat and
negligible plant mortality occurred. One differenbetween soilssondage 4and
sondage 3/4vas related to TPH content. Thus, it is possibléypothesise that the
presence of petroleum hydrocarbons could be a &etpif determining phytotoxicity
rather than heavy metals such as Cu, Pb or Zn,evbmstent was similar in both soils.
Nonetheless, it is not possible to exclude thetdatrus effects of other metals like Hg,
whose concentration was higher in ssmhdage 4han insondage 3/4and whose role
was not addressed in the present study. In addifi@ne is also another possible factor
influencing the distinctive plant performance inilssondage 4and sondage 3/4
related to the fact that plants where not germuhatesoil sondage 3/4ut transplanted
after a pre-growth phase in a non-polluted soil.

The complementary data presented in chapter 7 deinaded that biomass yield and
parameters to assess plant physiology were affedtedtransplanting alfalfa plants in
the polluted soilfondage 3/4 relative to the non-polluted agricultural sdflet again,
petroleum hydrocarbons and heavy metals could tetermining factor affecting the
growth and physiology of plants. However, this raeuld not unambiguously be
attributed to pollutants as other soil propertiastijent state, organic matter content or
texture) differed between the polluted soil and tioe-contaminated agricultural soil.
Interestingly, 30 days after transplanting, alfajféants appeared to develop an
adaptative response to the co-contaminated sotleasonstrated by the restitution of
plant physiological parameters and the increasiagtgrowth.

The phytoremediation experiment presented in chdpfee. in soil sondage 3/¢talso
demonstrated that heavy metal content in plantspaets lower than in the previous
phytoremediation experiment€. in soil sondage % while alfalfa rhizosphere effect
was yet again present, enhancing both the micrgliallation and activity. The second
major finding of this experiment was that the apgiion of soil amendments was not
effective at enhancing metal uptake by alfalfa skodimiting the phytoextraction
potential of this strategy. In contrast, the japplication of citric acid and Twe&r80
further promoted microbial number and activity inetrhizosphere, stressing the
potential improvement in hydrocarbon biodegradatibat could be attained in the
presence of the combined treatment.

As a final point, biologically assisted phytorensdin was considered, performing an
experiment in the soisondage 3/4yegetated with alfalfa and bioaugmented with
Pseudomonas aerugino¢@hapter 6). Soil inoculation with this strain damstrated to
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have a growth promoting effect on alfalfa, whileganeral, it did not improve total
uptake of heavy metals by plant shoots, thus otstg the feasibility of
phytoextraction. Conversely, the highest TPH rerhoates were obtained through the
joint action of inoculated bacteria and plantshe bacteria-assisted phytoremediation
treatment. Interestingly, inoculation with aeruginosesseemed somehow to counteract
the negative impact of soil pollutants on plant pblpgy (Chapter 7). These findings
provide further evidence to support the fact tihat ¢ombined action of suitable plant-
bacteria partnerships can be effective to treardoatbon-polluted soils, even in the
presence of heavy metals.

Some of the results obtained from chemical- andbgical-assisted phytoremediation
experiments are compared in Table 8.2. In terndanft biomass, the highest yields of
shoots were obtained for the biological treatmethiije the highest yields of roots were
attained with the joint application of chemical amdments. Concerning heavy metals,
none of the treatments resulted in a consideraillarement of metal concentration in
plant harvestable tissues. As a result, assistgdo@ktraction appears not to be
practicable. The highest rhizodegradation potemjgleared to occur in the presence of
the combined chemical treatment (citric acid ande@W 80) and when soil was
bioaugmented, as could be observed by the highgstovements in the number of
alkane degraders and solil lipase activity, respelsti Nevertheless, the information
provided by these microbiological indicators needs be corroborated by the
quantification of the remaining TPH content in sdihe most important limitation lied
in the fact that TPH data was not available fomasital-assisted treatments. As a result,
it was not possible to resolve which one of therapghes (chemical or biological-
assisted remediation) was superior in relationRél Temoval efficiency.

In conclusion, alfalfa growing in the co-contamexdhsoil studied herein demonstrated a
promising potential for rhizodegradation of pettote hydrocarbons, enhanced by the
simultaneous presence of citric acid and Twe8A or by bioaugmentation witR.
aeruginosa In contrast, poor removal ability limited the asrement of heavy metal
phytoextraction, even with the assistance of chalroc biological treatments. In spite
of this, the fact that heavy metals concentratethijat the root zone consents to the
possibility of heavy metal containment through misyabilization.

A natural progression of this work is to analyses ttapproach in terms of
phytomanagement. At present, the principal usdfaffa is its cultivation as a forage
crop. As a result, it could be proposed the cogplof phytoremediation i.g.
phytostabilization of metals in the root zone arndzeodegradation of petroleum
hydrocarbons) with the economical valorization dfaléa as a forage crop. This
suggestion is supported by the fact that heavy Inoetacentrations found in above-
ground tissues of alfalfa appeared to be belowttherable concentrations of trace
elements in agronomic cropise( Zn: 50-100, Cu: 5-20 and Pb: 0.5-10 mg‘ KW of
mature leaf tissue (Kabata-Pendias, 2011)).

A number of possible future studies are proposeskation 8.5.
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Table 8.1Summary of the experiments

Chapter 8

General Thesis chapter and Experimental Main objectives Most important results Major corsbtuns
description Experiment title design
Phytoremediation Chapter 3 Duration: 150 To investigate the Alfalfa could germinate but plant The co-contaminated soil was
Phytoremediation days potential of alfalfa plants biomass was scarce and growth not tolerated by alfalfa.
potential of alfalfa Setting: for the phytoremediation was stunted after 60 days. After Therefore, alfalfa would not be
(Medicago sativd..) in growth of soils co-contaminated 150 days 100% plant mortality recommended for
heavy metal and chamber by heavy metals and was observed. Alfalfa plants werg@hytoremediation of this soil.
hydrocarbon co- Soil: Sondage petroleum hydrocarbons able to uptake heavy metals, Otherwise, lower levels of
contaminated soil. 4 while poor metal translocation  pollutants and/or assisted
Treatments: took place. Microbial number andphytoremediation strategies
Sall activity were enhanced inthe  should be taken into
Soil + Alfalfa rhizosphere, but these effects  consideration.

were reverted as plant
deterioration progressed.

(Continued on next page)
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Table 8.1 Summary of the experiments (continued)

General Thesis chapter and Experimental Main objectives Most important results Major corsituns
description Experiment title design
Phytotoxicity Chapter 4 Duration: 56 To assess alfalfa CA negatively affected Alfalfa appeared to tolerate CA and
Phytotoxicity of citric acid days tolerance to two plant germination, while it Tw-80 at the tested concentrations,
and Tweefi 80 for Setting: types of soil did not have any significantapplied weekly. Consequently, CA and
potential use as soil outdoors  amendments: citric  effect on biomass or Tw-80 could be potentially utilized to
amendments in enhanced Soil: acid and Tweeh80. chlorophyll content. assist phytoremediation of
phytoremediation Commercial Tw-80 did not affect plant contaminated soils vegetated with
soil germination and showed a alfalfa.
Treatments: trend to increase biomass,
Soil + Alfalfa as well as it did not have
Soil + Alfalfa any significant effect on
+ CA® chlorophyll levels.
Soil + Alfalfa
+ Tw-80°
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Table 8.1Summary of the experiments (continued)

Chapter 8

General Thesis chapter and Experimental Main objectives Most important results Major corsituns
description Experiment title design
Chemically- Chapter 5 Duration: 90 a) To investigate the a) Alfalfa could grow and This evidence supports the
assisted Citric acid- and Tweéh days potential of alfalfa plants negligible plant mortality phytoremediation potential of
Phytoremediation 80-assisted Setting: for the phytoremediation occurred. Heavy metals alfalfa species to promote the
phytoremediation of co- growth of soils co-contaminated were uptaken to a limited remediation of heavy metal and
contaminated soils chamber by heavy metals and extent, mostly by plant  hydrocarbon co-contaminated
vegetated with alfalfa  Soil: Sondage petroleum hydrocarbons roots. Microbial number  soils and the possibility to
(Medicago sativd..) 3/4 b) To study the influence and activity were enhance the phytoremediation
Treatments: of citric acid and Tweéh enhanced in the process through the joint
Saoll 80 on the rhizosphere. application of CA and Tw-80.
Soil + Alfalfa phytoremediation processp) Soil amendments did
Soil + Alfalfa  when applied individually not significantly enhance
+ CA° and in combination. plant metal concentration
Soil + Alfalfa or total uptake. The
+ Tw-8(f combination of CA and
Soil + Alfalfa Tw-80 significantly
+ CA® + Tw- improved microbial
80" number and activity in the
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Table 8.1Summary of the experiments (continued)

General Thesis chapter and  Experimental Main objectives Most important results Major corsbtuns
description Experiment title design

Biologically- Chapter 6 Duration: 90 To perform a comparative The content of heavy metals in The findings of this study
assisted Comparative days evaluation of four alfalfa plants was limited, they suggest that

Phytoremediation

bioremediation of co- Setting:
contaminated soils by  growth natural attenuation (NA), b)
natural attenuation, chamber  bioaugmentation witlf.

bioaugmentation and Soil: Sondage aeruginosaBA), c)
phytoremediation 3/4

Soil + P&
Soil + Alfalfa
+ P&

202

bioremediation strategies: a) mainly concentrated in plant

bioaugmentation-assisted
roots and they were poorly phytoremediation could be
translocated. Bioaugmentation a promising bioremediation
enhanced plant biomass, option for the removal of

phytoremediation with alfalfa decreased the concentration of soil petroleum
Treatments: (PR) and d) bioaugmentation-most metals in plant parts as
Saoll assisted phytoremediation
Soil + Alfalfa (BA+ PR), for the treatment
of a co-contaminated soil.

hydrocarbons, even when
well as metal translocation, but they are present
increased the total uptake of Cusimultaneously with heavy
by alfalfa roots and that of Zn metals.

by shoots.

Removal rates of TPH were

68%, 59%, 47% and 37% for

BA+ PR, BA, PR and NA,

respectively.

(Continued on next page)



Chapter 8

Table 8.1Summary of the experiments (continued)

General Thesis chapter and Experimental Main objectives Most important results Major corsituns
description  Experiment title design
Phytotoxicity Chapter 7 Duration: 90 To assess the impact of A reduction in biomass yield, fF, The co-contaminated soil
Physiological impacts days a co-contaminated soil values and chlorophyll content as  affected plant growth and
of co-contaminated Setting: and bioaugmentation  well as an increase in flavonol and physiology. As time passed
soil and growth with Pseudomonas MDA content was observed in plantsalfalfa plants developed an
bioaugmentation on chamber aeruginoseaon alfalfa growing in the co-contaminated soil adaptative response to the co-
alfalfa (Medicago Soil: Sondage development and relative to the agricultural soil. contaminated soil.
satival.) plants 3/4and an  physiology. Bioaugmentation promoted plant  Bioaugmentation treatment
Phytoremediation agricultural growth and seemed to counteract theppeared to alleviate plant
soil negative impact of soil pollutants on toxicity towards the co-
Treatments: plant physiological parameters. contaminated soil.
Saoll
Soil + Alfalfa
Soil + P&
Soil + Alfalfa
+ Pa

CA: citric acid, Tw-80: Tweeh80, PaPseudomonas aerugingsBPH: Total Petroleum Hydrocarbonsg/Rs,: Maximum Quantum Yield of photosystem Il, MDA:
malondialdehyde

2 Concentrations tested: 5, 15, 45 and 90 mmbdlday soil, applied every 7 days

® Concentrations tested: 0.003, 0.006, 0.012 ar@6Mmol kg dry soil, applied every 7 days

¢ Applied at 15 mmol kg dry soil, every 15 days

4 Applied at 0.036 mmol kydry soil, every 15 days

¢ Bioaugmentation was done every 15 days. Bacteriaantrations ranged between 4.0%&nhd 1.0x1& CFU kg' dry soil
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Table 8.2Effect of chemical and biological treatments omeghytoremediation parameters

Soil + Alfalfa + Tw- Soil + Alfalfa + CA

Parameter Soil + Alfalfa Soil + Alfalfa + CA Soil + Alfalfa + Pa
80 + Tw-80

Biomass Shoots 0.0884 + 0.0214 0.0926 + 0.0161 0,0703 @300 0.0891 + 0.0059 0.1189 + 0.0059
(g DW plant) Roots 0.0852 + 0.0556 0,1091 + 0.0015 0,0902 +T200 0.1209 + 0.0212 0.0714 + 0.0042
S:r?:;:\frztti'm Cu 18.6+2.9 18.0+5.3 10.9+1.0 14.9+3.4 109+05
(Mg kg DW) Pb 15.2+3.9 14.6 + 4.0 51+20 30.7 £19.8 364

9xg Zn 69.0 + 15.1 68.2 + 5.0 85.0 +8.9 76.9 + 16.1 4393 4
Root Metal Cu 63.5 +10.6 60.6 + 8.9 66.9 + 3.5 72.2+14.9 76,9 +10,5
concentration Pb 23.6 +5.8 29.0+3.1 478 +2.3 40.0+8.2 13326
(mg kg* DW) Zn 121.5+30.8 91.3+3.4 136.2 +22.4 109.4 £19. 92,4 +8,7
MPN alkane degraders (2.1+2.8) x 16 4.4 (+2.6)x1d 1.6 (+1.9) x 18 1.1 (+1.2) x 1d 9,8(+9,6)x 10

(MPN (g soil)})

Lipase activity 388 £41 632 £ 26 175+ 16 484 + 3 882 + 28
(ng pNP (g soil x10 minf)

TPH removal 47 +0 n.a. n.a. n.a. 68+ 3
(%)

" The values presented here are an average fronathebtained in two independent phytoremediatigreementsafter 90 days of experiment
CA: citric acid, Tw-80: Tweeh80, PaPseudomonas aeruging€aW: dry weight, MPN: Most Probable NumbpeNP: p-Nitrophenol, TPH: Total Petroleum Hydrocarbons,
n.a.: data not available.
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8.2. Phytoremediation at different scales: from lab expements to field studies

It is well known that phytoremediation experimest®uld be performed at different
scales because the information obtained at eadi isvwcomplementary. As a result
research studies from lab experiments of shorttaurao long term in the field, passing
through in-between experiments of moderate length small field plots are
recommended. The body of literature concerning quieyhediation experiments at the
lab scale is considerably vaster than the numbeéfetdf studies. Lab studies are an
essential requirement for fundamental researchaag lmechanisms can be elucidated
when variables are controlled. However, obtainingccessful results in lab
phytoremediation experiments does not guarantesodapibility at the field level.
These differences can be explained by the fact ttietreal field situation implies a
multitude of possibilities with highly variable péigal, chemical and biological
uncontrollable conditions. As a result, the geneus is never directly upscale from
short term pot experiments to the whole field sit@hout making tests in an
intermediate set up of moderate length in fieldtgpldo elucidate this problematic,
Reinhold et al. (2014) assessed the applicabilityesults obtained from laboratory
studies to real systems. They made a direct comipaistudy between small scale (lab)
and real scale (field) experiments in order to cara@nd contrast the conclusions that
can be drawn from both types of experiments. Tregldished that conclusions were
applicable to both situations most of the time (§6%ut not always and that the
experiments performed in columns tended to ovedipte the benefits of
phytotechnologies. In order to minimize this effébe authors suggested increasing the
scale and length of the experiment to allow fotemady state and account for temporal
variability. Finally, they also recommended inciagsthe number of replicates to
improve the power of statistical tests.

The lack of reproducibility between lab and fieldidies is one of the reasons that
hinders plant-based approaches and restricts the wide tisah technologies as
practical site solutions. Moving from the lab t@ theld is critical, and this can only be
accomplished through field projects involving mdikiciplinary teams of work. The EU
FP7 GREENLAND Project is an example of this kind bbélistic approach
(Puschenreiter et al., 2014). GREENLAND is a Euamperoject managed by a
consortium of specialists of various disciplinesrking together on the subject of
gentle remediation options using plants, microbed asoil amendments, for the
treatment of trace element contaminated land atdost and on an environmentally
friendly basis (Cundy et al., 2013). The creatidrsach a network of lonterm case
studies in Europe allows the comparison of remgdiaefficiency under different
conditions of soil characteristics, climate, pathat levels, etc. Moreover, different
valorization options are tested in order to asf@sgpotential of using the biomass as a
profitable raw material (Bert et al., 2014). Thengmtion of this kind of projects
appears to be central to bring gentle remediatiptions into wide-spread practical
applications. In this sense, it seems optimistie tact that in the recent years the
number of field studies has increased. Moreovdas @ncouraging the fact that several
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field applications employing related strategieshesse studied here have demonstrated
to be effective. For instance, chemically-assigtegtoextraction has been shown to be
successful in a recent field study performed byt&seet al. (2013). They demonstrated
that the application of citric acid at a rate of @®nol kg soil promoted a 14-fold
increase in the Pb concentration of maiZea mayp shoots. According to authors’
estimations, Pb clean-up would be feasible in mé&dime of about 20 years with the
assistance of citric acid, while without the assise of chelates it would take more than
150 years. Moreover, the possibility of couplingytgextraction with bioenergy
production could result in an extra economical iprdh addition, bioaugmentation
strategy has also been demonstrated to be feamib@rge scale. Szulc et al. (2014)
assessed the influence of bioaugmentation on diddgibdegradation efficiency during
a one-year field study. They observed that bioaugatien with an hydrocarbon
degrading consortium (includinBseudomona$acterial taxa) notably improved the
biodegradation efficiency compared to natural atstion. Concerning the use of alfalfa
in field studies, Tu et al. (2014) demonstratedt tiie removal of polychlorinated
biphenyls (PCBs) was more efficient in the presesfcalfalfa vegetation, probably due
to the association of alfalfa plants aBthorhizobium melilotbacteria, as demonstrated
by the co-localization of PCBs ari®l melilotiin the nodules of alfalfa plants. Besides
soil clean-up, vegetation covers in contaminated! levould have additional benefits
such as erosion control, improving soil quality dadctionality, and providing wildlife
habitat. This is in agreement with the observatiohsOuvrard et al. (2011), who
performed an interesting long-term field study incacontaminated soil (heavy metals
and polycyclic aromatic hydrocarbons) vegetated wifalfa. They observed that the
presence of the plant cover alone did not affdell tntaminant concentrations in soil.
However, they observed that the presence of plaais efficient in improving the
contamination impact on the environment and inaasing the soil biological diversity.
For instance, higher densities of total and PAHrddmg bacteria, increase of soll
fauna biodiversity (mesofauna and macrofauna) @&oededse in leaching water volume,
were observed in the presence of plants.

8.3. Phytomanagement of contaminated sites

Considering that contaminated land is an extensiteusually under-utilized resource,
the possibility to use contaminated areas with enva purposes is a field of
remarkable relevance. In this context, the concégbhytomanagemennvolves the
practices that combine profitable crop productioithwhe gradual reduction of soil
contamination by phytoremediation. Successful pimgioagement should be a
profitable operation, by producing valuable plaminiass products (Robinson et al.,
2009). This means that remediation phytotechnotogieuld be coupled with the
economical valorization of the plant biomass, rathan just generating plant wastes to
be finally disposed at hazardous waste sites.

The widest use for phytoremediation crops has igeproduction of renewable energy
(Witters et al., 2012). Obtaining of different fosnof bioenergy have been described,
including not only the combustion of plant bioméssenergy production and heating
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but also alternative forms such as biofuels andjdso(Gomes, 2012). The classical
approach consists on growing willows and poplardenrshort rotation coppice (SRC),
I.e. intensive cultivations characterized by high dgngiantations of fast-growing trees
for short rotation (1-4 years) and plant cyclesql¢han 20 years). SRC on metal
contaminated soil allows combining soil remediatlpnphytoextraction on one hand,
and production of biomass for energy purposes enother (Laureysens et al., 2004;
Dickinson and Pulford, 2005; Ruttens et al., 20Bgst-harvest processing generally
requires a pre-treatmerg.(. compaction, composting, pyrolysis) in order tordese
biomass water content and as a result reduceliisneoand weight (Sas-Nowosielska et
al., 2004). Subsequently, plant biomass is burtiters equipped with efficient filters
to minimize air pollution. In order to couple themediation of contaminated soils with
an economic benefit, another novel approach thatbkan proposed consists in the use
of biofuel plants for phytoremediation (Pandey let 2012; Oh et al., 2013). A recent
study performed by Zhao et al. (2014) demonstrdtat marginal urban land could be
used for biofuel production. Sunflowersidlianthus annuygsgrowing in an urban
marginal soil contaminated by low levels of Pb aksl took up heavy metals to a
limited extent, indicating that sunflowers produaedthis land could be a safe biofuel
feedstock able to generate an energy gain. Morebi@gas production from anaerobic
digestion of contaminated maizée@ may4..) has recently been demonstrated to be
feasible (Witters et al., 2014b).

Besides bioenergy production from plant biomassjesoesearchers have explored the
possibility to recover and recycle metals from rhdtdn biomass. Recent experiments
have demonstrated that metallic cations contaimedNii hyperaccumulators can be
chemically recovered and serve the preparation edérbgeneous catalysts used in
synthetic transformations (Losfeld et al., 2012hisT interesting approach allows
transforming contaminated biomass into novel cataljor modern organic chemistry,
in line with the principles of green chemistry.

In turn, other applications have been exploredpfant species accumulating low levels
of heavy metals. Fassler et al. (2010) performédyaar field experiment with maize,
sunflower and tobacca\(cotiana tabacunt.) in crop rotation. Low levels of metal
accumulation by plants hindered the cleaning-up tbé site by means of
phytoextraction. However, the authors proposed thath land could be used to
generate profitable crops, including the productmfnsafe (low Cd) stock fodder
fortified with Zn, green manure for micronutriergfitient soils, or also bioenergy, as
described previously. Finally, Evangelou et al. 120 have recently proposed an
original approach that consists on obtaining biodham the pyrolysis of birch trees
(Betula pendula growing in polluted soils but taking up metals adimited extent.
Successively, they demonstrated that trace elepmwriminated biochar from such
phytomanaged sites could be used as fertilizebiffiortification of crops growing on
low-fertility soils (e.g.low Zn concentrations).

Lastly, the integration of phytoremedation cropgimagricultural system, is currently a
noteworthy area under development (Witters etall4a).
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The examples presented in this section supporattiethat suitable phytomanagement
practices can make of phytoremediation a sustanadrhediation technology with an
added economic value.

8.4. Phytoremediation and exposure risk

Phytoremediation meets the requirements for sustéendevelopment. However, like
any other human activity it is not a risk-free piee Potential adverse effects of
phytoremediation may include: a) the introductiord alissemination of alien plant
species, b) the potential transfer of contaminamtthe food chain, c) the toxicity of
non-biodegradable soil amendments, d) the usetafr@ntal soil cultivation practices
and e) the generation of plant contaminated matéysaa result, the potential impact of
phytoremediation needs to be assessed. Marmirali €014) have recently proposed a
specific methodology to evaluate such risks. Theghondology takes into consideration
not only scientific knowledge, but also each pattdc scenario (implied plants,
pollutants, environment, phytotechnology, etc). Tinedel they developed is formed by
two components: a conceptual model representedflasvehart decision tree and an
electronic questionnaire of about 300 questiong dhtput information consists on a
report containing all the information and data e as well as a list of the identified
potential adverse effects.

Another aspect that raises many questions cont¢benkegislative issues applicable to
phytotechnologies, in which both European and Mantitates legislation are involved.
In the case of phytotechnologies applied in metataminated land, a number of steps
have been identified to define the legislation atpéhat should be taken into account.
The following six steps with the corresponding legansiderations have been
established: 1) the status and use of the land tfs@shold values, use of crops), 2)
planting/sowing (use of invasive or exotic plane@ps, use of genetically modified
organisms, soil management practices), 3) growpringiples of good agricultural
practices, use of pesticides), 4) harvesting (fleason of the harvested material), 5)
processing (input and output threshold values dummergy conversion of plant
biomass) and 6) using the remainders (further ué@a disposal) (Hoppenbrouwers et
al., 2014).

Progress has been make but still further work enldgal aspects related to the entire
phytoremediation cycle is crucial and is an areawient and intensive labor, for
instance in the frame of the EU FP7 GREENLAND Rebje

208



Chapter 8

8.5. Future work

The results presented in this thesis, from stuges$ormed at laboratory scale, have
gone some way towards enhancing our understandingssisted phytoremediation
processes in co-contaminated soils. However, megearch is needed to fill remaining
knowledge gaps. Therefore, a number of possibldietuare proposed to be addressed
in future experiments.

Concerning phytoremediation with alfalfa speciestufe studies investigating the
mechanisms by which alfalfa plants enhance petnolaydrocarbon dissipation in the
rhizosphere would be very interesting. Assessimgetfiect of alfalfa root exudates on
promoting the activity and number of alkane-degrades well as the role of root
exudates in enhancing petroleum hydrocarbon desarfrom soils would be valuable.
Additionally, it would be worth to identify the rbaelease of plant enzymes with
degrading hydrocarbon function.

Regarding chemically assisted phytoremediatiois, ¢entral determining TPH removal
rates in the presence of alfalfa, citric acid amee@ 80. It would also be of interest
testing if the application of citric acid and Tw&eB0D at a range of broad concentrations
could enhance the bioavailable fraction of heavyamseand petroleum hydrocarbons in
co-contaminated soil. In addition, further work deeto be done to establish
whether exists a correlation between soil lipaséviag number of alkane degraders
and petroleum hydrocarbon dissipation, in the preseof alfalfa, citric acid and
Tweer? 80.

With reference to biologically-assisted phytorenaéidn, it is recommended to monitor
the survival of bacteria in bioaugmented pots tghmut the experiment. Further
research may explore the mechanisms by whRicheruginosgromotes alfalfa growth
(e.g. production of organic acids, siderophores, indkeetic acid (IAA), 1-
aminocyclopropane-1-carboxylate (ACC) deaminasa promotion of phosphorus
solubilization). Another possible area of futureaarch would be to investigate the soil
in situ production of metabolites by. aeruginosale.g. siderophores, organic acids,
biosurfactants) that could increase pollutant bédability after bioaugmentation is
done. Finally, it could also be suggested to ingast the association between chemical
and biological treatments to assist phytoremediatio

As highlighted in section 8.2 the findings obtairiemim experiments at laboratory scale
might not be transferable straightforward to realle applications. Therefore, further
trials performed in greenhouse, field plots andeasing the experimental time should
also be assessed and are strongly recommended.

To conclude, further research should be done tesitiyate if the concentration of
heavy metals in plant harvestable tissues of alfgtbwing in a co-contaminated soil in
real field is compatible with the agronomic usetltd biomass. This is needed to put
into effect a phytomanagement practice aiming tegrate phytoremediation crops in
an agricultural system. Finally, in order to ass&simpact of phytoremediation and
identify the associated potential risks, specifgk rassessment methods designed to
evaluate phytoremediation technologies should Ipdiexp
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Supplementary Data: Images

S

Leaves

Flowers and leaves

Fruits

Alfalfa (Medicago sativa L.) plants

Soil sondage 3

Soilssondage &nd4

B Soil mix: sondage 3/4

Soil samples



Appendix

Lab materials and equipment.

A. Microplates used for the determination of masttiable number of alkane degraders. B. Microplates
used for the determination of most probable ofl ta¢derotrophs. C. Water bath incubator where takes
place the reaction for soil lipase activity detaration. D. Set of tubes for calibration curve dgrsoil

lipase activity essay. E. Dry plant tissue in digastubes before wet digestion. F. Mineralizatafrplant
tissue by wet digestion in the digestion blockP&nt growth chamber. H. Inductively Coupled Plasma
Optical Emission Spectrometer. |. Fluorimeters pacbmeter.
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Supplementary Data: Images

Experiments of phytoremediation and bioaugmentation

Alfalfa plants after 30 days of growth in seidndage 4B. Alfalfa seedlings in Petri dishes after 3 days
(Germination test). C. Alfalfa plants after 14 daysommercial soil growing outdoors. D. Alfalfaapits
just transplanted to sa@bndaged/4. E. Alfalfa plants after 90 days of growth in ssiindage 3/4from
right to left: control, citric acid + Tween 80, riit acid and Tween 80 amended soil). F. Washed raft
alfalfa plants after 90 days of growth in ssiindage 3/4G.Pseudomonas aeruginostain growing in
lysogeny broth (LB) agar-plates. H. CultureRsfeudomonas aeruginosalysogeny broth (LB) liquid
medium. |. Pellet oPseudomonas aeruginosadimentated after centrifugation. J. Inoculatigttn
Pseudomonas aeruginogasoil sondage 3/4egetated with alfalfa. K. Alfalfa plants after @@ys of
growth in soil, from right to leftsondage 3/4r agricultural soil, with or without the inocuilaih with
Pseudomonas aeruginogéom right to left: control, citric acid + Twe&180, citric acid and Twe&rB0
amended soil). L. Alfalfa plants after 90 days awth in soilsondage 3/4noculated withPseudomonas
aeruginosa
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