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RESUMEN

La contaminacién del suelo es un problema ampliamente extendido que afecta
negativamente a la salud del ecosistema edafico y, por ende, al suministro de servicios
ecosistémicos. La presencia simultanea de contaminantes organicos e inorganicos es una
situacion frecuente que agrava los efectos toxicos de la citada contaminacién y dificulta

la remediacién de emplazamientos contaminados.

En esta tesis, para recuperar la salud de suelos degradados por contaminacion
mixta, se ha evaluado la efectividad, de forma individual y combinada, de diferentes
opciones de remediacion bioldgica: (i)bimestimulacién mediante la aplicacion de un
material organico bioestabilizado procedente del reciclado de residuos solidos urbanos;
(i) la fitorremediacion mediante el cultivo de colzaBassica napus (iii) la
vermirremediacion mediante la inoculacion de lombrices pertenecientes a la especie
Eisenia fetida; y (iv) labioaumentacion mediante la inoculacién de un consorcio de
actinobacterias. Asimismo, se ha evaluado la eficacia danlerremediacion a través
de la aplicacion de nanoparticulas de hierro cero valente. Respecto a los contaminantes
objeto de estudio, se ha evaluado la eficacia de las citadas técnicas para remediar un suelo
contaminado con elementos traza (Zn, Cu, Cd) y gasoleo, y otro contaminado con Cr(VI)
y lindano. La recuperacion de la salud de suelo se midi6 mediante la determinacién de
una variedad de parametros fisicoquimicos y biol6gicos con potencial indicador.

Nuestros resultados apuntan a que la inertizacion de los elementos traza es un
primer paso esencial en la recuperacion con suelos con contaminacion mixta. Esta
inertizacion puede lograrse mediante la modificacion de las propiedades del suelo como
consecuencia de la aplicacibn de una enmienda orgaeiga (naterial organico
bioestabilizado). La nanorremediacion con nanoparticulas de hierro cero valente, a pesar
de su efectividad en la inmovilizacion de elementos traza como el Cr(VI), encuentra
obstaculos en su aplicacion como se deriva de su rapida inactivacion, baja movilidad y/o
toxicidad en presencia de materia organica. Por otra parte, el cultBmaskica napus
asistido por enmienda organica, posibilita la fitogestion de suelos con contaminacion
mixta, promoviendo la recuperacion de la salud de suelo al tiempo que se obtienen
beneficios socioecondmicos, por lo que se recomienda para los suelos con contaminacion
mixta. La efectividad de este enfoque puede incrementarse mediante su combinacion con

otras estrategias biolégicas como la vermirremedacién o la bioaumentacion.






LABURPENA

Lurzoruaren kutsadura 0so arazo zabaldua da, étosiedafikoaren osasuna kaltetzen
duena, eta, beraz, zerbitzu ekosistemikoen homiké&utsatzaile organiko eta
inorganikoen aldibereko agerpena maizko egoerakdesaduraren efektu toxikoak

larriagotzen dituena, eta kutsatutako inguruemeeckazioa eragozten duena.

Tesi honetan, kutsadura mistoarekin andeatutakozofduen osasuna
berreskuratzeko asmoarekin, indibidualki eta batetertu da hainbat erremediazio
biologikoko aukerarerraginkortasuna: (ipioestimulazioabioegonkortutako material
organiko baten aplikazioaren bidez, hiri hondakiid®en birziklapenetik lortutakoa; (ii)
fitoerremediazioakoltza Brassica napudabore baten bidez; (iijermierremediazioa
Eisenia fetida espezieko zizareen inokulazioaren bidez; eta (iaumentazioa
aktinobakterio kontsortzio baten inokulazioarenezidHalaber, zero balentziako burdin
nanopartikulen aplikazioaren bideanoerremedioazioareneraginkortasuna aztertu da.
Ikertutako kutsatzaileei dagokienez, aipatutakmitedn eraginkortasuna ebaluatu da
erremediatzeko, alde batetik, aztarna elementuatkigasolioarekin kutsatutako lurzoru
bat, eta bestetik, Cr(VI) eta lindanorekin kutsakot beste bat. Lurzoru osasunaren
berreskurapena ahalmen adierazleko hainbat pamarfisikkokimiko eta biologikoren

bitartez neurtu zen.

Gure emaitzek erakusten dute aztarna elementuemizamoa ezinbesteko
lehenengo pausu bat dela kutsadura mistoa duteorliak berreskuratzeko. Inertizazio
hau lortu daiteke lurzoruaren propietateen aldakathidez, medeapen organiko baten
aplikazioaren ondorioz  (adibidez  bioegonkortutako atemial  organikoa).
Nanoerremediazioa zero balentziako burdin nandqéak erabiltzen, nahiz eta Cr(VI)
bezalako aztarna elementuen immobilizaziorako ekagra izan, oztopoak topatzen ditu
bere aplikazioan, inaktibazio azkarra, mugikortattkia edo/eta materia organikoaren
presentzian toxikotasuna dela eta. BestalBegssica napuslaboreak, medeapen
organikoaren laguntzarekin, kutsadura mistoa dluteroruak fitogestionatzeko aukera
ematen du, aldi berean lurzoruaren osasunarenskarepena sustatzen eta onura
sozioekonomikoak eskuratzen. Horregatik, kutsadmstoa duten lurzoruentzat
gomendatzen da. Hurbiltze honen eraginkortasundituaegin daiteke beste estrategia
biologikoekin konbinatuz, besteak beste bermierdgiazoa edo bioaumentazioa.






SUMMARY

Soil contamination is a widespread issue that meggitaffects the health of the edaphic
ecosystem and, consequently, the ecosystem sewgdy. The simultaneous presence
of organic and inorganic contaminants is a frequs#oation that aggravates the toxic

effects of the aforementioned contamination anddrisithe remediation of polluted sites.

In this thesis, to recover soil health of soilsm@delgd by mixed contamination, the
individual and combined effectiveness of differdmblogic remediation options was
assessed: (Biostimulation through the application of an organic bio-stalkeitiznaterial
coming from the recycling of solid urban wastes); phytoremediation through the
cultivation of rapeseedfassica napus (iii) vermiremediation through the inoculation
of Eisenia fetidaearthworms; and (ivihioaugmentation through the inoculation of an
actinobacteria consortium. In addition, the effestiess ohanoremediationthrough the
application of zero valent iron nanoparticles wasessed. Regarding the studied
contaminants, the effectiveness of the previousntioned technologies was assessed
for the remediation of a soil polluted with a mirewof trace elements (Zn, Cu, Cd) and
diesel, and another mixture of Cr(VI) and linda8eil health recovery was measured by
the determination of various physico-chemical amdolgical parameters with indicator

potential.

Our results indicate that the inertization of trat@ments is an essential first step
for soil health recovery of soils with mixed confaation. This inertization can be
achieved by changing soil properties as a conseguehthe application of an organic
amendmentd.g, organic bio-stabilized material). Nanoremediatoth zero valent iron
nanoparticles, despite its effectiveness for thenafilization of trace elements like
Cr(VI), finds obstacles for its application, asasequence of their rapid inactivation,
low mobility and/or toxicity in presence of orgammatter. Conversely, the cultivation of
Brassica napusassisted by an organic amendment, makes pofisgydytomanagement
of soils with mixed contamination, promoting soidtth recovery while obtaining
socioeconomic benefits, thus it is recommendeddds with mixed contamination. The
effectiveness of this approach can be enhancedslgombination with other biologic

strategies such as vermiremediation or bioaugmentat
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Chapter 1

1. INTRODUCTION

Rafael G. Lacalle, José M. Becerril, Carlos Garki€20. Biological methods of polluted
soil remediation for an effective economically-opdil recovery of soil health and
ecosystem servicedournal of Environmental Science and Public Health4: 112-133.

Abstract

Soil is one of our most important resources asufipsrts many critical ecological
functions and ecosystem services. Nonethelesspdueide variety of environmentally-
unsustainable anthropic activities, sadly, ourssaik currently contaminated at a global
scale with a myriad of potentially toxic inorgarand organic compounds. Regrettably,
most, if not all, traditional physicochemical medisoof soil remediation are frequently
based on economically-infeasible and/or environalatestructive techniques. In
consequence, in the last years and decades, n&teensible and innovative biological
methods of soil remediation (belonging to the somes$ called “gentle remediation
options”) are being developed in an attempt to daek(i) an efficient removal of soil
contaminants (in terms of a decrease of total andloavailable contaminant
concentrations), (ii) a reduction of soil ecotoiyc(iii) the legally- and ethically-required
minimization of risk for environmental and humarahle, and, concomitantly, (iv) a
recovery of soil health and (v) associated ecosysservices. Ideally, any soll
remediation method should not only decrease theerdration of soil contaminants
below regulatory limits but should also recovet Bealth and alongside the provision of
essential ecosystem services. Unquestionablyisliust be achieved in full compliance
with the binding environmental regulations and, tioportantly, via the implementation

of economically-feasible (preferably, profitabl&esegies of soil remediation.



Capitulo 1

1.1. Soil contamination

The soil is both a highly complex ecosystem andmmenewable resource on a human
time scale, which harbors a range of physical, ¢b@mand biological processes
supporting key functions and essential ecosystemices. Likewise, soil is a dynamic
living system that serves as habitat for a myriddormanisms (micro-, meso- and
macrofauna) with essential roles in nutrient cygland the mineralization of organic
matter (Brevik et al., 2015). Lamentably, differanthropic activities are responsible for
the current state of soil degradation through ergstompaction, contamination, sealing,
salinization and loss of organic matter and biodig (Epelde et al., 2009b). Soil
contamination, in particular, is nowadays a seriengironmental threat and challenge
worldwide. In Europe, the existence of 2.5 millipatentially-contaminated sites has
been estimated (Van Liedekerke et al., 2014). les¢hsites, the most common
environmental contaminants are metal(oid)s and rairals, affecting 35 and 24% of
European contaminated soils, respectively. Chltesh&ydrocarbons appear to a lesser
extent (8%) but still are a most relevant issuen(\eedekerke et al., 2014). Frequently,
contaminated sites are characterized by the simedizs presence of different
contaminants (Khan and Kathi, 2014; Mansour, 20t2)s potentially increasing their
toxicity and environmental impact, and hampering #épplication of soil remediation
technologies (Agnello et al., 2016). Soil metaljomntamination often results from
agricultural, mining and metallurgical activitieghile accidental spills and/or industrial
activities are recurrently the source of soil oigatbntaminants. Furthermore, waste
discharge and waste treatment processes are a swjoce of both types of soll
contaminants. The U.S Environmental Protection AgglJSEPA) reported that 40% of
the hazardous waste sites are contaminated witlh looganic and metal(oid)
contaminants (USGAO, 2010).

1.2. Soil health

Soil contamination, along with other degradationgeisses, can negatively affect soil
health (GOmez-Sagasti et al., 2012), often defiagdthe capacity of a given soil to
perform its functions as a living system capableswdtaining biological productivity,
promoting environmental quality and maintainingrpland animal health” (Doran and
Zeiss, 2000). But soil is a vastly complex enviremal matrix which performs
numerous, sometimes conflicting, functions fromhban ecocentric and anthropocentric
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perspective, and, in consequence, many differg@cks must be taken into consideration
in order to properly assess soil health. Most irtepaly, to appropriately assess soil
health: (i) physical, chemical and biological pradpes with potential as indicators of soil
functioning must always be included in the assessiadter all, physical, chemical and
biological processes in the soil ecosystem arénal@pendent but interactive processes);
(i) chemical, (eco)toxicological and ecologicalpapaches must be incorporated to the
evaluation; (iii) the intended use for the contaamt@d site must be taken into close
consideration, as the very concept of soil healtomewhat teleological and subjective;
(iv) the intrinsic temporal and spatial variabildf/the system (i.e., spatial heterogeneity,
temporal dynamics), as well as the scale of boillpsocesses and the assessment itself,
must be taken into account; and (v) the selectfansuitable (inevitably, often far from
perfect) “healthy” reference soil, for compariseordhe establishment of target purposes,
should be identified.

Soil physicochemical properties such as pH, regotential, organic matter
content, texture, etc., are relevant parametetts potential as indicators of soil health
which can strongly alter contaminant bioavailapiéind, hence, (eco)toxicity in soil.
Unfortunately, for most environmental legislatiorthe total concentration of the
contaminants is the key factor for the EnvironmermRésk Assessment (ERA) of
contaminated soils. Nevertheless, such aspect, (ial concentration of soil
contaminants) is not enough to properly assesstonate the potential harmful impact
of contaminants on soil functioning (Alvarenga &t 2018). As a matter of fact, the
mobility and bioavailability of soil contaminant®th play a determining role in their
uptake by organisms and, therefore, their (ecodttyx(Megharaj et al., 2011; Vamerali
et al., 2010). Contaminant bioavailability is pd$gia much more relevant factor,
compared to total contaminant concentrations, fgr@per soil protection and risk
assessment, as it represents the fraction thdtesaken up by soil organisms and/or be
leached to other environmental compartments. Spaltyf, metal(oild) bioavailability is
mainly conditioned by soil physicochemical propestisuch as pH, redox potential,
moisture content, organic matter content, clay @of)tthe presence of anionic
compounds, etc. (Vangronsveld and Cunningham, 1998¢garding organic
contaminants, their bioavailability and mobility pgnd largely on their solubility,
hydrophobicity and interaction, through a varietypbysicochemical processes, with the

mineral and organic fraction of the soil matrixg.evia sorption and complexation



Capitulo 1

mechanisms (Megharaj et al., 2011). Therefors, iecommended to always include the
determination of the bioavailable fraction of tlmmtaminants when assessing soil health
and, in particular, during the selection of a serhediation option and when monitoring
the effectiveness of the chosen remediation metbggioNonetheless, regrettably, there
IS no consensus about the best way to accuratilyags soil contaminant bioavailability.
For metallic contaminants, the most widely acceptethodology is the use of chemical
extractants like, for instance, inorganic saltg, HaNQ, (NH4).SQOs and CaCl (Madejon

et al., 2006; Menzies et al., 2007; Vazquez e2alg).

In any event, for a proper assessment of the itnglasoil contaminants on soil
health (Fig. 1.1), apart from total and bioavakatbntaminant concentrations, biological
indicators are required, as they directly refl&éet impact of the contaminants on the soil
biota (Alvarenga et al., 2018). Among them, soitrbial properties are particularly
adequate for this purpose, as microorganisms pkayaole in many soil functions and
the provision of ecosystem services, while quicélBlivering ecologically relevant
information that integrates many environmentaldext{Epelde et al., 2009a; Jeffery et
al., 2010). Similarly, standardized (eco)toxicotmdibioassays with model organisms
have been developed and proposed for soil (ec@)tg&tudies, including, for instance,
Eisenia fetida(lrizar et al., 2015b)Vibrio fisheri (Abbas et al., 2018),actuca sativa

(Valerio et al., 2007) an@ucumis sativugLacalle et al., 2018a).

SOIL HEALTH
ASSESSMENT
1
| 1
Physical and Biological
chemical indicators indicators
| |
| 1 | |
. . Contaminant Biological (Eco)toxicity
Soil properties | .1 ~entrations communities bioassays
Total Y | | Plant
B PH | concentrations Blomass bioassays
- Available/mobilg | | i | | Animal
— Organic mattef " . centrations Activity bioassays
. N . Microbial
Redox potentiall, — Biodiversity] — ..
— texture, nutrient bioassays
contents, etc.

Figure 1.1: Soil health assessment.
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1.3. From physicochemical techniques to gentle remmtion options

Traditionally, physicochemical methods, such asaeaton and transportation to a
controlled landfill, incineration, chemical washjngtrification, etc. (Ali et al., 2013),
have been used to remediate contaminated soils, etow many of these
physicochemical methods of soil remediation havéstantial disadvantages and
limitations, such as their high-cost, which fregilyercompromises their applicability
(Houben et al., 2012), and, above all, the fact thay are often environmentally
disruptive. Then, although their application canngnéimes effectively remove and/or
immobilize the target contaminants, in numerousesathe ecological status of the
remediated soil is not improved during the remeaimaprocess; on the contrary, the
application of these traditional physicochemicatimes often leads to a partial or total
destruction of the soil biota with concomitant acbeeeffects on soil processes, functions
and health (Ali et al., 2013). On the other hareb interaction between organic and
inorganic contaminants in co-contaminated sites ewakheir remediation by

physicochemical techniques more complex (Dubé.e2@0?2).

Due to the abovementioned Ilimitations of traditionghysicochemical
remediation technologies, in the last decadesiatyaof biological and more sustainable
remediation technologies, often termed Gentle Réstied Options (GROs), have
emerged (Fig. 1.2). In contraposition to converdlophysicochemical remediation
techniques, GROs are commonly less invasive ande mespectful of the soil
environment and its biota (Cundy et al., 2016). Mawf these GROs aim at
simultaneously (i) decrease the total and/or bidabi® concentration of soll
contaminants; (ii) recover soil functionality; angbmetimes, (iii) produce renewable
resources for the bio-based economy (Kidd et all52 Kumpiene et al., 2014). Gentle
remediation options often bring social, economiad amvironmental benefits by
integrating sustainable remediation options (ebgoremediation, phytoremediation,
vermiremediation) with the generation of economavenues. In particular, the
combination of phytoremediation with a profitablerog production, i.e.
phytomanagement, has great potential for the regowk contaminated sites, while

providing a range of economic and other (e.g., igiom of ecosystem services) benefits.
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GENTLE REMEDIATION

OPTIONS
| I |
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— Phytoextraction - [ Topsoil/Biopile
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— Phytostabilization _ : Deeper soil
— Bioaugmentation| — remediation
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— Biostimulation

— Phytovolatilization

Figure 1.2: Gentle Remediation Options.

1.3.1. Phytoremediation

Phytoremediation has been defined as “the use asftpland associated microbes to
reduce the concentration and/or toxic effects aftaminants in the environment”
(Greipsson, 2011). Due to its low installation amgintenance costs, as well as its many
environmental benefits, (Van Aken, 2009), this plgthnology can be applied in large
field sites in which other remediation options ar&t cost-effective or practicable
(Garbisu and Alkorta, 2003). Phytoremediation téghes are suitable for the
remediation of soils contaminated with both inoigaand/or organic compounds;
however, they are most often applied to soils aoimated with metals. The two most
common phytoremediation strategies, i.e. phytoektra, phytostabilization, are
described below.

1.3.1.1. Phytoextraction

Phytoextraction is a phytotechnology that usesé#pacity of some plants to take up and
translocate metal contaminants from soil to abowagd plant tissues. Subsequently, the
aerial part of the plants can be harvested andllyinncinerated, with potential benefits

in terms of energy production and/or the recovétyigh-added value metals (Chaney et

al., 2018). For an effective phytoextraction, tleéestion of appropriate metal-tolerant
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plant species is a crucial aspect. Plants canassitied in three categories depending on
their strategy to cope with metals: éxcluders which actively limit metal uptake and
can then immobilize the metal contaminants in thieasphere; (iiindicators which
maintain a metal concentration in their tissues tiidects soil metal concentrations; and
(i) accumulatorswhich actively take up and translocate metalsifswil to their shoots,
thus reaching metal concentrations in their abauamal tissues higher than those present
in the contaminated soil. Inside this last grolnyperaccumulatorsare extremely
specialized plants that can accumulate heavy metatheir aboveground tissues at
remarkably high concentrations (1-10%) (Baker, 13&rrutia et al., 2011a).

Accumulators and hyperaccumulators have frequeriteen used for
phytoextraction purposedNoccaea caerulescenff.k.a. Thlaspi caerulesceis for
instance, has been widely studied due to its reafdelcapacity to accumulate zinc and/or
cadmium in its shoots (Hernandez-Allica et al., @00acobs et al., 2019). Some other
commonly studied accumulators d&#bsholtzia splendengopper) (Chen et al., 2006),
Sedum plumbizincicolgcadmium) (Cui et al., 2016) afthenopodiunspp. (chromium,

nickel, cadmium) (Bhargava et al., 2007).

(Hyper)accumulators are certainly adapted to enwrents with high metal
concentrations, but their growth rate and biomass generally low. Therefore,
alternatively, non-accumulator plant species buictvitan produce more aboveground
biomass, are easier to cultivate and harvest, how s better adaptability to prevailing
environmental and climatic conditions, have alserbesed for phytoextraction purposes
(Ali et al., 2013). After all, the effectiveness afphytoextraction process is determined
not only by contaminant concentrations in abovegdotissues, but also shoot biomass
(J. T. Lietal., 2010). Due to their faster growdibe, adaptability to environmental stress
and high biomass, herbaceous plants are oftenrprdftor phytoextraction purposes, in
comparison to shrubs or trees (Malik et al., 20BXamples of plants with potential for
phytoextraction strategies are: sunflowdeljanthus annuys hemp Cannabis sativg
and several species of tBeassicagenus, such as Indian mustaid junceg, canola B.
napug and turnip rapeB. rapd (Meers et al., 2005; Solhi et al., 2005; Zalewaka
Nogalska, 2014).

Unfortunately, phytoextraction has serious limdas when it comes to its
practical application in the field. The major draagk for the successful application of

this phytotechnology is the great amount of tingureed to effectively extract the metals
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from the contaminated soil, particularly from theaéh medium and high levels of metal
contamination (Zhao et al., 2003). Due to the lowniass characteristic of most
hyperaccumulators, as well as the low metal uptdken-accumulator plants that show
high biomass production, a great number of harvastsrequired for a successful
phytoextraction. Other limitations of phytoextractiare: (i) root depth, which narrows
the applicability of this phytotechnology to sumdasoils; (ii) lack of well-known
agronomic practices; and (iii) the incapabilitynebst plants to accumulate more than one

metal (Burges et al., 2018).

Another relevant aspect that cannot be neglectezhwapplying phytoextraction
strategies is the bioavailability of the metal @mninant. When applying this
phytotechnology, it must always be taken into aotdiat only a fraction of the total soil
metal will be available for uptake by plants (Las2@02), whicha priori is the only
fraction that can be phytoextracted. Numerous stutiave explored the utilization of
chelating agents to increase metal bioavailabihitprder to maximize phytoextraction
efficiency by high biomass plants (Barrutia et @D,10; Bian et al., 2018; Salt et al.,
1995). However, this technology, known as chelatduced phytoextraction, has raised
environmental concerns derived from the risk of ahdeaching to subsoil and
groundwater and/or negative effects of persisteatamts on the soil biota (Burges et al.,
2018; Marques et al., 2009; Yang et al., 2013parip case, it should be noted that if the
goal of a given phytoextraction initiative is orthe removal of the bioavailable fraction
of the metal contaminant, the time required forghacess will be significantly shorter,
which is, as previously mentioned, the main criéio phytoextraction (Vangronsveld et
al., 2009).

1.3.1.2. Phytostabilization

Phytostabilization, focused on metal immobilizatiarthe rhizosphere, is a GRO with
great potential for those soils with moderate ghHevels of metal contamination. Such
immobilization can be achieved through metal priggijpn or absorption/adsorption in

the plant roots (Cundy et al., 2016; Hrynkiewiczaét 2018). Indeed, besides metal
absorption and/or adsorption in the root systemtalhnghytostabilization can also be
achieved through the modification of the soil caiotis: for instance, the root exudates
of some plants have been reported to modify theogphere pH and redox conditions,
thus provoking the precipitation or complexationpaitentially toxic metals (Gomez-

Sagasti et al., 2012; Wu et al., 2010). Thus, ptgtalization reduces the bioavailable
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fraction of metals in soil (Burges et al., 2018y Beducing the bioavailability and
mobility of metals in soil, the risk of contaminani of groundwater by metal leaching is
reduced, as well as the entry of the metal contamto the food chain (Raskin and
Ensley, 2000). Furthermore, a plant cover bringitamhal benefits to contaminated soils
such as an increase in organic matter contentjentdgrand soil biological activity;
protection from soil erosion; improvement of sdiusture; etc. (Arienzo et al., 2004;
Mench et al., 2003).

Apart from being metal tolerant, suitable plantsgbytostabilization should have
an extensive root system, produce a large amoubtoafass, and show a low root-to-
shoot metal translocation rate (Alkorta et al., @0Many metal excluder plants, such as
grassesAgrostis stoloniferaLolium perenngand legumesI(ifolium repensMedicago
sativg Ulex europaeus have been effectively used to revegetate metatatninated
soils for phytostabilization purposes (Barrutiaakt 2011a, 2011b; Bidar et al., 2007,
Pérez-de-Mora et al., 2006). Unlike for metal plextoaction, shrubs and trees are
commonly selected as suitable candidates for ptaltdzation initiatives. Indeed, due
to their capacity to stabilize metals in their nnassoot systems, tree and shrub species
(e.g.,Populusspp.,Salix spp.) have been widely used for phytostabilizapomnposes
(Pulford and Watson, 2003; Vamerali et al., 2008)erestingly, the use of trees can
lower the risk of metal leaching by reducing thevdward flow of water due to their high

rates of transpiration (Pulford and Watson, 2003).

The application of phytostabilization can be a lgrage in highly degraded soils
which, apart from metal contamination, presentiopheblems like erosion, poor physical
structure, shortage of essential nutrients andnicgaatter, etc. (Barrutia et al., 2011a).
These problems are frequent in mine tailings amdpites, hampering the establishment
of a healthy plant cover (Burges et al., 2016).this respect, for an effective
phytostabilization in highly degraded soils, thee usf organic and/or inorganic
amendments is often recommended to facilitate ptatablishment and growth. This
methodology is usually termeaksisted phytostabilizatiomjded phytostabilizatioror
chemophytostabilizatiofAlkorta et al., 2010). In aided phytostabilizatjohe promotion
of plant growth can be achieved by raising soil pkhancing the organic matter content,
providing essential nutrients, increasing the watelding capacity, reducing metal
bioavailability, etc. (Alvarenga et al., 2009; Epelet al., 2009a). Besides, the utilization

of organic and inorganic amendments opens thetddbie recycling of wastes, residues
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and byproducts from diverse origins, in a contéx€wcular Economy (Miguez et al.,
2020). Some amendments commonly used in aided gthitization studies are: animal
slurry and manure, paper mill sludge, sewage sludgitpan solid wastes, litter, leonardite,
lime (CaCQ), etc. (Alvarenga et al., 2009; Galende et al1420 Lacalle et al., 2018a;
Pérez-de-Mora et al.,, 2006). However, prior to rthese, amendments should be
thoroughly analyzed. In this respect, an exhaugtivgsical, chemical and biological
characterization of the amendments is requireditonmze/avoid the risk of introducing
toxic compounds or potential human pathogens imcainended soil, with concomitant

hazards for environmental and human health (Gosk, &013).

In any event, it must be emphasized that phytdstabion does not decrease the
total concentration of metals in the soil (i.eg thetal contaminants remain in the soil)
but only immobilizes them, thereby reducing theiohiity and bioavailability.
Consequently, there is always the possibility ttket metal contaminants are later
mobilized due to changes in the soil conditionghwiotential adverse consequences in
terms of (eco)toxicity and/or metal dispersion. fHfere, phytostabilization processes
must always be subjected to long-term monitoringpgpmms regarding metal

bioavailability, (eco)toxicity and soil functionin@omez-Sagasti et al., 2012).

The main limitation of phytostabilization for itsgetical application is the fact
that current environmental legislations are norynafised on total metal concentrations,
not on bioavailable metal concentrations, and sthiszphytotechnology cannot reduce
total metal concentrations below the referencécativalues established by legislation, it

is impractical from a legal point of view.

1.3.2. Phytomanagement

Despite the number of research papers on phytoratiad its application at field scale
is still limited. Some of the reasons for this pteenon are, among others, the
uncertainty around the required time-scales, tipeodkicibility of the results, and the
current legal frameworks (Cundy et al., 2016; Megtlal., 2010). As a matter of fact,
many stakeholders perceive GROs in general, anwpgediation in particular, as slow
technologies which are difficult to apply and sditanly for large and marginalized areas
with low value (Cundy et al., 2016; Kidd et al., 1) Mench et al., 2010). Nonetheless,
it must be emphasized that contaminated lands arexséensive and underutilized

resource (Evangelou et al., 2015) which, when ptgpeanaged, can provide economic
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revenues and valuable ecosystem services. Ingfect, phytomanagement encourages
the use of plants with phytoremediation potentsgbart of an integrated site management
which pursues, along with the mitigation of theksiglerived from the presence of the
contaminants, the accomplishment of economic, kauma environmental benefits
(Burges et al., 2018). These benefits include thgipion of green space and ecosystem
services, the control of soil erosion and, aboue the generation of products and
commodities (e.g., bioenergy, wood, biochar, bitified products) (Cundy et al., 2016;
Evangelou et al., 2015; Kidd et al., 2015). Fot thapose, fast growing, deep rooted and
easily propagated high biomass plants are ofteth sseh as agronomical and herbaceous
crop plants and trees. Phytomanagement makesesitediation an attractive option for
stakeholders due to the environmental, economicaaidl benefits that can be obtained,
while mitigating the risk resulting from the presenof the contaminants. Then,
phytomanagement has been proposed as a very app%aiding strategy” until full site
regeneration is possible (Cundy et al., 2016).

1.3.3. Bioremediation

Bioremediation, or the use of microorganisms (maibbcteria and fungi) to clean up
contaminated sites, is a sustainable option forrémeediation of contaminated soils
(Fingerman and Nagabhushanam, 2016). Althoughmiedeation can indeed be used for
inorganic contaminants (Park et al., 2011), itsliappon is more frequent for organic
contaminants such as mineral oils, petroleum hytmns, polycyclic aromatic
hydrocarbons (PAHSs), polychlorinated biphenyls (B Besticides, etc. (Megharaj et
al., 2011). There are three main approaches favittremediation of contaminated areas
(Bento et al., 2005): (imatural attenuationwhich is naturally carried out by the native
microbial populations present in the contaminatesh;a(ii) bioaugmentationwhich is
based on the inoculation of selected microbialirséravith the capacity to degrade the
target contaminants at a fast rate; and pigstimulation which is focused on the
modification of the environmental conditions (emgisture, pH, nutrients, oxygen), in

order to stimulate the biodegradation of the tacgetaminants.

In natural attenuation processes, the degradafitimeocontaminants is strongly
determined by the (i) metabolic capacity of theiveamicrobial populations; (ii) the
physicochemical properties of the contaminated soidl (iii) the chemical properties of

the target contaminants. Under favorable conditisose contaminants (e.g., short-chain
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petroleum hydrocarbons) show high levels of dedgraddy natural attenuation (Bento
et al., 2005; Lacalle et al., 2018a). However dghieiency of natural attenuation for more
recalcitrant compounds is very low or null, espkgitor aged contaminants (Megharaj
et al., 2011).

In order to maximize the efficiency of bioremedatiprocesses, the degrading
capacity of indigenous microbial populations can dtenulated, via biostimulation
strategies, by adjusting the supply of essentiarorand/or micronutrients, temperature,
available oxygen, soil pH, redox potential, moistuetc. (Carberry and Wik, 2001).
However, the most common practice is probably thditeon of nutrients, either in
inorganic form (Ramadass et al., 2018) or as oogamiendments such as sewage sludge,
manure, compost, etc. (Lee et al., 2008; Park €2@11; Ros et al., 2010). Again, it must
be taken into consideration that the rate of comtant degradation will depend on the
() physicochemical characteristics of the soili) (8pecific degrading microbial
populations present in the contaminated soil; analemical nature of the contaminants
themselves. Therefore, it is not surprising tham type and dose of the amendments
(inorganic and/or organic) must always be carefgiyected considering these three
aspects (Megharaj et al., 2011). Other practicelidie the addition of surfactants to
increase contaminant availability (Zeng et al.,@201he application of biochar (Kong et

al., 2018), and the growth of plants for phytostiamtion purposes (Lacalle et al., 2018a).

Bioaugmentation is focused on the inoculation oévmusly isolated and
cultivated microbial strains, individually or as eonsortium, to stimulate the
biodegradation of the target organic contaminamtge inoculation of “cocktails” of
degrading strains is more frequent, compared tontheulation of individual strains, as
microorganisms in consortium can combine differanetabolic activities that
complement each other from a bioremediation pointview (Fuentes et al., 2017;
Ramadass et al., 2018; Shen et al., 2015). Theomadrstrains used for bioaugmentation
are commonly isolated from similarly contaminatedss sometimes from the same soil
to be remediated, in order to increase the proibabi their survival and their capacity
to express their biodegrading activity when inotedan the contaminated soil (Alisi et
al., 2009; Tahir et al., 2016). The genetic modiiien of bacterial strains to improve their
biodegradation performance, by means of genetioglymizing the production of
enzymes and metabolic pathways relevant for theddgradation of the target

contaminants, has also been studied (Fernandezeboget al., 2011; Pieper and
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Reineke, 2000). However, when selecting the diffestrains for the bioaugmentation
consortium, their compatibility with each other ath@ir ecological fitness in the soill
under remediation must be taken into considerafictually, bioaugmentation initiatives
fail quite often, mostly due to the incapability thie inoculated strains to compete and

properly develop in the contaminated soil (Meghatal., 2011; Polti et al., 2014).

1.3.4. Vermiremediation

Vermiremediation has been described as the useartfiveorms for the removal of
contaminants from soil (Sinha et al., 2008). Eadims are known to burrow through the
soil, mixing it in their guts (Eijsackers et alQ@®L), and, consequently, they are capable
of changing the physicochemical and biological prtips of the soil, such as nutrient
availability, aeration, soil structure and, hertbe,activity of soil microbial communities
(Rodriguez-Campos et al., 2014). In addition, eaotims can increase the interaction
between soil microbial communities and contaminantsus facilitating the
biodegradation of the target contaminants (HickerashReid, 2008a). Some studies have
investigated the interaction between earthworms raethl contaminants (Eijsackers,
2010; Kavehei et al., 2018), but vermiremediatiommiore commonly used for organic
contaminants. Indeed, organic contaminants sucheaicides, PCBs, PAHs or, in
general, petroleum-derived hydrocarbons have beenessfully remediated through
vermiremediation using a variety of earthworm segciKersanté et al., 2006;
Luepromchai et al., 2002; Natal-da-Luz et al., 20%2haefer and Juliane, 2007). A
particularly interesting earthworm speciegjsenia fetida has been used for
vermiremediation purposes (Chachina et al., 20&8)well as bioindicator of metal
ecotoxicity in soil (Irizar et al., 2015b; Shinadt, 2007).

In order to successfully apply vermiremediationyesal aspects need to be
considered, such as the behavior of the earthwatmes, nutritional requirements, the
characteristics of the soil, and the nature otthrgaminants themselves. According with
their location in the soil, earthworms can be cagall as epigeic, endogeic and anecic:
epigeic earthwormssuch a<£. fetidg require high amounts of organic matter and, then,
they live at or near the soil surface where theyfen leaf litter, decaying roots and dung.
In consequence, they can (i) be used to remedips®il; and (ii) be inoculated in biopiles
employed for bioremediation purposes, where liitlerowing is necessargndogeicand

anecic earthwormse.g.Lumbricus terrestrison the other hand, are better suited for the
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vermiremediation of deeper soil (Hickman and R&@)8a). In order to guarantee the
survival of the inoculated earthworms, sometimes itequired to first ameliorate soil
contamination levels (Tejada and Masciandaro, 20Q&jtainly, extreme conditions (in
terms of soil pH, salinity, contaminant bioavailéip) or a lack of organic matter can
complicate the establishment of the inoculatedheastms (Eijsackers, 2010). Organic
amendments can then be used to reduce contaminamabability, while adding organic

matter and improving soil structure (Elliston aniiv€r, 2019).

1.4. Mixed remediation technologies for mixed containation

Mixed contamination, when inorganic and organic taoninants appear together, is
present in many contaminated soils. Soils with mib@ntamination combine the
individual challenges from each individual classohtaminant with those derived from
the combination of two or more types of contamisamtith different properties.
Regarding (eco)toxicity, synergistic effects o bamta can occur from that combination.
Likewise, from a remediation point of view, theiei#ncy of the applied techniques may
be reduced by the presence of other types of consants or by the interaction between
them (Lacalle et al.,, 2018a). For instance, in mixentaminated soils, it has been
reported that co-contamination with metals and wig@ompounds can cause metal
immobilization (Galvez-Cloutier and Dubé, 2002) by, contrast, an increase in metal
mobility (Dubé et al., 2002). Therefore, the outeoafi the interaction between different
types of contaminants is site-specific, as it dejseon the specific properties of the
contaminated soil, as well as on the type and curagon of the contaminants
themselves (Chirakkara et al., 2016).

Regarding the effectiveness of remediation techgiety metals can provoke toxic
effects on soil microbial communities, decreasheggrtabundance and/or activities (Khan
et al., 2010) and, consequently, reducing theiaciy to degrade the target organic
contaminants (Sandrin and Maier, 2003). In a pleytmdiation experiment, it was
observed that co-contamination with copper and py/ecreased plant growth and the
removal of pyrene, compared to the experimentsopadd with each contaminant
individually (Chigbo et al., 2013). As a resultethpplication of only one remediation
technology might not be effective for soils withx@d contamination. Regrettably, many
remediation studies are focused on just one typeonfaminant, probably due to the

complexity of tackling mixed contamination casesvBrtheless, in the last years, more
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and more remediation studies have dealt with mp@uaminated soils. For instance,
bioaugmentation with a bacterial consortium hashbeported to be effective for the
remediation of soils simultaneously contaminatethwdr (VI) and lindane (Aparicio et

al., 2018a) or pyrene (Wang et al., 2019).

The combination of plants and bacteria for phytadiation purposes offers great
potential for soils with mixed contamination (Batgd Dolan, 2013). The presence of
plants can enhance the activity and functional itz of soil microbial communities by
releasing root exudates and improving the conditibor microbial growth in the
rhizosphere (Balseiro-Romero et al., 2017; Barretial., 2011b). Root exudates create
a nutrient-rich environment which can influencebledavior of metals (Kidd et al., 2009)

and enhance the biodegradation of organic contartsri&uiper et al., 2004).

The combination of vermiremediation with phytorema¢éidn and bioremediation
has been successfully tested for the remediatioitd contaminated with metals and
organic contaminants (Elyamine et al., 2018; Fealeariuquefio et al., 2011;
Martinkosky et al., 2017; Sivaram et al., 2019)eTdombination of these biological
remediation technologies appears promising for tic@ntaminated soils. Expectedly,
factors such as type of soil, chemical propertiethe contaminants, and the biological
species selected for the remediation (e.g., theifspspecies of plants, bacteria and

earthworms) will strongly modify the outcome of tteenediation process.

As mentioned above, the use of amendments is vemgmon during the
implementation of GROSs. In particular, organic adrmaents provide soil nutrients and
organic matter, improve soil structure, enhanceenadlding capacity, alter contaminant
bioavailability, etc. In consequence, organic anmeewt can alleviate toxicity for the
species involved in the biological remediation aked-contaminated soils. Many studies
have reported the benefits of using organic amentknguring the implementation of
GROs (Elyamine et al., 2018; Lacalle et al., 201M8archand et al., 2018; Reddy et al.,
2017). Other authors have combined the applicatibmanoremediation (with, for
instance, nanoscale zero valent iron) with GRO#& witxed results (GoOmez-Sagasti et
al., 2019; Huang et al., 2018, 2016; Su et al. 620Ihe termmanoremediatiomefers to
the application of metallic nanoparticles (<100 rfor)the remediation of contaminated
sites (Gil-Diaz et al., 2017). In particular, theewf zero-valent iron nanoparticles (nZVI)
has caught the attention of the scientific comnyufat the remediation of contaminated

waters and soils (Medina-Pérez et al., 2019). Zatent iron nanoparticles have an iron

17



Capitulo 1

core and a shell of iron oxide and, due to themlsgize, show a very high surface/volume
ratio (Li et al., 2017). The iron core acts as #hectron donor, while the shell plays
coordination and electrostatic functions, attragtamd adsorbing charged ions (Li and
Zhang, 2007). Zero-valent iron nanoparticles hasenbapplied for the remediation of
both organic and inorganic contaminants. Regardingrganic contaminants,
nanoparticles can form complexes with soil metiss decreasing their bioavailability
(Gil-Diaz et al., 2017). Besides, by changing th@ox potential of the soil, nZVI can
alter the speciation of the metal contaminantsredeing their bioavailability and
(eco)toxicity. For instance, nZVI can reduce Cr)(Md Cr (lll), a less toxic and
bioavailable form (Singh et al., 2011a). On theeothand, nZVI have been reported to
effectively remediate soils contaminated with oigacompounds, especially those
contaminated with organochlorinated compoundsdglét al., 2009; Yang et al., 2010).
Nevertheless, the use of nanoparticles for soilediation has been questioned due to
their potential negative impact on soil biota. iy @ase, there is still a lack of information
regarding the mobility, bioaccumulation, dynamiosl éeco)toxicity of nZVI in the soil
environment (Machado et al., 2013; Patil et alL&)0Zero-valent iron nanoparticles have
been described to provoke toxicity through two nagcdms: (i) physical damage by
direct contact, disrupting cell membrane architexand increasing permeability; and (ii)
oxidative stress, leading to molecular and biocltamdestruction (Xie et al., 2017).
Adverse effects of nZVI have been reported in @dhta et al., 2013), animals (Stefaniuk
et al., 2016) and microbial communities (Fajardalget2012). As expected, the potential
effects of nZVI on soil biota are highly conditi@hby the soil type and environmental
conditions (Gomez-Sagasti et al., 2019; Xie et2017). Therefore, it is essential to
perform an assessment of the potential effectsZd1ron soil biota prior to their
application under real field conditions, in orderfirst establish a safe, non-toxic and
effective concentration for nanoremediation purgdgtatil et al., 2016). Indeed, despite
their proven effectiveness for remediation, thes@ffof nanoparticles on soil biota,
including the biological species used for remediatis yet full of uncertainties. Then,
the potential adverse impact of nZVI on soil orgams must be tested prior to their use,

alone or in combination with GROs.

In conclusion, when facing a mixed-contaminated, #as essential to first take

into account a variety of aspects, such as soie,tymature of the contaminants,
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compatibility of the remediation technologies, atc.order to then be able to apply a

tailor-made strategy for each case.

1.5. Conclusions

Economically-feasible sustainable biological methodf soil remediation (e.g.,
phytoremediation, phytomanagement, bioremediatieermiremediation) are being
developed to: (i) efficiently remove contaminant®nf soil; (ii) decrease their
bioavailability, mobility, (eco)toxicity and potaat risks for environmental and human
health; and, simultaneously, (iii) recover soil ltleaand the provision of ecosystem
services. The remediation of mixed-contaminatets ssiparticularly challenging, as it
combines the individual challenges for each indigidcontaminant with those derived
from their combination. Interestingly, the combinatof biological and non-biological

methods offers great potential for the remediatibmixed-contaminated soils.
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis

Most of the contaminated soils in the world contzamplex mixtures of trace elements
and organic contaminants; however, most of thealitee on soil remediation and their
ecotoxicological effects is dominated by studiegshwone kind of contaminants.
Investigation on remediation of mixed contaminatineeds to be addressed. The
application of gentle remediation options alonearombination other physico-chemical
technologies can be a suitable strategy for theedgstion of soils co-contaminated with

metals and organic compounds with concomitant lsriefterms of soil health recovery.

2.2. General objective

The general objective of this work was to evalulageeffectiveness of gentle remediation
options (.e., phytoremediation, vermiremediation, bioremediatvia bioaugmentation
or biostimulation) and/or nanoremediation with zeatent iron nanoparticles (nZVI) for
the remediation of mixed contaminated soils. Tlesagal objective was divided in five

specific objectives, each one corresponding tdfardnt chapter.

2.3. Specific objectives

1. Assess the effectiveness of phytoremediatioh Biiaissica napuscombined with (i)
nanoremediation with nZVI and (ii) biostimulatiamréugh the application of an organic
amendment, to remediate a soil polluted with mgtéahs Cu and Cd) and commercial
diesel (Chapter 4).

2. Evaluate the effect of natural attenuation aodtbnulation on the remediation of soils
simultaneously contaminated with commercially aalalé diesel/biodiesel blends and

potentially toxic metals (Zn, Cu and Cd) (Chapter 5

3. Assess the effectiveness of a combined biolbgieanediation strategyi.¢.,
phytoremediation withBrassica napus+ vermiremediation withEisena fetida+
bioaugmentation with a bacterial consortium + bmostation via the application of an
organic amendment) to remediate a soil pollutech vatiromium (V1) and lindane
(Chapter 6).
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4. Evaluate the suitability and potential toxiaafynZVI for the nanoremediation of soils
polluted with chromium (VI) and lindane, as well iés compatibility with biological
remediation strategieise. phytoremediation witBrassica napus/zermiremediation with
Eisena fetidabioaugmentation with a bacterial consortium, arastimulation via the

application of an organic amendment (Chapter 7).

5. Evaluate the effect of the application of aremig amendment and nZV1 on soil Cr(VI)

immobilization and soil health recovery (Chapter 8)
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3. MATERIALS AND METHODS

3.1. Origin and characteristics of soils and amendents

For the experiments shown in Chapters 4 to 8,vgad collected from a peri-urban area
near the city of Vitoria-Gasteiz (42°50'N; 2°40'Worthern Spain), within the Jundiz

Industrial Park. This area is degraded due tolkbgal discharge of mainly construction

and demolition wastes. The soil (loam soil) hag®y poor structure, low organic matter
content and a high percentage of carbonates dubetanarly deposits of the area
(Martinez-Torres et al., 1985), but it is not conitaated.

Figure 3.1.Jundiz Industrial Park, where soil was collected.

In a previous project, part of this area was amendth “bio-stabilized material”,
a compost-like material from the “Biocompost de VEaUTE”, a treatment plant for
urban wastes. Prior to the addition of the amendntlea plot was cleaned of wastes, the
spontaneous vegetation was removed and, finaly/,sthl was plowed. In September
2015, 100 t hd of the bio-stabilized material were incorporatedthe soil with a
rotavator.

Soils from both unamended and amended plots wellectad (topsoil: 0-15 cm)
in October 2015, sieved to <6 mm, air-dried unthstant weight and subjected to

physicochemical characterization (Table 3.1). Tdikvgas stored at room temperature.
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Table 3.1.Physicochemical properties of the soils collectednfJundiz Industrial Park.

Unamended soll Amended soll
Total clay (%) 23.4 15.7
Coarse sand (%) 17.9 14.5
Fine sand (%) 21.3 25.1
Total silt (%) 37.5 44.0
Texture class (USDA) Loam Loam
pH (1:2.5) 7.9 8.0
Carbonates (%) 54.7 44.0
Organic matter (%) 1.0 19.5
C organic / N organic 6.7 8.6
Total N (% DW) 0.1 0.9
Total C organic (% DW) 0.6 7.3

3.2. Contamination of the soil

These soils were used to perform a variety of arpants to assess both the adverse
impact of soil contaminants and the beneficial @feof the application of GROs.
According with each experimental design, the switse artificially contaminated as

follows:

- The soil was extended in a 40 cm x 25 cm tragcZCu and Cd were applied in the
form of nitrate salts. They were dissolved in M@liwater and directly sprayed to the soil

using an airbrush, in order to homogenize theibigiion of the contaminants.

- Cr (VI) was applied in the form of 207, which was dissolved in Milli-Q water and
then sprayed on sand, extended in a 40 cm x 25aymusing an airbrush. Afterwards,
50 g of the contaminated sand were added per kgoibfto reach the desired Cr
concentration. Chromium was applied alone in Chaptand together with lindane in
Chapters 6 and 7.

- Lindane was dissolved in hexane and sprayed od aheady contaminated with Cr
(VI) using an airbrush. Subsequently, 50 g of tbecantaminated sand were added per
kg of soil to reach the desired lindane concermnafChapters 6 and 7).

- All types of diesel were directly sprayed on sasthg an airbrush. Afterwards, 50 g of

the contaminated sand were added per kg of smktch the desired diesel concentration.

In all experiments with mixed contamination, botmtaminants were added to the soill
at the same time. Contaminants were applied t&k@.6f DW soil. Contaminated soils
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were kept in 1.1 L containers and vigorously shakean 20 min to ensure total

homogeneity.

3.3. Organisms used for biological remediation expenents

3.3.1. Brassica napus

Brassica napuscommonly known as rapeseed and a member of mhiéy/fBrassicaceae,

is cultivated mainly for its seed, which can bedufe the production of vegetable oil and
biodiesel. In addition, rapeseed oil productionegates rapeseed meal, a byproduct that
can be used for animal feed. SeedsBofapus(v. Expower) were purchased from
Dekalb® (Barcelona, Spain). Thirty seeds per paevagrectly sown on the soil surface.

3.3.2. Eisenia fetida

Eisenia fetida an epigean earthworm of the family Lumbricideeeadapted to live in
organic matter like rotting vegetation, manure aodpost. It is commonly used for
vermicomposting.Eisenia fetidaspecimens were purchased from Lombricor S.C.A
(Cordoba, Spain) and kept under controlled condfitim horse manure. Then healthy,
sexually matured individuals, with a weight betw&&® and 450 mg, were added per

pot.

Figure 3.2: An Eisenia fetidesspecimen in the rhizosphereRrassica napus
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3.3.3 Actinobacteria

Actinobacteria are a phylum of Gram-positive baatevhich play a key role in soil
functioning, principally as organic matter decomgrgs They can also live in water and
are the source of many antibiotics. For this wéokyy actinobacteria strains, previously
isolated from contaminated environments, were uSedptomycesp. M7,Streptomyces
sp. MC1,Streptomycesp. A5 andAmycolatospisucumanensigAparicio et al., 2018b).
Two g kg* of the bacterial consortium, containing equal prtipns of each strain, was

added to the experimental pots.

3.4. Application of zero-valent iron nanoparticlegnzVI)

Zero-valent iron nanoparticles, stabilized by anthnorganic surface layer, were
purchased from NanoFer Star, Nanoiron s.r.0. Namiofes were activated, following
the manufacturer’s instructions, by making a 1.¥In2Milli-Q water slurry which was
homogenized in a kitchen blender at maximum powed® min. The slurry was stored
at 4°C for 24 h, after which it was diluted to thesired concentration and applied to the

soil. In this work, two procedures of nZVI applicat were used:

- () In Chapter 7, the nZVI solution was manuaityixed with the soil, up to a
concentration of 5 g nZVI kysoil.

- (i) In Chapter 4 and 8, the nZVI solution waphgd directly onto the soil. Previously,
the soil had been perforated using metal sticksrder to create conducts and facilitate
the dispersion of the nZVI solution through the Vehpot. This technique aims to
resemble a methodology that could be applied urfodd conditions. The final

concentration was 1 g nZVI Kgsoil.

3.5. Microcosm experiments

Microcosm experiments were carried out under cdliettaconditions. In Chapters 6, 7

and 8 a greenhouse was used, while in Chapterd 8,dhe experiments were performed
in a phytotron. In both cases, the facilities bgldn the Phytotron and Greenhouse
Service of the Advanced Research Facilities (SGlkethe University of the Basque

Country (UPV/EHU). The controlled conditions wegefallows:
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- Greenhouse: photoperiod of 14 h day / 10 h nigimjmum PAR (Photosynthetically
Active Radiation) intensity of 250mol photon n? s, temperature of 25/18°C, relative
humidity of 50/60%.

- Phytotron: photoperiod of 14 h day / 10 h nighAR (Photosynthetically Active
Radiation) intensity of 20@mol photon 't s, temperature of 25/18°C, relative humidity
of 60/80%.

Figure 3.2.Pots in the greenhouse (a) @rdssica napuglants in the phytotron (b)

3.6. Soil physicochemical characterization

Oxidable organic matter, total nitrogen, total anigacarbon, carbonate content and pH
were determined by NEIKER-Tecnalia, the Basqueitlrist for Agricultural Research

and Development, according to standard methods (MAR94).

3.7. Determination of contaminant concentrations

3.7.1. Extraction of pseudo-total metal fractior@ soil

Extraction of metals from soils was performed ldigestion according to a standardized
method (US-EPA Method 3051A, 2007). The soil wasmdried, crushed and sieved to
<0.125 mm. Approximately 0.5 g of soil was introdddnto the digestion vessels, and
then 10 mL concentrated nitric acid (65%) were adde Zn, Cu and Cd determination
(Chapters 4 and 5). For Cr determination (Chap8rg and 8), the digestion was
performed using 9 mL nitric acid and 3 mL hydroctdoacid. In both cases, the
microwave digestion was carried out by a CEM MaBigestion System. Samples were
maintained at 175°C for 4.5 min, and after coolthg,digestates were diluted with Milli-

Q water to 50 mL. Finally, digestates were storte4P@ in darkness until analysis.
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3.7.2. Extraction of bioavailable metals from soil

The bioavailable fraction of metals was extractelowing the method described in
Houba et al. (2000) using Ca@.01M. Oven-dried, crushed and sieved to <0.125 mm
soil was mixed with a Cagsolution (1:10 w/v). The solution was shaken &t g#m for

2 hours and filtered to <0.45 um. Nitric acid wasled to obtain a 2% concentration in
order to avoid the precipitation of metals. Extsastere stored at 4°C in darkness until

analysis.

3.7.3 Extraction of soluble Cr(VI) from soil

Soil was oven-dried and grinded. The soluble foacdf Cr was extracted following the
method described in Jiang et al. (2015). A 1:2%)widixture of soil and Milli-Q water
was shaken in an orbital shaker at 200 rpm for @ddthen centrifuged at 10,00@ for

15 min to remove the soil from the aqueous solutidre extracts were stored at 4°C in

darkness until analysis

3.7.4. Digestion of plants and worms for metal dateation

At harvest, leaves, stems and roots fmapugplants were separated. Leaves and stems
were surface cleaned with deionized water, whitdsavere also soaked with 0.01 CacCl
for 30 min to remove adsorbed metals. Plant sampées then oven-dried at 80°C for 48
h, grinded and subjected to a digestion as destimb2hao et al. (1994). Around 200 mg
of sample were placed in glass tubes, in which 5aina mixture of HN@ and HCIQ
(85:15) were added. The digestion was carriedroatmetallic heating block (Bloc Digest
m 40, Selecta) controlled by a time/temperaturegss programmer (RAT-2, Selecta).
The temperature curve was the following: (i) 3 F6@%C; (ii) 1 h at 100°C; (iii) 1 h at
120°C; and (iv) 5h at 195°C. At the end of the pss¢ the acid in the sample had
completely evaporated. After cooling, 5 mL of HiN®ere added and the tubes were re-
heated at 80°C for 30 min. Then, 15 mL of Milli-Cater were added and the samples
were re-heated at 80°C for another 30 min, aftechvtine sample was made up to 20 mL
with Milli-Q water and filtered (0.45 pm). The stlins were stored at 4°C in darkness

until analysis.

Five depurated (left on wet filter paper for 24ohvbid gut content) and cleaned
earthworms were dried at 120°C for 48 h, weighted @igested in HN@ After acid
evaporation, samples were re-suspended in 20 MLOGIM HNG:.
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3.7.5. Metal determination

Soil, plant and earthworm extracts and/or digestatere analyzed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) by thik&Gervice of the UPV/EHU.

3.7.6. Diesel determination in soil

For diesel determination, soil was collected amtest at 4°C in darkness. Prior to the
analysis, the soil was oven-dried at 35°C for 72rhshed and sieved to 0.125 mm.
Following the method described in Bartolomé e{2005), after sample preparation, 0.5
g of soil was extracted in 15 mL of acetone usifgEM Mars 5 Digestion System. The
filtered (0.45 pm) extract was cleaned throughlia hase extraction (SPE) with Florisil
® cartridges. The analysis was performed using Giwomatography-Mass
Spectrometry (GC-MS). In order to study the différ@ degradation of total petroleum
hydrocarbons (TPH), polycyclic aromatic hydrocab@RAH), fatty acid methyl esters
(FAMEs) and n-alkanes (n-Alk) were quantified.

3.7.7. Lindane determination in soil

Lindane concentrations was quantified as desciiydduentes et al. (2011). Five grams
of dried soil were mixed with 10 mL of a water-matiol-hexane (4:1:5) solution. The
mixture was shaken using a vortex and centrifugeskeparate the organic phase, which
was then evaporated until dryness. The lindaneluesivas re-suspended in hexane and
its quantification was performed using Gas Cromiplyy (Agilent 7890A).

3.7.8. Lindane determination in plants and earthwesr

Lindane concentration was determined following AO@ficial Method 2007:01 (2007)
and “QUEChERS” Method. Lindane was extracted frov@ ¢rushed plant and worm
samples using acetonitrile, magnesium sulphatesaélim acetate. The extract was
cleaned by solid phase extraction with an Agilent (QUEChERS AOAC).
Quantification was carried out by gas chromatogya@tgilent 2890A).

3.8 Soil microbial properties

3.8.1. Soil basal respiration

Soil microbial activity was estimated through thenqtification of soil basal respiration,
which was determined as described in ISO 160722R00venty g of fresh soil were
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water-saturated and introduced in a hermetic gégasgong with a vial containing 10 mL
of NaOH 0.2 M. Samples were incubated at 30°C #h7n a Bench Top Incubated
Shaker 3527-1 (Lab-Line), without shaking. Aftecubation, 4 mL of BaGI(0.5 M) and
3-4 drops of phenolphthalein 0.1% (in ethanol) waatded to the vials and a titration with
HCI 0.1M was performed using a Titrette® (Brand)eTsame procedure was carried out
using jars without the soil samples to standartleeresults. These data were used to
calculate the C®production derived from the respiration of soilcneiorganisms, by
applying Formula 3.1:

[Ve—Vm](mD)- N (£3).0.5 - 12 (%).10-3 (i).mﬁ(“?‘])

— ml
) = Pm (g) [MS]. T (h)

C
g soil-h

C (ug

Vc: Volume of HCI used in the titration without soilnsple (mL)
Vm: Volume of HCI used in the titration with the sadiiple (mL)
N: Normality of the used HCI (0.1 M)

12: Equivalent weight of C (g/EQ)

Pm: Weight of soil sample (20 g)

MS: [Dry weight / Fresh weight] ratio of the soill

T: Incubation time (h)
3.8.2. Substrate-induced respiration

Soil microbial biomass was estimated through thantjfication of substrate-induced
respiration, which was determined as describe®&® 17155 (2002). Two hundred mg
of a mixture of glucose, KiPQy, and (NH)SQx (31:1:5) was added to the soil previously
used for the measurement of basal respiration.rAfteanogenization, another vial
containing 10 mL of NaOH 0.2 M was introduced ie far and incubated at 30°C for 6
h. After incubation, the remaining NaOH was sulgddb titration following the same
methodology as for the basal respiration. It hanbeported that this short period of time
allows to register the respiration of the microlmammunities, without allowing them to
multiply (Lin and Brookes, 1999).

3.8.3. Community-level physiological profiles (CIdPP

Biolog EcoPlates™ (Biolog Inc., USA) were used $bireate the functional microbial

diversity of the studied soils, as described inl&@pet al. (2008). The plates are composed
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of 31 wells: inside of each, there is a differeartoon substrate (carbohydrates, carboxylic
acids, amides/amines, aminoacids, polymers) analztdtum, which turns purple when
the substrate is catabolically degraded. Color ldgveent can be measured
spectrophotometrically in order to determine comitydievel physiological profiles.

All the material and water used was previouslyilsted in an autoclave at 121°C
for 20 min. The fresh equivalent to 1 g of dry sedls mixed in a plastic tube with 9 mL
of Milli-Q water. The mixture was shaken for 1 h1&5 rpm in an orbital shaker and left
5 min to precipitate. After that, 2QQ of the supernatant were diluted with 19.8 mL of
Milli-Q water in reagent reservoirs. The wells bétBiolog EcoPlate™ were inoculated
with this dilution. Color development was spectrofmetrically measured at 595 nm
by a PowerWave X 340 Microplate Spectrophotemd@@Tek) at the initial time and
every 24 hours during 5 days to create a growthecufunctional microbial diversity
indexes were calculated using the absorbance vatysh of incubation, which has been
described as the time of maximal microbial growthhie Biolog Ecoplaté¥ (Galende
et al., 2014b). That value was calculated usingitita collected from the measurements
performed at 24 and 48 h. The following indexesewnealculated: (i) Average Well
Colour Development (AWCD), which is the averageoabance value of the plate; (ii)
Number of Utilized Substrates (NUS), which arenhenber of wells with an absorbance
value >0.25; (iii) Area Under the Curve (AUC), whimtegrates not only the values at
40 h, but the whole activity since the beginninghaf incubation. AUC is the area under
the curve created from the representation of AWRdugh time, from O to 40 h.

Figure 3.3.Determination of soil respiration (a) and a Biocpplaté™ (b).
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3.9. Toxicity bioassays

3.9.1. Phytotoxicity bioassays

Phytotoxic effects were assessed using bioassafggmped with three specie€ucumis
sativus, Lactuca sativaandRaphanus sativus

Seeds ofC. sativus(c.v. Marketmore) and. sativa(c.v. May Queen) were pre-
germinated in darkness on wet filter paper in 8&bRetri dishes for 72 IC( sativu} or
48 h (. sativg in a Sanyo incubation chamber (Sanyo Incubatodeu the following
conditions: 14/10 h day/night and 25/18°C day/niglancomitantly, 10 g of dried soil
were placed on Petri dishes, saturated with desohmater, mixed vigorously and
covered with filter paper. The soils were incubatethe same conditions as the seeds.
After pre-germination, 7-83. sativu¥ or 10-12 [.. sativg seeds showing a radicle length
of 5-10 mm were selected and placed in a singke dwer the filter paper of the dishes
containing the soil. Dishes were sealed with Plnai™ (Bemis) wrapping film and
incubated for another 72 h at the previously descriconditions, with a photosynthetic
photon flux density of 10@mol photon m? s* during day-time. Pictures of the seedlings
were taken right after the pre-germination andrafte exposure period. Images were
processed using the ImageJ software (Schneidér 2042) to calculate root elongation
(RE) (RE = RE2 — REn) of each seedling.

Figure 3.4.C. sativusseedlings at transplantation (72 h) (a) and fina¢ (144 h) (b).
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For R. sativusthe method described by Aparicio et al. (2019% wsed. Thirty
seeds were placed in petri dishes containing 16pih which had been adjusted to a
humidity of 40% with sterile distilled water. Platevere sealed with Parafilm M™
(Bemis) wrapping and incubated at 22°C for 5 d&yter incubation, germination rate

was calculated and the length of hypocotyls anttlesiof the seedlings was measured.

3.9.2. Ecotoxicity bioassays with Eisenia fetida

Eisenia fetidavas the organism selected to assess potentiaitiorf the contaminants
to soil invertebrates as described by Iriziar et(2015). The stock population was
purchased from Hezieko SA (Aizarnazabal, Spain)kenqt in the laboratory at 18°C in
horse manure. Healthy and clitellated earthwormsiwiilar size (350-500 mg fresh
weight) were selected and transferred to a costrdl(10% sphagnum peat, 70% sand
and 20% kaolin clay) to allow acclimation for 24Aiterwards, worms (ten individuals /
750 g soil) were placed in glass containers coimtgithe sample soils. Containers were
kept at 19°C under controlled humidity and contumulight for 14 days. After that period,
worms were collected and the following biomarkersrevassessed: mortality, weight

loss, coelomocyte concentration and cell viabi{i®arcia-Velasco et al., 2017).

3.10. Plant physiological measurements

3.10.1. Fluorescence measurements

Prior to harvesting, plants were kept in pre-dawnditions. Chlorophyll a fluorescence
(Fo) was measured with a fluorimeter PAM 2500 (Waler@any). Measurements were
performed on youngest fully expanded leaves. B&gsphnd maximal fluorescence (Fm)
were measured in dark-adapted leaves with a sataatlse of 800@umol photon it s

! (Fernandez-Marin et al., 2015). Maximum photoclainéfficiency of the PSII was
estimated using the ratio Fv/Fm = (Frg)}-FFm.

3.10.2. Tocopherol and photosynthetic pigment caitipa

Six discs with a diameter of 3 mm were collectexnhfrthe youngest fully expanded leaf,
frozen in liquid nitrogen and stored at -80°C uptdcessing. Samples were homogenized
in acetone (100%) using a tissue-tearor (Model I®¥®mel, Mexico D.F., Mexico).
After that, samples were centrifuged at 1320Q for 20 min. The supernatant was

collected, adjusted to a volume of 1.5 mL and rédte by a 2um PFTE filter
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(Teknokroma, Barcelona, Spain). The samples wepe dad during the whole process
and a green light was used to avoid the degradafitme pigments/tocopherols.

A new and ultra-rapid uHPLC method was developed doantification of
photosynthetic pigments and tocopherols. This ntketi®w less time- and solvent-
consuming, generates less residue, and provideaghariresolution for all compounds,
compared to traditional HPLC methods. Samples wgegeted into an Acquity™ uHPLC
H-Class system (Waters®, Milford, MA, USA), usingewersed-phase column (Acquity
UPLC® HSS C18 SB column, 100A, 1.8 um, 2.1 mm x ®0) and a Vanguard™ pre-
column (Acquity UPLC HSS C18 SB, 1.8 um). The melphase had two components:
solvent A, acetonitrile: water: methanol: Tris-HCM (84:12.6:2:1.4); and solvent B,
methanol: ethyl acetate (68:32). Tocopherols amgnpnts were eluted using a linear
gradient from 100% of solvent A to 100% of solvBrior the first 2.5 min, followed by
an isocratic elution of solvent B for 1 min. Thatial conditions (100% solvent A) were
restored with a linear gradient of 0.5 min. Thigcistic elution with 100% of solvent A
was maintained for 2.5 min to re-equilibrate th&uom prior to the next injection. The
flow of the mobile phase was 0.5 mL/min, with a lng pressure of around 5000 psi.
The column was maintained at 45 °C in an oven.vidheme of the injected sample was
2 UL. The column was preserved overnight with 1088étonitrile at 0.02 mL/min.
Pigments were analyzed with a photodiode dete&B¥(uHPLC Acquity by Waters,
Milford, MA) in a range of 400-700 nm for their idigfication, and quantification was
done using the integration at 445 nm. Tocopher@ewletected by fluorescence, using
FLR uHPLC Acquity by Waters (Milford, MA), at an ession wavelength of 340 nm
and 295 nm of excitation. Retention time and cosioer factors are indicated in Table
3.2.
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Figure 3.5.UHPLC chromatograms showing the typical patterpiginents (a) and tocopherols

(b) in Brassica napuseaves.

Table 3.2.Retention times (RT) and conversion factors of @gta and tocopherols analyzed
with the UHPLC system.

Pigment/tocopherol RT (min) CF (pmol mVY)

Neoxanthin 1.72 1.19x1¢
Violaxanthin 1.98 7.84x16
Antheraxanthin 2.27 8.00x10
Lutein 2.47 8.00x1¢P
Zeaxanthin 2.52 8.38x1¢P
Chlorophyll b 2.63 1.56x16
Chlorophyll a 2.85 2.58x1¢
B-carotene 3.32 8.39x1¢P
d-tocopherol 2.53 7.30x10
B+y tocopherol 2.67 3.30x10
a-tocopherol 2.81 2.22x16P

39



Capitulo 3

3.10.3. Carbon, nitrogen and hydrogen contentdamtsamples

These analyses were performed by the Research 8 $®gwices of the University of A
Corufia, by instant combustion, using a FlashEAl{lZermoFinnigan) elemental

analyzer.

3.11. Data treatment

Statistical analysis was performed using IBM SP&&isSics for Windows, Version 24.
The normality of data distributions was checkedqgrening a Kolmogorov-Smirnov and
Saphiro-Wilk tests. Homocedasticity was checkedgiaiLevene test. When the data had
normal distribution, Student’'s t-test or one/twoddrway ANOVAs were used.
Differences between groups were assessed by thehposDuncan when the
homocedasticity condition was met, and by the postGames-Howell when not. Data
without normal distribution were subjected to nargmetric tests, such as Mann-
Whitney’'s U test and Kruskal-Wallis test. In Chapie with the purpose of integrating
data from different parameters, the Integrativel®jwal Response (IBR) index was
calculated following Beliaeff and Burgeot (2002).Chapter 6, a Principal Component
Analysis (PCA) was performed using the software Uhecrambler 9.2.
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4.1.Brassica napudHAS A KEY ROLE IN THE RECOVERY OF
THE HEALTH OF SOILS CONTAMINATED WITH METALS AND
DIESEL BY RHIZOREMEDIATION

Rafael G. Lacalle, Maria T. GOmez-Sagasti, Unaietkeg, Carlos Garbisu, José M.
Becerril, 2018.Brassica napusas a key role in the recovery of the health alsso
contaminated with metals and diesel by rhizorentgaia Science of the Total
Environment, 618: 347-356.

Abstract

Contaminated soils are frequently characterizethbysimultaneous presence of organic
and inorganic contaminants, as well as a poor bickd and nutritional status.
Rhizoremediation, the combined use of phytoremexlizand bioremediation, has been
proposed as a Gentle Remediation Option to relatalimulti-contaminated soils.
Recently, newer techniques, such as the applicafionetallic nanoparticles, are being
deployed in an attempt to improve traditional reragdn options. In order to implement
a phytomanagement strategy on calcareous alkakmeuan soils simultaneously
contaminated with several metals and diesel, wkiated the effectiveness Bfassica
napusL., a profitable crop species, assisted with orgamieralment and zero-valent iron
nanoparticles (nZVI). A two-month phytotron expeeimi was carried out using two soils,
i.e. amended and unamended with organic mattels S@re artificially contaminated
with Zn, Cu and Cd (1,500, 500 and 50 m¢ keespectivelyand diesel (6,000 mg Ky
After one month of stabilization, soils were trehtgith nZVI and/or planted witlB.
napus The experiment was conducted with 16 treatmesislting from the combination
of the following factors: amended/unamended, comtatad/non-contaminated,
planted/unplanted and nzZVI/no-nZVI. Soil physicocheal characteristics and
biological indicators (plant performance and soitnobial properties) were determined
at several time points along the experiment. Caatgonontent of soils was the crucial
factor for metal immobilization and, concomitantigduction of metal toxicity. Organic
amendment was essential to promote diesel degoadatid to improve the health and
biomass ofB. napus Soil microorganisms degraded preferably dieselrbgarbons of
biological origin (biodiesel). Plants had a remé#ikgoositive impact on the activity and
functional diversity of soil microbial communitie¥he nZVI were ineffective as soil

remediation tools, but did not cause any toxicWwe concluded that rhizoremediation
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with B. napus combined with an organic amendment is promising fbe

phytomanagement of calcareous soils with mixed eetnd diesel) contamination.
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4.1.1. Introduction

In an increasingly industrialized world, soil comiaation resulting from the
intensification and expansion of human activitiesads a serious threat to human and
ecosystem health. A recent European report estinatetal of 2.5 million potentially
contaminated sites in Europe, of which 340,000li&ety to require remediation (Van
Liedekerke et al., 2014).

Metal(oid)s (e.g., zinc —Zn—, copper —Cu— and caami-Cd—) and mineral oils
(e.g., diesel fuel) are among the most widely spmtaminants, currently affecting 35
and 24% of European topsoils, respectively (Vanékerke et al., 2014). Activities such
as mining, metallurgy, agriculture and the useasfsil fuels discharge a considerable
amount of metal contaminants into soils, whilstiéeatal spills of petroleum-based
products used for transportation (typically dietsgple fuels) are the principal cause of
contamination with organic compounds (Barrutia ket 2011b). Furthermore, these
contaminants frequently appear together in contatathsoils (Khan and Kathi, 2014),
rendering new challenges for their remediation @gnet al., 2016). Until now, few
studies have focused on the remediation of mixedarninated soils (Agnello et al.,
2016; Batty and Dolan, 2013), due to the highereexpental complexity and the
difficulty of selecting a suitable remediation teology for the simultaneous
immobilization and/or removal of metals and (bi@dalation of the organic

contaminants.

Soil contamination with metals and diesel can irdwmpredictable adverse
effects on soils microorganisms and plants andretbee, compromise soil health
(Vamerali et al., 2010). The mobility and bioavhilay of metals are, to a great extent,
responsible for metal uptake and toxicity (Vamesdlial., 2010), which are in turn
conditioned by soil physicochemical characterissiesh as pH, redox potential, moisture
content, organic matter, and clay content, etcnffansveld and Cunningham, 1998).
Metal bioavailability, in combination with null biegradability and high persistence in
soils, promotes metal bioaccumulation and biomagatibn along the food chain (Dar et
al., 2017). Diesel fuel, unlike metals, can be bgraded by microorganisms and, in
particular, rhizosphere microbial communities (Béeg et al., 2011b). However, its
strong hydrophobic character, resulting from a smubility and a high vapor pressure,
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makes diesel rapidly associate with organic matterminerals present in soils, rendering
it less bioavailable and more recalcitrant (Meghetal., 2011).

In contrast to conventional physical and chemicathhologies for soil
remediation, which often involve high economic epstreversible changes in soll
structure, formulation of secondary contaminamsl, éitical damage to soil macro- and
microbiota (Gil-Diaz et al., 2016ip situ Gentle Remediation Options (GROSs), such as
phytoremediation, can provide a cost-effective jrmmmentally-friendly solution to soil
contamination (Agnello et al., 2016). Several <tsdihave evidenced that
phytoremediation can promote not only metal phyoisization (reduction of mobility
and bioavailability) (Epelde et al.,, 2009a; Galende al., 2014b, 2014c) and
phytoextraction (accumulation in shoots) (Barratial., 2010; Epelde et al., 2010), but
also the rhizoremediation of organic contaminaAgngllo et al., 2016; Liu et al., 2017,
Montpetit and Lachapelle, 2017). Plants exudatamimgcompounds to the rhizosphere,
creating a nutrient-rich environment which influeacthe behavior of nutrients and
metals (Kidd et al., 2009) and stimulates microlimmass and activity, and, hence,
enhances the degradation of organic contaminantpéKet al., 2004) and improves soil
health (Galende et al., 2014c).

The selection of plant species is a crucial asficphytoremediation success.
There are two key criteria, often mutually exclesito be considered during plant
selection: plant resistance to high concentratiohgontaminants and high biomass
production (Surriya et al., 2015Brassica napud.. meets both criteria and has been
recognized as suitable candidate for metal phytedsation (Belouchrani et al., 2016).
In addition, in the last decad®, napushas attracted scientific and commercial attention
due to its use for oil production (Cundy et al.,1@0 Dhiman et al., 2016). The
combination of the phytoremediation and economiteipital of B. napusmight be
decisive for successful remediation of diffuselyt@oninated areas (Croes et al., 2013).
From this perspective, the idea of “phytomanagetmantse (Cundy et al., 2016).
Phytomanagement involves the use of profitabletpland the manipulation of the soil-
plant system in order to control the bioavailabt®lpof soil contaminants, maximize
economic and/or ecological revenues, and minimizerenmental risks (Evangelou et
al., 2015). However, the adequacy Bf napusto phytomanage soils simultaneously

contaminated with metals and organic compoundsllisasgely unknown.
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The success of phytoremediation also involvesehbevery of soil health, defined
as the ability of the soil to perform its functio(Rardo et al., 2014). Soil microbial
properties can be used as ecologically relevahbdical indicators of soil health, owing
to their quick response, high sensitivity, and cétyato provide information that
integrates many environmental factors (Gomez-Shagest al., 2012). Besides,
biostimulation, through the application of orgaiicd/or inorganic amendments, is a
well-known strategy to enhance the success of gicdb remediation methods. Thus, the
application of organic amendments can improve tgsicochemical properties of the
contaminated soil, by supplying organic matter amdtrients, affecting metal
bioavailability, and stimulating the microbial dagation of organic contaminants
(Galende et al., 2014c; Sandrin and Maier, 2003).

Finally, nanomaterials (diameter <100 nm) and, ifjgadly, Zero-Valent Iron
nanoparticles (nZVl), have emerged as promisingsttmremediate contaminated soils
and waters (Patil et al., 2016) via a strategy km@s nanoremediation. nZVI particles
have been used for the remediation of soils comatad with metals (Gil-Diaz et al.,
2017) and organic contaminants (Li et al., 2016)nétheless, there is a paucity of
information on the effectiveness of nZVI for thenediation of soils simultaneously
contaminated with several inorganic and organictammimants, despite this being the
most real scenario. Moreover, soil physicochenpecaperties can strongly influence the
effectiveness and possible toxicity of the appliethoparticles (Fujioka et al., 2016;
Vitkova et al., 2017). The application of nZVI totaal contaminated soil is likely to
represent a beneficial practice for remediationt, la@ the moment, it appears too
expensive to be deployed at a large scale in cantded field sites. Besides, their use is
still surrounded by many uncertainties, includingtgmtial interference with other
remediation phytotechnologies and potential risk both human and environmental
health (Patil et al., 2016).

Here, under microcosm conditions, we studied thiece¥eness of nano-
rhizoremediation assisted with an organic amendnientthe recovery of mixed
contaminated soils with organic (diesel) and inargaontaminants (Zn, Cu, Cd). The
specific objectives were as follows: (i) to evatu#tte effectiveness &. napusplants,
and/or an organic amendment and/or nZVI, to accatawdnd/or immobilize Zn, Cd, Cu

and to degrade diesel; (ii) to assess the potesftiklese technologies for the recovery of
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soil health determined by microbial and plant iadloes; and, finally, (iii) to analyze the
ecotoxicity of nZVI.

4.1.2. Materials and methods

4.1.2.1. Experimental design

In September 2015, a soil from a peri-urban arear riee city of Vitoria-Gasteiz
(42°50°'N; 2°40'W, northern Spain) was amended W@f t ha' of an organic amendment
produced from the recycling of urban organic wassesl from the same peri-urban area
remained unamended. In July 2016, topsoil (0-15 w3 collected from both the
unamended and amended area, sieved to <6 mm, i@r-énd subjected to
physicochemical characterization (Table 4.1.1)thi laboratory, half of each soil was
artificially contaminated with a mixture of metalad commercial diesel fuel purchased
from a petrol station. Final metal concentratioresemin mg kg DW soil): Zn (1,500),
Cu (500) and Cd (50). As metals were added astaigats, KNQ was added to non-
contaminated soils (control) in order to compenslageadditional content of nitrate in
contaminated soils. Immediately after, diesel (6,08g kg' DW soil) was added to
already metal contaminated soils, following 1ISO 3%592006). Then, 700 g DW of
contaminated or non-contaminated soil were planeldli pots to complete a total of 64
pots: 16 treatments and 4 replicates per treatr(isble 4.1.2). In order to allow
contaminant stabilization, pots were kept for onenth in a phytotron under the
following controlled conditions: photoperiod 14/b0day/night, temperature 25/18 °C
day/night, relative humidity 60/80% day/night, aa@hotosynthetic photon flux density
of 200umol photon 7 s,

After the 1-month stabilization period (August, BD)1nZVI (NanoFer Star,
Nanoiron s.r.0) were activated following the mawmtd@er’s instructions with Milli-Q
water for 24 h and then applied in aqueous solutdmalf of the pots (contaminated and
non-contaminated) at a concentration of 1 g nZV} RyV soil. The nZVI treatment was

identified as “n”.
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Table 4.1.1.Soil physicochemical characteristics.

Unamended soil Amended soll
Total clay (%) 23.4 15.7
Coarse sand (%) 17.9 14.5
Fine sand (%) 21.3 25.1
Total silt (%) 37.5 44.0
Texture class (USDA) Loam Loam
pH (1:2.5) 7.9 8.0
Carbonates (%) 54.7 44.0
Organic Matter (%) 1.0 19.5
C organic / N organic 6.7 8.6
Total N (% DW) 0.1 0.9
Total C organic (% DW) 0.6 7.3
[Zn] Tot / Bio mg kgt 41.4/0.0 127.8/0.0
[Cu] Tot / Bio mg kg 6.9/<0.1 73.3/<0.1
[Cd] Tot / Bio mg kgt 0.3/0.0 0.5/0.0

Tot: Pseudo-total metal concentration; Bio: Ga&dtractable metal concentration; USDA:
United States Department of Agriculture.

Soil samples for chemical analysis and biologisalbgs were taken immediately
before and after nZVI application and then storédd &£C. Three days after nZVI
application, half of the pots were sowed witrassica napus.. (30 seeds pd). After
plant emergence (6 days), seedling number per st wduced to 3, by manually
removing extra seedlings with their roots, and phlpinthetic photon flux density was
increased to 250 umol photon?ng® to enhance plant growth. The experiment was
conducted under the above-mentioned phytotron olbedr conditions and pots were
bottom watered periodically as needed. One mortér gowing (September, 2016),
plants and soils were collected for chemical anslgad biological assays.

Table 4.1.2.Experimental treatments.

Without nZVI With nZVI
Unamended Amended Unamended Amended
Control Mixed C  Control Mixed C Control Mixed C @aimol Mixed C
pII;Ir?';[ed UCN UMN ACN AMN nUCN nUMN nACN nAMN
Planted UCP UMP ACP AMP nUCP nUMP nACP nAMP

Control: non-contaminated soil;
Mixed C: mixed contaminated soil with several metahd diesel.

Considering the presence of amendments (A-amend@o@chended), the
presence of contaminants (C-control/M-mixed conteation), the presence of plants (P-
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planted/N-non-planted) and the treatment with n#| the experiment was conducted
with 64 pots belonging to 16 treatments, with 4dicgpes each (Table 4.1.2).

4.1.2.2. Soil physicochemical characterization

Amended and unamended soils were collected atO({Beptember, 2015), just after the
addition of the organic amendment to the soil, T(ii) (July, 2016), immediately after the
addition of the contaminants; (iii) T2 (August, B)ljust after the 1-month stabilization
period; and (iv) T3 (September, 2016), at harvest.tiImmediately after sampling, soils

were kept at 4 °C prior to the determination of socrobial properties (see Section 2.3).

For the determination of soil physicochemical prope and for the root
elongation phytotoxicity bioassay (see Section,Z&d)l samples were oven-dried at 35
°C for 48 h. Soil pH was determined (1:2.5 w/v :salter) using 10 g of 2-mm sieved
dried soil and 25 mL of deionized water. Physicaocival parameters, i.e. particle size
distribution, % organic matter, total organic carf@OC; detection of C&by infrared
after oxidation), total nitrogen (Kjeldhal metho@yd % carbonates were determined
following official methods (MAPA, 1994). Dry soilksnples were ground and sieved at
0.125 mm prior to the analysis of pseudo-total @ab-extractable fraction of metals
by Inductively-Coupled Plasma-Mass SpectrometryP¢(M@S) (Agilent 7700). In order
to determine total concentration of Zn, Cu and i©€ddil, samples were subjected to acid
digestions with HCI and HNO+ H.O» according to US-EPA Method 3051A (2007). The
CaCb-extractable fraction, an indicator of metal biaadality, was determined
according to Houba et al. (2000). Aliphatic hydm@a concentration in soil was
determined as described by Bartolomé et al. (2@rtly, 15 mL of acetone (extraction
solvent) was added to 0.5 g of dried soil. Ext@attivas performed using a MDS-2000
closed microwave solvent extraction system (CEMitMawvs, NC, USA). The filtered
(0.45 um) extract was cleaned by performing a sph@dse extraction (SPE) with
Florisil® cartridges. All the compounds were analyzdy Gas Chromatography—Mass
Spectrometry (GC-MS). The profile of n-alkanes he tommercial diesel contained
hydrocarbons from n-C9 to n-C30. In order to manfieferential degradation of total
petroleum hydrocarbons (TPH) of diesel, we idesdifihree main groups; (i) n-Alkanes
(n-AlK); (ii) polycyclic aromatic hydrocarbons (PAH and (iii) fatty acid methyl esters
(FAMESs). We also determined n-alkane degradatiaonm@ing to the length of the carbon
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chain, i.e. the following four fractions: (i) n-C842; (ii) n-C13-C16; (iii) n-C17-C21,
and (iv) n-C22—-C30.

4.1.2.3. Soil microbial properties

Soil samples were used to determine the followingrabial properties, as detailed in
Galende et al. (2014a): (i) microbial activity wéestermined by basal respiration (BR)
following ISO 16072 (2002); (ii) potentially activeicrobial biomass was determined by
substrate-induced respiration (SIR) following ISTL35 (2002); (iii) average well color
development (AWCD) and (iv) number of metabolizedbsdrates (NUS) were
determined from Biolog EcoPlatés

4.1.2.4. Root elongation phytotoxicity bioassay

A root elongation bioassay witRucumis sativusvas performed to evaluate soll
phytotoxicity. Seeds o€. sativus(c.v. Marketmore) were pre-germinated on 8.5 cm
diameter Petri dishes, containing wet filter papar,3 days under controlled conditions
(14/10 h day/night; 25/18 °C day/night; and fultideess). Concurrently, 10 g of dried
soil were placed on Petri dishes, hydrated witloieed water, mixed vigorously, and
covered with filter paper. After pre-germinatiomyven seeds df. sativusshowing a
radicle length of 5-10 mm were placed over theffifaper of soil-containing Petri dishes.
Afterwards, dishes were placed at an angle of 46°iacubated for 72 h under the
following conditions: photoperiod 14/10 h day/nigtemperature 25/18 °C day/night,
relative humidity 60/80 % day/night and photosytithphoton flux density of 100 pumol
photon n? s. Three technical replicates were analyzed for dsotogical replicate.
Images of the seedlings were taken at the begirandgafter 72 h of incubation with the
soil. Images were processed by ImageJ softwaret Riongation (RE) (RE = Rk —
REr) was calculated for each seedling. The percerdbB& was calculated considering

“amended control soil, non-treated with nZVI (ACNJS reference state (i.e., 100 %).

4.1.2.5. Plant growth, physiological status andahebncentrations

Prior to harvest, maximal photochemical efficierméyPSIl (Fv/Fm) was determined in
leaves of plants at predawn state using a portal@ulated fluorimeter (FluorPen FP
100. Photon System Instruments) as described ici&®lazaola and Becerril (2000).
Subsequently, 5 leaf discs of 6 mm diameter (40l were collected, frozen in liquid
N, and stored at -80 °C until pigment analysis. tB$ynthetic and photoprotective
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pigments (chlorophylls and carotenoids) as weli@sphilic antioxidants -, - andy-
tocopherol), were determined according to Garcédla and Becerril (2001). Finally,
1-month-old B. napuswhole-plants were harvested. Leaves, stems ants noere
manually separated, weighted (fresh weight, FW) aadhed with deionized water.
Roots were also soaked with 0.01 M Caf6l 30 min to remove adsorbed metals. Plant
samples were then oven-dried at 80 °C for 48 htlagid dry weights (DW) recorded and
used for metal determination according to Zhaole(1®94). Metal phytoextraction

(shoot metal concentration x shoot biomass) wasadkulated.

4.1.2.6. Statistical analysis

Statistical analysis was performed using IBM SP&&iSics for Windows, Version 23.
Normality was checked performing a Kolmogorov-Sraurtest. Normal data were tested
using Student’s t-test and ANOVA, using Dunc@ost hoc when there was
homocedasticity (checked with Levene test) and Garwwvell when not. Non-normal
data were analyzed by applying non-parametric tastdlann-Whitney's U-test and

Kruskal-Wallis test.

4.1.3. Results

4.1.3.1. Effect of treatments on contaminant cotmagans

The soils collected for this study have a loamuetalkaline pH (8.0) and a very high
content of carbonates (55 and 44% for unamendedaamehded soils, respectively)
(Table 4.1.1). The main difference between botksdays in the higher values of metal
(Zn, Cu and Cd) concentration (because of the cdraton of these metals in the
amendment, as shown in Table 4.2.1), C and N ctsfeath 10-fold higher), and organic
matter content (19.5%) shown by the amended seitompared with the unamended

soil.
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Figure 4.1.1.Pseudo-total and Ca@xtractable concentrations of Zn (A, D), Cu (B,aag Cd
(C, F) in soils. White icons represent unamendeld and black icons refer to amended soils.
Squares: mix contaminated, non-planted. Trianghesc contaminated, planted. T1l: Time
immediately after the artificial contamination diet soil. T2: Time one month after soil
contamination (sowing time). T3: Time two monthteasoil contamination (harvesting time).

Pseudo-total Cd, Cu and Zn concentrations in sefewnot lower at harvest time
(T3) than immediately after the 1-month stabiliaatperiod (T2) (Fig. 4.1.1A-C). In fact,
higher metal concentrations in soil were found drmetal treatments, especially in
amended soils, as compared with the initial spikedcentrations of Zn, Cu and Cd
(1,500, 500 and 50 mg RPW soil, respectively). By contrast, Ca@ixtractable metal
fractions decreased to a great extent as soon taésmeere added to the soil (T1) (Fig.
4.1.1D-F). Immediately after metal addition (T1l)aCh-extractable metal fractions
represented as low as 0.25% of the pseudo-totatecrations for all metals and
treatments. Interestingly, the presence of the rocgamendment increased the
bioavailability of Zn and Cu (Fig. 4.1.1D, E), bbetluced Cd bioavailability (Fig. 4.1.1F).
Metal bioavailability progressively decreased, tolemsser extent, throughout the
experiment, particularly during the stabilizatiaripd (T2). At harvest time (T3), Zn and
Cu bioavailability still remained higher in the pemce of the organic amendment than in
its absence, while Cd bioavailability was lowerl{és of pseudo-total and bioavailable
metal concentrations were not significantly affeldy the presence of plants (Fig. 4.1.1,
Table 4.2.2) nor by the presence of nZVI (Table2).2
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Immediately after diesel addition (T1), TPH concatibns in soil were 2,900 and
2,400 mg kg DW soil for unamended (UMN) and amended (AMN) soikspectively
(Fig. 4.1.2A). At this time, the main TPH familyrcesponded to n-Alk (92%), followed
by FAMEs (7%). The concentrations of n-Alk and FAMRere initially lower in
amended soils; soil concentration values for bathilies rapidly decreased after one
month of stabilization (T2). This was particulargievant for FAMEs, which almost
disappeared at T2, in both amended and unamendiksd Ab harvest time (T3), a
concentration of 900 mg TPH ®dW soil of TPH was detected in all contaminateitsso
(UMN, UMP, AMN, AMP) (Fig. 4.1.2A). Neither plantd=ig. 4.1.2A) nor nzZVI (Fig.
4.1.2D) affected the degradation of these compo(halsle 4.2.3).

When different n-alkanes fractions were separaaelglyzed (Fig. 4.1.2B), the
most abundant fractions in our commercial dieseeveng chain n-alkanes (n-C17—n-
C21, followed by n-C22—-n-C30 and n-C13-n-C16). Mew levels of n-C9-n-C12 were
observed (data not shown). The degradation pattetinese longer chain n-alkanes (n-
C13-to n-C30) was similar to that previously ddsedi for total n-Alk (i.e., lower
concentration in amended soils and progressiveadagjon throughout the experiment).
Concentration values detected here for the shontaditanes (n-C9-n-C12) and PAHs
correspond to hydrocarbons and aromatic compourtaslogical origin, already present

in the non-contaminated soil and in the amendniselfi(data not shown).

Globally considered, at the end of the study, diesacentration values for the
main families and fractions were similar among tireants, and neither plants (Fig.
4.1.2A-C) nor nZVI (Fig. 4.1.2D-E) stimulated a ferential degradation of any of them.
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Figure 4.1.2.Total and fractioned hydrocarbon concentratiosaih (without, with nZV1). Total
Petroleum Hydrocarbon (TPH) (A, D); n-alkanes (#dA(B, E); FAMEs (C, F); n-alkane
fractions C13-C16 (G, J); C17-C21 (H, K); and C220-Ql, L). White icons represent
unamended soils and black icons refer to amendisd Squares: mix contaminated, non-planted.
Triangles: mix contaminated, planted. T1: Time indiagely after the artificial contamination of
the soil. T2: Time one month after soil contamioat{sowing time). T3: Time two months after
soil contamination (harvesting time).

4.1.3.2. Effect of treatments on plant growth, phiggical status and metal

concentrations

As shown in Table 4.1.3, biomass Bf napusplants significantly increased in the
presence of the organic amendment, both in copteoits (ACP> 4-fold UCP) and,
remarkably, in plants grown in contaminated sodMP >17-fold UMP). The presence
of the amendment alleviated contaminant phytottxicas we found no significant
differences in biomass between controls (ACP) dadtp grown in contaminated soils
(AMP). Other plant parameters, such as photochdmifteiency, total chlorophyll, total
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carotenoids and VAZ/Chl, were not affected by tresits (Table 4.1.3). However, the
tocopherol/Chl index increased in plants grownantaminated soils and in unamended

soils. nZVI treatment had no significant effecttbe plant parameters studied here.

Metal concentrations in plant shoots were markealijyenced by the applied
metal dose, metal mobility, and the presence obtlganic amendment. Plants grown in
amended soils showed lower metal concentrationthéir shoots than plants from
unamended soils (Table 4.1.3). The highest valdevnatal shoot accumulation were
detected for Zn, followed by Cu and Cd (Table 4.1T8e addition of nZVI appeared to
decrease shoot metal concentration, but this effastonly statistically significant for Zn
and Cu in plants grown in amended soil, and foirGolants grown in both unamended
and amended soils. Although shoot metal conceatrain plants grown in amended soils
(AMP, nAMN) were lower than those in plants growrunamended soils (UMP, nUMP),
the total amount of phytoextracted metal was highéhe former, due to a higher plant
biomass (Table 4.1.3). Highest values of phytoexita were found for Zn, followed by
Cu and Cd. As indicated for metal concentrationshioots, nZVI treatment significantly
decreased metal phytoextraction in contaminatechdetesoils (AMP/s.nAMP, Table
4.1.3). In any case, phytoextraction values werg l@v for all treatments, most likely

due to the low values of metal bioavailability.
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4.1.3.3. Effects of treatments on biological intlica of soil health

4.1.3.3.1. Soil microbial properties

At TO and T1, amended and unamended soils showeithsiSIR values (Fig. 4.1.3C,
D); in contrast, higher BR values were found in adesl soils (Fig. 4.1.3A, B). At the
end of the experiment (T3), control (non-contamedatamended soils presented higher
values of both BR and SIR than unamended soilsa@ildéion of contaminants (T2) had
no effect on SIR values (Fig. 4.1.3C, D), but dseatcreased BR values (Fig. 4.1.3A,
B). Indeed, BR was the most increased microbichmpater, not only as a result of the

application of the amendment and contaminants Isatdue to the presence of plants.
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Figure 4.1.3.Soil microbial activity determined by Basal Reafion (BR) (A, B) and microbial
biomass determined by Substrate-Induced Respirggidt) (C, D) in soil without and with nZVI.
White icons represent unamended soils and blaaksicefer to amended soils. Circles: non-
contaminated, unplanted. Diamonds: non-contamingikhted. Squares: mix contaminated,
non-planted. Triangles: mix contaminated, plantéd.Time of soil collection, immediately after
amendment application. T1: Time immediately after artificial contamination of the soil. T2:
Time one month after soil contamination (sowingejmT3: Time two months after soil
contamination (harvesting time).

Consequently, at the end of the study (T3), AMB atAMP treatments showed

the highest BR values. This fact could be relatedlant wellness, as we did not detect
such an effect on unamended planted soils (UCP)TAtAWCD and NUS values
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decreased in all treatments, but without significifferences among them (Fig. 4.1.4).
At harvest time (T3), highest AWCD and NUS valueg(4.1.4A, C) were observed for
treatments with amendment, plants and contamirfAiM®, nAMP). nZVI treatment did
not have any significant effect on microbial adinand biomass (Fig. 4.1.3A-D), nor on
microbial functional diversity (Fig. 4.1.4A-D). Theesults of the statistical tests are
shown in Tables 4.2.4 and 4.2.5.
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Figure 4.1.4.Soil microbial functional diversity measured williolog™ Ecoplates (without,
with nZVI). Average Well Color Development (AWCDA(B), Number of Used Substrates (C,
D). White icons represent unamended soils and taxis refer to amended soils. Circles: Non-
contaminated, non-planted. Diamonds: Non-contarathgtlanted. Squares: mix contaminated,
non-planted. Triangles: mix contaminated, planté€d.Time of soil collection, immediately after
amendment application. T1: Time immediately after artificial contamination of the soil. T2:
Time one month after soil contamination (sowingdmT3: Time two months after soil
contamination (harvesting time).

4.1.3.3.2. Effect of treatments on soil phytotdxici

At T2, C. sativusseedlings exposed to the mixed contaminated soi wotably affected
by the presence of the amendment. A significantedese of root elongation (RE) was
obtained in contaminated unamended soils (Fig.5A,1Table 4.2.6), whereas a
significant increase in RE was observed in corredpmg amended soils (AMN, nAMN;
Fig. 4.1.5A). At harvest time (T3), RE % Gf sativusseedlings was significantly higher

than in T2 in almost all treatments (Fig. 4.1.5Bhe negative effect of the mixed
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contamination was only observed in unamended seohde there were no differences
between control (non-contaminated) and contaminaeended soils. Neither the
presence oB. napusplants nor the nZVI treatment had a clear impacthe RE ofC.

sativusseedlings.

— Unamended
— Amended

Figure 4.1.5.Variation of Root Elongation percentage (RE %Y oicumis sativuseedlings in
T2 (sowing time) (A) and T3 (harvesting time) (Biné-points. The thin line represents
unamended soils, whilst the bold line representsrated ones.

4.1.4. Discussion

Phytomanagement focuses on the growth of profitabdes on contaminated vacant
sites, in order to simultaneously maximize bothnecoic profit and the provision of
ecosystem services, while reducing contaminant ipbnd bioavailability, and, hence,
adverse ecological impact (Cundy et al.,, 2016). evmv, few studies have been
conducted to establish the suitability of GROs asdociated strategies for mixed
contaminated (with inorganic and organic compousadd}¥, such as those often found in
industrial and urban brownfields. In this studyomier to explore feasible strategies to
reduce environmental risk and increase soil funstiove studied soils from a peri-urban
vacant area. Here, soils were artificially contaam@a with Zn, Cu, Cd and diesel, as these
contaminants are commonly found in mixed contaneithasoils. Our experimental
approach allows to (i) specifically select any camabion of contaminants and
contaminant concentrations, (i) remove or immobilsuch contaminants during the
timeframe of the experiment, and (iii) compare tlaues of soil health parameters

between contaminated/remediated soil and uncontdedncontrol) soil. However, due
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to some key factors such as the aging of contartsraard the complexity of natural field

conditions, our results cannot be directly reldtedctual contaminated soils.

4.1.4.1. Contaminant concentrations and physicodteparameters

The most relevant result obtained from the additibmetals to this peri-urban soil was
the large and rapid immobilization of metals obsédrn both amended and unamended
soils prior to the stabilization period (Fig. 4 D-F). Precipitation and adsorption are two
key processes affecting soil metal bioavailabilignd both processes are greatly
dependent on soil pH (Adriano, 2001). Alkaline p&lues, such as those observed here,
can enhance precipitation and adsorption proce@saésano, 2001) and, therefore,
contribute to the low values of metal bioavailaibbserved in this study. However, the
soil factor that can better explain these low bakability values is most likely the large
carbonate content of our soils (44 and 55% for alednand unamended soils,
respectively) (Table 4.1.1). Other soil componergsch as sulfates, hydroxides,
phosphates, silicate clay (Adriano, 2001) and agaratter (Alvarenga et al., 2009), as
well as plant growth (Galende et al., 2014c) carosdarily account for a reduction in
metal bioavailability. The continuous interactidmeetal contaminants with all these soil
components could explain the progressive reduatfometal bioavailability observed
along the study, after T1. Organic amendments eanedse metal bioavailability (Park
et al., 2011), not only due to the interaction kew metals and organic components, but
also due to the increase in pH (Galende et al.4R01Conversely, Cu and Zn
bioavailability was increased in amended soils.sTbontradictory effect could be
explained by the lower carbonate content of amersddd, as well as the fact that the

organic amendment itself adds Zn and Cu to the($alble 4.1.1).

The presence of plants can also decrease metaHialaility through plant metal
uptake and/or metal immobilization in the rhizoggh@ark et al., 2011). However, under
our experimental conditions, metal bioavailabilitysoil was not influenced . napus
growth. The low bioavailability of metals in soifi§. 4.1.1D-F) is probably responsible
for the severely limited metal accumulation in siscand phytoextraction (Table 4.1.3).
Accordingly, Zn showed highest values of bioavddatoncentration and, concomitantly,
highest values of metal accumulation and amounhetal phytoextracted. Regarding
shoot metal accumulation, the most relevant diffeeerefers to the lower shoot metal

concentrations found in amended soils, compareld witamended ones, owing to the
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growth dilution factor (Galende et al., 2014c; Hilhd Larsen, 2005). Actually, AMP

shoot biomass was 17-fold higher than UMP. Duéhi® growth dilution factor, plants

grown in amended soils extracted more Zn (6.6-fdd) (9.5-fold) and Cd (10-fold) than

those grown in unamended soils. In any event,dte amount of metal phytoextracted
was very low for all cases and, then, pseudo-totial concentrations in soils did not
decrease to a significant extent. The higher psé¢oidd metal concentrations detected in
our study, compared to the spiked doses, can bkiegd by the sample processing.
Thus, soil samples were ground, sieved and, thea,pfarticles were collected. Metals
are usually associated to the fine particle-siaetions of the soil (Xu et al., 2014). This
is an important methodological issue that shoulthken into account to avoid a possible

overestimation or underestimation of total metalaantrations in soil studies.

Under our experimental conditions, nZVI are expedteoxidize very fast, thus
forming iron oxides that might then adsorb heavyaise(Komarek et al., 2013; Tiberg
et al., 2016). However, considering the high lefehetal immobilization in our soil due
to its physicochemical properties, together with fidct that the values of Zn, Cu and Cd
bioavailability in soil were not significantly dégfent in the absenarsusthe presence
of nZVI, it is most likely that, under our experintal conditions, nZVI did not interact
with metals. Nevertheless, a statistically sigaificreduction of metal concentrations in
shoots was observed in plants grown in the preseho&VI and, as a result, a lower
metal phytoextraction was found. Martinez-Fernaneézal. (2016) reported that
nanoparticles can interfere with root hydraulicawoctivity, thus affecting the uptake and
translocation of some elements and nutrients, it generating stress to plants.
Similarly, in our study, nZVI nanoparticles did raffect plant physiological status and
health. The low levels of tocopherol indicated tA&P and nACP treatments had the

lowest levels of oxidative stress.

Brassica napuss a good candidate for phytomanagement, asiprefitable crop
currently used for biodiesel production and, besidecan efficiently accumulate metals
in its shoots (Van Ginneken et al., 2007). So fagst of the studies on metal
accumulation byB. napushave been performed dealing with only one metatl,some
problems might arise when this species is exposed polymetallic contamination
(Cojocaru et al.,, 2016; Mourato et al.,, 2015). Wwise, the presence of organic
contaminants can decrease metal phytoextractiomty(Eend Dolan, 2013). To our

knowledge, this is the first study that addreskescb-contamination of soils with several
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metals and an organic compound (diesel) througlimipéementation of a GRO usirig)
napus an organic amendment and nZVI. Selection of adali®lerant plant species is
essential for successful rhizoremediation of thigaaic contaminant (Balseiro-Romero
et al., 2016; Barrutia et al., 2011Byassica napu$as been reported as a diesel-tolerant
species with potential for phytoremediation (Wa@tétwiczor et al., 2014). Dissipation
of diesel can occur via a rapid non-biodegradagtineeess (T0) caused by evaporation of
low molecular weight compounds (Barrutia et al.1 24), followed by a second slower
phase associated to biodegradative processes bygemmlis or inoculated
microorganisms (Balseiro-Romero et al., 2016). Thster degradation of some
hydrocarbon families (i.e., n-Alk, FAMES) in our anded soils (Fig. 4.1.2B-C) is
probably due to the higher values of microbiahattipresent in those soils (Fig. 4.1.3).
According to Balseiro-Romero et al. (2016), dietsgradation can be stimulated in soils
with high organic matter content due to a bett@pspof nutrients and reduced toxicity
by the adsorption of toxic compounds to the orgamatrix. Interestingly, FAMEs (i.e.,
hexadecanoic acid, methyl ester; heptadecanoic a6inethyl-, methyl ester; and 8-
Octadecenoic acid, methyl ester) showed fastead@gjon rates: in fact, only 5% of their
initial concentration remained after the stabii@atperiod. FAMES, derived from trans-
esterification of animal fats or vegetable oilss aomponents of biodiesel and are also
added to conventional diesel at low concentrat{oas7%). This preferential degradation
of FAMEs over other diesel components has also bdescribed for marine
microorganisms (DeMello et al., 2007), and indisatbat the metabolism of soil
microorganisms could be more adapted for fatty acddlabolism, favouring the
degradation of biodiesel components. Finally, tatienuated the differences between
unamended/amended, planted/unplanted and nZVI/M3-rsdils in terms of TPH
content, thereby observing no significant diffeenbetween them at harvest time. The
use of nZVI to promote the degradation of recacitrorganic contaminants, such as
polycyclic or chlorinated hydrocarbons, has beg@ored by several authors (Chang and
Kang, 2009; San Roman et al., 2013; Sunkara e2@l0). Under our experimental

conditions, however, nZVI had no clear effect oeseéi degradation in soil.

4.1.4.2. Biological indicators of soil health

As pointed out above, the mitigation of potentiaks to ecological receptors and the
improvement of soil functions are key aspects gt@management initiatives. Microbial

activity, biomass and functional diversity parame{&pelde et al., 2014), as well as soil
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phytotoxicity bioassays (Quintela-Sabaris et al0l17), are frequently used as
bioindicators of soil health (Galende et al., 2Q14ccording to our results (Fig. 4.1.4),
amended soils had higher values of microbial agtamd biomass, most likely due to the
input of labile organic carbon easily metabolizgabil microbial communities (Galende
et al., 2014b; Ros et al., 2003). After soil contaation with metals and diesel (T2),
microbial activity was greatly stimulated in botmended and unamended soils. This
could be understood as a consequence of: (i) alletfect of the added contaminants on
some soil microbial populations, leading to thevacrowth of oportunistic populations
from the labile C release associated to microbesitll (Balseiro-Romero et al., 2016);
(i) the metabolic utilization of hydrocarbons peas in the diesel formulation as
substrates for microbial growth and activity (Smldi and Adams, 2002); and (iii)) a
requirement of more energy (microbial activity) feurvival under the stressing
environmental conditions characteristic of contaated soils (Zhou et al., 2013). The
fact that microbial biomass was not affected inghesence of a higher microbial activity
(Fig. 4.1.3A) can be interpreted as a need to tee\@aergy from growth to maintain
essential cell processes, in order to cope withtatomation-induced stress, as

microorganisms often require more energy to suruivéer unfavourable conditions.

Brassica napugrowth also stimulated soil microbial activity ¢Fi4.1.3A). The
presence of plants can help increase microbialigctn contaminated soils by releasing
root exudates and creating suitable conditiongrimrobial growth in the rhizosphere
(Balseiro-Romero et al., 2017; Barrutia et al., Bf)1Brassica napugplants not only
increased the activity of microbial communities dantaminated soils, but also its
functional diversity (Fig. 4.1.4). These observasicare in agreement with results by
Barrutia et al. (2011), who reported a stimulateifect of plants on microbial functional
diversity, reflected by Biolod}' data and values of enzyme activities. These affsete
not observed in contaminated unamended soilsBvittapusdue to the low performance
and biomass of plants under these conditions (TARI8).

Root elongation of. sativusseedlings were also used to assess soil healthisas
species has been described as sensitive to metaneimation (Baderna et al., 2015;
Visioli et al., 2014). As shown in Fig. 4.1.5A, tbeganic amendment had a positive effect
on root elongation at T2, in agreement with theeased wellness &. napuslants and
the stimulation of microbial communities observedamended soils at T2. On the

contrary, at this time-point, we detected a phytmt@ffect (decrease of root elongation)
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in unamended soils. This can be explained by thwelddevels of diesel present at that
time in the amended soils, as a result of microtkéggjradation. In a bioassay performed
with red clover exposed to hydrocarbon contamimatinvonen et al. (2000) found that
compost addition reduced hydrocarbon-induced pbytoity. At the end of our study
(T3, Fig. 4.1.5B), root elongation was near themptn value (score value close to 100%)
in all amended soils, without any significant difaces among treatments. However, a
severe inhibition of root elongation was observedantaminated unamended soil (Fig.
4.1.5B), in agreement with the results of soil mial parameters observed in these soils.
These findings highlight the importance of amendisidn stimulate plants and soill
microbial communities, and to improve soil healtthjle reducing total and bioavailable

contaminant concentrations and, hence, ecologsial r

Finally, under our experimental conditions, the leggion of nZVI did not
decrease soil contaminant concentrations (Figl4ahd 4.1.2), but it decreased plant
metal accumulation (Table 4.1.3). This can be tak#o consideration to improve
phytostabilization initiatives and reduce the erdfynetals to the food web. Moreover,
nZVI had no toxic effect on soil microbial commues (Fig. 4.1.3 and 4.1.4), although
they initially caused inhibitory effects o@. sativusseedlings root elongation (Fig.
4.1.5A), possibly due to some interaction with eiganatter. This phytotoxic effect was
temporary and disappeared after one month (Fig5B)1 which could explain the

contrasting observations reported by other autfftefaniuk et al., 2016).

4.1.5. Conclusions

This study highlights the importance of soil comewts (e.g., pH, carbonates and organic
matter content) and organisms (microorganismsBan@hpu$ as essential tools for the
design of phytomanagement strategies aimed at nugathminated (Zn, Cu, Cd and
diesel) soils. Our calcareous soils presented |l@ues of metal bioavailability,
preventing metal entry in the food web and, theslucing metal ecotoxicity. Poor
performance of diesel-tolerant profitable cropschswasB. napus,and native soil
microbial populations during rhizoremediation wagem@ome by the application of
organic amendments, which increased soil microhietivity and improved plant
physiological status and growth. Under these cistamces, soil microbial communities
were able to degrade diesel components, preferftly acids methyl esters. The

presence oB. napusincreased soil microbial activity and functionavetsity. nZVi
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reduced shoot metal concentrations and phytoeiraperformance, whilst they were
not effective as remediation tools for diesel comtated soil. At the applied doses, nZVI
did not cause toxicity symptoms on soil health fcators, other than a reduction in
root elongation possibly mediated by an indire@afof nZVI with organic matter. To
our knowledge, this is the first study that repdines usefulness of the combinationBof
napus plants, organic amendment and nZVI for the nanperemediation of soils
simultaneously contaminated with several metalsdaesel, and as a suitable strategy for

the phytomanagement of very poor alkaline soils.
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4.2. EFFECTIVENESS AND ECOTOXICITY OF ZERO-VALENT
IRON NANOPARTICLES DURING RHIZOREMEDIATION OF
SOIL CONTAMINATED WITH Zn, Cu, Cd AND DIESEL

Rafael G. Lacalle, Maria T. GOmez-Sagasti, Unaietkeg, Carlos Garbisu, José M.
Becerril, 2018. Effectiveness and ecotoxicity ofazealent iron nanoparticles during
rhizoremediation of soil contaminated with Zn, @dl and dieseData in Brief, 17: 47-
56.

Abstract

The remediation of soils simultaneously contamitatdth organic and inorganic
compounds is still a challenging task. The applicabf metallic nanoparticles, such as
zero-valent iron nanopatrticles (nZVl), for soil redmation is highly promising, but their
effectiveness and potential ecotoxicity must behter investigated. In addition, the
performance of nZVI when combined with other remaéidn strategies is a topic of great
interest. Here, we present data on soil chemisg@o-total and Cagéxtractable metal
concentrations; petroleum hydrocarbon concentrgfioand biological properties
(microbial properties and phytotoxicity) after thepplication of nzZVI to soil
simultaneously contaminated with Zn, Cu, Cd andelign the absence and presence of
other remediation treatments such as the applitatican organic amendment and the
growth of Brassica napusplants. Soils were artificially contaminated withet
abovementioned contaminants. Then, after an agemg@ of one month, nZVI were
applied to the soil and, subsequenBynapusseeds were sown. Plants were left to grow
for one month. Soil samples were collected immetyadfter artificially contaminating
the soil (T1), at sowing (T2) and at harvesting)(Tverall, the application of nZVI had
no effect on contaminant removal, nor on soil migab parameters. In contrast, it did
cause an indirect toxic effect on plant root eldimgadue to the interaction of nZVI1 with
soil organic matter. These data are useful foraresers and companies interested in the
effectiveness and ecotoxicity of zero-valent ir@amaoparticles during the remediation of
soil contaminated with metals and hydrocarbonse@afly when combined with Gentle

Remediation Options.
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Specifications Table

Subject area

Environmental Sciences, Plant Sciences

More specific subject
area

Soil ecotoxicity, nanoparticles, bioremediation

Type of data

Tables

How data was
acquired

Data collected from an experiment on nZVI-assis
rhizoremediation of mixed contaminated soil

sted

Data format

Analyzed

Experimental factors

nZVI were applied to soils with combinations offitléowing
factors: mixed contamination (metals and diesetjaaic
amendment, Brassica napus plants

Experimental features

Analysis of pseudo-total and extractable Zn, Cu &ul
concentrations, petroleum hydrocarbon concentragic
biomass, activity and functional diversity of swilcrobial
communities; soil phytotoxicity

n

Data source location

Leioa, Spain (43.329456, -2.969329)

Data accessibility

Data are available in the article

Related research
article

Lacalle, R.G., Gomez-Sagasti, M.T., Artetxe, Urbiza,
C., Becerril, J.M., 2018. Brassica napus has arody in
the recovery of the health of soils contaminatetth wietals
and diesel by rhizoremediation. Sci. Total Enviréh8,
347-356.

Value of the Data

soils contaminated with metals and diesel.

soil organic matter.

nanoparticles.

4.2.1. Data

Data show the lack of effectiveness of nZVI for #ssisted rhizoremediation of

Data reveal the ecotoxicity of nZVI to plants, nedd by their interaction with

Data are useful for the design of soil remediatginategies using nzZVI

Data provided here were generated during an expetimarried out to study the

effectiveness of nZVI for the remediation of mixedntaminated soils. Besides, their

potential toxicity for plants and soil microbial mmunities was investigated. Finally,
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these data supplement our study on the recovehediealth of soils contaminated with
metals and diesel by rhizoremediation (Lacalld.ef@18a).

4.2.1.1. Chemical parameters

Table 4.2.1 shows the characterization of the acgamendment used in this experiment.
This characterization showed a high content ofl totganic matter, a high C/N ratio,
moderate levels of some metals (Cu, Zn), and tleerade ofSalmonellaspp. and
Escherichia coli Table 4.2.2 shows pseudo-total (A-C) and GaRtractable (D-F)
metal concentrations in soil. Pseudo-total conegioins decreased along the experiment.
Zinc and Cu concentrations in amended soil werédrigcompared to non-amended
controls, due to the presence of these metalseirmthendment itself. nZVI1 application
had no effect on pseudo-total metal concentratio@aCh-extractable metal
concentrations meant a very small fraction of psewatihl metal concentrations, and
decayed over the experimental period, especiallyZfo Similarly, the presence of Cu
and Zn in the amendment itself contributed to tighdr values of CaGlextractable
metal concentrations observed in amended soilslta@actable metal concentrations
were similar in the absengersuspresence of nZVI. Table 4.2.3 shows the conceatrat
of total petroleum hydrocarbons-TPH (A), as welltlaat of the different fractions: n-
alkanes (B); fatty acid methyl esters-FAME (C);aalk fraction n-C13-n-C16 (D); alkane
fraction n-C17-n-C21 (D); alkane fraction n-C22-8aC(D), for treatments with and
without nZVI1. Degradation was more accentuatedlierFAME fraction (90%) than for
n-alkanes (60%). Degradation was faster in the dexsoil. The n-C17-C21 fraction
was the most abundant and most easily degraddtbfra®©n the other hand, n-C22-C30
was the most recalcitrant fraction. The applicatmnnzZVIl had no effect on the
degradation of petroleum hydrocarbons. This lackftéctivity of nZVI on metal and
hydrocarbon remediation could be partially due ke tapplication of uncoated

nanoparticles.

4.2.1.2. Biological parameters

Values of soil microbial properties (BS-basal reson, SIR-substrate induced

respiration, AWCD-average well color developmerti3Nnumber of used substrates) in
the absence and presence of nZVI are shown in Bablé and Table 4.2.5, respectively.
Overall, values of BR and SIR were higher in thespnce of the amendment. Basal

respiration increased in soils exposed to the mecgdamination, while SIR values were

69



Capitulo 4

similar to those observed in control soil. nZVI apgtion did not have any significant
effect on these respiratory parameters. Regardnignscrobial functional diversity,
AWCD and NUS values were not affected by the apgibn of the amendment nor by
the presence of the contaminants, but they werdyhgilimulated by the presence Bf
napus plants. The application of nZVI did not affect tlseil microbial functional
diversity. Table 4.2.6 shows data from the roothgaiion bioassay performed with
Cucumis sativus soils treated with (A) and without (B) nZVI. general trend towards
decreased root elongation values in the presencentdminants and increased values in
the presence of the amendment was identified. ppkcation of nZVI caused an indirect
toxic effect on plant root elongation due to the&eraction of nZVI with soil organic

matter. This interaction of nZVI and soil organiatter needs further investigation.

Table 4.2.1.Characterization of the organic amendment usélisrexperiment.

Agronomic parameters

Organic matter (%) 29.6
Humidity (%) 22.6
Organic C / Organic N 13.2
Sanitary parameters
Salmonellaspp. Absent
Escherichia coli Absent
Metal concentrations
Cd (mg kg") 1.3
Cu (mg kg 241
Ni (mg kg?) 25.2
Pb (mg kd}) 57.2
Zn (mg kgb) 368
Hg (mg kgt 0.6
Cr (mg kgh) 32
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4.2.2. Experimental design, materials and methods

Two topsoils were collected (Time = TO) from a pamban area: one amended with 100
t ha' of an organic material produced from the recycbhgrban organic wastes, and the
other without such amendment. The organic amendmed obtained from the
“BIOCOMPOST DE ALAVA” company, an urban waste tn@&nt plant. After selective
separation and sieving, organic matter from doroegtiste of the city of Vitoria-Gasteiz
(Spain) was stored for 6 months before use. Sa@lsieved to <6 mm, air-dried, and half
of each soil was artificially contaminated with &tare of metals and commercial diesel
fuel purchased from a petrol station (T1). Experitabmetal concentrations were (in mg
kg DW soil): Zn (1,500), Cu (500) and Cd (50). Imnedly after, diesel (6,000 mgkg
1 DW soil) was added to already metal contaminatéld,Sollowing 1ISO 15952 (2006).
Then, 700 g DW of contaminated or non-contaminat@tiwere placed in 1 L pots. In
order to allow contaminant stabilization, pots wkept for one month in a phytotron
under the following controlled conditions: photaper14/10 h day/night, temperature
25/18°C day/night, relative humidity 60/80% day/nightdanphotosynthetic photon flux
density of 200 umol photon frs!. After the 1-month stabilization period (T2), nZVI
(NanoFer Star, Nanoiron s.r.0) were activated failhg manufacturer’s instructions with
Milli-Q water for 24 h and then applied in aqueossiution to half of the pots
(contaminated and non-contaminated) at a concénraf 1 g nZVI kg' DW soil. Three
days laterBrassica napuseeds were sown on half of the pots, and plants harvested
a month later (T3). Soil samples were collecteds@iking (T1), sowing (T2) and
harvesting time (T3).

Contaminant concentrations were measured in theated soil samples. In order
to measure pseudo-total Zn, Cu and Cd concentsatsamples were digested according
to US-EPA Method 3051A (2007). For extractable rnetecentrations, an extraction
was performed following Houba et al. (Houba et 2000). Metal concentrations were
quantified by Inductively-Coupled Plasma Mass Smecetry (Agilent 7700). Total
petroleum hydrocarbon and fatty acid methyl esteicentrations in soil were measured
by Gas Chromatography—Mass Spectrometry (GC-MS3)essribed in Bartolomé et al.
(2005). Soil samples were used to determine thiewolg microbial properties, as
detailed in Galende et al. (2014): (i) microbiatiaty was determined by basal
respiration (BR) following ISO 16072 (2002); (iipentially active microbial biomass
was determined by substrate-induced respiratidR)(fllowing ISO 17155 (2002); (iii)
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average well color development (AWCD) and (iv) namlof metabolized substrates
(NUS) were determined from Biolog EcoPldtégollowing Epelde et al. (2014). A root
elongation bioassay witBucumis sativug/as performed to determine soil phytotoxicity.
Seeds ofC. sativus(c.v. Marketmore) were pre-germinated on Petielss containing
wet filter paper, for 3 days under controlled caiodis (14/10 h day/night; 25/1&
day/night; and full darkness). Concurrently, 10 dried soil were placed on Petri dishes,
hydrated with deionized water, mixed vigorouslyd amovered with filter paper. After
pre-germination, seven seeds@f sativusshowing a radicle length of 5-10 mm were
placed over the filter paper of soil-containingriPdishes. Afterwards, dishes were placed
for 72 h under the following conditions: photoperi®4/10 h day/night, temperature
25/18°C day/night, relative humidity 60/80 % day/nightdgphotosynthetic photon flux
density of 100 pmol photon fist. Images of the seedlings were taken at the baginni
and after 72 h of incubation with the soil. Image=e processed by ImageJ Software.
Root Elongation (RE) (RE = RE— RE1) was calculated for each seedling. Data were
statistically analyzed using ANOVA-test when datarev normally distributed and
Kruskal-Wallis test when they were not. Kolmogoi®mirnov was used as normality

test.

Samples were identified according to the followaogles:

Table 4.2.7.Codes of the samples according to their treatments

Unamended (U) Amended (A)
Control (C) Mixed Control (C) Mixed
contamination (M) contamination (M)

Without With  Without With ~ Without With  Without  With
VAV VAV nZvl VAV VAV VAV VAV nZvl
(n) (n) (n) (n)
Not UCN nUCN UMN nUMN  ACN nACN AMN  nAMN
planted
Planted UCP nUCP UMP nUMP ACP nACP AMP NAMP
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4.3 Conclusiones del capitulo

- Las propiedades quimicas del suelo como el pHenamthmente alcalino y alto
contenido en carbonatos son las responables dgdadlsponibilidad de metales y las

bajas tasas de fitoextraccion.

- Las comunidades microbianas nativas del suelaofuecapaces de degradar
parcialmente gasoleo comercial, preferentementeniet ésteres de acidos grasos de

origen bioldgico y las fracciones ligeras de orifsil.

- La enmienda organica procedente de material tsibdigado es esencial para estimular
el crecimiento deBrassica napusy la actividad y biomasa de las comunidades

microbianas en los suelos con contaminacion migteZzp, Cd, Cu y gaséleo.

- La aplicacion dea aplicacion de nanoparticulashidgero cero valente no es una
tecnologia efectiva para la remediacion de suelel®s con contaminacion mixta por Zn,

Cd, Cu y gasoleo, aunque no son toxicas para ta.bio
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5. THE DEGRADATION OF FATTY ACID METHYL ESTERS
IMPROVED THE HEALTH OF SOILS SIMULTANEOUSLY
POLLUTED WITH METALS AND BIODIESEL BLENDS

Rafael G. Lacalle, Maria T. GOmez-Sagasti, Unaietkd, Carlos Garbisu, José M.
Becerril, 2020. The degradation of fatty acid mé#sters improved the health of soils

simultaneously polluted with metals and biodiesehts.Fuel (submitted)

Abstract

Fuels from renewable biological resources are atigrdoeing used as an alternative or
complement to petroleum-derived fossil fuels. THgective of this work was to
investigate the degradation dynamics of commeyxcabhilable biodiesel blends
(containing 1, 5 or 16% biodiesel, i.e. B1, B5 @1®b) in soil simultaneously polluted
with metals and biodiesel blends. To this purpsegwas artificially polluted with 6,000
mg biodiesel blend per kg DW soil (B1, B5 or Blépa mixture of metals: 1,500 mg
Zn kg*DW soil + 500 mg Cu k¢ DW soil + 50 mg Cd kgDW soil. Artificially-polluted
soils were then arranged in a phytotron under otlatt conditions and monitored for 30
days. The bioremediation capacity of a bio-stabdimunicipal solid waste, as organic
amendment for biostimulation purposes, was evalug@eil health was monitored by
measuring soil microbial indicators (biomass, attiand diversity parameters) and
performing phytotoxicity bioassays witbucumis sativusThe degradation of the fatty
acid methyl esters (FAME) present in biodiesel higber than that of the corresponding
alkane homologues from diesel. The addition ofitieestabilized municipal solid waste
increased FAME degradation and microbial activiand alleviated phytotoxicity.
Cucumis sativusvas more sensitive to pollution-induced effectsntisail microbial
communities. Our data showed that, after 30 daggarocally-amended soils polluted
with B16 experienced the greatest improvement ihtssalth (in the presence of the
abovementioned metal mixture). It was concluded iiadiesel-containing fuel might

cause a lower impact on soil health than dies&ssil origin.

81



Capitulo 5

5.1. Introduction

Global oil demand grew by 1.3 million barrels paydn 2018 (IEA, 2019). Besides
posing energetic and climatic concerns, the extensse of fuels (mainly, fossil fuels)
has led to a worrying increase in environmentalypioin. Indeed, our environment is, at
this time, polluted with large amounts of petrolebyarocarbons (Safdari et al., 2018).
Petroleum-based hydrocarbons are known to causssslimpacts on humans and the
environment (Tahhan et al.,, 2011). In fact, somdrbgarbons are considered high-
priority environmental pollutants (Safdari et 2018; Wu et al., 2017, 2016). Petroleum-
based fuels (e.g., diesel) are composed of compigtures of straight- and branched-
chain aliphatic hydrocarbons (alkanes) and aromiaydrocarbons. In addition, co-
pollution with petroleum hydrocarbons and metall®ids a widely reported issue
(Khudur et al., 2018) which increases the compjegit the potential environmental

problems and, concomitantly, their possible sohgio

In the past decade, biodiesel, derived from renéwbimlogical resources, has
acquired more space in the world energy matrix (Kep2010; Wakil et al., 2015;
Wieczorek et al., 2015). Biodiesel mainly consddtéatty Acid Methyl Esters (FAME)
resulting from the transesterification of vegetatils, animal fats or waste oils and fats
(CONCAWE, 2009; Ginn et al., 2009). Commerciallyadgable biodiesels are commonly
identified by the percentage of biodiesel in thel falend, using the letter B followed by
the corresponding percentage. Although B100 (10@8didésel) can indeed be directly
used as fuel, biodiesel is usually blended wittselidrom fossil origin to improve the
properties of the fuel without requiring modificais to the engines (Silitonga et al.,
2013). Commercially-available biodiesel blends Ugusange from 5 to 20% (v/v),

referred to as B5 and B20, respectively.

Compared to conventional diesel from fossil origipart from being a sulfur-free
fuel, biodiesel stands out for its higher degramtatiates (Lacalle et al., 2018a; Lisiecki
etal., 2014), lower acute toxicity to organismghler combustion efficiency, and reduced
emissions of greenhouse gases and particulaterm(isliéger et al., 2018; Wakil et al.,
2015). Moreover, the use of biodiesel can bringaddienefits, such as the revitalization
of rural areas and the creation of new jobs (Kisd.e2008). However, the production of
biodiesel is surrounded by much controversy dusotapetition with food crops for the

use of arable lands. To address this food-energiyamment trilemma (Tilman et al.,
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2009), it has been proposed (Atabani et al., 2@d.8)ltivate oil crops only in degraded
soils not suitable for food-agricultural purposes.

Since most hydrocarbons are known to be susceptibleiodegradation by
microbial populations, bioremediation is consider@dsuitable technology for the
remediation of soils polluted with biodiesel blenBsremediation has gained popularity
during the last years and decades due to its beingore cost-effective and
environmentally-friendly strategy than many traahitl physicochemical techniques of
remediation (Lisiecki et al., 2014). Importantlyptemediation must pursue not only the
removal of pollutants, but also the recovery of kealth (i.e., the ability of a given soll
to perform its functions as a living system) (GorSamasti et al., 2012). Several studies
(Thomas et al., 2017) have reported the biodeg@dat biodiesels under both aerobic
and anaerobic conditions but much more informaisostill required regarding the rate
and extent of their degradation, as well as théepeatial degradation of specific FAME
(Thomas et al., 2017). In particular, there are many studies on the degradation of
commercially-available biodiesel blends in soilrfmaularly, in the presence of metals),
as well as on their impact on soil health, withiiygorted results being often inconsistent
(Wieczorek et al., 2015). As aforementioned, mipetlution scenarios present further
challenges, because the presence of, for instpotentially toxic metals as co-pollutants
can hinder the microbial degradation of hydrocasb@¢hudur et al., 2019; Olaniran et
al., 2013).

The effectiveness of biodegradation processesdimediation) can be enhanced
by the addition of organic amendments for biostatioh purposes, which can boost
native soil microbial biomass and activity and, segquently, increase hydrocarbon
degradation (Ros et al., 2010). The applicationrghnic amendments can be of special
utility for mixed-polluted soils, since they camgiltaneously decrease the bioavailability
and, consequently, toxicity of metals (Park et2011). The use of organic amendments
produced out of agro-industrial (Galende et al14) or urban solid wastes (Lacalle et
al., 2018a; Miguez et al., 2020) is a frequentfcadn soil remediation. The reutilization
of organic wastes contributes toward the objectofedbe EU’s Zero Waste Policy, End-

Of-Waste Policy, and Circular Economy Strategy (®afBagasti et al., 2018).

Set against this background, this study aimed taluete the degradation
dynamics of commercially-available biodiesel bleffids., B1, B5 and B16) in mixed-

polluted soils (with Zn, Cu and Cd) amended withi@stabilized organic urban waste
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for biostimulation purposes. Soil microbial propest(microbial biomass, activity and
diversity) were used as indicators of soil heaRlmot elongation bioassay tests with
Cucumis sativusvere performed to assess soil phytotoxicity. THecés of the organic
amendment on hydrocarbon degradation, metal stabdn and soil health were
evaluated. We hypothesized that FAME (from biodiesbiological origin) would suffer

a faster and more effective degradation than tbairesponding alkanes homologues
(from diesel of fossil origin). Moreover, we speatigld that the presence of the organic
amendment (bio-stabilized organic urban waste) datimulate soil microbial activity,

alleviate soil phytotoxicity and, hence, improvd sealth.

5.2. Materials and methods

5.2.1. Experimental design

The soil used for this microcosm experiment wasectéd from the peri-urban area of
Vitoria-Gasteiz (Northern Spain, 42°50'N; 2°40'V¥n organic amendment, i.e. a bio-
stabilized material produced from the recyclingudfan organic wastes (Miguez et al.,
2020), was incorporated (100 tHato half of the collected soil by manual mixing
(amendedsoil, “A”), while the other half remained unameddenamendedoil, “U”).
Both A and U soils were sieved to less than 6 mimdrded and subjected to

physicochemical characterization (Table 5.1).

Both soils were spiked with a mixture of metal$Q0 mg Zn kg DW soil + Cu
(500 mg Cu kg DW soil + 50 mg Cd kg DW soil; as nitrate salts) and then artificially
polluted (6,000 mg k§ DW soil) with three commercially-available biodéblends: B1
(1% biodiesel), B5 (5% biodiesel) and B16 (16% imedl). Finally, soils were
thoroughly homogenized by manual mixing. Non-p@tusoils were also included in the

experiment as controls.

Experimental pots were filled with 0.2 kg DW s@stablishing four replicates for
each treatment. Soils were monitored at the folhgnsampling times: 1, 4, 8, 16 and 30
days after pollution. Pots were placed in a phgtotwhere they were kept during 30 days
under controlled conditions (photoperiod = 14/1@ay/night; temperature = 25/18 °C
day/night; relative humidity = 60/80% day/night;gibsynthetic photon flux density =
200 pumol photon r s1). Soils were watered periodically to maintain dans soil

moisture.
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5.2.2. Determination of pollutant concentrations

At each sampling time, metal and hydrocarbon camagans in soil were monitored. For
pseudo-total and bioavailable metal concentratisosg,samples were oven-dried at 80
°C, grinded and sieved to less than 0.125 mm.Heodétermination of pseudo-total metal
concentrations, an acid digestion with HN&as carried out as described by the US-EPA
Method 3051A (US-EPA Method 3051A, 2007). For bimiéable metal concentrations,
an extraction with Cagwas performed as described by Houba et al. (2008l and
bioavailable metal concentrations were measuredgubiductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Agilent 7700).

For the determination of hydrocarbon concentratisngs were frozen in liquid
nitrogen, kept at -80 °C and, finally, lyophilizeéks described by Bartolomé et al. (2005),
the extraction of hydrocarbons was performed iricaee filtered and cleaned by solid
phase extraction (SPE) with Florisil® cartridgekeTguantification of hydrocarbons was
carried out by Gas Chromatography-Mass Spectronf@@MS) (Agilent 7890).

5.2.3 Determination of biological parameters

For the determination of biological parameters, sainples were stored fresh at 4 °C and
then analyzed within two months of collection. Mibral activity was estimated by basal
respiration (BR), as described in ISO 16072 (200g¢robial biomass was estimated by
substrate-induced respiration (SIR), as describedSO 17155 (2002). Functional
microbial diversity was determined as the numbartiized substrates (NUS) in Biolog
EcoPlate8", as described by Galende et al. (2014b). The substonsumption activity
(SCA, also known as area under the curve or AUG) @arbon substrate utilization
profiles were also determined from Biolog EcoPl&feRoot elongation phytotoxicity

bioassays were performed wiflucumis sativufollowing Lacalle et al. (2018a).

5.2.4 Statistical analysis

Statistical analyses were performed using the sotiywackage IBM SPSS Statistics for
Windows, Version 24. Normality was checked with tKkelmogorov-Smirnov test.
ANOVA was performed on normally distributed datsing Duncarpost hoovhen there
was homocedasticity (checked with Levene test)@aches-Howell when there was not.

Kruskal-Wallis test was performed on non-normaligtibuted data. For a clearer
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visualization of the figures, the results from ttatistical analyses are presented in
Supplementary Material (Tables S5.1-S5.5).

5.3. Results and Discussion

5.3.1 Pseudo-total and bioavailable metal concedrdres

Mixed-polluted soils present particular difficuiethat go beyond the challenges
presented by individual pollutants. The ecotoxfe@t of metals may not only decrease
soil health (Epelde et al., 2009a) but also rediheeeffectiveness of bioremediation
strategies by inhibiting the biodegradation of migapollutants (Sandrin and Maier,
2003). As expected, in our study, pseudo-total metacentrations did not vary
throughout the experimental period (Table 5.2).n8icantly higher Zn and Cu
concentrations were found in organically-amendeuh tim unamended soils, due to the

presence of Zn and Cu in the amendment itself gr'adl).

Table 5.1.Physicochemical characteristics of unamended mrahded soils.

Parameter Unamended Amended
Total clay (%) 23.4 15.7
Coarse sand (%) 17.9 14.5
Fine sand (%) 21.3 25.1
Total silt (%) 37.5 44.0
Texture class (USDA) Loam Loam
pH (1:2.5) 7.9 8.0
Carbonates (%) 54.7 44.0
Organic matter (% W) 1.0 19.5
C organic / N organic 6.7 8.6
Total N (% DW) 0.1 0.9
Total C organic (% DW) 0.6 7.3
[Zn] Tot/Bio (mg kg*DW)  41.4/0.0 127.8/0.0
[Cu] Tot/Bio (mg kg' DW) 6.9/<0.1 73.3/<0.1
[Cd] Tot/Bio (mg kg' DW) 0.3/0.0 0.5/0.0
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Table 5.2.Pseudo-total metal concentrations at Day 1 and 3Day etters represent significant

differences among treatments. Numbers represemifisant differences among sampling times
within the same treatment. Asterisks (*) represagificant differences among unamended (U)
and amended (A) soils for each sampling time agatinent.

[Zn] (mg kg*) [Cu] (mg kg") [Cd] (mg kg")
Treatment Day 1 Day 30 Day 1 Day 30 Day 1 Day 30
UB16 1236+31 a2 1396130 al 421+21 al 438+16 al #1651 44.3t1.1al
AB16 1397434 a2* 1599+43 al* 493121 al 560+26 al*3.641.4 al 47.8+1.2 al
UB5 1283+57 al  1312+76 al 434427 al 415424 al 223781  41.6+2.0 al
AB5 1291+25a2 1525162 al 444414 a2 522+22 al* H8BBFa2 45.9+1.9al
UB1 1260+27 a2 1454118 al 413+13 a2 46944 al 410642 46.7+0.2 al
AB1 1349+33 a2  1680+52 al* 470+19 a2* 571+16al* .841.2a2 50.2+1.4al

Bioavailable (CaClextractable) metal concentrations in soil aredesdly used
to estimate metal mobility and toxicity (Vameraliat., 2010). In our study, in general,
bioavailable metal concentrations were very lowpresenting around 1% of their
corresponding pseudo-total metal concentrationbl€la.3). No significant differences
were observed between the soils artificially p@tutvith the biodiesel blends (i.e., B1,
B5 and B16). Higher bioavailable Zn and Cu con@igns were found in organically-
amendedvs. unamended soils, presumably due to their highe@ugs-total metal
concentrations. Metal bioavailability remained &ahroughout the experimental period.
Metal bioavailability in soil is governed by seviefactors, most relevantly, soil pH,
organic matter content and precipitation with asi¢Adriano, 2001; Alvarenga et al.,
2009; Rieuwerts et al., 1998). In our study, theghsly alkaline soil pH (8.0 and 7.9 for
A and U soils, respectively) and the high carborcatetent (44 and 55% for A and U
soils, respectively) were most likely responsibler fmetal precipitation and,
consequently, low bioavailability values, as prerly reported (Lacalle et al., 2018a).
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Table 5.3. Bioavailable metal concentrations at Day 1, 4,18,and 30. Letters represent
significant differences among treatments. Numbeyrasent significant differences among
sampling times within the same treatment. Aster(¥ksepresent significant differences among

unamended (U) and amended (A) soils for each samfitne and treatment.

Treatment Day 1 Day 4 Day 8 Day 16 Day 30
UB16 4.01+0.16 a1 4.77+0.25 al2 4.74+0.65 abl12 3.24+82B6 2.99+0.30 a3
o AB16 7.70+0.58 al2*  6.80+0.39 al2* 7.1940.12 a2* 6.1260a12* 6.09+0.18 al*
é UB5 3.7440.27 al2 4.49+0.30 a1 3.98+0.09 al2 3.16#82% 2.81+0.17 a3
3 AB5 5.90+0.32 a12* 6.74+0.32 al2* 7.37+0.41 a2* 6.32¥Cal* 5.49+0.25 ab2*
E UB1 3.9240.22 al13 5.374£0.17 al 4551+0.14 b12 3.05t8416 3.14+0.23 a34
AB1 6.28+0.38 al2*  6.30+0.55 al2 7.10£0.17 a2*  6.55*@3B* 5.24+0.10 b1*
UB16 1.94+0.15 al23 1.87+0.06 a2 1.85+0.21 al23 1.4&830 1.2440.11 a3
= AB16 3.3240.11 al1* 2.88+0.29 al2* 2.16+0.14 a2* 2.6620022* 2.90+0.21 al2*
-; UB5 1.61+0.05 al 1.62+0.20 al 1.25+0.06 b2 1.14+0.07 b20.95+0.11 a2
£ AB5 2.49+0.12 b1* 2.73+0.08 ab1l* 4.47+0.30 al* 3.1580a4* 2.65+0.26 al*
g UB1 1.60+0.05 al 1.51+0.19 al2 1.20+0.05 b123 0.90+0302 0.96+0.12 a23
AB1 2.60+0.11 b1* 2.10+0.04 b1* 2.87£0.18 b1*  3.06t0a6 2.25+0.17 al*
UB16 0.81+0.03 a1 0.61+0.02 a23 0.72+0.05 a2 0.50+0302 a 0.63%£0.07 a23
< AB16 0.54+0.03 a1* 0.42+0.01 a12* 0.43+0.00 al2* 0.38H0a2* 0.42+0.01 a12*
-; UB5 0.75+0.04 a1 0.62+0.04 a12 0.66+0.01 a1 0.52+0201 a 0.57+0.03 a12
£ AB5 0.42+0.02 b1* 0.42+0.00 ab1* 0.44+0.01 al*  0.404#0a1* 0.38+0.01 ab1*
g UB1 0.75+0.04 a1 0.67+0.08 a12 0.68+0.01 al2 0.57#8202 0.66%0.01 al2
AB1 0.4440.02 ab1*  0.39%0.03 b1* 0.431#0.01 a1*  0.404#0=00* 0.38+0.01 b1*

5.3.2. Hydrocarbon concentrations

Diesel fuels are complex mixtures of chemicallyoltehydrocarbons, such asalkanes

and polycyclic aromatic hydrocarbons (PAHs), amotiters. Fatty acid methyl esters
are derived from the transesterification of anirfak, vegetable oils (from canola,
sunflower, soy, etc.) or recycled fats. The minimpencentage of FAME for a fuel to be

considered biodiesel is 8% (Demirbas, 2009).

Due to their very low presence in diesel%), PAH concentrations in our study
soils were very low (data not shown). One day dfterapplication of biodiesel blends to
our experimental soil, more than 50% of the tot@lkanes had been dissipated (Fig.
5.1A,B,C). Other authors (Barrutia et al., 2011byiSzzi et al., 2009; Serrano et al.,
2008) have also reported an initial very fast giggon of diesel fuel, particularly of those
fractions with a lower molecular weight. In our ea88% of the light-weight fractions
(i.e., C9-C12) was dissipated during the first @dyncubation (Fig. 5.1D, E, F). By
contrast, after rapid dissipation at the beginrohghe experiment, C13-C16 and C17-
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C21 fractions suffered a slow but progressive gason until the end of the study in both
A and U soils, as reported by other authors (BedsRomero et al., 2017). Soils polluted
with B16 (Fig. 5.1G, J) and B5 (Fig. 5.1H, K) shal&milar trends: after one day of
incubation, degradation values for the C13-Cl6timacwere between 64 and 72% in
both A and U soils (corresponding values at the @rtie experiment were between 80
and 85%) (Fig. 5.1G, H); similarly, after one ddyirecubation, degradation values for
the C17-C21 fraction were between 39 and 50% ih Boand U soils (corresponding
values at the end of the experiment were betweean@169%) (Fig. 5.1J, K). In soils
polluted with B1, for the C13-C16 fraction, 72 af@®o degradation values were observed
after one and 30 days of incubation, respectivelg.(5.11); for the C17-C21 fraction,
degradation values after one and 30 days of inaubatere very similarx50%) (Fig.
5.1L). The presence of FAME can increase the degi@uofn-alkanes by means of co-
metabolism (Pasqualino et al., 2006; Silva et2412). In our study, one would expect
to observe this phenomenon with more probabilitithand B16 soils, compared to B1
soils, which could explain the higheralkanes degradation values observed in B5S and
B16 soils. In any case, the low bioavailabilityrefilkanes in soil (Balseiro-Romero et
al., 2018; Saviozzi et al., 2009), together withlygant ecotoxicity (Jgrgensen et al.,
2000), can hinder the biodegradation of alkaneschvbould explain the relatively low
rates of degradation after the fast initial dissga Expectedly, the heavier fraction
(C22-C30) remained stable after the initial dissgaand was the most recalcitrant
fraction (Fig. 5.1M, N, O).

Certainly, many authors (Barrutia et al., 2011brnBadez et al., 2011) have
studied the remediation of diesel-polluted soilsit lsomparisons among different
biodiesel blends are scarce in the literature. iege most of those studies do not use
commercially-available blends and/or are perfornmedimpler matrices, such as sand
(Lisiecki et al., 2014; Meyer et al., 2018; Wak-Karczewska et al., 2019). The studies
that deal with co-contamination of soil with biose blends and metals are even scarcer.
Under our experimental conditions, the applicatioh the bio-stabilized organic
amendment did not cause a clear impact on the daigpa ofn-alkanes, in contrast to
previous works (Lacalle et al., 2018a; Ros et 2010; Saviozzi et al., 2009) which
reported a stimulatory effect of organic amendmentsiesel degradation in soil.
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Figure 5.1.Degradation (%) of total-alkanes (A, B, C) and alkane fractions, i.e. C2(D, E,
F), C13-C16 (G, H, 1), C17-C21 (J, K, L), C22-C30,(N, O) (mg kg'soil). Discontinuous line
refers to unamended soils; continuous line to amésoils.

In our commercial blends, the two dominant FAME evéiexadecanoic acid,
methyl ester (C17) and 9,12-octadecanoic acid (CAS8previously reported (Lacalle et
al., 2018a, 2018b), the degradation of FAME (Fi®A5 B, C) was faster and more
accentuated than that observed teasilkanes (Fig. 5.1A, B, C). This was particularly
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notorious in soils polluted with B16 (Fig. 5.2A)ubng the first 4 days, 91 and 80% of
the spiked FAME was dissipated in A and U soilspestively. In this case, the
application of the organic amendment did stimuiA&IE degradation. Balseiro-Romero
et al. (Balseiro-Romero et al., 2016) reported tthiasel degradation in soil can be
enhanced by the addition of organic matter throlgtier nutrient supply and toxicity
alleviation. Furthermore, FAME might be easier tegchde by native microbial
communities, since they can directly metabolizerttff€homas et al., 2017). In order to
identify the main factor determining hydrocarbomy@elability, i.e. chain length or fuel
source (fossil origirvs.renewable biological origin), we compared hydrboas of the
same chain length but different origin: (i) C17alk —heptadecane— (fossil origus)
hexadecanoic acid, methyl ester (biological origiiyy. 5.2D, E, F); and (ii) C18 alkane
—octadecane— (fossil origim¥.9,12-octadecanoic acid (biological origin) (FiR &, H,

), finding out that hydrocarbons of biological gin showed greater degradation values
than those of fossil origin. The preferential delgition of FAME over other diesel
compounds has been studied in the marine environfEMello et al., 2007), but
studies in soil are scarce (Lacalle et al., 201&lya et al. (2019) reported high
degradation rates of pure biodiesels (B100) ofedéit origins, mainly composed of
FAME of 16 and 18 carbon atoms. However, as abounéoreed, pure biodiesels are not

used as commercial fuels.

Native microorganisms are better prepared for tegrablation of partially
oxidized hydrocarbons, such as FAME, as they catirbetly catabolized vif-oxidation
(Fathepure, 2014). The-alkanes, however, require to be previously oxidlizey
monooxygenase to secondary alcohols, then to ket@mel finally to fatty acids (Van
Hamme et al., 2003). Two different monooxygenaseseqjuired depending oralkane
chain length: (i) monooxygenase AlkB, along witltaohrome P450, is necessary for
short-chain alkanes (C8-C16) (Van Beilen and Fuinti07), while monooxygenase
AlImA is responsible for the oxidation of long-chaitkanes (Fathepure, 2014). These
metabolic requirements make fossil fuels more diffi to degrade than those of
renewable biological origin (derived from vegetaldis or animal fats). From an
ecotoxicological and remediation perspective,ighan advantage of biodiesels compared
to 100% fossil diesels.
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Figure 5.2. Concentration of total FAME (A, B, C). Comparisofithe degradation of two
FAME of biological origin (hexadecanoic acid, 9,d@&adecanoic acid; in black$.two alkanes

of fossil origin (C17, C18; in grey) (mg Rgoil) (D-1). Discontinuous line refers to unamended
soils; continuous line to amended soils.

5.3.3. Soil microbial properties

In order to estimate the impact of pollutants aedtinents on soil health, a variety of soil
microbial parameters (reflecting the activity, bmss and diversity of soil microbial

communities) were measured as indicators of saitfaning.

Microbial activity, estimated as soil basal resjpina, was significantly higher in
control (non-polluted) A soils (Fig. 5.3B) thandantrol U soils (Fig. 5.3A). The presence
of the organic amendment increased basal respiratiall treatments (control, B1, B5,
B16) and at all sampling times (1, 4, 8, 16 andid@s), compared to their unamended
counterparts. The labile, easily degradable orgamatter provided by the amendment
enhanced not only microbial activity (basal redjporg but also microbial biomass
(substrate-induced respiration; see below) (FRC5D), as previously reported (Galende
et al., 2014c; Ros et al., 2003). The same biolstall organic amendment was used by
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Miguez et al. (2020) for the restoration of an arlpacant land, observing a stimulatory
effect on soil microbial activity. Respiration maemments can provide information on
pollutant-induced stress on soil microbial commiesit as well as on biodegradation
rates, since the aerobic biodegradation of hydhmoes is translated into higher €0
production rates (Silva et al., 2012). The presarfcpollutants (metals and biodiesel
blends) did not provoke a clear effect on soil witcal activity. Other studies, by contrast,
reported an increase of microbial activity in sqislluted with fuels, arguing that
hydrocarbons were being used as an energy soudid@ and Adams, 2002). Here it
must be taken into consideration that the presehogetals can hamper the degradation
of organic pollutants.
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Figure 5.3. Basal respiration (A, B), substrate-induced regin-SIR (C, D) and respiratory
quotient-QR (E, F) (ug CQy dry soil ht). White circles represent non-polluted soils, lighay
squares represent B16, dark gray diamonds reprBSeaind black triangles represent B1.
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Both control (non-polluted) and polluted A soilogled (Fig. 5.3D) higher values
of microbial biomass than U soils (Fig. 5.3C). Titesence of pollutants caused a slight
reduction of SIR values, compared to non-pollutedtiols, in both A and U soils. This
reduction in microbial biomass, with similar valugfsmicrobial activity in the absence
and presence of pollutants, suggests an activatfothe metabolic activity of soil
microbial communities in the presence of polluteaagsa stress response (Lacalle et al.,
2018a; Zhou et al., 2013). The respiratory quoti@R), or the relation between
microbial activity and biomass, was higher in ptatlvs.control soils, suggesting a stress
response by soil microbial communities (Galendd.eR014b). In any case, the negative
effect of pollutants on soil microbial communitias moderate, suggesting their good

adaptation capacity to the mixed contaminationistiitiere.

Regarding functional microbial diversity estimateith Biolog Ecoplate8” data,
at the beginning of the experiment, significantlgher values of both NUS and SCA
were observed in control (non-polluted) than inlygeld soils (Fig. 5.4B, D). Amended
soils (Fig. 5.4D) showed, in general, higher valagESCA than U soils (Fig. 5.4C), in
agreement with the higher values of soil microb@ivity (Fig. 5.3). This higher carbon
substrate utilization is probably due to the vari@hd abundance of easily-degradable
organic substances present in the amendmert éia., 2012; Jones et al., 2010). When
carbon substrates were analyzed individually (Te&B.6 and S5.7), we observed that,
in both U and A control soils, the most utilizedstrates were nitrogenated compounds
(L-arginine, L-asparagine), organic acids (D-galast acid, D-galacturonic acid,
hydroxybutyric acid) and carbohydrates (D-Manitdlhe functional diversity of control
soils (Fig. 5.4) decreased as time passed, being¢crease more notorious in A than in
U soils. At the beginning of the experiment, orgally-amended soils had an abundance
of labile, easily-metabolized substrates, availaide fast consumption by soil
microorganisms. As shown in Table S5.7, duringfits¢ days of incubation (from Day
1 to Day 8), a higher utilization of different carbsubstrates (carbohydrates, organic
acids) was observed in A soils. Afterwards, sudlization was stabilized or even
disappeared. The depletion of easily availableients, along with the acclimation of the
microbial communities to the incubation conditiomsight have contributed to the
observed reduction of functional microbial diveygiGalende et al., 2014b).

The presence of biodiesel blends initially had astic deleterious effect on the

capacity of microbial communities to use carbonsgiatbes in both U (Fig. 5.4A) and A
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(Fig. 5.4B) soils. After one day of incubation,polluted soils, no amendment-induced
stimulatory effect on soil functional microbial eémsity was observed. However,
microbial communities seemed to adapt quickly ® pollution: from Day 4 onwards,
NUS and SCA values increased in polluted soils.(Big). The acclimation to the
experimental conditions and the progressive deere&she lighter fraction of alkanes
(Fig. 5.1G-L) might explain such recovery. By tmelef the experiment, NUS and SCA
values in polluted U soils almost reached the \&@aklown by control soil (Fig. 5.4A,C;
Table S5.4). In polluted A soils, however, althougltertain recovery was observed,
easily-degradable carbon sources, such as orgeidis and carbohydrates (Borowik et
al., 2018; Galende et al., 2014b), were barely woresl in comparison to control A soils.
At the end of the experiment, A soils polluted wh6 showed similar SCA values and
higher NUS values than controls (by contrast, \alsigown by B1 and B5 soils were
lower, being this difference statistically signdit for B1) (Fig. 5.4B,D; Table S5.4).
This suggests a lower toxicity of B16 compared 1oaad B5.

Unamended Amended

A B

NUS

SCA

16 24 32

Figure 5.4.Number of utilized substrates-NUS (A, B) and stdistconsumption activity-SCA
(C, D). White circles represent non-polluted sdilght gray squares represent B16, dark gray
diamonds represent B5, and black triangles rept&skn

There are evidences pointing to structural andtfanal changes in microbial

diversity in soils polluted with hydrocarbons (Rseisal., 2014). However, further studies
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on the impact of biodiesel blends on soil microlb@inmunities, specifically during soil

remediation processes (e.g., by natural attenyadi@required.

5.3.4. Phytotoxicity

Cucumis sativysa sensitive plant species suitable for soil tibxibioassays (OECD,
2006; US-EPA OPPTS 850.4200, 1996), was used beestimate soil phytotoxicity.
The application of the organic amendment had aipeseffect on root elongation in all
treatments (Table S5.5). On the contrary, the psef pollutants had a negative effect
on root elongation in both A and U soils, as prasig observed (Lacalle et al., 2018a,
2018b). Consequently, root elongation inhibitiotesawere calculated using the values
shown by the A control soil as reference, as tmer@ded non-polluted soil represented
the best scenario for plant growth. No significdifiierences were observed between the
three biodiesel blends. Unamended polluted soitsveld a 60-70% inhibition of root
elongation at the beginning of the experiment, Whincreased to around 80% by the end
of the experiment. Their organically-amended conoads showed a lower inhibition at
the beginning of the experiment (around 40%) whatér increased to around 60% (Fig.
5.5). Therefore, the pollutants, presumably theliesel blends (since metals were highly
immobilized), did cause phytotoxicity. This phyteitdity endured over time until the end
of the experiment, despite the progressive deg@adatf alkanes. Compared to soil

microbial indicatorsC. sativusplants were more sensitive to the presence ofifawits.

100
80
60
40
20

0 I I 1 1 1 I 1
0 4 8 12 16 20 24 28 32

Figure 5.5.Root elongation inhibition rate (%) @ucumis sativusNhite circles represent non-
polluted soils, light gray squares represent BEsk dyray diamonds represent B5, and black
triangles represent B1.
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When assessing soil health, it is important to bsendicators that include
different taxa, since different organisms may respdifferently to pollutants and play
different roles in the soil ecosystem. The inhiitbf root length is an easily measurable
indicator of phytotoxicity (Visioli et al., 2014Regarding the effect of fuel origin (fossil
vs. renewable biological) on phytotoxicity, there is nonsensus: biodiesel has been
reported to be less (Cruz et al., 2014) and moesvtdt-Paw et al., 2015) phytotoxic than
petroleum-derived diesel, depending on the spepifint species (Hawrot-Paw et al.,

2015). However, in our study, their phytotoxicitasvsimilar.

5.4. Conclusions

Degradation dynamics of hydrocarbons were origipedelent: the diesel fraction (fossil
origin) suffered a very high dissipation of itshtgr chains in a very short period of time,
while longer chains were more recalcitrant; in futtre biodiesel fraction (renewable
biological origin) was degraded fast and almost gletely, probably because soill
microbial communities were better suited to metaledlatty acids vig-oxidation. The

biodiesel blends with higher content of FAME (B1tdaB5) showed progressive and
sustained alkane degradation, unlike B1, which @&dé due to co-metabolism. The
application of bio-stabilized material as orgameesdment for biostimulation purposes
increased soil microbial activity and FAME degraoiat and partially alleviated

phytotoxicity. While soil microbial communities weerelatively tolerant to the presence
of pollutants, the root elongation @. sativusin those soils was severely affected,
highlighting the importance of using different teesbioindicators of soil health. It was
concluded that biodiesel-containing fuel might @adower impact on soil health than
diesel of fossil origin. Nonetheless, a deeper tstdading of biodiesel degradation is

needed to adequately implement effective biorentiedistrategies.
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5.5. Supplementary material

Table S5.1.[n-AlK]: total n-alkanes. Letters represent significant differeram@®ng treatments.
Numbers represent significant differences amongp$iagitimes within the same treatment.
Asterisks (*) represent significant differences agpainamended and amended soils for each
sampling time and treatment.

Unamended Amended
Parameter Day B16 B5 Bl B16 BS Bl

1 al al al al al al
4 al al al al al al
[n-AlK] 8 al al al al al a1l
16 al al al al al al
30 al al al al al al
1 al al al al al al
4 al al al al al al
[C9-C12] 8 al al al al al al
16 al al al al al al
30 al al al al al al
1 al al al al al al
4 al al al al al al
[C13-C16] 8 al al al al al al
16 al al al al al al
30 al al al al al al
1 al al al al al al
4 al al al al al al
[C17-C21] 8 al al al al al a1l
16 al al al al al al
30 al al al al al al
1 al al al al al al
4 al al al al al al
[C22-C30] 8 al al al al al al

16 al al al al al al
30 al al al al al al
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Table S5.2.Statistical results for FAME degradation and C1@ @18 alkanes. [FAME]: total
fatty acid methyl esters; [Hexadec.]: hexadecaaoid; [9,12-Octod.]: 9,12-octodecanoic acid;
[C17]: heptadecane and [C18]: octodecane. Lettepsesent significant differences among
treatments. Numbers represent significant diffeesn@mong sampling times within the same
treatment. Asterisks (*) represent significant elifnces among unamended and amended soils
for each sampling time and treatment.

Unamended Amended
Parameter Day B16 B5 Bl Bl16 B5 B1l
1 al2z al bl al abl bl
4 al bl bl bl abl al

[FAME] 8 al2z bl bl a2* al al
16 a2 al al a2 al al

30 a2 al al a2 al al

1 al2z al bl al abl bl

[Hexadec.] 4 al bl bl al al al

8 al2z abl bl a al al
16 al2 abl bl al al* al
30 a2 al al abl* al bl

1 al al al al al al

[9,12- 4 al al al a2 al al
Octod.] 8 al al al a2 al al
16 al al al a2 al al
30 al al al a2 al al

1 al al al al al al

4 al al al al al* al

[C17] 8 al al al al al al
16 al al al al al al
30 al al al al al al*
1 al al al al al al
[C18] 4 al al al al al* al

8 al abl bl al al al
16 al al al al al al
30 bl bl al al al al*
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Table S5.3:Statistical results for soil respiration. BR: Bassdpiration; SIR: Substrate-induced
respiration. Letters represent significant differes among treatments. Numbers represent
significant differences among sampling times wittiia same treatment. Asterisks (*) represent
significant differences among unamended and amemwddd for each sampling time and
treatment.

Unamended Amended
Parameter Day C B16 B5 Bl1 C Bl6 B5 Bl
1 al al al al al* al2xal* al*
4 al al al al2z a3* al* al* al*
BR 8 bl al abl ab2 al2 al2al* bil*
16 al al al al2 ab3al2* al* bl
30 al al al al2 a23%2* al* al*
1 al2 al al al al* al* al al*
4 al2 al al al al al* al al
SIR 8 a2 al al al al* abl ablbl
16 al2 al al al al ablbhl abl
30 al bl bl bl al* bl bl bl

Table S5.4.Statistical results for soil functional microbialersity. NUS: number of utilized
substrates; SCA: Substrate consumption activititek® represent significant differences among
treatments. Numbers represent significant diffeesn@mong sampling times within the same
treatment. Asterisks (*) represent significant elifinces among unamended and amended soils
for each sampling time and treatment.

Unamended Amended
Parameter Day C B16 B5 B1 C B1l6 B5 Bl
1 al bl b2 bl a1l b2* b2 b3
4 al al2 al bl al bl* cl* c¢23*
NUS 8 al bl bl abl al abl abl bil23
16 al bl abl abl al al al al2
30 al al al al abl al* bcl «ci
1 al al al al al bl bcl cl
4 al abl abl bl al2 bl* cl* cl*
SCA 8 al bl abl abl al2xabl bl bl
16 al al al al a3 al al al
30 al al al al a23 abl abl bl
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Table S5.5Root elongation (mm). Letters represent signifiadifierences among treatments.
Numbers represent significant differences amongoiamtimes within the same treatment.
Asterisks (*) represent significant differences agonamended and amended soils for each
sampling time and treatment.

Unamended Amended
Day C B16 B5 Bl C B16 B5 Bl
1 34.9+42.2 17.441.4 17.841.7 15.9+0.7 49.3+5.2 28.7+1.5 25.0+1.6 25.3+2.4
al al al al2 al b1* bl b1*
4 37.840.7 18.6+0.3 18.0+1.5 21.6+2.3 56.8+4.8 24.0+4.7 23.3+1.2 24.3+1.1
al bl bl bl al* bl b12 bl
8 36.745.4 18.1+1.4 17.1+1.5 16.3+2.3 50.4+1.6 17.7+2.5 15.4+1.4 16.0+3.5
al al al al2 al al a3 al
16 35.9+2.5 12.741.0 9.4+0.6 15.4+3.0 51.1+3.0 18.0+1.2 17.0+3.0 16.2+2.5
al b2 b2 b12 al al* al?2 al
30 38.9+2.1 12.1+1.2 9.9+0.7 11.0+1.6 52.7+0.4 23.5+2.5 21.2+1.0 22.1+3.3
al a2 a2 a2 al al* al23 al

Table S5.6.Substrate consumption activity for the most wiizarbon substrates in unamended
soils after 1, 4, 8, 16 and 30 days of incubatigght grey indicates low activity (SCA<10), dark
grey indicates medium activity (SCA=10-20), andcklandicates high activity (SCA>20).

Control B16 B5 Bl
Day 1] 4] 8] 1630[1/4|8]|16]30|1| 4| 8] 16/30/1]4] 8|16/ 30
Phenylethylamine 8
S v Putrescine g 2 8
£z L-arginine 4 6 4 4 7 4
= L-asparagine 10 4 9 9 10/2 o9
<4 g L-Phenylalanine 6
£ 3 L-serine 10 6 5 55 7 4
< L-Threonine
Glycyl-L-Glutamic Acid
” C-Cellobiose 4
£ D-Lactose
5 Methyl-D-Glucoside
2 D-Xylose
3 i-Erythritol
8 D-Mannitol 4 6 5 9 6 3 8 7 7 4
N-Acetyl-D-glucosamine 6 6 5 3 5
D-Glucosaminic acid 5
o D-Galactonic acid lacton 4 7 4 6 6 7 5
° D-Galacturonic acid 9 6 6 6 40 9
& | 2-Hydroxy benzoic acid
2 4-Hydroxy benzoicacid| 9 9 4 5 4 7 4 3 4 4
S Hydroxy butyric Acid [ORE8] 7 &8 7 9
o Itaconic acid 4 4 4 5 5 3 6 3
Keto butyric acid 4 3 4
D-Malic acid 4 3 4
» | Pyrubic Acid Methyl Este{id8! 10 [E202511) 4 6 4 7 12| 7 7 5
3 Glucose-1-Phosphate | 5
@ D,L-Glycerol Phosphate
8 Tween 40 -7.97 556. 4 4 7 5
3 Tween 80 10 7 8 7 5 5 7 6 4 8 5
-§ Cyclodextrin
Glycogen 4
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Table S5.7.Substrate consumption activity for the most utdizearbon substrates in amended
soils after 1, 4, 8, 16 and 30 days of incubatiéght grey indicates low activity (SCA<10), dark
grey indicates medium activity (SCA=10-20), andcklandicates high activity (SCA>20).

Control

B16

BS

Bl

Day

1] 4] 8] 1630

1/4] 8 |16/30

1/4| 8]16/30

1/4]8]16]30

Nitrogenated
compounds

Phenylethylamine
Putrescine
L-arginine

L-asparagine
L-Phenylalanine
L-serine
L-Threonine
Glycyl-L-Glutamic Acid

3 4

6 6 6 6 5

5

9
4 8 4 4
6

I
©
w
0 W

w

4

M s

Carbohydrates

C-Cellobiose
D-Lactose
Methyl-D-Glucoside
D-Xylose
i-Erythritol
D-Mannitol

Organic acids

D-Glucosaminic acid
D-Galactonic acid lacton
D-Galacturonic acid
2-Hydroxy benzoic acid
4-Hydroxy benzoic acid
Hydroxy butyric Acid
Itaconic acid
Keto butyric acid

D-Malic acid

Miscellaneous

Tween 40
Tween 80
Cyclodextrin
Glycogen

A O

B 0

~N o
(o]
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5.6 Conclusiones del capitulo

- Las comunidades microbianas naturales del sastomuladas por la materia organica
del suelo, degradan de forma muy rapida y totalnhegil ésteres de acidos grasos

presentes en la fraccion biodiesel de los gas@eo®rciales.

- La degradacion de los alcanos de origen fésildegradados por los microorganimos
del suelo, siendo esta degradacion mas rapidaihefen los compuestos de cadena mas
corta (C9-C16)

- En los gaséleos comerciales con mayor contemdnagliesel (5 y 16%) la degradacion
de alcanos es mayor y continua mientras que enegugasoleos sin biodiesel su

degradacion fue menor y se frend tras las primsramnas.

- Las comunidades microbianas presentes en el saeldaptan bien a la contaminacion
mixta por metales y gasoleo, ya que no muestraicitiaxi y son capaces de degradar
parcialmente el carburante. Por el contrario, @s ssielos los bioensayos dGacumis

sativusindican que mantienen una elevada fitotoxicidad.
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6. GENTLE REMEDIATION OPTIONS FOR SOIL WITH MIXED
CHROMIUM (VI) AND LINDANE POLLUTION:
BIOSTIMULATION, BIOAUGMENTATION,
PHYTOREMEDIATION AND VERMIREMEDIATION

Rafael G. Lacalle, Juan D. Aparicio, Unai Artetkgijk Urionabarrenetxea, Marta A.
Polti, Manuel Soto, Carlos Garbisu, José M. Beke26i20. Gentle remediation options
for soil with mixed chromium (vi) and lindane pdiln: biostimulation,

bioaugmentation, phytoremediation and vermiremashaHeliyon (Submitted)
Abstract

The combination of organic and inorganic pollutaimssoil intensifies toxicity and
impedes remediation compared to soils with only dmed of pollutant. Gentle
Remediation Options (GROs) such as bioaugmentatigiytoremediation,
vermiremediation, and biostimulation may be co$tative and environmentally friendly
solutions. However, their compatibility and effeetness in remediating soils that contain
a mixture of pollutants have not been widely exptbrThis study assessed the individual
and combined effectiveness of these GROs in enh@rmeirecovering the health of soil
containing two pollutants, hexavalent chromium M) and the gamma isomer of
hexachlorocyclohexane (lindane). A greenhouse @xget was performed, using soil
amended or not with organic matter. The amended ramttamended soils were
artificially polluted with lindane and two conceations of Cr(VI), 100 or 300 mg kY

All types of soils received the following treatmeri) no treatment; (ii) bioaugmentation
with an actinobacteriaonsortium; (iii) vermiremediation with Eisenia fetida (iv)
phytoremediation witlBrassica napus(v) Bioaugmentation + vermiremediation; (vi)
Bioaugmentation + phytoremediation; or (vii) Bioaugmentation + vermiremediation +
phytoremediation. After two months of treatmeng tealth status of the remediator
organisms was assessed, the plants were harvestddyworms and samples were
collected. Soil health was determined based onedses of soluble Cr and lindane,
microbial properties, and toxicity bioassays udmth plants and worms. Cr(VI) caused
high toxicity, but some GROs were efficient in reeong soil health: (i) Organic matter
decreased soluble Cr in the soil, alleviating toxicity; (i) The actinobacteria consortium
was effective in removingoth Cr(VI) and lindane; (iii) B. napusandE. fetidahad a

positive effect on the removal of the pollutantsd anproved microbial parameters. The
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combination of all the techniques was, overall, eneffective than the individual
applications. We concluded that this is a promigipgroach for the phytomanagement

of soils polluted with Cr(VI) and lindane.
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6.1. Introduction

The intensification and expansion of human actiwé&ysed by industrial growth has
increased environmental pollution, threatening huraad ecosystem health. Pollution
and its negative effects are enhanced when orgaoiiatants (herbicides, pesticides,
petroleum hydrocarbons, etc.) and inorganic comgsu(metals, metalloids, etc.)
coexista phenomenon known as mixed pollution or co-pollutibinis leads to dangerous
and unpredictable situations resulting from theidibx of each compound and the

interactions among compounds and with soil orgasif®atty and Dolan, 2013).

The presence of both organic and inorganic poltstam soil is a widespread
problem, since more than a third of polluted sit@stain more than one type of pollutant
(Polti et al., 2014). In particular, mixed pollutiavith the metal hexavalent chromium
[Cr(VID)] and the pesticide lindane has been detbcezently in different parts of the
world, where both compounds have been reportedmeentrations that exceeded the
allowed maxima (Aparicio et al., 2018a, 2018b; Are et al., 2013).

Cr(VI) is found in a wide variety of sites, dueit®use in many industries such as
metallurgy or tanning (Bankar et al., 2009). Cr(¥i§s been reported to be 1000-fold
more cytotoxic and mutagenic than Cr(lll) (Biedermand Landolph, 1990). Moreover,
Cr(lll) tends to precipitate, while Cr(VI) is mossluble (Zayed and Terry, 2003). The
gamma isomer of hexachlorocyclohexap#iCH), commercially known as lindane, is a
highly chlorinated, recalcitrant organochlorine tprde with toxic effects on animals,
including humans. Lindane is accumulated in biatabiissues and biomagnified through
the food chain, and has been reported in soil,waite plants, animals, food, and humans,

among others (Fuentes et al., 2011).

Gentle Remediation Options (GROSs) such as bioautatien, phytoremediation,
vermiremediation, and biostimulation have receieasiderable attention in recent years
as effective risk-management strategies to reduedransfer of contaminants to local
receptors, througin-situ stabilization or extraction of pollutants (Cundyat, 2013).
These logical treatmentscan provide a cost-effective, environmentally ridby
solution to soil co-pollution (Agnello et al., 201@nd are increasingly employed in place

of the traditional remediation technologies.

Bioaugmentation attempts to improve the degradatapacity in polluted areas

by introducing into the soil microorganisms capalife degrading pollutants or
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transforming pollutants into non-toxic or less-tospecis, and has been used for both
chromium and lindane remediation (Alvarez et a)12 Bajaj et al., 2017; Gutiérrez-
Corona et al., 2016). While several bacterial sgdiave been identified as Cr(VI) or
lindane bioremediators, few studies have examihed effects on mixtures of these
pollutants. Recently, Aparicio et al. (2018b) fouhdt an actinobacteria consortium was
effective in reducing high concentrations of Cr(\Ahd lindane from polluted soils.
Actinobacteria are a group of bacteria commonlyntbin soil, and their physiological
diversity allows them to degrade a wide varietysolbstances and to play an important
role in recycling (Goodfellow et al., 1988; Kiestal., 2000). However, bioaugmentation
has limitations, since the survival of inoculatedtteria is affected by soil characteristics

and the existing microbial communities (Cycat al., 2017).

Metal phytoremediation includes phytostabilizatigreduction of pollutant
mobility and bioavailability) (Epelde et al., 2009@alende et al., 2014b, 2014c) and
phytoextraction (metal accumulation in plant shp{Bsarrutia et al., 2010; Epelde et al.,
2010). Phytoremediation may also be suitable fa& thizoremediation of organic
pollutants (Liu et al., 2017; Montpetit and Lachiégye2017), and organic compounds that
roots exude to the rhizosphere create a nutriehtemvironment that stimulates microbial
communities, enhancing the degradation of orgaoitutants (Kuiper et al., 2004).
Canola or oilseed rap®&Kassica napus.) has been reported to be a suitable candidate
for metal phytoremediation (Belouchrani et al., @)1lrhizoremediation of organic
pollutants such as diesel fuel (Lacalle et al.,801and for polychlorinated compounds
(Javorska et al., 2009B. napushas attracted attention from scientists and inthsstdue
to its potential for oil production from pollutedis (Cundy et al., 2016; Dhiman et al.,
2016). These characteristics make napusa good candidate for phytomanagement,
which envisages remediation of the soil while ajsaerating social, environmental and
economic benefits (Burges et al., 2018; Evangel@l. £2015). Ontafidn et al. (2014), in
a rhizoremediation study usirg. napus found a reduction of Cr(VI) to Cr(lll) and
phenol degradation in a co-polluted hydroponic eayst To date, no studies have
examined remediation of soils co-polluted with ineé and chromium. Previous studies
have shown thaB. napusis moderately tolerant to mixed metal and orggrabiution
(Lacalle et al., 2018a, 2018b). Nevertheless, dipacity ofB. napugo reduce the toxicity

of this kind of mixed pollution has not been tested

Another biological-remediation technology that masently attracted attention
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from the scientific community is vermiremediatidirtha et al., 2008). This technology
uses earthworms to remediate soils containing sg@uthar, 2008) and organic
pollutants, including some chlorinated compounds é6al., 2020)Earthworms burrow
through the soil, mixing it, affecting its struotyrand altering its nutritional profile and
bacterial and fungal communities (Rodriguez-Camgioal., 2014). Vermiremediation
has been used in combination with other GROs, sashbioremediation and
phytoremediation (Ekperusi and Aigbodion, 2015; Lierat al., 2016). These combined
technologies open new possibilities for soil rema&dn in a holistic approach,
considering soil-earthworm-plant-microbial intefans in the ecological context of the
polluted soil.Eisenia fetidais a good candidate as a vermiremediator (Chacdtirzh.,
2016; Suthar, 2008) and has also been widely usad adicator of soil health (Irizar et
al., 2015a; Shin et al., 2007).

Applications of GROs commonly include modificatioipolluted-soil conditions
and/or application of amendments that enhanceitiledical activity of soil organisms,
a process known as biostimulation. Organic amentsnare a good choice for this
purpose and have been widely used (Kastner anchéjlR016), as they add nutrients
and carbon sources to the soil, promoting plantvgr@nd microbial activity (Galende et
al., 2014c) as well as the soil fauna (Dubey et 2019). They can also impact the

oxidation status of metals and their bioavailapi{(Park et al., 2011).

Each biological technology for soil remediation fastain limitations, and the
simultaneous presence of inorganic and organicufaosits poses its own particular
problems. These restrictions could be counteraoyea combination of technologies to
remediate soil pollution, together with recoverysofil health. Accordingly,he aim of
this study was to assess the individual and condbaffectiveness oB. napusplants,
and/or an actinobacteria consortium, andkr fetida earthworms as remediation
strategies for soil polluted with Cr(VI) and lindgnin the presence or absence of an

organic amendment.

6.2. Materials and methods

6.2.1. Experimental design

For this study, two soil samples were collectednfra peri-urban area near the city of

Vitoria-Gasteiz (42°50'N; 02°40'W, northern Spain). One sample was taken from soil
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amended four months previously with 100 taf an organic amendment consisting of
recycled urban organic wastes from the city (A)eTdther sample was taken from
unamended (U) soil near the amended plot. Both Emmyere collected from the topsaoil

(0—15 cm), sieved to < 2 mm, and air-dried priomptysicochemical characterization

(Table 6.1).

In order to artificially contaminate the soils,tack solution of 5 g t* of Cr(VI)
was prepared as:Kr.O7. The solution was sterilized by filtration, usiNgilipore filters
with 0.22 um pore size. A lindane stock solutiors\weepared at 5 gt using acetone as
the solvent. The soils were artificially pollutedthvboth Cr(VI) and lindane solutions
and mixed to homogenize them, establishing threelidons for the experiment: (i)
control (C), with no pollution; (ii) moderate pollution (M), with 100 ppm of Cr(VI) and
15 ppm of lindane; and (iii) high pollution (H), with 300 ppm of Cr(VI) and 15 ppm
lindane. All assays were carried out in pots witkglof soil and kept in a greenhouse to
allow the pollutants to interact with the soil comngnts. Samples were taken weekly to
monitor the concentration of Cr(VI), which stabddone month after it was added to the
soil (data not shown). The greenhouse conditiongwghotoperiod 14/10 h day/night,
temperature 25/18 °C day/night, relative humiditdy/®% day/night.

After the one-month stabilization period, each sainple was homogenized and
the following treatments were dpgl: (i) no treatment (NT); (ii) inoculation of
actinobacteria consortium (Ac); (iii) addition of 10 Eisenia fetidaadult individuals (Ef);

(iv) sowing of 20Brassica napuseeds (Bn); (v) E. fetida+ actinobacteria consortium
(ActEf); (vi) B. napus+ acinobacteria consortium (Ac+Bn); and (vii) E. fetida+ B.
napus + actinobacteria consortium (Ac+Ef+Bn). The achiacteria consortium was
applied first, to allow the bacteria to colonize #vil, and the other biological treatments
were applied 14 days later. After tlBe napusseeds germinated, the seedlings were
thinned to leave 5 seedlings per pot. The pots wepein the greenhouse under the above
environmental conditions for two months after tteatments were applied.

Inoculation was carried out according to Aparicio &. (2018b). The
actinobacterieéStreptomycesp. M7, Streptomycesp. A5, Streptomycesp. MC1, and
Amycolaptosis tucumanensiBSM 45259 were used. They had been isolated from
environments polluted with pesticides and metalsd avere selected for their
compatibility and effectiveness in reducing Cr(V8nd lindane concentrations

simultaneously in soil in a previous study (Pditak, 2014). The bacterial inoculum was
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prepared as follows: spores of the four actinolvectpecies were inoculated individually
in flasks with 30 mL of Tryptic Soy Broth (TSB) atiten incubated in an orbital shaker
at 30 °C, 180 rpm. After 72 h, microbial biomassweacovered by centrifugation (8385
x g), washed twice, and resuspended in sterile didtiater to a final concentration of
100 g L1 After the stabilization period, soils were incatigd with 2 g kg of the

guadruple actinobacteria consortium. Equal propostiof biomass of each strain were

added in order to reach the desired final conctoira

Seeds ofB. napus(v. Expower) were provided by the commercial sugpli
Dekalb® (Barcelona, Spain). Specimensoffetidawere provided by the commercial
supplier Lombricor S.C.A. (Cérdoba, Spain). Theleaorms were kept in the laboratory
under controlled conditions (19 °C and 60% relahvenidity) with weekly addition of
horse manure as a nutrient sourbte.order to guarantee the homogeneity of the
earthworms used in the assays, healthy, sexualiyrméclitellated) individuals weighing
between 350-450 mg were selected.

During the course of the experiment, the soil wasntained at water-holding
capacity (WHC) by irrigating the pots when necegdaifty-six days after the plants and
worms were introduced, the plants were harvesbedybrms were collected and counted,
and soil samples were taken and immediately strédC for preservation until analysis.

6.2.2. Physicochemical determinations

6.2.2.1. Total Cr and soluble Cr(VI) determinatiarsoil

The soil was oven-dried at 35 °C for 72 h and sietee< 0.125 mm before analysis. In
order to determine the total Cr content in the, s@mples were acid-digested (HCI and
HNOs), according to the method recommended by the Udr&mmental Protection
Agency (US-EPA Method 3051A, 2007), using a Mammi¢rowave digestion oven. The
total concentration of Cr was determined by Indwgdli-Coupled Plasma-Mass
Spectrometry (ICP-MS) (Agilent 7700) with a limit guantification (LOQ) of 0.03ig
L%, Accuracy was ensured using NIST Standard Referdfaterial 1640. The soluble
fraction of Cr, composed of Cr(VI), was extractetidwing the method described by
Jiang et al. (2015). Briefly, a 1:25 (p/v) mixtwesoil and Milli-Q water was shaken at
200 rpm for 24 h, centrifuged at 10,00@for 15 min, and then filtered (0.48n) to
remove the soil from the aqueous solution. Theagktwas analyzed using the same
method as for total chromium.
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6.2.2.2. Cr concentration in plants

Plants were oven-dried at 35 °C for 72 h, milladj digested in a mixture of HNG@nd
HCIOs (Zhao et al., 1994). Cr concentration was analykgdinductively-Coupled
Plasma-Mass Spectrometry (ICP-MS) (Agilent 770@@Q: 0.03ug L), with accuracy
ensured using NIST Standard Reference Material 1640

6.2.2.3. Lindane concentration in soil

Lindane concentration was determined accordinguentes et al. (2011). Ten mL of a
water-methanol-hexane (4:1:5) solution was addédjytof soil. The mixture was agitated
using a vortex mixer and centrifuged to separateotiganic phase, which was removed
and evaporated to dryness. The lindane residue resisspended in n-hexane and
quantified as in Fuentes et al. (20Lising a gas chromatograph (Agilent 7890A; LOQ:
170ug L.

6.2.2.4. Lindane determination in plants

Lindane concentration in plants was determined gusie “QUEChERS” method for
extraction and analysis of pesticides, as descilyeQuintero et al. (2005). This method
has two phases: i) lindane extraction from dry,adilplant samples with acetonitrile,
magnesium sulfate and sodium acetate; ii) cleansing of the extract by solid-phase
extraction with an Agilent kit (QUEChERS AOAC). ldane was quantified as in Fuentes
et al. (2011)by gas chromatography (Agilent 7890A; LOQ: 170 pg L.

6.2.3. Soil microbial properties

Soil microbial properties were determined as dbesdiby Galende et al. (2014a): (i)
microbial activity was determined by basal respirat(BR), following ISO 16072
(2002) (ii) potentially active microbial biomass was determined by substrate-induced
respiration (SIR), following ISO 17155 (2002hd (iii) number of metabolized substrates
(NUS) was determined using Biolog EcoPlates™.

6.2.4. Phytotoxicity bioassay with Cucumis sativus

In order to evaluate soil phytotoxicity, a root+ad@tion bioassay was performed. Briefly,
pre-germinated seeds Glicumis sativusvere exposed for 72 h to 10 g of the soil under

controlled conditions, and root elongation was mea$ after the exposure time,
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following the method described by Lacalle et ab1@a). Roots were measured using the
software ImageJ (Schneider et al., 2012).

6.2.5. Toxicity bioassay with Eisenia fetida

Soll toxicity was assessed using a bioassay @isenia fetidaworms, as described by

Irizar et al. (2015b). Healthy clitellated earthwis of similar size, kept at 19 °C in

constant humidity, were transferred to a non-petiigoil for 24 h for acclimation. Then,

the earthworms were cleaned, and 10 individualewearighed and placed in each jar
containing the soils collected from the experimait40% of the soil water-holding

capacity. Three replicates per soil were estaldisiidéter 14 days, the worms were
removed from the jars and their mortality and weighre recorded.

6.2.6. Photosynthetic pigment profile and tocoplero

Prior to plant harvesting, six discs, each withiarater of 3 mm, were collected from
the youngest fully expanded leaf, frozen in liguittogen, and stored at —80 °C until
analysis. Leaf discs were homogenized using a digawor (Model 395; Dremel,
México, D.F., Mexico) in 1 mL cold acetone. Theangples were centrifuged at 13200 x
g for 20 min at 4 °C; the supernatant was collected, adjusted to a volume of 1.5 mL and
filtered through a 2-um PFTE filter (Teknokroma,r&sdona, Spain) and refrigerated

until analysis.

A new and ultra-rapid uHPLC method was developed doantification of
photosynthetic pigments and tocopherols. This ntetiw less time- and solvent-
consuming, generates less residue, and providéghartresolution for all compounds
than traditional HPLC methods. Samples were ingeatdo an Acquity™ uHPLC H-
Class system (Waters®, Milford, MA, USA), usingeversed-phase column (Acquity
UPLC® HSS C18 SB column, 100A, 1.8 pm, 2.1 mm x 00) and a Vanguard™ pre-
column (Acquity UPLC HSS C18 SB, 1.8 um). The melphase had two components:
solvent A, acetonitrile: water: methanol: TH&1 1 M (84:12.6:2:1.4); and solvent B,
methanol: ethyl acetate (68:32). Tocopherols ammpnts were eluted using a linear
gradient from 100% of solvent A to 100% of solvBrior the first 2.5 min, followed by
an isocratic elution of solvent B for 1 min, ane tihitial conditions (100% solvent A)
were restored with a linear gradient of 0.5 minsT$ocratic elution with 100% of solvent
A was maintained for 2.5 min to re-equilibrate todumn prior to the next injection. The

flow of the mobile phase was 0.5 mL/min, with a lng pressure of around 5000 psi.

115



Capitulo 6

The column was maintained at 45 °C, in an oven.vidheme of the injected sample was
2 uL. The column was preserved overnight with 1@@%ionitrile at 0.02 mL/min.

Photosynthetic pigments were detected with a photeddetector (Acquity PDA
uHPLC; Waters) in a range of 400—-700 nm for their identificat and were quantified
by (usually) integration at 445 nm. Tocopherolsevagtected by fluorescence, using FLR
uUHPLC Acquity (Waters), setting an excitation wavgjth of 295 nm and an emission

wavelength of 340 nm.

Pigments and tocopherols were identified and gfiadtby spectral characteristic
and retention time (RT), using known concentratioinstandards as described by Garcia-
Plazaola and Becerril (1999). Under our experimewtanditions, photosynthetic
pigments were detected and integrated at 445 nnstamded the following RT (in min):
neoxanthin (1.72), violaxanthin (1.98), antherakan{(2.27), lutein (2.47), zeaxanthin
(2.52), chlorophyll b (2.63), chlorophyll a (2.8%);carotene (3.29), anfl-carotene
(3.32). For tocopherols under the fluorimetric atiods described above, the RT (in min)
were: é-tocopherol (2.53)p+y tocopherol (2.67), and-tocopherol (2.81). Under the
chromatographic characteristics described abowve, ctnversion factors (pmol per
injection/area  unit) were: neoxanthin (1.19%)0 violaxanthin (7.84x10),
antheraxanthin (8.00x19), lutein (8.00x1), zeaxanthin (8.38x1f), chlorophyll b
(1.56x10%), chlorophyll a (2.58x10), a—carotene (6.95x1P), andp-carotene (8.39x10
%). For tocopherols under the fluorimetric condiotescribed above the RT (in min)
were:§-tocopherol (7.30x10), p+y tocopherol (3.30x10), ando-tocopherol (2.22x10

6).
6.2.7. Statistical analysis

The statistical analyses used IBM SPSS Statistic$Miindows, Version 24. Normality
was checked with a Shapiro-Wilk test. Data weréetedy means of a 2-way ANOVA
(post-hoc: Tukey/Duncan). A Principal Componentalsis was performed, using The
Unscrambler Version 9.2.
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6.3. Results and Discussion

6.3.1. Soil physicochemical properties

Table 6.1 lists the physicochemical propertiesaithlihe unamended and amended soils.
Both are loamy soils with alkaline pH and a highbcaate content. The unamended soil
was poor in quality, with very low organic-mattentent (1%) compared to the amended
soil (2.6%), and also contained low levels of othetrients such as N and total organic

carbon, which can reduce plant and microorganisswi.

At the end of the experiment, the total chromiumteat remained unaltered in
all treatments (data not shown), indicating tharéhwere no leaching processes or
significant Cr extraction by. napusplants. Soluble chromium [Cr(VI)] showed very
different concentrations, dependiong the treatment; however, in all test conditions, the
final soluble-chromium concentration was lower thfainitial concentration (Fig. 6.1A,
B). This could be due to the reactivity of Cr(VI), whiceacts with organic matter or
inorganic minerals present in the soil and is reduo Cr(l11). The resulting Cr(l11) could
be precipitated as hydroxides or interact with afaiperals, which have a high metal-
binding capacity (Sandrin and Maier, 2003). Hdre largest effect was due to the organic
amendment, which significantly decreased the canaton of soluble chromium (Fig.
6.1B). Organic matter plays an important role ia lbhoavailability of Cr in sail, through
its potential to reduce Cr(VI1) to Cr(lll). Additioof amendments rich in organic matter
presumably accelerates the reduction of Cr(VIngrtichromite [Cr(lIl)] (Antoniadis et
al., 2018). In the polluted soils without amendmeamd with no biological treatment (NT),
soluble Cr(VI) was 15.7% and 37.8% of total Crriooderate and high pollution levels,
respectively; while in soils with the organic amendment, theibtd fraction of chromium

was less than 1% of the total Cr in both cases.
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Table 6.1.Soil physicochemical properties. (USDA: Unitedt&saDepartment of Agriculture)

Unamended Amended

Soil soil
Texture class (USDA) Loam Loam
Coarse sand (%) 17.9 14.5
Fine sand (%) 21.3 25.1
Total silt (%) 37.5 44.0
Total clay (%) 23.4 15.7
Carbonates (%) 54.7 44.0
Organic Matter (%) 1.0 19.5

Total C organic (% 0.6 7.3

DW)

Total N (% DW) 0.1 0.9

C organic / N organic 6.7 8.6
Total S (% DW) <0.05 <0.05

pH (1:2.5) 7.9 8.0

[Cr] (C) (Mg kg ™) 25.2 25.5
[Cr] (M) (mg kg ‘1) 125.2 124.9
[Cr] (H) (mg kg_l) 325.9 324.9

[Lindane] (C) (mg kg ) 0 0

[Lindane] (M) (mg kg ™) 136 15.3
[Lindane] (H) (mg kg ™) 14.0 13.3

Pollution level: control (C), moderate (M), high)(H

The actinobacteria consortium (Ac) was highly dffexin reducing Cr(VI) to
Cr(ll1), as it significantly decreased the soluBGleconcentration in non-amended polluted
soils in comparison with non-bioaugmented non-aredrsbils (Fig. 6.1A). In fact, in
amended soils, none of the biological treatmentdiegh had any effect in decreasing
soluble chromium concentration (Fig. 6.1B). Thesmamay be that an equilibrium
concentration (threshold) was reached, and/or dheentration was so low (1 mgRy
that it is very difficult to stimulate biologicaéduction of the metal (Simén Solé et al.,
2019). These findings agree with those of preveiudieq Aparicio et al., 2018a, 2018b;
Marta A. Polti et al., 2009; Polti et al., 2014).
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Figure 6.1. Pollutant concentrations. Soluble Cr concentration in unamended (A) and amended
(B) soils. Lindane concentration in unamended (C) and amended (D) soils. Different letters
indicate statistical significance (P < 0.05) between biological treatments, and numbers indicate
statistical significance (P < 0.05) between pollution levels. Asterisks refer to statistical
significance (P < 0.05) between homologous treatments with and without organic amendment.

The other biological treatments with E. fetida and B. napus significantly reduced
the concentration of soluble Cr in non-amended soils (Fig. 6.1A), but less than the
reduction caused by the consortium (Fig. 6.1A). Nevertheless, in these soils the
combination of the three biological treatments resulted in the lowest Cr(VI) levels
(Act+Bn+Ef). In any case, the concentration of Cr(VI) in the Ac+Bn+Ef treatment in the
unamended soil was higher than the concentration of Cr(VI) produced by any treatment
in amended soil (Fig. 6.1B), which demonstrates the high effectiveness of the organic

amendment in reducing the most toxic species of Cr.

Lindane residual concentrations are shown in Figs. 6.1C and 6.1D. Natural
attenuation occurred; in both soils with no biological treatment, the concentration
decreased compared to the initial values. Organic matter inhibited the natural attenuation
of lindane, as the concentration in amended soils (Fig. 6.1D) remained significantly
higher than in the unamended ones (Fig. 6.1C). To our knowledge, this effect has not been

previously reported; it could be explained by the bacteria metabolizing the more easily
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degradable organic compounds provided by the ocgaatter instead of the lindane. The
actinobacteria consortium (Ac) was the most eféectndividual biological treatment in
degrading lindane, since the concentration in loanted soils was significantly lower
than in the non-bioaugmented ones (Figs. 6.1CD@yradation by actinobacteria was
more pronounced in the amended soils, which haghehconcentration in the untreated
soils at the end of the experimem. napus(Bn) significantly increased lindane
degradation, probably by stimulating the microoigars through exudates from the plant
roots (Simon Sola et al., 2017). Concomitarilyfetida(Ef) also stimulated degradation,
probably by improving the aeration of the soil (Rgdez-Campos et al., 2014). The
combination of the actinobacteria consortium vithfetida (Ac+Ef) or with B. napus
(Ac+Bn) increased the degradation more than whefiexpindividually, and the effect
on degradation of the three combined (Ac+Ef+Bn) wamificantly higher than the
binary treatments (Figs. 6.1C, D). Our resultsaatk that organic matter reduced soluble
Cr, but it may have interfered with the optimal detation of lindane. When the organic-
matter content in the soil was low, the microorgams metabolized lindane more

efficiently, showing a synergistic effect in theepence of plants and worms.

6.3.2. Status of plants and worms

As mentioned before, the unamended soil was a laality soil for plant and worm
growth, since in the absence of contaminants tletshiomass was very low, but
improved after amendment with organic matter antinalsacteria (Table 6.2). In
addition, the pollutants present in the solil hightyacted the plants and worms. None of
them survived in the unamended soils spiked wighhighest concentrations of pollutants
(Tables 6.2 and 6.3). At moderate pollution leveéle plants survived only in the
treatment with the lowest soluble Cr(VI) concentnat reached in the treatment Ac+Bn
(Table 6.2). Soluble chromium, rather than totabaiium, was toxic to the plants and
worms. In contrast, in amended soils, with lowenaantrations of Cr(VI), both types of
organisms survived in all treatments. The imporané organic matter should be
highlighted, since the plants and worms survivedllithe treatments, which the toxicity
reduction by the actinobacteria consortium (Ac+BatEf, Ac+Ef+Bn) did not achieve
in unamended soils (Tables 6.2 and 6.3). The pEmisworms benefited not only from
the reduction of soluble Cr, but also from theittéeperformance in the enriched soil.
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Chromium phytotoxicity has been widely studied (Hdral, 2004; Samantaray
et al., 1998b), and its impact 8nnapuswas clearly revealed through the plant mortality
(Table 6.2). In unamended soils, the surviving {dareached a significantly lower
biomass compared to controls, and only the preseihaetinobacteria made the survival
of plants possible (Table 6.2). The organic amemdm@ghly stimulated plant
development in the control soils, but even morthapolluted ones. This indicates that
levels of Cr(VI) as low as 1-3 mg Kgwere not phytotoxic and might even have had a
certain hormetic effect on plant growth, as repbfta several species, including some
members of Brassicaceae (Morkunas et al., 2018)}h®ather hand, the level of lindane
used in our study was far below phytotoxic levalg] the tolerance of specieBrassica
to lindane makes these species suitable for phytedeation. Regarding the
photosynthetic pigment content of the plants, tlgawic amendment also mimicked the
observed stimulation of biomass in the presen€& dignificantly increasing the content
of Chl a+b and carotenoids (Table 6.2). The pldht&t survived in the moderately
polluted unamended soils (only in those combinetth Wie actinobacteria consortium)
showed similar values to those in amended soilchvindicates that the addition of
actinobacteria allowed the plants to maintain ndnphgsiological activity. Conversely,
the presence of the organic amendment had a |paggtive impact on photoprotective
mechanisms, as the de-epoxidation ratio seemeeé wnhilar to or lower than control
values. The proportions of individual carotenoigedxanthin, violaxanthin, lutein,
anteraxanthin, zeaxanthin, apitarotene) to total chlorophyll did not changeshswn
in Table 6.2. Total carotenoid content was notcéfe, following the same pattern as

other photosynthetic pigments such as chlorophyll.

As mentioned abovd;. fetidawas also affected by the presence of Cr(VI) and
lindane levels in the soils. Although toxic effeaf lindane onE. fetida have been
reported, most were at concentrations much hidtaer that used in our experiment (Lock
et al., 2002; Shi et al., 2007). Therefore, we presume that the observed toxiy due
mainly to the effect of chromium. The earthwormsim experiment survived in all types
of soils except in unamended soil with a high palulevel. In these conditions, not even
the beneficial effects of the actinobacteria cotisor were enough to make the soll
survivable, although they positively affected mbiysand weight loss (%) of the worms
in the other soils (Table 6.3). In the Ac+Ef treatr) weight loss dE. fetidain soils with

moderate pollution was significantly lower thantle treatment without actinobacteria,
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and the beneficial effect of actinobacteria waskadrn the control amended soils. As
described by Irizar et al. (2015b), organic masignificantly reduced metal toxicity to
E. fetidg through an improvement of nutritional status, ethis essential to trigger
protective mechanisms. This improvement, along #iehreduction of Cr(VI) caused by
the organic amendment, positively affected wormltheaignificantly reducing weight
loss in all treatments, especially when combineth actinobacteria (Table 6.3).

Table 6.2. Plant parameters. Shoot dry biomass (DW), totédrophyll (Chl a+b), ratio of
antheraxanthin + zeaxanthin : violaxanthin + ardgkaentin + zeaxanthin (AZ:VAZ), and total
carotenoid content (Carot).

Soil type Treatment C M H
= Bn 12+0.1b % @
= U Ac+Bn 1.4+0.1b1 0.61 +0.03 2 @
% Ac+Bn+Ef 21+02a 1%} %)
3 Bn 3.2+0.2c3* 74+02al  5.29+0.23a2
£ A Ac+Bn 6.1+0.2 a2* 8.0+0.1al*  5.31+0.06a3
Ac+Bn+Ef 4.5 +0.2 b1* 47+02bl  4.64+0.02bl
Bn 103.9+11.8a @ @
2 U ActBn  104.2+115a2  344.4+20.81 @
% E Ac+Bn+Ef  157.7+3.13a @ @
=3 Bn 196.6 +9.8a2* 301.8+359al 311.09+15B9a
©E A ActBn  2202:27.1al* 2583:60.8al* 169.63 2401

Ac+Bn+Ef 258.2 +20.2al* 300.5+235al 296.63+43.41al

Bn 0.37+£0.03 a 1) 1)
N U Ac+Bn 0.25+0.03 b1l 0.04 +£0.00 2 @
< Ac+Bn+Ef 0.20+0.04b 1) @
% Bn 0.15 +0.04 a* 0.13+0.04 a 0.11+0.03b
< A Ac+Bn 0.10+0.01a2* 0.08+0.03a2  0.27 £+0.02 al
Ac+Bn+Ef  0.10 +0.01 a* 0.09+0.02 a 0.11+0.01b
Bn 35.1+39a (%] 1]
“E U Ac+Bn 36.3+2.1a2 101.6+6.7 1 %)
S £ Ac+Bn+Ef 51.5%+8.1a @ 1]
8o Bn 63.03 £ 2.6 a2* 92.9+9.8al 93.9+5.8al
g A Ac+Bn 72.2 +al2* 82.7+17.1a1l 53.2 +1.8 b2

Ac+Bn+Ef 78.6 £5.7 al* 90.2 +6.9 al 91.8+12.3al
Soil types: unamended (U), amended with organicenéd).
Pollution level: control (C), moderate (M), high)(H
TreatmentsBrassica napug¢Bn), actinobacteria B. napugAc+Bn), actinobacteria 8. napus
+ Eisenia fetidg Ac+Bn+Ef).
@ indicates that no specimen survived the treatment
Different letters indicate statistical significan(f®@ < 0.05) between biological treatments, and
numbers indicate statistical significance (P < Pli¥ween pollution levels.

* indicates statistical significance (P < 0.05)vbe¢tn homologous treatments with and without
organic amendment.
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Table 6.3.Weight loss oEisenia fetidavorms in the pots during the experiment.

Soil type Treatment C M H
Ef 44.2 + 0.7 b2 77.2+09al %)
U Ac+EF 42.5+2.8Db2 61.4+23Db1 1]
Ac+Bn+Ef  54.8+1.6 a2 63.3+£25Db1 %)

Ef 345+09a2* 344+21a2* 526+2.0Dhb1*

A Ac+Ef 8.35+£2.0b3* 194+22b2* 382+15cl*

Ac+Bn+Ef 38.8+0.6a2* 389%3.7a2* 649+19al*
Soil types: unamended (U), amended with organicenéA).
Pollution level: control (C), moderate (M), high)(H
TreatmentsEisenia fetida(Ef), actinobacteria €. fetida(Ac+Ef), actinobacteria Brassica
napust E. fetida(Ac+Bn+Ef).
@ indicates that no specimen survived that treatmen
Different letters indicate statistical significan(® < 0.05) between biological treatments, and
numbers indicate statistical significance (P < Pli¥ween pollution levels.
* indicates statistical significance (P < 0.05)vibe¢n homologous treatments with and without
organic amendment.

However, a slight negative effect on mortality ameight loss was found when
actinobacteriaB. napusandE. fetidawere combined (Ac+Ef+Bn). The presenceBof
napusresulted in a significant weight loss by the worespecially in the amended soils
(Table 6.3). The reason could be that the plants able to survive and develop a larger
biomass (Table 6.2). Similarly, the biomass of ptots was significantly smaller when
they were sharing the pot with tlke fetidaworms. This antagonistic effect was not
observed by other authai@havidel et al., 2018; Wen et al., 2004). However, Lemtiri et
al. (2016) found thaE. fetidaworms weighed less when growing in planted pokss T

weight loss might be due to competition for sparcthe pot.

The concentrations of Cr and lindane (data not shamvplant shoots and worms
were very low. Although the concentration of CrEnfetidaindividuals collected from
unamended soils was higher (30—80 mgikdhe total concentration in the biomass of
all worms was still low. In any case, the benebfsvermiremediation are not the
extraction of pollutants through the worms, butheatthe reduction of pollutant
ecotoxicity and improvement of soil health.

The ability of theB. napusplants to develop a high biomass in amended pallut
soils, combined with the low accumulation of Ctheir shoots, indicates the possibility
of phytomanagement of co-polluted soils with chremiand lindane. It may be possible
to obtain economic benefits from highly pollutedsduring their remediation, and there

is no risk that the pollutants might enter the fobdin through the cultivation of rapeseed.
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6.3.3. Microbial parameters

Microbial communities are excellent indicators o fealth, and parameters such
as microbial activity, biomass and functional dsrgrhave been used as bioindicators in
studies of polluted soilEpelde et al., 2010; Galende et al., 2014c¢). In this study, basal
respiration, which is a good indicator of microbadtivity in soil, decreased in the
presence of the pollutants in both the unamendefd @22A) and amended soils (Fig.
6.2B). The organic amendment significantly increlabés metabolic activity in all soils,
including controls, due to the input of easily detable nutrient sources (Galende et al.,
2014b; Lacalle et al., 2018a). As shown in Table 6.1, total organic carbon waddld
higher in amended soils. This effect also contedub the reduction of Cr(VI) due to the
organic matter, as discussed above. Consequeatigl bespiration levels in soils with
moderate pollution were similar to the control inshcases (Fig. 6.2B). Moreover, in the
highly polluted soils, basal respiration levelsamended soils (Fig. 6.2A) increased,
compared to the unamended soils. Biological treatmeere not as effective as the
organic amendment, but overall, the best treatmemst® Ac+Bn and Ac+Ef+Bn. In
conclusionB. napusplants and the inoculation of the actinobacteoiasortium seemed

to play a crucial role in reinforcing soil microbgctivity.

Soil microbial biomass, as assessed by the substrdticed respiration (SIR),
increased in the presence of organic matter (FRP) compared with the biomass in
unamended soils (Fig. 6.2C). Organic matter hadightseffect on the controls, but
significantly increased SIR in almost all the ptéld soils, which indicated that the
alleviation of soil toxicity allowed the microbiddiomass to increase. The biological
treatments resulted in no significant differengeSIR . In any case, the most successful
treatments were the combination of the actinobectamsortium an@. napus with or
without E. fetida
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Figure 6.2. Microbial properties. Soil functional microbial diversity expressed by Number of
Utilized Substrates (NUS) in the Biolog EcoPlates (A, B); soil basal respiration (BR) (C, D); and
soil substrate-induced respiration (SIR) (E, F) in unamended and amended soils. Different letters
indicate statistical significance (P < 0.05) between biological treatments, and numbers indicate
statistical significance (P < 0.05) between pollution levels. Asterisks refer to statistical
significance (P < 0.05) between homologous treatments with and without organic amendment.

The selected indicator of the functional microbial diversity of the soils was the
number of utilized substrates (NUS) of the Biolog Ecoplates. Figure 6.2E shows that in
unamended soils, the pollutants had a strong negative impact on functional microbial
diversity. The biological treatments increased the NUS of the unamended control soils,
but were not very successful in increasing the number of substrates utilized in the polluted
soils. This result may be due to the death or poor performance of most of the remediator

organisms in the polluted soils (Tables 6.2, 6.3). The situation was very different in the
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amended soils, which showed higher values of NUSally although the pollutants still
had a negative effect (Fig. 6.2F). Moreover, sorhéhe biological treatments were
effective in stimulating the functional diversity the amended polluted soils. So, soils
treated withE. fetidaworms, and especialy. napusplants, increased the NUS values in
polluted soils, reaching values similar to the colnfThe addition of organic matter and
stimulation by plants increase functional microld@lersity, improving the health of
polluted soils (Burges et al., 2016). The actinodaa& consortium, conversely, did not
increase this parameter, or even seemed to rejua®in the Ac and Ac+Ef treatments
(Fig. 6.2F). This could indicate that the actindbae consortium might be more
competitive than the autochthonous microbial comitres) reducing the microbial
functional diversity. Actinobacteria usually canngeete and produce antibiotics with
antagonistic effects on other microorganisms (Raltl., 2014). As mentioned for other
microbial, plant and worm parameters, the consortdfithe three organisms was the best

treatment to improve microbial functional diversity

6.3.4. Ecotoxicity bioassays with E. fetida

The ecotoxicity bioassays with fetidashowed high toxicity in terms of mortality (Fig.
6.3A, B). For worms in the untreated (NT) unamensi@t] exposed to the moderate level
of pollution, survival was reduced to 53%, and % @t the high pollution level (Fig.
6.3A). The phytoremediation and vermiremediaticgatments did not improve these
mortality levels. In contrast, bioremediation bg #ctinobacteria consortium (Ac, Ac+Ef,
Ac+Bn, Ac+Ef+Bn) significantly alleviated the sadxicity to the worms, increasing their
survival rates at the moderate pollution level 7&®and to 30—40% at the high pollution
level. This effectiveness was directly relatednm levels of Cr(VI) in the soils, more than
to the levels of lindane. It appears that the tioxim these soils was due to Cr, which
agrees with the results for toxicity to the wormsed as remediator organisms (Table 6.3).
In any case, the addition of organic matter wasnbset effective treatment in reducing
the toxicity in earthworms, since their survivalesin all the amended soils were close
to 100%, even in the highly polluted soils (Fig3B). Therefore, differences between
biological treatments were not observed in the cdsenended soils (Fig. 6.3B). These
results agree with observations in other studigb warthwormgIrizar et al., 2015b;
Rudel et al., 2001) and are congruent with thegmesbservations on the earthworms in
the pots (Table 6.3), whose status was signifigantproved by the higher concentration

of organic matter and lower levels of Cr(VI).
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Figure 6.3. Survival rate of Eisenia fetida individuals in the ecotoxicity bioassays, in soils without
(A) and with (B) organic amendment. Different letters indicate statistical significance (P < 0.05)
between biological treatments, and numbers indicate statistical significance (P < 0.05) between
pollution levels. Asterisks refer to statistical significance (P < 0.05) between homologous
treatments with and without organic amendment.

6.3.5 Principal Components Analysis

In the Principal Components Analysis (PCA), the first two principal components
explained 66% of the variance, and the samples were clearly segregated in the bi-plot
(Fig. 6.6.4). The first principal component accounted for 44% of the variance and
segregated the soils across the x axis by the toxicity of hexavalent chromium. Hence, the
higher the pollution, the higher the impact on the indicators of soil health. The second
principal component accounted for 22% of the variance and separated the soils by the
presence or absence of the organic amendment, which, as mentioned above, was key for
reducing chromium toxicity in this experiment and is related to many biological
indicators. The results indicated that the presence of organic matter attenuates or nullifies
the differences caused by the biological treatments, due to its capacity to reduce Cr(VI)

to Cr(III) almost completely, and therefore alleviating the ecotoxicological effects of Cr.
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Fig. 6.4. Principal Components Analysis, including lindane concentration in soil (Lindane soil),
total (Cr total) and soluble [Cr(VI)] chromium in soil, soil basal respiration (BR), substrate-
induced respiration (SIR), Number of Utilized Substrates, the survival rate of FEisenia fetida
worms in both the pots (E.f pot survival) and the bioassay (E.f bio), weight loss of E. fetida
individuals in the pots (E.f pot weight) and B. napus shoot biomass (Shoot biomass), total
chlorophyll content (Chl) and carotenoid content (Carot). White, gray and black icons indicate
control, moderate and high pollution, respectively. Triangles indicate unamended soils and circles
indicate amended soils. Crosses indicate the position of variables.

Most of the parameters determined in the soil (BR, SIR, NUS) or in the remediator
plants or worms are closely related to each other and to the organic amendment, and
opposed to the toxic soluble Cr(VI). Weight loss of E. fetida individuals in the pots was
highly correlated with soluble Cr(VI), due to the toxicity of hexavalent chromium. Root
elongation in the C. sativus bioassay (data not shown), on the other hand, appeared around
the middle of the PCA. This was due to the lack of acute phytotoxicity to the seedlings in

the bioassay. Regarding the parameters measured for the potted plants, shoot biomass,
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total chlorophyll, and carotenoid content were elpselated to each other as plant
wellness indicators. Biological parameters, esplgcthose relative to thés. napus

plants, were strongly influenced by the organic admeent.

6.4. Conclusions

In the soils spiked with both Cr(VI) and lindankee tconcentration of hexavalent
chromium was the main component of toxicity. Afégplication of the organic-matter
amendment and/or several bioremediation technialese or in combination), most of
the hexavalent chromium was reduced to its lesg-timxm, trivalent chromium. The
most effective treatment was the addition of orgamatter, followed by the
bioaugmentation treatment with the actinobacteoiasortium, which was composed of
species that were originally isolated in a mediuith Zr and lindane. The consortium
was able both to degrade part of the lindane anedace the levels of Cr(VI). This
reduction of Cr(VI) lowered the toxicity of the #ias reflected in many biological
indicators of soil health, such as the improvemerihe growth and health &rassica
napusand in the survival oEisenia fetidaindividuals. Combined with the organic
amendment, especially with the added actinobachsdi. fetidg B. napugproved to be
suitable for phytomanagement of soils with thisckai pollution. To our knowledge, the
combination of organic matter with the actinobaeteonsortiumpB. napusandE. fetida
has not been reported previously. Our results stidat this was the most successful
treatment overall and would be a suitable strateggduce contamination and improve

the health of soils co-polluted with hexavalentarhium and lindane.
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6.5 Conclusiones del capitulo

- El cromo (VI) es una especie altamente biodidpenie los suelos produciendo una

fuerte toxicidad en los organismos (plantas, loogsrly microorganimos).

- Las enmiendas organicas son una estrategia reativef para reducir los niveles de la
forma toxica Cr(VI) transformandolo a Cr(lll), peren cambio, interfiere limitando la

degradacion de lindano.

- Las estrategias de bioremediacion que utilizamealgacterias procedentes de suelos
contaminados con Cr y lindano son mas efectivas gagradar el insecticida y reducir

el Cr biodisponible que la fitorremediacion o lamaremediacion.

- La combinacién de una enmienda organica, bioatan&m, fitorremediacion y
vermirremediacion es la estrategia mas efectiva paejorar la salud de los suelos
contaminados con cromo Yy lindano, consideranddirt@reacion de los contaminantes y

la reduccion de la ecotoxicidad.
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7. SUCCESSFUL REMEDIATION OF SOILS WITH MIXED
CONTAMINATION OF CHROMIUM AND  LINDANE:
INTEGRATION OF BIOLOGICAL AND PHYSICO-CHEMICAL
STRATEGIES

Juan Daniel Aparicio Rafael G. Lacalle, Unai ArtebErik Urionabarrenetxea, José
Maria Becerril, Marta Alejandra Polti, Carlos Gathi Manuel Soto, 2020. Successful
remediation of soils with mixed contamination of@mium and lindane: Integration of
biological and physico-chemical strategidsurnal of Environmental Management
(Submitted)

Abstract

Soil mixed contamination with metals and organitiytants, like Cr(VI) and lindane, is
currently a main environmental challenge. Biologgtaategies, such as biostimulation,
bioaugmentation, phytoremediation and vermiremaxhatand nanoremediation with
nanoscale zero-valent iron (nZVI) are promising rapphes for polluted soil health
recovery. The combination of different remediatstrategies might be key for addressing
this problem. For this reason, a greenhouse expetimas performed using soil without
or with organic amendment. Both soils were contateid with lindane (15 mg Ky and
Cr(V1) (100 or 300 mg kd). After one month of aging, the following treatngemere
applied: (i) combination of bioaugmentation (acbaoteria), phytoremediation
(Brassica napusand vermiremediationEfsenia fetidy, or (ii) nanoremediation with
nZVI1 or (iii) combination of biological treatmengd nanoremediation. After 60 days,
wellness of plants and earthworms was assessed,sal$ health was evaluated trough
physicochemical parameters and biological indicatdr(Vl) was more toxic and
decreased solil health, however, it was reducedr{idl)by the amendment and nZVI
and, to a lesser extent, by the biological treatimendane was more effectively degraded
through bioremediation. In non-polluted soils, nZ\d strong deleterious effects on soill
biota when combined with the organic matter, big #ifect was reverted in soils with
high concentration of Cr(VI). Therefore, under owwxperimental conditions
bioremediation might be the best for soils with m@ie concentration of Cr(VI) and
organic matter. The application of nZVI in soilsthvihigh content of organic matter
should be avoided except for soils with very highaentrations of Cr(V1).
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7.1. Introduction

Mixed contamination of soils with organic and inangc pollutants is a widespread issue,
and one of the main current environmental challengre particular, co-contamination
with Cr(VI) and lindane -1,2,3,4,5,6-hexachlorocyclohexene), an organoutdor
pesticide, is still reported in concentrations exttieg the maximum permitted all over
the world (Aparicio et al., 2018a). Despite theewdr been advances in both physico-
chemical and biological remediation techniques,rehare still no cost-effective,
sustainable and environmentally friendly solutidoisthis problem (Batty and Dolan,
2013).

Several studies have demonstrated the effectiveafesdVI in soil remediation toward
Cr(VI1) reduction to Cr(lll) . The mechanism of CijMremediation by nZVI mainly
involves adsorption, reduction and co-precipitat{®eng et al., 2017). Furthermore,
nZVI technology demonstrated utility for lindanemeval in soil, and, in general, these
processes occurred through reductive dehalogen@ora et al., 2019; Elliott et al.,
2009). On the other hand, it must be considerettiiegohysicochemical transformations
of nZVI in the environmental matrices are extremebymplicated, presenting both
beneficial and harmful impacts (Dwivedi et al., 8D1For instance, soil type modifies
the effect of nZVI on bacterial communities; funiim®re, observed phylogenetic changes
in communities were more important than functicctednges (Fajardo et al., 2019), and
thus, the overall effort of the soil ecosystem niighvolve the maintenance of
functionality following nZVI1 exposure. Bruton et.dR015) reported that the corrosion
of ZVI stimulates the activity of dehalorespiringdteria, and consequently, the reduction
of chlorinated contaminants, since thegtoduced would serve as an electron donor. In
contrast, under laboratory conditions, nZVI canbithbacterial development, however,
this effect can be compensated by coating the naith polyelectrolytes or organic
matter (Bruton et al., 2015; Fajardo et al., 2019).

On the other hand, biological treatments are affedtiotechnological tools for
environmental remediation by degrading/transformwvayious contaminants using

biological activity.

Bioaugmentation is a technology which is being \Widstudied, generating
promising results. This consists of the inoculat@nthe environmental matrix with

microorganisms with the ability to reduce the tityiof pollutants (Thapa et al., 2012).

134



Chapter 7

Microorganisms can break down organic pollutantsisipg them as a source of carbon
and energy, or by co-metabolism. Moreover, metals be transformed from one

oxidation state to another or form an organic caxpthanging its water solubility and

decreasing its toxicity (Ayangbenro and Babalola] 7). In this sense, Aparicio et al.

(2018a) reported that an actinobacterial consortwas able to survive under high

concentrations of Cr(VI) and lindane, besides taaee both contaminants from soils

under anthropogenic contamination. Neverthelessugimentation has some limitations,
as the bioremediation effectiveness and survivat@ulated bacteria is conditioned by
the contamination levels, characteristics of tliepeor soil and the nature of its microbial
communities (Cychet al., 2017).

Phytoremediation is another alternative remediatiatechnology to recover
contaminated soils (Cristaldi et al., 2017). Relgenigna mungavas successfully used
to remove Cr(VI) from contaminated soil through @iption and accumulation
(Saravanan et al., 2019). Depending on the typeenfoval mechanism involved,
phytoremediation can be classified as phytoexwacfabsorption and accumulation),
rhizofiltration (extraction from an aqueous matyiphytostabilization (immobilization
into the soil matrix), phytovolatilization (extramh of volatile compounds from soil and
volatilize them from foliage), phytodegradation ambizodegradation (pollutant
degradation by microorganisms from the rhizosphem®png others (Chandra and
Kumar, 2017). Species &sassicanapuswas previously demonstrated effective for the
concomitant removal of Cr and phenol from soils t&dion et al., 2014). However, the
disadvantages of phytoremediation include prolongedtment time, dependence on
climatic and seasonal conditions, sensitivity sedises and pests, among others (Koptsik,
2014).

Vermiremediation using the earthwoliBisenia fetidais one of the most recent
technologies for the restoration of contaminatedrenments. Earthworms significantly
change the soil physicochemical properties, aljetime availability of organic and
inorganic compounds (Hickman and Reid, 2008b). Hlweotms absorb metals from
contaminated soil through direct contact of thenskith the soil solution or through
intestinal uptake of water, contaminated food ansiéd particles. Moreover, earthworms
increase the contact between organic contaminants tae soil microorganisms,
accelerating the removal of contaminant from sBibqriguez-Campos et al., 2014).

However, E. fetida earthworms are greatly sensitive to heavy metald arganic
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pollutants, specially to Cr(VI) and lindane (Apaoiet al., 2019).

The application of substances that enhance thedaal activity of the organisms
of the soil, known as bioestimulation, usually aopanies the biological treatments
described above. Organic amendments are a goodecfuwithis purpose and have been
widely used (Kastner and Miltner, 2016), as they adtrients and carbon sources to the
soil, promoting plant growth and microbial activigs well as the soil fauna. They can
also affect the oxidation status of metals andrthimavailability (Park et al., 2011). In
addition, the application of organic amendmentdagraded soils can be an opportunity
for the valorization of wastes and byproducts #dratcurrently stored in landfills, which
is aligned with the principles of circular econofiMiguez et al., 2020).

As previously seen, each technology used for sehediation, including
physicochemical or biological treatments, haveaserimitations, in addition to the fact
that each contaminated site has unique edaphotdictaaracteristics. These restrictions
could be counteracted by the combination of tedabgiek; however, there are no
systematic studies that allow evaluating the peartorce of the different combinations of
technologies to optimize remediation, considerimgprevailing conditions in each case.
Therefore, the objective of this study was to eatdihe effectiveness of the combination
of a series of biological (biostimulation, bioaugraion, phytoremediation,
vermiremediation) and physicochemical (nanoremgdiastrategies for the remediation
of soils contaminated with a mixture of Cr(VI) aliddane, as organic and inorganic

contaminant models.

7.2. Materials and methods

7.2.1. Experimental design

Two soils were collected form a peri-urban area tieacity of Vitoria-Gasteiz (42°59;
2°40W, Northern Spain), being one of them (A) amendéith OO t hat of organic
amendment derived from the recycling of urban oigarastes from the city, and the
other one kept unamended (U). Both soils were c@tefrom near the surface (5-15 cm
deep), transported to the laboratory, and they werdried and sieved to <2 mm in order
to obtain homogenized soil samples. The physicoa@mharacteristics of the soils are
listed in Table S7.1. Hexavalent chromium and limelaontamination was not detected
in both soils (Table 7.1).
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In order to artificially contaminate the soils,tack aqueous solution of 5 gtlof
Cr(VI) was prepared as-Kr.0O; (Cicarelli, Argentina). The solution was sterilizby
filtration, using Millipore 0.22 um pore size fitee Lindane (Sigma-Aldrich, United
States) stock solution was prepared at 5'guking acetone as a solvent. Soils were
artificially contaminated with both Cr(VI) and liade solutions, stablishing three
conditions for the experiment: (1) non-contaminageil(NCS); (2) soil co-contaminated
with 100 mg kg of Cr(VI) and 15 mg kg of lindane (Cr100 + Lin15); or (3) soil co-
contaminated with 300 mg Kgof Cr(VI) and 15 mg kg lindane (Cr300 + Lin15). All
assays were carried out in pots containing 1 kgpdfand kept in a greenhouse to let the
pollutants stabilize. The conditions at the greersieowere the following: photoperiod
14/10 h day/night, temperature 25/18 °C day/nigdative humidity 60/70% day/night.

After one month of stabilization, soil was homogedi and the following
treatments were applied: (i) biological treatmeBT) actinobacteria consortium +
Eisenia fetidaadult individuals #Brassica napusglants; (ii) physicochemical treatment:
nZVI; (iii) physicochemical and biological treatmenZVI + BT; and soil where none of
these treatments were applied (Non-treatment). Rase kept at the previously

mentioned conditions for 60 days.

nZVl were provided by NANO IRON S.R.O. (Rajhrad-Chke Republic).
According manufacturer recommendations, a stocklrsZpension was prepared (250
g L'Y): 100 g were suspended in 400 mL of water and ehib@min in blender machine,
minimizing fresh air intake. nZVI was added to #o#l and mixed vigorously. It was left
to act three days before applying any other bidalgreatment.

The preparation of the bacterial inoculum was edrout according to Aparicio
et al.(2018b). Briefly, spores oStreptomycessp. M7, Streptomycessp. MC1,
Streptomycesp. A5 andAmycolatospis tucumanensi®re individually inoculated into
flasks with 150 ml of tryptic soy broth (TSB) amttubated at 30 °C, 180 rpm. After 72
h, actinobacterial biomass was recovered by cegation (8385 g), washed and
resuspended in distilled water. The soils wereutated with 2 g kg of the consortium
(0.5 g kg* of each strain). The soils were left 14 days foe establishment and
stabilization of the consortium. After that peridde other biological treatments were

applied.
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E. fetida specimens (Lombricor S.C.A., Coérdoba-Spain) weeptkin the
laboratory under controlled conditions (19 °C afébGelative humidity) with a weekly
contribution of horse manure. All the specimens leyga during the assays were

healthy, sexually mature (clitellated) with a wdigketween 350-450 mg.

Brassica napuseeds were sowed in each pot. The germinationvg@gyegistered
after 5 days, and survival (%) after 2 weeks. Afilant establishment, with the aim of

having the same number of plants, only five pla®ispot were preserved.

During the whole experiment, pots were kept at whtdding capacity (WHC)
by irrigating when necessary. At the end of theeexpent period, plants were harvested,
earthworms were collected, counted and weighted,sail samples were taken, which

were immediately stored at 4°C for its conservatiotl analyses.

7.2.2. Plant biomass and pigment composition detextions

Prior to harvesting, 6 discs with a diameter of @ nvere collected from the youngest
fully expanded leaf, frozen in liquid nitrogen astbred at —80°C until processing.
Photosynthetic and photoprotective pigments (clployls and carotenoids) were
determined according to Garcia-Plazaola and Béq@0D1). Plants were harvested,
washed thoroughly with deionized water separataddg, stems + petioles and roots.
These tissues were oven-dried at 35°C for 72 hatoulate dry weights (DW) and

determinate Cr and lindane concentration.

7.2.3. Physico-chemical determinations

7.2.3.1. Total Cr and soluble Cr(VI) determinatiarsoil

Soil was oven-dried at 35°C for 72 h and sievedDtd25 mm. In order to determine total
Cr, an acidic digestion (HCl and HNYwas carried out according to the Method 3051A
(US-EPA Method 3051A, 2007), using a microwave MARS After digestion, all

extracts were filtered and transferred to 50 mluwwdtric flasks.

The soluble Cr(VI) was extracted according to Jiahgl. (2015). A 1:25 (p/v)
mixture of soil and Milli-Q water was shaken at 2@®n for 24 h and centrifuged at
10,000 xg for 15 min to remove the soil from the aqueousitsamh and filtered to <0.45
um. The content of Cr was determined by Inductivebupled Plasma-Mass
Spectroscopy (ICP-MS) (Agilent 7700), with a lioitquantification (LOQ) of 0.03g
L-1. Accuracy was ensured using NIST Standard Referbtaterial 1640.
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7.2.3.2. Cr concentration in plant and earthworms

As indicated above, oven dried tissues of roosnst petioles, and leaves were milled
and 0.200 g were placed in Pyrex tubes, and 5 nHNDs-HCI104 (85:15) were added.
The tubes were mixed and left to stand for two b@iiroom temperature. Digestion was
carried out using a Bloc Digest m 40 Selecta, cotateto a microprocessor-controlled
RAT-2 Selecta) and following the protocol optimizeg Zhao et al. (1994). After
digestion and cooling, 5 mL of HCI 2Q% was added, the tubes were mixed and
rewarmed at 80°C for 30 min, and after cooling,gbkition was diluted to 20 mL.

Depurated (left on wet filter paper for 24 h to dv@ut content) and cleaned
earthworms (n = 5) were dried in pools at 120 9Gl®h, weighted and digested in HNO
Tracepur® 69%. Once the concentrated acid was extgu pellets were resuspended in
20 mL of 0.01 M HNQ Tracepur®.

The plants and earthworm extracts were analyzet)ise same methodology as

for the total chromium.

7.2.3.3. Lindane concentration in soil

Lindane extraction and quantification was done etiog to Aparicio et al. (2018a).
Briefly, n-hexane, water, and methanol (5:4:1) wadeled to 5 g of soil, mixed and
centrifuged at 8385 g for 10 min. The extract was evaporated and fingligpended in

1 mL of n-hexane. Quantification was performed gsingas chromatograph (Agilent
7890A; LOQ: 17Qug L) (Aparicio et al., 2018a).

7.2.3.4. Lindane determination in plants and eadhws

Lindane concentration in plants and earthwormsdessrmined according to the method
described by Quintero et al. (2005) for extract@md analysis of pesticides, the
“QUEChERS” method. This method has two phasesingahe extraction from the
crushed plant and earthworm samples with acettmitnagnesium sulphate and sodium
acetate; ii) cleanse of the extract by solid phas&action with an Agilent kit
(QUEChERS AOAC). Quantification was carried outgag chromatography following
the same methodology as for lindane concentraticoil.
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7.2.4. Ecotoxicological bioassays

7.2.4.1. Phytotoxicity bioassay with Raphanus sativ

The biomarkers evaluated &h sativuswere germination (%) and hypocotyl and root
elongation (cm), according to Aparicio et al. (2R1Bxiefly, thirty seeds were placed in
Petri dishes with 15 g of soil and incubated at@Z2or 5 days. The number of germinated

seeds was recorded and the hypocotyl and seedlatg were measured.

7.2.4.2. Toxicity bioassay with E. fetida

In the case OE. fetidaearthworms mortality and weight loss were assessewvell as
cell level biomarkers such as number of coelomoayi cell viability (Garcia-Velasco
et al., 2017).

The earthworm immune cells or coelomocytes werainbtl according to Irizar
et al. (2014). Briefly, after the exposure to saimples, each earthworm was submerged
in extraction solution [1 mL of Ca and Mg free ppbate buffered saline (PBS)-EDTA
0.02 %] and coelomocytes were obtained by eledtstaulation (9V). The obtained
solution was centrifuged at 1000p¥or 10 minutes at 10 °C. Then, the supernatant was
removed and cells were washed twice and resuspend®8iS to obtain a stock solution

of 1P cells mL* of coelomocytes.

Evaluation of the number of coelomocytes and th&bility was carried out
through the Neutral Red Uptake (NRU) assay (Iretaal., 2014).

7.2.4.3. Soil microbial properties

The following soil microbial properties were detémed according to Galende et al.
(2014): (i) microbial activity was determined bysharespiration (BR) following 1ISO
16072 (2002); (ii) potentially active microbial oi@ss was determined by substrate-
induced respiration (SIR) following 1SO 17155 (200Ziii) average well color
development (AWCD); (iv) general bacterial actividglculated as the area under the
curve (AUC); and (v) number of metabolized subsBaiNUS) were determined from
Biolog EcoPlates™.

7.2.4.4. Integrated Biomarker Response/n (IBR/n)

Integrative Biomarker Response (IBR) index was uated for each bioindicator with
the aim of integrating alterations at different roarkers, following the procedure
described by Beliaeff and Burgeot (2002). The dalten method is based on relative
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differences between the biomarkers in each givela dat. Thus, the IBR index is
computed by summing-up triangular star plot areaslt{variate graphic method) for
each two neighboring biomarkers in a given data aetording to the following
procedure: (1) calculation of the mean and standindation for each sample; (2)
standardization of data for each sample=Xxi - x) / s; where, = standardized value
of the biomarker; x= mean value of a biomarker from each sample;germeral mean
value of x calculated from all compared samples (data set)sndard deviation of x
calculated from all samples; (3) addition of thanstardized value obtained for each
sample to the absolute standardized value of theémam value in the data set:yx’ +
[xmin'|; (4) calculation of the Star Plot triangular aseas A= (y: X yi+1 X Sirw) / 2, where

yi and y:1 are the standardized values of each biomarkeit&indxt biomarker in the star
plot, respectively, and is the angle (in radians) formed by each two coutbee axis
where the biomarkers are represented in the Statr{d>= 2t / n; where n is the number
of biomarkers); and (5) calculation of the IBR irdehich is the summing-up of all the
Star Plot triangular areas (IBRXAi). Then, IBR/n was calculated (Marigébmez et al.,
2013).

7.2.5. Statistical analysis

All the assays and their respective controls wemntopmed at least as three biologically
independent replicates. For the statistical analydata, the Infostat software was used
(version: 2018, Argentina). After checking the nality and homogeneity of the data,
these were subject to one-way variance analysie{y ANOVA), considering a
probability level ofp <0.05 as significant. They were also analyzedgigie Tukey post-

test p <0.05) in order to identify significant differerecbetween treatments.

7.3. Results and Discussion

7.3.1. Pollutant content in the soil

Cr(VI) is highly reactive; when it spills on theogmd, it immediately reacts with the
organic matter and clay minerals present in thé $@om spiking with initial Cr
concentration of 100 and 300 mg/kg (nominal conegiains), the soluble metal fraction
was reduced until 19.6 and 123.1 mg‘kgespectively, in unamended soils (Table 7.1).
In amended soils, the soluble Cr(VI) was greatjueed from 100 and 300 mg/kg until
1.1 and 2.4 mg k§ respectively (Table 7.1). Likewise, it has beddely reported that
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the presence of amendment in soils significantigreleses the concentration of Cr(VI)
due to their reactivity with the organic matter (@Pbala et al., 2018).

Table 7.1: Hexavalent chromium and lindane concentratioroih $reatments: Non-treatment:
co-contaminated soil without treatments; Biologittalatment (BT); Nanoremediation (nZVI);
Nanoremediation + Biological treatment (nZVI + BDpnamended soil (U); Amended soil (A).
Conditions: Non-contaminated soil (NCS); Soil cavzoninated with 100 mg Kgof chromium
and 15 mg kg of lindane (Cr100 + Lin15); Soil co-contaminatehwd00 mg kg of chromium
and 15 mg kg of lindane (Cr300 + Lin15).

Cr(VI) (mg kg™ Lindane (mg kg?)
U A U A
Non-treatment NCS ND ND ND ND

Cr100 + Lin15 19.6+1.t 1.1+0F 5602 9.9+0.2
Cr300 + Lin15 123.1+4.6 24+0.03 55+0.4 9.9+0.2
BT NCS ND ND ND ND
Cr100 + Lin15 2.3+0.2 0.8+0.03 35+02 46+0.3
Cr300 + Lin15 454+22® 10+0.F 3523 45+0.1d4
nZVI NCS ND ND ND ND
Cr100 + Lin15 0.3+0.f 09+0.Ff 56+0F 9.4+05"
Cr300 + Lin15 0.9+0.f 18+0.f 55+06 95+0.5
nZVl + BT NCS ND ND ND ND
Cr100 + Lin15 03+0.f 09+00 13+0.F 86=*0.F
Cr300 + Lin15 0.4+0.0 1.10+0.f 1.38+0.2 8.6+0.F
ND: non-detected. Values sharing the same lettee wet significantly differenty <0.05).

On the other hand, native microbial communitiesladoduave the ability to
degrade, remove, and/or transform contaminatinghated products (Miao et al., 2019).
In this sense, a natural attenuation process has d@nfirmed in the present study. The
initial lindane concentration (nominal concentratia5 mg kg') was reduced to 5.6 mg
kg!in unamended soils, and 9.9 mg*kg amended soils without the application of any
treatment (Table 7.1). Soils rich in organic matieow a greater microbial population,
which could be tolerant to contaminants but unableliminate them (Albarracin et al.,
2005). Furthermore, the lower decrease in the aptergbils in comparison with
unamended ones could be also attributed to thegire¢ effect exerted by organic matter

by decreasing the bioavailability of the pestidiHe®fman et al., 2014).

The treatment with nZVI and the combined treatnabZVI with the three
biological agents (nZVI + BT), were very effectiiedecrease levels of Cr(VI) below 2

mg kg* in both, amended and unamended soils (Table h.t¢cent years, remediation
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of Cr(VI) by nZVI has been developed and provedéoone of the most promising
technologies for the immobilization of Cr(VI) (Méret al., 2017). Fegradually oxidized

to F&*/Fe* concomitantly with a reduction of Cr(VI) to harrsteCr(lll), followed by

co-precipitation as Fe-Cr (oxy)hydroxides. Severaihors reported that nZVI could
achieve a nearly complete Cr(VI) reduction (Dong akt 2017). However, the
performance, migration, and transformation of nZdisturb the physico-chemical
conditions of the soil and inevitably disrupts 8@l ecosystem affecting finally to soil
organisms (Jiang et al., 2018), as will be disadigsdow. Although have been proven
very effective the use of nZVI as a remediation strategy can ballconsidered as

controversial due to potential collateral negagffect to the ecosystem.

The most accepted mechanism of bacterial Cr(VIoreaahcomprises the Cr(VI)
reduction by extracellular enzymes, and the inthalee Cr(V1) reduction that occurs in
four steps: biosorption, transport into cells, egiec Cr(VI) reduction, and Cr(lll)
accumulation (Karthik et al., 2017). However, thection immobilized inside the cell is
usually minimal (around 10% of the Cr total presarthe media) (Marta Alejandra Polti
et al., 2009). Even so, when the cells die, thatlyss released into the media, including
the Cr(lIl) previously immobilized. In this senger(VI1) reduction is the most suitable
measure for its remediation. In the treatment efuhamended soils with the biological
agents (BT), Cr(VI) reduction was significantly higrhe soluble Cr(VI) was reduced
63% compared to the non-treated soil (until 45.4) in the soil initially contaminated
with 300 mg k¢!, and 88% (until 2.3 mg K§ in the soil with an initial Cr(VI)
concentration of 100 mg KgTable 7.1). Importantly, thB. napusplants did not survive
in any of the unamended BT soils (Fig. 7.1). Iniadd, the mortality ofE. fetidawas
100% in the soil spiked with 300 mgkgf Cr(VI), and 50% in the soil with an initial
Cr(V1) concentration of 100 mg Kg(Fig. 7.2). Therefore, the additional removal of
Cr(VIl) by BT, as compared to values of non-treatm@rable 7.1), could mainly be
attributed to the actinobacterial consortium. lwrtfahis quadruple consortium had
already proven to be able to eliminate significlvels of Cr(VI) in liquid media,
artificially contaminated soils and even in anthogenically contaminated soils
(Aparicio et al., 2018b, 2018a).

On the other hand, Cr(VI) concentrations remaireed ih every amended soil,
regardless the initial chromium concentration @atment applied (Table 7.1). These

concentrations probably correspond to the chenaigailibrium of this metallic species
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in the conditions modified by the organic mattehdBid et al., 2017), making the
presence of the organic matter the most effecaetof decreasing Cr(VI) concentration.
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Figure 7.1.(A) Biomass dry weight oBrassica napuglant parts and (B) Pigment composition
of Brassica napu¢eaves. Chl a+b: Total chlorophyll concentratidnt Carot: Total carotenoid
content. Treatments: Biological treatment (BT); bi@mediation (nZVI); Nanoremediation +
Biological treatment (nZVI + BT); Unamended soil)(lAmended soil (A). Conditions: Non-
contaminated soil (NCS); Soil co-contaminated Wi®l® mg kg of chromium and 15 mg Kgof
lindane (Cr100 + Lin15); Soil co-contaminated w0 mg kg' of chromium and 15 mg Kgof
lindane (Cr300 + Lin15). Values sharing the sarttedevere not significantly differenp(0.05).

* non-survival.
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Regarding the dissipation of lindane, the maxinegrddation in amended soils
was achieved through the biological treatment (Baf)ere the concentration of the
pesticide was reduced from 9.9 mg'kp 4.6 mg kg (>56%) (Table 7.1), presumably
due to microbial degradation. The aerobic lindaiogldgradation by actinobacteria was
already demonstrated by Sineli et al. (2018), itststs in the progressive elimination of
the chlorine and hydrogen atoms and the subsedaenation of double bonds; the
chlorine atoms are possibly replaced by hydroxlyisaddition, the mineralization of
lindane is feasible since proteins from the doweasth degradation pathway were
identified. Earthworms have strong interactionshwihicroorganisms to mineralize
organic matter, increasing lindane bioavailabilitgnd facilitating the pesticide
degradation (Rodriguez-Campos et al., 2019). Rianperation in the process is also
essential. Plants release root exudates contadtiifegent substances and nutrients such
as proteins and complex carbohydrates which attf@et microorganisms, inducing
specific gene expression, and promoting detoxificaprocesses in the rhizosphere
(Gkorezis et al., 2016). Furthermore, earthwormelaabeneficial effect on plant growth
due to all the changes they produce in the sodh s macro aggregation, increase in
nutrient availability (N, P, K), and changes inldnilk density (Taheri et al., 2018).

Although in unamended soil the initial concentrataf lindane was quite lower
than that of amended soil (5.6 and 9.9 mg,kgspectively), its concentration after the
biological treatment was not so different situasiqB.5 and 4.6 mg Ky respectively)
(Table 7.1). The relative removal of the pestidigeindigenous microbial populations
was lower in unamended soil, where the high comagan of Cr(VI) did not allow the
survival of any of thé3. napusplants (Fig. 7.1) and the conditions for the depeient
of E. fetidawere adverse (Fig. 7.2). However, the activityasfinobacteria of BT
increased lindane degradation in both amended mamended soils and reduce toxicity
of Cr (VI) and lindane to plants (Fig. 7.1) andtbaworms (Fig. 7.2).
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Figure 7.2. (A) Mortality and (B) Weight loss of the earthworm&reatments: Biological

treatment (BT); Nanoremediation (nZVI); Nanoreméidia+ Biological treatment (nZVI + BT);

Unamended soil (U); Amended soil (A). ConditionsorNcontaminated soil (NCS); Soil co-
contaminated with 100 mg Kgf chromium and 15 mg Kgof lindane (Cr100 + Lin15); Soil co-
contaminated with 300 mg Kgf chromium and 15 mg Kgof lindane (Cr300 + Lin15). Values
sharing the same letter were not significantlyeseght p <0.05). * non-survival.

Recently, a large volume of research work has loeeducted to explore nZVI
for cost-effective decontamination of organic ptdhts, including lindane,
demonstrating great potential for soil remediatfbnet al., 2016). However, a single
contaminant was tested in these cases. Concemingtals, nZVI can react with both
cations and oxyanions, including Cr(VI), throughredi or coordinative reactions,
becoming to biological-friendly iron oxide or hydide (Su et al., 2016). Nevertheless,

the large-scale application of nZVI is still chaliged by severe particle aggregation and
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surface passivation. The former is driven by thedémcy of nZVI to reduce system
surface energy, while the latter becomes more sedering the reaction as the
precipitations of ferrous (hydro)oxides encapsutat®|, impeding its contact with other
contaminants (Chen et al., 2008). This could expleny Cr(VI) removal achieved in
both amended and unamended soils treated with niA4 high, while the lindane
removal was less than 14% (Table 7.1), comparéuketsoil without biological treatment
nor nZVI.

In unamended soil, the maximal lindane removal rgashed with the combined
treatment nZVI + BT (80% compared to untreated)gdiable 7.1). In contrast, low
pesticide removal was achieved with the same trexaitim amended soil (Table 7.1).
Organic matter plays important role in both adsorpand electron transfer processes. It
is adsorbed on the nZVI surface and forms compliglx inon species (Xu et al., 2013),
and suffer a rapid aggregation and agglomerati@anoforming micro-sized fractal
aggregates, which subsequently lead to a signifit@ss in reactivity and decreased
environmental mobility and affect pesticide degteamg through an alteration of its
bioavailability (D. Jiang et al., 2018). Accordingth our results, the interaction between
organic matter and nZVI on amended soils causewgdyf plants and earthworm (Fig.
7.1, 7.2), and this effect drastically reduced effectiveness of lindane degradation of

the combined biological treatment (Table 7.1).

7.3.2. Status of remediator organisms

7.3.2.1. E. fetida earthworms

Although it was demonstrated that plants improviecgmditions leading to develop soil
organisms (Rodriguez-Campos et al., 2019), thdtsesfithe combination of the three
biological technologies suggest that space linotatiaused by high root density affected
the normal growth and behavior of earthworms ingbi& In soils unamended and non-
contaminated submitted to the biological treatmeshiere plants had low biomass (Fig.
7.1A) the mortality of earthworms was 7% and thégheloss was 55% (Fig. 7.2), while
in amended soil, which allowed higher plant biomésg. 7.1A) the percentages of

earthworm mortality and weight loss were 33% anth 3@&spectively (Fig. 7.2).

Despite the mortality rate of earthworms can becéd by organochlorine
pesticides and metals, Kokta (1992) showed thatkiinid of pesticides presents elevated

values of LGp(concentration that causes mortality to half ofddrganisms in a single
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exposure), revealing a lack of toxicity to earthmsr On the other hand, Sivakumar and
Subbhuraam (2005) demonstrate high toxic of Cr(dlE. fetidg affecting critical
factors, including survival and growth. In this senin the co-contaminated soils treated
with the biological agents, the increase of mastadind weight loss could be mainly
attributed to Cr(VI) concentration. In the non-texh soils with an initial Cr(VI)
concentration of 100 mg Kgthe earthworm mortality was 50% in both unameratedi
amended soils, and the weight loss was 63% and 4&8pgectively (Fig. 7.2). The
presence of higher Cr(VI) concentration (Cr300 +15) in unamended soils had a
noticeable impact on the earthworms, causing totatality of specimens. On the other
hand, in amended soils mortality was 67%, and wdaggs was 65% (Fig. 7.2). In all
cases, mortality was preceded by morphological gearfoozing of coelomic fluid and
cliteral bulge) and behavioral changes include@simovements and the formation of a
structure similar to a knot in the anterior endhef earthworms.

Interestingly, in amended and non-contaminatedssaitder the combined
treatment (nZVI + BT), the mortality d&. fetidawas 100%. In contrast, in unamended
soils the mortality of specimens was 27% and thghtdoss was 41% (Fig. 7.2). The
nZVI released into the uncontaminated environmenélded spontaneously with itself
(homoaggregation), and this aggregation increasdisel presence of natural minerals,
organic colloids and organic wastes (heteroaggi@gat{Dwivedi et al., 2015). The
interaction of nZVI with both, organic and inorgarigands, results in an excessive
aggregation with changes at the physicochemicatronaolecular and biological levels.
Surface coatings (including ions, polysacchariddgfn, and organic matter) and
macroaggregates disturb the physiochemical comditiof the soil, modifying the
environment (Dwivedi et al., 2015). These condianay be less favorable for the
development of the ecosystem. This phenomenon lgrbatders the environmental
applications of nZVI. In unamended contaminatedssander nZVI treatment, the
earthworm’s mortality was 30%, and the weight lass around 40%gegardless of the
initial metal concentration, which is a substanimprovement, compared to the high
values in unamended soils without nZVI. No sigrfit differences were observed in

comparison with the non-contaminated soil (Fig).7.2

In amended contaminated soils, the mortality was fean 10% while weight loss
was 25% and 44%, in treatments Cr100 + Lin1l5 ar8DCr Linl5, respectively (Fig.
7.2). The rapid reaction of Cr(VI) with the nZVIwd prevent the formation of surface
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coatings and macroaggregates with the organic matducing the physiochemical
alterations and ecosystem disturb (Dwivedi et2fl15; Peng et al., 2017).

Chromium accumulation in the earthworms was highiethe highest initial
concentration (Cr300 + Lin15) (Table 7.2), moregviewas higher in unamended soils
than in amended soils (Table 7.2). Both resultsewgredictable, due to the metal
accumulation in earthworms is related to their bakability (Demuynck et al., 2014).

Table 7.2. Total chromium and lindane concentration in eadims. Treatments: Biological
treatment (BT); Nanoremediation (nZV1); Nanoremédia+ Biological treatment (nZVI + BT);

Unamended soil (U); Amended soil (A). ConditionsorNcontaminated soil (NCS); Soil co-
contaminated with 100 mg Kgf chromium and 15 mg Kgof lindane (Cr100 + Lin15); Soil co-
contaminated with 300 mg Rgpf chromium and 15 mg Kgof lindane (Cr300 + Lin15).

Cr (mg/kg) Lindane (mg/kg)
U A U A
BT NCS ND ND ND ND
Crl100 + Lin15 305+1.4 3.3+£0.8° 0.09+0.0f 0.08+0.0%
Cr300 + Lin15 * 126 +£0.3 * 0.09 + 0.0F%
nZVI + BT NCS ND * ND *

Cr100 + Lin15 12.7+0.6 22+05 0.09+0.0f 0.10+0.02
Cr300 + Lin15 21.6+1.7 55+1.2 0.09+0.0f 0.09+0.0%

ND: non-detected. * non-survival. Values sharing$me letter were not significantly different
(p <0.05).

Very low concentrations of lindane were quantified. fetidg regardless of the
presence or absence of the amendment or the tne@trapplied (Table 7.2). The low
amount of lindane accumulated in earthworms coeldtiributed to its degradation in
the soil and binding to organic matrix, which rendsubsequent lowered bioavailability.
Additionally, the free lindane also could decreager time because desorption of bound
compounds from the soil was not fast enough toigeothe equilibrium in the soil-pore
water system. It is important to highlight thatlSovertebrates are mostly exposed by
pesticides via pore water (Jager et al., 2003hisense, the bioavailable fractions were
predominantly depleted/degraded, and in additionhe@arms eliminate part of the
accumulated compounds via sequestration in celligands/compartments producing
non-bioavailable residues despite of remainingan. As a result, the rate of mass
transfer to pore water is limited for persistengaoiic pollutant uptake (Smidova and
Hofman, 2014) as occurred under present exposunditams.
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However, although pollutant accumulation was detgcinside individuals
collected from contaminated soils, the levels weegligible considering the initial
concentrations of pollutants. Furthermore, the cbje of vermiremediation is not to
extract contaminants through accumulation/sequestran cell or tissue compartments
of earthworms. Indeed, the objective is to fava development of the microbiota and
decrease the bioavailability of pollutants (Rodegt«Campos et al., 2019).

7.3.2.2. B. napus plants

In unamended biologically treated soils, the Cr(W&)Jd a notorious negative impact on
B. napus Although germination was higher than 80%, nonthefplants survived at the
end of the study but in non-contaminated soil, geation and plant survival was 96%
(Table 7.3). In all amended soils, treated withlifwogical agents, the germination and
survival were 95% or higher (Table 7.3). Theseltssue in accordance with the Cr(VI)
concentration detected in those soils (Table 7sipce the higher the Cr(VI)
concentration, the greater the negative effectasm@ation and survival (Aparicio et al.,
2019). Previous studies have shown the toxic effe€tCr(VI) on the physiological
processes of plants, such as photosynthesis, waétions and mineral nutrition, seed
germination, seedling growth and chlorophyll comnt@mong other effects (Shanker et
al., 2005).

Table 7.3. Seed germination (G) and survival (S) Bfassica napuslants. Treatments:
Biological treatment (BT); Nanoremediation (nZVNanoremediation + Biological treatment
(nzZVI + BT); Unamended soil (U); Amended soil (&onditions: Non-contaminated soil (NCS);
Soil co-contaminated with 100 mg kgf chromium and 15 mg Kgof lindane (Cr100 + Lin15);
Soil co-contaminated with 300 mgkgf chromium and 15 mg Kgof lindane (Cr300 + Lin15).
Values sharing the same letter were not signiflgatifferent ( <0.05). G: seed germination. S:
survival.

G (% * SD) S (% + SD)
U A U A
BT NCS 96 +3® 95 + 3P 96+ 3 95+
Crio0 +Linl5 99+ P 95 + 3b - 95+ 3
Cr300 + Linl5 81 +5° 98 + 4 - 98 + &
nZVl + BT NCS 97+3 37+8 973 -
Crio0 +Linl5 99+ P 35+ 7 99 + F 4T
Cr300 +Linl5 677 73+ 8 67+ 7 73+ 8

Values sharing the same letter were not signiflgatitferent ( <0.05).
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Under our experimental conditions, nZVI did not @avdirect negative effect on
the germination and survival of plants in unamensigits, since these parameters were
97% in non-contaminated soils, and 99% in thosdarnimated with 100 mg Kkgof
Cr(VIl). On the other hand, both parameters wers than 70% in unamended soil
contaminated with the highest metal concentraticable 7.3). These phytotoxic effect

could be related to the higher concentration oMQrdetected in those soils (Table 7.1).

Previous studies of the effects of nZVI on plantsiaconclusive (D. Jiang et al.,
2018). Plants in soils treated with nZVI show inm&o cases stimulation of seed
germination, growth and increase in biomass andraphyll content (Libralato et al.,
2016). In other cases, direct deposition of nZVthe seeds surface slows down their
germination and development, shorts the root elimgdoy blocking transshipment of
water and nutrient element by the membrane ponekyiaible micro and macronutrients
deficiency symptoms are observed (Rede et al., 2046yertheless, it should be
considered a negative indirect effect on plantserathan a direct effect. In our study, as
observed with the earthworms, the combination oVIihand organic matter was
deleterious for the plants, as none of them sudvinesoils without contamination (NCS).
We found that germination and survival in amendwis svere higher (73%) only in those
with the highest Cr concentration (Table 7.3). Agess of iron content in the soil may
lead to the interaction between nZVI-organic andrganic ligands, increasing seed
surface coatings formation and soil aggregationamdpaction, which could have had a
negative impact in the plant growth (Mu et al.,, 2D1In the soil with greater
contamination of Cr(VI), the remaining fractionwireacted nZVI was much smaller, so

the effect of organic matter could be counteracted.

Organic amendment of nutrient-deficient soils hesrbreported to improve plant
growth (Yu et al., 2019). In the present work, gases in plant biomass and content of
Chl a+b and carotenoids were observed in the andesoiés (Fig. 7.1). The improved
plant growth could be attributed to the followirgcfors: 1) nutrients provided by the
amendment; 2) greater efficiency in the use ofients; and 3) favorable rhizosphere
environment. Organic amendments contain mineralenis including N, P, K, Ca, Mg,
S, Mn, Cu, Zn, and B. Also, the interactions am@bant roots, amended soils, and
microbe would create a healthy rhizosphere fortpaowth (Yu et al., 2019).

In amended and contaminated soils submitted tdiblegical treatment, there

was a tendency to increase plant biomass (Fig.)7abd Chl a+b and carotenoids
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contents (Fig. 7.1B) together which stimulation ahebncentration, especially in leaves
(Fig. 7.3). In contrast, the effect was inversasaamended and contaminated soils (Fig.
7.1B). The concentration of Cr in plant tissues V&g, in according to the values of

soluble Cr(VI) (Table 7.1). In fact, the increase mhotosynthetic pigments observed
(Fig. 7.1A) could be explained by the hormesis gme@non. This is an adaptive response
of organisms to moderate stress, consisting ophasic response to an environmental
agent characterized by a low dose stimulation arebeial effect and a high dose

inhibitory or toxic effect (Mattson, 2008). Low dessof chromium have been reported to

provoke hormetic effects in sorBeassicaceaspecies (Morkunas et al., 2018).
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Figure 7.3. Chromium contained iBrassica napugissues.Treatments: Biological treatment
(BT); Nanoremediation (nZVI); Nanoremediation + Bigical treatment (nZVI + BT);
Unamended soil (U); Amended soil (A). ConditionsorNcontaminated soil (NCS); Soil co-
contaminated with 100 mg Kaf chromium and 15 mg Kgof lindane (Cr100 + Lin15); Soil co-
contaminated with 300 mg Kgf chromium and 15 mg Kgof lindane (Cr300 + Lin15). Values
sharing the same letter were not significantlyadéht p <0.05). * non-survival.

Lindane content iB. napuplant parts was also determined (data not shawa),

concentrations being very low in roots@.6 mg kg') and stems + petioles 0.1 mg kg
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1y, and undetectable in leaves. In addition, nasstatdifferences were observed among
treatments These results again highlight the hysbity of lindane and therefore its
low absorption and translocation to shoots. Thesalts point out a low toxicity of this
pesticide foiB. napusand indicate that the elimination of the pesti¢idthe soil was due

to microbial degradation in soil.

The chromium accumulation B. napusoccurred mainly at the root, with very
low translocation to the shoots, and it was highesoils with the highest initial Cr
concentration (Fig. 7.3). The accumulation in tbetrcan happen by phytochemical
complexation in the root zone, which could preei@tor immobilize chromium in the
root and store such complexes in the vacuolar sphptant cells (phytosequestration)
(Sinha et al., 2018).

In plants growing in contaminated and amended swiller BT, concentrations
of chromium in leaves and stems + petioles werdaino those detected in plants grown
in non-contaminated (Fig. 7.3). Similar results aifsorption and accumulation of
chromium were informed t€itrus sinensig0.2 to 0.3 mg kd), Pyrus commuhig0.03
to 0.9 mg k), Triticum spp. (10.2 to 14.8 mg Ky andZea may<0.2 to 0.7 mg kd)
(Samantaray et al.,, 1998a). Several studies repdtiat chromium phytotoxicity,
accumulation rate and translocation to shoots eaxkls not only depend on plant species,
Cr speciation, and bioavailability (Yu et al., 200Also, organic matter content and
chelating agents play an important role in Cr apsom and translocation (Zhang et al.,
2010). Organic matter reduces Cr(VI) transportulgiothe soil by its reduction to Cr(lll).
Once reduced, negatively charged functional graggsciated with organic constituents

adsorb cationic chromium, irreversibly retainingnithe soil matrix (Kim et al., 2015).

Nevertheless, in plants from unamended soils tdeaith nZVI + BT, a higher
translocation of the metal to the aerial part waseoved (Fig. 7.3). The mechanisms of
Cr(VI) removal by nZVI is based on their reducttonCr(lll), subsequently followed by
precipitation of Cr(lll) on the surface of nZVI the form of a layer of chromium-iron
oxides/hydroxides/oxyhydroxides (Franco et al.,90Mh these cases, a slight increase
of chromium in the labile form use was observedntyadue to the partial transformation
of Cr(Ill) to its mobile forms due to complex fortran with humus substances present
in the soils immediately after reduction, and te pinesence of precipitated products only

slightly adsorbed to the soil matrix (Di Palma & @015). This could explain the
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increased uptake of chromium by plants in co-comatad and unamended soils treated
with nZVI + BT.

Phytoremediation of Cr contaminated soil is pridyabased on phytoextraction
process, where a specific hyperaccumulator is tsexktract the pollutant through its
roots which are then translocated to other plantspéHsiao et al.,, 2007). Cr
hyperaccumulator plants can accumulate more th@@ a@ Cr per kg dry weight in their
tissues (Zhang et al., 2007). This is not the a&sB. napus since the chromium
extraction by the plants was very low, discardihgtpextraction as a suitable technique.
However, the lack of translocation of chromium he shoots of the plant would allow
the use oB. napusfor phytomanagement strategies of soils pollutéd whromium. In
this sense, there is no risk of chromium enterivegfbod chain through the production of
the rapeseed. Also, as an agronomic species féudbiproduction it would be suitable
for the remediation of polluted marginal lands whdbtaining economic and social
revenues (Cundy et al., 2016).

7.3.3. Effectiveness evaluation of the remedigtimtess

In order to apply a soil restoration technologyhe field, it is first necessary to assess
their effectiveness, in terms of safety for livimgganisms. For instance, after the
treatment, not only the contaminant concentratloouil decrease, but also the toxicity
has to be significantly reduced (Aparicio et aD19). Due to their high sensitivity to
fluctuations in the system, ecotoxicity tests havercome limitations, such as non-
quantitative recovery of the analyte and lack afuaacy or reproducibility leading to
better evaluation of soil health and quality (Hoamd Tamae, 2011). Also, it is important
to evaluate organisms, belonging to relevant taxdttse soil ecosystems, and thus obtain
a comprehensive assessment of the soil health eid itnpact on flora, fauna and
microbiota (Moradas et al., 2008). Bioindicators arganisms with high sensitivity and
measurable responses to these toxic compoundsi¢iper al., 2019; Garcia-Velasco et
al., 2017). These responses are called biomarkedscan be recorded at different levels

of biological complexity (Sobrero and Ronco, 2004).

Aparicio et al. (2019) reported th&t sativusandE. fetidg and their respective
biomarkers, were suitable to evaluate the effentgs of the restoration process of soils
co-contaminated with Cr(VI1) and lindane, evidending effect on fauna and flora of saill,

respectively. On the other hand, microbial commesiare good indicators of soil health
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too, and parameters such as microbial activityyaiss and functional diversity have been
used as biomarkers in studies of contaminatedBpélde et al., 2010).

Integrative Biological Response (IBR) index werkeakated for each species with
the aim of integrating alterations at differentdsvof biological complexity, following
the procedure described by Beliaeff and Burgeot0Z20 The most representative
parameters and biomarkers i fetida (exhibiting significant differences between
exposure groups) were used for this purpose: nigrtaleight loss, and concentration
and cell viability of extruded coelomocytes. Fr sativusthe biomarkers included in
IBR index calculation were germination and the tangf hypocotyls and roots of the
seedling. Basal respiration, induced respiratiod, AW CD (40 h), AUC (40h), and NUS
(40 h) from Biolog EcoPlates™ were considered lier ¢alculation of the IBR index on

microbiota.

The IBR index forR. sativus(Fig. 7.4A),E. fetida(Fig. 7.4B), and microbiota
(Fig. 7.4C) exposed to the co-contaminated and ended soils without treatments
exhibited the highest values with respect to tikaeils in an increasing dose-effect
pattern, indicating that these bioindicators weaghly affected and reflect the toxicity
imposed by pollutants. In non-contaminated and wemated soils, none of the three
treatments produced an alteration in the bioindisatompared to the untreated soil (Fig.
7.4), except for the microbiota from the soil tezhtvith nZVI1 and the biological agents
(nZVI+BT), where the IBR index was significantlyduced, indicating an improvement
in the measured biomarkers (Fig. 7.4C). Root exagdegleased by plants, and humus
produced by earthworms could also improve microbetelopment. These substances
contain small proteins and carbohydrates, which atgsorbed onto nzZVI particles,
hindering direct contact between nZVI and microlgi@ls, which could contribute to a
bactericidal effect (Chen et al., 2011).
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Figure 7.4: Integrated Biomarker Response/n (IBR/n) calculd#tedA) Raphanus sativygB)

Eisenia fetidaand (C) soil microbial properties. Treatments: Mi@atment: co-contaminated soil
without treatments; Biological treatment (BT); Nammediation (nZVI); Nanoremediation +
Biological treatment (nZVI + BT); Unamended soil)(lAmended soil (A). Conditions: Non-

contaminated soil (NCS); Soil co-contaminated Wi®l® mg kg of chromium and 15 mg Kgof
lindane (Cr100 + Lin15); Soil co-contaminated wa®0 mg kg' of chromium and 15 mg Kgof
lindane (Cr300 + Lin15). Values sharing the sarttedevere not significantly differenp«0.05).

The biological treatment significantly reducedtaikee IBR index in contaminated
and unamended soils (Fig. 7.4). This reduction eaesn greater with the combined
treatment (nZVI + BT) for microbial IBR (Fig. 7.4(Yut forR. sativugFig. 7.4A) and
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E. fetida(Fig. 7.B) the presence of nZVI along with thelbgcal treatment did not have
a positive effect. The improvement of the microdBR under nZVI + BT could be

attributed to two factors. On the one hand, a rajgdrease of Cr(VI) concentration
together with hydrogen evolution and redox potérstifts caused by nZVI can finally

lead to favorable conditions for microbiota develmmt, since it is described that
chromium is toxic to microorganisms (Pradhan et2019). On the other hand, higher
eukaryotic organisms, such as plants and earthwopmsluce beneficial effects in

microbial communities (Lacalle et al., 2018a; Rgdez-Campos et al., 2019).

In non-contaminated and amended soils, the treatmé&nnZVI + BT increased
the IBR index inR. sativusandE. fetidacompared to non-treated soils (Fig. 7.4A, 7.4B),
indicating a loss in soil health. Meanwhile, naeetfwas observed in soil treated with the
biological agents (Fig. 7.4A, 7.4B). On the othanti, the microbiota IBR was not altered
by the application of any of the treatments. (Fg4C). As explained above,
macroaggregation and compaction caused by thei@ddif the nZVI may disturb the
physiochemical conditions of the soil, modifyingetbcosystem (Dwivedi et al., 2015).
This new environment could have hindered the dgretnt of plants and earthworms

without significantly affecting the microbiota.

Except for the previously mentioned negative irdBom between nzZVI and
amendment, the presence of higher organic matteteob caused overall the
improvement of IBR of the three taxa, comparedn® unamended soils (Fig. 7.4). In
amended contaminated soils, the biological treatwas able to reduce IBR indexgf
sativus while forE. fetidaand the microbiota it remained at similar valugg.(7.4). The
application of nZVI (both alone or combined witle thiological treatments) did not have
effect on the IBR indexes (Fig. 7.4) of soils witibderate contamination (Cr100 +
Lin15), except for a slightly deleterious effect®nsativugFig. 7.4A) anct. fetida(Fig.
7.4B) caused by the nZVI treatment, presumablytdube same reasons as in the NCS
amended soil. Conversely, at high initial metalaantration (Cr300 + Lin15), both nZVI
and nZVI + BT treatments decreased the IBR indéxeboth bioindicators (Fig. 7.4A,
7.4B), even though this reduction was overall nghér than in the biological treatment
alone. In contrast, the microbiota IBR was notralieby the application of treatments
that included nzZVI (Fig. 7.4C).
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7.4. Conclusions

In the present study, a substantial natural attesruaf lindane in unamended soil without
any treatment was observed, while chromium (VI) agrad highly available, causing
high toxicity. The biological, amendment and nantpke treatments applied, were very
effective reducing Cr(VI) to Cr(lll), therefore itavailability and soil toxicity. The
biological treatment decreased Cr(VI) concentratiout not as much as the organic
amendment or the application of nZVI. On the ot@nd, the biological treatment was
able to stimulate lindane degradation to a gresgrexwhile the organic amendment and
nZVI limited such degradation. The reduction of\@)(to Cr (lll) had a beneficial effect
on soil health bioindicators. The decrease of nigb#and soil toxicity by the organic
matter allowed the survival and better performaoicthe B. napusE. fetidg and soll
microbes, and opens the door to phytomanagemestegies of soils polluted with
chromium and lindane. We reported that nZVI did Imte toxic effect on the organisms
of the experiment when applied in unamended sbusa significant deleterious effect
was observed mainly on earthworms and plants wiendntent of organic matter in the
soil is high, due to their reactivity with othermaponents of the soil in the absence of
pollutants. Therefore, the combination of the orgamendment, the triple biological
treatment plus nZVI may be the best strategy tcedkate soils with high concentrations
of Cr(VI) and lindane, while for moderate levels adfromium the application of an
organic amendment plus the biological treatmenpribably the most cost-effective

treatment from the point of view of improvementémediation and sustainability.
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7.5 Supplementary material

Table S7.1.Physicochemical characterization of unamended (id)eanended (A) soil.

Parameters U A
Texture class (USDA) Loam Loam
Coarse sand (%) 17.9 145
Fine sand (%) 21.3 25.1
Total silt (%) 375 440
Total clay (%) 23.4 15.7
Carbonates (%) 54.7 44.0
Organic matter (%) 1.0 195
Total C organic (% DW) 0.6 7.3
Total N (% DW) 0.1 0.9

C organic / N organic 6.7 8.6
Total S (% DW) <0.05 <0.05
pH (1:2.5) 7.9 8.0

Total Cr (mg kd) 25.23 25.52
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7.6. Conclusiones del capitulo

- Tanto la aplicacion de nanoparticulas de hieeto walente (nZVI) como de materia
organica al suelo son estrategias de remediacignafactivas para reducir la especie

mas soluble y toxica del Cr (Cr VI).

- La aplicacion de nZVI no afecta directamentedgrddacion de lindano, pero estimula
su degradacion en combinacion con los tratamidntdggicos al reducir la toxicidad del

cromo en los organismos.

- Las nZVI, en ausencia de Cr, reaccionan con lemaaorganica del suelo y causando

toxicidad a plantas y lombrices, posiblemente ponlwos en la estructura del suelo.

- La combinacion de tratamientos biologicos (bioreeiacion, fitorremediacion vy
vermiremediacion) asistidos por una enmienda ocgasie postula como el mejor
tratamiento para suelos contaminados con Cr(Mbhdaho, frente a la nanorremediacion

con nanoparticulas de hierro cero valente.

160



AND NANO-SCALE ZERO-VALENT IRON PARTICLES ON'SOIL -

Cr(VI) REMEDIATION \






Chapter 8

8. EFFECTS OF THE APPLICATION OF AN ORGANIC
AMENDMENT AND NANO-SCALE ZERO-VALENT IRON

PARTICLES ON SOIL Cr(Vl) REMEDIATION

Rafael G. Lacalle, Carlos Garbisu, José M. Bece2@iR0. Effects of the application of
an organic amendment and nano-scale zero-valent particles on soil Cr(VI)

remediationEnvironmental Science and Pollution ResearcfPublished online)

Abstract

Chromium is considered an environmental pollutanmach concern whose toxicity
depends, to a great extent, on its valence staith, @r(\VIl) being more soluble,
bioavailable and toxic, compared to Cr(lll). Nanmoesliation is a promising strategy for
the remediation of metal pollutants by changingrthralence state. However, among
other aspects, its effectiveness for soil remeniatis seriously hampered by the
interaction of nanoparticles with soil organic reattin this study, soil was (i) amended
with two doses of a municipal solid organic wagtd &i) artificially polluted with 300
mg Cr(VI) kg DW soil. After a period of aging, a nanoremediaticeatment with nano-
scale zero-valent iron particles (1 g nZVIkBW soil) was applied. The efficiency of
the remediation treatment was assessed in ter@g(\df) immobilization and recovery
of soil health. The presence of the organic amemdrogused (i) a decrease of redox
potential, (i) Cr(VI) immobilization via its reddion to Cr(lll), (iii) a stimulation of soil
microbial communities and (iv) an improvement of sealth, compared to unamended
soil. By contrast, nZVI did not have any impact ©r(VI) immobilization nor on soil
health. It was concluded that, unlike the presenfethe organic amendment,
nanoremediation with nZVI was not a valid optiom $oils polluted with Cr(VI) under

our experimental conditions.
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8.1. Introduction

Soil is a non-renewable resource at human scalehwgrovides a great number of soil
functions and crucial ecosystem services (Brevi&l.e2015). In consequence, we must
preserve soil health broadly defined as “the caparfia living soil to function, within
natural or managed ecosystem boundaries, to suglam and animal productivity,
maintain or enhance water and air quality, and pterplant and animal health” (Doran
et al., 1996).

In Europe, it was estimated that there are 2.5ignilpotentially-contaminated
sites, with metals being the most abundant contanténin European topsoils (Van
Liedekerke et al., 2014). Importantly, metals cdrb@degraded and are subject to their
bioaccumulation and biomagnification through thedehain (Dar et al., 2017).

Due to its wide industrial use, chromium is nowalagonsidered an
environmental pollutant of great concern. Its baikability is determined by the
oxidation state: Cr(VI) is highly soluble and, tefare, available and potentially
(eco)toxic; on the contrary, Cr(lll) has low solliyi and is easily adsorbed by soil
minerals (Aldmour et al., 2019; Polti et al., 20039il physicochemical properties, such
as clay content, organic matter (OM), pH, redoxeptéal, moisture content, etc. strongly
influence metal mobility and bioavailability in $qangronsveld and Cunningham,
1998). Soil OM plays a key role in Cr(VI) immob#ition by means of reduction and/or
sorption (Banks et al., 2006; Choppala et al., 2018

When assessing the impact of contamination ontssalth, it is advisable to
measure not only total metal concentrations, bsh &ioavailable fractions, which are
more responsible for their mobility, availabilityeco)toxicity and, concomitantly,
negative effects on soil health (Alkorta et al.1@0Megharaj et al., 2011; Vamerali et
al., 2010). In any case, the assessment of sdithhisaa highly complex issue which,
among other aspects, requires the simultaneousnudatgion of a wide variety of
physical, chemical and biological properties asidars of soil functioning.
Specifically, (micro)biological indicators of sdilkalth are most effective due to their
quick response, sensitivity, ecological relevanue @pacity to provide information that
integrates many environmental factors (Garbisu.ef811; Mijangos et al., 2010). In
consequence, microbial biomass, activity and dityepmrameters have frequently been

used as indicators of the impact of contaminantsah health (Burges et al., 2017;
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Galende et al., 2014b). Likewise, standardized){ekological bioassays with model
organisms €.g, Eisenia fetida Vibrio fisheri, Lactuca sativh are commonly used as
bioindicators of soil health (Gémez-Sagasti et2012).

Traditionally, soil remediation has been addresdsd the application of
physicochemical techniques which are usually ecocalig-costly, environmentally-
disruptive and focused only on contaminant remawndinot on the recovery of soil health
(Gil-Diaz et al., 2016). But, ideally, the ultimageal of a sound remediation initiative
should be to efficiently remove contaminants (toaald/or bioavailable), decrease
ecotoxicity, minimize risk for environmental andrhan health, and recover soil health
and associated ecosystem services. Consequenthg last years and decades, there has
been an increasing interest in the development @ersustainable, cost-effective soil
remediation alternatives, such as the so-calledi&&emediation Options-GROs.§,

phytoremediation, bioremediation, amendment-aiéetediation) (Agnello et al., 2016).

The application of biological methods for soil emium remediation often
encounters difficulties due to its high toxicitydhlet al., 2004; Samantaray et al., 1998b).
Nanoremediation strategies, like the applicationasfo-scale zero-valent iron, have been
effectively used for the remediation of soils conitaated with Cr(VI) (Singh et al.,
2012). Nevertheless, its effectiveness, as wethagpotential negative effects of nZVI,
are strongly influenced by the soil’s physicoch@nhmroperties (Fujioka et al., 2016;
Vitkova et al., 2017). The interaction of nZVI withorganic and, especially, organic
ligands in the soil can provoke macroaggregatiahampaction (Dwivedi et al., 2015).
Therefore, the positive and negative effects of hZdh differ considerably depending

on soil OM quantity and quality.

Organic wastes are increasingly being used as amamd during soll
remediation initiatives. Contaminated soils, whidten lack nutrients and OM and have
a poor structure, can greatly benefit from the tngfusuitable organic wastes, with the
additional advantage of reusing an otherwise dusmhr material. Thus, organic
amendments from various origins have commonly lnsexd for the remediation of metal
contaminated soils (Antoniadis et al., 2018; Migaeal., 2020; Park et al., 2011).

The aim of this study was to evaluate (i) the iefiae of the presence of an organic
amendment (a bio-stabilized municipal solid wastend (i) the effect of

nanoremediation with nZVI on soil Cr(VI) immobiligan and, hence, soil health
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recovery, as reflected by the values of soil mi@bmdicators (biomass, activity and
diversity parameters) and ecotoxicological datamfrphytotoxicity bioassays with
Lactuca sativa We hypothesized that both nzZVI (via reduction)datihe organic
amendment (via reduction and/or sorption) wouldilteim soil Cr(VI) immobilization
and, hence, soil health recovery. Nonetheless, wi&ipated that the beneficial
nanoremediation effects of nZVI could be hampengthkir inactivation via interaction
with soil OM.

8.2. Materials and methods

8.2.1. Experimental design

A microcosm experiment was carried out using soifthe peri-urban area of the city
of Vitoria-Gasteiz (42°50l; 2°40W, Northern Spain). Soil was collected from the
topsoil (0-15 cm), sieved to < 6 mm, and air-drigdil constant weight. The soil was
amended (see below) with the bio-stabilized orgémaiction of solid urban wastes from
the city of Vitoria-Gasteiz. This bio-stabilizedganic amendment was acquired from
BIOCOMPOST DE ALAVA, UTE, an urban waste treatmetdnt in Vitoria-Gasteiz.
The bio-stabilized organic amendment had an OMesdndf 37.0% (on a dry weight-
DW basis), with 23.3% of total organic carbon, agamic carbon / organic nitrogen ratio
of 12.9, and the following nutrient contents (oD% basis): 2.2% for nitrogen, 19.8 g
kg for phosphorus and 12.0 gképr potassium.

Three doses of this organic amendment were appiredriplicate, to our
experimental soil: (i) unamended soil, U = 0% ofjammric amendment, as control; (ii)
medium dose of amendment, M = 10% w/w of organierament; and (iii) high dose of
amendment, H = 20% w/w of organic amendment. Thenaled soils were then subjected

to physicochemical characterization (Table 8.1).

Half of the U, M and H soil was artificially polletl (P) with a KCrO; solution
to reach a final concentration of 300 mg Cr(VI)*KQW soil. The artificially-polluted
soil was thoroughly homogenized with a laboratoiyen The remaining half was left

unpolluted as control (C).

Subsequently, 0.4 kg of each soil (unamended, aetgmbliuted and unpolluted
soils) was placed in 0.5 L pots. A sample of eawhvgas taken at this time (time = day

0). Soils were then placed in a greenhouse unddraited conditions (temperature =
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25/18 °C day/night; relative humidity = 60/70% daght; photoperiod = 14/10 h
day/night) for one month for stabilization/ageingirposes. Soils were watered

periodically to keep them near water holding cayaci

After the abovementioned 30-day stabilization pr{tme = day 30), nZVI
(NanoFer Star, Nanoiron s.r.0) were applied to balhe soils (the other half was left
untreated for comparison purposes: nanoremediagdnon-nanoremediated soil)
following the manufacturer’s instructions. Nanotsaero-valent iron particles (n) were
added in aqueous solution to reach a final conatiatr of 1 g nZV1 kgt DW soil. The

nZVI-treated soil was thoroughly homogenized witlalaoratory mixer.

The experiment was conducted with 36 pots fromrédtments (in triplicate):
UC, nUC, MC, nMC, HC, nHC, UP, nUP, MP, nMP, HP artdP (U: unamended; M:
medium dose of organic amendment; H: high dosergdroc amendment; P: polluted
with Cr(VI1); C: non-polluted control; n: ZVI-treadg. Soil samples were collected two
months after nZVI application (time = day 90) tsess medium-term effects of the

applied treatments.

8.2.2. Soil physicochemical characterization

Soil was oven-dried at 70 °C for 72 h and crusbed.125 mm patrticle size. Oxidizable
OM, total nitrogen, C/N ratio and carbonate conteate determined following official
methods (MAPA, 1994). For the determination of gdil, electrical conductivity (EC)
and redox potential, a 1:25 (w/v) mixture of sailadeionized water was shaken at 200
rpm for 1 h and then centrifuged at 10,000 x giférmin. The same solution was used
for the determination of these three parametenrsgusipH-meter, a conductivity meter

and a redox-meter, respectively.

For the quantification of total chromium [Cr(lll) @r(VI)], soils were subjected
to an acid digestion (HN$HCI) (US-EPA Method 3051A, 2007) and then analylgd
Inductively-Coupled Plasma-Mass Spectrometry (ICB}NAgilent 7700) with a limit
of quantification of 0.03ug L™X. The soluble fraction of chromium [Cr(VI)] was
determined following Jiang et al. (2015): solubtearnium was extracted by shaking a
1:.25 (w/v) mixture of soil and Milli-Q water at 20€pm for 1 h, followed by
centrifugation at 10,000 x g for 15 min. The extnaas analyzed by ICP-MS.
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8.2.3. Soil microbial parameters

Soil basal respiration (BR) was measured followB@ 16072 (2002). Substrate-induced
respiration (SIR) was measured following ISO 17{3%02). Biolog Ecoplaté¥ were
used to determine community-level physiologicalfige as estimates of microbial
functional diversity (Galende et al., 2014b). Bttt number of utilized carbon substrates
(NUS) and substrate-consumption activity (SCA, atatled Area Under the Curve-
AUC) were calculated from Biolog Ecoplat¥siata (Galende et al., 2014a).

8.2.4. Soil phytotoxicity

Soil phytotoxicity was measured using a root eldiogabioassay witi_actuca sativa
(c.v. May Queen), following the methodology desedldor Cucumis sativuby Lacalle

et al. (2018a) but adaptedltactuca sativaSeeds were pre-germinated in wet filter paper
for 48 h until emerged seeds showed a radicle heafy mm. Subsequently, emerged
seeds were placed in Petri dishes containing 10pgewiously hydrated soil and, then,
covered with black filter paper. Dishes were plaaedn angle of 45° and incubated for
72 h under controlled conditions (photoperiod =104t day/night; temperature = 25/18
°C day/night; relative humidity = 60/80 % day/nigpihotosynthetic photon flux density
=100 pmol photon rAis?). Root elongation was measured at the beginnidgpéter 72

h by taking a photograph and then analyzing thggenssing software ImageJ (Schneider
et al., 2012).

8.2.5. Statistical analysis

The software package IBM SPSS Statistics for Wirglowersion 24 was used for all the
statistical tests. Normality was checked using Kmdorov-Smirnov test and
homocedasticity was checked using Levene test. Wap-ANOVA was performed,

applying Duncarpost hoc

8.3. Results and discussion

8.3.1 Soil physicochemical properties

The soil used in this study was a loam soil withhh¢arbonate content (40-50%) and a
slightly alkaline pH (8.0-8.3) which remained st&fr all treatments and sampling times
(data not shown). Conversely, other soil physicagbal parameters were notoriously

modified by the addition of the bio-stabilized angaamendment. Electrical conductivity
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(Table 8.3, Table 8.4) was significantly higheonganically-amended soils, most likely
due to the solutes present in the amendment itbedf:increase was persistent in time
with highest values being found in H soils (Tabl&)8In agreement with other authors
(Dhaliwal et al., 2019), redox potential, on theesthand, was significantly (Table 8.3,
Table 8.4) decreased by the application of therocgamendment, with lowest values
being observed in H soils (Table 8.1). Redox paémias not significantly affected by
the application of nzZVI, despite their well-knowaductive capacity (Vitkova et al.,
2017). Values of oxidizable OM and total N werengigantly (Table 8.3, Table 8.4)
increased by the application of the bio-stabilineglinic amendment (Table 8.1), owing
to the previously mentioned high contents of OM aiticbgen present in the amendment.
Actually, by the end of the study (at day 90), migally-amended soils still had higher
values of oxidizable OM than unamended ones (Ta@Udlg Finally, values of the C/N
ratio in soil, which had been also moderately iasezl by the addition of the organic
amendment, were slightly lower at day 90 (Tablg.8.1

8.3.2. Soil chromium

As expected, total chromium concentrations in @dimilnot suffer statistically (Table 8.3)
significant changes throughout the experimentaiodefTable 8.2). Concentrations of
Cr(VIl) in soil at day O were considerably high (c20% of soil total chromium
concentrations) (Table 8.2). Over time, soil contemts can interact with the soil’s
organic and inorganic fractions, with concomitanémrges in their speciation, solubility
and availability, until they finally reach an edhbrium, in a process often called “aging”
(Adriano, 2001; Park et al., 2011). The soil usedhis study has a high content of
carbonates which can immobilize soil chromium a8liF(Bolan and Duraisamy, 2003).
The presence of manganese oxide (ritas been reported to play a significant role in
chromium speciation, favouring the oxidation ofl@yto Cr(VI) (Di Palma et al., 2018).
Nevertheless, in our study, soil Mn concentratio@se <10 mg kg DW soil, which
strongly reduces the possibility of Mn having affget on chromium speciation.
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Table 8.1. Effect of treatments on soil physicochemical praps. OOM: oxidizable organic
matter; E: redox potential; EC: electrical conductivity; Unamended; M: medium dose of
organic amendment; H: high dose of organic amentmeiZVI-treated.

Day 0 Day 90
Control Polluted Control Polluted
U 163.47 £ 0.81 171.80 £ 2.17 167.50 £ 0.90 172@07
M 114.03 £ 1.43 110.83+1.31 121.37 £ 3.06 1169308
/>£ H 86.83+1.43 90.97 £ 1.48 86.27 £ 1.86 96.23%22.
E nU 169.33 + 3.84 173.10 + 3.45
nM 126.70+ 2.21 119.97 +2.14
nH 89.70 £ 2.99 100.23 £ 1.00
U 0.32+£0.04 0.39£0.02 0.65+0.01 0.59 £0.02
£ M 1.31+£0.16 1.62 £0.09 1.82+£0.28 1.97+£0.44
(‘}; H 2.56 £ 0.06 2.87£0.35 2.58 £0.47 2.55+0.09
E nu 0.69 £0.03 0.58 £0.09
2 1.39+0.43 1.73+0.06
nH 3.85+0.89 2.59+0.23
U 1.84 £ 0.07 1.93+£0.13 1.80 £ 0.04 1.80 £0.05
— M 4,97 £0.10 5.06 £0.15 3.75+0.06 4.00+0.12
S H 8.26 £ 0.55 10.05+1.92 5.63+0.11 6.05 £ 0.46
% nU 1.83+0.11 1.79 £ 0.06
© nM 3.57+£0.13 3.75+£0.04
nH 6.50 £ 0.47 5.84 £ 0.54
U 0.14 £0.00 0.13+0.01 0.13+0.00 0.12£0.00
S M 0.32£0.02 0.33+0.04 0.29 £0.00 0.28 £0.01
Z H 0.56 £0.05 0.58 £0.08 0.43+0.01 0.47 £0.01
8 nU 0.13+0.00 0.12 £0.00
2 nM 0.25+0.01 0.27 £0.01
nH 0.46 £0.01 0.42 £0.03
U 8.50£0.13 8.66 £ 0.68 8.04 £0.16 8.49+0.41
o M 9.35+0.69 9.11+£1.23 7.60 £0.17 8.23 £0.27
s H 8.07 £0.41 9.94 £0.55 7.61+0.13 7.50 £ 0.63
% nU 8.00 £ 0.65 8.47 £0.40
nM 8.21 £0.23 8.09 £0.23
nH 8.25+0.37 8.00£0.24

At day 90, the presence of the organic amendmerstecha significant reduction

(Table 8.3) of Cr(VI) concentrations in chromiumipted soils (Table 8.2), as

previously reported by other authors (Antoniadislet 2018; Banks et al., 2006). The

reduction of the redox potential caused by thedvatilized organic amendment (179 mV
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in U soils; 117 mV in M soils; 96 mV in H soils) chromium-polluted soils at day 90
(Table 8.1) is most likely, at least partly, resgibfe for the observed reduction of Cr(VI)
concentrations under our soil pH conditions (Xiakt 2019). Apart from this shift in
redox potential, the addition of the organic ameeadincould have favoured Cr(VI)
reduction to Cr(lll) by incorporating humic substas to the soil. More precisely,
carboxylic acids have been reported to enhancéretetransmission from metals such
as As, Mn, Fe and Ti to Cr(VI), causing its redact(B. Jiang et al., 2018; Jiang et al.,
2019). However, these reactions were reported ke t@ace mainly under acidic
conditions (B. Jiang et al., 2018; Jiang et alL®0In general, no statistically significant
differences (Table 8.4) in Cr(VI) concentrationsrevebserved between M and H soils
(Table 8.2). It was concluded that the presendéebio-stabilized organic amendment

led to Cr(VI) immobilization.

Table 8.2.Effect of treatments on total and soluble chromj@r{VI)] concentrations in soil. U:
unamended; M: medium dose of organic amendmentjigtt dose of organic amendment; n:
ZV|-treated.

Day O Day 90
Control Polluted Control Polluted

= U 40.2+£2.2 2241+364  381%05  291.2+89.9
¥ M 384%05 2554+102  341+10  236.7%305
€ H 379403 3256+145  349%20  2402+6.7
5 nu 40.9+0.9  238.8%3L5
8 nM 37.3+15  232.9%20.8
2 nH 36.8+11  3357%353
U 016:0.08 73935  002:001  88.95+24.0
T M 011%002 659+25  014%008 15336
© H  022$000 96360 009001 21231
= nu 0.02+000  91.2+16.4
S nM 0.07+0.01 12228

© 0.11 +0.01 23.1+6.0

Regarding nanoremediation, nZVI have been descriBaigh et al., 2012) to
provoke the reduction of Cr(VI) to Cr(lll), whichrgxipitates on the surface of the
nanoparticles forming a layer of chromium-iron a@sthydroxides/oxy-hydroxides. The
effectiveness of nZVI for soil remediation is degent upon multiple soil factors and
interactions which are not fully understood yetlffaaes et al., 2017). The effectiveness
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of nZVI for soil Cr(VI) remediation can be decredse the presence of high amounts of
OM, whose component®.¢g, humic acids) can interact with the nZVI, thusiaing
their desired interaction with the target contamisgGiasuddin et al., 2007; Gueye et
al., 2016). Under our experimental conditions, n&A¥d no significant effect on Cr(VI)
immobilization via its reduction to Cr(lll). The MZ-induced immobilization of metals
is largely mediated by alteration of the redox dtiads (Vitkova et al., 2017). In our
study, no significant differences in redox potentiare observed between nzZVI-treated
and untreated soils, which could explain their ladkefficiency in terms of Cr(VI)
immobilization. Most nanoremediation studies hagerbcarried out in aqueous media
(freshwater, groundwater, residual water, etc.jl Banoremediation studies are less
common, especially under real field conditions i{Rett al., 2016). Furthermore, soil
nanoremediation studies are usually performed uladberatory microcosms conditions,
in which homogenization and contact between narigpes and contaminants is greatly
facilitated (Alidokht et al., 2011; Gil-Diaz et 22017; Singh et al., 2012). One possible
explanation for the lack of effect of nZVI observaete is the low dose of nZVI applied
in our study (1 g nZVI kg DW soil), compared to that used by other authGadames
et al.,, 2017). In any case, the high cost of nZMl femediation purposes is a major
obstacle for their application under real field dibions. A lot of research is currently
being conducted to enhance the suitability of n#rIsoil nanoremediation, including
the exploration of strategies to increase nZzVIrdistion in soil and avoid their

aggregation (Su et al., 2016).

Table 8.3.p-values from repeated measures two-way ANOVA. OOxidizable organic matter.
BR: basal respiration. SIR: substrate-induced ragpn. SCA: substrate-consumption activity.
NUS: number of utilized substrates. RE: root eldiogeof Lactuca sativa

Time Amendment Pollution VAY]
En 0.000 0.000 0.010 0.197
EC 0.043 0.000 0.195 0.598
OOM 0.000 0.000 0.779 0.771
Total N 0.000 0.000 0.723 0.129
C/N ratio 0.001 0.669 0.096 0.234
Total Cr 0.635 0.84 0.000 0.668
Soluble Cr 0.193 0.009 0.000 0.372
BR 0.000 0.000 0.011 0.722
SIR 0.000 0.000 0.000 0.831
SCA 0.000 0.000 0.000 0.977
NUS 0.000 0.000 0.000 0.345
RE 0.000 0.003 0.000 0.253
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Table 8.4. Statistically significant differences among theeth organic amendment doses (U:
unamended; M: medium dose of organic amendmentjigh dose of organic amendment),
according to two-way ANOVA and Duncgpost hoc Different letters indicate significant
differences. EC: electrical conductivity; OOM: odble organic matter; BR: basal respiration;
SIR: substrate-induced respiration; SCA: substtatessumption activity; NUS: number of
utilized substrates; RE: Root elongation lodctuca sativa.Cr tot: soil total chromium
concentration.

En EC OOM TotalN C/N Crtot Cr(V) BR SIR SCA NUS RE

U c¢ c c c a a a c c c c a
M b b b b a a b b b b b b
H a a a a a a b a a a a b

8.3.3. Microbial indicators of soil health

Microbial properties are excellent indicators af bealth and, in consequence, they have
been frequently used to assess the impact of coma#ion, as well as the effectiveness
of remediation processes, on soil health (Epel@ €2014). The presence of the organic
amendment significantly (Table 8.3, Table 8.4) @ased soil basal (Fig. 8.1A) and
substrate-induced respiration (Fig. 8.1B) at day 6pth control and polluted soils. Soils
artificially polluted with chromium showed signiéintly lower values of both BR (Fig.
8.1A) and SIR (Fig. 8.1B), compared to unpollutedtools, showing the well-known
toxicity provoked by Cr(VI) on microbial populatisn(Speir et al., 1995). Organic
amendments provide the soil with easily degradall® and viable active
microorganisms, thus usually resulting in increaseidrobial activity and biomass
(Lacalle et al., 2018a). The reduction in BR anB 8&lues provoked by Cr(VI) was
around 50 and 30% in U and H soils, respectivadingng out to the fact that the presence
of the organic amendment partially alleviated Cj(Moxicity for soil microbial

communities (Table 8.2).

By the end of the experiment (at day 90), valuemiafobial biomass (Fig. 8.1B)
and, especially, microbial activity (Fig. 8.1A) weelower in both control and polluted
soils, compared to day 0. This decrease was mdogioas in amended soils (especially
in H soils). The degradation of the most labilesilgadegradable OM over time (Table
8.1) could explain this reduction of BR and SIRues from day O to day 90 (Bernal et
al., 1998; Galende et al., 2014Db).

The Cr(VI)-induced toxicity observed at day 0 incrobial activity and biomass

values was significantly reduced by day 90: foramigally-amended soils, the Cr(VI)-
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induced toxicity observed at day 0 had almost ¢isaped at day 90 (<5%) for BR values
(Fig. 8.1A) and had been considerably reduced (915%SIR values (Fig. 8.1B). The
Cr(VI) reduction mediated by the presence of thganic amendment (Table 8.2), along
with its capacity to biostimulate microbial commiies, might have alleviated the
Cr(VI)-induced toxic effects (Antoniadis et al., 1) Park et al., 2011). Likewise, the
organic amendment-induced biostimulation of soitnmbial communities might have
promoted the bacterial reduction of Cr(VI) to Ci)I{Banks et al., 2006). In U soils,
higher Cr(VI) concentrations were observed, resglin a 23 and 60% inhibition of BR

and SIR values, respectively.
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2 20
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% o ? 0
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o
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C Day 0 Day 90 d Day 0 Day 90

Figure 8.1.Effect of treatments on soil microbial parametbesal respiration-BR (A), substrate-
induced respiration-SIR (B), substrate-consumpg#otivity-SCA (C), and number of utilized
substrates-NUS (D). White bars represent contral-paluted soils. Black bars represent
polluted soils. BR and SIR graphs feature a seagrgtaph with a more adequate scale to observe
values at day 90. U: unamended; M: medium dosegafric amendment; H: high dose of organic
amendment; n: ZVI-treated.

The addition of nZVI did not have any clear benafior harmful effects on soil
microbial activity (Fig. 8.1A) or biomass (Fig. 81 Metallic nanoparticles can have
deleterious effects on microorganisms (Lefevrd.eR@15). However, their inactivation
via contact with soil OM, along with a decreasetleir ability to interact due to

aggregation, might turn them less reactive andetbes, non-toxic (Chen et al., 2008; Z.
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Li et al., 2010). In our study, this lack of effeaftnZVI on soil microbial activity and
biomass was also observed for soil physicocherpicgderties (Table 8.1), as previously
reported (Lacalle et al., 2018b). Unfortunatelydsts on the impact of nZVI on soll
microbial activity and biomass are insufficient @snet al., 2019) with the results being
strongly dependent on the specific pollutant antl moperties (Gomez-Sagasti et al.,
2019).

At day 0, SCA values obtained from Biolog Ecopsfedata were low in both
polluted and non-polluted control soils (Fig. 8.1@®) turn, NUS values were lower in
polluted vs. non-polluted soils (Fig. 8.1D). Microbial commuag often require an
acclimation period to be able to metabolize cadadsstrates (Steven, 2017). Metals, such
as chromium, can affect soil microbial functionaletsity and composition (Pradhan et
al., 2019). This Cr(VI)-induced inhibitory effectas less noticeable for SCA values (Fig.
8.1C), which suggests that Cr(VI) has a greateecefbn the capacity of microbial
communities to utilize different carbon substratesn on the overall capacity of those
communities to metabolize carbon sources. Orgamenaments provide a source of
different and abundant easily-degradable subst(dteges et al., 2010). In consequence,
in our study, soil microbial activity and biomasere significantly (Table 8.3) increased
by the application of the bio-stabilized organicesmdment. However, at day 0, no effect
of the organic amendment was detected in termsabimial functional diversity, which
could be explained by the lack of enough time i@ microorganisms to synthesize the
enzymes required for the metabolism of some ot#rbon substrates present in Biolog
Ecoplate§“.

At day 90, unamended non-polluted control soilsagtbsimilar, or even slightly
lower, SCA (Fig. 8.1C) and NUS (Fig. 8.1D) values, compared to day 0. The
stabilization of environmental conditions during timcubation period, as well as the
consumption of labile compounds, can lead to a ataolu of microbial functional
diversity (Galende et al., 2014c). Similarly to BRd SIR, in our study, the presence of
the organic amendment (M and H soils) greatly iaseel SCA (Fig. 8.1C) and NUS (Fig.
8.1D) values, with highest values being found irsdils. This is consistent with the
response of BR and SIR values, as well as withatver levels of Cr(VI) present at day
90 (Table 8.2). In polluted soils, the presencéheforganic amendment prevented the
negative effect of Cr(VI) on NUS values (Fig. 8.1) turn, SCA values in polluted

amended soils suffered a drastic reduction (<508 mispect to controls).

175



Capitulo 8

As previously described for soil microbial biomassl activity, the addition of
nZV1 did not provoke any significant effects onlsuicrobial functional diversity (Table
8.3), in agreement with Fajardo et al. (2019) waported a low impact of nZVI on

microbial biodiversity and functionality (howeve&ZV1 effects varied depending on soll
type).

Our microbial data point out to (i) an stimulatef§ect of the presence of the bio-
stabilized organic amendment in terms of microbiamass, microbial activity and the
capacity of the soil bacterial heterotrophic cwible communities to utilize different
carbon substrates; and (ii) an inhibitory effecCotVIl) on SCA values (this parameter
integrates the degradation of all carbon substidteyy the incubation time), even at the
low concentrations found in M and H soils (Tabl2)8Finally, the application of nZVI

did not cause any beneficial or harmful effect oih garameters.

8.3.4 Soil phytotoxicity

Phytotoxicity bioassays are commonly used as mongdaools for the assessment of soil
health (Quintela-Sabaris et al., 201[7actuca sativabioassays are commonly used in
metal contaminated soils, and have proven theisigeity to Cr(VI) contamination
(Marti et al., 2007). In our study, at day O, thghlest value of root elongation was
recorded, as expected, in unamended non-pollutetiatsoils (Fig. 8.2). The addition
of the organic amendment caused a significant temluof root elongation in control
non-polluted soils (this reduction was higher is¢svs.M soils). This reduction of root
elongation may be a plant response to an increasainity (Hamdi et al., 2006), since
the presence of the organic amendment resultadnifisantly higher EC values (Table
8.1). In any case, it can also be due to an actibmaesponse to higher nutrient
availability in amended soils, as fertilization caduce a reduction of root elongation
(Fageria and Moreira, 2011; Zhao et al., 2014)unamended soils, at day 0, Cr(VI)
caused a marked inhibitory effect an sativaroot elongationi(e., a 98% reduction,
compared to controls). However, at day 0, the mesef the organic amendment (M and
H soils) partly alleviated this Cr(VI)-induced itiiory effect on root elongation,
presumably due to Cr(VI) immobilization via its tedion to Cr(lll). Organic matter can

play a key role in decreasing Cr(VI) phytotoxiciBolan et al., 2003).
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Figure 8.2.Root elongation values from thactuca sativdioassay. White bars represent control
non-polluted soils. Black bars represent pollutEtssU: unamended; M: medium dose of organic
amendment; H: high dose of organic amendment; n:ti®ated.

At day 90, a significant reduction of Cr(VI) toxigiwas observed in all treatments
(Fig. 8.2). However, in unamended soils, root eldimn values were still lower in
polluted vs. non-polluted control soils. Therefore, at day 80,soils were the most
favorable from a phytotoxicity point of view, asitldose appears to alleviate Cr(VI)
toxicity while causing less root elongation inhidiit due to an excess of organic matter
and nutrients. This response is in agreement wifi'IlICconcentrations (Table 8.2): M

soils showed the lowest values of Cr(VI).

Regarding the effects of nZVI on root elongation beneficial or harmful effects
were observed. As abovementioned, Cr(VI) conceantratwere not altered by the
application of nZVI. Not surprisingly, different sties have reported mixed results
regarding the effect of nZVI on plant growth and/giblogy, since, as previously stated,
the impact of nZVI on soil biota and growing pladepends on multiple factors. Thus, a
recent study with tomato plants (Brasili et al.2@Dhas reported beneficial effects of
nZVI treatment on seed germination and seedlingldgwment, presumably by increasing
water uptake and alleviating Cr(VI) toxicity. Comsely, it has been reported
(Mokarram-Kashtiban et al.,, 2019) that, dependimgtlbe dose, nanoparticles can
negatively affect plant growth by their aggregatmnthe root surface and penetration
into epidermal cells (Ma et al., 2013). Precisel§f)/| have been reported to negatively
affectL. sativusgermination and root elongation (Rede et al., 20l6any event, there
are not many works that use root elongation bigassawhich seedlings are not in direct
contact with the soil but separated by a filtergrapke it is our case. As described above
for soil microbial properties, it is likely thatdhaggregation and inactivation of nZVI had

minimized their potential impact (beneficial or efgrious) on root elongation. Organic
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matter has been described to modify the aggregatimh deposition properties of
nanoparticles (Navarro et al., 2008). Nonethelessur study, the effect (better, the lack

of effect) of nZVI was not dependent on soil OM ton.

8.4. Conclusions

This study highlights the importance of soil prdpes, such as pH, redox potential, OM
and carbonate content, for Cr(VI) immobilizatiom Vs reduction to Cr(lll) and, hence,
its toxicity. The presence of the bio-stabilizedanic amendment increased oxidizable
OM content and decreased soil redox potential f&etprs for the reduction of Cr(VI) to
Cr(lll). The immobilization of Cr(VIl) was accompaa by an improvement of soil
health, as reflected by the values of soil micrblbbi@mass, activity and functional
diversity, as well ad.. sativaroot elongation. Regarding the dose of the organic
amendment (mediurws. high), no significant differences were observeddé&mour
experimental conditions, the application of nZVi fanoremediation purposes did not
have any impact on soil properties and, concomitasbil health. Then, since the
presence of the organic amendment did cause Gr(Mipbilization and an improvement
of soil health, while nZVI had no impact on any tbhie studied parameters, it was
concluded that, unlike the presence of the orgamendment, nanoremediation with
nZVIl was not a valid option for soils polluted witbr(VI) under our experimental

conditions.
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8.5. Conclusiones del capitulo

- La presencia de materia organica por encima @eéb los suelos reduce el potencial

redox del suelo, contribuyendo a la transformadeCr(V1) en Cr(lll).

- La reduccion de la concentracion de Cr(VI), qadafraccion soluble y tdxica, se

traduce en una importante mejora de los bioindieslmicrobianos y vegetales.

- La aplicacion superficial de nanoparticulas aegrbicero valente (nZVI) en el suelo no
fue efectiva para reducir la toxicidad del Cr (Mppsiblemente debido a su limitada
dispersion en el suelo. Determinar la forma decapilon de este tipo de compuestos es

esencial para su efectividad y para minimizar sisites efectos secundarios en la biota.
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9. DISCUSION GENERAL
9.1. El problema de la contaminacion mixta

9.1.1. ¢ Cual es el problema?

El suelo es, al mismo tiempo, un recurso naturatemmvable a escala humana, y un
ecosistema complejo y dinAmico. Es un sistema gued parte esencial de los ciclos
biogeoquimicos, que presta varios servicios e@mgisbs, y de sus funciones depende la
supervivencia de buena parte de las especies deeilen, incluido el ser humano.
Lamentablemente, la actividad antropica y/o el ruarme practicas de gestion no
sostenibles ha provocado una importante degradat@6los suelos a nivel mundial
causadas por varios procesos siendo las principaenazas en Europa: la erosion y
deslizamientos, la disminucion de la materia org@nia compactacion, el sellado, la
salinizacion, la desertificacion, el encharcamienp@rdida de biodiversidad y

contaminacion (Van-Camp et al., 2004).

Actividades como la mineria, la industria, la agftiera o el vertido incontrolado
de residuos ha provocado la contaminacién del so&homdaltiples sustancias tanto
organicas como inorganicas, las cuales aparecebicadas con frecuencia, dando lugar
a un tipo de contaminacion mixta del suelo o caamimnacion, que hacen muy dificil no
sélo su deteccion o identificacion sino tambiéevaluacion su ecotoxicidad e impacto
ambiental (Olaniran et al., 2013). Este tipo detamrnacion es muy frecuente y la
Agencia de Proteccion del Medio Ambiente (EPA) @ Estados Unidos indico que el
40% de los vertederos peligrosos presenta contaidmamixta (USGAO, 2010). El
problema de la contaminaciébn mixta se agrava ya tgre una gran distribucion
geografica y comprende una amplia gama de posiblesclas de contaminantes
organicos e inorganicos (Agnello et al., 2016; Azie et al., 2013; Chirakkara et al.,
2016; Polti et al., 2014).

La contaminacion del suelo provoca dafios ambiegtaticiales y econdmicos.
Por un lado, causa un severo dafio al ecosistenfiacedapuede llegar a otros medios,
como el aire o el agua, y con posterioridad a lgamsmos, incorporandose a cadena
trofica. Finalmente, la salud humana puede veessdada, ya sea por contacto directo y/o
a través del consumo de productos alimentariosaotnados. La contaminacion limita

o imposibilita los diferentes usos del suelo, lalaonlleva un efecto negativo sobre el
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desarrollo social de la comunidad y genera pérdatasmomicas tanto directas como
indirectas. Por tanto, la remediacién de los su@ostaminados es una cuestion

ambiental, social y econdmica que debe ser reaizad una prioridad alta.

Sin embargo, la remediacion de la contaminacioxtaren los suelos presenta
complicaciones técnicas adicionales a los desgtiepresentan la descontaminacion de
los contaminantes por separado. La toxicidad declagzle contaminantes organicos e
inorganicos es mayor que la de dichos contaminantégidualmente (Khudur et al.,
2019), y, de hecho, se ha observado un efectogsinéen los dafios causados sobre la
biota (Lin et al., 2006). Propiedades tan imposgarmue determinan la ecotoxicidad,
como son la biodisponibilidad y movilidad de mesafjeontaminantes organicos, pueden
ser verse alteradas por la presencia conjunta destipos de contaminantes (Batty and
Dolan, 2013; Olaniran et al., 2013), haciendo dedataminacion mixta un problema
muy complejo e impredecible. Por otra parte, lagaiacion de cada tipo de contaminante
(organico o inorgénico) requiere soluciones témidiferentes. Por un lado, los
compuestos organicos pueden ser transformados,addslps incluso hasta la
mineralizacion, mientras que los inorganicos nodpueser degradados y deben ser
extraidos del suelo, aunque en algunos casos shica&m el estado redox permite su
inertizacion y/o cambios en sus propiedades de lidadiy toxicidad. Esto hace muy
dificil la descontaminacion simultdnea de ambosstide contaminantes y explica los
escasos estudios y tecnologias desarrolladas gterigo de contaminacion, ya que cada
tipo de contaminante requiere el uso de tecnolodéasemediacion especificas que

interfieren entre si e incluso son incompatibles.

9.1.2. ¢ Qué soluciones existen y qué limitacionegentran con la contaminacion

mixta?

La contaminacion de un sistema tan complejo consuelo es un problema que lleva
estudiandose décadas. Sin embargo, todavia no sentantrado una solucion
completamente satisfactoria para el mismo, ni sigupara suelos con un solo tipo de

contaminante, mucho menos para suelos con conteidmiaixta.

Por su efectividad y rapidez en la eliminacion ks contaminantes,
Tradicionalmente, las tecnologias fisicoquimicaB@Y han sido las empleadas en la
remediacion de los suelos contaminados. Estasctisie enfocan principalmente en

eliminar o inertizar los contaminantes, ya sea exépolos, incinerandolos (en el caso
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de los contaminantes organicos), extrayéndolos anegliaireacion, lavados quimicos,
conteniéndolos mediante técnicas como el selladwitdificacion, etc., o directamente
excavando el suelo para su traslado a un vertédigmas de su alto coste econémico,
desde el punto de vista técnico, algunas de estaslogias son de dificil aplicaciam
situ y/o a gran escala en campo, limitando su aplicageneralizada. En los casos de
contaminacion mixta, las TFQ de remediacion encaangroblemas adicionales, ya que
las técnicas que se emplean para la eliminaciamdeo de contaminante pueden ver
reducida su efectividad por la presencia del ddar. ejemplo, la efectividad de los
lavados quimicos de contaminantes inorganicos puede reducida por la presencia de
contaminantes organicos Vviscosos, ya que altef@diadinamica del suelo (Poly y
Sreedeep, 2011).

En los ultimos afios la aplicacion de nanoparticdéadistintos metales, como el
hierro cero valente, ha captado la atencién cieatfomo una tecnologia fisicoquimica
eficaz tanto para la eliminacién de los contamiesrimhorganicos, como organicos. Es
necesario realizar aun estudios del efecto e iropeesta tecnologia como herramienta
eficaz en la remediacion de la contaminacion dealosupor las incertidumbres
acumuladas hasta la fecha sobre su efectividadenpiales efectos ecotoxicos (Anza et
al., 2019; San Roméan et al., 2013).

Pese a la gran efectividad de las TFQ en la elicdnade los contaminantes,
recientemente se van imponiendo restriccionesuaaindiscriminado en la remediacion
de los suelos debido al impacto en la salud deosueébmo se ha comentado
anteriormente, el suelo es un sistema complejovp,w la interaccion entre sus
componentes fisicos, quimicos y bioldgicos es eabpara el desarrollo de sus funciones
y servicios ecosistémicos. Gran parte de las tasniisicoquimicas, si bien pueden
eliminar el contaminante, no sélo no recuperamg gue incluso alteran o destruyen la
estructura, la composicion quimica, y biota delsuaodificando de forma irreversible
algunas las propiedades fisicas, quimicas y bicddgicosustanciales al suelo. En
definitiva, no recuperan la salud del suelo, quérigodefinirse como la capacidad del
suelo para funcionar como un sistema vivo paraestet la productividad bioldgica,
promover la calidad ambiental y mantener la sakigldntas y animales (Doran y Zeiss,
2000). La concentracion de la fraccion biodispanibé los contaminantes, que es la

determinante para la toxicidad, debe ser un indicagencial a tener en cuenta, asi como
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los efectos toxicos sobre la biota mediante lauaadn de bioindicadores en organismos

representativos de los taxones relevantes del.suelo

Como una alternativa mas sostenible a las TFQ, hlpmas décadas que se
aplican tecnologias menos intrusivas que tienecuanta los procesos y funciones del
suelo, denominadas Opciones Suaves de RemediaGR®:( Gentle Remediation
Options), que consisten en el uso de organismusréimediacion, biorremediacion,
vermirremediacion, etc.) y agentes que mejoranr&pipdades fisicas, quimicas o
biologicas del suelo (enmiendas organicas o inacgan biocarbones, etc.),
contribuyendo no solo a la disminucién de los coitantes y su toxicidad, sino también
a promover la recuperacion de la salud de suelo ardarios de sostenibilidad,

recuperando su funcionalidad y servicios ecosistési

La fitorremediacion, tiene cierta eficacia conlimeéacion de los contaminantes
organicos, generalmente se utiliza para contamesametalicos, aprovechando la
capacidad de las plantas ya sea para extraerlogarte aérea (fitoextraccion) o para
inmovilizarlos en su rizosfera (fitoestabilizacidA)i et al., 2013). Recientemente se ha
propuesto la fitogestion como una estrategia ded@mwion de suelos contaminados que
combina los beneficios ambientales de la fitorreiam@dn con la utilizacion de especies
vegetales que proporcionen un beneficio econ6nbmmasa, industrial, etc.). Asi, el
tiempo de remediacion deja de ser una limitacidlaeplicacion de esta GRO, debido al
retorno econdmico, la integracion paisajisticalysgleficio social durante la remediacion
del suelo contaminado (Evangelou et al., 2015).blaremediacion es de utilidad
fundamentalmente para contaminantes organicosygaageden ser degradados por las
comunidades microbianas (Megharaj et al., 2011)ga& también puede ser efectiva
para la inertizacion de algunos metales (Vermakanih, 2019). La vermirremediacion
se emplea fundamentalmente con compuestos orgapecgse las lombrices en el suelo

favorecen la estructura del suelo promoviendo guadiacion (Shi et al., 2020).

Una limitacion en el uso de las GRO es su menectiefdad y lentitud al
compararlas con las TFQ. Sin embargo, la gestiétesible de un recurso como son los
suelos, aunque estén contaminados, requiere gsaatde remediacion como las GRO
gue son alternativas baratas, ambientalmente atlaggbpueden resultar eficaces en
suelos con contaminacion mixta. No obstante, aurgda una de las GRO tiene sus
propias ventajas, aplicadas de forma aislada puedeontrar dificultades para hacer

frente a la contaminacion mixta, como que los dgyaos sean resistentes solo a un tipo
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de contaminante, efectos sinérgicos de la toxicil#ald mezcla o por interacciones entre
los propios contaminantes (Liu et al., 2017). Existodavia pocos estudios que hayan
investigado las posibles aplicaciones de las GRSuelos con mezclas de contaminantes
organicos e inorganicos, y es necesario investigarbondades, sus limitaciones y las
compatibilidades entre las GRO y con otras TFQ comnevas estrategias de gestion
sostenible para la remediacion de los suelos.

9.1.3. Oportunidades: Identificando la solucién

Para afrontar el complejo desafio de la contamémacnixta del suelo es necesario
comprobar cual es la efectividad de las distirdaadlogias de remediacion aplicadas a
cada tipo de escenario, ya que la eleccién deetdrategia/s mas adecuada/s dependera
de los contaminantes tipo, concentracion, y otag$ofes climaticos y del propio suelo
que se pretende descontaminar. Puesto que la malgdstrategias estan pensadas para
la eliminacion de un contaminante, la aplicacibmjanta de dos tecnologias
complementarias podria resultar eficaz para la déan#n de suelos con contaminacion
mixta. Ya existen algunos estudios en los que habooacion de fitorremediacion y
biorremediacion ha sido eficaz en suelos con metalmpuestos organicos (Agnello
et al., 2016; Ontafon et al., 2014), pero, dadaukiplicidad de posibles combinaciones
entre contaminantes, condiciones edaficas y anddemntpara la mayoria de los casos
hay un desconocimiento sobre los posibles antag@sis/ sinergias entre tecnologias,
asi como su complementariedad y efectividad pai@goacionin situ. Ademas, estas
técnicas biolégicas pueden y deben combinarse émabin tratamientos como la adicién
de enmiendas (organicas, inorganicas) al sueleaomoa aplicacién de nanoparticulas,
promoviendo la mejora de las condiciones de suedyciendo la ecotoxicidad, y

aumentando la efectividad de las tecnologias bicésg

Para que una estrategia de remediacion se canelenina estrategia rentable y
efectiva debe contribuir a eliminar el contaminaiotal o biodisponible, reduciendo la
ecotoxicidad y permitir la recuperacion de la saldd suelo, ademas de ser
econdémicamente viable y compatible con una gest&tenible del terreno que aporte
beneficios ambientales, sociales y economicos. Cgarge ha indicado, éstos serian los
objetivos de la fitogestion, que aboga por el usdas GRO compatibilizado con la
obtencion de bienes y servicios ambientales y saolmdmicos, como puede ser, por

ejemplo, la mitigacidon de los gases de efecto ima@ero, la provision de espacios verdes,
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mejora del paisaje, produccion de materias, o éaergnovables como biocombustibles
(Cundy et al., 2016). Los cultivos energéticos tenibido criticas por su competencia
con los cultivos alimentarios, pero la producciée biocombustibles empleando
emplazamientos degradados/contaminados brindariaefib®s socioecondmicos

evitando el conflicto con la produccion de alimento

Partiendo de este escenario, esta tesis se hadlevaabo con el objetivo de
evaluar la efectividad de diferentes estrategiaBRQGTFQ) evaluando sus posibles
sinergias y/o antagonismos que permitan identifscaaplicabilidadn situ como una
estrategia para la remediacion de suelos con camain mixta (contaminantes
organicos e inorganicos). Como modelo de apliaddulien esta tesis se han investigado
dos tipos de contaminacion mixta, combinando dogaroinantes organicos (gasoleo o
lindano) con diferentes metales (Zn, Cu, Cd, o ®ugesto que los dos tipos de
contaminantes del suelo mas abundantes en suetymes son los metales y los aceites
minerales (Van Liedekerke et al., 2014), el pritipr de contaminacién mixta, empleada
en el Capitulo 4, consistio en tres metales relaiente frecuentes en suelos
contaminados, como el Zn, el Cu y el Cd, y un costible (gasdleo comercial). En la
época actual, en la que se prevé un agotamients @embustibles fésiles y se persigue
la transicién energética a fuentes de energia edles como los biocombustibles, y sera
interesante determinar su impacto y degradabilefaduelos en comparacién con sus
homologos de origen fésil. Para ello, en el Capitulse ha realizado un estudio de
contaminacion mixta para determinar el impacto igest de gaséleo (con distinta

proporcion de biodiesel) y metales (Zn, Cu, y Cduydegradabilidad en el suelo.

El otro tipo de contaminacion mixta empleada érsé fue cromo (VI) y lindano,
una mezcla menos frecuente, pero con efectos 10gicos muy graves (Aparicio et al.,
2018b; Arienzo et al., 2013). Al contrario que lo®tales Zn, Cu y el Cd que en
disolucion se encuentran en forma catidnica, ahorge encuentra en forma de anion
cuando esta en su forma hexavalente, mientras mjse éorma trivalente puede estar
tanto en forma de anion como de cation, siendo(@staa la mas frecuente (Zayed y
Terry, 2003). Su solubilidad y toxicidad dependengean medida de su especiacion,
siendo la forma hexavalente, Cr(VI), mucho masdaxjue la trivalente, Cr(lll). El
lindano, por su parte, se trata de un pesticidaragorado, recalcitrante, de toxicidad y

carcinogenicidad muy superiores a la del gaséleptdhto, tanto por su composicion y
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estructura quimica como por su potencial toxicidegta mezcla presentaria una mayor

ecotoxicidad y, presumiblemente, una mayor difaaién su eliminacién.

El suelo empleado en esta tesis proviene de unp@marbana degradada en la
zona industrial de Jundiz, y por tanto es un sgelo muy bajo contenido en materia
organica y nutrientes (algo frecuente en los sudggsadados y contaminados). Aunque
el suelo recogido con el que hemos realizado ablesho estaba contaminado, y es un
buen modelo de estudio porque presenta las cddditi@s tipicas de los suelos
periurbanos de la ciudad de Vitoria-Gasteiz comosugegradados, pobres en nutrientes,
con alto contenido en carbonatos, es frecuentespas areas periurbanas hayan sufrido
vertidos de origen industrial con contaminanteguorgps e inorganicos. Por ello, en los
estudios realizados fue necesario afiadir una exdaignlos componentes de la

contaminacion mixta que se ha indicado.

Dado el bajo nivel de nutrientes y materia orgap#na nuestros estudios se opto
por incorporar a modo de pretratamiento una enrai@rdanica a partir de material
bioestabilizado, procedente del reciclado de lecfta organica de los residuos solidos
urbanos. El uso de este tipo de enmiendas es tamaadiva de bajo coste econdmico y
una forma de dar uso a un subproducto, lo cuatisela al paradigma de la Economia
Circular. La aplicacion de una enmienda de mateganica puede aumentar la fertilidad
del suelo, incrementando su contenido en mateg@naca y nutrientes, lo cual facilita el
desarrollo de cultivos y la biota del suelo en gah@iguez et al., 2020). Ademas del
aporte de nutrientes, las enmiendas organicas pusteun tratamiento efectivo en si
mismo para la contaminacion mixta, reduciendo $aaibilidad de metales (Galende et
al., 2014a) y estimulando la degradacion de contpse@sganicos (Kastner and Miltner,
2016). Por tanto, la adicién de enmiendas podriarseestrategia adecuada para mejorar
las condiciones del suelo, favoreciendo una mafgatigidad de las GRO o TFQ que se
apliguen después. Por su doble capacidad para ilimaoweterminados metales y para
degradar diversos compuestos organicos (Xue @ l8), las nanoparticulas de hierro
cero valente se seleccionaron como otra posiblaotegia para los suelos con
contaminacion mixta. Concretamente, se ha obsersaddicacia reduciendo Cr(VI) a
su forma trivalente (Di Palma et al., 2015) y deigralo lindano (Anza et al., 2019). Su
aplicacién podria reducir la concentracion y/odaad de los contaminantes, mejorando
la salud de suelo, y facilitando también la acai@notras estrategias de remediacion

aplicadasa posteriori Ademas, es necesario acotar las incertidumbrése ssus
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potenciales efectos adversos y su aplicabilidadfectigidad con las GRO, La
biorremediacion es sin duda una de las tecnolodgasemediacion bioldégicas mas
eficaces para la descontaminacion de contaminargésicos. Varias son las estrategias
que se pueden evaluar. Por un lado, es necesalgaeVos fenOmenos de atenuacion
natural, para conocer la respuesta de las comwsdadtrobianas nativas del suelo ante
la contaminacién, y hasta donde llega su capacitdral de remediacion. La
bioestimulacion mediante enmiendas como las preaidgncomentadas podria ser una
opcion para aumentar la degradacion de contammmamtganicos en las adversas
condiciones para los microorganismos causadasmamnitaminacion mixta. Como se ha
comentado, estimulan a la microbiota, pudiendo reser la degradacién de
contaminantes (Kastner and Miltner, 2016), adeneh®f@cto beneficioso al reducir la
toxicidad de los metales. Por otro lado, la bioaua&on del suelo inoculando bacterias
con capacidad para degradar/transformar los congat@és es una estrategia
prometedora, pero que encuentra sus principalegatimnes en la capacidad de
adaptacion y supervivencia del indculo en el suBloconsorcio de actinobacterias
seleccionado en esta tesis ha demostrado en esardariores su efectividad reduciendo
las concentraciones de cromo (V1) y lindano simnd&mente (Aparicio et al., 2018a;
Polti et al., 2014).

Para poder llevar a cabo un manejo sostenibleedeho contaminado a traves de
la fitogestion, es necesario emplear una espegetaleque, ademas de ser de interés
agronémico, sea tolerante a la contaminacion mixtdre las Brassicaceas, la colza
(Brassica napuses un cultivo energético cuyo aceite ha siddzatilo para la produccién
de biodiesel y es tolerante a distintos tipos deaninantes. Concretamenk, napus
ha sido utilizada para la fitorremediacion de ssi@ontaminados con metales como el
Zny el Cd (Cojocaru et al., 2016; Dhiman et @1@&), e incluso estudios de remediacion
de suelos con contaminacion mixta de cromo y utacoimante organico (Ontafion et al.,
2014). Ademas, la salud de suelos similares atilisaglos en este estudio mejoro6 tras el
cultivo de colza, respondiendo muy bien a la apl@ade enmienda organica (Miguez
et al., 2020). Por las caracteristicas anteriBresapus fue seleccionada como especie

fitorremediadora para los experimentos de esta.tesi

La utilizacion de lombrices para compostaje dediess y mejorar las condiciones
del suelo ha ampliamente estudiado (Lim et al.,620%in embargo, su utilizacién en

procesos de remediacion de suelos contaminadosoes eonocido, aunque la
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vermirremediacion es una tecnologia que puede ibairtra mejorar las condiciones
edéficas que potencien la eliminacion de contanté@saoor plantas (Lemtiri et al., 2016)
0 microorganismos (Martinkosky et al., 2017). Lasnbrices pueden modificar la
biodisponibilidad de los contaminantes y favoreleedegradacion de contaminantes
organicos (Elyamine et al., 2018; Hickman and Re&@)8b). En este estudio se ha
seleccionado la especiisenia fetida especie de facil cultivo y manejo y que ya ha
probado su eficacia en la remediacion tanto debatburos (Chachina et al., 2016) como
de metales (Elyamine et al., 2018). Ademas, sebkargado que la combinacion He
fetiday una brasicaced@(assica junceppuede incrementar la fitoextraccion de metales
como el cadmio (Kaur et al., 2018).

9.1.4. Indicadores para seguir el proceso remediado

La monitorizacion de la descontaminacion y la recapion de la salud del suelo es una
fase esencial que debe contemplarse en cualquieesw remediador. La concentracion
total de contaminantes es el indicador mas utitizewl la legislacién para determinar el
analisis de riesgo ambiental y la declaracién adosucontaminados (Antoniadis et al.,
2019). Sin embargo, existen otros indicadores clanaccion biodisponible, que esta
directamente relacionada con la ecotoxicidad y resagpecto crucial que debe ser
valorado, ya que es la que determina su potenaullislad y toxicidad. Aunque no hay
un consenso que determine la mejor metodologia paraleterminacion de la
disponibilidad, siendo lo mas habitual la deterroid@a de la fraccidén y/o la fraccion
extraida con una amplia gama de extractantes gognidadején et al., 2006; Menzies
et al., 2007; Vazquez et al., 2008).

Para poder evaluar adecuadamente la salud de adelmas de los indicadores
quimicos indicados (concentracion total y dispa)ibés necesario conocer el impacto
de los contaminantes y de los tratamientos de rexwiéd en la biota, atendiendo a los
diferentes taxones relevantes del suelo. En esitage ha seleccionado la evaluacion del
estado de las comunidades microbianas del sugbvéstde parametros tales como la
actividad, biomasa y diversidad funcional de losrowrganismos, los cuales, aunque no
representan a la totalidad de las comunidades hi&ras del suelo, se han empleado de
forma eficaz como bioindicadores en otros estudi@semediacion (Galende et al.,
2014c). Asimismo, se han seleccionado los bioerssaygotoxicidad con organismos

modelo de invertebradosEiSenia fetida (Irizar et al., 2015a) y bioensayos de
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germinacion y elongacién radical con diferenteseegs de plantas, confoucumis
sativus(Lacalle et al., 2018a},actuca sativa(Ptaza et al., 2005) Raphanus sativus
(Aparicio et al., 2019). Si bien los organismos gloda menudo no son especies
representativas del ecosistema, si permiten lai@vgl comparar la ecotoxicidad entre
unos suelos y otros de manera estandarizada. Asonia evaluacion del estado de salud
(peso, supervivencia, procesos fisioldgicos, etdpd propios organismos remediadores
aplicados en el suelo es un indicador complemendigria efectividad de los tratamientos
aplicados. En el caso de las plantas, la compaosid® pigmentos fotosintéticos y

tocoferoles, y la eficiencia fotoquimica (Fv/Fmjnsndicadores de la salud de la planta.

La combinacién de indicadores fisicoquimicos, cdaaoncentracion total y
(bio)disponible de los contaminantes, e indicadbrekgicos en los taxones relevantes
de la biota del suelo (microorganismos, plantasmybrices) han sido seleccionado en
esta tesis para la evaluacién y monitorizaciénadealud de suelo y, por tanto, para
determinar la eficacia de las técnicas de remditiaeinpleadas.

9.2. Las soluciones

9.2.1. Bioestimulacién mediante enmiendas organicas

Con frecuencia, los suelos contaminados, ademés mtesencia de los contaminantes,
muestran otros problemas adicionales que altersucaacteristicas fisicas y quimicas,
las cuales, incluso en ausencia de los contamimamieeden impedir su normal

funcionalidad y el suministro de servicios ecosist®s (Epelde et al., 2009b; Pereira et
al., 2018). Esta degradacion adicional, muy conmihos suelos contaminados, es un
obstaculo que debe ser convenientemente evalugelstipnado para poder acometer con
exito cualquier proceso de remediacion. Entre ptesscaracteristicas fisico-quimicas
gue deben ser evaluadas en suelos contaminadosusdextura y estructura, su

composicién nutricional, el contenido en materigamica, el pH, la capacidad de
intercambio cationico, la conductividad hidrauligala retencion hidrica. Entre las

estrategias sostenibles para la remediacion desweintaminados se encuentran la
adicién de enmiendas inorganicas y/u organicascquégen deficiencias y modifican

caracteristicas esenciales para la funcionalidadbslesuelos. La adicibn de materia
organica (MO) a los suelos contaminados puede tiaardes beneficios para la biota

edéfica a través de procesos de bioestimulaciomugaes una fuente de nutrientes,

192



Chapter 9

incrementa la capacidad de intercambio cationicgjora la estructura y la retencién

hidrica del suelo (Garcia et al., 2017). Ademasdiaion de MO puede tener un efecto
sobre los contaminantes del suelo, ya que promsieugertizacion y/o degradacion, que
se traduce, en definitiva, en la disminucion decameentraciones totales y/o disponibles,
estimulando el mejor desarrollo de la biota delsydavoreciendo la mejora de la salud

del suelo.

En esta tesis se ha estudiado la efectividad detrrabbioestabilizado como
enmienda organica para su uso en suelos con coraeidm mixta. Esta enmienda es un
material obtenido del reciclaje de residuos orgiide la ciudad de Vitoria-Gasteiz.
Actualmente, este material no tiene un uso defigide almacena en un vertedero, por
lo que se esta tratando de encontrar alguna wtibfianismo. Nuestro estudio evallua la
idoneidad de este residuo organico para su usoceegps de bio/fitorremediacion de
suelos con bajos niveles de materia organica, gmndos suelos de la zona periurbana
de Vitoria-Gasteiz objeto de estudio. Sin embaejjoiso de este tipo de material puede
entrafiar algunos potenciales riesgos que debesvakrados antes de su aplicacion de
forma generalizada. Al proceder de residuos orgdnigrbanos, la calidad y los
componentes de esta enmienda pueden ser variablesadn de la estacionalidad y la
zona de recogida de basuras. Por tanto, es necesazar un pretratamiento de cribado
que descarte la ausencia de material particulatfeciaf, asi como un analisis de los
materiales aportados al suelo antes de su aplicacié cara a garantizar cierta
homogeneidad y la ausencia de contaminantes quimiodiologicos. En nuestro caso,
el material bioestabilizado contenia concentradon®@deradas de Zn y Cu, que
incrementaron ligeramente la concentracion totaladéos metales en los suelos
enmendados, pero su efecto en las concentraciongisgonibles no fue significativo
(Capitulos 4 y 5), ya que los metales fueron rapetate inmovilizados en el suelo a causa
de su alto contenido en carbonatos y su pH moderenia alcalino (Adriano, 2001). La
aplicacion del material bioestabilizado (Capitdle®) incrementa el contenido en materia
organica total y carbono organico oxidable en elsulo cual se traduce en efectos
beneficiosos en la reduccion de la biodisponibdidie metales y la mejora de las
propiedades fisico-quimicas y biolégicas del sugleste efecto también contribuyeron
otros componentes inorganicos del suelo, tales aimatio contenido en carbonatos de
los suelos. De hecho, la baja disponibilidad de nwtales en los suelos donde se

afadieron Zn, Cd y Cu (capitulos 4y 5) se debeigaewnte al alto contenido en
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carbonatos y al pH que caracterizan estos suelpswyocan la citada inertizacion,
justificando su baja toxicidad para los microorgamos y las plantas. De acuerdo con
nuestros resultados, la aplicacion de enmiendagyanaas con alto contenido en
carbonatos seria recomendable en la remediaci@ueles contaminados con metales
(Zn, Cd, Cu y Cr) y bajos contenidos de carbongtold 4cido. En estos mismos suelos,
en ausencia de la enmienda organica, la concemrdei Cr(VI) se mantiene en niveles
altos (capitulos 6-8), ya que las condiciones m@suficientemente reductoras y el pH
elevado no favorece la adsorcion del Cr(VI) (Adoiag001). Sin embargo, la aplicacion
de la enmienda orgéanica tiene un efecto drastida mxduccion de los niveles de Cr(VI).
Esto se debe a que la materia organica causéadrtsdel potencial redox del suelo y,
en consecuencia, la reduccion de Cr(VI) a Cr(Xip(et al., 2019), lo cual coincide con
las observaciones de otros autores (Antoniadis.,eR@l8; Choppala et al., 2018). El
Cr(lll), en las condiciones alcalinas propiciadas |os carbonatos, seria rapidamente
inmovilizado (Zayed and Terry, 2003). Las enmieridasganicas con alto contenido en
carbonatos y enmiendas organicas podrian aplidariema complementaria para suelos

contaminados con metales (Zn, Cu, Cd, Cr).

La disminucién de la biodisponibilidad de los mesatiebido a componentes del
suelo (carbonatos, materia organica), si bien mthuecotoxicidad de los suelos, puede
suponer una limitacion importante para estrategpa®o la fitoextraccion, donde se busca

la disminucién de la concentracion total de metales

Los materiales organicos presentes en el mateiéstabilizado fueron
facilmente degradados por las comunidades micraebiadéaficas, aumentando, en
términos generales, la biomasa y actividad micrabien todos los tratamientos en los
que se aplicd, aungque esto no se tradujo en unrdarsgnificativo de la diversidad
funcional de dichas comunidades. El efecto de en@aorganica en la degradacion de
los contaminantes organicos no fue tan pronunci@moo en la inmovilizacion de
metales. Existe cierta controversia sobre el efgigtda MO en la degradacion de
contaminantes. Se ha indicado que la estimulaa@da thicrobiota mediante el aporte de
nutrientes y la adsorcién de los compuestos toxesle aumentar la degradacion de
diversos contaminantes organicos (Balseiro-Romeah,2016; Megharaj et al., 2011).
Si bien hemos comprobado (Capitulos 4 y 5) un atonem las tasas de degradacién de
hidrocarburos, con el tiempo este efecto se ve tgnado y la concentracion

recalcitrante final, compuesta mayoritariamente lpsrhidrocarburos de cadena mas
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larga, fue similar. Incluso la degradacién de Imol@Capitulos 6 y 7) se ve perjudicada
por un mayor contenido en materia organica, lo quadria deberse a que los
microorganismos limitan la degradacion de lindamanclo hay otras fuentes alternativas
de carbono en el suelo y/o a una reduccion desfzodibilidad del lindano debido a su

adsorcion a la materia organica (Hofman et al.4201

Factores como los propios componentes del suela;olaposiciéon de las
comunidades microbianas del suelo, la propia com@osquimica de la enmienda o la
naturaleza de los contaminantes organicos puedkrir ian la degradacién de estos
contaminantes. La bioestimulacién mediante la apin de enmiendas organicas es una
estrategia recomendable para la remediacién desaeh contaminacién mixta, ya que
promueven la inertizacion de metales, reduciendotobdcidad para la biota y

favoreciendo la degradacion de contaminantes argani

9.2.2. Aplicacion de estrategias biolégicas

Como se observé en los Capitulos 4 y 5, entre idedarburos presentes en los
combustibles objeto de estudio, lesicanos de origen fésil fueron degradados por los
microorganismos del suelo en funcién de la longitedtadena, siendo las cadenas cortas
mas facilmente degradables, mientras que la fragoiés pesada fue mas recalcitrante.
Los metil ésteres de acidos grasos (FAME: Fattyl Abethyl Esther) que conforman el
biodiesel, en cambio, si pueden ser completamergeadados mediante procesos de
atenuacion natural, gracias a su metabolizacién seasilla (Thomas et al., 2017), e
incluso favorecer la degradacién de los n-alcamo€@-metabolismo (Pasqualino et al.,
2006), tal y como se observé en esta tesis. Unarmdegradacion, combinada con un
menor impacto en la salud de la biota edéaficaahdei los combustibles con mayores
contenidos en biodiesel una opciéon mas recomendablie el punto de vista ambiental.
Las comunidades microbianas indigenas del suelobiéaim pueden degradar
contaminantes organicos organoclorados como ehtiodCapitulos 6 y 7). Algunos
autores (Balseiro-Romero et al., 2018; Langenhbfale 2002) han sefalado que la
capacidad natural de los microorganismos nativds sdelo para degradar estos
contaminantes, aunque existe, es insuficiente gdaranarlos en su totalidad. También
nuestros estudios apuntan en esta direccion, yigienuacion natural no es suficiente
para eliminar por completo los-alcanos ni el lindano, por lo que es necesario

implementar estrategias de remediacion mas directas
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Las GRO son estrategias prometedoras para la nemife sostenible de
emplazamientos con contaminacion mixta, por lo guessta tesis se ha estudiado la
efectividad individual y combinada de diversasastyias bioldgicas de remediacion.
Para poder llevar a cabo esta recuperacion mediantproceso de fitogestion, se
selecciond la colza como especie fitorremediadBsia especie ha mostrado cierta
tolerancia a la contaminacion mixta de nuestrodéstiypero su desarrollo se ha visto
dificultado en presencia de mezclas de contamisg@apitulos 4, 6 y 7), una afeccion
que se ha visto acrecentada por la deficienciautientes del suelo contaminado. Por
ello, la aplicacion previa de enmiendas que reduizacotoxicidad y aporten materia
organica y nutrientes al suelo es imprescindiblea dievar a cabo una adecuada
fitogestion con este cultivo en un suelo con comanion mixta como el de nuestro

estudio.

Aunque otros autores han sefialad® aapuscomo una especie adecuada para la
fitoextraccién de metales como Zn, Cu, Cd y Cr (&tti et al., 2011; Cojocaru et al.,
2016), en esta tesis la fitoextraccion de estosalewmtfue baja y no afectdo a la
concentracion total de metales del suelo. Esteaetie ge debe a que, al ser sensible a los
metales, cuando la concentracién biodisponiblestiesées lo bastante alta como para
entrar en los tejidos de la planta, la fitotoxicidpe provoca impide el desarrollo de las
plantas; por el contrario, cuando la biodisporulaitl es baja, la planta desarrolla biomasa,
pero la concentracion de metales en sus tejidassaficiente. Esta baja disponibilidad
debido a los componentes del suelo fue patentegba@ia, Cu y Cd en los suelos, como
se ha discutido en el apartado 9.2.1. Algunas espefe plantas, como las plantas
hiperacumuladoras, disponen de mecanismos fismégiara acumular metales incluso
con bajos niveles de biodisponibilidad, pero esisgecies suelen desarrollar poca
biomasa. La incapacidad de producir grandes catgglde biomasa en presencia de altas
concentraciones de metales en el suelo es una dedls importantes limitaciones de la
fitoextraccidon, que se ha intentado solucionar, éxito limitado, mediante ingenieria
geneética, practicas agronomicas y/o la aplicacéguklantes (Sheoran et al., 2016). La
estimulacion de la fitorremediacion, en generalgya fitoextraccion, en particular, con
bacterias promotoras del crecimiento vegetal (Wetaal., 2016) o con lombrices (Kaur
et al., 2018) también se han propuesto para larmdplos procesos de remediacion. En
cualquier caso, para que la fitoextraccion sedaigfees necesario que la disponibilidad

de metales sea moderada o alta, como en las tgéa®lde fitoextraccion asistida con
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agentes extractantes, que incrementan la conciémtrde los metales en la disolucién
del suelo, y finalmente favorecen su acumulaciotasrpartes aéreas de la planta. Esta
efectividad no esta exenta de riesgo por la toattigara la biota y la posibilidad de
lixiviacion y contaminacion de otros compartimentsbientales. Por otra parte, en
suelos donde el nivel de metales es muy elevadajesipo necesario para la
fitoextraccion de metales seria largo, lo cualtinsiu aplicabilidad en estos suelos para
disminuir sus niveles a los valores de referen@sa padmitirlos como suelos no
contaminados. Lo cierto es que apenas existen agmites comerciales de la
fitoextraccién, o incluso ensayos de campo conoéRobinson et al., 2015), lo cual
genera incertidumbres sobre la aplicabilidad reakstas tecnologias, al menos de la
forma en la que se ha llevado a cabo hasta el momAsimismo, estrategias que
funcionan a escala microcosmos suelen fracasarehaiones de campo (Brunetti et al.,
2011). La faceta positiva de una baja fitoextratcs@ria la limitacion de riesgo de
transmision de los metales a la cadena tréficainmeando el riesgo en la fitogestion de
emplazamientos con suelos contaminados. Como teraativa a la fitoextraccion, la
fitoestabilizacion persigue la contencidon de losales en la rizosfera de las plantas, ya
sea secuestrandolos en su raiz o alterando lascmores del suelo rizosférico de tal
forma que se reduzca su disponibilidad (Bolan gt24l11). Asi, la fitoestabilizacion
disminuye la movilidad, la biodisponibilidad y, smtuentemente, la ecotoxicidad de los
metales, al tiempo que se provee al suelo de losfisedos de una cubierta vegetal, tales
como la proteccion frente a la erosion, la esticiala de las comunidades biolégicas
edéficas, la fijacion de carbono, etc. En esta tésiespeci®. napusno incrementd ni
redujo la disponibilidad de los metales (Zn, Cu, Cd, presumiblemente por su ya de
por si baja concentracion biodisponible debido atraccion con la materia organica,
y los componentes y factores edaficos, como elecitid en carbonatos. Por tanto, bajo
nuestras condiciones experimentales la fitoestagilbn es una tecnologia que tiene poco
impacto en el suelo, cuando se aplica en combinaoddh enmiendas organicas y/o
inorganicas, sin perjuicio de que bajo otras cistamcias y/o suelos diferentes sus efectos

pudieran variar.

Con respecto a los otros contaminantes presentiescemtaminacion mixta, los
contaminantes orgénicos, la utilizacion de la feorediacion para estimular la
degradacion de estos compuestos es un tema demntesgiterés. Las plantas podrian

intervenir en la remediacion de contaminantes dcg&n de varias formas: i)
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fitodegradacion, degradando directamente los costpseorganicos dentro de sus
tejidos; ii) rizodegradacion, estimulando a las ooidades microbianas del suelo
mediante exudados radicales; iii) fitovolatilizatiéabsorbiendo y volatilizando los
compuestos organicos con la corriente transpiggtor) fitoextraccion, acumulandolos
en sus tejidos (Abdullah et al., 2020). Este in@eto en la degradacién de hidrocarburos
en presencia dB. napusno se observo en los suelos contaminados conegagahetales
(Capitulo 4). Sin embard®. napussi provoco una mayor degradacion del lindano en lo
suelos contaminados con cromo y lindano (Capitulb#&s plantas podrian aumentar la
degradacion de lindano mediante su interacciéiacoricrobiota de su rizosfera, aunque
se ha indicado que este efecto puede variar emfude la especie vegetal (Feng et al.,
2020). La combinacion del cultivo de colza y la emda organica causo un aumento
sinérgico en la diversidad funcional microbianaié¢ando que en presencialBlenapus

y de la enmienda organica aportada al suelo calalti@mposicién de las comunidades
bacterianas para la utilizacién de mas sustratesteyefecto promueve la degradacion de
lindano. Otros autores también han asociado unaimngiyersidad microbiana con la

degradacion de compuestos organicos (Segura andsRaoi.3).

Es destacable que un contaminante tan toxico yjcireate como el lindano,
compuesto organoclorado, sea degradado por lasrizachativas del suelo en presencia
de un cultivo de interés industrial como la colya, que abre la posibilidad de su
aplicabilidad en proyectos de fitogestion. El bin@mnmienda-cultivo es esencial para
la recuperacién sostenible de suelos degradadastizendo los contaminantes
inorganicos, favoreciendo la degradacion de losaruops, y generando beneficios
ambientales, sociales y economicos derivados dditdgestion. No obstante, la
efectividad de esta estrategia se puede mejorarantedsu combinacion con otras
biotecnologias, como puede ser la vermirremediacida estrategia relativamente poco
estudiada para la recuperacion de suelos contansn@ero que puede tener efectos
significativos en las condiciones del suelo. Coonmesle con el cultivo d8. napuspara
su desarrollo en suelos pobres con contaminacigtarf. fetidarequiere de la presencia
de una enmienda organica que alivie la toxicidaw/q@rada por los metales y aporte
nutrientes y materia organica (Irizar et al., 2Q018#5b). Nuestros resultados indican
que la utilizacién de lombrices de la espdgidetidacausd un aumento de la diversidad
funcional microbiana en combinacion con la materganica (Capitulo 6), acompafiada

de una mayor degradacion de lindano, lo cual apanteomo ya habiamos observado
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con las plantas, a que un factor clave para estimal degradacion de lindano es el
incremento en la biodiversidad funcional de laseoitiades microbianas del suelo. Parte
del efecto de la vermirremediacion puede debersaimlento la disponibilidad de los
contaminantes organicos al mineralizar la MO (Rnoez-Campos et al., 2014) e
incrementar el contacto entre los contaminantesasy domunidades microbianas
(Hickman and Reid, 2008b), lo cual también favoreceu degradacion. Un problema
relacionado con esta actividad es que la mine@émade la MO y el aumento de la
disponibilidad de algunos contaminantes (organgc®rganicos) podria conducir a un
aumento de su toxicidad y movilidad, aspecto aidensr antes de la aplicacion de esta
tecnologia. No obstante, nuestros resultados indigee la presencia de. fetidano
contribuy6 a una removilizacion del Cr(VI) solulgper lo que su utilizacion seria segura
bajo unas condiciones experimentales similaresudg autores han descrito una
interaccion sinérgica entre la aplicacion de tewmgigls de fitorremediacion y
vermirremediacion, pero en este estudio no se hectde€lo que sus beneficios al

aplicarlas en conjunto vayan mas alla de la sunsugdeneficios por separado.

Ya hemos indicado el efecto beneficioso de la apiin de las tecnologias de
bioestimulacion con enmiendas organicas, fitorreawddh y/o vermirremediacion para
estimular el efecto degradador de las comunidaatsas del suelo, identificando como
factor clave el incremento de la diversidad caiahdtle los sustratos presentes. Sin
embargo, otra estrategia que podria combinarseladitorremediacion asistida por
enmienda es la bioaumentacién (adicion de microisgeos con caracteristicas
especiales para promover la descontaminacion é@)siEsta técnica es habitualmente
empleada para degradar contaminantes organicastgmebién puede ser de utilidad para
la transformacion de algunos metales a formas meénaas (Alvarez et al., 2017) y para
aumentar la eficacia de la fitoextraccion (Almeiea al., 2017). A pesar de sus
prometedores resultados en experimentos de lalioraggo condiciones controladas, la
aplicacion en campo de esta estrategia resultaomeimos eficaz de lo esperable y esta
rodeada de incertidumbres. La bioaumentacion feaeasmuchas ocasiones a causa de
la incapacidad del consorcio inoculado para sobireen el suelo, ya sea por las propias
condiciones edafoclimaticas del mismo, por no &léa toxicidad de los contaminantes,
especialmente cuando hay contaminacién mixta, pasen capaz de competir con los
microorganismos autoctonos del suelo, o por peefiectividad al verse expuesto a

compuestos intermedios derivados de la degradaigboontaminante parental (Cyco
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et al., 2017). Ademas, cada suelo es diferente|gpque la efectividad de una cepa o
consorcio concretos en un suelo puede que nosadeaa otro. Un grupo de bacterias
que han destacado como efectivas en procesos dantémtacion ha sido el de las
actinobacterias, como se deriva de su capacidaa gegradar y/o transformar los
contaminantes (Alvarez et al., 2017). En esta tesida utilizado un consorcio de
actinobacterias, aisladas de medios contaminadas ©®MO Yy compuestos
organoclorados, formado por varias cepas Steeptomycessp. y Amycolaptosis
tucumanensisen consonancia con estudios previos (Aparicial.et2019; Polti et al.,
2014), en los suelos de esta tesis (Capitulos B gt €onsorcio inoculado logré una
eliminacién simultanea de lindano y Cr(VI), transi@ando este ultimo a su forma
trivalente (Karthik et al., 2017). Su efecto saltij@ en una menor ecotoxicidad en el
suelo, un mejor desarrollo de plantas y lombricgsoy tanto, potencio la efectividad de
la fitorremediacion y vermirremediaciéon. Al contocamque B. napuso E. fetidg el
consorcio fue efectivo incluso sin la ayuda denlmienda organica, aunque si se observé

que la degradacién de lindano es mayor cuandxieidad del cromo se reduce.

La aplicacion combinada de la bioaumentacion, réimediacion vy
vermiremediacion ha resultado ser la tecnologiaefétiva en la descontaminacién del
suelo en presencia de Cr y lindano y en la recoperade la salud del suelo. Este
resultado abre la puerta a nuevas estrategias efilifmcion conjunta de tecnologias
biologicas complementarias como las ensayadagepreyecto. Si bien su eficacia debe
ser testada en condiciones de campo, la efectivddadh mismo consorcio en distintos
experimentos en microcosmos con suelos diferemséspmo su complementariedad con
otras estrategias biologicas, suponen un buen pdetpartida de cara a su futura

aplicacion en campo.

A pesar de las prometedoras aplicaciones de lastezgins bioldgicas, existen
algunas cuestiones sin resolver en torno a suadyiidad y efectividad. Con respecto a
la aplicacién en campo de estas tecnologias, sungestiones de dificil respuesta que
podrian comprometer su viabilidad. En el caso @elza, existen practicas agronomicas
establecidas para su cultivo que pueden seguires @nocesos de fitogestion. En el caso
de la vermirremediacion y la bioaumentacion, resdificil calcular qué cantidad de
lombrices/indculo es la adecuada en ensayos deasampfactor del que dependera el
coste de su aplicacion y que, por tanto, debe gaesg. En el caso de las lombrices, su

supervivencia podria verse comprometida por sulsédad a las variables ambientales
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(Butt and Lowe, 2011) y ademas podrian migrar agonenos estresantes, por lo que el
namero final que quedaria en el suelo a remedidrigpovariar. En el caso de la
bioaumentacién, durante los primeros dias trasleulacion el nimero de bacterias suele
reducirse antes de estabilizarse, por lo que ntuiaolo suficiente puede comprometer
la supervivencia del consorcio (Hong et al., 2@ingh et al., 2006). Otra cuestion que
limita la efectividad de esta estrategia es layndidad que alcanzan las tecnologias
aplicadas. En el caso & napusla profundidad de su sistema radicular rondal &3
cm, en funcion de la variedad (Johnston et al.2P0f@ientras que pafa. fetidase ha
observado una profundidad de excavado de hastm 3Diet al., 2015). En el caso de la
bioaumentacion, si se aplica el indculo en sugerfau penetracion variara en funcion la
permeabilidad del suelo y la dispersion posterestad microorganismos. Por tanto, es
necesario hacer una buena evaluacion de la prafaddie la contaminacion en el suelo
Yy, en caso de que supere el area de efecto dstitategias bioldgicas, buscar alternativas
gue solucionen el problema, como el uso de otaecess con mayor profundidad (como
arboles en el caso de la fitorremediacion o espaécicas/enddgeas en el caso de la
vermirremediacion) o trasladar a la superficiedagsas profundas del suelo. Por ultimo,
hay que tener en cuenta que la inertizacién denktsiles en el suelo, si bien reduce la
toxicidad de los mismos y mejora la salud de susbdps extrae. La biodisponibilidad
es un parametro variable, por lo que existe labilakad de que la inertizacion conseguida
no sea permanente, y se revierta con el tiemps gdmbios en las condiciones del suelo.
Ademas, la legislacion por lo general contemplactmcentracion total de los
contaminantes, sin atender a su disponibilidad.

Por tanto, la bioestimulacion mediante enmiendgaracas y/o inorganicas que
reduzcan la toxicidad de los metales, seguida de aombinacion de estrategias
bioldgicas, como son la fitorremediacion, vermireghiacion y bioaumentacion, es una
estrategia de remediacion suave que se postula eolmcuada para la recuperacion
sostenible de suelos con mezclas de contaminam@sicos e inorganicos. Combinadas,
estas estrategias inertizan los metales, degradatohtaminantes organicos y mejoran
la salud de la biota del suelo. No en vano, cadands estudios empiezan a explorar las
posibilidades de combinar estas estrategias. Ntamtes este enfoque presenta todavia
algunas incertidumbres como las apuntadas que defremvestigadas antes de su

aplicacion generalizada en condiciones de campo.
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9.2.3. Nanorremediacion con nanoparticulas de lie®ro valente

La aplicacién de nanoparticulas de hierro cerontalénZV1) se utiliza actualmente tanto
para la degradacion de contaminantes organicos panaoa inmovilizacion de metales
(Zhao et al., 2016). Su uso en el medio acuosoasfiamente investigado, pero hay
menos conocimiento sobre su efectividad en el spalticularmente en condiciones de
campo (Patil et al., 2016). Una cuestion que dicla aplicacién de las nanoparticulas
en el suelo es su escasa movilidad y su rapidévaamn (Mandal et al., 2020; Su et al.,
2016), lo cual puede conducir a una falta de efieletd al no distribuirse adecuadamente
por el suelo ni interactuar con los contaminariegestros resultados indican que uno de
los principales factores limitantes de esta teqjial@s precisamente que su efectividad
esta condicionada por la metodologia de aplicad®las nanoparticulas. Efectivamente,
en dos de los tres experimentos llevados a cabnamwparticulas en esta tesis (Capitulos
4y 8), la irrigacion de la suspension acuosa tesén la superficie de los tiestos no tuvo
efectos resefiables en los contaminantes del suetola biota, presumiblemente a causa
de su escasa dispersion en la columna del suel@nsargo, cuando las nanoparticulas
de hierro cero valente logran una adecuada homzaygan con el suelo, facilitando su
mezcla, su efectividad en la descontaminacion eg etevada, como se observo en el
Capitulo 7. En dicho capitulo, una dosis mayor 2¢Ir{5 mg kg* frente a 1 mg kg),
mezclada exhaustivamente con el suelo de formaahdogré una alta reduccion de la
concentracion soluble de Cr(VI), reduciéndolo allgr(Di Palma et al., 2015). Esta
reduccion se tradujo en una menor ecotoxicidadl suedo y una estimulacion de las
estrategias bioldgicas (bioaumentacion, fitorrem&dn y vermirremediacion) en la
reduccion de lindano. En contra de los hallazgostd®s autores, las nanoparticulas no
tuvieron en ningun caso un efecto directo por ssnmiis en la degradacion del
contaminante organico (San Roman et al., 2013;hS@tcal., 2011b), por lo que seria
necesaria su combinacion con otras estrategias edediacion, preferiblemente

biolégicas.

La potencial toxicidad de las nZVI en la biotafedes una cuestion rodeada de
incertidumbres. Hay todavia un gran desconocimisabye las complejas interacciones
de las nanoparticulas con los diferentes elemelatiosuelo (Galdames et al., 2017), y se
ha observado que su toxicidad varia en funcionmigino (Gomez-Sagasti et al., 2019).
En esta tesis, la toxicidad de las nanoparticudteba mas relacionado con presencia o

ausencia de MO en el suelo que con cualquier atitof. En los suelos no enmendados
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no se detectd un efecto toxico por parte de laspeaticulas, mientras que en los suelos
enmendados con alto porcentaje de MO la aplicad@&manoparticulas causé graves
efectos toxicos (Capitulo 7). Estos efectos fueespecialmente dramaticos para el
cultivo de colza y las lombrices, reduciendo dcastiente la efectividad de la
vermirrediacion y fitorremediacion. Esta toxicidpoddria deberse a interacciones fisico-
quimicas entre la materia organica y las nanopdasc provocando cambios de
agregacion y compactacion del suelo (Dwivedi et2015). Esta interaccion se veria
reducida en presencia de altas cantidades de cowatete, al reaccionar las

nanoparticulas con éste en lugar de con la MO.

Por tanto, la nanorremediacion se presenta coradeamologia con numerosos
obstaculos para su aplicacion en suelos con condidn mixta, a pesar de su
efectividad en la reduccion del Cr(VI). Por un lagdio baja movilidad limita fuertemente
su efectividad en el suelo, y en condiciones depcaes dificil garantizar la adecuada
distribucion de las nZVI. Por otro lado, su inteiéa con la MO hace desaconsejable su
aplicacion en suelos con alto contenido en MO ocembinacidon con enmiendas
organica, salvo quiza en suelos con muy alta cdrax@an de contaminantes en los que
las enmiendas no fueran suficientemente efectikdemas, el coste de aplicar esta
tecnologia es elevado en comparacion con las GRO.

9.3. Sintesis y proximos pasos

A lo largo del desarrollo de esta tesis se ha edalula efectividad de diferentes

estrategias, individualmente y en conjunto, paradaperacion de la salud de suelos con
mezclas de contaminantes organicos e inorgani@ra. $u evaluacion se ha tenido en
cuenta la concentracion total y biodisponible dedontaminantes, su impacto en la biota
y la viabilidad de las diferentes estrategias pa&raaplicadas en un modelo de gestion

sostenible.

Los componentes y propiedades del suelo, comélgkppotencial redox o el
contenido en MO y carbonatos, entre otros, somwffestclaves para la salud de suelo en
general, y en particular para la dinamica de logarninantes. En esta tesis se subraya el
papel de las enmiendas organicas e inorganicadg@tizacion de los contaminantes
y el aporte de nutrientes y MO, esenciales pardesarrollo de la biota edafica. En
concreto, se ha validado el uso de una enmiendaatkial bioestabilizado a partir de la

fraccion organica de los residuos solidos urbaBasuso para la recuperacion de suelos
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contaminados permitiria la revalorizacion de unemak actualmente considerado como
residuo pero que, como se ha comprobado en todosalmitulos de esta tesis, puede
mejorar sustancialmente la salud de suelos comeonacion mixta. Las nanoparticulas
de hierro cero valente son otra estrategia queipaér efectiva para la inertizacion de
metales como el cromo, cuya toxicidad y movilidaebehde directamente de su
especiacion. No obstante, las nanoparticulas etramenumerosos obstaculos en su
aplicacion, como su rapida inactivacion y su esaoaswilidad, asi como su alta
reactividad con componentes de la MO del sueloiehel®o en cuenta los mdltiples
beneficios aportados al suelo por la MO, asi combag coste de las enmiendas
organicas en comparacion con la aplicacion de ratioplas, la adicion de MO al suelo
seria preferible a la aplicacion de nZVI en la miggyde los casos. El uso de una enmienda
organica seria, en términos generales, mas ecoopmas efectivo en términos de
recuperacion de la salud de suelo, y entrafiariamsneesgos potenciales que el uso de
nanoparticulas de hierro cero valente. En casazems, en los que la concentracion de
metal fuera demasiado alta como para ser inertipaddas enmiendas organicas y/o
inorganicas, las nZVI podrian ser de utilidad, aienseria recomendable aplicarlas antes
gue cualquier enmienda organica, para evitar ®raotion con la MO, y habria que

procurar su adecuada dispersién por el suelo.

La inertizacidon de los metales es un primer pasddmental para la recuperacion
de la salud de los suelos con contaminacion nygtaue estos pueden ejercer una muy
importante toxicidad sobre la biota edéfica, impitisindo el manejo sostenible de estos
suelos mediante procesos como la fitogestion, éiemmlo la degradacion bioldgica de
los contaminantes organicos. Si bien las enmiesdasefectivas en la inertizacion de
metales, para la degradacion de los contaminargé@gicos es necesaria su combinacion
con otras opciones suaves de remediacion. La agitzonjunta de un cultivo dg.
napus (fitorremediacion), dek. fetida (vermirremediacién) y la inoculacion de un
consorcio de actinobacterias (bioaumentacion) estied para la degradacién de
contaminantes organicos como el lindano, mejorsalad del suelo y puede tener un
efecto adicional en la inmovilizacion de los metalkas plantas y las lombrices se
benefician especialmente de la presencia de enaseodjanicas, actuando de forma
sinérgica en el aumento de la diversidad funciomatobiana, un factor que podria ser
clave en la degradacion de los contaminantes arganDe entre estas tres tecnologias

bioldgicas, el cultivo coB. napusobra especial relevancia ya que, ademas deexisef
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positivos sobre la salud de suelo, favorece lgéstion del emplazamiento contaminado,
obteniendo beneficios ambientales, sociales y en@mu$ durante el proceso de
recuperacion del suelo. El binomio formado pordasiiendas y el cultivo seria basico
para la recuperacion sostenible de los suelos cmtaminacion mixta, pudiendo
aumentarse la efectividad con otras tecnologias.domplementariedades y sinergias
entre las estrategias bioldgicas y las enmiendaernhaue los beneficios de su
combinacion superen con creces los obtenidos wshamimente por las mismas,

postulandose como un enfoque adecuado para lasst@i contaminacion mixta.

No obstante, las bondades de estas tecnologian delp probadas primero en
ensayos de campo, en los cuales su efectividadigoa@iriar con respecto a los
experimentos en condiciones controladas. En el oalagapacidad de adaptacion de los
organismos y, por tanto, su efectividad en la recagon del suelo puede verse
sensiblemente mermada por aspectos como las paoi@ediel suelo, las condiciones
ambientales o la competicion con otros organisiEristen todavia incertidumbres sobre
la metodologia y las dosis de aplicacion optimaalgmnas de estas tecnologias. Ademas,
en este estudio ya se observan algunas debilid@deso se ha comentado previamente,
la efectividad de estas tecnologias esta limitatka @ofundidad que son capaces de
alcanzar, siendo necesaria la busqueda de altesgiara aquellos casos en que los
contaminantes estan localizados a mas profundiBad.otro lado, la degradacion
completa de los contaminantes organicos es un idesa que es habitual que las
fracciones recalcitrantes, como las cadenas maslagesle log-alcanos presentes en el
gaséleo, apenas se degraden.

Sin embargo, la principal limitacion de este tige gestion de los suelos
contaminados es que, aunque su toxicidad y moduilgt reduce, los contaminantes
metalicos siguen en el suelo. La biodisponibilidados metales puede variar con el paso
del tiempo y/o cambios en las condiciones del s{ph potencial redox, mineralizacion
de la MO, etc.). En consecuencia, la fitogestiormplazamientos contaminados implica
necesariamente la puesta en marcha de un sistemaniterizacion de parametros clave
de la salud de suelo, como la concentracion biodifpe y la ecotoxicidad, que permiten
controlar la evolucion de la salud de suelo a lgdadel tiempo. Por otro lado, la
legislacion, por lo general, no contempla las catregiones disponibles, y mucho menos
los bioindicadores de toxicidad o salud del susitty que se basa en las concentraciones

totales de los contaminantes. Es de imperiosa iseckgue se produzca un cambio de
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paradigma en el enfoque de la administracién Hac@ntaminacion del suelo, de tal
modo que aspectos como la disponibilidad o la egcittad sean tenidos en cuenta en la
legislacion y la gestion de los emplazamientos amiriados. Para ello, es necesaria la
seleccion de una serie de parametros e indicadstasdarizados en torno a los cuales
sea posible legislar. Este cambio de paradigmbtéa@ la implementacion de las GRO,
las cuales a dia de hoy son vistas con reticeraridog principales actores (gestores,
administracion, etc.) a causa del largo periodoegdo para cumplir con la normativa.
Las GRO son lentas en la reduccion de la concedtrdotal de contaminante, pero
relativamente rapidas recuperando la salud deloslgh menor periodo de tiempo
requerido para alcanzar los objetivos fijados momormativa, combinado con los

beneficios intrinsecos que aportan, harian de R® @strategias mas atractivas.

El objetivo ultimo deberia ser la eliminacion de mntaminantes del suelo, por
lo que es necesario seguir investigando en la cangm de este objetivo, pero en el
proceso, la fitogestién ofreceria una soluciénesubte para la recuperacion de funciones
y servicios ecosistémicos del suelo al tiempo qaeobtiene una regeneracion

socioecondmica de la comunidad.
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Chapter 10

10. CONCLUSIONS

1.

The organic bio-stabilized material studied hera giitable amendment for the
remediation of mixed contaminated soils, as it pytes metal inertization,
stimulates soil microbial communities and enharptast growth.

Metal inertization can be an essential first stepthe degradation of organic
compounds in mixed contaminated soils, since meatals cause significant
toxicity to soil degrading microorganisms.

Hydrocarbons of biological origin, like fatty aadethyl esters, are more easily
degraded by indigenous soil microbial communitie@ntthose from fossil origin.
Phytoremediation wittBrassica napusassisted by an organic amendment is
recommended for mixed contaminated soils, as itnptes both the removal of
soil contaminants and the recovery of soil healthe effectiveness of this
approach can be enhanced by its combination witleroGRO strategies as
vermiremediation and/or bioaugmentation.

An increase in soil microbial functional diversiig a key factor for the
degradation of soil lindane, which can be achietr@dugh the combination of
Brassica napusgrowth, the inoculation ofEisenia fetidaworms, and the
application of an organic amendment.

Bioaugmentation with a bacterial consortium camprte the recovery of soils
simultaneously polluted with chromium (VI) and lartk, by reducing Cr(VI) to
Cr(lll), decreasing lindane concentrations, anda@cing the effectiveness of
phytoremediation and vermiremediation strategies.

Nanoremediation with zero-valent iron nanopartioctes be effective for the
reduction of Cr(VI) to Cr(lll), decreasing its t@dly and facilitating the biological
remediation of mixed contaminated soils. HoweJeg, ¢apacity of nZVI for soll
remediation purposes is strongly conditioned by dpplication method, since
their rapid inactivation and low mobility hinder eih interaction with soll
contaminants. Besides, the potential toxicity ofvVh4s conditioned, at least
partially, by the presence of soil organic matter.

Considering effectiveness, cost and potential rible, application of organic
and/or inorganic amendments appears preferabléhoremediation of mixed

contaminated soils, compared to nanoremediatiom mAl/1.
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