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“Look again at that dot. That's here. That's home. That's us. On it everyone you love, everyone you
know, everyone you ever heard of, every human being who ever was, lived out their lives. The aggregate
of our joy and suffering, thousands of confident religions, ideologies, and economic doctrines, every
hunter and forager, every hero and coward, every creator and destroyer of civilization, every king and
peasant, every young couple in love, every mother and father, hopeful child, inventor and explorer,
every teacher of morals, every corrupt politician, every "superstar," every "supreme leader," every saint
and sinner in the history of our species lived there — on a mote of dust suspended in a sunbeam.

The Earth is a very small stage in a vast cosmic arena. Think of the endless cruelties visited by the
inhabitants of one corner of this pixel on the scarcely distinguishable inhabitants of some other corner,
how frequent their misunderstandings, how eager they are to kill one another, how fervent their
hatreds. Think of the rivers of blood spilled by all those generals and emperors so that, in glory and
triumph, they could become the momentary masters of a fraction of a dot.

Our posturings, our imagined self-importance, the delusion that we have some privileged position in
the Universe, are challenged by this point of pale light.

Our planet is a lonely speck in the great enveloping cosmic dark. In our obscurity, in all this vastness,
there is no hint that help will come from elsewhere to save us from ourselves.

The Earth is the only world known so far to harbor life. There is nowhere else, at least in the near future,
to which our species could migrate. Visit, yes. Settle, not yet. Like it or not, for the moment the Earth is
where we make our stand.

It has been said that astronomy is a humbling and character-building experience. There is perhaps no
better demonstration of the folly of human conceits than this distant image of our tiny world. To me, it
underscores our responsibility to deal more kindly with one another, and to preserve and cherish the
pale blue dot, the only home we've ever known.”

— Carl Sagan (1994), Pale Blue Dot: A Vision of the
Human Future in Space
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Abstract

Freshwater is a scarce resource, threatened by constant pollution, global climate change and
industrialization. Among other freshwater sources, groundwater is by far the most important source
of usable freshwater. However, attempts to remove contaminants are more complex and slow due to
the intrinsic nature of aquifers, low flow rates and a complex matrix in comparison with superficial
waters.

The aim of this thesis is to investigate two remediation technologies: first, nitrate and nitrite removal
based on natural occurring bioremediation and second, the production, reactivity and agglomeration
of nano Zero Valent Iron (nZVI) particles.

Natural occurring denitrification is a partially implemented and promising remediation approach but
concerns about its performance out of the lab are justified. The following studies were carried out:
evaluation of denitrification potential of wetlands from two sites in Denmark, soil characteristics and
composition impact on denitrification highlighting the role and vertical distribution of organic matter,
assessment of the Dissimilatory Nitrate Reduction to Ammonium (DNRA) importance as a
denitrification competitor and effect of the seasonal variations.

Regarding seasonal fluctuations, results showed that Heterotrophic Denitrification (HD) is an Arrhenius
temperature dependant process and it can be influenced by mass transfer limitations. However,
observing that HD is a very resilient process, being dominant under all tested conditions, the
importance of DNRA arose in dried and frozen soils In addition, a nitrite increase was observed.

Concerning organic matter studies, heterotrophic denitrification was only present in a very narrow
superficial zone where Organic Matter (OM) was abundant. DOC and LOI could not express by
themselves an absolute correlation with HD, however high amounts of DOC ensured enough quantity
and quality of OM. DNRA was important only in the very superficial samples where an excessive
content of OM could trigger it.

On the other hand, nZVI is a very promising in situ new technology which can achieve the degradation
of a broad range of contaminants, some being reluctant to previous remediation and bioremediation
approaches. The purpose is to help overcome some of the challenges that limit a widespread
implementation of this technique, such as: the lack of a cost — effective — straightforward production
method, uncertainness on the reactivity governing factors including the passivating oxide shell in
commercial particles and the agglomeration driving factors.

After replicating the previous milling methods in literature (where the iron ductility if using inert media
was an insurmountable barrier to reach a nanoscale size), the need to break the iron flakes was stated.
Several approaches were tested, finally the addition of micronized alumina produced nanoscale
particles. Abrasion of the grinding media and breakage of flakes were the main mechanisms for the
nZVI production. The physicochemical properties of the obtained particles were: a mean particle
diameter of 0.16 um (by SEM) and a specific surface area of 29.6 m?-g! and a reactivity toward Cr (VI),
trichloroethylene and tetrachloroethylene higher than commercial nZVils.

In reference to the assessment of the effect of a passivation oxide layer on a commercial nzVI
(NANOFER STAR, NANORION s.r.0.), it was concluded that the oxide shield of surface-passivated nZVI
particles significantly decrease performance. A process to weaken the oxide shield was tested, it
consisted in exposing the passivated nZVI to water for 36 hours at w iron / w water concentration of
0.2, just before the reaction with the pollutants. The results show that this activation process increases
the effectiveness of the remediation and simplifies the overall handling of the nZVI.
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Research on C-potential and magnetic attraction of nZVI particles were also studied to detect possible
effects on agglomeration.
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Main abbreviations

(n)
ANAMMOX
BET-SSA

BH

BPR

CAH

CIp

cis-DCE

DNAPL
DNRA
DOC

EC

EDX
GC-MS
HD
HEPA
HR-XPS

LD
LNAPL
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MEG
mZzVI
NR
NRP
nZVi
oM
ORP
Ps
PCA
PCE
PCM

Number of replicates.

ANaerobic AMMonium OXidation
Brunauer—Emmett—Teller Specific Surface Area
BoroHydride

Ball to Powder Ratio

Chlorinated Aliphatic Hydrocarbons

Carbonyl Iron Powder

cis-1,2-Dichloroethene

Mean particle diameter

Dense Non-Aqueous Phase Liquids
Dissimilatory Nitrate Reduction to Ammonium
Dissolved Organic Carbon

Electrical Conductivity

Energy-Dispersive X-ray spectroscopy elemental analyser
Gas Chromatography — Mass Spectrometry
Heterotrophic Denitrification

High Efficiency Particulate Arrestance
High-resolution X-ray photoelectron spectroscopy
Reaction Rate constant

Laser Diffraction particle size analysis

Light Non-Aqueous Phase Liquid

Loss On Ignition

Moisture

Mono Ethylene Glycol

micro Zero Valent Iron

Nitrate Reduction

Nitrate Reduction Potential

nano Zero Valent Iron

Organic Matter

Oxidation Reduction Potential

Percentage of particles below 1 um

Principal Component Analysis
Perchloroethylene or Tetrachloroethylene

Perchlorometane, Carbon Tetrachloride or Tetrachloromethane

23



PEG
PRB
SEM
SHE
SSA
TCE
TCM
TEM
TOC
XRPD
ZVI

(-potential
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1 Introduction

1.1 General overview

Freshwater is a very scarce resource. Despite the common perception of the Earth as a blue planet, of
the total existing water (1.39-:10° km3), freshwater only represents 2.5% (1.06:10” km3). Freshwater
must be considered as a limited resource. Moreover, from this total percentage of freshwater: 68.7%
of it is in permanent solid state trapped in ice caps, glaciers and permanent snow, 30.1% (1.05-107 km?3)
is groundwater and the easily accessible superficial freshwater represents just a 0.26% (9.31-10% km3),
Fig. 1.1 and Table 1.1, (Gleick, 1996). Decisively, freshwater is not a widespread unlimited resource, it
should be viewed as a strategic asset in the modern human civilization.

Fig. 1.1 (Left) The Blue Marble, (NASA et al., 2012). (Right) globe illustration: big sphere (1.39-10° km? — @: 1384
km) all earth’s water, medium sphere (1.06-10” km3—@: 273 km) all liquid freshwater, small sphere (9.31-10* km?3
— @: 56 km) superficial liquid freshwater, (Perlman, 2012).

Management of water resources and water availability is a global challenge which is threatened by
advancing/constant pollution (Water, 2012), global climate change (Field et al., 2014), human
overpopulation (Steinfeld et al., 2006, Thornton, 2010), non-sustainable industrialization and regional
conflicts (Griffiths and Lambert, 2013) as stated by intergovernmental organizations and scientific
community.

“Water is at the core of sustainable development. Water resources, and the range of
services they provide, underpin poverty reduction, economic growth and environmental
sustainability. From food and energy security to human and environmental health, water
contributes to improvements in social wellbeing and inclusive growth, affecting the
livelihoods of billions” (WWAP, 2015).
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Table 1.1 Water resources, its total amount and its relative abundance over
the total and the fresh water, (Gleick, 1993). Percentages may not sum to 100
percent due to rounding.

Water source Water volume Total water Fresh water
km?3 % %
Oceans, Seas, & Bays 1.34-10° 96.54 -
'Ff:rmazaeprft' Snf\:\?c'ers & 241107 91.74 68.6
Groundwater 2.34-107 91.69 -
Fresh 1.05-107 90.76 30.1
Saline 1.29-107 90.93 ---
Soil Moisture 1.65-10° 90.001 90.05
Ground Ice & Permafrost 3.00-10° 90.022 90.86
Lakes 1.76-10° 90.013 ---
Fresh 9.10-104 90.007 90.26
Saline 8.54-104 90.007 ---
Atmosphere 1.29-104 90.001 90.04
Swamp Water 1.15-104 90.0008 90.03
Rivers 2.12-103 90.0002 90.006
Biological Water 1.12:103 90.0001 90.003

1.1.1 Groundwater pollution challenge

Groundwater accounts for 30.1% of the total freshwater or the 96.0% of the total liquid freshwater,
excluding ice caps, glaciers and permanent snow Table. 1.1 (Gleick, 1996). Therefore, it constitutes the
most important source of usable water. Groundwater is widely spread, for example, following river
basins where sediment deposits created a permeable media that forms aquifers (Anderson, 1989;
Vidon and Hill, 2004a; Dahl et al., 2007). The underground water body in river basins are formed by
the wetted channel, the parafluvial and floodplain hyporheic zones and the groundwater. Interestingly,
groundwater usually represents the most important contributor to the baseflow of the rivers
(Sophocleous, 2002), where an important exchange between superficial water and groundwater
bodies is produced. This system is considered as a continuum by some authors and regulations (Brunke
and Gonser, 1997).

Nowadays, anthropic pollution is threatening groundwater quality. Pollution sources are present
across all systems of modern civilization, from all sectors of economy: farming, cropping, mining, heavy
and light industry, services, etc. to city infrastructures, such as: wastewater and landfilling. (Zaporozec
et al., 2002), Fig. 1.2.

Due to the intrinsic nature of aquifers; low flow rates (Vidon and Hill, 2004b) and a complex matrix
compared to superficial water (i.e.: rivers), natural dilution and attempts to eliminate the pollution are
more complex and slow. Consequently, aquifers are a long term source of pollution to the river
baseflow.
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Fig. 1.2 Surface and groundwater sources pollution sources (Foundation for Water
Research, 2016)

1.1.2 European Union legal framework

Under this context, the European Union has developed a consequent legal framework. This is
articulated by the following three main directives:

e The European Union Water Framework Directive - integrated river basin management for
Europe (EU Directive 2000/60/CE). It is the most significant piece of European water legislation
and it is updating most of the existing regulations. The keystone of this directive is to consider
all the connected waterbodies a continuum under the river basin denomination. It is an
important advance in groundwater protection that dictates assessment of quantitative status
(stock monitoring) and chemical status (pollution monitoring) of this reservoir. Particularly,
groundwater is defined as:

“All the water which is below the surface of the ground in the saturation zone and
in direct contact with the ground or subsoil. In addition, aquifer is defined as a
subsurface layer or layers of rock or other geological strata of sufficient porosity and
permeability to allow either a significant flow of groundwater or the extraction of
significant quantities of groundwater.”

e The Nitrates Directive (EU Directive 91/676/EEC) was developed to protect water quality across
the European Union by preventing nitrates from: agricultural sources, polluted ground and
surface waters by promoting the use of good farming practices. The Nitrates Directive forms
an integral part of the Water Framework Directive. The implementation of this directive is
divided in the following measures:
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- ldentification of polluted water bodies, or at risk of pollution, such as: surface freshwater,
groundwater, estuaries, coastal waters and marine waters.

- Designation as "Nitrate Vulnerable Zones"(NVZs) of: eutrophic river areas or the whole
territory of the country.

- Establishment of “Codes of Good Agricultural Practice” (CGAP) to be implemented by
farmers on a voluntary basis. Codes should include: limitation of the periods when
nitrogen fertilizers can be applied, prevention of nutrients leaching into waters, limitation
of the conditions for fertilizer application.

- Establishment of action programmes to be implemented by farmers within NVZs on a
compulsory basis.

- National monitoring and reporting.

The Groundwater Directive (EU Directive 2006/118/CE). Concerning the protection against
pollution and deterioration of groundwater, this directive is ruled by the following principles:

- Groundwater is the most sensitive and the largest body of freshwater in the European
Union and, in particular, also a main source of public drinking water supply in many
regions.

- Groundwater bodies used for abstraction of drinking water or intended for such future use
must be protected to avoid deterioration of the water quality. This is aimed to reduce the
level of the present and future purification treatment required in the production of
drinking water.

- In order to protect the environment as a whole, and human health in particular,
detrimental concentrations of harmful pollutants in groundwater must be avoided,
prevented or reduced. Particularly, nitrate threshold where groundwater fails quality
status is > 50 mg-I™.

- Chemical status of groundwater bodies should be reported so as to prevent and control
groundwater pollution, including criteria to assess good chemical status and criteria to
identify significant sustained upward trends.

- Chemical status of the contact between groundwater and surface water. In order to
protect the groundwater dependent ecosystems along rivers, lakes, wetlands and coastal
areas.

- Research should be conducted in order to provide better criteria for ensuring groundwater
ecosystem quality and protection.
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1.1.3 European Union 7th Framework Programme

7th Framework Programme (FP7) was the EU's main instrument for funding research in Europe and it
ran from 2007-2013. FP7 was designed to respond to Europe's employment needs, competitiveness
and quality of life. It lasted for seven years from 2007 to 2013. The programme had a total budget of
over 50,000 M£.

Indeed, FP7 was a key tool to respond to Europe's needs in terms of jobs and competitiveness, and to
maintain leadership in the global knowledge economy contributing to the development of a
knowledge-based economy and society (EU Decision No 1982/2006/EC). These fundings were spent on
grants to research actors all over Europe and beyond, in order to co-finance research, technological
development and demonstrative projects. Grants were determined on the basis of calls for proposals
and a peer review process, which were highly competitive.

In the light of the strong need to preserve and clean the groundwater sources, the developed EU legal
framework and the FP7 programme, this thesis found a key source of motivation, driving force,
resources and acceptance. For this reason this thesis is focused on new research approaches for
groundwater remediation, specifically to:

e Promote and understand remediation mechanisms naturally present in the groundwater —
river interface. Denitrification has a huge potential as a remediation mechanism but factors
affecting the process performance remain largely unknown.

e Improve remediation solutions based on nanomaterials. New techniques have arisen thanks
to the appearance of these new kind of materials. nano Zero Valent Iron (nZVI) is a
paradigmatic example showing a high reactivity against pollutants and mobility into aquifers.
It is then important to study and boost this technology.

29






Introduction

1.2 Remediation based on natural systems, denitrification

Natural remediation consists of using the self-resources of the environment to eliminate or immobilize
a particular pollutant. In this thesis, denitrification was studied as a case of natural remediation,
specially the factors governing its performance in wetlands.

Wetlands and floodplains play key roles in the environment serving human interests with an economic
value that is estimated in the range of several thousand dollars per hectare and year (Groot et al.,
2012). These services include, among others: climate stability due to carbon sequestration, coastal
protection, water flow and flood regulation and water quality improvement through pollution control
and detoxification (Flight et al., 2012), where the latter is one of the main contributors to wetland
antrophic value (Groot et al., 2012).

Wetlands are increasingly recognized and restored as critical water quality improvement zones, for
example nitrate removal can easily achieve an efficiency >90% in natural wetlands, (Mayer et al., 2005).
In the last three decades, natural wetland principles have been implemented in waste water treatment
plants to meet the increasing restrictive nitrogen, phosphorus and organic matter emission limits (Wu
et al., 2014). Lastly, these principles are being applied to restore and build new wetlands as a buffer
zones for mitigating pollution of surface water bodies due to runoff from adjacent agricultural fields
(Gumiero et al., 2013).

1.2.1 The nitrogen pathways

The nitrogen cycle is divided principally in four active pools: atmosphere, hydrosphere, pedosphere
and biosphere. The transformations between them are governed through several mechanisms:
fixation, ammonification, nitrification, denitrification, assimilation, ANaerobic AMMonium OXidation
(ANAMMOX), Dissimilatory Nitrate Reduction to Ammonium (DNRA) and the Haber — Bosch process
Fig. 1.3. Human impact on the nitrogen cycle is significant, it is produced by the overload of the
hydrosphere and pedosphere with nitrogenous nutrients (Galloway et al., 2008).

Nitrogen is an essential and scarce element for vegetal growth. Therefore, it is a very limiting nutrient
in the biosphere and consequently, it must be supplied regularly to the crops. Nitrogen is obtained
from three main sources:

e Synthetic. This is the main origin of nitrogen for anthropic uses since geologic or biologic usable
pools are very limited. Atmospheric nitrogen is industrially fixed to ammonia through the
Haber - Bosch process (energy reaction: Eq. 1.1) (Gruber and Galloway, 2008). Afterwards,
ammonia is converted to fertilizers commonly based on urea, ammonium nitrate or nitrate
and applied to crops. This process is so prevalent that over 80% of the nitrogen in the protein
of an average human is derived from this source, (Howarth et al., 2008).

N2+ 3 H2 > 2 NH3z g Eq. 1.1

e Waste by-products. Such as manure, as an important fraction of the agricultural output is used
to feed livestock, nitrogen goes through the trophic chain and ends up in the manure. Finally,
in some degree, it is reapplied onto the crops.

e Nitrogen fixing plants. This is the natural alternative to Haber - Bosch process. It is driven by
the plants of Legume family, Fabaceae. They contain symbiotic bacteria, commonly from
Rhizobium genus, within nodules in the root systems. These bacteria produce organic
nitrogenated compounds that are absorbed by the host plant and spread across tropic system
and soil.
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Fig. 1.3 The nitrogen cycle.

Nitrogen overload emerges because synthetic fertilizers and manure are applied in excess and washed
out from the agricultural fields into the groundwater, wetlands and rivers (Stein et al., 2016). Manure
is not usually seen as a valuable product but as a residue, because crop zones are decoupled from
livestock zones, being costly to transport it to crops. Hence, there is a manure surplus which is applied
to the fields near the manure-producing farms, therefore exceeding soil needs. The widespread and
indiscriminate application of nitrogen into the environment leads to what is called diffuse pollution.

New approaches and techniques to reduce this pollution are required because, alongside the justified
environmental concerns, a very restrictive legislation (EU Directives 91/676/EEC and 2000/60/CE) is
being applied. Pollution and legislation are increasing the pressure to find new solutions.

A close view into the nitrogen transformation steps between the different nitrogen pools and the
involved microorganism reveals some interesting processes, some of them usable for remediation:

e Oxidation of ammonium to nitrite. If nitrogen fertilizers are composed of ammonium (NHs*(aq))
or generate it, which is common, then it is easily immobilized into the soil (due to its positive
charge). Hereafter, it is oxidized by two different groups of organisms and ammonia-oxidizing
archaea. Oxidation of ammonium to nitrite is the limiting steps of nitrification. Redox half-
reaction Eq. 1.2 and scheme Fig. 1.4, (Hatzenpichler, 2012).

NH4* (ag)+ O2 > NO2™ (agq) + 4 H*+ 2 &~ Eq. 1.2
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e Oxidation of nitrite to nitrate. Nitrite is easily oxidized to nitrate (NOs(aq)) completing the
nitrification process, which is mainly done by bacteria of the genus Nitrobacter and Nitrospira.
Redox half-reaction Eq. 1.3 and scheme Fig. 1.4, (Cebron and Garnier, 2005).

NO2™ (aq) + H20 = NO3 (aq) + 2 H* + 2 e~ Eq.1.3

Both nitrate and nitrite are very soluble in water and negatively charged, thus they are not retained in
the soil (contrary to NH4*). This fact brings a great mobility to these anions which spread across runoff
and groundwater, moving effortlessly through the river basin. The main concerns of nitrate and nitrite
pollution are: eutrophication and, regarding human health, methemoglobinemia disease caused
mainly by nitrite. Methemoglobinemia is characterized by the presence of a higher concentration of
methemoglobin rather than haemoglobin which has a lower affinity to oxygen. Methemoglobin
increases the oxygen blinding stretch of to the remaining heme sites, leading to an overall reduction
of the ability of the red blood cells to release oxygen to the tissues (Wright et al., 1999). Consequently,
the drinking water legislation (EU Directive 2006/118/CE and 98/83/CE) sets a maximum level of 50
mg-I"? of nitrate and 0.5 mg-I"* of NO,, respectively.

e Reduction of nitrate to nitrogen and nitrous oxide. Denitrification is the key step of
remediation which allows the conversion of nitrate to nitrogen (N;) or to the intermediate
compound nitrous oxide (N20). Both are gas species pumping out nitrogen compounds of the
hydrosphere and pedosphere. It is accomplished by a very diverse group of facultative
anaerobic bacteria, redox half reactions: Eq. 1.4, 1.5, 1.6, 1.7 and scheme Fig. 1.4.

NO3 (aq) + 2€ + 2H* = NO7 (aq) + H20 Eq.1.4
NO2 (ag) + € + 2H* = NO (aq) + H20 Eq. 1.5
2NO (aq) + 2 + 2H* = N20 (g + H20 Eq. 1.6
N20 (g + 2e + 2H* = N2 (g + H2.0 Eq. 1.7

Other secondary processes which are important for being competitive or collaborative with
denitrification:

e Anammox, (ANaerobic AMMonium OXidation). In this an autotroph process where nitrite and
ammonium are converted directly to nitrogen, this pathway is a relatively new discovery and
is a promising technique for wastewater treatment. However, the long replication times of
these bacteria limits its wide usage. The energy reaction Eq. 1.8 and scheme Fig. 1.4, (Mulder
etal.,, 1995).

NHa* (ag) + NO2™ (aq) = N2(g) + 2 H20 Eq. 1.8

e DNRA, (Dissimilatory Nitrate Reduction to Ammonium). This is a competing mechanism for
denitrification, it occurs when an excess of organic matter is present reconverting nitrate to
ammonium. There are many bacteria capable of performing this pathway including:
Alcaligenes faecalis, Alcaligenes xylosoxidans, Bradyrhizobium japonica, Blastobacter
denitrificans and numerous from the genus Pseudomonas, (Riitting et al., 2011). The overall
reaction was first presented by (Robertson et al., 1996), Eq. 1.9 and Fig. 1.4

2CH20 + NO3" (ag) + 2H* - NH4" (aq) + 2CO2 + H20 Eq. 1.9

e In heterotrophic and autotrophic denitrification part of the nitrate is used in anabolic
pathways, increasing the bacterial biomass. The energy and biomass (empirically simplified to
CsH;0:2N) reaction differs among the electron donor used, i.e.: Eq. 1.10 shows autotrophic
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denitrification using hydrogen meanwhile Eq. 1.11 is the heterotrophic denitrification with
methanol and Eq. 1.12 with acetate, (Bruce and Perry, 2001).

0.5H2 + 0.1773NO03 aq) + 0.0246C0; + 0.1773H* = 0.00493CsH70:N + 0.0862N3 (g) +
0.5714H,0
Eq. 1.10

0.1667CH30H + 0.1561NO3 (ag) + 0.1561H* = 0.00954CsH702N + 0.0733N2 (g) +
0.3781H.0 +0.119CO;
Eq. 1.11

0.125CH3COO" + 0.1438NO03 (aq) + 0.1438H* - 0.0122CsH70:N + 0.0658N3 () +
0.125HCO5" + 0.0639C0; + 0.1542H,0
Eq.1.12

The amount of immobilized nitrogen as biomass depends on the electron donor used. It
represents an small amount compared to the expelled dinitrogen, for example the immobilized
nitrogen is 6.1% using methanol as electron donor and 8.5% for acetate. In natural media
similar electron donors composed by short alcohols and volatile fatty acids would be expected
as products of anaerobic digestion. In the present thesis, where heterotrophic denitrification
is studied, nitrate and nitrite depletion and ammonium generation (to weigh the DNRA) are
analysed and used to assess denitrification. This method assumes that nitrogen is not used into
the biomass synthesis, but because of the small amount used in this way and of the difficulty
to scale up more precise methods (i.e.: acetylene procedure (Yoshinari et al., 1977) up to the
amount of samples studied, it was chosen.

1.2.2 Riparian zones / Wetlands

Transition from the river to the land is known as a riparian zone, it is a very particular zone joining
characteristics of both dry land and the river. Depending on the hydric regime, these can be classified
as: wetlands or floodplains although the borders between them are unclear (Cole, 2016).

Wetlands are lands that are saturated with water either permanently or seasonally, being the water
table very close to the surface (Cole, 2016). It has a characteristic ecology, considered as one of the
most biodiverse of all ecosystems. Aquatic plants are adapted to the particular hydric soil regime, some
examples are: hydrophytes and reeds from the: Poaceae, Cyperaceae, Sparganiaceae and
Restionaceae families. There is a close link between the flora and the first organic horizon of the soil,
which can be submerged and hence become anaerobic, called peat layer. An important flux of fresh
organic matter is deposited constantly on the peat layer, then this organic matter undergoes an
anaerobic biodegradation, leaching labile organic matter through the deeper horizons of the soil (Hill
and Cardaci, 2004).

Floodplains are areas of land adjacent to the active channel of the river. These zones are not
permanently saturated with water since water regime is governed by flooding during periods of high
discharge. However, the water table is almost always close to the surface due to the proximity of the
active channel of the river (Dahl et al., 2007; Cole, 2016). The floodplain ecosystem is dominated by
deciduous forests with a very high productivity because of the broad availability of water and essential
nutrients. This high production rate supplies, as in the case of the wetlands, a constant flux of organic
matter to the soil, (Arora et al., 2016).

Both wetlands and floodplains connect the water table, seepage and the run off with a rich organic
matter soil, being a very suitable interface for denitrification. Denitrification is produced either as an
autotrophic and heterotrophic process. However, autotrophic pathway requires non common electron
acceptors in the soil, such as: sulphur (Komor and Fox, 2002) and hydrogen (Smith et al., 1994). On the
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other hand, heterotrophic denitrification uses organic matter, simplified here as CH,0 in the overall
reaction Eq. 1.13, (Jgrgensen et al., 2004; Appelo et al., 2007). Heterotrophic denitrification is
performed by i.e. bacteria genus: Pseudomonas, Cytophaga-Flavobacter-Bacteroides and
Hyphomicrobi, (Madigan et al., 2000).

5CH20 (aq) + 4NO3 (aq) = 2N2 (g) + 4HCO3 (aq) + 3H20 (aq) + CO2 (g) Eq. 1.13

As previously exposed, organic matter is widely available in upper layers of the wetlands and
floodplains soils, moreover, these zones intercept polluted water coming from the nitrogen sources
i.e.: crops and farms making them very suitable for nitrate interception and elimination.

One very interesting approach to the problem of reducing leached nitrogen from agricultural diffuse
sources is the establishment of buffer zones between the pollutant source areas and the receiving
waters. Being a very promising low-cost, sustainable and ecologically-friendly approach for mitigating
the diffuse pollutants such as nitrate (Tournebize et al., 2015) and pesticides (Krutz et al 2005;
Reichenberger et al., 2007). Recently, several wetlands have been used as a restoration technology in
many countries. Some wetlands have been re-established, other have been approved for restoration
and some have been considered for further investigation, (Funen County, 2003; Hoffmann and
Baatrup-pedersen, 2007). Moreover, recent work indicates that such zones also might be successful in
decreasing the transport of pesticide residues into the river, (Krutz et al., 2005; Reichenberger et al.,
2007).

Despite these very promising perspectives, there is insufficient information on the importance of: deep
subsurface flow, the global effectiveness of the system, its performance in the deep layers of the soil
and the negative effects of seasonal disturbances (winter period, a drought period and a flood periods).

Denitrification research in this thesis is focused on providing new information that would help to
decipher these uncertainties.

1.2.3 AQUAREHAB Project

AQUAREHAB (Development of rehabilitation technologies and approaches for multipressured
degraded waters and the integration of their impact on river basin management) (FP7 ENV
2008.3.1.1.1.) was a large-scale EU financed research project under the 7th Framework Programme of
the European Union in rehabilitation technologies for degraded water systems presenting quality and
quantity problems. The project developed innovative rehabilitation technologies for soil, groundwater
and surface water to cope with a number of different priority contaminants (nitrates, pesticides,
chlorinated compounds, aromatic compounds and mixed pollution, among others) within heavily
degraded water systems. Developed methods were focused on determining the long-term impact of
the innovative rehabilitation technologies to reduce river and groundwater pollution. Lastly, the
project promotes the uptake of successful technologies for use in river basin management measures.

It was coordinated by VITO (Belgium) involving a consortium of 19 partners. The project started 1st
May 2009 and lasted until the end of 2013 (56 months).

The present thesis shows part of the results of Work Package 1 which is dedicated to the study of the
role of wetlands in nitrogen discharge reduction from groundwater to rivers.
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1.3 nano Zero Valent Iron remediation

Frequently, natural occurring mechanisms in soil and aquifers are insufficient to decompose or
immobilize pollutants. This can be the result of: lack of a feasible biological pathway, a low
performance because the process is not thermodynamically very favourable or some nutrients or co-
substrates are not present. Where natural remediation does not work, assisted or artificial remediation
should be provided. A very diverse range of techniques have been applied, however, these are limited
depending on the properties of the contaminant and the aquifer. Some examples include: surfactant
flushing, in situ chemical oxidation, gas, steam and thermal treatments, reactive permeable barriers,
bioremediation, excavation, pump and tread and nano Zero Valent Iron (nZVI) injection, (Yao et al.,
2012; Mao et al., 2015).

1.3.1 Pollutants in aquifers

Owing to the intrinsic nature of the aquifer matrix and the slow hydrogeological regime of these
systems, pollutants find a natural enclosure where remediation becomes very challenging. The
obstacles for a successful remediation can be classified according to the properties of the
contaminants and hereafter, contaminant behaviour and remediation strategies can be addressed.
Common cases are:

Low solubility organic compounds

These pollutants have low water solubility, usually in the range of milligrams per litre.
Consequently, they form a new and insoluble liquid phase in the aquifer. The properties of these
phases are basically determined by the density of the constituent compounds, because following
the solubility, the governing factors in the aquifer are buoyancy and capillarity forces.

e Light Non-Aqueous Phase Liquid (LNAPL), the pollutant phase has a lower density than
water. It causes of the phase to spread over the water table. This is, for example, the case
of some hydrocarbons, such as: gasoline, benzene, toluene and xylene.

¢ Dense Non-Aqueous Phase Liquid (DNAPL), the pollutant phase has a larger density than
water. The pollutant phase tends to mobilize downwards only stopping when reaching an
impermeable bedrock, (Vrba and Adams, 2008). During the immersion it forms multiple
horizontal layers or lenses, connected by vertical trails of residual saturation, Fig. 1.6.
Examples of these pollutants are: chlorinated aliphatic hydrocarbons (chlorinated ethenes,
ethanes, methanes and benzenes), creosote and polychlorinated biphenyl (PCBs).

DNAPL are considered more difficult and expensive to remediate because their penetration into
the aquifer makes it difficult to locate and remediate. On the other hand, LNAPLs float on top of
the underground water table, where pump and treat strategies can be easily implemented.

Heavy metals
Solubility of heavy metals is governed by the pH. If pH conditions are favourable, some heavy
metals become highly soluble, having a great mobility in the aquifer waterbody, due to the

groundwater flux and diffusion. Common examples include harmful metal ions, such as: Cr(VI),
Cd(I1), As(111), As(V) and Pb(ll) (O’Caroll et al., 2013).
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Remarkably, Zero Valent Iron (ZVI1) has the capability to be useful in both types of pollutants, organic
hydrophobic and heavy metals, being able to eliminate some organic compounds and immobilize a
vast number of harmful ions.

Traditionally, ZVI has been used in millimetric or micrometric form in hundreds of Permeable Reactive
Barriers (PRBs) since the early 1990s, (Gillham and O’Hannesin, 1994). PRB is a static in-situ treatment,
which intercepts contaminant plume, despite the success of PRBs, they have some important
limitations: technical difficulties and associated costs of excavation restrict the depth of the barrier to
30 - 40 m and finally, no direct treatment of the contaminant source is provided, Fig. 1.4, (Tosco et al.,
2014).

Fig. 1.4 Conceptual schematic of a permeable reactive barrier,
(Mountjoy et al., 2003).

The irruption of nanoscale ZVI (nZVI) can overcome most of these problems due to the nanoscale size,
allowing its direct release into the underground plume or source (i.e.: DNAPL). nZVI can travel across
the aquifer matrix, therefore increasing contact with contaminants, Fig. 1.5. Moreover, an important
new feature is its high superficial surface area, boosting ZVI reactivity several orders of magnitude,
which means faster degradation rates, (Zhang, 2003). This increased reactivity of nanoscale iron
presents new challenges such as: possible toxicity (Grieger et al., 2010) and the pyrophoricity
(spontaneous ignition in air) exhibited by nanoscale iron in free atmosphere.

Contaminated
plume

Fig. 1.5 Conceptual schematic of an injection treatment with nzVI,
(Tosco et al., 2014).

The most basic form of nZVI consists of spherical zero valent iron (Fe®) nanoparticles with individual
particle dimensions of less than 100 nm, (Grieger et al., 2010). A homologated definition of the
boundary between micrometric and nanometric ZVI is not clear, among others, it is challenging due to
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the large aggregation / welding of the discrete particles during application and production in most of
the present manufacturing methodologies, i.e.: Fig. 1.6.

Fig. 1.6 TEM image of fresh nZVI produced by borohydride reduction, (Zhang and
Elliott, 2006).

1.3.2 nZVI production methods

In spite of being a very promising technology, nZVI is not yet a widespread commercial technology.
This can be attributed to a set of factors: including a precautionary attitude towards nanomaterials,
performance concerns regarding mobility and passivation, the fact that the technology is unknown to
consultants, governments and site owners and finally the costs, (Mueller et al., 2012; O’Carroll et al.,
2013; Fu et al., 2014). Since nZVI particles represent an important fraction of the application cost (Li,
et al., 2006) and physicochemical characteristics and performance are partially ruled by the production
method, it is mandatory to study and improve the present production methods.

The introduction of a straightforward method of nZVI production for remediation research in lab scale
was published in 1997, (Wang and Zhang, 1997). This marked the appearance of the nZVI field, bringing
the introduction of nZVI to many research institutions, thus developing the field and assessing the
potentials and limitations. The method consisting in the reduction of iron(lll) chloride hexahydrate by
sodium borohydride precipitating metallic iron spheres with a diameter between 1-100nm, simplified
Eq. 1.14.

Fe(H,0)3* + 3BH; + 3H,0 — Fe® L +3B(0H); + 10.5H, Eq. 1.14
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The sodium borohydride reduction method is difficult to scale up for commercial applications due to
the cost of sodium borohydride, health and safety considerations involving the synthesis and to the
concern that residual boron in iron nanoparticles could leach into the aquifer, (Sigmund et al., 2008).

As of this first process, a collection of new methods have been proposed. These methods can be
classified as bottom up or top down. Bottom up entails the production of nanostructures atom by
atom, whereas top down starts with large size, granular or microscale materials which are divided up
to the nanometric range.

e Bottom up:

Thermal reduction. The method is based on the reduction of iron oxide nanoparticles,
pentacarbonyl or aqueous Fe?* by thermal energy (350-600 °C) and gaseous reducing
agents (H,, CO,, CO, etc.), (Uegami et al., 2006; Crane and Scott, 2012).

Green synthesis. This method is similar to sodium borohydride reduction but replacing the
sodium borohydride for a polyphenolic reducing agents extracted from vegetal sources
such as: coffee, green tea, lemon balm and sorghum bran, (Shahwan et al., 2011).

Electrolysis. This consists of the electrochemical reduction of a Fe?* salt solution. The
attachment of the produced particles into the cathode is a concern, it seems that it can be
mitigated using ultrasounds, (Chen et al., 2004).

And other: thermal (Farrell et al., 2003) and sonochemical (Koltypin et al., 2004)
decomposition of iron-containing complexes, chemical vapour condensation process using
the pyrolysis of iron pentacarbonyl (Choi et al., 2002), sequential synthesis offered by
reverse micelles (Carpenter, 2001) and ultrasounds (Tiehm et al., 2009).

e Top down:

Precision milling, using high energetic ball mills in water (Li et al. 2009) or using an inert
grinding media, (Kéber et al. 2014).

And others: electro-exploding wires (Siwach and Sen, 2008) and arc discharge (Kassaee et
al., 2011).

From all the methods presented, only two have been scaled up and commercialized for remediation.
On Table 1.2, main features from two nZVI European producers are exposed.
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Table 1.2 Production process used in available commercial nZVI.

Production Process  Size & morphology SSA ZVI Shipping Cost
mz.g»l % €.kg»1
Thermal reduction? =50 nm spheres - water slurry
(rounded morphology) - oxide shell stabilized
forming aggregates of - pyrophoric in inert
few micrometres 25 =90  atmosphere =100"
Milling? Flakes with a lateral size - suspended in an inert
of several micrometres 18 >70  solvent, ethylene =30
and a thickness <200 nm glycol

SSA: Superficial Surface Area; ! (Soukupova et al. 2015); 2(Kéber et al. 2014); *costs are based on the 2016 feedback
from companies: NANORION s.r.o0. and UVR-FIA GmbH.
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As one can see in Table 1.2, the nanoparticles with the best size and morphology properties are the
most expensive ones. New and reliable methods for large-scale and cost-effective production are
crucial for the success of nZVI remediation method, (Miiller and Nowack, 2010). In addition, besides
the high costs, the present commercial particles have important limitations concerning: reactivity,
mobility and long term storage. There is a crucial need to find new methods able to lower production
costs and improve the present properties of the nZVI regarding: size, specific superficial area, mobility,
reactivity and Fe(0) content.

1.3.3 Remediation mechanisms, nZVI reactivity

ZVl is being used and studied to remediate a wide range of contaminants, such as: chlorinated organic
compounds, nitroaromatic compounds, reduction (Fu et al., 2014), reduce and immobilize harmful
metal ions: (Blowes et al., 2000) and other ions (Lin et al., 2016) also, it is studied for the remediation
of emergent pollutants (Machado et al., 2013). Depending on the nature of the contaminant, there are
many mechanisms and pathways proposed for iron and its oxides action: reduction, precipitation, co-
precipitation and adsorption may be involved, Fig. 1.7, (Tang and Lo, 2013; Ji, 2014). It is important to
notice that not only the Zero Valent iron is involved in the pollutant remediation, generated oxides
such as: magnetite, hematite — maghemite and hydroxides also play an important role in adsorption
and in some degree with reduction for iron (l) oxides, (Tang and Lo., 2013).

R-H

Reduction

/ Me
Y \ ne
Precipitation § Ox»d.mon
ne
Me
Me-Fe-OOH
n+ Me
Me
Fig. 1.7 All know ZVI and oxides acting mechanisms, (O’Caroll et al.,
2013).

The chemical energy is supplied by iron corrosion. In absence of oxygen, iron oxidation could be
described by the semi reactions Eq. 1.15 and Eq. 1.16. As observed below, hydrogen and an alkali
media are generated by iron corrosion, (Crane and Scott, 2012).

2Fely + 2H,0 = 2Fe?* 4 + Hy (g + 20HG,, E°=-039V Eq. 1.15

2Fely + 2H,0 - 2Fe™* gy + Hy gy + 20Hg,,, E°=-160V Eq. 1.16

During the experiments with nZVI, iron reactivity against some common pollutants was used as a
performance test to evaluate and compare commercial and new developed particles.

The pollutants used were: Cr(VI), trichloroethylene (TCE), tetrachloroethylene (PCE) and other
chlorinated aliphatic compounds. All of them are suitable to be remediated through nZVI and are
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among the most studied ones, (Fu et al., 2014; Stefaniuk et al., 2016). Metals and chlorinated aliphatic
compounds differ in the pollutant degradation mechanism strengthening the results if these concur.

Metal immobilization

The mechanisms involved in metal remediation rely on the permanent immobilization, and not
elimination, thanks to one of or the combination of the following processes, (O’Carroll et al., 2013):

e Reduction: Cr, As, Cu, U, Pb, Ni, Se, Co, Pd, Pt, Hg, Ag.
e Adsorption: Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba.

e Oxidation/reoxidation: As, U, Se, Pb.

e (Co-precipitation: Cr, As, Ni, Se.

e Precipitation: Cu, Pb, Cd, Co, Zn.

In the studied case with Cr(VI), the exact degradation mechanism is not completely understood but
what seems clear is that it involves different steps, including: adsorption, reduction and co-
precipitation (Neubactep, 2010). Cr(VI) reduction to Cr(lll) is the most representative step since
chromium compounds are generally insoluble, consequently, they do not have the capacity to cross
the cell membrane leading to a toxicity estimated to be 1000 times less toxic than Cr(VIl) compounds,
Eq. 1.17, (Gheju., 2011). Moreover, Cr(VI) may also be reduced by hydrogen ions adsorbed onto iron
surfaces, by Fe(ll) in solution, or in mineral phases, or by dissolved organic compounds, (Melitas et al.,
2001).

Fe&) + CT'O‘E_(aq) + 4H20 - CT(OH)3 () + Fe(OH)3 ) + ZOH_(aq) Eq. 1.17

In addition to the reduction to Cr(OH)s, Cr(Ill) may also form Cr,0; or solid solutions with Fe(lll), Eq.
1.18, improving its immobilization. There is a negative side effect of adsorption; new compounds of
Cr-Fe and solid solutions of both Cr(VI) and Cr(lll) have a passivating effect on the iron particle surface,
Eq. 1.18, (Mitra et al., 2011). Chromium is a well-known and widely used anticorrosion additive in
steels thanks to the build-up of a chromium passivated oxide layer. This phenomenon decreases the
reactivity progressively, thus the performance of ZVI while the Cr — Fe interaction is produced, (Kerkar
et al., 1990; Melitas et al., 2001; Mitra et al., 2011).

Chlorinated Aliphatic Hydrocarbons

On the other hand, trichloroethylene and tetrachloroethylene degradation mechanisms only involve
reduction. The reduction up to ethane is not performed directly, it involves intermediates. Depending
on the pathway, some intermediates like vinyl chloride have a toxicity higher than its precursors,
(Roberts et al., 1996). Different pathways for trichloroethylene and tetrachloroethylene dechlorination
have been proposed: hydrogenolysis, reductive B-elimination and hydrogen addition, Fig. 1.8. (Arnold
and Roberts, 2000; Hara et al., 2005). Hydrogenolysis is prevalent in anaerobic biotic mediated
systems, which entails the accumulation of undesired intermediates such as vinyl chloride (Carucci et
al., 2007). Fortunately, in ZVI application B-elimination prevails being 10 — 100 faster than a-
elimination (Hara et al., 2005) accumulation of vinyl chloride using nZVI in significant levels is seldom
reported in the literature.
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Fig. 1.8 Trichloroethylene and tetrachloroethylene reduction pathways:
hydrogenolysis (blue), reductive B-elimination (green), hydrogen addition
(magenta), final products (black). Adapted from, (Arnold and Roberts, 2000).

1.3.5 Suspension stability and mobility

Besides nZVI reactivity, suspension stability and mobility in the aquifer matrix have a dramatic effect
on the remediation performance at field scale. An important problem arises once nZVI is put into
suspension, since nZVI tends to aglomerate, producing large flocs of several micrometres, thus clogging
the pore media. Consequently, this phenomena produces a poor mobility of nZVI in the aquifer usually
limited within few meters of the injection borehole (Johnson et al., 2013).

The governing aggregation forces of nZVI and some of its oxides are: Van der Waals attraction, the
electrostatic double layer repulsion ({-potential) and attractive magnetic forces (Dalla Vecchia et al.,
2009). Extensive research has been made in order to increase suspension stability and ultimately he
nZVI mobility. Usually, it is accomplished thanks to the use of dispersants (Comba and Sethi, 2009).
Although dispersants improves significantly this proble, mobility is still limited within few meters and,
in addition, these reduce nZVI reactivity (Dong et al., 2016).
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In relation to magnetism, few studies have been carried out addressing the magnetism problem of
nZVI, thus any exploratory approach could be important. In this thesis, exploratory approaches trying
to overcome this problem are presented.

1.3.6 Natural and nZVI remediation combined

Merging natural bioremediation and nZVI remediation is a new topic, this is being studied for some
specific contaminants such as organohalide compounds.

At the moment, the effect of the nZVI on the aquifer microflora is not clear, seeming toxic to some
species but not to others. Some studies suggest physical damage and biochemical destruction as a
result of intracellular oxidative stress (Sacca et al., 2014). This damage could be driven by reactive
oxygen compounds that can interact directly with membrane lipids, proteins and DNA. These highly
reactive oxygen compounds are produced by Fenton reactions where nZVI is involved. On the other
hand, stimulative effects on the growth of some microbe species are reported (Xie et al., 2017). These
effects of nZVI on certain bacteria are associated with the formation of an appropriate living
environment through providing electron donor such as H, (Xiu et al., 2010; Jugder et al., 2016).

The combination of nZVI and some microbes shows synergistic effect on contaminant removal.
Organohalide compounds seems very suitable for this approach thanks to the hydrogen provided by
nZVI, (Wang et al., 2016), because hydrogen is the primary electron donor for organohalide-respiring
bacteria (Adrian et al., 2016; Jugder et al., 2016), Fig. 1.9.

H, 2H* RCI+2H" RH+HCI RCI+2H'  R-H+HCI H*

20
A
MQH;.~
; ....... >': .:. .
o . i.dQ
2H*

o

ADP + Pi ' ATP
H.

Fig. 1.9 representation of electron transfer chain with H: as electron donor, and organohalide as electron
acceptor in S. multivorans (Jugder et al., 2016).

Lastly, the aged NZVI can be utilized by some iron-reducing bacteria, resulting in the transformation of
Fe(lll) to Fe(ll), which can further contribute to the contaminant reduction, (Némecek et al., 2016).
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1.3.7 NANOREM Project

nanoRem (taking nanotechnological Remediation Processes from lab scale to end user applications for
the restoration of a clean environment) (NMP.2012.1.2-1) was a research project, funded under 7th
Framework Programme of the European Union. It was focused on the facilitation of practical, safe,
economic and exploitable nanotechnology for in situ remediation. A holistic approach has been taken
to disclose whether the potential for nanoremediation can be developed and applied in practice to
enhance a stronger development of nanoremediation markets and applications in the EU. This was
done in parallel to developing a comprehensive understanding of the environmental risk-benefit for
the use of nanoparticles (NPs), market demand, overall sustainability, and stakeholder perceptions.
Ultimately, the project was designed to unlock the potential of nanoremediation processes from
laboratory scale to end user applications.

The nanoRem consortium was multidisciplinary, cross-sectoral and transnational. It included 28
partners from 12 countries organized in 11 work packages. The consortium included 18 of the leading
nanoremediation research groups in the EU, 10 industry and service providers (8 SMEs) and one
organisation with policy and regulatory interest. The project lasted form 1st February 2013 until
January 2017 (48 months).

Regarding this thesis, the work done on nZVI in Work Package 2 was focused on:

e Development of techniques with lower manufacturing cost, producing nZVI particles with
satisfactory properties regarding: reactivity, mobility and safety.

e The study of nZVI surface properties, including: the development of a method to increase the

reactivity of present commercial nZVI products and {-potential determination of different nZVI
particles and nZVI aging products.
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