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Executive Summary

NanoRem had a major presence at the International AquaConSoil Conference 2015 held in Copenha-
gen in June. The conference is the major European event for contaminated land and water manage-
ment practitioners dealing with remediation technologies, and focuses on sustainable use and man-
agement of soil, sediment and water resources. NanoRem partners presented a broad range of their
work through two special sessions, ten platform presentations, and about twenty posters.

NanoRem project’s profile was raised on day three of the conference where the first of three
nanoremediation sessions was held which provided an opportunity for the audience to find out
about nanoremediation - “All they wanted to know (a practical guide to nanoremediation)”. This
session set the scene for a hugely successful event by giving the audience the opportunity to under-
stand more about nanoremediation, what it is, its effectiveness as a technology to date and concerns
that people have had in using it. After the introduction presentation on nanoremediation, an intro-
duction to the NanoRem project was provided and showed how the project is aiming to address
nanoremediation’s effectiveness in the field, how it is looking to provide more certainty for imple-
mentation costs and looking at addressing potential risks of use. The session was extremely well
attended and there was discussion about what NanoRem needs to do and to develop the market for
nanoremediation to be a credible alternative remediation technology.

The second session “Nanoremediation - your future business opportunities (strategic and market
intelligence)” was interactive. It provided the audience with presentations on market intelligence
that the NanoRem project had gathered from key stakeholder workshops that have previously been
organised in Berlin and Oslo. The session was organised as a World Café ™ format where groups of
people from different backgrounds were asked to openly discuss what they perceived were the tech-
nical and commercial hurdles currently existing and need to be overcome to develop credible market
opportunities for nanoremediation. Although less participants attended this session in comparison
to the first session, the workshop was fruitful and again gave the NanoRem project many ideas to
move forward with and develop.

Later in the afternoon a whole NanoRem technical session “European Advances in nanoremediation
technology: novel catalysts, targeted delivery, and scaling up to field” occurred where five presenta-
tions were given. This session was chaired by Hans-Peter Koschitzky the NanoRem project co-
ordinator. This session gave the audience an opportunity to hear from some of the NanoRem part-
ners on different aspects of their research, including laboratory and field based experiments and
information about the pilot site applications that NanoRem are using.

In addition to the special NanoRem focussed sessions, a further five platform presentations and

about twenty posters were given at the conference by NanoRem partners drawing from the exten-
sive research work undertaken within the project.
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We surveyed experiences from our team after the meeting, and found that they had received really
positive feedback about what the NanoRem project has achieved so far and people were keen to see
further field results. People felt that the main hurdles to overcome were:

e To demonstrate the use of nanotechnology in large scale remediation - as it was felt that
there is still uncertainly as to its effectiveness in the field,

e Implementation costs - as these are not known with enough certainty,

e Potential exposures to unintended receptors — as these are still not fully understood.

All these elements need to be addressed and will help build confidence in the use of nanotechnology
as a credible remediation option. If NanoRem could help address some or all of these issues then the
project will be seen as a success. The challenge is set !!

For further information on the papers and posters presented at AquaConsoil, please visit the Quick
Links area of the NanoRem website http://www.nanorem.eu
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1 The NanoRem Project at the AquaConSoil Conference

The AquaConSoil conference is the major European event for contaminated land and water man-
agement practicioners. At the 2015 edition of the Conference, NanoRem had a major presence.
NanoRem partners gave 15 talks about their work in Thematic Session 1C.28S: European advances in
nanoremdiation technology and two special sessions, Session 1C.23S: Nanoremediation all you want-
ed to know — a practical guide to nanoremediation and Session 1C.24S: Nanoremediation — your fu-
ture business opportunities. These sessions and their position in the overall conference program are
marked in Figure 1.

Moreover, the ACS Programme Committee placed some of the presentations and posters submitted
by the NanoRem consortium in other sessions, e.g. Thematic Session 1C.15: Combined treatment
technologies 2 or Thematic Session 1C.17: In Situ Chemical Oxidation (ISCO) 2.

More information on the scope of the sessions and the presentations given in the sessions is given in
chapter 2.
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Figure 1: AquaConSoil 2015 Programme with 3 NanoRem Special Sessions (Source:
www.aquaconsoil.org)

During the conference, NanoRem project members exhibited about 20 posters, which can be found
in Chapter 4.

After the conference, NanoRem work package 9: Dissemination, Dialogue with Stakeholders and
Exploitation surveyed experiences from the NanoRem team after the meeting. First results showed
that the feedback was really positive. People were keen to see further field results
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and were interested in the applicability for large scale remediation and the implementation
costs.Similar to the WP9 survey, but focusing on the conference as a whole, the conference organis-
ers have also conducted a survey. The results of this survey were announced by email after the con-
ference.

“All the common efforts resulted in a great conference which is nicely reflected by the results from
146 delegate evaluation forms. The scientific level, the overall judgement and many other indicators
have been boosted significantly, compared to the previous two AquaConSoil editions in Salzburg and
Barcelona.” — Conference organiser Suzanne van der Meulen.

Although the boost in indicators for the scientific level can not only be attributed to the NanoRem
presentations and posters at the conference, they have surely contributed to the increase.
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2 NanoRem Sessions

The special sessions were very well prepared by WP9 together with WP1 before the ACS and were
submitted to the ACS Committee. The sessions were accepted as proposed and integrated into the
Conference Programme. The special sessions consisted of two parts:

Part | of the Nanoremediation session focused on providing a practical grounding in nanoremediation
theory and practice with particular reference to applied examples in the field.

Part Il of the session focused on providing business and strategic intelligence for delegates with inte-
rests in utilizing or developing nanoremediation activities within their organisations or at client sites.

2.1  Special Session 1C.23S Nanoremediation 1 — all you wanted to know (a practical
guide to nanoremediation)

Organizers:

Paul Bardos (r3 environmental technology Itd, GB),

Juergen Braun (University of Stuttgart, DE),

Miroslav Cernik (Technical University of Liberec, CZ),

Dan Elliott (Geosyntec Consultants, US),

Elsa Limasset (BRGM, FR),

Hans-Peter Koschitzky (University of Stuttgart, DE)

Moderator:
Paul Bardos (r3 environmental technology Itd, UK)

Figure 2: View of the Auditorium of session 1C.23S (courtesy of VEGAS, 2015)

Nanotechnologies could offer a step-change in remediation capabilities: treating persistent contami-
nants which have limited remediation alternatives. In 2007 in Europe it was forecast that the 2010
world market for environmental nanotechnologies would be around $6 billion (JRC Ispra 2007). In
fact, adoption of nanoremediation has been much slower. However, the recent emergence of nano-
remediation as a commercially-deployed remediation technology in several EU countries indicates
that it is timely to reconsider its potential applications and the consequent implications for their bu-
siness activities.
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Since early 2014, the EU FP7 NanoRem project (www.nanorem.eu) has been carrying out an inten-
sive development and optimisation programme for different nanoparticles (NPs), along with analysis
and testing methods, investigations of fate and transport of the NPs and their environmental impact.
NanoRem is a €14 million international collaborative project with 28 Partners from 12 EU countries,
and linkages to the USA and Asia. It is a major initiative, which will support the effective deployment
of nanoremediation technologies in Europe. This session was attended by approximately 150 people.

The session was chaired by Paul Bardos and contained the following presentations:

e What nano-remediation is and what it can and cannot do,
Miroslav Cernik (Technical University Liberec, Czech Republic)

e Practical experience in nanoremediation,
Dan Elliott (Geosyntec Consultants, USA)

e Regulatory perspective on nanoremediation use,
Elsa Limasset (BRGM, France)

o The NanoRem experience: large scale and case study testing,
Jiirgen Braun (University of Stuttgart, Germany)

The content of the sessions can be found in more detail in the following chapters.

2.1.1 What nano-remediation is and what it can and cannot do
Miroslav Cernik (Technical University Liberec, Czech Republic)

This presentation provided a practical foundation into the application of nanotechnology to envi-
ronmental remediation. It provided a survey of the major drivers underpinning the development of
the nanoscale zero-valent iron (nZVI) technology, other related nanotechnologies under develop-
ment, as well as the key identified applications of the technology and implications associated with its
use. Perspectives on the last two decades of development were covered including key up-
sides/downsides, technology advances, regulatory issues, and apparent limitations.

NPs are typically defined as particles with one or more dimension of less than 100nm. As a result of
their size, NPs can have markedly different physical and chemical properties compared to their mi-
cro-sized counterparts, potentially enabling them to be utilised for novel pur-poses, including reme-
diation. To date the most widely used NP in remediation has been nZVI. As produced, most nZVI
tested falls into the 10-100 nm size range (O’Carroll et al. 2013, Karn et al. 2009), although it tends to
agglomerate to form larger particles.

nZVI is used in two broad contaminant risk management configurations: elimination of source terms
and/or pathway (plume) management. A range of deployment techniques may be used, and the nZVI
may be modified in different ways to improve its remediation effectiveness (in particular its ability to
be transported through zones of contamination, its resistance to deactivation, and its ability to bring
about contaminant degradation). All of these interventions have a bearing on the relative balance of
deployment risks and benefits from the nZVI use. O'Carroll et al. (2013) detail the chemical processes
involved in the treatment of chlorinated solvents and various metals by nZVI.

Wiesner et al. (2006) describe two general nZVI synthesis methods that are used commercially: bot-
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tom-up and top-down approaches. The bottom-up approach begins with dissolved iron in solution
and uses a reductant to convert dissolved metal to nZVI. The top-down approach begins with micro-
metre to millimetre-sized iron filings, which are ball-milled to fine, nano-sized particles. Top-down
methods may also include condensation and attrition processes. In addition, a number of modifica-
tions have been developed to improve the effectiveness of nZVI by reducing the scale of agglomera-
tion and the immediacy of passivation. Other modifications include doping with other metals to im-
prove reactivity and suspension in emulsions to better access free-phase non-aqueous phase liquid
NAPL (reviewed in Bardos et al. 2014).

2.1.2 Practical experience in nanoremediation
Dan Elliott (Geosyntec Consultants, USA)

This presentation traced the field experience using nanotechnology in remedial applications starting
with the pioneering initial nZVI field demonstration in 2000 and progressing into the present day.
Key aspects including the evolving thought on the role of nZVI in remedial design, dosage and deliv-
ery systems, stabilisation methods, and utilisation with complementary technologies were covered.

The first documented field trial of nZVI, in 2000, involved treatment of trichloroethylene in ground-
water at a manufacturing site in Trenton, New Jersey, USA (Elliott and Zhang, 2001). Several com-
mentators anticipated that nZVI technology would take off rapidly because of its perceived benefits
such as rapid and complete contaminant degradation. However, subsequent uptake of the technolo-
gy has been relatively slow compared to other contemporary process based technologies. Lee et al.
(2014) have reviewed 60 field applications worldwide. Bardos et al. (2014) identified around 70 pro-
jects documented worldwide at pilot or full scale. Most such deployments of nZVI have focussed on
the degradation of chlorinated solvents for plume (i.e. pathway interruption) management although
pilot studies have also demonstrated successful treatment of BTEX, perchlorates, hexavalent chromi-
um, diesel fuel, PCBs and pesticides. O'Carroll et al. (2013) detail the chemical processes involved in
the treatment of chlorinated solvents and various metals by nZVI. Several approaches can be taken
to NP deployment for contaminant remediation, including direct injection.

To date, the use of nZVI in remediation in practice is largely a niche application for chlorinated sol-
vents in aquifers, competing with more established techniques such as in situ bioremediation, chem-
ical reduction and granular ZVI (e.g. in permeable reactive barriers). Bardos et al. (2011) identified
just 58 examples of field scale applications of nZVI, which was expanded to 70 examples by Bardos et
al. (2014). Of the identified examples, 17 were in Europe (Czech Republic, Germany and Italy).

nZVI is anticipated as having two major benefits for process based remediation: possible extension of
the range of treatable contaminant types, and increasing the efficacy of treatment (speed and de-
gree of completion), and several additional or consequential benefits. To date, the use of nZVI in
remediation in practice has largely been for chlorinated solvents in aquifers, competing with more
established techniques such as in situ bioremediation, chemical reduction and granular ZVI (e.g.
permeable reactive barriers). The majority of nZVI applications have taken place in North America,
with a small number of applications in the field in mainland Europe (e.g. in the Czech Republic, Ger-
many and ltaly).

At present nano-remediation may offer advantages in some applications, compared with other in situ
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remediation tools, but this will be highly dependent on site specific circumstances. In the medium to
longer term nanoremediation could substantially expand the range of treatable land contamination
problems.

The available evidence supports, but does not irrevocably confirm, a view that the risks of nZVI de-
ployment should be considered in the same way as other potentially hazardous treatment reagents,
such as persulphates (commonly used in situ remediation reagents (Nathanail et al. 2007, US EPA
2006) which are potentially harmful to the biological functioning of soil and can be transported over
significant distances in groundwater plumes).

A substantial impediment to the use of nZVI in remediation is the uncertain basis for understanding
the risks of its deployment to the wider environment, in particular to groundwater and surface water
receptors. Although most laboratory studies and practitioner experience would suggest that adverse
effects would be minor, localised and short-lived, there is a lack of effective particle monitoring tech-
nologies and peer reviewed and validated data from applications in the field that corroborates this
view. This presents a significant challenge to regulatory acceptance which the NanoRem project
seeks to address.

2.1.3 Regulatory perspective on nanoremediation use
Elsa Limasset (BRGM, France)

NanoRem is a research project, funded through the European Commission’s 7" Framework Pro-
gramme, on facilitating practical, safe, economic and exploitable nanotechnology for in situ remedia-
tion. The project is focusing on a whole range of particles, including the use of nano-scale zero valent
iron (nZVI), which is the dominant nanoparticle used in remediation to date.

One of the activities of the project is to support a dialogue and engagement with various stakehold-
ers in Europe in order to develop consensus about appropriate use of nanoremediation. This presen-
tation provided NanoRem’s understanding of the current regulatory perspective on nanoremediation
use, including perception from key stakeholder’s networks (COMMON FORUM and NICOLE).

During the NanoRem Workshop that took place in Oslo in December 2014, regulators confirmed that
no major evolution in regulations specific to nanoremediation is anticipated. For the other stake-
holders, nanoremediation does not appear hugely different to any other emerging and relatively
unused in situ technology, except for specific issues related to nanoparticles (NP). But, as an emerg-
ing technology there are some uncertainties about its deployments risks, making some of the indus-
try still reluctant yet. These are being addressed by NanoRem and discussed in this paper.

Concerns about nanoparticle release in several countries regarding the use of nanoparticles (NP) for
remediation

Nanoremediation can be seen as a relatively recent technology with gaps in knowledge of both the
technology and in the fate and transport of nanoparticles in the environment. In general, great prom-
ise is foreseen in the uptake of the technology, but there is concern that there are no clear guidelines
for how health, safety and environment, nor material sustainability, concerns should be integrated
into product design. It is therefore viewed as a potentially risky technology by some members of the

;-N anoRe [Il) 18/07/2016 Disemination Level PU DL_1-1_FINAL.Docx



NanoRem WP 1 DL1.1: NanoRem at AguaConSoil 2015 Page 7 /58

general public and problem holders. This cautious approach has also been adopted by some major
private sector corporations, perhaps reflecting a desire to avoid any adverse reputational impact, and
not seeing yet the benefits of this new technology.

At EU level, regulators do not raise any fundamental concerns regarding nano-remediation, although
they are still in demand for more information to prove the applicability of NP at acceptable risks.
There is however the case of a precautionary approach the UK, which has led to a voluntary morato-
rium on the release of engineered NPs.

This project therefore seeks to address the gap in knowledge by providing information from both
laboratory and field trials. It is important to remember that risk depends on the likely fate, transport
and toxicity to receptors of the substance added. NanoRem considers source-receptor-pathway link-
ages, possible degradation products, for the contaminants being considered in the trials, but also
considers nanoparticles as a possible “source” that should not pose any danger to receptors (hu-
mans, etc.). Initial NanoRem results are showing that no significant toxicological effects are occurring
on the soil or groundwater organisms for a range of nZVI nanoparticles. NanoRem'’s findings also
confirm an anticipated trend, i.e. as nanoparticles interact within the soil matrices they become less
reactive, and therefore less toxic with time (very similar to how chemicals in general react in soil).

What affects regulatory acceptance for nanoremediation- is it a special case?

Each EU Member State has a legal and regulatory framework for dealing with remediation that may
be driven by European Directives or national legislation. A nanoremediation project may involve en-
gagement with a number of regulators. These may be to address chemical classification, labelling and
packaging, health and safety, achieving remediation objectives, control of emissions (to air, land and
water) from the remediation process, etc. The regulatory framework should be sufficiently devel-
oped in all or most Member States to accommodate the use of nanoparticles in remediation. Howev-
er, similar to any new technology, there may be some additional barriers or perceived barriers to
deployment to address with the regulators. These may include stringent, precautionary approaches
or policy (e.g. moratorium in the UK) or perception of low benefits and high risks (compared to other
remediation technologies), leading to doubts expressed on the usefulness or effectiveness of
nanoremediation

Although there is a perception by some stakeholders on potential risks from NPs in the environment,
as well as limited published evidence from nZVI use in the field for the time being- particularly for
modified forms - it is unlikely that a higher burden of proof will be required by regulators prior to
licensing nZVI based in situ remediation techniques, compared with other in situ remediation tech-
niques. However, it is anticipated that on a more local level, the burden proof will be linked to the
factor of safety deemed necessary by the local regulator

Likely future direction of travel

No major evolution in the regulations is anticipated that will be specific to nanoremediation. Howev-
er, perceived risks on the use of nanoremediation need to be acknowledged and addressed if the
benefits of nanotechnology are to be fully realised.

;-N anoRe [Il) 18/07/2016 Disemination Level PU DL_1-1_FINAL.Docx



NanoRem WP 1 DL1.1: NanoRem at AguaConSoil 2015 Page 8 / 58

Field trials and research into potential toxicological effects will help address the dread of the envi-
ronmental impact associated with the technology and the slow market adoption. NanoRem will aim
at strengthening the evidence base for nZVI effectiveness and address public concern associated with
deployment safety. This will also be reinforced by the number of projects taking place across Europe
in particular, some further addressing nanoremediation testing and some others looking into devel-
oping novel NPs (e.g. development of new coatings to improve persistence and mobility).

Therefore, it is likely that over time the use of NPs within the natural environment will be viewed as
less risky and improvements of the technology will occur. NanoRem’s activities are a key component
in achieving these improvements.

Sources of information

Paul Bardos, Brian Bone, Padraig Daly, Dan Elliott, Sarah Jones, Gregory Lowry, Corinne Merly, Steph-
an Bartke, Jirgen Braun, Nicola Harries, Niels Hartog, Thilo Hofmann, Stephan Wagner, Paul Na-
thanail (2014) A Risk/Benefit Appraisal for the Application of Nano-Scale Zero Valent Iron (nZVI) for
the Remediation of Contaminated Sites, NanoRem Taking Nanotechnological Remediation Processes
from Lab Scale to End User Application for the Restoration of a Clean Environment Project Nr.:
309517, EU, 7th FP, NMP.2012.1.2. Supporting MS3 - NanoRem information for decision makers

www.nanorem.eu.

Paul Bardos, Sarah Jones, Stephan Bartke, Elsa Limasset, and Brian Bone (2015) IDL 9.4 Broad exploi-
tation strategy and risk benefit appraisal NanoRem Taking Nanotechnological Remediation Processes
from Lab Scale to End User Application for the Restoration of a Clean Environment Project Nr.:
309517, EU, 7th FP, NMP.2012.1.2. NanoRem Project Internal Deliverable IDL9.4 www.nanorem.eu.
DOI: 10.13140/RG.2.1.3773.0728

Tomkiv, Y., Bardos, P, Bartke, S., Bone, B. And Oughton, D. (in publication). The NanoRem Sustainabil-
ity and Markets Workshop, Oslo, Norway, December 2014. NanoRem Report. To be available
from http://www.nanorem.eu/displayfag.aspx?id=12

2.1.4 The NanoRem experience: large scale and case study testing

Jiirgen Braun (University of Stuttgart, Germany)

A key part of NanoRem'’s research agenda is the use of large scale tank experiments and well moni-
tored field based case studies to provide the kind of practical performance data that some regulators
and users feel may be missing. This presentation provided an overview of NanoRem’s work and find-
ings to date from these activities.

A feature of the NanoRem project, unique in Europe, is the inclusion of the VEGAS containers which
allow not only a closed mass balance but also indoor experiments at a field relevant scale with exact-
ly controlled initial and boundary conditions. Moreover these containers allow maximum flexibility
with contaminants and a highly disaggregated monitoring grid. Thus direct conclusions regarding the
improvement of the real field sites may be drawn.

Three container experiments have been set up:
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The Large Scale Container

In a large heterogeneous, unconfined aquifer (L x W x H = 9 x 6 x 4.5m) steady state groundwater
flow was established. Then a BTEX plume was introduced. The goal of the experiment was to inject
Goethite nanoparticles to enhance the microbial degradation of this plume.

The container is equipped with 378 groundwater sampling ports, thus a highly defined spatial analy-
sis of the plume was possible. A numerical model (MODFLOW) was set up to model flow and
transport in the aquifer. This model was also used to optimize the location of an injection well for the
nanoparticles. Requirement for the injection was that the particles are “homogeneously” distributed
throughout the pathway of the contaminant. At the same time it had to be insured that the injection
flowrate would allow for a maximum particle transport while daylighting was prevented.

Based on these calculations then 6 m*® of a slurry containing 20 kg/m? goethite nanoparticles was
injected at t a rate of Q=0.7 m3/h. Water samples were taken to delineate the spreading of the nano-
particles: It had to be shown that the particles reach the target zone and at the same time that they
do not migrate beyond this zone. Subsequently the groundwater was sampled at regular time inter-
vals to delineate the effect of the nanoparticle injection on the BTEX degradation.

The large Scale Flume |

The first large scale flume experiment was set up to chemically reduce a chlorinated hydrocarbon
(PCE) source using nano zero valent iron (nZVI) produced by Nanoiron (CZ). The artificial aquifer in
the flume has dimensions of Lx W x H =6 x 1 x 3m. The unconfined aquifer (WT = 1.7 m) is homoge-
neous and a steady state groundwater flow (q = 0.2 m/d) was established to simulate field condi-
tions. In this aquifer 2 kg of PCE were injected in 20 mL increments to create a residual contaminant
source of about 0.7 m3.

At 32 sampling ports water samples were taken at regular intervals to prove that the source was
stable in space (no remobilization) and that a steady state plume was established. After establish-
ment of the plume Nanofer 25s particles were injected using a direct push rod. The injected slurry
was prepared online using the AQUATEST Vulcanus mixing unit which allows for a continuous addi-
tion of concentrated nZVI slurry into the injection stream. A total of 1 m® suspension with a concen-
tration of cnzv = 10 kg/m3 was injected at different locations throughout the contaminant source. The
spreading of the nanoparticles was monitored using susceptibility probes as well as micro pumps.
Again the injection pressure and flowrates were limited to prevent daylighting. First preliminary re-
sults indicate that the injection rate thus chosen (Q = 0.1 m3/h) was not sufficient to provide a flow
field sufficient to transport the nanoparticles for an appreciable distance. Currently the particle sus-
pension is being improved to obtain better migration results in the next injection.

The Large Scale Flume Il

The aquifer in the second large scale flume is identical to the one in the first flume, but the monitor-
ing equipment installed is slightly different. Where the first flume sports a series of susceptibility
spools, these have been omitted in the second flume since here Carbo-Iron® was injected. Carbo-
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Iron® contains of approx. 60w% activated carbon (AC) and both 25w% nZVI 15wt% iron oxide inside
the AC grain. To obtain an injectable suspension, 20kg Carbo-lron® powder and a minimal amount of
CMC (5 wt% compared to particle mass) were mixed in tab water. CMC was used to prevent agglom-
eration of Carbo-lron® particles and, thus, to ensure controlled migration of the reactant in the aqui-
fer. While the flume experiment had been set up and steady state base flow had been obtained the
Carbo-lron® suspension was being optimized. NanoRem milestones required an injection in June of
2015. This deadline was held and first initial results were reported in the AQUACONSOIL presenta-
tion.

2.1.5 Wrap Up and Clinic Offer
Paul Bardos (r3 environmental technology Itd, GB)

A NanoRem brochure “Nanoremediation: what’s in it for me?” was provided to participants. This
included an enquiry form which could be completed and handed back to the session organisers on
the day. The brochure and form were also available as a link on www.nanorem.eu. The enquiry form
offered the chance for delegates to find out more about the NanoRem project, but also to ask specif-
ic questions about their own nanoremediation interests which the consortium endeavoured to an-
swer in the weeks following AquaConsoil.

Note: Delegates were provided with a NanoRem web link for take home materials from special ses-
sion presentations that they can use within their own organisations to support further decision-
making
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2.2 Special Session 1C.24S Nanoremediation part 2 - your future business opportunities
(strategic and market intelligence)

Organizers:

Paul Bardos (r3 environmental technology ltd, GB),

Stephan Bartke (Helmholtz Centre for Environmental Research, DE),
Nicola Harries (CL:AIRE, GB),

Hans-Peter Koschitzky (University of Stuttgart, DE)

Moderator:
Nicola Harries (CL:AIRE, GB)

Nanotechnologies could offer a step-change in remediation capabilities: treating persistent contami-
nants which have limited remediation alternatives. In 2007 in Europe it was forecast that the 2010
world market for environmental nanotechnologies would be around $6 billion (JRC Ispra 2007). In
fact, adoption of nanoremediation has been much slower. However, the recent emergence of
nanoremediation as a commercially-deployed remediation technology in several EU countries indi-
cates that it is timely to reconsider its potential applications and the consequent implications for
their business activities.

Since early 2014, the EU FP7 NanoRem project (www.nanorem.eu) has been carrying out an inten-
sive development and optimisation programme for different nanoparticles (NPs), along with analysis
and testing methods, investigations of fate and transport of the NPs and their environmental impact.
NanoRem is a €14 million international collaborative project with 28 Partners from 12 EU countries,
and linkages to the USA and Asia. It is a major initiative, which will support the effective deployment
of nanoremediation technologies in Europe.

Programme:
e Preliminary scenarios for the EU nanoremediation market in 2025 — assessment of market
drivers (opportunities and challenges) affecting the take-up of nanoremediation,
Stephan Bartke (Helmholtz Centre for Environmental Research - UFZ, DE)

e Discussion in groups about market prospects and drivers,
Nicola Harries (CL:AIRE, UK), Elsa Limasset (BRGM, France), Stephan Bartke (UFZ, Germany),
Paul Bardos (r3 environmental technology Itd, UK)

e Plenary reporting back of discussion groups, wrap up and clinic offer,
Paul Bardos (r3 environmental technology Itd, UK)

2.2.1 Preliminary scenarios for the EU nanoremediation market in 2025 — assessment of market
drivers (opportunities and challenges) affecting the take-up of nanoremediation

Stephan Bartke (Helmholtz Centre for Environmental Research - UFZ, DE)
This presentation reviewed stakeholder meeting and focus group information collected by NanoRem
over 2014/2015 on factors determing market developments. The intention was to provide an in-

formative but not prescriptive talk. Part of the strategic and business intelligence provided was from
self-learning as the session delegates interacted with each other in a structured way in small groups.
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Various external determinants from economy, technology development, politics and society affect
the property market in general and the industry for contaminated land remediation in particular. In
order to develop an exploitation strategy that considers the medium to longer term potential market
development for nZVI, any analysis has to deal with an uncertain future. The factors (i.e. drivers and
uncertainties related to driver development) that foster or inhibit the evolution of the market need
to be better understood. It is unclear how the factors likely to influence the nanoremediation market
development are linked, and how they are likely to develop in the future. It is challenging, therefore,
to make any straightforward predictions regarding the emerging nanoremediation market. As a re-
sult, traditional supply and demand modelling is unsuitable. A simple use of neo-classic economics’
theory fails to reveal and quantify the role that nano-remediation options could unfold under differ-
ent future market conditions, because there are severe caveats regarding standard assumptions
made in such traditional market assessments. A scenario approach was therefore used to help fore-
cast potential market developments. The outcomes are utilisable for: “real-world” business devel-
opment, deducing strategies for market activities; informing policy development, identifying govern-
ance options for market expansion; and/or informing regulatory authorities, highlighting the poten-
tial for nanoremediation.

The Scenario Approach

Scenarios can be defined as “internally consistent stories about ways that a specific system might
evolve in the future” (March et al. 2012, 127). Scenario analysis builds on both i) a system thinking
approach, i.e. it acknowledging that actors are in a complex network of manipulable and uncontrol-
lable drivers, which are connected to each other; and ii) the ability to think in multiple futures, i.e.
actors do not reduce strategic thinking to merely one precise anticipated future, instead, they insure
alternative futures are generated and applied in strategic management (Gausemeier et al. 1998).

In essence, a scenario-based approach to understanding possible market trends uses available evi-
dence and stakeholder participation to develop a number of narratives describing the potential evo-
lutionary outcomes of a specific market system. Hence, this approach has been applied in order to
help determine:

e What the factors (drivers and uncertainties) are in the nanoremediation market-system.
e What the extent of the factors’ impacts is.
e How the factors interdepend.

Scenario design and analysis differ, but usually a stepwise approach is taken. In NanoRem, the follow-
ing procedure was selected:

e Conducting a present situation analysis to establish the baseline for scenario development
and a framework for factor identification.

e Filtering and systematising factors that drive or inhibit market development. Establishing key
determinants.

e Projection of key factors’ developments and producing consistent stories about ways the sys-
tem might evolve in the future. Identification of multiple alternative development trajecto-
ries is possible.
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e Deciding on planning-oriented exploitation strategies, which may be responsive or proactive.
Development of governance recommendations.

Scenarios can be established through participatory or through individual, often analytically based
research (van Notten et al., 2003; Alcamo 2008). When accomplished in a stakeholder involving
manner, scenario development may serve as an exercise in ‘anticipatory’ or ‘social’ learning. Nano-
Rem applied a participatory approach, as this is said to better being able to capture the high diversity
of drivers affecting the evolution of a system into the future (March et al. 2012). Involving experts
ensured the relevance of the work for practical stakeholder needs, decision support as well as for
recommendations on exploitation strategies.
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Figure 3 below gives an overview of the the work conducted so far as part of a scenario approach,

and ongoing work. The steps are discussed further in the following sections. The overall approach is
discussed in more detail in Bardos et al. 2015 and the workshop is reported in further detail in Tokiv
et al. 2015
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Figure 3: Overview of the scenario approach process (courtesy UFZ, 2015)

Establishing the Baseline for Scenario Development

To fulfill step one of the scenario development approach, a baseline understanding of the nanore-
mediation market and the set of factors with the potential to influence the future development of
the nanoremediation market was established. This was achieved via key-informant interviews and
literature analysis, taking into account the market status quo and risk-benefit appraisal (cf. Bardos et
al. 2014). This preliminary research helped establish a variety of external determinants from econo-
my, technology development, politics and society that may affect:

e The property market in general;
e The industry for contaminated land remediation broadly, and;
e The potential evolution of nanoremediation in particular.

Expert engagement (key informant interviews and expert discussion) was utilised to establish the
most worthwhile timeframe for the scenario approach. A consensus was reached that evolution of
the market up to 2025 was the most appropriate scope. It was felt that a very long-term assessment
would be impossible due to the significance of unknown and uncertain factors. After several itera-
tions with expert involvement, a condensed list of 22 potentially influencing factors was established.

Systematising Market Development Factors

To aid step two of the scenario design process, a “Market Opportunities” session was included in the
Sustainability and Markets workshop (cf. Tomkiv et al. 2015). The Oslo event was a participatory ap-
proach to conclude on the systematic interdependencies and importance of the factors in order to
capture through engagement with the participants with their different backgrounds the high diversi-

NanoRem
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ty of drivers and inhibitors affecting the market system.

The 22 factors determined in the preliminary research stage were grouped into different categories
(policy, economy, society, communication, technology and megatrends). The use of categories
helped to align the factors with appropriate expertise for later discussions. In order to further con-
dense the list of factors and remove less important factors, the list was sent to the workshop partici-
pants in advance of the workshop. Participants were asked to provide feedback on how important
they perceived each factor to be for the development of the EU nanoremediation market from pre-
sent to 2025. Participants scored each factor according to the following scale:

(0) = Negligible relevance — the factor is not an important driver or inhibitor;

(1)=  Minor relevance — the factor might have a limited but not so important effect;

(2) = Considerable relevance — the factor is likely to have a notable (indirect) effect;

(3) = Key relevance — this factor is most certainly among those of utmost importance to push or

pull the nanoremediation market development.

The responses (20 respondents) were collated and an average score (the arithmetic mean as the sum
of the scores collected from all the respondents, divided by the number of the respondents) was
calculated for each factor.

The results are shown in Table 1 below, in descending order of obtained scores.

Table 1: Preliminary factors and their perceived importance with regards to influencing nanoremedi-
ation market development in the EU up to 2025

Factor Score Category

Most important factors (22.00):

Innovation on treatment of known contaminants with NPs 2.48 Technology
Regulation of nanoparticles 2.45 Policy
Validated information on NP application potential 2.40 Communication
Costs of competing technologies 2.35 Economy
Standardization for nanoparticles 2.20 Policy
Innovations along NPs production chain 2.18 Technology
Environment (especially soil) protection policies 2.10 Policy
Synergies with other technologies 2.05 Technology
Public stakeholder dialogue 2.00 Communication
Less important factors (>1.50 and <2.00)

NP treatment of emerging contaminants 1.95 Technology
Public perception of NPs in general 1.93 Society
Science-Policy-Interface 1.93 Communication
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Technology and research policies 1.75 Policy
Growing number of nanoparticles suppliers 1.73 Economy
Real estate market development 1.68 Economy
Innovation attitude 1.60 Society
Environmental awareness 1.55 Society

Minor relevant factors (<1.50)

EU economic development 1.50 Economy
Globalisation 1.20 Megatrend
Industrial and military land use 1.00 Society
Climate change 0.70 Megatrend
Demographic change 0.60 Megatrend

The scorings indicate that several factors influence the market’s development. Some of the scorings,
e.g. the ability to treat emerging contaminants with NPs, are surprising and may indicate either bias
or epistemic issues in the mind of the responders. As no factor had a scoring > 2.50, it was concluded

|ll

that no factor is likely to singlehandedly “push” or “pull” nanoremediation market development.

In order to create scenarios, the interdependencies of the factors determined to be important need-
ed to be better understood. Stakeholders were provided with the factors in Table 1.

including short descriptions of each factor. During the workshop, stakeholders were asked to provide
opinions, comments and suggestions about the factors and were also asked to identify and discuss
the interrelations of the factors. In order to do this, stakeholders were divided into smaller groups
based on their field of expertise. The groups formed were Regulators / Policy makers, Technology,
Communication, Economy and Society. Participants in the respective groups were asked to discuss
the influence of three or four factors of their respective expert domain on the full list of factors iden-

tified to be of importance.

For each group a poster with an empty influence matrix was provided showing a short list of factors
from the respective field of a group’s expertise in the rows on the vertical axis and the full list of fac-
tors in the columns on the horizontal axis. Figure 4 illustrates the influence matrix’s outline.
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| activity (sum of rows):
. How strong is the impact of
. a factor on all other factors?

passivity (sum of columns):
How strong is a factor
impacted by all the others?

Figure 4: Interaction matrix illustration (Gausemeier et al., 1998, p. 119)

The participants in a first phase were asked to review and provide opinions, comments and sugges-
tions about the collected factors in the rows. Next, they were asked to identify and discuss the inter-
relations of the development of each of their factors in the lines on the full list of factors, i.e. to dis-
cuss pairwise the influence of development of a factor from the vertical axis on the development of a
factor from the horizontal axis. For the assessment, again a scoring was re-quested (as indicated in
Figure 4, too): Considering the European Union in 2025, the impact of the development of the factor
in the row on the development of the factor in each column was gauged using the scale:

(0)= Noimpact;

(1)= Weak / delayed impact;
(2)= Medium impact;

(3)= Strong / direct impact.

At the end of this phase, each group had filled in their part of the influence matrix. After the work-
shop it was possible to add up the rows and to obtain a full matrix containing all factors in the rows
and columns — however, this was not done at the Oslo event, as the key objective here was to best
substantiate the assessments within the matrix. Therefore, in a subsequent phase of the event, tak-
ing up the World Café™ format, the participants were invited to discuss one by one the results of the
other groups. Facilitators guided these discussions from the identification to the review of the link-
ages of factors. At the end of the phase, the participant returned to their “home table” and revisited
their assessments based on the feedbacks collected from the other groups. At the end of the Session,
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the annotated posters and notes of facilitators were collected and interpreted.

After the workshop, the information collected from the group sessions was analysed and the factors
that are more “active” in influencing other factors were identified, as well as those that are more
driven by the active ones. These relationships are expressed by the “active sum” and “passive sum”
as indicated in Figure 4 above and in Table 2, below. Table 2 lists the five most active factors from
those recorded in order of their activity (i.e. how influential a factor is relative to other factors).

Table 2: Interrelatedness of factors determining the development of the nanoremediation market

Factor Active sum* Passive sum*
Science-Policy-Interface 38 26
Validated information on NP application potential 36 21
Environment (especially soil) protection policies 25 17
Public stakeholder dialogue 25 20
Synergies with technologies 24 20

*Active and Passive sums had a maximum potential value of 48. The closer the active sum for a factor
is to 48, the more influential that factor is. Conversely if the passive sum for a factor is close to 48, it
is likely to be highly influenced by changes in other factors.

Projection of Factor Development and Establishing Consistent Scenarios

As part of ongoing work, a series of expert engagement activities is underway. In March 2015, Nano-
Rem conducted a first focus group meeting and expert workshop in Berlin, Germany, in order to dis-
cuss the establishment of consistent scenarios. The participants were provided with an overview of
the interim results of the scenario analysis work. They were shown that the two most “active” of the
key factors were identified as: “Science-Policy-Interface” and “Validated information on NP applica-

IM

tion potential” (see Table 2 and hence, these factors are likely to be crucial in determining the devel-
opment of the nanoremediation market system. These two factors were suggested for the develop-
ment of framing elements for a conceptual scheme for scenario states. The participants discussed

the meaning of these factors and tentatively defined them as follows:

Science-Policy-Interface is part of a broader ‘Dialogue’, which is the process by which stakeholder
groups (in particular those from science, policy and regulation) have informal/formal discussions,
consultations and other forms of engagementin order to ascertain the potential application of

nanoremediation (in general or in specific cases).

Validated information on NP application potential is an ‘Information’ dimension, which describes the
quality of available information for decision-making. Information can range from a level of great un-
certainty with regards to the potential developments of the market and the set of factors driving the
market, to a situation where information about nanoremediation is readily available, well tested, and
broadly accepted (i.e. “validated”). “Validated information” gives credence to a decision regarding its
applicability.

These dimensions form the conceptual scheme for the scenario states of the nanoremediation mar-
ket. These scenario states show four potential future states for the market, see
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Figure SFehler! Verweisquelle konnte nicht gefunden werden. below, (going clock-wise in each
quadrant of the matrix):

l. Validated information is broadly available AND there is comprehensive dialogue between
stakeholders, in particular those from science, policy and regulation.

Il.  Validated information is lacking and uncertainty is still significant BUT there is comprehen-
sive dialogue between stakeholders, in particular those from science, policy and regulation.

Il. Validated information is lacking and uncertainty is still significant AND there is no or only
minimum dialogue between stakeholders, in particular those from science, policy and regula-
tion.

V. Validated information is broadly available BUT there is no or only minimum dialogue be-
tween stakeholders, in particular those from science, policy and regulation.

Validated Information

v I

Minimum Comprehensive
dialogue dialogue

Uncertainty

Figure 5: Conceptual Scheme for Scenario States (courtesy of UFZ, 2015)

The final steps of the scenario analysis will be the discussion of the key factors’ developments within
the different scenario states, and based on these, the deduction of scenario storylines. These discus-
sions will finally inform the conclusion of recommendations for the exploitation strategy.

The Scenario approach will continue to be expanded, with scenario development continuing over
Year 3 of the NanoRem project. Further expert engagement in focus groups and workshops has been
planned in order to discuss the scenario scheme and future market states that reflect the interac-
tions identified in the Oslo workshop and specify directions of factor development under the poten-
tial market states. The scenario storylines concluded from these activities will be used to derive con-
clusions on the medium to longer term exploitation opportunities and recommendations for entre-
preneurs and policymakers.
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2.2.2 Discussion in groups about market prospects and drivers

Nicola Harries (CL:AIRE, UK), Elsa Limasset (BRGM, France), Stephan Bartke (UFZ, Germany), Paul
Bardos (r3 environmental technology Itd, UK)

Discussion in groups, each with a NanoRem facilitator provided a chance for active discussion and
exchange of ideas about market prospects, drivers and recommendations were concluded on the
day. A short report of findings was provided on http://www.nanorem.eu/news.aspx.

The discussion addressed the following questions in particular
1. How are things changing / likely to change

2. What is the most critical information to achieve positive shifts in the uptake of nanoremedia-
tion
3. How are the factors presented likely to influence the various organisations and people taking

part in the Café.

Discussions used the World Cafe™ discussion format and were followed by a plenary session where
each group reported back and exchanged ideas.

2.2.3 Plenary reporting back of discussion groups, wrap up and clinic offer
Paul Bardos (r3 environmental technology Itd, UK)
A NanoRem brochure “Nanoremediation: what’s in it for me?” was provided to participants. This

included an enquiry form which could be completed and handed back to the session organisers on
the day. The brochure and form were also available as a link on www.nanorem.eu. The enquiry form

offered the chance for delegates to find out more about the NanoRem project, but also to ask specif-
ic questions about their own nanoremediation interests which the consortium endeavoured to an-
swer in the weeks following AquaConsoil.

Note: Delegates were provided with a NanoRem web link for take home materials from special ses-
sion presentations that they could use within their own organisations to support further decision-
making.
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2.3 Session 1C.28S European advances in nanoremediation technology

Chair:
Hans-Peter Koschitzky (University of Stuttgart, DE)

The ACS Programme Committee and the NanoRem Coordination (WP1) agreed to group five of the
submitted presentations in a plenary session. This session was held in one of the conference centre’s
large Auditoriums and took place on Thursday afternoon, right after the lunch break. The session was
chaired by the coordinator of NanoRem, Hans-Peter Koschitzky, approx. 100 interested participants
attended the session and discussed the following talks:

e In-situ Groundwater Remediation Using Carbo-Iron®: Large Scale Flume Experiment to Inves-
tigate Transport and Reactivity in a source-treatment approach,

Kumiko Miyajima (University of Stuttgart, DE)

e Reactivity tests in columns for simulating source zone and plume remediation of chlorinated
hydrocarbons by zero-valent metal particles under subsurface-like conditions,
Christine Herrmann (University of Stuttgart,DE)

e Agar agar stabilized milled zerovalent iron particles for in situ groundwater remediation,

Stephan Wagner (University of Vienna, AT)

e Demonstrating Nanoremediation in the Field - The NanoRem Test Sites
Juergen Braun (University of Stuttgart, DE),

e Performance of Carbo-Iron particles in in-situ groundwater plume and source treatment ap-
proaches,
Katrin Mackenzie (Helmholtz Centre for Environmental Research, DE)

e Nanoiron and Carbo-lron® particle transport in aquifer sediments - Targeted deposition,
Steffen Bleyl (Helmholtz Centre for Environmental Research, DE)

These presentations gave an overview of the research progress made in the NanoRem project and
showed impressive first results of the tests. The speakers also highlighted future possibilities for re-
mediation using nanoparticles and clarified issues during the discussion after the talks.

The presentations managed to create more interest in the NanoRem project. After the session, many
attendees approached the table with NanoRem project information and picked up a copy of the
promotional material about nanoremediation and the project itself.

A summary of the talks given during this session can be found in the following chapters.

Figure 6: Impressions of the special session 1C.28S with the speakers K. Miyajima, C. Herrmann, K.
Mackenzie, S. Bley, S. Wagner and J. Braun (courtesy of VEGAS, 2015)
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2.3.1 In-situ Groundwater Remediation Using Carbo-Iron®: Large Scale Flume Experiment to
Investigate Transport and Reactivity in a source-treatment approach

Kumiko Miyajima (University of Stuttgart, DE), Katrin Mackenzie (Helmholtz Centre for Environmental
Research - UFZ, DE), Juergen Braun (University of Stuttgart, DE)

This presentation focused on the goal and set-up of the experiments, the injection of NP and pre-
sented first results of the investigation of transport and reactivity issues.

NanoRem (Nanotechnology for contaminated land Remediation) is a research consortium (EU, FP7)
dedicated to develop in-situ groundwater remediation technologies. Nanoparticles were developed
to be injected into the contamination to create a reactive zone in which contaminants degradation or
immobilization will take place. Investigations were conducted at various scales including large scale
containers with volumes of over 240 m3. These large scale upscaling investigations were indoor ex-
periments at a field relevant scale with exactly controlled initial and boundary conditions and a highly
disaggregated monitoring grid. They allowed for a closed mass balance, and maximum flexibility with
contaminants and conclusions with respect to improving the real field sites.

To test the performance of Carbo-lron® for the first time in a source-remediation approach, a large
scale flume experiment in a container of stainless steel (Lx W x H = 6 x 1 x 3m) was set-up at VEGAS,
University of Stuttgart. The aquifer was contaminated with a perchloroethene (PCE) source and
chemically reduced utilizing an injected Carbo-Iron® suspensions. The accurate description of the
aquifers and the contaminant distribution as well as a dense monitoring system allow for the testing
of these nanoparticle materials and provide insight in particle transport in porous media and
knowledge on degradation products under field-relevant conditions.

Goals of the experiment were

a. remediation of PCE source (2kg) utilizing the Carbo-lron®, composite particles containing
nZVI in a colloidal activatedcarbon framework

b. design, set-up and test of Carbo-Iron® injection system; determination of suitable composi-
tion of suspension and of necessary flow velocities during injection

c. transport and targeted deposition of NP in the subsurface
d. quantification of remediation (degradation) rates and longevity of NP (reinjection intervals).

In the large scale flume an artificial aquifer was set up consisting of a flow domain of 5.6 x 1.0x 3.0 m
(L x W x H) of medium sized homogeneous sand. Inflow and outflow boundaries were established
using hydraulically communicating wells, with constant flux and constant head control, respectively.
The aquifer was unconfined and its thickness during base flow (v = 0.2 m/d) was at approximately 1.7
m, resulting in an unsaturated zone of approx. 1.3 m. The flume offered a total of 36 sampling ports,
distributed in six horizontal planes and six vertical planes to the flow direction.

The PCE source was emplaced by injecting pure PCE into the saturated zone soil. A total mass 2 kg of
PCE was injected at six locations placed at equal distances on a circle of r = 30 cm, at 10 different
depths (33.3 g each) at 10 cm vertical intervals starting at the groundwater table. By this kind of in-
jection a contaminant source zone of approximately 0.90 m diameter, a depth of 1 m, and hence a
volume of 0.64 m3 was established with residual saturation around 0.6%.

For the remediation of this source, the injection of Carbo-lron® was designed along the following

;-N anoRe [Il) 18/07/2016 Disemination Level PU DL_1-1_FINAL.Docx



NanoRem WP 1 DL1.1: NanoRem at AguaConSoil 2015 Page 23 /58

criteria:

a. Place particles in sufficient quantity within the source zone: based on stoichiometry a reme-
diation of 2 kg PCE requires 2.6 kg nZVI (= 13 kg Carbo-Iron®). To account for heterogeneities
and competing reactions a total mass of 20 kg Carbo-Iron® was injected.

b. Minimize injected volume to avoid loss of PCE during injection. Thus 1 m® suspension with a
high concentration (20 g/L) of Carbo-Iron® and optimized concentration of the stabilizer car-
boxymethylcellulose was employed.

During and after the injection, the particle transport distance, concentration and sedimentation were
monitored. The preliminary remediation result was obtained after the injection.

2.3.2 Reactivity tests in columns for simulating source zone and plume remediation of
chlorinated hydrocarbons by zero-valent metal particles under subsurface-like conditions

Christine Herrmann, Maurice Menadier, Norbert Klaas (University of Stuttgart, DE)

Chlorinated hydrocarbons are commonly detected groundwater contaminants. Permeable reactive
barriers composed of zero-valent iron are well-established for remediation of the contaminant
plume. Current studies are aiming at implementing the injection of zero-valent iron (nano)particles
into the subsurface, thus allowing for a treatment of source and plume areas. (Cundy et al., 2008)

However, it has been reported that iron particles show a poor transport behaviour (Phenrat et al.,
2007). Aluminium and magnesium have a lower density compared to iron which might promise bet-
ter transport properties. In addition, aluminium and magnesium offer a better stoichiometry relative
to mass in comparison with iron. On the other hand aluminium and magnesium particles are more
susceptible to corrosion due to their lower redox potential. In order to investigate and compare the
efficiency of remediation as well as the long-term behaviour of zero-valent aluminium, magnesium
and iron particles under subsurface-like conditions reactivity tests in columns are performed.

For this purpose two set-ups with 12 experimental columns in all were available for simulating source
zone and plume remediation of selected contaminants like for example tetrachloroethene (PCE). The
set-up allowed for studying the long-term behavior of the particles (several months) under flow-
through, thus fieldsimilar conditions. The experimental columns were made of glass and had a length
of 100 or 200 cm and an inner diameter of 3.6 cm. Sampling ports were installed before and after
each column for analysing contaminant concentration and degradation products in solution. Quanti-
tation of hydrogen formed as a consequence of anaerobic corrosion was enabled by gas traps. pH
and redox potential were measured online. Present findings for commercially available magnesium
and aluminium microparticles indicated that the dechlorination reaction (simulation of a plume re-
mediation of PCE) was overwhelmed by anaerobic corrosion.

Batch reactivity tests carried out for aluminium have shown an increase in chloride formation under
initially alkaline conditions. Therefore, the investigations focused on the possibility of modifying the
aquifer properties by increasing pH also considering the relationship between dechlorination and
anaerobic corrosion. Amongst the different iron particles tested so far for a source zone remediation
of PCE a milled iron particle (provided by UVR-FIA GmbH, Germany) seemed to be promising regard-
ing its longevity and its relationship between dechlorination and anaerobic corrosion.
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[1] A. Cundy, L. Hopkinson, R. L. D. Whitby, Science of the Total Environment 2008, 400, 42.
[2] T. Phenrat, N. Saleh, K. Sirk, R. D. Tilton, G. V. Lowry, Environmental Science & Technology 2007, 41, 284.

2.3.3 Agar agar stabilized milled zerovalent iron particles for in situ groundwater remediation

Milica Velimirovic, Doris Schmid, Stephan Wagner, Vesna Micic Batka, Frank von der Kammer, Thilo

Hofmann (University of Vienna, AT)

The use of nanoscale zerovalent iron (nZVI) particles as a nontoxic material for effective in situ deg-
radation of chlorinated aliphatic hydrocarbons (CAHs) into less harmless products has been inhibited
by many factors, including the high production costs. For that reason, submicro-scale milled zerova-
lent iron particles were recently developed (milled ZVI, UVR-FIA, Freiberg, Germany) by grinding mac-
roscopic raw materials of elementary iron as a cheaper alternative to products produced by sol-
idstate reduction. However, currently milled ZVI particles tend to aggregate and sediment due to the
rather large particle size (d90 = 16.9 um). To prevent aggregation and consequently sedimentation of
milled ZVI suspension (1 g L-1 of particle concentration) and consequently improve the mobility after
in situ application, the use of a stabilizer is necessary. In this study, milled ZVI particles were stabi-
lized by environmentally friendly polymer agar agar (>0.5 g L-1), which had a positive impact on the
milled ZVI stability significantly decreasing sedimentation rate by increasing the suspension viscosity.
Column transport experiments were performed for bare and agar agar stabilized milled ZVI particles
in commercially available fine grained quartz sand (DORSILIT® Nr.8, Gebrider Dorfner GmbH Co,
Hirschau, Germany) under field relevant injection conditions of 100 m d-1. The maximal travel dis-
tance (LT) of 12 m calculated for agar agar (1 g L-1) stabilized milled ZVI suspension compared to the
non-stabilized suspension (LT < 10 cm) revealed that agar agar as stabilizer significantly improve par-
ticle mobility. Finally, lab-scale batch degradation experiments were performed to determine the
impact of agar agar on the reactivity of milled ZVI and investigate the apparent corrosion rate of par-
ticles by quantifying the hydrogen gas generated by anaerobic corrosion of milled ZVI. The results
indicated that despite agar agar had positive impact on the milled ZVI stability and mobility, adverse
impact on the reactivity towards trichloroethene was observed compared to the non-stabilized ma-
terial. On the other hand, this study shows that the apparent corrosion rate of milled ZVI particles
was not impacted by the presence of agar agar and longevity of particles action was significantly
prolonged compared to the nZVI particles.

2.3.4 Demonstrating Nanoremediation in the Field - The NanoRem Test Sites

Juergen Braun (University of Stuttgart, DE), Randi Bitsch (Solvay AG, SE), Matthias Kraatz (Golder
Associates GmbH, DE), Jorge Gongalves (Geoplano-Consultores, S.A, PT), Nerea Otaegi (Tecnalia Re-
search & Innovation, Geldo, ES), Noam Weisbrod (Zuckerberg Institute for Water Research, Blaustein
Institutes for Desert Research, Ben Gurion University of the Negev, IL), Petr Kvapil (AQUATEST a.s., CZ)

NanoRem (Nanotechnology for contaminated land Remediation) is a research consortium (EU, FP7)
dedicated to develop in-situ groundwater remediation technologies based on the injection of nano-
particles in the subsurface. For a successful transfer to the end user, nanoremediation technology
performance and applicability has to be shown at realistic scales (pilot sites, field applications), in-
cluding considerations of cost and wider impacts. Successful field demonstrations allow for the test
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of different injection methods for difficult geological conditions. Selected NPs developed in NanoRem
are being tested on several sites in different hydrogeological, hydrochemical and climatic environ-
ments and also against different contaminant distributions and target contaminants. Efficient per-
formance requires a suitable injection technology, confirmation that NPs can be transported to the
required treatment zone and that their longevity guarantees an economical application (but not a
hazardous long term persistence in the environment).

A total of seven field injections are being conducted in six countries in the NanoRem project: In the
Bad Zurzach (CH) site CHC were detected in residual concentration in an alluvial aquifer with a fairly
high groundwater flow velocity. Milled nZVI particles (UVR-FIA) will be injected to reduce the con-

taminants.

The Spolchemie Site (CZ) shows a CHC plume and some residual saturation. Groundwater velocities
in the alluvial aquifer are moderate. Nanofer 25s (NANOIRON) will be injected to chemically reduce
the contamination. In the southeastern part of the Spolchemie site a toluene contamination has
been located and delineated. The toluene plume migrating towards the Elbe river is to be intercept-
ed by ironoxide NP (Goethite, HMGU) to enhance microbial degradation and thus to stop the plume.

Barreiro (PO) is an abandoned industrial complex close to the sea with a high content of various
heavy metals in both the saturated and unsaturated zone. An additional challenge of this site is the
low pH of the groundwater. Different particles are tested to immobilize the heavy metals on small
plots on that site.

In Balassagyarmat (HU) next to a company formerly manufacturing electronic equipment (now
closed) CHC in plume and some residual saturation has been detected. These contaminations are to
be treated using an injection of Carbo-Iron (UFZ, SciDre).

A second heavy metal site is located in Bizkaia (ES). The site is located on an alluvial aquifer next to a
river and, in contrast to the Portuguese site, does not show a pH reduction. Goethite NP (HMGU) will
be utilized to address this contamination.

The Besor-Secher site in Israel is distinguished by a much more arid climate and a fractured aquifer.
While the site offers a range of contaminants from an industrial complex nearby, at this time the
main focus on the site is on transport and targeted deposition of various NP in this complicated hy-
drogeolocical system.

In summary: Particles tested include different kinds of nZVI, Carbo-lron® and iron-oxide (Goethite)
NP. Each of these particles targets specific contaminants (organic, inorganic, chlorinated hydrocar-
bons etc.), in other words they enhance specific remediation processes (chemical reduction or oxida-
tion, microbial dechlorination or oxidation etc.). Moreover, each NP suspension has specific require-
ments with respect to hydrogeological (coarse or fine grained porous material, fractures) and hydro-
geo-chemical (pH, salinity, redox conditions etc.) site conditions.

The talk gave an overview of the NanoRem sites including their specific goals and challenges and also
gave preliminary results from some test sites.
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2.3.5 Performance of Carbo-lron particles in in-situ groundwater plume and source treatment
approaches

Katrin Mackenzie, Steffen Bleyl, Frank-Dieter Kopinke (Helmholtz Centre for Environmental Research,
DE)

PCBs are highly recalcitrant compounds that have traditionally been relegated to “dig and dump” and
“dig and incinerate” remedial solutions. Recent projects have shown, however, that in-situ thermal
remediation presents a repeatable solution that foregoes excavation.

Soils at the subject site were primarily contaminated with Polychlorinated Biphenyl Aroclors 1254
and 1260. These contaminants were introduced into the subsurface from 53 transformers that were
part of the former manufacturing plant. The volume of impacted soil was estimated at 7,800 cubic
meters, and is generally comprised of clay and silty clays. Average combined PCB concentrations of
5,900 mg/kg were present in the soil, both in saturated and unsaturated zones. Remedial goals of <
4.0 mg/kg toxic PCB cogeners was required to achieve total regulatory compliance.

The initial laboratory study determined that when the actual site soils were subjected to a treatment
temperature of 250°C for 72 hours, over 99% of PCBs could be removed from the test matrix. Based
on these results, a pilot study test of 200 m3 was conducted. Thermal treatment extended from
grade to 5 m bgs. The unsaturated soils (0 — 4m bgs) were heated to an average temperature of
250°C, and the saturated soils (4 — 5m bgs) were heated to an average temperature of 100°C over 69
days of active thermal treatment. The information obtained from the pilot study was used to opti-
mize the design and energy delivery in the full scale project.

The field application pilot study confirmed that average soil reductions of PCBs from 5,900 mg/kg to
< 1 mg/kg were realized in the unsaturated zones of the project, confirmed via hot soil validation
sampling. The full-scale project reached all temperatures, specifications, and remedial goals.

2.3.6 Nanoiron and Carbo-lron® particle transport in aquifer sediments - Targeted deposition

Steffen Bleyl, Katrin Mackenzie, Anett Georgi, Frank-Dieter Kopinke (Helmholtz Centre for Environ-
mental Research, DE)

The applicability of nanoiron-based materials for in situ groundwater remediation has been shown in
several lab and field studies within the last decade(s). Compared to larger iron particles, nano-sized
zero valent iron (nZVI) shows increased reactivity towards a variety of aliphatic chlorinated hydrocar-
bons. For this reason and their injectability as colloidal suspensions into contaminated aquifers, the
application of nZVI for groundwater treatment seems to be a promising innovative technology. How-
ever, the success of a tailored in situ remediation technology is strongly affected by intrinsic particle
properties and the environmental conditions (hydrogeological and chemical). As known for bare nzVI
colloids, the particles show a pronounced agglomeration tendency which limits targeted reagent
transport in water-saturated sediments. Therefore, the research on injectable reactive particles has
been focused on optimization of suspension stability and mechanistic understanding of colloid depo-
sition on sediments in different natural environments.

Nanoiron-based materials like Nanofer 255® (provided by NANOIRON, Czech Republic) and Carbo-
Iron® (developed by UFZ, Germany), which are designed as agents for in situ groundwater remedia-
tion, are studied within the framework of NanoRem (EU funded research project
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within FP7). Nanofer 25S is supplied as a stabilized nZVI suspension containing 20 wt-% metallic iron.
Carbo-lron is a composite material consisting of nanoiron clusters on colloidal activated carbon
(dparticle = 1 um). Both iron-based materials were tested regarding their colloid stability and their
mobility in sediment-packed columns using glass columns (L = 0.25 ... 1 m) filled with tightly packed
water saturated sediments. The influence of suspension composition, water constitution (e.g. water
hardness) and injection mode (e.g. injection flow velocity) on particle breakthrough are key ques-
tions to be addressed. Depending on the remediation approach — plume treatment with low contam-
inant concentrations or source attack where particles are encountered with highly contaminated
groundwater and DNAPL — different requirements have to be met by the material development and
suspension composition. For Carbo-lron suspensions (20 g/L) a tailored approach using carbox-
ymethylcellulose as stabilizing additive in defined concentration ranges leads to either high mobility
(LT,99.9 = 12 m) or targeted deposition within a certain transport range (e.g. 93% deposition within 1
m). For targeted deposition, injection in a superposed manner (i.e. with intervals of injection at high
flow velocity and intermittent low-flow periods) was successful; no clogging occurred. This is a crucial
prerequisite for source treatment, where delivery of a sufficient amount of reactive metallic iron is
necessary for efficient contaminant degradation.

The presentation focused on particle transport in 1D-column experiments and gave an insight into
the tailored design of colloidal nanoiron-based reagents. Furthermore, the influence of particle con-
centration, water constitution and injection procedures on particle mobility and targeted delivery
was be discussed.
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3 NanoRem Talks outside the special sessions

3.1 Thematic Session 1C.17 In Situ Chemical Oxidation (ISCO) 2

3.1.1 Barium ferrates for in-situ chemical oxidation of BTEX contaminants
Norbert Klaas, Christine Herrmann, Karin Hauff

Ferrate(VI) has a high oxidizing capacity - under acidic conditions, its redox potential is even higher
than the one of ozone - making ferrate(VI) a very promising agent for water and wastewater treat-
ment processes. It has been shown that various types of organic compounds like for example phenol
or thiourea can be oxidised by ferrate(VI) [1].

The work presented here is especially focusing on the potential applicability of barium ferrate for in-
situ groundwater remediation. To the best of our knowledge currently no material, except for oxy-
gen-releasing compounds being applied for in-situ bioremediation, is tested for passive oxidative
remediation. Since barium ferrate offers slow-release properties it could be utilized to form zones of
strong oxidation potential with the possibility of producing a depot-effect in the aquifer. BTEX con-
taminants (benzene, toluene, ethyl benzene, and xylenes) represent one major category of contami-
nants affecting groundwater [2] and hence have been chosen as target pollutants to study the use of
barium ferrates for in-situ chemical oxidation.

Ferrates(VI) can either be prepared by dry oxidation, wet oxidation or electrochemically. Here, the
electrochemical preparation is used because it offers several advantages like for example a shorter
synthesis time and reduced costs [3]. The electrochemical synthesis of ferrate(VIl) is based on the
oxidation of an iron metal anode in alkaline media [4]. Barium ferrate is obtained by subsequent pre-
cipitation and characterised by titrimetric chromite analysis [5] and X-ray diffraction. In order to in-
vestigate the reactivity of barium ferrate towards BTEX contaminants batch tests have been con-
ducted using toluene as a model contaminant. The results were presented along with considerations
towards the potential applicability of the material for field application, including aspects of a later
remediation technology.

[1] M. Alsheyab, J.-Q. Jiang, C. Stanford, Journal of Environmental Management 2009, 90, 1350.

[2] P. Panagos, M. V. Liedekerke, Y. Yigini, L. Montanarella, Journal of Environmental and Public Health 2013, 2013, Article
ID 158764.

[3] X. Yu, S. Licht, Journal of Applied Electrochemistry 2008, 38, 731.

[4] S. Licht, R. Tel-Vered, L. Halperin, Journal of the Electrochemical Society 2004, 151, A31.
[5] S. Licht, V. Naschitz, L. Halperin, N. Halperin, L. Lin, J. Chen, S. Ghosh, B. Liu, Journal of Power Sources 2001, 167.

3.2 Thematic Session 1C.18 Miscellaneous remediation topics 1

3.2.1 A Novel Approach for Particle Detection in Porous Media — Fluorescent Labelled Fe-Zeolites

Glenn Gillies, Anett Georgi, Katrin Mackenzie, Frank-Dieter Kopinke (Helmholtz Center for Envionmen-
tal Research - UFZ, Leipzig, DE)

In-situ chemical oxidation (ISCO) by means of Fenton reagents is an established method for treating
groundwater pollution. The utilization of the Fenton cycle for the production of highly reactive OH-
radicals from hydrogen peroxide needs auxiliary materials. Complexing agents and/or acids are re-

quired in order to keep the catalytically active Fe- cations in the dissolved state. In

;-N anoRe [Il) 18/07/2016 Disemination Level PU DL_1-1_FINAL.Docx



NanoRem WP 1 DL1.1: NanoRem at AguaConSoil 2015 Page 29 /58

the EU-project NanoRem a variation of the conventional Fenton-based ISCO process is developed.
The disadvantages of dissolved Fe are avoided by the use of Fe-loaded zeolites as catalysts. Contrary
to Fe- ions as catalyst, the formation of OH-radicals at the Fe-zeolite takes place at neutral pH with-
out the necessity for other agents. Furthermore, the zeolite framework adds sorption properties to
the system, so the reactive species are formed at the centres of the highest local concentration of
the target contaminant. This system offers some target selectivity due to its sorption properties to-
wards non-polar molecules and the size-selectivity provided by the zeolite framework.

For the intended application, colloidal suspensions of Fe-zeolites with a particle size in the lower um-
range shall be injected into the subsurface where they will be immobilised on the sediment after a
certain travel distance. The zeolite particles form a permeable sorption barrier which will cut off con-
taminant plumes by means of adsorption. After particle loading by sorption, the barrier will be re-
generated by the injection of H202. Therefore, the injection of catalyst and oxidant is separated in
time and space, offering safety and economic benefits compared to common Fentonbased ISCO. In
case of plume treatment, the combination of sorption and subsequent oxidation should provide a
more efficient use of H202 per mass of target contaminant.

Tracking Fe-zeolite particles in sediment is a very challenging task. Methods based on element com-
position cannot be used, since Fe-zeolites are composed of ubiquitous elements (Fe, Si and Al). Other
sum parameters like turbidity only work under welldefined conditions. and ilnherent zeolite proper-
ties like their high specific surface area can be used but are not applicable in a routine analysis setup.

In this talk, results on the issue of Fe-zeolites monitoring in water and sediment matrices were pre-
sented. Since fluorescence as detection principle has the potential to solve many issues in tracking
particle fate in the environment, a method to irreversibly label zeolites with a fluorescent dye was
developed. A fluorescent dye molecule is synthesized inside the framework of the zeolites from
educts which are small enough to enter the channel system. The resulting product, on the other
hand, is too big to exit the channel system. This type of process is called ship-in-a-bottle synthesis.
Verification of the applicability for zeolite tracing includes experiments on detection limits in various
water and sediment matrices, stability against leaching and oxidants and representativeness (i.e.
exclusion of impacts of labelling on particle key properties such as mobility).
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4 NanoRem Posters

During the conference, the NanoRem project did have a strong presence in the poster area. Mem-
bers of the NanoRem project exhibited about 20 posters, both in the nanoremediation area as well
as in other thematic areas. A comprehensive list of the NanoRem posters is shown in Table 3, the

posters can be found in the following paragraphs.

Table 3: NanoRem posters exhibited at the AquaConSoil Conference in Copenhagen, 2015.

ACS No. Authors Title

1A-21 N. Klaas, H. Li, A. Buch- | The Use of Sensor-Data for Investigating the Transport and
au, H. Hermes the Reactivity of Fe(0) Nano-Particles

1B-18 R. Hjorth, C. Coutris, N. Ecotoxicity Testing of Nanoparticles for Remediation of Con-
Nguyen, A. Sevc(, A. taminated Soil and Groundwater
Baun, E. Joner

1C.2-2 A. Georgi, G. Gillies, K. Colloidal Fe-zeolites - A novel material for sorption-
Mackenzie, F.-D. Kopin- | supported in-situ chemical oxidation (ISCO)
ke

1C.5-18 G. Giannelli, S. Bleyl, R. Small Flume Experiment for the Transport Evaluation of Car-
Sethi, J. Braun bo-Iron® Particles in a Confined Aquifer

1C.5-28 N. Joshi, M. Watts, V.S. | Suface functionalization of microbially-synthesized magnet-
Coker and J.R. Lloyd ite for improved mobility and reactivity

1C.5-42 N. Otaegi, E. Cagigal, M. | Testing on emerging nanoparticles for arsenic removal un-
Cernik, J. Slunsky, J. derreal conditions on a pilot field site, in Asturias, Spain
Bosch

1C.5-46 A.-K. Schlotter, A. En- Transport of Carbo-Iron® in porous media: Optimization
gelbrecht, J. Braun based on cascading column experiments

1C.6-1 M. Cernik, R. Zboril, M. Remediation laboratory tests of different nanoparticles
Auffan, S. Thimmler based on zero valent iron

1C.6-2 J. Filip, Z. Markovs3, E. Current Trends in the Field of Nanomaterials Designed for
Petala, J. Kaslik, P. Slo- Advanced Water-Treatment Technologies
vak, . Medrik, J.
Slunsky, R. Zbofil

1C.6-3 D. Ribas, J.A. Benito, V. Lab Scale Fabrication of Nano Zero-Valent Iron (nZVI) Parti-
Marti, I. Jubany, M. cles for Groundwater Remediation by Milling
Cernik

1C.6-4 K. Mackenzie, M. Injection of Carbo-lron® Nanoparticles into a Groundwater
Kraatz, T. Laszlo, R. Agquifer contaminated with Chlorinated Solvents - approach
Schondube, J. Braun and first results from one pilot site

1C.6-5 P. Kvapil, V. Stejskal, J. The application and behaviour of nZVI during the treatment
Slunsky, K. Miyajima of chlorinated hydrocarbons a the field test at the Spol-
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chemie site and a large scale container test

1C.6-6 R. Bitsch, P. Kvapil, S. Dechlorination of solvents by nanoscale zero-valent iron
Thiimmler, N. Klaas particles: applying flake shaped nanoparticles in an aerobic
aquifer with restricted solvent dissolution
1C.6-7 J. Bosch, T. Lederer, P. The application of iron oxides nanoparticles as an alternative
Kvapil electron acceptor for biodegradation of BTEX
1C.6-8 D. Ribas, Z. Masopusto- | Study of the Cryomilling Technique for the Production of
va, J.A. Benito, V. Marti, | Nano Zero-Valent Iron (nZVI) Particles
[. Jubany, M. Cernik
1C.6-9 K. Miyajima, A. Engel- In-situ Groundwater Remediation Using Iron-oxides Nano-
brecht, J. Bosch, J. particles (Goethite): Large Scale Container Experiment to
Braun Investigate Transport and Reactivity
1C.6-11 O. Mouvet Impact of bacterial biofilm on reactive nanoparticles
(NanoFer 25S) mobility in laboratory columns filled with
sandy material
1C.6-12 K. PeSkova, J. Nosek, Methodology of laboratory test for the description and
D.R. Fargas, M. Cernik comparison of the reactive and migration properties of new
types of iron nanoparticles
1C.6-13 P.van Gaans, T. Tosco, Modelling nanoparticle transport in porous media across the
C. Bianco, A. Raoof, A. scales:from the pore scale to the field-scale injection
Fujisaku, D. Rodriguez
Aguilera, R. Sethi, M.
Hassanizadeh
1C.6-14 D. Schmid, V. Micic, M. Aquifer modification: an approach to improve the mobility

Velimirovic, S. Wagner,
F. von der Kammer, T.

Hofmann

of nZVI used for in situ groundwater remediation

ManoRem
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1A-21: The Use of Sensor-Data for Investigating the Transport and the Reactivity of Fe(0)

Nano-Particles — N. K
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Susceptibility Sensor for Me:

Problem

For a detailed description of the
transport and reactivity of nZVI (nano
zero-valent iron) column experiments
are a suitable tool. To be able to
measure the concentration of the
particles standard analytical methods
are inappropriate, since they can only be
applied after the experiment, are
destructive and limited to an analytical
background of iron in the soil material
used. In addition, they cannot provide
transient information during the
experiment.

Data processing

Step 1: Horizontal alignment of positions

laas, H. Li, A. Buchau, H. Hermes

The Use of Sensor-Data for Investigating the Transport and

the Reactivity of Fe(0) Nano-Particles

Norbert Klaas', Hua Li2, André Buchau?, Hubert Hermes?

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

asuring nZVl in Columns

Approach

In order to quantify the concentration of
nZVl in such column experiments a special
setup was developed (see fig 1). A mobile
sensor is moved along the column and
measures the magnetic susceptibility with
repeated scans. The data obtained is stored
in a data base and is being processed after
the experiment

In order to get real concentrations along the
column various steps of data processing are
required.

The same setup can be used for transport
experiments and for reactivity experiments.
The differences in operation are described
below.

Brackst and

Filling device for
the column

Movable
waoden frame sansor

Dual coil

One segment

Fig. 1: Measurement setup a) overview with rack, column and
wagen, b) detailed view of column and sensor [1]

Step 2: Subtraction of background Step 3: Deconvolution

h the length 150 mm

Urine bags for

Mixing and delivery
unit Collecting Effluent

Differcat concentrations  Iselation region with

Fig. 2: Photo of transport setup with all installations and
measurement devices (a) everview, {b) details

Step 4: Calibration

iy

Investigating Transport

With the setup decribed above transport experiments can be performed which
allow for the detailed description of the transport behavior of nano- or micro-sized
iron particles under different conditions and in different formulations (additives).
Below the influence of carbomethylcellulose (CMC) is shown for improving the
mobility of a specific particle. The left figure shows an accumulation of the iron,
whereas the right figure shows a breakthrough after 8 pore volumes.

Far details of the cascading column
experiments see poster Schiotfer et al.
For details of the tivity experir

see Herrmann et al. session 1C.285

Conclusions

Investigating Reactivity

For the assessment of the reactivity of the particles glass columns are filled with a
mixture of sand and the particles. A flow of a contaminant solution is passed
through the columns. By taking scans at the beginning of the experiment and after
certain times the consumption of the iron can be tracked. Below monthly scans are
shown of a column with a low reactive particle (right figure) and a column with a
highly reactive particle are shown.

ranscan-Calumn 4

Iron scan - Column 1

o

In combination with analytical measurements of the reaction products balances
can be made. In this way, the characterisation of the reactivity of the particles can
be described and the reactivities of different particles can be compared

T T T =

Scan Remaining Remaining ~ Measured
rew DN scnarea 2 qn  Seanarea 2 it s

Mmml g mm] (g 1] vmml (g 1% 8]
755 11,22 776 11,53 102% 774 11,89 103% 11,89
370 55 248 368 7% 138 205 3% 1,86

A new susceptibility measurement system has been developed for the non-destructive quantification of iron particles in columns. The setup can be used to investigate the transport
behavior of particles in columns as well as the reactivity of the particles in long-term experiments. With the data additional analyses are possible in order to describe the behavior of the

particles and to compare different types of iron particles.

Literature:

[1] Hua Li. Remus Banueu. André Buchau, Norbert Klaas, Wofigang M. Rucker (2015, paper accepted): Optimization of a Cencentration

Measirement Sensor for Nano Sized Zero Valent lran Using Numerical Simulation. IET Seience, Measurement & Technology.

[2] A Buchau, W M. Rucker, C.V. de Boer and N. Klaas, “Inductive detection and concentration measurement of nano sized zero valent

irom in the subsurface,” IET Sci. heas. Technal., 2010, Vol. 4, lss. 6, pp. 280-207.
Hua Li, C. V. de Boer, A. Buchau, N. Klaas, V. M. Rucker and H. Hermes, “Development of an inductive
2
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‘sensor of nano sized zero valent ran,” System, Signals and De D), 2012 9th Mulli-Conference, pp. 1-7.
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1B-18: Ecotoxicity Testing of Nanoparticles for Remediation of Contaminated Soil and
Groundwater — R. Hjorth, C. Coutris, N. Nguyen, A. Sevci, A. Baun, and E. Joner
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"“) Ecotoxicity Testing of Nanoparticles for Remediation
of Contaminated Soil and Groundwater

Rune Hjorth', Claire Coutris?, Nhung Nguyen?, Alena Sevci?, Anders Baun', and Erik Joner?

www.nanorem.eu

Department of Environmental Engineering, Technical University of Denmark; 2Department for Soil Quality and Climate, Bioforsk;
3Institute for Nanomaterials, Advanced Technologies and Innovations, Technical University of Liberec.

NanoRem is a four year, €14 million research project funded through the European Commission FPT7.

Background and Objectives

As innovation in remediation technology brings new solutions to old
problems, regulatory bodies will require hazard and safety data as new
technologies are brought from lab-scale to real-world application.

Going beyond zero-valent iron

A range of nanomaterials are developed in NanoRem in order to extend the
spectrum of treatable soil and groundwater contaminants fram halogenated
organics to non-halogenated substances and non-reducible metals.

Contributing to hazard assessment of nanomaterials

These nanomaterials are meant to help solve the environmental problem of
contaminated soil and groundwater, not to create additional ones. Therefore,
it is important that their intrinsic toxicity is assessed, as required under
REACH.

Ecotoxicity tests

We have tested a range of particles developed for remediation purposes, using
standard ecotoxicity tests to assess their potential hazard towards groups of
organisms used for hazard identification for classification and labeling purposes.

+ Bacteria Vibrio fischeri, 15 min luminescence, 1SO 11348-3

« Algae Pseudokirchneriella subcapitata, 48h growth, OECD 201

+ Crustaceans Daphnia magna, 48h immobilization, OECD 202

- Earthworms  Eisenia fetida, 48h mortality, OECD 207

+ Plants Raphanus sativus, Lolium multifiorum, 6d root length, OECD 208

Besides these standardized protocols, we also tested the particles effect on:

- Bacteria Escherichia coli, 6h growth and 24h cell viability
« Algae Chlamydomonas sp., 48h photosynthesis efficiency
+ Oligochaete Lumbriculus variegatus, 96h mortality

The tested particles were dispersed as recommended by the producers and the
suspensions were characterization by DLS, NTA, ORP, and pH.

0201
Sy

L@
°

Us.
Survival

Nanoparticles

Carbo-Iron
» Composite of activated carbon and
zero-valent iron
» Adsorption and reduction of
halogenated contaminants

Fe Zeolites
+ Nanoporous aluminosilicate loaded
with iron Fe®* catalyst
+ Oxidation of small molecules, e.g.
BTEX, MTBE, dichloroethane,
chloroform...

(arbo-Iron
o

8o
Fe Oxides Milled zero-valent iron
+ Pristine iron oxides, mostly thit . ically ground zero-valent
Fe?**O(OH) stabilized with humic iron

acids

+ Oxidation (catalytic effect on
bioremediation) of biodegradable
contaminants, such as BTEX

Reduction of halogenated
contaminants (same spectrum as
for nZV|l produced by thermal
reduction)

L) g
Carbo-Iron
Fe Oxides
Fe Zeolites
Milled ZVI ND o w o[ - ND -

Standard ecotoxicity testing of nanoparticles has in general proven technically
difficult and it may be questioned whether proper hazard identification of engineered
nanoparticles needed for environmental risk assessment is currently feasible.
Aggregation, agglomeration, sedimentation, shading, and other physical effects are
known to interfere with the measuring principles behind the tests and these
inferences were also observed for the particles in the present study.

This was pronounced for tests on algae, bacteria, and crustaceans for all particles
tested and require inclusion of additional controls to ensure a correct data
interpretation. E.g. a reduction in luminescence is seen as a sign of toxicity in the V.
fischeri assay, but the turbidity of the tested particles absorb the light emitted by the
bacteria before detection and is thus not a toxic effect

Conclusions

The low toxicities found in the standard organisms do not lead to any hazard
classification according to EU regulation for any of the tested particles and the
results indicate that the particles, except the milled ZVI particles, can be
considered non-toxic.

Nanomaterials with the lowest toxicity profile should be preferred over other
materials with similar field scale efficacy and reactivity towards the target
contaminants.
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1C.5-18: Small Flume Experiment for the Transport Evaluation of Carbo-lron® Particles in a
Confined Aquifer — G. Giannelli, S. Bleyl, R. Sethi, J. Braun
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Small Flume Experiment for the Transport Evaluation of Carbo-lron®
Particles in a Confined Aquifer

(MVEGAS, University of Stuttgart; ) POLITO, Torino; @ UFZ, Leipzig

www.nanorem.eu

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Motivation

* Carbo-lron® is a new injectable composite material which targets
both chlerinated solvents plume and source remediation:

— Carbo-lron particles consist of clusters of nZVI embedded in colloidal -
activated carbon (AC) particles

The AC framework functions as a spacer between the NZV| structures

lowering their agglomeration tendency which leads to better transport =
The addition of the environmentally benign stabilizer CMC further enhances e
suspension stability and mobility by electrosteric stabilization Carbo-lron

+ A suspension containing 20g/L Carbo-Iron and 4g/L CMC was identified as the best
recipe for fully optimized transport

+ Carbo-Iron contains 10-25w/w% of nZVI1:

one single injection (2V1 = 1.48 /Lo ) of the aptimized suspension into the source zane (PCE =
0.58/L,y ) does not suffice for a successful remediation (2V1=2.6 g/L,)

Goals

« Test of a multi-step injection strategy to emplace and
accumulate a sufficient mass of Carbo-Ironin a
predefined target zone

* Optimization of the injection interval needed to let
the previous particles settle

« Confirmation of the Carbo-Iron enhanced mobility

small Flume Experiment features in a quasi 2D system

* Procedure for comparison of particle migration using suspensions of different particles

2D Flume

* Stainless steel flume:
= L/W/H=1.00/0.12/0.70m (quasi 2D)

— Frontal glass pane for visual observation

| s = Confined aquifer simulation:

— Dorsilit n°8 sand (0.3-0.8mm), degassed water

— Horizantal base flow

~ Inflow BC: constant flux, outflow BC: constant head
Porosity: 0.37, PVy,n.= 26 L

20 flume structure

Saneal visii ~ average hydraulic conductivity: 5.87 10" m/s

* Measurements:
— MID (total base flow)

~ pressure transducers (&h in-out)

optical fibers (fluorescence)
* Uranine Tracer Test:
. [ FI%) e — visual
B OO0 L&A - tescottnen
Base flow set up e

Experimental Procedure

 Suspension preparation:
~ 20g/L Carbo-Iron, 4 g/LCMC

Hydraulic mixer, disperser, argon supply

* Three Carbo-Iron Multi-Step injections:
— nobase flow, outflow BC: constant head
— 4 injection ports at the back side of the flume
~ liquid samples from outflow
~ continuous monitoring of injection pressure
* Recovery intervals:

— Nobase flow

— 1*recovery: d =24 h, 2" recovery: d =48 h

* Restoration of the base flow:
— horizontal base flow
- q=11*10%"m/s,d=33h

Back side of the flume

Mobility of Carbo-Iron

« Homogeneous and fast spreading of particles
* No pore clogging
* Mobility Factor for transport assessment:
M [= L2 — Aspreagien
Vinj Vinj

Ratio between volume from the visual
spreading and volume injected

- M=

infinite retention

Time lapse analysis from the first injection.

- M=1: nservative tr: r
e bl (Relative time in upper centre)

= Migration comparison between Carbo-lron and NANOFER 25s5®

- Carbo-lron may be considered perfectly mobile particles

— Lot
s cansomoN

®  aNorER 25

1 -

o1 03

R
Vi
A [m?] over PV of injected

Spreading area at the end of Carbo-Iron (left) and N 25s (right) injection

f e INANDEIIZSEI suspension (a angular coef)
PVinj [-] | 0.58 164
final As [m?] 034 016 ; =
M [ | 0.95 011 | o 7 Sl |
al] 061 014 o 061
Fe(0) [, %] 10-25 80-90 N25s 014
Emplacement of Carbo-lron
+ Particles which are still suspended in the pore water l v vl
.
are pushed away by the new injected suspension Tkl Gl BIC |
P
o -
3 s
§7| T o 4
B oo | = O i bjeon
3
1000 'y
et et v
T T T

veipy
€MC and Carbo-Iron breakthrough
curves in the autflow Carbo-ron
BTC shows a rising trend

Expansion of the particle zone during the 2nd injection
(right) 11 min after start of the 2nd injection

eft) 4 min and

= Particles migrate downwards during the recovery intervals in the absence of external
gradients as well as during the restoration of the base flow (presumable due to higher
density of the suspension)

« After restart (restoration) of base flow particles not yet immobilized are further
transported in the direction of flow

=i

Time lapse analysis during the 24h recovery interval (left) and the restoration of the base flow (right)

+ Analysis of solid samples and concentration mapping
— Max ZVI available with a single injection of 1PV (15 L): 1.48 g/Ly

— Max ZVI remaining in the target zone after injection of 2.3PV (35 L): 1.36 /Ly, < 1.48 g/Lsy

Conclusions and Outlook

For perfectly mabile particles the Multi-Step Injection method does not increase the
amount of ZVI emplaced

The suspension needs to be tuned for bettercontrol.
“Deoptimization” of the susp is achieved
4g/Lto 1g/L (presentation S. Bleyl).

ing CMC concentration from
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1C.5-28: Suface functionalization of microbially-synthesized magnetite for improved mobil-
ity and reactivity — N. Joshi, M. Watts, V.S. Coker and J.R. Lloyd
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Surface functionalization of microbially-synthesized magnetite
for improved mobility and reactivity

°
%0000 N Joshi, M Watts, V.S Coker and J.R Lloyd

School of Earth, Atmospheric and Environmental Sciences, University of Manchester

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Introduction The palladized bionanomagnetite promotes rapid decomposition of

. s e organic compounds nitrobenzene, perchloroethylene and trichloro-
+Iron nanocomposites have potential for remediation of heavy metals

2 ethylene

and organic compounds

3 : : 1 400
+Conventional manufacturing methods are synthetic and involve harsh —#—ANO, —#—ArNH, - " Edhnded, e oM

. . — . e
chemical regimes s 5000 e — S %5
+Nano-scale biogenic magnetite synthesized by the reduction of = 4000 & -
ferrinydrite by the anaerobic subsurface bacterium Geobacter 2 21 \
sulfurreducens offers a benign alternative ! 2 8200 =
c
+Bionanomagnetite (bnm) is amenable to surface engineering to 3 2000 E 100
enhance its reactivity 3 § i L
+Bnm offers a sustainable option for in situ remediation of heavy metals s —_
and organic compounds 20 40 60 8 100 0 5 10 15 20
Time (mins) Time (mins)

Objectives

Fig2 The concentration of the starting Fig.3 PCE concentration for synthetic

.

Column studies to assess transport properties of biogenic magnetite
Identify the stabilizers that could enhance its mobility in porous

contaminant (ArNO,) and accumulation of the
reduced product ArNH, as a function of time, in
the presence of Pd-BnM/H,. The number
annotations refer to the repeated spiking of the

groundwater ftreated with 1 g/L Fe BnM
(blue circles) and the 0.025 g/L Fe Pd-BnM
supplied with an excess of H, (red squares)

medium batch experiment with 1000 UM ArNO,
+ Assess the impact of stabilizers on the reactivity of biogenic
magnetite 2. Mobility of biomagnetite through columns

.

Functionalization of bnm with palladium to enhance reactivity against
metals and organics

+Tracer KBr m Control » Guar » Starch « Agar

1 vy
Research methodology tare ¢
508 tomw et
+ Microbiological methods to synthesize biogenic magnetite gn s s
+ Analytical techniques including XRD and ICP-AES to characterize the 2 . LT,
: e ; 504 . .

magnetite for purity and total iron content g o A YN
+ Column studies involving fine quartz sand (0.3-0.8 mm diam.), as To2 "’%{\ -

porous medium with an injection velocity of 100 m/d [ S ———

0 2 4 8

+ Stabilization studies using a variety of coatings to enhance mability
and transport in columns

+ Reactivity studies using model organic (PCE) and metal (Cr(VI))
target compounds for remediation

PV

Fig. 4 (a): Columns set up for transport study Fig. 4 (b): Breakthrough curve for tracer (KBr), Control
(uncoated) bnm and stabilized slurries with guar, agar and starch. Mobility was enhanced in the
order agar>starch>guar>no coating.

Results 3. Impact of the coatings on the reactivity of biomagnetite

Reductive precipitation of palladium (I1) onto the surface of bnm makes

it an effective catalyst for the reduction of heavy metals and organic 3 Contedl ;M Guar < Starch  GBnm 2g/Lvs 0.7 mM Cr M Pd GBnm 1g/Lvs 1 mM Cr
compounds in presence of external electron donor 4 o m 1200
L 1000 W
1. Functionalization of bionanomagnetite for remediation of ¢ 5 800
N - 3-.400 . - S *
chromium and organic solvents E I S
S =
200 L L ] < a00 *
+ 008gL A 016glL ®m 02d4qL & % il L] ="
toh ® 03200 f 200 [y * s 9 &
9 0
o 100 200 300 400
08 44 N o 100 ﬂme}rgl?nu&s 300 400
@u.s 5 + Fig. 5 Reactivity of bnm (control} and stabilized forms {guar and starch). reactivity was reduced.
o “ o but remained significant, and could be enhanced with Pd additions. Fig.6 Bnm with guar (GBnm)
04 . A and Pdbnm with guar (Pd GBnm)
0z -
& ife (= 4 A Conclusion
i P s i + Pd bnm has significant potential for the remediation of pollutants

Time (Hours)

.

Stabilization of bnm with guar (3g/L), agar (2g/L) and starch (2g/L)
significantly improves its mobility in porous medium, while retaining activity
The reactivity of coated bnm can be further improved by doping its surface
with Pd (0)

Fig. 1 CfCo of aqueous Cr(VI) concentration over time with Pd-BnM / H, gas in a model Cr(V1)
solution. Co denotes the starting Cr (VI) concentration, Cr (VI) level determined by dipheyl
carbazide assay

.
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Testing on emerging nanoparticles for arsenic removal under
real conditions on a pilot field site, in Asturias, Spain.
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NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Introduction

Nanotechnologies could offer a step-change in remediation capabilities as
indicated by laboratory scale findings, which show that the range of treatable
contaminants and the speed by which they can be degraded or stabilized can
be substantially increased over conventional in-situ saturated zone remediation
technologies. Within the European NanoRem project, the main objective of
performing field hes! sites is |us| to provide the opportunity for a positive proof
of ion, i.e. a closed mass balance on site,
addressing other current limiting factors such as their cost, sustainability and
environmental safety.

Site description and case study approach

The Spanish test site is an abandoned 20Has brownfield site in Asturias
(Northern Spain), used historically for the production of chemical fertilizers
during 48 years (1950 — 1998). Contaminants include predominantly heavy
metals both in soil and groundwater, associated to site's madeground.

Figure 1. Picture of site's past activity Figure 2. Current site’s general view

It has been decided to focus the research on a single metal treatment,
facilitating the interpretation of results and the technology validation: solved
Arsenic in groundwater has been selected as the target contaminant, given its
high concentration (5527,2ppb max., 1378,5ppb mean concentration) and the
lack of field cases in the literature that pay attenhon to this element, which
makes this field experiment parti ly grour

The main source of arsenic is related to the sulphuric acid production by
arsenopyrite (FeAsS) burning. Pyrite ashes rich in As in the form of AsO,Fe
resulting from this burning process were then uncontrolledly dumped on site as
madeground.

The study will also consider the collateral
effects of the treatment on the other
metals and compounds like organic matter
and dissolved anions such as nitrates,
sulphates and phosphates.

As a result of this holistic approach, the
effect of NPs injection on natural
biogeochemical processes of the soil-
groundwater interface and therefore the
sustainability of the treatment with NPs will

be better understood.
Figure 3. NanoRem field tests approach

Preliminary site and laboratory works

Five different types of nanoparticles (NPs) have been tested in the
laboratory with the Spanish material in the Technicka Univerzita v Libercl
(Czech Republic) including the commercially available products based on nano
zero valent iron (NZV1), NANOFER 25s and Star and milled particles (KKM2,
A2), carboiron and goethites (Nano Iron SRO and the University of Duisburg-
Essen provided NPs).

According to these results, it is possible to assess the effect of the different

NPs on the arsenic content:

» Concentration of solved arsenic decreases significantly in all treatments (with
goethites, carboiron and NZVI) except for the non activated NF Star.

~ Reactivity with zerovalent iron is stronger (more efficient) than with iron
oxides (goethites) and carboiron in terms of the presence of arsenic in
solution.

» Arsenates - main species presence in the Spanish site - and arsenites can
be fully transformed into As(0) by reaction with zerovalent iron. As(0) is
insoluble, thermodynamically stable, and this reaction is not expected to be
reversible.

The chemical tion bet itel: te and NZVI is preferred to
adsorptive interactions occurred wﬂh iron oxides NPs, being the latter weaker
bonds that can then be more easily desorbed and restored to groundwater,

Pilot test design

A total of eiaht (8) monitoring wells will be installed down into the aquifer and
the NPs injection will be done in two (2) wells so that a good NPs distribution
in the underlying aquifer is assured. The injection will be performed by
Geoplano Drill, S.A. over the entire aquifer's column, at low pressure, in open
boreholes previously fitted with packers.

The monitoring strategy won't be focused only on the arsenic removal and NPs
efficiency determination but also on most of the key challenges associated to
nanotechnologies application that currently hamper their real and extended use
in the European environmental market.

The starting of the injection works is planned by September 2015, following the
design of the monitoring strategy and the implementation of the necessary
equipment in the field.

b)

Figure 4.a) Diamond core drilling warks, 4.b} pyrite ashes in madeground and 4.c) heavy metal content
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1C.5-46: Transport of Carbo-lron® in porous media: Optimization based on cascading col-

umn experiments — A.-K. Schlotter, A. Engelbrecht, J. Braun
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Transport of Carbo-lron® in porous media:
N ano R e m Optimization based on cascading column experiments

Ann-Kristin Schlotter, Alexander Engelbrecht, Jiirgen Braun

NanoRem is a four year, €14 million research project funded through the European
Commission FP7.

Motivation

* The NanoRem research project aims at directly injecting reactive
compounds into a contamination source for faster treatment of
the pollution.

* Carbo-lron® are particles composed of 80 wt% activated carbon and
20 wt% nZVI, Carboxymethyl cellulose (CMC) is added to the
suspension to facilitate transport.

* The stoichiometrically required mass for remediation of 1g PCE is
1.3g nZVI. With a safety addition 5g nZVI are required.

tl porevoume o Assuming there is a 20kg PCE contamination in
10m?* of soil, with 2g PCE per liter of soil, or
rather 2g PCE per 300ml of pore velume (PV),
then 10g ZVI per 300ml PV are required for the
remediation.

Lier

29pcE 2 pce
llustration of scil and porosity
n=0.3

Goal

= A slurry of 20g/L Carbo-lron® contains 4g/L ZVI (20wt%), i.e. there are
1.3g nZVI in 300ml of slurry. With regard to the assumption above, 10g
nZVI are needed.

= There are two options to deposit the required mass:
a) Multiple injections, if the mass is not provided with one injection
b) higher Carbo-Iron® concentrations in the slurry to achieve a
better deposition with only one injection

* This study aims at ing the tr r of Carbo-lIron®
to achieve maximal deposition of the partlcles in the subsurface using
cascading columns (CC).

Cascading Columns

« Around an injection well the Darcy flux
decreases hyperbolically with r.

* The cascading column scheme reduces the
3D radial flow to quasi-1D experiments.

* Column length represents thickness of

section area.
« In radial system: v decreases, c v, v, E Civ \LE E

A increases —» Q=const.

pi=Q

ectod n he columns

* In column: v decreases, oS "
A=const. - Q decreases 1)

Migration Properties
* The original Carbo-lron® slurry was designed for ideal transport, not for
controlled deposition.
* The migration properties are influenced by:
Injected flowrate Q.. - defined by boundary conditions

inj Define input
Carbo-Iron® conc. base case and variations | parameters for
3 CC: duration,
CMC concentration

injected volume

Injection Scheme and Sampling

ok ek * The prepared slurry is injected into
" calmna » the first column whose outflow is
R ; b injected into the subsequent column
s kit = (at the appropriate velocity) etc.
—_— Column 3 — * Deposition may then be compared

via mass balance.

Experimental Procedure

W Mixing Tank

T+
Disperser
Ar Collecting
Bag
= —i—{ 0 Column —
> 3 L -
PUmP  pressure
Sensor Scale

+ Upstream of column: Experimental Set-up

Argon as inert gas, disperser and stirrer to avoid
ation an gglomeration, peristaltic

pumps, pressure sensor for monitoring the pressure,
sampling valve for inflow sample.
Preparation of slurry: gradually dissolving CMC,
slowly mixing in Carbo-lron®, filling suspension in
mixing tank.

= Column:
Plexiglass column, diameter 44mm, variable filter
head with mesh screen to adjust length and detain
sand.

Injection of CI slurry into a column

Preparation of columns: filled with sand, flushed with
argon, saturated with degassed water » bottom-up
method, check porosity and hydraulic conductivity
(goal: n=0.3 and K=4*10"*m/s).

 Downstream of column:

Bag for collection of outflow, sampling valve, scale to
monitor the flow.

Collection bag and scale

Results
Column Initial slurry Iron_in Iron_out  Deposition within a radius of 1m
[on] [giL] (%]
511 20g/L Carbo-lron 24 0.86 > 90.8 (iron analysis)
s12 ZLEE 086 0.22
S1.3 0.22 -
s2.1 20g/L Carbo-Iron 1.29 0.47 96.9 (iron analysis)
s22 L 0.47 0.26
s23 0.26 0.04
s31 40g/L Carbo-lran 45 4.7 88.9 (TOC analysis)
s32 20l EMC 46 35
S33 26 0.5
541 40g/L Carbo-lron 46 = clogged at 17.5cm
no CMC
S5.1 20g/L Carbo-lron 23 - clogged at 8cm
no CMC
S6.1 40g/L Carbo-lron 5 18 100 (TOC analysis)
S6.2 0.5g/L CMC 23 0.6
S6.3 08 -

= Nomenclature: Sx.y is column y of set x.

Conclusion and Outlook

* The initial composition of 20g/L Carbo-lron® and 2g/L CMC was adjusted
to 40g/L Carbo-lron® and 0.5g/L CMC. Given this concentration, a total
deposition within 0.75m was achieved.

* Additional experiments investigating slightly higher CMC concentrations
between 0.5g/L and 1.0g/L to reach an economically more feasible radius
are recommended.

Phaffenwaldring 61 D-70560 Stuttgart, Germany
WWW.VEgas.uni-stuttgart de
uws84838@stud.uni-stuttgart de

NanoRem - Taking Nanotechnological Remediation Processes from Lab Scale to End User Applications for the Restoration of a Clean

Environment
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1C.6-2: Current Trends in the Field of Nanomaterials Designed for Advanced Water-
Treatment Technologies — J. Filip, Z. Markova, E. Petala, J. Kaslik, P. Slovak, I. Medrik, J.

Slunsky, R. Zbofil
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Current Trends in the Field of Nanomaterials Designed for Advanced Water-Treatment Technologies
Jan Filip?, Zdenka Markovd?, Eleni Petala®, Josef Kaslik!, Petr Slovdk’, Ivo Medrik', Jan Slunsky?, Radek Zbofril!

‘Regional Centre of Advanced Technologies and Materials, Palacky University, 17. Listopadu 1192/12, 771 46 Olomouc, Czech Republic

2NANO IRON, Ltd., Stefanikova 116, 66461 Rajhrad, Czech Republic

Nanoscale Zero Valent Iron (nZVI) ]

pe MO
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M RH_ @
P Defects 9@ g @__ 'Reduction
Core @
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Shell _

Surface Modified nzvI |

Surface modification by stabilizers provides physically
more stable and chemically more reactive nZvl.
Prevents particles from agglomerating, increase
sorption properties and mobility. .

Precipitation
o/ M.Fer, (OH),

M,,,O Sorption

Nano Zero Valent Iron (nZVI) can reduce and
remove effectively various contaminants through
different mechanisms (absorption, reduction, co-
precipitation)

Modified nZVI have highly enhanced remediation
ability (less observed agglomeration, air-oxidation
protection, higher surface area, homogeneous
dispersion and narrower size distribution).

Stabilizers:
* poly(acrylic) acid * poly(methyl) methacrylate
+ poly(ethylenglycol) * polyaspartate
+ carboxymethylcellulose + poly(styrene) sulfonate
potato starch
alginate « polyvinyl alcohol-co-vinylace
chitosan + xanthan and guar gums
polyoxyethylenesorbitane monooleate
+ Axilate 325 dispersion of sodium salt of polyacrylic acid

i
stabilizer, Jran loading o '.
_F( Fe** or Fe'* M
[
pH. T L]
Ll

Iron oxide nanoporticles

s

ic effecton r ion ability:

+ High and fast reactivity due to the ZVI nanoparticles
+ Long-term reactivity due to ZVI microparticles

Czech Patent, Number 305170

« triblock copolymer (PMAA48-PMMA17-PSS660)

NANOIRON®

FUTURE TECHNOLOGY

TECHNICAL UNIVERSITY OF LIBEREC
Institute for Nanomaterials, Advanced
Technologies and Innavation [l

ﬁh aquatest

JCr{Vi)), 138 mgiL, pH: 8, V: 100 mL, sampie: 80 mg

tate-co-itaconic acid

Enhanced Cr(VI) removal by
different stabilized nZVI
cic,

i =—{ 100
[ R R R A AP A A A A
time (n}

S of CIE at harrir € - Naveasber 2012 Sum of CIE at barrier € - Apel 2013

—

T L

nZVI composite used in pilot applica;

tion for construction of diffuse reactive barriers ITem

Bimetallic Fe-Ag nanocomposites I Enhanced properties due to the combination of antibacterial, reductive and magnetic characteristics!

(@)

Fell)l
Fe(lll)
1-FeOOH/

Fe,0,

shell

Ag®

Phosphate concentration [mgiL)

T
a0

Markovd Z. et al, Enviren. Sci. Technol., 2013, 47 (10), pp 5285-5293 .

Fe-C Composites

Preparation of composites based on nZVI and carbon (i.e.,

nZVI supported on different matrices |

# In situ synthesis on nZVI
on a support material

» Homogeneous dispersion
» Minimized agglomeration

# Fast and high rate on
water treatment

Baikousi M. et al, Manuscript in print, Carbon 2015

Technology Agency
of the Czech Republic
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Carbon mesoporous matrix

100 nm

Competence

carbothermal reduction)

5 Core-shell n

Petala E. et al, Submitted to Chemosphere

Project No. TE01020218
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Fe-C composites are
more resistantin iron
oxidation, they have
improved magnetic
properties and exhibit
high potential in a
wide range of
applications

Enhanced Remediation ability

o

—o-Ti0, without irradiation

- TiO, with irradiation 1
- RZVIBTIO, without irradiation
e~ NZVIZTIO, with irradiation
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1C.6-3: Lab Scale Fabrication of Nano Zero-Valent Iron (nZVI) Particles for Groundwater
Remediation by Milling — D. Ribas, J.A. Benito, V. Marti, I. Jubany, M. Cernik
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LAB SCALE FABRICATION OF NANO ZERO-VALENT IRON (nZV1)
PARTICLES FOR GROUNDWATER REMEDIATION BY MILLING

Ribas D.'?, Benito J. A.23 , Marti V.3, Jubany 1.2 Cernik M.*

Department of Chemical Engineering, Technical University of Catalonia (UPC)
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NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Introduction

Nano Zero-Valent Iron (nZVI) particles are being used for contaminated
groundwater remediation because exhibit an extreme reactivity [1]

These nZV| particles can be produced by a borohydride chemical reduction of
ferrous/ferric solution (bottom-up approach), the reduction of ferric iron oxides by
hydrogen at a high temperature [2-3] and by milling from microscopic particles
(top-down approach) [4].

The present work includes the milling in ethanol and Mono Ethylene Glycol
(MEG), a pre-treatment as hydrogen embrittlement and a mic-treaiment using an
abrasive

Materials and methods

Milling in ethanol tests
In a first approach miling in ethanol was selected. The preparation of
nanoparticles by wet milling in ethanol started from 1.5 g of microscale iron (< 18
pm) using steel and stainless steel (SS) shots in 250 ml stainless steel vials. The
milling was performed under argon atmosphere in a Planetary ball mill (Fritsch
Pulverisete-5) at 400 rpm.

Milling in MEG tests

Ethanol was changed to MEG due to the lower risk of
flammability of MEG in contact with nZVI. An initial powder
BASF GmbH CIP-SM iran was selected for MEG milling. The
initial size characteristics, by volume has a mean of 2.8 pm
and a 4.7% of the volume <1 pm. The milling was carried out
in low-carbon steel grinding media and in a specially
designed vials to avoid contamination, Figure 1.

Figure
Reactor.

Hydrogen embrittlement tests

The exposure of iron to hydrogen increases embrittlement of
iren which could improve performance of milling. This is a
known phenomenon and has the advantage to avoid
contamination of iron. This operation was performed in a
reactor (Figure 2) operating at 150 °C and 40 atm for 1 week,
that are the theoretical conditions that allow and absorption

of 7 g Hy,sNem per each 100 g of iron
LAk P LR Figure 2. Steel

Abrasion with alumina tests Vial.
As post-treatment method, a first step of wet milling with MEG was combined with
a second step in which alumina was added as abrasive (Al,O;).

Particle characterization

All milled samples were manipulated in a glove box under nitrogen atmosphere
(Jacomex 2P), then samples were stored in absolute ethanol.

For the Scanning Electron Microscope (SEM) studies, the samples were
deposited and led to evaporate into the glove box over standard pins.

For size characterization, Laser Diffraction Particle Sizing (LDPS) was chosen

Results and discussion

Milling in ethanol

SEM results showed that iron
behaved as a ductile metal
since very large deformation .
was produced. Substantial
changes from spherical to large
flakes shape were observed in
the iron particles (Figure 3), in
which lengths of several pm
together with thickness of only
50 nm were measured.

Figure 3. LDPS Evolution of particle size in milling of
solutions of iron powder with ethanol. Final SEM picture

Table 1. Relevant tests with ethanol Once the flakes were formed, no significant
evolution to smaller particles was found with
time and different miling media. LDPS

S el s " wean@ <aum
e " .. . analyses showed that milled material had, in
nas coe s w1 a1 23 general, a scarce fraction of powder <1 um
mau oz s ows w7 33 (results not shown).
NALZ CiNiED S5 66 16 &7 o1 From the conditions of Table 1, it was
"l 3
M o s i B Fnah s noticed by SEM-EDX an increase of the
(45110 powder fraction <1 um in stainless steel

AN Citmco s ws M s# 34 Cr/Ni vials and balls. This means the

mw omie s s a0 e 13 preaking of the flakes was observed due to
ms cfweo s ws a2 a7 an embrittlement of the iron by Cr alloying.

Milling in MEG
In the case of MEG millng (Figure 4), with .
increasing milling times (24 to 96 hours) there was
a reduction in the size of iron particles and a slight
increase of the number of iron particles below 1 :
pm. L

However, the flake form was the dominant L i

morphology as in the case of ethanal.

In order to increase the yield of nZV| particles, pre-
treatment and post-treatments were tested to
facilitate the breaking of the large flakes formed
due to the ductile behaviour of iron. measured.

Pre-treatment

After hydrogen embrittlement pre-treatment no - .
significant differences were observed comparing Figure 4. Evolution of particle
milling between the untreated and the treated iron,  size in milling of solutions of iron
thus, this option was discarded. powder with MEG

Mid-treatment =

Samples were previously mixed in a ultrasonic bath and then im liatel
analyzed directly in ethanol. Finally, data was post processed with the Fraunhofer
optical model by volume.

References

[1] X. Q. Li, D. W. Elliot, W. X. Zhang. Critical Reviews in Solid State and Materials
Science. 31 (2008) 111-122

[2] C. B. Wang, W.X. Zhang, Environmental Science Technology, 31 (1997) 2154-
2156.

[3]1 R. A. Crane, T. B. Scott, Journal of Hazardous Materials, 211-212 (2012) 112-
125
[4]1 D. Ribas, Z. Masopustova, J.A. Benito, V. Marti, I. Jubany, M. Cernik, Study of

the cryomilling technique for the production of nano zerovalent-iron (nZVI)
particles. Aquaconseil, 9-12th June 2015, Copenhaguen

b tests have shown good preliminary

results with more than 40% of NPs bellow 1 pm
(see Figure 5) and open further study of this
alternative. Confirmation of homogeneous milling
and repeatability and reproducibility of the process
must be checked, together with the study of the
effect of residual alumina on the elimination of
contaminants.

Figure 5. Same conditions
with/without alumina.

Conclusions

As a conclusion, the use of ethanol and MEG allowed to obtain non oxidized iron in
flake form, with a thickness that matches to the definition of nanoparticle but a flat
dimension higher than the starting material. New mid-treatment approaches with
abrasives allow to obtain smaller nZV| particles to improve its mobility and reactivity
in groundwater.
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NanoRem - Injection of Carbo-lron® particles into a groundwater aquifer
contaminated with chlorinated solvents - approach and first results from

one pilot site

Kraatz, M.; Mackenzie, K.; Laszlo, T.; Schéndube, R.; Braun, J.

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Pilot site application of Carbo-Iron® particles

Project Background:

Pilot site application of Carbo-Iron® particles will be conducted within the NanoRem
project (“Taking Nanotechnological Remediation Processes from Lab Scale to End
User Applications for the Restoration of a Clean Environment’) granted by the
European Union Seventh Framework Programme (Project Nr.: 309517). Pilot Site
Applications and Field Demonstrations are to be implemented between February
2013 and January 2017.

Project Site:

The NanoRem pilot site for applying Carbo-Iron® particles into contaminated
groundwater is located in the outskirts of the city of Balassagyarmat, Hungary.
Balassagyarmat has 16.000 inhabitants and is located approx. 80 km north of
Budapest. The production of electrical components for industry on site started in
the 1970s. In 1994 production ceased and the buildings were removed. Nowadays,
the area of groundwater contaminated with chlorinated solvents (CHC) is about
250 m wide (E-W) and 700 m long (N-S). At the moment, the site is an industrial
brownfield (source zone), parts of the area (plume zone) are used as a soccer
pitch

Figure 1: Encircled pilot site area with former electronic component facility (CHC
source, southern square) and selected pilot site injection area (northern square)

Project Partner

Pilot site applications are performed by Golder Associates GmbH, Germany and
Golder Zrt. in Hungary. Particle specification involves the production and injection
of Carbo-Iron® particles, which will be produced by SciDre in Dresden, Germany.
Planning and field application of Carbo-Iron® at the pilot site is supported by lab-
scale testing, conceptual and hydraulic modeling, sustainability assessment and
others, all in close coordination with the associated work package groups like the
German research institutions UFZ Leipzig and VEGAS Stuttgart.

Contaminant situation:

The groundwater table at the pilot site is found at about 3 m below ground level.
The major contamination of about 21,000 pug/L CHC at the pilot sites is mainly
situated in a depth of about 12-14 meters within the gravel aquifer with a porosity
of 0.4 and conductivity of 5 x 10-3 m/s, followed by a clay aguiclude. Plume
contamination is estimated to about 15 kg CHC (95 % PCE). The redox potential in
groundwater is in the rage of : +86 - +138 mV with dissolved oxygen between 1,59
ma/l and 2,87 mg/l; Figure 2).

Figure 2: Encircled pilot site area with CHC contaminant distribution

Based on the geological information and the previous groundwater monitoring
results, four CMT wells (screened in 3 different intervals) were installed at the site
in November 2014. The CMT wells are located at 3 m, 4 m, 10 m and 14 m of
distance from the proposed injection points (11-13) in down-gradient direction.
There are 2 monitoring wells, where data loggers will be installed to gain
geochemical data during the injection (M; Figure 3).

\ st
CMT-44 |
CMT-3 44 M-1)

CMT-1a M2 |
|-2 aCMT-2
|-1e o o L3

CMT-54 o 14/04

Figure 3: Pilot site area with the sampling points (CMT 1-5, M, 14/4) and proposed
injection points

Golder Associates GmbH, Vorbruch 3, 29227 Celle, Germany;
Golder Assoclates (Magyararszag) Zrt . 1021 Budapest Hvisvaigyi 0t 54. Hungary:

: & wiewnorrz
Ider cewtee ron
A o S

‘ ScIDRE

NanoRem - Taking Nanotechnological Remediation Processes from Lab Scale to End User Applications for the Restoration of a Clean Environment @5

This project received funding from the European Union Seventh Framework Programme (FP7 / 2007-2013) under Grant Agreement No. 309517
This poster reflects only the author’s views. The European Union is not liable for any use that may be made of the information contained therein.

anoRem

]
*ssgoao*"®

18/07/2016

Disemination Level PU

i
www.nanorem.eu .E.

DL_1-1_FINAL.Docx



NanoRem WP 1 DL1.1: NanoRem at AquaConSoil 2015 Page 41 /58

aere8880.,,

55 «-) NanoRem - Injection of Carbo-lron® particles into a groundwater aquifer
Na no Re IT)Y contaminated with chlorinated solvents - approach and first results from
(ﬁ 15 o? one pilot site

**sg0o00 9"

Kraatz, M.; Mackenzie, K.; Laszlo, T.; Schéndube, R.; Braun, J.

www.nanorem.eu

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Pilot site application of Carbo-Iron® particles

CROSS SECTION

Conceptual Site Model (CSM)

Based on the analytical results, a conceptual site and contamination transport
model ware generated and the pilot site with an area ca. 150 m? was selected.
The CSM has outline the risk associated with the subsurface contamination
transport of chlorinated hydrocarbon towards different receptors in the pilot site test
area, As well, a scheme was presented to address the proposed remedial effect of
Carbo-Iron® injection at the pilot site (Figure 4).
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Figure 4: Cross section of pilot site with injection and monitoring scheme

Injection and Monitoring Planning

+ In summer 2015, Carbo-lron® injection will be conducted at a gravel aquifer
contaminated with chlorinated solvents (CHC)

Injection shall happen in 3 injection points at the depths of major contamination
perpendicular to GW flow direction ;

4 monitoring CMT wells are installed to verify the injection results in designated
three depths (screened section marked with red lines in Figure 5);

Chemical groundwater analysis shall indicate CHC reduction as well as
associated parameters like vinyl-chloride, hydrogen, dissolved iron, ethane,
ethene;

The technical equipment includes direct push penetrometer, nitrogen supply,
water, mixing and injection tanks, high pressure membrane pump, with
associated monitoring wells (Figure 6)

Beyond the groundwater monitoring soil and groundwater samples from the pilot
site will be analyzed within the project objectives of selected NanoRem work Figure 6: Technical injection equipment
packages.

Qutlook

After injection in Summer 2015, groundwater sampling at 7 monitoring events (-7
to 360 days) will be conducted at all suitable wells (4 x CMT a 3 Channel), and
monitoring wells upstream and downstream of the injection area with the intention
to verify contaminant mitigation due to Carbo-Iron® injection into the aquifer.

Golder Associates GmbH, Verbruch 3, 20227 Celle, Germany;
Golder Assosiates (Magyararszag) Zrt . 1021 Budapest Havissviigyi Gt 54. Hungary:
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1C.6-6: Dechlorination of solvents by nanoscale zero-valent iron particles: applying flake
shaped nanoparticles in an aerobic aquifer with restricted solvent dissolution — R. Bitsch,

P. Kvapil, S. Thiimmler, N. Klaas
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ok Dechlorination of solvents by nanoscale zero-valent iron particles: applying flake
N a n 0 R e m) shaped nanoparticles in an aerobic aquifer with restricted solvent dissolution
° @

Randi Bitsch?), Petr Kvapil?, Silke Thiimmler?), Norbert Klaas*
ISOLVAY (Schweiz) AG . 2AQUATEST a.s.,, UVR-FIA GmbH,

4) Research Facility for Subsurface Remediation (VEGAS)

NanoRem is a four year, €14 million research project funded through the European Commission FP7

Motivation

The Zurzach site is located in the
Rhine  valley in northern
Switzerland. The main ground-
water contaminants are PCE,
TCE and Hexachloroethane
(HCA) which were manufactured
at this site until 1976.

A pump-and-treat system has been in operation for 12 years, but the
efficiency of this installation is decreasing, thus there is an interest in
alternative technologies for groundwater remediation. Injection of
nanoscale zero-valent iron (nZVI) is an innovative technology, which
could have the potential to expedite the remediation. The flake shaped,
milled nanoiron FerMEG12 was selected for this field-scale pilot test
because of its special physical-chemical properties

Geology and Hydrogeology

The test field ground consists of unconfined alluvial sediments of sand
and gravel. However, stones and boulders prevalent in distinct layers in
the vadose zone prevent the use of direct push techniques. The
bedrock (Opalinus Clay) is found at 16.5 m bgl and the average water
table at 13 m bgl.

mbgl

Position of sampling pointsi/iron
sensors in the new monitoring wells

and filter screen of the injection
ottt wells relative to the different

gravel and pebbies.
2040 % sand

geological layers of the aquifer.

Confirmed source zone
(highest contaminant concentrations,
DNAPL presence)

Step 2: wet milling in
a bivalent alcohol

ATOMET 57 Intermediate FerMEG 12

S ecr =01 g S, per = 0.7 Mg Sy, ger=15m¥g
The particles are produced in a two-stage top-down process. Dry
grinding to get particles < 40 pm, followed by grinding in a bivalent
alcohol to avoid H,. With this technology, nanostructured, flake-shaped
particles with thicknesses less than 100 nm are obtained.
Complete dry grinding without alcohol is in the planning stage.

Set-up of pilot test

The map is showing the location of
the new injection wells and " S
monitoring points relative to the old | o wewmeas

monitoring  well  B139.  The |[o "« o .
orientation of the pilot area is ) Wi o
determined by the expected flow o =
direction of the deeper ground >

water. Upper ground water might
flow in the direction of B139.

Injection - Monitoring

A total of 500 kg of milled nanoiron was injected into 5 injection wells at
the site. The nanoiron suspension was prepared with the use of a
continual injection dosing system. The nanoiron concentrate was stored
in a mixing tank, the dosing was provided with the use of an automatic
system; the final concentration of 10 g/l was fixed as constant and was
dosed automatically according to the water flow into the wells. Five
injection wells were screened at the required depth (bottom 1 m screen
interval) according to the proved vertical contaminant distribution.

The final nanoiron suspension was
injected with the use of a packer
system to limit the residence time
and to increase the flow velocity of
the suspension in the wells and in
the pipeline system.

The injection pressure was adjusted

-~

o’

between 5 and 7 atm.

During the pressure injection Lithium tracer applied to follow the
horizontal and vertical spreading of the liquid. Breakthrough curves
confirmed the communication between all monitoring and injection wells.

Preliminary Results - Conclusions

.

The travel distance of nanoiron particles is confirmed by water sample
analysis from monitoring points (black color, iron concentrations).
Nanoiron travelling distance > 2,0 m (iron particles found in all
sampling levels of B153 and B154)

Oxygen depletion and changes in ORP proves the activity of
Naneiron. Nanoiron is still active 6 weeks after injection.

Final degradation products — Hy, ethane, ethene and chleride — are
found in significant concentrations.

Promising initial data show extensive degradation of chlorinated
contaminants at some sampling points. Further monitoring is needed
before final evaluation of test results

.

5 SOLVAY

SOLvAY = Ziricherstrasse 42 » 5330 Bad Zurzach « Switzerland « randi bitsch@sotvay.com
AQUATEST as. * Husitska 133/48 * 460 08 Liberec § = Czech Republic  + kvapil@aquatest.cz
UVR-FIA GmbH = Chemnitzer Stralle 40  » 09598 Freiberg = Germany * info@uvr-fia.de
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1C.6-7: The application of iron oxides nanoparticles as an alternative electron acceptor for
biodegradation of BTEX — J. Bosch, T. Lederer, P. Kvapil
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The application of iron oxides nanoparticles as an alternative
electron acceptor for biodegradation of BTEX

Julian Bosch?, Tomas Lederer® and Petr Kvapil®

a: Chair of Aguatic Microbiology, Biofilm Centre, University of Duisburg-Essen, Germany

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Motivation and Goals

Colloidal iron oxide nanoparticles can be used, after injection into contaminated
groundwater aquifers, as electron acceptor for the microbial microbial degradation of
BTEX. We want to demonstrate the feasibility of this approach at a large scale,
BTEX-contaminated field site at Usti nad Labem, CZ.

Field Site

| NANOREM - SITE 2 - SITUATION OF WELLS

st
+

Spolchemie is one of the leading synthetic resin manufacturers in Europe. Besides synthetic resins it
also produces ather i and sodium epic
sodium p ic acid, liquid chiorine).

This production site is located in an area of approx. 52 hectares at Usti nad Labem (Czech Republic) in
the heart of Europe. The main Spolchemie complex comprises industrial buildings, roads and railway
sidings, with a few vegetated areas. The plant was established in 1856, and began the production of
inorganic chemicals followed by the manufacture of organic dyes at the turn of the 20th century, and from
the middle of the last century Spolchemie started to produce resins and freons based on
tetrachlormethane and tetrachlorethene.

The production, treatment, storage and distribution of these various raw materials and products has led
to extensive contamination of the subsurface by chiorinated ethenes and methanes and organic solvents
including BTEX compounds, which in many cases have dispersed widely from the original source areas
Some parts of the subsurface are also contaminated by high concentrations of iron and other inorganics
(mainly chlorides and sulphates) which have increased the salinity of the groundwater.

A
N«p

Source

NANOREM Site I site cross-section

Remediation Plan

The injection will be done by
direct push, as the site soil
matrix is dominated by fine
sands and clay.

The FeOx-NPs will be delivered
as a stock solution and diluted
on-site using the local tap-water
supply.

The location of the injection and

monitoring wells will depend on
current monitoring results.

Test Injection

Test Injection of 3000 L of FeOx-NP in November
2014. Results are currently used for the preparation of

the final remediation layout.

Outlook

SPOLCHEMIE - SITE 2

BoRING

AKWs [mglL]
@

——AKWs (mgiL]

e Pl gL |

Currently, the baseline monitoring
and installation of injection and
high-resolution monitoring wells is
taking place at the field site

CMT 1

In parallel, an injection and
remediation concept is under
developement.

Fe(ll) [mg/L]

Meanwhile, up to 30 m3 of FeOx-
nanoparticle suspension is
produced for injection.

The injection event (supported by
NanoRem WP6 — Monitoring) is

1.
1.10,
111
112,

Datum

W dd 8K E

scheduled for Mid-August 2015.

1.10.

After injection, we expect a local,

Data from a previous, small-scale field site:
After the injection of iron oxide nanoparticles
(dashed line), BTEX concentrations decline,

but sustained remediation (about
1/5 of the source zone), which

would open the perspective for a
full removal of the total source by
our technology.

ir
DEUS 1 SSEENU RG

while ferrous iron is generated.

a: julian Bosch@uni-due.de
a: kvapil@lberec.aquatest cz %
avih aquatest
* For more background information, please see poster 4643 — “In-situ Groundwater

Iron.oxidk (Goethite): Large Scale Container
Experiment to Investigate Transport and Reactivity” by Myiama et al.
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1C.6-8: Study of the Cryomilling Technique for the Production of Nano Zero-Valent Iron
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STUDY OF THE CRYOMILLING TECHNIQUE FOR THE PRODUCTION
OF NANO ZERO-VALENT IRON (nZVI) PARTICLES

Ribas D.'?, Masopustova Z.4, Benito J. A.2® , Marti V.'3, Jubany .2 Cernik M.*

Department of Chemical Engineering, Technical University of Catalonia (UPC)

Foundation CTM Technological Centre

Department of Materials Science and Metallurgical Engineering, UPC

Institute for Nanomaterials, Advanced Technologies and Innovation - Technical University of Liberec

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Introduction

Particle size reduction is still an important challenge to obtain zero valent iron
nancparticles suitable for the application in subsurface water remediation. To
date, conventional milling has been limited by the high iron ductility. Typically
iron milling at room temperature produces large flakes of several microns in
width and a thickness of tens of nanometers [1] without any significant evolution
with time or energy, e.g.: Figure 1. However, at cryogenic temperatures the iron
ductility is dramatically reduced.

|
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Figure 1. Size distribution (left) and SEM image of conventionally milled
particles (right)

Materials and methods

Experimental Design

In order to figure out the evolution of the material through the process, four
milling times were chosen: 20, 40, 60 and 90 minutes, respectively. 3 g of Iron
powder CIP-SM from BASF GmbH were used in each assay. The temperature
was maintained cryogenic (77 K) all the milling.

Feeding Iron
BASF GmbH CIP-SM iron was selected, these were the initial size
characteristics, by volume: a mean of 2.8 um and a 4.7% <1 pm.

Cryogenic Mill

The 6870 Freezer/Mill - SPEX SamplePrep mill was used. Magnetic coil moves
a cylinder from face to face of the vial smashing the sample. The main
advantage of this specific model is the complete immersion of the vial into liquid
nitrogen ensuring always a cryogenic temperature and an inert atmosphere,
Figure 2.

Figure 2. Magnetic coil surrounding the Vial {Top), Vial
container (Bottom).

Particle characterization

All milled samples were manipulated in a glove box under nitrogen atmosphere
(Jacomex 2P), then samples were stored in absolute ethanol.

For the Scanning Electron Microscope (SEM) studies, the samples were
deposited and led to evaporate into the glove box over standard pins.

For size characterization, Laser Diffraction Particle Sizing (LDPS) was chosen.
Samples were previously mixed in a ultrasonic bath and then immediately
analyzed directly in ethanol. Finally, data was post processed with the
Fraunhofer optical model

Results and discussion

As SEM images shows, a diminution of particle size through time can be
observed, but signs of aggregation were detected especially for longer millings.
Interestingly no flakes were formed entailing a frag|le behavior, Figure 3.

Figure 3. SEM images: 0 (initial powder), 20, 40, 60 and 90 min milling.

Analysis by LDPS, Figure 4, stated that the bonding in the aggregated particles
was soft and an important percentage of small particles come off from the
surface after ultrasonic pretreatment. By volume, there was an initial period in
which a raise in mean particle size was observed but increase in particle
fraction of <1 um started to grow at 40 min. With increasing milling time, the
overall particle size decreased and a growth in sub-micron fraction was
incremented, with a value of 36.2% and a mean of 2.3 ym at 80 min.

[ [

Figure 4. Particle size distribution by volume (left) and by number (right).

Conclusions

The use of cryomilling allows to obtain dry milled powder with a clear reduction
of the particle size due to the brittle behavior of iron at cryegenic temperatures.
In comparison with room temperature milling, the final particle size is high
improved taking into account the small running times.
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In-situ Groundwater Remediation Using Iron-oxides Nanoparticles (Goethite):
Large Scale Container Experiment to Investigate Transport and Reactivity

Kumiko Miyajima?, Alexander Engelbrecht?, Julian Bosch® and Jiirgen Braun?
a: Research Facility for Subsurface Remediation, IWS/VEGAS, University of Stuttgart, Germany

b: Fakultat fur Chemie - Biofilm Centre, Universitat Duisburg-Essen

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Motivation

Nanoscale iron-
oxide particles
(Goethite) can
effectively enhance
microbial
degradation of a
wide range of
contaminants.

Due to their small
size, Goethite
nanoparticles can be
dispersed in water
and directly injected
into the subsurface
to create reactive
zones to promote
contaminant
degradation.

.
Large Scale Container at VEGAS research facility

- Experimental proof of Goethite injection as promising technology for in situ remediation of
contaminated aquifers is required.

Goals
- Remediation of a BTEX (toluene) f i
plurme ulilizing iron-oxide (Goethite) ‘_
nanoparticles - 1
« Transport and targeted deposition of ] ]
1 NP Injection |

Goethite nanoparticles (NP) in the
subsurface (r= 1.5 m with sufficient
concentration)

* Quantification of remediation Reactive Zone |

(degradation) rates and longevity of NP
(reinjection intervals) -

BTEX plume intercepted by injected Goethite NPs

Set-Up of Large Scale Container Experiment and
Monitoring

The Large Scale Container at VEGAS is built of high grade stainless steel and has
the dimensions 9.0 x 6.0 x 4.6 m (L x W x H), with a volume of 243m?
The container is filled with two types of sand as blockstructure.

« 60 sand blocks in 3 layers
(1.75m, 1.45m, and 1.3m high)

+ Random distribution of coarse
(0-4mmy) and medium (0-8mm)
sand blocks

1 saurd Budhoes

Boundary Conditions

Unconfined aquifer

Inflow BC: const. head, h, = 3.782m
Outflow BC: const. head, h,, = 3.775m
Flow rate: Q = 3.1 m%d (q ~ 0.14m/d)
Inflow DO concentration: < 1Tmg/L

=

*Pasition of sampling port

Geometry of block structure in large scale
experiment: (Light grey = coarse sand, dark
grey = medium sand, black dots = location of
liquid sampling points )

Monitoring strategy of each location (inflow, outflow, flow domain)

Monitoring set-up F

Ingalled sensu'rﬁ.)r Q, pH, DO, EC, ORP, T
continuous monitoring

Inflow/Outflow

378 liguid sampling points, [ h, Cye, Cyyene: CO,. buffer capacity,

Flow domain 5 B
piezometers TIC, pH, anion, Fe?*, Fe3*

Plume Emplacement

Requirements

« Toluene plume to be located in upper
and middle block layer

+ Cross-sectional area: 2m x 2m = 4m?*

+ To be intercepted by 9 sampling ports
on a vertical sampling plane —

Cross section
depicting sampling
positions (where
red lines cross),
block geometry
and plume

Set-up of continuous toluene solution
supply system

Distribution of C,,, in the container

Upper layer

az=33m

- -

= 20em atz=26m

[ e e ¢
A ‘e
Bottom layar - i

Tohusme sohution (¢ ~400mQ/L| atz=1.8m b
ot

C,, in the container before NP injection:
Orange > 200mg/L, dark red > 100 mg/L, light
pink < 20mg/L.

Mixing unit and injection pump for concentrated
toluene solution (left: Flow chart, right: set-up)

Nanoparticle Injection

Design parameters (based on MODFLOW)

> Reactive zone

r=1.50m,z=220m,PV~6m*

- residence time of toluene: t 2 7 days
@ v ~ 0.4 m/d base flow

Impeller pump

. _— NP suspension NP suspension,
¥ NP Injection system ‘a"k,"':: 20g/L,700LM "

Gravity driven injection Towell
> Injection well; ID = 3",
Lscreen =20 m,
z=17-37m
~>Injection suspension Q =700 L/h,
t=8.5h,cNP =20g/L, mNP = 120 kg

Flow chart of NP injection system

Preliminary Result

NP injection well

NP transport (based on gravimetry method of liquid samples)

» NPs were transported around 1.5 m from the injection

well with sufficient concentration of NP (~13g/L) ﬂ“ﬁr;’f}( &

» Slight migration of ur d NPs by 4
was observed until 5 weeks after the injection (3
Remediation (Enhancement of biodegradation) i g
> Toluene degradation in the container was ~ 20% %
increased for 100 days after NP injection (left graph, i
green curve) :

. . Bottom layer 6

» However the sand in the container contains geogenic  atz=18m £

Fe?*, and the inflow GW contains sulfate, so high
toluene degradation was observed even before NP
injection. Therefore no clear enhancement of
biodegradation by NP was observed (right graph,
orange curve)

Distribution of NP concentration during
NP injection (at 4h of injection)
yellow: ~13g/L, red:~5giL, blue: < 1giL

s i (/0]

w o w am
Time 4] i ()

Toluene mass flux infoutflow Degraded toluene mass in LSC

D-70569 Sutgan, Germany
Kumiko, miyaimag s, un-stutigart de

University of Stultgart
IWS/VEGAS unvassiTAT

in DUISBURG
Plaffenwaldring 61 ATELY
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1C.6-12: Methodology of laboratory test for the description and comparison of the reac-
tive and migration properties of new types of iron nanoparticles — K. PesSkov3, J. Nosek,
D.R. Fargas, M. Cernik
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Introduction
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Noa n 0 R e m) Methodology of laboratory test for the description and comparison of
@

the reactive and migration properties of new types of iron nanoparticles

Peskova Kristyna, Nosek Jaroslav, David R. Fargas, Cernik Miroslav

NanoRem is a four year, €14 million research project funded through the European Commission FP7

Research is underway in the framework of the project NANOREM, aiming to develop new types of iron nanoparticles for the remediation of the rock environment that are stable in
air and do not have to be stored in an inert atmosphere. This greatly simplifies handling of the material during remediation (transport and preparation onsite). The pyrophoric

properties of these nanc

are suppl by

their surface using an inorganic shell, which prevents rapid oxidation (degradation) on contact with air. The aim of

presenting methodologies for laboratory tests is to confirm the influence of activation of new type of iron nanoparticles (NANOFER STAR) on their reactive and migration properties.
The activation process involves leaving a prepared stock slurry in a concentrated state (usually 20% wt.) for 48 hours and causes disintegration of the inorganic surface shell.

Methodology

Migration tests: details of methodology see Fig. 1. Vertical orientation and washing
against the direction of gravity. Concentration of nZVI at the input to the column ca
1,2 giL. Concentration of total Fe in time measured in output water. pH and ORP
measured continuously. At the end of test measured the concentration of total Fe in
whole column. Breakthrough curves of each type of nZV| and distribution curves of
the nZVI in the columns evaluated and compared with each other.

Fig. 1: Block diagram of the column test

Results
Column tests:
[rype of 2wt WF STAR 197 non-scivated NF STAR 197 actvated
Faw (mg/1) 1890 mg/t 713 mg/l
ToialFe on % [a7 g 12 %) 2 g [3%)
Total Fa in the column (mg) %] __|2421 mg (98 %) 592 m (975
Length of s bed fem] 213 1
= osz a7

Fig. 3: Overall balance of nZV| before and after activation process

e o the autpur

Distribution of Fe n the caluenns

Fig. 4: Comparison of migration praperties of nan-activated and activated
NF STAR and ehanges in physical-chemical parameters

Reactivity tests: using reagent 100, 250, 500 ml bottles with a Teflon septum. Each
sample container used for a single sample and therefore constitutes one time step of
the kinetics. The reactor tests - an extension of the batch tests. Using a working
stirred reactor with 2.5 litres of contaminated water into which the nZVI dosed. The
decrease in the concentration of contamination after the application of the and

changes in the pH, ORP monitored (CHC: GC/MS - Varian 3800/Saturn 2200; pH,
ORP: WTW 3430i). Concentration and kinetic tests with water from sites.

Fig. 2: Left - Reagent bottles for kinetic batch tests; Right - reactors

Batch tests:

WFSTAR 197 Non astvated

T
§

Coveerravzn o 6,

HE STAR 197 Actrvated

Chiorinated compounds NF STAR 107
actiated 2541

= T

5 M ®

e, g NE STAR 18T

Actvated 2511
K 2

ol

Tt

NE STAR 197 ton activated

aflmm._ "
S
&8

Owp oy

Concernaion of 420 )

NF STAR 197 Actuated

Cancnvaronat

MF STAR 197 Neon actuated

i

NF STAR 197 Activated

Fig. 5: Reactivity tests with CHC using different concentrations of non-activated
and activated NF STAR and changes in phys..chem.

The results of the performed tests show that the
activated NF STAR iron nanoparticles are
significantly more reactive and achieve better
migration parameters. The disintegration of the
inorganic surface shell causes that the particles
have more negative Zeta-potential. This fact
improve their migration and contribute to better
ion in the rock envi

rock environment

costs.

The pilot and field tests confirmed that dilution
to low application concentrations and dilution
with the groundwater
does not lead to the
disintegration of the inorganic surface shell (to
the activation of the nanoparticles). This causes
lower reactivity and increase of the remediation

during transport in the

2et3 potential us pH - 0010 NaCl.

G

3

===}

Fig. 85 Changes in Zeta-potential
after actrvation

Fig. 6: Kinetic test with CHC using acti

vated NF STAR with coneentration 2 g/l

and changes in phys.-chem. parameters

F STAR 197 Man Activated

(

ey

T

NF STAR 197 Actieatod

o o ey
TSR 157 o ctvnd [rryr—
- wa || o
- s ||
- \/‘_\—1 ns 1 ™ 08
I gl ¥ e o
) i i
N ] o B om om k%
T Dl T peunl

Fig. 7: Reactivity tests of non-activated and activated NF STAR through

CriVi) to Cr{ill) conversion and

changes in phys.-chem. parameters

homogeneous.

200m

BEFORE ACTIVATION
Inorganic shell seems to be

4
Fig. 9: TEM Images of NF STAR particles before and after

AFTER ACTIVATION

Reactivity recovered.
Inorganic shell seems
heterogeneous and
partially detached

tion process

Kristyna PeSkoval, Jaroslav Nosek?, David R. Fargas?, Miroslav Eernik!
kristyna.peskova@tul.cz, jaroslav.nosek @tul.cz
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1C.6-13: Modelling nanoparticle transport in porous media across the scales:from the pore
scale to the field-scale injection — P. van Gaans, T. Tosco, C. Bianco, A. Raoof, A. Fujisaku,
D. Rodriguez Aguilera, R. Sethi, M. Hassanizadeh
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Modelling nanoparticle transport in porous media across the scales:
from the pore scale to the field-scale injection
Pauline van Gaans, Tiziana Tosco, Carlo Bianco, Amir Raoof, Asako Fujisaki, David

o ®
treeee Rodriguez Aguilera, Rajandrea Sethi, Majid Hassanizadeh

NanoRem is a four year, €14 million research project funded through the European Commission FP7.

Rationale

The design of a field-scale injection
of engineered nanoparticle (NP)
suspensions (e.g. zero-valent iron
nanoparticles) for remediation of
polluted sites requires a reliable
estimation of the particle distribution
after injection. In addition, regulators
will require information on the longer
term mobility of the injected particles

General Approach

NanoPNM: Data from
physically based WP4 column
pore-scale experiments
modelling v
e MNMSs: Modelling transport =

i in 10 and radial geometry
] ; o tfsicer

wi|u[su‘1waretMNMs ghe

Basic Equations

Transport equations for liquid and solid phase:
| & al,Cy

'- =nk,, Q-+ A2 P - p ok, S5,

""‘H nk, ,C = p .k, .S,

Influence of ionic strength:
Salt concentration is coupled with colloid equations via
I rolationships:

in case they do not encounter and
react with the contaminant

While numerical models for the
i ion of dissolved inant
transport are widely available, field-
scale models for the transport of
NPs, with proven predictive ability,
are yet developed. This is, in part,
due to the lack of understating of
fundamental controlling mechanisms
for the transport of NPs in the E

MNMs 2015, version 1.007

/
¢

RT3D/MNM3D: Modelling transport at field
scale in 3D geometries
Tzd days

'WP8: large scale
Iahnrﬁmrv experlmants

Emutlwnulmllnl to be refined based on NanoPNM
subsurface at the field scale. model experims
Therefore, as part of the EU
research project NanoRem, WP7 set

out to develop a NP transport

Influence of velocity and flow-rate:

Flow velocity decreases with distance from the injaction
wall. At high flow rates, dray Increase, reducing
ratantion of particles. Convarsely, low flow rates at

simulation module, based on distances from the well facilitats NP deposition.
fundamental  physics, to be

incorporated into the existing Ii‘.‘=t'.‘u.'—|

reactive transport models like RT3D. WP10: field pilots d

The 1 aim is appi - key = Cata,

from both ends: understanding NP
behaviour at the pore scale and
finding up-scaled relationships that
are validated using experimental or
field data at the macro-scale.

Pore-scale Modelling (NanoPNM) Macroscale models for 1D (MNMs) and 3D (MNM3D) geometries

1 of MNM3D in 1D geometry was performed
against both experimental data of a Ferrihydrite
microparticle column test and MNMs simulation
results (figure on the left; a: 5 mM, b: 10mM).

An application in 3D geometry (figure below)
simulated the water flow and the hypothetical NP
transport in a large-scale container (LSC) located at
the VEGAS facility in Stuttgart University (Germany),

Using pore-network modelling, PoreFlow, we simulate fluid flow and transport of
NPs within a network of interconnected pores. Colloidal processes such as
deposition and aggregation are implemented at the scale of individual pores H |
Averaging over the network domain composed of thousands of pores, we derive i

macro-scale parameters to be used within macro-scale model.

Fg

represented by: Parameters:

+ Lattice distance

« Pore size distribution E % where particles will be injected as part of NanoRem
X | g:::f":::::"’"':?:“m i ﬁ i WP8. The simulation involved the NP injection
e « elimination ,,;,‘:’ i i e . through 4 wells and, then, flushing with a lower ionic
aquifersand  regular network  Pore connectivities, with (connection number) b 1 A f strength solution (i.e., 50, 30,10 and 1mM).
of pores maximum of 26 connections + pore scale NP attachment/ T
detachment =+
LSC set-up d 8
’ Results from a column test T nmdt, | ]
Aquifer type

u using iron oxide NPs, from
WP4, were simulated with
NanoPNM. There is a good
= match, however, due to the

Blocks with 2 different
types of sand (medium W
sand and coarse sand) | .,

“randomiy" distributed '
Constant flux: 12 .

Soil structure

Inflow boundary

) v | high flow velocity used in the aandiiion
o - column  experiment, no [Outflow boundary |
significant attachment was condition —
observed. Colloid concentration n Bquld phase compared with an Kdeal  ©
Consarvatrvs acer (gray). .
o A= End of the infection of the colloidal particles (24h); .
€ = honic strangih decroase campieted and pariicles releaze af an v
o0 advanced stage (129h).
e http://areeweb.polito.it/ricerca/g [
software/MNMs.php
pauline vangaans@deltares nl
tiziana tosco@polito. it
carlo bianco@polite it Enabling Delta Life ,
A Racal@uunl / amir raccf@deltares nl ’ AquaConSoil
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david rodniguezaguilera@deltares.nl
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1C.6-14: Aquifer modification: an approach to improve the mobility of nZVI used for in situ
groundwater remediation — D. Schmid, V. Micic, M. Velimirovic, S. Wagner, F. von der
Kammer, T. Hofmann

Aquifer modification: an approach to improve s St

N4

Department of Environmental Geosciences

the mobility of nZVI used for in situ groundwater remediation wien

Doris SCHMID, Vesna MICIC, Milica VELIMIROV]C, Stephan WAGNER, Frank von der KAMMER & Thilo HOFMANN

BACKGROUND

Limited mobility of nanoscale zero-valent iron (nZVI) remains an obstacle
for the nZVI-based groundwater remediation.

Beside straining and sedimentation, also attachment to positively charged
“patches” on the mineral grain surfaces hinders the mobility of nZVI.

Hypothesis: An increase in mobility of nZVI may be achieved by increasing the
negative surface charge of the mineral grain surfaces (modifying aquifers) via
pre-injection of inexpensive polyelectrolytes into sand.

EXPERIMENTAL SETUP

g Ny~40%; v~ 100 m/d

pressure
gauge

i |

fraction cu\lectur

two columns
filled with sand

Fe,, analysis
by ICP-OES

injection of water modifier nZVI

MATERIALS

SAND

Chemical composition [%]: Si0O,: 98.5; Al,0,: 0.47; Fe,0,: 0.18; Ca0: 0.02; MgO:
0.01; Na,0: 0.02; K,0: 0.07; TiO;: 0.11; P,O,: 0.01.

Graln size [mm]: d,;: 0.36; d.,: 0.65; dg,: 0 88.

Mineralogy [%]: quar'z 96 fe\dspa ‘2 kaolmltel

1. MQ (electrolyte-free) water (Millipore, Elix®5-Milli-Q® Gradient A10).
Electrical conductivity: 0.054 uS/cm at 25°C.

2. EPA (electrolyte-rich) water (U.S. EPA moderately hard standard water)[mg/L]:
[Na']:26.8; [K']:2.3; [Ca’*]:13.8;[Mg**]:11.2;[CI']:2.2;[S0O,*1:79.3;[NO, ]1:0.6;
[HCO,]:67.3; Electrical conductivity: 297 pS/cm at 22.6°C.

Nanofer 25S suspension (polyacrylic acid coated-nZVI, Naneiron, s.r.0., CZ).
Particle concentration: 1 g/L.

AQUIFER MODIFIERS
1. Water-soluble sodium lignin sulfonate (Otto Dille® Baeck GmbH & Co. KG, DE).
2. Water-soluble sodium humate (Humintech® GmbH, DE).

humic acid
monomer

lignin sulfonate -
monomer

Tentative structure of lignin sulfonate monomer
Source: http://www.chemicalregister.com

Tentative structure of humic acid monomer
Source: doi:10.1039/b00186%

CHARACTERIZATION OF MATERIALS

Lignin sulfnnate [mg/L] Humic acid [mag/L]
50

0w 0 1w

A B

., 0] XduB2um ., a] Xdgs2um it
4 ®

£ . 10| 2 T e ;

= ng in M = I sand in MQ

T + Bh e =¥ ol 8 Smiinen

=} N2V in M = X nZVTin M

2 2 B2l In £ € nEvt in £

@ = @ w0

E L] . &5 . = i

O 50| X d,:2.8pm . O sl Xa:28pm @

wr o s

Zeta () potential of nZVI (calculated from the electrophoretic mobility) and of sand
(calculated from the streaming potential) measured in a sand column modified with lignin
sulfonate (A) and humic acid (B) solutions in MQ and in EPA water. Note that the
potential of both sand and nZVI is significantly lower in MQ than in EPA water and that the
nZVIaggregates are largerin EPA than in MQ water.
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THE CONCEPT OF AQUIFER MODIFICATION

no aquifer modification

nZVI injection nzvl limited
) nZvl
into the sand with mobility
natural surface natural
charge heterog saan: Zurface
nZVI injection nZvl enhanced
, . nZVvI
into the sand having mobility
altered surface charge modified
with aquifer modifiers sand surface
RESULTS
- in MQ water: d., (nZVI): 2.
T Q 5o ( ): 2.8 um 0%
1.0{ A 109 g
.
0.8 0.8 * vone
3 3
g 0.6 é“; 06
J x g
5041 ) T LuXx [y o0 x.
oM ok B B P 2o e
02 0.2 Ll K
x & 10 mg/L LS (k) % @ 10 ML HA (n-1)
ot e sy @ So A n-2)
. Dr‘i—'—'—'q,i o 'y ® 100 mart 1A (n=2f

5 10 15 20 0 5 10 15 20

Pore volume Pore volume

in EPA water: d., (nZVI): 6.2 ym

1.=39.2% N,=39.8%
B0 10{ D~ s @ ST AT
7 x TorALD @ Mo KA T2
4 L0MILHAIN=2) @ 500 mall KA (na
0.8 0.8 i
- —~
g E
2 06 os ~
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CZ +94%, %000, 02 0.»
& ete44,,
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Pore volume P()re volume

Mean breakthrough curves of nZVI (measured as Fe,, ) before and after injection of
different solutions of aquifer modifiers. n is number of replicates. Error bars show
standard deviation for n>3.

(A) Modification of sand surfaces with lignin sulfonate (LS) solutions in electrolyte-free
(MQ) water increases the mobility of nZVI i 1t on LS concentrations. (B) Only after
aquifer modification with 10 ma/L of humic acid (HA) solution i water the mability of
nZVIwas improved.

In electrolyte-rich (EPA) water is nZVI practically immabile. (C) Aquifer modification with LS
solutions in EPA water does not improve mobility of nZVI. (D) Only after aquifer modification
with 10 mg/L of HA solution in EPA water mobility of nZVI was improved.

CONCLUSIONS

# The g potential of sand decreased when its surface was modified with the
solution of modifiers prepared in MQ water, but not in EPA water.

# The two types of modifiers have different effects on the nZVI transport
depending on the type of water.

» Aquifer modification with different concentrations of lignin sulfonate (LS) in
MQ water shows a potential to increase mobility of nZVI with the Fe,,
breakthrough varying between 0.5 and 0.7. Conversely, modifying the aquifer
with LS solution in EPA water shows no effect on nZVI mobility with the Fe,,
breakthrough remaining <0.2.

» Aquifer modification with a 10 mg/L humic acid solution in both MQ and EPA
waters enhances mobility of nZVI, while the higher concentrations show no
effect on mobility of nZVI.

¥ Further work will be dedicated to better understanding the mechanisms
behind these observations.

This research receives funding from the European Union's Seventh Framework
Programme FP7/2007-2013 under grant agreement n°309517.
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5 NanoRem promotional material

5.1 NanoRem — A unique opportunity!

An A5 sized leaflet with information on all the special sessions held by the NanoRem consortium.

Learning about nanoremediation at | Aduaconsot

n

AETTE L TR
e

iN*in oRe !‘!}} A unique opportunity!

°
e
Y%4cg0000°"

AquaConsoil 2015 offers a number of keynote papers and three specific
sessions on nanoremediation, brought to you by the FP7 NanoRem project,
which could be all you need to know to decide how this technology might be of
interest to your organisation:

¢ Solving problems for site owners

¢ Offering opportunities for service providers

¢ Providing evidence based technical information for regulators.
This concentration of information is unique, and will not be found at other
events. It is also unlikely to be repeated in the near future.

Nanoremediation all you wanted to know - a practical

guide to nanoremediation

SpS 1€.235, Thursday June 11, 9:00 — 10:30, Auditorium 11

Providing a practical grounding in nanoremediation theory and practice with
particular reference to applied examples in the field

- What nanoremediation is and what it can and cannot do

- Practical experience in nancremediation

- Regulatory perspective on nanoremediation use

- The NanoRem experience: large scale and case study testing

- Question and answer session,

Nanoremediation - your future business opportunities
SpS 1C.24S, Thursday June 11, 11:00 — 12:30, Meeting Room 17

Providing business and strategic intelligence on market scenarios

- What will drive the EU nanoremediation market till 2025

- Discussion of possible market trends and opportunities.

AquaConSeil

------------- Learning about nancremediaticn at v
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Qua‘ﬁa"
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European advances in nanoremediation technology

SpS 1C.28S, Thursday June 11, 14:00 — 15:00, Auditorium 10

Six presentations showing investigations and results of the ElJ FP7 NanoRem

project:

- In-situ Groundwater Remediation Using Carbo-lron®: Large Scale Flume
Experiment to Investigate Transport and Reactivity in a source-treatment
approach

- Reactivity tests in columns for simulating source zone and plume
remediation of chlorinated hydrocarbons by zero-valent metal particles
under subsurface-like conditions

- Agar agar stabilized milled zerovalent iron particles for in situ groundwater
remediation

- Demonstrating Nanoremediation in the Field - The NanocRem Test Sites

- Performance of Carbo-Iron particles in in-situ groundwater flume and
source treatment approaches

- Nanoiron and Carbo-Iron particle transport in aquifer sediments - Targeted
deposition

- Other presentations from the NanoRem will be made in 1C.15,1C.17, 1C.18,

Nanoremediation - poster session

Tuesday June 9, 17:30 — 18:30
NanoRem will show detailed results on about 20 posters, the authors will be
happy to answer questions and to discuss results.

See the map below for where to find these sessions

Floor plan Bella Center

First floor

Auditorium
10 & 11

HHY

(Nanoﬂer;i) Learning about nanoremediation at W
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5.2 NanoRem — What'’s it about?

A leaflet with information on the NanoRem project, with project information on the front and con-
tact information for all work package leaders on the back.

qo""..ao"°a . . o
N R '} Taking Nanotechnological Remediation Processes from Lab Scale to
o a n 0 e m End User Applications for the Restoration of a Clean Environment
Q o ot
T 990 0° - A four year, €14 million research project funded through the European Commission FP7

What's it about?

NanoRem will focus on facilitating practical, safe, economic and exploitable
nanotechnology for in situ remediation. This will be undertaken in parallel with
developing a comprehensive understanding of the environmental risk-benefit for
the use of nanoparticles (NPs), market demand, overall sustainability, and
stakeholder perceptions.

The project is designed to unlock the potential of nanoremediation processes
from laboratory scale to end user applications and so support both the
appropriate use of nanotechnology in restoring land and water resources and
the development of the knowledge-based economy at a world leading level for
the benefit of a wide range of users in the EU environmental sector.

Scientific Structure

N anORe"i) i g e g e The Project Partners
WO Al e oSl Pt Mgt The NanoRem consortium is multidisciplinary, cross-
W2 Desig, imprcneernt and Iwwkmm\mwvﬂmﬂd ] e sectoral and transnational. It includes 29 partners from 12
countries organized in 11 work packages. The consortium
.:L =~ e - (;' includes 18 of the leading nanoremediation research
a M.;L::n‘": ;%_ “M'C.MLE:‘ "E:.::.Y’IE | ) groups in the EU, 10 industry and service providers (8
* v v i) Ldiomeniee | SMEs) and one organisation with policy and regulatory
Q muyyum.wﬁaumwmm Y- 3od interest. The consortium is co-ordinated by the VEGAS
a T T J OI:Q:S team (Research Facility for Subsurface Remediation) from
®e g o -”‘- ) D_L the University of Stuttgart in Germany.
Market / Eapactations of ingustry / Repulatory Dveshalos. m
Determine the mobhility and migration potential of nanoparticles Develop a comprehensive set of tools to monitor practical
in the subsurface, and relating these both to their potential nanoremediation performance and determine the fate of
usefulness and also their potential to cause harm. nanoparticles.
Engage in dialogue with key stakeholder and interest groups
Develop lower cost production techniques and production to ensure that the work meets their needs, is most sustainable
at commercial scales of nanoparticles. and appropriate whilst balancing benefits against risks.

Carry out a series of full scale applications in several
European countries to provide realistic cost,
performance, fate, and transport findings.

Identify the most appropriate nanoremediation
technological approaches to achieve a step change in
remediation practice.

www.nanorem.eu
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WORK ORGANISATION CONTACT DETAILS
PACKAGE
WP 1 Universitaet Stuttgart / VEGAS Hans-Peter Koschitzky Hans-Peter.Koschitzky
& @iws.uni-stuttgart.de
WP 11
University of Stuttgart
Germany
Karisruher Institut fuer Technologie Markus Stacheder Markus.Stacheder
@kit.edu
Karlsruhe Institute of Technology
WP 2 Technicka Univerzita v Liberci Miroslav Cernik Miroslav.Cernik
@tul.cz
WP 3 Helmholtz-Zentrum fuer Katrin Mackenzie Katrin.Mackenzie
Umweltforschung GMBH — UFZ @ufz.de
ﬁ HELMHOLTZ
CENTRE FOR
ENVIRONMENTAL
RESEARCH - UFZ
WP4 Universitaet Wien Thilo Hofmann Thilo.Hofmann
@univie.ac.at
wniversitat
wien
WP 5 Norwegian Institute for Agricultural Erik Joner Erik Joner
and Environmental Research — @bioforsk.no
BIOFORSK
Bia’orsk
WP 6 Universitaet for Miljo Og Biovitenskap Deborah Oughton Deborah.Oughton
@nmbu.no
U
+s
oy
N
WP 7 Stichting Deltares Pauline van Gaans Pauline.vanGaans
@deltares.nl
Deltares
s
WP8 VEGAS / Universitaet Stuttgart Jiirgen Braun juergen.braun
& @iws.uni-stuttgart.de
WP 10
WP9 r3 Environmental Technology Limited Paul Bardos Paul
@r3environmental.co.uk
3
=
assssms environmental technology
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5.3 Nanoremediation: What'’s in it for me?

A 4 page brochure including a nanoremediation Q&A, Expert interviews, Information on the project,

field trials and particles that are being investigated in the project.

Taking Nanotechnological Remediation Processes from Lab Scale to End User Applications for the Restoration of a Clean Environment

Man oRem

eec*t®®0%0.,,,

i:N“a“ﬁoRe m R

.O
o
0...00°°-'

NANOREMEDIATION:

WHAT’S IN IT FOR ME?

NanoremediationQ & A

What are nanoparticles?

Nanoparticles (NPs) are usually defined as particles with one

or more dimension of less that 100nm.

Iron nanoparticles S pas

What is nanoremediation?

Nanoremediation describes the in situ use of NPs in the

treatment of contaminated groundwater and soil.
Nanoremediation processes generally involve reduction or
oxidation, which in some cases may be facilitated by an

embedded catalyst.
Why use nanoremediation; what are the benefits?

As a result of their size, NPs have unique properties, which

may give nanoremediation benefits

technologies. Anticipated benefits of NP use in remediation

over competing
include increasing the speed and degree of contaminant
destruction, extending the range of treatable problems and
avoidance of generating intermediate breakdown products.

How are nanoparticles deployed?

The most common form of NP deployment is direct injection.
The most frequently used NP in remediation to date is
nanoscale zero valent iron (nZV1). However a variety of NP
types have been trialled or are under development, for

example in the NanoRem project.

June 2014

What contaminants have nanoparticles been used to treat?

Most deployments of nZVI have focussed on the degradation
of chlorinated solvents, although pilot studies have also
demonstrated successful treatment of BTEX, perchlorates,
hexavalent chromium, diesel fuel, PCBs and pesticides.

Are there environmental risks?

Fear of risks of environmental impacts from nanoparticles
have led to concerns about their application in remediation.
However, these risks are thought to be low owing to limited
persistence and transport in the subsurface. However, as
with any agent applied in situ there are potential risks, and
some information needs remain, which NanoRem is
addressing. A detailed risk-benefit appraisal for nZVI use is

available from www.nanorem.eu.

How can the particles, or their impacts, be monitored in the

environment?

Few direct methods are available to monitor the impact of
NPs. Indirect methods rely on measuring the changes of the
hydro-chemical milieu (e.g. redox conditions), increasing
concentrations of dissolved reaction products such as
chlorides or other indicators, and decreasing concentrations
of the contaminants down-gradient of the injection zone.
Direct methods are more difficult, but the NanoRem project
is looking to develop, and test at selected sites, a
comprehensive tool box for field-scale observation of NP
performance.

Iron oxide nanoparticles

This project receives funding from the European Union’s Seventh Programme for research, technological development and

demonstration under grant agreement No. 309517.
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What is NanoRem?

NanoRem (Taking Nanotechnological Remediation Processes
from Lab Scale to End User Applications for the Restoration of
a Clean Environment) is a research project, funded through
Framework 7 research

the European Commission’s

programme.

NanoRem focuses on facilitating practical, safe, economic and
exploitable nanotechnology for in situ remediation. This is
being parallel with developing a
comprehensive understanding of the environmental risk-
benefit for the use of NPs,
sustainability, and stakeholder perceptions.

undertaken in

market demand, overall

The project to unlock the potential of
nanoremediation processes from laboratory scale to end user

is designed

Expert Interview: Miroslav Cernik

How did you become interested in nanoremediation and why?

| worked as a consultant in an environmental consultancy for a
number of years. We applied or tested many methods for
groundwater/soil remediation, some of these had only limited
effectiveness and long treatment times (e.g. pump-and-treat).
While these methods were preferred by some owing to their
simplicity, on many sites these methods were simply
ineffective, with some sites being estimated to require many
decades of treatment.

My interest in nancremediation was sparked by a connection |
had with Golder Associates and learning about their original
trial application of nZVI. The method looked very simple and
straightforward. Of course, nothing is as simple as it locks! The
challenge of improvement and optimization of nZVI (to get it to
a stage suitable for practical testing and use in the Czech
Republic) piqued my interest in this method. Why do | believe
in nanoremediation? Because it is a simple, targeted, fast and
economically affordable method for site remediation.

What can nanoremediation already do better than other in
situ remediation technologies?

There are quite a few things!

1} A much smaller amount of material is needed compared to
the other chemical and/or biological remediation methods.

2) As nanoremediation with nZVl is a chemically reductive
method, is significantly less affected
compared, for example, with methods involving oxidation.

the envircnment

Additionally, the environment returns very fast to “normal”
state. Products of nZV| oxidation are iron oxides, analogous to
natural compounds.

Page 2
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The NanoRem Consortium includes
28 partners from 12 countries

applications and so support both the appropriate use of
nanotechnology in restoring land and water resources and
the development of the knowledge based economy at a
world leading level for the benefit of a wide range of users in
the EU environmental sector.

3} Compared with other reductive
methods or bioremediation,
nancremediation works for all
chlorinated ethenes and no toxic

intermediates are accumulated.

4) Nanoremediation is relatively
quick.

Prof Miroslav Cernik

Technical University of

5) There is no migration of Liberec

chemicals out of the contaminated

sites.

How do you think these advantages will develop in the
future?

As development continues, NPs will be aimed at specific
contaminants. Their migration and reactivity could be tuned to
specific site properties and contaminants. NPs will be injected
directly to where they are needed only. The cost of treatment
is also likely to decrease.

How can these benefits help consultants and industry deliver
better site and groundwater remediation?

Nanoremediation provides a tailored technology for particular
types of contamination at specific sites. It can be a cheaper
remediation with a lower negative impacts on the environment
compared with other methods; a lower amount of chemicals is
needed and it is a potentially faster method. It can also be
possible to combine nanoremediation with other methods
such as bioremediation.
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Is NanoRem carrying out field trials?

Yes, an essential part of the NanoRem project is the proof of concept of NP based
remediation at a range of field sites. Particles tested include different kinds of nzZvl,
Carbo-Iron® and iron-oxide (Goethite) NPs, see below. Fach of these particles targets
specific contaminants {e.g. organic, inorganic, chlorinated hydrocarbons). They enhance
specific remediation processes ({chemical reduction or oxidation, microbial
dechlorination or oxidation etc.). Moreover, each NP suspension has specific
requirements with respect to hydro-geological {coarse or fine grained porous material,
fractures) and hydro-geo-chemical {pH, salinity, redox conditions etc.) site conditions.

As of May 2015, different particles have been injected in pilot sites in Zurzach {CH}, Usti
nad Labem 1 {C7) and Besor-Secher {IL). Within 2015 four additional applications will
take nlace in Usti nad Labem 2 {C7), Balassagyarmat {HU), Barreiro {(PT), and Nitrastur
(ES).

Preparing nanoparticles

forinjection, Zurzach
site, Switzerland

What particles are NanoRem investigating?

NanoRem is investigating a range of nanoparticles, including available commercial products, customisations and adaptations to
these nanoparticles, nanoparticles emerging into production, and also novel particles being generated through research. Table
1, below, summarises the principal nanoparticle types currently under investigation in the NanoRem project.

Table 1—Summary of NanoRem NPs

Bio-Fe-oxides, Bio-magnetite

Name NanoFer255  NanoFer Star Milled Iron Carbo-Iron Fe-oxides Biomagnetite Jpd Fe-Zeolites
Tvoe of Nano scale Alr-stable pow- Mechanically Composite of Pristine iron  Produced from Biomagnetite gj:nc;zg::a:z-
:l:t-icle zero valent - nZ\E‘]I ground nZvl Fe(0) andact-  oxides stahi- nano-Fe(llll  doped with palla- loaded with iron-
P iron (nZv1) particles vated carbon  lized with HA minerals diumn axites
Process of Qidaticn
5 F : . Adsorption and  (catalyticeffect  Adsorption Reduction Oxidation
rontamira oe- Reduction Reduction Aeduction Reduction on bioremedia- and Reduction (catalyst) (catalyst)
moval tio)
3 Wide spectrum
halogenated halogenated ':]a;:og:ar:it;:s blugreir:ici:ble e.g. halogenated e.g. BTEX, MTBE,
Target contaminant hydrocarbons  hydrocarbons  halogenated F‘cont spec- i rEf nor’]- heavy metals, substances (cont.  dichloroethane,
g and and hydrocarbons i PIEL e.g.Crivl) spectrum broad- chloroform,
trum as for halogenated) n
heavy metals  heawy metals nzviy e, BTEX erthan forNZvl) dichlormethane,
Lab-scale X X X X X X X X
Large.scale Lab. X % X X
experiments
Field scale tests
{planned) X X X X ¥
Spolchemie 1 Balassagyar-
Field sites: (CZ/PCE) it Spolchemie 2
Site name Spolchemie 1 Barreiro (PT/  Zurzach {HU / PCE) {CZ/ Toluene}
(coumtry */ main (&2 / PCE} heavy metals}  (CH/ PCE} Neot Hovay Barreiro (PT /
contarninant) Nitrastur (ES / heavy metals)
arsenic) L/ n/a)
*Country Key

€7 —Czech Republic; CH — Switzerland; HU —Hungary; IL—Israel; PL—Poland; ES - Spain; PT—Portugal
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B 02
Expert Interview: Katrin Mackenzie

How did your become interested in nanoremediation and why?

Originally | worked in the field of catalysis - somewhere be-
tween homogeneous and heterogeneous catalysis. Strictly
speaking, we find nanostructures at the surface of most heter-
ogeneous catalysts..and they were working in clean-up pro-
cesses long before we talked about nanoremediation. My inter-
est in NP use in nanoremediation comes from water treatment.
As | have worked in the field of water treatment for a long
time, it was inevitable | would come to “nano” eventually!

What can nanoremediation already do better than other in
situ remediation technologies?

NPs have a much higher reactivity than their micro-scale coun-
terparts. They offer a larger outer surface area for reactions
and often special properties compared to the bulk material.

All established remediation technologies {e.g. as pump & treat,
in situ bioremediation, soil flushing etc.) have advantages and
disadvantages. The main strength of NP injection is the flexibil-
ity it offers. We can reach very deep zones and built over/
sealed aquifers. We only need a well/bore hole. Other injection
technigues can do the same, but it is difficult to “mix” reagent
and groundwater. If we simply inject a reactive solution, the
solution is transported with the groundwater flow. With NPs,
we create an immobilized reactive zone through which the
contaminated water flows. This is the principle we know from
permeable reactive barriers, but without the need for the ex-
cavation works required for PRBs.

What are the particular benefits of Carbo-fron®?

One of the materials | have been working with is Carbo-lron®.
This is a composite material of colloidal activated carbon and
zero-valent iron. With Carbo-lron® we offer a new air-stable
material, which forms stable suspensions and can be easily
injected into the subsurface, creating broad reactive treatment
zones. The sorption properties of the composite material en-
hance the effectiveness of the metallic iron reagent. Carbo-
Iron® can undergo all iron-specific chemical reduction reactions
but the combination of both materials — iron and carbon - al-
lows the strong enrichment of pollutants in the vicinity of the
iron. Carbo-Iron has also been shown to support biological deg-
radation processes.

Feedback and further information

How can these benefits help con-

suftants and industry deliver better
site and groundwater remedia-
tion?

Nothing is a secret weapon against
all contamination issues in all site

5’
I

Dr Katrin Mackenzie

circumstances. This question must
always be coupled with site

knowledge and a comparison of UFZ, Germany

available methods. | see the bene-
fits of Carbo-1ron®s properties in a whole toolbox of treatment
possibilities. We need to provide the information to help con-
sultants and industry to choose the right one.

What are the plans for commercially devefoping and using
Carbo-fron®?

Carbo-lron® is currently produced by our industry partner, Sci-
entific Instruments Dresden GmbH. They, together with Nano-
Rem and a partner who will bring the material into the remedi-
ation market, will push the commercialization of the product.
As the material is new, it needs scientific support and its suc-
cess needs to be demonstrated in field trials. We also hope to
collectively ensure that the product is used at sites where it will
be of maximum benefit and that misuse of the product {e.g.
improper handling, use at inappropriate sites), which could
lead to discredit, is restricted.

In addition, we are eager to gain as much knowledge as possi-
ble via accompanying laboratory studies, as we are talking
about a new material which has to compete with the estab-
lished track-record of existing methods and materials. The
NanoRem project includes many studies aimed at better under-
standing of particle fate, transport, reactivity, behaviour to-
wards organisms, and long-term performance.

How can peopie find out more?

Performance of Carbo-lron® will be presented in several oral
presentations at the AquaConSoil in the NanoRem Thursday
sessions. Scientific papers and user-friendly material descrip-
tions will be offered.
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If you have any feedback or queries related to the special session; have a specific question regarding nanoremediation or NPs; or
would [ike to find out more about nanoremediation or the NanoRem project, please contact the Information Manager, Prof Paul
Bardos at paul@r3environmental.co.uk. Alternatively, further information on nanoremediation and the NanoRem project, including
news and downloads, can be found at: www.nanorem.eu.
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5.4 Nanoremediation: Enquiry Form

simeoua

MénoRem NANOREMEDIATION:
ENQUIRY FORM

Name:

Organisation:

Email Address:

Would you like to receive further general information about (please tick):

D Nanoremediation

D The NanoRem Project

D Other

Please state any specific queries or questions you may have:

Any further comments or feedback:

You can return this form, or contact us with other queries at nanorem@r3environmental.co.uk.
Comments will be received by NanoRem partner r3 Environmental Technology and responses will be
provided by the NanoRem consortium. Further general information on nanoremediation can be
obtained at www.nanorem.eu.

EP7 Project Nr.: 309517
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