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1 Introduction

1.1 Background

NanoRem (“Taking Nanotechnological Remediation Processes from Lab Scale to End User Applica-
tions for the Restoration of a Clean Environment”) is a research project, funded through the Europe-
an Commission’s Seventh Framework Programme.

The overarching aim of NanoRem is to support and develop the appropriate use of nanotechnology
for contaminated land and brownfield remediation and management in Europe. NanoRem focuses
on facilitating the practical, economic and exploitable nanotechnology for in-situ remediation. This
can only be achieved in parallel with a comprehensive understanding of the environmental risk-
benefit balance for the use of nanoparticles (NPs).

1.2 Introduction to DL 2.2 and DL 3.2

Workpackages WP2 and WP3 of NanoRem are dealing with design, improvement and optimized pro-
duction of nanoparticles for in-situ remediation. WP2 is focused on zero-valent iron nanoparticles
(nzV1) and WP3 on non-nZVI and composite particles. The final deliverables DL 2.2 (Assessment of
Nanoparticle Performance for Removal of Contaminants — nZVI Particles) and DL 3.2 (Assessment of
Nanoparticle Performance for Removal of Contaminants — Non-ZVI and Composite Particles) of the
two WPs give an overview on the application areas and potential of the nanoparticles developed and
aim to provide decision-making tools for problem owners and authorities. The two reports follow the
same structure and should be seen as complementary. Table 1 provides an overview on the particle
types presented in each of the two report deliverables. DL 2.2 and DL 3.2 mainly focus on the physi-
cal-chemical properties and reactivity of the nanoparticles. Particle transport, delivery and suspen-
sion stability are subject of DL 4.2 (Stability, Mobility, Delivery and Fate of optimized NPs under Field
Relevant Conditions).

Table 1: Overview on nanoparticle types presented in DL 2.2 and the present DL 3.2

DL 2.2 DL3.2

Nanosized zero-valent iron Non-nZVI and composites
NANOFER 25P Nanoiron-oxide (Nano-Goethite)
NANOFER 25S Carbo-Iron®

NANOFER STAR Trap-Ox Fe-zeolites

FerMEG12 (A02, KKM02, nZVI-Labstar, KKM13) (Palladized) Bionanomagnetite

Abrasive milling nZVI (NA56, NA64, NA74, NA84) | Non-ZVI metals (Mg/Al particles, Nano-FerAl)

Barium Ferrate
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2 Objectives of DL 3.2

With this report we want to close gaps in knowledge and open up new perspectives for the selection
of remediation methods using particulate reagents and catalysts.

The practical use of nanoremediation has, up to now, been largely linked with the treatment of chlo-
rinated solvents in situ and their selective transformation into less toxic, more biodegradable prod-
ucts. We want to summarize treatment approaches using nanoparticles and composites covering not
only reduction but also oxidation and adsorption strategies. Figure 1 summarizes the particles stud-
ied and their principle mode of action which expands the toolbox for the design of nanoremediation
operations. The spectrum of chemically treatable groundwater pollutants is extended from the con-
ventional nanoiron-based options to non-halogenated substances and non-reducible metal ions. It
covers reduction, oxidation and adsorption strategies.

Reduction
Carbo-fron®
Bionanomagnetite (BnM)
Palladized Bnivi
Non-ZVimetals (Mg/Al}

A

Figure 1: Overview of WP3 particles allocated to three different reaction types

Thus, we seek to provide an overview of the studied non-nanoiron and composite particles, their
physico-chemical properties and their anticipated application areas based on the knowledge of their
principle mode of action and reactivity data gathered. This may support the aspired ”step-change” in
nanoremediation by adding new particle types with new target contaminants to the nanoremedia-
tion toolbox and by improving particle properties regarding suspension stability and subsurface mo-
bility. Several WP3 particles even have the potential to add previously non-treatable contaminants to
the portfolio of nanoremediation. Assuring the success of the nanoremediation concept requires
proper selection of the particle type to be applied taking into account the target contaminant spec-
trum and remediation goals as well as specific site conditions. Most of the WP3 particles are newly

developed or are employed in new uses.

Therefore, it is necessary to introduce the scientific community, possible end-users and the authori-
ties to these new particle types and their basic behaviour. The particles are in various development
states: from laboratory status to ready-for-market status, as will be elaborated within the chapters
6.1 to 6.7, which provides a detailed description of the individual particle types.
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For a better overview, chapter 7 provides a tabulated easy-to-read summary of physico-chemical

properties and reactivities followed by a tabular summary for providing a brief overview on treatable

contaminants and general application areas of all non-NZVI particles and composite particles studied.

3

Overview of WP3 Nanoparticles

Within this report, the following particle types with their mode of action are described:

REDUCTION

Carbo-Iron® contains metallic iron embedded in the grain of colloidal activated carbon (AC).
As bare iron, Carbo-lron® can reduce a broad range of halogenated hydrocarbons and is able
to reduce/precipitate metals and metalloids. The close neighbourhood of the iron to AC ex-
tends the retention time at the reaction sites, which helps to prevent the generation of par-
tial reduction products. The long-term support of microbial processes after its application in
the field was observed. Carbo-lron® particles are at the development state “tested in the
field and ready-for market”.

Bionanomagnetite and Palladized Bionanomagnetite are biogenerated magnetic nanoparti-
cles which show enhanced reduction properties. Bionanomagnetite is especially suited for
adsorption of metals and metalloids. In addition, it shows magnetic properties and a high re-
sistance to inhospitable aquifer conditions. Doping bionanomagnetite with Pd generates po-
tent hydrogenation- and hydrodehalo-genation catalysts. This opens up an extended target
pollutant spectrum. Bionanomagnetite-based nanoparticles can easily be produced at larger
scale and their development state is “ready for field”.

As Non-ZVI metals magnesium and aluminium particles (Mg/Al particles) were selected
which show iron-like reaction potential but have a much lower material density which is
identified as one of the crucial properties for subsurface transport. Within the project, both
materials are intended to be tested for their principle reactivity and behaviour in sediment
beds. Development to full application is not achievable within the given timeframe. The tar-
get pollutant chosen in NanoRem is PCE. The development state of the particles is “lab-scale
test”.

OXIDATION

Nano-Goethite particles of the nano-goethite type are well-suited for stimulation of biore-
mediation of hydrocarbon-contaminated groundwater. By iron-reduction, oxidation of or-
ganic pollutants such as BTEX aromatics is accomplished. Nano-Goethite particles are at the
development state “tested in the field and ready-for market”.

Trap-Ox Fe-Zeolites is a particle family tailored for in-situ trapping and catalytic oxidation of
organic contaminants. Fe-zeolites are a powerful ISCO tool operating at near-neutral condi-
tions and combine the high sorption ability for small organic pollutant (trap) with their effi-
cient oxidation (ox). The catalytic generation of the strong oxidant OH-radicals from H,0, for
fast mineralization of recalcitrant pollutants such as fuel oxygenates, BTEX or even halogen-
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ated substances, which are resistant to reduction processes (e.g. dichloroethane). Trap-Ox
particles are at the development state “ready for field”.

— Barium Ferrate is an example of a ferrate salt which exhibits low water solubility and thus
could be used as a slow-release oxidant providing a depot effect in the sub-surface. The
Fe(VI) ion is the active oxidizing species. The target pollutant chosen in NanoRem is toluene
and the development state of the particles is “lab-scale test”.

ADSORPTION

— The various types of iron oxide nanoparticles (Nano-Goethite and Bionanomagnetite) have a
high affinity to metals and metalloids and can function as adsorbers. As the ability to bind the
metals varies from metal to metal and oxide type to oxide type, the NanoRem iron oxides are
tested for their adsorption potential towards several metal ions. Goethite is known to be es-
pecially suitable for AsO5>, Ni(ll), Zn(ll), Cu(ll). Nanomagnetite is able to adsorb (and reduce)
Cr(V1) and bears a potential for adsorption of Pb(ll), Cu(ll), Zn(ll) and Mn(ll). All WP3 nanoiron
oxides are regarded as “ready for field”.

— Aged Carbo-Iron®: Carbo-lron® is, even after its reaction phase, suitable to function as a
strong adsorber for hydrophobic pollutants. Its use for the generation of sorption barriers for
control of pollutants with high hydrophobicity (e.g. PCBs, PHAs...) is discussed.

— Trap-Ox Fe-Zeolites provide sorption properties for small organic substances (MTBE, BTEX,
DCA and others) and can be exploited as sorption barrier. Regeneration of the adsorber can
be carried out by activating the built-in catalytic function for targeted oxidation of enriched
pollutants by addition of H,0, (see above).

4 Methods for Particle Characterization and Reactivity Studies

Particle characterization techniques

A variety of methods was used in order to characterize physical-chemical properties, size and mor-
phology of the particles developed within WP3. Microscopic imaging techniques like TEM or (E)SEM
allowed identification of morphological structures and thus particle shape. Additionally, for charac-
terization of particle size, or more precisely particle size distribution, various methods depending on
particle size range and polydispersity were applied like dynamic light scattering (DLS), static light
scattering (SLS), laser diffraction, EyeTech™ analysis (based on laser obscuration and dynamic image
analysis) and Nanoparticle Tracking Analysis (NTA). With DLS methods additional parameters such as
diffusion coefficients, hydrodynamic radii and surface potentials (zeta potential) can be estimated.
The BET method as one routine technique for determination of the specific surface area allows char-
acterization of the available surface for sorptive and reactive processes, which in particular is of im-
portance for the estimation of surface-normalized reactivity parameter.

In order to characterize the chemical composition of the particles (element composition, oxidation
state etc.), specific characterization techniques have been utilized or developed in the framework of
NanoRem. These include methods such as ICP-OES (total iron) and spectrophotometric analyses
(Fe®/ Fe** and total iron) after total digestion of particles, analysis of total organic carbon content
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(TOC, for carbon containing particles, e.g. Carbo-Iron) and titrimetric methods (e.g. indirect Fe(VI)
quantification in case of ferrates via chromite analysis with a standard ferrous ammonium sulfate
solution (Licht et al., 2001)). In addition, UV-Vis/DRS for analysis of Fe speciation in Fe-zeolites, XRF
(e.g. Si/Al ratio for zeolites), XRD, XANES (e.g. biomagnetite) as well as >’Fe Mdssbauer spectroscopy
and SQUID magnetometry (both exclusively for iron-based materials) were applied. The zero-valent
metal content was determined by indirect methods using acidification and subsequent analysis of
hydrogen evolution (volumetric or by GC/TCD).

Reactivity studies

Since the particles described in this report employ various modes of contaminant removal (reduc-
tion, oxidation and immobilization) they differ in their target compounds and experimental setups
for reactivity studies. Reactivity tests with particles for reduction processes (Carbo-lron, Non-ZVI
metals) followed the common protocols (for batch and column experiments) developed in NanoRem
(DL4.1 Initial Particle Stability, Mobility and Delivery) using PCE as common model contaminant and
further relevant target compounds. Organic hydrocarbons such as PCE and its degradation products
(partially/completely dehalogenated hydrocarbons) were analysed by gas chromatography (mainly
GC/MS). Formation of halogenide ions (e.g. ClI') was followed by ion chromatography.

In case of oxidative transformation (Nano-Goethite, Trap-Ox Fe-Zeolites, Barium Ferrate) contami-
nants of interest include non-halogenated hydrocarbons like BTEX (toluene as representative) or fuel
oxygenates (e.g. MTBE for Fe-zeolites). Their degradation and intermediate product formation was
analysed by GC or HPLC. TOC analysis was used to determine the degree of mineralization.

Batch and column experiments with reactive particles were evaluated in terms of pseudo-first order
rate constants (k.ps), surface-area ore-mass-normalized reaction rate constants, mass recovery and
particle efficiency. In addition, sorption isotherm data were obtained for particles with adsorption
properties towards organic contaminants (Carbo-Iron, Trap-Ox Fe-zeolites).

The design of batch and column experiments depends on the specific particle type. Exemplarily, the
setup for batch experiments using zero-valent metal as reagent according to NanoRem protocols is
reported here. NANOFER 25S was agreed on as reference particle type. Experiments were performed
in vials equipped with a gas-tight sealing (e.g., PTFE-lined septum or Mininert valve). Batch reactors
were prepared under anoxic conditions, e.g. in an anaerobic chamber or by extensively purging with
N, (or other inert gas such as Ar or He depending on analytical method applied) prior to adding the
reagents to minimize oxidation of particles due to dissolved oxygen. Depending on the aim of the
test (e.g. pH-dependence of reactivity, dependence on the constituents of the reaction medium or
standard reactivity screening) a defined volume of NP suspension with a known concentration (or for
non-NZVI particles also a defined mass of particles) was added to the N,-purged anoxic fluid to
achieve a target concentration. For standard reactivity screening typically a particle concentration of
1g/L active metal was used. An aliquot of contaminant solution is added to provide a desired initial
contaminant concentration in water. For standard reactivity screening PCE was used typically in a
concentration of cpee = 50 mg/L in order to simulate 1/3 of full solubility (source-relevant concentra-
tion). Temperature needs to be recorded in order to account for temperature corrections applying
the Arrhenius function. The fluid used during the standard reactivity test is one of the standard type
waters defined in NanoRem (F.I).
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Additionally, soft standard type water was slightly buffered in order to exclude the pH-effect (drifting
pH by metal particle’s corrosion) on the reaction rate. Since bicarbonate comes closest to groundwa-
ter conditions, 2 mM NaHCO; (or 168 mg L) was used for standard reactivity screening. Known lig-
uid and/or gas volumes were sampled from the sealed vials using a syringe (gastight syringe for vola-
tile chemicals). Prior to taking larger liquid sampling volumes (from 1 mL), negative pressure in the
vial was precluded by inert gas injection. The retrieved/replaced sample volume (liquid/gas) has to
be logged and considered in data processing. Sampling periods were adapted depending on the ex-
pected reaction rates from pre-experiments. Pressure and gas production were determined using an
appropriate method (e.g. a digital pressure gauge or hydrogen content by TCD). Liquid samples were
adequately handled according to the requirements of the analysis (e.g. filtered in order to remove
remaining NPs (< 0.2 um) prior to ion chromatography or extracted with organic solvents in presence
of the particles for analysis of the target compounds, e.g., contaminants, or metabolites). PCE re-
moval kinetics (by extraction) can be replaced by C,-hydrocarbon development kinetics (gas analysis).

The reactivity of Nano-Goethite in biological degradation experiments is followed by the reduction of
iron(lll) to iron(ll) and the simultaneous decrease of the contaminant concentration. Experiments
were performed in batch or columns (with sediments from the remediation site). Samples (effluent)
are taken frequently to measure the concentration of iron(lll) and iron(ll) by the ferrozine assay. The
concentration of contaminant(s) is measured by GC/MS.

5 Application Areas and Potential based on Reactivity and Physi-
cal-chemical properties

5.1 Nano-Goethite
Responsible partner: UDE

Nano-Goethite is a material developed at the partner HMGU (now UDE). It consists of colloidal, na-
nosized iron oxide particles, coated with a layer of natural organic matter polymers. Its major appli-
cation is bioremediation, where the iron oxides are readily available electron acceptors for microbial
iron reduction (Bosch et al., 2010).

By applying a nanosized iron oxide which is in aqueous suspension, we can overcome transport limi-
tations during injection. Bulk iron oxide sludges cannot be injected into soils because of their high
viscosity, high affinity to sedimentation, and large particle size which will lead to immediate clogging.
Our Nano-Goethite suspension shows a superior mobility in sediments (Tosco et al., 2012). At the
same time, the reactivity for microbial iron reduction is greatly enhanced, as a low particle size caus-
es high reactivity (Hochella et al., 2008).

5.1.1 Physical-chemical properties of Nano-Goethite

Due to the production process, the provided suspension of iron oxide NPs (100 g L) additionally
contained 5-6 g L'! of TOC. The hydrodynamic radius of provided NPs was 240 + 10 nm and was inde-
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pendent from the suspension preparation procedure. A stability study showed that goethite NPs
suspension is stable more than 24 h and revealed that the high TOC content provides sufficient stabi-
lization of the NPs suspension envisioned for in-situ application. The measured zeta potential was -56
+ 2 mV indicating that electrostatic stabilization using organic matter polymers was provided.

A range of mobility experiments was performed at HMGU (later UDE), using reference porous media
(Dorsilit® Nr.8 and field site material) according to the standardized experimental protocols (IDL4.1).
These sediments were used in three different experimental set-ups: basic, simple flow-through col-
umn experiments, standardized columns, and cascading columns which mimic the radial decline of
injection velocity. Determined transport parameters revealed a transport distance (Lyo99) of 20.2 m
for F.l.s, 12.9 m for F.I.m, and 21.8 m for F.L.h. For further details on suspension stability and
transport properties of Nano-Goethite see DL4.2 (Stability, Mobility, Delivery and Fate of optimized

NPs under Field Relevant Conditions).

Table 2:

Overview of physical-chemical properties and reactivity parameters of Nano-Goethite

Characteristics of Nano-Goethite

Short description

Nanosized, colloidal goethite particles

Mode of action

Stimulation of microbial contaminant oxidation
via microbial iron reduction

Chemical composition

FeOOH with organic coating

Average primary particle size £ RDS [nm]
(specify: method applied)

220+ 20 nm

Specific surface area [m*/g]

140

Density [kg/m?]

(specify: true density, bulk density as powder,
effective particle density with water-filled
pores)

~ 3 (bulk powder)

Sedimentation rate [nm/min] n.d.

Zeta potential [mV] +30 (pH 7.1)
Type of stabilizers (in suspension) humic acid
Content of stabilizers [%] 2

Zeta potential in presence of stabilizer [mV]

(humic acid as stabilizer)

-45 mV (pH 8.2)

Reactivity data towards target toluene

k=0.7uMh™
(with 4 g L™ particles, Cyuene =1 mg L™, pH = 7;
medium: UDE low salt groundwater)

Expected side-reactions

Generation of Fe®*, generation of minor degra-
dation metabolites like benzoic acid

Expected products after aging

Fe®*, Magnetite

NanoRem 1000
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An overview of the physical-chemical properties and the reactivity parameters of nano-iron oxides is
given in Table 2.

5.1.2 Reactivity of Nano-Goethite

The main application area for the iron oxide nanogoethite is the in-situ stimulation of bioremediation
of hydrocarbon-contaminated groundwater. Up to now, the iron oxide nanogoethite is the only na-
noparticle suspension for this application which:

e shows superior transport properties in the lab for a range of sediments and has been successfully
injected at field sites

e has shown no renegade mobility after a first field injection

e has proven a high potential for the bioremediation of BTEX contaminations in the lab and in the
field

e s available at industrial quantities and is largely non-toxic (see DL 5.2)

Nanogoethite NPs serve as reactive electron acceptors for microbial reduction and consequently
stimulated microbial oxidation of pollutants such as BTEX compounds. The genus Geobacter is capa-
ble to use iron(lll) as electron acceptor for the degradation of toluene.

Oxidation: CgHs-CH; + 14 H,0 > 7CO, +36 e +36 H* Eq. 1
Reduction: Fe** +e > Fe® Eq. 2

In the first step of anaerobic toluene degradation benzylsuccinate is formed due to the addition of
fumarate to the methyl group of the toluene, catalyzed by the enzyme benzylsuccinate synthase.
Afterwards succinyl-CoA and benzoyl-CoA (the main intermediate in the anaerobic degradation of
aromatics) are formed due to a B-oxidation. Then, the aromatic ring is reduced and cleaved in a se-
qguence of reactions to acetyl-CoA and CO,. Benzoate is degraded to benzoyl-CoA compared to tolu-
ene by just one reaction step and therefore it is much more easily degraded by the autochthonous
microorganisms (Fuchs et al., 2011).

One more potential application field for the UDE Nano-Goethite reaction arose during our R&D activ-
ities. Iron oxides are known to be highly adsorptive towards a range of heavy metals. So the idea
came up to inject our iron oxide nanoparticles into heavy metal-contaminated groundwater aquifers,
with the aim to establish an adsorptive (abiotic) barrier against further dislocation of the heavy met-
als. Initial laboratory studies indicated a superior adsorption capacity of our UDE Nano-Goethite to-
wards As (Figure 2) and Cu. Further studies will help to understand the adsorption reactions, the
long-term capacity and the sustainability of the adsorptive barrier against fluctuations of the sur-
rounding biogeochemistry, and the feasibility under large-scale field conditions.
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Figure 2: Batch adsorption isotherm experiments. Arsenite was added to an iron oxide (nanosized
colloids: red; bulk iron (goethite, Sigma, size > 1 um: grey)) at pH 7 in a groundwater (low

salt) medium and shaken overnight.

BTEX degradation results using sediment from a field site and two nano-iron oxides with coating and
without are shown in Figure 3. Increasing Fe(ll) content indicates iron-reducing microbial activity
which leads to BTEX oxidation. In addition, enhancement of microbial iron reduction by humic acid
coating compared to uncoated controls for the nanogoethite was found.

80 4

Fe(Il)/Fe(lll) [%]

10 20 30 40 50 60 o 8O

time [d]

Figure 3: Nano-Goethite amended with BTEX contaminated sediments and additional toluene
(1 uM). Green: nano-ferrihydrite. Pink: nanogoethite. Open symbols: no coating. Closed
symbols: humic acid coating. Geobacter sulfurreducens was added as an iron-reducing
model microorganism. Initial iron oxide concentrations: 4 mM

Batch experiments with Spolchemie site sediments toluene and nanogoethite addition were performed
to monitor the site-specific degradation, and to follow the enhancement of degradation due to our
nanoremediation approach. Results showed no reaction in the negative controls, no significant change in
Fe(Il) and toluene in the incubations containing only site sediment and no nanoparticles, and a clear
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increase in Fe(ll) and decrease in toluene in the sediment incubations, which had been treated with
Nano-Goethite (Figure 4).
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Figure 4: Batch incubation of Spolchemie Il site sediment, groundwater medium, with the addition
of 150 uM and 15 mM Fe(lll) from UDE Nano-Goethite. Green: Fe(ll), red: toluene. Results
from positive, negative, and incubations without nanoparticles not shown. n = 3.
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Figure 5: Outcomes of the VEGAS LSC container bioremediation experiment. The yellow full circle
indicates a period of evident microbial degradation (stagnant mass flux and increase in
toluene degradation), the yellow dotted circles indicate a decrease in flux.

The Nano-Goethite was successfully injected into the VEGAS LSC experiment and the radius of influ-
ence (ROI) was established as planned.
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An increase in iron oxide-related bioremediation could be observed for about 100 days after injection
(Figure 5). Based on the amount of toluene that was degraded, about 60% of the UDE nanogoethite
was utilized. A certain share of the UDE nanogoethite is expected to not lie within the plume, as the
vertical displacement during injection was higher than expected.

5.1.3 Influence of site conditions on particle applicability

A high ionic strength is influencing the stability of the particles leading to coagulation. Especially cal-
cium ions are strongly influencing nanogoethite NPs leading to sedimentation, the critical coagula-
tion concentration is 1.3 mM. This problem can easily be overcome by cation exchangers. The water
at the field site used for the dilution of the concentrated Nano-Goethite solution prior to injection
needs to be softened if the contained calcium concentration is higher than 1.3 mM. The Nano-
Goethite NPs work best at neutral or slightly basic pH.

5.2 Carbo-lron®

Responsible partner: UFZ

5.2.1 Physical-chemical properties of Carbo-Iron

Carbo-lron® is a colloidal composite material developed at the partner UFZ. The composite contains
metallic nano-iron structures with a mean cluster size about 50 nm which are generated within col-
loidal activated carbon (AC) particles (particle sizes < 1 um). This leads to a composite reagent with
unique properties suitable for the in-situ groundwater treatment. Carbo-lron® has been designed
based on existing knowledge of the nanoiron (nZVI) technology with the aim to generate particles
with increased subsurface mobility and higher affinity to organic phases compared to the bare nZVI.
To reach this the particles were designed to provide higher suspension stability, avoid high agglom-
eration tendency, allow subsurface particle transport and provide the ability for source targeting
(Mackenzie et al. 2012).

By embedding the nano-sized iron reagent deep into the AC, the iron-inherent high agglomeration
tendency (due to magnetic attraction forces) is counteracted. The iron is “trapped” in the AC parti-
cles which functions as spacers between the iron structures. During the particle design process pa-
rameters such as particle size, particle density and surface charge were adjusted to obtain optimal
particle transport properties. With a Fe(0) content of 20 to 30 wt%, the porous composite has an
effective density in water of =2.1 g cm™ (water-filled pore volume) which comes close to natural col-
loids. Suspension stability and colloid mobility in the subsurface are influenced by the particle size,
which is a crucial parameter for an injectable in-situ reagent.
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Figure 6: Bright field TEM image of two Carbo-Iron® batch samples (thin slices) showing iron struc-
tures having a mean cluster size of less than 100 nm (left image taken at Leipzig Universi-
ty, right image taken by UPOL).

Based on the density of the composite, one can estimate the optimal particle size for subsurface
transport being in the range of 0.5 to 2 um (Elimelech et al. 1995, Ryan and Elimelech 1996). This size
range has therefore been chosen for the AC colloid precursor which determines the final particle size
of the Carbo-Iron. This means, even though the embedded reactive metallic iron is nano-sized, the
particle itself is not. The colloidal carrier AC has been produced by milling of commercial AC powder
(particle size of Carbo-lIron® used in NanoRem is dsy = 0.8 to 1.4 um). The synthesis is based on wet
impregnation of the AC with iron salts and carbothermal reduction under inert gas atmosphere (Bleyl
et al. 2012). An air-stable product is synthesized which can be easily stored as dry powder without
losing metallic iron and thus its reactivity in water. Figure 6 shows the composition of Carbo-Iron® in
TEM images. Thin slices of the material embedded in resin (left) show that the majority of the iron is
located within the carbon grain.

Table 3: Overview of physical-chemical properties and reactivity parameters of Carbo-Iron

Characteristics of Carbo-Iron

Embedded Fe(0) in microscale activated carbon

h .
Short description (AC) to form an AC/Fe composite

Chemical reduction at Fe(0) combined by hydro-
phobic sorption at AC (trap & treat)

Fewta = 35 [%]
Fe (0) =25 [%]
Chemical composition Fes0,4 = 14 [%]
0 =6 [%]

Ciotal = 45 [%]
dio = 500 [nm]
dso = 1100 [nm]
dgo = 2500 [nm]

Mode of action

Average primary particles size £ RDS [nm]

(laser diffraction)
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Specific surface area [m*/g]

600 - 700

Density [kg/m?]

(specify: true density, bulk density as powder,
effective particle density with water-filled
pores)

0.6 (bulk density); 2.1 (effective particle density)

Sedimentation rate [nm/min] n.a.
Surface charge [mV] n.a.
pH of suspension 7.9

Reactivity data towards target PCE

kops = 6.3 107 h!

(with 1 g/L Fe(0), cpce = 50 mg L, pH = 7.8; medi-
um: F.I.m)

ksa=4.1-10"L/(h m?)

(surface area estimated from TEM data, assuming

spherical iron species and tight Fe size distribu-
tion)

Sorption data towards target PCE

log Kp=4.1

Corrosion data

Keore =2.3 - 103 h!

(with 1 g/L Fe(0), cpce = 50 mg L™, pH = 7.8; medi-
um: F.I.m)

Expected side-reactions

Hydrogen evolution, decrease redox potential, pH
increase

Type of stabilizers (in suspension)

Carboxymethyl cellulose, humic acid

Content of stabilizers [%]

5...20 wt% CMC (referred to Mcarmo-iron) depending
on scope of application

Duration of suspension stability [days]

1 to several days (depending on Csabiiizer/ Cparticle)

Zeta potential in presence of stabilizer [mV]

-23 (pH = 7; 1mM KNOs; Coartice 1 g L™ with 20 wt%
CMC)

Expected products after aging

Iron oxides on activated carbon

5.2.2 Reactivity, colloid stabilityt and sorption to Carbo-Iron

As described above Carbo-Ilron’s inherent properties can be denoted to both activated carbon (AC)

and the electron rich structures of zero-valent iron within the AC, which make Carbo-Iron® a trap-

and-treat reagent. Adsorptive enrichment of halogenated organic contaminants (HOC) onto Carbo-

Iron’s AC backbone and near the Fe centres facilitates their effective degradation (Figure 7) (Macken-

zie et al. 2016).
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Iron nanocluster

Carbon
framework

Figure 7: Schematic illustration of composite material Carbo-Iron

The reactive component iron is consumed during application mainly by two overall processes:
dechlorination as the target reaction (according to Eq. 3 for PCE with n = 3...5) and the iron corrosion.

nFe® +C,Cl, +(2n—4)H,0— > nFe® + C,H,, 4 +(2n—4) OH™ +4Cl- Eq. 1

As shown in degradation experiments, Carbo-lron® is able to effectively reduce chlorinated hydro-
carbons such as PCE to non-chlorinated substances. Typical reactivity parameters for PCE as target
contaminant are compiled in Table 3. With this, the material can be utilized to drastically reduce risks
posed by chlorinated water substances.

Corrosion processes (anaerobic corrosion in absences (Eg. 4) and aerobic corrosion in the presence of
dissolved oxygen) decrease the proportion of iron which is available as reducing agent in contaminant
dechlorination. However, corrosion of nZVI is an unavoidable process in water. In order to efficiently
utilize the iron, suppression of the corrosion processes is a continuing goal (further discussed in 6.2.3.).
Fe® + H,0——>Fe?" OH™ +H, Eq. 2
Depending on the sorption affinity, a broad variety of possible contaminants are found to be effi-
ciently treatable by the composite Carbo-lron. Exemplarily, PCE represents a model contaminant,
which has a high sorption affinity to AC due to its hydrophobic nature. Degradation of model com-
pounds such as PCE has been investigated in several test media for evaluation of kinetic data in the
harmonized protocol summarized in DL 4.1 (Initial particle stability, mobility and delivery).

Reactivity in typical groundwater samples from different field sites

The comparison of PCE degradation and product formation (Cl-free C2-hydrocarbons) in different
test media (site groundwater, standard type water etc.) show no significant difference (Figure 8).
Even the addition of the colloid stabilizer CMC, which will be present while Carbo-lron® is injected
into the contaminated aquifer, has no adverse effect on contaminant removal which is a crucial pre-
requisite for implementation of the Carbo-Iron® technology. In the first pilot-scale field tests the use
of Carbo-Iron® was successfully demonstrated. Extended longevity of the Carbo-Iron® action within
the treatment zone showed evidence of microbial activity (Mackenzie et al. 2016).
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Figure 8: C,-hydrocarbon formation kinetic as c/cmax for the degradation of the model compound

PCE in various reaction media with suspended Carbo-Iron® colloids (cgpce = 50 ppm, GW1,
GW?2: groundwater from different field sites; GW2 + CMC: groundwater with the additive
CMC and soft standard type water F.1.S; Cparticle = 5 8 L™ (Xre(o) = 21 Wt%); come = 1.25 g L'
pH= 8.3 (GW1); pH = 8.7 (GW2); pH = 7.4 (F.Ls)).

General application mode for Carbo-Iron® colloids

Reductive dehalogenation of halogenated hydrocarbons (e.g. chloroethenes, highly chlorin-
ated alkanes, bromohydrocarbons)

Sorption of hydrophobic compounds (and prolonged retardation within treatment zone)
Sorption and reductive immobilisation of dissolved metals and metalloids

Microbial assisted self-cleaning (ENA after Carbo-lron® action due to hydrogengenerated, Fe-
oxides available for iron-reducing bacteria, AC as porous material for microbial colonization)
Sorption-assisted hydrolysis

Selection of treatable substances:

Halogenated hydrocarbons:

chlorinated ethenes (PCE, TCE, DCE, VC)

chlorinated methanes (CCl,, CHCI3)

chlorinated ethanes (hexachloroethane, TeCA...)
brominated aliphatics (1,2-Dibromoethane, Vinylbromide)
polychlorinated aromatics and biphenyls (presumably)

Inorganics:

inorganic anions: nitrate, perchlorate
metal ions and metalloids: e.g. As’, cr”' pp"

The highest application potential is seen in sorption-assisted reductive dehalogenation and in the

reduction/immobilization of metal irons and metalloids (e.g. NO5', Cr'™, As) as illustrated in Figure 9:
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Figure 9: Transformation pathways of potential contaminant types at Carbo-Iron

Colloid stability

The stability of particles suspensions is one of the parameters to evaluate and compare different
particle types regarding their applicability as injectable reactive colloids for in-situ treatment. Particle
suspensions should be stable for several hours in order to avoid clogging effects during field injec-
tion. In order to avoid fast agglomeration, which would lead to high sedimentation rates and thus
instable suspensions, additives such as polyanionic colloid stabilizers are usually applied to stabilize
nZVI suspensions (Lin et al., 2010; Phenrat et al., 2011; Phenrat et al., 2008). Carbo-Iron’s suspension
stability is already enhanced compared to nZVI suspensions, the addition of polyanionic stabilizers,
such as CMC or humic acid (HA), further helps to enhance suspension stability. Here, CMC as colloid
stabilizer is discussed. Sedimentation experiments with varying CMC concentrations (1 to 25 wt%
referred to particle mass) were carried out in order to find the optimal suspension formulation.

Figure 10: Sedimentation tests of stabilized Carbo-Iron® suspensions (Cpartice = 1 8/L; Celectroyte= 10 MM
NaCl; pH = 6.5, Viample= 0.5 mL at different sampling heights h cm below water table)

Addition of 2 15 wt% CMC to Carbo-lron® suspensions (ccwc 2 0.15 + Ccarbo-iron) fOrms stable suspen-
sions in a broad concentration range Cpartice= 1 to 20 g Lt (Figure 10). CMC concentrations below
5 wt% (ccme £ 0.05 + Cearbo-ron) Stabilize only insufficiently. Figure 11 shows the remaining particle frac-
tion in suspension at a pre-defined level below the water table shown as a function of sedimentation
time (h = 1 cm which is only slightly affected by the “particle curtain” falling from regions above).
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Figure 11: Influence of CMC on Carbo-Iron® suspension stability (Cpartice = 1 8/L; Celectrolyte = 10 mM
NaCl; pH = 6.5, Viample= 0.5 mL taken at h = 1 cm below water table; ccuc referred to parti-
cle mass memc 100/ Mpartice i W%).

Fast sedimentation of an oversize fraction is observed in all suspensions, which can be seen by the
initial fast decrease in the relative particle concentrations (c/co; t< 0.5 h). This fraction is small
(< 15 %) at high CMC concentration but becomes more dominant with decreasing CMC content due
to an entraining effect. Figure 10 shows that Carbo-lron® is well dispersible and can be kept in sus-
pension for a considerable time. Since injectability, suspension stability and a certain subsurface mo-
bility are major preconditions for a successful application as particulate in-situ agent, the check for
the principle applicability needs to be carried out by sedimentation and mobility studies.

5.2.3 Influence of site conditions

The application potential of Carbo-lron® colloids strongly depends on the conditions in natural envi-
ronments and the particle specific properties. Therefore aerobic media should strictly be avoided in
order to prevent fast oxidation of the metallic species. Typical pH values for groundwater are in the
range of 5.5 to 8 and are considered within the Carbo-Iron operation window. In strong acidic media,
Carbo-Iron should not be applied because of fast iron loss. Furthermore, permeable aquifers ensure
optimal particle delivery to the contaminated zone. Experiences gained at field scale outside Nano-
Rem reveal that Carboxymethyl cellulose (CMC) needs to be well soluble in water and should not
have a major impact on the water viscosity." We recommend a molecular weight Mcyc < 100 kDa.
With the product Walocel CRT 30G (DOW Cellulosics) good results in relation to both suspension
stability in typical groundwater and migration of colloid suspensions in natural porous media were
received. Depending on the contaminant distribution at a certain field site different application

! Carboxymethylcellulose with the formula [CgH;0,(OH),(OCH2COONa),],, should be well water soluble when the substitu-
tion degree y is in the range of 0.6 to 0.95. For the Walocel CRT 30G, a substitution degree of 0.8 to 0.95 is given and a
molecular mass of <10 kDa
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modes concerning injection and particle transport are conceivable: a) source zone mode, whereas
reactive particles should be immobilized in a confined contaminated area b) plume mode, which
means a broad reactive zone should be implemented if faced with low concentrations of dissolved
pollutants. Both scenarios can be addressed using tailored suspension recipes in order to adjust the
suspension stability and particle transport with targeted deposition on sediment grains. CMC-
stabilized Carbo-Iron® suspensions up to 30 g L™ (~ 7.5 g L™ Fe°) are injectable, which allows achiev-
ing final sediment loadings of about 1 wt% and simultaneously prevent clogging of flow paths. Re-
sults from column tests with stable Carbo-lron® suspensions in field site material and groundwater
from the field site expose an inhomogeneous distribution in the direction of the groundwater flow.
Even on microscale level a non-uniform particle deposition pattern is obviously a result of preferred
deposition sites at grain surfaces (Figure 12).

- groundwater flow direction

0.6 PV (injection period)

1.8 PV (injection period)

7 PV (flushing period)

Figure 12: Left — Migration of Carbo-Iron® colloids (Cpartice = 15 LY, come = 1.5 g L'l) performed in
field site groundwater (ves = 10 m d? pH 8.1; alkalinity 250 mg CaCO; L, electric conduc-
tivity 1306 pS, total water hardness 680 mg CaCO; L™) and porous media from the Hun-
garian site (Balassagyarmat, sieve fraction of sediment d, < 2 mm); Right — deposition pat-
tern for injected Carbo-lron® colloids (Xge() = 21 W.t%, dso = 1.3 pm) on grain surface after
removal of mobile particle fraction with simulated groundwater flow (veg = 0.25 m d™) —
magnification: 175x.

5.3 Trap-Ox Fe-zeolites

Responsible partner: UFZ

Trap-Ox Fe-zeolites is a particle family tailored for in-situ trapping of organic contaminants by ad-
sorption and catalytic oxidation in combination with oxidants such a hydrogen peroxide. Zeolites can
be synthetized at large scale in various modifications differing in channel structures and Si/Al ratio.
The optimal choice of Trap-Ox Fe-zeolites depends on the type of contaminants and conditions at the
field site. Within NanoRem, optimized injectable suspensions were developed for two zeolite types:
Trap-Ox Fe-BEA35 and Trap-Ox Fe-MFI120. Their field of application is in-situ trap&treat of a variety
of typical groundwater contaminants such as MTBE, ETBE, chlorinated ethanes and ethenes and
BTEX. Trap-Ox Fe-BEA35 is available in large quantity for field testing. In addition, a fluorescence
labelling approach was developed for particle tracking (Gillies et al. 2016).
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5.3.1 Physical-chemical properties of Trap-Ox Fe-zeolites

Trap-Ox Fe-zeolites are microporous alumosilicates which are loaded with iron ions by ion exchange
and subsequent stabilization methods. Due to their high specific surface area and well-defined nar-
row pores they act as adsorbents for small organic molecules.

According to SEM analyses the two Trap-Ox particle types have a spherical shape with small primary
particles (200 to 400 nm) and their particle size in aqueous suspension is about 500 nm, determined
by DLS measurements. Similar to silica surfaces, the Fe-zeolite surface bears a net negative charge
over a wide pH range (pH 2 3, see DL 4.2 Stability, Mobility, Delivery and Fate of optimized NPs under
Field Relevant Conditions). According to UV-VIS spectroscopy in diffuse reflectance mode, the domi-
nant fraction of iron is present as isolated Fe(lll) species coordinated to the ion exchange sites of the
zeolite with a certain fraction of small iron oxide clusters. Trap-Ox Fe-zeolites have a high SiO,/Al,O3
ratio which provides rather hydrophobic channel surfaces for optimal adsorption of organic contami-
nants. Further properties of Trap-Ox Fe-zeolites are summarized in Table 4.

Table 4: Overview of physico-chemical properties and reactivity parameters of Trap-Ox Fe-zeolites

Characteristics of Fe-Zeolites Trap-Ox Fe-BEA35 Trap-Ox Fe-MFI120

Microporous alumosilicate particles loaded with iron

Short description . . -
P ions which act as adsorbent and oxidation catalyst

Adsorption of organic contaminants and activation of
Mode of action hydrogen peroxide for OH-radical-driven oxidation of a
wide range of organic contaminants

General chemical composition Fe¥ [(AlO;) & (SiOy),] "z H,0
Al: 20 g/kg Al: 7.4 g/kg
Si: 360 g/kg Si: 440 g/kg

Elemental composition
Fe: 13 g/kg Fe:3 g/kg

Molar ratio SiO,/Al,05 = 35 [ Molar ratio SiO,/Al,05=120

Particle size [nm]

(z-average, DLS, 10 MM KNO; pH 8.3, | 550 490
1 g/L particle concentration)

Specific surface area [m?/g] 630 470

Maximum zeolite channel diameter

0.56 0.75
[nm]

Density [g/cm’]
(calculated effective particle density 2.1 2.4
with water-filled pores)

Sedimentation rate
[nm/min]/Duration of suspension n.a./ stable suspension for 2 h at Cre_zeolite = 10 g/L
stability [days]

Zeta potential [mV] -30.4 (F.lLs; pH 8.3) -31.5 (F.L.s; pH 8.3)

Native pH of suspensions is sightly acidic and adjusted

pH of suspension ) X < :
to pH 8 - 8.5 for optimal suspension stability and parti-
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cle transport

Azeomree= 0.025 L/g/h Azeovree= 0.11 L/g/h
AseolH202=0.011 L/g/h AeolH202=0.0030 L/g/h
Reactivity data (MTBE) (Cre-zeolite = 50 /L, Cyree = (Cre-zeolite = 10 g/L, Cyrae =
500 mg/L, cha02= 8 g/L, 100 mg/L, c02= 8 g/L,
medium: F.l.s, pH 8.2) medium: F.l.s, pH 6.5)

Gas formation (O,, CO,) upon contact of Fe-zeolite with
H,0,

Expected side-reactions . . .
P Uptake of cations (mainly divalent) from groundwater

Very low leaching of Fe, Si, Al

No stabilizers needed in suspension with Cre_zeolite =
10 g/L

Zeolite with lower Si/Al ratio (if aging in slightly alkaline
groundwater) and lower Fe** content

Type of stabilizers (in suspension)

Expected products after aging

5.3.2 Reactivity of Fe-zeolites

The iron in the zeolite pores (i.e. close to the adsorbed contaminants) is able to produce reactive
species (e.g. hydroxyl radicals) from hydrogen peroxide, which degrade the contaminants. In analogy
to the well-known Fenton reaction (Eq. 5 and 6), the Fe in the zeolite is supposed to change between
its oxidation states +2/+3 in a catalytic cycle (Gonzalez-Olmos et al. 2013).

Fe’ + H,0, > Fe’" + ¢OH + OH’ Eq. 3
CO, + H,0 Fe*'+ H,0,> Fe** + HOOe + H' Eq. 4
»
ST CH, OHs
OH' (CHg)gC'O-CH3 + eOH ﬂ (CH3)3C'O-CH2. e S COZ + Hzo
X =z
1 eswu
":: Eq.5
1
b FaZ+ /Fad+
Hzoz," HzOz—P Hzo+02 EC|6

Figure 13: Left: Scheme of contaminant adsorption and degradation within Fe-zeolite channels
(modified structure based on Baerlocher and McCusker 2016), Right: Equations of most
important involved reactions

The hydroxyl radicals produced are highly reactive and unselective and thus can react with a wide
range of organic compounds leading to oxidized products of higher biodegradability (small organic
acids) or even complete mineralization as shown exemplarily for MTBE in (Eq. 7). In the absence of
organic compounds, hydrogen peroxide decomposition results in the formation of O, and H,0 (Eq. 8).
Oxygen formation will be a side reaction also in the presence of organics.
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Adsorption properties of Trap-Ox Fe-zeolites

Methyl tert-butyl ether (MTBE) was studied as one of the main target contaminants for Trap-Ox Fe-
zeolites since it is a frequently occurring groundwater contaminant (due to its use as fuel additive)
and is hardly degradable by any other in-situ method than chemical oxidation. MTBE sorption iso-
therms with Freundlich isotherm fits are shown in Figure 14. In the range of low aqueous phase con-
centrations Trap-Ox Fe-MFI120 even outcompetes activated carbon with respect to its adsorption
affinity. Sorption to Trap-Ox Fe-zeolites is very fast due to their low particle size. Sorption equilibrium
of MTBE with Fe-BEA35 in a well agitated suspension is established within < 3 min.

55 - -
5.0 . ~
= 45 | m He B
& m]
E log = 4.8 44
~ n=0324 35 - logKp=3.1
-; 5 n=12
HOE:FW > | ® Fe-BEA3S M Fe-MFI120 A AK
3.0 2.0 10 00 10 20 30

log (¢, / (mg/L}}

Figure 14: Sorption isotherms for model contaminant MTBE on two Trap-Ox Fe-zeolite types: Fe-
MPFI120 and Fe-BEA35 as well as activated carbon for comparison (F300, Chemviron),
Freundlich coefficient K and constant n for the fitted concentration range (lines), medi-
um: 10 mM KNOs, pH 7.

Catalytic activity of Trap-Ox Fe-zeolites

Catalytic activity of Fe-zeolites was studied in batch and column experiments using standard water
types (F.l.s and F.l.h) spiked with MTBE or a cocktail of model contaminants.

—4—=CH2CI2 =4—MTBE 1.2 ——MTI
1.2 1 Trap-Ox Fe-BEA35: Trap-Ox Fe-MHA120: —#—CH2CI2 BE

#—-1,2-DCA  —a—TCE #=1,2-DCA  =d=TCE
1.0 —de=toluene =—m-xylene

—&—taluene *—m-¥ylene

300
tin min tin min

=
()]
[=]
o

Figure 15: Degradation of a cocktail of model contaminants by H,0, with two Trap-Ox Fe-zeolite
typeS: Fe-BEA35 (Ieft) and Fe-MFI1120 (rlght), Cre-zeolite = 10 g/L, Co,cont = 20 mg/L each, Co,H202
=8g/L, medium: F.l.s, pH =7.
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Figure 15 shows the kinetics of degradation of various contaminants on Fe-MFI-120 and Fe-BEA35
including dichloromethane (CH,Cl,), 1,2-dichloroethane, trichloroethylene (TCE), toluene, m-xylene
and MTBE in soft water (F.l.s) at pH 7.

All contaminants were completely degraded with one dosage of H,0,. The sequence in reactivity
largely follows the expected reactivity with OH-radicals, electron-rich aromatic (m-xylene and tolu-
ene) and unsaturated compounds (TCE) are degraded fastest, compounds with e-withdrawing sub-
stituents (1,2-DCA and CH,Cl,) are degraded slowest.

In addition, MTBE adsorption and oxidation were studied in column experiments with Trap-Ox Fe-
BEA35 using standard type water (F.l.h) spiked with MTBE (10 mg/L) and M.l as sand. After MTBE
breakthrough, the adsorbed MTBE was oxidized by injection of H,0, (10 g/L in F.L.h, pH 8.5) without
any further additives. Trap-Ox Fe-BEA35 deposited on the sediment was active for MTBE adsorption
and oxidation over the four tested adsorption/regeneration cylcles with in total 320 exchanged pore
volumes of water.

General application area

Application of Fe-zeolites in combination with H,0, is an alternative to Fenton-like ISCO with dis-
solved iron. In the latter case, iron has to be kept in solution by applying large amounts of acid or
complexing agents (EDTA, citric acid), otherwise iron would precipitate in the form of inactive iron
oxyhydroxides at the near neutral pH of the aquifer. Fe-zeolites are active in a much wider pH-range
(Table 4).

Thus, Trap-Ox Fe-zeolites can be injected in suspension together with the oxidant H,0, for immediate
oxidation of aqueous phase contaminants in the targeted aquifer zone at the native pH of the
groundwater. In addition, due to their ability to adsorb organic contaminants, Trap-Ox Fe-zeolites
can be used to form an in-situ sorption barrier after deposition on the aquifer sediment. This is highly
desirable in case of extended and expanding plumes of contaminants where a sorption barrier can
stop migration of contaminants and protects sensitive receptors. Furthermore, they act against re-
bound of agqueous phase contaminant concentrations which often occurs by matrix back diffusion of
contaminants from dense or sorption-active aquifer sediments after an initial ISCO measure. In this
case, Trap-Ox Fe-zeolites trap contaminants by adsorption, which stops any further migration and
enriches contaminants in the zeolite pores close to the active iron sites for catalytic oxidation. Once
that Trap-Ox Fe-zeolite was placed on the aquifer sediment, H,0, solution can be injected for degra-
dation of adsorbed contaminants without any additional activator/catalyst, which avoids any vigor-
ous reactions (gas and heat production) known from injection of conventional Fenton reagents (i.e.
dissolved iron salts + H,0,).

Hydroxyl radicals which are formed upon contact of Fe-zeolites and H,0, react with almost all organ-
ic molecules. Therefore, Trap-Ox Fe-zeolites are applicable in cases where biodegradation or in-situ
chemical reduction fails, e.g. in case of fuel oxygenates (MTBE, ETBE), halogenated aromatics (e.g.
chlorobenzene) or halogenated alkanes (e.g. dichloroethane). However, fully halogenated molecules
such as CCl, or perfluorinated surfactants (PFOA, PFOS) are some of the few examples which are
expected to be hardly degradable by OH-radical driven oxidation including the Trap-Ox approach.
Due to their narrow pores Trap-Ox Fe-zeolites add some selectivity to the radical-driven oxidation by
virtue of size exclusion and adsorptive enrichment. Macromolecules such as natural organic matter
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are excluded from access to the catalytic sites minimizing their impact as competitors for target con-
taminant degradation.

With respect to contaminant selectivity the two Trap-Ox Fe-zeolites are complementary (Table 5). Fe-
MFI120 belongs to the group of hydrophobic MFI type zeolites (Gonzalez-Olmos et al. 2013) and is a
high performance adsorbent for small organic molecules including many typical groundwater con-
taminants. Fe-BEA35 is a more universal adsorbent and catalyst allowing adsorption and degradation
also for larger contaminant molecules.

Table 5: Indications from bench scale studies for treatability by Trap-Ox Fe-zeolites/H202 applica-

tion for common contaminant classes based on experimental results (compounds listed in

parentheses in column 2) and prospective evaluation (classes marked with asterisks)

based on chemical reactivity with OH-radicals and contaminant molecule size in relation

to the zeolite pore size in Fe-BEA35 and Fe-MFI120

Contaminant
classes

General treatability (in parentheses:
compounds tested experimentally)

Applicable/Preferred Trap-Ox Fe-
zeolite type

fuel oxygenates

very good (MTBE, ETBE, TBA)

Fe-BEA35 + Fe-MFI120

chlorinated eth-
enes

very good (TCE, PCE)

Fe-BEA35 + Fe-MFI120

halogenated
ethanes

good (1,2 DCA), decreases with increas-
ing halogen substitution degree

Fe-BEA35 + Fe-MFI120

halogenated me-
thanes

good (CH,Cl,, CHCI;), decreases with
increasing halogen substitution degree

Fe-BEA35 + Fe-MFI120

BTEX

very good (benzene, toluene, o-xylene),
but alternative method:

bioremediation

both, but Fe-MFI120 limitations for
larger substituents

halogenated ar-
omatics and phe-
nols

very good (chlorobenzene), decreases
with increasing halogen substitution
degree

both, but Fe-MFI1120 limitations
significant for high substitution
degree

pharmaceuticals*

good for some (ibuprofen, diclofenac,
carbamazepine), but to be tested indi-
vidually

Fe-BEA35 (depending on molecule
size)

surfactants*

good (Triton®, nonylphenol ethoxylate)

Fe-BEA35 (depending on molecule
size)

aliphatic petrole-
um hydrocar-
bons**

to be tested

Fe-BEA35 (but limitations expected
for highly branched and large cyclic
aliphatics)

polycyclic aro-
matics**

to be tested

possibly Fe-BEA35 (but limitations
expected for >3 ring PAHSs)

polychlorinated
biphenyls**

to be tested

possibly Fe-BEA35 (but limitations
expected for highly substituted
congeners)

* prospective evaluation, only a few representative compounds tested so far

** prospective evaluation, not tested so far
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Table 5 summarizes treatability estimations for various compound classes based on experimental
data (compounds listed in parentheses in column 2 of Table 5) and more generally, based on their
known reactivity with OH-radicals and molecule sizes in relation to the pore size of the zeolite. Treat-
ability for larger contaminants such as occurring typically among pesticides, pharmaceuticals, PAHs
or PCBs remains to be tested on a case by case basis.

5.3.3 Influence of site conditions on particle applicability

Regarding site characteristics, as for nanoremediation in general, Fe-zeolites require a certain per-
meability of the subsurface in order to provide sufficient particle mobility. They are insensitive to the
presence of oxygen in the groundwater and could hypothetically even be applied in unsaturated
zones, e.g. for capturing soil vapour contaminations. The pH value of the groundwater has a minor
influence on the adsorption properties of Trap-Ox Fe-zeolites but will influence their catalytic activity
for H,0, decomposition and contaminant oxidation. In this respect, the two Trap-Ox zeolites Fe-
MFI120 and Fe-BEA35 behave differently. Fe-BEA35 has an applicable pH range from pH 5.5 to 8.5
with highest catalytic activity at pH 8.0 — 8.5. Fe-MFI120 is best applied at pH 5.5 - 7.0, since it has a
low activity under alkaline conditions. Thus, selection of the most suitable zeolite type depends on
the pH and also the buffer capacity of the groundwater. The presence of anions like sulphate, chlo-
ride or phosphate has a minor impact on catalytic activity of the Fe-zeolites. Uptake of divalent cati-
ons (Ca*", Mg”") in the zeolite pores can lead to lower degradation rates for sterically demanding
contaminant molecules due to hindered mobility within the pores. Alkaline conditions favour slow
dissolution of Si from the zeolite framework. Consequently, the long-term performance of Trap-Ox
Fe-zeolites needs to be studied with the groundwater from the respective site. Results of batch and
column tests on stability of Trap-Ox Fe-BEA35 under field-relevant conditions are described in detail
in DL4.2. Based on these results it can be anticipated that after the injection and deposition on the
porous medium, Trap-Ox Fe-BEA35 can actively adsorb and catalytically oxidize target contaminants
(with H,0, injections) for a period of at least two months under ‘worst case’ conditions (very hard
water, pH 8.5, with NOM content).

5.4 Bionanomagnetite and Palladized Bionanomagnetite

Responsible partner: UMAN

5.4.1 Physico-chemical properties of bionanomagnetite

Microorganisms offer a sustainable and inexpensive route to synthesize nanoparticles that have cata-
lytic properties and offer a benign solution to remediate a variety of target contaminants. Bionano-
magnetite (Bnm) is one such nanoparticle that is synthesized by Fe(lll)-respiring subsurface bacteria
e.g. Geobacter sulfurreducens and Shewanella oneidensis (Lovley, 1987), in the presence of an elec-
tron donor such as lactate, acetate or hydrogen and an insoluble Fe(lll) electron acceptor. We have
also been testing a range of iron rich waste materials procured from members within the NanoRem
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consortium, as an inexpensive feed for the biomagnetite synthesis. Recent studies show that bio-
magnetite synthesis is scalable (Byrne et al., 2015, Muhamadali et al., 2015), and the physical proper-
ties can be fine-tuned during bioproduction by controlling cell density and other parameters (Byrne

et al. 2011), underpinning future commercial exploitation.

Newly synthesized Bnm has a thin layer of organic carbon residues on its surface, derived from lysed
microbial cells (during biosynthesis), and it shows rapid aggregation and a high sedimentation rate.
This can be controlled by the application of appropriate coatings. The following Table 6 illustrates the

physicochemical properties of biomagnetite.

Table 6:

Overview of physical-chemical properties and reactivity parameters of Bionanomagnetite

Characteristics of Bionanomagnetite and Palladized Bionanomagnetite

Short description

Nanosized, magnetite nanoparticles synthe-
sized by bacteria

Pd-Bnm biomagnetite with 5% mol Pd(0) on
surface, effective catalyst in presence of
H,/formate as external electron donor

Mode of action

Reduction and sorption
Pd Bnm reductive dehydrohalogenation

and has been shown to reduce Cr(VI), Tc(VIl),
azo dyes and nitrobenzene

Pd-Bnm: Cr(VI), Nitrobenzene, PCE

Chemical composition

Fes04 approx. 98 wt-%, some siderite also ob-
served (XRD), Fe total: 72 wt% O: 28.8 wt%

Average primary particle size + RDS [nm]

(volume-based average particle size was de-
termined by EyeTech™)

3.5 um (although individual crystallites approx.
10-20 nm)

Specific surface area [m?/g]

17.1 m?*/g (Watts et al., 2015); to be used with
caution for interpretation of reactions as Bnm
is susceptible to aggregation

Density [kg/m?]

(specify: true density, bulk density as powder,
effective particle density with water-filled
pores)

Not determined

Sedimentation rate [nm/min]

0.45 mm/hr

Zeta potential [mV]
(specify: suspension fluid and pH)

+13 mV changes to -30 mV on storage

Type of stabilizers (in suspension)

No stabilizers used during synthesis and reac-
tivity studies.

For transport tests conducted later several
stabilizers been used effectively

Content of stabilizers [%]

Only for transport studies

2% agar and starch, 3% guar, sodium humate
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up to 1%
Zeta potential in presence of stabilizer [mV] Guar -5.5 mV, agar -13.5 mV, starch -8.5 mV
(specify: suspension fluid and pH) and humic salt of sodium -35 mV

Biomagnetite shows poor reactivity against
PCE but enhanced reactivity with palladized

Reactivity data towards target PCE surface

Pd-Bnm the kops (Min™ ) is 0.265 (Pd-bnm 0.025
mg/L), PCE 50 mg/L, soft water F.I h and pH 6.8
No side reaction, limited reactivity of Bnm

(Fe* oxidized)

Both Bnm and Pd Bnm passivate due to surface
accumulation of Cr (1ll)

Expected side-reactions

Expected products after aging

5.4.2 Reactivity of Biomagnetite

Biomagnetite is highly reactive against redox active contaminants and can be used to reduce heavy
metals and organic compounds into their less toxic forms. The following description illustrates the
particle application areas, observations and associated limitations involving its use for reduction of
the model contaminant Cr(VI).

Application 1: The potential use of Bnm for the remediation of Cr(VIl)

This has been investigated initially by using model Cr(VI)-containing solutions in batch experiments
(Cutting et al., 2010) and also column systems (Crean et al., 2012). Bnm is able to reduce and precipi-
tate Cr(VI).

The reaction rate for the removal of Cr(VI) from model solutions was reported to be 0.71 - 10° min™
for Bnm, and 32 mg Cr(VI) was removed per gram of Bnm. A study by Watts et al. (2015) used chro-
mite ore processing residue (COPR) from a site in Glasgow, UK. This is a significant pool of soluble
Cr(V1) minerals (~10 g/kg) creating a hyper alkaline, high Cr(VI) (>1mM) leachate. Addition of Bnm (5
wt%) was shown to source stabilise the readily leachable Cr(VI) by reducing it to Cr(lll). Bmn reduced
a significant fraction of mineral bound Cr(VI), forming a product that was recalcitrant to air re-
oxidation (Watts, Coker et al. 2014). For the COPR groundwater, the reaction rate (ko) was 1 - 10°
min™. Both samples tested for treatment were alkaline (at pH 12) (Figure 16).

Observations

Bnm is applicable across a wide pH range, including hyperalkaline samples, the only limitation being
the passivation of the reactive surface of the Bnm. This occurs either due to oxidation of Fe(ll) and
subsequent formation of an Fe(lll) capping layer, or the overgrowth of Cr(lll) precipitates, which
could act as a barrier to effective electron transfer from the Bnm to the contaminant.
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Figure 16: Aqueous Cr(VI) removal from a model pH 12 Cr(VI) solution (a) and a Cr(VI) contaminated
groundwater (b) over time, when amended with Bnm or nZVI (NANOFER 25S). Inset graph
(a) shows removal over the first 9 h of the reaction. Error bars represent the standard de-
viation of the triplicate values (Watts et al., 2015)

Application 2

Bnm has also been shown to reduce nitrobenzene rapidly and form aniline in this process (Figure 19)
though the non-functionalized form of Bnm has limited reactivity against solvents such as PCE and
TCE unless functionalized with Pd (see section below).

Application 3

Bnm has been shown to reduce the azo dye Ramazol Black B. This dye is a chemically stable, xenobi-
otic and usually not effectively degraded by the conventional chemical techniques, but the addition
of Bnm reduced the azo chromophore component of the dye, rapidly forming the corresponding
amines (Pattrick et al., 2013).

Bnm is also currently being tested against nuclear contaminants such as Tc(VIl) and Np(V) which are
reduced very efficiently to Tc(IV) and Np(IV) respectively.

5.4.3 Influence of site conditions

Based on the reduction studies, the Bnm is stable and efficient to remediate wastes such as Cr(VI) at
pH 7-12. Although Bnm has not been applied in field-scale applications, it has been planned to test
sediments from brownfield sites from Portugal, Spain and the UK, which have challenging heavy
metal profiles with high concentrations of metals such as Cr, As and Cu. The presence of oxygen is
detrimental towards the reactivity of Bnm as it largely depends on the Fe(ll) content of Bnm.

Palladized biomagnetite (Pd-Bnm)

Pd-Bnm has been used to remediate a broad range of toxic contaminants, with the Pd-coating used
as an electron delivery system for reductive processes. The reactivity of Bnm is driven by Fe®* (fer-
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rous) in the chemical structure (and reactive surface) which is subsequently oxidized to ferric (Fe*')

during the reduction of contaminants. This exhausts the reduction potential of Bnm for remediation
applications. The aim behind synthesis of palladized Bnm was to generate a catalytically reactive,
inexhaustible heterostructure that could facilitate continual reactivity and reduce substrates in the
presence of external electron donors such as hydrogen and formate ions.

General application areas
Cr (VI) remediation

Reactivity of Pd-Bnm was tested against Cr(VI) in batch reactor experiments, using model chromium
(V1) solutions. Hexavalent chromium is extremely toxic with an upper permissible limit of 50 ppb
(World Health Organization) for water samples. H, or sodium formate was used as the external elec-
tron donors in these studies (Cutting et al., 2010). This study was further extended to treat field sam-
ples obtained from a site in south east Glasgow, UK, contaminated with chromite ore processing
residues (COPR) (Watts, Coker et al. 2015). It was observed that in the presence of H, as electron
donor, this system achieved a high removal of Cr(VI) (up to 700 mg / g catalyst) from model solutions
prior to catalyst deactivation due to overgrowth by the reduced Cr(lll). In addition 200 mM formate
was also used as electron donor with model Cr solution and COPR leachates (Figure 17).

M 008gL'Pd-BnM @ 0.16gL'Pd-BnM A 0.24gL" Pd-BaM + 0.32gL" Pd-BnM

] (a) H, model Cr(VI) solution . (b) formate model Cr(V1) solution
8 08 0.8
O o0s 0. u ] =
04 L 04 )
02 N oz ++ A 9 !l
00 . - 0.0+ N . .
10 ‘1'5 20 ‘25 0 5° 10 "1'5 20 25

(d) formate COPR leachate

0.6

) . 0.2

0.0
10 15 20 25 0 10 20 30 40 350 60 70 80 90 100
Time (Hours) Time (Hours)

Figure 17: c/c, of aqueous Cr(VI) over time with Pd-BnM/H, gas in a model 0.5 mM Cr(VI) solution (a)
and 0.5 mM Cr(VI) COPR leachate (c), and Pd-BnM/100 mM formate in a model Cr(VI) so-
lution (b) and COPR leachate (d). Different time scale were used for (d) (Watts et al., 2015
b)

The Cr(VI) removal rate from COPR leachate was low in Pd-Bnm-formate systems. It was difficult to
model the data using pseudo-1st order reaction rates. Figure 18 shows the rate constants for Cr(VI)

removal in the batch studies.
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Figure 18: Pseudo-1* order reaction rate constants, kops (mins™), of aqueous Cr(VI) removal with
varying electron donor and reaction solution (Watts et al., 2015).

Application of Pd-Bnm for remediating organic compounds

Palladized-Bnm has also been tested for its potential to reduce and degrade nitrobenzene (ArNO,)
and perchloroethylene (PCE). It was able to degrade nitrobenzene and this reaction was accompa-

nied by formation of aniline. Similarly, PCE was rapidly dechlorinated and ethane was released. The
details are discussed below.

Batch reactor study for nitrobenzene

The Bnm was diluted in 20 mM MOPS buffer (30 mL in a 50 mL serum bottle). It was purged with N,
gas and 150 uM nitrobenzene was added. The samples were collected and analysed by HPLC. It was
observed that at the end of reaction approximately 140 uM aniline (Figure 19) was formed but its
rate of formation was slow, suggesting formation through unknown intermediates.

—#— Nitrobenzene —m— Aniline
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Figure 19: Reactivity of Bnm towards nitrobenzene and formation of aniline

15% Pd-Bnm was also used in similar batch experiments; except that the headspace was purged with
H, and five spikes each of 1mM nitrobenzene were added. Concurrent removal of nitrobenzene and
production of aniline occurred as shown in Figure 20.
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Figure 20: Concentration of contaminant nitrobenzene and accumulation of the reduced product
aniline as a function of time in presence of Pd-Bnm for several reaction cycles. The num-
ber annotations refer to the repeated spiking of the batch experiment with 1mM nitro-
benzene.

Batch reactor studies for remediation of PCE

The reactivity of both Bnm and Pd-Bnm was investigated according to the harmonized protocol de-
scribed in IDL 4.1. A synthetic groundwater was prepared (IDL 4.1) and purged with N,, leaving a vol-
umetric ratio of 1:1 liquid and headspace (pH 6.8 during the reaction). The headspace was purged
with H,. The concentrated PCE stock with hexane as internal standard was added, to a final concen-
tration of 50 mg/L total PCE as the starting concentration.

The Bnm and Pd-Bnm were added to reaction vessels to a final concentration of 1 g/L and 0.025 g/L
(Fe) respectively. The batch reactions were mixed and left to equilibrate and headspace analysis was
done for both, PCE and intermediates, by GC-FID. It was observed that with 1 g/L Bnm the reaction
rate was very slow, however with Pd-Bnm the PCE was degraded rapidly with ethane formed as an
end product (Figure 21).
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Figure 21: PCE dechlorination kinetics of the Pd-Bnm in the presence of H,. Left: PCE concentration
for the synthetic groundwater treated with Bnm (blue circles, 1 g L Fe) and 5%-Pd-Bnm
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(0.025 g L Fe) supplied with an excess of H, gas (red squares). Right: Linear regression of
In[PCE] vs. time used to calculate kops.

Table 7:  Reaction kinetics for the dechlorination of PCE by Pd-Bnm.

K ops K pg Ang
Catalyst pdgL* ° 2
g 9 (min?) (L ges™ min™) (L ges™ min?)
Pd-BnM 7.94 x 10_4 0.265 + 0.014 0.97 334 + 18 492 + 25

5.5 Non-ZVI metals (Mg/Al particles)

Responsible partner: USTUTT

5.5.1 Physical-chemical properties of non-ZVI metals

Zero-valent iron particles have been reported to be capable of degrading a wide variety of contami-
nants, such as chlorinated hydrocarbons (Suresh, 2009). Here, the reactivity of Al and Mg towards
the model contaminant PCE has been investigated since Al and Mg offer a better stoichiometry com-
pared to iron. Accordingly, 1.34 g Fe’ would be required for the degradation of 1 g PCE to ethene but
only0.59¢g Mgoand 043¢ Al°, respectively. Commercially available microparticles have been used
for the reactivity tests. The Al particles (dso= 1.8 um) had a spherical shape (see Figure 22) and a spe-
cific surface area of 1.8 m%/g. The specific surface area of the Mg microparticles was 6.4 m*/g. Alu-
minium/magnesium metal alloy particles (Al:Mg = 1:1) having a particle size of approx. 100 um (pro-
ducers data) and a specific surface area of 0.2 m?/g have also been investigated. Physical-chemical
properties of non-ZVI metals are summarized in

Table 8.
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Figure 22: ESEM micrograph of Al particles (MPA, University of Stuttgart)
Table 8: Overview of physical-chemical properties of non-ZVI metals
Characteristics of non-ZVI metals Al Mg Al/Mg
Short description Al° microparticles | Mg® microparticles Al/Mg alloy
Mode of action Chemical reduction
Al(0) = 100% Mg(0) = 98.8% Al: 48-52%°
Chemical composition
Trace elements: Fe [ Trace elements: Fe, Al | Mg: 48-52%
Average primary particle size [um] dio = 0.8 dio = 12.8 n.d.
(SLS) dso= 1.8 dso = 28.8
d90 = 3.6 dgo = 54.7
Specific surface area [m?/g] 1.8 6.4 0.2
900-1200° n.a. =~ 900°
Density [kg/m?]
(bulk density) (bulk density)
Sedimentation rate [nm/min] n.a. n.a. n.a.
Zeta potential [mV] n.a. n.a. n.a.
pH of suspension n.a. n.a. n.a.
Reactivity data towards target PCE |See Table 13 n.a. See Table 13
Expected side-reactions Anaerobic corrosion (hydrogen evolution)
Type of stabilizers (in suspension) |n.a. n.a. n.a.

Expected products after aging

Hydroxides

® Producer’s data.
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5.5.2 Reactivity of non-ZVI metals

Reactivity towards the main target contaminant PCE was investigated in column experiments under
flow-through, and thus field similar conditions. Using Mg microparticles chloride formation was ne-
glectable. As a consequence of anaerobic corrosion a strong hydrogen formation was observed; pH
values between 11 and 12 were measured throughout the experiment. Mg is therefore not suitable
for PCE degradation.

Mg + 2 H,0 > Mg”* + 2 OH + H, Eq. 7

For pure Al a low chloride formation was found. PCE degradation could be improved using mechani-
cally activated Al particles (by ball milling them together with Al,O; prior to use, Petrovic et al., 2010)
(see Table 9). Al/Mg metal alloy particles also showed a higher PCE degradation in terms of chloride
formation compared to Al.

Table 9: Non-ZVI metals: determination of PCE degradation and anaerobic corrosion®

PCE - CI' | PCE > TCE | Mcorroded al(0)/ Moverall consumed Al(0)
[%] [%] [%]
Al 7 15 97
Mechanically activated Al particles 49 0.5 70
Al/Mg 53 0.1 n.d.

® The duration of the experiment was 41 days.

Using mechanically activated Al particles a low amount of TCE (<< 1 mg/l) was formed between days
7 and 25 of the experiment. For Al/Mg metal alloy particles only traces of TCE were found. Traces of
cis- and trans-DCE were found for both particles, but no VC. Ethene/ethane were detected as final

degradation products.

With regard to the general application areas of the investigated particles, results indicate that Mg is
not suitable for the degradation of chlorinated ethenes (PCE), chlorinated ethanes (1,2-DCA, HCA)
and perchlorate. Al showed a poor PCE degradation in column tests. The use of mechanically activat-
ed Al particles and Al/Mg particles resulted in a higher PCE degradation. However, chloride formation
was most pronounced within the first 2-3 weeks of the experiment (see Figure 23).
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Chloride

t[d]

——Al ——"Activated" Al ——Al/Mg

Figure 23: Non-ZVI metals: chloride formation

Batch tests showed that Al is not suitable for the degradation of chlorinated ethanes (1,2-DCA, HCA).
Neither for Al nor for Al/Mg a reduction in perchlorate concentration was found.

5.5.3 Influence of site conditions on particle applicability

Lab-scale tests focusing on PCE as target contaminant have been performed. Results of column tests
showed that pollutant degradation could be improved by using mechanically activated Al particles or
an Al/Mg alloy. However, taking into account the observed long-term reaction behaviour, Al-based
particles seem to be rather inappropriate for any large-scale application. In any case aerobic media
as well as strong acidic media should be avoided to prevent oxidation of the metals.

5.6 Barium Ferrate

Responsible partner: USTUTT

5.6.1 Physical-chemical properties of barium ferrate

The past decade showed a significant increase in publications about the use of ferrates(VI) for “su-
per-iron” batteries or wastewater treatment. Under acidic conditions, ferrate(Vl) has the highest
redox potential of any oxidant used in water and wastewater treatment (Jiang et al., 2002). Under
alkaline conditions, however, ferrate(VI) is a relatively mild oxidant (Ghernaout et al., 2011).

FeO,” +8H +3e > Fe’ +4H,0 E°=2.20V Eq. 8
FeO,” +4 H,0 +3 e = Fe(OH); + 5 OH E°=0.72V Eq.9

Its barium salt (BaFeQ,) offers slow-release properties and could hence be utilized to create a depot-
effect in the aquifer. Preparation of BaFeO, has been focusing on an ex-situ electrochemical synthesis
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route in which BaFeO, is obtained by subsequent precipitation of electrochemically prepared FeO,*
(Licht et al., 2004)

Fe +2 OH +2 H,0 > FeO,” + 3 H, Eq. 10

FeO,” +Ba’ - BaFeO, Eq. 11

Figure 24: BaFeO, sample

UV-Vis spectra showed the distinctive absorption maxima of FeO,> at around 500 and 800 nm (Tiwari
et al., 2011). Titrimetric chromite analysis revealed an Fe(VI) content of 40-60% depending on batch.
Qualitative characterization by X-ray diffraction (XRD) (see Figure 25) showed that main impurities

are caused by carbonate species.

— BaFeQ,

= ]— Carbonate impurities

d=3.49518
g=3,15496
d=2,88268

300 —

d=2, 16852

Lin (Counts)

2-Theta - Scale

Figure 25: XRD spectrum (MPA, University of Stuttgart) showing the BaFeO, pattern in good agree-
ment with Licht et al. (Licht et al., 2001) as well as the presence of carbonate impurities

With regard to the preparation of BaFeQ, yield has therefore still to be improved by minimizing by-
products; there is no final product available yet. In order to investigate the reactivity of the obtained
products towards toluene batch tests have been performed (see 5.6.2). Physical-chemical properties

of BaFeQ, are summarized in Table 10.
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Table 10: Overview of physical-chemical properties of barium ferrate

Characteristics of Barium Ferrate

Short description Ferrate(VI)

Mode of action Chemical oxidation

Fe(VI) = 40-60% (depending on batch)

Chemical composition _ ]
(No final product available yet.)

Average primary particle size + RDS [nm] n.a.
Specific surface area [m?/g] n.a.
Density [kg/m?] n.a.
Reactivity data towards target toluene See Table 13

) ) Decomposition of ferrate in water
Expected side-reactions )
(formation of oxygen) (Murmann et al., 1974)

Expected products after aging Ferric hydroxide

5.6.2 Reactivity of Barium Ferrate

The oxidation of BTEX contaminants by means of BaFeO, has been investigated in batch tests using
toluene as model contaminant. A decrease in toluene concentration of about 20% was found after 2
weeks reaction time (see Figure 26) (kops = 7.6 - 10 h™). Traces of benzaldehyde and benzoic acid
were detected. Under acidic conditions (pH 2) a reduction in toluene concentration of 60% was
found in the same period of time (kops = 2.8 - 10> h"). As intermediates benzaldehyde (traces) and
benzoic acid (toluene = benzoic acid: > 7%) were detected. Batch reactivity tests proved that strong
acidic conditions favour toluene degradation which is considered to be of limited practical relevance.
Moreover, pollutant degradation seems to be limited by the low concentration of FeO,> resulting
from the low solubility of BaFeOQ,. As a result current experiments are focusing on the use of BaFeO,
for stimulating the microbial degradation of 4-nitrotoluene (by providing an electron acceptor).

Toluene concentration

100 -
80 -
S
S 60 1 BpH=7
S~
Q
40 - pH 2
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Figure 26: Reactivity of BaFeO,towards toluene in batch tests (reaction time 2 weeks, ¢, = 54 mg/L,

nferrate(VI)/ntquene = 1-5/1)

5.6.3 Influence of site conditions on particle applicability

Barium ferrate is at the state of laboratory development. Preliminary results of batch reactivity tests
focusing on the potential use of BaFeQ, for the degradation of BTEX contaminants using the example
of toluene indicate that BaFeO,is not applicable for large-scale applications.
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6 Summary and Overview of Particles Abilities and their Application area

Table 11: Overview of identified application areas/potential of particles

. . Stabili- Possible
Reaction types supported by the . Recommendation for General rules for . Development
. Reaction mode . . zer spin-off ap-
particles site conditions use L. status
needed plications
5 = el g
- BN 2 £ 8
8 © 2 ] o @ = @
c |2 |8 g |g |E g 2 |z
Particle Type 2 % = © |2 “E o 218 | &
s le | & s |5 & 23 S s |8
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o |E |3 E |o |8 ° | g < e |2 =
c e |8 |5 |5 |o 8 |s |a 9 & | < g © |2 |o
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5 |8 |2 | |5 |2 2 |o |2 °o |2 |~ S |2 2 - |5 | =
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3 & £ 8 3 |% g 2 6 g /& 5 |5 5 |¥ 2| & 3 £ le &
Nano-Goethite X X | X X
Carbo-Iron X)) X | X | X | X |(X X X X X XX XX X X
Trap-Ox Fe-BEA35 X X X | X X | X X | X X X X
Trap-Ox Fe-MFI120 X X X | X X X | X | X X X X
Bionanomagnetite (Bnm) X X X X X X X
Pd-Bnm X X X X X | X X X X
Al, Mg X X (X)) X X X | X X
BaFeOQ, X X X X X | X | X X X
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Table 12: List of selected contaminants degradable (+ successfully tested, - not applicable, L likely, but not tested), adsorbed or otherwise treatable (t)

Halogenated hydrocarbons Non-halogenated hydrocarbons Others
s c —~|.& '
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Nano-Goethite - - - - L + L L L
Carbo-lron + + + + - - L L t t t L L
Trap-Ox Fe-BEA35 + +/—2 + + + L +/-3 + |_/_3 + L L - Triton-
X100
Trap-Ox Fe-MFI120 + +2 + o+ |+ - - + - + | L/- L - +
Bionanomagnetite (Bnm) + +
Pd-Bnm + 2
g 2
Al + L - - -
Al/Mg + L }
BaFeO, L + L

! Further substances are listed in the individual particle descriptions in chapters 3.1t0 3.7; ” not applicable for CCl,, > depending on molecule size
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Table 13: Reactivity data for typical target contaminants
NPs NP Contami- | Initial con- Type of pH of Contaminant degradation | Corrosion Fe’ Additional data
con- nant taminant background | back- effi-
cen- concentration | solution ground ciency
tration solu-
tion
(e L-l] [mg L-l] Kobs Ksa Kh2 €
[h™] [Lm?h?] [h™] [%]
Nano- 1 Toluene 20 F.I.S 6.5 1.9x10° 0.47 uM/day
Goethite 1 Benzoate 72 F.ILS 7.75 x 107 1.86 uM/day
Carbo-Iron® 1 PCE 50 F.l.m 7.6 7.6x10° 1.3x10° 2.1x10° 5.2
Trap-Ox with Cuz020=89 L
Fe-BEA35 50 MTBE 500 F.ls 8.2 1.3 Azeoimree= 0.025 L g_l ht
Trap-Ox 10 MTBE 100 F.ls 6.5 1.1 Ageopmree=0.11L g™ h™
Fe-MFI120
Bionanomag- 0.75 Cr 46.8 Deion. water 12 0.066 3.85x10° A=1.1x10"1L ng'l min™
netite (Bnm) +NaOH
Pd-Bnm 0.32 Cr 46.8 Deion. water 12 1.5 Non-linear at high concentration
+NaOH
Al PCE =55 mg/L F.ll =8 3.1x10° Dechlorination (41 d):
(Column) PCE = CI': 7%, PCE - TCE: 1.5%
Traces of DCE
Anaerobic corrosion (41 d):
Mcorroded AI{O)/ Moverall consumed AI(O): 97%
Al/Mg PCE =55 mg/L F.ll =8 Dechlorination (41 d):
(Column) PCE - Cl: 53%
Traces of TCE + DCE
BaFeO, Toluene 54 Deion. water =7 7.6 x 10" Ferrate(VI)/toluene = 1.5/1 (mol/mol)
(Batch)
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