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Abstrakt
Diplomová práce se zabývá sanací podzemní vody kontaminované chlorovanými etheny za využití
částic nanoželeza. V rámci diplomové práce byly provedeny tři na sebe navazující aplikace různých
typů nanoželeza na stejné lokalitě v areálu Spolchemie a.s. v Ústí nad Labem. Hlavním cílem bylo
porovnat jednotlivé aplikace a stanovit jejich účinnost. Po injektáži suspenze nanoželeza provedené
metodou direct-push, následoval monitoring hladin podzemní vody a fyzikálně-chemických
parametrů. Během monitoringu byly odebrány vzorky podzemní vody, které byly analyzovány na
obsah kontaminantů a jejich produktů rozkladu. Výsledky analýz ukázaly, že největší účinnost měla
aplikace nanoželeza typu NANOFER STAR. Vyvolala reduktivní dechloraci, která se 3 měsíce po
aplikaci nZVI projevila poklesem koncentrace TCE o 84 %, VC o 60 % a chlorovaných ethenů v
celkové sumě o 39 % a zároveň nárůstem produktů rozkladu. Injektáž stopovačů bromidu draselného a
chloridu lithného umožnila odlišit probíhající dechloraci od pouhého naředění injektovanou suspenzí.
Efektivita aplikace nanoželeza NZVI-C3 a nanoželeza NANOFER STAR s karboxymethyl celulosou
byla výrazně nižší než aplikace nanoželeza NANOFER STAR. Součástí práce je rešerše zahrnující
problematiku kontaminace chlorovanými etheny, vlastnosti, výrobu a stabilizaci nanoželeza, proces in
situ chemické redukce chlorovaných ethenů pomocí nanoželeza, přírodní poměry na lokalitě, shrnutí
předchozích prací na lokalitě a metodiku provedených prací.

Abstract
This master’s thesis is focused on remediation of groundwater polluted by chlorinated ethenes with a
use of nanoiron particles. Three injections of different types of nanoiron were carried out in the
contaminated area of Spolchemie a.s. company in Ústí nad Labem. The main aim of the thesis was to
compare effectiveness of those three applications. The remediation of groundwater was done by
direct-push injection of suspension of nanoscale zero-valent iron. After that a monitoring of
groundwater level and physicochemical parameters was performed. Samples of groundwater were
collected during the monitoring and were analysed for contaminants and products of dechlorination. It
was discovered that NANOFER STAR nanoiron had the strongest influence on reductive
dechlorination. This was reflected by concentration decrease of TCE by 84 %, VC by 60 % and total
concentration of CHC by 39 % in the period three months after the injection and the increase of
degradation products of chlorinated ethenes. Injections of conservative tracers potassium bromide and
lithium chloride served as a criterion for differentiation between the process of dechlorination and
simple dilution effect. The effectiveness of NZVI-C3 nanoiron and NANOFER STAR with CMC
nanoiron were notably lower than the bare NANOFER STAR nanoiron. In the theoretical part of the
thesis the contamination by chlorinated ethenes, properties of nanoiron, its preparation and
stabilization, in situ chemical reduction by nanoiron, natural conditions at the Spolchemie site,
previous works on the pilot test area and a methodology of works are described.
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Introduction

Nanotechnology has been a remarkably growing discipline in recent years. The modern approach to
nano-dimensions has many promising benefits through the whole variety of sectors – domestic and
industrial. Many institutions and companies are focusing on research on nanotechnology and looking
for new ideas in which this new discipline could be applied (Rajan, 2011; Crane et Scott, 2012).
Apart from in electronic, chemical, biotechnology and biomedical industries, nanomaterials are also
used in environmental engineering (Rajan, 2011). Nanotechnology has been implemented in
environment pollution problems, especially into treatment and remediation of contaminated
groundwater (Crane et Scott, 2012; Li et al., 2006).
Key properties required for the in situ remediations of polluted groundwater are high reactivity of
nanoparticle, sufficient mobility in the porous medium, sufficient reactive longevity and low toxicity.
Moreover, we must take into account the cost of manufacture and deployment of a new nanotechnique (Crane et Scott, 2012). One of the promising nanomaterials which fulfils the key properties
is nanoscale zero-valent iron (nZVI). Particles of nZVI have been investigated for detoxification
effects of several pollutants in groundwater, particularly chlorinated organic solvents, organochlorine
pesticides and polychlorinated biphenyls (Rajan, 2011).
In the Czech Republic, there have been 452 sites contaminated by chlorinated hydrocarbons (CHC), of
which only 49 sites are currently under the remediation process while 95 sites were successfully
remediated. For the treatment of CHC in the Czech Republic, several methods were applied. The most
common and successful ones were the removal of contaminated soil, venting, the pump-and-treat
method, the reductive chemical processes and the oxidative chemical processes (Sekm.cz, 2018). A
table of technologies used for CHC treatment is listed in chapter 5.
1.1

Master thesis objective

The objective of this master thesis was to introduce nZVI and its capacity for groundwater treatment
with a focus on chlorinated ethenes as an example of common industrial contaminants. The theoretical
part includes the research on the theory of nZVI and CHC and methodology on groundwater
monitoring, tracer tests, and nZVI application. Besides that, I also took samples of groundwater and
did other works in the field in order to not only gain field data but also examine and investigate the
site. However, my main aim was to examine the effect of different types of nZVI on CHC
contaminated environments and to determine the most efficient one to use on a real site. To do so,
three nZVI applications were performed, analysed and evaluated at Spolchemie a.s. site.
1.2

Task of the author in the project solution

It is necessary to remark that not every information mentioned in this thesis was carried out by the
author. All of the data and information carried out by other authors were properly cited. Work was
performed partially in the frame of the author’s internship in Aquatest a.s. company.
Tasks performed directly by the author are listed below:
❖ Theoretical part (including the theory of nZVI, the theory of chlorinated ethenes (ClE), the
process of dehalogenation, site information and previous works on the site)
❖ Assistance on groundwater sampling and monitoring, assistance during injections of nZVI,
description of methods
❖ Evaluation of obtained data from tracer tests, borehole logging, and groundwater monitoring
❖ Interpretation and comparison of gained data, conclusion and recommendation
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2

Nanotechnology and Zero-Valent Iron nanoparticles

Nanotechnology has been a remarkably growing discipline in recent years. The modern approach to
nano-dimensions has many promising benefits through the whole variety of sectors. Many institutions,
organizations, universities, companies, and laboratories are focusing on research on nanotechnology
and looking for new ideas in which it could be applied (Rajan, 2011). Simultaneously, the amount of
studies investigating environmental and consumer risk of nanomaterials is rising. In order to better
understand a nano-world, it is essential to understand the physical and chemical parameters, including
particle diameter, shape, and surface feature along with surface modifications or impurities (Soriano et
al., 2018).
In general, nanotechnology is a discipline that is based on nanoparticles with sizes ranging between 1
and 100 nm (Li et al., 2006; Rajan, 2011). The smaller the particle is, the higher the proportion of
atoms located on its surface. The tendency to absorb, interact and react with other atoms and
molecules rises with decreasing particle size in order to stabilize the charge (Crane and Scott, 2012).
Apart from in electronic, chemical, biotechnology or biomedical industries, nanomaterials are also
used in environmental engineering. Nanotechnology is implemented in environmental pollution
problems, especially in treatment and remediation of contaminated groundwater (Rajan, 2011). One of
the promising nanomaterials for groundwater remediation is nZVI.
2.1

Properties of zero-valent iron nanoparticles

A particle of nZVI exhibits the typical core-shell structure. The core is made of zero-valent or
metallic-iron while the oxide shell consists of mixed valent Fe(II) and Fe(III), which were formed due
to the oxidation of metallic-iron (Rajan, 2011). The diameter of one nZVI particle ranges between 10
and 100 nm. The size, shape and structure of each particle depend on a method that is used for the
production of nZVI (Černík, 2010).

Figure 1: Schematic diagram of a single particle of nZVI (Sun et al., 2006)

Due to size effects, nZVI shows a range of unique optical, chemical, and magnetic properties. One of
the biggest differences that differentiates it from larger colloids is its surface area (Huber, 2005). The
specific surface area plays an important role in nZVI behaviour. It has been found that nZVI has a
very large specific surface area (varying between 24,4 and 37,2 m2/g) - determined by measurements
based on the Brunauer–Emmett–Teller (also known as BET) theory (Li et al., 2006; Wang et Zhang,
1997). With a higher specific surface area, nZVI has a higher reactivity.
The reactivity of nZVI is high not only because of the surface area but also because a large amount of
energy is stored in nZVI as surface-free energy. It is believed that a great deal of catalytic activity is
10

focused at defect sites of particles and because of the curvature, nZVI has an extremely high
concentration of defect sites.
Magnetic properties affect nZVI behaviour as well. The magnetic dipole-dipole attraction causes
aggregation resulting in much larger chains and reduced reactivity and mobility of nZVI in
contaminated sites (Li et al., 2006). Thus, the application of nZVI is limited by fast agglomeration and
sedimentation (Busch, 2015).
Particles of nZVI are highly reactive with oxidizing agents. Finely divided iron particles are
pyrophoric and, in the presence of air, they ignite, as Figure 2 demonstrates.

Figure 2: Pyrophoricity test of nZVI (Krietsch et al., 2015)

2.2

Preparation of zero-valent iron nanoparticles

Preparation of iron nanoparticles has already been investigated in the 1940s and 1950s. The earliest
methods relied on dispersing the nanoparticles in mercury. For instance, the reduction of salts to create
nanoparticles was achieved in amalgamated sodium. Nowadays, the mercury-based methods have
been replaced with organic-solvent-based methods. Consequently, the reduction of salts has become a
frequent method for the preparation of iron nanoparticles in organic phases (Huber, 2005).
In principle, the synthesis of nZVI can be achieve through chemical or physical synthesis method (Li
et al. 2006).
❖ Chemical methods
Chemical synthesis methods are most commonly used, especially the reduction of iron oxides (Černík,
2010). Examples of main chemical methods are (Huber, 2005; Li et al., 2006):
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-

Reverse micelle/Microemulsion (nZVI particles are protected from oxidation by a thin layer of
gold coating)
Controlled chemical coprecipitation (the process of coprecipitation with an appropriate
precipitator is controlled by proper pH)
Pulse electrodeposition (grain size is controlled by a current with short pulse widths)
Liquid flame spray
Liquid phase reduction (strong reductant is added into metallic ion solution, so it is reduced
into nanoscale metal particles)
Gas-phase reduction (particles of goethite or hematite are heat-reduced with H2 at high
temperatures)

❖ Physical methods
Nanoparticles synthesised by physical methods usually have a variable diameter. Examples of
methods are (Huber, 2005; Li et al., 2006):
-

2.3

Inert gas condensation
Severe plastic deformation (performed at relatively low temperatures and high pressures)
High energy ball milling (using mechanical milling techniques to break coarse grains of metal
into micro- or nanoparticles)
Ultrasound shot peening (combines deliver of repeating mechanical loads at high speed in
different directions on the sample, generating grain dislocations and high ultrasound
frequencies – 20 kHz).
Stabilization of zero-valent iron nanoparticles

As already mentioned, nZVI needs to be modified in order to not only prevent aggregation and
sedimentation but also increase its stability. To do so, there are two options – physical or chemical.
2.3.1

Physical stabilization

One of the common physical stabilization methods uses carboxymethyl cellulose (CMC). CMC is a
polyelectrolyte and carries carboxylate groups along with hydroxyl groups (Dong et al., 2016). CMC
is applied in a variety of ways. It is commonly used in foods, drugs, paper, textiles, detergents, drag
reduction and flocculation (Biswal et Singh, 2004).
It was proven that CMC strongly interacts with nZVI particles and effectively stabilizes them. Thus, it
prevents agglomeration of the nanoparticles. The growth and agglomeration of nZVI are expected to
be influenced by the concentration of CMC. A bare particle of nZVI is prone to rapid aggregation and
settlement because of its small size, which accounts for higher magnetic and van der Waals attractive
forces. On the contrary, the CMC coating reduces the magnetic attractive forces due to the repulsion
effect, which slows down the deposition. Through the stabilization of nZVI by the CMC surface
coating, nZVI is more colloidally stable and its oxidation rate is reduced (Dong et al., 2016).
2.3.2

Surface modification of zero-valent iron nanoparticles

Surface modification of nanoparticles seems to be a promising solution for better mobility in porous
media. Charged polymers or surfactants are used in order to increase the surface charge and provide an
electrostatic double layer repulsion between nanoparticles to not only reduce aggregation but also
reduce attachment between nanoparticles and surfaces (Saleh et al., 2008).
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2.4

Use of zero-valent iron nanoparticles

Particles of nZVI have been investigated for the detoxification of pollutants in groundwater,
particularly chlorinated organic solvents, organochlorine pesticides, polychlorinated biphenyls,
organic dyes, various inorganic compounds and metal ions such as As(III), Pb(II), Cu(II) and Cr(VI).
For the detailed list of environmental contaminants that can be transformed by nZVI, please see Table
1 (Zhang, 2003).
Table 1: Common environmental contaminants that can be transformed by nZVI (Zhang, 2003)

Besides nZVI, Bi metallic nanoparticle (BNP) is often used. Bi metallic nanoparticle consists of a
combination of metal (e.g. elemental iron) and metal catalyst, such as gold, platinum, nickel, and
palladium. The most common BNP consists of iron in conjunction with palladium (Rajan, 2011).
Figure 3 illustrates examples of potential applications of nZVI for site remediation (Zhang, 2003).

Figure 3: A remediation technique using nZVI (Zhang, 2003)

Suspension of nZVI was first tested for treatment of contaminated water by Wang and Zhang at
Lehigh University, USA (Wang et Zhang, 1997). Since that time nZVI has been used for degradation
of several environmental pollutants (Table 1) (Crane and Scott, 2012).
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2.5

Nanoiron solution characteristics

Bellow, there is a description of nZVI solutions used during the field works in order to remediate
groundwater in Spolchemie a.s. company.
2.5.1

NANOFER STAR

NANOFER STAR is nZVI powder, produced by the company NANO IRON, s.r.o. in collaboration
with The Regional Centre of Advanced Technologies and Materials. It consists of Fe(0) surface
stabilized nanoparticles. The average particle size (in a slurry) is < 50 nm, the specific surface area of
the particles is ˃ 25 m2/g and the morphology is spherical (Nanoiron.cz, 2018).
Its main features are surface stabilization, transportability, air-stability and reactivity. Thanks to such
features, the material is easier and safer to store, transport, handle and process. Its storage time is
practically unlimited if stored in closed packaging in a cool and dry environment. It was created in
order to prepare slurries of nZVI which could be applied in groundwater remediation and other
applications. It is important to properly mix the nZVI powder with water to create a homogenous
suspension. The homogenization has an extreme influence on the reactivity of nZVI powder in water
(Nanoiron.cz, 2018).
2.5.2

NZVI C3

NZVI C3 is another type of nZVI powder produced by the company NANO IRON, s.r.o. Particles of
NZVI C3 consist of Fe(0), Fe3C and C (Figure 4). The specific surface area is approximately 28,5
m2/g (Medřík, 2015). The presence of carbon in nZVI powder enables the inhibition of the
contaminant by a process of sorption.

Figure 4: Proportional representation of components in NZVI C3 (Medřík, 2015)

2.6

Environmental effects of zero-valent iron nanoparticles and ecotoxicity

The wide application of nZVI results in its increasing release into the environment. Although nZVI
has many advantageous effects, there are potential detrimental impacts of nZVI in the environment
that should be investigated (Lei et al., 2018).
It is essential to understand the transformations of this material and investigate processes such as
aggregation, dissolution, redox reactions, interactions with macromolecules, transport and toxicity.
Some of these processes are represented in Figure 5 (Lei et al., 2018).
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Figure 5: Potential transformations of iron-based nanoparticles in the environment (Lei et al., 2018)

After the release of iron-based nanoparticles into the environment, they can undergo various reactions
with different geochemical and biological components, resulting in changing their behaviour and
potential toxicity (Lei et al., 2018).
Based on studies investigating metal nanoparticles, lower toxicity of iron nanoparticles compared to
those of other metal or metal oxide nanoparticles was often reported. Nevertheless, iron is a partially
soluble metal, and it was proven that the toxicity of these iron nanoparticles originated from the
released iron rather than the particles themselves (Lei et al., 2018).
Harmful effects of iron-based nanoparticles on various living organisms (such as bacteria, algae, fish,
earthworms, and plants) have been observed at different levels, starting from the changes of DNA or
individual cells and organs, to disease or death of entire organisms (Lei et al., 2018).
Increased mobility of nanoparticles by surface modification could result in the ability of nanoparticles
to migrate beyond the contaminated area and to seep into drinking water or discharge into surface
water during treatment. Another threat to humans resulting from the nano-diameter is ingesting and
inhaling nanoparticles or absorbing them through the skin. Consequently, nanoparticles can migrate
inside the human body and cause serious health problems (Rajan, 2011).
Overall, there is no doubt that the toxicity of iron nanoparticles depends on the physicochemical
characteristics of the environment, as well as surface coating and tolerance of organisms. Therefore,
efforts to develop nZVI that not only maintain the stability or enrich the reactivity but also improve
biocompatibility in order to diminish the toxicity are required (Lei et al., 2018).

3

Chlorinated hydrocarbons

CHC are manmade, chlorine-containing organic compounds, which have been widely used as solvents
and degreasers in various industries. They are typically produced from naturally occurring
hydrocarbon compounds (methane, ethane, and ethane) and chlorine. To do so, various processes that
substitute one or more atoms of hydrogen with chlorine atoms, or dechlorinate chlorinated compounds
to a less chlorinated are carried out (U.S. EPA, 2000-1).
Typical examples of CHC are tetrachloroethene (PCE), trichloroethene (TCE), dichloroethene (DCE),
and vinyl chloride (VC). Their molecular structure can be seen in Figure 6. Historically, dealing with
industrial waste, containing CHC, has led to contamination of soil and groundwater. The most
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prevalent of those contaminations is TCE. Consequently, its degradation products (DCE and VC) tend
to persist in the subsurface (U.S. EPA, 2000-1; Stroo et Ward, 2010).

Figure 6: Molecular structure of ClE (US EPA, 2000-1)

All CHC discussed in this thesis have a higher density than water and therefore belong to the group of
dense nonaqueous phase liquids (DNAPLs). The exception is VC which is gaseous in its pure phase
under standard conditions. Density and solubility of TCE, DCE, and VC are shown in Table 2. The
main characteristics of DNAPLs are their tendency to sink through both unsaturated as well as
saturated permeable soil until reaching the top of the confining layer (see Figure 7) (U.S. EPA, 20001).
Table 2: Chemical parameters of ClE (Stroo et Ward, 2010)
TCE

Cis-DCE

Trans-DCE

VC

Density (kg/m )

1 460

1 280

1 260

910

Water solubility (mg/L)

1 100

3 500

6 260

2 763

3

Figure 7: Demonstration of DNAPLs subsurface transport processes (U.S. EPA, 2000-1)

Considering the lack of PCE presented in the polluted site in Spolchemie a.s., only properties of TCE,
DCE and VC were described in detail.
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3.1
3.1.1

Trichloroethylene
Physicochemical properties

TCE is a stable, non-flammable, colourless with chloroform-like odour, volatile, liquid chemical with
formula C2Cl3H as diagrammed in Figure 6 (U.S. EPA, 2011; Dumas et al., 2018).
3.1.2

Use and exposure

TCE has been used since the 1920s in many countries. First, it was used in vapour degreasing, and
then a few years later, TCE was applied in dry cleaning. Recently, most of the worldwide production
(80-90 %) of TCE is used for degreasing metals. Besides that, TCE is widely used in adhesives, paint
stripping formulations, paints, lacquers, cleaners, lubricants and varnishes (U.S. EPA, 2011; Dumas et
al., 2018).
Plenty of past uses in cosmetics, such as drugs, foods, and pesticides have now been interrupted.
Furthermore, its use as an extractant for spice oleoresins, oils, and natural fats, hops, and
decaffeination of coffee have as well halted. Its use as a carrier solvent for the insecticides and
fungicides and for spotting fluids has been stopped as well (U.S. EPA, 2011).
High level of exposure to TCE has been common for professions in industrial sectors, such as
manufacturers of motor vehicle, engine parts and accessories, machinery workers, manufacturers of
electric components, computers, radios, televisions, and other communication equipment, and primary
metal workers and manufacturers of fabricated metal products, manufacturers of non-metallic mineral
products or manual cleaners for optic device production (Dumas et al., 2018).
In settings where contaminated groundwater supplies surface water, the pollution of TCE can be
released into surface water and soil by volatilization. The water solubility of TCE is low (Table 2);
however, there is still a potential to migrate through the soil into groundwater. The half-time of TCE
in the air is about 7 days (U.S. EPA, 2011).
3.1.3

Toxicity

In the atmosphere, molecules of TCE are presented mainly in a vapor phase because of its high vapor
pressure. It can also be sorbed to particulate to a lesser extent. During wet precipitation, some removal
by scavenging can be expected (U.S. EPA, 2011).
The general human population is exposed to contamination by TCE at low concentrations (ranges in
the ppb) in the air, water, and food. The use of TCE in the industry has been reduced together with its
release into the environment (Dumas et al., 2018).
TCE is considered as proven carcinogen agent to humans. It is chemical that can easily cross
biological membranes. It can penetrate human body by respiration, oral route or through the skin
(Dumas et al., 2018). The respiratory route is the most common route of exposure. The additional one
is dermal and oral intake which is insignificant in the industry (Sin et Byeon, 2012).
3.2
3.2.1

Dichloroethylene
Physicochemical properties

DCE is a colourless organic liquid that has two slightly different isomers, the cis-isomer, and the transisomer. These isomers differ in their configuration as well as physical, chemical and biological
properties. The cis-isomer consists of chlorine atoms on the same side of C=C double bond, whereas
the trans-isomer is configured with the chlorine atoms on opposite sides (see in Figure 6). The transisomer has a higher solubility in water than the cis-isomer (Table 2) (Stroo et Ward, 2010). The
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mixture of both isomers has the smallest solubility under the same conditions. Its odour can be
ethereal, slightly acrid, sweet and pleasant. Both isomers are highly flammable and its vapour can
explode when it’s heated up or exposed to an open flame. The products of combustion are hydrogen
chloride and phosgene (Devi et Mehendale, 2014; U.S. EPA, 2010; Stroo et Ward, 2010).
3.2.2

Use and exposure

Both cis- and trans-DCE has been historically used as a solvent for waxes, resins, acetylcellulose, as a
coolant in refrigeration plants, and in the extraction of rubber. In the year 2010, only trans-DCE was
commercially available in the USA. Currently, trans-DCE is common as a degreasing agent and as a
component of products used for precision cleaning of electronic components. To a lesser extent, it is
used as a blowing agent for foams (Devi et Mehendale, 2014; U.S. EPA, 2010).
The main reason of exposure to DCE occur when contaminants are released to the environment from
industry, leached from landfills or evaporated from wastewater (Devi et Mehendale, 2014). The halflives of 1,2-cis-DCE and 1,2-trans-DCE in the air were estimated to 12 and 5 days, respectively. When
chemicals are released into surface water by volatilization, the estimated half-life is between 3-6
hours. From the surface, the contaminant can continue by leaching into groundwater. Besides that,
DCE can be found in groundwater due to anaerobic degradation of TCE or PCE. Consequently,
biodegradation of 1,2-cis-DCE to chloroethane and VC and biodegradation of 1,2-trans-DCE to VC
has been reported. The degradation process of cis-isomer is easier than trans-isomer. The degradation
rates are dependent on the presence of active anaerobes and on the availability of an electron donor
(U.S. EPA, 2010).
3.2.3

Toxicity

Little evidence of potential toxicity of both cis-isomer and trans-isomer of DCE is available. Both are
toxic to humans and may penetrate human body by either oral or inhalation route. Only short-term
effects for inhaled 1,2-trans-DCE in human were described and include eye irritation, drowsiness,
nausea, vertigo, narcosis, and death. Long-term effects are not known. There are no studies on chronic
exposure in animals. One subchronic oral study with 1,2-cis-DCE was conducted. In that study,
significant increases in liver weight in male and female rats and increases in kidney weight in male
rats were noted. A similar subchronic oral toxicity study was carried out with 1,2-cis-DCE, however
no significant differences in body weight were found (Devi et Mehendale, 2014; U.S. EPA, 2010).
For the inhalation route of exposure, no sufficient studies for cis and trans forms of DCE are known.
In 2005, U.S. EPA published Guidelines for Carcinogen Risk Assessment, where DCE is mentioned
with inadequate information to assess the carcinogenic potential, which reflects the lack of scientific
researches (U.S. EPA, 2010).
3.3
3.3.1

Vinyl chloride
Physicochemical properties

Vinyl chloride, also called chloroethene, chloroethylene or monochloroethene, is a colourless gas with
a mild, sweet odour at room temperature and pressure. VC is moderately soluble in water, less soluble
than DCE but more than TCE (Table 2) (Stroo et Ward, 2010). Its empirical formula is C2H3Cl, the
structure of a molecule is shown in Figure 6 (U.S. EPA, 2000-2).
3.3.2

Use and exposure

The first usage of VC premiered in the 1920s, but it was not until 10 years later that technology
improved to polymerize VC into stable forms of PVC. VC is produced in many industrial countries,
and the production capacity of VC worldwide is about 27 million tons per year. About five percent of
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VC is used to produce chlorinated solvents – mainly 1,1,1-trichloroethane. Most of the VC (95 %) is
polymerized under special conditions to produce PVC (Kielhorn et al., 2000; Sherman, 2009).
The main sites contaminated by VC have been located near landfills and industrial waste disposal
sites. VC may be formed microbially (under anaerobic conditions) during reductive dehalogenation of
highly chlorinated chloroethylenes, such as PCE, TCE or DCE. Due to the dehalogenation chain, VC
has become a common contaminant of groundwaters. In order to reduce VC to less and nonchlorinated
ethenes, highly reducing conditions are needed and still, the reductive process happens at a slow rate.
Overall, only under specific condition will biodegration of VC occur (Kielhorn et al., 2000).
3.3.3

Toxicity

The first notice about the threat coming from using VC appeared in 1974 when Creech and Johnson
published three cases of liver angiosarcoma found with men employed in a PVC plant (US EPA,
2000-2). Because of evidence that VC was carcinogenic, drastic changes in VC production, occupation
hygiene, and PVC industry occurred (Kielhorn et al., 2000; Sherman, 2009).
Before that, workers in PVC plants who periodically cleaned a film of PVC inside walls of the reactor
suffered from a specific syndrome called “vinyl chloride disease”, with symptoms including
headaches, dizziness, lack of appetite, unclear vision, sleeplessness, breathlessness, stomachache or
weight loss (Kielhorn et al., 2000).
The toxicological assessments indicate that VC is readily and efficiently absorbed through several
routes: inhalation of polluted air (near VC and PVC plants or waste disposal sites), oral – drinking of
contaminated water or ingestion of food and products packed in PVC, and dermal by absorption
through skin from cosmetics in PVC packing (Kielhorn et al., 2000). Consequently, VC is rapidly
converted to metabolites soluble in water and excreted. There are two ways for its excretion from the
human body. The first option is excretion at low concentrations in urine. Second, unchanged VC can,
at high exposure concentrations, be eliminated in exhaled air. In general, the data show that neither
VC nor its metabolites tend to accumulate in the human body (U.S. EPA, 2000-2).
Several independent studies demonstrated a significant increased risk of liver cancer from exposure to
VC. In some studies, the possible soft brain issue and nervous system cancer were also reported. In
addition, several studies found an association between exposure to VC and hematopoietic and
lymphatic systems cancer or lung cancer. Based on sufficient evidence for carcinogenicity in human
epidemiology studies an according to Guidelines for Carcinogen Risk Assessment, VC has been
considered as a human carcinogen (U.S. EPA, 2000-2).

4

Transport processes in groundwater

Mass occurred in groundwater as solid particles, molecules, or ions undergoes several transport
processes (Domenico et Schwarz, 1998).
4.1

Advection

Advection is a process which transports mass due simply to the flow of groundwater in which the
mass is dissolved. The groundwater determines the direction and rate of transport. The Darcy law
describes the velocity of advective transport:
𝑣= −

𝐾 𝜕ℎ
𝑛𝑒 𝜕𝑙
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Where v is the linear velocity of groundwater, K is the hydraulic conductivity, ne is the effective
𝜕ℎ
porosity and
is the hydraulic gradient (Domenico et Schwarz, 1998; Suthersan et McDonough,
𝜕𝑙
1996).
4.2

Hydrodynamic dispersion

Hydrodynamic dispersion is a transport process during which the fluid is mixing. Longitudinal and
transverse hydrodynamic dispersion was distinguished. It occurs in porous medium because of two
processes – molecular diffusion and mechanical dispersion.
Molecular diffusion is a component mixing caused by random molecular movements due to the
concentration gradient (Domenico et Schwarz, 1998; Suthersan and McDonough, 1996). Molecular
diffusion represents the flux of solute from a zone of higher concentration to a zone of lower
concentration (Todd et Mays, 2005). It is described by the Fick’s law and is expressed for an aqueous
nonporous system by equation
𝐽 = −𝐷𝑑 𝑔𝑟𝑎𝑑 (𝐶)
where J is the chemical mass flux (the negative sign is indicating that the transport is in the direction
of decreasing concentration), Dd is the diffusion coefficient and C is the concentration (Domenico et
Schwarz, 1998).
Mechanical dispersion is a component mixing due to velocity variations. Hydraulic conductivity is the
most important variable in this respect. Varying velocity regime is caused by nonidealities in the
porous medium. There is a variety of scales of nonidealities ranging from microscopic and macro to
megascopic. Examples of geological features contributing to nonidealities are pore size distribution,
pore geometry and dead-end pore space for microscopic scale, stratification and permeability
characteristics for macroscopic scale and reservoir geometry for megascopic scale (Domenico et
Schwarz, 1998; Suthersan and McDonough, 1996).
4.3

Adsorption and desorption

In natural systems, a reaction between solutes and the surface of solids is very important for
controlling the chemistry of groundwater. For example, when contaminants are being transported,
some components can be retarded or practically immobilized (Domenico et Schwarz, 1998).
Sorption is the exchange of species (molecules and ions) between the solid and the liquid phase. It
includes both adsorption as well as desorption. Adsorption causes a decrease of concentration of the
solute by the attachment of species from the solute to the rock material. This process is also referred to
as causing a retardation of the transport of contaminant. The release of molecules and ions from the
rock material to the solute is called desorption (Todd et Mays, 2005).

5

Treatment technologies for chlorinated solvent contamination

The first treatment technologies applied commonly available approaches such as ex-situ removal of
contaminated soil and pumping of groundwater with decontamination at the surface. This process is
called pump-and-treat. Soon, this approach appeared to be quite difficult and expensive because of
contaminated soil removal. Therefore, physical barriers were used as containment of the contaminant
source. There was a rapid development of other ex-situ and in situ processes. A brief overview of these
technologies is shown in Table 3 (Stroo et Ward, 2010).
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Table 3: Overview of possible treatment technologies for chlorinated solvent contamination (Stroo et Ward, 2010; Soga et al.,
2004)
Conventional pump-and-treat

Flushing

In situ thermal technologies

Ex-situ air stripping

Cosolvent flushing

Hot fluid injection (air, water, steam)

Ex-situ activated carbon adsorption

Surfactant flushing

Electrical resistive heating

Ex-situ catalytic oxidation

Thermal conductive heating

Air injection

Biodegradation

In situ chemical processes

Vapor extraction

Aerobic cometabolism

Oxidative chemical processes

Bioventing

Anaerobic reductive dehalogenation

Reductive chemical processes

Air sparging

6

Chemical dehalogenation of chlorinated hydrocarbons

Remediation of groundwater polluted by ClE is one of the most complicated environmental issues.
The transformation of a contaminant into harmless compound occurs step-by-step with intermediate
products. A sequence of these steps is called reductive dehalogenation and can be express by
following scheme (Balážová et al., 2006):
PCE → TCE → DCE → VC → ethylene.
Common chemical reagents used for remediation of ClE are nZVI, sodium dithionite, carbon
polysulfide or sodium metabisulphite (Černík et al., 2010). nZVI can serve as an effective tool for
remediation of groundwater, soil, and air polluted by ClE. Particles of nZVI can reduce ClE to
harmless compounds such as water, chlorides, and hydrocarbons (Li et al., 2006).
The process of abiotic reduction of ClE is described by following equation (Černík, 2010):
𝐹𝑒 + 𝐻2 𝑂 + 𝑅𝑋 → 𝑅𝐻 + 𝐹𝑒 2+ + 𝑂𝐻 − + 𝑋 − ,

[1]

where R presents the hydrocarbon and X the halogen. The specific equation for the reduction of TCE
to ethene is following (Černík, 2010):
3 𝐹𝑒 0 + 𝐶2 𝐻𝐶𝑙3 + 3𝐻 + → 3 𝐹𝑒 2+ + 𝐶2 𝐻4 + 3 𝐶𝑙 − ,

[2]

In these equations, the elementary iron serves as a donor of electrons, which are necessary for
contaminant reduction, and oxidises into Fe2+ ions. In equation [2], to reduce TCE into ethene, 6
electrons are needed. From the thermo-dynamical point of view, the transfer of so many electrons
during one step is highly unlikely. It would be possible only if the molecule of TCE would be present
on the iron surface for enough long time (Černík, 2010).
The exact mechanism of the process of dehalogenation is not well known. Nevertheless, two ways of
reaction are supposed – hydrogenolysis and -elimination (Černík, 2010).
6.1

Hydrogenolysis

Under reductive conditions, the C-X bounds in halogen hydrocarbons are substituted one by one by CH bonds. Simultaneously, X- together with the corresponding hydrocarbon is originating. The
difficulty of this process is connected to the type of hydrocarbon – the aromatic hydrocarbons are
more difficult to hydrogenolyse than the aliphatic ones. The reaction of hydrogenolysis is affected by
presence and location of substituents (Černík, 2010).
In general, the reaction can be described as follows (Černík, 2010):
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𝑅𝑋 + 2𝑒 − + 𝐻 + → 𝑅𝐻 + 𝑋 − .

[3]

-elimination

6.2

During reductive -elimination of halogenated organic compounds, multiple bonds between atoms of
carbon occurs and simultaneously atoms of halogens are removed in the form of halogen. The atoms
of halogen must be present on both neighbouring atoms of carbon. This reaction is described by the
equation [4] as follows (Černík, 2010):
−𝐶𝐻𝑋 = 𝐶𝐻𝑋 − + 2 𝑒 − → −𝐶𝐻 ≡ 𝐶𝐻 − + 2 𝑋 − .

[4]

In our case, nZVI behaves as a reductive reagent generating electrons as well as a catalyst. The surface
area is very important parameter because it determines the activity of nZVI.
If groundwater contains dissolved oxygen, iron is oxidizing according to equation [5]:
𝐹𝑒 0 + 1⁄2 𝑂2 + 𝐻2 𝑂 → 𝐹𝑒 2+ + 2 𝑂𝐻 − .

[5]

This reaction is very fast and leads to a sharp decrease of oxygen in groundwater and so to a decrease
of oxidation-reduction potential. Iron corrodes strongly and forms iron oxide-hydroxides (FeOOH) or
ferric hydroxide Fe(OH)3. When all present oxygen was depleted, slower anaerobic corrosion
producing hydrogen occurs (Černík, 2010):
𝐹𝑒 0 + 2𝐻2 𝑂 → 𝐹𝑒 2+ + 2 𝑂𝐻 − + 𝐻2.

[6]

The production of hydrogen supports the growth of anaerobic microorganisms, who dehalogenase
TCE. Under highly reductive environment containing raw iron, an increase of the concentration of
methane (and other light gaseous hydrocarbons) is frequently registered. Because of iron corrosion,
the concentration of OH- ions rises, which results in higher pH in the environment (Černík, 2010).

7

Site information

To understand the polluted site, it is necessary to be familiar with natural, geological and
hydrogeological conditions. Information about the polluted site in Ústí nad Labem was obtained from
the final reports of Aquatest a.s. company (Kvapil et al., 2011; Kvapil et al., 2014).
The company Spolchemie a.s. was established in the provincial town of Ústí nad Labem in 1857. It
had a key influence on the Czech chemical industry as well as on the development of the city itself
(Spolchemie.cz, 2018). Spolchemie a.s. is well known for manufacturing high-quality chemicals.
Their business is based on in-company research, development, and innovations. The main interest has
been focusing on many areas (Spolchemie.cz, 2018):
❖
❖
❖
❖
❖

Special epoxy resins and systems
Commodity epoxy resins
Potassium hydroxide and inorganic derivatives
Alkyd resins
Polyesters

Consequently, long-term chemical and metallurgical production and incautious manipulation with
dangerous materials led to chemical contamination of ground in Spolchemie a.s. The pollutants were
tetrachloromethane and PCE which were used in chlorofluorocarbon production. The harmful impact
also had resins production, loose sewage system, leaking during manipulation and storage of products.
The major contaminants on the investigated pilot test area were PCE, TCE, and DCE (Kvapil et al.,
2011).
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7.1

Natural conditions

The investigated site is located in the city of Ústí nad Labem and at the altitude of 146 m a.s.l. Figure
8 shows a map of the area of Spolchemie a.s., where the yellow circle represents the pilot test area.
(Mapy.cz, 2018). There is the Klišský brook 100 m far from the site and the Bílina river 400 m far
from the site. The Bílina river can be seen in the southwest corner of Figure 8. The area consists of
industrial buildings, halls, manufactories, road networks, railway line and other buildings. The terrain
is flat, often covered by concrete or asphalt. The surroundings of the company comprise of mostly
industrial or residential buildings (Kvapil et al., 2011).

Figure 8: Map of surrounding area of Spolchemie a.s. – yellow circle represents the pilot test area (Mapy.cz, 2018)

7.2

Geological conditions

From the geological point of view, the investigated site is a part of the Bohemian Massif. It belongs to
the North Bohemian tertiary basin (more specifically Most basin), on which sediments of Bohemian
Cretaceous Basin and volcanic tertiary rocks lie on the border (Kvapil et al., 2014).
The bedrock of the site has the Tertiary and Cretaceous age. The lowest layers of bedrock extend up to
tens of meters and consist of Mesozoic Cretaceous siltstone and claystone. In a small quantity,
Tertiary Miocene tuffic clay is occurring. Its thickness is decreasing southward. It lacks in the
southern part of the site (Stejskal, drilling works 2015, oral communication).
Cretaceous layers are overlayed by Quaternary terrace made of fluvial and deluviofluvial sediments of
the Bílina River and the Klišský brook. The terrace lies 3.5 – 14.5 m under the surface and reaches an
average thickness of 6 m. The lower part of the terrace consists of gravel and gravelly sand with basalt
pebbles of the average size of 15 cm size or quartz pebbles of 10 cm. Gravely sand sometimes
contains clay. Gradually, the grain size is decreasing in upward direction, the size of grains becomes
smaller. In the depth of 10 m, the coarse-grained fraction modifies into a fine-grained fraction. The
fine-grained fraction is made up of brown and reddish sand and grey clay. Approximately 3 m under
the surface, the Quaternary terrace is overlaid by light brown loess with iron oxides (Kvapil et al.,
2014).
A layer of anthropogenic made-up ground is on the surface. It reaches thickness up to 2 m and is
composed of sandy loam with a fraction of construction waste, bricks, ash, stones and pieces of
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concrete (Kvapil et al., 2014). Overall, the geological structure of the site is very complicated and each
layer proportions and properties change within the area.
7.3

Hydrogeological conditions

The most important aquifer at the site occurs in the Quaternary terrace of the Bílina River and the
Klišský Brook. The aquifer is shallow, unconfined to semi-confined. A groundwater table was
measured between 3 and 4 m under the surface.
Hydraulic conductivity of the aquifer varies between 6.10-5 – 2.10-4 m/s which according to Jetel
(1982) fits the description of intermediate and higher values of hydraulic conductivity. Areas with
lower permeability are filled with Quaternary fluvial clay and loam and show a hydraulic conductivity
around 10-6 m/s (Kvapil et al., 2011).
The main horizontal groundwater flow is in the direction to SE and SEE to the Klišský Brook. The
groundwater in the investigated site probably flows into the Klišský Brook and the Bílina River. A
topography and geology control a gradient of the groundwater table. The groundwater flow is greatly
affected by foundations of industrial buildings, sewage system, old shafts etc. An infiltration of
precipitation on site is limited because the terrain is often covered by concrete or asphalt.
The long-term chemical, metallurgical production and careless manipulation with dangerous materials
enabled chemicals to enter ground and groundwater. The contamination has been carried by
groundwater flow into the Klišský Brook and the Bílina River (Kvapil et al., 2011).
7.4

Site and pilot test area contamination

The investigated site has been polluted by several substances, inorganic as well as organic. The main
pollutants are sodium hydroxide, sodium chloride, potassium chloride, metals, chlorinated ethenes and
their derivatives and aromatics. High concentration of sulphates, phosphates, fluorides and a chemical
oxygen demand. Variable pH increased total dissolved solids in water and increased conductivity (up
to 1 470 µS/m) are consequences of the pollution (Kvapil et al., 2012).
The major organic pollutants of the pilot test area, located in the southeastern part of Spolchemie a.s.,
have been chlorinated ethenes, especially TCE. Concentrations of DCE are also high which is
connected to degradation process of TCE. In 2013, 1,2-DCE accounted for 50 % of CHC compound,
besides that TCE and PCE also showed high concentration (Kvapil et al., 2014).

8

Previous works on the pilot test area

There were several works and applications done in the pilot test area. The summary of previous works
comes from my bachelor thesis (Vacková, 2015) and from the final report of Aquatest a.s. company
(Kvapil et al., 2015).
8.1

Drilling and boreholes

Between years 2005 and 2015 together 18 boreholes and micropumps were drilled on the site.
Micropump technology, invented by remediation experts from Photon Water Technology, is a tool for
determination of the vertical profile of contamination and other groundwater parameters. A
disadvantage of micropumps is a low yield (tens of ml) (Vacková, 2015). This technology was applied
in boreholes AW5-51 and AW5-55. The list of borehole parameters is written in Table 4.
Between years 2005 and 2011 first 4 boreholes were drilled on the pilot test area – AW5-32, AW5-33,
AW5-26, and KJ-3. During the summer of 2014 boreholes AW5-50, AW5-52, AW5-53, AW5-54,
AW5-56, AW5-57, AW5-58, and AW5-59 were drilled. In March 2015 boreholes AW5-60, AW5-61,
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AW5-62, and AW5-63 were drilled. The location of the boreholes was set up step by step according to
results and obtained measurements of groundwater flow. Samples of soil and rock were taken during
the drilling of AW5-60, AW5-61, AW5-62, and AW5-63. The depth of majority boreholes is 7 m with
a penetration (only) to the Quaternary horizon. The borehole AW5-63 was constructed for zonal
sampling at levels 6 and 7 m under the surface (named as AW5-63-6 and AW5-63-7). The depth of
KJ-3 is 15 m and penetrates the Cretaceous horizon (Kvapil et al., 2015).
In this thesis, only boreholes AW5-57, AW5-58, AW5-60, AW5-61, AW5-62, AW5-63, and KJ-3
were used during all three injections of nZVI. The layout chart of them on the investigated site
describes Figure 9.

Figure 9: Layout chart of boreholes in the pilot test area
Table 4: Borehole parameters
Borehole

Depth
(m)

Diameter
(mm)

Casing
(mm)

Well screen
(m)

Depth of sealing
(m)

Filter pack

AW5-57

7,0

63

PP 32

2-7,0

0-1,8

Sand filter 1/2 mm

AW5-58

7,0

63

PP 32

2-7,0

0-1,8

Sand filter 1/2 mm

AW5-60

7,4

63

PP 32

2-7,4

0-1,8

Sand filter 1/2 mm

AW5-61

9,0

63

PP 32

2-9,0

0-1,8

Sand filter 1/2 mm

AW5-62

7,62

63

PP 32

2-7,62

0-1,8

Sand filter 1/2 mm

AW5-63-6, AW5-63-7

7,0

63

None

None

0-1

Construction sand

KJ-3

15,0

190

HDPE 160

3-14,5

0,3

Pea gravel 4/8 mm

To drill each borehole, the borehole drilling machine HVS-144 designed by JANO company was used.
Boreholes were designed with the diameter equal to 63 mm. They were lined with polypropylene
casing with outside diameter 32 mm and inside diameter 22 mm. Individual parts of casing were
bounded by squared welds (Table 4) (Kvapil et al., 2015).
First 2 m under the surface were lined with solid casing, the rest was perforated to the bottom, without
catch basin. Boreholes were enclosed with polypropylene plugs. Filter pack consisted of sand with a
grain size between ½ mm. The layer of filter sand extended to the level of 1,8 m under the surface. At
interval 0 - 1,6 m under the surface, there is an impermeable grout seal. KJ-3 is wide-diameter
borehole lined with HDPE casing with outside diameter of 160 mm.
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8.2

Measurements in boreholes

Well-logging was used in the borehole AW5-56. The main aim was to discover dynamics of
groundwater, especially the intensity of the ambient flow of groundwater in each part of the borehole.
For that purpose, a method of dilution was used (Mareš et Valtr, 1987). The principle of this method is
very simple. A precise concentration of sodium chloride is dissolved along the whole length of the
borehole. Due to the dissolved salt, the electric conductivity of water inside the borehole rises. Based
on dilution rate of artificially increased concentration to ambient concentration measured by electric
conductivity in time, inflows and outflows of water inside/out of the well can be specified.
Results of the dilution method identified the strongest groundwater flow in the upper part of the well
(which was 3 to 4 m under the surface). The flow rate was decreasing downward. The flow in the
bottom of the well was almost imperceptible (Vacková, 2015).
Two tracer tests were performed in 2014 to verify a direction and a velocity of groundwater flow as
well as to predict the behaviour of nZVI. For the first tracer test, 3 kg of potassium bromide was used.
Samples were taken from the depth of 5 to 6 m in boreholes AW5-33, AW5-50, and AW5-51. The
mean tracer velocity was set as 0,19 m per day and the longest distance as 3 m. The mean tracer transit
time was 16 days (between AW5-32 and AW5-51). For the second tracer test, 1 kg of lithium chloride
was used. The mean tracer velocity was 0,35 m/day and the longest distance was 4 m. The mean tracer
transit time was 11 days. The results from both tracer tests were slightly different because of
complicated geological structure on the site (Vacková, 2015).
A unique method developed by Aquatest a.s. company called ECO-MIP was used to determine the
contamination distribution in the vertical direction. The method combines penetrating drilling machine
with Ecoprobe 5 device. Thanks to penetrating drilling machine, undamaged samples of soil can be
taken. Afterwards, drill cores are analysed by Ecoprobe 5 device. Contamination of soil gas inside
core samples is detected using infrared sensor and photoionization detector (Kvapil et al., 2015).
ECO-MIP method was used for contaminant analysis in AW5-58, AW5-60, AW5-61 and AW5-62
boreholes. 12 levels between 2,6 and 7 m under the surface were analysed. The most contaminated
level was determined between 5 and 7 m under the surface in the layer of fluvial sediments. Based on
this information, the injections of nZVI were designed (Vacková, 2015).
In November 2014, the first application of nZVI was provided on the site. The amount of 200 kg of 20
% nZVI was injected via direct-push method into two direct-push boreholes DP-1 and DP-2 and the
borehole AW5-32 (Figure 10). The suspension was injected in the depth interval 5 - 8 m under the
surface. The groundwater flow direction ranged between 124° and 180° on the basis of knowledge of
the broad area (Figure 10). The main aim of nZVI application was to initiate a reduction process of
ClE (Vacková, 2015).
The application of nZVI was successful. It initiated the process of dechlorination, which took 3,5
months and caused a considerable remediation of groundwater. According to the results, the
investigated area was divided into 4 parts – the area of permanent reduction (boreholes AW5-50 and
AW5-55), the area of temporary reduction (boreholes AW5-32 and AW5-33), the area with an
influence of dilution (boreholes AW5-57 and AW5-58) and the area with no signs of reduction
(boreholes AW5-51, AW5-52, AW5-53, AW5-54 and AW5-56) (Vacková, 2015).
The largest decrease (up to 90 % of contaminants) was registered in borehole AW5-50. Reductive
dechlorination was proved in boreholes AW5-32, AW5-33, AW5-52, AW5-57, and AW5-58. The
most important parameters for the evaluation of the remediation was, except for EH and concentration
of contaminants, a degree of dechlorination (described in chapter 9.4) which includes the
concentration of ClE as well as products of reduction.
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Figure 10: Pilot test area during the application in 2014

9

Methods

9.1

Methodology of groundwater monitoring

The monitoring of groundwater on the pilot test area consisted of a measurement of groundwater level,
as well as a measurement of physical and chemical parameters (pH, oxidation-reduction potential,
conductivity, temperature and chemical composition of groundwater).
9.1.1

Groundwater level

Groundwater level was measured by water level meter G30 produced by NPK Europe Mfg. s.r.o.,
Uhřínov company. Groundwater level was always measured at the beginning before we started with
pumping.
9.1.2

Physical chemical parameters

Samples of groundwater were taken by pump after the oxidation-reduction potential was stable. That
took usually about 5 to 10 minutes which is equivalent to an exchange of approximately 3 - 4,5
volumes of groundwater in the borehole.
Groundwater from boreholes AW5-57 to AW5-62 was taken by the peristaltic pump Solinst, model
610. Groundwater ran through a tube into a beaker of which ran spontaneously out. Inside the beaker
(designed as a through-flow cell), measuring probes were installed in order to measure physicalchemical parameters. EH, pH, conductivity, and temperature were measured by device WTW 3410
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Multi. Groundwater from borehole KJ-3 was taken by the centrifugal pump Gigant. The measuring
and sampling were carried out the same way as was mentioned above.
EH - a reduction potential is a physicochemical parameter which indicates the availability of free
electrons. Its values say if there are oxidation or reduction conditions in the water environment. Once
the nZVI particles are injected, reduction processes are expected. Therefore, values of E H should
decrease shortly after the injection (James et al, 2004).
The physicochemical parameter pH is determined by taking the negative logarithm of the H+
concentration. The quantity of pH is a measure of the activity of H+ in solution (Buck et al., 2003).
The higher the H+ concentration, the lower is the pH, and the higher the OH- concentration, the higher
is the pH. It defines how acidic or basic the water is. Application of nZVI particles should lead to pH
increase because of the production of OH- during the dechlorination process.
Samples of groundwater were collected, in order to analyse their chemical composition in the
laboratory of Aquatest a.s. company, which holds all necessary accreditations. Several parameters
were determined, such as the content of ClE, NH+, NO2-, SO32-, SO42-, chemical oxygen demand, total
Fe, Fe2+, free H2S and methane, ethane and ethene.
9.2

Methodology of zero-valent iron nanoparticles applications

A suspension of NANOFER STAR nZVI was injecting into subsurface on the 1st of April 2015 for 8
hours. nZVI suspension was injected into 5 direct push boreholes (DP-1 to DP-5) without equipment.
40 kg of NANOFER STAR nZVI with surface modification was used. The final concentration was 2
g/L, the volume was 20 m3 and the application pressure was set up at 5 atm. This suspension was
injected into the most contaminated depth from 5 to 7 m.
A suspension of NZVI-C3 nZVI was injecting into subsurface on the 12th of August 2015 for 5 hours.
The suspension was injected into 5 direct push boreholes (DP-1 to DP-5 - newly constructed but at the
same position as before). 20 kg of NZVI-C3 nZVI with carbon peel was used. The final concentration
was 1 g/L, the volume was 10 m3. This suspension was injected into 5, 6 and 7 m under the surface,
where the most contaminated soil was situated.
A suspension of NANOFER STAR nZVI, microiron and CMC was injected into subsurface on the
22nd of September 2016. The suspension was injected into 5 direct push boreholes (DP-1 to DP-5 newly constructed but at the same position as before). 20 kg of NANOFER STAR nZVI, 40 kg of
microiron and 20 kg of CMC was used. The final concentration was 1 g/L of NANOFER STAR nZVI,
2 g/L of microiron and 1 g/L of CMC, the volume was 20 m3. This suspension was injected into the
depth of 5, 6 and 7 m under the surface, where the most contaminated soil was situated.
9.3

Methodology of tracer tests

Together with the NANOFER STAR nZVI application on the 1st of April 2015, a tracer test was
performed. The tracer potassium bromide (KBr) was injected into 5 direct push boreholes (DP-1 to
DP-5). The amount of 3 kg of KBr was diluted in the nZVI suspension. The average concentration of
bromides in the suspension accounted for 101 mg/L. The concentration of bromides contained in
groundwater samples was determined in the laboratory of Aquatest a.s. company by liquid
chromatography according to ČSN EN ISO 10304-1.
Together with the NZVI-C3 nZVI application on the 12th of August 2015, another tracer test was
performed. The tracer lithium chloride (LiCl) was injected into 5 direct push boreholes (DP-1 to DP5). The amount of 1 kg of LiCl was diluted in the nZVI suspension in average concentration 16,4
mg/L. The concentration of lithium contained in groundwater samples was determined in the
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laboratory of Aquatest a.s. company by inductively coupled plasma atomic emission spectroscopy
according to ČSN EN ISO 11885.
The occurrence of the tracer in the nZVI suspension and its detection plays an important role. Thanks
to that, we can estimate the travel time of the injected suspension (supposing conservative behaviour)
and differentiate between the process of dechlorination from the dilution effect.
Moreover, the obtained concentration of bromides and lithium can serve as an indicator of
groundwater flow. It can tell us the theoretical amount of nZVI that should be detected in each
borehole of the pilot test area as well as an amount of ClE reduced by dilution happening in the
subsurface.
9.4

Evaluation by degree of dechlorination

The degree of dechlorination is a statistic parameter that expresses changes of contaminants as well as
products of dechlorination. The increasing trend of the degree of dechlorination indicates an ongoing
process of dechlorination. The value of the degree of dechlorination can be counted according to the
formula below:
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑑𝑒𝑐ℎ𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛 =

[𝑇𝐶𝐸]+2[𝑐𝑖𝑠−𝐷𝐶𝐸]+3[𝑉𝐶]+4[𝑒𝑡ℎ𝑒𝑛𝑒]+4[𝑒𝑡ℎ𝑎𝑛𝑒]
4×([𝑃𝐶𝐸]+[𝑇𝐶𝐸]+[𝑐𝑖𝑠−𝐷𝐶𝐸]+[𝑉𝐶]+[𝑒𝑡ℎ𝑒𝑛𝑒]+[𝑒𝑡ℎ𝑎𝑛𝑒])

× 100 %

[7]

10 Results
10.1 Groundwater level
The groundwater table was monitored in the KJ-3 borehole. In Figure 11, we can see its variability
during the time. The black vertical lines indicate days when 3 nZVI applications were done. As we can
see in the graph, significant increases of water table were registered after each application. In general,
we can say that the groundwater table varied from 137,9 m a.s.l. to 138,99 m a.s.l.
Groundwater level
KJ-3
140,0

KJ-3
01.04.2015
12.08.2015
22.09.2016

Altitude [m a.s.l.]

139,5
139,0
138,5
138,0
137,5
137,0
136,5

Days after injection
Figure 11: Overview of groundwater table in KJ-3 borehole

10.2 Tracer test – potassium bromide
The concentration of bromides was monitored in boreholes AW5-57, AW5-58, AW5-60, AW5-61,
AW5-62, AW5-63-6, AW5-63-7, and KJ-3. The injection itself lasted for 8 hours. Simultaneously
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with the injection, colour of water changed from transparent to dark black. The concentration of
bromides was registered in all boreholes.
AW5-57
AW5-60
AW5-62
AW5-63-7
Injection

Concentration of Br- [mg/L]

Tracer test - Bromides
3 000

AW5-58
AW5-61
AW5-63-6
KJ-3

2 500
2 000
1 500
1 000
500
0
-100

0

100

200

300

400

500

600

700

800

900 1 000 1 100 1 200 1 300 1 400 1 500

Hours after injection
Figure 12: Tracer test – concentration of bromides
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Figure 13: Tracer test – concentration of bromides (in more detail)

Figures 12 and 13 show the detection of the concentration of bromides in the pilot test area. In the
borehole AW5-61, the highest concentration of bromides 2 700 mg/L was detected during the first
sampling (3 hours after the beginning of the injection). Second high peak 358 mg/L was measured in
the borehole AW5-62 (3 hours after injection), which lies west of AW5-61 (Figure 9). In the borehole
AW5-58 (south of AW5-61), the peak was detected 6 hours after the beginning of the injection and
concentration reached 388 mg/L. Next higher concentrations of bromides (202 mg/L and 221 mg/L)
were detected in boreholes AW5-57 and AW5-63-7, respectively. The lower concentration of 76 mg/L
was measured in the borehole AW5-60, which lies west of the direct-push area. No concentrations of
bromides were detected in the boreholes AW6-63-6 and KJ-3 immediately after the injection.
Later after the injection, the concentration of bromides detected in each borehole changed according to
the position of the borehole and the direction of groundwater flow. In boreholes AW5-58, AW5-61,
AW5-62, and AW5-63-7, a decreasing trend was observed with short-term oscillations until the
concentration faded out in about 1 month (719 hours). The borehole AW5-57 showed some fluctuation
and the peak there was detected 26 hours after the injection time. Since that time, the concentration of
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bromides went down gradually. The borehole AW5-60 is located outside the direct-push area and
against the water flow. Concentration of bromides in this borehole was detected immediately;
however, the peak occurred later – after 26 hours after the injection time (similarly to AW5-57). The
delayed detection of bromides in KJ-3 corresponds to the travel distance of 4 m, which is the longest
from all boreholes. This rise confirmed expected direction of groundwater flow on the pilot test area.
Drawing a comparison between the zonal borehole AW5-63-6 and AW5-63-7, we can see a strong
influence of preferential pathways and geological properties. There was almost no tracer detected in
the depth of 6 m and contrarily, there was a relatively high appearance of tracer in the depth of 7 m.
Based on the concentration measured in boreholes AW5-57 and AW5-60, we can say that the injected
suspension reached the area located against the groundwater flow. It was caused by injecting the
suspension under the pressure.
In general, most of the tracer was detected during first 11 days (263 hours) after the injection. The
approximate time of occurrence in the subsurface was 1 month.
Table 5: Tracer test evaluation – potassium bromide

Distance from input to outflow point (m)

AW5-57

AW5-58

AW5-60

AW5-61

AW5-62

AW5-63-7

KJ-3

0,5

1,0

1,0

0,5

1,0

2,0

4,0

Time to leading edge - first arrival (h)

3

3

3

3

3

3

26

Time to peak tracer concentration (h)

26

6

26

3

3

3

719

Peak tracer concentration (mg/L)

218

388

118

2 700

358

221

52,7

Mean tracer velocity (cm/h)

0,2

0,4

0,4

25

50

100

0,6

Percent recovery of tracer injected (%)

2,5

2,4

1,8

1,2

1,3

1,1

0,04

Table 5 summarizes the above written description of the course of the tracer test and the main
information. Time to leading edge was  3 hours in all boreholes except AW5-63-6 and KJ-3 as
already mentioned. Time to peak tracer concentration varied for each borehole according to the pilot
test area distribution. The peak concentrations were reached in boreholes AW5-61, AW5-62, and
AW5-63-7 in 3 hours. To reach the peak concentration in boreholes AW5-58 it took 6 hours and for
the AW5-57 and AW5-60 boreholes it took 26 hours. The tracer detection in the borehole KJ-3 was
delayed and the peak tracer concentration were reached in 30 days (719 hours).
The direct-push injection caused high local velocities of groundwater that diminished with the distance
and time. Percent recovery of tracer injected varied between 0,8 – 1,8 % (except KJ-3 borehole with
0,04 %). To count the percent recovery, the discharge of groundwater in each borehole is needed.
Because of lack of these data, I worked on the assumption that if the discharge of groundwater in the
large diameter borehole KJ-3 was 500 L/day (Procházka et al., 2011) then the discharge of small
diameter boreholes with an area 25 times smaller will correspond to 20 L/day.
Nevertheless, looking at the concentration of bromides from the whole pilot test area, we can find an
incongruity between the initial theoretical concentration of bromides and measured concentrations of
groundwater samples. It is not possible to obtain higher concentrations (2 700 mg/L) of bromides from
groundwater samples than was the initial theoretical concentration (101 mg/L) of bromides in the
injected suspension.
Three possible ways how the error could occur were found. The mistake could be on side of the
Aquatest a.s. laboratory and its analyse technique; however, it is highly unlikely considering 27 times
the difference. Another possibility is an incorrect sampling of groundwater during which the
groundwater sample was contaminated. The last option is that the tracer test was not performed
correctly.
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Since raised concentrations appeared in most of the boreholes (except KJ-3 and AW5-63-6), it is
probable that the last option is the real. An incorrect mixing of suspension and the tracer might lead to
the error. In that case, the tracer might be diluted into a smaller amount of suspension than was
intended. Because of the 27 times higher concentration of bromides than was the theoretical
maximum, it was assumed that the tracer was diluted in an approximate volume of 0,75 m3 of
suspension (instead of intended 20 m3). The peak concentration of 2 700 mg/L was measured in the
borehole AW5-61 which corresponds to its location in the middle of the direct-push area (Figure 9).
Percentage of concentration of detected bromides was carried out into Table 6. The percentage was
counted for 2 700 mg/L = 100 % which represents the probable initial concentration of bromides
injected into the subsurface.
Table 6: Percentage of Br- in groundwater samples
Percentage of Br- detected (%)
Hours after
injection

Days after
injection

AW5-57

AW5-58

AW5-60

-49

-2

0,0

0,0

0,0

3

0

1,1

1,0

2,8

6

0

7,5

14,4

2,3

21

1

6,4

4,4

26

1

8,1

47

2

7,2

71

3

119

AW5-61

AW5-62

AW5-63-6

AW5-63-7

KJ-3

0,0

0,0

0,0

0,0

0,0

100,0

13,3

0,0

8,2

0,0

6,4

7,6

0,0

6,1

0,0

3,4

0,9

4,3

0,0

1,2

0,0

8,2

4,4

0,9

4,7

0,0

4,4

0,2

5,5

2,9

0,3

3,7

0,3

1,8

0,0

5,6

4,4

3,3

0,6

2,7

0,4

1,3

0,0

5

4,3

3,1

3,1

0,6

2,1

0,2

1,0

0,0

143

6

4,3

4,1

3,1

0,7

1,5

0,2

1,0

0,0

167

7

4,5

4,2

2,9

1,0

2,7

0,0

1,3

0,0

191

8

3,7

4,0

3,3

0,7

1,4

0,0

1,4

0,0

263

11

3,9

4,2

3,0

1,6

1,6

0,0

2,5

0,0

503

21

1,8

1,6

1,5

1,1

1,0

0,0

1,1

0,0

551

23

1,8

1,3

1,1

1,1

0,8

0,0

0,8

0,0

671

28

1,0

0,7

0,7

0,9

0,7

0,0

0,0

0,0

719

30

0,8

0,6

1,0

0,9

0,4

0,5

0,3

2,0

959

40

0,4

0,3

0,7

0,5

0,2

0,3

0,0

1,1

2 135

89

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

Even though the error in the amount of injected suspension throw doubt on the tracer test, the
concentration of bromides still indicates important properties of nZVI and ClE behavior (chapters
10.4.2 and 10.4.3).
One of the most important outcomes of the tracer test for evaluation the effectiveness of nZVI
applications is the time of appearance in groundwater. According to Table 6, the concentration of
bromides ≥ 1 % was detected in the subsurface for one month after the beginning of the injection. In
concentrations < 1 % also slightly later. The exception was the borehole KJ-3 with a different time of
appearance of bromides. Three months after the injection, there was no concentration of bromides
detected in the pilot test area.
The presence of bromides in groundwater samples indicated that the suspension injected into the
subsurface was present. In other words, the effect of dilution was under way. Therefore, it is hard to
say if the decrease of ClE concentration occurred due to the dilution or the dechlorination. It was
estimated that the dilution effect lasted over one month (after the injection) when the concentration of
bromides amounted to ≥ 1 %. A decrease in the concentration of ClE 1 month and later after the
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injection means that the dilution ended and the reduction of ClE was caused only by the process of
reductive dechlorination.
10.3 Tracer test – lithium chloride
The concentration of lithium was monitored in boreholes AW5-57, AW5-58, AW5-60, AW5-61,
AW5-62, AW5-63, and KJ-3. The tracer was registered in all boreholes. An insignificant
concentration of lithium was detected in KJ-3.
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Figure 14: Tracer test – concentration of lithium
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Figure 15: Tracer test – concentration of lithium (in more detail)

In contrast to the first tracer test with KBr, the highest concentration of lithium was detected in the
borehole AW5-60. The concentration of lithium in AW5-60 was higher compared to the concentration
of rest of the boreholes during the whole monitoring period. The maximum value of 26,1 mg/L of
lithium was measured during the second sampling, 5 hours after the beginning of the injection (as
show Figures 14, 15). Next highest peaks of 15,8 mg/L, 14,0 mg/L and 12,4 mg/L (also after 5 hours)
were measured in boreholes AW5-62, AW5-58 and AW5-61, respectively.
In the AW5-57, located to the north of the direct-push boreholes, against the natural groundwater flow
direction, the concentration of lithium reached 7,6 mg/L 5 hours after the time when the suspension
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was injected. In the borehole AW5-63-7 (located 2 m far from the input point), concentration of
lithium increased by 3,91 mg/L in 5 hours after the time of injection. No concentrations of lithium
were detected in the borehole AW5-63-6 immediately after the injection.
After the peak, the concentration of lithium went down. The decreasing trend was observed until the
concentration attenuated (ones and tenths of mg/L) which was about 49 days (1173 hours).
Table 7: Tracer test evaluation - lithium chloride
AW5-57

AW5-58

AW5-60

AW5-61

AW5-62

AW5-63-7

Distance from input to outflow point (m)

0,5

1,0

1,0

0,5

1,0

2,0

Time to leading edge - first arrival (h)

3

3

3

3

3

3

Time to peak tracer concentration (h)

5

5

5

5

5

5

Peak tracer concentration (mg/L)

8

14

26

12

16

4

Mean tracer velocity (cm/h)

28

33

38

24

0,8

113

Percent recovery of tracer injected (%)

0,2

0,4

1,1

0,2

0,3

0,3

Table 7 summarizes the above written description of the course of the tracer test and the main
information. Time to leading edge was  3 hours in all boreholes (except KJ-3). Time to peak tracer
concentration was 5 hours in all boreholes. The direct-push injection caused high local velocities of
groundwater that diminished with the distance and time. Percent recovery of tracer injected (counted
for the discharge of 20 L/day; Procházka et al., 2011) varied between 0,2 – 1,1 %, where the highest
percent recovery was determined in the borehole AW5-60.
Similarly to the tracer test with KBr, looking at the concentration of lithium from the whole pilot test
area, an incongruity between the initial intended concentration of lithium (16,4 mg/L) and the
maximum concentration measured in groundwater samples (26,1 mg/L) was found. As was discussed
previously, the most probable reason for the detection of increased concentration of lithium might be
an incorrect performance of the tracer test. Based on obtained data, an expected amount of suspension
injected into the subsurface was counted. Considering 26,1 mg/L as 100 % (probable initial injected
concentration), the volume of suspension should be around 6,27 m3 in contrast to the intended volume
of 10 m3. Supposing 26,1 mg/L as initial concentration, a percentage of concentration of detected
lithium was carried out in Table 8.
Table 8: Percentage of Li+ in groundwater samples
Percentage of Li+ detected (%)
Hours after
injection

Days after
injection

AW5-57

AW5-58

AW5-60

AW5-61

AW5-62

AW5-63-6

AW5-63-7

KJ-3

-27

-1

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

3

0

23,5

23,2

55,6

33,7

12,5

0,0

12,1

0,0

5

0

29,1

53,6

100,0

47,5

60,5

1,5

15,0

0,0

19

1

10,7

12,1

42,5

8,6

8,3

0,2

14,5

0,0

115

5

3,6

7,7

20,2

2,2

4,1

0,0

5,5

0,1

165

7

3,9

3,5

15,9

2,2

3,2

1,5

4,0

0,2

309

13

1,6

3,1

11,6

1,5

1,6

0,0

1,6

0,0

501

21

2,0

2,7

5,7

1,5

2,1

0,0

1,3

0,0

1 173

49

0,6

1,0

2,0

0,8

0,7

0,0

0,8

0,0

2 157

90

0,3

0,4

0,9

0,4

0,3

0,0

0,3

0,0

2 829

118

0,3

0,5

1,1

0,3

0,2

0,0

0,1

0,0
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The concentration of lithium ≥ 1 % was detected in groundwater for the time of 21 days after the
beginning of the injection. The concentration < 1 % was measured also later. The exception was the
borehole AW5-60 which showed increased concentration compared to the rest of boreholes over the
whole monitoring period. In the end of the monitoring period (4 months), there was still concentration
of lithium detected in the pilot test area.
Based on Figures 14 and 15 and Table 8, the approximate duration of the dilution effect was estimated
for the time of 21 days (after the injection) when the concentration of lithium amounted to ≥ 1 %
(except boreholes AW5-63-6 and KJ-3). In AW5-60, the process of dilution could last longer because
of long-term presence of lithium. If the concentration of ClE decrease 21 days after the injection,
another process than dilution was most likely established in the subsurface. Taking into consideration
the structure of NZVI-C3 particle with carbon peel, process of dechlorination or sorption is expected.
Comparing both tracer tests, we can see differences in the transport conditions. During the monitoring
of LiCl tracer test, the borehole AW5-60 dominated and accounted for the highest appearance of the
tracer. Unlike the previous KBr tracer test during which the borehole AW5-60 did not have such a
noticeable position. This change of behaviour could result from establishing different transport
conditions in the subsurface and from dynamic conditions of groundwater flow.
10.4 Results of the application of NANOFER STAR
10.4.1 Redox potential
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Figure 16: Effect of the application of NANOFER STAR application on EH values

Figure 16 illustrates the effect of the first application. Reduction potential dropped in boreholes AW557, AW5-58, AW5-60, AW5-61, and AW5-62 immediately after the injection. The strongest decrease
was recorded in AW5-58 (EH decreased from 110 mV to -370 mV). In boreholes AW5-63 and KJ-3,
the injection did not cause as strong reduction process as in the others. It happened probably because
of long distance between boreholes and points of injection. Nevertheless, the reduction was not
permanent. Values of EH started to increase and they rose until 30 days after injection. Approximately
after 30 days, redox conditions in groundwater remained constant.
10.4.2 Total iron
To determine the mobility and effectivity of NANOFER STAR particles, the course of total iron
concentration in the subsurface was plotted.
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Figure 17: Concentration of total Fe in the subsurface after the injection of NANOFER STAR particles

Figure 17 shows its concentration after the injection in the period of 3 months. Total iron was detected
at higher concentrations in every borehole. The highest concentration was measured in the borehole
AW5-57 where increased from 58 mg/L before the injection to 1 330 mg/L 7 days after the injection.
Next highest appearance of total iron was determined in boreholes AW5-62, AW5-61 and AW5-58
with peaks of 441 mg/L, 320 mg/L, and 171 mg/L, respectively.
Concentrations of total iron were increased even 90 days after the injection. An exception was the
borehole AW5-60, which is located on the edge and up stream of the pilot test area and the borehole
KJ-3, which is situated 4 m far from the centre of the pilot test area (Figure 9). Consequently, it was
assumed that total iron was mobile over these 90 days. It means that the migration conditions of nZVI
were very good and with a high potential.
Based on the concentration of bromides detected in the pilot test area after the injection of nZVI
suspension, it was possible to estimate the theoretical appearance of total iron in each borehole. Table
9 below depicts the percentage of total iron detected out of the expected theoretical amount for the
time of 7 and 28 days. It was not possible to determine the percentage for later time due to lack of data
or zero concentrations of bromides.
Table 9: Percentage of total iron
Days after injection

Percentage of total Fe detected (%)
AW5-57

AW5-58

AW5-60

AW5-61

AW5-62

7

54,9

7,6

2,2

57,6

30,1

28

66,1

23,8

6,8

66,6

85,4

More than 50 % appearance of total iron compared to the theoretical maximum amount was detected
in AW5-57, AW5-61 and AW5-62. The highest appearance of total iron accounted for 85,4 % and was
reached in the borehole AW5-62 28 days after the injection. On the ground of appearance of total iron,
good migration capability and reductive potential of the NANOFER STAR nZVI was assumed.
10.4.3 Contaminants
Major contaminants occurred in the pilot test area were TCE, DCE, and VC. There was an
imperceptible concentration of PCE registered, therefore it was not plotted into graphs below. To
determine the reduction of ClE, products of degradation (ethane and ethene) were investigated. In
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figures bellow, contaminants, as well as products of degradation, are plotted together. For better
understanding and comparison, the graphs were created in the same scale (max value 1 400 µmol/L).
If the process of chemical reduction was established, a significant increase of degradation products
should occur after the nZVI application.
AW5-57
1 400

Injection
1.4.2015

1 200
1 000

µmol/L

800
600
400
200
0
-2

7

28

61

89

Days after injection
VC

Σ DCE

Σ ClE

TCE

Degradation products

Figure 18: Reduction of ClE in AW5-57 after the application of NANOFER STAR

The NANOFER STAR application caused a sudden decrease of contaminant concentrations. Figure 18
represents the sharpest decrease of 98 % which was detected in the borehole AW5-57 7 days after the
nZVI application. The total concentration of ClE went down from 1 294 µmol/L to 20,5 µmol/L. This
reduction was most likely caused by the combined effect of dilution and reduction of ClE
contamination present in the groundwater. One month after the injection, the process of dilution ended
as was deduced from the tracer test. Therefore, following reduction of contamination probably came
from the dechlorination process.
For the determination of the reductive potential of applied nZVI reduction ratio 2 and 3 months after
the injection is important, which was 66 % and 54 %, respectively in case of total ClE concentrations.
nZVI application showed very high reductive efficiency on TCE, which rebounded to only 21 % 3
months after the nZVI injection compared to its pre-application concentration – 79 % reduction of
TCE was monitored in AW5-57. Its moderate increase at the end of the monitoring could signify an
inflow of new water contaminated mainly by TCE. Samples of groundwater from the time of 3 months
after the nZVI injection showed 72 % reduction of VC. Considering the highest toxicity and high
mobility of VC among ClE (U.S. EPA, 2000-2), this is a very positive result of the NANOFER STAR
application.
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Figure 19: Reduction of ClE in AW5-58 after the application of NANOFER STAR

The second sharpest decrease of total ClE 94,5 % one week after the injection was measured in the
borehole AW5-58. Figure 19 demonstrates that the total concentration of ClE contamination fell from
1 305 µmol/L to 72 µmol/L. Similarly to AW5-57, the sudden reduction in AW5-58 was caused by the
combination of dilution and reduction of ClE contamination present in the groundwater.
Based on nZVI present in the borehole (Figure 17, Table 9), it was assumed that the process of
reduction continued onwards. The reduction ratio 2 and 3 months after the injection, which was 57 %
and 48 %, respectively in case of total ClE concentrations, showed high reductive potential. nZVI
application showed very high reductive influence on TCE, which accounted only for 11 % 3 months
after the nZVI injection compared to its pre-application concentration – 89 % reduction of TCE was
monitored in AW5-58. A similar course was observed in VC concentrations – samples of groundwater
from the time of 3 months after the nZVI injection showed 57 % reduction of VC.
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Figure 20: Reduction of ClE in AW5-60 after the application of NANOFER STAR

The borehole AW5-60, depicted in Figure 20, was not influenced that much – low concentration of
nZVI were measured in the borehole. Total concentration of ClE there was reduced by 44 % in 7 days.
The dip of concentration (from 820 µmol/L to 462 µmol/L) might be caused by dilution combined by
process of reduction. The reason for the weaker impact could be the position of the borehole, which is
on the edge of injection area and partially against the groundwater flow direction (Figure 9).
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Amount ClE stabilized at lower concentration 2 and 3 months after the injection. At that time, an
ongoing process of dechlorination was estimated based on results of the tracer test. Total ClE
concentrations were reduced by 49 % and 50 %, respectively. The application showed a very strong
reductive effect on TCE, which accounted for 26 % 3 months after the nZVI injection compared to its
pre-application concentration - the reduction of TCE monitored in AW5-60 was 74 %. Moreover, the
total concentration of DCE decreased by 28 % 3 months after the time of injection. Similarly, samples
of groundwater from the time of 3 months after the nZVI injection showed 60 % reduction of VC.
These values show the reduction of main contaminants on pilot site area and therefore confirms a
long-term reductive potential of NANOFER STAR nZVI.
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Figure 21: Reduction of ClE in AW5-61 after the application of NANOFER STAR

In Figure 21, the course of ClE concentrations in the borehole AW5-61 was plotted. The total
concentration of ClE contamination decreased by 89 % one week after the injection. Its values fell
from 375 µmol/L to 42 µmol/L. The sudden strong decrease in AW5-61 was caused by the
combination of dilution and reduction of ClE contamination present in the groundwater.
The reduction ratio of total ClE concentration 2 and 3 months after the injection was 50 % and 45 %,
respectively. On the ground of detection of bromides during the tracer test, an ongoing dechlorination
of ClE was deduced. The nZVI application showed very high reductive influence on TCE. From the
long-term point of view, the concentration of TCE stayed reduced until the end of monitoring period. 3
months after the nZVI injection, the reduction of 89 % of TCE was measured in AW5-61. Besides
that, samples of groundwater from the time of 3 months after the nZVI injection showed 81 %
reduction of VC.
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Figure 22: Reduction of ClE in AW5-62 after the application of NANOFER STAR

Figure 22 represents the evolution of the ClE concentration in the borehole AW5-62. There, the
suspension of NANOFER STAR nZVI led to drop of ClE contaminants by 91 % in 7 days. Its values
fell from 422 µmol/L to 38 µmol/L. This sudden drop of contamination in AW5-62 was probably
caused by both dilution and reduction of ClE contamination. After the drop, the concentration of ClE
began to rise again. Concentrations of the total amount of ClE exceeded the pre-application values by
22 % 3 months after the injection. It originates in an increase of DCE within the monitoring period
during which the concentrations went up from 167 µmol/L (before the injection) to 411 µmol/L (in
time of 3 months after the injection). Contrarily, nZVI application showed very high reductive
influence on TCE. The concentration of TCE showed the reduction of 78 % 3 months after the
application. Besides that, samples of groundwater from the time of 3 months after the nZVI injection
showed 21 % reduction of VC.
Borehole AW5-62 is the only borehole, where the total concentration of ClE (at the end of monitoring)
exceeded the pre-application concentration even though the long-term presence of nZVI was observed.
It seems that the increase of DCE resulted from the process of TCE reduction which was established 1
month after the injection. Another reason might be an inflow of new contaminated groundwater from
boreholes north of AW5-62 (Figure 9).
Based on the concentration of bromides measured in the pilot test area, calculations of the decrease of
ClE caused by simple dilution and by reductive reactions could be estimated. Comparison between
percentage of total ClE decreased because of reductive reactions, percentage of total ClE decreased
due to process of dilution and percentage of total ClE detected in samples of groundwater was
summarized in Table 10 for each borehole and for the time of 7, 28, and 89 days after the injection.
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Table 10: Comparison between percentage of sum ClE detected in the groundwater and percentage of sum ClE decreased
because of reactions or dilution in the time 7, 28 and 89 days after the injection of NANOFER STAR nZVI
Days after injection

AW5-57

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

AW5-58

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

AW5-60

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

AW5-61

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

AW5-62

AW5-63-6

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)
Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

AW5-63-7

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

KJ-3

Percentage of ClE decrease because of
reactions (%)
Percentage of ClE decrease because of
dilution (%)
Percentage of ClE detected (%)

7

28

89

93,99

70,68

56,26

4,52

0,96

0,00

1,49

28,36

43,74

90,89

60,75

53,43

4,19

0,75

0,00

4,92

38,50

46,57

35,05

-5,33

52,22

2,94

0,65

0,00

62,01

104,68

47,78

88,08

39,36

47,49

0,96

0,90

0,00

10,96

59,75

52,51

89,04

48,07

-11,70

2,73

0,74

0,00

8,23

51,19

111,70

59,32

29,91

11,12

0,00

0,00

0,00

40,68

70,09

88,88

79,53

41,40

27,37

1,34

0,00

0,00

19,12

58,60

72,63

-78,47

-184,97

-61,25

0,00

0,00

0,00

178,47

284,97

161,25

Numbers in Table 10 characterize the percentage decrease of sum ClE caused by reductive reactions
where 100 % was the theoretical maximum amount of ClE counted from the appearance of bromides
in groundwater samples. As we can see reductive reactions prevailed sharply during the first week
after the injection and lasted over 3 months (in boreholes AW5-57, AW5-58, AW5-61, AW5-63-6,
and AW5-63-7). A drop in the percentage decrease of ClE was estimated in AW5-60 in the time of 28
days. That might represent a delay of reactions due to the position of the borehole (Figure 9).
Similarly, estimation of negative results for KJ-3 might be caused by the long distance. A negative
value of ClE percentage decrease in AW5-62 at the time of 89 days corresponds to the increase of ClE
concentration in Figure 22.
10.4.4 Ethan and ethane
It is very important to investigate products of reduction process after each nZVI application.
Therefore, concentrations of ethane and ethene were measured.
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Figure 23: Effect of the application of NANOFER STAR on ethane production
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Figure 24: Effect of the application of NANOFER STAR on ethene production

Figures 23 and 24 show a dip of ethene and ethane concentrations 7 days after the injection, which
most likely represents the dilution effect of the injected suspension. One month later, an increase of
concentration occurred. In boreholes AW5-58 and AW5-60, the increase was higher and exceeded the
pre-application concentration by 67 µmol/L and 52 µmol/L, respectively, which is indicating the
present dechlorination process. The rise in ethene and ethane concentration corresponds with
conclusions of the tracer test. However, the rise did not last for a long time. The longest rise of 61 days
of ethene was measured in the borehole AW5-60. The concentration there increased from 61 µmol/L
to 194 µmol/L.
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10.4.5 Degree of dechlorination
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Figure 25: Effect of the application of NANOFER STAR on the degree of dechlorination

Figure 25 shows an ongoing process of dechlorination in the most contaminated boreholes AW5-57,
AW5-58, and AW5-60. In borehole AW5-57, the degree of dechlorination was increasing only during
one week after the application. It went up from 48 % to 74 %. After that, the process attenuated and
the final value of the degree accounted for 51 %.
In the borehole AW5-58, the rising trend lasted up to 28 days during which went from 46 % to 66 %.
After that, the process attenuated similarly in AW5-57 and the final value of the degree accounted for
55 %.
In the borehole AW5-60, immediately after the injection, there was a drop of the degree of
dechlorination by 8 %, which could come from the dilution of groundwater by the injected suspension
of nZVI. The rising trend was delayed and started 7 days after the injection when it went up from the
low of 50 %. 2 months after the injection time, it reached the high of 67 %. After that, a decreasing
trend was observed.
Overall, the post-application values remained higher than the pre-application which reflects that the
reduction process had a long duration of 89 days. The course of the degree of dechlorination agrees
with the outcomes of the tracer test and indicates an ongoing process of dechlorination.
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10.5 Results of the application of NZVI-C3
10.5.1 Redox potential
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Figure 26: Effect of the application of NZVI-C3 nZVI on EH values

Figure 26 illustrates effects of the NZVI-C3 nZVI application on reduction potential. It decreased
significantly and immediately only in the borehole AW5-60 where values of EH decreased from 90
mV to -100 mV. In the other boreholes, values of EH mainly oscillated around the original positive
values.
10.5.2 Total iron
To determine the mobility and effectivity of NZVI-C3 particles, the course of total Fe concentration in
the subsurface was plotted. Figure 27 shows its concentration after the injection in the period of 3
months. The preapplication concentration of total iron was already increased because of residues from
the previous application.
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Figure 27: Concentration of total Fe in the subsurface after the injection of NZVI-C3 nZVI

Iron particles were detected in slightly higher concentrations in every borehole (except KJ-3) after the
injection, even though the results for boreholes AW5-60 and KJ-3 were not distinct. In AW5-60 and
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KJ-3, the concentration of total Fe alternated in tens of mg/L during the whole monitoring period
which might signify the background noise.
The highest concentrations were measured in boreholes AW5-57 and AW5-61 where climbed up from
approximately 140 mg/L before the injection to approximately 250 mg/L 49 days after the injection.
Next highest concentration of total iron was determined in boreholes AW5-58 and AW5-62 with peaks
of 205 mg/L and 214 mg/L, respectively, 21 days after the injection of nZVI suspension.
In the boreholes AW5-57, AW5-58, AW5-60, and AW5-61, concentrations of total iron were
increased even 90 days after the injection. In the borehole AW5-62 and KJ-3, the detected level of
total iron (after 90 days) decreased below the pre-application values. Consequently, it was deduced
that iron was mobile over at least 49 days and in less extent also up to 90 days after the injection.
Compared to the previous application, the concentration of total iron registered in the subsurface was
relatively small. That was probably caused by the amount of injected nZVI which was half.
Based on the concentration of lithium detected in the pilot test area after the injection of nZVI
suspension, it was possible to estimate the theoretical appearance of total iron in each borehole. Table
11 below depicts the percentage of total iron detected out of the expected theoretical amount for the
time of 7, 21, 49, and 90 days. The percentage for a later time was not possible to determine due to
lack of data or zero concentrations of bromides. The percentage was counted for total Fe concentration
corrected by a background noise because of the increased concentration before the injection.
Therefore, percentage varies greatly and can reach negative values as well as more than 100 %.
Table 11: Percentage of total iron (*counted for total Fe concentration corrected by a background noise)
Percentage of total Fe detected (%) *

Days after injection
AW5-57

AW5-58

AW5-60

AW5-61

AW5-62

7

-20,66

62,28

7,61

-15,80

8,77

21

142,85

83,01

24,78

186,81

22,74

49

573,01

130,37

24,24

392,92

0,00

90

972,07

96,74

50,82

647,43

-296,74

Table 11 shows very diverse percentage of total iron. The diversity is probably a result of the
background noise and dynamic conditions of groundwater flow affected by the injection of nZVI
suspension under the pressure. The highest appearance of total iron was measured in the borehole
AW5-57 and accounted for 972 % 90 days after the injection. High percentage 647 % of total iron (90
days after the injection) was measured in the borehole AW5-61. Considering the appearance of lithium
during the tracer test, a high percentage of total iron could be expected in the boreholeAW5-60. Yet,
the detection of total iron in AW5-60 was rather small compared to other boreholes. On the ground of
percentage of total iron, good and long-term migration capability and reductive potential of the NZVI
C3 nZVI was assumed.
10.5.3 Contaminants
Compared to the previous application, the main contaminant in the subsurface was not TCE but DCE.
Also, the total concentration of ClE decreased by 27 % after the first application. The results of the
second injection of nZVI were for an easier comparison plotted into the graphs in the same scale (max
value 1 000 µmol/L).
Figures 28-33 below demonstrate the effect of NZVI-C3 nZVI application on the concentration of ClE
in the subsurface. The injection caused a short-term decrease of ClE (mainly of DCE) in every single
borehole. Compared to the first injection in April 2015, the contaminant reduction was more moderate.
The strongest fall of DCE was observed in the most contaminated boreholes AW5-57 and AW5-58.
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Figure 28: Reduction of ClE in AW5-57 after the NZVI-C3 nZVI application

In AW5-57, the total concentration of ClE dropped by 75 % during first 7 days after the injection
(Figure 28). The ClE concentration decreased from 760 µmol/L (before the injection) to 188 µmol/L
and then rose back gradually up to 699 µmol/L 49 days after the injection. The sudden drop in AW557 was most likely caused by the combined effect of dilution and reduction of ClE contamination
present in the groundwater. Subsequently, the increase of ClE concentration observed 21 days after the
injection occurred. The effect of dilution probably was not present anymore. It seems that an inflow of
new contaminated groundwater increased the concentration of ClE. Nevertheless, it was estimated that
nZVI was present in the borehole during the monitoring period (Figure 27, Table 11) and maintained a
long-term reduction of ClE.
To determine the reductive potential of NZVI-C3 particles, the reduction ratio 3 and 4 months after the
injection is determinative. The total concentration of ClE decreased by 54 % and 44 %, respectively.
The application showed very high and long-term reductive influence on TCE, which concentration
accounted only for 29 % 4 months after the nZVI injection compared to its pre-application
concentration. In total, TCE reduction of 71 % was monitored in AW5-57. Long-term reduction of
DCE and VC was also observed. Samples of groundwater from the time of 4 months after the NZVIC3 nZVI injection showed 34 % reduction of DCE and 60 % reduction of VC.
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Figure 29: Reduction of ClE in AW5-58 after the NZVI-C3 nZVI application
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Degradation products

The strongest concentration reduction caused by the NZVI-C3 application was observed in the most
contaminated borehole AW5-58 (Figure 29). The concentrations of ClE dropped after 7 days by 85 %.
The concentration of contamination decreased from 871 µmol/L to 131 µmol/L and then rose back up
to 607 µmol/L 90 days after the injection. The decrease in total concentration of ClE was most likely
caused by both the dilution of contaminant and by the reduction of ClE. At the time of 21 days, an
increase of ClE concentration was observed. It seems that the dilution process terminated and an
inflow of new contaminated groundwater with a high concentration of TCE (which would reflect in
the increase of TCE during the monitoring period) was observed. The concentration of NZVI-C3 nZVI
was present in the borehole; however, its concentration was decreasing. Therefore, it is probable that
the reductive reactions or sorption process grew weaker and led to the increase of ClE concentration.
The final reduction in AW5-58 accounted for 36 % of ClE contamination at the end of the monitoring.
In contrast to the borehole AW5-57, a level of TCE contamination tripled within the monitoring
period. Its concentrations went up from 52 µmol/L before the injection to 164 µmol/L in time of 4
months after the injection. On the other hand, the application was successful in terms of DCE and VC
reduction. At the end of the monitoring period, the reduction accounted for 53 % and 47 %,
respectively.
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Figure 30: Reduction of ClE in AW5-60 after the NZVI-C3 nZVI application

The course of ClE concentration in the borehole AW5-60 is depicted in Figure 30. We can see that the
contamination there dropped by 46 % - from 502 µmol/L to 270 µmol/L 7 days after injection.
Nevertheless, a sudden change in the course happened when concentrations of ClE began climbing up
21 days after the pilot test. For that time, the ending of dilution was estimated. This course was
probably caused by an inflow of new contaminated groundwater containing especially TCE or by a
deposition of ClE washing out from the contaminated area. Small amount of NZVI-C3 was still
present in the subsurface. Its reductive potential and sorption capacity probably was not sufficient
which resulted in the long-term increase of contamination.
Apart from one short drop 49 days after the injection, the concentration of total ClE in AW5-60 were
increasing gradually up to 963 µmol/L and exceeded the pre-application value almost twice. The
reduction of TCE and DCE accounted for -379 % and -42 %, respectively. The concentration of VC
increased only by 1 % in the end of the monitoring.
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Figure 31: Reduction of ClE in AW5-61 after the NZVI-C3 nZVI application

AW5-62

1 000
900

Injection
12.8.2015

800
700

µmol/L

600
500
400
300
200
100
0
-29

-1

7

21

49

90

118

Days after injection
VC

Σ DCE

Σ ClE

TCE

Degradation products

Figure 32: Reduction of ClE in AW5-62 after the NZVI-C3 nZVI application

As is shown in the Figures 31 and 32, in the boreholes AW5-61 and AW5-62, which lie between
AW5-57 and AW5-58, the concentrations of ClE were oscillating. Overall, the course of
concentrations was similar in both boreholes. One week after the injection, assumed effects of dilution
and reduction of ClE became evident, since the total concentration of contaminants dropped by 48 %
in AW5-61 and by 74 % in AW5-62. After that, the course of ClE was changing frequently. The
increase in ClE after the injection was probably caused by the inflow of new contaminated
groundwater. Because of the presence of NZVI-C3 nZVI in the borehole AW5-61 and its increasing
trend over the monitoring period, concentration of total ClE remained low. It was assumed that the
effect of sorption on carbon was established.
Lack of total iron concentration was estimated for the AW5-62 borehole considering the residue of
total iron from the NANOFER STAR injection (Table 11). Yet, Figure 27 confirmed that a sufficient
concentration of total iron was present in order to achieve a long-term reduction of total ClE, similarly
to AW5-61. The final reduction in AW5-61 was 28 % and in AW5-62 was 41 %. It is important to
emphasize the decrease of each contaminant (VC, DCE and TCE) in time of 4 months after the
injection.
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Figure 33: Reduction of ClE in AW5-63-7 after the NZVI-C3 nZVI application

Data from the borehole AW5-63-7 proved that the influence of nZVI continued in the SE direction as
is shown in Figure 33. The contamination declined immediately after the injection of nZVI
suspension. The concentration of total ClE went down by 59 % - from 406 µmol/L before the injection
to 165 µmol/L in one week. The drop was caused most likely due to combined effect of the dilution
and ClE reduction. 49 days after the injection, a short-term peak of contamination was registered (659
µmol/L). The peak could happen due to local inflow of contaminated groundwater. After that, the
concentration remained low (around 220 µmol/L). The final reduction at the end of the monitoring
accounted for 48 %. The NZVI C3 nZVI application showed high reductive efficiency on DCE, which
rebounded to 52 % 4 months after the nZVI injection compared to its pre-application concentration –
48 % reduction of DCE was monitored in AW5-63-7. Similarly, the reduction of VC accounted for 58
% in the time of 4 months after the injection.
Based on the concentration of lithium measured in the pilot test area, calculations of the decrease of
ClE caused by a simple dilution and by reductive reactions could be estimated. Comparison between
percentage of total ClE decreased because of reductive reactions, percentage of total ClE decreased
due to process of dilution and percentage of total ClE detected in samples of groundwater was
summarized in Table 12 for each borehole and for the time of 7, 21, 49, 90, and 118 days after the
injection.
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Table 12: Comparison between percentage of sum ClE detected in the groundwater and percentage of sum ClE decreased
because of reactions or dilution in the time 7, 21, 49, 90, and 118 days after the injection of NANOFER STAR nZVI
Days after injection

AW5-57

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

AW5-58

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

AW5-60

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

AW5-61

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

AW5-62

AW5-63-6

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)
Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

AW5-63-7

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

KJ-3

Percentage of ClE decrease because
of reactions (%)
Percentage of ClE decrease because
of dilution (%)
Percentage of ClE detected (%)

7

21

49

90

118

71,39

22,93

6,08

53,46

44,71

3,95

1,95

0,61

0,31

0,34

24,67

75,12

93,30

46,23

54,95

81,77

46,05

55,79

28,38

29,89

3,52

2,72

1,03

0,42

0,50

14,71

51,23

43,18

71,20

69,61

30,53

-75,85

-0,32

-61,99

-117,58

15,90

5,67

1,95

0,92

1,11

53,57

170,18

98,37

161,07

216,47

46,73

-0,94

-29,72

37,32

28,35

2,18

1,49

0,77

0,42

0,34

51,09

99,44

128,95

62,26

71,30

70,86

8,11

57,77

12,00

39,75

3,22

2,07

0,65

0,31

0,19

25,93

89,82

41,58

87,70

60,05

9,68

32,08

48,04

64,70

79,50

1,53

0,04

0,00

0,00

0,00

88,79

67,88

51,96

35,30

20,50

55,47

25,60

-63,92

39,97

46,80

3,98

1,34

0,80

0,34

0,08

40,55

73,06

163,11

59,68

53,12

93,66

60,08

-3,91

38,99

90,49

0,15

0,00

0,00

0,00

0,00

6,19

39,92

103,91

61,01

9,51

Numbers in Table 12 characterize the percentage decrease of sum ClE caused by reductive reactions
where 100 % was the theoretical maximum amount of ClE counted from the appearance of lithium in
groundwater samples. As we can see reductive reactions prevailed sharply during the first week after
the injection and lasted over 4 months (in boreholes AW5-57, AW5-58, AW5-62, and AW5-63-6).
Oscillations of the percentage of ClE decrease by chemical reactions were observed in boreholes
AW5-60, AW5-61, AW5-63-7, and KJ-3. Oscillations might be caused by the decreasing reactivity
and mobility of nZVI, the position of the boreholes or dynamic conditions of groundwater flow.
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10.5.4 Ethan and ethane
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Figure 34: Effect of the application of NZVI-C3 nZVI on ethane production
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Figure 35: Effect of the application of NZVI-C3 nZVI on ethene production

Figures 34 and 35 illustrate the production of ethane and ethene by NZVI-C3 nZVI reaction with ClE.
No significant increase was monitored in their concentration. There was a dip of ethene and ethane
concentrations 7 days after the injection which most likely represents the dilution effect of 10 m3 of
injected suspension. After that the concentration changes were erratic. The course of degradation
products corresponds with the assumption that the process of sorption was established in the
subsurface. Therefore, contamination was primarily inhibited and not dechlorated.
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10.5.5 Degree of dechlorination
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Figure 36: Effect of the application of NZVI-C3 nZVI on degree of dechlorination

The parameter degree of dechlorination only confirmed the assumption already mentioned that the
process of dechlorination was not set up after this application of NZVI-C3 nZVI. Insignificant short
increases were probably caused by the effect of dilution when 10 m3 of application suspension was
injected into the subsurface and when replaced the original groundwater (Figure 36).
Results of this application show that the reduction of ClE was not accompanied by an increase of
degradation products; however, in general, the application was effective because of significant
decrease in the contamination concentration. This decrease was most likely caused predominantly by a
process of sorption of ClE on the molecules of carbon-nZVI in the subsurface.
10.6 Results of the application of NANOFER STAR with carboxymethyl cellulose
In contrast to previous applications, no tracer test was performed before the application of the
NANOFER STAR with CMC. Therefore, this application is not described in so much detail
considering the effect of dilution and the mobility of nZVI and ClE.
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10.6.1 Redox potential
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Figure 37: Effect of the application of NANOFER STAR nZVI with CMC on EH values

Figure 37 illustrates the effect of the NANOFER STAR with CMC application. Reduction potential
decreased in boreholes AW5-57, AW5-58, AW5-60, AW5-61, and AW5-62 immediately after the
injection. The largest decrease was recorded in AW5-60 (EH decreased from 110 mV to -265 mV).
Nevertheless, the reduction was not permanent. Values of EH started to increase after 13 days. They
reached the pre-application value approximately 20-27 days after the injection. In the borehole AW557, the values of EH were oscillating after the injection. The reduction process in KJ-3 was delayed
because of the distance; however, the influence of nZVI particles was noticeable over 7 days.
10.6.2 Total iron
To determine the mobility and effectivity of NANOFER STAR particles with CMC, the course of total
iron concentration in the subsurface is needed.
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Figure 38: Concentration of total Fe in the subsurface after the injection of NANOFER STAR particles with CMC

Figure 38 shows its concentration after the injection in the period of 83 days. Total iron was detected
in higher concentrations in every borehole. The highest concentration was measured in the borehole
AW5-58 where climbed up from 114 mg/L before the injection to 1 940 mg/L 1 day after the
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injection. Such a high concentration of total iron confirmed its mobility in the subsurface as well as the
presence of nZVI suspension. Based on the position of AW5-58, the prevalent southern groundwater
flow can be deduced.
Next highest concentration of iron was determined in boreholes AW5-57 and AW5-60 with peaks of
670 mg/L and 609 mg/L, respectively, 1 day after the injection of nZVI suspension. Increased
concentration of total iron was detected (between 176 and 511 mg/L) 34 days after the injection.
Consequently, it was assumed that iron was well mobile over 34 days after the injection. Onwards, the
mobility diminished gradually. An influence of the presence of CMC which decelerated the
nanoparticles might be the reason (compared to the application of bare NANOFER STAR and NZVIC3 particles).
10.6.3 Contaminants
Before the NANOFER STAR with CMC application, the main contaminant in the pilot test area was
DCE. In the borehole AW5-60, there was a significant concentration of TCE (about 207 µmol/L), little
concentration of TCE was also registered in boreholes AW5-57, AW5-58, AW5-60, and AW5-62.
Boreholes AW5-57 and AW5-58 were not the most contaminated boreholes at that time. Thanks to the
previous applications, the concentration of ClE decreased. The borehole AW5-60 became the most
contaminated one mainly because of its position and probably because of washing the contamination
out of the subsurface. The results of the third injection of nZVI were plotted into the graphs with the
same scale (max. value 800 µmol/L).
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Figure 39: Reduction of ClE in AW5-57 after the NANOFER STAR nZVI with CMC application

In AW5-57, the total concentration of ClE dropped during first 20 days after the injection by 22 %.
Combination of dilution and reduction of ClE probably led to the decrease of total contamination from
414 µmol/L (before the injection) to 322 µmol/L. Then the concentration rose to 528 µmol/L 34 days
after the injection and stayed constant. The reductive conditions in the subsurface were not strong
enough to establish a long-term reduction of main contaminants (Figure 39). Therefore, the final
reduction of ClE in AW5-57 was negative and increased by 25 % at the end of the monitoring.
The concentration of TCE was reduced by 7 % compared to the pre-application values in the time of 5
months after the application. Concentrations of DCE and VC rose by 14 % and 26 %, respectively.
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Figure 40: Reduction of ClE in AW5-58 after the NANOFER STAR nZVI with CMC application

In the borehole AW5-58, the reduction of ClE was even flatter. After the injection, a slight decrease of
total ClE (14 %) was registered. Considering the detection of maximum concentration of total iron on
site, more significant decrease of ClE concentration could be expected. One month later, the
concentration rose back to the pre-application values and remained almost without a change until the
end of the monitoring. Approximately 5 months after the injection, the total concentrations of ClE
were little higher than before the application (by 3 %). Even though the total reduction of ClE in
AW5-58 was not effective, the nZVI application had a reductive impact on concentrations of TCE
which went down by 97 % in total.
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Figure 41: Reduction of ClE in AW5-60 after the NANOFER STAR nZVI with CMC application

Figure 41 shows the ClE reduction in the most contaminated borehole at that time. The injection of the
NANOFER STAR particles with CMC immediately caused a sharp decrease of TCE concentration.
The concentration of TCE went down by 84 % from 207 µmol/L to 33 µmol/L. The concentration of
DCE, which prevailed, was slightly oscillating during the post-application monitoring. A short-term
increase of DCE 34 days after the injection could be a result of the process of degradation of
molecules of TCE to DCE. Overall, the final reduction of ClE accounted for 24 %.
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Figure 42: Reduction of ClE in AW5-62 after the NANOFER STAR nZVI with CMC application

Figure 42 represents a reduction effect of the nZVI particles in the borehole AW5-62. The injection
most likely caused the dilution of contaminant as well as reduction effect which led to a sudden
decrease of TCE as well as DCE in 20 days. The sum of ClE went down from 522 µmol/L to 271
µmol/L 20 days after the injection. After that the ClE concentration oscillated around 300 µmol/L. It
seems that the long-term decrease of ClE observed over the monitoring period was a result of the
presence of nZVI particles and their reductive potential. At the end of the monitoring (approximately 5
months after the injection), the concentration of TCE was reduced by 87 % and the concentration of
DCE and VC by 34 %.
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Figure 43: Reduction of ClE in KJ-3 after the NANOFER STAR nZVI with CMC application

In Figure 43, the course of contamination in the most distant borehole in the pilot test area is depicted.
As we can see, there was almost no amount of contamination in the borehole before the injection –
only 2 µmol/L of total ClE. In the end of the monitoring period, the total contamination accounted for
125 µmol/L. It seems that the volume of 20 m3 of the suspension injected under the pressure caused a
strong groundwater flow and carried the contamination from the most contaminated area into the area
of this borehole. This new inflow of contamination consists of 66 % of DCE and 34 % of VC.
Figures 39 to 43 represent the effect of NANOFER STAR with CMC application on the concentration
of ClE in the pilot test area. The total concentration of ClE on the pilot test area was reduced by 5 %
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(145 days after the injection). It went down from 2 410 µmol/L before the injection to 2 287 µmol/L in
time of 5 months after the injection. It is important that the contamination of TCE was successfully
reduced especially in boreholes AW5-60, AW5-62, and AW5-58.
10.6.4 Ethan and ethane
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Figure 44: Effect of the application of NANOFER STAR nZVI with CMC on ethane production
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Figure 45: Effect of the application of NANOFER STAR nZVI with CMC on ethene production

Products of dechlorination (ethane and ethene), showed in Figures 44 and 45 demonstrate an increase
of concentrations. Their concentration increased right after the injection and kept rising over 20 days
(similarly as the concentration of ClE was going down). The highest increase was observed in
boreholes AW5-58 and AW5-60. In the borehole AW5-58, the values of ethene rose up from 7 µmol/L
before the application to 35 µmol/L 20 days after the application. After that, slight long-term
attenuation was monitored. Overall, the concentration of ethene and ethane were elevated over 82
days, which was probably a result of the presence of nZVI particles in the subsurface (as shows Figure
38) and moderate but ongoing process of dechlorination.
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10.6.5 Degree of dechlorination
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Figure 46: Effect of the application of NANOFER STAR nZVI with CMC on degree of dechlorination

The parameter degree of dechlorination, showed in Figure 46, demonstrates a reduction effect of the
NANOFER STAR with CMC injection. The reduction process was confirmed in all boreholes. Even
though the concentration of ClE was reduced mainly only over first 20 days after the injection, the
values of the degree of dechlorination were greatly increased (above pre-application values) over the
time of 82 days. After 82 days, it decreased; however, a positive influence was still observed.
The sharpest increase after the injection was observed in the borehole AW5-58 where the degree of
dechlorination rose from 51 % to 60 % during first 20 days. After that, the degree decreased gradually
and leveled off around 55 %. Another significant increase (of 7 %) was monitored in AW5-60 and
AW5-62.

11 Comparison of applications
On the pilot test area in Spolchemie a.s. company in Ústí nad Labem, there were 3 injections of
different types of nZVI realized in the same spot. These applications were done the same way using
the direct-push boreholes (always located at the same position); therefore, we had the advantage to
objectively compare effects of each type of nZVI on contamination. Yet it should be stressed that the
ClE concentration and its composition differed for each of three injections.
11.1 Outcomes of tracer tests
A detailed examination of the site was necessary to understand and to evaluate each nZVI application.
Thus, tracer tests were used to examine subsurface, especially the groundwater flow direction, the
groundwater velocity and the communication between individual boreholes. Results of the tracer tests
showed that groundwater velocity reached high local velocities (units of m/hour) after the injection of
suspension under the pressure. Tracer recovery confirmed communication between all boreholes as
well as the expected direction of groundwater flow, which is towards SSE. In addition, the tracer tests
confirmed that the injected suspension influenced boreholes located against the water flow direction,
which means the area to the west, northwest, and north of the centre of the injection. Drawing a
comparison between the zonal borehole AW5-63-6 and AW5-63-7, a strong influence of preferential
pathways and geological properties can be seen. There was almost no tracer detected in the depth of 6
m and contrarily, there was a relatively high appearance of tracer in the depth of 7 m.
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One of the most important results of a tracer test is the time of tracer appearance in the subsurface.
This factor is needed to determine if the decrease of ClE concentration happened due to chemical
reductive dechlorination or due to dilution of original contamination. The concentration of tracer
detected in each borehole is at the same time an indicator of the proportion of injected suspension.
Figures 47 and 48 show this proportion in logarithmic scale.
For the NANOFER STAR nZVI application, it was estimated that the dilution effect lasted over one
month after the injection (719 hours) when the concentration of bromides amounted to ≥ 1 % (except
the borehole KJ-3 where accounted for 2 %). If the concentration of contaminants was still decreasing
1 month and later after the injection it means that the dilution terminated and only the process of
reductive dechlorination was present in the subsurface.
For the NZVI-C3 nZVI application, the approximate duration of the dilution effect was estimated for
the time of 21 days (after the injection) when the concentration of lithium amounted to ≥ 1 % (except
boreholes AW5-63-6 and KJ-3). In AW5-60, the process of dilution could last longer because of longterm presence of lithium. If the concentration of ClE decrease 21 days after the injection, another
process than dilution was most likely established in the subsurface. Taking into consideration the
structure of NZVI-C3 particle with carbon peel, process of dechlorination or sorption is expected.
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Figure 47: Proportion of injected suspension in the subsurface after the NANOFER STAR nZVI application
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Figure 48: Proportion of injected suspension in the subsurface after the NZVI-C3 nZVI application
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11.2 Area affected by injection
To see the influence of each application, it is useful to theoretically determine the volume of the
subsurface that was directly affected by injection of nZVI suspension. To do so, the application was
simplified into an idea of a single direct-push borehole and 3 m high horizon of injection profile (nZVI
suspension was injected into the interval 5-8 m under the surface). According to that, we can imagine
the affected area as cylindric, porous medium with a porosity of 25 % (see Figure 49).

Figure 49: Simplified scheme of single direct-push borehole injection

The last step was to make a calculation and determine a radius of the affected area.
𝑉 = 𝜋𝑟 2 ℎ𝑛

[8]

𝑉
,
𝜋ℎ𝑛

𝑟= √

[9]

where V presents volume, r radius and h is a high of the cylinder. Because of the porous medium, the
volume is multiplied by the porosity n.
During the first and third application, 20 m3 of the suspension was injected which corresponds to the
radius of 2,91 m. For the second application, 10 m3 of nZVI suspension was used and this amount
corresponds to 2,06 m. Considering the incongruity in the tracer test (discussed in chapter 10.2 and
10.3), the area affected by estimated volume of 0,75 m3 would account for 0,56 m. Similarly, the area
affected by estimated volume of 6,27 m3 would account for 1,63 m.
These numbers say how far theoretically reached the direct influence of each injection. We also should
take into account that these results are valid only for ideal conditions. In fact, the shape and extent of
the influenced area could change greatly, e.g. by phenomena like the groundwater flow and its
direction, preferential pathways or permeability and homogeneity of the pilot test area.
11.3 Effects on EH
The evolution of EH parameter throughout all applications is shown in Appendix No 1. According to
the decrease of EH after injection, the application of NANOFER STAR seems to be the most effective.
The reductive process was observed in 4 from 6 boreholes and had the strongest course. The effect of
this injection lasted up to 30 days after that EH remained constant. The NZVI-C3 application had
almost no influence on reduction potential. The significant decrease was registered only in the
borehole AW5-60, which is even located to the west of the injection centre. The NANOFER STAR
with CMC application caused a dip of reduction potential; however, the reduction was not as strong as
during the NANOFER STAR application. In this case, the reductive conditions lasted for 13 days.
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11.4 Effects on pH
The evolution of pH parameter throughout all applications is shown in Appendix No 2. In general,
values of pH increased after every injection which reflected the oxidation of nZVI particles. The
subsurface became more alkaline. The strongest influence on pH had the NANOFER STAR
application and NZVI-C3 application. The most significant increase occurred after the NANOFER
STAR application in AW5-58 with a change of more than 3 pH units. The weakest increase was
reported after the NANOFER STAR with CMC application. The increase in pH values usually lasted
for 7-10 days, after that, they fell back and remained constant or oscillated.
11.5 Evaluation of the contaminant reduction
The main contaminants in the pilot test area were TCE and DCE. After each application,
concentrations of ClE plummeted immediately; however, the decrease in the ClE concentration
usually was not long-term. It seems that the decrease of TCE produced particles of DCE. Therefore, in
most of the boreholes, the concentration of DCE rose gradually after the injection.
Appendix No 3 demonstrates the evolution of ClE in the borehole AW5-58 throughout all applications
since it was one of the most influenced and contaminated boreholes. After the NANOFER STAR
application, the sharpest decrease of ClE was monitored in AW5-57 and AW5-58 boreholes and lasted
for 7 days. The NVZI-C3 application caused a sharp, short-term drop of ClE in AW5-58, AW5-60,
and AW5-62 boreholes. After 7 days, values of ClE recovered quickly. The NANOFER STAR with
CMC application had the smallest impact on ClE concentrations. There was a slight fall of TCE after
the injection accompanied with a drop of DCE 20 days after the injection. In KJ-3 borehole only an
increase of ClE was monitored since the beginning of the application. That was probably caused by
displacement of contaminants from the most concentrated area.
Table 13: Efficiency of nZVI injections
nZVI application

Mean of sum ClE
(µmol/L)

Relative reduction (%)

NANOFER STAR – before injection

4 925,80

100

NANOFER STAR – 7 days after injection

830,11

83

NANOFER STAR – 89 days after injection

2 986,93

39

NZVI-C3 – before injection

3 604,75

100

NZVI-C3 – 7 days after injection

1 204,77

66

NZVI-C3 – 90 days after injection

2 681,31

26

NANOFER STAR with CMC – before injection

2 410,10

100

NANOFER STAR with CMC – 20 days after injection

1 764,61

27

NANOFER STAR with CMC – 83 days after injection

2 207,34

8

Table 13 shows the efficiency of each nZVI application on ClE reduction (counted for concentrations
of all boreholes). The concentration of 4 925,8 µmol/L of ClE, which is the sum of ClE on the pilot
test area measured before the injections started, was considered as 100 %.
We can see that the NANOFER STAR application was the most efficient because of the 39 %
decrease in total ClE concentrations. nZVI application showed very high reductive influence on TCE
(decrease of 84 %) and on VC (decrease of 60 %) on the whole pilot test area. The decrease of TCE
concentration lasted up to one month and even after its concentration remained low.
Compared with the other injections, the NZVI-C3 injection caused almost 26 % decrease of total
contaminant. The reduction of TCE turned out well significantly in the borehole AW5-57 where
reached 71 %. The concentration of DCE was oscillating during the monitoring period and its
reduction varied between 25 % to 53 % in the pilot test area (with the exception of the borehole AW561

60), 4 months after the injection. Overall, the reduction of ClE was not long-term. One week after the
injection the contamination started rising again. Also, there was no significant increase of VC
observed, as would be expected because of degradation of DCE to VC. It was probably caused by the
process of sorption. Thanks to the carbon-iron structure of nanoparticles, the contaminants were likely
inhibited by sorption on the carbon-nZVI. It is important to point out, that the process of sorption does
not serve as the final solution because of a possible process of desorption.
The NANOFER STAR with CMC caused only 8 % decrease of contaminant. Reduction of TCE and
DCE was observed in several boreholes. The application had a long-term reductive impact on TCE
concentrations in boreholes AW5-58 (reduction of 97 %), AW5-60 (reduction of 80 %), and AW5-62
(reduction of 87 %). A long-term decrease of DCE was measured only in boreholes AW5-60 and
AW5-62 (reduction of 24 % and 43 %, respectively). The concentration of VC was not affected by the
application and its values were fluctuating during the monitored period.
Measured concentrations of sum ClE and their course were for better visualization drawn into a map,
see Appendix No 4-6.
11.6 Products of decomposition
Ethane and ethene are crucial products of the process of dechlorination. The production of ethane and
ethene particles in subsurface indicates the initialisation of the chemical reduction of ClE. Appendix
No 7 demonstrates the evolution of ethane and ethene throughout all applications in borehole AW558.
After the NANOFER STAR applications, concentrations of ethane, as well as ethene, dipped
immediately after injections. The dip was probably caused by the dilution effect of the injected
suspension. 7 days after, concentrations rose back to original values. Only in the boreholes AW5-58
and AW5-60, the concentration exceeded the pre-application values. It signifies that the process of
dechlorination was established in these boreholes. Due to increasing volatility with a lower number of
chlorine ions in the ClE molecule, it is possible that the increase in ethane and ethene concentrations
was not observed because of higher volatility rate during groundwater flow and sampling.
After NZVI-3C application, there was no significant increase of decomposition products registered. It
seems that the contamination was sorbed on the carbon-nZVI and therefore did not produce products
of dechlorination.
In case of NANOFER STAR with CMC application, the nZVI injection caused a gradual rise of
ethene in every borehole, especially in the borehole AW5-58. However, the rise was rather small in
comparison to NANOFER STAR application. It hit a peak 20 days after the injection and fluctuated
after that. The reason for the lower but longer influence might be the addition of CMC which affected
transport properties of nZVI.
11.7 Degree of dechlorination evaluation
The degree of dechlorination is an important parameter to be considered in this evaluation. It is a
statistic parameter that expresses changes of contaminants as well as products of dechlorination. The
increasing trend of the degree of dechlorination indicates an ongoing process of dechlorination.
The course of the degree of dechlorination throughout all applications is shown in Appendix No 8.
The most significant increase of the degree was observed after the NANOFER STAR application.
There was a short increase of the degree of dechlorination in boreholes AW5-57 (25 %), AW5-58 (17
%), AW5-61 (9 %) and AW5-62 (10 %) during first 7 days. After one week, the degree of
dechlorination decreased slowly. In the borehole AW5-58, the rising trend lasted up to 28 days when
the degree increased to 66 % from previous 46 % before the injection. With a one-week delay, the
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borehole AW5-60 could be considered as the most successful because of 54 days of rising. Overall,
values of the degree remained above the pre-application values for two months which probably
reflects the duration of the process of dechlorination.
Contrarily, there were no signs of the ongoing process of dechlorination after the NZVI-C3
application. It seems that it was caused by the inhibition when the contaminant was sorbed on carbonnZVI particles. Therefore, no products of dechlorination emerged.
Not so strong increase of the degree of dechlorination lasting up to 20 days was shown after the
NANOFER STAR with CMC. The addition of CMC into the suspension of nZVI, which prevents iron
from oxidation, probably influenced the effectiveness of injection. Longer but less intensive course of
the degree of dechlorination was observed. Therefore, the process of dechlorination was probably
present in the subsurface but was not as striking as after the previous injection of bare NANOFER
STAR nZVI.

12 Discussion
The application of NANOFER STAR nZVI, took place on the 1st of April 2015, had the biggest
impact on the reduction of contaminants in the pilot test area. At the end of the monitoring period, the
contamination was reduced by 39 %. The nZVI application showed very high reductive influence on
TCE (decline of 84 %) and on VC (decline of 60 %) on the whole pilot test area. The concentration of
DCE contaminant was reduced minimally. After this application, reductive conditions were
established in the subsurface. There was a sharp fall of reduction-oxidation potential accompanied by
a rise of pH. Based on the tracer test, a period of 1 month was the estimated time when the
concentration of ClE was affected by the process of dilution. The process of dechlorination was
confirmed, especially in boreholes AW5-58 and AW5-60, where the increase of ethane and ethene
could be observed as well as the long-term increase of the degree of dechlorination. The concentration
of ethane and ethene decreased sooner than expected from the ClE concentration course. It was
probably caused by the higher volatility rate during groundwater flow and sampling.
The application of NZVI-C3, which took place on the 12th of August 2015, caused a moderate
decrease of ClE. Still, at the end of the monitoring period, the contamination concentration was
reduced by 26 %. While the reduction-oxidation potential only dropped in the borehole AW5-60, the
course of pH showed an upward trend in all boreholes. There was a decent decrease in ClE
concentration registered; nevertheless, it was most likely a result of sorption on carbon-nZVI and
partly of the dilution effect. There was no rise of ethane or ethene observed that would prove the
ongoing process of dechlorination. This application was effective because of assumed inhibition of
ClE by sorption; however, there is a risk of possible desorption of contamination in the future.
The application of NANOFER STAR with CMC, which took place on the 22nd of September 2016,
caused a slight decrease of ClE. At the end of the monitoring period, the contamination was reduced
only by 5 %. In all boreholes, the decrease of reduction-oxidation potential was accompanied by a rise
of pH (except the borehole KJ-3). The reduction process was observed in all boreholes except KJ-3.
Even though the reduction of ClE was under way for only first 20 days, the values of the degree of
dechlorination increased after the injection day and remained higher than the pre-application values
until the end of the monitoring. To determine the mobility and effectivity of NANOFER STAR
particles with CMC, the course of total iron concentration in subsurface was used. From its course, it
was assumed that iron was mobile over 34 days after the injection. It means that the migration of nZVI
was probably influenced by the presence of CMC which decelerated the nanoparticles and diminished
the effect of reduction. Therefore, the type of nZVI with CMC is not suitable for the subsurface of the
pilot test site.
To evaluate the efficiency of each application, different properties of used nZVI as well as the volume
of injected suspension should be considered. During the NANOFER STAR application, 40 kg of nZVI
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(without any additives) in the suspension of 20 m3 (possibly 0,75 m3) was injected. The NZVI-C3
application was based on 20 kg of nZVI with carbon peel, which was diluted in 10 m3 of suspension.
In this case, the amount of reagent was half. Moreover, the reagent consisted of iron and carbon. Thus,
the amount of iron was even smaller as well as the reactivity. The application of NANOFER STAR
with CMC was based on 20 kg of nZVI, 40 kg of microiron and 20 kg of CMC. The amount of pure
nZVI was smaller than during the previous NANOFER STAR application and besides, the addition of
CMC could result in decreased reactivity of reagent in order to improve the transport conditions.

13 Conclusion and recommendations
❖ The tracer test and its interpretation turned out to be essential to distinguish the dilution of
contaminated groundwater by injected suspension from the process of dechlorination (or
alternatively the process of sorption).
❖ The degree of dechlorination (which expresses changes of contaminants as well as products of
dechlorination) turned out to be a useful parameter for evaluation of the process of dechlorination.
❖ A detailed geological survey of the pilot test area is needed in order to achieve a successful
remediation application. For a detailed knowledge of the subsurface, micropump technology and
ECO-MIP technology were used.
❖ The micropump technology was verified which resulted in its further development and
application.
❖ The advantage of the direct-push method was used when the nZVI suspension was injected into
the most contaminated layer.
❖ The NANOFER STAR nZVI application which caused the temporary reduction of 39 %, was
considered as the most efficient. It proofed the applicability of NANOFER STAR nZVI for
remediation of ClE.
❖ The NZVI-C3 nZVI showed its ability for ClE dechlorination, especially by sorption on carbon.
The process of sorption increases the applicability of this method in sites contaminated by
pollutants that need more complex method of remediation such as heavy metals.
❖ The addition of CMC into the suspension of nZVI lead to improvement of mobility of nZVI
particles but also deterioration of reductive potential of nZVI. Therefore, CMC cannot be
recommended as a convenient and economical stabilizer especially in case of expensive nZVI.
In case of following works on the pilot test area following recommendations were listed:
❖ Use NANOFER STAR nZVI for next in situ applications
❖ Extend the pilot test area to the north to cover the inflow area from where flows the contamination
❖ Extend the pilot test area by at least 1 more borehole between AW5-58 and KJ-3 for better
understanding of directions and mechanisms happening in the subsurface
❖ Cover bigger area of contamination in general
❖ Verify the higher reactivity of nZVI by direct electric current
❖ Continue with monitoring of the pilot test area
❖ Set up more frequent monitoring plan during the first week after the nZVI injection
❖ Provide new tracer test before each nZVI application
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