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ABSTRACT 
Due to its chemical characteristics the groundwater pollutant perchloroethene (PCE) 
can persist for decades when no proper remediation actions are taken. PCE can 
mainly be found in urban, build-on areas. This calls for innovative in-situ remediation 
technologies, like the application of zero-valent iron (ZVI) or dehalorespiring bacteria 
within the underground. ZVI reduces PCE to ethene, ehtyne and ethane but it also 
anaerobically reacts with water leading to particle consumption and H2 production. 
The strictly anaerobic Dehalococcoides spp. completely dechlorinate PCE to ethene. 
For this process suitable electron donors, such as H2, are needed. A lack thereof can 
lead to no or an incomplete dechlorination, resulting in an accumulation of hazardous 
metabolites. By combining the abiotic and biotic processes, ZVI can function as a H2 
source, increasing controllability and stability of the microbial dechlorination. 
Simultaneously, lower amounts of ZVI particles are needed reducing remediation 
costs drastically. 

This dissertation investigated the influence of ZVI particles on dehalorespiring 
cultures in laboratory and lysimeter experiments: 

Within study 1 microcosms experiments investigating the influence of different ZVI 
particles on two commercially available dechlorinating bacterial cultures were 
conducted. To do so nano-sized (nZVI) and micro-sized (mZVI) particles, with 
different reactivity and H2 formation behaviors, were used. Bacterial cultures with 
different patterns resulting in different end products (ethene and cis-DCE 
respectively) were investigated. Furthermore, changes in methane production and 
PLFA-composition of the bacterial cultures were examined. The following findings 
were obtained: 

• nZVI inhibits and mZVI stimulates anaerobic bacterial PCE dechlorination 

• mZVI can start ethene production in an otherwise incomplete degrading 
culture 

• H2 produced by ZVI can be used by PCE degrading and methanogenic 
bacteria 

• Slow H2 formation at low levels by mZVI favors the dechlorinating metabolism 

A lysimeter experiment with nZVI and the completely dechlorinating bacterial culture 
(both from study 1) was set-up during study 2. Under field-like, but still very 
controllable conditions an artificial aquifer was built and the influence of nZVI on the 
biotic dechlorination was observed for over 350 days. Additionally, the impact of the 
absence of an added electron source (molasses) was tested. The key-findings were: 

• nZVI increased microbial PCE reduction and ethene formation 

• nZVI reduced accumulation of hazardous metabolites by bacterial degradation 

• Beneficial effects were pronounced in absence of an additional electron donor 

• H2 from anaerobic corrosion of nZVI was consumed by the bacteria present 

The different results of the microcosm and lysimeter experiments with nZVI may be 

due to different spatial distances between the bacteria and the particles. While they 

exist in proximity within microcosm, the bacteria can establish themselves in 

lysimeters at a distance from the particles, avoid disruptive particle agglomeration on 

bacterial cells, while still benefiting from the H2 produced.  



 

ZUSAMMENFASSUNG 
Aufgrund seiner chemischen Eigenschaften kann der gesundheitsschädliche 
Grundwasserschadstoff Perchloroethen (PCE) über mehrere Jahrzente bestehen, 
wenn keine geeigneten Sanierungsmaßnahmen durchgeführt werden. PCE kann 
hauptsächlich in städtischen, bebauten Gebieten gefunden werden. Daher müssen 
innovative in-situ Sanierungstechnologien, wie der Einsatz von nullwertigem Eisen 
(ZVI) oder dehalorespirierenden Bakterien im Untergrund, eingesetzt werden. 

ZVI reduziert PCE zu Ethen, Ethin und Ethan. Jedoch korrodiert ZVI auch bei 
Kontakt mit Wasser unter anaeroben Bedingungen und es ensteht H2 . Die strikt 
anaeroben Dehalococcoides spp. können PCE vollständig zu Ethen abbauen. Dafür 
benötigen sie Elektronendonoren (z.B.: H2). Ein Mangel an H2 kann zu keiner oder 
nur unvollständigen PCE-Dechlorierung führen und in Folge zu einer Akkumulierung 
von unerwünschten Metaboliten. 

Durch die Kombination von abiotischer und biotischer PCE-Dechlorierung kann ZVI 
als H2-Quelle dienen. Dadurch kann die Kontrollierbarkeit des mikrobiellen Abbaus 
erhöhrt werden. Gleichzeit können erheblich geringere Mengen an ZVI eingesetzt 
werden, wodurch eine drastische Reduktion der Sanierungkosten erzielt wird. 

Diese Dissertation beschäftigte sich mit dem Einfluss von ZVI Partikeln auf 
dehalorespirierende Kulturen in Labor- und Lysimeterversuchen: 

Im Rahmen der Studie 1 wurde in Mikrokosmosversuchen der Einfluss 
unterschiedlicher ZVI Partiklen auf zwei PCE dechlorierende Baktierenkulturen 
untersucht. Dazu wurden Nano- und Mikropartikeln, mit unterschiedlicher Reaktivität 
und H2 Bildungseigenschaften, verwendet. Die ausgewählten Bakterienkulturen 
produzierten unterschiedliche Endprodukte. Zusätzlich wurden Unterschiede in der 
Methanproduktion und die PLFA-Zusammensetzung der Kulturen analysiert. 
Folgende Ergebnisse konnten gezeigt werden: 

• nZVI inhibierte und mZVI stimulierte die bakterielle PCE-Dechlorierung 

• mZVI induzierte die Ethenbildung in einer sonst unvollständig abbauenden 
Kultur 

• ZVI produziertes H2 konnte von PCE dechlorierenden und methanogenen 
Baktieren verwertet werden 

• Die langsame H2 Enstehung bei geringen Konzentrationen durch mZVI 
begünstigte den dehalorespirierenden Metabolismus 

Während der Studie 2 wurde ein Lysimterversuch mit nZVI und der vollständig 
dechlorierenden Bakterienkultur durchgeführt. Unter feldnahen, jedoch 
kontrollierbaren Bedingungen wurde ein künstlicher Aquifer hergestellt und für über 
350 Tage beobachtet. Zusätzlich wurde der Einfluss von der Abwesenheit einer 
zusätzlichen Elektronenquelle (Molasse) getestet. Folgende zentrale Ergebnisse 
konnten erzielt werden: 

• nZVI erhöhte die baktierielle PCE Reduktion und Entstehung von 
dechlorierten Endprodukten 

• nZVI reduzierte die Akkumulierung von gesundheitsschädlichen Metaboliten 
durch die bakterielle Dechlorierung 

• Nach Beendigung der Zufuhr von Melasse waren die positiven Auswirkungen 
besonders ausgeprägt 

• H2, produziert durch die anaerobe Korrosion von nZVI, konnte von der 
mikrobiellen Gesellschaft verwertet werden 



 

Die unterschiedlichen Ergebnisse der Mikrokosmen- und Lysimterversuche mit nZVI 
sind vermutlich auf die unterschiedlichen räumlichen Distanzen zurückzuführen. 
Während in den Mikrokosmen die Partikeln und Bakterien in unmittelbarer Nähe 
voneinander existieren müssen, konnten sich die Bakterien ohne physischen Kontakt 
zu den Partikeln im Lysimter etablieren. Dadurch wurde zellzerstörende 
Agglomeration der Partikeln an den Baktierenmembranen verhindert, während die 
dechlorierenden Baktieren dennoch vom chemisch entstandenen H2 profitieren 
konnten. 
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INTRODUCTION 

Perchloroethene in the underground 

According to the Environment Agency Austria approximately 2000 severely 
contaminated sites in need of remediation are located in Austria. Chlorinated 
hydrocarbons (CHC) are very common contaminants found at those sites. On 98 % 
of these sites a contaminant transfer from the soil into the groundwater can occur, 
consequently leading to a negative influence on the groundwater quality. 
Groundwater is an essential part of the Austrian drinking water supply (99 %). Thus, 
measures, like remediation, are needed especially when groundwater used as 
drinking water is at risk (Granzin and Valtl, 2018). 
 

 
Figure 1: Prevalence of different contaminants on Austrian contaminated sites (Granzin and Valtl, 2018, 
translated) 

Perchloroethene (PCE) is a four times chlorinated hydrocarbon and is highly 
hazardous for the human health. Exposure leads to damage to the central nervous 
system, kidneys, liver and reproductive processes and it is potentially cancerogenic 
(United States Environmental Protection Agency, 2017).  
Due to its degreasing characteristics PCE was heavily used in the last century in dry-
cleaners and the metal processing industry. Thus, it can mainly be found globally at 
contaminated sites in urban, build-up regions (Agency, 2017; Field and Sierra-
Alvarez, 2004; Mueller et al., 2012; United States Environmental Protection Agency, 
2017). 
PCE is a dense Non-Aqueous Phase Liquid (DNAPL, density = 1.623 g/cm3 at 20 °C) 
and thus trickles into the groundwater through permeable layers until it hits 
impermeable layers. There it forms pools, from which, detached droplets and 
dissolved PCE in the groundwater forms contamination plumes. Due to its low 
solubility in water (206 mg/L at 25 °C) these processes occur over several years, 
creating huge contaminated areas, which can exist for decades when no clean-up 
measures are taken (Grandel and Dahmke, 2008; ÖVA, 2012; Stroo et al., 2012). 

Prevalence of contaminants at contaminated sites 

CHC 

Mineral oil 

Heavy metals 

PAH 

other 

BTEX 

Phenols 

Cyanide 
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Figure 2: Behavior of DNAPL contamination in the underground (Stroo et al., 2012) 

DNAPL remediation technologies 

Using ex-situ clean-up technologies the contaminated subsurface material is brought 
to the surface, via excavation, pumping or suction and then treated in plants on or 
off-site (ÖVA, 2012). These techniques cannot be used at contaminated sites, with 
build-up surfaces (e.g. in cities or industrial sites). Thus, in-situ methods need to be 
established, where the contaminants are removed within the underground. Next to 
being applicable at urban sites in-situ remediation technologies are less disruptive, 
by keeping the underground structures intact. Figure 3 shows different in-situ 
methods for the remediation of DNAPL contaminated sites: 

Figure 3: In-situ remediation methods for DNAPL contaminated sites (translated, ÖVA, 2012) 



3 
 

In- situ remediation methods can be divided into three main categories, physical, 
biological and chemical treatments (ÖVA, 2012, 2010): 

Physical treatments 

Thermal treatments 

Steam-air injection 

During the steam-air injection the saturated and unsaturated zones within the 
underground are heated. The injected steam condenses at the cold solid matrix and 
releases its energy onto it, heating it up and leading to the volatilization of  
CHC. The injected air acts as an inert carrier gas of the contaminants mobilizing 
them. This method cannot be used in subsurfaces with medium permeability and is 
limited by in-situ installation at the site.  

Fixed heat sources 

During this remediation technique electrical heating elements are used to 
conductively and continually heat up the unsaturated zone, vaporizing the soil water. 
This results in the mobilization of the contaminant into the gaseous phase. Fixed heat 
sources can be used in low permeable, sandy to loamy soils. The used materials 
need to withhold aggressive environments (low pH and high temperature) within the 
subsurface. 

Radio frequency heating (RFH) 

Organic contaminants are mobilized from the solid matrix into the gaseous phase by 
the heating of the saturated and unsaturated zone via low-frequency (3-50 MHz) 
radio frequency radiation. This technique is suitable for materials with low 
conductivity. Next to the volatilization of the CHC, RFH can be used to enforce 
hydrolyses, oxidation or pyrolysis, by heating the underground up to a few 100 °C. 
The subsurface can also be heated up to only 30-40 °C, creating an optimal 
temperature for microbial contaminant degradation.  
 
The contaminant loaded air, produced during all three described thermal treatments, 
is removed from the subsurface by air suction and is sequentially treated on-site 
(e.g.: active carbon filters). The temperature increase leads to a raise in the solubility 
of the contaminants in the groundwater, calling for a safeguarding of the groundwater 
downstream. 

Hydraulic treatments 

Next to the conventional Pump & Treat methods, during which the contaminated 
groundwater is being pumped to the subsurface and then treated on-site, two other 
hydraulic treatment techniques exist: 

Flushing 

Contaminants, usually in the saturated zone, are mobilized using a flushing agent. 
Pure water and solubilizers (e.g.: surfactants, alcohols) can be used as flushing 
agents. The flushing agent can be percolated via drainage lines or flushing lances 
up-stream, shortly before to or directly into the contamination source. The 
groundwater-flushing agent-contaminant mixture is then pumped to the surface and 
treated. After the addition of the flushing agent the underground is flushed again with 
pure water to remove the agent residuals. For this technique the underground needs 
to be medium to highly permeable and it is not suitable for contaminants strongly 
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bound to the soil matrix or with low solubility. Furthermore, the groundwater flow 
characteristics need to be well known and not highly complex or changing. 

Circulation wells 

Air is blown into the saturated zone to create an upwards flow of the groundwater 
within the circulation well. This results in a cylindrical water movement, due to the 
escape of water at the top of the well causing an under pressure in the bottom area. 
This turbulent mixture of air and water leads to a transfer of the contaminants into the 
gaseous phase. The air loaded with CHC is removed by suction at the top of the well 
and treated on-site. This technique can be used in medium to high permeable 
unconsolidated rocks. However, it is not suitable for low permeable intermediate 
layers, strong secured aquifers or high groundwater gradients. Possible mobilization 
of the contaminant calls for protection wells downstream of the treatment zone. 

Pneumatic treatments 

Air suction 

Highly volatile contaminants are being directly removed from the unsaturated zone 
using an air extraction system. Extraction wells or lances are ideally placed into the 
contamination source and a vacuum is applied. This leads to a removal of the 
contaminants from the soil air and consequentially to an imbalance of the 
contaminant concentration between the soil air and residual phases, adsorbed or 
dissolved contaminant. These are then mobilized by following air escapes from lower 
or uncontaminated zones. The contaminated air is treated in active carbon filters on-
site. This technology can be used for medium to strongly permeable loose rocks and 
is easy to control. However, reaching satisfying remediation results can be time 
consuming. 

Air sparging 

Air sparging can be used for plume as well as source remediation. Highly volatile 
contaminants are removed from the saturated zone by blowing air directly into the 
groundwater using high pressure lances. The blown in air rises within in the 
groundwater and mobilizes contaminants into the gaseous phase, which carries them 
into the unsaturated zone. From there the contaminated air is removed and 
transferred into an exhaust air treatment system. Air sparging can be used in medium 
to highly permeable loose rocks. It is not suitable for contaminations at or close to the 
aquiclude. Possible mobilization of the contaminant calls for protection wells 
downstream of the treatment zone. 

Biological treatments 

Bacterial remediation 

During biological treatment the microbiological degradation of organic contaminants 
is obtained by adjustment of the underground conditions to an optimum for the 
microbial degrading community. For CHC this usually means the input of electron 
donors to improve bacterial dechlorination. The following techniques are suitable for 
medium permeable, homogenic aquifers. Mixed contamination with cytotoxic 
contaminants (e.g. PAH, chromate) in high concentrations can limit this technique. 
 
To push the anaerobic degradation of CHC usually organic carbon compounds are 
used. Highly soluble (e.g.: molasses, lactate or ethanol) as well as insoluble, slowly 
hydrolyzing additives can be used as degradable co-substrates. During the metabolic 
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breakdown of these co-substrates H2 is produced, which is used as an electron donor 
under anaerobic conditions during a stepwise dechlorination of the CHC. The co-
substrates are injected directly into the unsaturated zone through conventional wells 
as well as high pressure injection wells. ZVI can also function as an alternative H2 
source, this was investigated in this study (see chapters 0 and 0).  
 
To force the aerobic C2-CHC degradation methane-enriched air is brought into the 
underground during a conventional soil aeration. This selectively favors the growth of 
methanotrophic bacteria, which build methane-monooxygenases during methane 
degradation. The produced enzyme oxidates the CHC in a side reaction into an 
epoxide, which finally disintegrates into CO2 and Cl-. This technique is usually applied 
at the contaminant plume and the edge region of the source.  
 
Oxygen carriers can be used to stimulate the aerobic, microbial dechlorination of 
lower chlorinated CHC, BTEX, MTBE, mineral oil HC and low molecular weight PAH 
in the saturated zone. Gaseous oxygen carriers (air, O2 enriched air, pure O2 and O3) 
as well as liquid oxygen carriers (e.g.: H2O2) and solid oxygen carriers (e.g.: 
peroxides) can be applied. 

Phytoremediation 

Plants are used for the removal of inorganic and organic contaminants, either by 
degradation or immobilization. The following mechanisms can be used for 
phytoremediation: 
 

• Rhizodegradation: degradation of organic contaminants by the root 
microbiome 

• Phytoextraction: uptake of inorganic contaminants and enrichment in the 
aboveground biomass 

• Phytotransformation: uptake and metabolization of organic contaminants 
within the plant (“green liver”) 

• Phytoimmobilization (-stabilisation): fixation of inorganic and organic 
contaminants by plant-produced root exudates 

• Rhizofiltration: contaminant (organic and inorganic) filtration from surface 
water via adsorption or absorption by the roots of plants grown on rafts floating 
on the water 

• Phytovolatilization: transfer of contaminants into the atmosphere via plant 
transpiration (often unwanted) 

• Hydraulic control: limiting of contaminant horizontal and vertical (into the 
groundwater) spreading by the usage of deep rooting and water intensive 
plants 

 
Phytoremediation is limited by high concentrations of phytotoxic substances and the 
root depth of the used plant. 

Chemical Treatments 

Chemical oxidation 

Aggressive oxidative agents, like permanganate, ozone, peroxides and persulfates, 
are used to push a fast conversion of CHC. In the case of high contaminant 
concentrations exotherm reactions can cause the transition of volatile contaminants 
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into the soil air. Thus, additional subsurface air suction may be necessary. To 
achieve a successful remediation, result a homogenic and extensive oxidant 
distribution is crucial. High amounts of naturally occurring oxidable substances make 
an excess of oxidative agents is necessary, limiting this technique.  

Chemical reduction 

The chemical reduction of chlorinated HC is achieved by the injection of ZVI particles 
into the subsurface (see chapter 0). For a satisfying remediation result a homogenic 
and extensive distribution of the ZVI particles is necessary. This technique is suitable 
for medium to highly permeable soils. 
 
To secure the protection and clean keeping of water bodies in Austria the input of 
substances, like solubizers, nutrients, oxidizing and reducing agents, into the 
underground is legally restricted. Injection of those substances is only granted case 
specifically, limiting the application of all technologies introducing such substances 
into the underground.  
 
Different approaches may lead to a successful remediation depending on: 

• contaminant type (e.g.: organic substances, heavy metals, mixed 
contamination) 

• contaminant characteristics (e.g.: solubility, volatility) 

• conditions in the subsurface (e.g.: pH, ORP, groundwater flow, microbiology, 
hydrochemistry, porosity) 

• overall site conditions (e.g.: age, condition of surface, depth of contamination, 
underground characteristics, area of contamination) 

 
Remediation set-ups can significantly differ from site to site and need to be carefully 
adapted to meet the needs for a successful clean-up. Thus, prior to remediation it is 
necessary to thoroughly investigate and evaluate the site and its conditions, by 
sampling and monitoring.  
 

Chemical PCE degradation by zero-valent iron 
Zero-valent iron (ZVI) is a strong reductive and sorptive agent and can be used in the 
remediation of sites contaminated with varying contaminants, like chlorinated 
hydrocarbons or heavy metals. ZVI is able to reductively dechlorinate PCE to ethene, 
ethyne and ethane (Cundy et al., 2008; Mueller et al., 2012; Taghavy et al., 2010). 
 
Two possible pathways for the chemical PCE reduction exist (Arnold and Roberts, 
2000; Gavaskar, 1999; Roberts et al., 1996): 
 
During the hydrogenolysis PCE is reduced to TCE, following cis-1,2-Dichloroethen 
(cis-DCE) and finally vinylchloride (VC). VC is only slowly degraded to ethene and 
ethane by ZVI, leading to an accumulation of the cancerogenic metabolite. Only a 
small amount (around 5 %) of molecules undergo this degradation pathway. The vast 
majority of PCE molecules are dechlorinated via the β-elimination, where the 
contaminant is reduced to the wanted dechlorinated end products over short-lived 
intermediates (Figure 4). 
The main products of the chemical dechlorination via ZVI are ethene and ethane and 
in small amounts cis-1,2-DCE, trans-1,2-DCE, 1,1-DCE and C4-hydrocarbons. The 
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metabolites chloroethyne and ethyne are highly reactive and are therefore rapidly 
reduced to ethene and ethane. 
 

 
 
 
 
Next to the wanted contaminant removal ZVI also reacts with water under anaerobic 
conditions. During the anaerobic ZVI corrosion H2 is formed (                     Equation 1) 
(Filip et al., 2014). Most of the electrons available by ZVI can be used up during this 
side reaction, depending on the particle characteristics (Schöftner et al., 2015). Due 
to this unwanted consumption of ZVI during the anaerobic corrosion, an excess of 
ZVI particles is needed for a successful PCE clean-up. This need for a higher amount 
of particles can increase remediation costs extensively. Thus, strategies to reduce 
the amount of ZVI are necessary to accomplish a cost-effectively and economical 
usage. 
 

2𝐻2𝑂 +  𝐹𝑒0  →  𝐹𝑒2+ +  𝐻2 +  2𝑂𝐻−                     Equation 1: Anaerobic corrosion of ZVI 

 
Different sized ZVI particles are used during PCE clean-up, depending on the 
technologies employed and the site conditions. The general rule is, the bigger the 
particle dimensions the more aggressive techniques are needed for ZVI delivery 
(Comba et al., 2011; Mueller et al., 2012). Several injection techniques are available 
to deliver ZVI to the contaminants underground (Comba et al., 2011; Kutzner, 1996): 
  

Figure 4: Main metabolites and products of β-elimination and hydrogenolysis during the abiotic PCE 
dechlorination by ZVI. Bolt arrows indicating fast reactions and thin arrows slower reactions. 
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Table 1: Relationship between injection techniques and particle dimension among case studies. There were 85 
case studies considered for the analysis (Comba et al., 2011) 

Number of case studies 

Particle dimension Nano  Nano+Micro Micro Millimetric 

Soil mixing  0 0 1 8 

Hydraulic fracturing 1 0 2 1 

Pneumatic fracturing 1 0 8 0 

Pneumatic injection 3 3 16 0 

Pressure pulse technology 2 0 1 0 

Pressurized injection 17 3 9 0 

Gravity injection 8 1 0 0 

 
Soil mixing technologies are used for the input of millimetric iron into the 
underground, while hydraulic fracturing, pneumatic injection, pressure pulse 
technology, pressurized injection and gravity injection are applied for nZVI and mZVI. 
 

Soil mixing 

Two soil mixing technologies can be used for the input of millimetric ZVI into the 
underground: 
 

• Mechanical soil mixing: Soil is broken up and mixed with the grout using a 
mechanical auger 

• Jet grouting: break up of soil with a high-pressure jet and mixing of loosened 
soil with a stable grout, forming columns and panels 

 
Both techniques require a sufficient overhead space for the mixing equipment and 
removal of buried obstructions. Soil mixing technologies are applicable at depths up 
to 100 ft bgs and are most effective at depths less than 40 ft bgs. Soil mixing should 
not be done, when a reduction of permeability is not wanted. 

Hydraulic fracturing 

This technology utilizes fluid pressure of water or a slurry of water, sand and a thick 
gel to create subsurface fractures. These can be filled with sand or other granular 
material.  

Pneumatic injection and fracturing 

During pneumatic injection, pressurized gas (e.g. N2) is used as a carrier, introducing 
ZVI (dry or aerosol) into the porous medium. Pneumatic injection can be followed by 
pneumatic fracturing. During which existing fractures are extended and thus a 
secondary network of conductive subsurface fissures and channels are created, 
facilitating subsequent injections. This is done by the injection of high pressurized air 
into the soil, sediments or bedrock. 

Pressure pulse technology (PPT) 

Large-amplitude pulses of pressure are applied to the porous media at the water 
table or at variable depths. This opens pores and consequentially fluid level and flow 
increase. This facilitates the distribution of the ZVI slurry through the porous medium. 
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It also causes the detachment of DNAPL from porous medium, increasing its specific 
surface area. 

Pressurized injection 

The direct push technology is achieved by perforation using high pressure pump 
systems. The usage of a combined tool for drilling and injection increases the speed 
of the operation drastically. 
To apply a tubes-a-manchette a sleeved pipe is installed inside a borehole. The ZVI 
fluid exits the pipe through small holes covered by rubber sleeves. Pressure is 
applied to the sleeves one at a time. The usage of tubes-a-manchette is an 
economically viable technique if injection needs to be repeated.  

Gravity injection 

During gravity injection a ZVI containing slurry is poured into a well. The slurry is then 
distributed within the underground by pressure differences between the injection 
slurry and the groundwater and natural groundwater movement. 
 
The use of nanoparticles (nZVI) has risen in the last years. Due to their high surface 
to volume ratio they show a higher reactivity. This promises a faster contaminant 
clean-up. Next to their beneficial characteristics nZVI also show a series of 
disadvantages, like their tendency to agglomerate, low mobility and potential toxicity. 
mZVI particles show several advantages compared to nZVI particles: their lower 
price, higher selectivity and longevity compared to nZVI particles (Comba et al., 
2011; Li et al., 2016; Ma et al., 2016; Nguyen et al., 2018; Zhao et al., 2016). 
 
Table 2: Characteristics of the ZVI particles used in study 1 and study 2 

ZVI Particles Scale Spec. surface 

area 

[m2/kg] 

Abs. surface 

area 

[m2] 

Fe(0) content 

w/w % 

Höganäs AB Micro 84 0.06 95 

Nanofer Star Nano 17x103 0.71 79 
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Biological PCE degradation by dehalorespiring bacteria 

Different aerobic and anaerobic pathways exist for the degradation of PCE (Field and 
Sierra-Alvarez, 2004): 
 
Aerobic degradation 

• Microbial growth by usage of CHC as an electron donor and carbon source 

• Co-metabolism of CHC by a simultaneous degradation of a different 
hydrocarbon 

 
Anaerobic degradation 

• Microbial growth by usage of CHC as an electron donor and carbon source 

• Co-metabolism of CHC by a simultaneous degradation of a different 
hydrocarbon (e.g.: methanol) 

• Halorespiration: microbial growth by usage of CHC as an electron acceptor, 
different electron donors (e.g.: H2, lactate, formate, ethanol, pyruvate) and 
simple carbon source 

 
Many aerobic and anaerobic bacteria have been identified as being able for CHC 
dechlorination resulting in different end products. Most of the bacteria capable of 
PCE degradation form hazardous metabolites, like cis-1,2-Dichloroethen (cis-DCE) 
and vinyl chloride (VC) (Field and Sierra-Alvarez, 2004; Men et al., 2013; Sung et al., 
2006). Dehalococcoides spp. and recently Dehalogenimonas spp. are the only 
known bacteria species able to completely degrade PCE to ethene (Lee et al., 2004; 
Leitner et al., 2017; Maymó-Gatell et al., 1997; Yang et al., 2017a, 2017b). This 
degradation occurs stepwise with TCE, cis-DCE and VC as intermediates (Figure 5). 
The strictly anaerobic Dehalococcoides spp. enzymatically dechlorinate PCE and use 
this reductive dechlorination for cell growth. In this process they need an electron 
donor, such as H2, which can be scarce in the underground (Löffler et al., 2013). 
Many different anaerobic bacteria (e.g.: methanogenic, sulfate-reducers) also need 
H2 for their metabolisms and Dehalococcoides spp. need to compete with them, often 
unsuccessfully (Smatlak et al., 1996). A lack of Dehalococcoides spp. or H2 in the 
underground can be the reason for no PCE dechlorination or the accumulation of 
even more hazardous intermediates like VC (Amos et al., 2008; Lu et al., 2006; Yang 
et al., 2017b, 2017a). During the competition for H2 the level of H2 concentration and 
its way of delivery is of high importance. While high H2 concentrations and fast 
production of H2 favors methanogenic bacteria, low levels of H2 delivery are preferred 
by Dehalococcoides spp. (Löffler et al., 2013; Smatlak et al., 1996; Yang and 
McCarty, 1998). Other H2 consuming bacteria species do not only pose a risk to the 
PCE dechlorination by Dehalococcoides spp. but are necessary for a naturally 
occurring biotic dechlorination (Wen et al., 2015). 
The presence of Dehalococcoides spp. alone also does not guarantee a complete 
PCE dechlorination, the strain also needs to be equipped with the required 
dehalogenases. Two membrane bound enzymes are responsible for the complete 
degradation to ethene. The dehalogenase bvcA is responsible for the dechlorination 
of PCE to TCE, which is further dehalogenated to cis-DCE, VC and finally ethene by 
vcrA (Holmes et al., 2006). 
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Combination of abiotic and biotic remediation 

The combination of the abiotic PCE dechlorination by ZVI and the biotic 
dechlorination by Dehalococcoides spp. can lead to the removal of the downsides of 
both technologies used independently. Due to anerobic corrosion the ZVI can act as 
an H2 delivery system for the Dehalococcoides spp. (Figure 6). Furthermore, it can 
create favourable conditions for the strictly anerobic bacteria (ORP, pH) and 
counteract an unwanted accumulation of hazardous intermediates, making the biotic 
remediation more controllable. Simultaneously, less ZVI particles are needed to 
successfully degrade the present amount of PCE, reducing remediation costs 
significantly. 
 

 
Figure 6: Schematic overview of the potential usage of ZVI produce H2 by dehalorespiring Dehalococcoides spp. 

Figure 5: Pathway of the biotic PCE dechlorination by Dehalococcoides spp. 
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Both beneficial and inhibitory effects of nZVI on the biotic PCE degradation have 
been observed (Barnes et al., 2010; Chen et al., 2011; Rónavári et al., 2016; Schiwy 
et al., 2016; Wang et al., 2016; Xie et al., 2017b). They tend to agglomerate to cell 
surfaces and sequentially disrupt the cells integrity (Auffan et al., 2008; Barnes et al., 
2010; Chaithawiwat et al., 2016; Xiu et al., 2010). nZVI also forms ethyne, which is 
potentially toxic (Pon et al., 2003). Furthermore, the dechlorinating enzymes are 
membrane bound (Fung et al., 2007; Magnuson et al., 1998; Müller et al., 2004; 
Nijenhuis and Zinder, 2005). Thus, attachment of nZVI to cell membranes can lead to 
an inhibition of these enzymes. The gene down-regulation coding for dehalogenases 
has been observed in the presence of ZVI (Xiu et al., 2010), which could be caused 
by the fast elimination of the needed precursors cis-DCE and VC. The data of the 
effects of mZVI on the biotic dechlorination is scarce. But it was shown that it can 
have a beneficial effect on the dehalogenation decabromodiphenyl ether and 1,1,2-
trichloroethane, suggesting a potential for the stimulation of the bacterial PCE 
dechlorination (Patterson et al., 2016; Shih et al., 2012; Xu et al., 2014). 
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RESEARCH QUESTIONS AND HYPOTHESIS 

New approaches for the in-situ remediation of PCE are needed, tackling the 
downsides of the already established ones. Several studies have already been 
conducted regarding the combination of ZVI and dechlorinating bacteria for PCE 
dechlorination. Different nZVI particles and their influence on dechlorinating bacterial 
consortia in laboratory-scale and field-scale experiments have been investigated. 
Different results from stimulatory to inhibitory effects had  been observed (Barnes et 
al., 2010; Kocur et al., 2016; Rónavári et al., 2016; Schiwy et al., 2016; Wang et al., 
2016; Xie et al., 2017a; Xiu et al., 2010). On the other hand, only scarce information 
on the influence of mZVI on completely dechlorinating bacteria is available. 
Knowledge of the best possible combinations of ZVI and bacteria is a basic 
requirement for the successful application of this technology during a site 
remediation. 
 
Hypothesis 1: 

The combination of ZVI particles and Dehalococcoides spp. leads to a complete 
dechlorination of PCE. The H2 produced during anaerobic corrosion of ZVI can be 
used by Dehalococcoides spp. for a complete PCE degradation. Thus, this 
technology is a promising option for in-situ remediation of contaminated sites. 

Hypothesis 2: 

The degradation performance is strongly dependent on the characteristics of the ZVI 
particles (size, reactivity, tendency to agglomerate). 

Hypothesis 3: 

Experimental parameters, like carbon source, supply of nutrients and vitamin B12, 
temperature and inoculum concentration influence the degradation performance 
drastically, but are adjustable to achieve a sufficient removal of PCE. 

Hypothesis 4: 
The prevalence of other bacterial species (e.g.: methanogenic) has a strong 
influence on the PCE degradation by Dehalococcoides spp.. 
 
In order to investigate the established hypothesis, the following experiments were 
conducted within the scope of the BIANO and the MICROSYN project: 
 
Table 3: Overview of the conducted laboratory and lysimeter experiments during the study 

Experiment Scale 

Screening of ZVI particles Microcosms 

Screening of bacterial cultures Microcosms 

Screening for suitable parameters for 
the bacterial dechlorination 

Microcosms 

Testing of different combinations Microcosms 

Lysimeter experiment Lysimeter 
 
Laboratory-scale experiments offer a fast, cheap and easy first step in investigating 
different ZVI and bacterial cultures under highly controlled conditions but are a weak 
model for the conditions present in the underground. Due to their spatial boundaries, 
direct contact of the bacterial consortia with the ZVI particles is inevitable. Negative 
effects of nZVI particles have mainly been accounted to aggregation onto the 
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bacterial cells (Auffan et al., 2008; Chaithawiwat et al., 2016; Li et al., 2010; Xiu et 
al., 2010). It was shown, that physical proximity is needed for the cytotoxic effect of 
nZVI particles (Li et al., 2010). In field conditions, bacteria would be able to establish 
themselves apart from the potentially inhibitory nZVI particles counteracting possible 
toxic effects, while still benefiting from the H2 produced during anaerobic corrosion. 
The downside of field experiments is their low controllability, the difficulty in 
monitoring environmental parameters and high expenditure. 
In this study the following experiments were conducted within the scope of the 
BIANO and the MICROSYN projects: 
 
In first steps, different ZVI particles (nano, micro, flake-shaped, fresh and aged) were 
tested during microcosm experiments on their ability to dechlorinate PCE to ethyne, 
ethene and ethane as well as their production of H2. Following different commercially 
available, Dehalococcoides spp. containing, dechlorinating bacterial cultures were 
tested on their dechlorinating behavior under different conditions (C-source, nutrient 
composition, temperature, inoculation concentrations). 
 
So far two articles were published from the studies conducted. After these first 
screenings of suitable particles and cultures, two of each were chosen for further 
microcosm experiments to investigate the influence of their combinations (manuscript 
1) mZVI and nZVI particles were chosen for the microcosm experiments, due to their 
different behaviors during dechlorination and anaerobic corrosion. The ZVI particles 
were combined with two differently chlorinating bacterial cultures: 

• Complete PCE dechlorination to ethene 

• Incomplete PCE dechlorination to cis-DCE 

Following the laboratory scaled experiments, a lysimeter experiment was conducted, 
during which we were able to investigate the influence of nZVI particles on a 
completely dechlorinating culture over several months. Field-like conditions could be 
established, while keeping the controllability and possibility of environmental 
parameter monitoring high (manuscript 2). 
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EVALUATION OF HYPOTHESES 

Evaluation of hypothesis 1: 

The results of this work show that the combination of ZVI with dechlorinating bacteria 
is a promising technology to increase PCE remediation efficiency. The H2 produced 
by ZVI could be used by the present bacterial community. In laboratory experiments 
mZVI could stimulate an otherwise cis-DCE accumulating culture to completely 
degrade PCE to ethene and improve the dechlorination behavior in a completely 
degrading culture. nZVI on the other hand showed different effects in microcosms 
compared to those observed in a field-like lysimeter. While inhibition by nZVI 
occurred in the microcosms a stimulation, especially after the input of molasses was 
stopped, was observed in the lysimeter experiment. This discrepancy can be 
explained by the spatial distance of the dechlorinating bacteria to the nZVI in the 
lysimeter, thus omitting their possible toxic effects while still being able to benefit 
from the H2 formed. 

 

Evaluation of hypothesis 2: 

The microcosm experiments showed, that the influence of ZVI on the biological PCE 
degradation is highly dependent on the characteristics of the particles used. While 
the bigger, less reactive mZVI particles led to a stimulation of the degrading bacterial 
community, the combination with nZVI resulted in an inhibition. The negative effects 
of nZVI particles can be accounted to their higher surface area, leading to a higher 
reactivity and tendency for agglomeration. This causes toxicity by attachment to 
bacterial membranes, which can lead to cell disruption and inhibition of membrane-
bound dehalorespiring enzymes (Li et al., 2010; Xiu et al., 2010). Furthermore, nZVI 
rapidly removed metabolites (cis-DCE and VC) needed as precursors for the 
complete bacterial dechlorination to ethene, possibly leading to a down-regulation of 
dehalogenases gene expression. Additionally they formed ethyne, which is toxic to 
bacterial cells (Kocur et al., 2016; Pon et al., 2003). 

During the lysimeter experiment, these detrimental effects of nZVI could not be 
observed. In contrary, a stimulation of the Dehalococcoides spp. containing culture 
was observed. Showing that close proximity is needed for the toxicity of nZVI to be 
effective. In field-like conditions the degrading bacteria could establish themselves 
without physical contact to nZVI particles, evading their toxic effects and benefiting 
from the produced H2. Showing that not only particle characteristics but also their 
placement in the field is crucial for the success of the combined treatment. 

 

Evaluation of hypothesis 3: 

While some experimental parameters (carbon source, temperature and inoculum 
concentration) showed a severe influence on the bacterial degradation, others (H2, 
vitamin and trace element addition) did not influence dehalorespiring behavior. All 
influential parameters could be adjusted, according to field-conditions, time and cost-
efficiency, during a remediation process to achieve a sufficient and complete PCE 
removal.  

Different carbon sources (molasses, Na-acetate, ethanol, Na-lactate, ethyl lactate 
and ethyl butyrate) led to different dechlorination and methane formation behaviors in 
microcosms. Ethene formation could be observed with all carbon sources except 
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ethyl butyrate. Even though Na-lactate showed the fastest ethene formation, 
molasses was chosen for all following experiments, due to its satisfying degradation 
results, coupled with its low costs and bulk-availability. Addition or omission of 
external H2, vitamins (e.g. B12), yeast extract and trace elements did not have an 
effect on the bacterial dechlorination behavior. 

A decrease in temperature (from 21 °C to 10 °C) resulted in an about five times 
slower PCE-degradation and consequentially slower metabolite formation, but ethene 
production could still be achieved. While temperatures in the field are highly 
dependent on seasonal changes and hard to control, there are techniques to 
increase them (see chapter 0) if a faster biological degradation is desired. 

The lower the inoculum concentration (1%, 5% and 10%) the slower was the PCE 
degradation. But ethene formation could be observed in all experiments with about 
30 days difference. Showing that also a low abundance of degrading bacteria can 
lead to a satisfying remediation result, but it takes more time. Thus, costs of bacterial 
cultures versus those of a longer remediation time must be balanced out during a 
remediation. 

 

Evaluation of hypothesis 4: 

The presence of methanogenic bacteria does not necessarily mean a competition for 
H2 and negative effects on the dechlorinating bacteria. The present methanogenic 
bacteria were stimulated by ZVI particles in all conducted experiments. Although, 
higher H2 formation by nZVI did not favor methanogenic bacteria compared to the 
slower H2 production by mZVI. Furthermore, it was shown that not only competing 
methanogens (hydrogenotrophic, using H2), but also bacteria depending on the 
acetoclastic methanogenic pathway were present. Demonstrating that the presence 
of methanogenic bacteria does not necessarily mean a competition for H2 and can 
even be beneficial by providing the bacterial culture with needed electron donors.  
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CONCLUSIONS AND OUTLOOK 

In order to use the combination of ZVI and Dehalococcoides spp. as a successful 
remediation technology on contaminated sites the interactions between the two 
components must be thoroughly considered and investigated. 

This study shows that anaerobic bacteria are potentially capable of using the H2 
formed during the anaerobic corrosion of ZVI particles. This can enhance the 
bacterial dechlorination drastically, especially when the addition of a suitable carbon 
and electron source is stopped. 

The positive effects of mZVI have been thoroughly proven during laboratory-scaled 
microcosm experiments, by increasing kobs; PCE and stimulation of ethene production 
in an otherwise cis-DCE producing bacterial culture. The effects of nZVI differed 
drastically between laboratory-scale experiments and the field-like lysimeter 
experiment. While an inhibition in PCE dechlorination in two different bacterial 
cultures could be observed in microcosm experiments, positive effects on bacterial 
dechlorination by nZVI could be observed in the lysimeter. 

The different effects of mZVI and nZVI particles in the microcosms can be explained 
by their different sizes, leading to different reactivities and tendencies for 
agglomeration. Toxicity of nZVI is mainly caused by their attachment to cell surfaces, 
leading to a break-down of cell integrity and possible inhibition of cell-membrane 
bound dechlorinating enzymes (Li et al., 2010; Xiu et al., 2010). Furthermore, the 
high reactivity of nZVI particles also leads to a removal of metabolites (cis-DCE, VC), 
which are necessary precursors for complete bacterial dechlorination (Kocur et al., 
2016; Pon et al., 2003). The lower reactivity of the mZVI also resulted in a slower H2 
release at lower concentrations compared to that of the nZVI. 

With the results of the lysimeter experiments, where a stimulation of the bacterial 
dechlorination was observed, spatial distance of the dechlorinating bacteria to the 
highly reactive nZVI particles seems to be necessary for the bacterial consortia 
benefitting from the chemically produced H2 without suffering from the toxic effects of 
nZVI. The positive effects of nZVI on Dehalococcoides spp. were especially 
pronounced when the addition of the carbon and hydrogen source (molasses) was 
halted. 

Bacterial methane production was stimulated in all experiments (microcosms and 
lysimeter) using both ZVI particles and bacterial cultures. This shows a potential for 
H2 competition between the different bacterial metabolisms, the outcome is highly 
dependent on the way H2 is delivered by the ZVI particles. The slower H2 production 
at lower concentration by mZVI, compared to nZVI, favors the dehalorespiring 
metabolism to the methane producing one. However, methanogenic bacteria can 
also be beneficial to the bacterial dechlorination by Dehalococcoides spp. (Wen et 
al., 2015). 

The results of this study show, that bacterial dechlorinating behavior can potentially 
benefit from the combination with ZVI particles. But both bacterial cultures and ZVI 
particles must be carefully selected, based on dechlorination behavior and particle 
characteristics. Especially the stimulation of ethene production in an otherwise 
incompletely dechlorinating bacterial culture shows how promising this technology is. 
The differences between the laboratory-scaled and field-like experiments 
demonstrate, that the remediation set-up (spatial distance) is crucial for a successful 
remediation and needs to be thoroughly considered and planned. Therefore, further 
investigation of the influence of nZVI and mZVI particles of the dechlorination 
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metabolism is needed. Changes in bacterial culture composition, attachment to 
bacterial cells and influence of potentially beneficial particles modifications are of 
high interest for a better understanding and application of this remediation 
technology.  
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