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1Introduction

1.1. Groundwater pollution
Water is essential for human beings and other living creatures, as it is a constituent part
of their organisms. Access to drinking water is a primary right for humans, but water
has also other major uses such as agricultural and industrial purposes. Thus, water has to
accomplish certain quality levels on it composition not to become harmful for people or
the ecosystem (WHO 2003a). With an increasing world population, clean water demand
is also increasing, becoming one of the most valuable goods of humanity. Therefore,
good water quality is mandatory in all domains of life and in all environments. From the
water available in the world, only a few per cent, 3%, corresponds to freshwater, out of
which 69% is found in ice caps and glaciers, 30% in groundwater and the rest in surface
waters. Groundwater is a common source of drinking water since it typically does not
require long distance transport from abstraction wells to the consumers and when not
polluted could be consumed with low or no treatment requirements. Even though,
groundwater quality could be impacted accidentally by human activities, due to
contaminant leakage from sewer systems, pipelines, storage tanks, or by traffic
accidents of vehicles transporting chemicals. Soil and groundwater present a buffer
capacity, being able to retain or degrade contaminants to less harmful compounds.
Degradation of contaminants will be mainly performed by microorganisms but if the
natural degradation capacity is exceeded, active soil and groundwater restoration might
be required.
Contaminated groundwater site, Leuna, Germany. An example of a heavily
contaminated groundwater site is found in an industrial area located near the city of
Leuna, in Saxony-Anhalt, Germany (see Figure 1.1). An old refinery and other chemical
industries have been located in this area for about 100 years. During the War World II,
the site was heavily bombed resulting in the leakage of contaminants into the soil and
groundwater. In addition, leakages during the industrial operation also contributed to the
underground contamination. The site is located up-gradient from the river Saale, where
groundwater discharges. A drinking water abstraction well is located about 5 km downgradient from this contaminated site.
The groundwater at Leuna is mainly contaminated with benzene, methyl tertiary butyl
ether (MTBE) and ammonium, which represent together more than 99 % of the
contaminants found in the groundwater of the site. Other minor compounds found are
MTBE intermediate degradation products (tertiary-butyl alcohol - TBA and tert-butyl
formate -TBF) and other aromatics (toluene, ethylbenzene, m-p-xylene, o-xylene, 1,3,5trimethylbenzene, 1,2,4-trimethylbenzene and naphthalene (Jechalke et al. 2010; van
Afferden et al. 2011)). Concentrations of the main contaminants are by far exceeding
the tolerable concentration levels for humans or the environment. In the case of benzene
(C6H6), a carcinogenic highly volatile aromatic hydrocarbon, concentrations in
groundwater exceed 10 mg L-1, while the World Health Organization suggests a
drinking water threshold concentration of 10 µg L-1 (WHO 2003b). German standard
require an even lower value of 1 µg L-1 for benzene in groundwater (LAWA 2004).
MTBE (C5H12O), a volatile oxygenate additive in gasoline since the late 1970´s (Deeb
et al. 2000), is detectable by humans in drinking water due to the odor and taste even at
very low concentrations (15µg L-1, (WHO 2005)). Carcinogenic effect of MTBE has not
been proven yet but it might be toxic and cause death at very high concentrations (WHO
2005). German standards require 15µg L-1 as threshold concentration of MTBE in
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groundwater (LAWA 2004), while concentrations in the Leuna aquifer are in the mg L-1
range. Natural groundwater concentration of ammonium (NH4+), the ionic form of
ammonia (NH3) at neutral pH water, is 0.2 mg L-1 (WHO 2003a). At such concentration
level, ammonium does not pose health or environmental hazards but exceeding it, leads
to odor and taste problems. Thus, typical guideline values are in the range of 1.5 mg L-1
(WHO 2003a).

Figure 1.1: Left: Aerial photo of the Leuna industrial area (taken from Martienssen et al.
(2006)); right: location of Leuna in Germany.

Under pristine conditions, phreatic aquifers are normally aerobic, since they are in
equilibrium with the soil atmosphere. At Leuna, the heavy load of contaminants has led
to consumption of the available oxygen. Thus, Leuna groundwater shows a very low
oxygen concentration (0.1 mg L-1), a negative redox potential (Eh -432.25 mV) as well
as chemical species in their reduced state. All major contaminants are microbially
degradable, but since the prevailing groundwater conditions are anoxic, only anaerobic
degradation of some contaminants could naturally occur in situ at very low rates
(Wiedemeier et al. 1999). Contaminant biodegradation could be enhanced by oxygen
supply into the water promoting aerobic conditions and accelerating microbial
processes. Benzene and MTBE have been proven to be degraded several orders of
magnitude faster under aerobic than under anaerobic conditions (Schirmer et al. 2003;
Smith et al. 2005; Suarez and Rifai 1999; Wiedemeier et al. 1999). At Leuna, the total
oxygen demand for aerobic oxidation of the groundwater constituents is dominated by
ammonium (76%), followed by benzene (18 %) and MTBE (3 %). The remainder is
attributed to ferrous iron oxidation (2 %), while all other compounds contribute less
than 1 % to the total oxygen demand. The oxygen could be either provided directly into
the aquifer (e.g., by bubbling gaseous oxygen or air (Kampbell and Wilson 1991;
Oswald et al. 2008) or by injecting dissolved hydrogen peroxide (Trötschler et al. 2008)
or by pumping water from the aquifer and discharging it into an above ground aerobic
environment such as, for instance, natural or artificial wetlands.
In the framework of the Safira II project, the Helmholtz Center for Environmental
Research – UFZ tested at the pilot scale different types of constructed wetlands, aeration
ponds and vertical flow filters to facilitate the aerobic degradation of contaminants
present in the groundwater from Leuna (Rügner et al. 2007).
9

1.2. Groundwater treatment in vertical flow systems
Vertical flow filters and vertical flow constructed wetlands. Both vertical flow
systems facilitate the aerobic biodegradation of contaminants present in water applied to
the top of the systems and percolating through it - the main difference between vertical
flow filters and vertical flow constructed wetlands is the presence of plants in the
wetlands. Oxygen transfer from the atmosphere into the vertical flow system is driven
mainly by diffusion (Schwager and Boller 1997). Oxygen concentration gradients are
caused due to its depletion by the activity of aerobic microorganisms. Oxygen could
also be actively provided by pressure differences, or due to pumping effect induced by
the load and drain of water inside the filter. This pumping effect will depend on the
hydraulic properties of the filter layers and on the intensity of the loading regime.
Furthermore, air entrapment in the applied water might also contribute to the supply of
oxygen to the system (Oswald et al. 2008).
This remediation technology was patented by Seidel (1973) in Germany, as an
innovative way of restoring water by using filtration beds. An advantage of vertical flow
filters and vertical flow constructed wetlands is their high oxygen transfer capacity
being able to efficiently remove contaminants in a relatively small area (Cooper 1999;
Cooper 2005; Kayser and Kunst 2005; Langergraber 2001) compared to the horizontal
flow systems. Due to their low cost of installation and maintenance, simple operation
and effectiveness these systems were traditionally used in Europe and other parts of the
world to restore domestic waste water (Baeder-Bederski et al. 2005; Baeder-Bederski et
al. 2004; Breen 1990; Brix and Arias 2005; Brix et al. 2007; Cooper 1999; Cooper
2007; Green et al. 1998; Kadlec and Wallace 2008; Kayser and Kunst 2005; Kennedy
and Van Geel 2000; Langergraber et al. 2007; Maloszewski et al. 2006; Platzer 1999;
USEPA 2000; Vymazal 2011; Wozniak et al. 2007). These studies showed that vertical
flow filters and vertical flow constructed wetlands exhibited high removal rates of waste
water contaminants even during cold winters. Nowadays, these systems are also used
for restoration of other kinds of contaminated water, such as waste water from
pharmaceutical industry, dairy industry, metal or industrial plants (Kadlec and Wallace
2008; Schröder et al. 2007; Sun et al. 1999; Werner and Kadlec 1996). More recently,
vertical flow filters and vertical flow constructed wetlands have been investigated and
applied also for the treatment of water containing volatile organic compounds - VOCs
(Eke 2008; Eke and Scholz 2008; Scholz 2010; Tang et al. 2009a; Tang et al. 2009b;
Wallace and Kadlec 2005).
Operation of vertical of vertical flow systems at the Leuna test facility. Vertical
flow filters and vertical flow constructed wetlands used in the Safira II pilot-scale
outdoor facility in Leuna consist of man-made containers of approximately 4 m2
surface. The containers are filled with layers of granular material of different type and
particle diameters. The vertical flow constructed wetland is planted with willows (Salix)
(see Figure 1.2 for more details). The top layers, composed of expanded clay pellets,
facilitates oxygen transfer and prevents evaporation and/or freezing, allowing operation
even at very low temperatures. The main layer composed either of expanded clay pellets
or zeolites is able to retain sufficient amounts of water to support the growth of
microbes and plants and facilitate high biodegradation rates. The gravel material at the
bottom layers facilitates the drainage and prevents the wash out of the fine material. The
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sump underneath the drainage layer of the vertical flow filter facilitates both: drainage
and additional aeration of the filter from the bottom.

Figure 1.2. Schematic cross section of a vertical flow filter (left) and a vertical flow
constructed wetland planted with willows (right).

To promote aerobic conditions and to facilitate oxygen transfer into the system, water is
intermittently sprinkled on the upper part of the vertical flow filter and vertical flow
constructed wetland at a frequency of 24 and 20 pulses per day, respectively. Water is
injected through perforated pipes located a few centimeters below the top of the filter
and just on top of the main layer material. Within one year of operation, the daily
injected water volume has been varied stepwise: 60, 120, 240 and 480 L m-2 (van
Afferden et al. 2011). By keeping unsaturated conditions, the oxygen recharges from the
atmosphere occurs and could be further enhanced by the willow roots in the vertical
flow constructed wetland. The pulsed injection scheme facilitates the entrance of air
from the atmosphere into the system during the drainage periods. Thus, both vertical
flow systems at the Leuna test site promote a high contaminant removal capacity by
facilitating aerobic biodegradation but might also allow for volatilization of the
contaminants (benzene and MTBE) susceptible of degassing to the atmosphere.
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1.3. Contaminant removal processes in vertical flow systems
Vertical flow filters and constructed wetlands have the aim to reproduce under
controlled conditions the mechanisms occurring in the unsaturated zone of natural
porous media. The unsaturated zone is a very complex environment containing an
abiotic solid matrix and biomass consisting of microbes and plant roots. The pores in
the matrix are filled with water and gas, the composition of which depends on the
matrix minerals and on the biota present on it. Mechanisms contributing to the removal
of contaminants in vertical flow filters and vertical flow constructed wetlands include
biodegradation, volatilization, sorption and plant root uptake as well as
photodegradation, vertical diffusion, chemical precipitation, sedimentation and
accretion (Kadlec and Wallace 2008). In particular, the first group of these processes
(Figure 1.3) is considered to be potentially relevant for the systems and contaminants
investigated in this thesis and are discussed in more detail here.

Figure 1.3. Removal processes of volatile organic compounds (benzene and MTBE) and
ammonium in vertical flow systems at Leuna.

Biodegradation. Under aerobic conditions microbial degradation is an important
removal process of benzene and MTBE as well as of many other hydrocarbon
contaminants in natural systems (Höhener et al. 2003; Hunkeler et al. 2001; Martienssen
et al. 2006; Schirmer et al. 2003) and constructed wetlands (Eke 2008; Tang et al.
2009a). Both compounds can serve as carbon and energy source for the degrading
organisms allowing them to build up biomass and to produce carbon dioxide as final
degradation product. Such complete mineralization of benzene and MTBE consumes
large amounts of oxygen, approximately 3 grams of oxygen per gram of contaminant
(Wiedemeier et al. 1999). Under aerobic conditions, the MTBE degradation product
tert-butyl formate TBF is quickly biodegraded into tert-butyl alcohol TBA (Schirmer et
al. 2003). Ammonium biodegradation leads to the formation of nitrite (NO2-), and when
enough oxygen is available, nitrite is further degraded into nitrate (NO3-) (Burt et al.
1993). Alternatively, microorganisms can also transform the nitrate into di-nitrogen (N2)
(Sun and Austin 2007). Ammonium degradation in vertical flow filters and constructed
wetlands has been investigated intensively in the context of waste water treatment
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(Green et al. 1998; Kadlec and Wallace 2008; Sun and Austin 2007) including
numerical model simulation (Langergraber 2001; Langergraber 2003; Langergraber et
al. 2007; Langergraber and Šimunek 2005).
Volatilization. Many hydrocarbon species are volatile compounds allowing them to
evaporate from liquids at room temperature. Henry´s constant gives the ratio between
the gas phase and the liquid phase of a compound at equilibrium, which is temperature
dependent, promoting higher volatilization at higher temperatures. Benzene and MTBE
are volatile compounds, with a Henry´s constant of 0.21 M atm-1 (Dewulf et al. 1995)
and 1.6 M atm-1 (Robbins et al. 1993) respectively. Benzene and MTBE degassing from
the contaminated water slowly migrate by diffusion and/or advection in the soil air
towards the filter surface. In vertical flow filters and constructed wetlands, volatilization
can be important, particularly when stagnant water remains in the upper part of the filter
facilitating the contaminant degassing into the atmosphere (Eke 2008). Volatilization is
minimized or avoided by keeping pores saturated, or by injecting the water at a certain
distance from the filter surface to increase diffusion pathways, as done for the test
systems at Leuna. Ammonium can become volatile under special conditions: at low pH
values as nitrous acid (Buss et al. 2004) and at high pH values as ammonia (Burt et al.
1993). Neutral pH will favor the ammonium state as a dissolved species and nonvolatile compound.
Sorption. The sorption capacity of a material is closely related to the organic fraction
(foc) contained in the material and to the compound specific characteristic given by the
organic carbon partition coefficient (Koc). Benzene, a hydrophobic compound, can be
retained by sorption (log Kiow 2.17; (Schwarzenbach et al. 2003)) to organic matter
present in a porous material. In the case of MTBE, its high solubility (-log Cwisat 0.34;
(Schwarzenbach et al. 2003)) and low sorption capacity (log Kiow 0.94; (Schwarzenbach
et al. 2003)) makes it less suitable to be sorbed to organic matter. The granular material
used in the vertical flow filters and vertical flow constructed wetlands in Leuna,
expanded clay pellets and zeosoil, does not contain organic matter. This is supported by
laboratory tests showing no sorption of benzene or MTBE on these materials.
Ammonium, being a positively charged ionic species is subject to sorption to negatively
charged surfaces, as clay minerals for instance. The sorption of ammonium was not
tested in the material used for the vertical flow filters and constructed wetlands.
Root uptake. When taking up water plant roots may also take up dissolved constituents.
Plants use sequestered contaminants as nutrients that become part of the plant structure
or they could facilitate the transport of the contaminants from the water to the
atmosphere (phytovolatilization). Plant roots provide a good environment for
attachment of microbial communities, contributing to contaminant removal. The plants
used in Leuna filters are willows (Salix), which have a high water consumption making
them suitable for high volumes of water to be treated (Kadlec and Wallace 2008).

1.4. Assessment of removal processes
Among the contaminant removal processes potentially controlling the fate of
contaminants in vertical flow filters and constructed wetlands, the only process which
transforms the contaminants into harmless products is biodegradation. All other
processes lead only to a temporary attenuation of contaminant fluxes (Peter 2002), or to
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a relocation of the contaminants into different environmental compartments.
Volatilization and root uptake do not destroy contaminants but transfer them into the air
or the plant biomass. Sorption acts as a temporary storage but if
environmental/operational conditions change, contaminants can be released again into
the environment. The identification and relevance of each individual removal process is
a key aspect of the assessment and the remediation performance improvement for
vertical flow systems Traditionally, studies on vertical flow filters and constructed
wetlands performance only focus on the in- and outflow concentrations of the
contaminants and consider the system as a “black box” (Langergraber 2008; Wozniak et
al. 2007), which does not allow distinguishing between different removal processes.
Thus, individual removal processes have not been investigated in detail. Any
assessment of individual removal processes in vertical flow filters and vertical flow
constructed wetlands is challenged since processes occur simultaneously, making it
even more complicated to assess individual process independently from each other.
Furthermore, vertical filter systems are highly dynamic compared to a natural
environment because loading of contaminated water is much higher.
In the following sections, the assessment of benzene and MTBE removal processes by
means of experimental measurements and by numerical modeling approaches is
presented as an overview for the vadose zone in general, and for vertical flow filters and
constructed wetlands in particular.
Experimental assessment of removal process. The assessment of microbial
hydrocarbon degradation processes in the vadose zone has been the subject of
investigation in several studies. A semi-quantitative way to investigate biodegradation is
the quantification of microbial abundance together with the estimation of aerobic
degradation kinetic parameters at the field or laboratory scale (Holden and Fierer 2005;
Hers et al. 2000; Kristensen et al. 2010; Suarez and Rifai 1999; Deeb et al. 2000;
Schirmer et al. 2003). Furthermore, in situ biodegradation was assessed by applying
compound specific stable isotope analysis (Meckenstock et al. 2004) but a quantitative
interpretation of such data is not always possible (Thullner et al. 2012).
The investigation of volatilization is a difficult issue at the field scale, therefore studies
tend to perform the measurements in controlled environments. In order to estimate or
measure VOCs fluxes by advection and diffusive transport through the unsaturated zone
different methods have been applied: VOCs field sampling, conservative gas tracers
(Christophersen et al. 2005), testing chambers (Tillman Jr and Smith 2004), a large
scale lysimeter (Pasteris et al. 2002), as well as the integration of field measurements
with numerical modeling (Broholm et al. 2005). In the case of MTBE, lab experiments
indicated diffusion dominated transport through the unsaturated zone (Wang et al.
2003). In spite of the considerable investigation of removal processes addressed in the
vadose zone, laboratory studies combining biodegradation, volatilization and modeling
suggest that further investigation of these processes at intermediate and small scale is
required (Eweis et al. 2007; Rivett et al. 2011).
A few studies have addressed the experimental investigation of benzene removal
processes in vertical flow filters and vertical flow constructed wetlands. Biodegradation
and sorption contribute to the benzene removal (Eke 2008; Scholz 2010), but
volatilization is the major benzene removal process (Eke and Scholz 2008) in
intermittently flooded pilot-scale vertical flow constructed wetlands. No significant
14

differences on the benzene removal performance were observed between planted and
unplanted wetlands, unless nutrients are provided (Eke and Scholz 2008; Tang et al.
2009a). Benzene removal is seasonally affected, being the removal higher in spring
(Tang et al. 2009b). In an analogous system, biotrickling filters were found to be highly
efficient in MTBE microbial removal without intermediate degradation products in the
aqueous or gas phases (Fortin and Deshusses 1999a, b).
Other available techniques for microbial investigations in vertical flow filters and
vertical flow constructed wetlands were described in detail by (Faulwetter et al. 2009).
Techniques as: microsensors and fluorescent in situ hybridization (FISH) in trickling
filters (Okabe et al. 1999), bacterial community analysis through terminal restriction
fragment length polymorphism (T-RFLP) - a molecular fingerprinting technique (Sleytr
et al. 2009), and denaturing gradient gel electrophoresis (DGGE) (Tietz et al. 2007)
were applied to vertical flow constructed wetlands. However, these investigations
mainly focused on ammonium degradation, giving qualitative information on
biodegradation but no quantitative information. There is still a lack of assessment on
microbial communities able to degrade VOCs in vertical flow filters and constructed
wetlands.
Assessment of removal processes through numerical modeling. Numerical model
simulations are an important contribution for the investigation of vertical flow filters
and vertical flow constructed wetlands. The contribution of each individual removal
process can be differentiated and subsequently quantified by applying analytical and
numerical model simulations. Models are simplification of reality but still they provide
insight on the performance and contribute to the improvement of vertical flow filters
and constructed wetlands for contaminant removal. Many models have been applied for
simulating VOCs transport (Johnson and Ettinger 1991) and biodegradation (DeVaull
2007; Picone 2012) in the unsaturated zone, but so far these models do not consider the
dynamics of contaminated water flow in vertical flow filters and constructed wetlands.
In turn, most of the models applied for reactive transport simulation in vertical flow
filters and vertical flow constructed wetlands have focused on domestic waste water
degradation processes not considering any volatile contaminants. Therefore there is still
a lack of model approach describing the removal processes of VOCs from such systems.
Models used to simulate the vadose zone (Karapanagioti et al. 2003; Simunek and
Bradford 2008) could also be applied for the reactive transport simulation of vertical
flow filters and vertical flow constructed wetlands. HYDRUS was used by Schwager
and Boller (1997) to reproduce the water flow in an intermittent loaded vertical flow
filter and MOFAT, for the simulation of diffusive and advective air transport. Reactive
transport simulations based on a modified version of HYDRUS (CW2D and CWM1;
(Langergraber et al. 2009)) have significantly contributed to the understanding of
microbial degradation processes in vertical flow constructed wetlands used for the
treatment of domestic waste (Langergraber 2001; Langergraber 2003; Langergraber
2008; Langergraber et al. 2007; Langergraber and Šimunek 2005). Other model
approaches have focused on oxygen transport coupled with the water flow at
intermittently loaded vertical flow filters to identify the oxygen recharge in such
systems when used for domestic waste water treatment (Forquet et al. 2009a; Forquet et
al. 2009b; Petitjean et al. 2012; Wanko et al. 2006). A more detailed overview on recent
developments of numerical model simulations of vertical flow filters and vertical flow
constructed wetlands can be found in Langergraber et al. (2009) and Vymazal (2010).
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Among the models mentioned there, the model of Giraldi et al. (2010) combines almost
all important processes within a single simulation approach. It allows the simulation of
unsaturated water flow, and dissolved species and solid particles transport, combined
with root uptake, biodegradation of organic matter and nitrogen, oxygen transport and
porosity changes due to clogging effects (bacterial growth and particle accumulation),
which results in a reduction of hydraulic conductivity.
All models presented above consider the microbial degradation occurring mainly in
vertical flow filters or constructed wetland used for the treatment of domestic waste
water. So far, the only approach to model the removal of VOCs from such treatment
systems was in a study using neural networks (Eke 2008). In order to numerically
simulate the removal of VOCs, such as benzene and MTBE, in a vertical flow filter or a
vertical flow constructed wetland, the applied model has to consider all processes
potentially relevant for the removal. This includes besides unsaturated water flow, the
transport of dissolved species by advection, dispersion and diffusion, and the
biogeochemical processes affecting the contaminant concentrations particularly the
transport of gaseous species in the soil air. The model MIN3P (Mayer et al. 2002)
applied for the numerical analyses performed in the present thesis allows for such
simulation of the reactive transport of dissolved and gaseous species under unsaturated
flow conditions. In particular, water flow is given by Richard´s equation, gas phase
transport is controlled by diffusion and advection (Molins et al. 2008), the exchange of
volatile species between gas and aqueous phase is given by Henry´s law and microbial
degradation is expressed using Monod-type kinetics. Other features of MIN3P are
described in detail in Mayer et al. (2002).

1.5. Thesis aim and outline
The present thesis is focused on the investigation and quantification of volatile organic
contaminant removal processes by means of field measurements and numerical model
simulations. The aim is to improve the understanding of these processes under the
highly dynamic operation conditions of vertical flow filters and vertical flow
constructed wetlands at the pilot-scale outdoor facility in Leuna. The thesis is structured
in chapters, which intends to reproduce the investigation line followed during the
doctoral work.
Chapter 2 presents the application of a reactive transport modeling approach for the
prediction of the performance of vertical flow filters used for the treatment of water
contaminated with volatile organic compounds. The know-how available from the
vertical flow filters and constructed wetlands in the area of domestic waste water
treatment was used as starting point for this prediction. By considering different
numerical model simulation scenarios it was possible to predict the removal of volatile
groundwater contaminants found at Leuna. Furthermore, the influence of different filter
operation conditions, degradation rate kinetics as well as filter materials on the
performance of the filter was assessed.
Chapter 3 evaluates the contribution of biodegradation and volatilization to the total
removal of contaminants observed for a pilot-scale vertical flow filter from Leuna
during two operation periods. Conservative transport processes were studied using high
resolution flow rate measurements and dissolved tracer tests. The experimental
16

assessment of biodegradation included catabolic gene analysis of the microbial
community as well as stable isotope fractionation analysis. Volatilization was assessed
experimentally using Radon-222 as volatile tracer as well as by measuring volatile
contaminant emissions. Experimental approaches were accompanied by non-reactive
numerical simulations to evaluate the filter performance and to quantitatively estimate
both removal processes.
Chapter 4 presents a reactive transport simulation of a vertical flow filter and a vertical
flow constructed wetland from Leuna. Numerical simulations made use of all
experimental data available to reproduce the processes in the vertical flow systems, and
to determine their relevance at different operation conditions. Numerical model
simulations indicated that the high removal rates observed for both systems can be
attributed to high biodegradation rates, while emissions of volatile contaminants are
negligible. Model results thus support the use of these vertical flow systems as efficient
treatment method for contaminated groundwater and the use of reactive transport
simulations for the assessment of such systems.
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Abstract
Vertical flow filters are containers filled with porous medium that are recharged from
top and drained at the bottom, and are operated at partly saturated conditions. They have
recently been suggested as treatment technology for groundwater containing volatile
organic compounds (VOCs). Numerical reactive transport simulations were performed
to investigate the relevance of different filter operation modes on biodegradation and/or
volatilization of the contaminants and to evaluate the potential limitation of such
remediation mean due to volatile emissions. On the basis of the data from a pilot-scale
vertical flow filter intermittently fed with domestic waste water, model predictions on
the system’s performance for the treatment of contaminated groundwater were derived.
These simulations considered the transport and aerobic degradation of ammonium and
two VOCs, benzene and methyl tertiary butyl ether (MTBE). In addition, the advectivediffusive gas-phase transport of volatile compounds as well as oxygen was simulated.
Model predictions addressed the influence of depth and frequency of the intermittent
groundwater injection, degradation rate kinetics, and the composition of the filter
material. Simulation results show that for unfavorable operation conditions significant
VOC emissions have to be considered and that operation modes limiting VOC
emissions may limit aerobic biodegradation. However, a suitable combination of
injection depth and composition of the filter material does facilitate high biodegradation
rates while only little VOC emissions take place. Using such optimized operation modes
would allow using vertical flow filter systems as remediation technology suitable for
groundwater contaminated with volatile compounds.
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2.1. Introduction
Vertical flow filters reproduce the mechanisms of vertical water flux and transport of
natural soil and subsoil under a controlled environment for contaminant degradation,
which at a pilot scale allows for the study of processes and test of efficiency of such
systems. If they are planted they are called vertical flow constructed wetlands, and
represent artificial emulators of natural wetlands. First applications of constructed
wetlands date back to the beginning of the 20th century (Vymazal 2011), although first
considered as water remediation technique in the 1970s (Seidel 1973). Since then the
vertical filter systems have most commonly been used for the treatment of domestic
waste water as they provide a highly efficient, simple and easy to operate, low
maintenance, and decentralized technology. Over the years, the use of constructed
wetlands in general has been extended world wide not only for domestic waste water
treatment, but also for the treatment of other types of waste water generated from
different sources as, for example, from agriculture, mining, pharmacy as well as
petroleum industry (Knight et al. 1998, 1999; Ji et al. 2002; Keefe et al. 2004;
Langergraber and Šimunek 2005; Wallace and Kadlec 2005; Eke and Scholz 2008;
Kadlec and Wallace 2008; Langergraber 2008; Vymazal 2011).
Recently, constructed wetland technologies (including vertical flow systems) have been
proposed also for the treatment of groundwater containing volatile organic contaminants
(e.g., benzene and methyl tertiary butyl ether (MTBE); Rügner et al. 2007). However,
high volatility can cause unwanted atmospheric emissions associated with adverse
environmental or health risks. This compromises the applicability of this treatment
technology for such compounds. Volatile organic compound (VOC) emissions from
contaminated groundwater and transport through the unsaturated zone have been studied
over the last decades (Pasteris et al. 2002; Rivett et al. 2011). Owing to VOC-related
health concerns, environmental policies set up regulation and treatment techniques to
avoid and deal with VOC emissions (European Commission Environment 2011;
USEPA 2011).
Another problematic aspect is monitoring of remedial performance. Standard practice
for the assessment of filter contaminant removal performance compares dissolved
concentration measurements from inflow and outflow of the wetland. However, this is
not sufficient for the distinction between the effects of removal of volatile compounds
by biodegradation (desired process) and/or by volatilization (undesired process).
Experimental studies on the emission of volatile compounds from vertical flow filters
are missing so far, which is not surprising as the measurement of emitted fluxes of
gaseous compounds at field conditions is a challenge. Still, knowledge of the factors
that control the volatile emissions of contaminants is specifically needed for optimal
filter design. A primary design criterion is to obtain good connectivity between
unsaturated soil and atmosphere which is necessary to continuously provide oxygen.
High connectivity means high oxygen availability, but it simultaneously promotes the
transfer of volatilized contaminants to the atmosphere.
In spite of their simplicity, vertical flow filters exhibit a complex behavior in terms of
water flow, the transport of dissolved and gaseous species, as well as phase exchange
processes and the biotic and abiotic reactions affecting the fate of contaminants. The
performance of such filters is routinely evaluated as a black box, without a detailed and
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quantitative consideration of the governing processes that control the performance of
the system. One way to obtain more insight is the use of numerical model simulations.
Models offer the opportunity to simulate the performance of given systems. They allow
computing in detail flow dynamics and solute transport, while they facilitate
differentiation of the role of individual processes and system parameters (Schwager and
Boller 1997; Langergraber 2001; Keefe et al. 2004). Furthermore, they are inexpensive
means for scenario analysis, and allow testing of different technical system
configurations and/or application strategies. This enables to elaborate on sensitive
technological design criteria and to derive conclusions on optimal filter application.
Recent studies on constructed wetland simulation demonstrated the benefit from attuned
modeling concepts; for instance, simulation of reactive processes (Sklarz et al. 2010) as
well as advective-diffusive transport of oxygen (Wanko et al. 2006; Forquet et al. 2009).
Langergraber (2008) showed in his recent review that available reactive transport
modeling concepts are sufficiently advanced for adequate simulation of vertical flow
filters and the processes therein.
Applications of reactive transport models to vertical flow filters have so far focused on
the fate of nonvolatile contaminants. The gas-phase processes considered in these
models are restricted to those that control the release of oxygen to the water phase, and
by this, for instance, the relevance of diffusive vs. advective gas-phase transport is
discussed (Wanko et al. 2006). Our study uses numerical simulations considering
simultaneously and at fully transient conditions unsaturated water flow, advectivedispersive transport of dissolved and of gaseous species as well as their reactive
interactions. These numerical simulations were used to assess the removal of VOCs
from a vertical flow filter, demonstrating how reactive transport modeling can also be
employed for estimating VOC emissions from such treatment systems. In addition, our
investigation showed that reactive transport modeling could be applied as a fast and
inexpensive alternative for design and operation improvement of vertical flow filters
preventing human and atmospheric risks caused by undesired VOC emissions.
The specific case selected was a filter system operated for the treatment of domestic
waste water (Baeder-Bederski et al. 2004). The objective was to simulate the potential
fate of benzene and MTBE, two volatile groundwater contaminants, and ammonium as
nonvolatile contaminant, introduced by intermittent irrigation. By setting up different
model variants the associated bioremediation performance of different vertical flow
filter configurations and application strategies are predicted. Model results are used to
assess the risk of atmospheric emissions and the influence of different operation modes
on the magnitude of these emissions. The obtained results support the decision if and at
which conditions vertical flow filters are a suitable treatment technology for
contaminated groundwater and how to optimize their remediation performance for such
compounds.

2.2. Materials and methods
2.2.1. General approach
A vertical flow filter from a domestic waste water treatment pilot plant located in
Langenreichenbach, Germany (operating 14 different vertical and horizontal flow
constructed wetlands) was used as a reference system for the behavior of such a filter at
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field conditions. This filter was used for the treatment of waste water containing
nonvolatile compounds with ammonium as the main contaminant removed in the filter.
Data on the flow rate and the concentration of ammonium at the inflow and outflow of
this selected filter were gathered to set up and calibrate a numerical reactive transport
model. The calibrated model was applied for the simulation of an analogous virtual
system to be used for the treatment of contaminated groundwater. For this purpose,
volatile compounds (benzene and MTBE) and associated abiotic processes
(volatilization and gas-phase transport) were additionally considered in the model. The
concentrations assumed for these two contaminants are characteristic for polluted
groundwater found at an industrial site in Leuna, Germany. The model was used to
predict the contribution of volatilization and biodegradation to the removal of the
contaminants at different filter operation modes or under different filter design
conditions.
2.2.2. Vertical flow filter used as field-scale experimental reference
The reference filter had a rectangular surface area of 6.2 m2 (2.4 m × 2.75 m, reduced
by the presence of an outlet shaft of 0.4 m2), and was planted with Phragmites australis.
The filter matrix consisted of layered granular material of different diameters: a 5-cmthick coarse fluvial gravel cover layer (8 to 16 mm diameter) on top, a 60-cm-thick
main layer composed by a mixture of 30% crashed expanded clay pellets (2 to 4 mm)
and 70% sand (2 mm), and a 10-cm thick gravel drainage layer (4 to 8 mm) separated
by a perforated stainless steel plate (2-mm-diameter holes) from a 20-cm-thick sump at
the bottom (Figure 2.1). The filter was intermittently loaded by pulses of water via two
perforated pipes located on top of the filter. The total water volume injected per day was
248 L, applied every 6 h in individual pulses with rates of 20 L/min and 3.1 min
duration. Flow rates measured at the inflow and outflow were used by Maier et al.
(2009) to calibrate a numerical flow model of this filter and to determine the hydraulic
properties of the filter material (van Genuchten coefficients, porosity, and saturated
hydraulic conductivity of each filter layer). Maier et al. (2009) also provide a more
detailed description of the material used for the vertical filter construction, and they give
comprehensive insight in the operation of the water treatment pilot plant.
The vertical flow filter was in operation for about 2 years (2005 to 2006). Performance
of the filter was monitored by approximately weekly sampling of the inflow and
outflow water, and by the analysis of default chemical and biological parameters.
Analytical methods and further details on measurement practice of water samples are
provided by Baeder-Bederski et al. (2004). For the main contaminant, ammonium,
results of this analysis indicated a stable filter performance of the entire year 2006. For
this study, average ammonium concentrations of 88 mg/L at the inflow and 0.87 mg/L
at the outflow for a regularly measured 2-month operation period (July to August 2006)
were adopted as reference data (Table 2.1).
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Figure 2.1. Vertical flow filter schematic cross section—the arrow indicates the injection
depth of Scenario 2 (base case).

2.2.3. Numerical model set up
Numerical simulations were carried out with the multi-component reactive transport
model MIN3P (Mayer et al. 2002), which is suitable for the simulation of variably
saturated porous media systems. In addition to water flow and reactive transport of
dissolved species in the water phase, the MIN3P version considered in this study allows
also for simulating the diffusion and advective transport of gaseous species in the soil
(Molins and Mayer 2007). The exchange of volatile species between gaseous phase and
water phase (i.e., soil air and pore water) was simulated assuming an instantaneous local
equilibrium between dissolved and gaseous concentrations as given by Henry’s law.
Soil filters were simulated as one-dimensional vertical structures using a constant
spatial discretization of 1 cm. For each simulated scenario, the intermittent irrigation
pattern and chemical species concentrations in the injected water were assumed to be
constant. Default atmospheric conditions (e.g., partial pressure of oxygen and nitrogen)
were defined as boundary condition for the gas phase at the top of the filter. Transient
simulations were performed until flow rates and concentrations had reached a repetitive
daily pattern for at least twice the hydraulic residence time of the solute in the filter
(determined by simulated tracer tests, see Table 2.2) to assure the result representing
“steady” operation conditions.
Unsaturated flow
MIN3P applies Richards equation to describe flow under unsaturated conditions.
Hydraulic properties (hydraulic conductivities, van Genuchten parameters) of the
materials used in the experimental reference vertical flow filter determined by automatic
calibration were taken from Maier et al. (2009) and are listed in Table 2.1. With these
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parameter settings, the experimental results could be reproduced (Figure 2.2) as in the
study by Maier et al. (2009).
The hydraulic residence time of water in the filters was determined by simulating a
single-pulse injection of a nonreactive tracer (bromide). Tracer breakthrough at the
outflow of the filter was taken to calculate residence times according to Headley and
Kadlec (2007) (Table 2.2).
Reactive processes
Three aerobic biodegradation processes were included in the model simulations:
nitrification of ammonium, which for simplicity was implemented as one-step reaction
(Prommer et al. 2006):
NH4+ + 2 O2NO3- + H2O + 2H+ (1)
and the total mineralization of benzene and MTBE (neglecting intermediate degradation
products):
C6H6 + 7.5 O2  6 CO2(g) + 3 H2O (2)
C5H12O + 7.5 O2  5 CO2(g) + 6 H2O (3)
All degradation kinetics followed double Michaelis-Menten kinetics (Barry et al. 2002;
Thullner et al. 2007):

Co2
Ccont
Ccont
 k max
(4)
t
k cont  Ccont k o2  Co2
where Ccont is contaminant concentration, Cox is oxygen concentration, kmax is the
maximum degradation rate, Kcont is the contaminant half saturation constant and Kox is
the oxygen half saturation constant. Values for the half saturation constants were taken
either from literature or in the absence of literature sources, as e.g. for the case of the
oxygen half saturation constant for the MTBE degradation, it was assumed arbitrarily as
the same oxygen half saturation constant used for the benzene degradation in Prommer
et al. (1999). Using these half saturation constants, values for the maximum degradation
rates were determined by manually fitting measured data from the experimental
reference (ammonium nitrification), or derived from laboratory experiments (benzene
and MTBE from A. Wendeberg, personal communication, 2010). Table 2.1 provides an
overview of all parameter values used. No further reactive processes (e.g., anaerobic
degradation, acid base dissociations, mineral formation) were considered. Sorption
processes were not considered assuming that for long-term operation of such filter
systems sorptive retention is negligible. Furthermore, volatilization of nitrogen species
was neglected. This is feasible because for the Langenreichenbach case measured pH
was close to neutral and such volatilization could only take place in the form of NH3 at
alkaline pH (Burt et al. 1993) or in the form of nitrous acid at very acid pH (Buss et al.
2004). Additionally, the mass balance of nitrogen-compounds measured concentration
values at the in- and outflow of the filter (not shown) does not suggest any volatile
losses of nitrogen species.
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Table 2.1
Parameter Values Used for Model Simulations
Unit
Value

Settings
Operation parameters
Injection rate
Duration of the pulse
Loading pulses per day
Volume of water injected per pulse
Volume of water injected per day
Loading distribution scheme
Material properties
Hydraulic conductivityclay+sand
Van Genuchten parameter (alpha)clay+sand
Van Genuchten parameter (n)clay+sand
Porosityclay+sand
Hydraulic conductivitygravel (8-16)
Van Genuchten parameter (alpha)gravel (8-16)
Van Genuchten parameter (n)gravel (8-16)
Porositygravel (8-16)
Hydraulic conductivitygravel (4-8)
Van Genuchten parameter (alpha)gravel (4-8)
Van Genuchten parameter (n)gravel (4-8)
Porositygravel (4-8)
Residual saturation
Hydraulic conductivity sand
Van Genuchten parameter (alpha)sand
Van Genuchten parameter (n)sand
Porositysand
Residual saturation
Hydraulic conductivity building debris
Van Genuchten parameter (alpha)building debris
Van Genuchten parameter (n)building debris
Porositybuilding debris
Residual saturation
Lower boundary condition: fixed pressure head
Kinetics parameters
Nitrification
kmax
kNH4+
kO2
Benzene degradation
kmax
kC6H6
kO2
MTBE degradation
kmax
kC5H12O
kO2
Other reactive transport parameters
Diffusion coefficient in aqueous phase
Diffusion coefficient in gas phase
Longitudinal dispersivity
Temperature
Henry’s law constant at 25 ° C
Benzene
MTBE
Contaminants concentration
NH4+ (experimental reference)
NH4+ (prediction)
C6H6 (prediction)
C5H12O (prediction)
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Reference

L/min
min
L
L
-

20
3.1
4
62
248
Uniform

Maier et al. (2009)
“
“
“
“
“

m/s
1/m
m/s
1/m
m/s
1/m
m/s
1/m
m/s
1/m
m

7.01∙10-7
0.76
2.7
0.3969
3.95∙10-2
3
20.8
0.3045
1.30∙10-3
8.5
9.8
0.35
0.01
7.44∙10-5
3.524
3.177
0.3750
0.053
5.4∙10-5
154
1.29
0.3100
0.0
-0.2

“
“
“
“
“
“
“
“
“
“
“
“
“
USEPA (2004)
“
“
“
“
Beyer et al. (2007)
“
“
“
“
Maier et al. (2009)

mg/L/s
mg/L

1.31∙10-2
4.99∙10-2

mg/L

1.0

this study
Langergraber and Šimunek
(2005)
“

mg/L/s
mg/L
mg/L

1.56∙10-3
7.8∙10-1
3.2∙10-1

Wendeberg (2010)
Prommer et al. (1999)
“

mg/L/s
mg/L
mg/L

1.76∙10-4
8.8 101
3.2 10-1

Wendeberg (2010)
Müller et al. (2007)
Prommer et al. (1999)

m2/s
m2/s
M
°C

6.105∙10-10
7.765∙10-6
0.1
10

USEPA (2010)
“
Giraldi et al. (2009)
Field measurement

M/atm
M/atm

2.1∙10-1
1.6

Robbins et al. (1993a)
Dewulf et al. (1995a)

mg/L
mg/L
mg/L
mg/L

87.5
60
20
4

Field measurement
Jechalke et al. (2010)
“
“

Diffusive processes
The MIN3P version employed in this study allows only for a single diffusion coefficient
to be used for all species in each, the gaseous phase and the aqueous phase. Given that
diffusion coefficients for oxygen differ from those for the organic contaminants, a
decision was to be made on which value to select. Considering that the focus of the
presented model simulation aims at the investigation of biodegradation and
volatilization of benzene and MTBE, the average value of their diffusion coefficient in
the air and in the water at 10 °C was used. Diffusion coefficients were obtained from the
U.S. Environmental Protection Agency web page (USEPA 2010). The FSG (Fuller,
Schettler, and Giddings), and Hayduck and Laudie methods (Lyman et al. 1990) were
applied for temperature correction of the diffusion coefficient in air and water,
respectively. Underlying equations and references are also presented in the mentioned
web page. This simplification leads to a lower diffusion of oxygen in water and in air,
but it avoids an overestimation of benzene and MTBE volatilization. Values used as
average air and water diffusion coefficient are presented in Table 2.1. The longitudinal
dispersivity presented in Table 2.1 was taken from a tracer test performed in vertical
flow constructed wetlands (Giraldi et al. 2009), where vertical dimensions and particles
diameter of the filter were similar to the systems simulated in this study.
2.2.4. Simulated model scenarios
The model set up calibrated for the experimental reference from Langenreichenbach
served as reference case to predict the performance of a vertical flow filter, with the
same hydraulic characteristics, for the treatment of contaminated groundwater. The
concentration of contaminants in the considered groundwater were taken from a
contaminated site in Leuna, Germany, where ammonium, benzene and MTBE are the
main contaminants (Jechalke et al. 2010). Average contaminant concentrations are
presented in Table 2.1.
To allow for longer residence times, the total length of the experimental reference
system from Langenreichenbach was increased in the model simulations. This allows
for enhanced biodegradation as long as oxygen is available. Further, the position of the
infiltration system could be moved from the top of the filter down into the filter material
while keeping a sufficient residual length of the flow path. The latter modification was
aiming to mitigate volatile emissions of contaminants directly into the atmosphere.
The extended filters were composed of a 25-cm cover layer, a 120-cm main layer and a
10-cm drainage layer using the same material properties as for the experimental
reference. All simulated scenarios considered the same daily volume of injected water
and the same contaminant concentrations in the injected water. In the simulations water
injection was distributed along a vertical zone of 5 cm thickness based on field
observation at Langenreichenbach, where at the moment of injection water application
was not restricted to the injection point but to an area of 5-cm diameter. In different
scenarios, the depth of injection (lower end of the 5-cm zone representing the location
of the infiltration system) and the number of daily injection pulses were varied to test
their influence on the performance of the filter system. To maintain a constant daily
injected water volume, the duration of the pulse was modified while keeping injection
rates constant. The only exception was the continuous injection scenario (Scenario 11),
where the injection rate was modified to allow for a permanent injection while keeping
the daily injected water volume constant.
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Table 2.2
Summary of Model Scenarios and Parameters - Volume of Injected Water per Day for All Scenarios: 248 L
(40 L/m2)
Injection
Duration
Degradation Rate (mg/L/s)
Hydraulic
Depth
Pulses
Scena
of the
Layers
Residence
below
per
rios
Pulse
Specifications Ammon
Time (d)
Surface
Day
Benzene
MTBE
(min)
ium
(m)
1

11.3

On top

2(1)

11.7

0.30

3(2)

11.7

0.30

4

8.1

0.60

5

6.5

0.90

6

3.5

1.20

7

11.8

1

8

11.7

8

9

11.7

10

11.7

11

11.5

12

4

3.1

1.31 10-2

1.56 10-3

8.81 10-6

11.7

13.14

1.56

8.81 10-3

13

11.7

1.31 10-5

1.56 10-6

8.81 10-9

14

11.7

15

4.4

16

7.7

17

11.3

18

8.5

0.60

Cover layer
0.6 m

19

5.5

0.90

Cover layer
0.9 m

20

3.1

1.20

Cover layer
1.2 m

0.30

16

12.4

3.1

24
Continuous injection

no oxygen restriction
0.30

(1)
(2)

Main layer
expanded clay
and sand

4

3.1

Main layer
sand
Main layer
building
debris
Cover layer
0.3 m

1.31 10-2

1.56 10-3

8.81 10-6

model simulation taken as reference
no gas advection considered

Further scenarios addressed the influence of biodegradation kinetics (higher or lower
maximum reaction rate, arbitrarily scaled by a factor of 1000 representing extreme cases
each, and neglecting the oxygen dependency of the degradation rate kinetics in equation
4). Degradation rates of ammonium, benezene and MTBE have been extensively
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studied at the laboratory and the field scale (Burt et al. 1993; Suarez and Rifai 1999;
Höhener et al. 2003, Schirmer et al. 2003; Buss et al. 2004; Eke 2008; Eke and Scholz
2008). Degradation rates are in the order of up to 10-2, 10-4 and 10-7 mg L-1 s-1 for
ammonium, benzene and MTBE respectively. Compared to these studies degradation
rates used in this study are relatively high. However, as degradation rates have a strong
dependence on the site-specific conditions, the site conditions of degradation rates
obtained from the literature differ from the site conditions of the vertical flow filters
considered here. The only case where systems are similar but not identical, since
operation condition and the scale differs with the cases presented here, is in the case
studied by Eke (2008), Eke and Scholz (2008).

Figure 2.2. Comparison of calibrated flow model results (taken from Maier et al. (2009))
and field data from the experimental reference system in Langenreichenbach.

Finally the effect of different filter material configurations was examined. Either the
thickness of the gravel cover layer was increased down to the top of the water injection
zone, at the expense of the thickness of the main layer, or alternative materials (sand
and building debris) were considered as main layer material. Hydraulic properties of
these hypothetical material (Table 2.1) corresponded to a soil classified as sand
according to the U.S. Soil Conservation System (SCS) (USEPA 2004) (soil type mainly
composed by sand and/or gravel, with less than about 12% particles smaller than 0.075
mm in size) and to a recycled building material called RCB “recycling baustoff”
(building debris), used as a noise barrier material (Beyer et al. 2007). It should be noted
that the assumption of such filter material was made solely to gain a better insight in the
processes occurring in the filter system and might not fulfill stability criteria required in
practice.
An overview of all simulated scenarios is given in Table 2.2. In order to compare the
different simulations, Scenario 2 (injection depth 30 cm; 4 injection pulses per day) was
taken as base case scenario. For each scenario, simulations were performed considering
the non-reactive/abiotic (only transport and volatilization) and the reactive/biotic
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behavior (transport, volatilization and biodegradation) of the contaminants. The role of
volatilization was of special interest in all modeled scenarios. Therefore, model
scenarios with and without advective transport of gaseous species were simulated.
Model simulation result for the non-gas advection cases is only shown for the base case
scenario.
All simulations were run until flow and reactive transport fluctuations reached a stable
spatio-temporal pattern during a single infiltration cycle (e.g., period of time between
two infiltration events). Model results were then analyzed for the temporal distribution
of flow rates and chemical species fluxes at the in- and outflow and for the spatial
distribution of water and chemical species at selected target times reflecting the
dynamics of the system (first 5 minutes after injection: every minute; 5 to 15 minutes
after injection: every 2 minutes; 15 to 30 minutes after injection: every 5 minutes; 30 to
60 minutes after injection: every 10 minutes; and then every hour until the next injection
event). The simulated results were used to compute mass balances for each of the
contaminants. Provided values for volatilization describe the fraction of contaminant
mass that is emitted into the atmosphere via the top of the filter.

2.3. Results
2.3.1. Spatiotemporal analysis of two example scenarios
Two scenarios - the base case Scenario 2, and Scenario 15, where the main layer is
composed by sand - were selected to show the spatio-temporal variability of water
saturation, oxygen, ammonium and benzene concentrations along the filter profile
(Figure 2.3). The shown vertical profiles represent the extreme values observed at each
depth during a single cycle once stable patterns were achieved.
In Scenario 2, the main layer of the filter exhibits permanently high water saturations
(more than 80 %) with the upper 30 to 40 cm of the main layer temporarily reaching
even full water saturation, while the cover and drainage layer presented water saturation
of 10 % or less. Constant oxygen concentration of about 11 mg L-1 was observed in the
cover layer, while concentration decreased dramatically down to 0 mg L-1 at depths
below 30 cm. Benzene and ammonium concentration profiles reflect this distribution of
oxygen showing high variability only in the area above and around the injection depth
with constant residual concentrations (and zero rates) at larger depths. A maximum
concentration of 9.8 mg L-1 benzene, 3.45 mg L-1 MTBE (not shown) and 22.5 mg L-1
ammonium was observed at the injection depth. This is less than the applied
groundwater concentrations and indicates a fast mixing between injected and residual
water or a fast initial degradation. In the cover layer above the injection depth, a strong
decrease of concentration was found for all contaminants: for ammonium a negligible
concentration was reached at approximately 10 cm below the filter surface, while for
benzene and MTBE this occurred only at the filter surface itself. Below the injection
depth and down in the filter profile, concentrations remained constant at about 8.2 mg L1
benzene, 3.4 mg L-1 MTBE (not shown) and 17.5 mg L-1 ammonium.
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Scenario 2

Scenario 15

Figure 2.3. Simulation results for Scenario 2 (base case) and for Scenario 15 (main layer
composed of sand). In each panel, shaded areas show ranges of temporal variations
(maximum and minimum) during each injection cycle.
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Results for Scenario 15 showed unsaturated conditions all over the entire filter profile.
Highest water saturations were observed between 25 and 45 cm below the filter surface
(up to 60 % water saturation) and at the bottom of the filter main layer (90 % water
saturation). Cover layer and drainage layer exhibited water saturation of 10 % or lower.
A general decrease of oxygen concentration was observed along the filter profile, with
concentrations of 11 mg L-1 on top of the filter and 9.6 mg L-1 at the bottom. Between
25 and 45 cm below the filter surface temporal variations were highest with smallest
oxygen concentrations of 9.0 mg L-1. Both benzene and ammonium concentration
profiles exhibit pronounced concentrations variations around and shortly below the
injection depth with maximum values of 10.2 mg L-1 benzene and 32.5 mg L-1
ammonium, and negligible minimum values. In contrast, for MTBE (not shown) highest
values of 3.5 mg L-1 were also found in the vicinity of the injection depths but
concentrations showed only little variations with time. Maximum concentrations sharply
decreased towards the top of the filter but only for ammonium non-negligible values
were found already below the top of the filter. Towards larger depths all contaminants
showed a decrease of concentration reaching for ammonium and benzene negligible
values already in the upper part of the main layer while for MTBE (not shown) a
concentration of 2.8 mg L-1 was still found at the bottom of the filter.
2.3.2. Hydraulic residence time
Simulated tracer breakthrough indicates a hydraulic residence time of 5.8 days for the
pilot-scale vertical flow filter used as experimental reference (not shown as a model
scenario). When the filter length was extended the residence time increased to 11.3
days, for the same infiltration scheme (Scenario 1). For the other scenarios residence
time varies mainly between 11 and 12 days, and decreased down to 3 days only for
scenarios considering larger depths for the water injection (Table 2.2). As expected
injection depth and residence time exhibit a strong correlation (R2 = 0.91) as the
residence time is mainly controlled by the length of the travel path.
2.3.3. Abiotic contaminant removal
In the absence of biodegradation, volatilization would be the only removal process in
the filter. Mass balances shown in Figure 2.4 thus represent the maximum volatilization
potential for the considered filter system. For all scenarios the volatilization potential
for benzene was larger than for MTBE reflecting their different volatilities. None of the
scenarios yielded a complete volatilization of benzene and/or MTBE, but values of up to
66% for benzene and 23% for MTBE were found. These maximum values were
obtained when injecting the contaminated water right on top of the vertical filters
(Scenario 1). A reduction of the volatilization potential was reached when injecting the
water at increased depths (Scenarios 2 and 4 to 6). A high correlation of volatilization
reduction with injection depth was observed for benzene and MTBE (R2 = 0.84 and R2
= 0.91, respectively). The temporal distribution of the injected water during each day
was varied from one pulse to 24 pulses per day (Scenarios 2 and 7 to 11). Highest
volatilization was found for four daily injection pulses (Scenario 2), but the variability
of observed volatilization was rather small ranging between 27 to 37 % for benzene and
11 to 15 % for MTBE. In contrast, for a continuous water injection, volatilization was
reduced to less than 1 % for benzene and for MTBE (Scenario 11).
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When neglecting advective gas phase transport (Scenario 3) the potential of
volatilization remained the same as for the base case scenario (Scenario 2). In
comparison, the use of different filter materials had a much more significant effect. The
use of building debris (Scenario 16) reduced volatilization for both contaminants while
the use of sand (Scenario 15) enhanced it.

Figure 2.4. Mass balance of volatile contaminants (as the ratio of injected mass) in case
of no biodegradation taking place in the vertical flow filter system. Scenario 2 (base
case) is highlighted in black.

2.3.4. Abiotic and biotic removal
The observed contributions of the different removal processes (volatilization and
biodegradation) were controlled by the volatility and degradability of the specific
contaminants as well as by the availability of oxygen (Figure 2.5). The (biotic) removal
dropped when injection depth was increased (Scenarios 1, 2, 4 to 6). The daily injection
pattern exhibited highest removal when considering just a single injection pulse per day
(Scenario 7). This fraction declined with higher injection frequencies (Scenarios 2 and 8
to 10), with minimum values reached for a continuous infiltration (Scenario 11).
As expected, increase or decrease of the maximum biodegradation rate (Scenarios 12
and 13) yields higher or lower removal, respectively, and full removal is achieved in
case the biodegradation rate does not depend on the oxygen concentration in the filter
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(Scenario 14). Without advective gas phase transport, contaminant removal is slightly
reduced (Scenario 3). Changing the main filter layer material to building debris
(Scenario 16) reduces the contaminant removal, while sand (Scenario 15) results in a
complete removal (except for MTBE). Also the use of thick cover layers reaching down
to the injection depth raises removal for all tested depths (Scenarios 17 to 20 vs.
Scenarios 2 and 4 to 6).
The contribution of volatilization and biodegradation to total removal of benzene and
MTBE is shown in Figure 2.6. In all scenarios biodegradation is the main process
contributing to the removal of benzene from the injected contaminated groundwater,
with the only exception of Scenario 13, where very low degradation rate led to most of
the benzene removed by volatilization. In turn, for most scenarios volatilization was the
main MTBE removal process. However, biodegradation contribution to removal
increased when biodegradation rates were increased (Scenario 12) or not limited by
oxygen availability (Scenarios 14 and 15), or when the depth of injection avoided
volatilization (Scenarios 5 and 6).

Figure 2.5. Mass balance of contaminants (as the ratio of injected mass) in the case of
biodegradation taking place in the vertical flow filter system. Scenario 2 (base case) is
highlighted in black.
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2.3.5. Oxygen consumption
In most of the simulated scenarios oxygen concentrations at the outflow of the filter
were far below 0.5 mg/L, which is given as upper limit for anoxic conditions
(Wiedemeier et al. 1999). For most of these scenarios oxic conditions prevailed only in
the upper part of the filter constrained by the injection depths (Figure 2.7). When water
was applied at increasing injection depths or when the cover layer thickness was
extended to the top of the injection depth, oxic conditions could (temporarily) penetrate
deeper into the filter (Scenarios 2 to 6 and 17 to 20). Exceptions with oxygen
penetration significantly deeper than the depth of the water injection could only be
found when water was injected on top, when the main layer material was sand
(Scenarios 1 and 15), or when decreased biodegradation rates were considered (Scenario
13).
According to Equations 1 to 3, the amount of oxygen needed for complete degradation
of the injected groundwater contaminants is 275 mg O2/L of the treated groundwater.
Most of this (202 mg) is required for ammonium, while smaller portions are needed for
benzene (62 mg) and MTBE (11 mg). For comparison, the 88 mg/L ammonium in the
waste water of the experimental reference required a similar total amount of 296 mg
O2/L.

Figure 2.6. Contribution of biodegradation and volatilization to total removal for the
different model scenarios for benzene and MTBE. Scenario 2 (base case) is highlighted
in black.
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2.4. Discussion
2.4.1. Influence of gas-phase transport on contaminant removal
The presented simulation results confirm that the transport of gaseous species in the
soil-air phase influences contaminant removal in different ways: high transport rates of
oxygen are needed to support biodegradation and high transport rates of volatile
contaminants lead to their emission into the atmosphere. Factors leading to enhance
transport rates of oxygen, as the type of material used (Wanko et al. 2005), also promote
VOC emissions indicated by the high volatilization potential. Those scenarios with
higher emissions in the absence of biodegradation (Figure 2.4 and 2.6) showed also an
oxygen penetration significantly deeper than the injection depth (Figure 2.7). In turn for
scenarios with no or very low volatilization potential oxygen availability was highly
reduced too and very little biodegradation took place (Figure 2.5 and 6). For most of the
high volatilization potential scenarios, reduced but significant emission could still be
observed in the presence of biodegradation. This further enhanced the coupling between
oxygen penetration and availability, as the emitted fraction of the contaminants did not
contribute to the consumption of oxygen in the filter system. Consequently, any feature
of the filter construction or operation mode promoting gas-phase transport in the filter
system leads to an enhanced removal of contaminants. However, such feature might
also increase the contribution of undesired VOC emissions to the observed total removal
(compare Scenarios 4 to 6 with Scenarios 18 to 20). Simulations show that advective
transport processes in the gas phase, caused by the gas pumping effects induced by the
water injection pulses, had only little impact on volatiles emissions. Most of the
observed gas emissions can be attributed to diffusion. Advective transport facilitates
oxygen and contaminant interaction, and thus triggers removal by biodegradation (see
Scenarios 2 and 3 in Figure 2.4, Figure 2.5 and Figure 2.6).
Another effect from volatilization and the subsequent transport of species in the gas
phase is the extension of the biodegradation zone further up into filter parts above the
injection zone. This zone contributed in part to biodegradation in the filter systems as
some of the injected water and the contaminants therein migrated upwards. For volatile
species the additional gas phase transport into this zone lead to an enhanced
biodegradation of these contaminants. In detail, their re-equilibration with the residual
water phase in the upper filter parts and the high oxygen availability allowed for their
degradation. This led to oxygen depletion already above the water injection zone, which
explains the simulated oxygen penetration depths (partly) not reaching the depth of
water injection. Furthermore, biodegradation in these upper parts contributed to the
lower VOC emissions observed for each scenario in the presence of biodegradation
compared to the maximum potential observed in the absence of biodegradation. The
general ability of microorganisms to respond to gas phase contaminants and to affect
their transport at the cm-scale has been shown in laboratory experiments (Hanzel et al.
2011) and appears to be a controlling factor for the fate of volatilized species in the
filter systems.
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Figure 2.7. Oxygen penetration depth in the vertical flow filter system. Shaded areas
show ranges of temporal variations (maximum and minimum) within each injection
cycle. Scenario 2 (base case) is highlighted in black.

2.4.2. Influence of filter design on filter performance
Given the above-described coupling between oxygen availability and volatile emissions
raises the question whether a high removal by biodegradation can be achieved in the
absence of volatile emissions, and how such conditions can be achieved by optimal
combination of filter construction and operation. For most of the simulated scenarios
biodegradation was limited by oxygen availability. The latter is also restricted by the
water saturation, with an optimal water saturation of around 60% (Kristensen et al.
2010). Oxygen availability is indicated by the limited oxygen penetration depths and by
the low sensitivity of ammonium and benzene degradation to an increase of maximum
degradation rates (Scenario 12 vs. Scenario 2). Only for MTBE, the least degradable
contaminant in this study raising the maximum rate led to degradation increase. In turn,
in the absence of oxygen limitations all injected contaminants could be removed
(Scenario 14).
Furthermore, for conditions leading to permanently high water saturations, for example,
due to a continuous injection (Scenario 11), gas-phase transport was suppressed. This
avoided volatilization and due to the lack of oxygen, ceased biodegradation and hardly
any removal took place. Also in many other scenarios water saturations were quite high
(e.g., Scenario 2; Figure 2.3), which led to the observed limitations in oxygen
availability. Consequently, a filter design which aims at the suppression of volatile
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emissions by high water saturations would not support sufficient contaminant removal
in the filter. For the same reasons, the location of the water injection should not be too
far away from the filter top to allow for sufficient ventilation with oxygen. Conditions
supporting a sufficient availability of oxygen can be achieved without the occurrence of
volatile emissions depending on the degradability of the contaminants and on the overall
oxygen demand. The simultaneous influence on the removal of volatile compounds by
biodegradation and volatilization was also observed in recent experiments on vertical
flow filters, being volatilization the main removal process when contaminated water
was in contact with the atmosphere (Eke 2008; Eke and Scholz 2008).
If biodegradation rates are high enough, volatile emissions can be avoided (if the
injection does not take place right on top of the filter) as long as oxygen is available
(e.g., Scenario 14 and comparison of Scenarios 2, 12, and 13). In such cases, the
uppermost part of the filter can be an efficient reactive barrier and high degradation
rates do not only lead to a complete removal of the contaminants but also suppress
(nearly) any volatile compounds reaching the top of the filter. The importance of high
biodegradation rates for the suppression of volatile emissions is also supported by the
differences between the two volatile compounds. In the absence of biodegradation,
benzene, as the more volatile compound, exhibited a higher potential for volatile
emissions than MTBE. But, when considering biodegradation, the higher degradability
of benzene allowed for similar or less volatile emissions than observed for MTBE. The
relevance of the degradation rate is also highlighted by the similar VOC emissions
observed for the base-case Scenarios 2 and 15 considering sand as a main layer
material. While the different main layer material affected water saturation, hydraulic
residence time and oxygen availability, and thus biodegradation in the main layer, the
fate of the volatilized contaminant fraction is hardly changed. The latter is mainly
depending on the processes taking place above the water injection zone. Both scenarios
present, on this upper part of the filter, enough oxygen and low water saturation, being
biodegradation rate the controlling factor for the amount of contaminants reaching the
top of the filter.
The overall oxygen demand is determined by the composition of the injected
groundwater. In this study, ammonium was considered as additional nonvolatile
compound and most of the oxygen demand was attributed to ammonium in order to test
the removal performance for volatile compounds at such realistic but nonideal
conditions. In the absence of ammonium and any other additional oxygen sinks, less
oxygen supply would be needed. This would allow limiting gas-phase transport rates
while still achieving sufficient oxygen availability. Accordingly, this would reduce the
volatilization potential and emissions could be easily avoided.
The performance of vertical flow filters for the removal of VOCs and thus the
applicability of such filter systems for the treatment of groundwater contaminated by
such volatile compounds ultimately depend on the amount and degradability of the
groundwater contaminants. The amount of contaminants and thus the oxygen demand
for their biodegradation can be addressed by filter designs supporting a high oxygen
supply. For this purpose, design criteria already in use for the biodegradation of
nonvolatile compounds in such filter systems can be applied (i.e., highly unsaturated
conditions, good contact to the atmosphere, etc.). However, the treatment of volatiles
requires also a sufficiently good degradability of the treated compounds as well as
conditions supporting high biodegradation rates in the uppermost part of the filter. In
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contrast to nonvolatile compounds where low degradation rates could be compensated
by increased hydraulic residence times, the suppression of VOC emissions requires
operation conditions (temperature, nutrient supply, grain surfaces, etc.) which offer such
high biodegradation rates. This is to induce a complete degradation of the volatile
compounds while diffusing through the filter passage between the water injection zone
and the top of the filter. The optimal length of this filter passage again depends on the
total oxygen demand of the groundwater contaminants.
2.4.3. Implications of model simplification
To our knowledge, this is the first application of a reactive transport model to assess the
fate of volatile compounds in vertical flow filters. Presented results show that
simulation approach can support the prediction and evaluation of such filter systems.
Nevertheless, the presented model simulations are subject to a number or
simplifications. For instance, abiotic reactions such as mineral precipitation and
dissolution as well as the formation of microbial biomass were not considered, and
consequently hydraulic conductivity changes produced by clogging due to mineral
precipitation or biomass accumulation were neglected in the model. Although not
reported for the Langenreichenbach reference system, long-term operation of filter
systems may lead to such clogging effects (Knowles et al. 2011), but the resulting
implications for the filter performance were beyond the scope of this study. The same
holds for the simulation of pH and its interaction with the biodegradation of the
contaminants.
Calibration of ammonium degradation rate was done without considering other species
consuming oxygen in Langenreichenbach. This consideration was made on the
assumption that ammonium is the species consuming oxygen fastest in typical domestic
waste water and because ammonium was almost completely degraded. The maximum
ammonium degradation rate obtained by the calibration is one order of magnitude faster
than the degradation rates presented in literature for vertical flow constructed wetland
(Langergraber 2001; Langergraber and Šimunek 2005), but the addition of oxygen sink
species in the calibration would not have led to lower maximum degradation rates.
MTBE is mainly degradable at aerobic conditions (Fischer et al. 2005), and anaerobic
degradation of ammonium and benzene (Wiedemeier et al. 1999) is possible although at
much lower rates. Thus, such anaerobic degradation was not included in the model as
their potential impact on the removal of the contaminants is rather minor. Additionally,
by only considering aerobic degradation the total removal could be easily attributed to
the solely effect of oxygen as electron donor in the absence of any other electron donor
contributing to the removal.
Air and water diffusion can be specified in the model as only one coefficient for each
phase. While diffusion in the water phase is not an important transport process in the
presented simulations, the use of a single air phase diffusion coefficient does affect the
simulated transport of volatile species. The use of the average for benzene and MTBE
as value of the air phase diffusion coefficient allowed for a realistic estimation of
volatilization of the volatile compounds but underestimating oxygen diffusion rates and
thus biodegradation. Thus, the used values should be considered as conservative
estimate concerning contaminant removal by biodegradation and oxygen penetration
depths.
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The simulations do not consider seasonal temperature variations and precipitation
events. While annual precipitation rates are in the order of typically several hundred L
m-2 and thus are small/negligible compared to the injected amounts of water,
temperature variations have an effect on Henry´s law constants, diffusion coefficients
and degradation rates, and may modify the mass balance of the considered components
during the course of the year. Such temperature induced performance variations may
need to be considered for the interpretation of specific filter systems on the base of
measured field data. However, for the aim of the present study to delineate the general
performance of vertical soil filters, a detailed evaluation of temperature changes (in
particular seasonal variatios) was not the scope. Model simulations are assumed to
represent average filter behavior considering average annual temperatures for central
Germany, and the presented conclusions are expected to apply on general aspects of
filter performance.
Plant effects were only considered implicitly for the influence of their roots on the
hydraulic properties of the filter material while other effects were neglected. This
includes root uptake did not exhibit any effect on the water mass balance used for the
calibration of the water flow in the Langenreichenbach reference system (Maier et al.
2009). Furthermore, the release of any reactive compounds (e.g., oxygen, root exudates)
was found to affect contaminant degradation in vertical filters (Wang et al. 2011).
Nevertheless this is consider negligible in the present study due to the much higher
water turnover in the vertical system simulated here compared to those from related
studies.

2.5. Summary and conclusions
The presented model simulations demonstrated that vertical flow filters have a high
potential for removal of volatile groundwater contaminants. The simulated filter
systems do also exhibit a significant potential for VOC emissions. Accordingly, since
factors enhancing oxygen availability also promote volatile removal through emissions,
observed contaminant removal cannot be only attributed to biodegradation. However, if
oxygen availability is sufficiently high, VOC emissions can be avoided when
biodegradation rates are high enough to counteract the emissions. To achieve this, a
combination of different factors is required: the filter design must allow for oxygen
transport meeting the total oxygen demand of the groundwater contaminants, and the
degradability and the conditions in the filter must support adequately high
biodegradation rates in the filter passage between the water injection zone (to be located
inside the filter material) and the top of the filter.
The requirements on the filter design to meet the desired oxygen input into the filter are
analogous to filter systems used for non-volatile compounds: filter material and
injection scheme promoting low water saturation, as well as good connection between
atmospheric conditions on top of the filter and the microbially active zones inside the
filter. Together with the total oxygen demand these requirements determine at which
depth the water is best injected into the filter. This depth should still allow for a
sufficiently high availability of oxygen but also for a maximum length of the travel
passage of the volatilized compounds to the top of the filter. During this passage the
volatile compounds are subject to biodegradation, and biodegradation rates control the
efficiency of the passage for avoiding VOC emissions.
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In case these criteria are met, vertical flow filters can be a suitable remediation means
for groundwater containing volatile contaminants. Given the scarcity of experimental
data on volatile emissions for such filter systems and the challenges associated with
such measurements, reactive transport modeling can contribute to test and modify the
design of vertical flow filters to achieve a good compromise of conflicting design
factors and increase the removal performance while limiting VOC emissions. Once a
larger number of sufficient experimental data sets on the contribution of the different
VOC removal processes is available, reactive transport modeling approaches can be
further tested and validated to allow for more detailed assessments of the fate of VOCs
in vertical flow filters.
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Abstract
Vertical flow filters and vertical flow constructed wetlands are established wastewater
treatment systems and have also been proposed for the treatment of contaminated
groundwater. This study investigates the removal processes of volatile organic
compounds in a pilot-scale vertical flow filter. The filter is intermittently irrigated with
contaminated groundwater containing benzene, MTBE and ammonium as the main
contaminants. The system is characterized by unsaturated conditions and high
contaminant removal efficiency. The aim of the present study is to evaluate the
contribution of biodegradation and volatilization to the overall removal of benzene and
MTBE. Tracer tests and flow rate measurements showed a highly transient flow and
heterogeneous transport regime. Radon-222, naturally occurring in the treated
groundwater, was used as a gas tracer and indicated a high volatilization potential.
Radon-222 behavior was reproduced by numerical simulations and extrapolated for
benzene and MTBE, and indicated these compounds also have a high volatilization
potential. In contrast, passive sampler measurements on top of the filter detected only
low benzene and MTBE concentrations. Biodegradation potential was evaluated by the
analysis of catabolic genes involved in organic compound degradation and a
quantitative estimation of biodegradation was derived from stable isotope fractionation
analysis. Results suggest that despite the high volatilization potential, biodegradation is
the predominant mass removal process in the filter system, which indicates that the
volatilized fraction of the contaminants is still subject to subsequent biodegradation. In
particular, the upper filter layer located between the injection tubes and the surface of
the system might also contribute to biodegradation, and might play a crucial role in
avoiding the emission of volatilized contaminants into the atmosphere.
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3.1. Introduction
Vertical flow filters and vertical flow constructed wetlands have been used for several
decades for the treatment of domestic wastewaters, as well as industrial effluents
containing metals, pesticides, recalcitrant micropollutants and/or pharmaceuticals
(Haberl et al. 2003; Kadlec and Wallace, 2008). Recently these systems have also been
tested as a remediation technique for contaminated groundwater containing volatile
organic compounds (VOCs) (Eke, 2008; Eke and Scholz, 2008; Knight et al. 1999;
Salmon et al. 1998; Tang et al. 2009a,b; Wallace and Kadlec, 2005). In contrast to nonvolatile wastewater contaminants, which are removed by biodegradation or irreversible
sorption only, VOCs in vertical flow filters might additionally be removed by
volatilization. The permanently unsaturated conditions together with intermittent water
infiltration allow the movement of gases from the atmosphere into the system and vice
versa (Platzer, 1999). Besides the diffusion of gases in and out of the filter, the
infiltrating water actively replaces the air in the pore spaces and causes turbulence.
These pressure induced air fluxes occur during the different stages of the loading cycle
and allow oxygen-rich ambient air to enter the system, while also pushing the exhausted
air out of it. Thus, gas phase transport of VOCs is driven actively by advection due to
pressure differences, and passively by diffusion due to concentration gradients. Due to
the health hazards associated with many volatile groundwater contaminants, the
biodegradation of these compounds is the most desired removal process (as long as it
results in harmless degradation products). Furthermore, volatilization is also undesirable
because it would limit the biodegradation efficiency of such treatment systems.
Although the performance of vertical flow filters is usually described by the total
contaminant removal efficiency (Luederitz et al. 2001; Xiong et al. 2011), the individual
removal processes have been so far investigated mainly in the context of domestic waste
water (Langergraber, 2001; Langergraber et al. 2007; Vymazal et al. 1998). It is
therefore also necessary to obtain for volatile groundwater contaminants a quantitative
assessment of the individual removal processes in order to gain a more comprehensive
understanding of the remediation efficiency and effectiveness of such filter systems.
Previous research regarding the relevance of contaminant removal processes acting in
vertical flow filters and vertical flow constructed wetlands (Eke, 2008; Eke and Scholz,
2008; Tang et al. 2009a,b) has indicate that sorption, volatilization and biodegradation
can all be responsible for contaminant removal, but have not been specifically
quantified, and therefore further research is necessary to assess the relative importance
of these removal processes.
The pilot-scale vertical flow filter studied here receives groundwater mainly
contaminated by benzene, methyl tertiary butyl ether (MTBE) and ammonium, and
achieved during the investigated seven-month operation period (comprising two
different operation modes), average removal rates of 98%, 89% and 74% for these
compounds, respectively. If the observed high removal efficiency for the volatile
contaminants benzene and MTBE can be mostly attributed to biodegradation, the
vertical flow system is a promising remediation technique for the treatment of water
contaminated with VOCs. Therefore, the present study aims to characterize the
processes involved in the removal of these two typical groundwater contaminants, to
assess to which extent biodegradation and/or volatilization contribute to the observed
contaminant removal, and to evaluate whether emission of these compounds into the
atmosphere might limit the application of such treatment technology. For this purpose, a
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series of field measurements were performed including dissolved and gaseous tracer
tests, passive emission measurements, microbial functional gene detection and stable
isotope analysis. Experimental results were accompanied by theoretical analyses and
numerical modeling.

Figure 3.1. Schematic cross section of the vertical flow filter: layer material
configuration, contaminated water injection points (a), location of volatile concentration
measurements (arrows), biomass sampling points (solid circles) and radon sampling
points (solid squares) are shown.

3.2. Materials and methods
3.2.1. General operation of the vertical flow filter
The investigated vertical flow filter is part of a pilot-scale outdoor facility testing
different types of filters and constructed wetlands for their applicability as contaminated
groundwater treatment technique. The aim of these systems is to provide an aerobic
environment for the amendment of anoxic contaminated groundwater to facilitate the
degradation of contaminants into harmless products. This research belongs to the
compartment transfer subproject within the SAFIRA II project (Rugner et al. 2007). The
pilot scale facility is located in Leuna, Germany, next to an industrial area where
refineries and chemical plants were operated for almost one hundred years. Spills or
leakages from storage tanks contaminated soil and groundwater causing a contamination
plume (Martienssen et al. 2006). Groundwater, mainly contaminated with benzene,
MTBE and ammonium (see water composition in Table 3.1; more details are given in
Jechalke et al. (2010)), is pumped from the aquifer and used to feed the different
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investigated filters and wetlands. Benzene and MTBE represented nearly all purgeable
organic carbon and nearly all organic carbon removed in the treated groundwater.
The vertical flow filter studied here (Figure 3.1) consists of a stainless steel container
filled with granular material layers, mainly expanded clay pellets, and is separated from
a sump by a perforated plate. The system surface area is 3.9 m2 and the total volume is
6.8 m3. Contaminated water from the Leuna aquifer is applied to the filter by hourly
injection pulses via perforated PVC pipes running horizontally through the filter
between cover layer and main layer. Granular material, intermittent loading and renewal
of air in the filter aim to create favorable conditions for microorganisms facilitating
aerobic biodegradation.
The filter has been running at different operation modes, which lasted for several
months each, since 2007. During the seven-month investigation period in 2009 the
system was on operation without interruption. For both operation modes water pulses
were applied at a pumping rate of 20 L min−1. During the first five months, the loading
regime was 20 L (total water volume injected during an hourly pulse of 1 min length),
which was then increased to 40 L (by increasing the length of the hourly pulse to 2 min)
for the last two months. The amount of water treated per square meter per day was 123
and 246 L for each operation mode respectively. Water samples from the in- and
outflow were taken every two weeks and analyzed in the laboratory for benzene, MTBE
and ammonium as described in Jechalke et al. (2010), among other organic and
inorganic compounds. Results of this analysis showed a removal of 98 (±1)% of the
benzene and 91 (±3)% of the MTBE during the 20 L operation mode, and 97 (±2)%
(benzene) and 84 (±9)% (MTBE) during the 40 L operation mode (van Afferden et al.
personal communication). A removal of 73 (±20) % and 76 (±16) % of ammonium for
the 20 and 40 L operation mode was observed. Total organic carbon (TOC) and
purgeable organic carbon (POC) were analyzed following the DIN EN 1484, with a
total organic carbon analyzer TOC-V CSN, SHIMADZU Corporation, Kyoto, Japan.
Automated measurement of physico-chemical parameters during operation of the filter
system at the in- and outflow were performed at one-min intervals: oxygen
concentration (TriOxmatic® 700 IQ, WTW, Germany), electrical conductivity (LRD
325, WTW, Germany), temperature, redox potential and pH (the last three parameters
measured with the same sensor, SensoLyt® 700 IQ, WTW, Germany). A weather
station (THIES GmbH) installed at the pilot test facility registers every 15 min
parameters as temperature, wind direction and speed, solar radiation, precipitation, air
pressure and humidity (Reiche et al. 2010).
3.2.2. Flow rate measurements
Inflow rates were controlled by a magnetic centrifugal pump (VERDER Type:
GPMD15 TFE-250-ATCO) and were recorded automatically. Cumulative outflow rates
were also recorded automatically allowing for calculation of water balances. Automatic
measurements are registered at one-min intervals. In addition, outflow rates were
measured manually for selected one-h periods at high temporal resolution in two-second
intervals by mean of a level sensor (Cerabar T PMC131 PMC131-A11F1D10).
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Table 3.1. Inflow and outflow groundwater composition for the 20 and 40 liter operation
modes.

Compounds

Inflow

[mg L-1]

Outflow
20 L

40 L

Benzene

20 (± 2)

0.4 (± 0.2)

0.6 (± 0.4)

MTBE

3.9 (± 0.5)

0.3 (± 0.1)

0.6 (± 0.3)

TBA

56∙10-3(± 14∙10-3)

13∙10-3(± 8∙10-3)

11∙10-3(± 3∙10-3)

Ammonium

55 (± 5)

15 (± 11)

13 (± 9)

Nitrate

<1

135 (± 35)

149 (± 6)

Total organic carbon (TOC)

41 (± 3)

14 (± 2)

15 (± 1)

Purgeable organic carbon (POC)

26 (± 2)

2 (± 1)

2 (± 0)

Oxygen

not detected

5 (± 2)

5 (± 1)

Temperature [°C]

10 (±4)

9 (± 4)

15 (± 1)

pH

7.2 (± 0.5)

7.6 (± 0.3)

7.2 (± 0)

Redox potential [mV]

-286 (± 142)

77 (± 174)

413 (± 7)

Physico – chemical parameters

3.2.3. Dissolved tracer tests
Tracer tests have been used to characterize the hydrodynamic properties of vertical flow
constructed wetlands (Giraldi et al. 2009). In the present study, fluorescein
(C20H10O5Na2), commercially known as ‘uranine’, and potassium bromide (KBr)
were used as tracers to characterize hydraulic behavior of vertical flow filter and to
determine mean solute transport velocity and hydraulic residence time for the 20 L and
40 L operation modes. For each operation mode a pulse injection tracer test was
performed just once, by adding both tracers simultaneously to the water injected during
a single hourly injection pulse. Injected concentrations of fluorescein and potassium
bromide were 24 mg L−1 and 254 mg L−1 for the 20 L, respectively, and 16 mg L−1 and
305 mg L−1 for the 40 L operation mode, respectively. This ensured outflow
concentrations sufficiently above background values and/or experimental detection
limits (Headley and Kadlec, 2007). The breakthrough of the tracers was measured at the
outflow of the filter. Outflow concentrations were measured from samples taken in
intervals of 1–3 min at the beginning of the tracer tests increasing to 6 h toward the end
of the tracer test. Fluorescein light extinction was measured in the field using a spectral
photometer (DR LANGE CADAS 50s, Düsseldorf, Germany) and converted into
fluorescein concentrations with a calibration curve obtained in the laboratory. Bromide
concentrations were measured in the laboratory using inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Inductively Coupled Plasma-Atomic
Emission Spectrometry, CIROS, Spectro A.I., Kleve, Germany).
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Tracer results were used for the estimation of hydraulic residence time HRT and
standard deviations σRTD of the residence time distribution using the following relations
(Werner and Kadlec, 1996):

 t  m dt
tr

HRT 

t

 m dt
tr

(1)

t

and

 t  HRT 

2

 RTD 

t

 mtr dt

 m dt
tr

t

(2)

with mtr as the mass flux of tracer at the outflow and t as the time from starting tracer
injection.
3.2.4. Gaseous tracer measurements
Radon-222 (hereafter named as “radon”), a radioactive noble gas naturally occurring in
groundwater was used as a gas tracer. Radon-in-water concentrations at the inflow and
outflow were measured once during the 20 L operation mode (inflow: 10.1 (±0.2) Bq
L−1 and outflow: 0.42 (±0.04) Bq L−1) and once during the 40 L operation mode (inflow:
12.6 (±0.7) Bq L−1 and outflow: 0.64 (±0.03) Bq L−1). Details of the applied sampling
and analysis technique are provided in Schmidt et al. (2008). Radium content of the clay
pellets (70 Bq kg−1) was measured using gamma spectrometry. Converting this into
radon emission estimates (following Nazaroff and Nero, 1988) resulted in values in the
range of the error measurement of the applied method. Radon concentrations in air were
measured at four different depths of the filter system (Figure 3.1) using a passive
sampling technique (14 (±7) Bq m3). Local atmospheric background radon
concentrations were also measured using an active sampling technique.
As passive sampling technique solid state nuclear track detectors (Altrac Typ ld,
Radosys Inc., Budapest, Hungary) were installed at different depths of the filter. After 4
weeks of exposure the detectors were removed and analyzed in the laboratory. The
sampling technique and analyses followed Espinosa and Ramos (1992). As an active
sampling technique a mobile radon-in-air monitor (AlphaGuard, Saphymo GmbH,
Frankfurt, Germany) was used for the on-site measurements of the atmospheric
concentration according to Schmidt and Schubert (2007).
3.2.5. Volatile organic compound emission measurements
Passive samplers (RADIELLO®, RAD145, Supelco, Padova, Italy) were used to
measure benzene and MTBE concentrations emitted by the filter for the 20 L and 40 L
operation modes allowing for a time-weighted average concentration of volatile
emissions. Samplers were placed on top of the filter material at two different sampling
locations for one day of exposure time: one location above the water injection pipe and
the second above the center of the filter between the two injection pipes (Figure 3.1).
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Background concentrations of contaminants in the up-wind direction were also
measured during two days exposure time.
At each sampling location, two passive samplers were installed underneath a
hemispherical glass cover of 30 cm diameter. Glass covers were used to protect the
samplers from precipitation and to allow linking measured concentrations to conditions
at the sampling location. The glass covers have an opening on top to allow air
circulation. Simultaneously, additional passive samplers were placed in glass covers one
meter above the ground in the predominant up-wind direction at 5 m distance from the
filter, to measure benzene and MTBE background concentrations. Each RADIELLO®
passive sampler was composed of a diffusive body (i.e., a semi-permeable membrane)
and an adsorbing cartridge containing graphitized carbon Carbograph 4 (Cocheo et al.
2009). After sampling, the cartridges were analyzed by thermal desorption gas
chromatography/mass spectrometry following a method described in Reiche et al.
(2010) for samples obtained by active gas sampling.
3.2.6. Detection of bacterial functional genes
Biodegradation potential of the filter can be described by the detection of catabolic
genes involved in BTEX and MTBE degradation. Granular material samples were taken
at three different depths underneath the injection pipe and in between the injection pipes
(Figure 3.1). DNA was extracted from 1 g (dry weight) of granular material using the
Ultra CleanTM Soil DNA Isolation Kit (Mo Bio Laboratories, Inc., USA). The primer
sets described by Hendrickx et al. (2006a,b) were used to detect the presence of genes
involved in the initial attack of BTEX compounds. Additionally, several sets of primers
were used to assess the presence of genes encoding for catechol-dioxygenases involved
in the ortho- and meta-cleavage pathway of catechol, the main intermediate of BTEX
degradation (Hendrickx et al. 2006b; Sei et al. 1999). All PCR conditions were taken
from the original reference. In the case of MTBE degradation, only few primer sets for
enzymes involved in the process are described in the literature (Babe et al. 2007). The
primer set ethBF/R (Breuer et al. 2007) which target a P450-type monooxygenase
encoded by the ethB gene in strain Rhodococcus ruber IFP 2001 was used to test the
MTBE degradation potential of the system. This ethB gene described for strain IFP
2001 showed a high similarity (98%) to the one observed in another MTBE degrader,
Aquincola tertiaricarbonis L108 (Breuer et al. 2007), which was previously isolated
from the Leuna site (Rohwerder et al. 2006). PCR was performed in 25 µL reactions
and the mixture consisted of 1 X Hot Star buffer containing 1.5 mM MgCl2 (QIAGEN,
Hilden, Germany) 0.2 mM each deoxynucleoside triphosphate (Fermentas, St. LeonRot, Germany) 0.2 µM each primer (Mycrosynth, Balgach, Switzerland), 1.75 U Hot
Star TAq DNA Polymerase (QIAGEN, Hilden, Germany), and 10 ng of genomic DNA
as template. PCR products size were verified by gel electrophoresis on 1.2% or 2%
agarose gels.
3.2.7. Isotope fractionation
Water sampling procedures from the in- and outflow of the filter for the analysis of
carbon isotope signatures of benzene and MTBE as well as for the purge and trap preconcentration step, are described in Fischer et al. (2007) and Jechalke et al. (2011),
respectively. Concomitantly, benzene and MTBE concentrations were measured.
Benzene and MTBE isotope composition were analyzed in triplicate by means of gas
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chromatograph isotope ratio mass spectroscopy (GC–IRMS) as described in Fischer et
al. (2007) and Jechalke et al. (2011), respectively.
Carbon isotopic composition are reported in the notation (per mil) relative to the Vienna
Pee Dee Belemnite standard (V-PDB):
 Rsample  Rreference 
  1000

R
reference



 13C sample [‰]  

(3)

where Rsample and Rreference are the ratios of the heavy isotope to the light isotope
(13C/12C) in the sample and the standard, respectively. Samples were measured at least
in triplicate and the variability of the δ 13C [‰] values was always smaller than 0.5‰.
Enrichment factors reported in the literature for aerobic degradation of benzene together
with changes in isotope signatures of benzene between the in- and the outflow were
used to calculate the expected upper and lower limit of percentage of biodegradation (B
[%]) by the well-known Rayleigh-equation-streamline approach (Fischer et al. 2004;
Griebler et al. 2004; Kuder et al. 2005; Lollar et al. 2001; Mancini et al. 2002; Richnow
et al. 2003; Vieth et al. 2005; Zwank et al. 2005):
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with R0 and Rx as the stable carbon isotope ratio at the inflow and the outflow of the
filter and ε[‰] as carbon enrichment factor.
For calculation of the upper and lower limit of possible aerobic benzene biodegradation
carbon enrichment factors of −0.7‰ and −4.3‰ were used for the dihydroxylation and
monohydroxylation degradation pathway, respectively (Fischer et al. 2008).

3.3. Theoretical calculations
3.3.1. Emission calculation
A first rough estimation of volatilization potential of benzene and MTBE was done
using the in- and outflow concentrations of radon and assuming an instantaneous
volatilization of radon directly after injection, which results in the aqueous radon
concentration to drop to the measured outflow values directly after the injection. In such
a case, the equilibration of the injected water with the soil air (assumed to contain no
initial concentration of radon) follows the equation:

S eff
cout

cin 1  S eff   S
eff
H

(5)
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with cin and cout as dissolved concentration before and after the equilibration,
respectively, and Seff as the effective water saturation of the pore space. H is the Henry’s
law constant in dimensionless notation (using measured temperatures of 6 °C for the 20
L and 16 °C for the 40 L loading; see Table 3.2). The effective saturation values were
calculated using the in- and outflow concentration of radon (neglecting the radioactive
decay of radon due to the relatively short residence time in this filter compared to the
radon half life of 3.8 days, and assuming that no further processes have any influence on
radon outflow concentrations). With this value of Seff the decrease of benzene and
MTBE concentrations caused by such instantaneous volatilization were then estimated
by Eq. (5) using compound specific Henry’s law constants (Table 3.2) for temperatures
of 9 ◦C and 15 ◦C measured as averages during the duration of the 20 L and 40 L
operation mode, respectively. For all compounds, the temperature dependency of the
Henry’s law constant was calculated using the van’t Hoff equation (Schwarzenbach et
al. 2003).
Table 3.2. Physical input parameter for model simulations.
Parameter
Vertical spatial discretization
Horizontal spatial discretization
Porosity
Hydraulic conductivity (Kx and Kz)
Injection rate (total)
Residual saturation
Van Genuchten parameters (alpha)
Van Genuchten parameters (n)
Free phase diffusion coefficient in aqueous phase
Free phase diffusion coefficient in gas phase (radon simulations) at 20 L;
40 L operation mode (Schwarzenbach et al. 2003)
Free phase diffusion coefficient in gas phase (benzene and MTBE
simulations) at 20 L; 40 L operation mode (Schwarzenbach et al. 2003)
Temperature (radon simulations) at 20 L; 40 L operation mode
Temperature (benzene and MTBE simulations) at 20 L; 40 L op. mode
Radon Henry´s law at standard conditions (25° C)(Wilhelm et al. 1977)
Benzene Henry´s law at standard conditions (25° C)(Dewulf et al. 1995a)
MTBE Henry´s law at standard conditions (25° C)(Robbins et al. 1993a)

Unit
m
m
m/s
L/min
1/m
m2/s
m2/s
m2/s
°C
°C
M/atm
M/atm
M/atm

Value
0.05
0.05
0.35
0.42
20; 40
0.1
2.79
3.04
2∙10-9
1.85∙10-5
2.03∙10-5
8.00∙10-6
8.52∙10-6
6; 16
9; 15
9.3∙10-3
2.1∙10-1
1.6

3.3.2. Numerical modeling
For a more accurate estimation of the benzene and MTBE volatilization potential,
numerical simulations were performed using the model MIN3P (Mayer et al. 2002) in a
version which allows consideration of advective and diffusive gas phase transport
(Molins and Mayer 2007). This modeling tool allows simulating the transport of
dissolved species and gases in a variable saturated porous media as well as hydrochemical and biogeochemical reactions (biodegradation reactions were not included in
the model simulations of the present study) and radioactive decay. The model was used
to simulate a two-dimensional vertical cross section of the filter (Figure 3.1),
considering unsaturated water flow induced by the intermittent injection regime, as well
as the resulting transport of dissolved species, gas phase transport of species and the
local instantaneous equilibration of gaseous and dissolved concentrations following
Henry’s law. For the top of the filter, atmospheric conditions were assumed using
measured background concentrations as fixed boundary conditions. Model performance
was validated using measured radon data and the model was then used to predict the
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volatilization potential of the contaminants by using compound specific molecular
diffusion coefficients and Henry’s law constants corrected by temperature presented in
Table 3.2. Besides the radioactive decay of radon, no further reactive processes were
considered. Simulations represent thus a conservative approach, i.e., not considering
any biodegradation in the filter.
Parameters used for the two-dimensional model set-up are either derived directly from
measured data or taken from the literature without any adjustment of values (Table 3.2).
Nevertheless, model simulations reproduced the measured flow behavior reasonably
well (results not shown).

3.4. Results and discussion
3.4.1. Water flow and solute transport
Flow rate characteristics measured at the outflow of the filter show a highly dynamic
temporal pattern following the imposed loading scheme (Figure 3.2a and b). During
each hourly loading cycle most of the outflow occurred shortly after the beginning of
the loading (approximately 65–75% of the hourly outflow occurred within the first 10
min), with highest rates of approximately 3.5 and 8 L min−1 for the 20 L and 40 L
operation modes, respectively. These patterns remained relatively constant throughout
the investigated period based on measurements performed at different times during both
operation modes. Flow patterns could be modified by rain events but flow behavior
under rain conditions was not measured. However, with an annual precipitation rate of
600 L m−2, rain events have no influence on the overall water balance, and further
evaporation effects are negligible for this filter due to the small surface area and the
absence of plants.
Both dissolved tracers showed high recovery rates for both operation modes confirming
the accuracy of the applied methods. Tracer breakthrough curves indicate that for both
operation modes fluorescein and bromide behaved nearly identically (Figure 3.2c–f).
Under each operation mode, the first detection of tracers in the outflow occurred within
2–3 min after the injection, and the highest outflow concentrations were found
approximately 10 min after the injection. This suggests the existence of flow paths in
the filter with solute transport velocities of up to 10−2 m s−1. In contrast to the short
tracer peak arrival times, hydraulic residence times of the tracers were much longer,
indicating a highly heterogeneous distribution of flow paths in the filter with mean
effective transport velocities in the range of 10−5 m s−1. The heterogeneity of the flow
paths is further emphasized by the high standard deviation of the tracer residence time
distribution (approximately 790 min for 20 L, and 390–460 min for 40 L). This
heterogeneity does not depend on the operation mode, with flow and transport showing
a nearly linear response to doubling of the hourly injection volume (in terms of
maximum outflow rates, hydraulic residence times and standard deviations of tracer
residence time distribution). For both operation modes, residence times of bromide were
slightly longer than for fluorescein, but differences were small. As fluorescein has the
potential to sorb to positively charged media (Kasnavia et al. 1999), while bromide is
not considered to be highly affected by sorption, the observed similarity of the
breakthrough curves, residence times and recovery rates indicate that reversible and
irreversible sorption effects on the solute transport were negligible in the filter. The
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observed residence time distributions are therefore not attributed to sorption but might
be caused by the exchange of solutes between preferential flow paths with high
transport velocities in the intrapore space and immobilized water residing inside the
expanded clay pellets. Laboratory measurements showed that the internal porosity of the
expanded clay pellets forming the main layer of the filter contributes 10% to the total
pore space of the main layer (data not shown).

Figure 3.2. Representative examples of measured in- and outflow rates (a and b);
measured outflow tracer breakthrough curves (c and d); and the resulting cumulative
tracer breakthrough (e and f) (RR: recovery rate, HRT: hydraulic residence time).
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Table 3.3. Measured and simulated mass balances of volatile compounds (in % of
infiltrated mass).

%Outflow

Measured

4

96

5

95

Simulated

5

95

7

93

Measured

2

%Volatilized

%Volatilized

%Outflow

40 L
%Removed
%Biodegraded

20 L
%Removed
%Biodegraded

Operation mode

Radon

98

3

97

Benzene
Predicted(a)
Measured

75
9

25
91

80
16

20
84

MTBE
Predicted(a)
(a)

93

7

95

5

volatilization potential simulated considering no biodegradation
3.4.2. Volatilization processes

Radon concentrations measured at the outflow of the filter compared to the measured
inflow concentrations showed that for the 20 L and 40 L operation modes only a small
percentage of radon remains in the water phase reaching the outflow (Table 3.3). As
hydraulic residence times are much smaller than the half-life of radon (≤9 h versus 3.8
days), radioactive decay only accounts for a relative small change in radon
concentrations of about 5%, and thus the majority of the observed concentration
reduction of about 95% is attributed to volatilization. Radon passive samplers at
different depths showed no spatial gradients with measured concentrations varying
between 3% and 9% of the inflow signal, which suggests that radon was mostly
volatilized in the vicinity of water injection pipes. Using the first rough estimation
approach, assuming immediate volatilization and an effective saturation of the filter,
resulted in effective saturations of 10% and 16% for the 20 L and 40 L operation modes,
respectively, which are realistic for the injection rates and granular material used in the
filter supporting the mentioned hypothesis. This is supported by these effective
saturation values leading to a theoretical hydraulic residence time (τ = Vwater/Q) of 550
min for the 20 L and 440 min for the 40 L operation mode, which is in acceptable
agreement with the values derived from the tracer test. Using these effective saturations
and the appropriate Henry’s law constants for benzene and MTBE, 44–48% of the
injected benzene and 8–10% of the injected MTBE would be removed by volatilization
(the lower percentage values always refer to the 40 L operation mode). This suggests a
high volatilization potential, especially for benzene. The numerical model simulations
allowed for a more realistic estimation of the volatilization potential because they also
consider the transport dynamics in the filter. Simulation results showed that for both
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operation modes the measured outflow concentration for radon could be well
approximated and supports the assumption that in spite of the simplified modeling
concept, processes are sufficiently well reproduced. The resulting model predictions of
contaminant volatilization (in the absence of any biodegradation) showed that the 25 cm
thick cover layer is reducing the volatilization potential for benzene and MTBE by
approximately a factor of 2, but still 20–25% of the benzene and 5–7% of the MTBE
(Table 3.3) are leaving the filter via volatile emission into the atmosphere (lower
percentage value always refers to the 40 L operation mode). This emission is mainly
caused by diffusive gas transport, with only a minor contribution of advective transport
(data not shown). As the model is slightly underestimating the measured radon
emissions, the presented values for benzene and MTBE are rather conservative
estimates as long as their volatilization dynamics are not significantly different from
those for radon.
The measurement of benzene and MTBE concentrations by passive sampling on top of
the filter, revealed for both compounds, higher concentrations for sampling locations
right above the injection pipe compared to sampling locations further away from the
injection pipes (Figure 3.3). In all cases, the higher loading rate also leads to higher
concentrations. These relative trends are in general agreement with results from
numerical simulations that also predicted higher concentrations above the injection pipe
and at higher loading rates. Values for MTBE concentration measured at the top of the
filter are nearly as low as for the background concentrations at the site, while for
benzene, background values are approximately one order of magnitude lower than
values measured on top of the filter, which is in agreement with the theoretical estimates
that predict a higher volatilization potential for benzene than for MTBE. The measured
values compared to the ones that would be in equilibrium with the injected aqueous
concentrations show a discrepancy of several orders of magnitude for both compounds.
Furthermore, the numerical simulations predict values for the immediate vicinity of the
top of the filter that are only one order of magnitude lower than the equilibrium values,
but still approximately four orders of magnitude higher than the measured values.
Although detected concentrations cannot be directly transferred into volatilization
fluxes, this huge discrepancy between measured and predicted concentrations strongly
suggests that the actual volatilization fluxes are negligible compared to those predicted
by the simulations. This suggests that in spite of the high volatilization potential no
significant contaminant emissions occurred from this filter.
Ammonium can be released to the atmosphere in the form of ammonia at basic pH (Burt
et al. 1993) or as nitrous acid at very acid pH (Buss et al. 2004). Given the nearly
neutral pH values measured at the filter in- and outflow, these processes are not
expected to have taken place in the investigated filter.
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Figure 3.3. Benzene and MTBE concentrations measured by passive samplers located on
top of the filters above the injection pipe and between the pipes compared to maximum
concentrations obtained from theoretical calculations and numerical model simulations
without considering biodegradation

3.4.3. Biodegradation processes
An average dissolved oxygen concentration of 5 mg L−1 found at the filter outflow
indicates that oxygen is not limiting the aerobic biodegradation of contaminants. During
benzene degradation, the initial attack of the benzene ring can occur by direct mono- or
di-oxygenation of the aromatic ring, processes that are catalyzed by two different types
of enzymes (Hendrickx et al. 2006b). Positive PCR signal for monooxygenase
(subfamilies 1 and 2) and dioxygenase (Type D of iron–sulfur multi-component
aromatic dioxygenases) genes were recovered from DNA extracts from different
sampling points in the filter (Table 3.4). Additionally, the genes encoding for the
enzymes catechol-1,2-dioxygenases and catechol- 2,3-dioxygenase (Hendrickx et al.
2006b; Sei et al. 1999), which catalyze the ring-cleavage of catechol (the main
intermediate of BTEX degradation), were also detected in the system (Table 3.4). The
presence of catechol-dioxygenase genes belonging to the ortho- and meta-cleavage
pathway indicates that the indigenous bacteria of the systems were able to degrade
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benzene (and other compounds from the BTEX group) further than only the initial
attack of the benzene ring.
Table 3.4. Primer sets used in this study and amplification pattern in the vertical flow
filter
Primer pair

TBMD-F/TBMD-R

TMOA-F/TMOA-R

TODC1-F/TODC1-R

XYLE1-F/XYLE1-R
XYLE2-F/XYLE2-R
TBUE-F/TBUE-R
TODE-F/TODE-R

Target group/ enzyme

Subfamily 1 of α-subunits of
hydroxylase component of multicomponent mono-oxygenases
Subfamily 2 of α-subunits of
hydroxylase component of multicomponent mono-oxygenases
Subfamilies D.1.B+D.1.C+
D.2.A+D.2.B+D.2.C of α-subunits of
Type D iron–sulfur multi-component
aromatic dioxygenases
Subfamily I.2.A of catechol extradiol
dioxygenases
Subfamily I.2.B of catechol extradiol
dioxygenases
tbuE (U20258) of subfamily I.2.C of
catechol extradiol dioxygenases
todE (Y18245), tobE (AF180147) of
subfamily I.3.B of catechol extradiol
dioxygenases

Sampling location
Pipe
0.25
0.75
1.25

Reference
Middle
0.25
0.75

1.25

a

a

a

a

a

a

+

+

+

+

+

+

(Hendrickx
et al. 2006)

+

+

+

+

+

+

(Hendrickx
et al. 2006)
(Hendrickx
et al. 2006)

±

+

+

-

+

-

-

-

-

-

-

-

-

-

-

-

-

-

-

±

±

-

+

-

(Hendrickx
et al. 2006)
(Hendrickx
et al. 2006)
(Hendrickx
et al. 2006)

-

-

-

-

-

(Hendrickx
et al. 2006)
(Sei et al.
1999)
(Sei et al.
1999)
(Breuer et al.
2007)

C12OF-C12OR

Catechol-1,2-dioxygenase

±

+

+

±

+

-

C23OF-C23OR

Catechol-2,3-dioxygenase

+

+

+

+

+

+

ETHBF-ETHBR

P450-type monooxygenase (ethB)
Rhodococcus ruber IFP2001

+

+

+

+

+

+

Reference: + Expected size PCR product, strong band, ± Expected size PCR product, weak band, Abscense of PCR product.
a
Depth (m)

Although some 16S rRNA primer sets targeting MTBE degrading bacteria are available
in the literature (Babe et al. 2007; Hristova et al. 2003), only few primer sets for genes
encoding the enzymes involved in the degradation of MTBE have been recently
described (Breuer et al. 2007; Malandain et al. 2010). The primer set used in this study
was targeting the ethB gene which encodes for a cytochrome P450-type
monooxygenase (Breuer et al. 2007), which is responsible for the degradation fuel
oxygenates (MTBE and ETBE) in A. tertiaricarbonis L108 (Muller et al. 2008) and
Rhodococcus ruber IFP 2001 (Chauvaux et al. 2001), and has also been found to be
highly conserved among other bacteria isolated from environmental samples capable of
MTBE degradation (Malandain et al. 2010). As a result, a PCR product of the expected
size was observed in all tested sampling points of the system, which indicates the
presence of indigenous bacteria with the potential to degrade MTBE possibly via the
cytochrome P450-monooxygenase system (type CYP249).
The DNA-based analysis performed here gives information only about the potential of
certain biodegradation processes to occur but does not provide unambiguous evidence
of biodegradation, and/or which biodegradation pathway would be favored under the
conditions of the system.

66

For the characterization and assessment of biodegradation of groundwater contaminants,
investigation of stable isotope fractionation is a valuable tool (Meckenstock et al. 2004).
Among the processes potentially affecting the concentrations of benzene,
biodegradation is usually the only one leading to stable isotope fractionation under fully
saturated conditions, while the fractionation due to all physical processes such as
dissolution, volatilization or sorption is usually negligible (Huang et al. 1999; Hunkeler
and Aravena 2000; Poulson and Drever 1999; Slater et al. 1999). An exception is
diffusion, where isotope effects play an important role for volatile compounds in the
unsaturated zone (Aelion et al. 2010). Under unsaturated conditions, volatilization and
subsequent diffusion could lead to an isotope fractionation of the remaining dissolved
benzene (Bouchard et al. 2008; Bouchard et al. 2008a) if diffusion would be the
dominating transport process in the gas phase. Not considering the latter fractionation
effects, carbon isotope signatures can be used to assess the occurrence of biodegradation
and to estimate the percentage of biodegradation by applying the Rayleigh-equationstreamline approach. Isotope signatures of benzene at the inflow and at the outflow of
the filter showed a δ 13C enrichment from −30.5‰ to −28.3‰ (at 99.6% benzene
removal) with standard deviations of 0.1‰ and 0.5‰, respectively. The calculated
upper and lower limit of possible aerobic biodegradation given by the so far described
range of carbon isotope enrichment factors (−0.7‰ and −4.3‰ for the dihydroxylation
and monohydroxylation reaction pathway, respectively (Fischer et al. 2008)) resulted in
biodegradation percentages of 42–97%. Considering the biodegradation percentage
obtained for the dihydroxylation reaction pathway (97%), which was suggested to be
the dominating pathway for another aerobic treatment system using the same
groundwater as inoculum (Jechalke et al. personal communication), the observed
benzene removal could be in the absence of volatilization nearly entirely explained by
biodegradation. In case volatilization took place and gas phase transport is diffusion
dominated the isotope enrichment factor describing the fractionation of the dissolved
benzene can be estimated as approximately −1.9‰ (Bouchard et al. 2008) if vapor
pressures are not isotope specific. With this enrichment factor a benzene removal by
volatilization of 25% as predicted in the section above, would lead to an isotope
enrichment from −30.5‰ to −30.0‰. Using the later as starting value for the Rayleighequation-streamline approach would lead to biodegradation percentages of 33–92% for
the remaining dissolved benzene which would be 25–69% of the injected benzene mass.
Hence, the results indicate that biodegradation is certainly occurring in the system and
possibly mostly due to the dihydroxylation reaction pathway. Additional hydrogen
fractionation measurements or mRNA-based analysis would be needed in order to
further elucidate which pathways are responsible for the contaminant biodegradation.
In the case of MTBE, the difference detected between the inflow and the outflow δ 13C
values (−28.5 ± 0.1‰ and −29.1 ± 0.1‰, respectively) was not significant considering
the total analytical uncertainty ±0.5‰ (Sherwood Lollar et al. 2007). However, a lack of
isotope fractionation in the field might not necessarily imply a lack of biodegradation,
as there are MTBE degraders, such as the above mentioned strains L108 and IFP 2001,
which showed the lowest carbon isotope enrichment factors for this compound (ε below
−0.5‰) in laboratory experiments (Rosell et al. 2007a). Therefore, very high MTBE
removal rates (e.g., >75%) by such bacteria would be necessary in order to detect their
activity by stable isotope fractionation methods (Rosell et al. 2007b). In this study, the
measured removal of MTBE was only 46% on the specific sampling day. Further
investigations should be performed in order to link the lack of MTBE stable isotope
fractionation observed in the system to the expression of the detected ethB gene.
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Concentrations of the MTBE degradation products TBA at the outflow indicates no
accumulation of the latter in the filter, which might be due to a fast degradation of
MTBE and TBA as already observed in lab experiments (Muller et al. 2008).
As ammonium volatilization can be excluded and no indications for other sinks were
observed, biodegradation is considered to be responsible for the entire ammonium
removal in the system. A comparison of nitrate and ammonium concentrations indicates
that nitrate is the end product of the observed ammonium degradation, which is
supported by negligible nitrite concentrations (not shown) at in- and outflow.
3.4.4. Assessment of VOC remediation efficiency
The large decrease in contaminant concentrations between the inflow and outflow of the
filter indicates an efficient removal of benzene and MTBE from the contaminated
groundwater, due to the combined effect of volatilization and biodegradation. Sorption
of contaminants to the filter material was assumed to be negligible as neither the
material used in the filter was found to be sorbing the contaminants when tested in the
laboratory (data not shown), nor do the results of the dissolved tracer tests or the longterm performance of the filter indicate any sorptive removal.
Results suggest that biodegradation is the main reason for the observed contaminant
removal from the treated groundwater, which is in agreement with previous studies
reporting high biodegradation rates of VOCs in the vadose zone under field conditions
(Vymazal, 2011). However, volatilization also contributes to the removal of
contaminants from the injected groundwater. The fast initial breakthrough of the
dissolved tracers suggests that in the absence of volatilization, a higher amount of
contaminants should have been found at the effluent unless biodegradation would
contribute significantly to contaminant depletion from these fast flow paths with less
than 10 min residence time.
In contrast, benzene and MTBE concentrations are very low at the top of the filter,
which indicates that although volatilization does take place, the volatilized contaminants
do not emit from the filter into the atmosphere. This is explained by the contaminants
being still subject to biodegradation even after entering the gas phase and migrating
toward or into the cover layer of the filter. In the cover layer, an equilibration of gas
phase and the residual water phase concentration allows the contaminants to re-enter the
water phase, where they can be biodegraded by the microbial community without any
limitation of the oxygen supply. This equilibration also leads to a retarded migration of
the contaminants in the gas phase. This increases the residence time of the contaminants
in the cover layer, which increases the efficiency of the layer as a diffusive bioreactive
barrier. Such removal of contaminants from the gas phase and subsequent
biodegradation by fungi (Qi et al. 2002) and immobilized bacteria (Hosseini et al. 2007)
has been proven as an effective and fast mechanism to remove VOCs in gas stream
bioreactors at low water saturation.
In summary, benzene and MTBE from injected groundwater are affected by both
processes: volatilization and biodegradation. However, the volatilized fraction of
contaminants is not emitted from the system but is rather subject to aerobic
biodegradation in the cover layer of the filter. Thus, ultimately most of the observed
contaminant removal in the filter might be attributed to biodegradation. Further research
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is needed to provide a more quantitative analysis of all involved processes and for a
detailed investigation of the cover layer contribution to the removal of volatilized
compounds by biodegradation.
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4Numerical modeling analysis of VOCs removal
processes in vertical flow filters and constructed wetlands
with A. Carminati, S. Oswald and M. Thullner
to be submitted to Environmental Science & Technology

Abstract
The removal of volatile organic compounds (VOCs) in two pilot-scale systems: a
vertical flow filter and a vertical flow constructed wetland, used for the treatment of
contaminated groundwater, was investigated using a numerical model simulation
approach. Both treatment systems were intermittently loaded with contaminated water
containing benzene and MTBE as main volatile compounds. The permanently
unsaturated conditions in the porous material facilitated aerobic biodegradation but
could also have led to volatile emissions of the contaminants. Experimental data from
porous material analyses, flow rate measurements, solute tracer and gas tracer test, as
well as contaminant concentration measurements at the inflow, outflow and top of the
filter were used to constrain a numerical reactive transport modeling approach.
Numerical simulations considered unsaturated water flow, transport of species in the
aqueous and the gas phase as well as aerobic degradation processes, which allowed
calculating the contribution of biodegradation and volatile emissions to total
contaminant removal. Results of the simulations show that for both treatment systems a
simultaneous explanation of all experimental data is achieved for high biodegradation
rates, for which volatile emissions are negligible and total removal can be attributed to
biodegradation, only. The simulation study thus supports the use of both of these
vertical flow systems for the treatment of contaminated groundwater and the use of
reactive transport modeling for the assessment of VOC removal in these high
performance treatment systems.
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4.1. Introduction
Groundwater contaminated with hydrocarbons is a very common problem in
industrialized as well as in developing countries. Especially for large-scale
contaminations, the treatment of polluted groundwater requires the restoration of water
quality by using simple and cost effective methods. Vertical flow filters and vertical
flow constructed wetlands have been suggested as a suitable treatment method for
groundwater contaminated with hydrocarbons. Originally, such systems have been
developed for the treatment of (domestic) wastewater (Brix and Arias 2005; Kadlec and
Wallace 2008; Seidel 1973), but the investigation and application of these systems for
hydrocarbon contaminated groundwater has gained increasing attention during the last
years (De Biase et al. 2011b; Eke 2008; Eke and Scholz 2008; Scholz 2010; van
Afferden et al. 2011). Traditionally, the contaminant removal performance of vertical
flow filters and constructed wetlands is evaluated based on the in- and outflow
concentration of contaminants, while the removal processes have not been studied in
detail. In particular, a quantification of individual removal process is commonly
missing. Even if the removal processes of volatile organic compounds (VOCs) in these
systems might not differ considerably from processes taking place in natural layered
systems (Kristensen et al. 2010; Molins et al. 2010; Pasteris et al. 2002; Wang et al.
2003), the quantification of VOCs emissions is mandatory to protect humans from
unhealthy levels of exposure (e.g., benzene is a carcinogenic compound) and the
environment from undesired discharge of pollutants. Thus, the quantification of volatile
emission is a key issue for the assessment of these vertical flow treatment systems.
In recent years, investigation focused on VOCs removal processes in vertical flow
filters and vertical flow constructed wetlands at the laboratory scale (Liao and Lee
1997; Tang et al. 2009a; Tang et al. 2009b). However, the proper separation or
identification of each individual process as well as their quantitative assessment is an
experimental challenge, particularly at the intermediate and field scale. The application
of numerical model simulations might be an accurate way to achieve such quantitative
analysis of the different removal processes involved in the VOCs contaminated water
treatment, which would allow assessing the efficiency of the treatment systems at
different operation conditions.
The present study presents the application of a numerical reactive transport modeling
approach for the simulation of the fate of groundwater contaminants in two vertical flow
pilot-scale treatment systems located at a contaminated site near Leuna, Germany,
where groundwater is mainly contaminated with benzene, MTBE and ammonium
(Jechalke et al. 2010b). The aim of this study is the quantification of VOC volatilization
and microbial degradation in a vertical flow filter and a vertical flow constructed
wetland (in the following referred to as roughing and polishing filter, respectively). The
overall removal performance and the removal processes were previously investigated
experimentally (De Biase et al. 2011b; van Afferden et al. 2011), and the data from
these studies are used as basis for the numerical model simulations presented here. The
focus of this study is on understanding and quantifying the predominant removal
processes occurring in the filters. For this purpose model simulations were performed
considering unsaturated water flow, the transport of reactive species in the aqueous and
the gas phase, as well as microbial contaminant degradation.
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4.2. Materials and methods
4.2.1. Site description
The contaminated site is located in Leuna, Saxony-Anhalt, Germany, where
petrochemical and other industries were in operation for more than one hundred years.
Groundwater was contaminated mainly with benzene, MTBE (Table 4.1) and
ammonium (concentrations approximately 50 mg L-1) due to spills from storage tanks.
In the frame of the SAFIRA II project, different types of pilot scale vertical flow filters,
vertical and horizontal flow constructed wetlands and aerated ponds were tested at
Leuna for the treatment of this groundwater contaminated with VOCs (Rügner et al.
2007).
Table 4.1. Measured benzene and MTBE concentrations observed for the 20 liter and 40
liter operation mode of the roughing filter and the polishing filter, respectively.

Operation
mode

20 liter

40 liter

Inflow

Outflow

Inflow

Outflow

(mol/L)

(mol/L)

(mol/L)

(mol/L)

Benzene

1.9∙10-4±3.0∙10-5

5.3∙10-6±9.4∙10-6

1.7∙10-4±1.9∙10-5

5.1∙10-6±1.0∙10-5

MTBE

4.4∙10-5±7.7∙10-6

4.5∙10-6±3.6∙10-6

3.0∙10-5±5.6∙10-6

4.6∙10-6±2.5∙10-6

Benzene

2.2∙10-4±3.4∙10-5

1.4∙10-7±6.8∙10-7

1.9∙10-4±1.4∙10-5

3.8∙10-9±2.6∙10-9

MTBE

4.8∙10-5±5.2∙10-6

3.3∙10-6±4.2∙10-6

3.5∙10-5±6.7∙10-6

4.9∙10-7±1.0∙10-6

Roughing
filter

Polishing
filter

4.2.2. Vertical flow filters
The investigated vertical flow filters are containers of 1.7 meters width, 2.3 meters
length (surface area of 3.9 m2) and 1.75 meters depth filled with granular material. The
material is arranged in layers of different material types and particle diameters (Figure
4.1). The two filters modeled in the present study are referred to as roughing filter (RF)
and polishing filter (PF) and correspond to the ones described by van Afferden et al.
(2011). The polishing filter is planted (Salix, common name willow) and the roughing
filter unplanted. The roughing filter consists from top to bottom of a 0.25 m thick cover
layer of expanded clay pellets (8 to 16 mm diameter), a main layer of 1.20 m thickness
composed also of expanded clay pellets (3 to 6 mm diameter) and a 0.10 m thick gravel
(8 to 16 mm diameter) drainage layer. A perforated plate located at the bottom of the
drainage layer separates the granular material from a 0.20 m thick sump. The polishing
filter is composed by four layers: a 0.15 m thick cover layer of expanded clay pellets (8
to 16 mm diameter) on top, a main layer of 1.20 m thickness composed by zeosoil (0-5
mm grain diameter) and two 0.20 m thick drainage layers composed by gravel (8 to 16
mm and 16 to 32 mm diameter) at the bottom. Contaminated water is injected on top of
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the main layer via two perforated horizontal pipes (0.5 cm holes), located equidistant
from the side and the center line of the filter, distributing the water homogenously along
the length of the pipes (Figure 4.1). Water was injected via 24 pulses per day in the
roughing filter and via 20 pulses per day in the polishing filter. The injection rate was
20 liters per minute and pulse lengths varied with the operation mode. Different
operation modes were applied during periods lasting between 3 and 6 months each.
Operation modes started with an injection of 240 liters per day and the injected volume
was increased up to 1920 liters per day by stepwise doubling the volume (10, 20, 40 and
80 liters per hour). For all operation modes high removal of benzene (up to 100%) and
MTBE (up to 99%) was observed. A detailed description of operation modes and filter
performance can be found in van Afferden et al. (2011).

Figure 4.1. Vertical cross-section of half of roughing filter (left) and polishing filter
(right).
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4.2.3. Experimental flow and transport data
Van Genuchten parameters. In the simulation, water saturation is described according
to van Genuchten (1980). In order to determine the van Genuchten parameters of the
granular material used, a simple laboratory set-up was used: a 5 g material sample was
saturated and drained over time and the changes of the gravimetric water content as a
function of the water potential were monitored. The water retention curve obtained for
the granular material (expanded clay pellets) used to build the roughing filter, cannot be
described with one set of van Genuchten parameters due to the porous inner structure of
the pellets. The material is thus conceptualized as composed of two domains: one
domain characterized by fast water flow occurring in the large pores of the inter-pellet
region, and a second domain with a high water holding capacity and low hydraulic
conductivity, which represents the pores inside the pellets (Barenblatt et al. 1960).
Because of the different pore sizes of the two domains, water flow is expected to be
much faster between the inter-pellet pathway than in the pellet-to-pellet pathway (e.g.
(Carminati et al. 2007; Carminati et al. 2008). The obtained water retention curve of the
sample was thus fitted using a bimodal approach: i.e. the van Genuchten curves of the
two domains were summed in proportion to the volume occupied by the two domains
(Durner 1994). This fitting procedure (data not shown) allowed determining the
volumetric proportion of the two domains, as well as the van Genuchten parameters for
each domain. In the case of the polishing filter, the measured drainage curve for the
main layer material (zeosoil) could be well fitted with only one set of van Genuchten
parameters. The obtained parameters are presented in Table 4.2.
Table 4.2. Filter material properties.
Roughing filter
Material properties

Unit

Hydraulic conductivity
(Kz)
Hydraulic conductivity
(Kx and Ky)
Van Genuchten
parameter (alpha)
Van Genuchten
parameter (n)
Porosity
Residual saturation

Polishing filter
Cover and
drainage
main layer
layers

Inter pellets

Intra pellets

m s-1

0.95

1∙10-6

0.95

2.1∙10-2

m s-1

0.35

“

0.35

“

m-1

34.00

0.68

34.00

35.57

-

3.03

2.28

3.03

1.74

-

0.40
0.01

0.07
0.15

0.35
0.01

0.44
0.15

Flow rate measurements, solute and gas tracer tests. Inflow and outflow rate
measurements used for the model calibration were recorded automatically, except for
the roughing filter outflow rate measurements, which were measured manually (De
Biase et al. 2011b). Dissolved tracer tests using uranine and potassium bromide as
single pulse tracer injection were performed for the 20 and 40 liters operation modes of
each filter. Both tracers showed nearly identical behavior and for simplicity only
potassium bromide data are used as experimental reference in this study.
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Radon-222 (from now on called “radon”), found naturally in the Leuna groundwater,
was used as gas tracer and was measured on selected sampling days at the in- and
outflow water from both filters. Radon emission from the filter material was considered
as negligible (De Biase et al. 2011b).
A complete description of the flow measurements, tracer studies and emission
measurements performed in the vertical flow filter modeled here is provided in van
Afferden et al. (2011) and De Biase et al. (2011b). If not mentioned otherwise,
experimental methods described in De Biase et al. (2011b) for the roughing filter, only,
apply analogously also for the polishing filter.
4.2.4. Measured contaminant concentrations
Routine measurements on the water chemical composition and contaminant
concentrations at the in- and outflow water from the filters were performed and are
specified and described in Jechalke et al. (2010a), van Afferden et al. (2011) and De
Biase et al. (2011b).
Emission measurements of benzene and MTBE were performed for both operation
modes of the roughing and polishing filter. During single-day sampling events passive
samplers were placed on two locations on top of the filters: one above the injection
pipes and one in the center of the filter between the injection pipes. Simultaneously,
background concentrations at the pilot plant were measured. Benzene background
concentrations were 6.3∙10-7 and 1.4∙10-6 g m-3; and MTBE background concentrations,
1.4∙10-6 and 2.1∙10-6 g m-3 for the 20 liter and 40 liter operation mode, respectively.
See De Biase et al. (2011b) for further details.
4.2.5. Numerical simulations
The numerical simulations were performed using the reactive transport model MIN3P
(Mayer et al. 2002). The used model version allows besides the simulation of
unsaturated flow and the resulting reactive transport of solute species also for the
simulation of diffusive transport of species in the gas phase. Considering the symmetry
of the vertical filters along the top-view center line, the simulated domains represent a
vertical cross section along half of the filters with 0.85-m length (x-direction), 0.01-m
width (y-direction), and 1.55 m depth (z-direction) (sump is not included) for the
roughing filter and 1.75 m depth for the polishing filter. Spatial discretization of the
model differed for the two filters. For the roughing filter, a pseudo-three dimensional
model was set up to consider the intra- and inter-pellet domain separately. In y-direction
the roughing filter model was thus divided into two model layers: one representing the
intra-pellet pore space allowing for fast flow and transport and one the inter-pellet pore
space allowing for relatively high water residence times – note that physically the intrapellet domain is the solid matrix of the inter-pellet domain. The inter-pellet domain has
a width of 3.75 mm (discretized by two model elements) and the inter-pellet domain of
6.25 mm (one element), giving a total of 1 cm length. Parameters attributed to each
domain are presented in Table 4.1 and ensure that the resulting total pore volume is
physically correct. In the case of the polishing filter, no sub-discretization in the ydirection was included, as the material could be described as by single domain with a
single set of van Genuchten parameters. In x- and z- directions spatial discretization in
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the vicinity of the injection point was 0.01 m, and coarser for the rest of the model
domain (0.05 m). Temporal discretization was limited to a maximum time step size of
25 seconds, with the model automatically reducing the time steps if needed to resolve
fast processes.
To completely degrade all contaminants present in one liter groundwater treated in the
vertical soil filters, at least 240 mg L-1 of oxygen are necessary, from which about 76%,
18% and 3.4% are attributed to ammonium nitrification, benzene and MTBE
mineralization. About 1.7% are needed for iron oxidation, with less than 1% for the
complete oxidation of all remaining contaminants present in the groundwater. Thus, the
simulations considered the aerobic degradation of ammonium to nitrate, and the
complete aerobic mineralization of benzene and MTBE describing each as a single-step
reaction, neglecting intermediate degradation products (De Biase et al. 2011a):
NH4+ + 2 O2  NO3- + H2O + 2H+ (4)
C6H6 + 7.5 O2  6 CO2(g) + 3 H2O (5)
C5H12O + 7.5 O2  5 CO2(g) + 6 H2O (6)
All other potential oxygen consuming processes are not included in the model
simulations.
Reactions were considered to take place in the aqueous phase, and the rate, rcont, of each
degradation reaction was described using Michaelis-Menten kinetics (Barry et al. 2002;
Thullner et al. 2007):

rcont  K max

CO 2
Ccont
.
K cont  Ccont K O 2 ,cont  CO 2

with the subscript “cont” denoting the specific contaminant. The terms for O2 were not
considered in all simulations considering oxygen concentrations to be sufficiently high
(see below).
For volatile species (radon, benzene, MTBE and oxygen), the gas-phase and dissolved
concentrations were assumed to be at equilibrium based on Henry’s law, using
temperature adjusted parameters. Diffusion of VOCs is affected by the porous media
(Wang et al. 2003), and aqueous- and gas-phase diffusion coefficients were tortuosity
corrected according to (Millington 1959; Millington and Quirk 1961). Advective
transport in the gas phase was found to be of minor relevance for the considered
systems (De Biase et al. 2011a) and was thus not considered in this study. Radioactive
decay of radon was considered to take place in the aqueous and in the gas phase.
Sorption was not included in the model simulations as it was not observed in any of the
filters during the performed solute tracers test (De Biase et al. 2011b).
Simulations were performed for the 20 and 40 liter operation mode for each, the
roughing and the polishing filter. For each operation mode average conditions were
considered for inflow concentrations (Table 4.1) and temperatures (Table 4.3).
Precipitation was not considered, as average annual precipitation rates of 600 L m-2 yr-1
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(De Biase et al. 2011b) are rather negligible compared to the daily turnover of water
treated in the systems. Focus of the model simulations were on the fate of benzene and
MTBE considering ammonium oxidation only for its consumption of oxygen. For all
simulations, considered ammonium inflow concentration was 51 mg L-1 and maximum
degradation rates from 1∙10-7 up to 5∙10-7 mol L-1 s-1 were considered to simulate
measured ammonium removal from the roughing filter (70-75 %) and the polishing
filter (93-80%) during the 20 and 40 liter operation modes, respectively.
4.2.6. Calibration of the flow and transport model
As van Genuchten parameters were determined experimentally, only the hydraulic
conductivity values were adjusted for fitting simulated outflow rates to measured data.
(see Table 4.2 for resulting parameter values). The transport of solute tracers and radon
as volatile tracer were simulated without further adjustments of flow and transport
parameters (Table 4.2).
4.2.7. Degradation rate estimation
The applied MIN3P version does not allow considering a species dependent molecular
diffusion coefficient. As the gas-phase transport is diffusion-dominated and as oxygen
and the two volatile contaminants differ in their diffusion coefficient by approximately a
factor of 2 (Table 4.3), the simultaneous simulation of all volatile species would lead to
either an underestimation of oxygen fluxes into the filters or to an overestimation of
volatile contaminant fluxes out of the filter. For this reason, preliminary simulations
were conducted using values for oxygen diffusion coefficients for all volatile species.
Results of these simulations confirm that even for high removal rates of the
contaminants oxic conditions prevail throughout the filter, which is in agreement with
experimental observations. Therefore subsequent simulations were performed not
considering any oxygen limitation in the degradation kinetics but using the exact
(temperature corrected) diffusion coefficient for benzene and MTBE. Results of this
preliminary simulations also justify neglecting any potential anaerobic degradation
processes in the simulation.
For each simulated filter and operation mode average contaminant concentrations were
considered as inflow concentrations. Degradation parameters were taken from the
literature or based on laboratory experiment performed with samples from Leuna (Table
4.3), except of maximum degradation rate parameters, which were adjusted to fit
measured outflow concentrations. To assess the uncertainty of this procedure caused by
the variability of the measurements, maximum degradation rate parameter values were
determined for a maximum, an average and a minimum scenario defined by the specific
measured outflow concentration and its standard deviation (Table 4.1). In cases where
obtained minimum outflow concentration values would have been below zero, the
considered minimum outflow concentration value was set to the detection limit of the
experimental method (0.2 µg L-1 benzene and 0.4 µg L-1 MTBE; (van Afferden et al.
2011)). Afterwards, the maximum degradation rates obtained for benzene, MTBE and
ammonium were used in the simulations where oxygen was included (and rates were
coupled to oxygen concentrations), while the diffusion coefficient of oxygen was
applied for all species. Results confirm that in all cases, oxic conditions prevail in all
parts of the filter. An overview of all parameters used for the simulation of the reactive
processes is presented in Table 4.3.
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Table 4.3. Reactive transport parameters used for the model simulations.
Settings
Kinetic parameters
Benzene degradation
kcont
kO2,cont
MTBE degradation
kcont
kO2,cont
Diffusion coefficient in aqueous phase
Oxygen (at 20° C)
Benzene (at 25° C)
MTBE (at 25° C)
Diffusion coefficient in gas phase
Oxygen (at 20° C)
Benzene (at 25° C)
MTBE (at 25° C)
Longitudinal dispersivity
Temperature
Roughing filter (20/40 L)
Polishing filter (20/40 L)
Henry’s law constant at 25 ° C
Benzene
MTBE

Unit

Value

Reference

mol L-1
mol L-1

10-5
10-5

(Prommer et al. 1999)
(Prommer et al. 1999)

mol L-1
mol L-1

10-3
10-5

(Müller et al. 2007)
(Prommer et al. 1999)

m2 s-1
m2 s-1
m2 s-1

2.0 10-9
1.0 10-9
8.6 10-10

(Cornell University 2012b)
(USEPA 2010)
(USEPA 2010)

m2 s-1
m2 s-1
m2 s-1
m

2.0 10-5
8.9 10-6
8.1 10-6
0.1

(Cornell University 2012a)
(USEPA 2010)
(USEPA 2010)
(Giraldi et al. 2009)

°C
°C

7.7/16.3
9.3/15.2

Field measurement
Field measurement

M atm-1
M atm-1

2.1 10-1
1.6

(Robbins et al. 1993)
(Dewulf et al. 1995)

4.3. Results
4.3.1. Flow, solute and gas transport
Comparing measured and simulated flow rates showed that for both operation modes
the model is able to reproduce the high flow dynamics of the roughing filter with
outflow rates exhibiting peak values shortly after the injection followed by a steep
decrease of flow rates thereafter (Figure 4.2, top). The resulting tracer breakthrough also
shows a general match between measured and simulated data, both showing highest
concentrations at early arrival times, with the model only slightly underestimating the
high tracer concentrations for very short arrival times (Figure 4.2, bottom). Measured
outflow rates for the polishing filter were less dynamic than for the roughing filter
showing nearly constant values for the 20 liter operation mode and only moderate
fluctuations for the 40 liter operation mode. This behavior is well described by the
model (Figure 4.3, top) showing only some minor discrepancy in the amplitude of the
rate fluctuations for the 40 liter operation mode. Measured tracer breakthrough for the
20 liter operation mode exhibited a dual peak pattern with concentrations rising
immediately after tracer injection. This can only partially be reproduced by the model
with the simulations describing a single peak pattern matching the location and tailing
of the second peak of the measured breakthrough curve but not reproducing the
measured fast concentration rise and first peak. In contrast, for the 40 liter operation
mode the measured single peak breakthrough pattern is well captured by the model
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showing a good match between measured and simulated arrival time and width of the
peak while the model slightly underestimates the measured peak height.
The gas transport was validated by comparing simulation results with the radon
measurement at the inflow and outflow of the filters (Figure 4.3, bottom). Measured
data show that for both filters and both operation modes the majority of the radon
contained in the injected groundwater was removed. The model reproduces this
observation predicting for the roughing filter only slightly smaller removal than
measured (92% vs. 96% for the 20 liter mode, and 89% vs. 95% for the 40 liter mode).
For the polishing filter simulated and measured removal are in nearly exact agreement.
Simulated removal is mainly due to volatile losses to the atmosphere with radon decay
only contributing minor removal of less than 9 % in the roughing filter and up to 6 % in
the polishing filter.

Figure 4.2. Measured and simulated flow and solute transport behavior of the roughing
filter. Top: outflow rates for a representative period between two hourly infiltration
pulses of 20 liter (a) and 40 liter (b); duration of infiltration pulse is indicated with the
black bar (■). Bottom: normalized outflow concentrations of solute tracer (potassium
bromide) (c and d).
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Figure 4.3. Measured and simulated flow and solute transport behavior of the polishing
filter. Top: outflow rates for a representative period between two infiltration pulses of 20
liter (a) and 40 liter (b); duration of infiltration pulse is indicated with the black bar (■).
Bottom: normalized outflow concentrations of solute tracer (potassium bromide) (c and
d).
Table 4.4. Measured and modeled Radon-222 for the 20 liter and 40 liter operation
mode for the roughing filter and the polishing filter, respectively

Operation mode
Radon
Roughing filter
Measured
Modeled
Polishing filter
Measured
Modeled
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20 liter
%Outflow

%Removed

40 liter
%Outflow

%Removed

4
8

96
92

5
11

95
89

3
3

97
97

5
4

95
96

4.3.2. Degradation rate variability
Degradation rate ranges obtained through numerical model simulations for benzene and
MTBE in the roughing and polishing filter during the 20 and 40 L operation modes
highly depend on the outflow concentrations used as experimental reference (Figure
4.4). For benzene, the maximum, average and minimum degradation rate parameters
obtained for the roughing filter are for the 20 liter operation mode 6.0 10-6, 8.8 10-8, and
5.8 10-8 mol L-1 s-1, respectively; and for the 40 liter operation mode, 5.0 10-6, 2.5 10-7,
6.2 10-8 mol L-1 s-1. For MTBE, values ranged from 1.2 10-5 (maximum) to 1.7 10-6
(average) and 8.6 10-7 (minimum) for the 20 liter operation mode and from 1.0 10-5 to
2.5 10-6, and 1.1 10-6 mol L-1 s-1, for the 40 liter operation mode. For the polishing filter,
maximum, average and minimum values for the maximum degradation rates parameter
obtained for benzene are 1.8 10-6, 7.6 10-9 and 5.7 10-9; and 1.0 10-6, 8.0 10-7, 5.0 10-7
mol L-1 s-1 for the 20 and 40 liter operation modes, respectively; and for MTBE values
are 2.0 10-5, 7.2 10-8, and 4.6 10-8, and 7.0 10-6, 1.7 10-7 and 1.1 10-7 mol L-1 s-1, for the
20 and 40 L operation mode.

Figure 4.4. Average, maximum and minimum benzene and MTBE degradation rates
obtained from model simulations calibrated by fitting measured outflow concentrations
presented in Table 4.3. Benzene and MTBE removal in the roughing filter and polishing
filter under the degradation rates described.
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4.3.3. VOCs emission variability
The numerical simulations allow to distinguish between removal due to biodegradation
and due to volatile losses to the atmosphere (here referred to as volatilization), and to
quantify the contribution of these processes to total contaminant removal. An abiotic
scenario was considered in the model simulation to obtain the maximum volatilization
possible to occur in the absence of any biodegradation for each of the filters and both
operation modes. The maximum volatilization potential obtained under such
hypothetical condition, would be 11% - 8% for benzene and 2% - 1% for MTBE in the
roughing filter, while in the case of the polishing filter values would be 29% - 21% for
benzene, and 8% - 6% for MTBE – the first (higher) percentage always referring to the
20 liter operation mode, the second (lower) percentage, to the 40 liter operation mode.
When biodegradation is considered, numerical simulation results indicate for the
roughing filter a maximum benzene volatilization (considering the minimum
biodegradation rate scenario) of 0.5% and negligible MTBE volatilization. In case of the
polishing filter, some volatilization would be possible depending on the considered
degradation rate scenario and on the operation mode. For benzene up to 23%
volatilization could occur for the 20 liter operation mode if the minimum rate scenario
would be considered, while the maximum degradation rate scenario would not lead to
any volatilization. Analogously, MTBE volatilization would range between no
volatilization and up to 6%. For the 40 liter operation mode benzene volatilization is
negligible for all degradation rate scenarios, while MTBE volatilization could reach up
to 4% for the minimum rate scenario, with the maximum rate scenario leading again to
negligible volatilization.
Benzene and MTBE concentrations measured at the top of the roughing and polishing
filter (first model node 0.1 cm underneath the top boundary) varied with the location of
the measurement and the operation mode, but were in all cases several orders of
magnitude lower than concentrations obtained when neglecting biodegradation in the
simulations (Figure 4.5). For the maximum degradation rate scenario, the model results
for the roughing filter generally match with the measured data, showing on average
similar values as the measurements. These simulations also reproduce the measured
spatial trends with higher concentrations above the injection pipe and lower values in
the middle between the pipes. However, the simulated differences between the sampling
locations tend to be stronger than observed. For the average degradation rate scenario,
simulated concentrations for benzene are still in an acceptable agreement with measured
values, while for MTBE simulated concentrations are much higher than measured. The
latter also holds for the minimum degradation rate scenario. Simulation results for the
polishing filter are overestimating the results measured above the injection pipes, while
for the middle location the maximum degradation scenario does allow for matching
measured data. The average and the minimum degradation scenarios overestimate
measured concentrations also for the middle location. As for the roughing filter the
model also reproduces the measured spatial concentration trends but predicts stronger
gradients than observed.
4.3.4. Oxygen limitations
Average oxygen outflow concentrations observed in the filters for the 20 and 40 L
operation mode were 5.5 and 4.6 mg L-1 for the roughing filter and 8.4 and 6.2 mg L-1
for the polishing filter. Model simulation for the maximum degradation rates scenarios
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showed 6.9 and 4.5 mg L-1 for the roughing filter and 9.5 and 6.2 mg L-1 for the
polishing filter under the 20 and 40 L operation modes, respectively.

Figure 4.5. Benzene and MTBE concentrations measured by passive samplers located on
top of the filters above the injection pipe (bars pipe biotic) and between the pipes (bars
middle) compared to concentrations obtained from numerical model simulations:
average concentration in the absence of biodegradation (bars pipe abiotic) and at
maximum, average and minimum degradation rate (lines) for the 20 and 40 liter
operation mode.

4.4. Discussion
4.4.1. Accuracy of the flow and transport simulations
Numerical simulations of the flow and transport processes in the roughing and polishing
filter provide a fairly good reproduction of the measured data. Most flow and transport
parameters were independently determined leaving only the hydraulic conductivity of
the different materials as fitting parameters. Furthermore, the used parameter sets had to
allow simultaneously for good fit of water flow, and aqueous- and gas-phase transport
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for two different operation modes. As a consequence some discrepancies remain
between measured and simulated data.
The roughing filter is characterized by highly unsaturated flow conditions with highly
dynamic flow rates. The model is able to reproduce these dynamics and considering the
dual domain approach also provides a good match of the solute tracer data. However,
the measured data indicate a very high distribution of tracer travel times within the filter
and the simulations are not fully able to describe this behavior. In particular the
extremely early arrival of the tracer breakthrough indicates some preferential flow paths
which could not be considered in the numerical simulations. Nevertheless, the overall
behavior of the tracer breakthrough is well captured. Simulated volatilization and gas
phase transport is also able to explain the high removal of radon from the infiltrated
groundwater, but the model leads to a slight underprediction of volatile emissions.
Given that the gas phase transport was simulated without any adjustable parameter, the
discrepancy between simulated and measured data is rather small.
Compared to the rouging filter, the polishing filter is characterized by higher water
saturation (while still maintaining unsaturated conditions at both simulated operation
modes) and a lower water flow dynamics. The model reflects this behavior, providing a
good match of the measured flow rates. The slight underestimation of the measured
flow rates for the 40 liter operation mode is explained by the measured daily water
balance showing a small loss of up to 5% of the injected water. This water loss is
attributed to plant root uptake being more significant for the 40 liter operation mode
period, which took place during the peak of the plant growth season (summer) while the
period of the 20 liter operation mode took place before and at the beginning of the plant
growth season. This plant root uptake might also explain the smallest solute tracer
recovery obtained at the polishing filter during the 40 liter operation mode compared to
the 20 liter operation mode (data not shown) and in comparison to the higher tracer
recovery obtained in the roughing filter during both tracer experiments. Plant root
uptake was not considered in the simulations as their effect on the water balance was
ultimately rather low and as the presence of plants in vertical flow constructed wetlands
used for the removal of VOCs has been demonstrated not to have a considerable impact
on contaminant removal (Tang et al. 2009a). Measured tracer breakthrough shows
distinct differences between the two operation modes, exhibiting a dual peak pattern
with an early beginning of the breakthrough for the 20 liter mode, while for the 40 liter
mode tracer breakthrough starts later exhibiting only a single peak pattern. An
explanation for this change of the breakthrough patterns between the two operation
modes is not available and also the model is not able to describe such behavior. All in
all, the model simulation can provide only a compromise between matching both
breakthrough curves, which results in relatively good match for the 40 liter operation
mode, while for the 20 liter mode some discrepancies remain especially for the early
part of the breakthrough curve. More measured data would have been desirable to
resolve this issue, but the available data suggest that water flow and transport in the
filter was more heterogeneous than considered in the model. In turn, the radon removal
predicted by the model provides for both operation modes a very good match of the
measured data suggesting that volatilization and gas-phase transport are well captured in
the simulations.
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4.4.2. Quantification of biodegradation and volatilization
The variability of the measured outflow concentrations results in a range of values of
the associated degradation rates, which leads to an uncertainty in the obtained maximum
degradation rate parameter values. For each contaminant, parameter value ranges for the
two filters and operation modes overlap suggesting maximum degradation rate
parameters of approximately 10-6 mol L-1 s-1 for benzene and 5∙10-6 mol L-1 s-1 for
MTBE to explain all measured data simultaneously. For benzene these values represent
the actual rates in the filters while MTBE degradation rates are lower due to rate
limiting MTBE concentrations. However, for both species the rates found in this study
are very high compared to values presented in other studies (Eke 2008; Eke and Scholz
2008; Höhener et al. 2003; Schirmer et al. 2003; Suarez and Rifai 1999) even when
considering the minimum degradation rate scenario. This confirms that both filters
provide very good conditions for the aerobic degradation of the contaminants and for
the complete removal of the contaminants from the treated groundwater. Intermediate
MTBE degradation products, as e.g. TBA of TBF were found at the inflow water in the
order of few µg per liters and were detected at even lower concentration at the outflow
of both of the filters (van Afferden et al. 2011), which indicates further mineralization
of intermediate products rather than accumulation on the water flow path through the
filter.
Although the observed high or complete removal of the contaminants can be explained
for both filters by a rather large range of biodegradation rates, the potential contribution
of volatilization to the observed total removal differs between the filers. For the
roughing filter no significant volatile losses of benzene or MTBE to the atmosphere are
predicted by the model regardless which degradation rate scenario is considered. In turn,
for the polishing filter (with the exception of benzene for the 40 liter operation mode) a
lack of volatile emissions is only observed considering the maximum degradation
scenario. Lower degradation rates lead to volatile emissions of up to 23% for benzene
and 6% for MTBE, which is close to the values obtained in the absence of
biodegradation. This suggest that for these low biodegradation rates microbial activity
can hardly suppress any volatile emissions, while higher rates allow the zone between
the groundwater injection pipes and the top of the filter to act as very efficient biofilter
avoiding any volatile contaminants to reach the top of the filter and to emit into the
atmosphere. It is obvious that a potential emission is found for those combinations of
filters and operation modes where the uncertainty concerning the (outflow concentration
and) degradation rate is highest. Only for those high uncertainty ranges possible
degradation rates are low enough to allow for volatile emissions. In all other cases, and
specifically for the range of overlap between the maximum degradation rate parameter
values discussed above, no volatile emissions are obtained by the simulations. In those
cases the total removal is attributed to biodegradation, only.
The assumption that the upper range of the observed maximum degradation rate
parameter values is more suitable for the description of the simulated vertical filters is
supported by the concentrations observed on top of the filters, where only the high
degradation scenario allows for a reasonable reproduction of measured data. However,
it should be noted that the later comparison is challenged by the measured data taken
from a sampling location right above the filter and representing a (temporal and) spatial
average for the range of influence of the passive sampling device. In turn, the simulated
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data represent (a temporal average of) concentrations taken from a single point right
underneath the top of the filter.
4.4.3. Model potential and limitations
Numerical simulations presented in this study are subject to simplifications and
uncertainties. The largest source of uncertainty is caused by the variability of the
outflow concentrations which results in a rather large uncertainty concerning the
degradation rates. Although the combination of different measurements constrains this
uncertainty additional measurements would have been highly beneficial for a further
uncertainty reduction. The observed discrepancies between measured and simulated
flow and transport data indicated that the model does not fully capture all flow and
transport processes in the filters. However, for a pilot scale field experiment, these
discrepancies are rather small and the resulting impact on degradation and volatilization
results is small compared to the uncertainties due to the outflow concentration
variability. Similarly, the impact of process not considered in the model is considered to
be negligible or minor. This includes the effects of plants roots, mineral dissolution or
precipitation, biomass growth and decay, clogging effects, anaerobic degradation of
contaminants, advective gas-phase transport and dilution effects due to precipitation.
This is in agreement with the missing impact of plant root on contaminant removal
reported in comparable studies (Tang et al. 2009) and the minor impacts of plant root
uptake and precipitation on the water balance. Furthermore, field observations did not
report on clogging effects due to mineral precipitation or biomass formation in the
investigated filters (van Afferden et al. 2011). Anaerobic processes are suppressed due
to the oxic conditions found all along the filter depths. In addition, for benzene
anaerobic degradation rates would be much lower than aerobic rates (Wiedemeier et al.
1999) while MTBE is hardly degraded at anaerobic conditions (Smith et al. 2005).
Temperature variations between the different operation modes are considered for
calculations of volatilization and diffusive transport processes. The influence of
temperature on degradation rates is not considered in the simulations, but the difference
between the average temperature for the 20 and 40 liter operation mode was only 6 °C
and the resulting variations of the degradation rate parameters would have been small
compared to the uncertainty due to the outflow variations. Degradation of contaminants
was simulated not always considering oxygen limitations in the applied degradation
rates. This simplification is justified by measured oxygen concentrations indicating oxic
conditions along the entire filter depths. The observed partial depletion of the oxygen
could be explained by the model simulations indicating that the model provides a good
description of the aerobic degradation processes in the filters, and that the simplified
rate expression does not affect the accuracy of the model. In combination with the
simulation of aqueous- and gas-phase transport, the presented modeling approach is thus
suitable for the analysis of VOCs removal from these vertical flow filters.
4.4.4. Assessment of filter performance
The combination of all model results and their comparison with measured data shows
that the removal of benzene and MTBE is dominated by biodegradation and that
volatilization can be neglected considering the maximum degradation rate scenario to be
more appropriate to describe the processes in the two vertical flow filters. In the case of
the polishing filter, VOCs emissions could become significant if lower degradation rates
are considered, which would constrain the effectiveness of this filter for avoiding
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undesirable emissions if biodegradation rates are reduced for any reason. However,
when comparing the range of degradation rates of both filters, values obtained in the
polishing filter are in the same range of the roughing filter. Both filters thus provide an
efficient remediation mean for the treatment of these volatile groundwater
contaminants. These results also confirm observation from the laboratory (Hanzel et al.
2011; Lu et al. 2000; Wang and Deshusses 2007) and hypotheses derived from the
experimental data (De Biase et al. 2011b) claiming that biodegradation can modify gasphase concentration gradients of volatile species at the dm-scale and that the release of
VOCs into the atmosphere appears to be attenuated by the degradation capacity of the
filter in general and by the uppermost layer acting as a biofilter. Results also indicate
that for lower degradation rates such volatile emissions would be possible to take place
and that the high degradation rates attributed to these filters are in fact a prerequisite to
avoid any volatile emissions of the contaminants. In this context, the higher water
saturation in the polishing filter combined with the longer residence times seem to be
more vulnerable to for volatile emissions when biodegradation rates would be reduced.
Here, the presence of plants could have an impact on the ensuring high degradation
rates by enhancing microbial activity (Wang et al. 2012). In turn, the highly unsaturated
conditions and short residences time describing the roughing filter tend to facilitate high
biodegradation rates while keeping the risk for volatile emission low even at reduced
degradation rates. Ultimately, the removal performance and the rate of biodegradation
for the two vertical filters are quite similar in spite of the differences in their flow and
transport characteristics. This suggests that different filter designs and operation modes
can be suitable for a high remediation efficiency as long as oxic conditions prevail all
along the filter.
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5Summary/ Samenvatting

5.1. Summary
Water is essential for human beings and the environment. Most of the accessible fresh
water is located in aquifers, but groundwater contamination restricts its use and has
become a problem in industrialized as well as in developing countries. Simple and
inexpensive technologies to treat effectively contaminated water are required. Examples
of such technologies are vertical flow filters and vertical flow constructed wetlands.
Vertical flow filters (unplanted) and vertical flow constructed wetlands (planted) consist
of containers filled with granular material where contaminants are removed from the
water percolating intermittently through the filter by a combination of biodegradation,
volatilization and root uptake as the main removal processes.
This thesis is focused on the assessment of removal processes in vertical flow filters and
constructed wetlands, and the quantification of each individual process. The aim is to
improve the understanding of volatile compound removal using field measurements and
numerical model simulations. The investigated filters and wetlands are part of a pilotscale outdoor facility for the treatment of groundwater contaminated with volatile
organic compounds, located in Leuna, Germany.
In Chapter 2, numerical reactive transport simulations were applied for the investigation
of the impact of different filter operation modes on vertical flow filter performance.
Removal processes considered in the model simulations were biodegradation and/or
volatilization of the volatile organic compounds. The aim was to assess the volatile
emissions that might restrict the application of vertical flow filters for the treatment of
water contaminated with such compounds. Findings from a pilot-scale intermittently
loaded system used for domestic waste water treatment were used for performance
prediction of such a system for volatile organic compound contaminated water
treatment. The model simulations included the aerobic degradation of ammonium, and
two volatile organic compounds (benzene and methyl tertiary butyl ether - MTBE).
Diffusion and advection were considered as transport mechanisms for all gaseous
compounds in the simulations. Model scenarios predicted the relevance of depth and
frequency of intermittent water loading, as well as the degradation kinetics and material
properties on the removal of contaminants by the different processes. The model
simulations showed that for unfavorable operating conditions considerable amounts of
volatiles are released to the atmosphere, therefore certain operation modes might limit
the application of vertical filters for the treatment of volatile contaminated water.
Additionally, the operation mode might also limit the oxygen recharge into the filter
inhibiting aerobic degradation. Therefore, only an appropriate combination of injection
depth and composition of the filter material would result in an enhancement of filter
performance increasing biodegradation under a limited released of volatiles. Under such
optimum operating conditions vertical flow filter systems would be a suitable
remediation technology for groundwater contaminated with volatile compounds.
Chapter 3 presents the experimental field assessment of volatile organic compound
removal processes in a pilot-scale outdoor vertical flow filter intermittently loaded with
contaminated groundwater under two operation modes. The main groundwater
contaminants were benzene, MTBE and ammonium. For these compounds the filter
presented high removal efficiency and permanently unsaturated conditions. The
investigation was focused on the evaluation of each individual process: aerobic
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biodegradation and volatilization, both involved on the contaminant removal. In order to
assess the dynamic of the filter, non-reactive tracer tests and flow rate measurements
were performed indicating a highly transient flow and heterogeneous transport regime.
In- and out-flow concentrations of Radon-222, naturally occurring in the treated water
and used as a gas tracer, were measured to define the volatilization potential of other
volatiles contained in the treated water. Radon-222 behavior was reproduced by
numerical simulations and extrapolated for benzene and MTBE, leading to the
conclusion that volatilization potential of these compounds is high. However, passive
sampling measurements on top of the filter detected relatively low benzene and MTBE
concentrations compared to the potential. The assessment of biodegradation was
qualitatively supported by the analysis of catabolic genes involved in organic compound
degradation at different depths of the filter and semi-quantitatively by stable isotope
fractionation analysis. Both methods indicated high potential for aerobic degradation of
benzene and MTBE. Thus, despite the high volatilization potential, biodegradation is
dominating the contaminant mass removal. Results further indicate that the volatilized
fraction of the contaminants is still subject to subsequent biodegradation, which allows
the upper layer of the system might to act as a biofilter and to reduce the emission of
volatilized contaminants into the atmosphere.
In chapter 4, two pilot-scale systems, a vertical flow filter and a vertical flow
constructed wetland, were assessed using numerical reactive transport model simulation
Both treatment systems were intermittently loaded with groundwater containing the
volatile contaminants benzene and MTBE, and the assessment focussed on quantifying
the removal processes (biodegradation and volatilization) of for these compounds.
Experimental data used to calibrate the model simulations included porous material
analyses, flow rate measurements, conservative solute tracer and gas tracer tests, as well
as contaminant concentrations measurement at the in- and out-flow of the filter and at
the top of the filter. Numerical simulations considered unsaturated water flow, transport
of species in the aqueous and the gas phase as well as aerobic degradation processes.
Resulting suggest both filters to exhibit very high degradation rates which allow
avoiding volatile emissions of the contaminants into the atmosphere and to attribute the
observed removal to biodegradation only. The simulation study thus supports the use of
both of these vertical flow systems for the treatment of contaminated groundwater and
the use of reactive transport modelling for the assessment of volatile organic compound
removal in these high performance treatment systems.
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5.2. Samenvatting
Water is essentieel voor mensen en het milieu. Het merendeel van het beschikbare zoet
water is afkomstig uit aquifers, maar vervuiling van grondwater beperkt het gebruik
ervan en is in geïndustrialiseerde alsmede in ontwikkelingslanden een probleem
geworden. Er is behoefte aan eenvoudige en goedkope technologieën om vervuild water
effectief te behandelen. Voorbeelden van zulke technologieën zijn verticale
doorstroomfilters en verticaal doorstroomde helofytenfilters. Verticale doorstroomfilters
(onbeplant) en verticaal doorstroomde helofytenfilters (beplant) bestaan uit containers
gevuld met korrelvormig materiaal waar de verontreinigingen verwijderd worden uit het
water dat gefaseerd door het filter sijpelt met als belangrijkste verwijderingsprocessen
biologische afbraak, vervluchtiging en opname door wortels.
Dit proefschrift concentreert zich op de bepaling van verwijderingsprocessen in
verticale doorstroomfilters en verticaal doorstroomde helofytenfilters en het
kwantificeren van elk individueel proces. Het doel is om een beter begrip te verkrijgen
van de verwijdering van vluchtige stoffen door middel van het doen van veldmetingen
en doorvoeren van numerieke modelsimulaties. De onderzochte filters en
helofytenfilters zijn onderdeel van een pilot-studie op buiten locatie voor de
behandeling van grondwater dat vervuild is met vluchtige organische stoffen, gevestigd
in Leuna, Duitsland.
In hoofdstuk 2 werden numerieke simulaties voor reactief transport toegepast om de
invloed te onderzoeken van verschillende filtermethoden op de prestatie van verticale
doorstroomfilters. In het model werden biologische afbraak en/of vervluchtiging als
verwijderingsprocessen van vluchtige organische stoffen beschouwd. Het doel was om
vluchtige emissies vast te stellen die de toepassing beperken van verticale
doorstroomfilters voor de behandeling van vervuild water met zulke componenten. De
bevindingen van een pilot systeem met gefaseerde watertoevoeging dat gebruikt wordt
voor het zuiveren van huishoudelijk afvalwater werden gebruikt om de prestatie te
voorspellen van zo'n systeem voor de behandeling van water dat vervuild is met
vluchtige organische stoffen. De modelsimulaties omvatten de aerobe afbraak van
ammonium en twee vluchtige organische verbindingen (benzeen en methyl-tertbutylether – MTBE). Diffusie en advectie werden in de simulaties beschouwd als
transportmechanismen voor alle gasvormige componenten. De modelscenario's
voorspelden de relevantie van diepte en de frequentie van de gefaseerde
watertoevoeging alsook de degradatie kinetiek en materiaaleigenschappen voor de
verwijdering van verontreinigingen door de verschillende processen. De
modelsimulaties lieten zien dat onder ongunstige omstandigheden aanzienlijke
hoeveelheden vluchtige stoffen in de atmosfeer vrijkomen. Daarom limiteren bepaalde
uitvoeringswijzen mogelijk de toepassing van de verticale filters voor de behandeling
van water vervuild met vluchtige stoffen. Ook kan de uitvoeringswijze de toevoer van
verse zuurstof aan het filter belemmeren en daarmee de aerobe afbraak. Daarom bereikt
alleen de juiste combinatie van injectiediepte en samenstelling van het filtermateriaal
een prestatie verbetering van het filter voor biologische afbraak, onder beperkt
vrijkomen van vluchtige stoffen. Onder zulke optimale uitvoercondities zouden
verticale doorstroomfiltersystemen een geschikte saneringstechnologie zijn voor met
vluchtige organische stoffen vervuild grondwater.
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Hoofdstuk 3 behandelt de experimentele bepaling in het veld van
verwijderingsprocessen van vluchtige organische verbindingen middels een pilot-studie
op buiten locatie met een verticaal
doorstroomsysteem met gefaseerde
watertoevoeging
onder
twee
verschillende
condities.
De
belangrijkste
grondwaterverontreinigingen waren benzeen, MTBE en ammonium. Voor deze
componenten toonde het filter een hoge verwijderingsefficiëntie en permanent
onverzadigde condities. Het onderzoek was gericht op de evaluatie van ieder individueel
proces: aerobe biologische afbraak en vervluchtiging, beide betrokken bij verwijdering
van verontreinigingen. Om de dynamiek van het filter te bepalen werden niet-reaktieve
detectietests en stroomsnelheidbepalingen verricht die wezen op een zeer vergankelijke
stroom en een heterogeen transportregime. In- en uitstroom concentraties van Radon222, dat natuurlijk voorkomt in het behandelde water en gebruikt wordt om gassen te
detecteren, werden gemeten om het vervluchtigingspotentiaal te bepalen van andere
vluchtige stoffen die in het behandelde water voorkomen. Het gedrag van Radon-222
kon gereproduceerd worden met numerieke simulaties en geextrapoleerd worden voor
benzeen and MTBE, wat tot de conclusie leidde dat het vervluchtigingspotentiaal van
deze stoffen hoog is. De passieve monstermetingen bovenaan het filter detecteerden
echter relatief lage benzeen and MTBE concentraties in vergelijking met potentiele
concentraties. De bepaling van biologische afbraak werd kwalitatief ondersteund door
de analyse van katabolische genen die betrokken zijn bij de afbraak van organische
verbindingen op verschillende filterdieptes en semi-kwantitatief door de analyse van
fractionering van stabiele isotopen. Beide methoden wezen op een hoog potentiaal voor
aerobe afbraak van benzeen en MTBE. Dus, ondanks het hoge vervluchtigingspotentiaal
domineert biologische afbraak in de verwijdering van verontreinigingsmassa. De
resultaten laten verder zien dat de vervluchtigde fractie van de verontreinigingen nog
steeds onderhevig is aan opvolgende biologische afbraak, wat er mogelijk toe leidt dat
ook de bovenste laag van het systeem kan fungeren als een biofilter en emissies van
vluchtige verontreinigingen in de atmosfeer kan reduceren.
In hoofdstuk 4 werden twee systemen op pilot-studie schaal, een verticaal
doorstroomfilter en een verticaal doorstroomd helofytenfilter, onderzocht met
numerieke modelsimulaties van reaktief transport. Beide behandelsystemen werkten
met gefaseerde toevoeging van grondwater dat de vluchtige verontreinigingen benzeen
en MTBE bevatte en de bepaling concentreerde zich op het kwantificeren van de
verwijderingsprocessen (biologische afbraak en vervluchtiging) van deze componenten.
Experimentele data die werden gebruikt om de modelsimulaties te kalibreren omvatten
analyses van poreus materiaal, stroomsnelheidmetingen, conservatieve detectie van
opgeloste
stoffen
en
gas
detectie
tests,
alsook
metingen
van
verontreinigingsconcentraties in de in- en uitstroom van het filter en aan de top van het
filter. Numerieke simulaties beschouwden onverzadigde waterstroom, transport van
soorten in vloeibare en gasvormige toestand alsook aerobe afbraakprocessen. De
resultaten geven aan dat beide filters hoge afbraaksnelheden bezitten die verhinderen
dat vluchtige emissies in de atmosfeer vrijkomen en dat dit toegeschreven kon worden
aan uitsluitend biologische afbraak. De simulatiestudie ondersteunt dus het gebruik van
beide verticale doorstroomsystemen voor de behandeling van vervuild grondwater en
het gebruik van modellering van reactief transport voor de bepaling van verwijdering
van vluchtige organische verbindingen in deze behandelsytemen met hoge prestatie.
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