
The project “protection of
groundwater at industrial
contaminated sites”, PURE, 
(EU code: EVK1-CT-1999-00030)
has been carried out in the 
5th Framework program. 

PURE has been aimed at
preventing contamination of
groundwater from industrial sites
from priority pollutants, including
recalcitrant chloroorganics, BTEX,
PAH, and heavy metals. The
project had as objectives to:
– Develop a set of tools and

methods to characterize a site
and follow the efficacy of
remedial actions;

– Provide innovative remediation
techniques to prevent the
groundwater pollution at
industrial sites;

– Develop a methodology to
evaluate costs and benefits as
support for an optimal choice 
of remedial actions;

– Enhance the discussion between
the relevant actors (science,
industry, service providers) to
reach the best approach to
protect groundwater.

Structure and contents
PURE is structured in two sub-
projects, 
SICHAMORE (SIte CHAracteri-
sation and MOdelling for REme-
diation) and 
TREES (Techniques for Remediation
of Earnest Environmental
contaminants in Soil and ground-
water). Much effort was given to
converge the contents of the two
parts and to make sure that the
results of the different
workpackages fitted into 
one another. 

The integration of the work-
packages forms the basis of 
SCAR (Site Characterization
Approach for Recovery of
contaminated industrial sites).
SCAR was constructed in response
to the suggestions of the industrial
partners and service providers to
give overview and a set-up for a
best practice.
This brochure will describe briefly
the outcomes of the PURE project
per workpackage and the integra-
tion of the workpackages within
SCAR. 
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The SICHAMORE workpackages
were designed to develop new
methods and techniques to
efficiently characterize the
contaminated site. 

The site data were used as basis
for the evaluation of feasible
remedial techniques.
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In Europe, industrial sites are
often operational for a long time
and unravelling their history is
not always easy. Moreover,
combinations of multiple
contaminants in a complex sub-
surface exist quite regularly.

To obtain more insight on options
for remediation techniques and
their cost-effectiveness, a decision
support tool has been developed,
called: ABC or assessment of
benefits and costs. It is seen as a
technical tool to identify and
examine the feasibility of different
remediation techniques, in
particular to highlight possibilities
for alterative approaches to con-
ventional techniques. It is seen as a
communication tool to compare
remediation scenarios and to score
their comparative benefits. It is
seen as a learning tool and an
economic tool to evaluate cost
effectiveness, duration and use of
space. 
The information inputs to the
assessment module are:

contaminated area (ha), use (high
use with low accessibility versus
low use), groundwater depth,
groundwater velocity, type of
contaminant, depth of
contaminants, source versus
plume, geology (sand / mixed /
clay), saturated versus unsaturated
zone. Contaminants are
categorised on the basis of the
approaches to their remediation, as
follows: benzene, naphthalene and
volatile oil; TEX; phenols and
styrene; other PAH and heavy oil;
metals; cyanide; low chlorinated
volatile hydrocarbons; low
chlorinated non-volatile
hydrocarbons; high chlorinated
volatile hydrocarbons; high
chlorinated non-volatile
hydrocarbons.

Benefits are evaluated using life
cycle analysis (LCA) on a cradle to
the grave basis. Also environmental
merit (cleaned medium times a
clean-up factor), duration and
deployment of space are included.

Cost data and outputs encompass
a cost estimation for each
technique by country. Cost data
are relatively coarse because they
are specific to countries, and also
highly site specific.
Output of the ABC tool is a set of
tables and graphs with information
about energy, resource require-
ments, emissions and (hazardous
and non-hazardous) waste. Results
on the ‘environmental score’, time
duration, deployment of space,
costs and additional expert remarks
are also displayed in the output. 
The decision maker at the plant
operational level can start with the
decision analysis activity once an
overview of information relevant to
the nature of the decisions is
available. A fast simple assessment
has to be made in a first phase of
the project resulting in a risk,
benefit and cost analysis. The
remediation will be optimised in
terms of technical, financial and
timing criteria and to meet both
internal and external constraints.
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WP1: ABC Assessment of benefits and costs

L. Maring and A.J.C. Sinke

TNO Environment, Energy and Process Innovation, P.O. Box 342, 7300 AH Apeldoorn, The Netherlands

INPUT:

site description, hydrology &

contaminant situation

OUTPUT:

energy, emissions, waste,

resources, time, deployment of

space, environmental score,

costs, remarks
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Several sensor techniques have
been developed and tested to
contribute to a cost effective
sampling strategy at
contaminated sites. Within the
PURE project, sites with different
mixtures of contaminants were
the focus and different types of
sensors have been developed for
in-situ measurements.

Lux biosensor
The primary aims were to identify
contaminant hot spots during initial
site screening and to monitor the
efficacy of ongoing remediation
progress. A small field-applicable
PC-based discrete sample
instrument using lux biosensors for
rapid site screening was therefore
developed and validated. The
machine was successfully used to
assess toxicity, and provide toxicity
contour plots diagnostic of
remediation progress.
The instrument was found to have
the potential to discriminate
between groups of groundwater
contaminants and identify the class
of contaminant during initial site
screening. Consequently, neural
networks and other data treatment
methods have been applied in
order to develop a means of
automated contaminant class
identification.
The luminescence-based biosensors
were successfully used to assess
the toxicity of the groundwater to
generate a contaminant toxicity
map. Samples were exposed to
these environmentally relevant,
bacterial biosensors to assess their
acute toxicity, and to assess to
what extent there was a toxic
constraint to site bioremediation.

The figures below are produced
using a geostatistical package to
extrapolate borehole toxicity data
to a contoured site toxicity map.
The red areas have been
demonstrated by the biosensor to
be toxic, while the green areas are
free from contaminant toxicity.

Toxicity map of a contaminated site.

Total toxicity (i.e. areas with low intrinsic

bioremediation potential).

Anodic Stripping
Voltammetry
A simple and rapid on-site
electrochemical sensor has been
developed for the detection of
heavy metals in soil and water
samples. The device utilises
Differential Pulse Anodic Stripping
Voltammetry (DPASV), coupled
with screen-printed electrodes
(SPE). This approach was favoured
for reasons of cost, simplicity,
speed (< 4 min) and sensitivity 
(µg l-1). 

Following carbon ink selection and
optimisation of experimental
parameters, simultaneous analysis
of Cd, Pb, and Cu was achieved.
Calibration demonstrated linearity
up to 200 µg l-1, and the following
detection limits (in table). The
sensor was linked to a simple field-
compatible sample extraction
procedure. 82 soil samples supplied
by consortium partners were
extracted and Pb, Cd and Cu
measured simultaneously. The
yielded correlation coefficients
after comparison with ICP-OES
data are given in the table.
Using a new low-cost portable
electrochemical analyser (PalmSens
Instruments, Utrecht, NL), the
sensor was successfully tested in
the field for the measurement of
contaminated samples from a
metal mining site and water
treatment plant for mine wastes.
The addition of Hg and As to the
assay was achieved using an
alternative gold (Au) SPE. Initial
investigations yielded detection
limits of 0.15 µg l-1 for Hg and 
50 µg l-1 for As. Chemometric data
treatment will be performed to 
deconvolute overlapping stripping
currents.

ASV field kit
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WP2: field-based measurement tools

S.J. Setford, Cranfield Centre for Analytical Science, Cranfield University, Silsoe, MK45 4DT, UK 

K. Killham, University of Aberdeen, Cruickshank Building, St Machar Drive, Aberdeen AB24 3UU
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Supercritical fluid
extraction + immunoassay
A simple compact and
transportable field-based
supercritical fluid extraction (SFE)
apparatus has been developed for
the high efficiency extraction of
organic compounds from soil
samples. Extracts are subsequently
analysed in the field using
immunoassay test kits. 
Real world samples were analysed
as collected, without the
requirement for a drying step. SFE

extracts were collected in methanol
and diluted in aqueous buffer to
engender compatibility between
the extracts and test kits. The
combined SFE-immunoassay has
been optimised using synthetic and
real world samples containing
polyaromatic hydrocarbons (PAHs),
BTEX compounds and chlorinated
hydrocarbons. The approach
correlates well with the recognised
standard soxhlet/GC-MS method
for the analysis of real world
samples.

Field-based evaluation of the
combined SFE-immunoassay
procedure as a screening method
for PAH monitoring at
contaminated sites has proven
successful. PAH recoveries of 
60-130% (compared to soxhlet/
GC-MS) were obtained. The
approach holds obvious promise
for screening industrial sites for
hydrocarbon contaminants and is
considerably more environmentally
friendly than competing high-
efficiency methods.
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WP3: Site Characterisation and modelling 

FASA: Fuzzy Areal Site
Assessment approach in
site characterization
Characterizing the nature and the
extent of environmental
contamination at a brownfield is a
fundamental part of any remedial
investigation and corrective action
program. FASA has been
developed as an alternative to geo-
statistics approaches. FASA’s
methodology is not based on
statistical models/assumptions
made on the underlying
distribution of the contaminant
across the site. Furthermore, it
does not use interpolation and
contouring algorithms to produce a
map of the contaminant
distribution.

FASA generates a “rough”
topology of the contaminant
distribution over a given site with
accuracy. The topology produced
as such does not contain contours
indicating the concentration levels
of contaminants in the given soil

depth. Basically, FASA has two
powerful features: adaptive fuzzy
partitioning and fuzzy areal
assessment. These two features
have been adapted from studies
conducted in the field of global
optimization and further developed
to deal with sparse data collected
from the site. FASA interprets the
problem of site characterization as
a spatial classification problem and
treats the latter within a fuzzy
setting. FASA is a partitioning
method that divides the site

resulting in a finer tessellation after
each re-partitioning. Each partition
is assessed using aggregate fuzzy
measures of concentration values
of samples falling within the
partition. Using these measures,
FASA provides non-statistical
estimates for the locations of non-
contaminated blocks in the site.
Partitions classified as non-
contaminated are stored and
reported. Thus, the area of the site
to be reinvestigated is reduced
significantly. 

1 The author is currently with Nanyang Technological University, School of Mechanical and Production Engineering, Systems and Engineering Management Division, 50 Nanyang Avenue, Singapore 639798

YED TEPE  UN VERS TES

L. Ozdamar1, M. Demirhan, Yeditepe University, Dept. of Systems Engineering, Kayisdagi, Istanbul, Turkey (FASA)
A. Battistelli, Aquater SpA (ENI group), Via Miralbello 53, 61047 San Lorenzo in Campo (PU), Italy 
(TMVOCBio code)
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In PURE, both hypothetical sites
with known results and real sites
have been utilized to demonstrate
the performance of FASA.

FASA is developed with the
following major goals: 
– To reduce drilling and lab

analysis costs by optimising the
sampling strategy in both
preliminary and detailed phases
of site characterization. At the
PURE test site, FASA has reduced
the total number of samples
required to characterize a site by
approximately 30%. During the
preliminary screening phase of
sparse sampling, FASA has
decreased the area to be
subjected to a more intensive
sampling by nearly 50%. 

– To carry out in-situ risk
assessment of the site (reducing
transportation costs of moving
samples to labs and reducing the
time required for risk
assessment) by utilizing a rapid
and practical fuzzy logic based

spatial inference mechanism that
can handle imprecise toxicity
measurements collected by in-
situ measurement technologies
such as ASV and biosensors.

– To increase accuracy and
minimize health hazards by
providing a tool with multiple
control so that hot-spots are
identified accurately. An accuracy
exceeding 90% has been
achieved using less than half of
the total number of samples. 

Modelling of fate 
and transport (F&T)
A quite general mathematical
formulation of aerobic and
anaerobic biodegradation reactions
of organic compounds was
implemented into the TMVOCBio
multiphase, non-isothermal,
compositional numerical reservoir
simulator. The code can model the
simultaneous occurrence of
multiple degradation processes
involving several different organic
substrates, electron acceptors and

nutrients. Reaction by-products
can also be simulated as well as the
thermal effects of biodegradation
in non-isothermal runs.
Competitive, non-competitive,
toxic and biomass growth
inhibition effects can be accounted
for following the conventional
approaches available in technical
literature. The modelling of
biodegradation reactions can be
optionally switched off.
Verification and validation tests
were successfully performed to
check the proper implementation
of mathematical and numerical
formulations, as well as to control
the actual capability of the code to
model biodegradation processes
observed in laboratory experiments
and documented at one
contaminated site.
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Benchmarking

A. Battistelli, Aquater SpA (ENI group), Via Miralbello 53, 61047 San Lorenzo in Campo (PU), Italy

M. Summersgill1, VHE Construction plc, Phoenix House, Hawthorn Park, Coal Road, Leeds, LS141PG, UK

The benchmarking has been
included to enlighten the costs
that are made with the current
state of the art types of site
characterization and remediation
techniques. 

This information demonstrates
“where the money is going” and
where possible savings can be
made. Besides, the information on
the current monitoring instruments
and remedial techniques is

important as a comparison to the
innovative measuring strategies
and remedial techniques that have
been developed within PURE.
One part of the benchmarking was
the collection of data about actual
site characterisation (SC) costs.
Another part of the Benchmarking
activities was to consider whether
in PURE developed innovative
technologies could be translated
commercially to field scale
applications in the future.

A benchmarking study was
performed specifically to review
the trends of market demand as
the project (and legislation)
progressed. This was done to
validate the potential cost savings
against ‘traditional’ technologies.
The benchmarking exercise was
particularly necessary to provide
sufficient data for the ABC tool;
pan-European costs of all
remediation technologies.

1 The author is currently with SenSe Associates, 91 King Street, MAIDSTONE ME14 1BG, UK
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The Site Characterization
Approach for Recovery of
contaminated industrial sites
(SCAR) has been developed to
enable the results of the PURE
project to be integrated and
efficiently used by site owners to
take the relevant decisions for
site management. 

SCAR:
– Contributes to the formulation of

a comprehensive and structured
overview for the sites in the
PURE project;

– Gives an overview of the
different steps of the site
characterization that could be
applied on different sites and
could be adapted according to
the needs of the site owner;

– Comprises an inventory of
existing and historical site
development; 

– Indicates possible site
remediation scenarios with
associated technical and financial
uncertainties;

– Will enable the decision-makers
to perform sensitivity analysis
and test the robustness of the
individual site remediation
alternatives in terms of
opportunity and risks.

Apart from the financial risks, like
(internal) site information related
to remediation alternatives and
their financial aspects, also the
human health, toxicological and
environmental related risks are
addressed. These risks are
important indicators for the
internal- (industrial plant) and
external stakeholders (municipality,
neighbourhood, water company).

The project results show what
input, activity and criteria are
needed to obtain an output that

meets the expectations of both the
developers and end-users of the
project as much as possible. The
approach is divided in three main
phases, phase 1 give a fast
relatively cheap impression of the
risks, benefits and costs of the
remediation of the contamination
involved, phase 2 give a more
detailed evaluation of the risks
(technical, economical HSE and
political, benefits and costs. In
phase 3, field tests are carried out
at the site and the site is
remediated. Phase 1 and 2 are
carried out within SCAR.

The following PURE workpackages
were involved:
– Sampling: Biosensors and Anodic

stripping voltammetry (ASV), 
WP 2;

– Mathematical calculations: Fuzzy
Areal Site Assessment (FASA),
WP 3;

– Modelling fate and transport,
WP 3; 

– Assessment Benefit and Cost
(ABC) tool, WP 1.

The anonymous site was already
sampled, and the contamination
was known by the site owner, so
this made it possible to validate the
SCAR approach with the data of
the ‘normal’ site characterization
already performed.

Conclusions
– The test with SCAR has shown

significant saving in costs and
time: ~40% and ~80%.

– The use of field-based sensors is
very applicable for quick scan.

– FASA yields very good results
compared to existing
interpolation programs. 

– ABC can be used as eye-opener
for innovative in-situ techniques
and as communication tool to
enlighten decisions on
remediation.
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SCAR
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SCAR exercise
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The industrial parties brought in
their specific sites with
representative problems. These
problems have been generalized
into the categories: mixed
pollution, low permeability and
recalcitrant compounds. 
The TREES WP’s have been
focussed to tackle one or more of
these problems with a specific
technology. 
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TREES
WP Technological approach Mixed Low permeable Recalcitrant 

pollution soils compounds

4 Degradation of chlorinated X X
compounds and heavy 
metal stabilisation

5 Electro bioremediation X
6 Coupled degradation of  X X

mixed contaminants
7 Simultaneous remediation X

of saturated and 
unsaturated zones

8 Co-metabolism with X
methane/butane oxidizer

WP4: Degradation of chlorinated compounds and
heavy metal stabilisation 

M. Camilli, E. D’Addario and R. Sisto, EniTecnologie, Environmental Technology Research Centre, Via Ramarini 32,

00016 Monterotondo, Roma, Italy

The technical and economical
feasibility of a biological process
for the remediation of an
industrially polluted soil has been
demonstrated at lab and bench
scale. The process consists in an
anaerobic step, in which
autochthonous anaerobics such as
sulphate reducing bacteria (SRB),
and Halorespiratory groups, are
stimulated by a suitable C and
electron source (cheese whey),
followed by an aerobic step
carried out by facultative
heterotrophic microflora.

Dehalogenation of polychlorinated
pollutants such as DDT and
chlorobenzenes, and the
stabilisation of heavy metals (Hg
and As) was accomplished during
the anaerobic treatment of the soil
as submerged and flooded slurry.
The anaerobic DDT metabolism did
not cause the accumulation of its
toxic degradation products, such as
DDD and DDE. Increase in chloride

concentration was consistent with
a complete dechlorination of
aliphatic moiety of DDT. The
stabilisation of Hg and As as
insoluble sulphide was
demonstrated by the conversion of
the mobile fraction into the most
strongly bound one. The
dechlorination of pollutants and
the stabilisation of heavy metals
resulted in a significant decrease of
the overall toxicity of the soil,
measured by both MicrotoxTM test
and the biosensor method (WP2). 

The air sparging of the slurry after
anaerobiosis, resulted in a further
degradation of residual and
partially dechlorinated
contaminants in mixed
anaerobic/anoxic/aerobic
conditions.
Based on a preliminary economical
evaluation, this on-site process was
cost effective (less than 80 €/ton
of soil) in comparison to other
available remediation technologies
applicable to chloroaromatics, such
as thermal desorption (80-210
€/ton) or solvent extraction (100-
200 €/ton).

Due to the duration of the
anaerobic step, the technique
appears best suitable to those cases
where time is not a limiting factor.
On the other hand, the anaerobic
step could also be considered a
self-consistent process for the
detoxification of contaminated
solids, such as soils, sediments or
wastes.Bench scale experimental set-up.
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Electrobioremediation is an
emerging technique, which
combines classical electrokinetic
methods with the possibilities for
bioremediation in contaminated
soil. For a successful application,
knowledge is required on both
fields of science. 

The electro osmotic flow can be
used to move pollutants in low-
permeable soils towards the
cathode. This was shown in two
different soils for the compounds
PCE, toluene and chlorobenzene.
In the case of chlorobenzene, the
pore water concentration dropped
from approximately 20 mg/L to
less than 0.2 mg/L within 100
days. Biodegradation of
chlorobenzene probably also
occurred.
The possibility to introduce
electron donors (volatile fatty
acids, VFA) and acceptors (nitrate,
sulphate) to stimulate in situ
biodegradation by using the

electromigration process was
studied in Dutch clay soil. VFA was
transported through the soil to the
anode at a velocity of ca. 4 cm/h.
The electron acceptors nitrate and
sulphate were transported to the
anode at a velocity of respectively
3.7 cm/h and 2.1 cm/h. These
experiments show that
electromigration can be used to
facilitate electron donor and
acceptor transport in low-
permeable soils where hydraulic
methods fail.

Also the role of humic acids during
electroremediation processes was
investigated. A model compound
for quinone moieties in humic
acids, AQDS, as well as natural and
synthesised humic acids could be
reduced in an electrokinetic cell.
Consequently, it was demonstrated
that these reduced humic
substances reduced hexachloro-
ethane to tetrachloroethene (i.e.
reductive dechlorination).

It can be concluded that
electrobioremediation is a
technically feasible option to treat
contaminated low-permeable soils.
The relevant processes are
electroosmosis, electromigration
and biodegradation. A suitable
combination of these processes can
be achieved to treat different
organic pollutions.
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WP5: Electrobioremediation 

P. Middeldorp, TNO Environment, Energy and Process Innovation, P.O. Box 342, 7300 AH Apeldoorn,
The Netherlands. 
A. Kappler and S. Haderlein, EAWAG, Postfach 611 CH 8600 Dübendorf, Switzerland
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Industrially contaminated sites
often contain different classes of
contaminants (e.g. BTEX and
halogenated solvents) at the same
time. The feasibility of a potential
remediation approach based on
coupled biological and chemical
transformation of such mixed
contaminants was investigated. 

This approach relies on the
principle that one class of
contaminants (BTEX) is used as
electron donor by iron-reducing
bacteria which in turn produce
reactive ferrous iron phases which
have the potential of reductive
dehalogenation of chlorinated
solvents (electron acceptors). 

The process of coupled
degradation of such mixed
contaminants was investigated
from three different directions.
First, experiments were performed
investigating the reactivity of Fe(II)
bound to various naturally

occurring minerals with respect to
abiotic (chemical) transformation
of chlorinated pollutants (EAWAG). 
Reactive iron phases were obtained
by addition of soluble Fe(II) to
suspensions of different minerals
under anoxic conditions.

Second, the degradation of BTEX
by iron-reducing bacteria and the
dependence of their activity on
environmental factors were studied
(UKon). 

Finally, BTEX degradation by iron-
reducing bacteria and abiotic
transformation of chlorinated
pollutants by reactive biogenic iron
phases were coupled in batch and
column experiments (EAWAG and
UKon).

In the work the proof of principle
has been demonstrated that can
form the basis of an innovative in-
situ technique.
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WP6: Coupled degradation of mixed contaminants

K.L. Straub and B. Schink, University of Konstanz Fachbereich Biologie, Postfach 5560 (M654) D-78457
Konstanz, Germany, 
A. Kappler, T. Hofstetter  and S. Haderlein, EAWAG, Postfach 611 CH 8600 Dübendorf, Switzerland
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The further development of the
two remediation concepts,
thermally enhanced soil vapour
extraction (TSVE) and co-solvent
flushing (CSF), was directly linked
to industrially contaminated sites
owned by the project partners.

Samples from two PURE sites were
analysed and contained different
portions of aromatic hydrocarbons.
The remediation fluid required for
CSF was chosen based on the
enhancement of the aqueous
solubility of the contaminants and
the reduction of the interfacial
tension between the aqueous and
non-aqueous phase. 
During the laboratory flume
experiments concerning CSF, the
effect of the vertical upward flow
velocity of the alcohol mixture on
the stability of the flow regime was
investigated. Additionally, a CSF
remediation experiment was
carried out in the laboratory flume.
By flushing two pore volumes of
the alcohol-water mixture through
the soil from one PURE site, more
than 90% of the initial
contamination was removed.
A novel approach to
simultaneously remediate both
saturated and unsaturated zones
was investigated in laboratory
flume experiments. By injecting
steam into the saturated zone

(SubTSVE), an effective heating of
both zones was achieved resulting
in excellent contaminant mass
removal rates. Since there was no
possibility to conduct a pilot
remediation trial at one of the
PURE sites, both technologies were
tested in a large VEGAS container
(70 m3) packed with soil from one
PURE site contaminated by the
site-specific hydrocarbon mixture.
During the SubTSVE remediation
experiment a steam-air mixture
was injected into the saturated
zone by two injection wells (I1, I2)
to prevent a mobilisation of the
contaminants. Soil vapour was
extracted by four wells (E1 – E4).
During two days of operation a
complete, controllable and safe
removal of the contamination
located in the saturated and
unsaturated zone (hatched area)
was achieved. Experiments in the
large VEGAS container proved the
general applicability of TSVE and
SubTSVE for conditions of the
subsurface similar to those at the
two PURE sites. On request of a
client from industry the SubTSVE
technology was successfully
applied at a small site
contaminated by DNAPL (CHC).
During the CSF remediation
experiment the alcohol mixture
was injected via a horizontal well in
the middle on the bottom of the

large VEGAS container. Two multi-
level vertical wells were used for
the extraction of the alcohol-
mixture loaded with contaminants.
After two days of alcohol flushing
the the alcohol mixture flushed the
contaminant source zone located
close to the water level thoroughly.
This is in accordance with results of
the accompanying numerical
simulation. Approx. 88% of the
initial contaminant mass were
extracted after a four day injection
period of the alcohol mixture. After
additional ten days of water
injection the used isopropanol was
completely recovered and approx.
90% of the initial contaminant
mass were removed. Additionally, a
safe and hydraulically controllable
remediation procedure for DNAPL
contaminated sites was developed.
For the removal of chlorinated
hydrocarbons (TCE and PCE), a
remediation fluid was developed
and the critical upward Darcy
Velocity needed to prevent an
uncontrolled downward
mobilisation of the DNAPL was
determined in various grained
sands. The applicability of CSF for
sites contaminated with TCE was
proved by a remediation experi-
ment carried out in a large flume,
which resulted in a contaminant
mass removal of approx. 90%. 
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WP7: Site simultaneous remediation of saturated and
unsaturated zone 

H-P. Koschitzky, O. Trötschler, K. Weber, Vegas Versuchseinrichung zur Grundwasser – und

Altlastensanierung (Research facility for subsurface remediation), University of Stuttgart, Germany
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PURE; Protection of groundwater resources at industrially contaminated sites

The possibility to biodegrade
chlorinated aliphatic hydro-
carbons (CAHs, or chlorinated
solvents) by aerobic co-
metabolism is well known but
seldom applied in-situ. This
technology proved to be able to
degrade several CAHs with 1, 2, 3
and in some cases even 4 chlorine
atoms.

The cometabolic process consists in
the fortuitous transformation of an
organic compound (the CAH) by
an enzyme produced for the
metabolization of a primary
substrate; therefore, the aerobic
cometabolic degradation of CAHs
requires the supply of a suitable
growth substrate, which can be
either a light aliphatic hydrocarbon
(such as methane, propane or
butane), or an aromatic
hydrocarbon (such as phenol or
toluene) or ammonia. Aerobic
cometabolism can potentially be
implemented in both in-situ and
on-site applications. In the in-situ

applications the primary substrate
and oxygen as electron acceptor,
are introduced into the
groundwater via injection wells.
Different aspects of the
cometabolic biodegradation of
several chlorinated solvents by
biomasses utilizing methane,
butane and propane as primary
substrate were investigated. More
precisely, the cometabolic
degradation of vinylchloride (VC),
cis- and trans-1,2-dichloroethylene
(c-DCE and t-DCE), trichloro-
ethylene (TCE), 1,1,2-trichloro-
ethane (1,1,2-TCA), 1,1,2,2-
tetrachloroethane (1,1,2,2-TeCA)
and chloroform (CF) was studied in
slurry batch microcosms, and the
cometabolic degradation of CF was
studied in a 30 m3 macrocosm
operated both as a flow reactor
and as a batch reactor. In addition,
a pilot-scale in-situ process has
been designed in detail and
simulated by means of a model of
groundwater flow with
cometabolic degradation kinetic.

As of today, the technology needs
further improvement for a full-
scale application on the market.
The main hurdles are:
– In some cases, long times are

required for the adaptation of
the indigenous biomass to the
chlorinated solvents and
consequently for the onset of the
biodegradation process. 

– If bioaugmentation (= intro-
duction in the site of selected
bacterial strains or consortia,
deriving from the indigenous site
biomass or from an exogenous
source) is implemented, not
much knowledge is available on
the mechanisms of dispersion of
the inoculum in the subsurface
and on consequent degree of
“colonization” of the aquifer.

– Due to the risk of excessive
biomass growth near the point of
injection of the growth substrate,
it is necessary to implement tech-
niques aimed at restricting bio-
mass growth (pulsed injection of
substrate, introduction of H2O2).

11

WP8: Co-metabolism with methane butane oxidizers

A. Farneti, Aquater S.p.A. (ENI-Group), Via Miralbello 53, 61047 San Lorenzo in Campo (PU), Italy.
M.Camilli, EniTecnologie, Via Ramarini 32, 00016 Monterotondo, Roma, Italy. A. Bernardi, Polimeri
Europa, Via G. Fauser 4, 28100 Novara, Italy
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PURE; Protection of groundwater resources at industrially contaminated sites

The roots of the PURE project lay
in the NICOLE network (Network
of industrially contaminated land;
www.nicole.org) that pointed out
cost-effectiveness and eco-
efficiency as the fundaments of a
sound approach to site
remediation.

At the start of the 5th FP some of
the industrial partners of NICOLE
took the challenge to work
together with service providers and
research centres of outstanding
skill in the field, to undertake a
project aiming to explore
innovative solutions for cost-
effective and ecoefficient
characterization and remediation of
multi-polluted industrial sites. The
following criteria for assessing the

success of the research were
agreed upon:
– Characterization and remediation

are part of the same process and
there is need for improving both
aspects.

– Costs and environmental benefits
are equally essential for the
evaluation of a new technology. 

– A R&D project is of interest to
industry if it addresses real
problems and if developed
solutions are actual applicable.

Several lessons can be learned from
the project. 
– Dealing with contaminated soil

and groundwater, the impact of
laws and bureaucracy constraints
should not be underestimated.
Especially in some countries,

problems arise from such type of
constraints in having access to
soil and groundwater samples
and data, as well as to carry out
field test. 

– When addressing many technical
aspects in parallel, the time
needed to effectively carry out
the “integration and converging
ideas” is an important part of the
time spent for the technical
activities and should be properly
estimated and included in the
project.

– The benchmarking exercise,
although it resulted in a
remarkable set of data, still
confirmed that it is difficult, for
an array of reason, to define
reference costs for Europe.
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Overall

WP 9: Project management, integration and converging
ideas
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