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ABSTRACT

In case of a remediation of a groundwater contamination with chlorinated aliphatic hydrocarbons
(CAHs) by “Enhanced Reductive Dechlorination”, the feasibility needs to be tested carefully. This
biological process where chlorine atoms from chlorinated hydrocarbons are replaced by hydrogen
atoms, is stimulated by adding a carbon source (electron donor).

There is a large variety of carbon sources available on the market, such as the well known molasses,
lactate, acetate etc, but also commercial products as Nutrolase (protamylasse), CAP18™, HRC® and
HRCAdvanced, ENNA (soya oil with emulgating agents). The latter are also called slow-release
carbon sources, as they provide the carbon and thus hydrogen more slowly.

A specific type of carbon source is EHC™, because it is a mixture of a carbon source and small
zerovalent iron (ZVI) particles (<5 to 45 m) that provide substantial reactive surface area that
stimulates direct chemical dechlorination.

Not only are there a lot of possible carbon sources, there are different methods to inject the carbon in
the soil as well. Often the choice needs to be made between an infiltration or an injection by direct
push. In case of an infiltration, the carbon source is dissolved in (ground)water and then infiltrated.
Either it is a limited amount with high concentration that is injected followed by water to keep the
injection filter clean, or it can also be a continuous process with low concentrations.

Direct push methods are possible as well, certainly for slow-release carbon sources. It can also be
performed in combination with solid fracturing to enhance the spreading of the carbon source.

Soresma conducted many pilot tests using all kinds of carbon sources and injection methods,
depending on the site-specific conditions. By describing some of the different case-studies in detail,
and the others in general, Soresma will provide an overview of different methods and the reasons
why they were specifically selected.

For many of our cases, a repeated push-pull test with infiltration of molasses is selected because of
the low budget involved and their easy-to-handle set-up. Nutrolase (protamylasse) originating from
potato starch is often used as well. Two tests are a repeated injection of diluted Nutrolase followed by
a continuous (ground)water infiltration through vertical filters. If an extraction of groundwater is added,
a real groundwater recirculation (with vertical filters or horizontal drains) is created, where the soil is
acting as a bioreactor. One pilot test with Nutrolase is showing that - in case of the application of
groundwater recirculation — the carbon source can also be injected by direct push, while the circulation
is only used to spread the carbon source in the treatment zone.

Other pilot tests involve the injection of lactate as well as CAP18™, a formulation of food-grade,
longchain fatty acids, refined from natural vegetable oils. The latter was used to create a reactive
permeable barrier at the site boundary. ENNA is an alternative of CAP18™. ENNA stands for
Enhanced Natural Attenuation. The main component of ENNA consists of soy bean oil. At another
site, EHC™ is also injected in addition to an infiltration of molasses in order to degrade chloroethanes,
not affected in the first stage.

In cases where the conductivity of the soil can be a limiting factor, it is important to get a good idea of
the spreading of the carbon source. Therefore a conductivity test or the use of Bromide as an inert
tracer can be very useful.



INTRODUCTION

Enhanced Reductive Dechlorination (ERD) is one of the most applied technologies in recent years for
cleaning up groundwater contaminations with chlorinated aliphatic hydrocarbons (CAHs). The
biological processes by which chlorine atoms of CAHs are replaced by hydrogen atoms — also called
reductive dehalogenation - is stimulated by adding a carbon source (electron donor).

The general mechanism behind the application of ERD technology relies on enhancing or inducing the
bioremediation of CAHs through periodic subsurface injections of a carbon source (electron donor)
solution such as molasses, lactate, acetate etc and commercial products as nutrolase (protamylasse),
CAP18, HRC, EHC™ and HRCadvanced, ENNA (soya oil with emulgating agents). Through periodic
subsurface injection, the ERD technology converts existing aerobic or mildly anoxic aquifers to
anaerobic, microbiologically diverse, reactive treatment zones. Within such zones, conditions are
conducive for the bioremediation of CAHSs.

However, the efficacy of this technology appears to be site-specific and dependent on the type of
carbon source and application methods of carbon sources. To apply stimulated or enhanced
biodegradation successfully as a remediation method for CAH in the groundwater the following
conditions need to be met: (i) strongly reducing conditions (methanogenic by preference)), (ii)
sufficient carbon source and nutrients, (iii) the right hydrogeological and geochemical profiles such as
relative high hydraulic conductivity, iron content of the underground, (IV) presence of the right
dehalogenating bacteria which can catalyse a complete reduction of CAHs to ethanes and/of ethenes.
Therefore, the feasibility of applying biological reductive dechlorination needs to be tested carefully on
a pilot scale test on the field before applying the system on full-scale. In addition a thorough
interpretation of groundwater characteristics, bioremediation potential, hydrogeological and
geochemical conditions of the site is a necessary step in advance before choosing ERD as a
remediation tool.

Soresma conducted many pilot tests using all kinds of carbon sources and injection methods,
depending on the site-specific conditions. The goal of this article is to provide an overview of some of
the results of different case-studies with different types of injection methods and carbon sources.

CASE-STUDY A

Background

A former stamp printing site operated at the subject site in Mechelen, Belgium from 1869 until 1993.
CAHs were stored and handled during operation. The waste water from the production process was
until 1970 directly discharged to the groundwater through a pipe system from the first floor via sinking
pits. The sinking pits and the direct discharge to the groundwater are considered to be the sources of
the groundwater contamination with trichloroerethene (TCE) and 1,1,1-trichloroethane (1,1,1-TCA).
The vertical and horizontal extent of the plume —TCE and 1,1,1-TCA and their daughter products cis-
1,2-dichloroethene (cDCE) and vinyl chloride (VC) for TCE and 1,1-dichloroethane (1,1-DCA) for
1,1,1-TCA -was delineated (Fig. 1). Horizontally, the dimensions of the plume are estimated to be
around 500 m by 100 m (middle of the plume) for chloroethens and around 150 m by 75 m for
chloroethanes.

Vertically, the boundary of TCE is at approx.10 meters below ground level (m bgl) in the source zone
and approx. 17 m bgl at the end of the plume. The maximum levels of CAHs observed in the
groundwater are 24,000 g/L for TCE, 13,000 g¢/L for cDCE and 2,700 g/L for VC. Based on the
release history of the contamination and the measured maximum concentration of CAHs in the
groundwater is the possibility of the presence of pure product in the subsurface very low.

The local geology consists of quaternary silty sand layer until 7,5 m bgl. Under the quaternary layer
comes the tertiary middle fine sand until about 27 m bgl. At about 27 m bgl a clay layer is present. The
groundwater table is at appr. 3.5 m bgl. The groundwater flow direction is north to northeast. The
historical groundwater contamination plume follows also the same direction. The average hydraulic
conductivity of the subsurface is approx. 4 m per day.



Remediation strategy

Due to the large depth and extension of the CAH
contamination - without an identified DNAPL
source — an in-situ technique is recommended.
The assessment results indicated that
biodegradation was already occurring, although
the dechlorination conditions were not optimal as
illustrated by the presence of a limited amount of
ethane and ethane in the plume, while the
natural TOC concentrations were very low
(approx. 3 mg/L) and sulphate (>55 mg/L) and
nitrate (ranging 2.3 to 33 mg/L) concentrations
were high. As remediation strategy for both the
source and the plume, Enhanced Reductive
Dechlorination is proposed. It will be combined
with a down-gradient bio-barrier, to prevent
further off-site plume migration. In order to test the feasibility of this concept, a pilot test was proposed.

Detail zone 1

Figure 1: horizontal extension of the CAH contamination

Pilot design

The set-up of the pilot is a repeated push-pull test. In the source zone (zone 2) and in the plume zone
(zone 1) of the groundwater contamination two infiltration filters respectively 801 en 803 were
installed: In the source zone a combination of chloroethanes (1,1,1-TCA and its daughter products)
and chloroethenes (TCE and its daughter products)
contaminations is present. In the plume zone mainly
chloroethene contamination (TCE and its daughter
products) is present.

For each test zone 800 | groundwater is extracted from
each infiltration well and captured in a container and mixed
thoroughly with 200 | molasses (Pull-0). Finally, the mixture
is re-infiltrated in the infiltration filter (push-1) as shown in
figure 2. To avoid clogging of the infiltration filters and
improve the distribution and migration of the infiltrated
molasses, approx. 1000 | water per zone is extracted just
after infiltration of the molasses from the down gradient
laying monitoring wells and infiltrated in the injection filters
to keep the infiltration filter from excess molasses.

Figure 2: picturing during the pilot test

Both the extracted groundwater (from each pull-stage) and the groundwater from the
downgradientmonitoring wells are sampled and analyzed for the following parameters: pH, EC, T,
ORP, oxygen, DOC/TOC, CAHs, chloride, nitrate, sulphate, iron (Il) and ethane/ethene/methane .
Based on the TOC concentration, the radius of influence of the injection is estimated and the need for
an additional molasses infiltration is evaluated. In addition PCR is analysed to support the decision of
ERD.

Results

Zone 1:

The TOC concentration in the infiltration filter remains throughout the pilot test very high ranging from
1300 mg/L to 99 mg/L. The redox potential in the infiltration filter and monitoring well after the
infiltration of molasses decreased from approx. +350 mV to — 25 mV and later increased slightly to
maximum 130 mV. The pH decreased initially from about 7.0 to 5.1 due to the acidification effect of
molasses and later stabilised at about 6.4. After the injection of molasses the concentrations of nitrate
and sulphate decreased and Fe (ll) increased due to nitrate-, sulphate and Fe- reduction respectively,
though the decrease in sulphate concentration is more significant at about 5 months after injection.
There was also a slight increase in concentration of chloride in the monitoring wells from about 60 to
90 mg/L. There was no significant concentration difference in ethane concentration before and after
the injection. The methane concentration in the infiltration filter increased slightly from about 96 ug/l
(after the injection) to 1500 pg/l (after approx. 5 months). There was also a slight increase in the
concentration of methane in the monitoring wells. The concentration of VC in the infiltration filter
remained constant at about 30 pg/L in the infiltration filter while in the monitoring wells 60 and 804
declines from about 150 pg/L (before molasses injection) to less than 10 pg/L after the injection.



As shown in figure 3 (b) below the concentrations of PER, TCE and cDCE in the groundwater from the
monitoring wells 60 and 804 just 2 m and 4 m from the infiltration filters respectively are decreasing
very fast with time with a slight decrease of chloride index. There was however no significant change
of concentration of the CAH's in the infiltration filter 803. This is probably due to the influx of fresh
contaminant from upstream groundwater.

Based on the PCR analysis the presence of tceA gen and Dehalobacter sp. bacteria in zone 1 is
demonstrated but not the presence of Dehalococoides sp.and Desulfobacterium autotrophicum.

Zone 2:

The results of zone 2 are almost identical with the results of zone 1 except for the results of ethane,
ethane, methane and CAHSs. In this zone there was almost no VC, ethane, ethane and methane
detected. The decrease in concentration of PER and TCE in this zone was not spectacular as
compared to zone 1. There was no significant change of concentration of 1,1,1 TCA during the pilot
test. However there was a slight increase of 1,1-DCA in the monitoring wells as well as in the
infiltration filter. The lower dechlorination rate of chlorethens in zone 2 is probably due to (minimal)
inhibiting effects of chlorethanes and probably the type of carbon source used. With the help of PCR
analysis the presence of Dehalococcoides sp.and Dehalobacter sp.in this zone is demonstrated but
not Desulfobacterium autotrophicum.
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Figure 3: Evolution of CAH’s and chloride index during the pilot test (a) zone 1 and (b) zone 2

Conclusion for case-study A

Based on the results of the pilot test one can conclude that a remediation of chloroethens with the help
of molasses as a carbon source is promising especially for parts of the site where no significant
concentrations of chloroethanes are present. For the source zone (zone 2) where chloroethanes and
chloroethens are present together, addition of molasses did not lead to a significant dechlorination of
the chloroethanes. Other types of carbon source (such as EHCTM) work better for such situations.



CASE-STUDY B

Background

A dry cleaning site operates at the subject site in Bruges, Belgium since 1970. In the past, minor spills
of PER resulted in impacts on the subsurface environment. The vertical and horizontal extent of the
CAH plume is delineated. The total surface area of the contaminated groundwater zone (above
reference level) incl. the daughter products is aproximately 2500 m?. Vertically, the boundary of the
contamination is at an average of about 8 m bgl. The maximum levels of CAHs observed in the
groundwater are 47,000 g¢/L for PER, 280 pg/L for TCE, 1300 g/L for cDCE and <100 pg/L for VC.

The local geology consists of quaternary sand until about 17 m bgl which is mainly composed of
middle fine sand (until 6.5), clayish sand (6.5 to 8.5 m bgl), fine sand (8.5 until 13 m bgs) and clayish
sand to hard clay (from 14 m to the bored depth of 14.3 m bgl). Under the quaternary layer comes the
tertiary middle fine to fine sand until about 47 m bgl. The groundwater table varies from 1.1 to 2.5 m
bgl during the past investigations. The groundwater flow direction is generally north. The average
hydraulic conductivity is estimated between 10 and 20 m/day.

Remediation strategy

Enhanced biological remediation is proposed as a remediation strategy. The selection is based on the
presence of ethene and daughter products of PER while the natural TOC concentrations were low and
sulphate and nitrate concentrations were quite high. In order to test the feasibility of this concept on
the field scale, a pilot test was proposed with a microcosm test prior to it.

The microcosm test on the ground and groundwater samples shows that a complete dechlorination of
the PER to VC and ethane/ethane is possible with the addition of carbon sources nutrolase and
lactate. Nutrolase leads however a faster and a more complete dechlorination as compared to lactate.
During the molecular test the presence of the Dehalococcdides, and Dehalobacter could not be
confirmed. The presence of Desulfatobacterium is however confirmed.

Pilot design

The set-up of the pilot test contains three injection filters (C1, C2 and C3) in the centre of the
contamination plume with screen intervals from 1.0 to 6.5 m bgl (figure 4). The dechlorination process
in the groundwater is monitored by taking groundwater
samples from monitoring wells 9, 69, MB1 and MB2 (see
figure 4). The pilot test is conducted in the following
steps. A 400 | nutrolase (brought from AVEBE, The
Netherlands) from detailed composition is shown in table
2) is mixed with 1000 litre tap water and infiltrated
equally in the 3 infiltration filters. After the infiltration of
the nutrolase, the infiltration filters are rinsed with
continuous infiltration of tap water (200 | per hour) in the
infiltration wells.

The additional infiltration of water will help a further transport of the nutrolase and will avoid clogging
from strong microbiological growth in and around the infiltration filters. In total there were 5 infiltration
rounds of nutrolase with the same type of procedure as mentioned above and a time interval of
between 3 and 4 months in between.

The groundwater from the monitoring wells is sampled at a regular interval and analyzed for the
following parameters: pH, EC, T, ORP, oxygen and DOC/TOC, CAHSs, chloride, nitrate, sulphate, iron
(I) and ethane/ethene/methane. Based on the results of the TOC concentration in the groundwater
the migration of nutrolase is quantified. The need for an additional nutrolase and tap water infiltration
to stimulate the migration of the carbon source and to enhance the dechlorination process can be
evaluated as well.

Results

As can be seen from table 3 below, there is a significant increase of TOC concentrations in the
monitoring wells and infiltration filters. The concentration of TOC varies with time and location due to
the periodic infiltration of nutrolase and the distance between the infiltration filter and the monitoring
wells. The ORP of the groundwater significantly decreased simultaneously with the decrease nitrate
and sulphate concentrations.



Table 3: evolution dechlorination parameters (in 2006)

parameters 06/2006 08/2006 09/2006 12/2006 04/2007 07/2007 2/2008
9 pH 6.3 6.2 6.8 6.7 6.9 7.2 7.5
Redox, mV 208 -180 1 21 -163 -23
TOC (mg/L) 8.8 78.7 65 <3
Fe(ll) (ug/L <50 14.7 560 <0.2
Chloride (mg/L) 200 1.94 32 36.3
Nitrate (Mg/L 280 39.8 <0.2 <1
Sulphate (mg/L) 150 <40 47 72
Ethane (ug/L) <0.25 <0.25 14 <0.25 <0.25 <0.25
Ethene (ug/L) 1.4 <0.25 0.82 <0.25 2 <0.25
Methane (pg/L) <25 <25 1500 160 140 32
69 pH 7.5 6.7 7.1 6.7 6.6 7.4 7.4
Redox, mV 208 -60 48 90 -111 -57
TOC (mg/L) <5 5.51 760 <3
Fe(ll) (ug/L <50 0.042 38000 <0.2
Chloride (mg/L) 190 58.7 110 36.3
Nitrate (Mg/L 91 1.25 <0.2 <1
Sulphate (mg/L) 230 65.2 2.8 72
Ethane (ug/L) <0.25 0.71 <0.25 <0.25 <0.25
Ethene (ug/L) <0.25 3.5 3.1 0.99 <0.25
Methane (pg/L) <25 660 96 5100 32
MB1 pH 7.3 7.0 7.0 7.1 7.2 7.4 7.4
Redox, mV 238 185 62 32 -143 -84
TOC (mg/L) <5 4.16 73.1 5.5 3.84
Fe(ll) (ug/L <50 <0.2 <0.2 12000 2.23
Chloride (mg/L) 170 161 97.8 31 43.5
Nitrate (Mg/L 280 >13.5 <0.23 <0.2 <1
Sulphate (mg/L) 280 > 150 91.1 46 62.8
Ethane (ug/L) <0.25 <0.25 0.31 <0.25 <0.25 <0.25
Ethene (ug/L) <0.25 <0.25 <0.25 3.1 7.6 <0.25
Methane (pg/L) <25 250 <25 96 3600 <25
MB2 pH 7.4 6.5 7.3 7.4 7.2
Redox, mV 215 -135 -141 -164 -65
TOC (mg/L) <5 > 300 50.8 530 5.23
Fe(ll) (ug/L <50 16.2 44000 0.713
Chloride (mg/L) 170 83.4 85 35.5
Nitrate (Mg/L 6.9 1.75 <0.2 <1
Sulphate (mg/L) 220 56.7 5.7 69.7
Ethane (ug/L) <0.25 <0.25 0.34 <0.25 <0.25 <0.25
Ethene (ug/L) <0.25 2.8 23 9 0.97 <0.25
Methane (pg/L) <25 <25 8200 11000 6000 <25

As can be seen from the figures, the chloride index
is lowered and the dechlorination percentage is
elevated except during the recent sampling in the
monitoring wells MB1 and MB2. The relative
decline of the chloride index during the last
sampling was mainly due to the exhaustion of the
TOC in the groundwater.

The concentrations of TCE and PER are declining
very fast with a periodic increase of cDCE and VC
concentrations (see figure below). The chloride
index declined from about 4 to around 2.

Taking into consideration the present set up and
the results of TOC migration, the radius of influence
of the infiltration filters is estimated to be around 10

concentration (ug/L)

10000

1000

monitoring well 9

—— PR

—a—TCE

—+—VC
CcDCE|

900Z/E0T

9002/L0/2

900Z/0T/OT

L002/T0/8T

Z0/se
2002/80/9
200Z/TTVT

<

time (days)

800Z/20/Z
8002/90/T

m. The relative high radius of influence is due to continuous infiltration of tap water and a relatively

permeable underground.




concentration (ug/L )

monitoring well 69

Monitoring well MB1 Monitoring well MB2
100000 10000 10000
'\,,\\ —+—PER \ ——PER
s TCE
10000 \ 1o l\ —=—TCE 1000 : |
I cDCE| 2 \ bee
o < Ve : \
\\ 2 10 g 1
> : :
100 =
N . g ‘ g
=4 10
- 8 1
" ———a
1 1 N = B
N M R > o N e . ] 8 IS ]
2 s g g B g = 8 5 S 5 8 3 8 § g 8 § 8 3 5 g g g g 8 g
R 5 < N S < = S s 3
s 3 3 £ : 5 E S OFR & 3 § g8 2 § 5 B B : 80§ 0§ B B § § &
8 8 8 8 8 i 8 8 8 8 s 8 8 8 < < 8 @ i
S > < < < @ 3 3 Q Q Q 5 time (days)

fime (davs) time (daws)

Conclusion for case-study B

Based on the fast decline of CAH’s, sulphates, nitrates and redoxpotential in the groundwater one can
conclude that reductive dechlorination with nutrolase as carbon source is suitable for remediation of
the CAH’s on this location.

CASE-STUDY C

Background

Since 1919 a dry cleaning facility ‘'Textiel Reinigingsindustrie Dellen-Wuyts'
was active on the site in Zwolle. It was expanded several times.
The activities were terminated in 2002.

In the past, spills of PER resulted in a very large impacts on the subsurface
environment. The vertical and horizontal extent of the CAH groundwater
plume is delineated.

Remediation strategy

Due to the very high concentrations in the source area, chemical oxidation
is executed followed by Enhanced Biological Remediation. In the plume
Enhanced Biological Remediation was immediately selected.

Full-scale remediation is performed by HMVT. HMVT developed his own remediation method, ENNA.
ENNA stands for Enhanced Natural Attenuation. The main component of ENNA consists of soy bean
oil. Soy bean oil exists for a significant part of fatty acids bound by a glycerol. After injection into the
soil hydrolyze the glycerole slowly to the free fatty acids. The fatty acids are then gradually degraded
by bacteria, with each cycle from two to four hydrogenmolecules are produced which are available for
the degradation of chlorinated hydrocarbons. The hydrogen produced by soy bean oil is almost 2.5
times as large as in other common carbon sources. The hydrolyze expired relatively slow, resulting in
the persistent production of hydrogen over a very long period of time (years). The soy bean oil is
solving very slowly in the passing groundwater. This makes ENNA a slow release substrate.

Because of the controlled delivery of substrate and hydrogen over several years, usually suffices a
single injection. With large quantities of chlorinated solvents (source zones) multiple injections are
needed each 2 to 5 years.

For a good distribution and injection in the soil the soybean oil is emulsified with contaminated
groundwater from the site (pull-push). Stability of the emulsion during injection and the droplet size of



the soybean is important. A special mixer is developed for mixing large
amounts of ENNA. The droplets the drops should not be too large to be no to
prevent clogging of the micropores in the sail.

For bulk emulsion in the field, a special pump is used. This pump can produce
droplet size of <10 m. The emulsion is stable over a period of several weeks
stable, long enough to be able to distribute the emulsion in the soil and

prevent pure fase of soy bean oil. In projects where the emulsified soybean is

injected no pure 'soybean’ was found. When the small drops soybean oil have

been spread in the soil, the droplets over time are anchored in the soil.
Because the soybean slowly solve en hydrolyze, the levels bioavailable
substrate are constant over a long period. On the other hand, compared to
other vegetable oils, ENNA is a fine emulsion which seems like milk. This
emulsion can easily been injected into the soil.

Results

Figure 1: oil (not emulsied)

Figure 2: emulsified oil

The results show that the environment has improved for biological degradation. The ORP decreases,
subtrate levels increase from single mg / | of Dissolved Organic Carbon (DOC) to a stable level of
about 400 mg /1 DOC. The dechlorination has improved significantly as shown below.

Figure: After ISCO, before injection ENNA

Figure: 1 year after injection of ENNA



SUMMARY OF SOME OTHER TESTS

Soresma conducted many pilot tests and remediations on different areas in Belgium using different
kinds of carbon sources and injection methods, depending on the site-specific conditions. A short
overview of some other the injection methods and carbon sources are summarised below.

Case D: Enhanced Reductive Dechlorination integrate  d in a housing area in Antwerp, Belgium;
(a) overview, (b) location of injection and recycli ng drains and direct push.

Description and setup:
Location: Edegem (Antwerp) Belgium
Carbon source: Nutrolase
Type of CAH: chloroethenes
Pilot setup: 9 horizontal drains (each 90 m long) at 6 m bgs
(test still running)
With the help of a vacuum pomp, groundwater is extracted
from 4 of the 9 drains and infiltrated in the 5 remaining
drains and vice versa to facilitate the transport of nutrolase.
Nutrolase is periodically infiltrated via the drains and
directly injected (direct push) between the horizontal drains
(diluted 1:4). Together with the direct push a fracturing
technique is applied to increase the radius of influence of
the direct push.

Tentative results:

The evolution of the dechlorination of CAHs and the
biodegradation parameters can be summarised as \

followed:

Since the injection of nutrolase there is a general \
decrease of ORP; \
No significant increase of TOC in the monitoring /
wells probably due to immediate consumption of
the carbon source;

Significant decline in nitrate concentration; /
Concentrations of sulphates remain more or less
stable with the exception of some locations.

De pH is decreasing until under 5,5;

Monitoring wells with initial high CAH concentration show strong decline in concentration;
A general decrease in chloride index.

Case E: Enhanced Reductive Dechlorination, Pilot te st with CAP18 ™

Description and setup: Location:Oost Malle, Belgium

Carbon source: sodium lactate and CAP18™

Type of CAH: chloroethenes (test still running)

Pilot setup: Vertical filtersth-Iactate) around the source zone and
direct ir#v?ction of CAP18" just at the border of the site

CAP18 ™ used to form a bioreactive barrier to stop further
migration of the contaminant.

Lactate is selected due to the low pH of the location.

Tentative results:

Strong evidence of reductive dechlorination with sodium lactate
as carbon source (increase of ethene up to 250 ug/l, general
decline of chloride index...)

Limited migration of the lactate due to limited groundwater
gradient and probably locally limited permeability.

There is only a minor effect of CAP18™ after 14 months, mainly
due to slow dissolution and transport of the carbon source
(CAP18TM). Confirmation is necessary.



Discussion:

A pilot test provides an insight into critical design data for a full-scale remediation (such as the spacing
of infiltration wells or drains; carbon source feed rate; strength of frequency) as well the efficiency of
the technology and regulatory agency concerns regarding the applicability of the technique in-situ. In
addition a pilot test is used to gather information about the rate and the extent of reductive
dechlorination, applicability and efficiency of applied electron donor and efficient injection methods.
The limitation is that the initial costs are high but on the other hand the costs made will already have a
positive effect on the test area and the installations can be integrated easily within the full-scale
remediation.

Different pilot setups (incl. different methods of injection and different type of carbon source) have their
limitations and advantages. They are also dependent on site specific geohydrological (such as
permeability) and geochemical conditions (such as pH) of the site and types of contaminants present.
A pilot test can be immediately executed in the field, if the first screening of the assessment data
strongly indicate that Enhanced Reductive Dechlorination seems possible. For example, when final
dehalogenation products ethene and/or ethane are already present in substantial quantities, a field
pilot can be directly executed without a microcosm test previous to the pilot.

In more complex cases where one wants to test different conditions or when more than one type of
pollutant is present (e.g. PCE and 1,1,1-TCA mixed pollutions), microcosm studies and PCR-analyses
provide the necessary information regarding the right types of electron donors, the need of inoculation
and addition of nutrient. Yet a pilot test will be necessary to scale-up to a full-scale, to evaluate the
injection method and to determine the migration behaviour of the carbon source and the optimal
amount of carbon source feeding taking in to account the local heterogeneity of the subsurface.

Different types of electron donors have an impact on the duration of the lag period, frequency and
amount of injection, rate of dechlorination and need of additional nutrients. However, the type of
electron donor is not expected to affect the reaction endpoint. Also, for aquifers with low pH-buffering
potential, some carbon sources are less suited because they cause acidification (e.g. molasses, lactic
acid,...). Some ‘plain’ carbon sources such as methanol may need extra supplementation of nutrients
in order to optimize the growth of the microbial community and to improve the efficiency stimulated
dehalogenation.

In the case of applying reductive dechlorination as a biobarrier, application of slow-release electron
donors such as ENNA, HRC®, CAP18™ is very useful to avoid recurrent injection of carbon source
and to provide a long lasting source of electron donor. When vegetable oil is applied, it is very
important to verify the migration capacities of the carbon source as there was a large difference
observed between the use of ENNE and CAP18™.

Depending on the need and availability of fund one can chose different methods of infiltration and
distribution of electron donor. For a quick ERD, a recurrent or permanent recirculation of groundwater
between infiltration filters/drains will provide a better alternative especially when the permeability of the
subsurface is limited. This will also reduce the amount of infiltration filters/drains needed.

In case the infiltration rate of the carbon source is limited by the permeability, it can be injection with a
limited pressure especially for push pull method of injections. In the case of molasses a strong dilution
of it may also provide a better solution.

Final conclusion

A successful full-scale remediation depends on the interpretation of the screening and interpretation of
the assessment data, the execution and set up of pilot (and microcosm) tests and the interpretation of
the collected data. Depending on the local geohydrology, geochemical situation, the aim of the ERD
and the interpretation of pilot tests one can chose one or more infiltration method and carbon source
which suits the local situation and to fulfil the goal of the ERD.

Basically, if the first screening of the assessment data strongly indicate that Enhanced Reductive
Dechlorination is possible, an immediate field testing can be recommended with out prior microcosm
tests. If the contamination or the geochemical situation is more complex or the selection of the carbon
source is not straightforward, microcosm testing is proposed. In both methods, PCR-analyses are a
valuable tool to support decisions. In general, for large contaminated sites, at least a limited pilot test
is necessary to avoid scale-up problems during full-scale remediation and to evaluate the migration
behaviour of the electron donor.



References

Meskens K. Van Nieuwenhove K., and Richard Lookman R., 2005 Consoil 2005 Proceedings,
“Different strategies to test the feasibility of ‘Enhanced Reductive Dechlorination’” Remediation:
llustrations by two case studies.

Suthan et.al, 2002, Technical Protocol for using Soluble Carbohydrates to Enhance Reductive
Dechlorination of Chlorinated Aliphatic Hydrocarbon, Air Force Center for Environmental
Excellence, Brooks AFB, Texas and Environmental Security Certification program, Arlington
Verginia.

Kean, J. A., Graves, D., Bishop. K., Mott-Smith, E., and Lodato, M., 2002, Obstacles to Complete PCE
Degradation During Reductive Dechlorination (abstract). Proceedings of the Third International
Conference on Remediation of Chlorinated and Recalcitrant Compounds Monterey, California.
May 20-23.

Lookman R. et al., 2004, "Study regarding the remediation of urban CAH groundwater contaminations
with dry cleaning facilities in Antwerps as example”.

Lookman R., Gemoets J.; 2007, "Evaluatie Bodemsaneringsprojecten en bodemsaneringswerken: een
overzicht voor 2005-2006.



