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1 Introduction  

Project team By accepting our proposal /1/, Region Midtjylland has chosen the project team 

consisting of the companies COWI A/S, Rambøll A/S, Kogsgaard Miljø and 

Geosyntec Consultants (USA) to perform pilot experiments using the remedia-

tion technology in situ alkaline hydrolysis at Groyne 42 (Høfde 42; the Site).  

Other sub-consultants involved in the project are the research group CIChem, 

Aalborg University, Esbjerg, Dr. Kurt Pennell, Tufts University, Medford, Mas-

sachusetts, USA, and Dr. Eric T. Vogler, NASUS Water Treatment Technolo-

gies, LLC, Bernalillo, New Mexico, USA. 

 

The companies Frisesdahl A/S, Jysk GVS and Milana A/S are subcontractors to 

COWI A/S for the project. 

 

 

Objectives The primary objectives of the NorthPestClean project are: 

1.  To demonstrate in a large-scale pilot experiment the efficiency of a novel 

remediation method that uses in situ alkaline hydrolysis to treat pesticide 

contaminated sediment and groundwater. 

2.  To demonstrate, in side-by-side pilot experiments, the performance and us-

ability of different "enhancement" technologies (i.e., technologies for im-

proving in situ alkaline hydrolysis by enhancing the delivery of hydroxide 

solution to the target treatment zone and in situ mixing with target contami-

nants).  

1.1 Overall project approach 

Project approach The approach of the project is to use large-scale pilot tests to demonstrate and 

enhance the effectiveness of in situ alkaline hydrolysis at the Site, and to use 

data collected in these pilot tests to support the design and cost estimation for 

full-scale in situ alkaline hydrolysis remediation at the Site. 

The project will be conducted in three test cells and three test pipes located 

within the sheet-piled area of the Site (i.e., the pilot test area). The test cells and 

test pipes are further described in Section 2. 
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The overall objective for the different test cells is to demonstrate the effective-

ness of different enhancement methods (i.e., methods for enhancing perform-

ance of in situ alkaline hydrolysis). The following three enhancement methods 

will be tested: 

• Test cell 1: acoustic/vibration 

• Test cell 2: groundwater recirculation  

• Test cell 3: surfactants  

In addition, the objective for the first three test pipes is to provide controls to the 

tests to be conducted in the three test cells. The following controls will be used 

in the test: 

• Test pipe 1: blank, left undisturbed 

• Test pipe 2: blank, filled with water (same as used for the dilution of caustic 

soda) 

• Test pipe 3: control, treated with caustic soda 

A fourth test pipe (Test pipe 4) has also been installed at the Site. This pipe is 

not a part of the NorthPestClean project. References to the “test pipes” in this 

document are meant to describe Test Pipes 1, 2 and 3 and do not include Test 

Pipe 4. 

Each test cell and test pipe will be evaluated over three operational Cycles each 

of which has a separate purpose and involves different operational approaches: 

• Cycle 1: This cycle will focus on evaluating caustic soda treatment of the 

contamination without the use of contact enhancement technologies.  The 

caustic soda will be infiltrated into each test cell by gravity. No enhance-

ment methods will be used. 

• Cycle 2: This cycle will focus on methods for delivering the caustic soda 

and after a month of monitoring and documentation of the delivery method, 

the three enhancement methods will be employed and tested. 

• Cycle 3: This cycle will be similar to Cycle 2, except that enhancement 

methods will be used directly without an initial test period evaluating deliv-

ery methods.  

Cycle 1 will allow comparison of variations in the level of contamination be-

tween the test cells and provide a basis for determining of the effect of improved 

delivery methods for caustic soda to be used in Cycles 2 and 3 as well as a basis 

for determining the effect of the three enhancement methods. 

Further details regarding the implementation of Cycle 1 are provided in Sections 

4 to Section 6. 
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1.2 Pre investigation  

The final location of the test cells has been decided based on the results from 

two preliminary drilling campaigns. 

Following a thorough survey of existing Site data the locations of Test Cells 1 

through 3 were proposed. The first drilling campaign was performed between 

March 24 and 26.  The results of this campaign showed, that the location of Test 

Cell 1 was not optimal because free phase DNAPL was not detected in the two 

wells installed. For Test Cell 2 and Test Cell 3, the locations were accepted 

since free phase was identified from the water table down to the silt layer. 

A second drilling campaign was performed on May 11 to find a more suitable 

location for Test Cell 1. The proposed location was moved approx. 10 m to the 

east, and a new well was drilled. Again no free phase could be identified and it 

was therefore decided to evaluate a location for Test Cell 1 that would be south 

of Test Cell 2 and 3. Another well was installed and at this location the concen-

tration and distribution of contamination resembled the conditions in Test Cell 2 

and Test Cell 3, and the location was accepted. 

For further information regarding the methods employed and final locations of 

the test cells please refer to Section 2. 

1.3 Detailed experimental plan 

This report constitutes the revised experimental plan for the pilot experiments. 

The revisions are made based upon the additional information available from the 

pre-investigation and based on discussions with Region Midtjylland. 

This document describes the updated experimental plan to implement the initial 

characterization, draining and infiltration and Cycle 1. The approach for imple-

mentation of Cycles 2 and 3 was presented in the Proposal /1/. The Cycle 2 ap-

proach will be reviewed and modified based upon the results of Cycle 1 and any 

proposed changes to Cycle 2 will be presented to Region Midtjylland in the Cy-

cle 1 status report. Similarly, the Cycle 3 approach will be reviewed and modi-

fied based upon the results of Cycle 2 and any proposed changes to Cycle 3 will 

be presented to Region Midtjylland in the Cycle 2 status report.  

Should any of the alternative approaches for each of the enhancement techniques 

described in the Proposal be recommended for implementation of Cycle 3 this 

will be discussed with Region Midtjylland. 

 

Two drilling cam-

paigns 
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2 Initial characterization  

2.1 Pre-investigation 

The location of the test cells and the test pipes has been decided after two pre-

liminary drilling campaigns. The location of the test cells has been evaluated 

with respect to amount and distribution of free phase DNAPL in the sand. At the 

chosen location of each test cell, free phase has been identified from the water 

table down to the silt layer. The final location of the test cells and the test pipes 

is shown in Figure 2.1. 

 

Figure 2.1. Location of the test cells and test pipes. 
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A total of 8 wells have been installed in the two preliminary drilling campaigns. 

Sediment samples has been collected as described in Section 2.2.2 and analyzed 

by Cheminova. In addition, water samples had been obtained and analyzed from 

7 wells. The results from the pre-investigation will be further described in a re-

port now under preparation /2/.  

The results with respect to geology, depth of layer 2, contamination level in 

sediment and groundwater have been evaluated based on the two initial drilling 

campaigns. These results indicate that the conceptual model of the free phase 

distribution in the sediment should be revised. In contrast to previous conceptual 

models for the Site, where it was expected that free phase was primarily present 

just above the silt layer, the most recent results from the pre-investigation indi-

cate that the free phase is more evenly distributed between the water table and 

the silt layer. After completion of the initial characterization, the conceptual 

model will be revised. 

2.2 Characterization wells 

The initial characterization is scheduled to be completed in June 2011 (see time 

schedule in Appendix 4). 

A total of 10 characterization wells will be constructed in each test cell. To ob-

tain the best lateral distribution of characterization wells, each test cell will be 

subdivided into 9 sub-cells equally distributed within the test cell (see Figure 2.2 

and 2.3). Within each sub-cell, one 8" borehole will be constructed which will 

be used to install a cluster of monitoring wells (see Figure 2.4). The location of 

the last well cluster (no. 10) will be decided during the drilling campaign, with 

the location selected to fill data gaps identified by the preceding 9 well clusters 

in each test cell. Detailed site plans are found in Appendix 1. 

Within each 8” borehole a cluster of 3 monitoring wells with separate screened 

intervals will be installed, so that a total of 30 wells will be installed in the three 

test cells. From the pre-investigation, five well clusters have already been in-

stalled, one in Test Cell 1 (TC1-7), two in Test Cell 2 (TC2-3 and TC2-4)  and 

two in Test Cell 3 (TC2-4 and TC2-9). The location of the characteriza-

tion/monitoring wells is given in Figure 2.2 and 2.3. 

 

 

 

Evaluation of pre-

investigation 

Basis location of 

wells 
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Figure 2.2.  Location of characterization/monitoring wells in Test Cell 1, see 

Appendix 1.2. 

A total of 6 well clusters will be installed in Test Pipes 1 through 3, with two 

well clusters installed per test pipe. The location of the characteriza-

tion/monitoring wells in the test pipes is shown in Figure 2.3. 
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Figure 2.3. Location of characterization/monitoring wells in Test Cells 2-3 

and Test Pipes 1-3, see Appendix 1.3. 

2.2.1 Drilling work 

 

Water table Prior to the start of the drilling, the water table elevation will be measured in the 

nearest existing wells. All elevations will given in m, DVR90. 

Drilling The wells will be installed as follows:  

• The auger will be advanced to a depth of approximately 20 cm above the 

water table, and then the auger will be pulled up and cleaned.  

• The auger will then be lowered into the borehole, and the auger will be ad-

vanced another approximately 3.5 meters further down in order to reach the 

planned total depth, which is 0.5 m below the top of the silt layer (Layer 3). 
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• Next, the auger will be slowly pulled approximately 4.5 meters upwards in 

the borehole and then kept stationary in the unsaturated zone for a few 

seconds, allowing groundwater to drain from the drilled sediment, while the 

sand layer in the unsaturated zone is supporting both drainage and stability. 

This approach is intended to minimize the risk of borehole caving and to 

protect the integrity of sediment samples present on the auger flights.  

• The auger will then be lifted, while sand and stones from the unsaturated 

zone are continuously removed. When the intact drilled materials are lifted 

above ground level, the sediments on the auger will be scraped free of resi-

dues from adjacent layers, and the intact sediments will be described for the 

approx. 3.5 m drilling interval. Sediment samples will be collected every 

half meter as described in Section 2.2.2 consistent with the guidelines /3/. 

• After the auger is lifted, the casing will be pushed as far down as possible, 

typically just below the water table. If necessary, the auger will be used to 

empty the casing before initiating cleanup of the borehole using a sand 

bucket.  

• The sand bucket will be used to empty the casing, while the casing is conti-

nuously pushed deeper into the borehole, with the casing kept about half a 

meter ahead of the sand bucket. When the casing reaches the target depth, 

the sand bucket will be used to finish emptying the casing down to this 

depth.  

• When the borehole is complete, the well screens and bentonite seals will be 

installed.  

• All wells will be marked with a unique DGU number and completed with a 

plastic lock covering similar to existing boreholes at the Site.  

• The area surrounding the borehole will be tidied and the drilled sediments 

will be collected in a container. Following this, the bentonite layer around 

the borehole will be repaired by adding extra bentonite around the well so 

that no gab between the membrane and the well exists. This to prevent 

rainwater infiltration.  

• A 12 volt submersible water pump will be installed and activated in each 

well screen to develop the well and purge the well screen (i.e., remove par-

ticulates and turbidity remaining in the well screen sand pack after well in-

stallation). The total amount of water pumped up from each well will be 

measured and the amount from each screen estimated. 

• An 8” auger has been selected to install the boreholes and wells to provide 

sufficient space for the three well screens and to establish an effective ben-

tonite seal between the screens. 

Bentonite cover The bentonite layer covering the test cell will be re-sealed after the end of each 

drilling event. 
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Supervision The project team will provide two field staff for on-site supervision of the 

drilling and sampling campaigns.  Also, the team will identify the planned loca-

tion of the well clusters.  

During the drilling work, well construction logs will be prepared by the supervi-

sion team that will describe the geology and document other observations (e.g. 

presence of shells, colored sediment). The well construction logs will be entered 

in the project‟s GeoGis database. 

2.2.2 Sediment sampling 

During drilling, split-spoon core sediment samples will be obtained every 0.5 m 

from elevation 0.0 m to the top of layer 3 (- 3.0 m). In a few additional wells we 

recommend that samples be collected from the first observation of contamina-

tion to elevation 0.0 m. This will be decided in dialog with Region Midtjylland. 

Subsamples Over each 0.5 m, a composite sample consisting of 10 subsamples will be 

collected from the sediment core in the split-spoon. Each composite sample (a 

total of approx. 50 g) will be collected into a 100 ml glass flask. 

Preservation Preservation of the samples for analysis of pesticides and triesters will follow 

the method involving neutralization as described in the field instructions found 

in /3/, which can be summarized as follows: 

 

1. The sample will be collected in 100 ml glass with TeflonTM-coated cap.  

2. The sample will contain approximately 50 g sediment consisting of 10 

subsamples obtained by sampling by a split-spoon core to secure repre-

sentative sampling.  

3. The weight of the sample bottles will be measured to the nearest gram in 

the field.  

4. The sample will be extracted and preserved by adding 50 ml phosphate 

buffer and 40 ml toluene, and shaking the sample by hand for approx-

imately 30 seconds. 
 

These sediment characterization samples do not require pH neutralization by 

adding acid (6N HCl). 

All the sediment samples will be analyzed by Cheminova‟s laboratory for orga-

nophosphorus pesticides (Ethyl parathion, Methyl parathion, E-amino-parathion, 

paroxon, Malathion and Ethyl Sulfotep; „OPP‟) and 4 triesters („TRI‟), consis-

tent with the parameter list provided in Section 8. Furthermore, 42 of the sedi-

ment samples will be analyzed for mercury content by a commercial laboratory. 

See Section 6 for more details concerning the monitoring program. Chemical 

analyses are further described in Section 8. 

An overview of characterization/monitoring wells and samples is given in Table 

2.1. 

Well construction 

logs 
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Table 2.1. Overview of characterization wells and samples. 

No. of 

test 

cells 

No. of 

test 

pipes 

No. of 

8" wells 

No. of sedi-

ment samples 

No. of          

OD 63 mm 

screens 

No. of           

OD 50 mm 

screens 

No of   wa-

ter samples 

3 3 36 252 36 72 108 

2.2.3 Well screens 

Each well cluster will include three 0.5 m long permanent screens:  top screen: 

OD 50 mm, middle screen OD: 50 mm and bottom screen: 63 mm (see Figure 

2.4).  The bottom screen will be constructed using a larger diameter than the up-

per two screens, since the bottom screen will be subsequently used for draining 

the test cell, see Section 4.  

 

Figure 2.4. Characterization wells, construction.  

A screen slot of 0.3 mm will be used to prevent sediment from entering the well. 

Around each screen, a filter pack with grain size of 0.7-1.2 mm sand will be 

used, and between the screens a bentonite seal with a minimum thickness of 0.5 

m will be constructed. In the bottom of the drilled hole (in Layer 3), a seal of 
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bentonite pellets will be constructed prior to installing the screens. A simplistic 

example of the planned well construction is presented in Figure 2.4. 

Bentonite sealing A preliminary laboratory test using Mikolit B pellets as sealing material was 

completed at Aalborg University Esbjerg as it was not known if this product 

would be affected by the alkaline conditions. During the laboratory test, Mikolit 

B was allow to swell for 24 hours in tap water and was then transferred to a 

NaOH solution at pH 13.5 (0.33 M). Visual observations were performed for 

another 48 hours and these were compared to control reactors where swelled 

Mikolit B was added to tap water with no NaOH.  Only very small differences 

could be observed between the test and control reactors, these were: 1) Mikolit 

B in NaOH formed a very thin crust while it was still very soft; and 2) the swel-

ling continued at decreased rates in the NaOH compared to swelling in the con-

trol. Overall, the results indicate that NaOH does not appear to impact the ben-

tonite negatively in the short-term and potential long-term effects are assumed to 

be identical to effects in the sand matrix. Thus, Mikolit B has been selected as 

the sealing material for the wells. 

For Test Pipes 1, 2, and 3, two 8" well clusters will be constructed in a similar 

manner to the well clusters described above. The location of well clusters in the 

test pipes is shown in Figure 2.3. 

Well screen depths According to the conceptual geologic model for the Site /1/, the top of the silt 

layer is theoretically found approximately at an elevation -3.0 m below sea level 

(bsl) in the test area. The water table within the sheet piled area is assumed at 

elevation 0.0 m. Each well cluster will have wells with screens at three discrete 

levels within the saturated zone with the deepest screen located on top of the silt 

layer giving the following positions of the screens: 

• Top screen: -0.5 m to -1.0 m 

• Middle screen: -1.5 m to -2.0 m 

• Bottom screen: -2.5 m to -3.0 m  

In the description above, the top of the silt layer (Layer 3) is assumed to be at 

elevation -3.0 m. However, the depth to Layer 3 may vary in the test area and 

where this occurs the well screens will be distributed evenly between sea level 

and the top of Layer 3. The top screen will always be placed at elevation -0.5 to 

-1.0. The bottom screen will extend from the top of the silt layer up 0.5 m. The 

middle screen will be constructed between the top and bottom screens (see Fig-

ure 2.4).  



Pilot experiments on the remediation technology in situ alkaline hydrolysis at Groyne 42 14 

2.2.4 Groundwater sampling  

Pumps and purging 

In the initial characterization of the test cells and test pipes, groundwater sam-

ples will be collected from the three screened intervals from each of the 36 cha-

racterization wells. The collection of groundwater samples will be carried out 

using a peristaltic pump. 

Before water sampling, the water level will be measured and the water volume 

in the well will be calculated. The water volume in the well will be purged at 

least 3 times using a Whale pump. The flow rate and pumping duration will be 

recorded on a well purge form. During purging the tubing intake will be placed 

at the bottom of the water column and visual observations will be made to iden-

tify whether any free phase DNAPL is present. 

The purged water will be discharged through the infiltration wells installed in 

the test area. In front of these infiltration wells a sand filter is installed to avoid 

clogging of the wells. The construction of these infiltration wells is further dis-

cussed in Section 4.2.   

Groundwater sampling 

Following purging, duplicate samples will be collected from each well screen. 

During sample collection the tubing intake will be placed as high in the water 

column as practical to limit the collection of any DNAPL material. The tubing 

will be left hanging in each well screen and will be used in the next sampling 

campaign. The water will be pumped with a relatively low flow rate to avoid 

particles to enter the screens. For pumping, a peristaltic pump will be used and 

the silicone tubing in the pump will be replaced for each well screen. 

 

Two 100 ml flasks will be filled with approximately 80 ml of groundwater. The 

water quality (i.e., color, any separate phase) of each sample will be noted.  One 

flask, the laboratory sample, will be a glass bottle with a Teflon covered lid 

which will be submitted for analysis in the laboratory at Cheminova. The other 

flask, the pH sample, will be a disposable plastic flask that will be used to de-

termine the amount of 6N HCl required to neutralize the pH of the sample.  

 

To determine the amount of acid required, the pH will be checked after each 0.5 

ml drop of acid has been added to the pH sample, until the pH in the sample has 

reached between pH 6.0 – 8.0.  This volume of acid will then be added the la-

boratory sample. This will be used to preserve the laboratory sample from fur-

ther hydrolysis reactions. The pH sample will be carefully poured into the infil-

tration system and the plastic flask will be disposed of.  

 

The pH in the pH sample will be measured using an H-glass electrode (e.g. 

WTW SenTix H) that is suitable for measurement of high pH values. These 

measurements will be completed immediately following sample collection. The 

pH-meter will be calibrated before measurement with pH standards for pH 7.0 

and 10.  
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Consistent with the recommendations in /3/, currently there are no plans to filter 

the water samples. However, the sample collection procedure may be modified 

based on the results of the preliminary characterization to include filtration of 

samples containing visible droplets of free phase using an ordinary 0.45 µm in-

line filter. Such modifications would be discussed with Region Midtjylland prior 

to implementation.   

Documentation and delivery 

The pre-defined testing schedule, see /3/, for field work at Groyne 42 requires 

that documentation concerning water table, purged volume, measured pH, added 

amount of acid, visible and description of the water be provided to the laborato-

ry with the sample. 

 

The water samples that are subject to analysis at Cheminova will be delivered to 

the gate keeper at Cheminova together with a complete analysis requisition, 

which will include notes regarding the analysis program, detection limits, and 

delivery time (see also Section 10).   

 

Samples will be delivered to the gate keeper on the day of sample collection, 

together with instructions that the samples should be put in the refrigerator, and 

that the gate keeper must inform the laboratory to come and collect the samples. 

 

Cheminova will be notified at least 2 weeks in advance of when samples will 

arrive. 

2.3 Health and safety 

Health and safety will remain a priority throughout the implementation of the 

project, and precautions will be employed consistent with that presented in the 

Proposal /1/.  All individuals working at the Site will be carefully introduced to 

the safety precautions. 

 

Filtration 



Pilot experiments on the remediation technology in situ alkaline hydrolysis at Groyne 42 16 

3 Laboratory tests  

This section presents an overview of the laboratory tests that will be conducted 

to evaluate two different surfactant formulations for their ability to enhance 

solubilization and chemical reactivity of sorbed phase and DNAPL contaminants 

present at the site. A detailed description of the laboratory tests is presented in 

the Experimental Plan of Surfactant Laboratory Tests, included in Appendix 2. 

Overview  The laboratory tests will consist of a combination of batch and column tests, in 

order to assess and compare: 

a) Key physical-chemical properties (liquid density, viscosity, interfacial ten-

sion); 

b) The ability to enhance the solubility and chemical reactivity of the contami-

nants; 

c) The ability to deliver surfactant, recover contaminants (at residual NAPL 

saturation), and thereby enhance alkaline hydrolysis (pH 12); and 

d) The properties and reactive products present in the effluent waste stream. 

The results found in the tests will be evaluated according to the success criteria 

described in Section 6 of Appendix 2. The evaluation criteria will include the 

concept of the total trapping number, NT, which is used to evaluate the potential 

of the surfactant to mobilize NAPL. The success criteria will also be discussed 

with Region Midtjylland concurrently with the performance of the laboratory 

experiments. 

Aim The aim of the laboratory tests is to develop the guidelines to follow in the 

surfactant pilot tests to be performed at the Site, and therefore, the laboratory 

tests will be conducted under conditions as relevant as possible to the actual 

field implementation at Groyne 42. 
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4 Draining and re-infiltration  

4.1 Draining  

The pilot test program includes draining of the test cells and Test Pipes 2 and 3 

at five points in time: 

 

1. Leak testing before Cycle 1 (groundwater) 

2. Full draining before Cycle 1 (groundwater) 

3. After Cycle 1 (NaOH) 

4. After Cycle 2 (NaOH) 

5. After Cycle 3 (NaOH) 

This Section describes point 1, 2 and 3. Test Pipe 1 will also be drained after 

Cycle 3. 

4.1.1 Leak testing and draining before Cycle 1 

Before start up of the pilot tests, Region Midtjylland will perform a leak test for 

each of the test cells to evaluate the potential inflow of groundwater through the 

sheet piling. Thereafter the project team will perform the full draining of the test 

cells. The leak test is not further described in this document. 

Full draining of the test cells 

Full draining To obtain the best possible drainage and thereby distribution of NaOH, drainage 

will be performed in two phases as follows: 

 

1 Pumping from a submersible pump placed in the deepest part of the treat-

ment area using an additional extraction well installed for the draining 

process. 

2 Pumping by whale pumps in the 5 deepest monitoring wells screened in the 

bottom interval. 
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The submersible pumps will be used in the beginning of the draining process 

until the water level in the extraction well falls to the bottom of the screened in-

terval. As soon as the groundwater level is lowered to a point where the pumps 

are no longer submerged, the whale pumps will be applied.  The approach and 

equipment used for each of these two phases is further described below. 

 

1 Extraction well with submersible pump 

One large diameter extraction well (Ø125 mm filter) with a submersible pump 

(SQE 3-NE) will be installed in each test cell, as shown in Figure 4.1. The ex-

traction well will be installed with a Ø600 mm hollow stem auger and drill cut-

tings will be placed in a closed container. The extraction well will be con-

structed after the initial characterization and will be placed in the deepest part of 

each test cell, located in the approximate centre as shown in Figure 4.1. The well 

screen will extend from the top of the silt layer (Layer 3) and 2.5 m up.  

 

The well screen will be established with PEH material and a sand filterpack, 

grain size 0.7-1.2 mm and 1 m of bentonite seal (Mikolit B) above. Below the 

well screen (i.e., in the silt layer) a 0.5 m of sump will be installed with a bento-

nite seal. The bentonite seal will prevent contamination from spreading through 

the silt layer.  

 

The extraction well will be placed in a Ø100 cm concrete well ring at terrain, 

and a manual flow meter will be mounted aboveground on the discharge of the 

pump to measure the extracted volume of water. 

 

It is expected that the majority of the groundwater removal from the test cells 

will be performed from these extraction wells. Based upon an estimated pump-

ing rate of 1-3 m3/h it is expected that most of the test cell will be drained within 

1-2 days.  

 

The submersible pumps will be operated until the water level in the extraction 

wells falls below the submersible pump intake. The pumps are programmed to 

turn off automatically when this happens. Measurements are based on the power 

consumption and when the power consumption drops (=the pump has run dry), 

it is turn off. After a specified time, the pump starts up again and operates until it 

runs dry. This cycle is repeated. 
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Figure 4.1.  Schematic view of the test cell draining set-up.  

 

 

2 Pumping with whale pumps 

When it is no longer possible to pump significant volumes of groundwater using 

the submersible pumps, the pumping will be supplemented with whale pumps in 

the 5 deepest monitoring wells in each test cell. The pumps will be controlled 

manually. Each of the 5 monitoring wells will be connected to a 1m3 pellet tank, 

from where water is pumped to the sand filter. The volume of water being emp-

tied from each cell will be measured by a water meter. We expect that the opera-

tion time for the phase using whale pumps will be about 2-3 days in total for all 

three test cells. 

4.1.2 Measuring the water table 

A pressure transducer will be installed in one of the monitoring wells with the 

deepest screen interval in each test cell. The data collected by the pressure trans-

ducer will be made available at an online website so that the data can be ac-

cessed remotely. The data from this pressure transducer will supply information 

regarding water levels over time, describing the changes in the volume of ex-

tracted groundwater during the initial drainage, the inflow of groundwater dur-

ing the leak testing period, and the volume of extracted groundwater during the 

full drainage of the cells. 
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Region Midtjylland will install some additional pressure transducers in some of 

the well screens in the test cells to follow the inflow of groundwater from out-

side the sheet piling during the leak testing. 

4.1.3 Volumes of groundwater 

The estimated volume of each test cell over the target depth is about 300 m3 of 

sediment. Using an assumed porosity of 40%, the volume of groundwater in 

each test cell is estimated to be about 120 m3.  Based on the results of the pre-

investigations, approximately 80 m3 is expected to be drainable (drainable po-

rosity = 27%) /4/. However, this volume is subject to uncertainty. Inflow of 

groundwater through the sheet piling during draining is expected. Based on the 

results of the leak testing an estimate of the inflow rate will be calculated. 

4.1.4 Monitoring 

The monitoring programme with respect to chemical analysis etc. is further de-

scribed in Sections 6 and 8. 

4.2 Re-infiltration 

The drained, contaminated groundwater will be re-infiltrated (see location in 

Figure 4.2). Re-infiltration will take place under the top membrane in two infil-

tration wells.  
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Figure 4.2. Site layout during draining and infiltration including the location 

of infiltration wells and the sand filter, see Appendix 1.1. 

 

The two 125 mm infiltrations wells will be installed using an Ø600 mm hollow 

stem auger and drill cuttings will be placed in a closed container. The wells are 

screened from 4.5 to 7.5 m below ground surface (bgs) and sealed with 1 m of 

bentonite above the screens. A 5 m3 sand filter will be installed just before the 

infiltration wells to prevent clogging of the wells. The purpose of the filter is to 

retain suspended particles. A sensor measures the water level above the filter 

sand and sends out an alarm when the water level increases, which indicates that 

the filter sand should be replaced. The water level is also controlled manually. It 

will eventually be necessary to dispose of the sand from this filter as it could 

clog. A sketch of the drainage system is shown in Figure 4.3. 
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Figure 4.3. Sand filter and infiltration wells, construction details, see Appen-

dix 1.4.  

If the excavated sediment under the top membrane is contaminated this will be 

placed in a closed container for future disposal. After repairing the top mem-

brane, clean top soil will be used to repair the ground surface.     

4.3 Basis for design 

Table 4.1 presents the overall basis for design of the drainage approach. This 

drainage system has been designed with the intent to allow drainage of all three 

test cells at roughly the same time. 
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Table 4.1.  Basis for design the drainage approach. 

Test cell/pipe Roughly estimate of 

volumes to be ex-

tracted 

Extraction wells – 

large diameter 

Monitoring wells com-

bined with whale 

pumps 

m
3
 Number Number 

Test cell 1 80 1 5 

Test cell 2 80 1 5 

Test cell 3 80 1 5 

Test pipe 1 2.5* none ** 

Test pipe 2 2.5 ** ** 

Test pipe 3 2.5 ** ** 

* Test pipe 1 is only to be extracted after Cycle 3 (final documentation) 

** The deep screens in the monitoring wells will be used for draining  
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5 Cycle 1  

5.1 Objective 

The purpose of Cycle 1 is to determine the rate of hydrolysis and the mass re-

moval in the three test cells and three test pipes when a simple method for deliv-

ering caustic soda is used. Caustic soda will be delivered to the three test cells 

and to Test Pipe 3.  

5.2 Delivery method  

In Cycle 1, the simplest method for delivering caustic soda will be used - gravity 

infiltration. Caustic soda will be delivered via gravity infiltration in the deepest 

filter in one well in each of the test cells and in one well in Test Pipe 3 (Test 

Pipe 2 will only be filled with water), while Test Pipe 1 is left undisturbed.  

5.2.1 Mixing of chemicals 

The caustic soda will be purchased in 1 m3 intermediate bulk containers (IBC´s) 

as a 27% solution that will be diluted 1:20 with water resulting in a concentra-

tion of about 0.33 M. This solution will have a density of 1.015 g/l when diluted 

with clean drinking water /5/ and a pH of 13-14.  

Water for dilution Water for dilution will be tap water at the Site, using the pipeline from 

"Kulhuset" 

The water tap can supply 50 l/min (3 m3/h) and to ensure enough storage capaci-

ty a 50 m3 water tank will be installed at the Site. All tanks are rinsed and in-

spected before use to avoid particles that could clog the infiltration wells.  

 

Anaerobic water The tap water will probably be aerobic. To avoid geochemical changes with the 

risk of precipitation and clogging, sodium sulfite will be added to the water that 

will be used to dilute the caustic soda prior to injection. The sodium sulfite will 

be added directly into the mixing tanks, see below. 

Tracer To evaluate the effect of the different delivery methods as well as the 

enhancement methods for Cycles 1 through 3, a tracer will be added to the solu-

tion of caustic soda for each injection cycle. For Cycle 1 we will use the fluores-

cent tracer Eosine. Eosine Y (0.5 kg) will be mixed into the 80 m3 of injected 
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caustic resulting in a concentration of about 6 mg/l. The fluorescent tracer will 

be analyzed at Aalborg University Esbjerg. Tracer will only be added to the test 

cells, not the test pipes. For Cycle 2 and 3 different fluorescent tracers will be 

used (Rhodamine and Fluorescein). 

 

Volume of test cell Based on the results from the pre-investigation it is expected that about 80 m3 of 

dilute NaOH can be added to each test cell - this corresponds to 4 m3 27 % 

NaOH per test cell. However, the volume of the test cells is subject to uncer-

tainty, as discussed in Section 4.2, and the volumes may be adjusted based on 

the initial draining results.  

For mixing the caustic soda to the target concentration, two 20 m3 tanks will be 

used. To avoid problems with corrosion and gas formation, the tanks will ini-

tially be filled with approximately 19 m3 of water. Subsequently, 1 m3 of the 

27% NaOH solution will be added (i.e. 1 m3 of NaOH to 19 m3 of water). To 

avoid adding aerobic water there will be added approx. 2 kg sodium sulphite to 

each 20 m3 mixing tank. Sulphite will rapidly reduce the oxygen present in the 

tap water and thereby minimize the risk of oxidizing reduced species in the soil 

and cause significant geochemical changes when it is infiltrated. 

A submersible pump will be lowered to the bottom of the tank, and the solution 

mixed during addition of the 27% NaOH and for approx. 2 hours prior to the 

start of injection. The mixing will continue during infiltration. Sufficient mixing 

of the solution will be important because the 27% NaOH solution has a density 

of approximately 1.3 g/ml and therefore will sink to the bottom if not completely 

mixed with the water. 

 

Samples of the injection solution will be collected from each batch prior to in-

jection, to confirm that pH of the solution is in the target range (between 13 and 

14) and that the pH is relatively stable over two measurements, indicating that 

the batch has been well mixed. pH measurements will be made by an H-glass 

electrode or equivalent to ensure accurate pH measurement. An overview of the 

sampling program is given in Table 5.1. 

 

All necessary health and safety precautions will be taken when mixing the caus-

tic soda solution (i.e. rubber gloves, safety glasses/shield, splash protection, 

clean water, as well as eye rinsing fluid will be available). Mixing the NaOH 

into the water may produce steam/vapors and the operator will stay away from 

any ports in the tank and use care when opening these ports for sample collec-

tion. 

 

Once the first batch is ready, the infiltration of the NaOH solution will begin. 

The prepared NaOH solution will be transferred to two 1 m3 pellet tanks placed 

beside the wells to be used for infiltration. The volume of added NaOH solution 

will be measured manually by counting the number of pellet tanks added and by 

manual readings of a flow meter from each of the mixing tanks. Each batch of 

NaOH solution will be prepared in a similar manner to the first. A total of four 

20 m3 tanks will be prepared. If the test cell requires more than 80 m3 to reinfil-

trate sufficient solution to achieve a water level of elevation 0.0 m, one or more 

additional batches will be prepared. 

Preparation of solu-

tion 
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Test pipe We have estimated that around 2.5 m3 dilute NaOH can be infiltrated into each 

test pipe using a similar procedure to that described for the test cells. 

5.2.2 Gravity infiltration 

Single well injection After the initial draining of the test cells and the test pipes, caustic soda will be 

added by gravity into a single well in each test cell and in Test Pipe 3. This well 

will be same well used for extraction during the draining process (i.e. the extrac-

tion wells in the test cells). In Test Pipe 3, one monitoring well will be used for 

infiltration. The infiltration will take place as soon as possible after the draining 

to minimize the volume of groundwater that leaks through the sheet pile into the 

test cell. 

The infiltration will be performed via gravity flow and via a manifold with 

valves and above ground hoses. Hoses will be connected tightly to the infiltra-

tion well to prevent overflowing of the infiltration well. The mixing equipment 

will be equipped with valves and alarms to allow for infiltration 24 hours a day 

without risk of spills.  

 

 A conceptual sketch of the infiltration system is presented in Figure 5.1. 

 

 

Figure 5.1. Conceptual sketch for the infiltration in one test cell in Cycle 1. 

 



Pilot experiments on the remediation technology in situ alkaline hydrolysis at Groyne 42 27 

Infiltration rate We expect that each test cell will support an infiltration rate of 2-3 m3/h. The 

infiltration will take place in all three test cells at the same time. 

We expect that the total duration of the infiltration will last 2-3 days including 

injection in the 2 test pipes. 

5.3 Documentation of infiltration/dilution  

During the infiltration period, water level measurements will be conducted in the 

monitoring wells to measure the filling of the test cell. Each test cell will be 

filled up to an elevation of 0.0 m. In one monitoring well for each test cell, a 

data logger will be installed to continuously monitor the water table (data to be 

available online). The volume of caustic soda that is infiltrated in each test cell 

and test pipe will be measured and the total number of batches will be listed. 

An overview of injections and associated sampling is given in Table 5.1. 

 

Table 5.1  Overview of injections and samples, Cycle 1. 

Test 

cell/pipe 

No. of injec-

tions 

No. of pH measurements (two per 

batch) 

No. of data log-

gers 

Test Cell 1 1 8 1 

Test Cell 2 1 8 1 

Test Cell 3 1 8 1 

Test Pipe 1 none None none 

Test Pipe 2 1 * None none 

Test Pipe 3 1 2 none 

Total 5** 26 3 

* filled with only water, ** 4 injections with caustic soda and 1 injection with water 

5.4 Basis for dimensioning  

Table 5.2 shows the overall basis for dimensioning the NaOH addition system. 

If possible, an attempt will be made to empty the test cells at roughly the same 

time, but most likely there will be a small time lag between the test cells (days). 
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Table 5.2.  Volumes of NaOH to be added. 

Test Cell/Pipe NaOH solution to be  

infiltrated 

NaOH 27 % stock  

Solution 

m3 m3 

Test Cell 1 80 4 

Test Cell 2 80 4 

Test Cell 3 80 4 

Test Pipe 1 None None 

Test Pipe 2 2.5 (water) 0.125  (water) 

Test Pipe 3 2.5 0.125 

Total 245 12.3 

5.5 Draining and re-infiltration 

Draining and re-infiltration in Cycle 1 will be performed as described in Section 

4. 
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6 Monitoring program 

This Section describes the monitoring program for sediment sampling in the ini-

tial characterization and following Cycle 1 as well as the monitoring program 

for groundwater sampling during the initial characterization, the initial draining 

process, Cycle 1 and the draining following Cycle 1. 

6.1 Sediment 

6.1.1 Objective and strategy 

The effect of hydrolysis will be documented by discrete sediment samples from 

each test cell and each test pipe.  The sediment samples will be used to charac-

terize the concentration and distribution of contamination in the sediment and 

how it changes following each Cycle of alkaline hydrolysis. Changes in sedi-

ment concentrations and distribution will be compared to the mass estimates 

from draining (Section 6.2) as well as changes in the groundwater contaminant 

concentrations at monitoring wells (Section 6.2) to understand mass destruction 

from hydrolysis.  

As described in Section 2, a total of 10 and 2 boreholes will be performed for the 

initial characterization in each test cell and each test pipe, respectively, with 

samples collected from every 0.5 m in each borehole. After Cycle 1, a total of 4 

and 2 boreholes will be performed in each test cell and each test pipe, respec-

tively. 

A schematic view of the sample locations in the test cells is illustrated in Figure 

6.1. Chemical analyses to be performed are described in Section 6.1.2. 

Following sediment sampling at the end of Cycle 1, additional wells will be in-

stalled in the four boreholes in each test cell using OD63 mm HDPE pipe, with 

screens that extend from the bottom of Layer 2 with a total screen length of 1 m. 

These wells will be used in Cycle 2 and 3 for delivering caustic soda. Well con-

struction details are described in Section 2.2.3. 

Discrete sediment 

samples  
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Figure 6.1 Schematic view of the set up and sediment sampling in the test cells, Cycle 1.  

6.1.2 Analysis program 

All sediment samples will be analysed for OPP and TRI (referred to as Org.1) by 

Cheminova‟s analytical laboratory. Select sediment samples will also be ana-

lyzed for mercury by Milana A/S. An overview of the total number of analyses 

until the end of Cycle 1 is given in Table 6.1 and further information regarding 

the sample parameters is presented in Section 9. 

Table 6.1 Overall monitoring program for sediment samples in test cells (TC) and test 

pipes (TP). 

 Sediment samples (Org.1) TC1 TC2 TC3 TP1 TP2 TP3 Total 

Characterization 70 70 70 14 14 14  252 

End of Cycle 1 28 28 28 14 14 14  126 

Total 98 98 98 28 28 28 378 

Total in tender 98 98 98 28 28 28 378 

        Sediment samples (Hg) TC1 TC2 TC3 TP1 TP2 TP3 Total 

Characterization 10 10 10 4 4 4 42 

End of Cycle 1 0 0 0 0 0 0 0 

Total 10 10 10 4 4 4 42 

Total in tender 10 10 10 4 4 4 42 

Org. 1 = OPP, TRI 

Sediment samples will be preserved and handled as described in Section 2. 
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Table 6.2 presents a detailed monitoring program for Test Cell 1, which is iden-

tical to that for Test Cells 2 and 3.  Table 6.3 presents a detailed monitoring pro-

gram for Test Pipe 1, which is identical to that for Test Pipe 2 and 3.  

Table 6.2 Detailed monitoring program for Test Cell 1 (identical to Cell 2 and 3). 

  Boring Org.1 Sample depth for Org.1 Hg 

Sample depth for 

Hg 

Year/week   [number] [elevation] [number] [elevation] 

Characterization TC1-1 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

2011/23-27 TC1-2 7 0 to -3.5 (every ½m)     

  TC1-3 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

  TC1-4 7 0 to -3.5 (every ½m)     

  TC1-5 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

  TC1-6 7 0 to -3.5 (every ½m)     

  TC1-7 7 0 to -3.5 (every ½m) 2  -1 and -2.5 
  TC1-8 7 0 to -3.5 (every ½m)     

  TC1-9 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

  TC1-10 7 0 to -3.5 (every ½m)     

End of Cycle 1 TC1-11 7 0 to -3.5 (every ½m)     

2012/14 TC1-12 7 0 to -3.5 (every ½m)     

  TC1-13 7 0 to -3.5 (every ½m)     

  TC1-14 7 0 to -3.5 (every ½m)     

Org.1 = OPP, TRI 

Table 6.3 Detailed monitoring program for sediment sampling in Test Pipe 1(identical to Pipe 2 and 3). 

  Boring Org.1 Sample depth for Org.1 Hg Sample depth for Hg 

Year/week   [number] [elevation] [number] [elevation] 

Characterization TP1-1 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

2011/23-27 TP1-2 7 0 to -3.5 (every ½m) 2  -1 and -2.5 

End of Cycle 1 TP1-3 7 0 to -3.5 (every ½m)     

2012/14 TP1-4 7 0 to -3.5 (every ½m)     

Org. 1 = OPP, TRI 

6.2 Groundwater 
Groundwater samples will be collected from: 

1. Extracted groundwater during draining 

2. Monitoring wells in the test cells and test pipes 

The objectives and strategy for taking these two different types of groundwater 

samples are presented below. 

6.2.1 Objectives and strategy – Draining 

 Monitoring during the draining process will be used to evaluate the hydraulic 

changes in each test cell (i.e., water levels and cumulative volumes removed) to 

understand: a) any leakage, b) volumes required for infiltration, c) water eleva-

tions surrounding the drained areas, and d) volume of contaminated water re-

moved.  In addition, measurement of contaminant concentrations in the drained 

groundwater will be used, in combination with the drained volumes, to under-
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stand: a) average contaminant concentrations in the drained areas, and b) the 

mass of contaminant removed. 

To evaluate the progress in the draining process, the drained volume of water 

will be measured for each test cell/test pipe separately using dedicated flow me-

ters. Approximately 80 m3 of water is expected to be drained from each test cell 

and 2.5 m3 from each test pipe, as previously described. 

 In addition, the water level in each test cell and test pipe will be measured as a 

function of time during the draining period. Water level measurements will be 

completed in the ten deepest monitoring well screens during draining of each 

test cell and the two deepest monitoring well screens in the test pipes. One round 

of water level measurements will be performed for every 10 m3 of water ex-

tracted from the test cells and for every 0.5 m3 extracted from the test pipes, see 

Table 6.5 and Table 6.6. 

In one monitoring well per test cell (i.e., the bottom screen in central well close 

to the side of the cell), a data logger will be installed to continuously monitor the 

water table (web connected). 

By monitoring the progress of the draining (flow meter measurements on each 

test cell and water level measurements), information will be gained in terms of 

hydraulic variability in the cells and total possible drainable volume. 

 Groundwater samples will be collected during the draining and re-infiltration 

process. These samples will be collected as discrete volume-proportional sam-

ples (i.e. after approximately each 2 m3 of water pumped from each test cell). 

About 40 samples will be collected during the initial draining of each test cell 

and 10 samples during the draining of each of the Test Pipes 2 and 3 (see Table 

6.4). Based on the results from the initial draining, the number of samples col-

lected in the later draining events will be determined. During the initial draining 

process, the pumping will be stopped when the water table has been lowered by 

1 m and the leak test is performed. When the leak test is finished, draining will 

be continued from where it was stopped. 

By analysing the water samples and comparing with the flow log, an estimate of 

the hydrolysed contaminant mass will be calculated and the effectiveness of the 

different delivery and enhancement methods after Cycle 1, 2 and 3 will be 

evaluated using these estimates. 

6.2.1 Objectives and strategy – Groundwater 

After the infiltration, the caustic soda will be left undisturbed in the test cells and 

test pipes for a duration of about 6-7 months. The duration of the hydrolysis pe-

riod for Cycle 1 will depend on the hydrolysis progress as measured during the 

monitoring events. The results of each monitoring event and progress of hy-

drolysis will be evaluated and discussed with Region Midtjylland along with an 

assessment of the potential cycle duration. The proposed monitoring schedule is 

provided in the following paragraphs; however, modifications to the schedule 
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may be recommended to Region Midtjylland following an assessment of the on-

going results. 

 The purpose of the groundwater monitoring is to evaluate the distribution of 

caustic (via pH and tracer) and follow the progress of the alkaline hydrolysis 

(hydrolysis products). The monitoring program will include “snap shot” events 

where monitoring is completed at all locations and depths as well as “time se-

ries” events where more frequent monitoring is completed at select loca-

tions/depths. The snap shot events will provide an assessment of the overall pro-

gress of hydrolysis. The time series events will allow an assessment of the rate 

of the hydrolysis, which will be valuable in planning the duration of Cycle 1 as 

well as the monitoring program for Cycles 2/3 and will also serve as a design 

parameter for a full scale remediation. 

The approach for the monitoring program includes the following key points: 

 The monitoring event two weeks after NaOH infiltration will include 

samples collected from every screen to help evaluate the distribution of 

NaOH in each test cell. 

 The timing, locations and depths for the remaining monitoring events in 

Cycle 1 will be based on the baseline sediment and groundwater sam-

pling results. 

 The total number of time series events may be reduced based on the sta-

bility of alkaline conditions and hydrolysis progress. A total of six 

screens will be selected for each time series event so that the progress of 

hydrolysis in high (free phase observed during drilling) and low (no ob-

served free phase) contamination conditions can be assessed over time. 

 Time series events may not be performed in the same locations for Cy-

cles 2 and 3 because the distribution of NaOH and residual contamina-

tion may be different. 

 Three full snap shot monitoring events will be conducted in each test cell 

and test pipe and up to five time series monitoring events will be con-

ducted in up to six wells. 

In each sampling round, samples will be obtained from the three well screen in-

tervals (i.e., top, middle, bottom) in each well cluster in the test cells and test 

pipes. An overview of the sampling program for contamination parameters in 

Cycle 1 is given in Table 6.4 and detailed matrix of the monitoring program for 

Cycle 1 is provided Table 6.5 (test cell) and Table 6.6 (test pipe). The matrix 

provides an example of how a range in contamination distribution may be as-

sessed by using colour coding for each depth to represent high, medium and low 

contamination conditions. For each sample, analyses will include both parame-

ters related to the contamination and pH. After monitoring event 1-4, see Table 

6.5, the analysis program (sample frequency and total number of samples) will 

be evaluated. 
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6.2.2 Analysis program 

All groundwater samples will be analysed for OPP, TRI, P1P2 and PNP by 

Cheminova‟s analytical laboratory and pH will be measured in the field during 

sample collection. OPP, TRI, P1P2, PNP and pH is referred to as Org.2. Mer-

cury will also be analyzed in select groundwater samples during draining. These 

analyses will be performed by Milana A/S. The added fluorescent tracer will be 

analysed in all samples collected from the test cells during the first snap shot 

event and in a few baseline samples (no tracer) collected during the initial char-

acterization. An overview of the sampling is given in Table 6.5 and more infor-

mation regarding the analytical parameters is found in Section 8. 

Table 6.4 shows the overall groundwater monitoring program and the number of 

samples for all phases included before the start of Cycle 2. 

Table 6.4.  Total number of analyses. 

Water Samples (Org.2) TC1 TC2 TC3 TP1 TP2 TP3 Total 

Characterization 27 27 27 6 6 6 99 

Draining 1 40 40 40 0 10 10 140 

Cycle 1 111 111 111 18 18 18 432 

Draining 2 40 40 40 0 10 10 140 

Total 218 218 218 24 44 44 766 

Total in tender 170 170 170 30 50 50 640 

        Water Samples (Hg) TC1 TC2 TC3 TP1 TP2 TP3 Total 

Characterization 0 0 0 0 0 0  0 

Draining 1 5 5 5 0 5 5  25 

Cycle 1 0 0 0 0 0 0  0 

Draining 2 5 5 5 0 5 5  25 

Total 10 10 10 0 10 10 50 

Total in tender 10 10 10 0 10 10 50 

        Water Samples (Tracer) TC1 TC2 TC3 TP1 TP2 TP3 Total 

Characterization 3 0 0 0 0 0  3 

Draining 1 0 0 0 0 0 0  0 

Cycle 1 30 30 30 0 0 0  90 

Draining 2 0 0 0 0 0 0  0 

Total 33 30 30 0 0 0 93 

Total in tender 

      

100 

Org.2 = OPP, TRI, P1P2, PNP, pH 
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Table 6.5.  Detailed overview of groundwater sampling during draining and cycle 1for Test Cell 1. 

Similar plans for all test cells are found in appendix 3.  
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Table 6.6.  Detailed overview of groundwater sampling during draining and Cycle 1 for Test 

Pipe 2. Similar plans for all test pipes are found in appendix 3. 

    

.  
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7  Time schedule 

 

A time schedule for the total project is presented in Appendix 4. The time 

schedule will be reviewed and updated during the project based upon the on-

going results and will be discussed with Region Midtjylland. 

Key milestones over the project period until the end of Cycle 1 are presented 

below: 

• Characterization of test area   Week 22-24, 2011 

• Leak testing       Week 25-29, 2011 

• Draining        Week 31-33, 2011 

• Infiltration of NaOH and water   Week 35-38, 2011 

• Monitoring alkaline hydrolysis   September 2011-March 2012 

• Final draining      April 2012 

• Documentation      April 2012 

 

For further details, please refer to Appendix 4. 
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8 Chemical analyses  

8.1 Parameters to be analysed for 

Consistent with the Proposal /1/, the following parameters will be analysed for: 

Table 8.1. Parameter groups. 

 

The total number of compounds include group members not listed in the above 

table.  Further details of the group members are presented in /3/. The water and 

sediment samples will be analysed by Cheminova‟s analytical laboratory accord-

ing to Table 8.2.  
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Table 8.2. Analyses on sediment and groundwater samples made by Chemi-

nova. 

 

In all groundwater samples, pH will be measured in the field by an H-electrode.  

Sediment and groundwater samples will be preserved and handled as described 

in Section 2, which is in accordance with /3/. Appropriate health and safety pro-

cedures will be followed. The sampling will be supervised and performed by 

persons with prior experience and training in collection and handling of sedi-

ment and groundwater samples at Groyne 42. 

Prior to start up of the preliminary field work, a meeting with the personnel at 

Cheminova‟s laboratory was held. The procedures for sample handling, notice 

of sampling events etc. were defined.  Any changes in the sampling schedule 

and parameters will be communicated to the laboratory.  

In a number of groundwater samples mercury is also a parameter for analysis. 

These analyses will be performed by Milana A/S.  
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9 Meetings  

9.1 Technical meetings 

9.1.1 Meetings with Region Midtjylland 

A total of 12 technical meetings will be completed, each attended by up to two 

Groyne 42 project team members. The meetings will be held at Regionshuset, 

Skottenborg 26, 8800 Viborg.  One (1) technical meeting has already been com-

pleted. After each meeting, minutes will be completed by the project team. 

9.1.2 Meeting with Cheminova 

One meeting with the technical staff of Cheminova‟s laboratory has already 

been completed, and included two participants. The location of the meeting was 

at Cheminova, Rønland, Harboøre Tange. 

9.2 Status meetings with the steering committee 

A total of 6 status meetings will be completed with the NorthPestClean steering 

committee and will include two Groyne 42 project team members that will be 

present. The minutes from these meetings will be prepared by Region Midtjyl-

land. If Region Midtjylland wishes, video meetings between COWI offices 

could be set-up, for example between COWI offices in Viborg, Odense, Lyngby 

and others if relevant. The set up of the video communication is very much like 

being in the same room, and could save transportation of participants from f.ex. 

the Danish EPA. The video conference meetings could be set-up free of charge. 

9.3 Web meetings 

A total of 12 web meetings or telephone conferences will be completed, each 

with participation by up to two Groyne 42 project team members. One (1) tele-

phone conference meeting has already been completed. 
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Appendix 1.1 Site plan - Overview 
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Appendix 1.2 Test Cell 1 
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Appendix 1.3 Test Cell 2, 3 and test pipes 
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Appendix 1.4 Sand filter and infiltration wells 
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Appendix 2 Work plan for laboratory experiment 
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1 INTRODUCTION 
This report presents a detailed description of the laboratory tests to be conducted, in order to evaluate 

two different surfactant formulations for their applicability to enhance the alkaline hydrolysis that is 

planned as in-situ remediation technique at Groyne 42 site (Høfde 42), Harboøre Tange, Denmark. The 

surfactants are evaluated based on their applicability to enhance solubilization and chemical reactivity of 

sorbed phase and non-aqueous phase liquid (NAPL) contaminants present at the site.  

The evaluation will be based on a combination of batch and column tests, in order to assess and compare: 

a) Key physical-chemical properties (liquid density, viscosity, interfacial tension) 

b) The ability to enhance the solubility and chemical reactivity of the contaminants 

c) The ability to deliver surfactant, recover contaminants (at residual NAPL saturation), and 

provide enhanced alkaline hydrolysis (pH 12) 

d) The properties and reactive products present in the effluent waste stream 

The results found in the tests will be evaluated according to the success criteria described in section 6 of 

this document. The evaluation criteria will include, among others, the concept of the total trapping 

number, NT, which is used to evaluate the potential of the surfactant to mobilize NAPL. 

The aim of the laboratory tests is to present the guidelines to follow in the surfactant pilot scale tests to 

be performed at the field site, and therefore, the tests will be conducted under conditions as relevant as 

possible to the actual field implementation at Groyne 42. 

2 APPLIED CHEMICALS  
Primary chemicals in the tests are the contaminant model compound and the two surfactant 

formulations. Ethyl-parathion (EP3 or simply parathion) is chosen as contaminant of interest, since this 

contaminant is the predominant constituent found in the free phase NAPL within the contaminant source 

zone at Groyne 42. Due to the very high cost of parathion as pure product (33.80 EUR per 100 mg), free 

phase NAPL will be collected from well T3-9-1, were parathion has been found at high concentrations, 

and will be used as the contaminant in the laboratory tests. Another advantage of using site NAPL 

compared to pure product is achievement of more site relevant results in the laboratory tests, since the 

presence of co-contaminants in the aged, mixed NAPL will have an influence on the physical-chemical 

properties of the NAPL present at the site. Parathion and relevant hydrolysis reaction products will serve 

as the chemical analyte parameters used for the evaluation of contaminant recovery and reactivity in the 

laboratory tests.     

Two different surfactant formulations will be evaluated; termed surfactant 1 and surfactant 2.  Surfactant 

1 is Tween® 80 (CRODA), a nonionic surfactant that is widely used in food products.  Surfactant 2 is an 

80:20 mixture of two anionic surfactants, Aerosol® MA-80 (Cytec Industries) and DOWFAXTM 8390 (The 

Dow Chemical Company). 

Sodium hydroxide (NaOH, 27%) diluted 1:20 with tap water (≈0.3 M) will be used as aqueous phase for 

the surfactant formulations, as in accordance with pilot-scale field tests. The initial pH of this solution will 

be 13.5, and is anticipated to reduce to pH 12 due to the buffering capacity of the soil. For surfactant 2, up 

to 8% of salts (CaCl2:NaCl in 4:1) is added to increase the ionic strength of the solution.  The addition to 

surfactant 2 (anionic surfactants) will result in lower interfacial tension and increased micellar 

solubilizaion of the contaminant.  Following collection, all alkaline water samples will be neutralized to 

pH 7 with 6 N HCl to terminate alkaline hydrolysis reactions.  
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TABLE 1: OVERVIEW OF THE PRIMARY CHEMICALS TO BE APPLIED IN THE TESTS AND THEIR ORIGINATION. 
 

Chemical Type CAS 
Needed 
volume 

Obtained/purchased 
from: 

Contaminant  
Parathion  
(Free phase NAPL)  

- 1 L 
Well T3-9-1  
(Groyne 42 site) 

Surfactant 1 Tween® 80  9005-65-6 1 L CRODA 

Surfactant 2 
Mixture of Aerosol® MA-80 / 
DOWFAXTM 8390 (80:20 % wt) 

002373-38-8 
65143-89-7 

1 L 
500 mL 

Cytec industries 
DOW 

Base Sodium hydroxide 27% - 1 L - 

Water 
Tap water (added up to 8% salts 
for use with surfactant 2) 

- 25 L - 

Salts 
Calcium chloride 
Sodium chloride 

10043-52-4 
8028-77-1 

4 kg 
1 kg 

Sigma-Aaldrich 

Acid 6 N Hydrochloric acid 9004-54-0 100 mL Sigma-Aaldrich 
 

3 SOIL AND NAPL SAMPLING AND STORAGE 
Sampling of soil and NAPL at the site for the laboratory tests will be conducted by Krogsgaard Miljø and 

delivered to Aalborg University campus Esbjerg, Niels Bohrs Vej 8, DK-6700. Origination of test soil and 

NAPL will be determined by Cowi in collaboration with Region Midtjylland. As a suggestion, NAPL will be 

sampled as described in Table 1. A total of 10 L of well-mixed and homogenized soil is needed for the 

laboratory tests. Mixing and homogenization of the test soil will be performed at the site just after 

sampling, and the soil will be equally distributed into 10 bags and transported to AAU campus Esbjerg in 

coolers. The 1 L of NAPL will be transported in an appropriate glass container, and 1 sample will be sent 

to Cheminova for establishing and quantifying the presence of parathion. Immediately after arrival in 

Esbjerg, the bags of soil will be securely placed in a dedicated freezer.        

4 ANALYTICAL TECHNIQUES 

4.1 CHEMICAL PARAMETERS 

Analysis of aqueous parathion concentrations will be performed by Cheminova using GC/FID and 

GC/FPD. In order to comply with standard analytical procedures for the NorthPestClean project, the 

analytical package “Færdigvarer” (eng.: Commercial products) and hydrolysis products will be provided. 

A 10-30 mL of water sample preserved by neutralization with 6N HCl will be sent by external carrier in 

cooling boxes. The weekly amount of samples is shown in the timetable in section 7. This analysis plan 

has been verified with the other phases of the NorthPestClean project and complies with the analytical 

capacity as provided by Cheminova. Alternatively, the samples generated during the column studies can 

be compiled in groups of 8 or 12 before shipment to Cheminova. pH measurements will be performed 

with a Metrohm 826 manually operated pH sensor. The soil samples generated in the batch and column 

experiments will be shipped in membrane glasses of 50 g each sampled through composite sampling 

evenly distributed from the column.  

4.2 PHYSICAL PARAMETERS 

The primary physical parameters are liquid density and viscosity of the surfactant solutions and NAPL, 

and the interfacial tension between the surfactant solution and the NAPL.  The parameters will be 

determined in the batch test for the characterization of the surfactant solutions as described in the next 

section.  
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5 LABORATORY TESTS 
A summary of the tests to be performed in the laboratory study is shown in Table 2. A detailed 

description of each test is presented in the subsections and in schematic form in Appendix A. All 

measurements will be performed in duplicate to ensure data quality. In Table 2, pH 12 indicates highly 

alkaline conditions (pH 12-13.5) as it will be in a 0.3 M NaOH solution, and pH 7 indicates a test operated 

under neutral conditions.  

TABLE 2: OVERVIEW OF THE EXPERIMENTAL WORK, CONDITIONS AND QUANTITY. 
 

Name of test Type State of materials  pH Temperature Number 

Equilibrium 
solubility 

Batch 
Reference: water / NAPL 
Surfactant 1 solutions / NAPL 
Surfactant 2 solutions / NAPL 

7, 12 10 °C 30 

Liquid density Batch 
Surfactant solution 1 
Surfactant solution 2 
NAPL 

12 10 °C 6 

Viscosity Batch 
Surfactant solution 1 
Surfactant solution 2 

12 10 °C 4 

Interfacial tension Batch 
Surfactant solution 1 / NAPL 
Surfactant solution 2 / NAPL 

12 10 °C 14 

Surfactant delivery 
and NAPL recovery 

Column 
Reference: NAPL / Soil  
Surfactant 1 solution / NAPL / Soil 
Surfactant 2 solution / NAPL / Soil 

12 
12 
12 

10 °C  5 

Total     59 
 

5.1 BATCH TESTS 

Initially, the ability of each surfactant formulation to enhance the solubility and reactivity of parathion 

from the NAPL phase will be evaluated through batch reactor tests.  Afterwards, key chemical-physical 

properties of selected surfactant solution formulations will be measured to obtain data needed to 

perform the total trapping number evaluation described in section 6. 

5.1.1 EQUILIBRIUM SOLUBILITY AND REACTIVITY 
The ability of the surfactant formulations to solubilize the NAPL, quantified by analysis of aqueous 

parathion, will be evaluated at pH 7 and 12 for different surfactant concentrations in order to determine 

the optimal surfactant dose.  In addition, the influence of salt concentration for surfactant 2 will be 

evaluated at one surfactant concentration.  Surfactant solutions will be prepared using tap water for 

surfactant 1 and tap water with added salts (mixture of CaCl2 and NaCl in 4:1 for surfactant 2).  The 

reactivity (alkaline hydrolysis) of parathion in the presence and absence of surfactant 1 and 2 will be 

evaluated at pH 12. 

The experimental conditions of the solubility tests for surfactant 1 and 2 are summarized in table 3 and 

appendix A. Four different concentrations of surfactant 1 distributed between 0 and 5% wt and three 

concentrations of surfactant 2 between 0 and 2% wt will be evaluated. The influence of salt concentration 

on surfactant 2 will be evaluated at 2, 4, and 6% wt at 2% wt surfactant concentration. The tests 

comprised of NAPL and water at pH 7 without surfactant addition will be performed as a reference, since 

co-contaminants will influence the aqueous solubility of parathion reported in the literature. Additionally, 

the reactivity of parathion NAPL will be evaluated at pH 12 in the absence of surfactant to allow for 

baseline comparisons of the NAPL degradation through alkaline hydrolysis.    
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TABLE 3: CONCENTRATIONS OF SURFACTANTS IN THE EQUILIBRIUM SOLUBILITY AND REACTIVITY TESTS. 
 

 Salts 
(%) 

pH Tween® 80 
(g/L) 

Aerosol® MA-
80 (g/L) 

DOWFAXTM 
8390 (g/L) 

Total concentration 
(g/L) 

Reference - 7 - - - 0.0 
 - 12 - - - 0.0 
Surfactant 1 - 12 1.0 - - 1.0 
 - 12 10.0 - - 10.0 
 - 12 25.0 - - 25.0 
 - 12 50.0 - - 50.0 
 - 7 25.0 - - 25.0 
Surfactant 2 2 12 - 0.8 0.2 1.0 
 4 12 - 0.8 0.2 1.0 
 2 12 - 8.0 2.0 10.0 
 4 12 - 8.0 2.0 10.0 
 2 12 - 16.0 4.0 20.0 
 4 12 - 16.0 4.0 20.0 
 6 12 - 16.0 4.0 20.0 
 4 7 - 16.0 4.0 20.0 
   

For the batch solubility and reactivity tests, 6 ml of NAPL and 60 ml of aqueous surfactant solution will be 

combined in 100 mL borosilicate autoclave flasks, and the contents of the flasks will be gently mixed on 

an oscillating shaker for 7 days at 10 °C. Prior to sampling, the aqueous phase will be transferred to 35 mL 

borosilicate glass centrifuges tubes and the aqueous and organic liquid phases will be separated by 

centrifugation. 30 mL of the aqueous phase will be sampled and neutralized and shipped to Cheminova in 

coolers for analysis of parathion and relevant hydrolysis products. Solubilization and reactivity tests of 

the most promising combinations will be repeated with longer reaction times and can be analyzed if 

needed.  In the subsequent determination of liquid density and viscosity, 2.5% wt concentration of 

surfactant 1 and 2% wt concentration of surfactant 2 with 4% total salt will be used. 

5.1.2 LIQUID DENSITY 
The density of the selected surfactant solutions and field-site NAPL will be determined in order to 

determine  in equation II in section 6. Measurements will be performed gravimetrically using 50 mL 

borosilicate glass pycnometers that are calibrated prior to each use with demineralized water. The 

weights of the pycnometer empty, completely-filled with water, and completely-filled with surfactant 

solution/NAPL will be measured and the densities of the surfactant solutions and the site NAPL will be 

calculated. The measurements will be performed at 10 °C in order to simulate site conditions, by cooling 

of the surfactant solutions and NAPL in refrigerator prior to measurements. 

5.1.3 VISCOSITY 
The viscosity of the chosen surfactant solutions will be determined using a Brookefield Model DV-III+ 

Rheometer in order to determine µw in equation II in section 6. The measurements will be used to verify 

that these surfactant solutions can be treated as Newtonian fluids, and will as well be performed at 10 °C 

due to the temperature dependency of this parameter. 

5.1.4 INTERFACIAL TENSION  
The interfacial tension between the field-site NAPL and the chosen surfactant solutions will be 

determined using the Du Noüy ring method in order to measure ow in equation III in section 6. A 

platinum 8452 ring will be used. The ring is immersed through the two liquid phases, equilibrated 

surfactant solution and NAPL, and then slowly drawn back through the liquid-liquid interface. This 

process results in the formation of a liquid lamella that is stretched to its maximum, and the interfacial 

tension is calculated from the resulting force and the wetted length. The calculated value must be 

corrected for the difference in density of the two phases and the ring dimensions.  
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Prior to IFT analysis, 20 mL of NAPL will be mixed with 20 mL of surfactant solution in 50 mL borosilicate 

autoclave flasks, and the contents of the flasks will be gently mixed on an oscillating shaker for 7 days at 

10 °C. Alternatively, the remaining liquid from the solubilization and reactivity tests will be used since the 

aqueous phase of this liquid is already equilibrated. When conducting the measurements, the equilibrated 

phases will be transferred to a temperature controlled beaker, and the measurements are performed at 

10 °C. The uncorrected interfacial tension determination is recorded as being the static maximum force 

on the ring, pulled from the lower (heavier) to the upper (lighter) phase. The tension measurement will 

be repeated five times and the mean used as the uncorrected determination. The uncorrected tension is 

corrected by the Zuidema and Waters correction factor1.  Prior to measurements, function of the 

apparatus will be checked by measurements on octane/water as reference.    

Due to the significant influence of salts on the interfacial tensions with surfactant 2, measurement of this 

parameter is done at 2, 4, and 6% wt salt and 1 and 2% wt surfactant concentration.      

5.2 COLUMN TESTS 

A series of column tests will be conducted to measure surfactant delivery, NAPL recovery, and parathion 

reactivity under the alkaline conditions (pH 12).  The performance of each surfactant solution will be 

evaluated based on the analysis of parathion and hydrolysis reaction products.  The columns will be 

packed with soil collected from the field site (Groyne 42).  If the level of parathion contamination is not 

sufficient to be representative of the source zone, additional field site NAPL will be introduced into the 

column to create a uniform distribution of residual liquid contaminants. The columns will be made of 

borosilicate (4.5 cm i.d., 25 cm length) with Teflon end plates that will serve as column inlet and outlet.  

Aqueous fluids will be delivered to the column using a peristaltic pump, while a syringe pump will be 

used to introduce NAPL into the column as needed.  A schematic diagram of the column apparatus is 

shown in figure 1. 

 

FIGURE 1: DIAGRAM OF THE SETUP FOR THE COLUMN TESTS. 

Precautions will be made to ensure that the column is completely water tight. 

                                                                    
1 Chavepeyer, G. and Platten, J.K. (1993) Interfacial tension measurements by the ring method in partially 
miscible liquids near a consolute critical temperature, Journal of colloid and interface science, 155, 92-97. 
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The columns will be orientated vertically during the tests. A total of 5 column tests will be conducted, 

comprising duplicate tests of the optimal surfactant solutions (as determined in the solubility/reactivity 

batch tests) of each surfactant formulation 1 and 2 and a reference column treated with alkaline solution 

without surfactant. The column operation approach described below is in accordance with the expected 

procedure in the pilot field test. Identical operational procedures will be employed for all column studies 

comprised of the following steps:  

Column preparation: 

 Following homogenization of sufficient field soil for all column tests, duplicate soil samples will 

be collected for analysis.  The soil samples will be kept refrigerated until and during shipment to 

Cheminova. 

 Packing of the column with field soil under vibration in 1 cm lifts/increments. 

 Saturation of the column with CO2 gas for 15 minutes at a flow rate of 50 ml/min to facilitate 

dissolution of entrapped gas during water saturation.  

 Up flow introduction to the column of de-aired water (N2 bubbling) containing 3.5 mM of calcium 

chloride using a peristaltic pump at a rate of 2 ml/min until the column is completely saturated.   

 Determination of the aqueous pore volume (PV) difference in column weight before and after 

water saturation.  

 When necessary, establishment of a residual NAPL saturation by injection of approximately 30 

ml of NAPL in up flow mode of the water-saturated column at a flow rate of 2 ml/min using the 

peristaltic pump.   

 Following NAPL imbibition, at least two pore volumes of water will be delivered through the top 

of the column  in down flow mode at a flow rate of 2 ml/min to displace free (above residual 

saturation) NAPL from the column.  Two additional pore volumes of de-aired water will then be 

injected into the column in an up flow mode to displace any additional NAPL.  

Test initiation and operation: 

 Following the establishment of a highly-contaminated column, either with contaminated field soil 

or augmented with residual NAPL, the column will be drained of free water to mimic the “drain 

and fill” procedure that is expected to be employed in the pilot-scale field test.  Then, the optimal 

aqueous surfactant solution adjusted to pH 7 or pH 12 (tap water or tap water + salt as the 

mobile phase) will be introduced into the column in an up flow mode until the column is 

completely filled and the desired pH is detected in the column effluent.   

 Sampling of the column for an anticipated 4 weeks (8 samples) to evaluate the progress of 

alkaline hydrolysis of the NAPL as quantified by the parathion analysis. Sampling will occur 3 

times the first week, two times the next and once a week for the remaining duration of the tests. 

Column effluent samples of 10 ml will be collected from the outlet in 10 ml graduated glass 

centrifuge tubes and neutralized with 6N HCl. Free product, if present, will be measured 

volumetrically, and aqueous samples will be kept refrigerated until and during shipment to 

Cheminova. A total of 80 ml of sample will be drained from the column during the test, and the 

extracted sample will be replaced by surfactant solution after each sampling event. Aqueous pH 

measurements will be completed during each sample event to track any changes in pH over the 

column test period. 

 Following completion of the column operation the soil will be removed from the column, 

homogenized, and a sample will be collected for analysis.  The soil samples will be kept 

refrigerated until and during shipment to Cheminova. 
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6 EVALUATION AND SUCCESS CRITERIA 
The outcomes of the tests are difficult to predict, and likewise are the criteria at which the use of any 

surfactant as an enhancement method of the alkaline hydrolysis can be concluded as a success.  

This section presents the initial thoughts on this subject, and the success of this approach will we 

evaluated once the outcome is known.  

If neither of the surfactants perform satisfactorily, development of a third specific surfactant formulation 

will be initiated by other parties. 

6.1 NAPL MOBILIZATION 

The total trapping number (NT) will be used as quantity to evaluate the likelihood of NAPL mobilization 

by the two different surfactant solutions (Tween 80 or Aerosol MA/Dowfax 8390). NT is given by: 

         (I)

  

where α is the angle of aqueous-phase flow relative to the horizontal axis. NCa is the capillary number 

given by: 

         (II) 

Here, qw is the Darcy velocity of the aqueous phase (the vertical direction is taken as positive), µw is the 

dynamic viscosity of the aqueous phase, ow is the interfacial tension between the organic and the 

aqueous phases,  is the contact angle between the aqueous and solid phases.  

NB is the bond number defined as: 

         (III) 

 is the difference between the aqueous and organic phase densities ( w- o), g is the gravitational 

constant, k is the intrinsic permeability of the porous medium, and krw is the relative permeability of the 

aqueous phase. Prior results indicate the threshold trapping number to be 2x 10-5 with nearly complete 

displacement observed at NT values exceeding 1 x 10-3. NT for both surfactants will be calculated and the 

one with the highest value is the most efficient for mobilization of the NAPL under the specific conditions. 

The total trapping number calculations are especially important with regards to evaluating the need of 

salt in order to obtain a sufficient low interfacial tension. 

6.2 ABILITY OF SURFACTANTS TO SOLUBILIZE PARATHION  

In the batch solubility tests conducted at pH 7, a weight solubilization ratio (WSR, g contaminant/g 

surfactant active ingredient) of greater than 0.5 is required for a positive assessment.   

6.3 ENHANCED REACTIVITY 

In the batch reactivity tests (pH 12), a significant increase in reaction product formation is needed 

relative to the same experiments conducted in the absence of surfactant. What a significant increase is in 

relative measures will be determined once the outcome is known. Similar comments comply for the 

column experiments. 
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7 TIME TABLE 
The project time table is given below in figure 2 and describes the overall activities in the laboratory and 

reporting.  

 

FIGURE 2: TIME TABLE OF THE PROJECT. 

June July August September

Tasks 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Preparation x x

Equilibrium solubility x x x

Sub-report: Choice of 

surf. concentrations
x x x x

Liquid density x x

Viscosity x x

Interfacial tension x x x

Surfactant delivery and 

NAPL recovery
x x x x x

Final report x x x x x



Appendix A: Experimental plan of  surfactant laboratory experiments
Surfactant 1 Solvent Base

Test Replicates Type pH Temperature Tween® 80 Aerosol® Ma-80 DOWFAXTM 8390 Surfactant volume Calcium chloride Sodium chloride Tap water 27% NaOH NAPL Soil Duration Samples for Cheminova
# (°C) (g/L) (g/L) (g/L) (mL) (g/L) (g/L) (mL) (mL) (weeks) (#)

Equilibrium solubility
1 2 Batch 12 10 - - - - - - 6 - 2 2
2 2 Batch 7 10 - - - - - - - 6 - 2 2
3 2 Batch 12 10 10.00 - - 60 - - 6 - 2 2
4 2 Batch 12 10 25.00 - - 60 - - 6 - 2 2
5 2 Batch 12 10 50.00 - - 60 - - 6 - 2 2
6 2 Batch 7 10 25.00 - - 60 - - - 6 - 2 2
7 2 Batch 12 10 - 8.00 2.00 60 32.00 8.00 6 - 2 2
8 2 Batch 12 10 - 16.00 4.00 60 32.00 8.00 6 - 2 2
9 2 Batch 12 10 - 16.00 4.00 60 16.00 4.00 6 - 2 2

10 2 Batch 12 10 - 16.00 4.00 60 48.00 12.00 6 - 2 2
11 2 Batch 7 10 - 16.00 4.00 60 32.00 8.00 - 6 - 2 2
A 2 Batch 12 10 - 8.00 2.00 60 16.00 4.00 6 - 2 2
B 2 Batch 12 10 1.00 - - 60 - - 6 - 2 2
C 2 Batch 12 10 - 0.80 0.20 60 16.00 4.00 6 - 2 2
D 2 Batch 12 10 - 0.80 0.20 60 32.00 8.00 6 - 2 2

Liquid density
12 2 Batch 12 10 25.00 - - 50 - - - - 1 -
13 2 Batch 12 10 - 16.00 4.00 50 32.00 8.00 - - 1 -
14 2 Batch - 10 - - - - - - 50 - 1 -

Viscosity
15 2 Batch 12 10 25.00 - - 100 - - - - 1 -
16 2 Batch 12 10 - 16.00 4.00 100 32.00 8.00 - - 1 -

Interfacial tension
17 2 Batch 12 10 25.00 - - 20 - - 20 - 2 -
18 2 Batch 12 10 - 16.00 4.00 20 16.00 4.00 20 - 2 -
19 2 Batch 12 10 - 16.00 4.00 20 32.00 8.00 20 - 2 -
20 2 Batch 12 10 - 16.00 4.00 20 48.00 12.00 20 - 2 -
21 2 Batch 12 10 - 8.00 2.00 20 16.00 4.00 20 - 2 -
22 2 Batch 12 10 - 8.00 2.00 20 32.00 8.00 20 - 2 -
23 2 Batch 12 10 - 8.00 2.00 20 48.00 12.00 20 - 2 -

Surfactant delivery and NAPL recovery
24 1 Column 12 10 - - - - - - 20 400 4 10
25 2 Column 12 10 x.xx - - 400 - - 20 400 4 18
26 2 Column 12 10 - x.xx x.xx 400 x.xx x.xx 20 400 4 18

Total 59 76

Surfactant 2 Site materialSalts
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Appendix 3 Analysis program 



Well TC1-1 TC1-2 TC1-3 TC1-4 TC1-5 TC1-6 TC1-7 TC1-8 TC1-9 TC1-10 TC1-EW1Sum Comments

Time Screen 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 1 1 1 1 1 0 1 1 1 1 0 1 1 1 3 1 2 3 2 2 ? 1 1 1 1 1 1 0 2 3

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 1 1 1 3

Draining 1

2011/34-36 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Water level 8 8 8 8 8 8 8 8 8 72 Measered for every 10 m
3

NaOH infilltration

2011/38-41 0

Cycle 1-1

2011/x 1 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Cycle 1-3

2011/x 4 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-4

2011/x 8 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-5

2012/x 12 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Cycle 1-6

2011/x 17 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-7

2012/x 22 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Draining 2

2012/x 28 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Tracer 0

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)



Well TC2-1 TC2-2 TC2-3 TC2-4 TC2-5 TC2-6 TC2-7 TC2-8 TC2-9 TC2-10 TC2-EW1Sum Comments

Time Screen 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 1 2 2 3 2 3 2 0 0 2 0 0 2 2 2 0 0 0 1 1 1 1 1 3 1 1 1 2 2 2

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Draining 1

2011/34-36 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Water level 8 8 8 8 8 8 8 8 8 72 Measered for every 10 m
3

NaOH infilltration

2011/38-41 0

Cycle 1-1

2011/x 1 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Cycle 1-3

2011/x 4 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-4

2011/x 8 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-5

2012/x 12 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Cycle 1-6

2011/x 17 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-7

2012/x 22 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Draining 2

2012/x 28 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Tracer 0

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)



Well TC3-1 TC3-2 TC3-3 TC3-4 TC3-5 TC3-6 TC3-7 TC3-8 TC3-9 TC3-EW1Sum Comments

Time Screen 1 2 3 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 2 2 0 0 1 3 1 3 3 1 0 0 1 1 3 1 1 1 0 0 3 0 0 0 2 2 0

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Draining 1

2011/34-36 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Water level 8 8 8 8 8 8 8 8 8 72 Measered for every 10 m
3

NaOH infilltration

2011/38-41 0

Cycle 1-1

2011/x 1 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Cycle 1-3

2011/x 4 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-4

2011/x 8 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-5

2012/x 12 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Cycle 1-6

2011/x 17 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-7

2012/x 22 Reg. Midt Org.2 1 1 1 1 1 1 6

Hg 0

Tracer 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 27

Hg 0

Tracer 0

Draining 2

2012/x 28 Frisesdahl Org.2 40 40 Sample for every 2m
3

Hg 5 5 Sample for every 16 m
3

Tracer 0

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)



Well TP1-1 TP1-2 Sum Comments

Time Screen 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 0 0 0 0 3 3

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 1

Frisesdahl Org.2 0 Not drained

Hg 0

Water level 0

NaOH infilltration

2011/34-37 0

Cycle 1-1

2011/x 1 Org.2 0

Hg 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-3

2011/x 4 Org.2 0

Hg 0

Cycle 1-4

2011/x 8 Org.2 0

Hg 0

Cycle 1-5

2011/x 12 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-6

2011/x 17 Org.2 0

Hg 0

Cycle 1-7

2011/x 22 Org.2 0

Hg 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 2

28 Frisesdahl Org.2 0 Not drained

Hg 0

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)



Well TP2-1 TP2-2 Sum Comments

Time Screen 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 0 1 1 0 0 0

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 1

2011/31-33 Frisesdahl Org.2 10 10 Sample for every 250 l

Hg 5 5 Sample for every 500 l

Water level 5 5 Measured for every 500 l

NaOH infilltration

2011/34-37 0

Cycle 1-1

2011/x 1 Org.2 0

Hg 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-3

2011/x 4 Org.2 0

Hg 0

Cycle 1-4

2011/x 8 Org.2 0

Hg 0

Cycle 1-5

2011/x 12 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-6

2011/x 17 Org.2 0

Hg 0

Cycle 1-7

2011/x 22 Org.2 0

Hg 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 2

2012/x 28 Frisesdahl Org.2 10 10 Sample for every 250 l

Hg 5 5 Sample for every 500 l

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)



Well TP3-1 TP3-2 Sum Comments

Time Screen 1 2 3 1 2 3

Year/week (weeks) Sampler COC level* 0 1 1 1 1 1

Charaterization

2011/23-27 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 1

2011/31-33 Frisesdahl Org.2 10 10 Sample for every 250 l

Hg 5 5 Sample for every 500 l

Water level 5 5 Measured for every 500 l

NaOH infilltration

2011/34-37 0

Cycle 1-1

2011/x 1 Org.2 0

Hg 0

Cycle 1-2

2011/x 2 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-3

2011/x 4 Org.2 0

Hg 0

Cycle 1-4

2011/x 8 Org.2 0

Hg 0

Cycle 1-5

2011/x 12 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Cycle 1-6

2011/x 17 Org.2 0

Hg 0

Cycle 1-7

2011/x 22 Org.2 0

Hg 0

Cycle 1-8

2012/x 28 Kogsgaard Org.2 1 1 1 1 1 1 6

Hg 0

Draining 2

2012/x 28 Frisesdahl Org.2 10 10 Sample for every 250 l

Hg 5 5 Sample for every 500 l

Org.2= OPP, TRI, P1P2, PNP, pH

*Contaminants level based on observations during drilling (0=nothing noted, 1=glistening, 2=residial, 3=free phase)
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Appendix 4 Time schedule 



Activity Description Deadline

feb-11 mar-11 jan-12 feb-12 mar-12 apr-12 may-12 jun-12 jul-12 aug-12 sep-12 oct-12 nov-12 dec-12 jan-13 feb-13 mar-13 apr-13 may-13 jun-13 jul-13 aug-13 sep-13 oct-13 nov-13 dec-13

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Tender Award

Contracting

Prime contract award

Laboratory (surfactant testing)

Drilling and field sampling

Technical experts - vibration, surfactants

Meetings Technical meetings (12)
Status meetings with the steering committee 

(6)

Web meetings / teleconferences (12)

Safety meeting

Permitting Re-infiltration permit June 1 th

Soil deposition June 1 th

Preliminary Tasks

Laboratory testing of surfactants Experimental design and setup April 18 th

Materials collection and shipment

Laboratory testing

External analysis

Data interpretation

Selection of surfactant 
Characterization of test areas Characterization wells

Sediment sampling

Confirmation of conceptual model, espcially 

location of of silt layer

Analysis, soil samples

Groundwater sampling

Analysis, groundwater samples

Mass calculations in test cells

Location of test cells and test pipes Evaluation of existing data 

Updated design of pilot tests Design work

Health and safety Preparation of safety instructions

Initial Draining and re-infiltration

Pumping well in each cell/pipe 1 pumping well in each test cell

Draining system (pumps etc.)

Reinfiltration drain

Leak testing of test cells Lowering water table 1 m + datalogging

Evaluation of data from leak testing Evaluation of results

Draining of groundwater Test cells 1, 2 ,3 and test pipes 2 and 3

Water level measurements 1 datalogger in each test cell + manual 

measuraments in pipes/test cells

Groundwater sample collection

Analysis of sample results

Re-infiltration of groundwater Adjacent area

Interpretation of results

Cycle 1  (Assumed 6-7 months)

Gravity infiltration of caustic solution Test cells and test pipe 3

Gravity infiltration of water test pipe 2

Measurement of volumes and water levels 

during infiltration

Monitoring alkaline hydrolysis (6-7 months) Monitoring, see detailed monitoring programme 

Interpretation of results

Draining and re-infiltration Draining of  test cells and test pipe 2 and 3

Sample collection and analysis

Re-infiltrate to adjacent area

Documentation, sediment samples Boreholes from test cells and test pipes 1, 2, 

and 3

Laboratory analysis

Interpretation of results

Cycle 2

Groundwater model - recirculation FeFlow model in test cell with recirculation

Delivery of caustic solution Test cells and test pipe 3

Delivery of water test pipe 2

Measurement of volumes and water levels 

during delivery

Initial period (1 month) Monitoring round 1

Monitoring round 2

Interpretation of results

Test cell 3: Recirculation Implementation of enhancement method

Test cell 2: Surfactant/Co-solvent Implementation of enhancement method

Test cell 1: Vibration Implementation of enhancement method

Monitoring alkaline hydrolysis (5-11 months, 

Assumes 7 months)

Monitoring round 1 

Interpretation of results

Monitoring round 2

Interpretation of results

Monitoring round 3

Interpretation of results

Monitoring round 4

Draining and re-infiltration Draining of test cells and test pipe 2 and 3

Sample collection and analysis

Re-infiltrate to adjacent area

Sediment samples Boreholes from test cells and test pipes 1, 2, 

and 3

Laboratory analysis

Data interpretation Interpretation of results reinfiltration

Interpretation of results, surfactants

Interpretation of results, vibration

Cycle 3

Delivery of caustic solution Test cells and test pipe 3

Delivery of water test pipe 2

Measurement of volumes and water levels 

during delivery

Test cell 3: Recirculation Implementation of enhancement method

Test cell 2: Surfactant/Co-solvent Implementation of enhancement method

Test cell 1: Vibration Implementation of enhancement method

Monitoring alkaline hydrolysis (6-12 months, 

assumes 6)

Monitoring round 1 

Interpretation of results

Monitoring round 2

Interpretation of results

Monitoring round 3

Interpretation of results

Monitoring round 4

Interpretation of results

Draining and re-infiltration Drain test cells and test pipe 2 and 3

Sample collection and analysis

Re-infiltrate to adjacent area

Sediment samples Boreholes from test cells and test pipes 1, 2, 

and 3

Laboratory analysis

Interpretation of results

Reporting

Preliminary tasks (English) Detailed experimental design 2011-05-15

Initial characterization and draining/re-

infiltration 2011-07-01

Laboratory testing of surfactants 2012-02-01

Status reports (English) Cycle 1 2011-11-15

Cycle 2 2012-11-01

Cycle 3 2013-11-15

Final report (English) 2013-11-15

Preliminary design report for full-scale 

remediation (Danish) 2013-11-15

COWI Rambøll Kogsgaard MiljøUniversities Region Midtjylland Frisesdahl

KIRU, Kirsten Rügge TBJ, Torben Højbjerg Jørgensen FSP, Freddy S. PetersenKP, Kurt Pennell

LNS, Lars Nissen LRSB, Lars Bennedsen EV, Eric Vogler

JAD, Jarl Dall-Jepsen FDC, Flemming D. Christensen JM, Jens Muff

INMO, Inga Mortensen LMN, Lars Mortensen

SV, Søren Vigand

nov-11 dec-11
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Revision May 16, 2011
apr-11 may-11 jun-11 jul-11 aug-11 sep-11 oct-11
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