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Abstract 

In-situ remediation of aquifers contaminated with DNAPL (Dense Non Aqueous Phase Liquid) is very 
challenging due to the physical and chemical properties of this contamination group. DNAPLs have a density 
higher than water and are hardly soluble in water. Due to these solubility limitations, conventional pump and 
treat methods are very ineffective. 
 
A suitable mixture of alcohols and water can be used to increase the DNAPL solubility. So called swelling 
(lipophilic) alcohols penetrate into the DNAPL and increase its volume, hence reducing the DNAPL density. 
These alcohols are not hydraulically controllable because of their lipophilic character. A second, non-swelling 
(hydrophilic) alcohol is necessary to obtain a water miscible mixture. In order to make this work, both 
alcohols must be chosen to suit the DNAPL to be flushed out of the aquifer. 
 
A suitable alcohol cocktail can be injected into an aquifer and flushed through the DNAPL pool where it 
“reacts” with the contaminant. The alcohol cocktail – DNAPL solution is removed with an extraction well, 
followed by a water flood to remove remaining alcohols from the aquifer. The removed mixture has to be 
sent to a treatment plant in order to separate the alcohols for reuse (alcohol recycling). 
 
To use this technology effectively it is important to have a good process understanding. In the last few years 
a systematic study, from batch tests to big container experiments, was conducted at the VEGAS facility in 
Stuttgart (Research Facility for Subsurface Remediation). The experiments were used to improve the 
efficiency of this technology and to investigate all relevant processes parameters and describe them 
mathematically. 
 
If an alcohol contacts a DNPAL the interfacial tension between the aqueous and the contaminant phase is 
reduced. Small ratios of alcohols (< 10 % v/v) can be sufficient to decrease the interfacial tension enough to 
pose a potential threat of uncontrolled downward mobilisation of the DNAPL. Such a downward migration of 
the mobilised DNAPL into deeper regions of the aquifer must be prevented at all costs. The swelling alcohol 
helps to avoid the uncontrolled mobilisation due to its reduction of the DNAPL density. In addition, an upward 
flow gradient produced by the well configuration is necessary to counteract gravitatinal forces. The change of 
the interfacial tension as a function of alcohol ratios was investigated for the two alcohols 2-propanol 
(hydrophilic alcohol) and 1-hexanol (lipophilic alcohol), water and the contaminant tetrachloroethylene (PER). 
Also the minimum upward velocity necessary to avoid a downward migration was measured for different soil 
materials and contaminants. 
 
Alcohol flushing in an aquifer is a multi-component / multi-phase-system. The properties which influence the 
flow conditions change during the alcohol flushing. At the fringe of the streamtube between the alcohol 
cocktail and the surrounding groundwater, the alcohol concentration is decreased, causing a change of 



density and viscosity. This effects the flow condition of the alcohol cocktail. Moreover, the change of 
viscosity, which is a function of the mixing ratio (alcohol concentration) and the temperature, were 
investigated and constitutive relationsships were described. 
 
As the aqueous concentration in the alcohol cocktail increases, the mixture can be separated in two phases. 
This relationship can be described in a so called “ternary phase diagramm” (equilateral triangle). The binodal 
curve in such diagramms marks the boundry between the one phase- and two phase-region. The theory of 
these diagramms was extended to the a four component mixture, consisting of a lipophilic alcohol, a 
hydrophilic alcohol, water and the contaminant. In this new quaternary phase diagram (pyramid) a surface 
separates the two phase region from the one phase region. The mathematical description of this surface is of 
course much more complex. 
 
For all possible mixing ratios the number of co-existing phases has to be determined and the properties of 
each phase, such as its viscosity and density, have to be identified. More than a hundred data points on 
different scales of experiments at the VEGAS facility were necessary to enhance existing equations or to 
develop new ones. All these equations need to be implemented in an numerical model in order to support 
planning and optimising of alcohol flushing in the field. 
 
At the VEGAS facility, the in-situ technology “alcohol flushing” will be shown to be a safe, fast and efficient 
remediation method for DNAPL contaminated aquifers. The parameter estimation for the relevant processes 
is one step of this technology development. 
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