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Abstract: Permeable reactive barriers (PRB) are used for passive in-situ groundwater remediation. In the European research project PEREBAR the long-term behaviour of PRBs has been studied with special respect to reactive material properties and physico-chemical processes. Laboratory and field studies showed that the most efficient materials for the removal of uranium from contaminated groundwater are elemental iron and hydroxyapatite. 

1.  Introduction

The technology of permeable reactive barriers (PRBs) is a novel groundwater remediation method which enables physical, chemical or biological in-situ treatment of contaminated groundwater by means of reactive materials. The reactive materials are placed in underground trenches or reactors downstream of the contamination plume forcing it to flow through them. By doing so, the contaminants are removed from the groundwater without soil or water excavation. The two main types of PRBs are continuous reactive barriers enabling a flow through its full cross-section, and 'funnel-and-gate' systems in which only special 'gates' are permeable for the contaminated groundwater. General reviews of the development of research and application of the PRB technology are given by Gavaskar et al. (1998), EPA (1998, 1999), Simon and Meggyes (2000), Vidic (2001) and Birke et al. (2003).

2.  Objectives and Scope of the PEREBAR Project

2.1  Research programme

The integrated research programme "Long-term Performance of Permeable Reactive Barriers used for the Remediation of Contaminated Groundwater" (PEREBAR) supported by the European Union under the contract N° EVK1-CT-1999-00035 was carried out from 2000 to 2003 with the participation of research groups from Austria, Germany, Greece, Hungary and the United Kingdom. The overall objective of the project was to evaluate and enhance the long-term performance of permeable reactive barrier (PRB) systems with the main emphasis on sorption and precipitation of heavy metals plus sorption and decomposition of organic compounds. 

2.2  Test conditions

Two test sites formed the central points of the project. One of them was the former uranium ore mining and processing area in Pécs, Southern Hungary. The second site is located in Brunn am Gebirge, Austria, where an activated carbon PRB system is installed. Especially due to the conditions at the first site the project had its focus on uranium contamination. Reactive materials for PRBs and contaminant attenuation processes in these materials, such as sorption and degradation mechanisms, and geochemical processes in the barrier material that are governing the efficiency of PRB systems on the long-term, especially the influence of groundwater constituents, have been studied. 

3.  Scientific WORK

3.1  Materials

Reactive materials potentially suitable for use in PRBs have been considered and characterised, with a special view on groundwater contaminated with uranium. Those materials tested included zeolites, hydroxyapatite (HAP), activated carbon, hydrated lime and elemental iron. Contaminant attenuation and other geochemical processes taking place in the reactive materials were investigated in a number of batch, column and container experiments. HAP and elemental iron proved the most efficient materials in removing uranium from aqueous solutions (Simon et al. 2003, Krestou et al. 2004). The most likely uranium attenuation mechanisms are bulk precipitation when HAP is used and a combination of reductive precipitation and adsorption for elemental iron. Uranium attenuation by elemental iron and HAP was not affected by sulphates. Dissolved carbonate impaired the uranium attenuation with elemental iron, while it did not exhibit detrimental effects on HAP.

3.2  Developments

An innovative approach adopted by the project to improve long-term performance of PRB systems was the development of selective contaminant-binding chemical compounds. A material named PANSIL, a silica coated with modified polyacryloamidoxime (PAN), was developed which efficiently removes uranium from aqueous solutions (Figure 1). Both the support matrix (sand) and the coating are durable, the sorption is most effective when the solution pH is between 4 and 8, specificity for uranium is fairly high, and there is no risk of precipitation of by-products that can block porous barriers (Bryant et al. 2003).

--------------Figure 1

4.  LABORATORY Experiments

4.1  Radiotracers

Knowledge of the uranium behaviour in contact with reactive materials is needed if PRBs are to be designed, and their operation life estimated. Therefore, 237U (a short-lived uranium isotope with a half-life of 6.75 days) was used as a radioindicator in column experiments to track the movement of uranium through the column without disturbing the system by taking samples or dismantling the apparatus. Soon after the detection of radioactivity, radioindicators (also called radiotracers) have been utilised for the investigation and analysis of processes and behaviour of material components in various fields of application, e.g. medicine, chemistry, physics, material science etc. (Gardner and Ely 1967, Gardner et al. 1997, Schulze et al. 1993). Results from the experiments with such radiotracers will be used to gain a better understanding of the uranium uptake capacity and thus of the long-term performance of permeable reactive barriers using elemental iron or hydroxyapatite as reactive material. 

4.2  Column tests

Figure 2 shows the curves recorded during the experiments from column experiment with the radiotracer. Detailed information to the experiments performed can be found elsewhere (Simon et al. 2003, Simon et al. 2004).

Having the velocity of the contaminant front the break-through of the contamination through the layer of reactive material in the column can be calculated. The experimental data enable the extrapolation of the maximum uranium concentration on the reactive material iron or HAP. From the distribution coefficient Kd the retardation factor R can be calculated (Simon and Meggyes 2000) as;

                                         ----------  (Equation 1)

with ( representing the bulk density and ( the porosity. 

For average conditions (/( is 6 kg/l (Appelo and Postma 1993). Retardation calculated by dividing velocity of uranium solution by velocity of the contaminant front resulted in similar values.

Both elemental iron and HAP are able to retain uranium from groundwater. In the case of elemental iron the reductive precipitation of uranium is accompanied with an increase in pH (see Reactions 1 to 3 in Table 1). 

------------------  Table 1

Long-term column experiments with iron as a reactive material showed that the pH increased initially by 2 pH units from pH 7 in the feed water to pH 9 in the column effluent. 

Flow conditions chosen in the column experiments represent an acceleration compared to natural conditions. The velocity in the column was around 5 pore volumes per day, i.e. 2.5 m/d, which is approximately five times faster than natural groundwater velocities. 

The results with HAP (Figure 2) are in agreement with the results of a technical demonstration at Fry Canyon in Utah using HAP which is promising (Naftz et al. 1999).

---------------Figure 2

Stability of sorption complexes or mineral phases is essential to obtain the desired behaviour of a PRB system using HAP for uranium removal. Evidence exists that under normal conditions uranium remains immobile (Giammar 2001). 

Using the radiotracer method the concentration of uranium retained in the columns can easily be measured without interfering with the flow regime or dismantling the apparatus. Investigation of the contaminant's spatial distribution in the reactive media would be difficult without a radioactive tracer. This method provides a powerful tool to elucidate uranium precipitation and adsorption within the reactive media while maintaining undisturbed flow conditions.

5.  CASE STUDY SITES

5.1  Hungary

The primary PEREBAR case study site was an area in Southern Hungary contaminated by uranium mining - a region which became part of the European Union in 2004. Uranium contaminations of up to 1000 µg/l were detected in the groundwater at the field test site selected from three potential locations. 

The first few months of operation have demonstrated very convincingly the remediation effect of the PRB system. Data obtained in a monitoring well 15 m downstream of the barrier show that the experimental PRB removes uranium very efficiently from the local groundwater (Figure 3). 

------------------Figure 3

5.2  Austria

On the second case study site, on a former industrial site in Brunn a.G., Austria, a PRB system based on activated carbon was tested using periodical water sampling, in addition to routine monitoring (Niederbacher 2001, 2002). The data showed that the system was functioning as planned, with all target contaminants (mainly hydrocarbons) being removed by the activated carbon. 

6.  Summary and Conclusions

The project's results include, inter alia, improved knowledge on reactive materials for use in PRBs and their capability for uranium removal from contaminated groundwater, on geochemical processes taking place in those materials, on methods to study these processes, and on methods to define the lifetime of PRBs. Further deliverables are a newly developed material for uranyl sorption, generic expertise on the technique of electrokinetic fences, and a fully operational, pilot-scale experimental PRB using elemental iron. 
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Figures

Figure 1: Electron micrograph of PANSIL.

Figure 2: Activities measured in the iron column after different time intervals of the experiment (Experiment 1).

Figure 3: pH of the effluent from long-time column experiments.

Tables

Table 1  List of chemical reactions

	Fe
(
Fe2+ + 2 e
	----------  Reaction 1

	2 H2O + 2e
(
H2 + 2 OH-
	----------  Reaction 2

	O2 + 2 H2O + 4 e
(
4 OH-
	----------  Reaction 3


Equations

R = 1 + 
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