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ABSTRACT: The one of the most significant environmental problems in the last decades be-
comes the contamination of the soil and groundwater. The contamination can comprise the sub-
stantial risk for the environment and for human health. This paper concerns with one of the
promising innovative in situ remediation method - Permeable Reactive Barriers (PRB). The aim
is to very briefly summarize the basic knowledge about this method, point out possible prob-
lems from the geo-environmental point of view.

1 INTRODUCTION

At the beginning of the 90s was developed the new remediation method — the method of Perme-
able Reactive Barriers (PRB). The method belongs to the group of the passive in situ remedia-
tion methods and it seems to be very useful alternative to the Pump and Treat method, which
can be very often rather expensive, too lengthy or not too effective.

The principle of the treatment of contaminated soil with the PRB method lies in digging out
the trench (perpendicularly to the groundwater flow), which is afterwards filled with suitable
permeable reactive material (See figure 1). The contaminated groundwater flows throw the reac-
tive media where treatment processes occur.
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Figure 1. Principle of groundwater remediation by using PRB




The reactive materials either immobilise or transform (biologically or abiotically) the pollut-
ants, such that the treated groundwater down hydraulic gradient of the PRB should not represent
risk to water resources or other receptors.

The Definition of Permeable Reactive Barriers according to the EPA 1998:
“An emplacement of reactive materials in the subsurface designed to intercept a contaminant
plume, provide a flow path through the reactive media, and transform the contaminant(s) into
environmentally acceptable forms to attain remediation concentration goals downgradient of
the barrier.”

2 PERMEBLE REACTIVE BARRIER DEMONSTRATION

2.1 Configuration of PRB

Basically, two configurations of PRB can be used (See figure 2):

- Continuous wall — It allows the flow of the contaminant plume through the reactive wall
in whole width of the plume.

- Funnel and gate system — consists of impermeable walls which are embedded to the im-
permeable subsoil. The walls direct the contaminant plume at the permeable window,
which is filled with suitable reactive material and where the treatment reactions arise.

Another option of PRB is using of reactive vessels (reactors). The constituent vessels are
filled with reactive media, connected by pipes and they are flowed through vertically. (See

figure 3).
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Figure 2. Two basic configurations of the permeable reactive barriers: a) continuous wall, b) funnel and
gate system
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Figure 3. The reactive vessels (Ri¢ica 2000)



2.2 Choice of appropriate reactive media and processes of decontamination

The choice of suitable reactive media depends on many factors, from which the most impor-

tant is chemical composition of the contaminant.

The suitability of reactive media is determined on base of laboratory tests. There are used in

principle the following chemical or physical processes:

- Sorption. Sorption is the process of removal contaminant from solution with using ad-
sorption, absorption, ion exchange to the reactive media. The most often used media is
granular activated carbon, zeolites, peat for removal of organic compounds and heavy
metals.

- Precipitation. Precipitation is transformation of contaminants to the insoluble solid
forms which are captured in the reactive media. For example by increasing of pH arise
the reduction of some metals which are precipitated in the form of hydroxides or sulfites.

- Degradation. Chemical or biological (aerobic or anaerobic) reactions which leads to the
decay of contaminant to the less harmful compounds. The example of chemical degrada-
tion can be oxidation of zero valent iron Fe", which results in the dehalogenization of
chlorinated hydrocarbons. The example of aerobic biological degradation is artificial
aeration, which helps to decay volatile organic hydrocarbons BTEX (benzene, toluene,
ethylbenzene, and xylene).

The detailed description of reactive media for different types of contaminants concerns for

example the report PEREBAR 2000, EPA 1998 and others. The brief summary of the reme-

diation processes states Suthersan (1997). See table 1.

Table 1. Options of decontamination processes of reactive walls

Process of decontamination

Contaminant Air stripping  Biol. degradation Adsorption Oxidation Reduction
Chlorinated hydrocarbons X X X X X
Aromatic hydrocarbons X X X X

Chlor. aromatic hydrocarbons X X X

Alcohol, ketone, phenol X X

Dissolved metals X

1.4 dioxan X

3 DESIGN OF PERMEABLE REACTIVE BARRIERS

In this chapter I would like to describe the basic principles of PRB design. It is evident that
PRB design is very complicated interdisciplinary problem and it is necessary to cooperate with
experts from different professions. The main task of chemists is to find and test the suitable re-
active media and to define the sufficient residence time in order to occur the removal reactions.
The column and batch tests are necessary to do.

The main task of geotechnical engineer is to design configuration, shape, dimensions, size,
and thickness of permeable reactive wall with respect of minimal residence time. The whole
contaminant plume has to pass through the reactive wall in order to capture the entire contami-
nant. The most important tool in this design is hydro-geological model.

3.1 Dimensions of PRB

The dimensions of PRB are derived by desired level of contaminant concentration, which de-
pends on the residence time of contaminant in the reactive media i.e. on the groundwater veloc-
ity in the reactive wall.

In the continuous reactive wall will groundwater velocity and hydraulic gradient approxi-
mately same as in the surrounding aquifer. (It holds good in case the wall is more or same per-



meable as in the aquifer &z prB > kf, aquifer). The contaminant plume will spread same way as
without the reactive wall.

The impermeable walls of the funnel and gate configuration of PRB concentrate the contami-
nant plume flow to the permeable window. It causes decreasing of flow x-section i.e. increasing
of hydraulic gradient and groundwater velocity. Therefore it needs thicker reactive media in or-
der to keep the required residence time. The size of the reactive gate has to be enough in term of
too high backwater height.

The thickness of PRB wall can be estimated according the following equation (Carey et
al.2002):

b=V.t,,,.SF @)
where b = thickness of PRB wall (m), v = groundwater velocity in the reactive media (m/d),

t.s = required residence time (d), SF' = safety factor.
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where K = hydraulic conductivity of reactive media (m/d), i = hydraulic gradient across
PRB, n, =porosity of reactive media.

The treatment processes can be very often described by the first order decay reactions. For
this case is possible to estimated the residence time in the reactive media:

_ Co (3)

where .., = required residence time (d), C, = target concentration downgradient of the PRB
(mg/1), C, = contaminant concentration entering the PRB (mg/1), k = reaction rate (d) (typically
derived from analysis of laboratory column tests for a first order reaction).

The interesting solution can be used for case of groundwater contaminated by Light Non-
Aqueous Phase Liquid (LNAPL) substance, which flows on the top of groundwater table. There
is possible to use the ,,Hang-up* PRB (Vanicek 2002). See figure 4. This alternative is appropri-
ate in case there is accurate knowledge about hydrogeology and contaminant behaviour.
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Figure 4. Alternatives of permeable reactive walls a) embedded wall, b) ,Hang -up* wall



3.2 Influence on hydro-geological regime

The significant questions are: How the PRB will influence the hydrology in the aquifer? How
much the groundwater table will increase? How the groundwater flow will change the direction
and the groundwater velocity? What will happen if the reactive media loses the permeability in
the future due to the fouling processes? How the contaminant will spread in the time and space?
These questions can help to answer the hydraulic model.

3.3 Hydraulic modelling

Hydraulic model is one of the most important tool for design of permeable reactive barriers.
It includes two parts: groundwater flow and transport of contaminant. At present there are avail-
able many 2D and 3D models. At the Geotechnical department of Czech Technical University is
used software package GMS, which consists of several programs for groundwater flow and re-
active and non-reactive transport of contaminants.( MODFLOW, MODPATH, MT3D, RT3D,
SEAM3D, SEEP2D, FEMWATER).
Hydraulic modelling is necessary for the following reasons (ITRC 1999):
-Determine an approximate location and configuration of the permeable reactive barrier with
respect to groundwater flow, plume movement, and flow velocity through the ISTZ,
-Determine the dimensions of the permeable reactive barrier and ISTZ,
-Estimate hydraulic capture zone,
-Determine location and sample frequency of monitoring wells,
-Evaluate the hydraulic effects of potential losses in porosity, flow bypass, underflow, over-
flow,or flow across aquifers.

4 CONCLUSIONS

The Permeable reactive barrier method seems as a very promising and advantageous method
in the wide field of remediation methods and there are still many questions for the further re-
search.

4.1 The problems for future research

I would like to use the advantage of 3D hydraulic models and create parametrical study for
the funnel and gate system PRB with focus on influence of groundwater regime in the aquifer
for different shapes of PRB - study the flow around PRB, increasing of groundwater table, over-
flow. The other part should be simulation of a crack in the PRB wall and observation of the con-
taminant spreading. The next interesting problem for further investigation is simulation of clog-
ging and bio-fouling influence to the reduction of permeability and function of PRB. The other
branch of study is investigation of the influence of diffusion and dispersion on the contaminant
transport and behaviour of LNAPL contaminants and their spreading.

4.2 Advantages of PRB

- After installation of PRB is site available for other use and activities.

- Possibility of application in urban area.

- Low acquisition and operational costs (EPA 2002).

- Lower influence to the groundwater regime (with comparison wit pump and treat
method).

- Minimal exposure of persons with contaminant. Contaminant isn’t pump to the surface.

- No requirements for building treatment plant and other technological buildings.

- Clean water isn’t mixed with contaminated water (with comparison wit pump and treat
method).



4.3 Disadvantages of PRB

- Necessity to remove reactive media after finish of PRB operation

- Contaminated water is cleaned, but contaminated soil remains

- Clogging and fouling of reactive media, loosing of permeability.

- Possible reactive media replacement.

- Contaminant plume has to be exactly described and localized.

- Necessity to know detailed information about hydrology in the aquifer.
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