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ABSTRACT 
 

The accidental discharge of leachate from solid waste landfills often leads to 

groundwater contamination both by inorganic and organic compounds.  

A major contribution to groundwater pollution at solid waste landfills comes from 

chlorinated organic compounds such as Tetrachloroethylene (PCE) and Trichloroethylene 

(TCE). They are among the most dangerous pollutants, due to their high toxicity and 

persistence grade mainly originating from plastic material degradation due to rainfall 

water leaching. The environmental fate of these species strictly depends on their main 

physical and chemical properties; they are denser and less viscous than water, thus 

migrating from superficial water and contaminated soils to groundwater. Consequently, 

the remediation of polluted sites must be designed accordingly. 

Several remediation technologies have been developed for aquifers contaminated by 

organic and inorganic compounds; they range from ex-situ treatments, coupled with the 

pump and treat technique, to in situ treatments, performed with Permeable Reactive 

Barriers (PRB). 

In a PRB-based treatment, the barrier is commonly built with reactive materials 

whose hydraulic conductivity is higher than that of the surrounding soils, so that the 

contaminated groundwater, moving under natural hydraulic gradient, is forced to pass 

through the barrier without any external energy input. Nowadays, Pump and Treat (PT) 

technologyis widely used for groundwater remediation. This technology has good 
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remediation efficiency but has high operational costs. For this reason, there is a growing 

interest for PRB installations as an effective alternative to Pump and Treat remediation 

methods, thanks to its low operating and maintenance costs. The mechanism of action of 

a PRB depends on the reactive material chosen to build the barrier. Chlorinated organic 

compounds can be effectively removed from polluted water and wastewater also by 

adsorption, a process that combines good efficiency with a very simple process 

configuration. The pollutant is trapped into the barrier made of adsorbing material and 

does not precipitate. This particular PRB made of adsorptive material is named 

Permeable Adsorbing Barrier (PAB).The chapter, after a short description of the main 

remediation technologies, describes a specific procedure for the design of a PAB for the 

remediation of an aquifer contaminated by PCE and TCE. As case study, the design of a 

PAB at a solid waste landfill site in Giugliano in Campania (area North of Napoli,Italy) is 

presented. In this site, there are many solid waste landfills where, over the past 20 years, 

about eight million tons of urban and special wastes have been deposited and 

contamination by different compounds has been detected. 

 

 

INTRODUCTION 
 

In this paragraph a short summary of the main remediation technologies for groundwater 

and soil remediation is presented, emphasis on Permeable Reactive Barriers (PRB). 

 

 

Technologies for Groundwater and Soil Remediation 
 

Two main approaches to remediation can be usually adopted for the decontamination of 

soil and groundwater from pollutants of different nature: 

 

 In-situ; 

 Ex-situ. 

 

The remediation with an in-situ technology consists in the application of a technique 

aimed at the degradation, the removal or the containment of pollutants, without the extraction 

of contaminated material from the subsurface. On the contrary, remediation with an ex-situ 

technology consists in two phases: first, the extraction of polluted media from the subsurface 

and, then, the treatment of the contaminated materials directly on the site (on-site ex-situ 

remediation technologies) or off the site of decontamination (off-site ex-situ remediation 

technologies). Both in-situ and ex-situ technologies can be performed with the application of 

biological treatments or physicochemical treatments. A synthetic description of the most 

important techniques for the decontamination of polluted groundwater and soils, is reported in 

the following: 

 

a) physicochemical treatments: 

 

a) 1) in-situ. 

 Permeable Reactive Barriers/Permeable Adsorbing Barriers (Chemical 

Reduction and/or Adsorption): these techniques require a wall of 
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reactive/adsorbing media put in the subsurface through which, under natural 

gradient, a groundwater flow passes and the polluted plume is captured. 

Contaminants are transformed into environmentally tolerable forms or adsorbed 

by the material to achieve remediation concentration goals, at check points 

downstream the natural groundwater flow[US EPA, 1997a; US EPA, 2002c; 

Costello, 2003; ITRC, 2005a; ESTCP, 2011a; ITRC, 2011a]; 

 Soil Vapor Extraction: volatile and semivolatile organic pollutants are removed 

from the soil by imposing a vacuum to generate a controlled flow. This 

technology is often implemented in conjunction with Air Sparging.[US EPA, 

1997b; US EPA, 1997c; American Academy of Environmental Engineers, 1998; 

Wisconsin Department of Natural Resources, 2003; US EPA, 2004c; US EPA, 

2006a; US EPA, 2006b; California Environmental Protection Agency, 2010; 

ESTCP, 2011a]; 

 Air Sparging: volatile and semivolatile organic contaminants are extracted from 

the unsaturated zone by stripping the vapour phase. Air or oxygen is injected into 

the polluted aquifer in order to volatilize the contaminants.[US EPA, 1997b; 

American Academy of Environmental Engineers, 1998; Leeson et al., 2002; 

Wisconsin Department of Natural Resources, 2003]; 

 Electrokinetics: a low-intensity electric direct current is applied through the 

contaminated soil by electrodes The cathode draws positive-charge organic 

compounds, metal ions and ammonium ions; the anode draws negative-charge 

organic compounds, chloride, nitrate, cyanide and fluoride [ITRC, 1997a;US 

EPA, 2002c; Saichek and Reddy, 2005; US EPA, 2006b]; 

 Flushing Technologies (Cosolvent/Alcohol Flooding, Surfactant Flushing): the 

polluted soil zone is flooded with large volumes of water, often integrated with 

surfactants, co-solvents, or different chemicals. Then the water and the chemicals 

used are recuperated with the flushed contaminants [American Academy of 

Environmental Engineers, 1993; ITRC, 2000; US EPA, 2002c; ITRC, 2003a; 

ITRC, 2004; US EPA, 2006b; US EPA, 2009a]; 

 Thermal Processes (Steam Injection, Electrical Heating, Radio Frequency 

Heating, Thermal Conduction, Dynamic Underground Stripping): the heat is 

transferred to the contaminated soil and/or groundwater, in situ, in several 

different ways and with the combination of many different techniques. Thanks to 

the heat, organic pollutants are cracked or volatilized, their mobility grows and 

the vapour-phase pollutants can be captured by wells and cleaned up in an ex situ 

treatment unit. Thermal Processes are mainly used for both Dense and Light Non 

Aqueous Phase Liquids (DNAPLs or LNAPLs) removal [US EPA, 1997a; US 

EPA, 1997b; US EPA, 1997c; US DOE, 2000; ITRC, 2004; US EPA. 2004a; US 

EPA, 2006b; Powell et al., 2007; US EPA, 2007a; US EPA, 2009a; ESTCP, 

2010; ESTCP, 2011a]; 

 Chemical Oxidation: volatile and semivolatile hazardous pollutants are 

chemically converted to non-hazardous or less toxic elements, that are inert or 

less mobile. This remediation technology is also applied to DNAPL source zones 

and to the dissolved-phase chemicals emanating from the source zones. The 

oxidizing agents most usually adopted to treat hazardous pollutants in soil and 
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groundwater are: hydrogen peroxide, catalyzed hydrogen peroxide, potassium 

permanganate, sodium permanganate, sodium persulfate and ozone [ESTCP, 

1999; ITRC, 2000; ITRC, 2004; US EPA, 2004c; ITRC, 2005b; US EPA, 2006b; 

US EPA, 2006c; SERDP, 2006; SERDP, 2007a; SERDP, 2007b; Tsitonaki et al., 

2008; US EPA, 2009a; ESTCP, 2011a; SERDP, 2011]; 

 Solidification/Stabilization: solidification process consists in the encapsulation of 

contaminants by decreasing the exchange surface and/or by covering the polluted 

media with low-permeability materials; this technique involves mechanical 

processes or chemical reactions between contaminant materials and solidifying 

reagents, such as cement, kiln dust or lime/fly ash, and addition of water where 

required. Stabilization consists in the reduction of mobility or solubility of 

polluted materials through chemical reactions. Solidification and stabilization are 

applied to areas of sludge or soils; they can be also adopted as ex-situ techniques 

with the excavation and the subsequent remediation of solids in the treatment 

units [US EPA, 1986; US EPA, 1989a; US EPA, 1993; US EPA, 2000a; US EPA, 

2002c; U.K. Environment Agency, 2004a; U.K. Environment Agency, 2004b; 

Paria and Yuet, 2006; US EPA, 2007a; ITRC, 2011b];  

 

a) 2) ex-situ: 

 

 Air Stripping: a hot air flow is forced through contaminated groundwater or 

surface water to extract pollutants; liquid contaminants evaporate and the gas is 

conveyed in an unit treatment and cleaned up. This technology is typically 

adopted to clean up groundwater as part of the pump and treat technique and it is 

mainly used to remove Volatile Organic Compounds (VOCs). [US EPA, 1989b; 

US DOE, 1995; Hand et al., 1999; Stocking et al., 2000; US Army Corps of 

Engineers, 2001; US DOE, 2001; Adams et al., 2002;US EPA, 2004c; Pour et al., 

2005; The California MTBE Research Partnership, 2006; US EPA, 2007a]; 

 Pump and Treat: this technique is composed of two different treatment phases. A 

pump process is adopted to extract contaminated groundwater and a treat process 

is used to clean up the removed water. The most used treatments are: adsorption 

with activated carbon, air stripping and chemical oxidation [US EPA, 1990; US 

EPA, 1996a; US EPA, 1996b; US EPA, 1997d; US EPA, 2002a; US EPA, 2002b; 

US EPA, 2005a; US EPA, 2007b; US EPA, 2007c; US EPA, 2008a; US EPA, 

2009b; ESTCP, 2011a]; 

 Soil Washing: a water-based system is adopted to remove pollutants adsorbed on 

fine soil particles, previously separated from bulk soil. The wash water may be 

enhanced with a basic leaching agent, surfactant or chelating agent or by 

adjustment of pH to improve extraction of organic contaminants and heavy 

metals. Soils and wash water are mixed in a treatment unit and separated after the 

treatment [US EPA, 1991; American Academy of Environmental Engineers, 

1993; ITRC, 1997b; ITRC, 1997c; US EPA, 1997e; US EPA, 2002c; Levisauskas 

et al., 2004; Jang et al., 2005; Pearl et al., 2006; US EPA, 2007a; CL: AIRE, 

2007; Dermont et al., 2008; US EPA, 2011a]; 
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 Thermal Processes (Thermal Desorption, Hot Gas Decontamination, Plasma 

High-Temperature Recovery, Pyrolysis, Thermal Off-Gas Treatment, 

Vitrification): pollutants are destroyed or separated from the contaminated 

materials through the exposition to elevated temperatures. The ex situ 

technologies involve excavation of soils. The remediation of polluted media takes 

place in apposite treatment units such as treatment cells and combustion 

chambers. This type of processes needs shorter treatment time and is 

characterized by uniformity of action thanks to selection, homogenization and 

continuous mixing of polluted materials. Thermal desorption and hot gas 

decontamination are separation technologies; pyrolysis and thermal treatment 

destroy the pollutants; vitrification destroys or separates organics and 

immobilizes some inorganic contaminants [US EPA, 1997e; US EPA, 1997f; US 

DOE, 1998; NFESC, 1998; US NRL, 1999; US EPA, 2002c; US EPA, 2004b; US 

EPA, 2004c; US EPA, 2007a]; 

 

b) biological treatments: 

 

b) 1) in situ: 

 Bioremediation: organic pollutants in soil, sludge, and solids are degraded by 

microorganisms, that use contaminants as a food and energy source; this 

operation requires the control of the pH and the temperature. Bioremediation 

processes can be aerobic or anaerobic: aerobic processes require oxygen to take 

place and the end products are carbon dioxide and water; anaerobic processes do 

not require oxygen and the end products can be methane, sulphide, elemental 

sulphur, hydrogen and ammonia. Different microorganisms adapted for 

deterioration of specific contaminants can be used on purpose. Bioremediation 

can be also used as an ex-situ biological treatment; this requires the excavation of 

contaminated area. [US EPA, 1997b; US EPA, 2000b; US EPA, 2001a; ITRC, 

2002; ITRC, 2004; US EPA, 2004c; Moretti, 2005; California Department of 

Toxic Substances Control, 2006; ICSS, 2006; ITRC, 2008a; Hazen, 2009a; 

Hazen, 2009b; US EPA, 2009a; Hazen, 2010; US EPA, 2010a; ESTCP, 2011a; 

ESTCP, 2011b]; 

 Bioventing and Biosparging: are forms of in situ bioremediation. For this 

operation, extraction wells are used to blow air through the soil to improve the 

growth of microorganisms degrading organic compounds [US EPA, 1995a; US 

EPA, 1995b; US EPA, 2001a; ESTCP, 2003; Wisconsin Department of Natural 

Resources, 2003; US EPA, 2004c; ICSS, 2006; Lambert et al., 2009; ESTCP, 

2011a]; 

 Monitored Natural Attenuation: in some cases the pollution in soil and 

groundwater can be eliminated or attenuated by natural processes. Even if these 

processes naturally take place in most contaminated sites, suitable conditions are 

desirable or the decontamination will not be sufficiently rapid or complete. These 

conditions are usually monitored to be sure that natural attenuation is effective 

[US EPA, 1999; US EPA, 2002d; US EPA, 2004c; US EPA, 2004d; PNNL, 
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2006; SRNL, 2006; ITRC, 2007; SRNL, 2007; ITRC, 2008b; SERDP, 2008; US 

EPA, 2011b]; 

 Phytotechnologies (Phytoremediation): these are defined as technologies that 

apply vegetation to remove and destroy, to control and immobilize, or both, 

pollutants present in soil, sediment, surface water and groundwater [ITRC, 1997d; 

US EPA, 2000c; US EPA, 2001b; US EPA, 2002c; ITRC, 2003b; Kamath et al., 

2004; McClain et al., 2004; US EPA, 2005b; US EPA, 2006b; US EPA, 2007d; 

ITRC, 2009; US EPA, 2010b; ESTCP, 2011a]; 

 

b) 2) ex-situ: 

 Bioreactor landfills: degradation and stabilization of organic materials take place 

through the addiction of liquid and air to improve microbiological growth in 

dedicated treatment units. There are three bioreactor configurations: aerobic, 

anaerobic and hybrid [Costello, 2003; US EPA, 2005c; ITRC, 2006; FNADE-

ADEME, 2007; US EPA, 2007e; US EPA, 2008b; Townsend et al., 2008]. 

 

 

PRB for Groundwater Remediation 
 

Permeable Reactive Barriers (PRBs) are in situ technology used to remediate 

contaminated groundwater. It is a cost effective and passive system composed of a reactive 

medium removing the contaminants in the groundwater as the plume passes through it and to 

achieve the restoration of the groundwater. The separation of pollutants from the aquifer takes 

place by conversion to less hazardous compounds, using reactive medium (Permeable 

Reactive Barriers, PRB) and/or by adsorption on porous active medium (Permeable 

Adsorbing Barriers, PAB). 

In a PRB/PAB treatment, the barrier is commonly built with reactive materials whose 

hydraulic conductivity is higher than that of the surrounding soils, so that the contaminated 

groundwater is forced to pass through the barrier itself, moving under natural hydraulic 

gradient [Di Natale F. et al., 2007; Erto et al., 2010a; Gibert et al., 2011; Kacimov et al., 

2011; Liu et al., 2011]. The mechanism and the effectiveness of action of a PAB depends on 

the choice of the reactive material used to build the barrier and its reactivity with the target 

pollutant/pollutants [Di Natale M. et al., 2007; Di Nardo et al., 2010b; Erto et al., 2010a; 

Gibert et al., 2011; Miller et al., 2011]. This technology represents a good alternative to 

classic groundwater remediation methods, for its low operational and maintenance costs, 

often characterized by very high volumes and low pollutant concentrations. Usually, 

PRB/PABs are used to remove heavy metals [Eljamal et al., 2011; Han et al., 2011; Jun et al., 

2009; Ouellet-Plamondon et al., 2011; Park et al., 2011; Zhang et al., 2011; Calabrò et al., 

2012], Light and Dense Non-Aqueous Phase Liquids (LNAPLs and DNAPLs), chemical 

fertilizers [Hosseini et al., 2011; Suzuki et al., 2012], and for the prevention of aquifer 

pollution [Bartzas and Komnitsas, 2010]. 

The design of a PRB/PAB for the remediation of a polluted aquifer, for which a 

hydraulic, geotechnical and contaminant characterization has been previously performed, is 

very complex and it mainly consists in the definition of the barrier material and location, 

orientation and dimensions [Di Natale M. et al., 2007; Di Natale et al., 2008a; Erto et al., 
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2011a]. Design choices are very important and a good compromise between technical and 

economic issues has to be found.  

The remediation of a polluted site is a very expensive process hence a careful design 

based on the knowledge of both specific site hydrology and contaminant plume characteristics 

is necessary [Di Nardo et al., 2010a; Erto et al., 2011a]. In recent years, computer codes have 

been developed to describe groundwater and contaminant transport in order to determine the 

optimal remediation strategy. Traditionally, several optimization strategies applied to Pump 

and Treat technology (PT) have been developed in order to minimize operational costs, using 

either time-invariant [Wang and Ahlfeld, 1994; Guan and Aral, 1996; McKinney and Lin, 

1996] or time-varying optimization techniques [Minsker and Shoemaker, 1998]. They are 

based on linear and non-linear programming techniques and are mainly aimed at finding the 

best strategies to identify wells number and location, and to define optimal pumping rates at 

the wells. 

Other simulation-based optimization procedures for groundwater remediation rely on 

genetic algorithm [Hsiao and Chang, 2002], fuzzy logic [He et al., 2008a] and statistical 

inference techniques [He et al., 2008b; He et al., 2009] and are also aimed at identifying the 

optimal strategies among a number of alternatives [Lu et al., 2007]. These studies, mainly 

referred to PT and surfactant-enhanced flushing remediation techniques, demonstrate that 

simulation and optimization are effective tools for supporting decision-makers in groundwater 

remediation design. Many commercial computer codes can be used to support PRB/PAB 

design, but no specific dedicated software has been developed yet. Furthermore, the 

modelling scales of transport and adsorbing processes are very different. In fact, the thickness 

of a barrier is very small as compared to the size of the surrounding aquifer and to the 

distance from the pollution source, hence the computational time of contaminant transport is 

much longer than the permanence time of the contaminant inside the barrier. For these 

reasons, simultaneous modelling at a small and large scale, in time and space, cannot be 

approached by direct computation in a unique simulation framework and separate simulations 

are often necessary [Erto et al., 2011a]. Therefore, in PRB/PAB design, also a less-than-exact 

optimization procedure can be helpful to support designers. In particular, in this chapter an 

original heuristic approach to optimize the design of a PAB made of granular activated carbon 

is proposed. 

 

 

DESCRIPTION OF PAB MODELLING 
 

In this paragraph the basic principles of PAB are described. A Permeable Reactive 

Barrier consists of a wall of reactive material (such as granular iron or other typically reduced 

metal, lime, electron donor-releasing compounds, electron acceptor-releasing compounds or 

adsorbing material, such as activated carbon, metal oxide, etc.), whose hydraulic conductivity 

is higher than that of the surrounding soils, installed in the path of a plume of contaminated 

groundwater (Figure 2.1). 
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Figure 2.1. Permeable Reactive Barrier (PRB). 

 

Figure 2.2. PRB configurations: a) Continuous barrier; b) Funnel and gate. 

As the groundwater flows through this zone, without any external energy input, the 

contaminants are degraded to innocuous components through chemical and/or biological 

reactions, captured on the adsorbing media, or chemically altered so that they form insoluble 

precipitates. PRB can be installed at the downgradient edge of the plume as a containment 

system and/or immediately downgradient of the source area to prevent further migration of 

elevated levels of contaminant mass.Several configurations of in situ PRB systems are 

feasible, and the applicability of this technology depends on the geologic and hydrogeologic 

conditions, as well as on the contaminant distribution in the vertical and horizontal directions 

at a specific site. 

Two different configurations can be used in full-scale implementations of reactive 

barriers:  

 

1. The continuous trench; and  

2. The funnel and gate (Figure 2.2),although other designs are being researched and 

evaluated [US EPA, 1998]. 

 

The continuous PRB is the simplest configuration, in which the barrier and, subsequently, 

the reactive media extend across the entire width of the contaminant plume (Figure 2.2a). 

This system can be installed by digging a trench and filling it with permeable material to 

create an artificially permeable environment.  
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a) 

 
 

b) 

 

Figure 2. 3. PRB configurations: a) penetrating PRB system and b) hanging PRB. 

The funnel and gate configuration (Figure 2.2b), instead, consists of an impermeable 

funnel, typically made up of interlocking sheet pilings or slurry walls, emplaced to enclose 

and direct the flow of contaminated water toward a gate or gates containing the permeable 

zone of reactive material. This latter can be implemented using various configurations, 

depending upon the plume width and depth and the type of mass transfer reaction required. 

The options for the funnel (cut-off walls) include sheet pile walls or slurry walls and options 

for the gate include permeable non-reactive materials such as pea gravel (for air sparging) or 

oyster shells (for biodegradation) and reactive materials such as activated carbon or zero-

valence iron. Funnelling or directing the groundwater toward a treatment gate may increase 

the natural groundwater flow velocity several times. Funnel and gate designs need to extend 

beyond the extent of the plume to ensure that all the contaminated groundwater is captured an 

treated. The goal of a continuous barrier or a funnel and gate is to ensure that contaminant 

flow beneath, around, or above the system does not occur.  

PRB systems can be constructed through the entire thickness of an aquifer, if the 

contamination extends across the full depth of an aquifer, or, when the contaminant plume is 

shallow, penetration of the system may be required only to the depth of contamination. The 

above two configurations are known as a fully penetrating PRB system and a hanging PRB 

system, respectively (Figure 2.3). 

The variety of treatment materials available for use in PRB applications is an important 

issue because it allows the customization of PRB design, based on specific site 

characteristics. 

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

important is the chemical composition of the contaminant. 

The most used chemical or physical processes are degradation, precipitation and sorption. 

The degradation processes consist of chemical or biological (aerobic or anaerobic) reactions 

that lead to the decay of contaminant to less dangerous compounds. These reduction reactions 

may induce solid precipitation that can wear the barrier and seriously affect its removal 
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efficiency, diminishing its porosity and conductivity [Mackenzie et al., 1999; Kamolpornwijit 

et al., 2003; Li et al., 2006]. Moreover, for some compounds, dechlorination reactions are 

very slow at high water flow-rates, hence barriers should be very thick in order to extend the 

contaminant residence time in the system [Moon et al., 2005]. An example of chemical 

degradation can be oxidation of zero valent iron Fe
0
. This latter is the most widely used 

reactive material in PRBs owing to its success in treating common organic and inorganic 

contaminants in groundwater, such as chlorinated volatile organic compounds (VOCs) [US 

EPA, 1998; Vogan et al., 1999; Farrell et al., 2000; D’Andrea et al., 2005; Moon et al., 2005; 

Plagentz et al., 2006; Higgins and Olson, 2009; Jun et al., 2009]. 

Precipitation is the transformation of contaminants to the insoluble solid forms that are 

captured in the reactive media. For example, the reduction of some metals that are 

precipitated in the form of hydroxides or sulfites can be favored by an increase of pH. 

Sorption is the removal contaminant from polluted water by adsorption or ion exchange, 

using specific reactive media. It is a process relatively simple (compared to others), and can 

achieve satisfactory removal efficiencies. The most often used media is granular activated 

carbon, zeolites and peat for removal of organic compounds and heavy metals[Czurda e Haus, 

2002; Lorbeer et al., 2002; Ake et al., 2003; Komnitsas et al., 2006; Di Natale M. et al., 2007; 

Di Natale F.et al., 2007; Di Natale et al., 2008a; Di Natale et al., 2008b; Di Natale et al., 

2009; Di Natale et al., 2011]. 

The main advantages of PRB technology are: 

 

 Availability of the site for other uses or activities after installation of a PRB; 

 Passive in-situ remediation of groundwater without external energy source; 

 Capacity to treat chlorinated hydrocarbons to very low or non-detect levels; 

 Lower influence to the groundwater regime; 

 More cost efficacy than pump-and-treat systems for long-term unattended operation;  

 Low acquisition and operational costs. 

 

Conversely, the main disadvantages of PRB are: 

 

 Unknown long-term effects from chemical and/or biological precipitate formation; 

 Construction complications deriving from subsurface utilities and/or aboveground 

structures; 

 Limitationto depths of less than 50 feet using current construction technologies; 

 Necessity to remove or replace the PRB reactive media when exhaust. 

 

 

Fate and Transport of Contaminants in Porous Media 
 

In this paragraph some basic hydrogeological concepts, and the basic equations of 

groundwater motion are introduced, paying particular attention to transport equation in porous 

media. 

The complex system of solids and voids, filled with fluids, that is the aquifer, can be 

simplified as a porous media [Bear, 1979]. The balance laws for flow are obtained formally 

through integration from the microscopic level (the level of observation of a fluid particle) to 
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the macroscopic level (the level of observation of the porous medium). Even if problems 

could be described and solved at the microscopic level, measurements cannot be taken at that 

level (i.e., at a point within the void space), in order to validate the model. To overcome this 

difficulty, the porous medium domain is visualized as a continuum with fluid or solid matrix 

variables defined at every point. 

The transition from microscopic to macroscopic studies of transport phenomena is 

achieved via the introduction of a Representative Elementary Volume (REV) of the porous 

medium domain (Figure 2.4).  

A REV is defined as the smallest volume in the domain over which the averages of its 

fluid and solid properties are independent of small perturbations in its size; each domain can 

then be identified as a portion of space occupied by a number of fluid phases and a solid 

phase (i.e., the solid matrix). 

The rate of water flow through a porous media depends on the properties of the water, the 

properties of the porous media, and the gradient of the hydraulic head, as represented by 

Darcy’s law, which can be written as: 

 

3,2,1, 
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where qi is the specific discharge, [LT−1
]; Kij is the hydraulic conductivity of the porous 

medium (a second-order tensor), [LT−1
]; and h is the hydraulic head, [L]. 

The specific discharge has units of velocity and is also known as the Darcy velocity (v). It 

should be noted that the Darcy velocity is an artificial velocity as it corresponds to the total 

quantity of water flowing divided by the cross-sectional area. The average velocity, vw of the 

water can therefore be calculated as the Darcy velocity divided by the effective porosity, ne: 
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The equations used to describe the transient flow of a compressible fluid in a non-

homogeneous anisotropic aquifer, in groundwater applications, is formulated by applying the 

law of conservation of mass, which explains that the mass quantity leaving or entering a 

specified volume of aquifer during a given time interval is equal to the change in the amount 

of that quantity stored in the volume. Consequently the general form of the equation derived 

by combining Darcy's law with the continuity equation leads to: 
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where i and j are the principal coordinate directions (equal to 1,2,3), Kij is the hydraulic 

conductivity, h is the aquifer head, Ss the specific storage, Q the local sources or sinks per unit 

volume and t is the time. 
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Figure 2. 4. Representative Elementary Volume (REV).  

The specific storage, or specific storage coefficient Ss in equation (2. 3) represents the 

amount of water released from storage or stored per unit of volume in an aquifer, per unit of 

change in head. Darcy’s law gives three equations for a flow in three directions. The flow 

equation yields the fourth equation for the four unknowns: the three components of 

groundwater flux and the head.  

The transport of solutes in the saturated zone is governed by the Advection-Dispersion 

Equation (ADE) which for a porous medium with uniform porosity distribution is formulated 

as follows: 

 

  


































N

1k

ks

s

s

i

ij

ij

i

RC
n

q
Cv

xx

C
D

xt

C
    (2. 4) 

 

where: 

 

C is the concentration of contaminants dissolved in groundwater, [ML
-3

]; 

 

t is time,[T]; 

 

xi is the distance along the respective Cartesian coordinate axis,[L]; 

 

Dij is the hydrodynamic dispersion coefficient, [L
2
T

-1
]; 

 

vj is the seepage or linear pore water velocity, [LT
-1

]; 

 

qs is the volumetric flux of water per unit volume of aquifer representing sources 

(positive) and sinks (negative), [T
-1

]; 

Cs is the concentration of the sources or sinks, [ML
-3

]; 

ns is the porosity of the porous medium, dimensionless; 
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N

1k

k
R is a chemical reaction rate, [ML

-3
T

-1
]. 

 

The first term on the right side of eq. II.4 represents the change in concentration due to 

hydrodynamic dispersion. Dispersion in porous media refers to the spreading of contaminants 

over a greater region than that would be predicted from the groundwater velocity vectors. As 

described by Anderson [1984], dispersion is caused by mechanical dispersion, as a result of 

deviations of actual velocity on a microscale from the average groundwater velocity, and 

molecular diffusion, as a result of concentration variations. The molecular diffusion effect is 

generally secondary and negligible as compared to the mechanical dispersion effect, and only 

becomes important when groundwater velocity is very low. The sum of the mechanical 

dispersion and the molecular diffusion is termed hydrodynamic dispersion. The 

hydrodynamic dispersion tensor for isotropic porous media is defined as: 

 

3,2,1,,,  fejiD
v

vv
D

m

fe

ijefij
      (2. 5) 

 

where ijef is the dispersivity of the porous medium [L]; ve and vf are the components of the 

flow velocity of the fluid in the e and f directions, respectively [L T−1
]; Dm is the effective 

coefficient of molecular diffusion [L
2
 T−1

]; and |v| is the magnitude of the velocity vector [L 

T−1
] [Scheidegger, 1961; Konikow and Grove, 1977; Bear, 1979; Domenico and Schwartz, 

1990]. The dispersivity ijef is a measure of the heterogeneity present in the aquifer and 

expresses the microscopic configuration of the solid-liquid interface. A very heterogeneous 

porous medium has a higher dispersivity than a slightly heterogeneous porous medium. It is a 

fourth-order tensor and for an isotropic porous medium is related principally to the 

longitudinal dispersivity L, and the transversal dispersivity T [Bear and Verruyt, 1987]. 

Consequently the components of the mechanical dispersion tensor may be expressed as 

follows: 
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    (2. 6) 

 

The second term represents advective transport and describes the movement of solutes at 

the average seepage velocity of the flowing groundwater.  

For many practical problems concerning contaminant transport in groundwater, the 

advection term dominates. In order to measure the degree of advection domination, a 

dimensionless Peclet number is used, that is defined as: 
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          (2. 7)
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where δ is a characteristic length, commonly taken as the grid cell width, [L] and D is the 

dispersion coefficient, [L
2
T

-l
]. 

The third term represents the effects of solute mass dissolved in water entering the 

simulated domain through sources or injections, or solute mass dissolved in water leaving the 

simulated domain through sinks. 

The fourth term lumps all of the chemical, geochemical, and biological reactions that 

cause transfer of mass between the liquid and solid phases or conversion of dissolved 

chemical species from one form to another.  

The chemical attenuation of inorganic chemicals can occur by sorption/desorption, 

precipitation/dissolution, or oxidation/reduction; organic chemical can adsorb or degrade by 

microbiological processes. 

Considering the third term as negligible the equation (2. 4) can be written as:  
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In the case of a Permeable Adsorbing Barrier in which adsorption phenomena take place, 

the 


N

1k

k
R  term of general equation (2. 4) is represented by adsorbing phenomena occurring 

into the barrier as, under isothermal conditions, groundwater flow can be considered as steady 

and no volumetric sinks (leakage, infiltration, evaporation, etc.) occur. This sink term can be 

expressed as follows: 
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      (2. 9) 

 

In equation (2. 9), ω represents the pollutant concentration on solid, ρb the dry adsorbing 

material bulk density, nb the barrier porosity and C
*
=C

*
(ω) derives from the adsorption 

isotherm and defines the mass transfer driving force in the transport model equations.  

Further explanations about adsorption phenomena are provided in the subsequent 

paragraph.  

It is important here to recall that adsorbing material properties and pollutant adsorption 

isotherms have to be known or they have to be measured in dedicated laboratory tests in order 

to completely define the eq. 2. 4. 

As to initial conditions, the initial pollutant liquid concentrations are determined and the 

corresponding solid concentrations are assumed to be zero, throughout the entire flow 

domain. 

The boundary conditions are as follows: 



Groundwater Protection by Permeable Adsorbing Barriers … 151 

  tyXx0
x

C
D

x
Cv

xt

C

txYy

tx0y

ty0x

0C

j

ij

i

i

i


























































    (2. 10) 

 

where X, in a coordinated system with x-axis parallel to groundwater flux direction, is the 

distance between the barrier and the western boundary of the polluted domain, and Y is the 

extension of the domain in y direction.  

 

 

Adsorption Modelling 
 

Adsorption is a mass transfer phenomenon in which a molecule of a chemical species in a 

fluid phase (liquid or gas) binds to the surface of a porous solid, thanks to the presence of 

attractive forces at solid-fluid interface. The species subject to adsorption is commonly 

referred to as (ad )sorbate, while the solid phase is called (ad)sorbent. Adsorption directly 

involves the outer surface of the solid adsorbent and adsorption capacity (ω), as the mass of 

adsorbate captured by the solid per mass of adsorbent is usually related to the extension of its 

specific surface. Therefore, the most widely used adsorbent materials are those with high 

porosity i.e. activated carbon, silica gel, some synthetic polymers, alumina and some natural 

or waste materials that, if properly treated, can be used for this purpose. The choice of solid 

material is carried out according to the pollutant to remove. As an example, charcoal and 

carbonaceous solids with reduced surface charge are more suitable than other sorbents for the 

adsorption of molecules with low polarity, such as many organic compounds [Stumm and 

Morgan, 1996]. 

Adsorption processes are widely used in water and wastewater treatment, as the latest 

scientific guidelines count it among the BATs (best available techniques) for water depuration 

[European IPPC Bureau, 2003]. 

The performance of an adsorption treatment mainly depends on the thermodynamic 

aspects of solute-solvent-sorbent interactions and on the transport phenomena involving the 

diffusive-convective transport within the porous media. The equilibrium conditions are the 

most significant limits for the application of a given sorbent since the uptake of a specific 

compound may change within orders of magnitude by varying the process parameters, such as 

concentration, pH, ionic strength, temperature and chemical composition of the aqueous 

solution [Suzuki, 1990; Do, 1998]. 

The characterization of the adsorption process can be done either from a thermodynamic 

point of view, in order to have information about adsorption capacity and its dependence on 

the main process parameters, or by a kinetic standpoint, focusing on fluid-dynamic 

characterization, mass transport from fluid to solid phase and, more in general, on the rate of 

the overall process. 

From a thermodynamic point of view, adsorption is a spontaneous process (ΔG<0) and is 

characterized by a decrease in the entropy of the substance adsorbed and incorporated into the 

solid (ΔS<0). Since, at constant temperature and pressure, the following relationship is valid: 
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STHG          (2. 11) 

 

It is easy to deduce that adsorption is a exothermic process, i.e. characterized by decrease 

of enthalpy, also referred as heat of adsorption, (ΔH<0) and, therefore, favored by low 

temperatures. 

On the basis of the nature of the forces which are involved in attraction between 

adsorbent and adsorbate, it is common to distinguish two different types of adsorption: 

 

 Physical adsorption; 

 Chemical adsorption. 

 

In physical adsorption, the contaminant molecule is bound to surface of the adsorbent 

material by weak electrostatic forces with very low binding energy (heat of adsorption equal 

to or less than 5 kJ/mole). These forces are always attractive and allow the creation of bonds; 

commonly, interactions between molecules with permanent dipoles are denominated Dipole-

Dipole bonds (Van der Walls forces), while those between temporary dipoles induced by fast 

electron density fluctuation of a molecule or molecules with uneven charge distribution, are 

termed dispersion forces or London forces [Stumm and Morgan, 1996]. Usually the process is 

not dissociative and adsorbate is bound to the surface as a molecule and independently from 

its geometric shape.  

In chemical adsorption the molecule is adsorbed through proper chemical bonds (heat of 

adsorption order of 20-100 kJ/mole) and, therefore, almost always in a dissociative manner. 

Unlike physical adsorption, chemical adsorption can be done exclusively in monolayer 

[Ruthven, 1984]. The link may be ionic or covalent type, and in any case leads to a substantial 

change of electronic configurations. Moreover, in this case, adsorption is much more selective 

and in many cases even irreversible. 

 

Adsorption Thermodynamic Models 

Thermodynamic study and modeling of adsorption processes are carried out by means of 

adsorption isotherms representing the relationships between the mass of solute (adsorbate) 

bound per gram of the adsorbent solid, ω, and the concentration of solute C in the fluid, at 

constant temperature. In the case of specific interactions between adsorbates and the active 

sites on solid surface, the most accredited theory is that proposed by Langmuir [1918]. In this 

case it is believed that the process is modeled by a chemical pseudo-reaction between 

adsorbate and active sites, the latter characterized by the same energy of interactions with the 

adsorbate molecules.  

Moreover, it is assumed that no further interactions between adsorbed molecules and with 

the solvent are present and that adsorption takes place in monolayer. The Langmuir model is 

among the most used in the description of real systems, particularly in the case of adsorption 

of ions from aqueous solutions, precisely because it presupposes the existence of specific 

interactions between the solute and surface of the adsorbent solid.  

Although with somewhat restrictive assumptions, this model allows for an accurate 

description of the phenomenon when the adsorbed quantity is low and this has no interaction 

with the solvent. In particular, the Langmuir model is able to adequately describe the case of a 

single layer of molecules adsorbed on the surface of the solid. When this eventuality cannot 
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be hypothesized, two different models can be considered. In the presence of low 

concentrations of solute bound, lower than those needed to achieve the full coverage of the 

solid surface, the adsorption process can be described by a linear relationship between the 

concentration of the solute in solution and the adsorption capacity, with a similar formula, 

even conceptually, to Henry's law for absorption. Conversely, when adsorption is 

hypothesized to take place on more than one layer, it is necessary to consider the existing 

interactions between the molecules adsorbed on intermediate layers and the solute in solution. 

The descriptive model for such a phenomenon has been developed by Brunauer, Emmett and 

Teller [1938] and is usually referred to as BET isotherm.  

This equation is based on the assumption that the number of sites is exactly defined and 

the solute bound to the first layer follows the assumptions of the Langmuir model, while the 

one bound to the first successive layers adsorb with a mechanism similar to condensation. As 

a result, the enthalpy of adsorption for the first layer, constant for all sites in, is different than 

that for the successive layers, which is equal to the enthalpy of liquefaction. The Frumkin 

isotherm, also known as Fowler-Guggenheim isotherm, is based on the assumptions of the 

Langmuir model but in his formulation takes into account the interaction between adsorbed 

molecules [Stumm and Morgan, 1996]. Modeling of adsorption phenomena may also take 

into account of the existence of a distribution of the interaction energy of the active sites 

present on the surface of the solid adsorbent. The Langmuir isotherm is representative of a 

system with a single energy level for all active sites, as descriptive of the ideal case of a 

reaction between adsorbed species and a specific active site. If we assume a uniform 

distribution of energies of the active sites on the solid surface, the adsorption isotherm is 

expressed by the relation of Temkin [1941].  

The most common case is the one in which, on the surface of the solid, the lower active 

sites are the most popular, while increasing their energy level results in a decrease in the 

number of active sites that can be associated to that level (i.e. a decreasing exponential 

distribution of energies of the active sites).  

In this case, the functional form of the adsorption isotherm is expressed by the equation 

of Freundlich [1878]. Table 2.1 summarizes the adsorption isotherms most commonly used, 

the respective fields of application and the meaning of parameters present in each of them. It 

should be noted that the Freundlich isotherm is reduced to that of Henry if n=1. This 

represents the condition of the same binding energy for all active sites. This condition is 

identical to that of Langmuir, which also reduces the isotherm Henry if the concentration C 

tends to zero.  

 

Multicomponent Adsorption Models 

Real systems are often characterized by the simultaneous presence of different pollutants, 

then in the analysis of adsorption it is appropriate to consider multiple chemical species 

adsorbing on the same surface with different mechanisms, which may also involve a 

competition to the same active sites [Do, 1998; Erto et al., 2011b; Erto et al., 2012].  

The design of adsorption units mainly depends on sorbent adsorption capacity in 

equilibrium conditions and their performance is influenced by the multicomponent 

competitive interactions of the compounds simultaneously present in solution.  

 

 

 



 

Table 2. 1. Adsorption isotherms for single compound systems 

 

Isotherm Parameter Properties 

Langmuir: 

*

*

*

1 KC

KC
MAX







 

K = Langmuir equilibrium constant; 

ωMAX = maximum adsorption capacity 

(monolayer) [mg/g]. 

Monolayer.  

No solute-solvent interactions.  

Active sitesisoenergetic: 

    EE 
. 

Freundlich: 
**

KC  

K = aRTπ/sin(nπ); 

T = temperature [°K]; 

n = depends on binding energy, 0 < n < 1. 

Exponential distribution of active sites: 

   EE
2

exp  
. 

Langmuir - Freundlich: 

n

n

MAX

KC

KC

*

*

*

1 





 

K = Langmuir-Freundlich equilibrium 

constant; 

ωMAX = maximum adsorption capacity 

(monolayer) [mg/g] 

n = empiricalparameter. 

Non-linear distribution of active sites: 

Temkin: 
**

ln Cqp 
 

p and q = empirical constants. Uniform distribution of active site:

  tE cos
. 

Henry: 
***

CH  

H
*
 = Henry constant = KωMAX. Infinite dilution of adsorbate. 

B.E.T.: 

      
SSS

MAX

CCCKCCC

KC

***

*

*

11 



  

K = equilibrium constant; 

CS = water solubility of the adsorbate 

[mg/l]. 

Validity of Langmuir assumptions for 

the first layer. 

Multilayer. 

Heat of adsorption variable for the other 

layers. 

Frumkin (Flower – Guggenheim): 

 

 




exp1

exp

*

*

KC

KC




 

K = equilibriumconstant; 

θ = ω*
/ ωMAX. 

Monolayer. 

Interactions between adsorbed 

molecules: 
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Hence, the assessment of the adsorption capacity of a compound in the presence of other 

solutes as well as the definition of appropriate theoretical models is necessary for a proper 

design of a cost-effective depuration system. 

The interference and competition phenomena arising in these systems can be described, 

and in some cases also predicted, by specific adsorption models whose mathematical 

formulation can be more or less complex, depending on the physical adsorption mechanism 

hypothesized. The equations representing the adsorption models investigated are reported in 

the following, together with the description of the main assumption and basic hypotheses 

behind their formulation. 

Many of the adsorption models previously described for single compound systems can 

now be applied to multicomponent adsorption phenomena. In particular it is possible an 

extension of Henry, Langmuir and Freundlich to such systems. 

Henry model turns out to be simply additive, as it suggests the absence of interactions 

between different chemical species to adsorb. Therefore, in the case of adsorption of different 

chemical species N, the expression of the isotherms of Henry turns out to be [Benjamin, 

2002]: 
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where: 

 

Ck is the concentration of the i-th species [ML
-3

]; 

 

H
*
k, is the Henry constant correspondent. 

 

As to Freundlich isotherm, the typical expression for a system of N total species present 

in solution and in competition with the solute to the same active sites is as follows [Benjamin, 

2002]: 
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where: 

CA, is the concentration of species [ML
-3

]; 

 

KA is the Freundlich coefficient; 

 

aAk, is a parameter that takes into account for the interactions between the A species and 

the k-th of the other M species present in solution. 

The Langmuir model for multicomponent adsorption systems is based on the same 

assumptions as its single-compound counterpart. 

Unlike the other two models, Langmuir Multicomponent Model allows to distinguish 

between different operating conditions [Benjamin, 2002]: 
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 Adsorption of N species on different active sites, i.e., in the absence of competition: 

 

 





N

k kk

kkMAX

k
CK

CK

1
1


        (2. 14) 

 

where: 

 

ωk is the adsorption capacity of the k-th species [-]; 

 

ωMAX, is a parameter representing the maximum capacity of the solid adsorption [-]; 

 

Kk, is the constant of Langmuir on the k-th species [L
3
M

-1
]; 

 

Ck is the equilibrium concentration of the k-th species [ML
-3

]. 

 

With these assumptions, the value of ωk is equal to the single-component case. 

 

 Adsorption of N chemical species, including the solute A, competing for the same 

active sites: 
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In this case, the total adsorption capacity of the solid towards all the species, is given by: 
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       (2. 16) 

 

In all the above cases, it is worth noticing that the adsorption constants of all compounds 

(ωk,MAX and Kk) should be derived individually from single-component adsorption tests, as 

they represent intrinsic properties of the sorbate-sorbent couple [Do, 1998]. Moreover, the 

above equations are valid only if ωMAX is a constant value for all the involved compounds as it 

is an intrinsic property of the adsorbent. 

The Ideal Adsorbed Solution Theory (IAST) was originally proposed by Myers and 

Prausnitz [1965] for gas mixture adsorption and then extended to liquid solutions by Radke 

and Prausnitz [1972]; it provides a thermodynamically consistent method for predicting 

multicomponent adsorption isotherms using single-component isotherm data. The IAST is 
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based on the assumption that the adsorbed mixture forms an ideal solution in equilibrium with 

liquid phase at a constant spreading pressure for each solute (πk). The spreading pressure of a 

solute is an intensive thermodynamic variable for adsorption equilibria; it is defined as the 

difference between the interfacial tension of the pure solvent-solid interface and that of the 

solution-solid interface [Ruthven, 1984].The liquid-solid equilibrium, in analogy with 

Raoult’s law for vapour –liquid equilibria, is represented by the following equation: 
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        (2.17) 

 

where Ck is the equilibrium liquid concentration of solutes in a multicomponent system, 0

k
C is 

the single-solute (single-component) liquid concentration in equilibrium with 0

k
 , the single-

component adsorption capacity, at same pressure, temperature and spreading pressure of a 

multicomponent system, and zk, is the mole fraction on carbon surface, that can be expressed 

as: 
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In this equation ωT is the total surface loading, i.e. the sum of solutes adsorption 

capacities (ωk) in a multicomponent system.  

The IAST model also assumes:  

 

(i) Identical chemical potentials of adsorbed and liquid phases, resulting in equation 

(II.17);  

(ii) A thermodynamically inert solid;  

(iii) A negligible effect of pressure on liquid phase properties and  

(iv) A constant adsorption area per mole of solute, for the mixture or the single-solute,  

at the spreading pressure of the mixture. These properties are expressed by  

equation (2. 20): 
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       (2. 20) 

 

The spreading pressure of the mixture is equal to that of single-compound systems and it 

is defined, starting from Gibbs adsorption isotherm, by the following equation [Radke and 

Prausnitz, 1972]: 
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      (2. 21) 
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where the integrand is represented by the single-component adsorption isotherm, A is the 

specific adsorbent area, R is the universal gas constant and T is the absolute temperature. 

Multicomponent adsorption isotherms can be predicted using the equation set (2. 17)-(2. 

21) by assigning Ck values and calculating the corresponding ωk values, starting from the 

single-component adsorption isotherms, that can be known by any adsorption model 

[Langmuir, Freundlich, etc.]. 

 

Kinetic Aspects of Adsorption 

Adsorption process can be described also from a kinetic point of view through the study 

of kinetic and fluid-dynamic parameters, including flow rate, velocity and time of solid-liquid 

contact in the plant configuration selected for the conduction of the process. The analysis 

includes an assessment of mass transfer mechanisms and of the diffusivity of pollutant 

molecules. More generally, it is possible to say that adsorption processes are characterized by 

complex kinetic phenomena involving elementary step: 

 

a) Extra-particle transport mechanisms:  

1) Fluid-dynamic motion field: mixing of fluid phase, which determines the 

conditions of transport from particle to fluid; 

2) External particle mass transfer: convective-diffusive phenomena determining 

mass transfer from the surrounding fluid phase to the surface of the adsorbent 

particles and vice-versa; 

b) Intra-particle transport mechanisms: 

3) Diffusion in macropores/micropores: namely the diffusion of solute molecules 

inside the pores of adsorbent particles; 

4) Surface diffusion: the migration of solute molecules on the surface of the 

adsorbent particles that contributes to the transport of the same particle inside; 

c) Chemical reaction between solute and active sites. 

 

The mass transport of solutes from the solution to the solid surface can be presented with 

a series of successive steps, each of which represents a different contribution to the overall 

resistance: 

 

 External transport: transport through the water layer (film) more directly in contact 

with the solid particle; 

 Internal diffusion: transport within the pores until the solute reaches the active site; 

 Adsorption: formation of the bond between the adsorbent solid and the adsorbate. 

 

The last two mechanisms are in series with the first but act in parallel with each other. In 

any case, the slowest of them represents the limiting step and therefore determines the overall 

rate of adsorption. Generally, under the turbulent regime, the diffusion inside the pores offers 

the greatest resistance. 

In general, the rate of the process decreases with the increase in the size of the molecule, 

because the diffusion coefficients decrease. Moreover, when the controlling mechanism is the 

internal diffusion, the rate adsorption decreases when adsorbent pore size decreases. 
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Conversely, when the controlling mechanism is the external transport, an increase in the 

relative velocity fluid-solid determines an increase in the overall adsorption rate. 

The adsorption process can be conducted in ex-situ operations, coupled with pump and 

treat technique if applied to the depuration of groundwater. Most adsorption processes are 

carried out in fixed-bed columns, i.e. tubular reactors in which an absorbent material is loaded 

up, and the current liquid containing the contaminant to be removed passes through. As 

previously reported, adsorption for groundwater depuration can be performed also as in situ 

operations, performed with Permeable Adsorbing Barriers (PAB). 

The operating principle of these barriers is exactly the same as that of the columns. A 

configuration of this type of reactor does not ensure the achievement of the equilibrium 

between the solute and the entire treated flow volume; hence the concentration profile along 

the column is variable over time. 

The determination of the concentration of the substance to be absorbed in the fluid flow, 

at each point of the column and for each runtime is therefore a starting point for 

understanding the dynamic evolution of an adsorption column or of a PAB.  

The kinetic study of adsorption phenomena and the influence of the characteristic 

parameters of the process is usually performed using a process configuration in pilot scale, 

e.g., a column with a fixed bed of adsorbing material and through the realization of 

experimental breakthrough curves. They represent experimental relationships between 

concentration of the pollutant in the output flow from the column and the time of adsorption. 

Alternatively, once the transport properties of the system under examination are known (mass 

transfer coefficients, pollutant diffusion, etc.) and starting from the knowledge of adsorption 

isotherms, a simulation of the process can be made, with the help of dedicated software. 

In both cases, an equation of mass balance of the substance to be adsorbed, flanked by a 

mass transfer equation on the solid, can be written. The equation of the mass balance, in the 

volume chosen as control, should take into account the fact that the fluid flow that moves 

along the column or the PAB, leaving part of the pollutant adsorbed on the solid surface.  

For a two-dimension system (x; y), the mass balance equation that takes into account the 

contribution of the solid the fluid phases and representing the phenomenon of adsorption can 

be written as: 
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     (2. 22) 

 

Equation (2. 22) is a partial derivative differential equation, very similar to eq. 2. 4 

written for a generic porous media, in which: 

 

u is the unit flux vector, i.e. the apparent speed of the fluid, which is defined as the ratio 

between the flow input the column (PAB) and its section [LT
-1

]; 

 

C is the concentration of the contaminant in the fluid flow [ML
-3

]; 

 

ρb is the apparent density (bulk) of activated carbon [ML
-3

]; 

 

ω is the concentration of pollutant on solid [-]; 



I.Bortone,S.Chianese,A.Di Nardo et al. 160 

Dh is the hydrodynamic dispersion coefficient, that includes the pollutant diffusivity and 

mechanical dispersion in the column (PAB) [L
2
T

-1
]; 

 

nb is the porosity of the adsorbing material [-]. 

 

Equation (2. 22) was written with the following assumptions: 

 

It is assumed that there is no concentration gradient neither in the solid particle pores nor 

within the fluid film surrounding the particles; hence the accumulation of pollutant in the 

liquid contained in the pores of the adsorbent material is neglected.  

Furthermore, It has been hypothesized that the change in the flow speed in the column is 

not appreciable. 

To solve equation (2. 22) it is required to calculate the diffusional mass transport and an 

experimental relationship that correlates the adsorption capacity of the pollutant with its 

concentration in the fluid phase (i.e. an adsorption isotherm). 

In aqueous solutions the axial dispersion can be described by neglecting molecular 

diffusion phenomena and considering turbulent mixing only.  

The description of the phenomenon must include, as said above, also an equation 

representing the mass flow per unit volume N, near the surface of the sorbent. This flow can 

be described by the product of a global transport coefficient, Kc, a specific area, a, and a 

driving force: 
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where: 

 

C
*
 is the concentration of solute in fluid phase in equilibrium with the adsorption capacity 

of the solid [ML
-3

]. 

The material balance of the solute adsorbed on the solid, having a specific surfacea, is: 
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       (2. 24) 

 

where: 

 

ρb is the bulk density, which is mass of granular material per unit volume of a bulk-

packed column [ML
-3

]; 

 

a is the specific surface area of adsorbent [L
-1

]; 

 

Kc is the global mass transfer coefficient [T
-1

]; 

 

nb is still the porosity of the adsorbing material [-]. 

This kinetic adsorption model supposes the knowledge of global mass transfer coefficient 

Kc, which includes all individual mechanisms of fluid-particle transport and intraparticle 
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diffusion, and the surface reaction kinetic for adsorption of solutes. In general, the latter term 

can be neglected, it being much higher than the other. Therefore, the global transport 

coefficient, Kca, can be described as the result of a series of external, fluid-particle, and 

intraparticle transport phenomena according to the equation: 

 

intint

111

aKaKaK
estestc

        (2. 25) 

 

where: 

 

Kest is the coefficient of fluid-particle transport; 

 

Kint, is the diffusive intraparticle coefficient; 

 

aest, is the external specific surface particle 
p

est

d
a

6
 , being dp the solid particle average 

diameter; 

 

aint, is the specific surface of solid (i.e. B.E.T area). 

 

There are several relationships in the literature for the determination of fluid-particle 

mass transport, which enables the estimation of the term Kest. Typically, these relationships 

are expressed in terms of number of Sherwood, defined as: 

 

m

estp

D

Kd
Sh          (2. 26) 

 

where: 

 

dp, is the particle diameter [L]; 

 

Dm, is the molecular diffusivity of the solute [LT
-1

]. 

 

The Sherwood number is obtained from the adimensionalization of the Navier-Stokes 

transport equations and it depends on two adimensional groups, the Reynolds and Schmidt 

numbers. It can be calculated by adimensional relationships available in the literature such as 

[Perry, 2004]: 

 

550015.0
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     (2. 27) 
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105055
25.1 33.069.0

 ReScReSh


     (2. 28) 
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In which the Reynolds number, Re, and the Schmidt number, Sc, are defined as: 

 















m

p

D
Sc

du
Re       (2. 30) 

 

where: 

 

ρ is the fluid density [ML
-3

]; 

 

u is the fluid velocity [LT
-1

]; 

 

μ is the dynamic viscosity of the fluid [ML
-1

T
-1

]. 

 

The intraparticle transport coefficient, Kint, can be expressed as follows [Perry, 2004]: 
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where: 

 

Dp, is the solute diffusivity in the pores, which can be calculated as: 
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where: 

τp, is the tortuosity of the solid, that, for an activated carbon, can be considered equal to 3 

[Suzuki, 1990; Perry, 2004]; 

 

λm, is the ratio of the Stokes-Einstein radius of the solute, rs, and the pore radius of the 

solid, rp: 
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The Stokes-Einstein radius is defined as a function of the Boltzmann constant, K
*
, the 

temperatureT, the water viscosity, μ, and D, the molecular diffusivity of the solute: 

 

m

s
D

TK
r




6

*

        (2. 34) 

 

In most cases, the fluid-particle mass transfer coefficient turns out to be far lower than its 

intraparticle counterpart, so, it is fair to say that the phenomenon of mass transfer is limited 

by the transport in the film fluid surrounding the particle (in particular if the adsorbent 

particle size is small enough to be the diffusion negligible). This is typical if the pollutant 

present in solution is an organic compound [Suzuki, 1990]. 

Finally, it should be noted that equation (2. 24) requires the knowledge of the 

concentration C
*
, which represents the concentration of solute in the fluid phase in 

equilibrium with the adsorption capacity of solute, ω. Therefore, it is necessary to define a 

relationship between ω and C
*
among those listed in Table 2.1, i.e. identify the most suitable 

adsorption isotherm. 

 

 

PAB DESIGN 
 

This section describes the general issues for a PAB design and the heuristic procedure 

proposed. 

The primary physical function of the PAB is to intercept groundwater flux (and plume) 

and to assure a sufficient resident time inside the reactive media in order to achieve the 

desired decontamination. 

The design of a PAB for a polluted aquifer consists in the definition of the barrier 

location, orientation and dimensions. A good design is essentially time-invariant because, 

once the PAB is dimensioned and positioned, the strategy is unchangeable during the entire 

remediation process. Design choices are very important and a good compromise between 

technical and economic issues has to be found. A PAB design is very complex and may be 

time-consuming because it must consider the natural motion of groundwater and pollutant and 

all the reactive or adsorption processes occurring inside the barrier [Di Natale M. et al., 2007; 

Di Natale et al., 2008a; Erto et al., 2011a]. The problem cannot be approached by direct 

calculation and empirical iterative procedure, even supported by numerical simulations, has to 

be applied. 

In particular, barrier properties have to be chosen in advance and then it is necessary to 

check whether they allow for a thorough pollutant capture during the whole lifetime of the 

barrier. Safety factors may be incorporated into the input parameters or applied to the design 

thickness. A typical dimensioning of PAB design incorporates the variability in the input 

design parameters into a probabilistic model to determine the PAB thickness required to 

achieve a certain confidence level. Moreover, as a final result, the minimum dimensions of 

the barrier have to be identified for it to be cost-effective. 

Several hydrodynamic codes, such as FeFlow 5.3 by WASY GmbH [Trefry and Muffels, 

2007], PMWIN by US Geological Survey [McDonald et al., 1988; Chiang and Kinzelbach, 

1996], ChemFlux by SoilVision [Fredlund, 2006], allow one-, two- and three-dimension 
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calculation to simulate groundwater flow, contaminant transport and some 

generation/consumption pollution processes (dissolution, bio-degradation, adsorption, etc.) 

but, none of them is specifically dedicated to optimize the PAB design. They can be used to 

describe the fate of the pollutant crossing the barrier but none of them allows for barrier 

design optimization. Indeed, these software can only be used for preliminary PAB 

dimensioning and a trial and error procedure is required to define the barrier dimensions and 

the chemical properties of the barrier adsorbing material. 

In order to pre-define PAB properties, the first step of the design procedure consists in 

the definition of the size of the calculation domain that must be large enough to include the 

whole pollutant plume and longer than the plume itself along the direction of the natural 

groundwater flow. Then the calculation grid must be chosen, also considering that larger 

domains or smaller calculation cells produce more precise results but calculation is more 

time-consuming. Then the size of the calculation grid must be defined specifically for the 

barrier, by refining the calculation cells in order to reach a more detailed concentration profile 

inside the barrier itself.  

The second step is to take into account the following general criteria: 

 

 Position: barrier has to be as closest as possible to the pollutant plume; 

 Orientation: barrier has to be orthogonal to groundwater flow lines, in order to have 

the same residence time of fluid inside the PAB and to ensure the minimum 

dimensions of the barrier itself [Craig et al., 2006]; 

 Length and height: equal to the corresponding pollutant plume dimensions; 

 Thickness: to be chosen considering that the contaminated flow travelling through 

the barrier should be long enough for adsorption process to take place; therefore the 

barrier thickness must satisfy the following inequality: 

 

 
1

 aK
v

W

c

b

         (3. 1) 

 

where Kc represents the mass transfer coefficient for adsorption reactions, a represents the 

external specific surface area of the adsorbent particles, and vb is the average groundwater 

flow velocity through the barrier, which must be previously identified by a complete hydro-

geological characterization. In equation (3. 1) the values of a and Kc can be determined by a 

preliminary adsorbent characterization, often provided by the vendor or by laboratory 

dedicated tests. Once the geometrical properties of the barrier, together with the adsorbing 

material have been chosen, the barrier performance must be checked by evaluating the 

evolution in time of the pollutant plume over the calculation domain considering that the 

pollutant concentration downstream the barrier (CW) has to be everywhere lower than the 

fixed limit value (Clim) for the whole barrier lifetime. 

Eventually, as the pollutant concentration at barrier inlet may vary during the barrier 

working period, the occurrence of desorption phenomena within the barrier must also be 

taken into consideration. Adsorption continues until the pollutant concentration at the barrier 

inlet remains lower than the equilibrium values corresponding to the amount of pollutant 

adsorbed on carbon, but if the pollutant inlet concentration decreases, the pollutant adsorbed 

may be desorbed from the barrier solid, giving rise to a contaminated plume at the exit of the 
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barrier itself. When desorption occurs, a thicker barrier ensures a slower release of the 

pollutant adsorbed, avoiding critical outbound concentrations. Therefore, the barrier must be 

designed both to retain intense concentration peaks and for long-term performances, also 

considering the occurrence of any desorption phenomena. 

 

 

Heuristic Procedure for the Optimization of PAB Size 
 

In this chapter a simulation-based heuristic optimization of PAB is illustrated to define 

the position and dimensions of the barrier and minimize fixed costs that are proportional to its 

volume. 

The heuristic procedure for barrier design starts with the definition of the size of the 

calculation domain and the calculation grid (i.e. the dimensions of each3D calculation cell), 

as previously illustrated. 

Barrier properties can be defined by evaluating the evolution in time of the pollutant 

plume in the calculation domain considered. To this aim the domain (D), including the initial 

position of the pollutant plume, is defined on the basis of the preliminary characterization of 

aquifer pollution. The boundary of this domain is represented by the positive axes of a 

coordinated system, the barrier and its projections on the axes (i.e. A and Clines) as 

illustrated in Figure 3.1. A non-contaminated domain (N), defined as the external part of the 

D domain, can be simultaneously identified. The definition of these domains and the 

evaluation of pollutant concentration inside allow to identify the minimum barrier dimensions 

that assure the respect of regulatory limits in the whole space and for all times. In fact, when 

an appropriate PAB size has been identified the pollutant concentrations within the N domain 

must be lower to the regulatory limits for the whole barrier lifetime. Of course, the 

evaluations of pollutant concentration have to be performed outside the Ddomain, i.e. over A, 

B’ and C lines. Finally, in Figure 3.1, PAB geometrical properties such as: distance from 

pollutant plume (E), orientation angle (m), length (L) and thickness (W) are reported. In 

particular, the orientation angle is defined as the angle between the direction of groundwater 

flux ( v ) and the barrier direction ( b ). 

 

 

Figure 3.1.Contaminated domain and PAB properties. 
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The procedure consists in a simulation-based heuristic optimization by coupling two 

computer codes and using the iterative procedure schematically shown in the flow chart of 

Figure 3.2 that allows to: 

 

 mWHLEGminimize ,,,,       (3. 2) 

 

subject to the following constraints: 

 















90

lim

lim,

m
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        (3. 3) 

 

The first code is a commercial 3D model flow, PMWIN, that uses a block-centred finite 

difference scheme for the saturated zone and that includes a groundwater flow model, 

MODFLOW [McDonald et al., 1988], and a pollutant transport model, MT3D [Zheng, 1990]. 

In particular, this code solves the numerical integration of equations (2. 3)–(2. 8) with the 

boundary conditions (2. 10); specifically, MODFLOW toolbox solves Darcy equation (2. 1) 

and groundwater flow equation (2. 3) while MT3D toolbox solves transport equations (2. 4)–

(2. 5). The second code, ADSORP-CODE
©
 (by CIRIAM, Seconda Università di Napoli), 

developed by the authors, describes the adsorption phenomena involving the pollutant when it 

passes through the barrier. In particular, ADSORP-CODE solves equations (2. 8) and (2. 9) 

inside the barrier with their initial and boundary conditions. ADSORP-CODE has been 

structured as a flexible tool, able to:  

 

1) Consider any kind of adsorption isotherms [Henry, Freundlich, Langmuir, etc.]; 

2) Refine a grid in space (grid dimensions) and time (calculation time steps) in order to 

properly describe the local phenomena occurring inside the barrier. 

 

The heuristic procedure for PAB optimal design, as illustrated in Figure 3.2, requires the 

following input data: computational grid (Δx, Δy, Δz), soil hydraulic conductivity (Kij), soil 

porosity (ns), initial hydraulic height (h0), initial distribution of pollutant concentration 

(C0=C0(x, y, z)), hydrodynamic dispersion coefficient (Dij), overall mass transfer coefficient 

for adsorption reactions (Kc), external specific surface of adsorbent particles (a), dry 

adsorbing material bulk density (ρb), barrier porosity (nb) and adsorption capacity, the latter is 

obtained from adsorption isotherm models (ω=ω(C)). In order to start optimizing PAB 

design, the procedure requires the following barrier geometrical properties: PAB distance 

from pollutant plume (E), PAB orientation angle (m) and PAB length (L), height (H), 

thickness (W). A preliminary choice can be made by setting the minimum size of the D 

domain, as the one that includes the pollutant plume in its initial position (see Figure 3.1). 

Once input data and preliminary choices have been defined, the MODFLOW toolbox allows 

the calculation, in each grid cell, of hydraulic height (h) and groundwater velocity (v) and 

their evolution with respect to run time. Consequently, the preliminary choice for barrier 

orientation angle has to be changed until groundwater velocity vector v is as orthogonal as 

possible to PAB direction ( b ), with a defined maximum tolerance (±ε). 
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The MT3D toolbox allows for the calculation of pollutant concentrations (C) in the 

Ddomain and their evolution in time. The calculation results, and in particular their value on 

the A and Clines of the boundary, are used to adjust the preliminary choices made for E, L, H 

and W, considering that the barrier has to be tall and long enough to intercept the whole 

pollutant plume during its motion under natural hydraulic gradient. Furthermore, ADSORP-

CODE is used to calculate the out-flowing pollutant concentration (CW(t)) at each point of the 

barrier (i.e. on the B’line) and the efficacy of the barrier is evaluated by comparing these 

concentrations with the limit value (Clim). The preliminary PAB thickness (W) is correct if the 

pollutant concentration out-flowing the barrier is always and everywhere lower than limit 

value (Clim), otherwise it must be increased up to CW(t)<Clim. The procedure has to be 

repeated in order to minimize the dimensioning set G={E, L, H, W, m}. 

Eventually, results are graphically represented by means of AMBSIT
©
 (by CIRIAM, 

Seconda Università di Napoli), a GIS (Geographic Information System) application 

specifically developed to improve contour plots of pollutant concentration. 

 

 

Figure 3.2. PAB design flow chart. 
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Figure 4.1. PCE iso-concentration for the case study. 

Table. 1. Case study: aquifer characteristic, PAB-A properties and numerical  

model parameters 

 

Aquifer characteristic  

Polluted area total extent, A 1.1 km
2
 

Aquifer bed height,H 10 m 

Piezometric gradient, J 0.01 m m
-1 

Porosity, ns 0.25 

Dry soil bulk density, ρs 1500 kg m
-3

 

Hydraulic conductivity,Kij 5
.
10

-5
m s

-1 

Longitudinal dispersivity, αL 1 m 

Transverse dispersivity, αT 0.01 m 

Molecular diffusion coefficient, Dm 10 
-8

 m
2
 s

-1 

Numerical model parameters  

Horizontal space step, Δx 6 m 

Transversal space step, Δy 6 m 

Vertical space step, Δz 10 m 

Time step, Δt 60 days 

PAB-A properties  

Reactive media Activated carbon 

Horizontal space step, Δxb Δx/100 

Transversal space step, Δyb Δy 

Barrier width, W 3 m 

Barrier length, L 900 m 

Distance from contaminant plume, E 6 m 

Barrier distance from domain boundary, X 1266 m 

Transversal domain extension, Y 996 
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PAB APPLICATION: CASE STUDY 
 

The procedure described in Figure 3.2 has been applied to the design of a PAB for the 

remediation of a contaminated aquifer near a solid waste landfill in Giugliano in Campania, a 

town in the metropolitan area North of Napoli (Italy). In this area, many solid waste landfills 

exist and over the past 20 years, about eight million tons of urban and special waste have been 

deposited in these landfills [Di Nardo et al., 2010b; Erto et al., 2011a]. A preliminary site 

characterization, including geotechnical, hydraulic and pollution properties, is available. The 

groundwater aquifer, located at a depth of 35-40m from the land surface and confined by an 

aquitard (50m), is contaminated by a large number of pollutants, both inorganic and organic 

[Di Nardo et al., 2010a; Di Nardo et al., 2010b]; in particular a severe PCE and TCE pollution 

has been found.  

These compounds are considered among the most dangerous organic pollutants [US EPA, 

1988] due to their high toxicity and persistence grade and, consequently, they represent a 

great risk for environment and public health. In EU Directives (1999/13/EC-Solvent 

Emissions Directive; 2000/60/EC-Water Framework Directive and 2006/118/EC-

Groundwater Directive) these compounds are in the list of the most dangerous pollutants 

[ATSDR, 1997]. TCE was found at 301 of the 1689 National Priorities List sites and 391 of 

the 1444 ATSDR’s (Agency for Toxic Substances and Disease Registry) CEP (Completed 

Exposure Pathway) sites [ATSDR, 2007]. 

In the case-study considered, the soil composition (Neapolitan yellow tuff)can be 

approximated to a single mineral whose hydraulic conductivity is 5*10
-5

m/s [Di Nardo et al., 

2010a; Di Nardo et al., 2010b]. The adsorption capacity for organic compounds of this 

material is very low [Di Nardo et al., 2010b; Erto et al., 2010a], and can, realistically, be 

assumed to be zero throughout the entire flow domain (as reported in the paragraph II.1). The 

groundwater flow lines are East-West oriented, with piezometric heights ranging between 5 

and 12.5m a.s.l, under a piezometric gradient (J) of 0.01m/m. An impermeable layer is 

present at the bottom of the aquifer, hence a horizontal movement of water in the aquifer with 

the pollutants can be predicted. The aquifer characteristics are summarized in Table 4.1 [Di 

Nardo et al., 2010b]. 

In Figure 4.1, the PCE iso-concentrations in the actual conditions are reported, together 

with the map of the area, the hydraulic heights, the direction of flow and the position of PAB. 

Figure 4.1 shows that PCE concentration values change in the area with peaks more than 20 

times higher than the Italian regulatory limits for groundwater quality (
PCE

C
lim

), set at 1.1μg/l. 

Thus a defined volume of contaminated groundwater can be identified and an in-situ 

treatment by PAB installation can be planned.  

For the sake of simplicity, the total volume of polluted groundwater has been assumed to 

be constant during the monitoring time of the aquifer and the dissolution of further amounts 

of pollutant or the dilution of its concentration due to rainfall have been neglected. Therefore, 

the evolution of PCE concentration profiles is predicted by considering just advective 

phenomena as well as adsorption phenomena inside the barrier. 

In the design of the barrier of this case study, a commercially available non-impregnated 

granular activated carbon (GAC), Aquacarb 207EA
TM

 (Sutcliffe Carbon) has been 

considered. This material has a BET surface area (Sbet) of 950m
2
/g and an average pore 

diameter (dpore) of around 26Å. Dry bulk density (ρb) is 500kg/m
3
, porosity (nb) is 
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0.4m
3
/m

3
and hydraulic conductivity is about 0.001m/s. A thorough solid characterization is 

reported in Erto et al. (2011b). The adsorption isotherm of PCE-Aquacarb 207EA
TM

at a 

temperature of 10°C, typical of groundwater, is reported in Figure 4.2. The Langmuir model, 

whose equation is reported in table II.1, resulted to be the best for PCE adsorption on the 

selected activated carbon [Erto et al., 2009; Erto et al., 2010b; Erto et al., 2010c]. 

Specifically, the calculated Langmuir parameters are respectively ωmax=913.9mg/g and 

K=19.830l/mol. 

According to the heuristic procedure previously described, several iterations based on 

different geometrical parameters of the barrier have been performed, by changing W in the 

range 1 to 4m with a ΔW step of 0.1m, to determine the optimal position and dimensions of 

the barrier. 

The PAB resulted to be a continuous trench penetrating the aquifer at full-depth (50m) up 

to the aquitard and the PAB optimal parameters resulted to be as follows: E= 6m, m=90°, 

coincident with North direction, and L= 900m.  

Figure 4.3 reports PCE outlet concentration over the run time, at barrier points S, S1 and 

S2 (as indicated in Figure 4.3), with different thickness values of PAB, from W=1m to W=4m.  

 

 

Figure 4. 2. PCE adsorption isotherm ontoAquacarb 207EA™ GAC at a temperature of 10°C. 
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Figure 4. 3. PCE concentrations of PAB at points S, S1 and S2for different thickness values (from 1m  

to 4m). 

Table 4. 1. PCE max inlet concentrations CIN and corresponding PCE max outlet 

concentrations CW of points S, S1 and S2 for different PAB thickness values during all 

simulation time (E=6m, L=900m and m=90°) 

 

PAB point maxCIN maxCW=1m maxCW=2m maxCW=3m maxCW=4m 

S 24.47 7.46 2.24 0.67 0.20 

S1 0.67 0.24 0.08 0.03 0.01 

S2 1.27 0.42 0.13 0.04 0.01 

 

 
 

 ( ) CIN – ( ) CW=1m–( ) CW=2m – ( ) CW=3m– ( )CW=4m. 

Figure 4. 4. PCE concentrations in the barrier at point S (E=6m, L=900m and m=90°). 

Points S1 and S2 are the extreme points of the barrier, while point Sis the most critical 

point, i.e. where the highest PCE concentration is reached during the run time. In Figure 4.3 

the regulatory limit for PCE concentration has been included, in order to outline the validity 

of the heuristic procedure followed for barrier design. 

Moreover, the maximum inlet and outlet concentration values at points S, S1 and S2 

during the simulation time, for the barrier thickness 1, 2, 3 and 4m are reported in Table IV.2. 

Results in Figure 4.3 and Table IV.2 clearly show that the sizing problem is strongly 

nonlinear; these results show that thickness must be at least 2.6m in order to guarantee that 

PCE concentration, out flowing the barrier, is within the regulatory limits. However, in order 

to consider an appropriate design safety factor, the optimal barrier thickness can be set at 3m.  

In Figure 4.4, inlet (CIN) and outlet (CW) PCE concentration at barrier point S, is reported, 

over the whole run time, for different barrier thickness values (1, 2, 3 and 4m). 

The curves in Figure 4.4 clearly show that the PCE concentration flowing out of the 

barrier is always lower than the standard limit (
PCE

C
lim

) only for barrier thickness values of 3 

and 4m, even when inlet PCE concentration decreases (after a run time of about 20 years) and 
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desorption of previously captured PCE may occur. Figure 4.4 also shows that the PAB is 

effective for PCE peak concentrations that become smaller when flowing through the barrier.  

 

a) 

 
 

b) 

 
 

c) 
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Figure 4.5. (Continued). 

d) 

 
 

e) 

 
 

f) 
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Figure 4.5. PCE iso-concentrations as a function of the working time and for PAB thickness of 3m 

(E=6m, L=900m and m=90°). 

As a final verification and once the optimal barrier parameters in (3. 2) have been 

defined, the numerical simulations allow to calculate PCE concentration all over the domain 

as a function of run time in the form of contour plots, as reported in Figure 4.5: 

Figure 4.5 shows the evolution of pollutant spots over run time, as snapshots taken every 

10 years. As can be observed, pollutant spots move towards the barrier where they are 

captured; indeed, over a runtime of about 60 years, the PCE concentration flowing out of the 

barrier (CW) is always lower than the concentration limit (
PCE

C
lim

) set at 1.1μg l
-1

 and the 

remediation of the aquifer can be considered as complete. Figure 4.5 also shows that run time 

must be prolonged to 60 years in order to assess barrier performances. This very long time is 

due to the hydraulic properties of the aquifer considered. Eventually, results in Figure 4.5 

showthat the whole pollutant plume passes through the barrier and no overflow is observed at 

the barrier ends. It is worth noticing that as adsorption takes place, the barrier starts to 

saturate; therefore, the barrier width has to be large enough to ensure the capture of the 

maximum PCE concentration. Moreover, when the PCE concentration approaching the 

barrier decreases with time the desorption of previously captured PCE may occur. Moreover, 

Figure 4.5 shows that the barrier attenuates the oscillation of pollutant concentration and 

shifts it forward with respect to run time; furthermore, at the end of the run time the barrier 

has a residual adsorption capacity that may represent a protection with respect to other 

pollutant waves. 

 

Table 4. 3. Langmuir parameters for PCE e TCE onto Aquacarb 207EA™ at 

temperature 10°C and pH 7 

 

Langmuir 

parameters PCE TCE 

ωMAX [mg/g] 913.8896 255.4416 

K [l/µg] 0.000119 0.00035 
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Figure 4.6.TCE iso-concentration for the case study. 

 

Figure 4.7.Adsorption isotherms for PCE and TCE both in single-component and multicomponent 

systems onto Aquacarb207EA
TM

.T= 10°C and pH = 7. 

The efficacy and the versatility of the PAB designed for PCE capture have been tested by 

considering the simultaneous TCE and PCE contamination, present in the studied site. The 

simultaneous and competitive capture of TCE and PCE has been modeled considering the 

equations described in the chapter II.2.2.  

In particular, in Figure 4.6 TCE iso-concentrations in the initial conditions with the 

direction of flow and position of the PAB are reported. Figure 4.6 shows that TCE 

concentration values change in the area with peaks more than 6 times higher than the Italian 

regulatory limits for groundwater quality (
TCE

C
lim

), set at 1.5μg/l. 

Literature results [Erto et al., 2011b; Erto et al., 2012] on the adsorption of PCE and TCE 

in multi-component systems revealed that the PCE adsorption capacity does not depend by 

the presence of TCE; on the contrary, TCE adsorption is influenced by the presence of the 

PCE proportionally. For low concentration values of the two pollutants, such as those relating 

to the concerned aquifer, the multi-component Langmuir model (Eq. 2. 15) satisfactorily 
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interprets the experimental data.In particular, for PCE/TCE multi-component system 

adsorbed on Aquacarb 207EA
TM

activated carbon, the experimental adsorption isotherms and 

the Langmuir parameters, at the temperature of 10°C,are reported respectively in Table 4.3 

and Figure 4.7 (Erto et al., 2009; Erto et al., 2012).For the case study considered, in Figure 

4.8, the inlet (CIN) and outlet (CW) PCE and TCE concentrations are reported; specifically the 

breakthrough curves for the thickness value (W) of 3m, in the points S and P of the barrier, 

during the whole run time, are showed. The points S and P on the barrier (see Figures 4.5 and 

4.9) represent the most critical points during simulations, namely with the higher values of 

concentrations of PCE and TCE, respectively. The curves show clearly that the outlet 

concentrations of PCE and TCE are always lower than the respective regulatory limits, even 

when inbound concentrations decrease and/or desorption phenomena may occur. 

In Figure 4.9, instead, the results of numerical simulations reported as iso-concentration 

curves over time are provided. These figures illustrate the evolution over time of the TCE 

pollutant plume, starting from the initial condition and after 10, 20, 30, 40 and 60 years, 

respectively. They point out that the entire PCE plume is captured in a period of about 60 

years old, while the TCE plume, being less extended, needs a period of about 25 years. 

The model results show that, in the presence of the multi-component adsorption, the PAB 

dimensioned first to remediate the PCE pollutant is also able to simultaneously treat the TCE, 

keeping the concentrations of both the compounds below the regulatory limits, equal 

respectively to 1.1g/l for the PCE and 1.5g/l for TCE.  

 

 
( ) PCE CIN –– ( )TCECIN–– ( )PCECW=3m–– ( )TCE CW=3m 

Figure 4. 8. PCE and TCE concentrations in the barrier at point S and P with the thickness W=3m 

(E=6m, L=900m and m=90°). 

a) 
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b) 

 

Figure 4.9. (Continued). 

c) 

 
 

d) 
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e) 

 

Figure 4.9. (Continued). 

f) 
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Figure 4.9.PCE iso-concentrations as a function of the working time and for PAB hickness of 3m 

(E=6m, L=900m and m=90°). 

 

CONCLUSION 
 

In the chapter a heuristic procedure for the optimal design of an activated carbon 

Permeable Adsorptive Barrier (PAB) has been described. The procedure includes various 

calculation steps and has the main purpose of the definition of the optimal geometrical barrier 

features (location, orientation and dimensions) that allow for complete pollutant plume 

capture with the minimum volume of adsorbing material.  

The procedure has been applied as a case study to a contaminated aquifer near a solid 

waste landfill in the North district of Napoli (Italy) where a high level of contamination by 

both TCE and PCE has been recognized. Numerical simulations, proposed in the case study, 

confirm the effective of PABs as alternative to the traditional remediation technologies (i.e 

pump and treat); they also showed the evolution of the contaminated plume (both for PCE 

and TCE compounds) towards the barrier under the natural hydraulic gradient and the 

adsorptive action inside the barrier. 

The results show that the procedure proposed is an effective and user-friendly tool to 

proper and optimize barrier design. 
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