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This work deals with the design and a preliminary optimization of the remediation of a tetrachloroethylene (PCE)-
contaminated aquifer conducted either with Pump and Treat technique (P&T) or Permeable Reactive Barrier
(PRB). The experimental site is located near a solid waste landfill in the metropolitan area North of Naples (Italy)
where a considerable amount of solid waste has been deposited over the past decades. For both remediation
technologies, adsorption onto granular activated carbon was adopted to remove PCE from water. The design of
both remediation techniques was conducted by using a commercial 3D hydrodynamic code to simulate
groundwater flow and contamination transport and a second code, developed by the authors, to describe the
adsorption phenomena involving the pollutant. Finally, a comparison of the results obtained, both in terms of
efficiency of pollutant removal and the corresponding preliminary overall cost, was conducted.

1. Introduction

Anthropogenic activities using chlorinated hydrocarbons (e.g. metal-degreasing facility, automotive industry, etc.)
are among the main reasons for the massive presence of these chemicals in the environment nowadays. In solid
waste landfills, unintentional discharge of leachate and plastic material degradation due to leaching by rainwater
are the main causes of chlorinated groundwater contamination (Kjeldsen et al., 2002; Jun et al., 2009; Erto et al.,
2011a). Tetrachloroethylene (PCE) is one of the chlorinated organic compounds most commonly present in
groundwater. The exposure to PCE represents a great danger for human health and environment, because of its
high toxicity and slow degradation rate (U.S. EPA, 1988). Moreover, according to IARC (International Agency for
Research on Cancer) classification, PCE is “probably carcinogenic to humans” (group 2A of carcinogens) (IARC,
1995). For all these reasons, the European Directives 2000/60/EC and 2006/118/EC indicate tetrachloroethylene
as one of the most dangerous contaminants and subject to a strict regulation.

Various options can be adopted for the remediation of aquifers contaminated by chlorinated hydrocarbons (Lai et
al., 2006; Rivett et al., 2006; Ko et al., 2012). Pump and Treat technique (P&T) is a classic ex-situ technology. It
consists in two different steps: a pumping step, in which the contaminated plume is extracted from groundwater
by pumping wells, and a treatment step in which the pollutants are removed from water by a specific operation,
such as adsorption (U.S. EPA, 1996). Permeable Reactive Barriers (PRB) - an in-situ technology (Di Nardo et al.,
2010; Muchitsch et al., 2011) are a possible alternative to P&T. PRB consists in the introduction of a “wall” of
reactive media (e.g. an adsorbing material) in the subsurface, which groundwater naturally can pass through, as it
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is more permeable than the surrounding media while the adsorbing material captures the pollutants (Fiore and
Zanetti, 2006; Di Natale et al., 2008). For both remediation technologies, adsorption onto granular activated
carbon can be efficiently adopted to remove chlorinated compounds from water, combining high performances
with an essential process system (Suzuki, 1990; Bembnowska et al., 2003; Pelech et al., 2003; Plagentz et al.,
2006; Erto et al., 2012). Several sorbents can be used for organic compound removal, including fly ash, natural
materials or waste materials, and an appropriate choice allows lower amounts of solid to perform the treatment,
so that the in-situ intervention can be minimized (Molino et al., 2013).

In this work, the design of P&T and PRB, coupled with the adsorption on activated carbon, is proposed as
possible alternatives for the remediation of an aquifer contaminated by PCE. A thorough comparison between this
two technologies in carried out, also including a preliminary cost analysis. A PCE-contaminated groundwater near
a solid waste landfill in the metropolitan area North of Naples (Italy) is adopted as a case study.

2. Remediation method design and preliminary optimization

Remediation technology design can be effectively assisted by computational fluid dynamics (CFD), considering all
the information about the site provided by a specific hydraulic, geotechnical and contaminant characterization of
the polluted groundwater (U.S. EPA, 2008; Erto et al., 2011a). To this purpose, a calculation domain wide and
long enough to contain the whole contaminant plume, considering the natural stream direction of the groundwater,
might be considered.

In a P&T technology design, the first step includes the definition of the number and the location of pumping and/or
recharge wells and the flow rate extracted and/or injected for each well, in order to assure the creation of
horizontal and vertical capture zones drawing all contaminated ground water to the wells. Injection wells are
generally used when it is necessary the increment of the hydraulic gradient to the pumping wells. In this way, the
efficiency of the extraction phase is increased, by reducing the time required to reach a cleanup goal. In the
second step, the design consists in an appropriate “on site” treatment, i.e. an adsorption column specifically
dimensioned for the whole amount of pumped water (U.S. EPA, 2008).

Differently, the design of a PRB consists in the identification of the barrier location and orientation, in the definition
of its dimensions (length, height, and thickness), in order to intercept the whole pollutant plume, and,
consequently, in the determination of the amount of the adsorbing material required for the treatment (Erto et al.
2011a).

For both technologies, due to the high number of variables to be calculated, the design requires the use of an
iterative procedure by the application of a trial and error approach, verifying that contaminant concentrations
downstream the treatment achieve the water quality standards. In particular, for a PRB, a preliminary optimization
process consists mostly in thickness minimization, once the other dimensions are determined; while for a P&T, it
consists in the minimization of both the number of wells and the pumped rates. Of course, the overall objective is
to minimise the total cost and the time required for an effective remediation of the site.

2.1 Modelling equations

Generally, in the saturated zone of an aquifer, the advection and dispersion phenomena determine the solute
contaminant transport. In a two-dimensional system, for a porous media with a uniform porosity distribution, the
mass transport equation can be written as in the following (Bear, 1979):
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where C is the concentration of pollutant (e.g. PCE) dissolved in groundwater, t is the time, x; is the distance
along the respective coordinate axis, Dj is the hydrodynamic dispersion coefficient, v; is the seepage or linear
N
pore water velocity, while ZR" is a chemical reaction rate.
k=1
Concentration variation caused by hydrodynamic dispersion is represented by the first term on the right side of
Eq.(1). Mechanical dispersion and molecular diffusion determinate the hydrodynamic effects, as described by
Anderson (1984). Usually, molecular diffusion is negligible as compared to the mechanical dispersion and it
becomes comparable only in the presence of a very low groundwater velocity.
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The hydrodynamic dispersion coefficient, Dj, is a second-rank tensor consisting in the sum of the mechanical
dispersion tensor, Dhjj, and the molecular diffusion coefficient, Dn, (a scalar) (Eq.2).

For an isotropic porous media, the hydrodynamic dispersion tensor can be written as in the following
(Scheidegger, 1961; Konikow and Grove, 1977; Bear, 1979; Domenico and Schwartz, 1990):

D, =Dy, + D, = ij,ef=123 2)

e M

where ajer is the dispersivity of the porous medium; ve and vr are the components of the flow velocity of the fluid in
the e and f directions, respectively; Dy, is the effective coefficient of molecular diffusion; |v| is the magnitude of the
velocity vector. Considering a two-dimensional reference system, the dispersivity is principally related to the
longitudinal dispersivity, a;, and the transversal dispersivity, ar (Bear and Verruijt, 1987), therefore, D; can be
written as follows:
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The second term on the right-hand side of Eq.(1) is referred to the advection term. For many practical problems
concerning contaminant transport in groundwater, the advection term dominates. In order to measure the degree
of advection domination, a dimensionless group, which compares convective and diffusive effects of transport,
called Peclet number, Pe, is usually used. Pe is defined as:

Pe=|v|—5

D,

m

+aT

®)

+D, o = +aTV +D,,

(4)

where & is a characteristic length, commonly taken as the grid cell width, and D,, is the effective coefficient of
molecular diffusion.
The linear pore water velocity, v;, can be calculated by the Darcy equation, which can be written as:

oh .

)
where Kj is the hydraulic conductivity of the porous medium (a second-order tensor), and h is the hydraulic head,
that can be calculated starting from Laplace equation (Bear, 1979).
All reactions involved in the solute contaminant transport are described by the third term on the right side of

Eq.(1). In a PRB, where adsorption phenomena take place, the chemical reaction term is represented by
adsorption and can be expressed as follows:

Z A _&a_a) = K,dC~C (o) (6)

where w represents the pollutant concentration on solid, p, the dry bulk density of the adsorbing material, n; its
porosity, C*=C*(w) is the pollutant liquid concentration at thermodynamic equilibrium with adsorbing solid; c
derives from the adsorption isotherm and defines the mass transfer driving force in the transport model equation,
a is the specific surface area of the adsorbent, K. is the global mass transfer coefficient.

Throughout the entire flow domain, the initial PCE concentration in the groundwater is known and it is assumed to
be zero on the surrounding soil.

Boundary conditions adopted are indicated in Eqgs.(7).
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In Egs. (7), X is the distance between the barrier and the boundary of the polluted domain in x; direction, and Y'is
the extension of the domain in x; direction.

In a P&T technology, considering a homogenous, isotropic and confined aquifer with a uniform thickness, a
uniform horizontal hydraulic gradient, a negligible vertical gradient, and steady-state conditions (Figure 1), the
extension of the capture zone, for a single fully penetrating extracting well, can be individuated by Eq. (8) and is
characterised by five points, respectively called Xo, +Ymax and Yyen,(Egs. (9)), also represented in Figure 1 (U.S.
EPA, 2008).
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In Egs. (8) and (9), Q is the extraction rate, T is the transmissivity, i is the hydraulic gradient, Xj is distance from
the well to the downgradient of the capture zone along the central line of the flow direction, Ymax is the maximum
capture zone extension from the central line of the plume and Y. is the capture zone extension at the location of
well from the central line of the plume.

The adsorption in a fixed-bed column can be used as remediation step of the global treatment. In this case,
assuming one-dimensional flux, negligible axial variation of speed and diffusivity and negligible variation of
concentration of PCE dissolved in groundwater, the Eqg.(1) can be written as follows:

aC:Pba_a)

13- == (10)
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Where vy is the relative velocity into the column along the x4 direction. (vs ranges between 0.0005-0.01 m s for

adsorbing phenomena to take place). The right term of Eq.(10) describes the accumulation on the adsorbent, as

stated by Eq.(6).

Boundary conditions adopted are indicated below:

X (11)

where H is the height of fixed-bed column.

In this work, an implicit finite difference method was used to carry out the numerical integration of the modelling
equations with their appropriate boundary conditions, by adopting a commercial 3D software for groundwater flow
and pollution dynamics simulation, i.e. PMWIN (Chang and Kinzelbach, 1998).
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In particular, the Darcy equation (Eq.(5)) and the Laplace equation were solved by PMWIN-MODFLOW toolbox,
while the mass transport equation (Eq.(1)) was solved by PMWIN-MT3D toolbox (Erto et al., 2011a).

A second code called ADSORB-CODE was developed to describe the adsorption phenomena involving the
pollutant both for PRB and P&T, in which Egs.(6) and (10) were solved with the boundary conditions in Egs.(7)
and (11), respectively, after the individuation of a specific adsorbent material for PCE removal from polluted
groundwater.

Capture Zone Limit

Extracting Well “n+Y

max

»

W, i

Groundwater Flo

X, (Stagnation Point)

Figure 1: Capture zone area for a single fully penetrating pumping well

2.2 Absorbing material characterization

A granular activated carbon (GAC), commercially available, the Aquacarb 207EA™ (provided by Sutcliffe
Carbon,) was chosen as adsorbing material. This GAC has the following characteristics: a BET surface area of
950 m? g', an average pore diameter of 26 A, a dry bulk density (os) of 500 kg m™, a porosity (n) of 0.4 and a
hydraulic conductivity of about 0.001 m s

The experimental characterization of the GAC for PCE adsorption was reported in previous papers (Erto et al.,
2009; Erto et al., 2010; Erto et al., 2011b), and the Langmuir adsorption equation showed to be the most suitable
isotherm model:

W= a'}naxK' C (Cl))

= 12
14K-C (o) (12)

Where wmax is the maximum adsorption capacity and K is the Langmuir equilibrium constant. At a temperature of
10 °C, the following parameters were estimated for Eq.(12):
Wmax = 913.9 mg/g K=19.830 I/mol.

3. Case study

A PCE-contaminated aquifer near a solid waste landfill in Giugliano in Campania, in the metropolitan area North
of Naples (Italy), was examined as a case study. In this area (2.25 kmz), several solid landfills are located and an
enormous amount of solid wastes was deposited in the last decades. A complete characterization of the
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groundwater, including geotechnical, hydraulic and pollution properties, was previously provided (Di Nardo et al.,
2010).

The aquifer is located at a depth of about 35-40 m from the soil surface, it is confined by an impermeable layer (at
about 50 m from soil surface) and it is contaminated by various types of pollutants, both inorganic and organic.
The soil can be considered as made of a single mineral type (Neapolitan yellow tuff), with a hydraulic conductivity
of 510° ms™. Throughout the entire flow domain, the pollutant concentration onto soil can be considered to be
zero due to its very low adsorption capacity towards organic compounds (Erto et al., 2009; Erto et al., 2011a).

In Figure 2, the map of the area is reported, with the PCE iso-concentrations and the piezometric lines of the
groundwater, as in the present state. As shown in the figure, the flux lines are directed from East to West, with
piezometric heights between 5 and 12.5 m a.s.l., under a piezometric gradient of 0.01 m m". The PCE
concentrations are variable into the area and a maximum value of more than 20 times higher than the ltalian
regulatory limit for groundwater quality, established at 1.1 pg I", can be individuated (Figure 2). The
characteristics of the aquifer are collected in Table 1. Once the aquifer contaminated volume is identified, it is
possible to carry out both the remediation method designs.

Table 1: Aquifer characteristics

Characteristic Value
Polluted area extension 1.1 km?
Piezometric heights 5-12.5m
Piezometric gradient 0.01mm”
Porosity 0.25 ]
Dry soil bulk density 1500 k% m*
Hydraulic conductivity 5x10°ms™
Longitudinal dispersivity 1m
Transverse dispersivity 0.01m
Molecular diffusion coefficient 10°m?s™
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Figure 2: PCE iso-concentration and iso-piezometric contours at the initial condition

4. Results

The best design for both remediation technologies was identified through various numerical simulations
considering different working conditions.

For the PRB technique, the best results were obtained with the following dimensions: thickness equal to 3 m,
length of 900 m and height of 12 m, and consequently a total volume of adsorbing material equal to 27,000 m®. To
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achieve the best capture efficiency of the contaminated plume, the permeable wall is placed perpendicularly to
the groundwater flow. In Figure 3, the numerical results of the remediation simulation by PRB are reported. As
can be observed, during a working period of about 60 years, the out-flowing PCE concentration is always lower
than the ltalian regulatory limit, also taking into account possible occurrence of desorbing phenomena from GAC
to groundwater.

For the P&T technique, instead, the best results were obtained with a configuration of 27 pumping wells and 12
recharge wells (Figure 4). As shown, after a run period of about 35 years, the PCE concentration is everywhere
lower than the Italian regulatory limit, and, consequently, the whole groundwater volume results to be
decontaminated. In the adopted well configuration, when the PCE concentration reaches a value lower than the
regulatory limit, a progressive turning off of the pumping wells in the pertinent zone can be adopted. Similarly,
when the increment of water level is no longer necessary for the extraction process, some recharge wells can be
turned off too.

Pumped and recharged water flow rate trends are reported in Figure 5. For the working time considered, the total
amount of pumped water resulted to be about 1,500,000 m?®; while the total amount of recharged water was about
600,000 m>. As it can be observed, water recharge ended after 30 years of operation.

Two adsorption columns were chosen by CFD simulations to treat this water volume, each with a height of 2.5 m,
a diameter of about 0.2 m, and a working time of 15 days (after which the absorbing material into the column is
regenerated/substituted).

In addition, a preliminary cost analysis for the PRB and the P&T systems dimensioned, was carried out. The costs
of the main variables considered for both PRB and P&T, and the corresponding amounts, are reported in Table 2
and Table 3, respectively.

According to this cost analysis, it is not possible to establish clearly which is the most cost-effective remediation
method for the case study presented. This is mainly due to the wide margin of uncertainty in the unit cost of the
main variables examined; consequently a more accurate site-specific cost analysis is required. In any case, for
the PRB, the cost of adsorbing material exceeds the 70% of the total cost; therefore using a low cost adsorbent
material could make this technique cheaper than the P&T, as previously observed.

Table 2: Preliminary cost analysis for PRB (service life about 60 years)

Cost variables Unit cost Amount Cost [€]

Construction 50-100 [€/md§0i|] 27,000 [m.dso”] 1,350,000-2,700,000
Adsorbing material 100-500 [€/m°cac] 27,000 [m°cac] 2,700,000-13,500,000
Monitoring - - 100,000-250,000

Total:  4,150,000-16,450,000

Table 3: Preliminary cost analysis for P&T (service life about 35 years)

Cost variables Unit cost Amount Cost [€]
Construction 0.2-0.4 [€/m°fou] 1,500,000 [m°ow]  300,000-600,000
Energy 0.1-0.2 [E/kWh] 280,000 [kWh] 28,000-56,000
Workers 20,000-30,000 [€/year] 6 , 4,200,000-6,300,000
Treatment 1-5 [€/m°fiow] 1,500,000 [m%es]  1,500,000-7,500,000
Monitoring - - 100,000-250,000

Total:  6,128,000-14,706,000

5. Conclusion

In this work, a comparison between Pump & Treat technique and Permeable Reactive Barriers for the remediation
of a PCE-contaminated aquifer was carried out, and a preliminary cost analysis was reported. Both
decontamination technologies were applied to a polluted site in the metropolitan area North of Naples (Italy) and
adsorption was chosen as remediation technology. The design was carried out using Computational Fluid
Dynamics (CFD) by adopting specific software for groundwater flux simulation and adsorption phenomena onto
activated carbon.

Numerical results showed that both PRB and P&T can be suitable to remediate the polluted aquifer considered,
reducing PCE concentration under the regulatory limit, and therefore respecting water quality standards.
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However, the preliminary cost analysis performed is not sufficient to establish which remediation methods is the
most cost-effective, and a more accurate analysis site-specific is required.
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Figure 3: PCE iso-concentrations with PRB installation up to a simulation time of about 60 years
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Figure 4: PCE iso-concentrations with P&T installation up to a simulation time of about 35 years
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Figure 5: Pumped and Recharged Flow rates during the P&T working time
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