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ABSTRACT

This work deals with an innovative approach to design a permeable reactive barrier (PRB)
filled with activated carbon, namely a permeable adsorptive barrier (PAB). A 2D numerical
model, solved using a finite element approach via COMSOL Multi-physics, was used to
describe the pollutant transport within groundwater and the pollutant adsorption onto the
barrier. The PAB design procedure was applied to a benzene-contaminated aquifer situated
in the metropolitan area of North Naples (Italy), lately hit the headlines as “Gomorra’s
land”. Model results showed that PAB is an effective tool for the remediation of the aquifer
under analysis, since the pollutant concentration downstream the barrier resulted
everywhere lower than the regulatory limit set for groundwater. A sensitivity analysis was
carried out to evaluate the influence of some site parameters on the PAB design, i.e.
hydraulic conductivity and dispersivity. Finally, the simulation results allow estimating the
long-term efficiency of the treatment system and the time required to achieve a complete
restoration of the aquifer.
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1. Introduction

Groundwater pollution due to contaminant seepage
from the disposal sites is a widespread concern in
many countries [1]. Organic compounds such as BTEX
(benzene, toluene, etc.) are among the most frequently
detected groundwater contaminants, also defined as
priority pollutants by USEPA [2–4]. In particular, ben-
zene is considered as a major treat for water resources

as it is the most water soluble BTEX and because it is
carcinogenic [5]. It has been identified in at least 1,000
of the 1,684 hazardous waste sites proposed for inclu-
sion in the EPA National Priorities List [6,7]. The main
source of benzene releases in groundwater is due to
human activities; it can be released to water from
gasoline leaks from underground storage tanks, acci-
dental spills during transportation of chemical prod-
ucts, discharges of untreated industrial wastewater and
from landfill and other contaminated soil leachate [8,9].
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The most relevant reactive processes used to
decontaminate groundwater from organic compounds
include physical, biological and chemical treatments
[10,11]. Adsorption is one of the most adopted tech-
nologies for water treatment, thanks to a wide spec-
trum applicability in terms of both operational
parameters and water properties [12]. Adsorption pro-
cesses have gained crescent interest, showing high
potential to be listed among the most efficient and
cost-effective methods for the removal of contaminants
from polluted waters [13]. Moreover, this process do
not produce undesirable by-products and, if coupled
with an effective regeneration process, it allows the
recovery of the spent adsorbent [12,14]. Several differ-
ent materials are commonly used as adsorbents such
as zeolites, metal oxides, chitosan and activated car-
bons (ACs) [15–17]. Due to the general high cost of
commercial materials, many efforts have been made in
order to develop new adsorbent materials starting
from by-products, for example, coal combustion fly
ashes or scrap tires [18–20]. Focusing the attention on
the removal of organic compounds such as benzene,
alternative less expensive materials, such as modified
montmorillonite [21] or ACs derived from agricultural
by-products, sawdust and barks of Arundo donax L.
stems [22], showed significant adsorption capacity,
comparable with commercial adsorbents.

Adsorption processes are widely used both in
ex-situ remediation techniques, such as pump and
treat (P&T) [23], and in passive in situ techniques such
as permeable reactive barriers (PRBs) [24,25]. In partic-
ular, PRB is a very promising groundwater remedia-
tion technique, which can be adopted also in case of
multiple contaminations [26]. PRB technique consists
in the insertion of a permeable wall into the contami-
nated aquifer, designed to intercept the whole pol-
luted water flowing under the natural groundwater
gradient. In this way, the contaminants are retained
on the barrier and/or transformed into harmless sub-
stances, so to achieve a restoration of the aquifer [24].
Clogging phenomena due to salt precipitation is the
main disadvantage of PRBs [27].

In recent years, several studies have been carried
on the removal of benzene from contaminated
groundwater via PRBs, in which benzene undergoes a
series of degradation reactions, in case promoted by
biological processes [28,29]. However, a very promis-
ing and innovative application of PRB makes use of
an adsorbent material (e.g. activated carbon) as built
material and it is commonly referred as permeable
adsorptive barrier (PAB) [30]. Since adsorption process
is currently adopted in the capture of benzene, the
application of this process within PRB is expected to

be very effective for the remediation of an aquifer con-
taminated by this hazardous compound.

In the present work, an innovative approach to
design a PAB for the remediation of a contaminated
aquifer is presented. A design procedure, formerly
developed by the authors in a recent work [30], was
implemented in COMSOL Multi-physics environment
using a finite element model. A benzene-contaminated
aquifer situated in North Naples (Italy), lately hit the
headlines as “Gomorra’s land”, was taken as case
study and A. donax-based activated carbon was con-
sidered as barrier built material [22]. Starting from a
complete hydraulic characterization of the site, 2D
simulations were carried out taking into account the
specific dynamics of the aquifer under analysis and
aimed at evaluating the optimal dimensions of a PAB
(i.e. length, height and thickness), also allowing for
long-term aquifer protection. Finally, the influence of
hydrodynamic properties of the aquifer, such as
hydraulic conductivity and longitudinal/transversal
dispersivity, was evaluated via a sensitivity analysis.

2. PAB conceptual and mathematical model

A basilar step in modelling a PRB is the construc-
tion of a conceptual model, which includes the PRB
characteristics (e.g. barrier dimensions, such as thick-
ness, length and height, type of reactive material, posi-
tion, etc.), the transport processes taking place in the
aquifer and in the barrier, the mechanisms which gov-
ern the capture/transformation of the target pollutant
and the relevant medium properties. A conceptual
model is shown in Fig. 1, representing the main
dimensions of a PRB, such as thickness, WPRB, length,
LPRB, and height, HPRB, and the distance from the
contaminated plume, E.

Fig. 1. PRB design conceptual model.
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For an optimal design of the barrier, which allows
the interception and the in situ treatment of the
contaminated flow, a set of assumptions has to
be respected [30,31]. In particular, the barrier has to be
the closest possible to the pollutant plume, perpendic-
ular to aquifer flow lines, and long, wide and thick
enough to allow a thorough remediation of the plume,
avoiding any polluted water overflow [31]. For these
reasons, an important part of the PRB design process
is the complete hydrogeological characterization of the
aquifer and the determination of the plume character-
istics and extension.

Furthermore, a mathematical model describing the
groundwater flow and the transport of the contami-
nant has to be defined, also including the description
of the geometry upon the conceptual geological model
of the specific area. In this work, groundwater flow
through a PRB and the transport phenomena describ-
ing the adsorption occurring inside the barrier were
modelled using COMSOL Multi-physics.

The governing equation, which describes the fate
and transport of pollutant into groundwater, can be
written as follows [32,33]:

@ðnCÞ
@t

¼ �urðnCÞ þ rðnDhrCÞ þ R (1)

The first, second and third terms on the right side of
Eq. (1) indicate, respectively, the advection, dispersion
and reaction terms. In Eq. (1), C represents the pollu-
tant concentration in fluid, ū the unit flux vector, n is
the porosity and R is a pollutant source (positive) or
sink (negative) term.

Dh is the hydrodynamic dispersion coefficient,
expressed as follows [33,34]:

Dh ¼ DþDd
� (2)

where D is the tensor of the mechanical dispersion
and Dd

� is the coefficient of molecular diffusion
(a scalar). The components of the mechanical disper-
sion, D, may be expressed as follows [33]:

Dxx ¼ ax
u2

U2
þ ay

v2

U2

Dxy ¼ Dyx ¼ ax � ay
� � uv

U2

Dyy ¼ ax
u2

U2
þ ay

v2

U2

(3)

where Dxx, Dxy, Dyx and Dyy are all components of the
dispersion tensor in a 2D system, u and v refer to the

pore water velocity along the two direction axes
(x and y), respectively, while αx and αy are the longitu-
dinal and transverse dispersivity, and U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

.
The transverse dispersivity is generally related to the
longitudinal one by the following equation [34]:

ay ¼ ax=10 (4)

The unit flux vector ū in Eq. (1) can be determined by
the application of the Darcy equation, written as:

u ¼ �Ks � rh (5)

where Ks is the hydraulic conductivity and rh is the
hydraulic load gradient vector.

The third term on the right-hand side of Eq. (1)
can be specified as:

R ¼ �qb
@x
@t

¼ kca C� C�ðxÞ½ � (6)

and describes the capture of the pollutant dissolved in
water by the adsorbing material. In Eq. (6), ρb is the
adsorbing material bulk density, kc is the mass transfer
coefficient for adsorption reaction, a is the external
specific surface area of adsorbent particles and C*(ω)
is the pollutant concentration in the liquid phase at
thermodynamic equilibrium with the concentration on
the adsorbent solid. The latter can be obtained by an
adsorption isotherm such as Langmuir model,
expressed by the following equation:

x ¼ xmax KC�ðxÞ
1þ KC�ðxÞ (7)

where ωmax and K are the Langmuir parameters, gen-
erally obtained experimentally.

The boundary conditions assumed can be written
as in the following:

C ¼ 0

x ¼ 0 8y8t
y ¼ 0 8x8t
y ¼ Y 8x8t

2
64

@C

@t
þ urC�rðDhrCÞ ¼ 0 x ¼ X 8y8t

(8)

assuming a reference frame coinciding with the
boundary of the domain, where X and Y are the size
of the domain, respectively, in the x- and y-directions,
and a constant porosity in all domain.
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The numerical solution of Eqs. (1)–(7), with the
related initial and boundary conditions (8), was per-
formed by COMSOL Multi-physics, which accounted
for both transport and the adsorbing phenomena
occurring inside the aquifer and the PAB, in a unique
framework. The initial concentrations in the liquid
phase were assumed to be known (as reported in the
following) and the initial benzene concentration onto
the adsorbing material in the barrier was assumed to
be zero.

The procedure followed to design the barrier
required an iterative approach in order to evaluate the
minimum barrier dimensions, in order to comply with
the regulatory limit in the groundwater for the con-
centration downstream the barrier [30].

3. Site description

The case study examined a large area (2.25 km2) in
Giugliano in Campania, situated in the metropolitan
area North Naples (Italy), where numerous solid
waste landfills exist. The groundwater aquifer, located
at a depth of 35–40m from the land surface and con-
fined by an aquitard (50m), was found contaminated
by a large number of pollutants, both inorganic and
organic. Among these pollutants, benzene was
detected at concentrations higher than the correspond-
ing Italian regulatory limit for groundwater quality
(Clim), set at 1 μg L− 1. Soil composition of the area can
be approximated to a single mineral (Neapolitan yel-
low tuff) whose hydraulic conductivity was found to
assume variable values, namely Ks1 = 2 × 10−5, Ks2 =
5 × 10−5 and Ks3 = 1 × 10 − 4 m s− 1. Similarly, the longi-
tudinal dispersivity changes in the site assuming vari-
able values αx1 = 0.5 m, αx2 = 1m and αx3 = 4m [35–37].
The adsorption capacity for organic compounds of this
material being very low [12,34], the initial solid con-
centration can be realistically assumed to be zero
throughout the entire flow domain. The groundwater
flow lines are east–west oriented, with piezometric
groundwater levels ranging between 6 and 12m a.s.l.,
under a piezometric gradient (J) of 0.01mm−1 [30]. In
Fig. 2, the benzene iso-concentrations in the actual
conditions are reported, together with the map of the
area and the piezometric groundwater levels.

Fig. 2 shows that benzene concentration changes in
the area with a maximum of about 10 times higher
than Clim, set at 1 μg L−1. The extension of the contam-
inated area is of about 500 × 450m2, with an average
piezometric groundwater level of 8m (where the
plume is located). Once the volume of contaminated
groundwater is identified, an in situ treatment repre-
sented by a PAB installation can be planned.

The solid used for the barrier set-up is an AC
obtained from the stems of A. donax by H3PO4 acid
activation, whose benzene adsorption capacity was
reported in Basso and Cukierman [22]. The adsorption
isotherm considered is described by the Langmuir
model expressed by Eq. (7) and the values of the
Langmuir parameters are equal to: ωmax = 35.1 mg g−1

and K = 0.0577 Lmg−1.
In Table 1, the properties of the aquifer and the

PAB parameters used in the numerical simulations are
reported.

Values of the hydraulic conductivity and dispersiv-
ity were assumed as described in the following.

3.1. Sensitivity analysis

Because of the variation of some site parameters in
the area, a sensitivity analysis was performed to eval-
uate the PAB properties deriving from their variabil-
ity. In particular, the effect of hydraulic conductivity
in the aquifer outside the barrier, KS, and the longitu-
dinal and transversal dispersivity, αx and αy were
investigated. Values of transversal dispersivity were
computed according to Eq. (4).

The barycentric case study considers a hydraulic
conductivity Ks2=: 5 × 10−5 m s−1, and longitudinal,
transversal and vertical dispersivity equal to αx2 = 1m
and αy2 = 0.1 m, respectively, corresponding to the
Case 5 reported in Table 2 [26,30]. Starting from this
set of parameters, for hydraulic conductivity and for
each component of the dispersivity, a lower and a
higher value were considered. All the values were
combined according to the run plan reported in
Table 2, in which nine simulation cases were defined.

Fig. 2. Benzene iso-concentration contours and piezometric
levels for the case study.
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4. Results

The complete set of equations describing the com-
plex phenomena occurring in the presence of the PAB
was implemented in COMSOL Multi-physics and
allowed the definition of all PAB parameters. A num-
ber of simulations were necessary in order to define the
optimal set of parameters. The PAB resulted to be a
continuous trench penetrating the aquifer at full-depth
(50m) up to the aquitard, at a distance, E, of 6 m from
the pollutant plume and perpendicular to the ground-
water flow with an orientation coincident with north
direction; therefore, with an angle m = 90˚ with the
groundwater flow direction. The height of the PAB,
HPAB, was set at 8m in order to intercept the whole
plume of polluted groundwater. For each of the nine

cases analysed for the sensitivity analysis, the total
length, LPAB, and thickness, WPAB, of the PAB were
evaluated in correspondence of the most critical point
S, i.e. the barrier point where the highest benzene con-
centration is reached during the run time. Fig. 3 reports
the maximum benzene concentration in correspon-
dence of the point S over the run time at the exit of the
PAB, as a function of PAB thickness, WPAB, varied from
0m to 100 cm (assuming a ΔW = 10 cm), for all the cases
studied. For each case, the maximum benzene inlet
concentration value was considered (i.e. the value
corresponding to WPAB = 0) and the regulatory limit
(Clim) was also indicated, in order to individuate the
optimal thickness, WPAB, as the value that assures a
benzene concentration always lower than Clim.

It is possible to observe that, even if the different
parameters adopted (i.e. hydraulic conductivity and
dispersivity components) determine differences in the
maximum benzene inlet concentration (C values for
WPAB = 0), the optimal thickness value (WPAB) results
very slightly dependent on their variation. In Table 3,
the optimal WPAB values are reported, together with
PAB length and, consequently, with the resulting
overall PAB volume (VPAB).

It can be concluded that only an increase in
hydraulic conductivity can determine an appreciable
increase in WPAB, valuable in about 5 cm, and almost
independently on the values assumed by the disper-
sivity components. However, it is worth to observe
that these differences can be considered as negligible,
because the realization of a PAB always includes a

Table 1
Case study: aquifer characteristic and numerical model parameters

Aquifer characteristic
Polluted area total extent, A 0.225 km2

Aquifer average piezometric level, Hw 8m
Piezometric gradient, J 0.01mm−1

Porosity, ns 0.25
Dry soil bulk density, ρs 1,400 kgm−3

Hydraulic conductivity, Ks 2 × 10−5–1 × 10−4 m s−1

Longitudinal dispersivity, αx 0.5–4m
Transverse dispersivity, αy 0.005–0.04m
Molecular diffusion coefficient, D�

d 10 −8 m2 s−1

PAB characteristics
Porosity, nb 0.45
ACs bulk density, ρb 520 kgm−3

Hydraulic conductivity, KPAB 10−3 m s−1

Longitudinal dispersivity, αxPAB 0.05m
Transverse dispersivity, αyPAB 0.005m
Molecular diffusion coefficient, D�

d 10 −8 m2 s−1

Ac BET surface area, Sbet 1.116m2 g−1

Ac average pore diameter, Å 233.5 nm

Table 2
Simulation cases for the sensitivity analysis

K [m s−1] αx [m] αy [m]

Case 1 Ks1 = 2 × 10−5 αx1 = 0.5 αy1 = 0.05
Case 2 Ks1 = 2 × 10−5 αx2 = 1 αy2 = 0.1
Case 3 Ks1 = 2 × 10−5 αx3 = 4 αy3 = 0.4
Case 4 Ks2 = 5 × 10−5 αx1 = 0.5 αy1 = 0.05
Case 5 Ks2 = 5 × 10−5 αx2 = 1 αy2 = 0.1
Case 6 Ks2 = 5 × 10−5 αx3 = 4 αy3 = 0.4
Case 7 Ks3 = 1 × 10−4 αx1 = 0.5 αy1 = 0.05
Case 8 Ks3 = 1 × 10−4 αx2 = 1 αy2 = 0.1
Case 9 Ks3 = 1 × 10−4 αx3 = 4 αy3 = 0.4
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Fig. 3. Benzene concentrations of PAB at point S for differ-
ent thickness values WPAB (from 0 to 100 cm), respectively,
for Cases 1–3 (a), Cases 4–6 (b) and Cases 7–9 (c).

Table 3
Optimal results for all cases analysed of the section S

WPAB [cm] LPAB [m] VPAB [m3]

Case 1 56.70 400 1,814.40
Case 2 56.40 400 1,804.80
Case 3 55.40 390 1,728.48
Case 4 56.80 400 1,817.60
Case 5 57.00 400 1,824.00
Case 6 55.60 390 1,734.72
Case 7 60.40 400 1,932.80
Case 8 60.43 400 1,933.76
Case 9 59.50 390 1,856.40

Fig. 4. Inlet (a) and outlet (b) benzene iso-concentrations of
PAB at point S over the run time for all cases of sensitivity
analysis.
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safety factor, usually having magnitude higher than
the differences in thickness previously determined.

The effectiveness of the thickness previously deter-
mined was verified during the entire run time by
determining the outlet benzene concentration as a
function of time at the most critical point S, for each
of the simulated cases. The observation time was set
at about 120 years and the results are depicted in the
breakthrough curves reported in Fig. 4 both for inlet
(a) and outlet (b) concentrations.

For all the simulated cases, the benzene outlet con-
centration was always lower than the regulation limit

(set at 1 μg L−1). Simultaneously, the effect of hydrau-
lic conductivity and dispersivity can be highlighted in
terms of concentration patterns, both for inlet and out-
let concentrations. In fact, it is possible to observe that
the peak in benzene concentration is shifted towards
higher time when the hydraulic conductivity
decreases. The effect of the components of dispersivity
is less evident when the hydraulic concentration
assumes the higher values among those investigated
while it seems to be more influent in correspondence
of the lowest value. However, as previously observed,
the influence of these patterns on the PAB thickness

Fig. 5. Benzene iso-concentrations of PAB over the run time for Case 5.
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can be considered as negligible. The PAB designed for
the case study was tested on the entire domain,
adopting average values of hydraulic conductivity and
dispersivity, according to the value reported in Table 2
(Case 5). To this aim, numerical simulations were car-
ried out in order to determine the time evolution of
the benzene contamination, starting from the initial
condition reported in Fig. 2. An observation time of
20 years was set and the results were reported in
Fig. 5 in the form of snapshots taken every five years.

Fig. 5 shows that pollutant spots move towards the
barrier where they are captured; indeed in any run
time, the benzene concentration flowing out of the
barrier is confirmed to be always lower than the con-
centration limit. It can be concluded that after a lapse
of time of 20 years, the aquifer is completely restored
by benzene presence, this time strictly dependent on
the hydraulic properties of the site (e.g. groundwater
flux). Finally, the results show that the whole pollu-
tant plume is intercept by the barrier, no overflow is
observed at the barrier both sides and when the ben-
zene inlet concentration decreases and possible
desorption phenomena may occur, the barrier keeps
its efficiency for a time longer than 100 years.

5. Conclusions

In this study, the efficacy of a PAB for the remedi-
ation of a benzene-contaminated aquifer was assessed.
A 2D numerical model was developed and imple-
mented in COMSOL Multi-physics environment using
a finite element model to describe the pollutant trans-
port in the aquifer and the adsorption on the PAB.
The model was applied to a case study represented by
a landfill in North Naples (Italy) in which a benzene
contamination is present. An AC obtained from the
stems of A. donax, whose BTEX adsorbing suitability
was recently reported in the literature, was used as
barrier adsorbing material.

The numerical simulations allowed the determina-
tion of the optimal barrier parameters in terms of
position, distance from the pollutant plume and
dimensions.

A sensitivity analysis was performed to evaluate
the effects that uncertainties in some parameters, such
as hydraulic conductivity and dispersivity, might have
on PAB design. The results showed that the optimal
barrier thickness is negligibly affected by a variation
of those parameters within one order of magnitude,
even if a slight effect on the time at which the highest
benzene concentration peak reaches the barrier can be
observed.

Finally, the effectiveness of the designed PAB was
tested by determining the benzene outlet concentra-
tion on the entire analysed domain. The results
showed that the outlet benzene concentration can
always be maintained lower than the regulatory limit.
In conclusion, PAB installation can be considered as a
reliable way to reduce groundwater pollution and
to assure the compliance with environmental
prescriptions.

List of symbols

a — adsorbing material external surface area,
m2m−3

C — liquid concentration, μg L−1

C* — equilibrium liquid concentration, μg L−1

C0 — initial liquid concentration in batch
experiments, μg L−1

Cin — barrier inflow pollutant concentration, μg L−1

Clim — pollutant regulatory limit value, μg L−1

CWPAB — barrier outflow pollutant concentration, μg L−1

D — tensor of mechanical dispersion
D�

d: — molecular diffusion coefficient, m2 s−1

Dh — hydrodynamic dispersion coefficient, m2 s−1

X — distance between barrier and western
boundary of the domain, m

Y — extension domain in y direction
HPAB — barrier height, m
h — hydraulic load, m
A — polluted area total extent, km2

E — distance between barrier and pollutant plume,
m

J — piezometric gradient, mm−1

K — langmuir constant, l mol−1

Ks — hydraulic conductivity, m s−1

KPAB — barrier hydraulic conductivity, m s−1

kc — adsorption overall mass transfer coefficient, m
s−1

LPAB — barrier length, m
nb — barrier porosity
ns — soil porosity
T — absolute temperature, K
u, v — groundwater flow velocity along (x and y),

m s−1

WPAB — barrier thickness, m
VPAB — barrier adsorbing volume, m3

m — barrier orientation, ˚
αx — longitudinal dispersivity, m
αy — transversal dispersivity, m
αxPAB — barrier longitudinal dispersivity, m
ΑyPAB — barrier transversal dispersivity, m
Δx — horizontal space step, m
Δy — transversal space step, m
Δt — time step, d
ΔW — barrier thickness step, m
ρb — activated carbon bulk density, kgm−3
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ρs — dry soil bulk density, kgm−3

ω — activated carbon adsorption capacity, mg g−1

ωmax — maximum carbon adsorption capacity, mg g−1

dpore — activated carbon average pore diameter, Å
Sbet — activated carbon BET surface area, m2 g−1
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