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Abstract

This paper aims to evaluate the efficiency of a multilayer configuration of a permeable reactive barrier (PRB) made up of granular
mixtures of zero valent iron (ZVI) and lapillus. The latter is a volcanic material used to disperse ZVI particles. A high dispersion of ZVI
improves the long-term hydraulic conductivity but can significantly reduce reactivity due to the lower amount of ZVI. In this research,
the performance of two different combinations of a two-layer configuration was studied by means of long-term column tests. The first
layer, named “pre-treatment layer”, had a thickness of 4 cm and a volumetric ratio (ZVI/lapillus) of 10:90 or 05:95, while the second
layer had a volumetric ratio (ZVI/lapillus) of 20:80. A single layer configuration made only of the 20:80 ZVI/lapillus was used as a bench-
mark. The three tests were performed using a multi-contaminated solution of copper, nickel and zinc. Test results showed an early loss of
the hydraulic conductivity in the single layer configuration and an increase of PRB longevity by 68 % in the presence of the pre-treatment
layer. The pre-treatment zone containing 10 % ZVI delayed the clogging phenomenon, while the zone with 5 % ZVI ensured both the
correct long-term hydraulic behavior and a removal efficiency higher than 77.6 % for Nickel and 99 % for copper and zinc at 23 cm of
thickness for at least two months.
© 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Groundwater contamination from heavy metals has a
significant impact on the ecosystem and human health
due to the high level of toxicity of metals mainly released
into the environment by industrial activities or uncon-
trolled waste disposal (Rajendran et al., 2022). Today
groundwater remediation requires the use of sustainable
technologies able to reduce greenhouse gas emissions dur-
ing their implementation and operation and capacity of
guaranteeing the drinking and/or agricultural uses of the
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water resource. A permeable reactive barrier (PRB) can
represent a solution to this issue. A PRB involves placing
a reactive and permeable medium into the aquifer to inter-
cept the contaminated plume, without energy input but
using the natural hydraulic gradient, and to stop the con-
taminant propagation (Obiri-Nyarko et al., 2014; Thakur
et al., 2020).

Singh et al. (2020) defined “multi-PRB” as a sequence of
two or more barriers composed of different reactive media
or a single barrier made up of different layers, the latter
configuration is also known as multi-layer PRB (Lee
et al., 2010; Pawluk et al., 2019; Pawluk and Fronczyk,
2015; Potonski et al., 2017; Xu et al., 2012; Ye et al.,
2019). Both configurations were mainly proposed to tackle
a complex contamination by using different materials
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which can be able to activate specific removal mechanisms
for the different contaminants.

The longevity (i.e. the time during which the barrier
guarantees reaching remediation goals without replacing
the reactive medium) is an important requirement for a
PRB and it can be achieved by using one or more reactive
media with suitable characteristics of reactivity and perme-
ability to treat the contamination in the long term. Longev-
ity increases PRB sustainability avoiding the costs and
impacts related to substitution and disposal of the
exhausted reactive medium during remediation. In terms
of PRB sustainability, the use of cheap and readily available
materials is also desirable (avoiding excessive costs and
transport over long distances), derived from sustainable
production processes or from waste products (Calabro
et al., 2021). In this context, zero valent iron (ZVI), a versa-
tile reactive medium supplied by different manufacturers,
known and used worldwide in laboratory or in full scale
PRB meets all the requirements aforementioned (Fu et al.,
2014; Makota et al., 2017; Ullah et al., 2020a; Zhu et al.,
2022). Although there are examples of a good longevity of
this reactive medium in full scale (Wilkin et al., 2014), there
are numerous cases when a significant reduction of the bar-
rier permeability occurred (Henderson and Demond, 2007).
This phenomenon is mainly caused by the formation of iron
oxides and hydroxides which, due to their expansive nature,
reduce the porosity and permeability of the barrier (Cao
etal., 2021; Hu et al., 2018). Mixing ZVI with another gran-
ular medium is a well-established strategy to prevent perme-
ability reduction (Bilardi et al., 2020; Hu et al., 2020;
Moraci et al., 2017, 2015; Ruhl et al., 2014). The role of
the admixing agent, such as sand or volcanic materials
(e.g. pumice, lapillus, zeolites), is to separate iron particles
and prevent the aggregation of ZVI particles from following
their expansion which can cause clogging phenomena (Hu
and Noubactep, 2019; Hu et al., 2020; Limper et al., 2018;
Ullah et al., 2020b; Yang et al., 2022). The dispersion rate
of ZVI cannot be established a priori since the iron corro-
sion process, and the resulting formation of its corrosion
products, depends on the aquifer characteristics (e.g.
groundwater chemical composition and flow velocity
(Madaffari et al., 2017)).

Clogging in a ZVI-PRB generally occurs at the inlet sec-
tion of the barrier (ITRC, 2011; Phillips et al., 2010; Ullah
et al., 2020b; Yang et al., 2016). To tackle this issue, a
multi-layer configuration was proposed in literature and
implemented in full scale PRBs (Gavaskar et al., 2000; Li
and Benson, 2010; Morrison, 2003). The multi-layer config-
uration consists of two layers: the first containing ZVI
mixed with an inert material (e.g. sand or gravel) and the
second composed of ZVI only. The first layer was called
pre-treatment layer or “sacrificial pre-treatment zone” (Li
and Benson, 2010) since its scope is to preserve the perme-
ability of the reactive zone of the barrier by chemically pre-
treating the groundwater.

An example of this configuration is at Monticello, UT,
USA (Morrison, 2003), where a pre-treatment zone 0.6 m
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thick (13 % of ZVI and 87 % gravel by volume) was placed
upstream of the reactive zone, 1.2 m thick, composed of
100 % ZVI and of a third zone, 0.6 m thick, composed of
crushed gravel with the function of distributing the treated
water to the aquifer. Field studies have documented the
greatest loss of hydraulic conductivity occurring within
the center of the 100 % ZVI zone (Bartlett, 2005). Much
of the decrease was attributed to precipitation of calcium
carbonate and other ZVI corrosion products (Li and
Benson, 2010; Morrison, 2003).

A multi-layer PRB was also installed is at Dover Air
Force Base, DE, USA where the pre-treatment zone
(10 % of ZVI and 90 % coarse sand by volume and 0.6 m
thick) precedes the ZVI reactive zone. As in the Monticello
site, the exit zone consists of 100 % coarse sand. The pre-
treatment zone was installed to limit the entry of oxygen
into the reactive zone and monitoring after 18 months con-
firmed its depletion before entering the reactive cell. This
indicates that by incorporating a pre-treatment zone
upstream the real reactive one may improve barrier longev-
ity (Gavaskar et al., 2000).

Li and Benson (2010) numerically studied the efficiency
of a pre-treatment zone by means of a ground water flow
model MODFLOW and reactive transport model RT3D.
The aim of the pre-treatment layer is to create a zone to
promote secondary mineral formation due to pH and
redox change before groundwater enters the reactive zone.
According to the results obtained by the authors, a pre-
treatment zone does not eliminate the reduction in porosity
completely, as secondary minerals (e.g., Fe(OH),) still form
within the reactive zone in response to iron corrosion.

The in situ experiences described above and the mod-
elling study revealed how a pre-treatment zone does not
exclude the occurrence of clogging phenomena and,
according to the Authors, this aspect should be studied in
greater depth. Therefore, a configuration indicated here
as multi-layer configuration and composed of granular
mixtures characterized by a different degree of iron disper-
sion, is investigated in this paper, since, based on the
authors’ knowledge, this configuration has not yet been
studied in scientific literature. The rationale of this config-
uration is to use a greater dispersion of the iron in the first
layer of the barrier where the higher polluting load or the
presence of oxygen could increase iron corrosion and,
therefore, the risk of clogging phenomena (Bilardi et al.,
2019). This zone should promote secondary minerals and
the formation of iron corrosion products avoiding clogging
phenomena. Whereas, the lower dispersion of the ZVI in
the second layer should assure greater longevity of the bar-
rier in terms of reactivity, while ensuring the permeability
necessary for groundwater flow.

This paper studies the performance of two-layer configu-
rations using different ZVI/lapillus mixtures by means col-
umn tests. Lapillus was chosen as it is cheap, widely
available all over the world and has a moderate adsorption
capacity (Bilardi et al., 2020). In the first layer (pre-
treatment layer), 4 cm thick, the volumetric ratio (V.R.)
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ZVl:lapillus adopted is either 10:90 (Column B) or 05:95
(Column C), whereas in the second layer a mixture with a
volumetric ratio of 20:80 is used. A single layer configura-
tion made of a 20:80 ZVI/lapillus mixture (Column A) is
used as a benchmark. The results of the three column tests
are compared in terms of variation over time and over the
barrier thickness of the hydraulic conductivity and the nor-
malized contaminant concentration towards a multi-
contaminated solution of copper, nickel and zinc. This com-
position could be representative of a contamination of
industrial origin. It reflects a serious scenario, because
nickel is toxic, even at low concentrations, as well as being
difficult and complex to remove because nickel and zinc
removal is negatively affected by the presence of copper
(Bilardi et al., 2019).

2. Materials and methods
2.1. ZVI and lapillus

The ZVI used is of the FERBLAST RI 850/3.5 type, dis-
tributed by Pometon S.p.A., Mestre, Italy. The material is
mainly made of iron (>99.74 %) and impurities include
Mn, O, S and C. As derived from grain size analysis, the
mean grain size (d50) is about 0.5 mm and the coefficient
of uniformity (U) is 2. The particle density of the reactive
material is 7.87 g/cm?.

Lapillus is a sedimentary pyroclastic material with a
granular form and a reddish-maroon color. It originated
from the explosive volcanic activity in the Sabatini Moun-
tains (Italy) and is distributed by “Societa Estrattiva Mon-
terosi s.r.l.”, Viterbo, Italy. Lapillus mainly consists of
silica (SiO,, 47 % mass) and oxides of various elements
(A1203, 15 0(); Kzo, 8 0(); NaZO, 1 OA), F6203-FGO, 7-8 OA),
MnO, 0.15 %; MgO, 5.5 % and CaO, 11 %). The grain size
distribution of Lapillus specimen used in column tests has
been selected in function of that of ZVI and taking into
consideration the internal stability filter design criteria
(Moraci et al., 2022). The lapillus grains were washed,
the retained grains in sieve No. 40 (>0.42 mm) and the
passing to sieve No. 200 (<0.074 mm) were discarded in
order to obtain a particle size distribution more similar
to that of ZVI. The coefficient of uniformity U is about
3.2 and the d50 is approximately 0.4 mm. The apparent
particle density of the lapillus is 2.2 g/ cm®.

The two materials with a bulk density of 4 g/cm® for
ZVI and of 1.27 g/em?® for lapillus were mixed in such a
way as to obtain volumetric ratios equal to 05:95; 10:90
and 20:80, which are equivalent to the weight ratios of
44:56, 26:74, 14:86, respectively.

2.2. Column tests

Laboratory scale polymethyl methacrylate (Plexiglas)
columns were used in this research. Column tests were car-
ried out in up-flow mode under constant flow rate of
0.5 mL/min (Q) using a multi-channel precision peristaltic
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pump (Watson Marlow 205S). The columns, with an inter-
nal diameter of 5 4+ 0.1 cm and height equal to 50 cm, were
half filled and the concentration profile of the contaminants
was obtained from the sampling ports located at distance of
3,5,8,13,18,23 and 28 cm from inlet. A schematic diagram
of column test apparatus is showed in Fig. 1.

To obtain a specimen as homogeneous as possible, each
column was filled by means of a tube containing the reac-
tive medium, inserted inside the column and gently lifted
during filling. The material was compacted by gently tap-
ping the outside of the column with a rubber hammer.
The columns were filled up to about 28 cm, a width suffi-
cient to study the propagation of the contamination front
(Bilardi et al., 2023); the empty area of the columns was
filled with quartz gravel.

The contaminated solution was prepared by diluting
Copper Nitrate (Copper(1I) nitrate hydrate,
purity > 99 %,; Sigma-Aldrich), Nickel Nitrate (Nickel(II)
nitrate hexahydrate, purity > 99 %; Sigma-Aldrich) and
Zinc Nitrate (Zinc(IT) nitrate hexahydrate, purity > 99 %;
Sigma-Aldrich) in distilled water in order to obtain a con-
centration of about 18 mg/l for each metal.

The aqueous samples withdrawn from sampling ports
were analysing using Inductively Coupled Plasma — Optical
Emission Spectroscopy (ICP-OES - Perkin Elmer Optima
8000).

The hydraulic behaviour was studied through pressure
transducers (TE Connectivity US300, pressure range of 0
— 200 kPa, £+ 0.1 % accuracy). Each pressure transducer
was connected to an automated data logger to record pres-
sure values. The difference of pressure between a first trans-
ducer located before the column inlet and a second one
located at 3 cm from column inlet (Fig. 1), allowed the
authors to determine the hydraulic conductivity of the first
layer (or “pre-treatment layer) of the reactive medium. The
difference of pressure between the second and the third
pressure traducer, the latter located at 25 cm from column
inlet (Fig. 1), allowed the determination of the hydraulic
conductivity of the remaining part of the reactive medium.
The hydraulic conductivity (k) of the specimen was calcu-
lated in accordance with the following form of Darcy’s law:

L0
N (1)

where A is the area of the column, L is the length of the
specimen and AH is the hydraulic head loss.

Finally, the material extracted from columns at the end
of the test, was analysed by Scanning Electron Microscopy
(SEM) coupled with Energy Dispersion X-ray Spectro-
scope (EDX) in order to evaluate the morphology of the
reaction products and their elemental composition.

Table 1 summarizes the main characteristic of the col-
umn tests performed considering a single layer (Column
A) of the ZVI/lapillus mixture at a volumetric ratio equal
to 20:80, or a double layer with a volumetric ratio equal
to 10:90 and 20:80 for the second layer (Column B) or
05:95 for the first layer and 20:80 for the second layer (Col-

k =
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Fig. 1. Schematic diagram of column tests.
Table 1
Main characteristic of column tests.
A B C
First layer V.R. ZV1/lapillus 20:80 10:90 05:95
Thickness (cm) 4 4 4
ZVI mass (g) 63 31 16
Lapillus mass (g) 80 90 95
Second layer V.R. ZVI/lapillus 20:80 20:80 20:80
Thickness (cm) 23 24 24
ZVI mass (g) 361 377 377
Lapillus mass (g) 459 479 479
Total thickness (cm) 27 28 28
Initial porosity (%) 43.6 43.2 43.0
Initial hydraulic conductivity (m/s) 2.38-10* 2.77-10* 1.64-10
Test duration (h) 3144 6360 7932

umn C). The rationale of this configuration is to use a
higher dispersion of the ZVI in the first layer, in order to
reduce the risk of clogging phenomena, and a lower disper-
sion of ZVI in the second layer in order to assure greater
longevity in terms of reactivity, while ensuring the perme-
ability necessary for groundwater flow. Moreover, Table 1
shows the initial porosity (7p) and the hydraulic conductiv-
ity value of the three specimens and the duration of the
three tests. The A column test was interrupted after
131 days due to the reduction in the hydraulic conductivity
which was not compatible with the imposed flow rate. The
B and C column tests were interrupted after 265 and
330 days, respectively, due to exhaustion of the reactivity.

3. Results and discussion

A PRB loses its effectiveness if it does not guarantee a
concentration of the contaminant leaving the PRB below
the remediation target or when its hydraulic conductivity
decreases and groundwater flow is unable to cross the bar-

rier. Therefore, the longevity of the barrier will be estab-
lished by examining the hydraulic and the reactive
behavior of the three columns.

3.1. Hydraulic behavior

Fig. 2 illustrates the hydraulic conductivity calculated at
time t (k(t)) divided by the initial value (k) of the first (0—
3 cm) and second layer (3-25 cm) of the three columns as a
function of time. The single layer configuration (Column
A) shows the lowest longevity. In particular, the hydraulic
conductivity of the first layer (Fig. 2a) decreases abruptly
after about 200 and 1000 h for columns A and B respec-
tively. For column C, the hydraulic conductivity remains
constant up to 3000 h and subsequently a slight increase
is observed, the latter probably due to gas venting or to
the formation and removal of solids precipitates.

With reference to the second layer (Fig. 2b), the hydrau-
lic conductivity decreases after 1600 h for column A,
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Fig. 2. Normalized hydraulic conductivity profile of a) the first (0-3 cm) and b) second (3-25 cm) layer of the reactive media contained in columns A, B

and C.

slightly decreases after 4200 h for column tests B, whereas
it remains constant for column test C.

As expected, column A shows the worst hydraulic
behavior, in fact, a rapid reduction in the hydraulic con-
ductivity starting from the column inlet is observed. There-
fore, considering the examined condition of flow rate and
water composition, this configuration does not ensure the
correct operation of the PRB.

The hydraulic conductivity profile of the first layer of
column B is almost the same as that observed in column
A, but the reduction in the hydraulic conductivity occurs
later due to the lower iron content per unit volume. This
strong similarity of the hydraulic conductivity profile of
the first layer of columns B and A suggests a very precise
kinetics of iron corrosion under the same boundary condi-
tions (i.e. flow rate and water composition).

Examining columns B and C it is possible to state that a
“pre-treatment” layer improves the long-term hydraulic
behavior of the PRB and can preserve the hydraulic con-
ductivity of the subsequent layer. The different hydraulic
behavior of the second layer of the three column tests is
probably due to the presence of the “pre-treatment” zone
that changes the chemical composition of the water flow
entering the second layer.

As pointed out by Hu et al. (2020) the solution chemistry
influencing iron corrosion rate includes the presence of dis-
solved O, (probably consumed in the pretreatment zone)
and contaminants whose removal starts from this zone.
Another important concept pointed out by the same authors
(Hu et al., 2020) is the nonlinear kinetic of iron corrosion rate.

3.2. Reactive behavior

Fig. 3 shows the breakthrough curves (i.e. profile of the
normalized concentration of the heavy metals over time) at

the second sampling port (3 cm) for the three column tests.
The removal sequence Cu > Zn > Ni confirms the results
observed in previous research (Bilardi et al., 2019, 2015).
Examining copper removal (Fig. 3a), the breakthrough
time (i.e. the time the system is able to keep the concentra-
tion of the pollutant below the Italian regulatory limit (i.e.
1 mg/L)) is similar for columns B (i.e. 3696 h) and C (i.e.
3528 h). The breakthrough time was never reached for col-
umn A which had a shorter duration due to the excessive
reduction in hydraulic conductivity. The breakthrough
curves for nickel (Fig. 3b) and zinc (Fig. 3c) vary for the
three columns and the highest removal of the contaminant
is achieved as the iron content per unit volume increases. In
particular, the Italian regulatory limit for nickel (i.e.
0.02 mg/L) is always exceeded in the three columns. For
Zinc, the Italian regulatory limit (i.e. 3 mg/L) is exceeded
after 672 h for column A, after 336 h for column B and
starting from the first sampling (i.e. 168 h) for column C.

The complete exhaustion (i.e. C(t)/C, equal to 1) of the
reactive medium towards copper is not observed in the
three columns where the removal efficiency is always higher
than 70 %. While the complete exhaustion of the reactive
medium in the first 3 cm of thickness towards nickel and
zinc is observed only for column C.

It is possible to observe a relation between the hydraulic
(Fig. 2) and reactive behavior (Fig. 3). The cause of the
reduction in hydraulic conductivity observed in columns
A and B (Fig. 2) can be attributed to the formation of iron
corrosion products, which probably contribute to the resid-
ual removal of nickel and zinc by co-precipitation (i.e. dis-
solved species are mechanically entrapped in the matrix of
oxyhydroxides during their precipitation) and adsorption
onto available iron oxides (Fig. 3b and 3c). The constant
value of the hydraulic conductivity (Fig. 2) and the com-
plete exhaustion of the first layer of column C in the long
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Fig. 3. Breakthrough curves of a) copper b) nickel and ¢) zinc at the second sampling port (3 cm) of columns A, B and C.

term (Fig. 3a and 3c) suggests a lower formation of iron
corrosion products and the consequent reduction of the
heavy metal removal capacity.

Fig. 4 shows the breakthrough curves of nickel (Fig. 4a)
and zinc (Fig. 4b) derived from column test A. Because in
all sampling ports located after 3 cm, copper concentration
remained below 1 mg/l, the breakthrough curves related to
copper are not showed.

The breakthrough time, which is the design parameter
of a PRB (Bilardi et al., 2019), is considered the length of
time the system is able to keep the concentration of the pol-
lutant below the Italian regulatory limit. For nickel
(Fig. 4a), the breakthrough time is observed at 5 cm of
the reactive medium thickness after 504 h, and it occurs
at the same time (i.e. 2520 h) at the sampling ports located

at 13, 18 and 23 cm. In terms of pore volume of flow
(PVF), calculated through equation (2), the breakthrough
time at L = 5 cm (i.e. t = 504 h) occurred after 353 PVF
and at L = 13 cm, L = 18 cm and L = 23 cm (ie.
t = 2520 h) after 679, 491 and 384 PVF respectively.

PrF

_ Q-
CA-ng-L 2

Regarding Zinc removal, its concentration at a thickness
L = 23 cm is lower than the Italian regulatory limit for
the entire duration of the test. The breakthrough time
observed at sampling ports located at 3 (Fig. 3c), 5, 8
and 13 cm linearly increases with the reactive medium
thickness as will be shown later in Fig. 7b.
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Fig. 4. Breakthrough curves of a) nickel and b) zinc at the sampling ports placed at a distance of 5, 8, 13, 18 and 23 cm from the inlet section of column A.

Fig. 5 shows the breakthrough curves for nickel and zinc
at the sampling ports placed at a distance of 5, 8, 13, 18, 23
and 28 cm from the inlet section of column B.

For nickel removal (Fig. 5a), a thickness of almost 8 cm
is necessary to remove the contaminant. The breakthrough
time advances along the thickness of the reactive medium
according to the process of exhaustion of the reactivity of
the materials. The breakthrough time takes place simulta-
neously, after 672 h, considering the sampling ports placed
at 18 (132 PVF), 23 (103 PVF) and 28 (85 PVF) cm from
column inlet. The nickel removal efficiency exceeds 90 %
up to 2520 h.

Zinc is removed from solution more easily than nickel
(Fig. 5b) and its concentration, after 26 weeks (i.e.
4368 h) at 23 cm of thickness, is below the Italian regula-
tory limit. The breakthrough time observed at sampling

1.0

—/-5cm ——8cm
—A—13cm —%—18cm
0.8 F—©—23cm ——28cm

c/c,

04

02

Nickel

3000 4000

0.0

2000
a) t(h)

ports located at 3 (i.e. 168 h, 198 PVF), 5 (i.e. 672 h, 475
PVF), 8 (i.e. 1512 h, 668 PVF), 13 (i.e. 2520 h, 686 PVF)
and 18 cm (i.e. 3696 h, 726 PVF) linearly increases with
the reactive medium thickness.

The concentration of copper remains below 1 mg/l in all
sampling ports located after 3 cm (breakthrough curves not
showed).

Fig. 6 shows the breakthrough curves of nickel (Fig. 6a)
and zinc (Fig. 6b) derived from column test C.

The exhaustion of the reactive medium towards nickel
removal (Fig. 6a), occurs in shorter times than in column
A. This behavior is linked to the lower iron content per unit
volume present in the first 4 cm of the reactive medium
thickness. This rapid depletion of the reactivity is high-
lighted by the proximity of the breakthrough curves,
which, for some thicknesses of the reactive medium tend

1.0
—&-5cm ——8cm Zinc
——13cm —¥—18cm
0.8 r-e—23cm —+—28cm
0.6
o
&)
04
02
0.0 Gl e
0 1000 2000 3000 4000
b) t(h)

Fig. 5. Breakthrough curves of a) nickel and b) zinc at the sampling ports placed at a distance of 5, 8, 13, 18, 23 and 28 cm from the inlet section of column B.
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Fig. 6. Breakthrough curves of a) nickel and b) zinc at the sampling ports placed at a distance of 5, 8, 13, 18, 23 and 28 cm from the inlet section of column C.

to overlap, such as the breakthrough curves placed at
L = 13 and L = 18 cm (breakthrough time equal to
504 h equivalent to 138 PVF for 13 cm and 99 PVF for
18 cm) or the breakthrough curves placed at L = 23 and
L = 28 cm (breakthrough time equal to 672 h equivalent
to 104 PVF for 23 cm and 85 PVF for 28 cm). The nickel
removal efficiency exceeds 50 % up to 2000 h.

The breakthrough curves for zinc (Fig. 6b) are more
widely spaced. In particular, the breakthrough time occurs
after 1344 h at L = 8 cm (597 PVF), after 2184 hat L = 13
(597 PVF) and 18 cm (431 PVF) and after 2856 h at L = 23
(441 PVF) and 28 cm (362 PVF).

The concentration of copper remains below 1 mg/l in all
sampling ports located after 3 cm (breakthrough curves not
showed).

Fig. 7 shows the breakthrough time (y-axis) of nickel
(Fig. 7a) and zinc (Fig. 7b) observed at each sampling port
(x-axis) for the three columns. As previously observed in
Figs. 4-6, it was not always possible to observe the break-
through time in the first sampling ports. Fig. 7a shows that
the breakthrough times do not always increase as the thick-
ness increases. The observed profiles, which are different
for the three columns, suggest the existence of an optimal
thickness of the PRB for nickel removal. In particular,
neglecting the hydraulic behavior (i.e. assuming that the
hydraulic conductivity remains constant over time), an
optimal thickness of the reactive medium, equal to 13, 18
and 23 cm can be identified for columns A, B, and C,
respectively (Fig. 7a). The lower removal efficiency of the
layers placed downstream from the inlet section could be
attributed to the reduction in reactivity of the iron particles
even in the absence of contaminants as also observed in
previous studies (Madaffari et al., 2017). This behavior sug-
gests that when ZVI is crossed by uncontaminated water, it
is in any case corroded and this leads to a reduction in its
reactivity over time.

Furthermore, it is necessary underline that the profiles
observed in Fig. 7a are strictly linked to the regulatory
limit, in this case equal to 0.02 mg/l.

For zinc (Fig. 7b), the breakthrough time linearly
increases with the reactive medium thickness (data can be
fitted with a linear equation having R* > 0.87).

The profiles of Fig. 7b can be used as design curves, if
the hydraulic conductivity of the reactive medium
remains constant over time. The thickness (i.e. the x-
axis in Fig. 7b) of the PRB can be obtained if the volume
of water to be treated and the flow rate entering the PRB
are known.

To show more clearly the influence of the pre-treatment
zone on the reactive behavior of a ZVI-based mixture, the
results of the three columns are compared in Figs. 8 and 9
for nickel and zinc, at 18 and 23 cm of reactive medium
thickness, respectively.

Considering 18 cm of reactive medium thickness
(Fig. 8a), a substantial difference between the reactive
behavior of column C with that of columns A and B
towards nickel removal is observed. Although, this dif-
ference is reduced considering 23 cm of column length
(Fig. 9a), it is possible to state that a content of iron
lower than 20 % in volume in the first centimeters of
the reactive medium can influence the reactivity towards
nickel.

For zinc, the Italian regulatory limit at 18 cm of the
reactive medium thickness is exceeded after 2000 and
3700 h passing from test C to test B, respectively. This
difference between the breakthrough times is reduced
considering 23 cm of column thickness (Fig. 8b and
9b). For column A, the limit was not reached in the per-
iod under study (17 weeks). Therefore, in terms of zinc
removal, the iron content in the first centimeters of reac-
tive medium thickness seems to reduce its influence as
the thickness of the reactive medium increases.
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Fig. 8. Breakthrough curves of a) nickel and b) zinc at 18 cm for columns A, B and C.

3.3. Reactive and hydraulic lifetime

PRB lifetime is, in terms of reactivity, the length of time
the system is able to maintain the concentration of the pol-
lutant below the regulatory limit or, in terms of hydraulic
conductivity, the time when groundwater flow is able to
cross the barrier. Therefore, the longevity of the barrier will
be established by examining the hydraulic and the reactive
behavior of the three columns.

As far as the hydraulic behavior is concerned, the life-
time of the PRB was considered upon reaching a hydraulic
conductivity value approximately one order of magnitude
lower than the initial value. As regards reactive behavior,
the lifetime of the PRB was considered upon reaching the
maximum breakthrough time (with reference to the Italian
regulatory limit).

In Table 2, for each column test, the event that could
affect the lifetime (or longevity) of the reactive medium

was identified both in terms of distance from the column
inlet (or thickness of the reactive medium) and in terms
of time during which the event was observed.

Assuming that a reduction in the hydraulic conductivity
of one order of magnitude is not compatible with the cor-
rect operation of a PRB, column A would have required
the substitution of the reactive medium after about
400 h. Considering the PRB thicknesses investigated in
the tests, the maximum longevity for columns B and C is
672 h, which is the breakthrough time obtained for nickel.
Therefore, from a comparison among the three tests, it
emerges that the presence of the pretreatment zone
increases barrier longevity by 68 %.

Neglecting the reactive behavior, column B would have
required the substitution of the reactive medium after
about 1500 h. Therefore, in this case, the presence of a
pre-treatment area did not exclude the occurrence of clog-
ging phenomena of the reactive medium but it did delay the
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Table 2
Time (t), pore volume of flow (PVF) and distance from column inlet (L) in which a hydraulic conductivity reduction of one order of magnitude or the
contaminant breakthrough are observed.

1D t PVF L Event
[h] - [cm]
A 400 467 3 Hydraulic conductivity reduction of one order of magnitude
2184 957 8 Zinc breakthrough
2520 679 13 Nickel breakthrough
3144 3672 3 Copper breakthrough not observed until end of the test
B 1500 1768 3 Hydraulic conductivity reduction of one order of magnitude
3696 4357 3 Copper breakthrough
3696 726 18 Zinc breakthrough
672 132 18 Nickel breakthrough
C 3528 4178 3 Copper breakthrough
2856 441 23 Zinc breakthrough
672 104 23 Nickel breakthrough
7932 9395 3 Hydraulic conductivity remained constant until the end of the test

Fig. 10. ZV1/lapillus mixture inside column A after disassembly (Fig. 10a) and after extraction (Fig. 10b).
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Fig. 11. SEM images of ZVI/lapillus mixture taken from column A and EDX analysis of (a) point 1 showing trapezoidal metallic copper and (b) point 2
showing a bulbous formation of copper.
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Fig. 12. SEM images of ZVI/lapillus mixture taken from a) column A and b) column B showing the spongeous nature of iron corrosion products and

EDX analysis. 1
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Fig. 14. SEM/EDX analyses of ZVI/Lapillus granular mixture taken from column C.

clogging phenomenon, increasing the longevity of the bar-
rier by 275 %.

The lifetime of column C is linked to nickel removal and
to the regulatory limit that must be reached, but the results
highlighted in Fig. 7a show that an increase in the PRB
thickness does not allow an increase in its longevity. In
the absence of nickel, it is reasonable to assume that the
longevity of column C is related to the removal of zinc
and that it can be increased by increasing the thickness of
the PRB (see design curves in Fig. 7b).

The study of the hydraulic and reactive behavior of the
three configurations has shown that a pre-treatment zone
increases the longevity of the PRB but it is necessary to
design this zone by appropriately defining the iron disper-
sion rate and the thickness.

A PRB containing the pre-treatment zone can be
easily installed using the caisson technology employed
at Dover Air Force Base. In this case, a temporary divi-
der was used to separate the pretreatment zone from the
rest of the reactive medium during filling (Gavaskar
et al., 2000).

The economic convenience of the proposed multilayer
configuration lies in ensuring optimal long-term operation
of the PRB, avoiding the much more expensive replace-
ment of the reactive medium during the remediation
treatment.

3.4. SEM-EDX analyses

Fig. 10 shows the material inside column A after disas-
sembly (Fig. 10a) and a part of extracted material
(Fig. 10b). The brown and gray areas represent lapillus
and iron respectively. From Fig. 10b the aggregation/ce-
mentation among particles is clear.

SEM image of the reacted surface of the ZVI/lapillus
granular mixture taken from the inlet of column A
(Fig. 11) revealed the presence of copper in two different
shapes. Trapezoidal copper crystals (point 1 of Fig. 11a)
whose EDX analysis revealed the presence of 48.3 % of
0, 45 % of Cu and 6.8 % of S (weight percent). The trape-
zoidal shape of deposited copper was also mentioned by
(Komnitsas, 2007). In Fig. 11b copper can be found as a



S. Bilardi et al.

Soils and Foundations 63 (2023) 101398

b)

Point 1

Weight percentage Certainty
o [ 394k 99.0 %
Fe | 136.2% 98.5 %
zn | 9.7% 93.5%
si [43% 97.2%
Ni [13.8% 91.7%
Al [25% 95.5 %
cu 2.4% 85.1%
K [1.7% 95.0%
Point 2

Weight percentage Certainty
re [ 62.8% 98.0%
o I 23.4% 97.7%
zn |8.0% 88.7%
Ni fl43% 88.1%
si |1.6% 91.1%
Point 1

Weight percentage Certainty
Fe [N 33.3% 96.0 %
zn [ 295% 91.4%
o [ 119.0% 95.9 %
cu [163% 79.2%
Ni [[4.6% 79.7%
si faa% 92.2%
Al f32% 89.6 %
Point 2

Weight percentage Certainty
cu [ 693% 95.2%
Fe | 204% 94.3%
o Mio3% 93.2%

Fig. 13. SEM/EDX analyses of ZVI/Lapillus granular mixture taken from column B.

bulbous formation. EDX analysis performed at point 2 of
Fig. 11b revealed the presence of 94 % of Cu, 4.2 % of Fe
and 1.9 % of O (weight percent) and this is compatible with
the reduction of Cu”" to Cu® (cementation process (Crane
and Sapsford, 2018)). (Sanchez-Espana et al., 2022) also
revealed this pseudo-spherical form of metallic copper pro-
duced by the cementation method.

Fig. 12 shows the SEM images of the ZVI/lapillus gran-
ular mixture taken from column A (Fig. 12a) and column B
(Fig. 12b). From EDX analysis performed on points 1 and
2 of both figures, it is possible to hypothesize the presence
of iron corrosion products with a spongeous nature. This
morphology recalls the petal-shaped one revealed by
Wang et al. (2007) or the amorphous form with a porous
structure revealed by Fan et al. (2009).

EDX analysis performed on point 1 of Fig. 12a shows
the presence of zinc most likely incorporated within iron
corrosion products, this is compatible with adsorption

and co-precipitation of zinc with
(Kishimoto et al., 2011).

Nickel was found mostly together with zinc, iron and
oxygen as shown from SEM/EDX analyses of the granular
mixture ZVI/lapillus taken from column B inlet (Fig. 13).
The image depicted in Fig. 13a suggests a spongeous nature
of the precipitates whereas higher magnification (Fig. 13b)
clearly shows the presence of precipitates with a bulbous
formation and containing copper, as shown previously,
and a filamentous structure of precipitates containing Fe,
O, Zn, Ni and Cu (this is compatible with adsorption and
co-precipitation of the heavy metals with iron hydroxide).

SEM/EDX analyses of the ZVI/lapillus mixture taken
from column C (Fig. 14) reveal the presence of precipitates
containing copper with a bulbous formation, as previously
observed in columns A or B, and precipitates of Fe and O
(probably iron corrosion products) containing copper,
nickel and zinc.

iron hydroxide
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4. Conclusions

This research studied the behaviour of a PRB configura-
tion composed of two layers of a granular mixture of ZVI
and lapillus, each characterized by a different degree of iron
dispersion. The objective of the first layer, named “‘pre-
treatment layer” where ZVI particles are more widely dis-
persed, is to avoid the clogging phenomenon. To explore
the effectiveness of this multi-layer configuration three col-
umn tests were performed. Two columns were filled with an
initial 4-cm-thick layer consisting of a ZVI/lapillus granu-
lar mixture with a volumetric ratio of 10:90 (Column B)
or 5:95 (Column C) and a second layer with a volumetric
ratio equal to 20:80. A third column filled with a single
layer of the 20:80 ZVI/lapillus mixture was used as a
benchmark (Column A). The columns were permeated with
a multi-contaminated solution of copper, nickel and zinc.

Column A showed the lowest longevity due to a rapid
reduction in the hydraulic conductivity starting at the inlet
section of the column (decrease of one order of magnitude
after 400 h) and propagating up to the second layer (de-
crease of one order of magnitude after 1600 h). The
hydraulic conductivity reduction of one order of magni-
tude was also observed in the first layer of column B after
1500 h. In column C for the duration of the test (at least
8 months) the permeability remained constant.

The longevity of columns B and C was linked to nickel
removal, in these two columns the presence of the pre-
treatment layer allowed an increase in PRB longevity of
68 % compared to column A.

In the three columns, copper and zinc were removed for
longer period than nickel and the breakthrough time gener-
ally increased with barrier thickness. For nickel, an optimal
thickness of the PRB equal to 13, 18 and 23 cm for column
A, B, and C respectively was identified. In this case, an
increase in the thickness of the reactive medium did not
correspond to a significant removal of the contaminant.

In cases where breakthrough times increase linearly with
reactive medium thickness and hydraulic conductivity
remains constant over time, PRB longevity can be
increased by increasing PRB thickness. In this case, design
curves can be drawn, as proposed in this study, in order to
establish the thickness of the PRB according to the in situ
conditions (i.e. volume of water to be treated and flow rate
entering the PRB).

SEM-EDX analyses of the reacted surface of the ZVI/
lapillus granular mixture taken from the column inlet,
revealed the presence of copper as trapezoidal crystals or
bulbous formation, the presence of iron corrosion products
with a spongeous nature, and the presence of nickel and zinc
most likely incorporated within iron corrosion products.
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