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model incorporates a transient diffusion-dominated transport with a second-order reaction rate constant. Fur-
thermore, the model accounts for the HPRB lifetime as a function of the oxidant consumption by reaction with
upward vapors and its progressive dissolution and leaching by infiltrating water. Simulation results by this
new model closely replicate previous lab-scale tests carried out on trichloroethylene (TCE) using a HPRB contain-
ing a mixture of potassium permanganate, water and sand. In view of field applications, design criteria, in terms of
the minimum HPRB thickness required to attenuate vapors at acceptable risk-based levels and the expected HPRB
lifetime, are determined from site-specific conditions such as vapor source concentration, water infiltration rate
and HPRB mixture. The results clearly show the field-scale feasibility of this alternative vapor mitigation system
for the treatment of chlorinated solvents. Depending on the oxidation kinetic of the target contaminant, a 1 m
thick HPRB can ensure an attenuation of vapor concentrations of orders of magnitude up to 20 years, even for
vapor source concentrations up to 10 g/m>. A demonstrative application for representative contaminated site
conditions also shows the feasibility of this mitigation system from an economical point of view with capital
costs potentially somewhat lower than those of other remediation options, such as soil vapor extraction systems.
Overall, based on the experimental and theoretical evaluation thus far, field-scale tests are warranted to verify the
potential and cost-effectiveness of HPRBs for vapor mitigation control under various conditions of application.
© 2017 Elsevier B.V. All rights reserved.
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biodegradation processes in the subsurface by ubiquitous soil microbes
(Fischer et al., 1996; Hers et al., 2000; Patterson and Davis, 2009; Lahvis

1. Introduction

Contamination of the subsurface by volatile organic compounds
(VOCs) may cause vapor intrusion (VI), a process by which vapors dif-
fuse into overlying buildings through cracks or other openings present
in foundation slabs and basement walls (Eklund et al., 2012). The air
quality problem resulting from VOCs vapors may pose potential threats
to safety and possible adverse human health effects (McHugh et al.,
2010).

Chlorinated hydrocarbons (CHCs) and petroleum hydrocarbons
(PHCs) are the main volatile organic compounds that cause soil and
groundwater contamination, due to their widespread production and
use as organic solvents and fuels, respectively (Rivett et al.,,2011). How-
ever, the risk of PHCs vapor intrusion may be drastically reduced in ox-
ygen-rich soils due to the occurrence of relatively rapid aerobic
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et al., 2013; Verginelli and Baciocchi, 2014; Yao et al., 2015, 2016;
Verginelli et al., 2016a, b). Conversely, chlorinated solvents, such as
tetrachloroethene (PCE), trichloroethene (TCE), dichloroethene (DCE)
and vinyl chloride (VC), are considerably less susceptible to biodegrada-
tion. This makes VI a key issue in many sites contaminated by chlorinat-
ed solvents (McHugh et al., 2010). The conventional approach to avoid
vapor intrusion of these compounds from contaminated soil or ground-
water relies on the remediation of the subsurface soil to acceptable risk-
based levels (U.S.EPA, 2015a), using one of the several cleanup technol-
ogies commercially available.

Often, in combination with site remediation approaches, different
strategies can be designed to mitigate vapor intrusion risks. Methods
for VI mitigation include the use of sub-slab depressurization systems
by using fans or blowers installed below the building foundation, the
over-pressurization of non-residential buildings by adjusting the
heating, ventilating and air conditioning (HVAC) system, the enhance-
ment of building ventilation using fans or natural ventilation, the sealing
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of cracks and openings in foundations and walls with bituminous prod-
ucts or elastomeric polymers and the installation of passive barriers
below the building to physically block vapors access (ITRC, 2007;
US.EPA, 2015a).

An alternative VI mitigation system involves the use of solid potassi-
um permanganate to create a horizontal permeable reactive barrier
(HPRB) aimed at oxidizing upward VOCs. In a series of batch and lab-
scale column tests, Mahmoodlu et al. (2014a, b, 2015) have demonstrat-
ed the potential of HPRB in oxidizing TCE, toluene, and ethanol vapors
migrating upward from a contaminated saturated zone. To scale-up
these results and to evaluate the feasibility of this alternative mitigation
system in real-scale applications, this study introduces a 1-D analytical
solution that describes the attenuation of vapors through the reactive
barrier. After a brief description of the analytical solution method, the
developed model is compared with the results of the lab-scale column
tests obtained by Mahmoodlu et al. (2015). Then, the simulation results
provided by the model are used to suggest design criteria for permanga-
nate HPRB in view of field applications. Specifically, the model outputs
are used to evaluate the minimum HPRB thickness required to attenuate
vapors at acceptable risk-based levels as a function of the vapor source
concentration. Furthermore, the HPRB lifetime as a function of perman-
ganate consumption due to oxidation and its progressive dissolution
under conditions of net recharge is investigated. Finally, a field case
study illustrating the potential applicability of HPRBs is presented. Be-
yond the prime focus on the use of HPRBs using solid potassium per-
manganate, the analytical approach presented in this work is
applicable for the use of other reactive (sorbing or oxidizing) media to
create HPRBs in the control of VOC migration in the unsaturated zone.

2. Model development
2.1. Vapor transport

2.1.1. Vapor attenuation through the reactive barrier

The governing equation for contaminant reactive transport (1-D
along z direction) through the HPRB can be written, assuming a diffu-
sion-dominated transport and a second-order reaction kinetic model
for the oxidation of contaminant (Fig. 1), as follows:

ac ’c, 6
B_tv = Drirrp —azzv —k W'IZPRB Cox - Cy (1)

where C, is the concentration of the contaminant in the soil-gas phase,
C,x the concentration of the oxidant in the water phase, t the time, k” the
second-order oxidation rate constant in the water phase, 6, yprg the
water-filled porosity in the HPRB, H the dimensionless Henry's law con-
stant of the contaminant and Dypp the effective porous medium diffu-
sion coefficient through the HPRB which can be estimated by using
the Millington and Quirk (1961) equation:

Dyprp = Dy - ; (2)
e HPRB

where D, is the diffusion coefficients of the contaminant in air, 6, yprs
the effective porosity in the HPRB and 6, pgp the air-filled porosity in
the HPRB.

When the oxidant availability in the HPRB is in such excess that it
can be considered constant during the oxidation reaction, C,y can be as-
sumed equal to the solubility value of the oxidant (Hartog et al., 2015).
This condition is indeed likely representative of the scenario modeled in
this work as the reactant (i.e. permanganate) in the barrier is considered
stoichiometrically in excess with respect to the contaminants migrating
through the barrier.

An analytical solution of Eq. (1) can be obtained assuming as bound-
ary conditions a vapor concentration entering the HPRB barrier equal to
Cuprp,in (t) and a negligible vapor flux leaving the reactive layer of

thickness dypgs (i.e. a complete attenuation of vapors through the barri-
er is assumed at z = dppgg) While as initial condition a contaminant con-
centration equal to zero within the whole HPRB barrier:

Cy(0,t) = Chpra,in(t)
Cy(z.0)=0

aC,
a—z(dHPRth) =0

3)

Note that the boundary condition on the vapor flux may lead to
overestimate the attenuation of vapors expected through the reactive
layer in the case of low oxidation rate constants and low HPRB thick-
nesses, since the assumption of a negligible vapor flux leaving the
HPRB with respect to the one entering at the bottom of the reactive
layer is no longer valid.

Assuming the initial and boundary conditions discussed above and
summarized in Eq. (3), the following analytical solution is obtained:

zZ zZ w
Co(2,6) = 0.5 - Cupmpin(0) - exp(—m) erfc(ﬁ—g) (4)
with
© = (Dypgs - £)'/? (5)

172
Dyprs - H ) (6)

Lg = v~ A
® <k : Cox . 6W.HPRB

Note that Eq. (4) represents a simplified form of the analytical solu-
tion reported by van Genuchten (1981).

At steady-state (i.e. assuming t— < in Eq. (4)), the vapor attenuation
in the reactive barrier can be estimated as:

Cy(z,t—) < z )
— = exp| —— 7
Chipgg,in (t—=) P Lg @

At z = dyprs, Eq. (7) provides the attenuation factor of vapors, «,
through the HPRB. Namely, at steady-state the attenuation of vapors
through the HPRB depends only on the thickness of the barrier, dypgs,
and on the extension of the diffusive reaction length, Lg, that can be cal-
culated as in Eq. (6).

Eq. (7) can be rearranged to estimate the minimum thickness of the
HPRB, dyprs, needed to attenuate vapors to acceptable risk-based levels:

. Cripra i
dupre” = Lg In <M> (8)

target

where Ly is the diffusive reaction length and Ciqrge the acceptable risk-
based soil-gas concentration (for outdoor or indoor volatilization).

On the other hand, from Eq. (7) the flux of vapors through the HPRB
layer can be estimated as follows:

D z
Juprs jayer () = Chprp.in HRE . exp( — = 9)
Lg Lg

At the bottom of the HPRB layer, Eq. (9) becomes:

D,
]HPRB,layer(O) = CHPRB‘in . % (10)

2.1.2. Estimation of the vapor concentrations entering the reactive layer
The governing equation for upward contaminant vapor transport (1-
D along z direction) through the soil below the HPRB can be written
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Fig. 1. Conceptual modeling scenario.

assuming a diffusion-dominated transport as follows:

ac, ?c,

W:Dsoil'F (11)

where D, is the effective porous medium diffusion coefficient of va-
pors through the soil that can be calculated with Eq. (2) using the air-
filled porosity, 64s0i, and the effective porosity, 6,0, of the soil. Note
that for layered soils or to account for the vertical moisture profile in
the soil, the effective diffusion coefficients, Ds,;, can be calculated
using the harmonic averaging method reported by Johnson et al.
(1998).

An analytical solution of Eq. (11) can be obtained assuming a con-
stant vapor concentration at the source, Csoyree, and an initial negligible
concentration in the whole soil column below the HPRB:

Cv (07 t) = Csource

Co(2,0) =0 (12)

Assuming these boundary and initial conditions, reported in Eq.
(12), the following analytical solution for the soil gas concentration en-
tering the HPRB layer is obtained (Crank, 1975):

hoit
Criprp.in(t) = Csource - erfc <$> (13)
! 2 (Dgoir - )"/?

where hs; is the vertical source to HPRB layer distance.

2.2. HPRB lifetime

2.2.1. HPRB depletion due to oxidation

Assuming that VOCs are completely oxidized in the HPRB, the life-
time of the reactive layer, typrg ox, can be calculated by stoichiometrical-
ly equating the mass of the oxidant present in the reactive layer with the
mass of the stoichiometric oxidant consumption rate needed to oxidize
the VOCs entering into the barrier:

M.
tHPRB,ox* = oxidant (1 4)

;’Yf ']HPRB,Iayer,i(O) - Anpra

where 1y is the stoichiometric mass ratio between the oxidant and the
contaminant of concern, Appgp the horizontal surface area of the reactive
layer and Myiqqn: the mass of oxidant in the reactive layer that can be
calculated as:

Moxidant = Priprs - AHprB - Anprs - 1) (15)

where pppgs is the bulk density of the reactive layer and 1) the mass frac-
tion of the oxidant in the reactive layer, which can be estimated from
Egs. (16) and (17), respectively:

p _ Msand + Moxidant
HPRE (Msand Moxidant> ( 1 )
+
Psand Poxidant 1-0.

Moxidant
_ 17
Moxidant + Msand ( )

(16)

with Msang being the mass of sand in the HPRB, pgqnq the particle density
of the sand and pP,xigan: the particle density of the oxidant constituting
the HPRB.
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Hence, substituting Egs. (15) and (10) into Eq. (14), the lifetime of
the reactive layer due to oxidation, typgg,ex, can be calculated as follows:

< s -
(T —— PHprs - AHPRB D?,PRE (18)
W

2_Yi - Chiprgiin,i - L
i=1 R,i

2.2.2. HPRB depletion due to leaching

Besides being reduced by the reaction with the contaminants in the
vapor flux, the reactive capacity of the HPRB can be also depleted by
leaching of the oxidant from infiltrating water. The relevance of the lat-
ter process will depend on the water solubility of the reactive media
used as well as on the extent of water infiltration (e.g. subslab vs.
open field application). For a HPRB with water soluble reactive media,
such as potassium permanganate, the change of the mass source over
time due to infiltrating water can be described by the mass balance re-
ported by Verginelli and Baciocchi (2013):

dM gy
- % = lef - Anprs - Sox (19)

where S, is the oxidant solubility, Ayprp the horizontal surface area of
the reactive layer and I,sthe infiltration rate through the HPRB. Natural-
ly, the oxidant leached from the HPRB may still oxidize contaminants ei-
ther in the unsaturated or the saturated zone underlying the barrier,
thus contributing to a reduction of the vapor source concentration.

Hence integrating Eq. (19), the oxidant mass over time due to
leaching can be calculated as follows:

Moxidant(t) = Moxidant(t = 0)_Ief - Anprp - Sox - t (20)

The lifetime of the reactive layer, i.e. the time corresponding to a
complete depletion of the reactive layer by leaching, typrg,each, can be
calculated by rearranging Eq. (20) and assuming Moxigane (£) = 0:

_ M, oxidant
Lef - Anprs - Sox

* . d :
tHPRB,leach = Prires HeRs - 1) (21)
Ief - Sox
If no other data are available, the infiltration rate I,scan be calculated
using the following empirical equation (Connor et al,, 1997):

Iy = - P? (22)

where P is the rainfall rate (cm/year) and 3 an empirical factor, whose
values depend on the soil texture. For instance, Connor et al. (1997) re-
port (3 values equal to 0.0018 for sandy soils (sand, loamy sand and
sandy loam), 0.0009 for silty soils (sandy clay loam, loam, silt loam
and silt) and 0.00018 for clay soils (clay loam, silty clay loam, silty
clay, sandy clay and clay).

2.2.3. HPRB timeframe at high-level performance

As discussed above, the HRPB lifetime is limited by the consumption
of the oxidant due to the reaction with contaminants in the vapor flux
and by its leaching due to water infiltration. The overall lifetime of
HPRB, typrs, can be then estimated coupling Egs. (18) and (21):

« Priprs - drprs - 1)
Crprs” = 1 Dripgg i @3)
Lef - Sox + 2= Vi - Criprgiin,i - Lo
i=1 R,i

The HPRB lifetime calculated with Eq. (23) represents the time after
which the complete depletion of the reactive layer occurs. Nevertheless,
the effectiveness of the reactive layer in attenuating the vapor flux will
be reduced well before its complete depletion, as a result of the progres-
sive reduction with time of the layer thickness effectively available to
oxidize the vapors.

In this sense, the design of the barrier could be carried out by fixing a
timeframe, typrp desirea» fOr Which the mitigation system must continue
to be effective in oxidizing the vapors (e.g. 10 years). Then this
timeframe can be used in Eq. (24) to estimate the overdesign of the
HPRB thickness, Adyprp, needed to guarantee the effectiveness of the
HPRB to attenuate VOCs at acceptable risk-based levels:

HPRB,i ¢
L * LHPRB,desired
R.i

n D,
Lef - Sox + i;%‘ - CHprB.in,i -

i -
RS Prprg - 1]

(24)

Hence the thickness of HPRB for in situ applications (dypgg) can be
calculated by adding the overdesign thickness (Adypgs from Eq. (24))
to the minimum thickness needed to guarantee acceptable risk-based
levels (dypgs from Eq. (8)):

dyprs = dupre” + Adpprs (25)

2.2.4. Estimation of diffusive reaction lengths and stoichiometric mass
coefficients

The diffusive reaction length can be estimated by Eq. (6) once that
the second-order rate oxidation constants (k”), the chemico-physical
properties of the compound of concern and the oxidant concentration
in the water phase are set. Making reference to chlorinated solvents of
concern typically detected at contaminated sites, Table 1 reports the dif-
fusive reaction lengths (Lg) for potassium permanganate, calculated ap-
plying Eq. (6), based on the second-order rate oxidation constants
available in the recent literature for KMnO4. Namely, the higher values
of Lg in Table 1 correspond to the lower bound values of the k” literature
values, while the lower Lg to the higher k” values reported in the table.
For the estimation of L values, the concentration of the oxidant in the
barrier was assumed equal to the solubility of potassium permanganate
at 20 °C, i.e. 64 g/l (Mahmoodlu et al., 2014a). Furthermore, a relative
water saturation, S* (" = 6y, 4prs / O nprs), of 0.2 (Mahmoodlu et al.,
2015) and a diffusion coefficient, Dypgrs, equal to the diffusion coefficient
in air were assumed. From Table 1 it can be observed that a higher reac-
tivity, i.e. higher value of k”, does not necessarily imply a lower diffusive
reaction length. For instance, the reaction length range found for 1,1-
DCE is only slightly higher than the one found for PCE, although PCE is
noticeably less reactive with permanganate (see k” values in Table 1).
Similar considerations can be made also comparing the reaction lengths
obtained for 1,1-DCE with those of TCE. This result is due to the higher
Henry's constant and diffusion coefficient of 1,1-DCE compared to
those of PCE and TCE. It is worth noting that the estimated range of Ly
reported in Table 1 is only indicative since, for a site-specific evaluation,
Lg should be estimated based on the effective diffusion coefficient and
oxidant solubility expected in the field.

Table 2 reports the overall reactions for the oxidation of common
chlorinated solvents and the corresponding values of the stoichiometric
mass ratios between potassium permanganate and the contaminant of
concern (7). As expected, the lower the degree of chlorination of the sol-
vent, the higher the amount of potassium permanganate required for its
complete oxidation.

3. Results
3.1. Comparison with experimental results

The results provided by the analytical model developed in this work
were compared with the vapor attenuation of TCE observed by
Mahmoodlu et al. (2015) in lab-scale column tests performed using a
HPRB of potassium permanganate. Values for input parameters required
to run the simulations, such as the physical characteristics and the thick-
ness of the unsaturated soil, were taken from Mahmoodlu et al. (2015).
For the estimation of the diffusion coefficient in soil, Ds,;;, a water
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Table 1
Diffusive reaction lengths (L) estimated for different chlorinated solvents based on the second-order oxidation rate constants reported in the recent literature for permanganate. We as-
sumed C,, equal to the solubility of potassium permanganate at 20 °C (64 g/1), a relative water saturation of S of 0.2 and a diffusion coefficient, Dyprg, equal to the value of the diffusion

coefficient in air.

Compound H® Driprs® k" Lg

(-) (cm?/s) M~ 's7h) (cm)
PCE 0.724 0.0505 0.0084-0.051° 5-124
TCE 0.403 0.0687 0.24-1.19*P<d 0.9-2.0
cis-1,2-DCE 0.167 0.0884 0.69-1.78° 0.5-0.9
trans-1,2-DCE 0.167 0.0876 30-56.8% 0.1-0.13
1,1-DCE 1.07 0.0863 2.1-2.38* 1.17-1.25
vC 1.14 0.107 First-order (s~'): 0.0137-0.0286° 7.8-11.3"

¢ Waldemer and Tratnyek (2006).
b Urynowicz (2007).

¢ Kao et al. (2008).

4 Mahmoodlu et al. (2014b).

€ Huang et al. (2001) have shown that the degradation of VC by permanganate is a two-consecutive-step process. The second step, being the rate-limiting step, is of first-order. The

values reported in the table refer to the first-order constants obtained by these authors.

T The diffusive reaction lengths for VC were calculated with the first-order reaction constant (k') reported in the table using the following equation: Ly =

& US.EPA (2015c).

saturation of " equal to 0.4 was considered representative of the aver-
age values of the soil water distribution reported by Mahmoodlu et al.
(2015). The diffusive reaction length (Lg), which as shown in Eq. (6) de-
pends on the second-order rate oxidation constant (k”), the water-filled
porosity in the HPRB and the chemico-physical properties of the con-
taminants (in terms of H and Dypgg), was determined by fitting the
model to experimental results. As shown in Fig. 2, the simulations close-
ly describe the experimental trends observed in the column oxidation
tests. Furthermore, it is worth noting that the diffusive reaction lengths
estimated for TCE by fitting the experimental results are within the
range of Ly values reported in Table 1, demonstrating the applicability
of the analytical approach proposed in this work. The slight different
values of Lg observed for the two tests can be explained by differences
in the actual diffusion coefficient of TCE through the 4 cm and the
8 c¢m thick barriers. In particular, the ratio of the TCE diffusive reaction
lengths in the two cases can be estimated, assuming constant values
of Cox, k", O 1prs and H, from Eq. (6) as:

LR(test 1) _ <DHPRB(test 1)> 12 (26)

LR(test 2) Drprytest 2)

Substituting the expression of Dyprp reported in Eq. (2) and assum-
ing the same D, and 0, ypgp for test 1 and test 2, Eq. (26) can be written
as:

5/3

LR(test 1) 6a HprB (test 1) 27

I =g (27)
R(test 2) @ HPRB (test 2)

Hence, the different L values estimated for the two tests can be as-
cribed to a different air-filled porosity of the reactive layers employed in
the experiments. In particular, rearranging Eq. (27), the ratio of the air-

Table 2
Stoichiometric reaction of different chlorinated solvents with potassium permanganate.
Compound Reaction with potassium permanganate v
(8ox/8voc)
PCE 4KMnO4 + 3CyCly + 4H,0 13
— 4MnO, + 6CO, + 4K* + 8H™ + 12C1~
TCE 2KMnO4 + C,HCl3 24
— 2MnO, + 2C0, + 2K* + H* + 3C1™
cis-1,2-DCE 8KMnO4 + 3C; HoCly 43

trans-1,2-DCE — 8MnO, + 6CO, + 8K™ + 20H™ + 2H,0 + 6CI~

1,1-DCE

vC 10KMnOy4 + 3C,H;Cl 8.4
— 10MnO, + 6C0O, + 10K* + 70H™ + H,0 + 3CI™

(Driprs - H) /(K - B pirs)-

filled porosity in the two tests can be estimated as:

B HPRB test 1) _ (LR(test 1))3/ > (28)

Oa HPRB(rest 2)  \LR(test 2)

Considering that the L ratio for the two tests is around 0.61 (Lg(test
1) = 1.1 cm and Lg(eest 2) = 1.8 cm), from Eq. (28) an air-filled porosity
ratio of 0.75 is expected. This means that, assuming an air-filled porosity
of 0.28 (Mahmoodlu et al., 2015) for test 1, the air-filled porosity that
could explain the different L; value obtained for test 2 should be 0.21,
which looks a reasonable value.

Finally, from Fig. 2 it can be also observed that nearly steady-state
conditions were reached already after 20 h from the beginning of the
tests, thus suggesting that transient conditions can be reasonably
neglected for the design of HPRBs.

0.035
¢ Lab results (dHPRB = 4 cm)
--- Model (dHPRB = 4 cm)
0.03
A Lab results (dHPRB = 8 cm)
--- Model (dHPRB = 8 cm)
0.025 + LR=1.1cm
O -<7<§>
8 002 - o 0o "C
3
o -
Qw 0.015 "’O’
= = S LR=1.8£m .
s
C A A-
0.01 1 S } A
i y -ﬁA‘Aﬂm
l” 7 A
0.005 - b ,/‘ﬁ‘
0.1 1 10 100 1000
Time (h)

Fig. 2. Comparison of the TCE vapor attenuation simulated by the proposed model with
the experimental results observed by Mahmoodlu et al. (2015) employing a potassium
permanganate layer with a thickness of either 4 (test 1) or 8 cm (test 2). Here we
assumed 6, ,; = 0.35, hsoyy = 7 cm and an average relative water saturation in the soil
of ¥ = 04.
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3.2. Estimation of minimum HPRB thickness required to attenuate vapors at
acceptable levels

Fig. 3 shows, for different diffusive reaction lengths (Lg), the mini-
mum HPRB thickness (dyprz) needed to attenuate vapors below risk-
based soil-gas screening levels, estimated with Eq. (8) as a function of
the required attenuation factor (Cearger/Csource). Hence, based on the
type of VOC and on the source concentration, Fig. 3 can help to design
the reactive layer. For this purpose, the range of the diffusive reaction
lengths expected for the different contaminants of concern are also re-
ported as reference. As described in more detail in Section 2.2.4, the
range of Lg for each contaminant shown in Fig. 3 was estimated based
on the second-order rate oxidation constants available in the recent lit-
erature for KMnOy (see Table 1).

Let us consider the case of TCE. Based on Table 1, the upper bound of
the reaction length (Lg) reported for TCE is equal to approximately 2 cm.
Assuming a vapor source concentration of TCE equal to 1 g/m?> and a
soil-gas risk-based screening level of 1.59 - 107> g/m>® (U.S.EPA,
2015b), the required attenuation factor would be 1.59 - 10>, Using
these values, from Fig. 3 the minimum HPRB thickness required to at-
tenuate TCE vapors below acceptable levels would be around 20 cm.
For PCE, assuming the same vapor source concentration and a risk-
based soil vapor concentration of 3.5 - 10~4 g/m> (U.S.EPA, 2015b),
the attenuation factor would be 3.5 - 10~“. Considering a reaction
length for PCE equal to 2 ¢cm, a minimum HPRB thickness around
120 cm would be required.

3.3. Estimation of the HPRB overdesign thickness

As mentioned in Section 2.2, when calculating the overall HPRB
thickness, an overdesign term must be considered accounting for two
processes, i.e. oxidation reactions and leaching, which simultaneously
contribute to the depletion of a HPRB in field applications.

In order to assess the relative contribution of oxidation and leaching
on the HPRB depletion, in this section we calculate the overdesign of the
layer thickness needed to guarantee the barrier effectiveness for a set
timeframe, relying on simulations carried out accounting separately
for the permanganate consumption due to oxidation (Fig. 4) and
leaching (Fig. 5).

The overdesign thickness needed to account for the oxidant con-
sumption due to its reaction with upward diffusing vapors is reported
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Fig. 3. Minimum HPRB thickness, d;;pzs, estimated as a function of the required attenuation
factor, Ciarget/Csource» based on the diffusive reaction length, Lg.

in Fig. 4 for different diffusive reaction lengths (Eq. (18)). Based on the
column tests performed by Mahmoodlu et al. (2015), here we consid-
ered a barrier constituted by a mixture of potassium permanganate
and sand, hence estimating the HPRB density, pyprp, and the mass
ratio of oxidant over the total mass in the reactive layer, 1), applying
Egs. (15) and (16), respectively (1 = 0.5; pyprs = 1.74 g/cm?). As to
the physical characteristics of the soil, a diffusion coefficient through
the HPRB of 0.1 cm?/s was assumed, which can be considered as an
upper bound of the diffusion coefficient in air of the compounds of con-
cern (see Table 1). From Fig. 4 it can be readily checked that, as expect-
ed, the higher the reaction length (i.e. lower reactivity) the longer the
HPRB duration. For instance, assuming a total source concentration (y
Csource) €qual to 1 g/m? and a reaction length of 5 cm (see Fig. 4c), an
overdesign thickness of less than 10 cm is needed to ensure a HPRB du-
ration of 10 years. Assuming a twice diffusive reaction length (see Fig.
4d), to ensure a HPRB duration of 10 years, a half of Adypgp is needed
(i.e. less than 5 cm). Obviously, in less severe contamination scenarios
(e.g. assuming a total vapor source concentration lower than 1 g/m?),
the HPRB lifetime is expected to noticeably increase. For instance, it
can be readily checked that, considering a 7y Csource €qual to 0.1 g/m>,
an increase in the HPRB thickness of 10 cm can ensure a mitigation sys-
tem at high-level performance for at over 20 years even in the case of
very reactive layers, i.e. in the case of relatively low diffusive reaction
lengths (see e.g. Fig. 4a).

The contribution of oxidant dissolution and leaching on the HPRB
depletion can be evaluated using Fig. 5, which shows the barrier overde-
sign thickness (Eq. (21)) needed to ensure a given HPRB lifetime as a
function of the infiltration rate. To run these simulations we assumed
againn = 0.5 and pyprs = 1.74 g/cm® (Mahmoodlu et al., 2015) and a
potassium permanganate solubility of 64 g/1 at 20 °C (Mahmoodlu et
al.,, 2014a, b). Considering a sandy soil (3 = 0.0018) and an average
rainfall rate of 100 cm/year, i.e. an infiltration rate of 18 cm/year (Eq.
(22)), from Fig. 5 it can be estimated that an overdesign thickness of
20 cm is needed to guarantee effective performance of the HPRB for a
period of about 20 years.

By comparing Figs. 4 and 5, it can be also noted that, for high source
concentrations, the HPRB lifetime is mostly affected by the oxidant con-
sumption while for relatively low source concentrations (e.g. lower
than 1 g/m?®) and high reaction lengths (e.g. higher than 5 cm), the
HPRB depletion is mainly controlled by the dissolution and leaching of
permanganate by infiltrating water. Namely, equating Eqs. (18) and
(21), the infiltration rate, I.;, above which the HPRB depletion will be
controlled by permanganate leaching can be estimated as follows:

12 D i
L™ 2 Vi - Chiprgiini - — e (29)
Sox izt Lg;

From this equation it can be readily checked that for relatively low
source concentrations (e.g. 1 g/m>) and relatively high diffusive reaction
lengths (e.g. 5 cm), infiltration rates higher than 10 cm/year are expect-
ed to control the HPRB depletion.

3.4. Possible geotechnical issues related to barrier depletion

Depending on the properties of the soil-permanganate mixture (e.g.
soil grain size, relative amount of permanganate) the permanganate
used may not just contribute to the reactivity but also to the structural
properties of the HPRB. In such cases, the HPRB depletion due to oxida-
tion can lead to a progressive compaction of the reactive layer due to the
overburden pressure resulting from the soil overlying the reactive bar-
rier. In the case of a HPRB containing a permanganate mixture, it should
be considered that KMnO,4 generates solid insoluble manganese diox-
ides (MnO,) in the reaction with the target compounds (MacKinnon
and Thomson, 2002; Xu and Thomson, 2009; Cha and Borden, 2012).
For in situ chemical oxidation in groundwater, the MnO, production
represents an undesirable side-effect to be managed since MnO,
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Fig. 5. Estimated HPRB overdesign thickness (Adyprs) due to permanganate leaching
required to attenuate VOCs at acceptable risk-based levels for different HPRB lifetimes
assuming. Here we assumed Sy, = 64 g/1, 1) = 0.5, and pyprs = 1.74 g/cm’.

particles can deposit in the subsurface and impact the soil permeability
around the injection well (Crimi et al., 2009; Baciocchi et al., 2014). By
contrast, for a HPRB application the production of solid MnO, represents
a positive side effect since it moderates the geotechnical issues related
to the progressive compaction of the reactive layer due to oxidant con-
sumption. Namely, at a generic time ¢, the volume of the barrier occu-
pied by the oxidant and its by-product (MnO,) can be estimated as
follows:

Voxidant(t) = M;;Z:loj)it) + Mg:;o(z)z(t) (30)
n n

where Mynmo4(t) is the mass of potassium permanganate in the barrier,
Mumo2(t) the mass of manganese dioxides generated from the reaction
of KMnO,4 with the target compounds and pxpmos and pumoz the particle
density of potassium permanganate and manganese dioxides, respec-
tively. The stoichiometric molar ratio of MnO, produced per KMnO,4
reacted with a generic chlorinated solvent is 1:1 (see Table 2) and
hence considering the molecular weight of KMnO4 and MnO,
(158.034 g/mol and 86.9368 g/mol, respectively), 0.55 g of MnO, are
produced for 1 g of reacted KMnOy (i.e. Yamo2 = 0.55 8mno2/ExMnoa)-
Hence Eq. (30) can be rewritten as:

Voigont (£) — Mgr;ozif) . [Miamoa (t = O)p—MIV(I)l;Mnm(t)] *Ymno2 (31)
n n
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where Myyno4(t = 0) is the initial mass of KMnO, present in the reac-
tive barrier.

Normalizing the volume at time t for the initial volume occupied by
potassium permanganate, the volume reduction can be estimated as fol-
lows:

Miwmnoa(t) n
Pkmnoa

[Minnoa (t = 0)—Miwmnoa(t)] - Yoz

Pmno2
32
Minoa(t = 0) (32)

Pkrnoa

Voxidant (t) _
Voxidant(t = 0)

At end of HPRB lifetime (i.e. Miymoa(t) = 0), Eq. (32) reduces to:

Voxidane (£ = tHPRB) Y02 * Prvinoa
= ~ 0.3 33
Voxidant (t = 0) Pwmnoz 33)

Hence considering the particle density of KMnO4 and MnO,
(2.703 g/cm? and 5.026 g/cm’, respectively) from Eq. (33) it can be es-
timated that approximately 30% of the initial volume occupied by potas-
sium permanganate will be replaced for by MnO, at end of HPRB
lifetime, i.e. a volume reduction of 70% is expected.

Finally, considering that the HPRB barrier is usually composed of a
mixture of potassium permanganate and sand, the initial volume of
the barrier occupied by the oxidant compared to the total HPRB volume
can be estimated as follows:

Moxidant
Voxidan[(t - 0) o Poxidant (34)

VHPRB(t = O) B {Msand +Moxidant} < 1 >
Poxidant 1 _Oe,HPRB

Psand
Considering that the particle density of permanganate is similar to
that of sand (i.e. pxamos = 2.703 g/cm? and psgng = 2.65 g/cm?), Eq.
(34) can be approximated to:

Voxidant(t = 0)
L = n(1—6 35
Vi (£ = 0) 1(1—0e pers) (35)
At the end of HPRB lifetime the reduction of the barrier volume will
be hence equal to:

Vipra(t = thpra)

~1— <1 _ Voxidan: (t = triprs)
Vuprg(t = 0)

Voxidant(t = O) >n(1_9e,HPRB) (36)
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Assuming 11 = 0.5 and 6, yprg = 0.35 (Mahmoodlu et al,, 2015), the
final volume of HPRB will be 77% of the initial value (i.e. a volume reduc-
tion of 23% will be attained). Hence, for a 100 cm thick HPRB, a maxi-
mum compaction of around 23 c¢m is foreseen at the end of barrier
lifetime (that can be in the order of several years). This means that a
subsidence of a few centimeters per year can be expected. This might
not be an issue for open ground applications while it should be surely
addressed in the case of installation of HPRBs below buildings, depend-
ing on the type of building foundations (e.g. shallow or deep founda-
tions). For instance, in the case of shallow building foundations (e.g.
slab-on-grade foundations) a supporting frame containing the reactive
layer can be adopted to avoid any possible geotechnical issue.

3.5. Influence of site-specific parameters on the HPRB performance

Although field tests are required to assess actual performance of
HPRBs and the importance of the discussed parameters, in this section,
we briefly evaluate how key site-specific parameters may be of influ-
ence using the theoretical considerations presented in this study.

3.5.1. Water content in the reactive barrier

Modifications of the water content in the reactive barrier (6, pprs)
can affect the HPRB performance in terms of oxidation rate (see Eq.
(1)) and, indirectly, of diffusion of VOCs through the HPRB (see Eq.
(2)). Specifically, the higher the water content, the higher the oxidation
rate and the slower the VOCs diffusion through the barrier. As a conse-
quence, also the diffusive reaction length, given by Eq. (6), is affected,
both directly and indirectly, by the water content in the reactive barrier.
This is shown in Fig. 6a where the diffusive reaction length (Lg), normal-
ized to a reference L calculated for S = 20%, is reported for a range of
relative water saturation (S" = 6., uprs / Oenpre) Values, while keeping
constant the other parameters that affect the diffusive reaction length
(i.e. k", H, Dyprp, Cox in Eq. (6)). Looking at Fig. 6a, in the case of a reduc-
tion of S from 20% to 10%, the reaction length is expected to increase of
a factor 1.7. Hence, assuming a reaction length of L = 2 cm (e.g. for
TCE) and a thickness of the HPRB of 20 c¢m, from Eq. (7) it can be esti-
mated that the vapor attenuation through the HPRB would change
from a value of around 4.5 - 107> (Lg = 2 cm) to a value of 2.8 - 1073
(Lg = 3.4 cm), i.e. a variation of almost two orders of magnitude. By con-
trast, an increase of the water content would enhance the HPRB perfor-
mance. For instance, in the case of an increase of S* from 20% to 40%, the
reaction length is expected to decrease of a factor 0.5. This reduction of
L would correspond, for the example reported above (i.e. a thickness of
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are normalized to the reference diffusive reaction length calculated for a relative water saturation S = 0.2 and a HPRB porosity 0, yprg = 0.35.
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the HPRB of 20 cm), to an attenuation factor of 2.1 - 107° (Lg = 1 cm).
Based on these results, to ensure an adequate performance of the reac-
tive barrier, it is recommended, especially during the warmer months,
to carefully monitor and control the moisture content in the reactive
barrier. Conversely, during wet periods the moisture content might be
not an issue as an enhancement of the HPRB performance is expected.

3.5.2. Porosity of the reactive barrier

As discussed above, the HPRB depletion due to oxidation might lead
to a progressive reduction of the barrier porosity as a result of compac-
tion by the overlying soil. To evaluate how this compaction can influ-
ence the HPRB performance in terms of vapors attenuation, Fig. 6b
reports the diffusive reaction length (Lg), normalized to a reference Ly
calculated for 6, yprg = 0.35, for a range of HPRB effective porosity
(6.1prp) Values. For this estimation, a constant relative water saturation,
S%, equal to 20% was assumed. From this figure it can be observed that
the reduction of the HPRB porosity only slightly affects the diffusive re-
action length. For instance, assuming an initial 0, yprs = 0.35 and con-
sidering a reduction of the porosity of 23% (i.e. 6, yprg = 0.27), the
diffusive reaction length is expected to decrease of 5% (i.e. a normalized
diffusive reaction length equal to 0.95). This means that the progressive
compaction of the HPRB would slightly enhance the HPRB performance
over time. Indeed, assuming a constant relative water saturation in the
barrier, a decrease of the HPRB porosity would lead to a corresponding
decrease of the air-filled porosity and hence of the diffusion coefficient
through the barrier (see Eq. (2)). Overall this would lead to a lower dif-
fusive reaction length (see Eq. (6)) and consequently to an enhanced at-
tenuation of vapors through the barrier. Thus summarizing, based on
our calculations, in the case of contaminants transport through the
HPRB governed by diffusion, a porosity reduction of 23% would only
slightly affect the performance of the mitigation system. However, it
should be considered that for applications in coarse soils, a reduction
of the air-filled porosity in the HPRB due to its progressive compaction
could lead to the formation of a layer characterized by a lower perme-
ability to vapors compared to the native soil. This might lead to an accu-
mulation of vapors at the soil to HPRB interface that could induce the
formation of lateral concentration gradients, thus enhancing the lateral
diffusion of vapors beyond the perimeter of the barrier. Due to the 1-D
nature of the model developed in this work, this side-effect cannot be
quantified. However, in order to limit the possibility of lateral by-pass
of vapors, a barrier wider than the source footprint should be foreseen.

It is worth noting that the above considerations are valid for a con-
stant relative water saturation during compaction. However, if the pro-
gressive compaction would lead to a change of the moisture content, the
reactivity of HPRB can significantly change. In this case readers should
refer to the results shown in Fig. 6a and discussed in the previous
section.

3.5.3. Temperature

As for the effects of temperature on HPRB performance, the higher
the temperature, the higher the oxidation rate constant k”, as described
by the Arrhenius equation:

k"=A- exp(—%) (37)

where A is the pre-exponential factor, E, the activation energy
(kcal mol~1), R the universal gas constant and T the temperature (K).

Huang et al. (2001) estimated an activation energy for the reactions
between KMnO, and chlorinated ethenes of 9.3 kcal mol~' (PCE),
8.9 kcal mol™' (TCE), 8.8 kcal mol~! (cis-1,2-DCE), 6.9 kcal mol ™!
(1,1-DCE) and 5.8 kcal mol ! (trans-1,2-DCE). For VC, the same authors
have shown that its degradation by permanganate is a two-consecutive-
step process, with the second being the rate-limiting step, with an acti-
vation energy of 7.9 kcal mol~".

From Eq. (37), it can be estimated that, independently from the pre-
exponential factor, A, a 10 °C decrease of the temperature will lead to a
decrease of the oxidation rate by a factor of 1.8 for PCE and a factor of 1.4
for trans-1,2-DCE.

On the other hand, a temperature decrease would lead to a lower
solubility of the oxidant. For KMnOy,, the solubility would decrease
from 64 g/l at 20 °C to 44 g/l at 10 °C (Water Security Agency, 2016),
i.e. a reduction factor of solubility of 1.45 would be achieved.

Overall, a 10 °C decrease would lead to an increase of the diffusive
reaction length of 1.6 for PCE to 1.4 for trans-1,2-DCE (Eq. (6)). For in-
stance, considering an initial reaction length of Ly = 8 cm (e.g. for
PCE) and a thickness of the HPRB of 80 cm, from Eq. (7) it can be esti-
mated that the vapor attenuation through the HPRB would change
from around 4.5 - 10~ (e.g. at 20 °C) to around 1.9 - 10> for a temper-
ature decrease in the barrier of 10 °C (i.e. assuming an increase of the
diffusive reaction length to Lg = 12.7). This means that during the
cold season and especially during dry periods, the efficiency of the reac-
tive barrier could be sensibly reduced. Conversely, during rainy periods,
the effect of the temperature on the oxidation rate could be mitigated by
the higher water content in the HPRB, that as discussed in the previous
section may enhance the HPRB performance.

3.54.pH

The reaction of chlorinated solvents with MnOz can lead to the for-
mation of acids (e.g. carboxylic acids) that can cause a progressive drop
of pH to acidic values (Yan and Schwartz, 1999). Previous studies
showed that permanganate oxidation with chlorinated solvents is inde-
pendent from pH in the range of 4 to 8 (Yan and Schwartz, 1999; Kao et
al., 2008). At lower pH values, Mahmoodlu et al. (2015) observed a re-
duction in HPRB reactivity in their lab-scale tests.

The effects of pH on the oxidation rate constant can be described
with the following equation (Mahmoodlu et al., 2014a):

k"(pH<4) = k" - (pH—a)® (38)

in which k” denotes the reaction rate constant in water whereas a and b
are empirical parameters. For TCE, Mahmoodlu et al. (2014a) have esti-
mated a value of a = 1.25 and b = 2. This means that, in the case of a
drop of pH from 4 to 2, independently from the value of k”, a decrease
of the oxidation rate of a factor of 13.4 is expected. This reduction of re-
activity would correspond to an increase of the diffusive reaction length
of a factor 3.6 (see Eq. (6)).

In field applications, it is reasonable to expect that the effect of pH on
the oxidation rate would be limited since the infiltrating water might
periodically neutralize the drop of pH to acidic value. This conjecture
is partially supported by the results obtained by MahmoodlIu et al.
(2015) who, in some experiments, did not observe any effect of pH, pre-
sumably due to the diffusion of protons or hydroxide ions away from
the HPRB, especially downwards to the higher water saturation area.

3.5.5. Attenuation of vapors in the soil below the barrier

The results shown in this paper were obtained assuming a negligible
attenuation of vapors through the soil column between the source and
the HPRB. Although this assumption ensures a conservative design of
the HPRB thickness, in some cases cannot reflect the real behavior ex-
pected in the field.

At steady-state, the flux of vapors through the soil can be estimated
as follows:

C —C i
Jsail _ Dsoil . sourceh HPRB.in (39)
soil

where h;; is the thickness of the soil below the reactive barrier.
By equating the fluxes (Eqs. 39 and (10)) at the soil to HPRB inter-
face, the attenuation factor of vapors in the soil () can be estimated
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as:
Oy = CrprBin _ 1 (40)
Csource 1+ DHPRB : hsoil
Dsoil -Lg

Substituting Ds,; and Dypgg With the Millington and Quirk (1961)
equation expression described in Eq. (2), Eq. (40) becomes:

1 - 1

ool = 1073 92 ~ 70/3 (41)
10/3 g2 10/3
O4.soit - O ere - Lr B0 - Lr

Assuming a similar porosity in the soil and in the reactive barrier, the
attenuation factor in the soil can be estimated as reported in the right
hand of Eq. (41).

Fig. 7 shows the attenuation factor in the soil (0toit = Crprg,in / Csource)
calculated with Eq. (41) as a function of the ratio of the soil thickness to
the diffusive reaction length (hsey/Lg) for different air-filled porosity in
the HPRB (64 nprs) and in the soil (6g,i). From this figure it can be ob-
served that, depending on the differences between the air-filled poros-
ity in the HPRB and the air-filled porosity in the soil (and hence
indirectly of the water content), the extent of the attenuation of vapors
through the soil can significantly change. For instance, in the case of a
barrier installed near the source (e.g. hso;/Lg = 1), the attenuation factor
in the soil may change up to 1 order of magnitude, i.e. from a value of 1
for an air-filled porosity in the soil higher than the one in the HPRB
(0a,nprB / Oasoit = 0.5) to a value of 0.1 for 64 pprs / Oas0ii = 2. In the
case of a greater soil thickness or a lower diffusive reaction length, i.e.
for higher values of the ratio hs,;/Lg, a low air filled porosity in the soil
(6a,1prB / Bas0i = 2) can lead to an attenuation of vapor concentrations
below the barrier up to 3 orders of magnitude.

3.6. Demonstrative application
In this section we briefly discuss the design of a permanganate HPRB

for the mitigation of the volatilization pathway at a sample site, where a
dry cleaner and laundry facility was located, contaminated by
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Fig. 7. Attenuation factor in the soil (0ti = Crprain / Csource) Calculated as a function of the

ratio of the soil thickness to the diffusive reaction length (hsei/Lg) for different air-filled
porosity in the HPRB (64 prg) and in the soil (0g,soi)-

chlorinated solvents due to discharge of dry cleaning waste to the
storm sewer. The soil of the site is a fine-grained sand, whereas the
groundwater table is between 5 and 6 m below ground. Environmental
investigations on groundwater samples indicated a contamination by
chlorinated solvents for an area of about 200 m?, revealing maximum
concentrations of PCE and TCE equal to 4 and 35 mg/l, respectively.
For the design of the HPRB with potassium permanganate, the first
step is to estimate the expected soil-gas concentration. Based on the
maximum groundwater concentrations, the soil-gas concentrations,
Csource> are expected to be around 0.11 g/m? for PCE and 0.55 g/m? for
TCE. Thus, the minimum HPRB thickness required to attenuate vapors
at acceptable levels can be estimated with Eq. (8), assuming the soil-
gas risk-based screening levels and the reaction lengths reported in
Table 3. The resulting minimum HPRB thicknesses would be in the
order of 72 ¢cm for PCE and 21 c¢m for TCE. Therefore, a HPRB with a

Table 3
HPRB design parameters for the sample site considered in this work.

Parameter Unit Value Notes

Contaminant properties

PCE TCE

Cow,max mg/l 4 35 Site-specific

H - 0.724 0.403 U.S.EPA (2015c)

Driprs cm?/s 0.0505 0.0687 U.S.EPA (2015c)

Csource g/m> 0.11 0.55 Estimated as
Csource = ng -H- Olcap

Crarget g/m’ 351074 1.59-107> U.S.EPA (2015b)

Lg cm 124 2 Upper bound of values
reported in Table 1

Y ghx8voc 1.3 24 Estimated based on
stoichiometric equation
(see Table 2)

Juprejayer  g/M*/d 0.4 16 Estimated with Eq. (10)

Site characteristics

Texture Loamy sand Site-specific
L cm 550 Site-specific
Be,soil - 0.353 ISPRA (2008)
Oa.soil - 0.25 ISPRA (2008)
Oa,cap - 0.035 ISPRA (2008)
heap cm 18.8 ISPRA (2008)
- 0.0018 Connor et al. (1997)
Leg cm/years 13 Estimated with Eq. (22)
assuming P = 85 cm/years
eap - 0.04 Estimated as reported by
Verginelli and Baciocchi
(2014)
HPRB design
Barrier KMnO4 + sand Mahmoodlu et al. (2015)
mixture
Sox g/l 64 Mahmoodlu et al. (20144, b)
OHprB - 035 Mahmoodlu et al. (2015)
PHPRB g/cm’ 1.74 Estimated with Eq. (16)
n - 0.5 Estimated with Eq. (17)
Anprs m? 200 Site-specific
LHPRB,desired  Y€AT'S 10 -
i cm 72 Maximum of the values
estimated with Eq. (8) for
PCE (72 TCE (21 cm)
Adyprs cm 26 Estimated with Eq. (24)
duprs cm 98 Estimated with Eq. (25)
Mininoa tons 170 Estimated as
1+ Pupre * Aupre * Anpre
Msand tons 170 Estimated as
(1 =) - puers * duprs - Anprs
Hexcavation €M 200 -
Hpackfin cm 102 Estimated as
stcuvatiun - dHFRB
Vexcavation 1 400 Estimated as Hexcavation * Arprs
Vbackﬁll m’ 204 Estimated as Hbackﬁll - Auprs
Virrs m? 196 Estimated as dypgs - Anprs
Vdispasul m’ 400 Equal t0 Vexcavation




60 1. Verginelli et al. / Journal of Contaminant Hydrology 197 (2017) 50-61

Table 4
Estimation of the HPRB capital costs for the sample site considered in this work.
Costs Unit cost Quantity Total Notes
category (€/ton) costs (€)
KMnO4 3,000 170 tons 510,000  Unit cost from ITRC (2001). Total costs were estimated based on the data reported in Table 3.
Excavation - 400 m®> 8431 Estimated as 7.43 - Vexcavation + 5,459 (modified from U.S.EPA, 2004 for units conversion)
Backfill - 196 m> 3,444 Estimated as 17.57 - Vypgp (modified from U.S.EPA, 2004 for units conversion). The volume of the HPRB, V};pgp, was estimated
(HPRB) based on the data reported in Table 3.
Backfill - 204 m®> 3,584 Estimated as 17.57 - Vpacisn (modified from U.S.EPA, 2004 for units conversion)
(sand)

Disposal 139 680 tons 94,520

Unit cost refers to the disposal of hazardous waste without stabilization (U.S.EPA, 2001). Total costs were estimated based on

the data reported in Table 3, assuming a soil bulk density equal to 1.7 ton/m?>.

Total 619,979 -

minimum thickness (dypgs) of 72 cm should be foreseen in order to
achieve vapors attenuation to acceptable levels. Next, assuming
10 years as the desired timeframe of the mitigation system, the overde-
sign thickness of the barrier, accounting for depletion due to leaching
and oxidation should be Adyprg = 26 cm.

Thus a HPRB thickness of 98 cm (dyprs + Adpprs) would ensure the
treatment of PCE and TCE vapors at acceptable risk-based levels for at
least 10 years. According to the composition, thickness and horizontal
surface area of the designed barrier, the total amount of potassium per-
manganate and sand for the treatment of the contaminated area (ap-
proximately 200 m?) would be around 170 tons each.

Based on the site characteristics and the HPRB design parameters,
the bottom of the barrier was assumed to be installed at 2 m below
ground, thus implying the excavation of about 400 m> of soil. The
resulting excavated material was assumed to be transported in landfill
for final disposal while a sandy soil obtained from an off-site source
was supposed to be used as filling material in the remaining volume
above the HPRB, i.e. about 200 m>. Contamination characteristics, site
properties and HPRB design parameters are summarized in Table 3.

Considering this specific configuration scenario, the estimated costs
of the proposed mitigation system are reported in Table 4. As for the raw
materials composing the barrier, the costs of the potassium permanga-
nate were accounted only, as the contribution of sand to total costs was
considered negligible. Costs related to the delivery, spreading and com-
paction of sand and KMnQ,4 were taken into account by using the equa-
tion suggested by U.S.EPA (2004) for backfilling applications. According
to our evaluation, the capital costs of the HPRB system for the presented
case study would be in the order of 620,000 €, with a major contribution
of the purchase price of the oxidant.

From Eq. (10) the total flux of PCE and TCE entering the barrier
would be equal to 0.4 g/m?/d and 16 g/m?/d, respectively (see Table
3). Considering a complete oxidation of vapors within the HPRB, the
total mass of VOC treated in the contaminated area of 200 m? after
10 years is equal up to 12.1 tons (0.3 tons of PCE and 11.8 tons of
TCE). This means that the capital costs of this mitigation system would
be likely in the order of 51 € per kg of VOC treated. It should be pointed
out that the treatment of the same amount of contaminant (around
27,000 Ib) using soil vapor extraction (SVE) systems would cost around
58 € per kg of VOC removed (30 $/Ib), based on the data reported by
U.S.EPA (2001). On the other hand, the operating and maintenance
(O&M) costs of HPRB systems are likely lower compared to SVE sys-
tems. Indeed, the O&M costs of passive systems are actually negligible
compared to those of SVE associated to the electricity, maintenance
and monitoring of the extraction and treatment system. This hence sug-
gests that HPRB systems may be feasible also from an economical point
of view, particularly in the case of open ground applications or in the
case of deep building foundations, where a compaction of the barrier
of few centimeters in 10 year is likely to be not a geotechnical issue.
However, in the case of an application below buildings with shallow
foundations (e.g. slab-on-grade foundations), the costs would sensibly
enhance as geotechnical mitigation strategies should be necessarily
foreseen to maintain the infrastructure.

4. Conclusions

It is concluded that the proposed analytical model is able to closely
replicate experimental results, and hence it can represent a valuable
tool for the design of horizontal permeable reactive barriers (HPRBs).
Simulation results confirmed that HPRBs of potassium permanganate
is an effective mitigation system for chlorinated solvent vapors diffusing
from contaminated soils and groundwater. Simulation outcomes
highlighted that HPRBs of potassium permanganate with a thickness
of less than 1 m are already able to attenuate chlorinated solvent vapors
of orders of magnitude for several years. Indeed, the demonstrative ap-
plication to a sample site showed that in the case of groundwater con-
tamination by PCE and TCE of 4 mg/l and 35 mg/l, a barrier with a
thickness of 1 m can ensure vapors attenuation at acceptable risk-
based levels for at least 10 years. Furthermore, these results suggest
that HPRB can be feasible also from an economical point of view, as
the estimated capital costs are somewhat lower than the ones of other
remediation options, such as soil vapor extraction systems. Overall,
based on the experimental and theoretical evaluation thus far, future re-
searches are warranted to verify the cost-effectiveness of HPRBs for
vapor mitigation control under various conditions of application. To
this end, pilot-scale field tests can be foreseen to evaluate the long-
term performance of the mitigation system in terms of progressive com-
paction of the barrier, effect of possible clogging at the soil to barrier in-
terface and additional costs for geotechnical mitigations strategies
needed to maintain the infrastructure in the case of an application of
the barrier below shallow building foundations.

Nomenclature
a empirical parameter for the estimation of the effect of -
pH on the oxidation rate
A pre-exponential factor in the Arrhenius equation -
AHPrB horizontal surface area of the HPRB m?

empirical parameter for the estimation of the effect of -
pH on the oxidation rate

Caw,max groundwater maximum concentration g/l

ChipRB,in vapor concentration of the compound entering the g/m3
HPRB

Cox concentration of oxidant in the water phase g/l

Csource vapor concentration of the compound at the source g/m3

Ctarget acceptable risk-based soil-gas concentration g/m?

Gy concentration of contaminants in the soil-gas phase g/m>

D, diffusion coefficient of contaminants in air m?/h

dyprs HPRB thickness m

duprs minimum HPRB thickness to attenuate VOCs at m
acceptable levels

Dyprs effective porous medium diffusion coefficient through m?/h
the HPRB

Dsoit effective porous medium diffusion coefficient through m?/h
the soil

E, activation energy kcal mol~!

H dimensionless Henry's law constant

heap thickness of the capillary fringe

Rsoil vertical source to HPRB distance

depth of excavation
depth of sand backfilling

Hexcavation

Hpacigin

28838
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(continued)
Lep infiltration rate cm/years
Juprsayer  flux of vapors through the HPRB g/m?/d
k' first-order oxidation rate constant s7!
k second-order oxidation rate constant M5!
L groundwater depth m
L diffusive reaction length m
Moxidant mass of oxidant in the HPRB g
Msand mass of sand in the HPRB g
Mxmnoa mass of potassium permanganate in the HPRB g
Moz mass of manganese dioxides in the HPRB g
rainfall rate cm/years
R universal gas constant J/mol K
Sox oxidant solubility g/l
N relative water saturation in the HPRB -
tuprpjeacn  lifetime of the HPRB due to leaching years
tHPRB,0x lifetime of the HPRB due to oxidation years
thprp desired  fixed time-framework for HPRB functioning years
T temperature K
Vexcavation  volume of excavated soil m?
Viackfill volume of backfilling sand m?
Viisposal volume of landfilled soil m’
Viiprs total HPRB volume m’
Vioxidant volume of HPRB occupied by the oxidant m?
Qeap attenuation factor in the capillary fringe -
B empirical factor for the estimation of the infiltration -
rate
Y stoichiometric mass coefficient between the oxidant  gox/gvoc
and the contaminant of concern
YMno2 stoichiometric mass coefficient between manganese ZKMn04/EMn0o2
dioxides and potassium permanganate
Adyprs increase of the HPRB thickness needed to ensure a m
high-level performance
n ratio of oxidant mass over the total mass in the HPRB -
Oa,cap air-filled porosity of the capillary fringe -
0a,HPRE air-filled porosity of the HPRB -
Oa,soil air-filled porosity of the soil -
Oe,HPRE effective porosity of the HPRB -
Oe,soil effective soil porosity -
Ow,HPRE water-filled porosity of the HPRB -
DHPRB bulk density of the HPRB kg/m>
PKMno4 particle density of potassium permanganate kg/m>
Prno2 particle density of manganese dioxides kg/m>
Poxidant particle density of the oxidant kg/m>
Psand particle density of the sand kg/m>
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