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Abstract This paper provides a short overview of the
main oxidation processes more commonly applied for
the remediation of contaminated sites, with specific
reference to their application for the in situ remediation
of contaminated sites, i.e. In Situ Chemical Oxidation
(ISCO). A review of the main patents issued on this
topic shows the relevant contribution to the develop-
ment of this technology in the last 20 years, especially
in the USA. The still limited deployment of ISCO in
other geographical areas may be improved by the in-
creased acceptance of the technology that may come
from the development of proper application guidelines
based on accepted design criteria. The latter ones are
also discussed in this paper with reference to the appli-
cation of Fenton’s treatment.

Keywords AOPs - ISCO - ISFO - Fenton -
Permanganate - Persulfate
1 Introduction

The contamination of soil and groundwater by means
of bio-recalcitrant organic compounds is a matter of
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concern for both scientific community and public opin-
ion. The increasing number of contaminated sites is
leading to gradually switching from the traditional
remediation approaches to innovative technologies
aimed to achieving the remediation goals, thus reduc-
ing the pollutant load to concentrations which are
considered harmless for human health. The perfor-
mance of traditional processes for the treatment of
contaminated sites such as Air Sparging, Pump-and-
Treat, Bioventing and Soil Vapour Extraction (SVE)
are limited by resistance to mass transport, which
makes them effective only during the first phase of
the treatment, and gradually less effective when the
remediation goals are approached (tailing phenomena).
Besides, rebound phenomena may occur after the site
closure, requiring further remediation efforts (Ciotti
2008). Alternative processes are hence required to
overcome these limitations. Among these, Advanced
Oxidation Processes (AOPs) are widely used for the
treatment of water, wastewater and soils contaminated
by a wide range of organic compounds. Their diffusion
in the field of contaminated sites remediation has
grown in the last 10 to 15 years due to the increasing
number of applications of the so called In Situ
Chemical Oxidation (ISCO). This class of technology
consists in generating an underground reactive zone by
injection of a proper oxidant for the treatment of or-
ganic contaminants. Different AOPs have been pro-
posed so far, based on hydrogen peroxide (Fenton’s
processes) (Kong et al. 1998; Watts and Stanton 1999;
Watts et al. 2002; Watts and Teel 2005), permanganate
(De Souza e Silva et al. 2009), persulfate (Liang et al.
2008a, b, c) and ozone (O’Mahony et al. 2006; Yu et al.
2007; Rivas et al. 2009).
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This paper provides a short discussion of the main
AOPs applied in the field of in situ remediation, i.e.
Fenton’s, permanganate and persulfate (Ciotti 2008), a
short review of the development of the ISCO technol-
ogy in the last 25 years through the patents issued in
this timeframe, whereas finally the main issues to be
considered in the design of ISCO treatments are
discussed making reference to a case study of In Situ
Fenton’s Oxidation (ISFO).

2 Main ISCO Treatment Technologies
2.1 Fenton’s Reagent

Fenton’s reagent is commonly applied to oxidize or-
ganic pollutants in many applications, from the treat-
ment of wastewaters to the remediation of contaminat-
ed aquifers (Kwan and Voelker 2002). Oxidant formu-
lations based on hydrogen peroxide have been widely
employed in the USA for the treatment of different
contaminants (hydrocarbons, PAHs, PCBs, chlorinated
solvents, explosives, etc.) by ISFO. Fenton’s reaction
is widely used for the remediation of contaminated soil
and groundwater, with a large number of in situ appli-
cations. The chemistry of the Fenton’s process is based
upon the reaction of hydrogen peroxide with a proper
catalyst, leading to the generation of a pool of radicals
(Kiwi et al. 2000; Watts and Teel 2005), capable of
non-selectively oxidizing a wide range of biorefractory
organic pollutants such as chlorinated aliphatics, halo-
genated phenols, PAHs and PCBs. In the so-called
classic Fenton process, hydrogen peroxide (H,0,) re-
acts with Fe(Il) ((Huling et al. 2001; Teel and Watts
2002; Smith et al. 2006), yielding hydroxyl radicals
and Fe(Ill) as reported in Eq. (1): Fe(Ill) is then re-
duced back to Fe(I) by reacting with hydrogen perox-
ide (Eq.(2)):

H,0, + Fe*" —»Fe*t + OH™ 4 OH" (1)

Fe** + H,0,—Fe?" + H + HO; (2)

Hydroxyl radicals (OHe) are characterized by a very
high Redox potential (2.7 V), and therefore, they are
the main responsible for the oxidation of organic com-
pounds taking place in Fenton’s systems, although
together with a few other radical species. The main
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disadvantage of the application of classic Fenton’s
reagent is that Fe(IIl) produced is only sparingly solu-
ble, especially at circumneutral pH, so that high con-
centrations of ferric oxyhydroxides precipitates are
generated when stoichiometric quantities of Fe(II) are
used. A possible option to overcome this drawback is
to acidify the soil to a pH value between 2 and 3, or to
use a proper chelating agent capable of keeping Fe(III)
in solution, allowing in both case the Fe(IIl) recycle to
Fe(II) through reaction (2). It is worth pointing out that
not all the hydroxyl radicals generated target the or-
ganic contaminants since non-target chemical species
such as chloride, carbonates, other inorganic constitu-
ents and organic matter can react and “scavenge” hy-
droxyl radicals. Moreover, since hydrogen peroxide is
generally used at high concentrations in remediation
systems (1+3 M) and has a moderate reaction rate
constant with hydroxyl radicals, hydrogen peroxide
scavenging may consume a considerable fraction of
the hydroxyl radicals produced. Finally, it is also worth
pointing out that an important fraction of hydrogen
peroxide may also be decomposed through non-target
reactions with natural constituents of soil and ground-
water, such as background consumption of the oxidant
by (natural) non-target reductants in the soil. The ex-
tent of this pathway, which depends on the potential
reduction capacity of a soil (Descourviéres et al. 2010),
is typically assessed by measuring its Natural (NOD)
or Total Oxidant Demand (TOD) in the presence of the
soil (Haselow et al. 2003). Although NOD/TOD mea-
surement provides a preliminary and simple indication
of the suitability of ISCO for a given site, its evaluation
may be poorly indicative of hydrogen peroxide stabil-
ity, as this oxidant may also undergo disproportion
reactions, catalyzed by metals (i.e. manganese and
copper) or enzymes (i.e.catalase or peroxidase).These
reactions, possibly leading to a loss of hydrogen per-
oxide through non-target reactions well above 50 %
(Baciocchi et al. 2010), may affect Fenton’s process
efficiency, and should be therefore minimized by prop-
erly selecting the operating conditions and amend-
ments (Huling et al. 2001). For instance, the addition
of phosphates has been proposed and tested as a useful
way to overcome the main limitation of Fenton’s reac-
tion due to H,0, instability, so to increase H,O, lon-
gevity, in order to improve the oxidant delivery and
radius of influence in full scale applications (Baciocchi
et al. 2003, 2005). Also, chelating agents, discussed
above as amendment for increasing iron solubility,
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have been proposed as stabilizers of hydrogen perox-
ide. Although the stabilization effect of chelating
agents is debated, recently Vicente et al. (2011) com-
pared slurry phase H,O, decomposition in the presence
of KH,PO, and different chelating agents, obtaining
the highest H,O, stabilization effect using citric acid.
Nevertheless, this result was obtained on soils charac-
terized by a fairly high soil organic carbon content
(2.8-6.3 %) and thus cannot be generalized.

2.2 Persulfate

The technology based on persulfate oxidation chemis-
try is an emerging and promising approach for the In
Situ Chemical Oxidation (ISCO) of chlorinated and
non-chlorinated organic compounds. Persulfates are
typically manufactured as sodium, potassium and am-
monium salts. For ISCO applications, potassium
persulfate has a low solubility, and the injection of
ammonium persulfate may lead to the generation of
ammonia, which is regulated in groundwater.
Therefore, the most common salt used for environmen-
tal applications is sodium persulfate (ITRC 2005). The
persulfate anion is the most powerful oxidant of the
peroxygen family of compounds and one of the stron-
gest oxidants among those usually employed. The
standard oxidation—reduction potential of the reaction
reported below [Eq. (3)] is 2.1 V, which is higher than
the 1.8 V Redox potential of hydrogen peroxide:

S20% +2H" 4 2¢ —2HSO, (3)

In addition to direct oxidation, sodium persulfate
may form sulfate radicals (SO4™) [see Eq. (4)], thus
providing a free radical reaction mechanism similar to
the hydroxyl radical pathway generated in Fenton’s
systems.

S,0%" + initiator—S0} + (SO} or SO3") (4)

The sulfate radical is one of the strongest aqueous
oxidizing species with a redox potential of 2.6 V, near
to the hydroxyl radical one, equal to 2.7 V. Sulfate
radical initiation can be achieved through the applica-
tion of heat (Huang et al. 2006), UV radiation or
transition metal catalysts (Liang et al. 2004a, b). The
latter represents the most interesting and applied route
for in situ remediation of contaminated site, where a

transition metal, such as iron, reacts with persulfate as
follows:

2Fe?" + $,0F —2Fe*™ 42803 (5)
through the following steps:

Fe?" +S,05 —Fe’" 4 S0; + SO; (6)

SO} + Fe*" —Fe*" 4 S0 (7)

The persulfate—ferrous ion reaction results in the
rapid production of sulfate free radicals. A free radical
half-life of 4 s was reported at a persulfate and ferrous
ion concentration of 107> M and a temperature of
40 °C. Sulfate free radical converts ferrous ion to ferric
ion through Eq. (7), with a diffusion control kinetics
rate constant of 1x10° M' s (Block et al. 2004a).
The rate of reaction between persulfate and ferrous ion
is dependent on the concentration of each reactant.
According to Eq. (5), the reaction stoichiometry re-
quires a Fe**/S,05>  molar ratio of 2; however, the
rate-determining step is the reaction between one
S,04” and one Fe*" to form SO, [Eq.(6)], which
then rapidly reacts with a second F " [Eq. (7)]. When
the reactions are completed, no sulfate free radical is
available for further attack of target organic contami-
nants. Therefore, increasing the concentration of Fe**
would speed up the reactions shown in Egs. (6)—(7)
and thus lead to completion of the reaction shown in
Eq.(5). Conversion of Fe*" to Fe*" results in the produc-
tion of SO4™, which immediately reacts with the target
compound. However, the fast reaction between SO,
and excess Fe*" could possibly result in the destruction
of SO4™ thus reducing the degradation efficiency of the
target organic contaminant. In order to optimize the iron-
activated persulfate oxidation of the target organic con-
taminant, it is necessary to slow down or control the
reaction shown in Eq. (7). This result can possibly be
achieved by gradually adding the Fe®" activator to the
reaction environment, thereby preventing the rapid con-
version of Fe*" to Fe*" by the SO, as shown in Eq. (7)
(Liang et al. 2004a).

2.3 Permanganate

Permanganate is widely used for the oxidation of dif-
ferent organic compounds, such as chlorinated
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solvents, hydrocarbons, phenols and some PAHs in
groundwater and soils (Woo et al. 2010; Silva et al.
2010). The stoichiometry and kinetics of permanga-
nate oxidation may result quite complex, due to the
different forms and valence states in which manga-
nese may exist. Differently from hydrogen peroxide,
where oxidation is driven by a radical mechanism,
the degradation of organic compounds by perman-
ganate takes place through direct electron transfer.
The main reactions taking place in the application
of permanganate are the following ones (Damm
et al. 2002):

MnO,” + 8H" + 5¢—Mn"24H,0 (8)
MnO;~ 4 2H,0 + 3¢ —MnO,(s) + 40H" (9)
MnO; 4+ e «>MnO,? (10)

The reaction of permanganate at pH<3.5 (Eq. 8)
implies the transfer of five electrons, whereas three
electrons are involved in Eq. (9), reporting the reaction
taking place at pH between 3.5 and 12, and one elec-
tron only at pH>12 (Eq. 10). In these reactions, Mn is
reduced from the Mn™’ form to Mn+2, Mn+4, Mn™®,
respectively. Equation (9), which is the predominant
reaction at the pH values commonly met in environ-
mental applications, leads to the formation of manga-
nese oxides particles, that may deposit in the subsur-
face and impact the flow-regime in and around the
zone of oxidant emplacement, thereby preventing ef-
fective oxidant distribution and contact with contami-
nants (Lee et al. 2003; Crimi et al. 2009).

3 Development of ISCO Technologies

This section provides a short overview of the develop-
ment of ISCO technologies during the last two de-
cades, through the main relevant patents issued in this
time frame. Apparently, the first ISCO patent is
25 years old, when Brown and Norris (1986) patented
a method for decontaminating a permeable subterra-
nean formation by oxidizing the contaminant therein,
based on the injection of hydrogen peroxide. The pat-
ent includes information on the preferable H,O, con-
centration to be applied (0.5 to 10 % by weight) and the
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possibility of using an aqueous solution of hydrogen
peroxide or solid peroxy-compounds, capable of
decomposing in the subsurface thus producing H,O,.
The improvement of the oxidant distribution can be
achieved by adding a mobility control agent (generally
an hydratable polymeric material in order to increase
the viscosity of the injected solution), an interface
modifier (generally a surfactant to increase the wetting
capacity of the injected solution) or a densifier ( typi-
cally a salt in order to improve the capacity of the
injected solution to target the contaminant present in
the bottom layer of an aquifer), in order to modify the
flow of the aqueous treating material within the sub-
terranean formation. The addition of a free radical
activator (typically a transitional metal salt) to catalyze
the Fenton’s process is also considered as well as that
of a H,0, stabilizer, such as different phosphate salts,
for minimizing hydrogen peroxide decomposition in
the subsurface. Although quite detailed in the descrip-
tion of the oxidant formulation, the early patent by
Brown and Norris (1986) does not provide any insight
on the methods and techniques for performing the in
situ treatment. A first attempt to provide this insight is
found in the patent by Vigneri (1994) that describes a
method for remediating a hydrocarbon contaminated
region of a subterranean waterbody; the invention con-
sists in a plurality of mutually spaced wells through
which the reactants used in the invention are injected.
The patent is quite poor in providing details on the
oxidant formulation, limiting the description to the
oxidant used (hydrogen peroxide) and to the expected
range of injection flows (4—24 I/min/well), injection
pressure (0.5 to 3 bar) and H,O, concentration (10 to
35 %). The possibility of using different amendments
(catalyst, stabilizer, enhancer) is also considered, al-
though few details on this are provided. Some more
details on the oxidant formulation are provided in the
patent by Watts et al. (1998), where the oxidant (pref-
erably hydrogen peroxide, although permanganate or
ozone is also considered) is stabilized with either phos-
phoric acid or an orthophosphate salt. H,O, activation
takes place via a catalyst (either an iron/copper salt or
iron oxyhydroxide) chelated with a proper ligand (pref-
erably phosphoric acid or monopotassium phosphate),
also suggesting the typical dosage required. Lundy
(2005) modified slightly this approach in his patent
by proposing to use only one aqueous reagent contain-
ing both the oxidant (metal peroxides or hydrogen
peroxide) and the chelating agent (preferably EDTA,
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DTPA or EDDHA), using the latter to extract the
required divalent metals from the soil without any need
to add an external source of iron or another metal,
whereas pH is properly controlled. In another patent
issued by Vigneri (1996), the use of a classic Fenton’s
process with the same injection scheme previously
outlined (Vigneri 1994) is also proposed, where acetic
acid (to achieve a pH between 3 and 4), a ferrous iron
solution and finally hydrogen peroxide are sequentially
injected. Finally, some early methodologies are intro-
duced to assess the effective overlapping of the H,O,
radius of influence (ROI) of neighboring wells, based
either on pH or on temperature measurements, to be
preliminary performed by a test flow of H,O, from one
of the wells. The delivery of the oxidant in this patent
relies on the diffusive characteristics of the aquifer,
thus obliging to use a quite large number of wells
because of the small effective ROI. This limitation is
discussed and possibly solved in the patent filed by
Wilson (1996), where a pressurized injection system is
proposed. Relevance is given to the characterization
phase: this patent addresses specifically the importance
of defining the extent of contamination and lists a long
number of hydrogeological properties to be evaluated
before starting the design of the clean-up process.
Namely, these data are considered necessary in order
to evaluate the absolute amount of oxidant to be used
(once again hydrogen peroxide). A detailed sketch of
the invention is also proposed, including that of the
injection mixing head assembly. The feasibility of the
proposed invention is then assessed by presenting the
results of a case study, based on the use of an appar-
ently classic Fenton’s scheme with pH shift to acidic
values. The issue of oxidant delivery and mixing is also
addressed by Cooper et al. (1999) that propose a two-
step injection scheme where the catalyst (iron sulfate)
is injected first and allowed to diffuse in the subsurface
for at least 24 h, followed by injection of hydrogen
peroxide. In one of the embodiments of the invention,
gas injection is foreseen to allow for an improved
mixing of the oxidant with the groundwater to be
cleaned up. Besides, the issue of how handling the
vapors produced by the Fenton-like reaction is also
considered, proposing to couple the ISCO treatment
with a vapor extraction system, collecting the vapor
stream to an activated carbon treatment unit. It is worth
pointing out that this issue is also discussed by Land
et al. (1997) that propose a process based on Fenton’s
reagent aimed to the transformation of the contaminants

in smaller more volatile compounds to be recovered by
vapor extraction wells; this patent also included potas-
sium permanganate in the list of potential oxidants, but
more specific reference to permanganate can be found in
the patent by Siegrist and Murdoch (2000), which pro-
pose a process based on the injection of an Oxidative
Particle Mixture, preferably made up of granular sodium
permanganate (approximately 5 mm size), dispersed in a
carrier fluid, i.e. a mixture of hydrated clay minerals
and/or cement in water, thus resulting in a slurry phase
characterized by a relatively high viscosity. In the same
year, Hoag et al. (2000) developed a process for the
chemical oxidation of volatile compounds based on the
injection of either potassium or sodium permanganate.
Specifically, in the preferred embodiment of the patent,
permanganate is fed after pre-injecting a persulfate ion-
bearing compound in order to reduce the oxidant de-
mand of the soil, thus allowing to increase the reactivity
of permanganate with the VOCs and to reduce the
formation of MnO, precipitate; in other embodiments
of the invention, the possibility of mixing the two oxi-
dants and/or of alternately injecting them is also
accounted for, together with the possibility of activating
the persulfate with a metal ion. The use of persulfate is
also considered in more detail by Block et al. (2004b),
where persulfate is injected preferably with sodium
carbonate to keep the pH at basic values, whereas acti-
vation of persulfate is achieved either thermally or by
the iron present in the soil or eventually from an external
source. The same authors issued another patent (Sethi et
al. 2005), where two oxidants, i.e. persulfate and hydro-
gen peroxide (with molar ratios between 1:20 and 20:1),
are injected either in combination or sequentially, with
the possible addition of metals and/or chelated metals as
activators. More recently, Boulos et al. (2008) proposed
the use of a solid metal peroxide, such as calcium or
magnesium peroxide, for the chemical activation of
persulfate, with a persulfate/percarbonate molar ratio
preferably between 0.1 and 10. Activation may be en-
hanced either through pH shift (i.e. adding an acid), or
by metal cations, eventually present in the soil matrix, or
thermally. A different approach for activation of
persulfate is found in the very recent patents by Block
et al. (2010) and Hoag et al. (2011), both based on the
use of Zero Valent Iron.

The use of multiple oxidants, already foreseen in
some of the above discussed patents, is at the core of
the patent developed by Whisman III (2007), where the
injection of two oxidants is expected to take place
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through a borehole containing two nested conduits (in
the case of hydrogen peroxide and ozone) or a single
conduit (in the case of hydrogen peroxide and com-
pressed air). As ISCO is recognized to be efficient in
targeting the sources of contamination, but not as effi-
cient in reducing concentrations down to the often very
low target values set by some environmental legisla-
tion, it may become useful to couple ISCO with a
biological in situ step, as proposed in the patent devel-
oped by Kukor et al. (2004) and Lessard (2005).
Specifically, the latter makes reference to the in situ
application of this combined approach, proposing a
stepwise injection of hydrogen peroxide, monitoring
the temperature increase, in order to positively affect
the numbers of microorganisms responsible of further
biodegradation of the contaminants left after the oxi-
dation step. The possibility of adding amendments and
eventually bacteria, if needed, is also considered. More
recently, the focus of a few patents was on the integra-
tion of surfactant-enhanced remediation with ISCO,
with the goal of increasing the (bio)-availability of
the organic contaminants present in the site as
NAPLs. A first example of this approach can be found
in the patent by Shiau (2008), where ISCO (hydrogen
peroxide/potassium permanganate) is used only as
polishing step after applying a flushing process using
surfactants with product recovery. The patent by Hoag
and Collins (2011) is the first example of surfactant-
enhanced ISCO, as it includes also a former world
patent issued in 2007. This patent proposes a process
based on the concept of injecting a proper surfactant-
cosolvent to solubilize or desorb the contaminant, thus
allowing the oxidant to react with the solubilized con-
taminant. In a preferred embodiment of this invention,
activated sodium persulfate is used as oxidant, whereas
a citrus terpene can be used as cosolvent together with
a nonionic surfactant, such as an ethoxylated castor oil
or coconut fatty acid. Dugan et al. (2010) also propose
a similar approach, although the preferred oxidant is in
this case permanganate, the surfactant is an anionic or a
sulfonated one, thus making the process particularly fit
in the case of DNAPLs.

4 Design Criteria of ISCO Technologies
As discussed in the previous section, ISCO has been

the subject of several patents in the last 25 years,
mostly originated in the USA, where this technology
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has been widely applied for the clean-up of contami-
nated sites. Although ISCO deployment is also grow-
ing outside of the USA, the number of full-scale ISFO
application in Europe and particularly in some indus-
trialized countries, such as Italy, is still limited. The
development of this technology as a worldwide accept-
ed and validated remediation technology cannot be
achieved by simply transferring the state of knowledge
gathered in the USA. ISFO diffusion is hindered by
different constraints that can be grouped in two broad
groups: technological and regulatory constraints. The
former ones include the issue of hydrogen peroxide
stability after injection in the subsurface, which has
basically two main consequences: the entity of the
radius of influence that affects the design of the injec-
tion scheme; the production of oxygen from decompo-
sition of hydrogen peroxide, which needs to be prop-
erly evaluated and handled to avoid safety issues dur-
ing site operation. Another technological constraint is
represented by the site-specific hydro-geological con-
ditions, namely the site permeability and heterogeneity
that may limit the flow rate of the oxidant solution per
injection well especially in shallow aquifers. The reg-
ulatory issues clearly depend on the attitude of the
national or local regulator, depending for instance on
whether the site belongs or not to the list of national
priority sites. Typically regulatory requirements in-
clude the by-products evaluation in monitoring plans,
the development of feasibility studies aimed to opti-
mize the oxidant dosage and delivery, the control of
oxidant and plume migration, eventually by imposing
physical or hydraulic confinement of the site. For this
reason, there is a strong need to develop guidelines for
the application of ISCO treatments, based on strong
and robust design criteria. This is the approach current-
ly followed by the italian national environmental agen-
cy that has issued a first version of a protocol for ISCO
application (APAT 2005), where ISCO is basically
allowed provided that it is performed according to the
guidelines reported in the protocol: these include,
among the different requirements, the above discussed
requirement to perform the ISCO treatment under con-
trolled conditions, provided that the operating condi-
tions (oxidant type, concentration, amendments, etc.)
are selected based on a preliminary bench-scale tests
and that a proper monitoring plan is prepared. This first
protocol does not discuss the need or possibility to
perform a pilot test on a representative, although lim-
ited, portion of the site, that should be a fundamental
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step in the design of an ISCO treatment This is the
topic of this section, where the design criteria of ISFO
treatments are discussed withreference to the develop-
ment of a pilot scale In Situ Fenton’s Oxidation (ISFO)
treatment The proposed design criteria are based on the
integration of the results obtained from experimental
and numerical modeling of the ISFO treatment, ac-
counting for the technological and regulatory con-
straints existing in the site to be remediated. The main
regulatory constraint considered here consists in the
requirement to perform the injection under confined
conditions, in order to avoid migration of the oxidant
and/or of the contaminants outside the clean-up area.
This constraint can be accounted for by including also
pumping wells rather than injection wells only, as
shown in Fig. 1, which reports the scheme of the
pilot-scale ISFO treatment developed to meet this re-
quirement. The technological constraints are mainly
related to the hydro-geological conditions of the site,
and therefore they are essentially site-specific and dif-
ficult to generalize. In the specific case study consid-
ered as a reference to develop the design criteria
discussed here, the main constraint of this kind was
the low depth of the groundwater table, which affected
the choice of the injection and pumping flow rate to be
applied in the pilot scale test and consequently the
radius of influence of the oxidant. Both numerical
and experimental design tools are summarized in the
following, whereas more details on the specific case
study used to develop the design criteria can be found
in Baciocchi et al. (2010).

4.1 Experimental and Numerical Modeling

The first step of the experimental modeling consist in
standard bench-scale batch tests, which allow to select
the most effective oxidation process and the corre-
sponding optimal operating conditions. The data col-
lected are also used to evaluate the oxidant longevity
and specifically the pseudo first-order decomposition
rate constant of hydrogen peroxide that can then be
used as input to the numerical modelling of the ISFO
pilot-plant test, in order to estimate the radius of influ-
ence of the oxidant and thus the expected extension of
the treatment area. The ISCO pilot-scale application
can be simulated by means of a commercial software,
such as Feflow or Modflow, based on the selected
layout, as the one reported in Fig. 1 for the specific
case study used as reference (Baciocchi et al. 2010).

The modeling phase allows to optimize the choice in
terms of number and position of the injection wells and
of the pumping wells, if required as in the scheme
reported in Fig. 1. Also, the maximum suitable injec-
tion and pumping flow rates for each well are selected,
considering the technological constraint of the site. As
a result, the distribution of the oxidant during the
injection phase and therefore the effective area of in-
fluence of each well are calculated, as shown in Fig. 2
again with reference to a specific case study discussed
in detail elsewhere (Baciocchi et al. 2010). Namely,
Fig. 2 reports the calculated hydrogen peroxide con-
centration contour lines; since hydrogen peroxide con-
centration never achieves a constant value during the
injection phase, the data calculated at the end of the
injection phase, i.e. the maximum ones achieved, are
reported. By looking at Fig. 2, it can be observed that
the confinement of the hydrogen peroxide plume
downstream the pumping wells looks quite effective
since no appreciable H,O, concentration is expected
at the external monitoring wells row. Figure 2 also
reports the groundwater velocity field which is an-
other important outcome of the numerical modeling
step. It is worth pointing out that the highest ground-
water velocity and hydraulic gradient are clearly
obtained near the injection and pumping wells,
whereas the velocity gradient becomes quite flat in
the central area between injection and pumping
wells.

The results of the modeling step can be already
directly used for the design of the ISFO pilot plant,
except for the section concerning the management of
vapors produced during the treatment. It is well known
that hydrogen peroxide may rapidly decompose in the
subsurface leading to the production of oxygen gas.
Besides, it is also well known that stripping of VOCs
may also be enhanced by the ISCO treatment, due to
the stripping effect caused by the oxygen flow plus
local temperature increase due to the exothermic reac-
tions taking place in the presence of H,O,. Therefore, it
may be suggested in some situations to couple the
ISCO treatment with a SVE section to collect the
vapors produced and convey them to a proper external
vapor treatment unit. The design of this unit requires to
know in advance the expected gas flow rates produced
during the ISCO treatments. As most of the gas pro-
duced is expected to be the oxygen produced by the
H,0, disproportion or Haber—Weiss decomposition, a
conservative estimate may be obtained assuming that
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Fig. 1 Layout of an
ISCO pilot plant with
recycle loop

Qin

all injected hydrogen peroxide decompose to oxygen.
In order to get a more realistic estimate, the proposed
design criteria may include a further experimental step,
based on a column-scale test, performed on a column
set-up as the one shown in Fig. 3. The column can be
fed with a hydrogen peroxide solution, adopting a flow
rate and concentration that are representative of a given

H,0, + amendments

Q out

.....
..

boss
iss

.
o08lcee

condition in the site, as obtained from the numerical
modeling phase. Hydrogen peroxide concentration can
be measured at the liquid inlet, outlet and monitoring
ports, whereas the gas flow rate and oxygen concen-
tration can be measured through on-line instruments
installed at the gas outlet port. The hydrogen peroxide
decomposition data can then be compared with the gas

Fig. 2 Simulation of the ISFO treatment: H,O, iso-velocity (meters per day) and iso-concentration (milligrams per liter) curves at the
end of the injection phase. Adapted with permission from Baciocchi et al. (2010)
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Fig. 3 Scheme of a column-scale set-up. Adapted with permission from Baciocchi et al. (2010)

volume produced and measured on-line during the
column experiments. The effective gas flow rate can
then be determined through the following equation:

pV
RT

;l:

(11)

where 71 is the gas molar flow rate in a given time

interval, whereas V is the average volumetric flow rate
measured in the same time interval. The theoretical
flow rate can instead be obtained through a mass bal-
ance performed on the column, which is readily
obtained from the stoichiometry of the H,O, decom-
position reaction to oxygen and water, whichever

decomposition route (disproportionation or Haber—
Weiss) is followed:

1
=70(Chlo,-

. ouUT
n CH202>

(12)

where Q is the inlet flow rate of the liquid oxidant

solution, Cﬁ\; o, is the inlet hydrogen peroxide concen-

tration and Cgﬁg2

is the outlet hydrogen peroxide con-
centration. The data obtained in this way may finally be
used to design and size the SVE section, thus allowing

to complete the design of the ISCO pilot plant.
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5 Conclusions

The relevant number of patents issued in the last
20 years shows that In Situ Chemical Oxidation is an
important option for the clean-up of soils and ground-
water contaminated by a wide range of organic com-
pounds. The recent developments on new methods for
the activation of peroxides and for the mobilization of
NAPLs in order to make the organic compounds avail-
able for being oxidized show also that ISCO is still an
active field of research with opportunities for the ex-
tension of its field of application. Despite such a pos-
itive picture is obtained by looking at the patenting
activity and at the status of deployment in the USA,
an adequate penetration of ISCO outside the USA, and
especially in some European countries, still requires an
effort to convince some reluctant local authorities and
regulators. The development of dedicated guidelines,
based on a strong supporting evidence coming from
feasibility studies based on bench-scale and pilot-scale
experimental and numerical modeling, may be of help
in increasing the confidence of regulators in approving
remediation projects based on ISCO.
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