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Abstract

Chlorinated organic compounds (COCs) are common anthropogenic contaminants of soil and
groundwater. COCs were industrially produced for different applications, such as dry cleaning,
degreasing, or as pesticides. The presence of COCs in the environment is a major concern because of
their toxicity and persistence.

The most widely used method for their remediation is the conventional pump-and-treat system.
However, this technology can hardly achieve a complete remediation because of geological
characteristics and the presence of pore space pollution/adsorbed pollution, leading to a residual
saturation. Hence, in addition to the improvement of pump-and-treat systems, in situ chemical
processes have been largely developed. These chemical processes involve the injection of chemical
reagents for the removal of residual source pollution and/or the treatment of plume contamination.

Chemical degradation of COCs can be achieved by oxidative or reductive processes. If chemical
oxidation has been first developed for in sifu application, chemical reduction is one of the most
important emerging remediation techniques for COCs treatment. Due to the electronegative character
of chlorine substituents, COCs can effectively be transformed via reductive pathways. Moreover,
reductive dechlorination has shown higher efficiency on highly chlorinated compounds.

This chapter focuses on the presentation of the chemical reduction of the most common COCs
pollutants, followed by kinetic and mechanistic approaches related to the use of iron-based particles.
Developments on in situ chemical reduction technologies in order to enhance remediation rates are
also exposed. Influence of environmental conditions for in situ applications is then developed. Finally,
a case study is presented.
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1. Introduction

Chlorinated organic compounds (COCs) are common contaminants of soils and groundwater. Some
COCs like chloromethane, dichloromethane and chloroform are naturally produced by living
organisms, especially in marine environment — algae, sponges, fungi, and bacteria (Ballschmiter 2003;
Gribble 2003) — but the main production is anthropogenic. For example, chloromethanes production
was about 2.79 million tons in 2014 (Sherry 2015). Most chlorinated solvent families, like chlorinated
methanes, chlorinated ethanes, chlorinated ethylenes and chlorinated benzenes, were industrially
produced by chlorination — addition, electrophilic or radical reactions — of saturated or unsaturated
hydrocarbons. COCs such as perchloroethylene (PCE) and trichloroethylene (TCE) are used as dry-
cleaning solvents and metal degreasing agents as they are nonflammable, or as chemical intermediate
for various applications — for example, trichloromethane is used as an intermediate in the production
of organic fine chemicals — or extracting agents, or as functional fluids (e.g. hydraulic fluids in
industrial equipment) (European Chlorinated Solvent Association). Some of them, such as
hexachlorobenzene (HCB), have been used as pesticides (Hawley 1981; Verschueren 1983; Budavari
1996). Because of their toxicity, the use of COCs have been regulated since the 1970s, and production
tends to be well reduced. For example, PCE production in United States dropped from 318 million
tons in 1970 to 45 million tons in 1994 (Doherty 2000a, b).

However, an important part have been introduced in the environment, in which they are transported
into the subsurface by vapor-phase migration, by infiltration in water, and as a moving dense non-
aqueous phase liquid (DNAPL) (Johnson and Pankow 1992). The life cycle of a COCs source zone
can be resumed as: (i) DNAPL release, (ii)) DNAPL redistribution, (iii) dissolution and aging, (iv)
depletion and (v) back diffusion and desorption (Kueper et al. 2014). The relatively low viscosities of
COCs (same order of magnitude as water) allow the rapid downward movement in the subsurface
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(Johnson and Pankow 1992). The low interfacial tension between liquid chlorinated solvent phase and
water allows chlorinated solvent DNAPL to enter small fractures and pore spaces, facilitating deep
penetration into the subsurface (Johnson and Pankow 1992). Alternatively, the unstable nature of
DNAPL flow mechanisms can cause the solvent to continue migrating as a continuous body, or in thin
"fingers" which can lead to the collection of large amounts of solvent in "pools" on the top of low
permeable layers (Johnson and Pankow 1992). The low solubility of COCs mean that when a
significant quantity of solvent is introduced to the environment, liquid solvent will dissolve slowly and
persist for decades or centuries (Johnson and Pankow 1992). Moreover, most COCs exhibit low biotic
and abiotic degradation rates and can persist in the subsurface for extended periods of time.

Different remediation technologies are effective to remove COCs pollution, especially physical and
thermal treatments. Pump-and-treat systems are well developed and industrially applied in order to
remove most pollutant, as the technology was available and relatively fast and easy to operate
(Colombano et al. 2010). However, ‘rebound’ effect generally occurs after the end of the treatment,
and pump-and-treat technologies can’t achieve a complete remediation after many years because of
pollutant persistence (Travis and Doty 1990; Pankow and Cherry 1996). Thermal treatment and
surfactant/foam flushing were thus proposed as support techniques to reduce as possible residual
saturations or to confine a source zone (Kingston et al. 2014; Pennell et al. 2014; Portois et al. 2018;
Maire et al. 2018), before implementing more costly remediation methods such as in situ remediation.

Development of in situ chemical processes, which involves the injection of a chemical reagent directly
in front of the pollution, has shown promising results for the remediation of COCs pollution, for both
source remediation and plume control (McCarty 2010; Kueper et al. 2014). If in situ chemical
oxidation (ISCO) has been first applied for the remediation of chlorinated solvents, in sifu chemical
reduction (ISCR) is more effective on highly chlorinated compounds, due to the electron deficiency on
carbon atoms (Brown 2010). It is often presented as a more environmentally friendly alternative than
oxidation as it is less destructive with respect to soil organic matter (Colombano et al. 2010).

This chapter describes the preliminary step concerning the implementation of in sifu chemical
reduction technologies, with the presentation of the prerequisites related to chlorinated solvent
properties and transport/fate in soils and groundwater. Discussions are essentially focused on the
development and improvement of zero-valent iron-based particles for the chemical reduction of COCs,
with kinetic and degradation pathway approaches in order to highlight chemical reduction
mechanisms. Effects of environmental conditions on degradation rate are then developed. Finally,
injection technologies and a case study are presented.

2. Chlorinated solvents

Chlorinated solvents (C;H,Cl,) are organic compounds containing at least one carbon-chlorine bond in
their structure. The presence of chlorine instead of hydrogen atoms plays a significant role on the
physical and chemical properties of COCs, their toxicity and all transport and fate processes in
groundwater.

2.1. Physical and chemical properties

Table 6.1 lists the names, formulas, abbreviations and main physical and chemical properties at
atmospheric pressure of the most common COCs encountered in polluted soil and groundwater. The
presence of chlorine atoms affects physical and chemical properties of organic compounds, such as
density, aqueous solubility and volatility. Most chlorinated solvents are part of the volatile organic
compounds (VOCs) group, as they have low boiling points. Molecules are susceptible to evaporate
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from liquid (or sublimate from solid), resulting in the formation of a gaseous plume, especially in the
vadose zone, which causes pollution to the surface.

Nevertheless, COCs are denser than water and form a non-aqueous phase, so they are part of dense
non-aqueous phase liquid (DNAPL) group. Their low solubilities s are frequently represented by the
octanol/water partition coefficient K, (also noted P) characterizing their hydrophobic nature (log K,y
> 0), showing an affinity with organic phases. Knowledge of solubility is important as it permits to
predict and model DNAPL transport and fate in groundwater. In a DNAPL mixture, a co-solvent
effect must be considered to represent the mole fraction of each constituent of the mixed DNAPL. In
addition to solubility, others physical properties, e.g. diffusion coefficients and Henry’s law constant,
are important to understand their fate.

Ionization potential (IP) represents the energy required to remove the valence electron of an atom or a
molecule. Generally, from a same chemical structure, the presence of double bonds decreases IP
values, while the presence of chlorine atoms increases them (Brown 2010). COCs are preferentially
oxidized when carbon atoms have a high electron density, and preferentially reduced when carbon
atoms have a low electron density. IP parameter is therefore, in a first approach, a good indicator to
select the appropriate remediation technology.

In addition, their electrochemical properties are also affected by the nature of the COCs. Table 6.2 lists
reductive half-reactions of COCs redox couple and their associated standard potential E° (Boethling
and Mackay 2000; Dolfing et al. 2006). First, the standard aqueous-phase free energy of formation is
estimated from the standard gas-phase free energy of formation and the values of Henry’s law constant
H (Vogel et al. 1987; Dean 2004).

AsG° (aq) = A¢G° (g) + RTIn(H) (Eq. 6.1)

where AG° (aq) is the standard aqueous-phase free energy of formation (J-mol™), A;G° (g) is the
standard gas-phase free energy of formation (J mol™), R is the universal gas constant (8.314 J mol” K~
" and T is the absolute temperature (K).

For a given half-reaction, the standard free energy changes A,G° (aq) is calculated using Eq. 6.2.
A.G° (aq) = Z A¢G° (aq) for products — Z A¢G° (aq) for reactants (Eq. 6.2)

The value can then be adjusted to the desired reference state to calculate the standard potential value
E° (V) with Eq. 6.3 (Vogel et al. 1987).

A6 (ag)

E° =
nF

(Eq. 6.3)

where n is the number of electrons transferred in the reaction and F is the Faraday constant (96485 C
mol ™).
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Table 6.1. Name, formula, physical and chemical properties of selected COCs at atmospheric pressure (data from Mackay et al. 2006; Montgomery 2007; Schwartz and Zhang 2003).

C d Formula  Abb M s s 20°C)  log(Ky) (20H°C) Dair — Dyater Ip
ompounds ormula rev. 1 o oint oint og(K, Pttt b
P @moly @00 TOE T el Pam’morty SD  msh (V)
Carbon tetrachloride CCl, CT 153.8 1.58 23.0 76.5 793.4 2.83 2352 7.80 10° 8.80107° 11.47
Chloroform CHCl, CF 119.4 1.48 -63.5 61.7 7920 1.97 307 1.0410°  1.00 10° 11.42
Dichloromethane CH,Cl, DCM 84.9 1.33 95.1 39.8 13030 1.25 220 1.0110° 117107 11.35
Chloromethane CH,Cl1 CM 50.5 0.92 97.6 -23.9 5325 0.91 743 - - 11.30
Hexachloroethane C,Clg HCA 236.7 2.09 183-187 (sublim.) 50 4.14 285 250107 6.8010"°  11.22-12.11
Pentachloroethane C,HCls PCA 202.3 1.68 -29 162 499.5 3.05 - - - 11.00-11.28
1,1,1,2-Tetrachloroethane CH,Cl,  1,1,1,2-TeCA 167.8 1.54 -36 146.2 1,100 3.03 - - - -
1,1,2,2-Tetrachloroethane CH,Cl,  1,1,2,2-TeCA 167.8 1.60 -70.2 130.2 2962 2.93 34.12 7.1010°  7.9010"° 11.10
1,1,1-Trichloroethane C,H;Cl, 1,1,1-TCA 133.4 1.34 -30.6 74.1 1485 2.49 1370 7.8010° 8.80 10" 10.82
1,1,2-Trichloroethane C,H;Cl, 1,1,2-TCA 133.4 1.44 -36.5 113.8 4394 1.89 66.78 - - 11.00
1,1-Dichloroethane C,H,Cl, 1,1-DCA 99.0 1.18 97.4 57.3 4767 1.79 500 7.4210°  1.05107 11.06
1,2-Dichloroethane C,H,Cl, 1,2-DCA 99.0 1.25 353 83.5 8608 1.48 102 7.4210° 9.9010"° 11.12
Chloroethane C,H;Cl CA 64.5 0.90 -136.4 12.3 5678 1.43 1019 - - 10.97-11.01
Tetrachloroethylene C,Cl, PCE 165.8 1.62 -19 121.2 206 3.4 1299 7.2010° 82010 9.71
Trichloroethylene C,HCl, TCE 131.4 1.46 -86.4 87.2 1280 2.42 765 7.9010° 9.1010™" 9.94
1,1-Dichloroethylene C,H,Cl, 1,1-DCE 96.9 1.22 -122.1 31.56 2420 2.13 2376 9.0010° 1.0410° 9.81
cis-1,2-Dichloroethylene C,H,Cl, cis-1,2-DCE 96.9 1.28 -80 60.1 6410 1.86 341 7.3610°  1.1310° -
trans-1,2-Dichloroethylene C,H,Cl, trans-1,2-DCE 96.9 1.26 -50 475 4520 2.09 875 7.0710°  1.1910° 9.64
Vinyl chloride C,H;Cl vC 62.5 0.91 -153.8 -13.4 2763 0.60 2172 1.0610° 1.2310™" 9.99
Hexachlorobenzene C4Clg HCB 284.8 2.05 230 323-326  0.005 5.44 35.1 5.4210° 5.91107° 9.00
Pentachlorobenzene CcHCls PeCB 250.3 1.83 86 277 0.419 5.17 52.6 - - 9.11
1,2,3,4-Tetrachlorobenzene C¢H,Cl, 1,2,3,4-TeCB 215.9 - 47.5 254 3.44 4.63 58.5 - - 9.11
1,2,3,5-Tetrachlorobenzene CeH.Cl,  1,2,3,5-TeCB 215.9 - 54.5 246 3.44 4.63 - - - 9.16
1,2,4,5-Tetrachlorobenzene CcH,Cl, 1,2,4,5-TeCB 215.9 1.86 140 243-246 0.528 4.63 - - - 9.00
1,2,3-Trichlorobenzene C¢H;Cl, 1,2,3-TCB 181.4 1.69 53-54  218-219 19.31 4.05 - - - 9.18
1,2,4-Trichlorobenzene CeH;Cl4 1,2,4-TCB 181.4 1.45 17 213.5 36.5 4.02 172 3.0010° 8.2310"° 9.04
1,2,5-Trichlorobenzene C¢H3Cl;3 1,2,5-TCB 181.4 1.39 63-64 208 8.46 4.15 - - - 9.30
1,2-Dichlorobenzene C4H,Cl, 1,2-DCB 147.0 1.30 45.6 180.5 147 3.38 133 3.0010° 7.90107"° 9.06
1,3-Dichlorobenzene C¢H,Cl, 1,3-DCB 147.0 1.29 -24.7 173 106 3.52 288 - - 9.12
1,4-Dichlorobenzene CeH,Cl, 1,4-DCB 147.0 1.25 53.1 174.4 82.9 3.45 275 6.9010° 7.9010"° 9.07
Chlorobenzene CeH;Cl CB 112.6 1.11 -45.6 132 495 2.84 297 7.3010° 87010 9.07
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Table 6.2. Reductive half-reactions of COCs and their standard potential £° at pH 7 and 25 °C (Tratnyek and Macalady 2000;
Dolfing et al. 2006).

Redox couple Reductive half-reaction R ggﬁ?ggﬂfg?:ﬁ °C)

HCA/PCE C,Clg+2e = C,Cl,+2CI™ 1.140
1,1,2-TCA/VC C,H;Cl; +2e™ - C,H;3Cl + 2 CI™ 0.827
1,2-DCA/Ethylene C,H,Cl, +2e” - C,H, +2C17 0.738
CCl4/CHCl, CCl, + H* + 2e~ - CHCI; + CI™ 0.673
PCE/TCE C,Cly, + H* +2e™ - C,HCl; + Cl~ 0.574
1,1,I-TCA/1,1-DCA  C,H3Cl; + HY + 2 e~ - C,H,Cl, + CI~ 0.561
CHCI1;/CH,Cl, CHCl; + H* 4+ 2 e~ - CH,Cl, + CI™ 0.560

TCE/DCE C,HCl; + H* + 2 e~ - C,H,Cl, + CI~ 0.527-0.550

1,1,2-TCA/DCA C,H;Cl; + HY + 2 e~ - C,H,Cl, + CI™ 0.513-0.538
CH,Cl,/CH;Cl CH,Cl, + H* + 2 e~ - CH;3Cl + CI™ 0.493
HCB/PeCB CeClg + HY + 2 e~ - C¢cHClg + CI™ 0.470
CH;Cl/Methane CH3;Cl+H* +2e~ - CH, + CI™ 0.464
CA/Ethane C,HsCl+ H* +2e~ » C,Hg + CI™ 0.462
VC/Ethylene C,H;Cl+H* +2e™ - C,H, + CI™ 0.450

DCE/VC C,H,Cl, + HY + 2 e~ - C,H3Cl + CI™ 0.397-0.420
1,1-DCA/CA C,H,Cl, + H* + 2 e~ - C,HsCl + CI™ 0.397
1,2-DCA/CA C,H,Cl, + H* + 2 e~ - C,H:Cl + CI~ 0.375

Standard potential values of half-reactions of COCs are all positive and generally close or higher than 0.4
V/SHE (standard hydrogen electrode) at pH = 7 and at 25 °C. In agreement with standard potential values
provided in Table 6.2, reduction reactions appear favorable under reductive conditions. Electrochemical
properties are in good agreement with the literature which reports favorable experimental results for
COCs reduction, more particularly for the removal of highly chlorinated compounds (McCarty and
Semprini 1994; Brown 2010).

2.2. Toxicity

Chlorinated solvents are harmful to both human and environment health (McDaniel et al. 2004; Chiu et
al. 2012). In the body, the main penetration pathway is the respiratory tract and, to a lesser extent, the
dermal or digestive tract by accident. By inhalation, COCs cause irritation of the airways, chest pain, or
disturbance of the heart rhythm, which can lead to dizziness sensations or even coma for heavy exposure.
Common symptoms of dermal exposure are irritation and chemical burns, conjunctivitis or ocular
projection. Chronic exposure to COCs lead to long-lasting and often irreversible effects, such as sleep
disorders, vertigo, memory loss, concentrating trouble or depressive tendencies (Ruder 2006). Chlorinated
methanes, especially carbon tetrachloride, are known to give rise to ozone depletion when important
amounts are released into the environment (Doherty 2000a; Wang et al. 2009b).

Toxicity on humans of many COCs is not proven in the current state of knowledge by lack of studied
cases. Indeed, each COC has its own toxicological characteristics as shown in Table 6.3 which lists some
COCs — and possible reductive dechlorination products — according to their classification by the
International Agency for Research on Cancer (IARC):

e Group I: carcinogenic to humans;
e Group 2A: probably carcinogenic to humans;
e  Group 2B: possibly carcinogenic to humans;
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e Group 3: not classifiable as to carcinogenicity in humans.

Table 6.3. IARC classification of COCs and their reductive dechlorination products.

Group 1 Group 2A Group 2B Group 3
Benzene PCE Carbon tetrachloride Chloroethane
Butadiene Trichloropropane Chlordecone Chloromethane
TCE Chloroform Dichloroacetylene
VC Dichloroethane Dichlorobenzene
Dichloromethane Hexachlorobutadiene
Hexachlorobenzene Pentachloroethane
Hexachloroethane Trichloroethane
Tetrachloroethane
Trichloromethane

In addition, the Stockholm Convention on Persistent Organic Pollutants has classified initially 12 COCs
(aldrin Cj,HgClg, chlordane C,;oHg¢Clg, dieldrin C;,HsClgO, endrin C;,HgCl¢O, heptachlor C,oHsCl,,
hexachlorobenzene C¢Cls, mirex C;,Cly,, toxaphene C,gHgClg, polychlorinated biphenyls C;,H;¢-Cly,
dichlorodiphenyltrichloroethane C;4HyCls, polychlorinated dibenzo-p-dioxins and polychlorinated
dibenzofurans) in order to eliminate or restrict their production and use. New compounds are frequently
proposed and added to the different annexes of the convention, such as hexachlorocyclohexane isomers
(C¢HeClg), chlordecone (C;¢Cl;00) and pentachlorobenzene (C¢HCls) in 2009 or hexachlorobutadiene
(C4Clg) in 2015.

The risks and impact of DNAPL pollution are especially significant as different chlorinated compounds
are involved (Kueper et al. 2003). Moreover, reductive dechlorination of COCs can lead to the formation
of more harmful compounds, especially VC and TCE, which are both PCE by-products. Knowledge of
dechlorination mechanisms is therefore necessary to prevent a possible accumulation of more toxic
byproducts.

As the presence of COCs in the environment represents a major concern because of their toxicity,
understanding the fate and transport of these compounds in groundwater is crucial.

2.3. Transport and fate processes in groundwater

Transport phenomena are one of the steps of the overall chemical remediation mechanism, as the contact
between the pollutant and the chemical reagent can be the limited step. Different transport and fate
phenomena characterize the movement of a contaminant in groundwater: advection, diffusion,
dissolution, volatilization, and adsorption. Dilution may also occur by natural infiltration or injection of
uncontaminated water in groundwater, but it is generally not a significant factor (Alvarez and Illman
2005a).

In addition to physical and chemical properties, and geological characteristics such as wettability and
permeability, transport processes have a high influence on COCs migration pathways. Dissolution and
volatilization are responsible for the respective formation of dissolved and vapor phase plumes, leading to
a long-term pollution and aging/weathering of the pollution. Thus, source zones are progressively
enriched in the less volatile and soluble compounds, which will form plumes by diffusion phenomena.
Back diffusion can finally occur with COCs desorption (Kueper et al. 2014).



Rodrigues et al. 2020 — v2.0 (March 2020)

All these transport processes, in addition with chemical and biological processes, are part of the natural
attenuation of contaminated soils and groundwater. However, natural attenuation is known to be relatively
slow, especially with recalcitrant compounds, but its understanding is of great interest in order to perform
and control chemical degradation.

2.3.1. Advection

Advection is the mass transport related to groundwater velocity (Morrison 2000). It is often considered as
the main pollution transport phenomena in groundwater (Alvarez and Illman 2005b). Experimental
Darcy's law is written for the one-dimensional case as:

Ah
Q=K*A*E (Eq. 6.4)

where Q is the flow rate (m’ s"), K is the hydraulic conductivity (m s™) which represents the ease or
difficulty of water to flow through the medium, A is the cross-sectional area of the flow system (m?) and

% is the hydraulic gradient (dimensionless).
The medium effective porosity @, may also be taken into account according to Eq. 6.5:

K*A Ah
= * —
P, Ax

(Eq. 6.5)

Knowledge of the water table flow rate is necessary in order to calculate the required reactant flow rate to
introduce to obtain the desired concentration.

2.3.2. Diffusion

Diffusion is the “transport of mass in its ionic or molecular state due to differences in concentration of a
given species in space” (Ogata 1970). Diffusion causes natural equilibration of a solution and is related to
the random motion of the dissolved solute, which is itself related to thermal agitation. Transport by
diffusion is frequently neglect when transport by advection predominates (flow of rapid groundwater), but
it should be considered in cases where hydraulic conductivity or hydraulic gradient are low (Alvarez and
IlIman 2005b).

According to the Fick's first law, the diffusion flux J (mol s™") is proportional to the concentration gradient
(here, in one dimension).

ac
J= —DxAx=- (Eq. 6.6)

. . . . . . . ac . . . _
where D is the diffusion coefficient (m2 s 1), A is the area (m?) et 55 18 the concentration gradient (mol m 3

m'l).

In porous media, molecular diffusion flux J is the result of solid, liquid and gaseous phase diffusion
fluxes:

Jtotal = Jsolid + Jliquid +]gas (Eq. 6.7)

Generally, solid phase diffusion is negligible in soils due to the larger time scales compared to transport
in gas or liquid phases (Calvet et al. 2005). For porous or fractured media, the diffusion coefficient may
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be much lower, due to obstacles on the way. An impedance factor f; is used to connect the diffusion
coefficient in homogeneous media D,, with the diffusion coefficient in porous media D,,.

Dp = fu* D (Eq. 6.8)

An impedance factor accounts for the porosity e and the tortuosity T (ratio between the length of real
pathway and the length of normalized pathway) of the medium, and can be expressed as (Kutilek and
Nielsen 1994):

fo=€p*xt " (Eq. 6.9)

For unsaturated water porous media, the impedance factor takes also into account the volumetric water
content — or water-filled porosity — @ (Millington and Quirk 1961).

14
g = —water (Eq. 6.10)
Vr

where Vyuer is the volume of water (m®) and Vi is the total volume of wet material (m?).

When a temporal evolution of the solute concentration in addition to the spatial variation, Fick's second
law can be applied (here, in one dimension):
ac a%C

~_p_ Eq. 6.11
o Dax2 (Eq )

2.3.3. Dissolution

Dissolution is a process in which solid, liquid or gas become solutes into a liquid to form a homogeneous
solution. It defines the concentration of a pollutant in the dissolved form and persistence of the DNAPL
phase. Besides water solubility, many parameters have an influence on the dissolution, such as
groundwater velocity, surface contact between water and DNAPL or the diffusion coefficient of species
in water (Pankow and Cherry 1996).

Dissolution of a mixture of chlorinated compounds is influenced by the respective solubility of each
compound. Raoult's Law — valid for ideal (or diluted) solution — can be applied to approximate the
aqueous phase concentration of each compound i (Pankow and Cherry 1996).

Ci = xj * Coar * Vi (Eq. 6.12)

where C; is the molar solubility of i in the aqueous phase (mol L™), x; is the molar fraction of i in the
NAPL phase (dimensionless), Cy, is the molar solubility of i in the NAPL phase (mol L") and y; is the
activity coefficient of i in the NAPL phase (y; = 1 for an ideal dissolution). This relationship can be used
for mixtures of chlorinated compounds because they have a similar chemical structure.

Mass transfer rate N (kg-s') can be expressed by the equation:

N = K¢ * AC * Ag (Eq. 6.13)

10
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where K. is the mass transfer coefficient (m s™), AC is the difference in concentration between pure phase
and aqueous phase (dissolved pollutant) (kg m~) and As is the contact surface between the two phases
(m?).

2.3.4. Volatilization

Volatilization is the phenomenon of vaporization of a dissolved solute. Even if Raoult’s law can be used,
the mathematical relationship characterizing the equilibrium between the aqueous phase and the gas phase
is the Henry’s law:

pi=HxG (Eq. 6.14)

where p; is the partial pressure of i (Pa), C; is the concentration of i in the liquid phase (mol L) and H is
the Henry’s constant of i (Pa L mol™). The unit of the Henry’s law constant can vary according to the
writing of the law and the quantities used (molar fraction, concentration or molality).

Volatilization is an important parameter to model the fate and distribution in groundwater of very volatile
compounds, e.g. PCE or VC (Schwarzenbach et al. 2003; Alvarez and Illman 2005b).

2.3.5. Sorption

Sorption is related to the partitioning of a substance from one phase onto or into another phase. For
COCs, it represents mainly their partitioning from the aqueous solution onto (e.g. adsorption) or into (e.g.
absorption) a solid phase (Stumm et al. 1992). Both absorption and adsorption processes have to be
considered (Allen-King et al. 2002). The relative concentration of COCs in the water and solid phases is
generally described using Eq. 6.15:

Cs = K4Cyy (Eq. 6.15)

where C, (mg kg') and C,, (mg L") are the concentration in the solid phase and in the aqueous phase,
respectively, and Kj is the linear distribution coefficient (L-kg"). Sorption of COCs are generally non-
linear and can be described by the Freundlich isotherm (Chiou and Kile 1998); however, this linear
relation can be used at low COCs concentrations to obtain a good approximation.

The fraction of organic carbon f,. in the solid phase can be used to estimate the organic carbon/water
partitioning coefficient K.

KOC - f
ocC

(Eq. 6.16)

As K, values are not often available, K,. can be estimated from K, values by different linear free energy
relationships (LFERs), with the most widely relation is:

logK,. = alogKyy + b (Eq. 6.17)

where a = 0.72 and b = 0.49 according to Schwarzenbach and Westall (1981). Hence, aqueous solubility
and K, are good indicators to characterize the tendency of COCs to partition out of water.

Sorption is responsible for the accumulation of contaminants on solids, and thus their subsequent release
compared to the normal flow rate of groundwater. A retardation factor R; can be calculated using Eq. 6.18
(Bouwer 1991):

11
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des
6

Re=1+ (Eq. 6.18)
where p; is the dry bulk density of the solid phase (kg L) and @ is the volumetric water content. As
shown in a natural gradient experiment on solute transport in a sand aquifer, PCE and CT plumes were

retarded compared to non-reactive tracers, and the effect was more important for PCE which is more
hydrophobic than CT (Mackay et al. 1986; Roberts et al. 1986).

Other equations involved in adsorption processes, such as Freundlich or Langmuir isotherms, are detailed
later in this chapter (§3.5.1).

2.4. Degradation mechanisms

Abiotic degradation reactions of COCs include number of probable reactions, such as substitution,
dehydrochlorination, oxidation and reduction (Sweeny 1980; Vogel et al. 1987). The first two are
chemical reactions, and the last two are redox reactions, which require external electron acceptors or
donors.

COCs can undergo substitution reactions with water (hydrolysis, Eq. 6.19) or with an anionic nucleophile
N (nucleophilic substitution, Eq. 6.20). Generally, the reaction with water (or hydroxide ions HO at high
pH), resulting in the formation of an alcohol, is considered as the main contributor to substitution
reactions because of the environmental abundance of water, despite its low nucleophilic strength
(Schwarzenbach et al. 2003).

Hydrolysis RCl + H,0 — ROH + HCl (Eq. 6.19)
Nucleophilic reactions RCI+ N~ —- RN+ CI™ (Eq. 6.20)

Dehydrochlorination, or non-reductive elimination reaction, is the elimination of HCI in two vicinal
carbon atoms by a moderate (e.g. H,O) or strong (e.g. HO") base, resulting in the formation of a new
carbon-carbon bond (Cwiertny and Scherer 2010). Thus, chlorinated alkanes are transformed to
chlorinated alkenes (Eq. 6.21), and chlorinated alkenes to chlorinated alkynes (Eq. 6.22).

R,CCl — HCR', 2SR, C = CR, + HCl (Eq. 6.21)
Dehydrochlorination 2- 2 E; 2L =CRp + e
RCCl = HCR' —> RC = CR’ + HCl (Eq. 6.22)

COCs can be chemically oxidized or reduced, with an oxidative or a reducing agent respectively.
Oxidation is a loss of electron, while reduction is a gain of electron. Oxidation and reduction occur
simultaneously as they involve an electron transfer between species from two redox couples. The redox
reaction is spontaneous if the oxidizing agent has a higher standard electrode potential than the reducing
agent (e.g. the standard cell potential of the reaction is positive). Each COC presents a different reactivity
and predominance for oxidation or reduction according to its chemical structure and environmental
conditions. Reduction is more susceptible to occur on compounds with a high number of chlorine atoms,
as atoms of carbon are more electron deficient (Brown 2010).

COCs can undergo four oxidative degradation pathways — a-hydroxylation, halosyl oxidation,
epoxidation, and biohalogenation — or three reductive degradation pathways — hydrogenolysis,
dichloroelimination, and coupling reactions between two identical COCs —, depending on the nature of

12
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the reactant and the structure of the pollutant (Vogel et al. 1987). In agreement with the objective of this
chapter, only reductive pathways will be discussed here.

Hydrogenolysis is the substitution of a chlorine atom by a hydrogen atom, with a two sequential electron-
transfer (ET) and the formation of chloride ion.

Hydrogenolysis RCl+ H* +2e” - RH+CI” (Eq. 6.23)

Dichloroelimination — or reductive elimination — is the elimination of two chlorine atoms and the
formation of an unsaturated hydrocarbon; alkanes are transformed to alkenes (Eq. 6.24), and alkenes to
alkynes (Eq. 6.25). As hydrogenolysis, this reaction involves a two sequential electron-transfer.

R,CCl — CICR, + 2 e~ » R,C = CR, + 2 CI” (Eq. 6.24)

Dichloroelimination CCl=CICR+2e~ > RC=CR+2Cl™ (Eq. 6.25)

Dichloroelimination is called a-elimination when the two chlorine atoms are located on the same carbon
atom and B-elimination when the two chlorine atoms are located on two vicinal carbon atoms.

For both reactions, the first ET leads to the formation of a chlorinated radical and a chloride ion; the
second ET leads to a reaction of this radical with a proton for hydrogenolysis and the formation of a new
C-C bond with the loss of a second chloride ion for dichloroelimination (Bylaska et al. 2008).

Coupling reactions between two chlorinated hydrocarbon fragments or two COCs can also occur.

Coupling 2RCl+2e”->R—-R+2CI" (Eq. 6.26)

3. Chemical reduction of chlorinated organic compounds

Chemical reduction is the use of reductants — electron donors — for the remediation of COCs — electron
acceptors. For soil and groundwater remediation, the technology is referred as In Situ Chemical
Reduction (ISCR). ISCR was primarily designed for plume management and remediation, especially with
permeable reactive barriers applications (Henderson and Demond 2007; Brown 2010; Gillham et al.
2010). Since then, injections in front of COCs source zone have been developed (Kueper et al. 2014;
Tratnyek et al. 2014).

This section will firstly present different efficient chemical reductants for COCs remediation, but is
thereafter focused on the use of zero-valent iron (ZVI) due to its large number of effective in situ
applications (Kueper et al. 2014). The latter will then be particularly focused on iron properties and
reactivity enhancement — by using nanoscale or microscale particles, polymetallic particles, or a
combination of reactants —, kinetic laws and mechanism pathways observed for common COCs.

3.1. Reductants used

The chemical reduction of COCs is generally performed with reduced sulfur species, reduced metal
species or hydrogen. Figure 6.1A illustrates different redox couples that can be involved in ISCR and the
potential range of reductive half-reactions of COCs.

13
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Figure 6.1. (a) Oxidation-reduction potential (ORP) of iron and sulfur species and chlorinated methanes, ethanes and ethylenes at
pH =7 and [C]] = 103 M (from Cwiertny and Scherer (2010), adapted from Schwarzenbach et al. (2003)). (b) Simplified
Pourbaix diagram for Fe/H,O system under reference conditions (adapted from Matheson and Tratnyek 1994; T'= 15 °C, [C]'] =
10° M, Fer =7.6 107 M).

Electrochemical half-reactions of some chemical reductants and their standard potential are shown in
Table 6.4.

Table 6.4. Half-reaction of chemical reductant and their associated standard potential.

Reactant Half-reaction S(t{a,;lsdgg ?;t:gtsla.}cﬁ;
Hydrogen H, > 2H" +2e” 0
Iron Fe —» Fe?t +2e” -0.44
Sulfide S2" >S+2e” -0.48
Dithionite ‘S,04~ — HSO3 — SO3’ system -0.66
Zinc Zn - Zn?t + 2 e” -0.76
Aluminum Al - ARt +3e” -1.66

Complete half-reactions of chlorinated compounds (i.e. leading to the formation of non-chlorinated
compounds) can be generally expressed using Eq. 6.27.

CyH,Cl, + zH* + 2z e~ - CyHy,, +z Cl™ (Eq. 6.27)
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Table 6.5 lists complete half-reactions of selected COCs. Complete reduction leads to the formation of
non-chlorinated hydrocarbons and chloride ions. Depending on the type of reagent, it is possible to
observe the formation of saturated compounds from unsaturated compounds (e.g. the transformation of
alkenes in alkanes).

Table 6.5. List of complete half-reactions of selected COCs.

Compounds Complete reductive half-reaction
Carbon tetrachloride CCl,+4H*+8e” -» CH,+4Cl”
Chloroform CHCl; + 3H*+6e~ - CH,+3Cl”
Dichloromethane CH,Cl, + 4H*+4e~ - CH, +2Cl™
Chloromethane CH;Cl+ H* +2e” > CH, + CI-
Hexachloroethane C,Clg+ 6 HY +12e™ - C,Hg + 6 CI™
Pentachloroethane C,HCls + 5H* +10e™ - C,Hg + 5Cl™
Tetrachloroethane C,H,Cl, + 4H* +8e~ —» C,Hg + 4 Cl™
Trichloroethane C,H;Cl; + 3HY + 6™ — C,Hg + 3 Cl™
Dichloroethane C,H,Cl, + 2H* +4e” - C,Hg +2Cl™
Chloroethane C,H:Cl+ H*+2e” - C,Hs + CI™
PCE C,Cly, +4H*+8e” - C,H, +4Cl”

C,Cl, + 6 HY + 10 e~ - C,Hg + 4 CI™
C,HCl; +3H* + 66~ - CyH, +3Cl™

TCE C,HCL, + 5 H* + 8 e~ — C,H, + 3 CI-
bCE C,H,Cl, + 2 H* + 4 e~ — C,H, + 2 CI-
C,H,Cl, + 4 H* + 6 e~ — C,H, + 2 CI-
. . C,HaCl+ H* + 2 e~ - C,H, + CI-
Vinyl chloride C,HsCl+ 3H* +4e” > CyHg + CI™
Hexachlorobenzene CeClg + 6 HY +12e™ - C4Hg + 6 CI™
Pentachlorobenzene C¢HCls + 5HY +10e™ » CgHg + 5 ClI™
Tetrachlorobenzene CeH,Cl, + 4H* +8e™ — C¢Hg + 4 Cl™
Trichlorobenzene CeHsCl; + 3HY + 66~ — C¢Hg + 3 Cl™
Dichlorobenzene CeH,Cl, + 2HY +4 e~ > CqHg + 2 CI™
Chlorobenzene C¢H:Cl+ H* + 2 e~ - CcHe + Cl™

Hydrogen sparging — or gas bubbling — of aquifers contaminated with chlorinated solvents has been
shown as a promising method to enhance in situ microbial dechlorination. A concern, however, is the
ability to distribute hydrogen effectively throughout the contaminated interval such that complete
dechlorination can occur. Novel technologies are in development in order to incorporate hydrogen into
foams such as to promote and enhance lateral gas distribution and then to enhance the desired level of
dechlorination. Currently, hydrogen can be an effective reductant of COCs in the presence of supported
metallic catalysts, such as palladium (Marques et al. 1993; Schreier and Reinhard 1995; Lowry and
Reinhard 1999; Zhang et al. 2013).

Concerning reduced sulfur species, they generally include S(-II) and S(III) species, such as polysulfide
ions S,%, hydrogen sulfide species HS™ and H,S (Barbash and Reinhard 1989; Roberts et al. 1992), and
sodium dithionite Na,S,0,. Some studies suggest that the reductive species is not dithionite S,0,% but
rather a dissociation product (Mayhew and Massey 1973; Mayhew 1978). The long and weak S-S bond
leads to the reversible formation of very reactive SO;™ radicals (Amonette et al. 1994; Amonette 2002).
As a water-soluble salt, sodium dithionite can easily be injected into groundwater with traditional
injection methods (see §4, Injection of reductants). It has for example been successfully used for in situ
remediation of chlorinated ethylenes (Ignatiadis et al. 2016), as developed in the case study (§5).
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Nevertheless, in situ chemical reduction of COCs is generally performed by using zero-valent metals. The
first case study has been investigated in the late 1970s to dechlorinate halogenated organic compounds —
dichlorodiphenyltrichloroethane, chlorobenzene, endrin, heptachlor, chloroform and hexachlorocyclo-
pentadiene — from a wastewater stream using copper-doped iron and aluminum (Sweeny 1980).
Aluminum and magnesium are widely used for the dechlorination of organic chemicals in organic
synthesis on laboratory and for wastewater treatment (Nidheesh et al. 2018), but only a few groundwater
cleanup technologies has been fully implemented with these metals (Brown 2010).

Dechlorination of COCs using zero-valent iron (ZVI) has been considered in the early 1990s, with the
demonstration of the efficiency of iron particles for the degradation of 14 chloromethanes, chloroethanes
and chloroethenes (Gillham and O’Hannesin 1994). In addition to ZVI, zero-valent zinc (ZVZ) has also
been studied for the degradation of COCs in the 1990s. Reduction of chlorinated methanes has been
observed by Warren et al. (1995), as well as reduction of chlorinated ethanes (Fennelly and Roberts 1998;
Arnold et al. 1999), ethylenes (Arnold and Roberts 1998) and propanes (Sarathy et al. 2010; Cushman
2014). Zinc is a good alternative to iron for in situ application (Cheng and Wu 2000) as its storage is
easier and its tolerable concentration in drinking water is high (for example, the maximum admissible
value in drinking water for iron is 200 ug L™ according to the Council Directive 98/83/EC of 3 November
1998 and 3 mg L™ for zinc according to the Guidelines for Drinking-Water Quality). Even if ZVZ
particles have shown better degradation efficiency on the reduction of chlorinated alkanes — carbon
tetrachloride or 1,2,3-trichloropropane for example —, their reactivity is more strongly impacted by
environmental conditions than their size and morphology (Tratnyek et al. 2010). Also, in presence of a
microbial community, dechlorination occurred faster with ZVI than ZVZ (Ma and Wu 2008). Moreover,
iron is one of the ten most abundant elements in our planet (Taylor 1964). Iron plays a key role in many
biogeochemical processes implying electron transfers (i.e. redox reactions) because of its abundance,
ubiquity and particular physicochemical properties. Moreover, iron can be naturally found in a great
variety of chemical species, such as elemental form (ZVI), aqueous ions (Fe’* and Fe*"), oxides, oxy-
hydroxides, sulfates and sulfide minerals, silicates, carbonates, etc. (Figure 6.1.A and B). These species
form various redox couples. Iron physicochemical properties (solubility, redox potential) can dramatically
change from one species to another. In all pH conditions, there are soluble iron species, and many iron
couples have redox potential falling within the stability region of water, thus explaining the importance of
iron in many redox mechanisms where it can act either as reductant or as oxidant.

The reduction of some alkyl halides by hydrated or complexed ferrous iron is thermodynamically possible
but quite slow (Kle¢ka and Gonsior 1984; Doong and Wu 1992). However, surface-bounded Fe** and
Fe(Il) precipitates are stronger reductants (Johnson et al. 1998; Amonette et al. 2000; Jeong et al. 2013;
Bae and Hanna 2015) and can degrade carbon tetrachloride and hexachloroethane (Elsner et al. 2004;
Shao and Butler 2007). It has been reported that green rusts — layered mixed Fe(Il)/Fe(IIl) hydroxide
minerals (Usman et al. 2018) — can also reduce chlorinated methanes (Erbs et al. 1998), ethanes and
ethylenes, with a more rapid reduction for highly chlorinated compounds like HCA and PCA for
chlorinated ethanes (O’Loughlin and Burris 2004) or PCE and TCE for chlorinated ethylenes (Lee and
Batchelor 2002a). However, Huang et al. (2018) report that only small molecules (chlorinated methanes)
can transport through the interlayer of the layered double hydroxide structure, and Mangayayam et al.
(2018) have shown that the degradation of chlorinated ethylenes was not significant with four different
green rusts freshly prepared, without any post-treatment. Recently, it has been shown that the use of bone
char as electron mediator can eliminate the kinetic hindrance of dehalogenation of chlorinated ethylenes
by green rusts (Ai et al. 2019). Other minerals, e.g. iron sulfide FeS, pyrrhotite Fe, S, mackinawite
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Fe .S, pyrite FeS,, and magnetite Fe;0,4, which are present in anaerobic environments, have been shown
to contribute to the reductive dechlorination of chlorinated ethylenes under specific conditions (Butler and
Hayes 1998, 2000; Weerasooriya and Dharmasena 2001; Lee and Batchelor 2002b; Jeong et al. 2007;
Hyun and Hayes 2015; Gong et al. 2016; Yang et al. 2017; Culpepper et al. 2018).

Among all the reactants containing iron, ZVI is the prime example of an electrochemical redox system
that have been implemented to intercept and remediate (i) COCs by funnel-and-gate system and (ii)
overlapping plumes of COCs by iron barrier (Zhang 2003; Wilkin et al. 2003). After four years of
operations, ZVI appears as a long-term sink for carbon, sulfur, calcium, silicon, nitrogen, and magnesium
(Wilkin et al. 2003). Moreover, and in agreement with the bibliography, consistent patterns of spatially
variable mineral precipitation and microbial activity have been observed during the treatment. Although
pore space has been lost, because of the accumulation of endogenic components, no pervasive pore
clogging was evidenced (Wilkin et al. 2003).

For these reasons, we focus on the development and the improvement of ZVI particles for the chemical
reduction of COCs.

3.2. Zero-valent iron

3.2.1. History, reactivity and characterization

Zero-valent iron (ZVI) particles have been considered in the late 1970s for the remediation of COCs
(Sweeny 1980) and was first applied for in situ remediation in the 1990s as granular iron in permeable
reactive barriers (PRBs) (Gillham and O’Hannesin 1994; O’Hannesin and Gillham 1998; Obiri-Nyarko et
al. 2014). One of the first studies concerning in sifu remediation of polyhalogenated hydrocarbons with
zero-valent metals has been reported by Tratnyek et al. (2003). Since then, several sites have been cleaned
up using ZVI, and remediation rate were around 90% in few weeks (Brown 2010).

Three reactions were proposed to explain degradation mechanisms: the direct reduction on ZVI surface
(Eq. 6.28), the reduction by ferrous iron Fe** species (Eq. 6.30) and by hydrogen H, (hydrogenation
reactions, Eq. 6.31), both produced during iron anaerobic corrosion (Eq. 6.29) (Matheson and Tratnyek
1994). However, reduction by dissolved Fe** is quite slow and reduction by H, requires an effective

catalyst.
Direct reduction at iron surface Fe® + RCl + H* — Fe?* + RH + CI~ (Eq. 6.28)
Iron corrosion Fe® + 2 H,0 — Fe?* + H, (4 + 2 HO™ (Eq. 6.29)
Reduction by ferrous iron 2 Fe?t + RC1+ Ht - 2Fe3* + RH + CI™ (Eq. 6.30)
Reduction by hydrogen RCl + H; () (ﬂf RH+Cl- +H' (Eq. 6.31)

Due to their rapid oxidation in free atmospheric conditions, ZVI particles exhibits a core-shell structure,
with an iron core surrounded by a thin mixed-valent iron oxide shell (Li et al. 2006a; Martin et al. 2008;
Yan et al. 2010a; Ling et al. 2017). This shell is the seat where all remediation processes, such as
adsorption, co-precipitation and chemical reduction, occur (Noubactep 2012). Its interfacial mineral
composition is quite complex and include mainly — from the inner sphere to the outer sphere — FeO
(wiistite, metastable), Fe;O, (magnetite), Fe,O; (hematite a-Fe,O; and maghemite y-Fe,0s;) and FeOOH
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(goethite a-FeOOH, lepidocrocite y-FeOOH and feroxyhyte 6-FeOOH) (Uegami et al. 2002; Wang et al.
2009a; Yan et al. 2013; Kumar et al. 2014a; Mu et al. 2017; Ling et al. 2017). Generally, iron oxides
valence increases from the core to the surface, resulting in an increase in the specific surface area (SSA)
and a decrease in the density, with an increase in the expansion volume (Noubactep 2010b; Mu et al.
2017) and the possible clogging of pore in groundwater. The pollutant can then be trapped in the shell
during its growth and transformation (Noubactep 2010b; Noubactep and Caré 2010). Table 6.6 presents
the main iron oxides with their properties in their pure form.

Table 6.6. Band gap Epg and density d of various pure iron oxides (Cornell and Schwertmann 2003).

Iron oxide Formula Color Structure Egg (eV) d (g-cm'3)
Wiistite Fe O Black Cubic 2.3 5.9-5.99
Magnetite Fe;0, Black Cubic 0.1 5.18
Hematite  o-Fe,0; Red Rhombohedral 2.2 5.26
Hexagonal
Maghemite  y-Fe,0s Reddish-brown Teﬁ‘;;;al 2.03 4.87
Goethite a-FeOOH Yellow-brown Orthorhombic 2.10 4.26
Akaganéite B-FeOOH Yellow-brown Monoclinic 2.12 3.52
Lepidocrocite  y-FeOOH Orange Orthorhombic 2.06 4.09
Feroxyhyte 6-FeOOH Red-brown Hexagonal 1.94 4.20

Different models are described in the bibliography for the electron transfer from iron core to the surface:
(i) a direct transfer in the absence of oxide layer, (ii) a transfer from metal through defects (pits) in the
oxide layer, (iii) a transfer from the oxide layer as a semi-conductor and (iv) a transfer from metal-to-
ligand (Scherer et al. 1999). It is important to note that iron particles are not selective, and iron reacts
mainly with dissolved oxygen, if present, and water, in agreement with the very low electron efficiency
towards pollutant reported in the literature (Schoftner et al. 2015; Tang et al. 2017a). The direct reduction
of the pollutant at Fe’ core surface requires its diffusion through the oxide shell, which is possible
because of the porous structure of the initial shell (Crane and Scott 2012; Mu et al. 2017). However, this
phenomenon will be impeded by the diffusion of Fe** resulting from iron corrosion in the opposite
direction of the pollutant. As it was reported that shell-bounded Fe®* on different iron oxides is a strong
reductant with specific redox properties (Johnson et al. 1998; Amonette et al. 2000; Elsner et al. 2004;
Silvester et al. 2005; Shao and Butler 2007; Bae and Hanna 2015; Gorski et al. 2016; Stewart et al. 2018),
reduction can occur before the pollutant comes into contact with the surface. The spontaneous electron
transfer between Fe’* and Fe(IIT) oxides on the shell, which is influenced by the stoichiometry between
Fe** and Fe’* and the presence of surface defect (Gorski and Scherer 2009; Gorski et al. 2010; Notini et
al. 2018; Usman et al. 2018), results in an acceleration in the interfacial electron transfer between iron
species and the pollutant (Huang and Zhang 2005; Han et al. 2016b). In addition, the presence of defects
in the shell was assumed to act as a catalyst for hydrodechlorination (dechlorination by hydrogen) (Liu et
al. 2005a), due to the local separation of anodic and cathodic sites on the particles (Odziemkowski et al.
1998; Odziemkowski and Simpraga 2004). However, the accumulation of H, bubbles near the surface of
the particles can interfere the mass transport of H" and the pollutant (Matheson and Tratnyek 1994; Jiang
et al. 2017). In the case of a non-conductive shell, which inhibits the electrons transfer from iron core, the
chemical reduction occurs only via indirect reduction by Fe** and H, adsorbed/bounded on the shell
(Noubactep 2016; Makota et al. 2017).
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Knowing the importance of iron corrosion products and the presence of defects in the shell, it is possible
to perform a pre-treatment of the particles to improve their reactivity. The most common pre-treatment
strategies are acid washing (HCI), H, pre-treatment, ultrasound pre-treatment and premagnetization (Sun
et al. 2016). More recently, a pre-corrosion process which consists of an aging of the particles in water
before using the particles for remediation has been proposed (Ribas et al. 2017; Touomo-Wouafo et al.
2018). In addition, it is possible to obtain a highly disordered oxide shell with many defects by increasing
the thickness of the shell with a thermal treatment after their synthesis (Kaslik et al. 2018). When
introduced in an aqueous environment, studies have shown that a short-term depassivation is first
observed, resulting in an enhanced reactivity, followed by a progressive repassivation of the particles
(Sarathy et al. 2008; Kim et al. 2010a). The aging of ZVI particles in anoxic environment follows the Fe’
— Fe(OH), — Fe;0, — y-Fe,O; route (Liu et al. 2007; Reinsch et al. 2010; Kumar et al. 2014a; Dong et al.
2016b; Pullin et al. 2017b; Velimirovic et al. 2018).

The presence of dissolved oxygen (DO) will result in the formation of reactive oxygen species (ROS,
Eqgs. 6.32-34) and ferryl iron Fe(IV)O* (Keenan and Sedlak 2008; Lee 2015), in order to promote
oxidative processes. However, the reactive oxidant yield is generally low and does not allow to benefit
from Fenton reaction for practical applications, without any modification or use of ligand (Mu et al.
2017).

Fe® + 0, + 2 H* - Fe?* + H,0, (Eq. 6.32)
Fe?* + 0, » Fe3* + °0; (Eq. 6.33)
Fe?* + H,0, » Fe3* + "HO + HO™ (Eq. 6.34)

The presence of DO will also result in the rapid oxidation of Fe** species (Greenlee et al. 2012; Guan et
al. 2015), leading to the formation of Fe(Ill) oxyhydroxide passivation layer on iron surface (Matheson
and Tratnyek 1994; Farrell et al. 2000; Noubactep 2008; Greenlee et al. 2012; Kumar et al. 2014a) and
decrease significantly the reduction efficiency (Szecsody et al. 2000). This can be explained by a decrease
of the porosity of the shell, impeding the diffusion of the pollutant and iron corrosion products (Crane and
Scott 2012). In addition, the more rapid formation of a less conductive iron oxide due to the oxidation of
Fe;04 in Fe,0; or FeOOH, notably lepidocrocite y-FeOOH (Haneda and Morrish 1977; Greenwood and
Earnshaw 1997; Huang and Zhang 2005; Reinsch et al. 2010; Rebodos and Vikesland 2010; Greenlee et
al. 2012; Liu et al. 2014a), will inhibit the electron transfer from iron core to the surface of the shell. A
good knowledge of the chemical properties and the structural evolution of this oxide shell, i.e. the
passivation mechanism, is therefore of crucial importance as they govern iron oxidation kinetics and
degradation processes (Kumar et al. 2014a; Bae et al. 2018).

Several methods can be employed to characterize the fate and effects of iron particles in groundwater (Shi
et al. 2015; Chekli et al. 2016a; Li et al. 2016c). First, direct methods consist in the analysis of solids to
detect unequivocally the presence of iron-based particles. Direct characterization are mainly performed by
microscopic — scanning electron microscopy (SEM) generally coupled with X-ray fluorescence analysis
(XRF) or energy-dispersive spectroscopy (EDS), transmission electron microscopy (TEM), aberration-
corrected scanning transmission electron microscopy (STEM), and scanning probe microscopy (SPM) —
and spectroscopic techniques — X-ray photoelectron spectroscopy (XPS), dynamic light scattering (DLS),
Maossbauer spectroscopy, electron energy-loss spectroscopy (EELS) and inductively coupled plasma mass
spectrometry (ICP-MS) — X-ray diffraction (XRD), X-ray adsorption spectroscopy (XAS), 3D
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tomography or by using radiolabeled particles (Nurmi et al. 2005; Sun et al. 2006; Sarathy et al. 2008;
Baer et al. 2008; Ling and Zhang 2014a, b, 2017; Filip et al. 2014; Chekli et al. 2016b). Indirect methods
consist in the characterization on changes of the water chemistry solution, in order to determine the
impacted zone resulting from the introduction of the particles (Shi et al. 2015). Corrosion potential, total
iron, dissolved oxygen and iron concentration, the rate of hydrogen production or the use of probes to
monitor pH, oxidation-reduction potential (ORP), conductivity and dissolved oxygen (DO) are good
indicators of composition, structure, reactivity and mobility of ZVI (Elliott and Zhang 2001; Liu and
Lowry 2006; Wei et al. 2010; Shi et al. 2011, 2015; Adeleye et al. 2013; Kocur et al. 2014; Velimirovic et
al. 2014; Yu et al. 2014; Li et al. 2017d; Rodrigues et al. 2017a, 2019; Qin et al. 2018a). These methods
can be used to investigate their aging in water in short and long-term time scales. For more practical field
applications, development of other indirect characterization methods is necessary, such as the use of
chemical redox probes, e.g. quinone (AQS) or indigo-5,5'-disulfonate (I2S), or geophysical methods
(Noel et al. 2013; Orsetti et al. 2013; Shi et al. 2015; Flores Orozco et al. 2015; Fan et al. 2015, 2016a). In
addition, a conservative tracer, such as bromide ions, can be used to give supporting information on the
mobility of the particles (He et al. 2010; Bennett et al. 2010).

In order to improve iron reactivity, development and use of nanoscale (and microscale) zero-valent iron
particles were investigated in agreement with the great progress in nanoscale technologies. In parallel and
for similar reason, the development and use of polymetallic particles was also studied.

3.2.2. Nanoscale and microscale particles

Studies were rapidly focused on the development of nanoscale particles (nZVI particles, 10 < d < 100 nm)
mainly for source zone targeted injection. Intrinsic characteristics, reactivity and aging of nZVI particles
are strongly impacted by their synthesis conditions (Liu et al. 2005b; Hwang et al. 2011; Kim et al. 2012;
Han et al. 2015). Various physical and chemical methods of synthesis are reported (Stefaniuk et al. 2016).
nZVI particles are generally prepared from a bottom-up approach (formation of nanomaterials from
atoms/molecules) by the reduction of dissolved iron species — Fe(Il) or Fe(Ill) salts — using sodium
borohydride NaBH, (Wang and Zhang 1997) or sodium dithionite (Kozma et al. 2016). It is also possible
to use NaBH, in presence of nZVI particles to disintegrate them into much smaller particles (Bae et al.
2016). It is important to note that the degree of purity of iron source may impact the reactivity of nZVI
particles, which can exhibit hydrodechlorination activities when traces element such as nickel are present
(Balda and Kopinke 2020). The top-down approach (breaking down of bulk materials such as ball
milling) can also be used to create nanomaterials by physical or chemical methods, such as milling or
etching (Li et al. 2009; Mu et al. 2017). The third route for nZVI production is the thermal reduction,
which consists in the reduction of iron oxide precursor in hydrogen at high temperature. Direct
electrochemical synthesis of nZVI with ultrasonication appears as a promising process for an economic
and large-scale production (Chen et al. 2004; Iranzo et al. 2015). Finally, green synthesis by using food
industry wastes of leaf extracts have been recently reported (Kharissova et al. 2013; Machado et al. 2015;
Kozma et al. 2016; Saif et al. 2016). The use of vacuum annealing at 500 °C after the synthesis led to the
formation of a thin, uniform and conductive oxide shell, which may be responsible for the improvement
of the reactive lifetime of nZVI particles. Compared to granular ZVI, nZVI particles is much expensive,
with an estimated cost of commercial particles ranging from $80 to $238 per kg in 2012 (Zhao et al.
2016). nZVI particles are generally commercialized in water-slurry form or as air-stable particles, as the
pyrophoricity of “bare” nZVI particles requires precautions for their transport and storage.
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The increase in the reactivity of nZVI particles was mainly attributed to the increase in the specific
surface area, which provide a greater number of active sites on which reactions occur (Xie and Cwiertny
2010; Amir and Lee 2011). Specific surface areas of nZVI particles are generally reported in the range
20-55 m?-g”' (Wang and Zhang 1997; Zhang 2003; Zhang and Elliott 2006; Shih et al. 2011b). However,
the specific surface area can be dramatically decreased by the vacuum annealing, if performed (Scott et
al. 2010). As illustrated in Figure 6.2, the lower the particle size, the higher the specific surface area.
Also, particles mobility increases as their size decreases (Tratnyek and Johnson 2006). Depending on
particles size, sticking coefficient (defined as the ratio of the rate of adsorption to the rate at which the
adsorptive strikes the total surface), and environmental conditions, transport distances range from
millimeters to centimeters (Tratnyek and Johnson 2006).
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Figure 6.2. Evolution of specific surface area of iron particles depending on the diameter, calculated from diameter assuming
spherical geometry and density of 6.7 g-cm™ (average of densities for pure Fe’ and Fe;0,) (from Tratnyek and Johnson 2006).

More recently, microscale zero-valent iron (mZVI) particles (diameter < 100 um) have been used because
of the high cost of nZVI particles and their very fast corrosion rate with water (Liu et al. 2005b; Liu and
Lowry 2006; Li et al. 2006b; Noubactep et al. 2012), resulting in a rapid depletion of Fe” and a limited
degradation efficiency in field application (Noubactep and Caré 2010; Comba et al. 2011b). Specific
surface areas of microparticles are generally lower than 2 m? g' (Wang and Zhang 1997; Lien and Zhang
2001). However, the reactivity is not only linked to the specific surface area but also the chemical
composition and presence of impurities on the surface, such as carbon, oxygen, sulfur or boron content
(Lin and Lo 2005; Velimirovic et al. 2013a, 2017). Standardized experiments have shown that the
specific reaction rate constant (ks) for COCs degradation with mZVI particles are in the same order of
magnitude than those obtained with nZVI particles, while iron corrosion occurs slowly (Velimirovic et al.
2013b, 2014). Indeed, it is noted that galvanic corrosion exists between Fe’ (anode) and iron corrosion
products (cathode), as they exhibit more noble potentials (Wilhelm 1988; Zhang 2011). Consequently, the
ratio between cathodic and anodic sites is less important for microscale than for nanoscale particles,
resulting in lower local current densities and the increase in their reactive lifetime. In addition, higher
oxidant yields can be obtained with mZVI particles (Lee et al. 2014; Ma et al. 2016). Compared to nZVI
particles, the cost of commercial mZVI particles ranges from $2 to $11 per kg (Zhao et al. 2016).
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A limitation to the use of nZVI and mZVI particles is respectively the aggregation and the sedimentation
phenomena, resulting in a rapid decrease in specific surface area, reactivity and mobility (Phenrat et al.
2007; Hotze et al. 2010). To mitigate aggregation/sedimentation, surface modification was investigated
such as to provide electrostatic and/or steric forces that counter interparticle magnetic attractive forces
and thereby increase the stability (Wiesner and Bottero 2007; Phenrat et al. 2008). Surface modification
includes the use of a stabilizer during the synthesis of the particles or after the synthesis by simply
dispersing the particles (Zhao et al. 2016). Various polymers/polyelectrolytes or mixture of polymers can
be used, such as starch (He and Zhao 2005), carboxymethyl cellulose (He and Zhao 2007; Dong et al.
2011), guar gum and xanthan gum (Tiraferri et al. 2008; Comba et al. 2011a; Xue and Sethi 2012), butyl
methacrylate or polymethacrylic acid (Sirk et al. 2009), poly(4-styrenesulfonate) (Hydutsky et al. 2007),
polymethylmethacrylate or polyacrylic acid (Laumann et al. 2013; Wang et al. 2013; Colombo et al.
2015), polyethylene glycol (San Roman et al. 2016), agar agar (Velimirovic et al. 2016), polyphosphate
(Kim et al. 2017a), polyethylenimine (Lin et al. 2018) or copolymers (Wang et al. 2017). The use of
emulsified nZVI with a hydrophobic membrane is also reported and applied in field experiments (Quinn
et al. 2005; Borden 2007; Berge and Ramsburg 2009). In addition, particles can be supported on a solid
(Fang et al. 2018b), such as bentonite (Su et al. 2011), activated carbon such as Carbo-Iron (Mackenzie et
al. 2012), zeolite, carbon nanotubes (Xu et al. 2013), membranes/resins (Xu and Bhattacharyya 2006; Ni
and Yang 2014; Zhou et al. 2016), mesoporous silica (Sun et al. 2017), cellulose nanocrystal (Bossa et al.
2017) or clay (Ezzatahmadi et al. 2017; Su et al. 2017). The use of activated carbon as support can
promote the sorption of hydrophobic pollutants to reduce the aqueous concentration of the pollutant, and
the interspecies electron transfer for the remediation process (Liu et al. 2012).

In addition to rheological characterization (Han et al. 2016a), zeta potential measurements are good
indicators of the stability of the particles. Stabilizers and supports are also known to enhance the mobility
of nZVI and mZVI particles to a few meters in porous sand media and in heterogeneous aquifer sediment
in column (Hydutsky et al. 2007; Li et al. 2016b; Kumar et al. 2017) and field experiments (Johnson et al.
2013; Kocur et al. 2014; Busch et al. 2015), as confirmed by rheological characterization (Gastone et al.
2014). It has been possible to observe high mobility of particles at low particles concentration (< 30 mg L
") (Schrick et al. 2004; He et al. 2007; Saleh et al. 2008). However, surface modification is reported to
highly affect iron reactivity by site blocking, mass transfer inhibition and interfacial concentration
decrease (Saleh et al. 2007; Phenrat et al. 2009a; Velimirovic et al. 2012, 2016). It is therefore important
to investigate the best compromise between concentration of surface modifier and iron available surface
for reduction, such as experimentations performed by Wang et al. (2015) for 2,4-dichlorophenol
dechlorination.

3.2.3. Polymetallic particles

To improve ZVI reactivity, especially for the dechlorination of low molecular weight chlorinated
hydrocarbons, the use of polymetallic particles (nano and microscale) has been studied. Iron particles are
generally coated with a second metal by its reduction on iron surface in an ethanol solution (Wang and
Zhang 1997). Other techniques include radiolysis, mechanical alloying method, electrochemical synthesis
and green synthesis (Smuleac et al. 2011; Liu et al. 2014b; Luo et al. 2016; Weng et al. 2017). Generally,
the second metal is scattered as small clusters on the surface of the particles (Yan et al. 2013; Ling and
Zhang 2014c).

The use of a second metal more noble than iron (Ey > Eg.) presents several advantages. It can (i) enhance
the release of electrons at a faster rate by the formation of a galvanic cells in which the second metal acts
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as the main cathode (Xu and Zhang 2000), (ii) prevent the formation of oxide film (Wang and Zhang
1997) and (iii) catalyze reactions with hydrogen (hydrodechlorination and hydrogenation reactions)
(Schrick et al. 2002; Chaplin et al. 2012). Metals like palladium (Pd) and nickel (Ni) dissociate hydrogen
produced by anaerobic iron corrosion to form highly reactive atomic hydrogen H™ at the surface of the
particles (Kim and Carraway 2003; Li et al. 2017d). Cwiertny et al. (2006) suggest that bimetallic
particles enhanced the dechlorination rates primarily by reactions with atomic hydrogen
(hydrodechlorination), as the pseudo rate constants are correlated with the solubility of atomic hydrogen
with each additive.

Muftikian et al. (1995) have first shown the efficiency of palladized iron for the dechlorination of C; and
C, chlorinated compounds. Lien and Zhang (2007) have shown the catalytic effect of Pd deposited on
iron particles for TCE reduction, with a rate constant 60 to 70 times higher than the rate obtained with
traditional iron particles when the particles contain 1 to 5% by mass of Pd. Beyond, reaction rates
decreased due to a diminution of iron active surface for TCE reduction, until showing an absence of
reactions when Pd represents 50% or more of the particle. A similar effect has been observed for Ni/Fe,
Ag/Fe or Cu/Fe particles for TCE or HCB dechlorination (Xu and Zhang 2000; Tee et al. 2005; Nie et al.
2013; Fang et al. 2018a).

Kim and Carraway (2003) have tested different bimetallic combinations for TCE dechlorination, and the
particles can be classified in the following order, according to the specific surface area-normalized rate
constant ksa: Pd/Fe > Ni/Fe > Cu/Fe > Fe. Four noble metals — Pd, ruthenium (Ru), platinum (Pt) and
gold (Au) — have also been studied by Lin et al. (2004), and the catalytic activity on the dechlorination of
TCE is ranked in the order Pd > Ru > Pt > Au. These results show the best overall catalytic effect on
iron-based particles compared to zinc-based ones, and the highest constant rate is obtained with Pd for
both metals. For the dechlorination of 1,1,1-trichloroethane, Cwiertny et al. (2006) have observed the
following ranking: Ni/Fe = Pd/Fe > Cu/Fe > Co/Fe > Au/Fe = Fe > Pt/Fe. The authors suggest that these
differences in ranking can be attributed to a different mechanism of reaction between unsaturated (e.g.
chlorinated alkenes) and saturated (e.g. chlorinated alkanes) compounds.

Among all catalysts, Pd is more favorable due to its high efficiency in H* generation, and its adsorption
on Pd surface and its absorption into Pd crystal lattice, resulting in the formation of Pd hydride (Chaplin
et al. 2012). Among the different hydrogen species, i.e. H' s, H s and H, bubbles, H 4 is the only active
hydrogen species in the catalytic hydrodechlorination process (Jiang et al. 2017; He et al. 2018b), and the
presence of defects on Pd surface facilitates the efficient hydrodechlorination by H'y (Liu et al. 2018).
Another beneficial effect of this metal is the production of a smaller number of reaction intermediates,
especially low chlorinated compounds such as DCE isomers and vinyl chloride (Zhang et al. 1998; Lowry
and Reinhard 1999). This effect can be explained by the cleavage of C-CI bonds at Pd surface (Park et al.
1997; Sriwatanapongse et al. 2006; He and Zhao 2008; Omar et al. 2011) and the formation of carbene
intermediates. Heck et al. (2008) have observed with surface-enhanced Raman spectroscopy (SERS) the
formation of C-Pd and CI-Pd bonds, indicating that hydrodechlorination pathways (dechlorination by
hydrogen) follow a sequence of dechlorination and hydrogenation. In addition, in presence of dissolved
oxygen, the use of Pd or Ni can enhance the production of ROS, especially H,O,, to promote oxidation
reactions (Lee and Sedlak 2008; Shih et al. 2016).

As for monometallic particles, the use of a stabilizer is highly recommended to prevent aggregation and
enhance mobility of bimetallic particles (He et al. 2007; Basnet et al. 2013, 2015). The use of a support
such as activated carbon can result in simultaneous adsorption and dechlorination process (Choi et al.
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2008). The use of ultrasonic irradiation (20 kHz) during the synthesis of Pd/Fe or Ni/Fe nanoparticles can
avoid agglomeration and improve nanoparticle disparity (Zhao et al. 2013, 2014). Trimetallic particles
can also be synthesized, and appears to be more reactive than bimetallic particles due to synergistic
effects between the different metals (Ghauch et al. 2011; Abazari et al. 2013; Sharma et al. 2016).

In 2009, about 30% of reductive remediation by ZVI were performed by bimetallic particles in the USA
(Karn et al. 2009), while only regular nZVI particles were applied in Europe (Mueller et al. 2012). The
main reasons are not technical but concern (i) the cost of the particles and the handling of the suspension
and (ii) the toxicity of the catalyst, especially Ni which is considered as a priority substance in Europe. In
addition, the significant improvement in degradation rates in field experiments has not been proven yet
(Comba et al. 2011b; Xie and Cwiertny 2013), even if most studies were focused on the plume treatment
(presence of dissolved compounds) and not on the source zone treatment (DNAPL).

3.2.4. Sulfidated particles

Sulfide species (e.g. Na,S), dithionite S,0,%, thiosulfate S2032' or elemental sulfur can be used for the
sulfidation of ZVI particles (Kim et al. 2011; Fan et al. 2013; Su et al. 2015; Gu et al. 2017; Bhattacharjee
and Ghoshal 2018a), which is defined as their chemical modification by reducing sulfur compounds on
iron surface. It is also possible to use directly sodium dithionite in combination with ZVI particles to
extend the reactive lifetime of iron particles in alkaline conditions by dissolving and reducing Fe,O; and
Fe(OH); layer to regenerate Fe(Il) species (Xie and Cwiertny 2010). The addition of sodium dithionite or
other soluble reductant to iron particles enhance reduction rates of dechlorination of chloromethanes,
chloroethanes, chloroethenes and chlorobenzenes (Vermeul et al. 2000; Lee 2004; Brown 2010; Nunez
Garcia et al. 2016).

Sulfidation is supposed to mimic the naturally-occurring microbial sulfate reduction in the subsurface
(Shao et al. 2018). It results in the formation of a FeS, layer which can mediate the aggregation of the
particles, improve the hydrophobicity of the surface and enhance the electron transfer from Fe’, thus
resulting in the improvement of the reactivity for dechlorination. The S/Fe ratio, the sulfidation duration
and the solution chemistry are three main operational variables that affect the structure and morphology
of the particles (Han and Yan 2016; Fan et al. 2017; Li et al. 2017b; Kumar et al. 2018; Xu et al. 2019a),
and thus their reactivity (Bhattacharjee and Ghoshal 2018a). Sulfidation is mainly used to improve the
selectivity — or electron efficiency — towards the pollutant and the longevity of ZVI particles by
decreasing the reactivity with water, i.e. the hydrogen evolution reaction (Rajajayavel and Ghoshal 2015;
Fan et al. 2016c¢, b; He et al. 2018b; Li et al. 2018; Qin et al. 2018a; Xu et al. 2019b; He et al. 2020; Xu et
al. 2020). Compared to bare nZVI or bimetallic particles, the main degradation mechanism is the direct
electron transfer between the particles and the pollutant (Park et al. 2006; Rajajayavel and Ghoshal 2015;
Liet al. 2016a; Han and Yan 2016; Cao et al. 2017; He et al. 2018b).

It has been shown in laboratory experiments that the use of sulfidated particles is a promising alternative
to Pd/Fe bimetallic particles in terms of dechlorination efficiency, notably in the case of Fe’-limited
conditions (He et al. 2018b; Bhattacharjee and Ghoshal 2018a), which are expected at source zones in
presence of DNAPL. Also, the cost of degradation is expected to be well reduced using sulfidated
particles instead of Pd/Fe particles (Bhattacharjee and Ghoshal 2018a). But more field experiments are
still required to confirm the results obtained in laboratory experiments (Nunez Garcia et al. 2020a, b). In
addition, sulfidated particles are more efficient for the formation of ROS in aerobic conditions than
unamended iron particles (Song et al. 2017; Rayaroth et al. 2017; Su et al. 2018), allowing the
development of the technology in advanced oxidation processes and for wastewater treatment.
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3.2.5. Toxicity

Potential risks of nZVI particles for in situ application in soils and groundwater remediation are still not
clearly established (Nowack and Bucheli 2007; Grieger et al. 2010; Rajan 2011; Jang et al. 2014). Studies
on other nanoscale materials, such as carbon nanotubes or fullerenes, have shown specific evidence for
human and ecological risk, but iron nanoparticles are not as small, reactive, persistent or mobile
(Reijnders 2006; Tratnyek and Johnson 2006). Despite this low mobility, the influence of ZVI can be
expanded by the release and travelling of Fe**, thus affecting a more important zone.

The introduction of ZVI particles in the environment is responsible for a local change in biogeochemical
conditions, thus affecting their fate, transport and reactivity, but also the microbial community activity
and growth (Lowry et al. 2012; Jang et al. 2014; Wagner et al. 2014; Yirsaw et al. 2016). As for
pollutants, the growth and transformation of the oxide shell can trap microbes, resulting in their
quantitative removal from aqueous phase (Noubactep 2011). It is also suggested that the antimicrobial
activity is dependent on the size and the dose of the particles, but also on the species (Fajardo et al. 2012;
Velimirovic et al. 2015; Semerdd and Cajthaml 2016; Gil-Diaz and Lobo 2018). As an example, a
bactericidal effect on Escherichia coli was observed only for nanoscale particles (Lee et al. 2008), but a
similar toxicity was observed for iron nanoparticles and iron filings to a TCE-degrading microbial
community (Zabetakis et al. 2015). The adverse effects on microorganisms and plants can include
physical damage, such as the disruption of the cell membrane architecture, or biochemical destruction,
such as interference in energy transduction or oxidative stress due to the formation of ROS (Wiesner et al.
2006; Auffan et al. 2008; Keenan et al. 2009; Kim et al. 2010b; Chen et al. 2011; Fajardo et al. 2013; Fu
et al. 2014b; Xie et al. 2017b; Ghosh et al. 2017). As previously mentioned, the formation of ROS, such
as hydrogen peroxide (H,0,), superoxide radical (‘O,’), hydroxyl radical (OH) and Fe(IV) species, is the
consequence of the oxidation of active Fe species (Fe’ and Fe’") (He et al. 2016).

The aging of ZVI particles in water, i.e. their aggregation and the growth/transformation of iron
oxides/hydroxides with time, and the use of stabilized ZVI by surface modification are likely to mitigate
the cytotoxicity of nZVI particles (Phenrat et al. 2009b; Li et al. 2010; Dong et al. 2016a; Lefevre et al.
2016). The aging of bimetallic particles results generally in the deactivation of the catalyst by common
groundwater solutes, e.g. sulfate and phosphate ions (Muftikian et al. 1996; Munakata and Reinhard
2007; Han and Yan 2014; Han et al. 2016¢, 2018), and the gradual encapsulation of the second metal due
to the growth of iron oxides/hydroxides shell (Zhu and Lim 2007; Yan et al. 2010b; Dong et al. 2018a),
resulting in a progressive loss in removal efficiency and toxicity. However, the release in solution of the
second metal by oxidative dissolution can also occur (Dong et al. 2018b). Sulfidated particles exhibit
lower toxicity compared to bare ZVI particles, and their aging also decrease the toxicity (Cheng et al.
2019; Dong et al. 2019).

Some studies have highlighted the positive impact of the polymeric coating on iron particles due to a high
bioavailability and synergetic effect with environment (He et al. 2010; Yan et al. 2013; Tosco et al.
2014b). The selection of the polymer, which can serve as a biostimulant, is therefore important in order to
combine both abiotic and biotic degradation. Indeed, hydrogen is generally considered as the direct
electron donor in anaerobic reductive dechlorination, and is typically produced from the anaerobic
oxidation of carbon substrates (fermentation), such as organic acids or alcohols (Levin et al. 2004). In
presence of iron-reducing bacteria (IRB), the reduction of Fe(IIl) in Fe(Il) species can depassivate iron
particles (Roden and Zachara 1996; Gerlach et al. 2000; Williams et al. 2005), which can result in the
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reactivation of the particles for reductive dechlorination but also in the methylation or in the possible
remobilization of entrapped pollutants such as metals and metalloids (Xie et al. 2017b).

More studies are still required to investigate the transformations in real environmental conditions with
appropriate iron doses (Lowry and Casman 2009; Zhao et al. 2016; Lefevre et al. 2016; Lei et al. 2018),
in combination with life cycle analysis (Lemming et al. 2012; Suchomel et al. 2014).

3.3. Combination of iron-based particles with other techniques

In field application, abiotic remediation processes cannot be considered separately from biotic processes
(Brown et al. 2009; Koenig et al. 2016; Némecek et al. 2016; Wang et al. 2016; Cecchinc et al. 2017; You
et al. 2017; Xu et al. 2017; Vogel et al. 2018). Indeed, iron particles have several effects on the microbial
activity and growth. These effects are generally dose- and species-dependent and are influenced by the
environmental conditions, and both synergetic and inhibitory effects are reported in the literature (Xie et
al. 2017b). The production of H, resulting from iron corrosion can stimulate dehalorespiring bacteria
(Bruton et al. 2015). In addition, the polymer coating used for the stabilization of the particles may act as
a fermentable substrate (Kirschling et al. 2010, 2011; Kocur et al. 2015, 2016). However, some inhibitory
effects of nZVI particles on sulfate reducing bacteria are also reported (Kumar et al. 2014b).

In addition, a lot of techniques can be used in combination to enhance ZVI technology (Jiang et al. 2018),
such as physical enhanced technologies (e.g. ultrasonic assisted technology, UV-visible light, microwave,
weak magnetic field) (Guan et al. 2015), the combination of nZVI particles with foam and
electromagnetic induction as an alternative to ratio frequency heating (RFH) (Srirattana et al. 2017),
advanced oxidation processes, e.g. modified Fenton process or ZVI-activated persulfate (Al-Shamsi and
Thomson 2013; Fu et al. 2014a; Rybnikova et al. 2016), electrokinetic remediation (Fan et al. 2016d;
Lima et al. 2017; Xiong et al. 2018) or the combination of ZVI with sulfite (Xie et al. 2017a) or with
phytoremediation (Gong et al. 2018).

3.4. Stoichiometric requirement

Stoichiometric reductant demand (SRD) is defined as the mass (or mole) of a reductant theoretically
required to obtain a complete dechlorination of a mass (or mole) of COCs, i.e. the formation of non-
chlorinated hydrocarbons and free chloride ions. This notion is adapted from the stoichiometric oxidant
demand (SOD), widely reported in the bibliography (Brown 2010; Lemaire et al. 2013b, a; Ranc et al.
2016). Its determination implies the knowledge of half-reactions of both oxidant (here COCs, see Table
6.5) and reductant species. First, an equivalent weight for each oxidative and reducing reagent is
calculated by dividing the molar mass by the number of electrons transferred in half-reactions (Table 6.7).

Molar mass

Equivalent weight = (Eq. 6.35)

Number of electrons transferred

The stoichiometric ratio can then be determined by dividing the equivalent weight of the reductant by the
equivalent weight of the chlorinated organic compound (Eq. 6.36). SRD is then calculated from the total
mass of pollutant (dissolved, adsorbed and DNAPL).

Equivalent weight of reductant

Stoichiometric ratio = (Eq. 6.36)

Equivalent weight of COC
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Table 6.7. Example of equivalent weights for selected COCs and reductants.

Number of Equivalent

Compounds Formula Products electrons weight

transferred (ggh)
Carbon tetrachloride CCly 8 19.2
Chloroform CHCI; CH 6 19.9
Dichloromethane CH,Cl, N 4 21.2
Methyl chloride CH,Cl 2 25.2
Hexachloroethane C,Clg 12 19.7
Pentachloroethane C,HClI; 10 20.2
Tetrachloroethane C,H,Cl, CH 8 21.0
Trichloroethane C,H:Cl; 206 6 22.2
Dichloroethane C,H,Cl, 4 24.7
Chloroethane C,H;Cl 2 32.3
Tetrachloroethylene C,Cly 8 20.7
Trichloroethylene C,HCl; CH 6 21.9
Dichloroethylene  C,H,Cl, o 4 24.2
Vinyl chloride C,H;Cl 2 31.3
Hexachlorobenzene CsClg 12 23.7
Pentachlorobenzene CcHCls 10 25.0
Tetrachlorobenzene  CsH,Cly CH 8 27.0
Trichlorobenzene CecH;Cl;5 6r%6 6 30.2
Dichlorobenzene CcH.Cl, 4 36.8
Chlorobenzene CcHsCl 2 56.3
Sulfur species S~ s’ 2 16.0
Iron Fe’ Fe** 2 27.9
Zinc Zn’ Zn** 2 327
Sodium dithionite Na,S,0, - 2 87.1

For in situ application, the stoichiometric requirement is highly impacted by non-beneficial reactions
(natural reductant demand, NRD), because of the presence of natural occurring oxidants such as water,
dissolved oxygen or natural organic matter (Shi et al. 2015). Hence, higher dosage is generally necessary
to reach a complete dechlorination, especially to compensate iron passivation and the
adsorption/reduction of metal ions on iron surface. NRD is quite different from natural oxidant demand
(NOD) because water is in large abundance in environmental conditions compared to indigenous
oxidizable materials (Fan et al. 2016¢). Hydrogen evolution rate (HER) can be measured by H, evolution
or by using a colorimetric redox indicator (Fan et al. 2015).

Also, it is important to identify the corresponding oxidation equation depending on environmental
conditions (equilibrium speciation, kinetically controlled metastable phases and spatial heterogeneity)
(Tratnyek et al. 2014).
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3.5. Reaction kinetics and chemical dechlorination pathways

3.5.1. Rate equations

In subsurface environment, COCs degradation kinetics are influenced by the rate of all abiotic
degradation reactions previously reported (§2.4), e.g. the rate of hydrolysis, dehydrochlorination,
reduction and oxidation reactions. The overall equation is:

r= Thydrolysis + rdehydrochlorination + Treduction T Toxidation (Eq. 6.37)

where all rates r — assumed to occur independently and in parallel — are in mol L' s, Table 6.8 lists
combined hydrolysis and dehydrochlorination rate constants k at neutral and basic pH values for
chlorinated methanes, ethanes and ethylenes at 25 °C (Jeffers et al. 1989). Hydrolysis and
dehydrochlorination are very slow under most environmental conditions.

Table 6.8. Combined hydrolysis and dehydrochlorination rate constants k at neutral and alkaline pH values of chlorinated
methanes, ethanes and ethylenes at 25 °C (from Jeffers et al. 1989). Ea represents the activation energy of the reaction.

Neutral hydrolysis + Alkaline hydrolysis +
Compounds dehydrochlorination dehydrochlorination
k (min™") Ea (kJ mol™) k (min™) Ea (kJ mol™)

CT 3.26 10° 114.5+5.0 0.00 -

CF 1.91 10" 1229+ 13 522107 104.6 + 8.0
HCA 0.00 - 7.18 10" 109.8 + 20
PCA 493 10® 94.9+2.9 1.3110* 80.8 + 10

1,1,1,2-TeCA 2.6010® 94.9 + 15 2.15 107 1003 +1.7
1,1,2,2-TeCA 9.70 10” 924 +32 3.0210° 78.1+1.0
1,1,1-TCA 1.2410°° 116.1+£2.0 0.00 -
1,1,2-TCA 5.19 10" 121.2+£5.9 9.42 10” 88.2+7.5
1,1-DCA 2.1510°% 109.5+3.3 7.20 10" 114.8 £2.0
1,2-DCA 1.8310% 103.7 + 10 1.04 10" 121.6 + 6.1
PCE 0.00 - 1.37 10" 123.1+9.4
TCE 0.00 - 1.07 10" 126.6 +4.7
1,1-DCE 0.00 - 6.3210" 130.2 + 20
1,2-DCE 0.00 - 1.09 10 130.3+3.9

COCs reduction by iron particles is a heterogeneous reaction. However, as to evaluate kinetic
degradation, homogeneous equations are frequently used as a first approximation.

Homogeneous approach

Pseudo-orders with respect to the pollutant can be determined by using a great excess of iron particles, in
order to consider a constant concentration in reactant. The concentration can thus be included in the rate
constant:

_ B
kobs = k * Cgy, (Eq. 6.38)

where k is the observed rate constant, k is the rate constant, Cy; is the concentration in reactant (mol L
l) and f is the order of reaction with respect to the reactant. The units of k., and k depend on the global
reaction order: mol L™ s for order zero, s ! for order one and L mol's! for order two.

In batch experiments, the rate equation can be written as:
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dc
dt

where r is the rate of reaction (mol L' s™), C is the concentration in COC (mol L™), 7 is the time (s)and a
is the order of reaction with respect to the COC.

r= = kops * C* (Eq. 6.39)

Reduction of COCs by zero-valent iron can generally be described by pseudo-first order equations with
respect to pollutant (Matheson and Tratnyek 1994; Burris et al. 1995; Arnold and Roberts 1998; Song and
Carraway 2005):

InC = —kgps*t +1nCy (Eq. 6.40)

where C, (mol L") is the initial concentration in COCs. Other models derived from the pseudo first-order
model, e.g. a two-compartment model, are also reported (Wang et al. 2013; Rodrigues et al. 2017a).

As reduction occurs on a surface, the observed rate constant depends on the concentration of active site
on the surface, which is a function of the particle size. Therefore, a specific reaction rate constant ks, can
be calculated from kg, the specific surface area of particle as (m2 g'l) and the mass concentration of
particles py (g L™).

(Eq. 6.41)

Table 6.9 lists surface area normalized rate constants for the reductive dechlorination of COCs with iron-
based particles. From the same chemical structure, dechlorination rates generally decreased as the number
of chlorine atoms decreased, especially for bare ZVI. However, the use of ksa-model cannot be
generalized to compare the results from different studies as it is not depending only on the intrinsic
reactivity of iron but also on the experimental conditions, for example mixing conditions in batch
experiments or flow rate in columns (Noubactep 2009).

Table 6.9. Surface area normalized rate constants kg, for COCs reductive remediation by zero-valent iron.

Reactant Pollutant L Ilfls-éh-l) Reference
CT 1.2+1.5 10
CF 9.2+7.3 10™
HCA 3.1+3.3 10™
1,1,1,2-TeCA 1.4 107
1,1,2,2-TeCA 1.3102
ZV1 powder 1,1,1-TCA 1.1102
(0.05%3 2 g PCE 21427 107 (Johnson et al. 1996)
TCE 3.943.6 10™
t-1,2-DCE 1.2+0.4 10™
¢-1,2-DCE 4.1£1.7 1073
1,1-DCE 6.4+5.5 107
\Ye 5.0¢1.510°
Aldrich ZVI 4
0192 m g CT 1.0 10
ZV1 nanoparticles CT 5.3110" (Lien and Zhang 1999)
35m2gh CF 8.41 107
Pd/Fe nanoparticles CT 9.0 10
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(35m2g") CF 6.50 107
PCE 122107
. TCE 18.210°
Pd/ ff gg“;’lﬁ’ar_?)des t-1.2-DCE 15.1 10° (Lien and Zhang 2001)
= & ¢-1,2-DCE 17.6 10°
1,1-DCE 11.510°
HCA 2.010°
. PCA 2.610°
Pd/f§3n§nrgfa§1)des 1,1,1,2-TeCA 2.1107 (Lien and Zhang 2005)
> meg 1,1,2.2-TeCA 8.8 107
1,1,1-TCA 54107
HCA 7.70 10
PCA 7.96 10!
1,1,1,2-TeCA 5.38 10"
: 2
ZV(Izga; (;l%agllc):les 1’11 12 12 —"IT éiA ?(5)? }81 (Song and Carraway 2005)
1,1,2-TCA 231107
1,1-DCA 1.99 10°
1,2-DCA <410°
CT 2.76+0.87 10~
CF 9.6242.59 10™*
DCM 1.8240.53 107
1,1,1,2-TeCA 2.98+0.71 107
1,1,1-TCA 1.24+0.16 10™
ZV1 microparticles 1,1,2-TCA 9.30+0.84 10™
(0.312 nrl)z ) 1,1,2-TCMP 1.3620.16 10° (Onanong et al. 2007)
1,2,3-TCP 3.53+0.64 107
1,2,3-TCMP 8.49+1.27 10™
1,2-DCMP 2.42+0.40 10™
2,2-DCP 7.16+0.83 10™
1,2-DCP 2.24+0.86 107
] CT 3.59 107
P d/lzg' lnjnr(r’llz’a?f;des CF 2.6710° (Wang et al. 2009¢)
ameg DCM 3.54 107
HCB 1.01+0.02 10°
PeCB 0.15+0.01 107
CufFe microparticles 1,2,3,4-TeCB 0.1420.11 10:2
(.21 mi g 1,2,3,5-TeCB 0.11+0.04 10_3 (Yuan et al. 2010a)
1,2,4,5-TeCB 0.08+0.03 10
1,2,3-TCB 0.03+0.00 10°
1,2,4-TCB 0.03+0.00 10°

Burris et al. (1995) have studied PCE and TCE dechlorination by iron particles in a multi-component
experiment. If no competition between the two compounds seems to happen for the surface-reaction,
competitive sorption has been observed, and pseudo first-order reduction reactions can be applied
accounting for the high sorption to nonreactive sites. Arnold and Roberts (2000) have shown that the
degradation rate of trans-1,2-DCE was inhibited by cis-1,2-DCE and acetylene. Dries et al. (2002) have
noted that the presence of PCE or DCE did not influence TCE reduction by ZVI.

30



Rodrigues et al. 2020 — v2.0 (March 2020)

Although the use of the pseudo first-order is widely reported in the literature, Janda et al. (2004) reproach
the possible risk of incorrect deductions about kinetics, as the reaction is heterogeneous and more
complex than a simple surface reaction. Furthermore, first-order kinetics are observed at low initial
concentrations of COCs, but a transition to zero-order kinetics can be observed at higher concentrations
(Johnson et al. 1996), due to the saturation of reactive surface sites (Zepp and Wolfe 1987). In a batch
system, the transition to constant kinetics can be described with the model (Johnson et al. 1996):

d[C]  mlC]
dt Ky +[C]

(Eq. 6.42)

where r, is the maximum reaction rate for specific iron metal characteristics, and K, is the concentration
1,
of C at 7’"

Heterogeneous approach

Heterogeneous reactions imply the following steps:

Mass transfer of reactants to the surface of the metal particles;
Adsorption of the reactant onto the surface;

Reaction on the surface;

Desorption of the product;

Mass transfer of products to the fluid.

M

The overall reaction rate is determined by the slowest step, as the rate-determining step. Generally,
diffusion processes require less energy than chemical reactions. Frequent values of activation energy for
mass-transfer are in the range 15-30 kJ mol™' (Lasaga 1981; Pilling and Seakins 1995).

Adsorption is a process where atoms or molecules of a liquid or gas phase are deposited on the surface of
a solid. The process is governed by interactions of attraction between the solid (also called adsorbent) and
molecules (also called adsorbate). Two types of adsorption are possible:

e Physical adsorption involving weak electrostatic forces such as Van der Waals forces or hydrogen
bond. This is usually a reversible phenomenon;

e Chemical adsorption involving strong bonds such as covalent bonds (Montgomery 1985),
resulting in an electron transfer and a significant change in the structure of the adsorbed
molecule. Thus, contrary to the physical adsorption, chemisorption is a less reversible
phenomenon.

Different models are used to characterize adsorption of COCs on iron particles or soils, like the linear
model, the Freundlich isotherm and the Langmuir isotherm (Burris et al. 1995, 1998; Dries et al. 2004,
2005). It is however important to note that these adsorption isotherms are only representative for a given
oxide shell, and do not reflect the dynamic evolution of the oxide shell until Fe” is depleted (Noubactep
2010a).

Linear model

The linear model assumes a linear relationship between the concentration of dissolved solute C (g L) and
the solute concentration adsorbed on the solid C" (g kg™):
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C*=K=x*C (Eq. 6.43)
where K is the partition coefficient (L kg™).

Freundlich isotherm

Freundlich isotherm is a non-linear empirical relationship between the amount of solute on the surface of
the adsorbent and the amount of solute in the solution in contact with the adsorbent (Eq. 6.44).

X 1
Z—kxCn (Eq. 6.44)
m

where % represents the ratio between the mass of adsorbate and the mass of adsorbent (mg g), C is the
concentration of the solute in solution at equilibrium (mg L"), and k and n are empirical constants.
Langmuir isotherm

The Langmuir isotherm is based on different assumptions, which are:

e the adsorbent surface is contacted with a solution containing an adsorbate A;
e there is a specific number of adsorption sites on the surface;
e adsorption is monolayer and there is no interaction between adsorbed molecules.

It was developed initially to describe the adsorption of a gas on a solid but is used by analogy for the
adsorption of a liquid to a solid.

According to the relation:

A+S o AS (Eq. 6.45)
where A is the adsorbate, S the adsorbent and AS represents a molecule adsorbed on a site of S.
The adsorption equilibrium constant K4 4 iS expressed as:

Cas

KadS,A = CA % CS

(Eq. 6.46)

This relation can be expressed with 8y, the fractional occupancy of the adsorption sites by the adsorbed
species A:

Cas Oa
22 Eq. 6.47
C, 1-6, (Eq )
Thus,
Oa
K e Eq. 6.48
Finally, the Langmuir isotherm equation is:
K. * C
g, = —2dsA A (Eq. 6.49)

B 1+ Kads,A * CA

When different molecules are adsorbed, the fractional coverage of component i is given by:

32



Rodrigues et al. 2020 — v2.0 (March 2020)

— Kads,i * Ci
1+ Zjn:1(Kads,j * Cj)

6; (Eq. 6.50)

From Langmuir adsorption model, Hinshelwood developed a model, known as Langmuir-Hinshelwood
mechanism, to include heterogeneous reactions, considering the uniform reaction of an adsorbed
molecule on the surface. For a monomolecular reaction, the Langmuir-Hinshelwood relation is:

rmkng, =t Kaas € (Eq. 6.51)
1+ Kogo # C

where k is the constant rate of the limiting step.
For a bimolecular reaction, the relation is:

k * Kagsa * Ca * Kags g * C
(1 + Kagsa * Ca + Kads,B * CB)2 (Eq. 6.52)

‘r:k*BA*BB:

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) model provides a more explicit approach, in
terms of surface concentration instead of volume concentration. The general equation is:

kinetic factor * driving force

"= adsorption expression (Eq. 6.53)
Arnold and Roberts (2000) used adaptation of LHHW models for the reduction of chlorinated ethylenes

and acetylenes by ZVI in batch system, with an irreversible surface-reaction step. Different rate relations
are expressed depending on the rate-determining step (Table 6.10).

Table 6.10. LHHW models used by Arnold and Roberts (2000) for the reduction of chlorinated ethenes and chlorinated
acetylenes by ZVI.

Rate-determining step Rate equation
N.
. dCi (Zjil kie}St) Ci
Adsorption - = N = —Kobs * Ci
dt 143%™ KnCnm
N.
' dc; (21-:]1 kiSjSt) KiCi
Surface-reaction - = N = —kops * (i
dt 14+ Y™ KnCn
dCi _ N; d
Desorption dr —( =1 kijSt)

k is the kinetic constant, superscript a refers to adsorption constant (MM'l h"), superscript s to surface-reaction
constant (h'l) and superscript d to desorption constant (h'l); C is the aqueous concentration (uM); S; is the
abundance of reactive sites per liter of solution (uM); K is an adsorption constant (uM™); N, is the total number
of primary products formed directly from the parent; N,, is the total number of species that inhibit the reaction
of the parent.

Except for the degradation of vinyl chloride in ethylene, and ethylene in ethane which were modeled as
adsorption limited reactions, all transformations were modeled as surface-reaction limited reactions
(Arnold and Roberts (2000) — Table 6.11).
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Table 6.11. Model-derived kinetic parameters for chlorinated ethylenes and related species in the absence of interspecies
competitors (from Arnold and Roberts 2000). Values are for 0.25 g Fe”/160 mL buffer solution.

Parent Product k’S) (uM h™) K (uM™)
PCE TCE 3.63 (20.52) 10™ 0.058 (+0.014)
PCE Dichloroacetylene 2.48 (+0.46) 107 0.058 (x0.014)
TCE trans-DCE 7.72 (£9.68) 10™ 0.065 (£0.009)
TCE cis-DCE 5.91 (+0.53) 10° 0.065 (£0.009)
TCE 1,1-DCE 4.42 (+0.49) 107 0.065 (£0.009)
TCE Chloroacetylene 0.33 (2£0.03) 0.065 (£0.009)
trans-DCE vVC 5.32 (x15.1) 107 0.016 (£0.002)
trans-DCE Acetylene 4.42 (£0.45) 0.016 (x0.002)
cis-DCE VC 0.14 (£0.06) 0.029 (£0.003)
cis-DCE Acetylene 2.18 (£0.15) 0.029 (£0.003)
1,1-DCE Ethylene 3.72 (£0.25) 0.016 (£0.002)
Acetylene Ethylene 11.51 (£1.24) 0.109 (£0.022)
Chloroacetylene Acetylene 6.46 (£0.94) 0.261 (x0.086)
Dichloroacetylene cis-DCE 1.02 (x1.34) 0.051 (x0.014)
Dichloroacetylene trans-DCE 2.96 (£1.27) 0.051 (£0.014)
Dichloroacetylene Chloroacetylene 12.97 (£2.46) 0.051 (£0.014)
Parent Product K>Sy (h™)
vVC Ethylene 6.55 (+0.93) 10~
Ethylene Ethane 2.15 (20.25) 10

Predictive tools based on the molecular properties of each chlorinated solvent can be used to estimate the
reactivity depending on the reductant system. These relations, known as quantitative structure activity
relationships (QSARSs) or linear free energy relationships (LFERs), are developed from one- and two-
electron reduction potentials (E; and E,), the lowest unoccupied molecular orbital energy (Erymo), the
energy gap between LUMO and HOMO (Egap) or the vertical attachment energy VAE, bond strength
Eg/carbon-chlorine bond dissociation energy Ec.c and attachment rate constant (ARC). Table 6.12 lists
the predictive relationship established for COCs dechlorination by zero-valent iron. Other relationships
have been proposed for other reductant systems (Perlinger et al. 2000; Tratnyek et al. 2003; Huang et al.
2016a).

Table 6.12. Predictive relationship for the reactivity of COCs by zero-valent iron.

COCs Relation Reference
logksa = —1.5(+£0.1)E ymo — 5.7(£0.2)
Chloromethanes, (R2 = 0.83)
chloroethanes, (Scherer et al. 1998)
chloroethenes logksa = 2.8(1£0.2)E; — 1.8(£0.1)
(R2=0.81)
Chloroethenes log(kSS,) = —15.05(+14.62)E, + 6.04(+7.67)
(hydrogenolysis) (R?=10.709)
Chloroethenes  log(kSS,) = —30.68(4+29.38)E, + 17.95(+17.48) (Arnold and Roberts 2000)
(B-elimination) (R?=10.865)
Overall log(kSS,) = —3.91(+2.07)E; — 2.81(+1.51)
reactivity (R?2=0.898)
TCE, carbon logksp = —26(+12)E +4(£1.3 .
tetrachloride i (522 = 3.7%1\40 ( ) (Michr et al. 2004)
Chloroethanes In (1/kgp) = —3.7947 E; + 4.3988 (Lien and Zhang 2005)
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(R2 = 0.5983)
In (1/ksa) = 0.2226 Eg — 11.584
(R2 =0.8092)
logkga = 8.21(+1.20)E; — 0.996(+0.228)
(R2=0.903)
Chloroethanes (Song and Carraway 2005)
(R2=0.97)
logksa = —1.95(+0.02)E ymo + 3.42(+0.07)
(R2 = 1.000)
logkss = —2.61(+0.17)VAE — 2.05(+0.11)
(R2 = 0.996)
Chloromethanes
logksa = 0.73(£0.09)ARC — 3.10(+0.81)
(R2 = 0.968)
log ks = 1.16(+0.12)ECD — 3.89(+0.15)
(R2=0.979)
logksp = —1.65(%0.25)ELymo + 3.79(+1.03) (Onanong et al. 2007)
(R2 = 0.860)
logksa = —2.26(+0.49)VAE — 0.57(+0.56)
Chloroethanes, (R*>=0.768)
chloropropanes logksa = 0.88(£0.24)ARC + 5.28(+2.31)
(R2=0.717)
log ksa = 0.94(+0.16)ECD — 3.23(+0.14)
(R2 = 0.835)
log kops = —0.13(+0.12)Dgy + 36(+40)
(R2 = 0.599)
Chloromethanes, (Cwiertny et al. 2010)
chloroethanes log kobs = 14(£7)E; + 3.9(£0.8)
(R2 = 0.848)

Units: ksy in L m>h™, E;ymo and VAE in electronvolt (eV), E; and E, in V, £'S, in uM h, Eg in kcal mol,
ARC in cm’ s, ECD = Electron Capture Detector response, Dgx = gas phase hemolytic carbon-chlorine bond
dissociation energy (kJ mol™).

3.5.2. Degradation pathways

Mechanistic studies of chemical reduction by zero-valent metals have shown a preferential tendency to 3-
elimination for compounds with a,B-pairs of chlorine atoms (Arnold et al. 1999), while hydrogenolysis
and o-elimination are two competitive reactions for compounds with a-position chlorine atoms (Vogel et
al. 1987; Fennelly and Roberts 1998; Song and Carraway 2005). For example, reductive p-elimination of
chlorinated alkanes results in the formation of chlorinated alkenes, and reductive a-elimination and
hydrogenolysis results in the formation of less chlorinated alkanes.

A summary of the general pathway of reduction of chlorinated ethanes and ethylenes is shown in Figure
6.3. Highly chlorinated ethanes preferentially react via P-elimination rather than hydrogenolysis. The
predominant chlorinated intermediate of HCA is PCE (Lien and Zhang 2005), and trace amounts of PCA
can be observed with iron nanoparticles (Song and Carraway 2005). Different pathways are proposed to
explain the formation of the carbon-carbon double bond. Mechanistic studies via computational or
experimental electrochemistry have indicated that the dominant reaction proceeds by two successive
single-electron transfer steps, while an alternative pathway involves the formation of
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trichloromethylchlorocarbene, pentachloroethyl anion or pentachloroethyl radical as intermediates
(Patterson et al. 2001; Huang et al. 2012; Pizarro et al. 2018).

PCA reacts to form mainly TCE and traces of PCE, while 1,1,1,2-TeCA is mainly transformed to 1,1-
DCE, with small proportions of TCE obtained (Lien and Zhang 2005; Song and Carraway 2005). PCA
can also react rapidly by dehydrochlorination to form PCE (Roberts and Gschwend 1991).

The reductive elimination of 1,1,2,2-TeCA results in the formation of two isomers of DCE, cis-DCE and
trans-DCE, in a ratio 4.5:1 for iron metal reactant. The predominant formation of Z-isomer can be
explained by the reactivity of the intermediate formed in iron or iron oxide surface. Also, formation of
TCE by dehydrochlorination and of 1,1,2-TCA by hydrogenolysis have been observed (Arnold et al.
2002).

1,1,1-TCA and 1,1-DCA reduction only involves a-elimination and hydrogenolysis. Experimental reports
have shown that reduction of 1,1,1-TCA occurs via hydrogenolysis to form 1,1-DCA, and via concerted
pathways of a-elimination and hydrogenolysis to ethane (Fennelly and Roberts 1998; Song and Carraway
2005). Degradation of COCs in a surface-mediated process results in the formation of transition species
like hydrocarbon moieties, in particular alkyls, carbenes, carbenoids and carbynes (Baltruschat et al.
1993; Bent 1996; Miiller et al. 1997). Thus, Lien and Zhang (2005) proposed that the formation of surface
ethylidyne on Pd/Fe particles can explain the direct reduction of 1,1,1-TCA in ethane.
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Figure 6.3. Reductive dechlorination pathways of HCA by ZVI.

Due to the presence of an a,B-pair of chlorine atoms, 1,1,2-TCA and 1,2-TCA are susceptible to react
mainly via B-elimination. However, production of vinyl chloride from 1,1,2-TCA has not been observed
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with iron nanoparticles, so vinyl chloride must react rapidly to form ethane. Similarly, production of
ethane from 1,2-TCA has not been proven (Song and Carraway 2005). However, these two pathways are
strongly suspected to occur with iron particles, as a same mechanism have been reported with zinc
particles (Arnold et al. 1999).

Reduction of chlorinated ethylenes undergoes successive hydrogenolysis pathways. PCE is successively
transformed into TCE, DCE isomers (1,1-DCE, cis-1,2-DCE or trans-1,2-DCE), then vinyl chloride and
finally ethylene (Vogel et al. 1987; Orth and Gillham 1996). Roberts et al. (1996) highlighted the
reductive elimination of trans- and cis-1,2-DCE, resulting in the formation of acetylene as an intermediate
of the production of ethylene, and small amounts of vinyl chloride and ethane have been observed.
Conversely, 1,1-DCE and vinyl chloride only react to ethylene and ethane. Later, Arnold and Roberts
(2000) have shown that PCE and TCE can also react by p-elimination to dichloroacetylene and
chloroacetylene respectively. The authors proposed that the production of dichloroacetylene results from
a mono-c-bonded vinyl intermediate at iron surface, whereas the formation of TCE results from a mono-
o-bonded alkyl intermediate.

Dichloroacetylene reacts then via successive hydrogenolysis to chloroacetylene and acetylene, with
possible formation of ethylene and ethane as final products (Arnold and Roberts 2000). Dechlorination by
bimetallic particles involving indirect reduction with adsorbed atomic hydrogen on the catalyst surface
results in a higher formation of saturated hydrocarbons instead of unsaturated hydrocarbons, and less
accumulation of chlorinated byproducts. Therefore, ethane is the major degradation end product of
reduction of chlorinated ethylenes by bimetallic particles (Schreier and Reinhard 1995; Lien and Zhang
2001, 2007; Schrick et al. 2002; Tee et al. 2005). Coupling reaction of acetylene, dichloroethyl radicals or
carbenoids in C, compounds, and traces of C;, Cs and C¢ compounds, have also been reported (Fennelly
and Roberts 1998; Arnold and Roberts 2000).

A summary of the general pathway of reduction of chlorinated benzenes is shown in Figure 6.4.
Reduction of chlorinated benzenes by ZVI undergoes hydrogenolysis. Hexachlorobenzene is firstly
transformed into pentachlorobenzene. Pentachlorobenzene reacts to form 1,2,3,4-TeCB and 1,2,3,5-
TeCB, and the end product is 1,2,4-TCB. No other chlorobenzenes have been observed by Shih et al.
(2009). In a later study, the authors have shown the production of three tetrachlorobenzene isomers, i.e.
1,2,3,4-TeCB, 1,2,3,5-TeCB and 1,2,4,5-TeCB, two trichlorobenzene isomers, i.e. 1,2,3-TCB and 1,2,4-
TCB, and the end product is 1,2-DCB (Shih et al. 2011b).

The nature of the catalyst on bimetallic particles has an effect on the byproduct distribution. With Ag/Fe
particles, the main dechlorination pathway is the formation of 1,2,4,5-TeCB and 1,2,4-TCB (Xu and
Zhang 2000; Nie et al. 2013). With Pd/Fe particles, results obtained by Shih et al. (2009) have shown the
production of the three tetrachlorobenzene isomers, 1,2,4-TCB and 1,3,5-TCB, and 1,4-DCB, as end
products. With Cu/Fe particles, Zhu et al. (2010) have observed the formation of PeCB, the three TeCB
isomers, 1,2,3-TCB and 1,2,4-TCD, and 1,2-DBC as end products, without selectivity via a stepwise
process.
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Figure 6.4. Reductive dechlorination pathways of HCB by ZVI. The main dechlorination pathway is influenced by the type of
the catalyst metal on iron surface.

Carbon tetrachloride undergoes successive hydrogenolysis via a direct electron transfer mechanism,
leading to the formation of chloroform, dichloromethane and methane (Song and Carraway 2006).
McCormick and Adriaens (2004) have also observed two other pathways, leading to the formation of CO
and methane with the formation of chlorocarbene intermediates. Dichloromethane reacts very slowly with
traditional iron particles, and tends to accumulate (Gillham and O’Hannesin 1994; Matheson and
Tratnyek 1994). The simultaneous production of dichloromethane and methane can be interpreted by
concerted reductive elimination steps involving carbine and charged radical species (Song and Carraway
2006). As for chlorinated ethanes and ethylenes, a complete dechlorination and a higher yield of methane
is obtained with reduction by Pd/Fe bimetallic particles (Muftikian et al. 1995; Lien and Zhang 1999).
Coupling reactions of two trichloromethyl radicals in HCA are also referenced (He et al. 2015).
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3.6. Influence of operating conditions and solution geochemistry

Besides iron intrinsic characteristics, the operating conditions and the solution chemistry are major
influencing factors for ZVI reactivity and mobility (Sun et al. 2016). All these factors can affect COCs
degradation rates, especially pH, temperature, the use of surfactant and the medium composition.

3.6.1. pH

As indicated in Table 6.5, protons participate in the chemical reduction of COCs. The reaction rate is
generally higher at low pH, as the reaction is thermodynamically more favorable (Table 6.13).

The effect of pH can be different depending on the compound. Wang and Farrell (2003) have shown by
an electrochemical analysis that TCE dechlorination is 50 times higher when pH is lowered from 7 to 3,
but only 15 times greater for PCE dechlorination. As reduction with iron particles is a heterogeneous
reaction, this result can be attributed to both sorption and surface-reaction step. By electrochemical
impedance spectroscopy analysis, the authors have investigated the role of atomic hydrogen on PCE and
TCE reduction by using iron. Results suggest different reductive mechanisms: TCE reduction occurred
via atomic hydrogen at low pH and via direct electron transfer at neutral pH, whereas PCE reduction
occurred via direct electron transfer at low and neutral pH. Thereby, pH value has a greater impact on
TCE reduction at low pH. For carbon tetrachloride dechlorination, Jiao et al. (2009) have shown by an
electrochemical analysis that the lower the pH value, the faster the dechlorination reaction proceeds.

Later, Luo and Farrell (2013) have studied pH effects on PCE and TCE adsorption energies on iron by a
molecular mechanics simulation. A decrease in pH is characterized by a rise in the fractional atomic
hydrogen surface coverage, which leads to a decrease of potential energies of TCE and PCE complexes
with iron. As this phenomenon is more important for TCE complexes, the authors propose that the
complexation equilibrium constant of TCE is increased, resulting in the improvement of TCE
dechlorination rate.

Values of reduction constant rates of four COCs at different pH values (ranging from 1.7 to 13) are shown
in Table 6.13. For TCE, a decrease in pH from 8 to 1.7 results in a rate constant six times greater. It is
however important to note that the use of buffers can affect the reactivity of ZVI as the nature of the
buffer can affect the corrosion rate (He et al. 2018a; Qin et al. 2018b).

Using acidic conditions is also benefit as iron corrosion by-products are more soluble in water in these
conditions (Beverskog and Puigdomenech 1996), which can prevent the formation of passive layer at iron
surface (see Pourbaix diagram in Figure 6.1 B). Therefore, pH affects also the structural evolution of the
particles (Tang et al. 2017b).

For bimetallic particles, as the main degradation mechanism is hydrodechlorination, there is a relation
between pH and degradation. For TCE dechlorination, He and Zhao (2008) have shown that lowering the
pH from 9 to 6, the rate-determining step shift from iron corrosion to hydrodechlorination. Indeed, H,
production is more rapid in acidic conditions. However, some studies have shown that strongly acidic
conditions (pH < 3) are detrimental due to the more important iron corrosion, resulting in the
accumulation of H, bubbles, and the destabilization of the catalyst (Dong et al. 2011; Huang et al. 2016b).
The opposite observation was reported for TCE degradation with sulfidated particles, where the constant
rate increased from 0.104 h™' at pH 7 to 0.137 h™" at pH 9 (Rajajayavel and Ghoshal 2015). Hence, it is
suggested that sulfidated particles would be an efficient reagent for the remediation of groundwater at
near-neutral pH (Dong et al. 2018c; Gu et al. 2019).
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Table 6.13. Influence of initial pH on constant rate of reaction with ZVI1.

Reactant Pollutant pH k Reference
ZVI CT k Z_-gg lpSHij 14;)(2))20 (Matheson and Tratnyek 1994)
1.7 0.59 Lh'm?
3.8 0.044 L h'm?
ZV1 4.9 0.050 L h'm?
0.077 m2 g TCE 6.1 0.035 L h"' m> (Chen et al. 2001)
7.1 0.017 Lh'm?
8.0 0.009 L h'm?
V1 4.67 0.0798+0.0054 min™'
0.1582 2 &™) y-HCH 6.73 0.0125+0.0004 min’' (Wang et al. 2009c¢)
‘ & 830  0.00039+0.00004 min
3.2 0.12h"
5.1 0.088 h'!
-1
W7V 6.8 0.073 h_l .
(403 m2 ¢ HCB 9.2 0.052 h 1 (Shih et al. 2011b)
' 13.0 0.052 h

log k =-0.058 pH — 0.755
(3.2 <pH<9.3)

3.6.2. Temperature

Temperature is known to have an effect on many physical and chemical properties of COCs, such as their
solubility, Henry’s law constant, density, viscosity, or interfacial tension (Stephenson 1992; Sleep and Ma
1997; Heron et al. 1998; Knauss et al. 2000; Mackay et al. 2006; Chen et al. 2012; Rodrigues et al. 2017b;
Koproch et al. 2018), thus affecting their transport and fate processes. Temperature has also an effect on
chemical reactions. A phenomenological law has been proposed in 1889 by Arrhenius to establish the
relation between the constant rate k and the temperature 7 (K) (Eq. 6.54).

k = A e~Ea/RT (Eq. 6.54)

where A is the pre-exponential factor (unit of k), Ea is the energy activation (J mol™) and R is the
universal gas constant (J mol”" K™'). The Arrhenius equation is used to calculate activation energy of a
reaction, which represents the minimum energy required to result in a chemical reaction (effective shock
between molecules).

Values of reduction constant rates of reduction of four COCs at different temperature are shown in Table
6.14. For TCE reduction, a rise in the temperature from 10 to 55 °C increase the rate constant by a factor
of about 10.

Table 6.14. Influence of temperature on constant rate of reaction with ZVI-based systems.

Reactant Pollutant Temperature k Reference
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(°O
10 0.44410°Lh'm?
Fisher ZV£ TCE 25 1.102 10:2 L h:i mj
(0.091 m2 g™ 40 249410°Lh'm
55 4313 10‘33L h'! m'22
10 0.0289 10°Lh'm
Master Builder ZVI TCE 25 0.109 10° L h"' m?
(1.164 m2 g 40 0.156 10° Lh' m™
-3 -1 -2
? (5) 0961390%1 11%_31th_lr?n_2 (Su and Puls 1999)
Peerless ZVI 25 0.103 10° L h"' m?
i TCE PR
(0.699 m2 g™ 40 0.198 10°Lh'm
55 0.270 10° L h' m™
10 0.0016 10° L h' m™
Aldrich ZV1 25 0.0032 10° L h' m?
b TCE PR
(0.192m2 g 40 0.0063 10°Lh'm
55 0.01110°Lh'm?
15 0.011 h™
nZVI 25 0.023 h™!
(33.5+42m2 g PCE 40 0.064 b’
50 0.081 h .
5 140" (Lien and Zhang 2007)
Pd/Fe nanoparticles PCE 15 1.23h"
(33.5+42m2g") 25 2.07h’"
40 6.71 h’'
ZV1 powder 25 0.012540.0004 min':
(0.1582 m? g'l) v-HCH 35 0.014640.0006 min (Wang et al. 2009¢)
: 45 0.027140.0008 min™
5 0.050 h™!
( 4ogzrzzlg-1) HCB 25 0.075h™ (Shih et al. 2011b)
45 0.12h"

3.6.3. Surfactant

A surfactant is an amphiphilic compound, having both a hydrophilic and a lipophilic group in its
structure. Surfactants have a strong tendency to accumulate at the interface between two distinct phases,
causing alterations of interfacial properties according to the molecular structure, pH and temperature
(Rosen and Kunjappu 2012). When dissolved in water, surfactants adsorb to the different interfaces (air-
water, COC-water and solid-water) and reduce the interfacial tension. Once the interface is saturated, the
interfacial tension stabilizes at its minimal value. Thereafter, a spontaneous formation of an organized
structure in solution, called micelles, is observed for higher concentrations in surfactant, in order to
minimize the contact surface between water and lipophilic groups. Beyond this concentration called
critical micelle concentration (CMC), other physicochemical properties begin to change, such as
solubilization. Lipophilic compounds like COCs can then be trapped within the micelle, which will result
in the rise of the apparent solubility (sum of the free solute dissolved in water and trapped in the micelle)
(Jafvert 1994; Cho and Park 2006; Mao et al. 2015).
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Surfactants are generally categorized into two large groups: ionic (cationic or anionic) and neutral
(nonionic or zwitterionic) surfactants. Table 6.15 lists the main surfactants used for the enhancement of
the remediation of COCs.

Table 6.15. List of surfactants frequently used for the enhancement of COCs remediation.

Name Formula Type (@ 111‘1401_1) ((1:111\1/{;
Brij30 CH;(CH,),;(OCH,CH,),OH Nonionic 362.6 0.035
Brij35 CH;(CH,),(OCH,CH,),;OH Nonionic 1199.6 0.090
Brij36 CH;(CH,)(OCH,CH,),(OH Nonionic 626.9 0.20
Brij56 CH;(CH,)5(OCH,CH,),(OH Nonionic 683.0 0.023
Brij97 CH;(CH,);7(OCH,CH,),(OH Nonionic 711.0 0.35
CPC C, H;3sNCl1 Cationic 340.0 0.90
CTAB (C16H33)N(CH3)3BI Cationic 364.5 0.92-1.00
DPC C,7H;,NCl1 Cationic 283.9 1.63
DTAC C,sH;,NCl1 Cationic 263.9 20
HDTMA CH3(CH2)15N(CH3)3+ Cationic 284.6 09
SDBS C12H25C6H4SO3N3 Anionic 348.5 1.5
SDS C,,H,5SO4Na Anionic 288.4 8.2
Triton X-100 CgH,,CsH4+(OCH,CH,),OH Nonionic 602.8-646.9 0.22-0.24
Tween 80 CesH 24006 Nonionic 1309.7 0.012

Brij30 = PEO(4) lauryl ether, Brij35 = PEO(23) lauryl ether, Brij36 = PEO(10) lauryl ether, Brij56 = PEO(10) cetyl ether, Brij97 = PEO(10)
oleyl ether, CPC = cetyl pyridium chloride, CTAB = cetyl trimetyl ammonium bromide, DPC = 1-dodecylpyridinium chloride, DTAC =
dodecyl trimethyl ammonium chloride, HDTMA = hexadecyltrimethylammonium, SDBS = sodium dodecyl benzene sulfonate, SDS =
sodium dodecyl sulfate.

It is worth mentioning that the presence of iron particles causes the appearance of a solid-liquid interface
on which surfactants can adsorb, leading to modification of iron surface properties. A thin and compact
shell of surfactants can be observed on the surface of the particles (Soukupova et al. 2015). Therefore, a
number of processes may be affected, e.g. nanoparticle aggregation, mass transport and sorption.

Loraine (2001) has pointed out that concentration of SDS and Triton X-100 (TX-100) surfactants above
their respective CMC decreased PCE and TCE surface concentration on iron, due to the increase of
solubilization in the micelles. The presence of SDS at concentrations less than its CMC had no impact on
PCE and TCE reduction rates. TX-100 can increase PCE removal while TCE removal was not affected.
The author suggests that TX-100 may act as a hydrogen donor to favor hydrogenolysis pathway, which is
more important for PCE reduction than for TCE reduction (Arnold et al. 1999).

Cho and Park (2006) have observed that PCE dechlorination rates by ZVI increased with nonionic TX-
100 and cationic HDTMA surfactants at one-half and two times their respective CMC, thanks to a
stronger affinity between PCE and the modified hydrophobic surface of iron particles. PCE removal was
higher with anionic SDBS surfactant, but the enhancement was attributed to an increase of sorption on
iron instead of effective chemical reduction.

Harendra and Vipulanandan (2008, 2011) have studied the dechlorination of PCE solubilized in different
surfactants by Ni/Fe particles (200 g L™). The authors have shown that more than 500 mg L' of PCE can
be completely degraded in less than 3 h with a biosurfactant (UH-surfactant, 3.2 g L") and in less than 9 h
with CTAB (2.8 g LY. Degradation with SDS (3.5 g L") and TX-100 (1.5 g LY is incomplete even after
more than 15 h. Reactions are pseudo-first order, except with TX-100 (1.93) and UH-biosurfactant (1.8).
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Shin et al. (2008) have shown that cationic surfactants CTAB, PCP and CPC enhanced TCE reduction by
ZV1 at concentration lower than their respective CMC. Nonionic surfactants Brij30, Brij35, Brij36, Brij56
and Brij97, and anionic surfactant SDS inhibited degradation. The authors claim that cationic surfactants
enhanced TCE adsorption on iron due to the electrostatic interactions between electronegative chlorine
group and positive head group of the surfactant. For in sifu application, low amounts of cationic
surfactants have to be used, as they can potentially contaminate groundwater.

Zhang et al. (2011) have studied the degradation of soil-sorbed TCE by Pd/Fe nanoparticles stabilized
with carboxymethyl cellulose with cationic HDTMA, nonionic Tween 80 surfactants and anionic SDS
surfactants. They concluded that both the type of surfactant and soil characteristics had a strong impact on
degradation rates. For a soil with a high organic matter content, degradation rates are strongly limited by
desorption kinetics. The authors have shown that SDS is more effective for TCE desorption and
degradation in water, both at and above its CMC. However, inhibitory effects were observed for cationic
and nonionic surfactants.

Reduction of chlorinated benzenes in presence of surfactant has been studied. Nie et al. (2012) have
shown that HCB dechlorination with bimetallic Ag/Fe particles (dechlorination rate of 59.5% after 20
minutes without surfactant) is clearly promoted by the nonionic surfactant TX-100, with a dechlorination
rate improved to 94.1% with 20 mg L' TX-100, and 98.5% with 100 mg L' TX-100. Cationic surfactant
hexadecylpyridinium bromide hydrate (HBH) has to be used at low concentrations, with an increase to
88.6% at 20 mg L' HBH, but the rate decreases with increasing the concentration beyond 50 mg L',
showing an inhibitory effect when 400 mg L' were added (41.3% of dechlorination). With anionic
surfactant SDBS, the rate increased with increasing the concentration, and the dechlorination rate reached
91.7% with 400 mg L' SDBS.

Zheng et al. (2009) have shown that TX-100 also improved HCB dechlorination with Cu/Fe
microparticles, especially due to the improvement of HCB mass transfer. Yuan et al. (2010) have shown
that the dechlorination rate of chlorinated benzenes with TX-100 and cationic myristylpyridinium
bromide (MPB) increased with increasing hydrophobicity (nc > 4), due to the hydrophobic-hydrophilic
variation at the surface of Cu/Fe particles. In field experiment, the dechlorination rate with surfactant is
however impacted by the presence of organic matter (humic acid) and corrosion inhibitors (Otto et al.
2003; Yuan et al. 2010b).

It is also possible to combine the use of anionic and nonionic surfactants to obtain synergetic effects for
the desorption, solubilization and the chemical reduction of COCs by ZVI-based particles (Yang et al.
2005; Zhao et al. 2006; Wu et al. 2017, 2018).

3.6.4. Medium composition

The presence of ionic species affects the ionic strength of a solution, as well as the various interactions.
Oleszek-Kudlak et al. (2004) have studied the influence of sodium chloride NaCl, potassium chloride KCl
and calcium chloride CaCl, on HCB aqueous solubility at 25 °C and observed a decrease in solubility
with salt addition. This phenomenon is known as the salting-out effect and depends on the electrolyte
valence. Setschenow equation (Eq. 6.55) gives the solubility of the nonelectrolyte in an aqueous salt
solution:

log (STW) = ks Cs (Eq. 6.55)
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where sy is its solubility in pure water, s its solubility in the salt solution of concentration Cs (mol L)
and ks is the salting coefficient (L mol ™).

The mobility of surface-modified nZVI particles is impacted by the ionic strength and the medium
composition (Saleh et al. 2008; Laumann et al. 2013). Iron reactivity is also impacted by the presence of
dissolved ionic compounds (Table 6.16), mainly because of the change in iron corrosion rates and
pathways (Pullin et al. 2017a; Velimirovic et al. 2018).

Table 6.16. Degradation rate constants and efficiencies of HCB by nZVI particles various electrolytes (from Su et al. 2012).

Salts Concentration k Degradation efficiency
(mM) (h) after 72 h (%)

Without salts 0 0.075 39
0.8 0.076 42
NaHCO; 7.7 0.076 42
0.8 0.060 39
NaNO; 7.7 0.050 30
0.8 0.081 41
NaCl 3.8 0.107 48
7.7 0.170 67
0.8 0.078 43
Na,SO, 3.8 0.081 50
7.7 0.087 58
0.8 0.076 42
MgS0, 7.7 0.089 59
0.8 0.073 37
FeS0, 7.7 0.071 28
0.8 0.257 89
CuSO, 7.7 0.298 100

The presence of aqueous silica can decrease the corrosion of iron particles due to the formation of Si
surface complexation (Rushing et al. 2003; Keith et al. 2005). The presence of bicarbonate ions has
shown no significant effect on the dechlorination of HCB (Su et al. 2012) and 1,1,1-TCA (Li et al.
2017a). However, Bi et al. (2009) have demonstrated that bicarbonate can either be beneficial or inhibitor
— depending on its concentration — on the degradation of 4-chloronitrobenzene and 4-chloraniline by
granular iron. The presence of nitrate and hexavalent chromium could affect the reactivity of ZVI
particles towards COCs (Schlicker et al. 2000; Su et al. 2012; Kaifas et al. 2014; Li et al. 2017a), causing
a side reaction which generates competitive reaction and the formation of passivating precipitate layers y-
Fe,O; instead of non-passivating Fe(ILIII) oxide Fe;O4 (Egs. 6.56-59). It has been shown that the
presence of Cr(VI) as a co-contaminant will dramatically inhibit the electron efficiency of COCs
dechlorination, e.g. TCE dechlorination, due to the formation of a Fe/Cr hydroxides passive layer (Lu et
al. 2012; Zou et al. 2019).

2Cr0%~ +2Fe’ +4H* - yFe,03 + Cr,03 + 2 H,0 (Eq. 6.56)
2 Cr0Z~ + 2 Fe® + 4 H* - y Fe,04 + Cr,05 + 2 H,0 (Eq. 6.57)
3NO3 + 8Fe® + 6 H + 3 H,0 — 4y Fe,05 + 3 NH} (Eq. 6.58)
NO3 + 8 Fe;0, + 2 H* + H,0 - 12y Fe,05 + 3 NH} (Eq. 6.59)
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The presence of sulfate and chloride ions is beneficial to iron corrosion, due to the formation of new
reactive sites or the regeneration of passivated sites (Lipczynska-Kochany et al. 1994; Dominguez et al.
2016). However, Lu et al. (2006) have reported an inhibitory effect of chloride ions for HCB degradation,
with only 65% of HCB reduced for 0.42 M of CI', and 40% for 0.84 M of CI', compared to a complete
dechlorination of HCB in 3 h without chloride ions. Adsorption on the surface can occur with high
concentration (> 3 g L") of NaCl, which can inhibit the remediation process (Hwang et al. 2015). In
addition, in excessive presence of Fe** and CI' (C > 1 mol L"), akaganéite B-FeOOH can be formed
preferentially on the surface of the particles (Rémazeilles and Refait 2007).

Depending on the standard potential of metal cations relative to iron, different observations on the
reactivity of ZVI particles have been reported, such as diffusion, encapsulation, sorption and/or reduction
at iron surface (Li and Zhang 2007; Zou et al. 2016; Li et al. 2017c; Ling et al. 2017). Sorption and
formation of surface-complex occur for metal cations with a close or more negative standard potential
than that of iron, such as Ba®*, Cd**, Cs* or Zn®*, whereas adsorption and reduction occur for metal
cations with a higher potential, such as Ag*, Ni**, Cu** or Hg**. For metal cations with a slightly more
positive potential, a combination of adsorption and reduction is reported. Magnesium and sodium ions
have no effect on iron reactivity as their standard potential is lower than that of iron (Su et al. 2012).
Copper and nickel ions enhance rate constants and degradation efficiencies due to solid materials deposit
that enhance reactivity (Schrick et al. 2002; Lien et al. 2007; Zheng et al. 2009; Zhu et al. 2010). The
effect is more important in the presence of Ni** thanks to the catalytic production of atomic hydrogen H"
on the reduced-Ni on ZVI surface (Dries et al. 2005; Doong and Lai 2006; Shih et al. 2011a; Wu et al.
2015). Chen et al. (2016) have observed that HCB removal by iron particles on activated carbon support
was enhanced in presence of ions that facilitate iron corrosion, such as bicarbonate, chloride, ferrous and
copper ions.

In addition to ionic species, natural organic matter (NOM) occurring in soils and groundwater is known to
influence the chemical degradation by ZVI, in terms of enhancement of solubilization, sorption and
electron transfer (Chiou et al. 1987; Weber 1996; Watanabe et al. 2009; Louie et al. 2016). Tratnyek et al.
(2001) have shown that the reduction of TCE and carbon tetrachloride by ZVI was inhibited by NOM
(Ogeechee HA, Coal Creek HA and OGI Soil HA at 5 mg L™ each) due to competitive adsorption on iron
surface, but the presence of quinone compounds (juglone and AQDS) increased the reduction rate due to
mediated electron-transfer. However, they suggest that the effects will not be much significant in field
applications as the observed effects were low in laboratory experiments. Doong and Lai (2005) have
shown that low concentration of humic acids (< 50 mg L") decrease PCE dechlorination rate by Pd/Fe
particles; normalized constant rates of dechlorination decrease from 33.47 L m™h™' without humic acid to
1686 L m”°h" at 5mg L' and 1.69 L m”h™ at 50 mg L™ of humic acid. Similar observations for 1,1,1-
TCA degradation by biochar supported Ni/Fe nanoparticles were reported, with the inhibitory effect
explained by the adsorption of humic acid on active surface site (Li et al. 2017a). Doong and Lai (2006)
have also studied the effect of metal ions in the absence and the presence of humic acid, with a decrease
of constant rates in the presence of humic acid (Table 6.17). Generally, the presence of macromolecules,
which are abundant in the subsurface, results in a decrease in iron reactivity due to the blocking of
reactive site through adsorption, complexation or a combination of both (Bhattacharjee et al. 2016;
Bhattacharjee and Ghoshal 2018b).
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Table 6.17. Dechlorination rate constants of PCE by ZVI in the presence of divalent metal and humic acid
(from Doong and Lai 2006).

System Without humic acid With humic acid
y Kops (™) ksa (L m™h™) Kops (™) ksy (L m?h)
ZVI 9.6(x1.7)10° 343 (x0.61)10° 1.5(x0.06)10°  0.54 (+0.02) 10”

ZVI + Cu(Il) 229 (6.5 107 824 (x232)10°  48(0.7)10°  1.71 (x0.25) 107

ZV1 + Co(II) 167 (£3.5)10° 596 (£1.23)10°  6.1(x0.6)10°  2.15(x0.22) 10°

ZVI + Ni(ID) 809 (+ 16) 10™ 289 (+ 6) 10~ 256 (+41) 10™ 91 (+ 16) 10~
Porphyrins that are naturally produced in subsurface, such as vitamin B, (cobalamine), are good catalysts
for the reductive dechlorination of COCs, and work as electron transfer mediators in the presence of an
electron donor. If titanium(III) citrate is generally used as the reductant (Burris et al. 1996, 1998; Glod et
al. 1997; Dror and Schlautman 2004), an enhanced reductive dechlorination by nZVI particles with
vitamin B, is also observed (Amir and Lee 2011). Hence, the addition of vitamin B}, model compounds
(cobaloximes) has been proposed for COCs catalytic degradation (McCauley et al. 2002; Pizarro et al.
2018).

4. Injection of reductants

In situ chemical reduction efficiency is highly dependent on the intimate contact between contaminants
and reductant (Noubactep et al. 2012). The injection method of reductant is therefore a decisive factor of
treatment (Comba et al. 2011b). The selection of injection method depends on the selected reductant.
Indeed, reductant can be in liquid (sodium dithionite), pure phase (edible oils), emulsion and foam
(calcium polysulfide), gas (hydrogen) or particulate form (zero-valent iron). Thus, injection methods are
fundamentally different (Tratnyek et al. 2014).

4.1. Injection of dissolved reductants

For moderately permeable phreatic zone, dissolved reductant injection can be performed without major
difficulties via conventional injection wells, involving the extraction of contaminated water and the
replacement by clean water (McCarty 2010). Flow rates and injection pressures are calculated from the
hydraulic flow rate of groundwater, the concentrations to be achieved (determined by the stoichiometry),
natural reductant demand (NRD) and contact time (determined by degradation kinetics).

For high hydraulic conductivity, contact time between pollutant and reductant may not be sufficient. In
this case, it is possible to pump the water downstream and re-inject it upstream (recirculation or
injection/extraction “push-pull”’) (Hyman and Dupont 2001; FRTR 2007; Colombano et al. 2010).

Injection of reducing agents (Fig. 6.5) may be improved by hydraulic and pneumatic fracturing or by in
situ soil mixing in the case of permeable zone (Brown 2010). Fracturing consists of injecting air or water
at high pressure in order to improve permeability (Tratnyek et al. 2014). Deep soil mixing involves
reductant injections via hollow augers for an in sifu mechanical mixing with soil, thereby generating
attrition, expansion and unclogging phenomena (Olson et al. 2012).

4.2. Injection of gases

Gas injection can be accomplished by in sifu sparging. It is recommended to use hollow-fiber membranes
to reduce as much as possible the size of the bubbles and the contact surfaces, hence promoting
dissolution of reductive gases (Leeson et al. 2002; Johnson and Johnson 2012).
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4.3. Injection of particular solids

Zero-valent iron particles are primarily injected using aqueous suspensions, under gravity feed or
pressurized conditions (e.g. direct push, controlled-pressure delivery). Generally, the particle
concentration in the slurry ranged from 1 to 30 g L' (Mueller et al. 2012); it is recommended to use a
concentration higher than 5 g L™ to improve the efficiency (Kim et al. 2017b).

The injection of nZVI particles can be problematic. Indeed, particles may agglomerate, settle on the solid
matrix and create clogging (Phenrat et al. 2007, 2010). Therefore, iron transport distances are relatively
small, a few meters at most (Bennett et al. 2010; Johnson et al. 2013). To increase these distances,
vectorization of nZVI particles can be promoted by coated polymers (Phenrat et al. 2008, 2009a; Kaifas
2014), and delivery of non-aqueous phase liquids, emulsion and foam (Wang and Mulligan 2004; Quinn
et al. 2005; Berge and Ramsburg 2009; Shen et al. 2011). The main difficulty concerning the use of iron
particles is related to the creation of a homogeneous reactive zone. Generally, the design of a pilot test
delivery is the result of a compromise among several needs, especially the reactivity, the slurring
viscosity, the discharge rate and the monitoring setup (Luna et al. 2015).

The injection of nZVI is governed by Darcy’s Law, and the maximum distance traveled (r,x) can be
predicted by using Eq. 6.60:

|4
Tmax = hnR

+12o (Eq. 6.60)

where V is the volume injected, b is the aquifer thickness, 7 is the effective porosity, R is the retardation
factor and ry.; is the radius of the well (Bennett et al. 2010). However, there is still a lack in
comprehensive numerical model to predict the transport and remediation associated with nZVI particles.
Currently, only a few comprehensive numerical models has been developed (Tosco and Sethi 2010; O
’Carroll et al. 2013; Tosco et al. 2014a; Chowdhury et al. 2015; Bianco et al. 2016; Babakhani et al. 2017
Tsakiroglou et al. 2018), and the main model to predict nanoparticle transport and remediation is based on
the colloid filtration theory (CFT) (Krol et al. 2013), which is incorporated into the advection-dispersion
equation:

ac _9°C  aC
ot “Haxz” Yo

where C is the content in nZVI in the solution (g m™), Dy is the hydrodynamic dispersion (m2 s), Vp 18

— K€ (Eq. 6.61)

the pore water velocity (m s‘l), t is the time (s), and K, is the rate at which nZVI is deposited on available
collector sites (s™).

3(1 - 6w)
2 ds

where ds, is the median collector grain size (m), 6, is the volumetric water content, 7, is the theoretical
collision efficiency and « is the sticking efficiency, calculated as:

Katt = aT]OUp (Eq 662)

2 de C
——— " In(=—
3(1—0)Ln, C,

where L is the length of porous media (m), and C/Cj is the maximum normalized effluent concentration.

a= ) (Eq. 6.63)

Other models incorporate a Langmuir-type adsorption isotherm in the traditional advection-dispersion
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equation (Zhang et al. 2017). It is also important to note that in porous media, the mobility of iron
particles can be affected by the presence of biofilm (Basnet et al. 2016; Crampon et al. 2018).
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Figure 6.5. Schematic illustration of in situ chemical reduction (a) with traditional injection, (b) with recirculation system and (c)
with deep soil mixing (adapted from Colombano et al. 2010).
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All the previous sections in this chapter have highlighted the factors to be taken into account in order to
ensure the proper functioning of chemical reduction for in situ application, from the main properties of
COCs to the kinetics and degradation pathways, with the influence of physicochemical parameters.
Geological and hydrogeological characteristics are also important but are very specific to each polluted
site.

5. Case study

At every site where COCs has contaminated the local groundwater, there are two principal components to
the problem: a subsurface source of residual or mobile DNAPL, and an associated dissolved-phase plume
in groundwater (McCarty 2010; Kueper et al. 2014; Suchomel et al. 2014). Most of the contaminant mass
is in the source zone, although the plume usually occupies a much larger volume of the subsurface. The
COCs phase in the vadose and groundwater zones often contains sufficient chemical mass to cause
dissolved plumes to persist for centuries (Pankow and Cherry 1996). Remediation of COCs sources can
generally be removed at high percentage (McCarty 2010), essentially, where COCs sources residuals are
situated above the water table; in low-permeability soils, remediation strategies are still challenging.
However, COCs remediation of the dissolved-phase plume is still under investigation probably because of
the plume lengths, the heterogeneity of the groundwater contaminated zones, the wide range of the
metabolite concentration as well as the lack/effectiveness/cost of monitoring.

We will present hereafter a demonstration/development of field application of ISCR on plume treatment
using two strong reducing agents separately — sodium dithionite (DT) and zero-valent iron nanoparticles
(nZVI) — and together as a combination of the two (Betelu and Ignatiadis 2013; Noel et al. 2013;
Ignatiadis et al. 2014, 2015, 2016; Betelu et al. 2015). The depollution technique is called Reductive
Chemical DeChlorination (RCDC). This study was accomplished within the framework of
DECHLORED, a project partly financed by ADEME Eco-industries 2011 program. It aimed at
developing and evaluating/proving the efficiency of three defined emerging in situ RCDC process. For
this purpose, four key steps were identified: (i) define, at laboratory scale, the operating conditions for the
process application, (ii) determine performances, (iii) draw up the list of the equipment and the technical
conditions of in situ implementation and (iv) make a complete assessment of processes application.

A multiscale approach was thus used during development of the technology, ranging from bench-scale
laboratory tests using batches and columns as well as model molecules to full field-scale treatability tests.
Each successive scale experiment allowed the identification of the effects related to each scale; it also
enabled better design of the next larger scale experiment.

RCDC demonstration was performed in Néry-Saintines, 60, Oise, France, a large polluted area of more
than 1 km?. It is an old quarry, used as illegal waste deposit before 1978. The contaminated site was
carefully selected because it presented a well-documented pollution in a sandy aquifer of Cuisian period
with a majority of COCs and their metabolites provided by analyses since 1980. The use of state-of-the-
art database led us to design and implement the pilot (50 m width x 50 m length x 22-23 m depth). Data
provided by new physical and chemical monitoring in situ led us firstly to better understand the three-
dimensional dynamics of the chlorinated solvent plume in the selected zone as well as to illuminated
natural attenuation. It then led us to evaluate the efficiency of the three defined emerging in situ RCDC
process.
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5.1. Laboratory experiments

For laboratory experiments, performed by using bench-scale laboratory tests — mainly batches and
columns —, PCE was chosen as the target compound as it is one of the most widespread chlorinated
pollutants in groundwater.

First, batch experiments carried out in hermetically closed cells allowed the setting up of protocols
making it possible to study the feasibility of RDC for PCE. Tests were carried out using sodium dithionite
(Silex International, Engis, Belgium) and nZVI particles, NANOFER 25 and NANOFER 25S (aqueous
suspension of nZVI particles from NANO IRON s.r.o., Rajhrad, Czech Republic), while varying
operating parameters: nature and contents of reagents, temperature (from 12 to 25 °C), concentrations in
pollutants, reagent/pollutant molar ratios, treatment duration, physical and chemical parameters.

Columns experiments were then conducted in designed Kynar® columns (Fig. 6.6, height of 50 cm;
diameter of 15 cm) fully equipped with sophisticated systems for non-destructive monitoring of time
changing physical parameters and chemical compositions (Fig. 6.7). The entire system — filled with
reference sand from Fontainebleau, France, and with Cuisian sand from the selected polluted site — was
placed in air-conditioned cupboard under different operating conditions. Monitoring was complemented
by probes (temperature, pH, ORP, conductivity, dissolved oxygen). Gas chromatography (GC) led to
monitor PCE and its degradation products migration and dispersion over the entire columns. Ion
chromatography (IC) was used for the quantitation of CI at the column outputs to correlate RCDC.

Figure 6.6. Complete experimental device of percolation Figure 6.7. Setup and apparatuses for the monitoring of the
(feed bottles with reagents and pollutants, pumps, columns, physical and chemical parameters of the column output water
flow-through-system carrying the monitoring probes), placed and geophysical electrical measurements into the column
in air-conditioned cupboard. (and over the length of the column).

Results have shown the persistence of PCE in deionized water and allowed us to evaluate its solubility
(169 + 7 mg L at 12 °C). The association DT+nZVI was established to be more powerful than DT or
nZVI alone, probably due to a synergetic concerted mechanism. GC analyses suggested that the
combination DT+nZVI led to minimize the formation of chlorinated intermediate species, which

represents a significant advantage for in situ groundwater treatments.

Column experiments enabled us to:

e evaluate the applicability of the selected operating conditions close to those being able to be met
on the aquifers or soils;
e improve the understanding of reactant efficacy, and also their transformation and persistence;

e model these flow-through systems (1D or 2D column set up) by numerical modeling softwares
(PHREEQC® and MARTHE® reactive transport simulations).
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Results also recommended combining of geophysical measurements with electroanalytical measurements
to monitor RCDC process, to give an advantageous method for monitoring in sifu remediation.

5.2. In situ implementation

5.2.1. The large area

Fig. 6.8 shows the geographic location of the polluted site. It is a large area of more than 1 km? composed
of a network of 12 piezometers (Fig. 6.8a). The zone is constantly fed (open system) and the pollution
conveyed by the water table of Cuisian sands. A conceptual scheme of the polluted site as a large area is
given in Fig. 6.8b.

Pollution sotirce
Old quarry, used as illegal'Waste deposit before 1978

Pollution source (b)

. l Water circulation
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Figure 6.5. (a) Geographic location of the polluted site as a large area with the small area of the pilot implementation included
inside, with the distribution of some piezometers at different locations within the polluted area where sampling was carried out
for content analyses between 1999 and 2013. (b) Conceptual scheme of the polluted site.

Before RCDC implementation, the physical and chemical parameters of the groundwater of the polluted

site (i.e. the natural attenuation monitoring) were investigated:

e during 15 years (1999-2013) from several tens of piezometers (PZs) distributed in a large area of
more than 1 km2. This preliminary work enabled to choose the convenient emplacement of the
RCDC pilot.

e during 6 months (July-December, 2014) locally, from 12 piezometers, sampled at two depths (-10
and -20 m), in a smaller area (50 x 50 m?) where the pilot was implemented.
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The objective of this preliminary study was to (i) improve understanding on the mechanisms and kinetics
of the natural attenuation process that have occurred in the groundwater of this old polluted site, (ii)
evaluate if natural attenuation can or not be perceived as an attractive option and (iii) compare the two
processes, the natural attenuation and the forthcoming RCDC.

For both large and small areas, the analytical methodology is composed of:

e field measurements or analyses of the non-conservative parameters/species: pH, ORP,
temperature, conductivity, dissolved oxygen, and some ionic species such as chloride,
bicarbonate, dissolved iron, sulfide (present in deeper sediments), sulfate and phosphate ions;

e water sampling for the analysis in laboratory of the conservative elements: main and traces
elements, pollutants (COCs), and carbon source;

e GC for dissolved COCs, ion chromatography for CI” ion, potentiometric titration for alkalinity,
sulfide, and Merck kits.

5.2.2. Investigation of the natural attenuation in the large area

Using the network of 12 piezometers (localized in Fig 6.8a), intensive sampling was carried out by
ADEME for content analyses between 1999 and 2013. The results were investigated such as to select the
most appropriate location for the in sifu implementation of the RCDC pilot and to show the mechanism
and the limiting steps of the natural attenuation. Figures 6.9-12 show the spatiotemporal evolution of the
nature and abundance of chlorinated ethylenes in the groundwater. Other contaminants, not discussed
here, includes chloroethanes and chloromethanes.

Figure 6.9 presents the results of chloride analyses carried out in seven monitoring PZs on Néry-Saintines
site between 2000 and 2013. PZ F5 is located nearest to the contamination source area, while PZ14,
PZ13, PZ12, PZAC and R2 are located at the North of F5, in the tablecloth flow direction. The natural
geochemical chloride ion background in the aquifer water was measured as a reference value from a
drinkable water piezometer (AEP Néry), close to the site but not impacted by the pollution. This reference
average value is of 15 mg L. All CI" content measured in the PZs located in the North of the polluted site
were higher than the reference value, with variable chloride contents ranging between 30 and 340 mg L™,
according to the time and to the PZ position. Chloride ion is the principal produced component (evolution
from 20 mg L'ina non-impacted area to 300 mg L"), as well as bicarbonate (150 to 650 mg L™"). These
measurements are an evidence of the natural attenuation in the Cuisian sand aquifer.
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Figure 6.9. CI" concentration at locations within the area between 1999 and 2012. Chloride spatiotemporal content evolution at
some piezometers inside and outside the polluted zone. Piezometer AEP Néry is located close to the polluted site, but in a non-
impacted area.

Figure 6.10 presents the evolution of COCs concentration from piezometer F5 (upstream of the pilot
implementation) from 2000 to 2013. The occurrence of the five main pollutants confirmed the existence
of a natural attenuation between 2000 and 2012. PCE was degraded as its concentration decreased from
ca 3000 pg L™ in 2001 to 500 pug L™ in 2013. TCE concentration was constant from 2002 to 2008, and
then increased from 2009. 1,1-DCE was the most concentrated breakdown product, with an average
concentration of 6000 pg L™
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Figure 6.10. COCs content evolution at piezometer F5 inside the polluted zone between 2000 and 2013.
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Figure 6.11 presents the COCs content evolution at piezometer PZ14 from 2005 to 2013. The natural
attenuation of the plume in this direction was completely achieved before 2008.
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Figure 6.11. COCs content evolution at piezometer PZ14 inside the polluted zone between 2005 and 2013.

Figure 6.12 presents the COCs content evolution at piezometer PZ13 from 2005 to 2013. This
piezometer, located downstream from F5, showed elevated COCs concentrations breakdown products,
with the highest content recorded around spring 2008. PCE was quasi absent, while TCE content
remained lower than 10 ug L. Chloride ion content was variable, ca 150 mg L™, while remaining in the
range 100-200 mg L', This concentration, abnormally high for the Cuisian sandy aquifer, confirmed the
natural attenuation.
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Figure 6.12. COCs content evolution at piezometer PZ13 inside the polluted zone between 2005 and 2011.
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The processing of the ADEME database acquired from tens of piezometers during 13 years (2000-2013)
led field evidence on rates and limitations on natural attenuation, e.g. the existence of a slow natural
attenuation process in agreement with the sequential reductive dechlorination of PCE through TCE, cis-
DCE, VC and ethylene (Vogel and McCarty 1985; Freedman and Gossett 1989; de Bruin et al. 1992;
DiStefano et al. 1992; Maymo6-Gatell et al. 1995, 1999).

The presence of cis-1,2-DCE (up to 1700 ug L") clearly indicated the occurrence of reductive
dechlorination; the presence of VC showed that biodegradation resulted in an almost complete
dechlorination of PCE. Nevertheless, data exhibited high TCE concentrations in the groundwater — in the
range from 1500 to 4500 pg L, and up to 9000 pg L' —, demonstrating the significance of the
contamination and the low degradation rates.

Because the principal witness of COCs impact is piezometer F5, located downstream from the Western
zone of the old quarry, the pilot was implemented in a convenient location, in the direction of the water
flow, in parallel with the F5 piezometer, in a topographically accessible place to the installing and
handling the work apparatuses. Before any implementation of the network, geological and
hydrogeological investigations allowed dimensioning the pilot area, namely the small area.

5.2.3. The small area

The small area was implemented is a 50 m x 50 m zone (2500 m?, Fig. 6.13). A review of topographic
maps indicates that the site slopes gently northward with high bedrock ridges to the East. The ridge trends
in the North-South direction. The average ground surface elevation at the site is 45 m above sea level.
Locally, the site is underlain by very fine sand, between 10 and 15 m deep, silt, gravel, clays (Cuisian
sands), natural organic matter and other organic compounds, e.g. BTEX, methanol and ethanol. Coring
showed a roof of the Sparnacian clays in the range from 22.6 m to 23.1 m. Groundwater pumping tests in
wells were measured to characterize the groundwater flow. Results of these measurements indicated that
groundwater flows to the North-East, and the horizontal flow velocities were estimated to be higher than
40 cmd™,
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Figure 6.6. Localization and implementation of the demonstration site, with a 3D modeling of the topography.

A network of 12 piezometers (PZs) of an average depth of 22-23 m was installed in order to define the
initial conditions and later to perform and monitor the chemical treatment. They were disposed along a
transect intercepting perpendicularly to the polluted groundwater flow. Three of them, schemed in red in
Fig. 6.13, were designed as injection wells (I1, 12 and I3 in Figs. 6.14-6.15) and were equipped for
simultaneous injection over four different levels, from O to -25 m. The other nine PZs — respectively
distanced at 5, 10 and 25 m from the injection wells — were designed as monitoring wells (control
piezometers, cPZs) and fully equipped with probes (C11, C12, C13; C21, C22, C23; and C31, C32, C33
in Figs. 6.14-6.15).

The groundwater quality was carried out in depth between August 18 and August 21, 2014. Series of in
situ measurements and sampling were achieved in each PZ, at a high point (H) at -10 m depth and at a
low point (B) at -20 m depth. The sampling was carried out by the use of inflatable packers in order to
isolate a zone when the sampling is operated in the other point. This initial pollution state of the pilot
zone was carried out in order to be used as reference before any injection of reductant, for the comparison
of the total COCs content, as well as the nature, abundance and relative distribution of COCs within the
pilot area.

5.2.4. Investigation of the natural attenuation in the small area

Figures 6.14 and 6.15 summarize, in two dimensions, the physical and chemical parameters as well as the
COCs distribution in the groundwater of the small area.

58



Rodrigues et al. 2020 — v2.0 (March 2020)

2o [P S 1 - 35 25 m 25m[ B T3 — SiE) P
g
20m 20m 20m 20m 20m 120m
15m 15m 15m 15m 15m : :‘ 15m
10m 10m 10m 10m 0m C’) E 2l10m
5m 5m 5m 5m sm|© Hsm
Om om oL om om| 8 B -{om
Om 5m 10m 15m 20m 25m Om S5m 10m 15m 20m 25m Om 5m 10m 15m 20m 25m
pH, ranging from 7.1 to 7.4, with the = ORP, ranging from -200 to -340 mV vs Conductivity, ranging from 1.2 to 1.7
lowest values located at [tCOCs], ., Ag-AgCl, is proof of mild anaerobic media mS cm!, is correlated with [CI']
25m 25m 25m c23 C33] - : C13 25m 25m ;CS C33 7 ] ' T C13ﬁ 25m
20m 20m 20m 20m 20m | 420m
15m 15m 15 m | St . 15m 15m}| {15m
10m 10m 10 m | G2 10m 10m [ 2l 10m
5m 5m sm|ct 5m sm |© Ysm
Om Om om f ] [ om Om : : ‘ . : ‘ om
Om 5m 10m 15m 20m 25m Om 5m 10m 15m 20m 25m
[Fe?*], ranging from 2 to 10 mg L, [CI], ranging from 80 to 220 mg L-!, [HCO5], ranging from 480 to 630 mg L,

is proof of the biodegradation of organic

compounds

Figure 6.14. State of the site before treatment: Interpolation of the major physical and chemical parameters in the water sampled in the three injecting wells (I1, 12 and
13) at two levels (average value of -10 and -20 m) and in the monitoring wells (C11, C12, C13; C21, C22, C23; and C31, C32, C33) at two levels (average value of -10
and -20 m). The axes are in meters.

is proof of anaerobic media is proof of the natural attenuation

59




Rodrigues et al. 2020 — v2.0 (March 2020)

oo
o ol —— )
S N | U o 5.1 S g
20m N e =t Yo
0 “\ 5-9%% \ A |
—~ "‘ o ‘7 > = .s — o "' +
15m 60 1, Y, Aoiit 2014 - Haut - PCE - [
50 A I
10m
40 L
30 4 E
5m
20 - ¥
om J 10 e - A I
Om 5m 10m 15m 20m 25m 0 4 L ! A . =
. 1 632580 632600 632620 632640 632660 632680 ° 632‘580 632‘600 632‘620 632‘640 632‘660 632‘680
[tCOCs], ranging from 12 to 26 mg L', [tCOCs], ranging from 12 to 26 mg L', [PCE], ranging from 5 to 870 ug L,
with the highest content at the center at the level -20 m at the level -10 m
100 I“ I“ L 1 1 1 L 1 1 1 1 3 IOC 1 1 1 i ¥ 1 1 1 1 3 100 1 1 1 1 1 1
(W > E o &
90 90 4 L 90 4
80 80 ° 80 4 °
70 - 70 4 / 70 4
60 4 ol . 0l
50 4 50 4 50 4
40 40 20 4
30 4 30 4 30 4
20 20 4 20 4
10 4 10 10
0 0 0dl— : . y . - :
632580 632600 632620 632640 632660 632680 632580 632600 632620 632640 632660 632680 632580 632600 632620 632640 632660 632680

[TCE], ranging from 140 to 13000 ug L,
at the level -10 m

[cis-1,2-DCE], ranging from 250 to 7500
ug L1, at the level -10 m

[VC], ranging from 100 to 3700 ug L1, at
the level -10 m
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The area was selected such as to provide adequate coverage of the contamination for further
demonstration of the pilot efficiency. Results showed that the entire investigated area was
contaminated by COCs at all depth range. The highest concentrations of total COCs in groundwater
were detected in the upper zone of the future pilot (South-West). PCE and TCE were confirmed to be
the main pollutants of concern on the site. Their contents, ranging from 5 to 870 ug L™ for PCE and
from 140 to 13000 pug L™ for TCE, decreased sharply in the direction of the groundwater flow, due
supposedly to natural attenuation. This process is further supported by the presence of cis-1,2-DCE
and VC, for which the highest concentrations (up to 3700 ug L™ in PZ C23) were found at the North-
West, in the direction of the groundwater flow. In the area, pH was neutral in the range from 7.1 to
7.4, i.e. the optimal pH range for reductive biodechlorination (Aziz et al. 2013). Redox potential
ranged from -200 to -340 mV/Ag-AgCl, indicating mild anaerobic groundwater conditions and the
depletion of dissolved oxygen. In agreement with Pourbaix (1963), the redox potential decreases with
pH. Nevertheless, it decreased in the order of magnitude of 100 mV when the pH only varied in the
order of magnitude of 0.3 unit. The main results indicated that the lower the redox potential, the higher
the chloride content, the higher the conductivity, the lower the dissolved Fe®" content, and the higher
the alkalinity. Alkalinity reflects the buffering capacity of the aquifer. An increase in alkalinity in
association with a stable pH value indicate that the buffering capacity of the aquifer is sufficient to
neutralize the metabolic acids produced by the degradation of substrates. Here, the elevated alkalinity
values, ranging from 480 to 630 mg L™ at neutral pH, are the proof of the biodegradation of organic
compounds, e.g. natural organic matter (NOM) or additional anthropogenic contaminant such as
BTEX, which produce CO, that dissolves in HCO;" This result is therefore an indicator of a microbial
activity, for which the organic matter is the electron donor. The high alkalinity content in combination
with the facts that (i) mild redox potential were measured and (ii) no efficient reduction occurred, also
demonstrated that no methanogenesis was happening (Wiedemeier et al. 1998; Suthersan 2002). The
presence of dissolved Fe(Ill) demonstrated that sulfate reduction to sulfide (sulfanogenesis) was not
occurring, i.e. there was no precipitation of Fe(Il) in FeS.

The natural attenuation can be explained by (i) the presence of an indirect biologically mediated
process and (ii) the direct reductive dechlorination of COCs, which act as electron acceptors. The first
scenario involves a biologically mediated abiotic degradation (Scherer et al. 2014). Indeed, the
oxidation of organic matter can also be associated to the reduction of other electron acceptors than
COCs. Here, the presence of dissolved Fe** ranging from 2 to 10 mg L™ is an indicator of the presence
of iron-reducing bacteria (IRB) that use Fe(III) oxide-hydroxides as electron acceptors (Wiedemeier et
al. 1998, 1999). Fe(Il) species can reduce the aquifer minerals, e.g. magnetite and clays, and surface-
complexed Fe(Il) or metastable iron oxide-hydroxides can be responsible for the mediated abiotic
reductive dechlorination (Jeong et al. 2011). This hypothesis agrees with the decrease in Fe** content
observed in the North-West, in association with the decrease in PCE and TCE contents and the
increase in cis-1,2-DCE and VC contents. The second scenario requires the presence of specific
dehalorespiring bacteria strains that are effective for the degradation of chlorinated ethylenes. Those
microorganisms use the carbon substrate, or H, resulting from its fermentation, for COCs reductive
dechlorination in a sequential electron transfer (Stroo et al. 2014).

The synergy of the data collected is sufficient to document the occurrence of natural attenuation and
its level of occurrence. The sequential degradation of PCE to VC was observed inside the small area;
however, the complete reduction to ethylene is a slower process (Middeldorp et al. 1999), which can
explain the accumulation of VC in the upper part (PZs C23 and C33) of the pilot area.
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5.2.5. Synthesis on the natural attenuation and state of the two areas before treatment

The objective of the preliminary study regarding the large and the small areas was to improve the
understanding of the mechanisms and kinetics of natural attenuation occurring in the groundwater of
this aged polluted site. The pollution in the sandy aquifer (Cuisian period) stands today as a majority
of COCs, mainly chlorinated ethylenes. The data basis composed of geochemical analyses from this
site since 1999 was assessed.

The nature, abundance and relative distribution of COCs and their metabolites were measured, and
their spatiotemporal evolution were investigated and interpolated. Temperature, pH, redox potential,
conductivity, content in chloride, bicarbonate, dissolved iron, sulfate, phosphate and sulfide were
considered, interpolated and mapped. Thus, this study has shown the slow natural attenuation process,
its mechanisms (reduction pathways) and limiting steps (nature and abundance of metabolites).
Chloride ion was the principal produced component (evolution from 15 mg L™ in a near not impacted
zone to 340 mg L"), as well as bicarbonate (150 to 650 mg L) resulting from CO, dissolution after its
production by the biodegradation of organic compounds.

Within the future pilot zone, the total COCs content at this location was about 30 mg L. The weight
fractions of COCs were: 0.3-1.0% for PCE, 25-45% for TCE, 0.3-0.4% for trans-1,2-DCE, 0.5-15.0%
for cis,1,2-DCE, 40-50% for 1,1-DCE, 0.7-30.0% for VC, 0.8-1.3% for 1,1-DCA, 0.2-0.4% for DCM,
3.5-6.0% for TCM, and 0.3-0.4% for CT.

The existence of mild anaerobic conditions, the production of Fe(Il), the existence of a source of
fermentable substrates (organic matter as well as BTEX), and the high concentration of chloride ions
are among the qualitative indicators evidencing the natural attenuation of chlorinated solvents through
dehalorespiring bacteria and/or a biologically mediated abiotic dechlorination by Fe(II) species.

5.3. Treatment on the demonstration site

5.3.1. Treatment principle and calculation of reagent concentrations to be injected

The pilot demonstration aimed at investigating three different chemical treatments: (i) line 1 =
treatment with dithionite alone, (ii) line 2 = treatment with nZVI alone and (iii) line 3 = treatment with
dithionite + nZVI. The objective was to investigate, verify and consolidate the obtained results in
laboratory at a larger scale, in situ. The three treatment injections were thus sufficiently spaced in
space (13.5 m) and time (sequential treatment) to avoid any interactions between the reactive zones.

Reagents were injected into the sandy water table by means of the three different injection wells
(DCI1, DCI2 and DCI3) at four levels in each one. The sampling and the monitoring were carried out
thanks the other nine piezometers (DCC11, DCC12, DCC13; DCC21, DCC22, DCC23; and DCC31,
DCC32, DCC33) downstream from the injection wells (Fig. 6.16). They were equipped with
multiparametric probes which provided temperature, pH, redox potential and conductivity. Two zones
with strainers were separated by a full tube of 1 m length for sampling at two levels, top (H for
“Haut”, Top) and bottom (B for “Bas”, Bottom).
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Figure 6.16. Concept of the demonstration pilot on Néry-Saintines site.

The calculation of the concentration and the flow of the solutions to be injected were carried out
starting from the calculation of the pollutants mass throughput entering the system composing the pilot
zone. Water-table flow Q on the right of the pilot was deduced from Eq. 6.64:

Q=K.elL.i (Eq. 6.64)

where Q is the water-table flow (m’ s™), K is the permeability coefficient of the Cuisian sands
formation (m s™), e is the thickness of the saturated zone ranging between 20.40 m (injector DCI-2)
and 21.10 m (injector DCI-1) (m), L is the length of the orthogonal section to the flow direction (m,
see Fig. 6.17) and i is the gradient of average hydraulic load, estimated at 2.9%. The flow obtained lies
between 8.77 10 and 8.92 10* m’-s™", an annual throughput of about 27668 to 28135 m’.

0

Figure 6.17. Geometrical configuration of the treatment device. The frontage feed in pollutant of the pilot is calculated by
multiplication of the thickness e by the length of the frontage L.

Pollutant mass flow was calculated from Eq. 6.65:

q=0Q.C (Eq. 6.65)
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where ¢g is the pollutant mass flow (g h"), Q is the water-table flow (m’ h™) and C is the average
pollutant concentration (g m~). Thus, the value of pollutant mass flow obtained on the level of the
section to be treated was about 29 gh™.

Figure 6.18 presents the injection units of nZVI and DT. The necessary quantity of reagents was
calculated taking account of the pollutant mass flow as well as the efficient mass ratio
reactant/pollutant obtained during the preliminary tests in laboratory. The calculation methods are
confidential and are not presented here. The treatment duration was fixed at 62 days.

Figure 6.18. Injection units of nZVI (left) and DT (right), with automate.

5.3.2. Line 1: dithionite solution alone

Dithionite solution (150 g L']) was injected from May 18 to June 18, 2015, with an average flowrate of
36 L h™, diluted on line with fresh water to reach a flowrate of 200 L h™'. Thus, an average of 5.4 kg of
dithionite was injected each hour during one month at a constant flowrate of 200 L h'. The injection
took place simultaneously at four levels into DCII.

Evolution of the total content of COCs

The reduction percentage of the total content of COCs (tCOCs) obtained at two sampling levels (high
and low, H and B) of each control (DCCI1.1, DCC1.2, DCC1.3) compared to the initial results
obtained in August 2014 are presented in Fig. 6.19. The reduction rates are based on (i) the sampling
day, (ii) the distance of the control piezometer from the injector and (iii) the level (‘H’ or ‘B’).

The abatement percentage ranged from 0 to 90% in the area. DCC1.1, located at 5 m from the injector,
has the higher abatement, ranging from 55 to 90%. DCC1.2 and DCC1.3, located respectively at 10 m
and 25 m from DCI1, had lower abatement percentage, ranging from 6 to 44% for DCC1.2 and 0%
and 27% for DCC1.3. At the end of the treatment (i.e. July 8), the global impact appears insignificant
on the two cPZ, DCC1.2 and DCC1.3, whereas the strong reductive conditions were responsible for a
90% of the reduction percentage.
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Figure 6.19. Reduction percentage of total content of COCs compared to the reference of August 18, 2014, at the two
sampled levels of each control piezometer of the line 1.

Evolution of alkalinity expressed as bicarbonate and of chloride content

Table 6.18 presents alkalinity expressed as bicarbonate concentration and chloride concentration in the
sampled water at two levels (H and B) of each control piezometer of line 1.

Table 6.18. Alkalinity expressed as bicarbonate concentration (mg L) and chloride concentration (mg L") in the sampled
water at two levels (H and B) of each control piezometer of line 1.

Date Element DCI1IH DCI1B DCC1.1H DCC1.1B DCC1.2H DCC1.2B DCC1.3H DCC1.3B
Aug 18, Alkalinity  501.9 495.6 495.6 494.1 487.5 475.8 467.7 478.1
2014 Chloride 77.7 87 81.7 77 81.3 70 64.3 67.3
Jun 2, Alkalinity - - 556.5 571.1 512.5 519.9 458.8 463.7
2015 Chloride - - 106 142 82 88 70 108
Jun 22, Alkalinity - - 512.5 537 495.5 500.3 461.3 461.3
2015 Chloride - - 2500 500 276 270 76 66
Jul 8, Alkalinity - - > 2000 > 2000 540.9 543.8 457.9 451.5
2015 Chloride - - 500 500 104 102 70 80

Bicarbonate (HCOy), already rather high, marginally increased, except in DCC1.1H and B. This
increase was rather assigned to dithionite degradation products. Chloride content (Cl’), already rather
high in line 1 (compared to Néry drinking water), increased especially at the first two controls
(DCC1.1 and DCC1.2). It remains in the same order of magnitude in DCC1.3. As the increases were
mainly due to dithionite solutions, which contains chloride ions, the follow-up of CI can be used to
trace the dithionite arrival on the level of a cPZ. The acquired data clearly confirmed that dithionite
did not reached DCC1.3.

Evolution of TCE, cis-1,2-DCE, 1,1-DCE and VC content

Table 6.19 presents the individual evolutions of TCE, cis-1,2-DCE, 1,1-DCE and VC content in the
cPZs of line 1. In DCCI1.1, a decrease in the four compounds was observed between June 2 and July 8.
At both levels, an abatement of more than 80%, and up to 95%, for TCE, cis-1,2-DCE, 1,1-DCE and
VC, was obtained.
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Table 6.19. TCE, cis-1,2-DCE, 1,1-DCE and VC concentration (in pug LYY in the sampled water at two levels (H and B) of
each control piezometer of line 1.

Individual

Date CcoC DCI1H DCI1B DCC1l.1H DCC1.1B DCC1.2H DCC1.2B DCC1.3H DCC1.3B

TCE 5700 4200 6300 5700 4900 4800 1500 980

Aug 18, cis-1,2-DCE 220 260 80 120 54 180 3600 4100

2014 1,1-DCE 6000 4200 6100 5500 4900 4600 4200 4500
VC 130 110 100 110 120 150 840 800

TCE - - 4600 3800 4800 4400 1900 2700

Jun 2, cis-1,2-DCE - - 53 52 74 100 2300 1700

2015 1,1-DCE - - 3300 4000 3200 3100 1900 2000
vC - - 50 50 50 50 640 720

TCE - - 640 690 4800 4800 1500 1900

Jun 22, cis-1,2-DCE - - 7 8.2 75 100 2400 2000

2015 1,1-DCE - - 410 440 650 370 3300 2900
VvC - - 5 6.8 29 25 450 530

TCE - - 26 1100 3600 3600 1800 1600

Jul 8, cis-1,2-DCE - - 11 17 89 120 2600 3100

2015 1,1-DCE - - 370 500 5200 5200 5600 5300
VC - - 5 6.2 58 62 440 580

In DCC1.2, the reduction of the tCOCs was related to 1,1-DCE and, in a lesser extent, to VC, with an
abatement reaching 80-90% and 42-50%, respectively, between June 2 and June 22. From June 22,
TCE content was decreased by 25%. This phenomenon was accompanied by an increase in cis-1,2-
DCE content by 18-20%, of 1,1-DCE content by 700-1300% and of VC content by 100-150%. This
result highlights the rapid dechlorination rate of both TCE and cis-1,2-DCE by dithionite (both
undergo reductive dechlorination), while both 1,1-DCE and VC accumulated.

In DCC1.3, two different behaviors were observed depending on the sampling depth. At -10 m, TCE
and cis-1,2-DCE content remained unchanged, and only 1,1-DCE and VC appeared impacted. From
June 2 to July 8, 1,1-DCE content increased drastically whereas VC content decreased by 31%. At -20
m, TCE content decreased by 60%. In the same time, cis-1,2-DCE and 1,1-DCE content increased by
80 and 165%, respectively, while VC content decreased by 20%.

By limiting the comparison to the data of June 2 and July 8, 2015, results show that the use of
dithionite clearly decreased COCs content up to 100% in the first cPZ DCC1.1 “H” and “B”. These
results are in good agreement with those obtained at laboratory scale. They also highlight the
applicability of dithionite treatment, whose injection is facilitated in groundwater by using a soluble
reductant.

However, the lower abatement for TCE and cis-1,2-DCE and the accumulation of 1,1-DCE and VC
observed in DCC1.2 clearly shows a limitation in the treatment due to an insufficient dithionite
quantity (i.e. COCs reduction is effective when dithionite is abundant). This phenomenon can first be
explained by the dilution of dithionite by the widening of its plume, since the speed of water-table was
higher than 40 cm d”'. It is also explained by the oxidation of dithionite due to the presence of trace
elements, organic matter, clays and other contaminants in the ground. This hypothesis was straitened
by the strong reducing conditions that remained in DCC1.1 after the treatment (July 8), in agreement
with the redox potential (-650 mV/Ag-AgCl) and the high reductive percentage, and the insignificant
impact of the treatment in DCC1.3, because dithionite did not reach this cPZ.
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The later phenomenon agrees with the fact that only VC decrease in DCC1.3, essentially between June
2 and June 22. This highlights a temporary bio-oxidative process in agreement with the lack of the
reductive chemical treatment and the probable presence of very low dissolved oxygen content in the
groundwater (due to sampling and measurements). “Mild” oxidizing conditions (-175 mV/AgAgCl)
straitened that hypothesis, while neither pH (7.25) nor temperature (12.2 °C) did vary. Moreover,
aerobic and anaerobic oxidation mainly concerns VC (Hartmans and De Bont 1992; Bradley and
Chapelle 1996; Verce et al. 2000, 2001; Coleman et al. 2002; Danko et al. 2004; Elango et al. 2006;
Gossett 2010; Mattes et al. 2010).

This highly efficient metabolic process allows the microorganisms that carry it to integrate these
molecules into their metabolism to lead either to their use as a carbon source for the synthesis of more
complex molecules (anabolism), or to their use as a source of energy degrading them to CO,
(catabolism) (Mattes et al. 2010). Nevertheless, because (i) the removal of VC was not efficient (20%)
and (ii) TCE dechlorination pursued in agreement with the accumulation of the degradation products,
there was ample time for anaerobic reactions to proceed once the oxygen was consumed.
Dehalorespiration process is thus assumed to be responsible of TCE dechlorination between June 2
and July 8. Nevertheless, the increase in 1,1-DCE content remains questionable.

5.3.3. Line 2: nZVI alone

New and confidential injection techniques were used to inject nZVI particles at four levels in the
injection well DCI2. Injections were sequential (at each level) and continuous during a day per level
between March 19, 2015 and March 24, 2015, as follows:

e Level 1: March 19, 2015: injection of 1 canister of nZVI solution: water flowrate of 240 L
h™" and nZVI solution flowrate of 84 mL-min™"; i.e. continuously 16.8 mL of nZVI per liter
of water;

e Level 2: March 20, 2015: injection of 1 canister of nZVI solution: water flowrate of 237 L
h™' and nZVI solution flowrate of 84 mL-min™"; i.e. continuously 21.2 mL of nZVI per liter
of water;

e Level 3: March 23, 2015: injection of 1 canister of nZVI solution: water flowrate of 327 L
h™ and nZVI solution flowrate of 84 mL-min™"; i.e. continuously 15.4 mL of nZVI per liter
of water;

e Level 4: March 24, 2015: injection of 1 canister nZVI solution by using a suppressor.

The injection resulted in the installation of a vertical barrier limiting itself to injector DCI2 and its
immediate vicinity.

Evolution of the total content of COCs

Figure 6.20 presents the reduction percentage of tCOCs obtained at the two levels (H and B) of each
cPZ (DCC2.1, DCC2.2, DCC2.3), compared to the results achieved during the reference sampling of
August 2014. Let us consider that analyses were carried out three months after the first injection.
COCs abatements ranged between 5 and approximately 60% according to the sampling date, the cPZ
and the sampling level. In comparison, the abatements ranged only from 2 to 10% in laboratory batch
experiments.

Significant results in the range from 30 to 60% were obtained on June 2 for DCC2.2 and DCC2.3 and
on June 22 for DCC2.3, evidencing that the abatements were ascribable with the injection of nZVI
solutions. The progressive decrease in the abatements, as illustrated/highlighted for DCC2.2, is in
agreement with the relative loss in reactivity of iron particles.
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Figure 6.20. Reduction percentage of tCOCs compared to the reference of August 18, 2014, at the two levels of each control
piezometer of the line 2.

Evolution of alkalinity expressed as bicarbonate and of chloride content

Table 6.20 presents alkalinity expressed as bicarbonate concentration and chloride concentration in the
sampled water at two levels (H and B) of each control piezometer of line 2.

Table 6.20. Alkalinity expressed as bicarbonate concentration (mg L) and chloride concentration (mg L") in the sampled
water at two levels (H and B) of each control piezometer of line 2.

Date Element DCI2ZH DCI2B DCC2.1H DCC2.1B DCC2.2H DCC22B DCC23H DCC2.3B
Aug 18, Alkalinity  623.7 603.9 623.7 645.1 614.4 619.2 618.6 640.5
2014 Chloride  127.0 162.0 237 206 151 152.3 191 191.7
Jun 2, Alkalinity - - 615.1 627.3 615.1 595.5 576 549.2
2015 Chloride - - 182 226 128 146 136 124
Jun 22, Alkalinity - - 623.8 619.9 619.9 600.4 576 568.7
2015 Chloride - - 270 226 192 156 174 162
Jul 8, Alkalinity - - 616.3 611.4 613.3 600.4 574 562.6
2015 Chloride - - 248 240 194 168 176 170

In comparison with 2014, CI" content and alkalinity expressed by bicarbonate concentration remained
in the same order of magnitude whatever the PZ, the depth and the sampling date. These results
evidence that the injection of nZVI particles did not affect the natural attenuation that was occurring.

Evolution of TCE, cis-1,2-DCE, 1,1-DCE and VC content

Table 6.21 presents the individual evolution of TCE, cis-1,2-DCE, 1,1-DCE and VC concentration in
cPZs of line 2. The reduction of the tCOCs in DCC2.1 and DCC2.2 relates to TCE, cis-1,2-DCE and
1,1-DCE, with a relative increase in VC content. This shows the limitation of the treatment due to an
insufficiency in nZVI loading on DCC2.2 and DCC2.3 levels.
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Table 6.21. TCE, cis-1,2-DCE, 1,1-DCE and VC concentration (ug LY in the sampled water at two levels (H and B) of each
control piezometer of line 2.

Individual

Date CcOC DCI2H DCI2B DCC2.1H DCC21B DCC22H DCC22B DCC23H DCC2.3B

TCE 6400 6500 5400 5700 5300 3400 160 140
Aug 18, cis-1,2-DCE 1700 2300 2900 2600 3600 4800 5700 5400
2014 1,1-DCE 8700 9200 9200 9300 6400 6100 4300 4100
VC 100 140 180 180 280 320 3700 3600

TCE - - 4800 3900 300 230 140 125
Jun 2, cis-1,2-DCE - - 2400 2800 2900 3300 3100 3000
2015 1,1-DCE - - 9400 9100 2200 2300 2000 1950
vC - - 200 230 3500 4000 4100 4050

TCE - - 4600 3800 3400 3000 160 170
Jun 22, cis-1,2-DCE - - 3400 2800 2800 2500 2200 2700
2015 1,1-DCE - - 7800 7100 5600 4200 940 1000
vC - - 220 260 740 640 2400 2900

TCE - - 3500 3300 2500 3100 220 130
Jul 8, cis-1,2-DCE - - 3200 2900 3300 2500 3300 3400
2015 1,1-DCE - - 11000 1000 8100 8200 2300 2100
vC - - 210 200 1100 800 2800 3000

In DCC2.1, whatever the sample date or the depth, COCs content remained globally in the same order
of magnitude from August 2014 to July 2015. However, data presents some characteristics that have to
be discussed. From June 2 to July 8, TCE content decreased in the range from 15 to 27%. In the same
time, VC content remained in the same order of magnitude, whereas cis-1,2-DCE and 1,1-DCE
content increased up to 25% and 14%, respectively. Between June 2 and June 22, the slight decrease in
TCE content was accompanied by a slight enhancement of cis-1,2-DCE content. In the same time, a
slight decrease in 1,1-DCE content is accompanied by a slight increase in VC. Between June 22 and
July 8, the decrease in TCE and cis-1,2-DCE content was accompanied by the increase in 1,1-DCE
content, while VC content slightly decreased. These results tend to evidence the occurrence of
biological processes in agreement with the natural attenuation (Morrison and Murphy 2006). As
already discussed, the slight decrease in VC content between June 22 and July 8 could result from a
temporary bio-oxidative process due to the sampling and the measurements campaign. The pursuit of
TCE biodechlorination strengthened that anaerobic reactions continued after the consumption of
oxygen.

Regarding DCC2.2, only the data acquired in June 2 showed a practical interest. In comparison with
2014, results clearly evidenced treatment effect of nZVI. The drastic decrease observed for TCE, cis-
1,2-DCE and 1,1-DCE content, respectively up to 94%, 31% and 66%, resulted in the increase in VC
content up to 90%. Although the use of ZVI particles should result in VC circumvention (Arnold and
Roberts 2000), the progressive decrease in ZVI reactivity, associated with the growth and
transformation of the oxide shell, can lead to a change in the degradation pathways from p-elimination
to hydrogenolysis, in agreement with the accumulation of VC.

The treatment effect of nZVI particles was emphasized in DCC2.3 regarding the results acquired
between June 2 and June 22. From August 2014 to June 2, 2015, the use of nZVI particles resulted in
the drastic decrease in cis-1,2-DCE content (44-46%), 1,1-DCE content (52-53%) and, in a lesser
extent, in TCE content (10-13%), which was already rather low. In the same time, VC content only
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increased up to 11-13%. In comparison with the data obtained for DCC2.2, these results are in a better
agreement with the use of nZVI. They clearly evidenced that ZVI circumvented VC (Arnold and
Roberts 2000). In comparison with DCC2.2, these results can be explained by the rather low content
of TCE in the cPZ. Data acquired in June 22 clearly highlighted the results obtained on June 2. The
decrease in ZVI reactivity was nevertheless clearly evidenced versus time, from June 22 to July 8 with
a progressive increase in TCE content and its degradation products.

In comparison with the data acquired at laboratory scale, the use of nZVI resulted in higher reductions
(up to 60% versus 10% at laboratory scale). This result can be explained by a symbiosis between the
implementation of the reductive process and the natural attenuation occurring on site. This hypothesis
is supported by the results acquired for alkalinity, which remained in the same order of magnitude
versus time.

5.3.4. Line 3: nZVI and dithionite

New and confidential injection techniques have been used to inject sequentially nZVI at four levels
into DCI3:

e Level 1: April 2, 2015: injection of 1 canister of nZVI solution: water flowrate of 400 L h™
and nZVI solution flowrate of 84 mL min™; i.e., continuously 12.6 mL of nZVI per liter of
water;

e Level 2: April 3, 2015: injection of 1 canister of nZVI solution: water flowrate of 375 L h™'
and nZVI solution flowrate of 84 mL min™; i.e., continuously 13.44 mL of nZVI per liter of
water;

e Level 3: April 7, 2015: injection of 1 canister of nZVI solution: water flowrate of 321 L h
and nZVI solution flowrate of 84 mL min™; i.e., continuously 5.70 mL of nZVI per liter of
water;

o Level 4: April 9, 2015: injection of 1 canister nZVI solution.

During the period from May 18 to June 18, 2015, only dithionite was injected simultaneously at the
four levels as follows: injection at 20 L h™ of a 150 g L™ dithionite solution diluted on line to reach a
flowrate of 200 L h™' (an average of 3 kg of dithionite were injected each hour during 1 month with a
constant flowrate of 200 L h™).

Evolution of the total content of COCs (tCOCs)

Figure 6.21 presents the reduction percentage of tCOCs content obtained at the two levels (H and B)
of each cPZ (DCC3.1, DCC3.2, DCC3.3) of line 3 compared to the results obtained during the
reference sampling performed in August 2014. Let us recall that these reductions are first regarded as
ascribable to nZVI injection, and then supplemented by dithionite solution injections. Globally, the
results are in the same order of magnitude as those obtained by using dithionite solution alone,
although the tCOCs was two times higher.

COCs abatement percentages ranged between 10 and 85% according to the sampling period, the cPZ
(distance of this one from the injector DCI2) and the sampling level (H or B). The impact of the
treatment was obviously stronger on DCC3.1, located at 5 m from the injector DCI3, in which the
reductions reached 85%. The second and third cPZs presented lower reductions, ranging from 5 to
30% for DCC3.2 and 32% to 51% for DCC3.3.
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Figure 6.21. Reduction percentage of total COCs compared to the reference of August 18, 2014, at two levels of each control
piezometer of the line 3.

Evolution of alkalinity expressed as bicarbonate and of chloride content

Table 6.22 presents alkalinity expressed as bicarbonate concentration and chloride concentration in the
sampled water at two levels (H and B) of each control piezometer of line 3.

Table 6.22. Alkalinity expressed as bicarbonate concentration (mg L) and chloride concentration (mg L") in the sampled
water at two levels (H and B) of each control piezometer of line 3.

Date Element DCI3H DCI3B DCC3.1H DCC3.1B DCC3.2H DCC3.2B DCC3.3H DCC3.3B
Aug 18, Alkalinity 5784  582.6 587.1 598.6 614.6 625.3 635.2 621.1
2014 Chloride 99.3 251.3 179.7 188 229 222 216 225.3
Jun 2, Alkalinity - - 541.8 571.1 549.2 500.3 583.3 5199
2015 Chloride - - 178 308 274 222 128 194
Jun 22, Alkalinity - - 916.5 868.9 566.2 5614 571.1 547.9
2015 Chloride - - 500 500 338 378 166 260
Jul 8, Alkalinity - - 1198.4 1189.8 547.2 554 571.1 579.7
2015 Chloride - - 500 500 234 244 152 242

Alkalinity content expressed as bicarbonate concentration, already rather high in 2014 (around 600 mg
L"), slightly decreased, except in DCC3.1 H and B, where the increase was ascribable to the
degradation products of dithionite. This result is also supported by the increase in Cl° content in
DCC3.1. The data also indicated that dithionite did not reach DCC3.2 and DCC3.3; even if a slight
increase in Cl content was observed in DCC3.2, it was not related to an increase in alkalinity. As
previously mentioned, dithionite can be consumed by organic matter, clays and other trace elements in
presence. Here, dithionite can also reduce the passive layer on the surface of aged nZVI particles,
resulting in the rejuvenation of the particles (Xie and Cwiertny 2010).

Concerning the data acquired between June 2 and July 8, 2015, alkalinity and CI” content remained in
the same order of magnitude for DCC3.2 and 3.3. A slight increase in both parameters is nevertheless
of interest in DCC3.2, and in a lesser extent in DCC3.3. As dithionite did not reach DCC3.2,
dechlorination process downstream from the injection wells can thus be attributed to the previous
nZVI solution injections, natural attenuation or both.
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In agreement with the presence of iron-reducing bacteria (IRB) and dithionite, the reduction of Fe(IlI)
in Fe(II) species could have depassivate iron particles (Roden and Zachara 1996; Gerlach et al. 2000;
Williams et al. 2005), resulting in the reactivation of the particles for reductive dechlorination. This
process can be envisaged until the total depletion of nZVI particles.

Evolution of TCE, cis-1,2-DCE, 1,1-DCE and VC content

Table 6.23 presents the individual evolution of TCE, cis-1,2-DCE, 1,1-DCE and VC content in the
control piezometers of line 3.

Table 6.23. TCE, cis-1,2-DCE, 1,1-DCE and VC concentration (ug LY in the sampled water at two levels (H and B) of each
control piezometer of line 3.

Date In(gs(f;((l:ual DCI3H DCI3B DCC3.1H DCC3.1B DCC32H DCC3.2B DCC3.3H DCC3.3B

TCE 11000 11000 11000 12000 10500 11000 3600 4500
Aug 18, cis-1,2-DCE 66 490 450 410 2000 1300 7800 7800
2014 1,1-DCE 12000 12000 13000 12000 12700 13000 8200 9900
VC 68 130 110 120 150 150 2700 1900

TCE - - 8500 4000 9600 8800 350 420
Jun 2, cis-1,2-DCE - - 1300 2800 710 960 3900 3800
2015 1,1-DCE - - 12000 8000 13000 12000 4000 2600
VC - - 170 890 200 130 3600 4600

TCE - - 1900 2100 7800 7600 440 740

Jun 22, cis-1,2-DCE - - 180 220 950 1100 3700 3600
2015 1,1-DCE - - 1600 1800 8800 8400 3200 3400
VC - - 18 19 100 120 2500 2500

TCE - - 2600 2200 6900 6900 370 720

Jul 8, cis-1,2-DCE - - 160 190 1200 1200 4400 5900
2015 1,1-DCE - - 1500 950 13000 13000 4900 5800
VC - - 18 16 110 110 2900 3800

In DCC3.1, a decrease in all four compounds was observed between June 2 and July 8. At both levels,
TCE reached an abatement in the range from 45 and 70%. It reached 88-93% for cis-1,2-DCE, 88%
for 1,1-DCE and 90-100% for VC. Results showed that the use of dithionite in combination with nZVI
clearly decreased COCs content up to 100% in the first cPZ DCC1.1 “H” and “B”. In comparison, the
effective mixture of both reagents resulted in higher reductions at the laboratory scale. The difficulty
and problems encountered for the injection of nZVI particles clearly highlight the superiority of using
dithionite solution for in situ reductive dechlorination.

The observed behavior for DCC3.1 is clearly different for DCC3.2 and DCC3.3, evidencing that
dithionite did not reach either DCC3.2 or DCC3.3. In DCC3.2, two different behaviors were observed
versus time. Between June 2 and June 22, a slight but remarkable decrease was observed for TCE
content; reduction reached 14-19%, whereas it reached 9-12% between June 22 and July 8. In the
same time, cis-1,2-DCE increased in the range from 13 to 25% between June 2 and June 22, and from
8 to 20% between June 22 and July 8. Both results tended to evidence the occurrence of biological
processes occurring in DCC3.2; they highlight a slight increase of the biostimulation between June 2
and June 22. The same behavior as the one observed for TCE was observed for 1,1-DCE and VC. In
the first period, 1,1-DCE content decreased by 30-32% and VC content decreased up to 50%. In the
second period, VC remained in the same order of magnitude, whereas 1,1-DCE content increased by
47-54%.
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The same behavior was observed in DCC3, but in a lesser extent.

5.3.5. Case study synthesis

Within the pilot zone, the total COCs content was about 30 mg L. The weight fractions of COCs
were: 0.3-1.0% for PCE, 25-45% for TCE, 0.3-0.4% for trans-1,2-DCE, 0.5-15.0% for cis,1,2-DCE,
40-50% for 1,1-DCE, 0.7-30.0% for VC, 0.8-1.3% for 1,1-DCA, 0.2-0.4% for DCM, 3.5-6.0% for
TCM, and 0.3-0.4% for CT.

The existence of mild anaerobic conditions, the production and consumption of Fe(Il), the existence of
a source of fermentable substrates (organic matter as well as BTEX), and the high concentration of
chloride ions are among the qualitative indicators evidencing the natural attenuation of chlorinated
solvents through a biologically mediated abiotic dechlorination by Fe(II) species and dehalorespiring
bacteria.

Regarding the setting up for the reduction processes, it is to be highlighted that neither the digging of
the PZ in 2014 nor the involved reduction process implemented in 2015 disturbed the natural
attenuation.

Results show that insufficient dithionite quantity leads to the accumulation of 1,1-DCE and VC.
Conversely, efficient use of dithionite clearly decreased COCs content up to 100%. These results
agreed with those obtained at laboratory scale. They also highlighted the applicability of dithionite
treatment, whose injection is facilitated in groundwater by using a soluble reductant.

The use of nZVI particles resulted in higher abatements (up to 60%) in comparison with the data
obtained at laboratory scale (up to 10%). This result can be explained by a symbiosis between the
implementation of the reductive process and the natural attenuation, due to the release of hydrogen.
This hypothesis was supported by the results acquired for alkalinity, which remained in the same order
of magnitude versus time.

The combination of the use of dithionite and nZVI particles was able to decrease COCs content up to
100% but reductions rather reached 90%. This result was essentially attributed to the sequential
injection of nZVI and dithionite, which resulted in dithionite consumption for the rejuvenation of aged
nZVI particles. Consequently, dithionite did not reach the second cPZ. In comparison, the effective
mixture of both reagents resulted in higher reductions at the laboratory scale (almost 100%). The
difficulty and problems encountered for the injection of nZVI particles clearly highlight the superiority
of using dithionite solution for in situ reductive dechlorination.

6. Summary

Chlorinated organic compounds are widely used for their specific properties in many commercial
applications, and their physical and chemical properties determine their general behavior and fate as
pollutants. Understanding natural attenuation and COCs transport and fate processes is one of the first
steps in order to optimize chemical remediation contaminated groundwater.

Chemical reduction is an effective technique for the remediation of COCs in groundwater. Due to its
core-shell structure, ZV1 particles possess unique properties for soil and groundwater remediation, and
the degradation mechanisms include adsorption, encapsulation, precipitation and chemical reduction.
Since its introduction in permeable reactive barriers, the use of ZVI is the subject of extensive
researches to improve the reactivity, stability and transport of the particles in subsurface environment.
First, the development of small particles was then necessary to facilitate the delivery of ZVI particles
for the treatment of a source of contamination. As shown by field experiments, the use of mZVI
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particles appears as a great option as they are less expensive, exhibit less bactericidal effects and have
a longer lifetime and a higher removal efficiency in comparison with nZVI particles. The use of a
polymeric coating or a dispersant proves essential to improve both the stability and the transport of the
particles. Then, the use of bimetallic particles, especially Pd/Fe particles, can be used to increase
degradation rates by taking advantage from hydrodechlorination/hydrogenation reactions due to the
generation of atomic hydrogen. However, the significant improvement in degradation rates has not yet
been proven in field experiments. More recently, sulfidated particles have been developed and appear
as a cost-effective alternative of bimetallic particles, but field experiments are required to fully
understand their reactivity. Finally, the impact of iron-based technology on microbial activity needs to
be evaluated in real conditions to combine efficiently abiotic and biotic degradation. Indeed, long-term
studies on the fate and behavior of iron-based particles on groundwater are still necessary, in order to
improve the development of simulation tools for predicting their performance in environmental
applications.

It should be noted that COCs chemical reduction by ZVI particles of is strongly impacted by the
presence of ions, metals/metalloids or other contaminants and by geological/hydrogeological
characteristics of the polluted site. Thus, there is a need to conduct preliminary studies case by case to
select the most suitable method for each situation, according to the initial site conditions, the
performance goals, and the cost.
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