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ARTICLE INFO ABSTRACT

Keywords: This study explores a novel application of sulfidated zero-valent iron (S-ZVI) bimetals for the treatment of

Zer‘f'val.ent iron chlorinated solvents in the vapor phase. The potential of these reactive materials was investigated through batch,

}S;ﬂﬁda;wn column, and modeling tests. The materials were produced by disc milling of ZVI, sulfur (S), copper (Cu), and
imetal

nickel (Ni) with molar ratios of 0.05 and 0.2. The reactivity of the materials was assessed through vapor
degradation batch tests conducted under partially saturated conditions using trichloroethylene (TCE) as a model
compound. Sulfidated materials with a 0.05 S/ZVI molar ratio were the most reactive, achieving up to 99 %
degradation of TCE vapors within 18 h and first-order degradation constants of 5-5.7 d'. Compared to the non-
sulfidated materials, sulfidated ones remained reactive even after aging by exposure to air for 30 days. In all tests,
C3-Cg hydrocarbons were detected as main byproducts, indicating p-elimination as the dominant TCE degra-
dation pathway, with minor dichloroethylene and vinyl chloride amounts from the hydrogenolysis pathway. To
evaluate the use of sulfidated bimetals as Horizontal Permeable Reactive Barriers (HPRBs) for treating chlori-
nated vapors in the subsurface, TCE diffusion column tests were performed using a 5 cm thick reactive layer of S-
ZVI-Ni. These tests demonstrated up to 70 % degradation over 25 days. By integrating the column test results into
an analytical model, it was estimated that an 18 cm HPRB could ensure up to 99 % degradation of TCE vapors.
These findings highlight the potential of S-ZVI bimetals as an effective passive mitigation system for reducing
chlorinated solvent vapor emissions from the subsurface.

Dechlorination
Chlorinated solvents vapors
Risk mitigation strategies

1. Introduction

Zero-valent iron (ZVI) has long been known as an effective material
for degrading chlorinated solvents, such as trichloroethylene (TCE), in
groundwater (Phillips et al., 2010; ITRC, 2011; Fu et al., 2014). Namely,
ZVI can induce the degradation of such compounds by reductive
dechlorination, involving the substitution of chlorine atoms with
hydrogen ones until obtaining the conversion into less harmful com-
pounds (Arnold and Roberts, 2000; Liu et al., 2005; Phillips et al., 2010).
In the remediation of sites impacted by chlorinated solvents, ZVI is
commonly used as filling material for vertical permeable reactive bar-
riers (PRBs) to treat contaminated groundwater (McCarty, 2010; ITRC,
2011; Fan et al., 2017; Gu et al., 2019). However, chlorinated solvents
could volatilize from groundwater in the unsaturated zone at contami-
nated sites, potentially causing vapor intrusion into buildings (Verginelli
et al., 2017; Ma et al., 2020). To mitigate vapor intrusion risks, hori-
zontal permeable reactive barriers (HPRBs) have been suggested as a
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passive mitigation strategy aimed at addressing the contaminated va-
pors plume arising from the source of contamination to buildings
(Mahmoodlu et al., 2014, 2015; Verginelli et al., 2017; Zingaretti et al.,
2020; Settimi et al., 2023; Wang et al., 2024; Zhu et al., 2024). To realize
these barriers, ZVI was proposed as a filling material and recently tested
for the degradation of TCE vapors (Zingaretti et al., 2019, 2020).

In permeable reactive barriers, the use of micrometric ZVI is pref-
erable to avoid particle aggregation issues compared to nanometric
(Zingaretti et al., 2020; Settimi et al., 2022). However, micrometric ZVI
generally shows lower reactivity towards dechlorination due to its
limited surface area (He et al., 2018). For this reason, several modifi-
cation techniques have been proposed to enhance ZVI reactivity towards
the degradation of chlorinated compounds (Rajajayavel and Ghoshal,
2015; Gu et al., 2017; Xiao et al., 2022; Fan et al., 2016). One of these
involves the addition of secondary metals, such as copper (Cu) or nickel
(Ni), on ZVI particles forming bimetals (Kim and Carraway, 2003;
O’Carroll et al., 2013; Scaria et al., 2020; Tian et al., 2022). Namely, Cu
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forms a galvanic couple with ZVI, thus accelerating electron transfer and
enhancing the dechlorination reactions (Liu et al., 2017; He et al., 2018;
Settimi et al., 2023; Yang et al., 2023). Instead, Ni promotes both elec-
tron transfer and molecular hydrogen (Hz) dissociation into atomic
hydrogen (H*), necessary for replacing chlorine atoms in chlorinated
compounds molecules during dechlorination (Schrick et al., 2002; Kim
and Carraway, 2003; Xu et al., 2012; Ruan et al., 2019; Settimi et al.,
2022). ZVI bimetals have been widely studied for the degradation of
chlorinated compounds in the aqueous phase (Kim and Carraway, 2003;
Xu et al., 2012; Liu et al., 2017; Venkateshaiah et al., 2022; He et al.,
2018). However, few studies involved their use as reagents for dechlo-
rination in the vapor phase (Grenier et al., 2004; Settimi et al., 2022,
2023).

Despite their efficacy in degrading chlorinated solvents, ZVI and ZVI
bimetals could be subjected to passivation, i.e., the formation of oxide
layers on the particles surface, which inhibits electron transfer, conse-
quently reducing the long-term reactivity of the materials (Gu et al.,
2017; He et al., 2018; Gong et al., 2020; Fan et al., 2023a; Yan et al.,
2024; Guan et al., 2015; Han and Yan, 2016). In this context, sulfidation
has been proposed as a modification technique for ZVI. Sulfidation refers
to the addition of sulfur to ZVI, forming iron sulfide phases (e.g., FeS) on
the surface of the particles (Cai et al., 2021). This modification increases
ZVI reactivity and selectivity for chlorinated compounds degradation
and, in parallel, promotes the treatment longevity by reducing passiv-
ation (Gu et al., 2019; Xu et al., 2019; Zou et al., 2019; Gong et al., 2020;
Garcia et al., 2021; Lang et al., 2022; Wang et al., 2022; Xiao et al., 2022;
Fan et al., 2023a; Guo et al., 2023; Dai et al., 2023a; Fan et al., 2016; Xu
et al., 2024). Indeed, the iron sulfide phases formed in sulfidated ZVI
particles promote electron transfer due to their good conductivity,
enhancing dechlorination reactions (He et al., 2018; Xiao et al., 2022;
Fan et al., 2017). Sulfur addition increases the hydrophobicity of the
particles, which inhibits water reduction and H; evolution, thus
directing electrons more effectively toward the dechlorination reaction
(i.e., increasing selectivity) (He et al., 2018; Gong et al., 2020; Cai et al.,
2021; Wu et al., 2023; Guo et al., 2023; Dai et al., 2023a). Also, with
limited H, recombination, more H* is available for dechlorination re-
actions (Xiao et al., 2022). Finally, sulfides protect ZVI from passivation,
potentially extending the treatment duration (Fan et al., 2023a).

Sulfidated ZVI-based materials have been widely investigated for
their application in degrading chlorinated compounds in the aqueous
phase, and recent publications suggest that it is still a topic of significant
research interest (Dai et al., 2023b; Fan et al., 2023b; Gong et al., 2024;
Qian et al., 2023; Sun et al., 2024; Xu et al., 2024; Yan et al., 2024).
However, to our knowledge, no previous study has investigated the
effectiveness of sulfidated materials for vapor phase remediation of
chlorinated compounds. Therefore, this study aims to fill this gap by
conducting experimental and modeling tests on chlorinated vapors to
evaluate the feasibility of using sulfidated ZVI bimetals as passive
reactive barriers in the unsaturated zone, specifically HPRBs, placed
above contaminated soil or groundwater for the degradation of
contaminated vapors. To this end, various ZVI-based materials were
produced using different combinations of ZVI, sulfur (S), copper (Cu),
and nickel (Ni), with molar ratios ranging from 0.05 to 0.2. Degradation
batch tests were then carried out on both freshly produced and aged
materials to assess their reactivity, kinetic degradation constants, and
formed reaction byproducts, using TCE as a model compound. For the
most reactive material, S-ZVI-Ni, TCE vapors diffusion column tests
were also conducted to test the material at HPRB conditions for treating
chlorinated vapors in the subsoil. Based on the results obtained, general
guidelines for scaling up the proposed technique for field applications
are provided.
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2. Materials and methods
2.1. Materials and chemicals

The iron powder (ZVI), supplied by iPutec GmBH, was the same
already used to produce bimetallic particles in previous studies per-
formed by our group for TCE vapors dechlorination (Settimi et al., 2022,
2023). ZVI bimetals were synthesized using iron powder with copper
(Cu) powder (purity >99 % and particle size lower than 75 pm) or nickel
(Ni) powder (purity >99.7 % and particle size lower than 50 pm). Cu
and Ni powders were both supplied by Sigma-Aldrich. Sulfidated ZVI
and sulfidated bimetals were produced using also sulfur (S) powder
supplied by Apollo Scientific.

These powders were put together in a disc mill (30 min, 700 rpm) at
different combinations for producing the ZVI-based materials used in the
TCE degradation tests and compared with ZVI (see Section S1 of the
Supporting Information for further details on materials production).
Namely, as summarized in Table S1 of the Supporting Information,
starting from the mentioned powders, eight ZVI-based materials were
synthesized: two bimetals (named ZVI-0.05Cu and ZVI-0.05Ni respec-
tively) with Cu/ZVI or Ni/ZVI molar ratio of 0.05, two sulfidated ZVI
samples, characterized by S/ZVI molar ratios of 0.05 and 0.2 (named
respectively 0.05S-ZVI and 0.2S-ZVI), two sulfidated ZVI-Cu bimetals
(named respectively 0.05S-ZVI-0.05Cu and 0.2S-ZVI-0.05Cu) and two
sulfidated ZVI-Ni bimetals (named respectively 0.05S-ZVI-0.05Ni and
0.2S-ZVI-0.05Ni) with Cu/ZVI or Ni/ZVI molar ratio fixed at 0.05 and S/
ZVI molar ratios of 0.05 and 0.2.

Sand with particles size between 0.5 and 2 mm was used for the
column tests. TCE (purity >99.5 %) supplied by Honeywell was used for
the degradation tests. 1,2-cis-dichloroethylene (1,2-cis-DCE) (purity
>99.5 %) supplied by Sigma-Aldrich was used for the reaction
byproducts estimation.

2.2. Characterization analyses

The produced ZVI-based materials were characterized using different
techniques. The specific surface area (SSA) was evaluated using a gas
sorption analyzer (Micromeritics TriStar II PLUS) and calculated ac-
cording to Brunauer-Emmett-Teller (BET) method, using N5 adsorption
at 77 K (=196 °C). Before the analyses, the samples were pretreated
under nitrogen flow for 2 h at 200 °C (Zingaretti et al., 2019). The
investigation of bimetal formation and sulfidation occurrence was
evaluated by X-ray diffraction (XRD) analyses using a Rigaku Diffrac-
tometer in the Bragg Brentano configuration (6-20 scans, range of
40-85°, Cu Ka radiation) (Settimi et al., 2022). The morphology and
dimensions of the particles and the elemental mapping were evaluated
using Scanning Electron Microscopy (SEM) equipped with an
Energy-Dispersive X-ray Spectroscopy (EDS) (Nanoeye SNE-Alpha).

2.3. Aging of the materials

The aging of the materials was promoted to assess the effect of
passivation on TCE dechlorination performances. Aging conditions were
created by putting 3 £+ 0.03 g of each material at the bottom of 4 mL
transparent glass vials and adding 0.3 + 0.03 mL of ultrapure (UP) water
(Zeener Power II purification system) corresponding to 10 % by weight
content on the material. After, the wet materials were left in contact
with air (i.e., aerobic conditions) for 30 days at room temperature (22 +
2°C).

2.4. Degradation tests of TCE vapors

2.4.1. Batch tests

Batch degradation tests of TCE vapors were carried out at partially
saturated conditions using a consolidated experimental set-up, already
adopted in other studies performed by our group (Zingaretti et al., 2019,
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20205 Settimi et al., 2022, 2023). Notably, degradation batch tests were
conducted in sealed glass vials containing the reactive material with 10
% water by weight and a glass tube containing pure TCE, achieving an
initial concentration in the vapor phase of 340 g m™~>. In parallel, vapor
losses from the vials were assessed by performing control tests without
the reactive material, allowing normalization of TCE concentration in
the degradation tests (see Fig. S5 of the Supporting Information).
Further details on this experimental procedure are reported in Section
$3.1 of the Supporting Information.

A first set of batch tests was performed to observe the kinetic trends
of the removal of TCE vapors induced by the produced materials at
different reaction times in the range of 4 hours-4 days. The materials
involved in TCE degradation tests were not subjected to pretreatments
(e.g., acidic washing) after their synthesis, and the tests were performed
under aerobic conditions.

Then, another set of batch tests was performed with the aged ma-
terials at a fixed time of 24 h to evaluate the reactivity of the materials
towards dechlorination after the aging process, in which passivation
could occur.

At the end of each test, the residual TCE and byproduct vapor con-
centrations were quantified by gas chromatography with a flame ioni-
zation detector (GC-FID). At the same time, the reaction byproducts
were identified through gas chromatography with a mass spectrometer
detector (GC-MS). For the GC-FID and GC-MS analyses, 250 pL of gas
were taken by the syringe of the autosampler (PAL System, AOC-
5000plus) from the headspace of the vials and injected (split ratio
1:10) in the GC (Shimadzu GC, GC_QP2010SE). The gas chromatograph
was equipped with a Zebron ZB-5 (30 m x 0.25 mm ID x 0.25 pm film
thickness), and a helium flow rate of 0.9 mL/min was applied for the
analysis. The oven temperature started at 30 °C, held for 2 min, and
increased at a rate of 8 °C/min to 150 °C, held for another 2 min. The
TCE limit of quantification (LOQ) of the instrument was 0.01 g m3,

2.4.2. Column tests

Column degradation tests of TCE vapors were performed to observe
the treatment performances of a reactive layer during time, thus simu-
lating the treatment of vapors in an HPRB. The material used as a
reactive layer in the column tests was the sulfidated ZVI-Ni bimetal with
S/ZVI and Ni/ZVI molar ratios of 0.05. The experimental set-up adopted
to perform column tests is reported in Fig. 1 and consists of a glass
column provided with soil gas sampling ports (P1-P6). In order from the
bottom, the column was filled with an 11 cm-glass beads layer with pure
TCE (i.e., source), a 9 cm-level of sand, a 5 cm-reactive layer with 10 %
of water content by weight, and a final 10 cm-glass beads layer. Further
details on the column test layout are reported in Section S3.2 of the
Supporting Information. The column tests were carried out in duplicate
and maintained for 25 days. During the tests, vapors were collected from
the sampling ports and analyzed using GC-FID and GC-MS with the
settings already described in Section 2.4.1.

3. Results and discussion
3.1. Characterization of the materials

The reactive materials, i.e., ZVI, bimetals and sulfidated materials,
showed relatively low specific surface area (0.03-2 m?g™}) quantified
with the BET method. From XRD analyses, the formation of the bime-
tallic phases and the occurrence of sulfidation were observed (see Sec-
tion S2.2 of the Supporting Information). Specifically, as already
discussed in Settimi et al. (2022), the iron peak shift and the disap-
pearance of the Ni or Cu characteristic peaks in the XRD analyses
confirmed the bimetal formation through the incorporation of the sec-
ondary metals in the ZVI phase (see Figs. S1-S2 of the Supporting In-
formation). Instead, sulfidation was confirmed by observing the
formation of the FeS phase (see Fig. S2 of the Supporting Information).
The shape and size of the particles of the sulfidated ZVI-based materials
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Fig. 1. Column degradation tests of TCE vapors layout using S-ZVI-Ni sulfi-
dated bimetal.

produced were observed by SEM analyses (see Figs. S3-5S4 of the Sup-
porting Information). The particles of all the sulfidated materials were
characterized by micrometric dimensions (in the range of 10-100 pm),
with sulfidated ZVI samples (0.05S-ZVI and 0.2S-ZVI) showing overall
smaller particles (in the range of 5-50 pm) compared to sulfidated bi-
metals. Increasing the sulfur dosage from 0.05 to 0.2 in the production of
materials appears to increase the roughness on the surface of the par-
ticles, probably related to sulfides or sulfur presence in the free phase.
Furthermore, EDS analyses were performed on the sulfidated materials
to assess the distribution of S, Ni and Cu on the particles. As can be seen
in Fig. 2, sulfur (blue dots) and secondary metals, i.e., Ni (yellow dots) or
Cu (red dots), resulted in homogeneous distribution in the iron phase
(green dots). Similar considerations were reported by Settimi et al.
(2022) for non-sulfidated ZVI-Cu and ZVI-Ni bimetals since micrometric
dimensions of the particles and homogeneous distribution of the sec-
ondary metals on iron were observed.

Further details on the characterization results are discussed in Sec-
tion S2 of the Supporting Information.

3.2. Degradation of TCE vapors in batch tests using different ZVI-based
materials

The results of the TCE degradation batch tests carried out using the
produced materials are reported in Fig. 3 in terms of normalized con-
centrations of TCE in the vapor phase (C /Ccrr) as a function of time (t).
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Fig. 2. SEM images and EDS maps for 0.05S-ZVI (a), 0.2S-ZVI (b), 0.05S-ZVI-0.05Ni (c), 0.2S-ZVI-0.05Ni (d), 0.05S-ZVI-0.05Cu (e), 0.2S-ZVI-0.05Cu (f).

For each tested material, a specific kinetic trend of TCE degradation
(represented as dashed or continuous lines in Fig. 3) was determined on
the basis of the experimental data (represented as points in Fig. 3). In
particular, zero-order (i.e., linear) and first-order (i.e., exponential)
degradation kinetics were derived with the relationships reported in
Equation (1) and Equation (2), respectively (Zingaretti et al., 2020;
Settimi et al., 2023):
C k()

== -1

Equation 1
Cem . Go q

Cc

CC TR

Kyt

=e Equation 2
Where C (g m’3) and Ccrr (g rn’3) are the residual TCE concentrations in
vapors detected at the end of each degradation and control test,
respectively. In the zero-order degradation kinetic equation, ko (g
m~3d~1) refers to the zero-order degradation constant and Cy (g m~ %) is
the initial TCE concentration used in the tests (i.e., 340 g m3). Instead,
in the equation describing the first-order degradation kinetics, k; (d™1)
is the first-order kinetic constant. t (d) is the reaction time ranging from
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Fig. 3. Experimental data relative to the degradation of TCE vapors (point) using ZVI-based materials. The error bars indicated the standard deviation of the tests
conducted in duplicate. Zero-order (dashed line) and first-order (continuous line) kinetic trends are also reported. The kinetic trends were fitted for data until 24 h (b,

d-f), 3d (c), 2 d (g-i).

4 h to 4 d in the tests. The kinetic trends and constants observed in the
experiments using the tested materials are reported in Table 1.

Using ZVI alone, a degradation of TCE of only 15 % was achieved in 4
days (Fig. 3a). Adding the secondary metal (i.e., Cu or Ni) to ZVI,

Table 1

Kinetic degradation constants (ko and k;) evaluated for the tested materials.
Material Kinetic order ky @ah ko (g m3dH R2 ()
ZV1 zero-order - 13.09 0.96
ZVI-0.05Ni zero-order - 312.8 0.93
ZVI-0.05Cu zero-order - 105.4 0.98
0.05S-ZVI first-order 5.29 - 0.99
0.05S-ZVI-0.05Ni first-order 5.66 - 0.98
0.05S-ZVI1-0.05Cu first-order 5.06 - 0.96
0.2S-ZVI first-order 2.84 - 0.99
0.2S-ZVI-0.05Ni first-order 291 - 0.99
0.2S-ZVI-0.05Cu first-order 2.83 - 0.99

improved TCE degradation performance (see Fig. 3b and c). Specifically,
using ZVI-0.05Cu bimetal (Figs. 3b), 98 % of TCE removal was achieved
in 4 days, while using ZVI-0.05Ni (Figs. 3c), 99 % of TCE removal was
observed in 24 h. In line with previous studies on aqueous and vapor
phases, Ni proved to be a better catalyst for ZVI-induced dechlorination
than Cu (Kim and Carraway, 2003; Venkateshaiah et al., 2022; Settimi
et al., 2023). It is indeed recognized that Cu enhances electron transfer
through iron particles, thereby improving the dechlorination reaction
(Kim and Carraway, 2003; Settimi et al., 2022). Conversely, Ni also
catalyzes the dissociation of molecular hydrogen, increasing the avail-
ability of electrons and atomic hydrogen needed for dechlorination re-
actions (Kim and Carraway, 2003; Settimi et al., 2022). In the tests with
bimetals, the experimental data followed a zero-order kinetic with
estimated degradation constants of 105 and 312 g m >d~! for
ZVI1-0.05Cu and ZVI-0.05Ni, respectively. These results are comparable
to our previous study, in which similar bimetals were used to degrade
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TCE vapors (Settimi et al., 2023).

Although the addition of a secondary metal to ZVI led to an increase
in TCE dechlorination compared to using only ZVI, a further improve-
ment was observed when sulfidation was performed on iron and bi-
metals. Differently from bimetals, TCE degradation followed a first-
order kinetic when sulfur was added to the materials, in line with pre-
vious studies on TCE degradation in the aqueous phase using S-ZVI (Han
and Yan, 2016; Cai et al., 2021; Lang et al., 2022) and sulfidated bi-
metals (Fan et al., 2023b). Specifically, adding sulfur to ZVI at a molar
ratio of 0.05 (i.e., 0.05S-ZVI material in Fig. 3d) led to up to 99 %
removal of TCE vapors in 18 h, with a first-order degradation constant of
5.3 d~L. The TCE degradation achieved with 0.05S-ZVI was higher than
that obtained using ZVI-0.05Cu and ZVI-0.05Ni bimetals, aligning with
the results observed in previous literature for the degradation in the
aqueous phase. For instance, He et al. (2018) tested S-ZVI, ZVI-Cu, and
ZVI-Ni for degrading TCE in the aqueous phase and observed better
performances using S-ZVI compared to bimetals. Similarly, Yang et al.
(2023) observed better performances with milled S-ZVI compared to
ZVI-Cu for Chromium(VI) degradation.

The further addition of Ni or Cu to sulfidated iron entailed similar
degradation with slightly different effects. In the case of 0.05S-ZVI-
0.05Ni (see Fig. 3e), up to 99 % of TCE removal was achieved in 18 h
with a slightly higher degradation kinetic constant of 5.7 d”1. As a
reference, Tian et al. (2022) combined Ni and S with ZVI, finding higher
atrazine degradation in water using sulfidated ZVI-Ni bimetal than
sulfidated iron. Conversely, a slightly slower degradation rate was
observed with 0.05S-ZVI-0.05Cu, reaching up to 99 % of TCE removal in
24 h with a first-order degradation constant of 5 d~!(0.055-ZV1-0.05Cu
in Fig. 3f). Increasing the S content in the produced materials, i.e.,
adopting a S/ZVI molar ratio of 0.2 instead of 0.05, decreased the per-
formances of TCE dechlorination. Namely, 0.2S-ZVI led to 99 % of TCE
removal in 32 h, with a first-order degradation constant of 2.8 d~!
(Fig. 3g). Similar results were obtained with 0.2S-ZVI-0.05Ni and
0.2S-ZVI-0.05Cu, for which up to 99 % of TCE removal was observed in
32 h with first-order degradation constant values of 2.9 and 2.8 d~2,
respectively (Fig. 3h-i). These findings align with some studies con-
ducted in the aqueous phase (e.g., Lang et al., 2022; Mangayayam et al.,
2019; Mo et al., 2022; Xu et al., 2020), which observed decreased TCE
dechlorination by increasing S loading in the particles. In fact,
increasing the S content in the sulfidation process could decrease
dechlorination due to a higher presence of FeS on the ZVI particles that
block active sites for H* adsorption (Mangayayam et al., 2019; Mo et al.,
2022).

As shown in Table S2 of the Supporting Information, all the tested
materials were characterized by low specific surface area (SSA) values in
the range of 0.03-2 m2g™!. These results suggest that the improved TCE
removal observed compared to ZVI alone is mainly driven by catalyzed
electron transfer and atomic hydrogen availability from the addition of
Cu, Ni, or S.

3.3. Byproducts and degradation pathway

For evaluating the formation of byproducts and the TCE degradation
pathway, GC-MS was used to identify the byproducts detectable at each
reaction time, whereas GC-FID was adopted for quantifying the con-
centrations. Further details about the byproducts detected at different
reaction times are reported in Section S4 of the Supporting Information.

Generally, C3-Cg hydrocarbons were the main reaction byproducts
observed under all tested conditions (see Figs. S7-S9 for the detailed
compounds identified by GC-MS). Using ZVI and ZVI-Ni bimetal,
dichloroacetylene (CyCly), 1,1-dichloroethylene (1,1-DCE) and 1,2-cis-
dichloroetylene (1,2-cis-DCE) and vinyl chloride (VC) were also detec-
ted as degradation byproducts (see Table S3 of the Supporting Infor-
mation), although to a lower extent (see Fig. S6 of the Supporting
Information). Using ZVI-Cu bimetal, all the mentioned compounds were
detected over time, excluding VC (see Table S3 of the Supporting
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Information). Instead, using sulfidated materials, dichloroacetylene was
not detected (see Table S3 of the Supporting Information). DCE (both
1,1-DCE and 1,2-cis-DCE) and VC are typical byproducts of TCE reduc-
tive dehalogenation through hydrogenolysis pathway, while dichlor-
oacetylene and C3-Cg hydrocarbons are typical of the p-elimination
pathway of chlorinated ethenes (Campbell et al., 1997; Liu et al., 2005).
It is worth noting that no Cp compounds typically associated with the
B-elimination pathway, such as ethylene, chloroacetylene or acetylene
(Arnold and Roberts, 2000; Campbell et al., 1997; Liu et al., 2005; Zhang
et al., 2021), were detected in the tested conditions. The non-detection
of chloroacetylene or acetylene can likely be attributed to the high
reactivity of these byproducts as transient intermediates in zero-valent
metal systems, where they undergo rapid reduction upon contact with
metal surfaces in the gas phase (Arnold and Roberts, 2000; Campbell
et al., 1997; Zingaretti et al., 2019). However, considering the detected
byproducts, it can be concluded that both hydrogenolysis and p-elimi-
nation mechanisms were active, although the latter was predominant
due to the high presence of C3-Cg hydrocarbons (see Fig. S6 of the
Supporting Information and Fig. 5).

Based on the detected byproducts in each system tested, Fig. 4 shows
the two dechlorination pathways assumed for the degradation of TCE in
the vapor phase. TCE was reduced to DCE (1,2-cis-DCE and 1,1-DCE)
and consequently to VC by hydrogenolysis pathway. At the same time,
the transformation to dichloroacetylene (using ZVI and bimetals) or
directly chloroacetylene (using sulfidated materials) occurred until
reaching the formation of C3-C¢ hydrocarbons. It is worth noting that
chloroacetylene is usually recognized as the first intermediate of TCE
through p-elimination pathway (Campbell et al., 1997; Liu et al., 2005).
However, since dichloroacetylene was detected in some cases in this
study, though at low levels (see Fig. S6 of the Supporting Information),
the transformation of TCE in this intermediate was also proposed
(Fig. 4).

TCE is recognized as a carcinogenic compound (IARC, 2014). Among
the detected byproducts of TCE degradation, VC is the most critical since
it is considered carcinogenic and has more critical toxicological prop-
erties than the initial TCE (IARC, 2014). However, VC was formed to a
lower extent by a minor hydrogenolysis pathway, while most of the
byproducts were in the majority C3-Cg hydrocarbons from p-elimination.
The detected C3-Cg were mostly non-carcinogenic compounds, accord-
ing to the IARC classification.

Fig. 4 also shows the proposed mechanism of TCE degradation, in
which the presence of ZVI induces TCE dechlorination by electron
release (Arnold and Roberts, 2000). The addition of Cu or Ni to ZVI
enhances the electron transfer through the particles, increasing TCE
degradation (He et al., 2018; Kim and Carraway, 2003). Additionally, Ni
increases the availability of H* from H; dissociation, for which Ni is a
catalyst (Kim and Carraway, 2003). Finally, adding S further enhances
electron transfer due to the presence of FeS and limits the formation of
iron oxides (FexOy) on the particle surface (Fan et al., 2017; Garcia et al.,
2021).

The byproducts detected at each reaction time in the degradation
tests were quantified to perform a TCE mass balance for all the tested
materials (Fig. 5). Namely, the amount of residual TCE and byproducts
measured at the end of each test was compared with the TCE mass
measured in the corresponding control tests. The detailed mass balance
calculations are provided in Section S5 of the Supporting Information.
As shown in Fig. 5, the TCE mass balance accounted for over 70 % in
each tested condition and almost 100 % in several cases. The discrep-
ancy where the mass balance only reaches 70-80 % could be due to the
assumptions made in the calculations of the response factors or the
failure to quantify some expected byproducts of the two considered
pathways (e.g., chloroacetylene, acetylene or ethylene). However, the
mass balance results indicate that dechlorination was the leading cause
of TCE removal in the vapor phase, and other effects, such as adsorption
on the reactive material, could be considered negligible.
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3.4. Degradation of TCE after materials aging

Fig. 6 presents the results obtained in the batch degradation tests
using different aged materials (exposed to air for 30 days) at 24 h of
reaction. These results are compared with those observed using pristine
ones. The materials tested included ZVI, ZVI-Cu, ZVI-Ni, 0.05S-ZVI,
0.05S-ZVI-0.05Cu and 0.05S-ZVI-0.05Ni. Sulfidated materials with a
S/ZVI molar ratio of 0.2 were not considered in these tests, as they
proved less reactive (see Section 3.2). From the results reported in Fig. 6,
ZVI showed decreased efficacy, which was already low for the pristine
material. Moreover, ZVI-Ni and ZVI-Cu lost their efficacy towards
dechlorination after aging, probably due to passivation phenomena. As a
reference, Grenier et al. (2004) tested ZVI and ZVI-Ni particles for 1,
2-cis-DCE vapors dechlorination in column aerobic experiments,
observing a loss of efficacy due to the formation of oxide layers after 7
days of reaction. Similarly, Qu et al. (2021) observed a loss in the
degradation ability of Chromium(VI) by using ZVI and ZVI-Cu after
aging the materials by exposure to air.

Conversely, sulfidated materials remained reactive after aging,
maintaining more than 99 % TCE removal, i.e., comparable to the
freshly produced material. These results highlight the importance of
sulfidation in preserving the longevity of the treatment by preventing
passivation. These results align with previous literature regarding the
degradation of chlorinated compounds in water using sulfidated ZVI (Gu
et al., 2019; Mangayayam et al., 2019; Xu et al., 2019; Fan et al., 2023a;
Han and Yan, 2016). The anti-passivation effect in sulfidated materials is
due to the presence of FeS phases that protect the ZVI particles from
oxide formation, maintaining efficient electron transfer through ZVI (Gu
et al., 2019; Fan et al., 2023a). For example, Mangayayam et al. (2019)
found S-ZVI particles still reactive toward TCE dechlorination in water
after 30 days of aging.

Thus, for using these materials to fill HPRBs placed in the unsatu-
rated zone, sulfidation is necessary to maintain the degradation effi-
ciency of chlorinated vapors in the field, where air and humidity are
present. It is worth noting that, in this work, simplified aging conditions
were performed on the materials by exposure to only air and humidity.
However, other factors including the presence of multiple oxidizers or
microbial activity in the subsurface should be considered to address
more realistic aging conditions.
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3.5. Degradation of TCE vapors in column using S-ZVI-Ni

The column was filled with a reactive layer of S-ZVI-Ni (0.05S-ZVI-
0.05Ni), which showed the highest dechlorination rate among the tested
materials (see Fig. 3) and resistance to passivation (see Fig. 6). The
milling conditions for producing the reactive material used in the col-
umn test were slightly adjusted compared to those adopted for the batch
tests. These adjustments included changes in the quantity of powder
used in the mill and the milling speed. For more details, refer to Section
S6 of the Supporting Information.

The column tests were performed under diffusive flow conditions
since diffusion is considered the dominant transport for vapors in the
unsaturated zone (Conant et al., 1996; Verginelli and Yao, 2021; Yao
et al., 2013; You and Zhan, 2013).

Fig. 7 shows the normalized TCE vapors concentration profiles
detected in the columns as a function of the vertical distance from the
first soil gas sampling port of the column (P1) used as a reference. The
concentrations of TCE detected in the different sampling ports were
normalized to the ones detected at the sampling port P1 (see Fig. 1).
Considering the column set-up, it was estimated that TCE vapors in the
column are expected to reach the reactive layer in 2 h, exit the layer in
28 h, and then reach the top of the column (i.e., port P6) in 30 h (see
Section S8 of the Supporting Information for the diffusion time estima-
tions). TCE vapors sampling from the column and subsequent analyses
were performed at 1, 4, 7, 10, 15 and 25 days. From Fig. 7, after 4 days of
diffusion (i.e., after the expected diffusion time of vapors through the
reactive layer), TCE concentrations decreased in the reactive layer (i.e.,
from port P3 to P4), achieving an average TCE removal of 68 %. The TCE
abatement remained quite constant throughout the test duration, with
trichloroethylene removal ranging from 66 % to 80 % after analyzing
samples from the column after 7-25 days. The sustained TCE removal
over time indicated that passivation did not influence the material
reactivity and, consequently, the treatment efficiency in column tests,
likely due to sulfidation.

The same reaction byproducts already detected in the batch tests
using S-ZVI-Ni were found during the column test, namely C3-Cg hy-
drocarbons and, to a lower extent, DCE (1,1-DCE and 1,2-cis-DCE) and
VC. A TCE mass balance was performed over time, considering the
concentrations detected entering and exiting the S-ZVI-Ni reactive layer
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Fig. 6. Degradation of TCE in batch tests at 24 h with aged materials compared with no aged ones.
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indicate the deviation standard of the replicates.

(see Section S5 and Fig. S10 of the Supporting Information). As in the
batch tests, C3-C¢ were the prevalent byproducts formed during re-
actions, followed by DCE and VC, both detected at lower concentrations.
Both TCE and byproduct concentrations remained approximately con-
stant during the test, thus maintaining the treatment efficacy over time.
As observed in the batch tests, TCE degradation followed prevalent
B-elimination and minor hydrogenolysis pathways from the detected
byproducts.

3.6. Estimation of the thickness of the reactive barrier

Considering the potential use of the tested materials as passive bar-
riers in the unsaturated zone for treating vapors emitted from contam-
inated soil or groundwater, it is possible to determine the necessary
thickness of the reactive barrier to achieve the desired attenuation based
on the results obtained. To this aim, the following analytical solution
derived from a 1-D transport equation based on diffusion-dominated
transport in a homogeneous soil can be used (Verginelli et al., 2017):

G o)
Cin Lr
where Coy (g m’g) and Cp (g m’3) are the concentrations of the
contaminant in the vapor phase outgoing and entering a reactive layer
with a thickness of Az (m) and Lg (m) is the diffusive reaction length.

As shown in Section S9 of the Supporting Information, using the
above equation, the diffusion-reaction length obtained in both batch and
column tests was in the range of 1-4 cm (see Fig. S13). Furthermore, by
rearranging this equation, it is possible to calculate the minimum
thickness of the reactive barrier, dyprg (m), needed to achieve the
desired attenuation (Verginelli et al., 2017):

Equation 3

dypre = —Lg-In (%) Equation 4

in

where Couttarger (8 m~3) is the desired target concentration of the
contaminant outgoing the barrier.

For example, considering a target attenuation of the concentrations
in the vapor phase of 99 % (i.e., Cout arget/Cin = 0.01) and assuming the
diffusive reaction length of 3.8 cm estimated in the column test (see
Section S9 in the Supporting Information), the minimum thickness to
achieve the mentioned removal is around 18 cm. This thickness is
comparable to the ones previously estimated by Settimi et al. (2023) for
bimetals (12-18 cm) and significantly lower than that estimated by
Zingaretti et al. (2020) for iron alone (100 cm) from batch degradation
tests of TCE vapors. This result further highlights the suitability of the
tested sulfidated bimetal for passive vapor treatment in the unsaturated
zone. It is worth noting that a diffusion-dominated transport of vapors
and homogeneous soil conditions were considered to derive the
analytical solution for the HPRB thickness estimation. As previously
reported, diffusion is considered the main transport mechanism for the
transport of vapors in the unsaturated zone (Verginelli and Yao, 2021;
You and Zhan, 2013). However, advective transport (e.g., due to water
table fluctuations, barometric pumping or temperature gradients)
(Massmann and Farrier, 1992; McHugh and McAlary, 2009) and
non-homogeneous soil conditions (Bozkurt et al., 2009) can affect va-
pors transport. Therefore, the estimates provided in this section should
be considered as a preliminary screening. However, for the design of
barrier thickness and configuration, the use of more advanced numerical
models may be more appropriate.
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4. Conclusions

The obtained results showed that sulfidated ZVI-based materials can
be an effective and durable option for the treatment of chlorinated
solvents in the vapor phase. Such materials could be suitable for filling
HPRBs in the unsaturated zone to promote passive remediation of
chlorinated vapors and manage the related risks in a more sustainable
way compared to traditional techniques. Sulfidated materials showed
high reactivity towards the dechlorination of TCE vapors in the degra-
dation batch tests performed. Furthermore, the obtained results showed
that, compared to ZVI and bimetals, sulfidated materials ensure the
maintenance of the treatment efficiency over time under conditions
partially resembling those expected in the field, simulated through the
exposure of reactive materials to air and humidity. Therefore, sulfida-
tion demonstrates an effective modification technique for ZVI-based
materials to enhance reactivity towards dechlorination and contrast
passivation, thus increasing the durability of the treatment. Using sul-
fidated materials, TCE degradation primarily followed the p-elimination
pathway, forming Cs-C¢ hydrocarbons as reaction byproducts. Lower
amounts of DCE and VC were also detected as intermediates, indicating
that hydrogenolysis was a secondary degradation pathway and the
formation of carcinogenic byproducts like VC was limited. By inte-
grating the results of the column tests into a simple analytical model, it
was found that a low thick reactive layer of 18 cm based on sulfidated
ZVI-Ni bimetal could ensure up to 99 % degradation of TCE vapors.
Therefore, the overall results indicate that sulfidated ZVI-based mate-
rials have the potential for their use as filling materials for HPRBs, thus
representing an efficient and durable solution for passive remediation of
chlorinated vapors at contaminated sites.
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