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Sulfidized nanoscale zerovalent iron (S-nZVI) is an Fe-based reactant widely studied for its potential use
for groundwater remediation. S-nZVI reactivity has been widely investigated testing various contami-
nants in various water matrices, but studies on S-nZVI corrosion behaviour and reactivity upon exposure
to complex groundwater chemistries are limited. Here, we show that anoxic aging of S-nZVI for 7 days in
the absence and presence of key groundwater solutes (i.e., CI~, SO, Mg“, Ca%*, HCO3, CO3~, NO3, or
HPOZ~) impacts Fe® corrosion extent, corrosion product and reduction rates with trichloroethene (TCE).
White rust was the dominant corrosion product in ultrapure water and in SO5~, CI-, Mg?* or Ca** so-
lutions; green rust and/or chukanovite formed in HCO3 and CO3~ solutions; magnetite, formed in NO3
solutions and vivianite in HPOZ~ solutions. The aged S-nZVI materials expectedly showed lower re-
activities with TCE compared to unaged S-nZVI, with reaction rates mainly controlled by ion concen-
tration, Fe® corrosion extent, type(s) of corrosion product, and solution pH. Comparison of these results
to observations in two types of groundwaters, one from a carbonate-rich aquifer and one from a marine
intruded aquifer, showed that S-nZVI corrosion products are likely controlled by the dominant GW
solutes, while reactivity with TCE is generally lower than expected, due to the multitude of ion effects.
Overall, these results highlight that S-nZVI corrosion behaviour in GW can be manifold, with varied
impact on its reactivity. Thus, testing of S-nZVI stability and reactivity under expected field conditions is

key to understand its longevity in remediation applications.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Sulfidized nanoscale zerovalent iron (S-nZVI), produced by re-
action of nanoscale zerovalent iron (nZVI) with a sulfide precursor,
consists of a metallic iron (Fe®) core and a nanocrystalline
mackinawite-like (FeSy,) shell (Kim et al., 2011; Rajajayavel and
Ghoshal, 2015; Gu et al, 2017). The modification results in at
least 10-fold increase in trichloroethene (TCE) reduction rates
compared to non-sulfidized nZVI (Fan et al., 2017), because the FeS
shell limits quick Fe® corrosion by water and trace oxygen, while
maintaining a conductive surface favourable for TCE reduction (Kim
etal,, 2011). As such, S-nZVI is a promising alternative to nZVI for in
situ TCE remediation (Rajajayavel and Ghoshal, 2015; Fan et al.,
2016).

The successfulness of in situ particle-based remediation often
depends on the longevity of the reactant, which generally is first
assessed in controlled laboratory environments that mimic sub-
surface conditions. For nZVI, multiple studies have determined
changes in TCE reactivity as a function of aging time (e.g., Liu and
Lowry, 2006, Farrell et al., 2000) and/or varying groundwater
chemistries (e.g., Liu et al., 2007, Parbs et al., 2007, Chen et al., 2001,
Reinsch et al., 2010, Liu et al., 2013). Similar investigations with S-
nZVI are, however limited, in particular for S-nZVI produced via
two-step synthesis. Fan et al., 2016 and Xu et al., 2019 showed that
aging of S-nZVI in oxygen-free deionized water (i.e., absence of
solutes) led to a decrease in TCE reduction rate but the aged S-nZVI
remained reactive in comparison to unreactive, aged nZVI.
Rajajayavel and Ghoshal (2015) showed that the presence of
groundwater solutes can significantly lower the reactivity of freshly
synthesized S-nZVI. However, little insight was provided as to what
caused the reactivity loss. In our recent study, we showed that S-
nZVI aged in anoxic artificial groundwater for up to 120 days lost
about 50% of its Fe? core as a result of anoxic corrosion at FeSy, shell
defects after ~10 days. This resulted in the formation of crystalline
corrosion products and a ~45% decrease in TCE reduction rates
(Mangayayam et al., 2019a). In that study, S-nZVI were aged in a
specific artificial groundwater matrix and under static conditions.
However, S-nZVI corrosion may proceed faster under more dy-
namic conditions. Moreover, corrosion behaviour may be different
in other groundwater matrices, for example when certain
groundwater solute(s) dominate (i.e., Na* and ClI” in seawater
intruded aquifers, or Ca%*, Mg?*, and HCO3 in limestone aquifers).
To the best of our knowledge, there are no systematic investigations
on the effects of common groundwater solutes on S-nZVI structure
and reactivity. This understanding may be needed to help predict S-
nZVI longevity during in situ subsurface remediation.

In this study, we assessed changes in S-nZVI structure and TCE
reduction rate after 7-day exposure to solutions of common
groundwater ions to identify the solutes that could impact most on
S-nZVI longevity in groundwaters. Specifically, we tested the effects
of MgCl,, CaCl,, NaCly, NaySO4, NaHCOs3, NayCOs, NaNOs, and
NayHPO4, at concentrations typical for groundwater, on S-nZVI
aging. In addition, identical experiments were performed using two
different groundwaters, one from a marine intruded aquifer in
Spain and one from a carbonate-rich aquifer in Denmark, to assess
if observations from simple, single salt systems can be used to
predict S-nZVI behaviour in complex groundwaters. S-nZVI struc-
tural changes were determined using synchrotron-based X-ray
scattering techniques and scanning electron microscopy, while gas-
chromatography mass spectrometry was used to determine rates of
TCE degradation.

2. Materials and methods

Unless stated otherwise, all syntheses and preparations for

aging, reactivity experiments and sample characterization were
performed inside an anoxic vinyl-walled glovebox (95% Ny/5%H>;
Coy laboratories) using reagent grade chemicals and deoxygenated,
ultrapure water (MilliQ, resistivity > 18 MQcm, sparged with N, for
24 h). Air intrusion and TCE outgassing during aging and reactivity
experiments were minimized by the use of Viton™ rubber stoppers
and crimp seals, a low-headspace to solution ratio and by placing
the reactors horizontally to avoid contact between Viton™ rubber
stopper and headspace (Mangayayam et al., 2018). Information on
reagents can be found in supplementary information, SI, Text S1.
Two types of groundwaters (GW) were collected from wells: one
from a carbonate rich aquifer (GWyarp) in Skovlunde, Denmark and
one from a marine intruded aquifer (GWsapng) in Baix Llobregat,
Catalunya, Spain (SI, Text S2, Table S1).

2.1. S-nZVI synthesis

S-nZVI was synthesized following a modified two-step synthesis
by Rajajayavel and Ghoshal, 2015, identical to our previous study
(Mangayayam et al., 2019a). Briefly, 35.8 mL of 1.1 M sodium
borohydride (BHz ) solution were titrated (5 mL/min) to 71.6 mL of
0.25 M FeCl; in 30% ethanol (in MilliQ water). The suspension was
stirred for another 10 min before separating the particles using a
strong magnet. The particles were re-suspended in 120.8 mL of
0.2 M acetate buffer solution in a 160 mL serum bottle, crimp
capped and sonicated for 15 min outside the glovebox. Then, 4.2 mL
of 1 M NayS solution were injected through the Viton™ stopper to
initiate sulfidation, and the bottle was sonicated for another 10 min,
before placing it on an orbital shaker (200 rpm) for 3 h. After sul-
fidation, the solids were washed with N, sparged O,-free ethanol
using a 3-fold rinse cycle and separated by vacuum filtration (inside
anoxic glovebox). The washed S-nZVIs were resuspended in 100 mL
MilliQ water (theoretical mass loading = 10 g L~! and S/Fe synthesis
ratio = 0.23) and immediately used for aging and reactivity
experiments.

2.2. §-nZVI aging and TCE reactivity

S-nZVI was aged in the absence (i.e., degassed MilliQ water only)
and presence of common groundwater solutes (SI, Table S2) under
constant shaking at room temperature. The impact of varying anion
concentrations (Cl~, SO3~, HCO3, CO%~, NO3, HPOZ~) were tested
using their sodium (Na%) salts, assuming that Na™ has negligible
impact on reactions (Liu et al., 2007; Devlin and Allin, 2005). For
divalent cations (Mg?t and Ca®*), chloride (Cl™) salts were used.
The ion concentration ranges were chosen according to their vari-
ability in real groundwater systems (e.g., Table S1). Additionally, S-
nZVI was aged in the collected groundwaters to assess the com-
bined effects of multiple groundwater solutes on particle aging and
reactivity (SI, Table S1).

For the aging experiments, aliquots of the S-nZVI suspensions in
MilliQ water were added to the prepared salt solutions or to the
collected GW inside 60 mL serum bottles to have a final volume of
50 mL and solid concentration of 0.5 g L~'. The varying salt con-
centrations are specified in Table S2. Each condition was tested in
triplicate. The solutions were left unbuffered to minimize in-
fluences of other ions. This resulted in initial pH being neutral
except for HCO3 (pH = 8.1-8.2), CO3~ (pH = 10.5—10.8), and the
collected groundwaters (pH = 7.6 + 0.1 and 7.8 + 0.1). The reactors
were crimp capped and left to age on an orbital shaker (150 rpm)
for 7 days to accelerate particle-ion interaction. The solution pH
was measured after aging (SI, Table S2).

After 7-day aging, two of the triplicate reactors were amended
with 25 pL of 10,000 ppm (v/v) TCE (in methanol) to yield 55 pM
TCE, and then re-capped and shaken as before (inside the
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glovebox). TCE controls in the tested water matrices (i.e., the
different salt solutions and the two groundwater matrices with no
added S-nZVI) were set up in parallel and used to normalize the TCE
loss over time. Regular suspension sampling for TCE analyses by gas
chromatography — mass spectroscopy was performed over 50 h as
previously described (SI, Text S3) (Mangayayam et al., 2018). The
third reactor was sacrificed to characterize the aged S-nZVI mate-
rial. For this, all solids in the reactors were separated from the su-
pernatant using a magnet (i.e., supernatant free from precipitates
based on visual inspection), rinsed once with ~50 mL degassed
MilliQ, vacuum filtered (0.2 um) and then dried in a desiccator
under vacuum (48 h at 22 °C).

2.3. S-nZVI characterization

High energy X-ray scattering measurements were performed at
beamline 11-ID-B (58 keV, X = 0.2114 A), Advanced Photon Source
(APS), Argonne National Laboratory (USA) to probe structural
changes resulting from S-nZVI aging. Scattered X-rays were
detected by a 40 x 40 cm amorphous Si 2D detector (PerkinElmer)
at a sample-to-detector distance of 1000 mm for high energy X-ray
diffraction (HEXRD), and 180 mm for pair distribution function
(PDF) analysis. Prior to transport to APS, dried samples were filled
into glass capillaries and sealed with paraffin, ensuring that sam-
ples were under anoxic atmosphere during transport and mea-
surements (Dideriksen et al., 2015). An empty glass capillary and a
CeO, standard were measured for background correction and for
sample-detector geometry calibration. Fit-2D (Farrow et al., 2007)
was used for calibration and integration of the data to 1D scattering
patterns. OriginPro was used to fit Gaussian curves to low R
(0.5—3.5 A) PDF peaks to approximate the residual Fe® content
(atomic %) in the aged products, as performed in our previous study
(Mangayayam et al., 2019a). Details of the fitting procedure are
described in SI, Text S4, Fig. S1. For scanning electron microscopy
(SEM), suspensions were diluted by a factor of 10 in MilliQ water
and then directly pipetted onto an aluminium stub and left to dry
for 30 min in a desiccator under vacuum (inside anoxic glovebox).
The samples were imaged using a FEI Quanta 3D FEG SEM at 7 kV
and 8.7 pA with a secondary electron detector. Electron dispersive
X-ray spectroscopy maps were acquired using a FEI tecnai G20 F20
X-Twin FEG S/TEM operated at 200 kV, a Fischione high angle
annular dark field detector and an EDAX X-ray analyzer.

3. Results and discussion
3.1. Characterization of unaged S-nZVI

HEXRD of unaged S-nZVI shows peaks corresponding to metallic
iron ((110) Fe® at 3.1 A~1) and a mackinawite-like phase ((001) FeSy,
at 1.19 A~ SI, Fig. S2). SEM images of this material show the typical
chain-like aggregates expected for ferromagnetic nanoparticles,
with S-nZVI particles sizes around 50—150 nm in diameter (SI,
Fig. S3). EDXS maps reveal that S-nZVI have a sulfur to iron ratio of
~0.04 (SI, Fig. S4). These structural, morphological and composi-
tional features match well with the HEXRD and HRTEM images in
our previous study (Mangayayam et al., 2019a), suggesting that the
S-nzVI synthesized here has as an Fe? core and FeSp, shell. In terms
of TCE reduction rate, the fitted pseudo-first order rate constant (k;)
for unaged S-nZVI was 0.173 + 0.003 h~! (SI, Table S2).

3.2. Structure and reactivity of 7 days aged S-nZVI
3.2.1. Aging in MilliQ water (reference experiment)

S-nZVI was aged in MilliQ water to provide a baseline for
determining the effects of common groundwater ions. HEXRD

shows peaks for Fe® and FeS,, stemming from S-nZVI and additional
peaks characteristic for ferrous hydroxide (Fe(OH),), often called
white rust (labelled WR in Fig. 1a and b). This was confirmed by
SEM images showing chain-like S-nZVI aggregates surrounded by
thin, hexagonal flakes characteristic of white rust (Fig. S5). Based on
PDF peak intensities, about 22% of the initial Fe® cores were
oxidized to white rust after 7-day aging (Table S2). The solution pH
increased from neutral to 9.1 + 0.1, as would be expected from OH™
production during water reduction (Equation (1)) (Furukawa et al.,
2002). We argue that crystal defects in the FeSy, shell enabled
anoxic corrosion as proposed previously (Mangayayam et al.,
2019a), while the basic pH conditions led to white rust precipita-
tion (Equation (2)). Aging occurred faster in these experiments
compared to our previous static aging experiments (Mangayayam
et al, 2019a), most likely because the reactors were shaken
throughout aging.

Fe® + 2H,0— Fe?* + 20H™ + H, (1)

Fe** +20H~ — Fe(OH), (2)

In terms of TCE reactivity, the MilliQ aged S-nZVI exhibited a
lower reduction rate (Kageq = 0.10 h~1) compared to the unaged S-
nzVI (ki = 0.17 h~, SI, Table S2, Fig. S6). This decrease in reactivity
can be partly explained by the substantial loss in Fe® core material
(~22%), in comparison to unaged S-nZVI (Mangayayam et al.,
2019a). Another factor that likely contributed to the reactivity
decrease is the formation of white rust. White rust is dominantly
protonated (i.e., =Fe—OH3) at the pH (9.1) monitored here (point of
zero charge, pHpyzc, of white rust = 12.1 + 0.1) (Yoon et al., 1979;
Schott, 1977; Parks, 1965), while S-nZVI surface sites (i.e., =Fe—S")
are dominantly deprotonated (pHpyzc of FeS = 7.5 + 0.1) (Wolthers
et al.,, 2005). As such, attractive electrostatic interactions may
have led to a close association between white rust and S-nZVI
particles, also indicated by SEM images (Fig. S5). In turn, this could
have lowered accessibility for TCE to FeSy, surface sites (argued to
be the active sites for TCE reduction) (Butler and Hayes, 1998, 2001),
and hence lowered TCE reduction rates (Kim et al, 2011;
Rajajayavel and Ghoshal, 2015; Chen et al., 2001; Butler and Hayes,
2001).

3.2.2. Influence of CI~ and SOF

Similar to S-nZVI aged in MilliQ water, white rust is the main
corrosion product when S-nZVI was aged in chloride (CI™) or sulfate
(S03) solutions as shown by HEXRD (Fig. 1a and b) and SEM (Fig. 1¢
and d). Interestingly, S-nZVI aged in Cl~ solutions exhibit sub-
stantially less Fe® corrosion (SI, Table S2), i.e., less white rust for-
mation, compared to S-nZVI aged in MilliQ, while S-nZVI aging in
S03~ solutions led to enhanced Fe® corrosion. These trends are also
evidenced by the relative white rust HEXRD peak intensities (Fig. 1a
and b) and relative white rust abundances in SEM images (Fig. 1c¢
and d). Notably, the extent of Fe® corrosion was marginally affected
by the increase in CI~ or SOF~ concentration, respectively.

An exception to above observations is the S-nZVI material aged
in 700 mM CI~ solution (mimicking seawater-like conditions),
where chloride green rust (Fe**, Fe>* layered hydroxide with
interlayer chloride, Grcj) appeared as the only corrosion product,
based on small but noticeable HEXRD peaks and hexagonal,
micron-sized platelet in SEM (Fig. S7). Under anoxic conditions,
trace Fe>* may be produced from the oxidation of white rust via
Schikorr reaction (Reardon, 1995). However, such a process seems
unlikely here considering that we do not see any structural evi-
dence of mixed-valent iron phases in the other tested ClI~ and Nevm
solutions, or MilliQ water. Considering the overall low abundance of
this Fe3*-bearing corrosion product, it is therefore more likely that
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nzVI (reference experiment) is also shown. Reflections are annotated as Fe® and FeS,,, for S-nZVI core and shell; WR for white rust; and GR¢ for chloride green rust. SEM images of S-
nzVI aged in (c) 5 mM Cl~ and (d) 5 mM SO3~ solutions, both still showing initial S-nZVI chain aggregates. In addition, the SOF~ aged S-nZVI exhibit abundant thin, hexagonal
shaped flakes characteristic of white rust, which are rare in CI~ aged S-nZVI. TCE reduction rate constants of S-nZVI aged in solutions with increasing (e) Cl~ and (f) SO~ con-
centrations. For comparison, the TCE reduction rate constant of unaged S-nZVI (k;) is plotted as a dashed line. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

it formed during material exposure to trace oxygen during reactor
sampling and/or sample drying for characterization. Indeed, fast
oxidation rates have been observed for Fe?* in the presence of high
Cl™ concentratons (Po and Sutin, 1968).

Exposure of microscale ZVI to SO%~ and CI~ solutions is well
known to induce corrosion (Devlin and Allin, 2005; Johnson et al.,
1697). As such, it was expected that these anions enhance Fe®
corrosion at FeSp, defects on S-nZVI surfaces. The observed
increased Fe® corrosion and white rust formation in the presence of
S03~ supports this assumption (SI, Table S2). In CI~ solutions, the

trend is however different: white rust formation is generally lower
and Fe® content after aging is higher compared to the MilliQ system.
Note that the pH in Cl~ and SO~ solutions were comparable after
aging with S-nZVI (9.1 + 0.1, SI, Table S2), indicating that pH would
not have influenced the observed difference in Fe® corrosion extent
between these two anions.

Similar to the MilliQ system, aging of S-nZVI in CI~ and SO7~
solutions negatively impacted TCE reduction rates (Kaged),
compared to unaged S-nZVI (k;, Fig. 1e and f, Fig. S6). Generally,
Kaged values were higher in CI™ solutions than in SO3~ solutions.
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These trends may be best explained by the extent in S-nZVI
corrosion, with less Fe® corrosion and less white rust formation
observed in CI~ solutions compared to SO?{ solutions. In addition,
differences in reactivity were also observed upon varying CI~ and
SO3~ concentration: Kaged increased with increasing CI~ concen-
tration, while it decreased with increasing SO~ concentration
(Fig. 1e and f, Fig. S6). Fe® corrosion extent, white rust abundance
and pH little fluctuated with increasing anion concentration, sug-
gesting that these parameters had little impact on the changes in
TCE Kageq with increasing ion concentration. Instead, it is the ions
that somehow enhance (i.e., Cl-) and limit (i.e., SOF ) TCE reactivity
with increasing concentration.

3.2.3. Influence of Ca®* and Mg+

Aging of S-nZVI in solutions with variable concentrations of
calcium (Ca®*) or magnesium (Mg?*) ions led to similar extents of
Fe? corrosion, white rust formation (Fig. 2a and b; SI, Table S2) and
solution pH (pH = 9.1 + 0.1) as observed for S-nZVI aged in MilliQ
water. These observations suggest that these cations had negligible
effect on S-nZVI corrosion behaviour. These observations are
somewhat in constrast to previous studies on S-nZVI (produced
with one-pot synthesis) (Kim et al., 2013, 2014) and ZVI (Liu et al.,
2013, 2014) that argued that both Mg?* and Ca®* (at similar con-
centrations as used here) induce surface corrosion. Notably, surface
characteristics are different between different S-nZVI particles and
ZVI (Mangayayam et al., 2019a, 2019b), thus surface processes will
likely differ between these systems.

In terms of TCE reactivity by S-nZVI aged in Mg?* and Ca®*
solutions, different trends were observed for these cations: Kaged
increased with increasing Mg?+ concentration, while it decreased

with increasing Ca** concentration (Fig. 2c and d, Fig. S6). These
systematic changes in TCE reduction rate with cation concentration,
while other observed parameters (i.e., extent of Fe® corrosion,
white rust formation, and pH) remained fairly constant, indicate
that TCE reduction is somewhat enhanced in the presence of Mg>*
but inhibited by Ca*. It is unclear what controls these opposite
trends in TCE reactivity, particularly seeing that both cations have
been shown to adsorb well on FeSy,, surfaces (Wolthers et al., 2005;
Morse and Arakaki, 1993). Notably, Kim et al. (2013) also observed
higher TCE reactivity by S-nZVI (produced with one-pot synthesis)
in the presence of Mg?*, while Ca®* stimulating effects were lower.
Similarly, Liu et al. (2014) showed that TCE reduction by passivated
ZVI (i.e., with iron oxide shell) is enhanced in the presence of Mg>*
solutions but not in Ca®* solutions. They explained this by Mg?*
inducing dissolution of surface corrosion products, while Ca®*
cannot. Dong et al. (Dong and Lo, 2013), on the other hand, showed
that Ca®* ions induce aggregation of nzVI particles, that could
potentially lead to a decrease in reactive surface sites.

3.24. Influence of HCO3 and CO%

S-nZVI aged in various bicarbonate (HCO3) and carbonate
(CO%™) solutions exhibited Fe® corrosion extents (Table S2) that
were comparable to observations in the MilliQ system. The type of
corrosion product differed, however, with carbonate green rust
(GRco3) forming at most HCO3/CO3~ concentrations, except for
solutions containing 10 mM HCO3, where chukanovite was the
main corrosion product (Fig. 3a and b). SEM images show hexag-
onal plates characteristic of GRcos and thin rhomboidal sheets as
previously observed for chukanovite (Fig. 3c and d) (Yang and Akid,
2015; Pekov et al., 2007). These iron-carbonate phases are common
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Fe® corrosion products in carbonate-rich, anoxic waters and at the
alkaline pHs monitored here (Chen et al., 2016; Drissi et al., 1995).
Note that chukanovite was absent in CO%* solutions and this may
be explained by the substantially higher pH (pH = 10.9—11.2) in
CO3~ solutions, compared to HCO3; solutions (pH = 9.1-9.5,
Table S1) (Chen et al., 2016). The presence of substantial amounts of
carbonate green rust in almost all HCO3/CO3~ aging experiments
suggests that Fe>* formed via a specific oxidation process enabled
by the activity of these anions, rather than accidential oxidation
during sampling (as we argued for minor GR¢ formation in ex-
periments with 700 mM Cl~; section 3.2.2). In a previous study,
Fe>* was shown to form during CO, reduction at iron sulfide
electrodes (Roldan et al., 2015). Whether such a process could have
acted here however, is uncertain, but may be worth investigating in

future studies.

Compared to unaged S-nZVI, S-nZVI aging in HCO3 or CO3~
solutions also negatively impacted TCE reduction rates. Generally,
however, Kaged values in the presence of these anions were higher
than in the MilliQ system, despite similarities in Fe® corrosion
extent. Partly, this may be explained by the differences in corrosion
products. Here, GRco3 and/or chukanovite formed instead of white
rust. These iron-carbonates will be dominantly deprotonated (PZC
around 7.9 + 0.1) (Biegler and Houchin, 1986; Génin et al., 2005),
similar to S-nZVI surfaces, at the monitored pHs (Table S2). Thus,
iron-carbonates and S-nZVI may interact less with each other (i.e.,
less aggregation), meaning FeSy, site availability may be higher
than in the presence of white rust, which could in parts explain why
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TCE reactivity in HCO3 or CO3~ solutions is higher compared to the
MilliQ system. An additional observation was that Kageq increased
with increasing HCO3 or CO3~ concentrations (Fig. 3c, d, Fig. S6),
indicating that similar to systems discussed above (e.g., Mg?*, Ca®™,
Cl~, and SO3~), TCE reduction was somewhat also affected by the
presence of these ions.

A last observation concerns the generally higher TCE reactivities
in CO%f solutions compared to HCO3 solutions, despite similarities
in Fe® content and corrosion product. Likely, this is partly due to the
substantially higher pH values in CO3~ solutions compared to HCO3
solutions. For example, Rajajayavel and Ghoshal, 2015 showed 75%
increase in TCE reduction rates by S-nZVI upon pH increase from 9.0
to 11.0. The authors argued that higher pH led to higher abundance
of reactive, deprotonated =Fe—S sites on S-nZVI (Wolthers et al.,
2005), thereby increasing the sites for TCE degradation
(Rajajayavel and Ghoshal, 2015; Kim et al., 2013).

3.3. Influence of NO3

S-nZVI aged in nitrate (NO3) solutions exhibited an increase in
Fe® corrosion with increasing NO3concentrations (SI, Table S2),
which was accompanied by the formation of a spinel phase, pre-
sumably magnetite (Fe304), as shown by HEXRD and SEM (Fig. 4a
and b). These observations strongly indicate that NO3 was reduced
by S-nzVl, utilizing electrons from the Fe® core. This is also sup-
ported by the systematic pH increase (i.e., H" consumption by NO3
reduction) observed during aging (SI, Table S2). In nZVI systems, it
has been shown that NO3 reduction led to quick surface passivation
by magnetite or maghemite formation, which then limited further
corrosion (Liu et al., 2006, 2007; Reinsch et al., 2010; Su et al., 2012).
Here, S-nZVI aged in NO3 solutions only exhibited a spinel phase,
which seemed to form separate and discrete cubic particles
(Fig. 4b).

Despite substantial Fe® corrosion during aging (i.e., NO3
reduction), Kageq values were still comparable to the MilliQ system,
and seemed to be higher (about 20%) when S-nZVI was aged under
higher NO3 concentrations (Fig. 4c, Fig. S6). Considering the small
amount of Fe® left after S-nZVI aging, the relatively high Kaged values
may be partly explained by the higher pH (pH = 10.5—-11.4), as
argued for the CO3~ system (section 3.2.4) (Rajajayavel and
Ghoshal, 2015; Wolthers et al., 2005; Kim et al., 2013) . Addition-
ally, magnetite is electron conductive and could also facilitate
electron transfer (Liu et al., 2006; Culpepper et al., 2018), but
arguably at rates lower than by S-nZVI. Overall however, while the
favourable pH conditions seem to uphold Kageq values, it is expected
that continuous interaction between NO3 and S-nZVI would ulti-
mately consume all Fe?, thus compromise the reduction of target
contaminants.

34. Influence of HPOZ

Vivianite (Fe3(PO4)z-8H20) was the main corrosion product
observed by HEXRD when S-nZVI was aged in phosphate (HPO3 ")
solutions (Fig. 4d). These observations are consistent with SEM
images, which show abundant rectangular sheet-like structures,
typical of vivianite (Fig. 4e) (Rothe et al., 2016) . In terms of TCE
reactivity, Kaged values were dramatically lower than in any other
considered system, e.g., ~80% lower than Kageq of S-nZVI aged in
MilliQ water (Fig. 4f, Fig. S6).

The formation of vivianite has been previously observed when
ZVI was exposed to HPO3~ containing waters (Reinsch et al., 2010;
Wen et al., 2014). In addition, the presence of HPOZ~ has been
shown to adversely affect the removal rates of nitrobenzene, TCE,
and arsenic in ZVI systems (Liu et al., 2007; Yin et al., 2012; Su and
Puls, 2001). When S-nZVI was aged in HPO3~ solutions, vivianite

also formed and TCE reactivity was also dramatically decreased,
suggesting that HPOZ~ induces similar reactions on S-nZVI and ZVI
surfaces. Note that HPOZ~ concentrations in groundwaters are
generally lower (i.e.,, <0.25—10 uM) (Carlyle and Hill, 2001), than
tested here due to the low solubility of phosphate minerals
(Markich et al., 2001; Crannell et al., 2000). Thus, our observations
may only be applicable to extreme settings, such as groundwaters
contaminated by fertilizer in agricultural wetlands (Lamers, 2010).

3.5. Main controls on S-nZVI reactivity after aging in single salt
solutions

From the results presented above, it is clear that aging of S-nZVI
in MilliQ or single salt solutions leads to Fe® corrosion and sec-
ondary mineral formation, which negatively affected the observed
TCE reduction rate constants. The extent of Fe® corrosion and type
of secondary mineral formation varied among different ions, which
may partially explain the differences in TCE reactivity among tested
ions (Fig. 5a). However, the extent of Fe® corrosion and the type of
corrosion product was marginally affected by the tested ion con-
centrations, whereas TCE reactivity (Kkops) systematically changed
with increasing ion concentrations (Fig. 5b). Specifically, we
observed that increasing concentrations of NaCl, MgCl,, NaHCO3,
and NapCOs3 positively affected TCE reactivity (Kagedq), while
increasing concentrations of Na;SO4, CaCly, and NayHPO4 nega-
tively impacted Kjged. This suggests that the observed systematic
TCE reactivity changes were partly driven by the presence of these
solutes during TCE reduction.

For ions to inhibit TCE reduction, they must lower FeSy, sites
accessibility either through direct adsorption or outer-sphere
complexation, or indirectly by enhancing S-nZVI aggregation.
Phosphate is well known to adsorb to Fe phases (Krom and Berner,
1980), which could explain the large decrease in TCE Kqps Seen in
phosphate solutions. Calcium often enhances aggregation of
negatively charged compounds such as S-nZVI (Kim et al., 2013;
Dong and Lo, 2013), which may explain the decrease in TCE Kqps
with increasing Ca®* concentration.

For ions to enhance TCE reduction, they must keep the reactive
FeSy, sites free of potential inhibitors, i.e., corrosion products. Fe°
corrosion and white rust formation were significantly reduced in
Cl™ solutions, thus FeSy, sites were likely more accessible, i.e., TCE
reduction was enhanced. Iron carbonates, that formed in HCO3 and
CO35~ solutions, likely aggregate less with S-nZVI due to electro-
static repulsion (compared to white rust), thus FeSy, sites were
likely also more accessible in HCO3 and CO%~ solutions.

Overall, however, there are still many unknowns when it comes
to interpreting these ion specific effects, and more experimental
work is required. As shown here, multiple paramaters and pro-
cesses impact TCE reactivity, making it difficult to pinpoint the
controlling factor(s) in a specific scenario. As an example, different
types of corrosion products will interact differently with S-nZVI
surfaces, thus aggregation behaviour and FeSy;, site accessibility can
differ. Additionally, as S-nZVI corrodes with aging (with the extent
mainly controlled by ion type), Fe? sites will become exposed (and
likely more so if corrosion is higher), potentially enabling TCE
dehalogenation pathway other than reductive B-elimination at
FeSy, sites (e.g., hydrogenolysis or hydrogenation), which in turn
may also affect TCE reduction rates. Another key variable to
consider is pH, which can impact the surface chemistry of S-nZVI
and corrosion products, and also the activity of ions in the system.

3.5.1. Real groundwater matrices

To understand if S-nZVI longevity in complex groundwaters can
be estimated from the results of experiments with single salts,
structural S-nZVI modifications and changes in S-nZVI reactivity
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after aging were also assessed for two types of groundwaters. S-
nZVI aged in groundwater collected from the Danish site, charac-
terized by its hardness, (i.e., GWyarp; HCO3 ~6.3 mM, SI,
Table S1), exhibit small but noticeable HEXRD peaks that are
consistent with chukanovite (SI, Fig. S8). On the other hand, S-nZVI
aged in groundwater collected from the Spanish site, characterized
by its high salinity (i.e., GWsaing; CI- = ~570 mM, SI, Table S1),
exhibit characteristic peaks of chloride green rust. These observa-
tions somewhat match with the corrosion products identified in
single solute systems. Chukanovite was the dominant oxidation
product in high HCO3 solutions (5—10 mM) and in GWyagrp. Chlo-
ride green rust formed in high CI~ solution (700 mM) and in
GWsapne- The presence of high HCO3 concentrations (3.7 mM) in

GWsarne may have triggered the formation of Fe3* (section 3.2.4),
rather than by accidential oxidation. In terms of TCE reduction
rates, S-nZVI aged in GWharp and GWsaping exhibited kageq of 0.09
h~'and 0.12 h~!, respectively (SI, Table S2, Fig. S6). These values are
lower than determined for single salt solution, having comparable
hardness (i.e., 5 mM HCO3; 0.14 h™1) or salinity (i.e., 700 mM Cl~;
0.16 h™1).

The observation that the dominant groundwater ion(s) likely
control the corrosion product of S-nZVl is a valuable insight because
this could help predict secondary redox reactions or sorption pro-
cesses by these corrosion products. For example, it has been shown
that TCE can be reduced by magnetite in the presence of aqueous
Fe?* (Culpepper et al., 2018), and green rust has been shown to play
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an active role in the redox chemistry of some common ground-
water pollutants such as NO3 and CrO3~ (Skovbjerg et al., 2006;
Alidokhtetal.,, 2016; Hansen et al., 2001). The observation that Kaged
in groundwater experiments were lower than expected from the
single salt system may not be surprising. This mismatch may be
attributed to the multitude of other, less dominant groundwater
components, which may have additionally influenced TCE reac-
tivity. For example, the presence of Ca** in GWyarp (3.7 mM) and
GWsapne (12.7 mM), which we showed to negatively impact TCE
reduction rates even at lower concentrations (0.2—2 mM, Fig. 2¢),
may have influenced the observed Kkjgeq values. Our groundwater
analyses also show the presence of dissolved organic carbon
(<2 mg L~ Table S2). Previous studies showed that even low
concentrations of humic acid (HA, 5 mg L™') can lead to a 10%
decrease in TCE reduction rates by S-nZVI, explained by adsorption
to active FeS surface sites (Kim et al.,, 2013; Han et al., 2019;
Bhattacharjee et al., 2016). However, they also showed that the
presence of Mg?* and Ca?* ions can alleviate this inhibition, likely
because they complex HA in solution, i.e., limit HA adsorption to S-
nZVI surfaces. In another study, Suwannee River humic acid (SRH)
was shown to enhance S-nZVI corrosion, leading to the formation
of a non-conductive film that negatively affected TCE reactivity
(Han et al., 2019). In these tests, only NaHCO3; was added as a buffer,
thus further tests are required to evaluate whether such corrosion
enhancement and rate inhibition would also be observed in real
groundwaters. Overall, while the natural organic matter was very
low in the two tested groundwaters, it could still have contributed
to the observed lower TCE reduction rates compared to the single

salt systems. This certainly warrants further investigations that
specifically evaluate the effect of competitive reactions between
groundwater solutes and natural organic matter on S-nZVI
longevity and reactivity. A last point to consider, pHs in the well
buffered groundwaters were about a unit lower compared to single
salt systems, meaning S-nZVI aged in the groundwater had a lower
number of deprotonated FeSy, sites, which could also explain the
lower reactivity in GW systems compared to the single salt systems
(SI, Table S2).

4. Conclusion

For the first time, the impact of common groundwater ions on S-
nZVI structure and reactivity during aging was investigated.
Regardless of aqueous composition, 7-day aging negatively
impacted TCE reduction rates because of Fe® corrosion and sec-
ondary mineral formation. Notably, the presence of increasing
concentrations of Cl-, Mg?*, HCO3, CO3~, NO3 somewhat coun-
terbalanced this reactivity loss, while the presence of SOF~, Ca’*,
and PO3~ further lowered reactivity. The overall variability in TCE
reactivity as a function of aqueous composition was explained by
the combined effects of S-nZVI corrosion extent, type of corrosion
product, pH of the system, and specific ion effects.

In the two tested groundwaters, characterized by high HCO3
(6.3 mM, GWyagp) or high CI~ (564 mM, GWsapine), TCE reduction
rates were clearly affected by the complex ion matrices and buff-
ered pH conditions, which led to Kageq values that were lower in
comparison to their equivalent single salt systems (5 mM HCO3 and
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700 mM CI7). These results contribute to the understanding of the
fate and transport of S-nZVI in subsurface conditions; and help to
predict possible secondary reactions enabled by the corrosion
products. In addition, these data could serve as a benchmark to help
improve the evaluation of S-nZVI fate and reactivity in various
groundwater chemistries, especially aquifers polluted with TCE.
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