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Abstract
Laboratory batch experiments were performed to assess the reduction of trichloroethene

(TCE) and oxygen via natural ferrous minerals. TCE reduction under anoxic conditions
was measured via the generation of reduced gases, while oxygen reduction via the
generation of hydroxyl radicals was measured as a surrogate for potential TCE oxidation.
Results showed that TCE reduction under anoxic conditions was observed for ankerite,
siderite, and illite, but not for biotite; acetylene was the primary identified dechlorination
product. With the exception of biotite, first-order dechlorination rate constants increased
with increasing ferrous content of the mineral, with rate constants ranging from 3.1 x 10
to 4.8 107 L g! d"!. Measured reduction potentials (mV vs SHE) ranged from -104 for
illite to +84 for biotite. When normalizing measured first-order dechlorination rate
constants to the estimated ferrous iron mineral specific surface area (where surface area
was based on nitrogen adsorption analysis of the minerals). TCE dechlorination rate
constants increased with increasing reduction potentials. Under oxic conditions, hydroxyl
radicals were generated with each of the four minerals. However, mineral activity showed
no readily apparent correlation to ferrous content or mineral surface area. In terms of
TCE and oxygen reduced per mole of ferrous iron initially present in each mineral, illite
was the most reactive of the four minerals. Together, these results suggest that several
ferrous minerals may contribute to abiotic dechlorination in the natural environment, and
(at least for TCE reduction under anoxic conditions) measurement of ferrous mineral
content and reduction potential may serve as useful tools for estimating TCE first-order

abiotic dechlorination rate constants.
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1.0 Introduction

The diffusive uptake or release of chlorinated solvents such at trichloroethene (TCE)
and tetrachloroethene (PCE) from low permeability rock or clay matrices can have a
substantial impact on contaminant migration and longevity within impacted aquifers, as
previous studies have shown that these matrices can serve as a long-term source of these
compounds (Damgaard et al., 2013; Goode et al., 2014). Slow abiotic dechlorination
reactions in such matrices can impact diffusive uptake and release (West and Kueper,
2010; Schaefer et al., 2013; Schaefer et al., 2016; Schaefer et al. 2017; Yu et al., 2018),
and therefore limit contaminant longevity. The mechanisms controlling abiotic
dechlorination reactions and methods to predict reactivity remain on-going issues of
debate, and further insights are needed to effectively manage impacted sites.

There is substantial evidence that ferrous minerals play a prominent role in promoting
abiotic reductive dechlorination of PCE and TCE (Butler and Hayes, 1999; Liang et al.,
2009; He et al., 2010; He et al., 2015; Schaefer et al., 2017). The majority of these studies
were performed under anoxic conditions with single minerals, and suggest that ferrous
minerals such as pyrite, iron sulfides, magnetite, and green rusts can dechlorinate PCE
and TCE to yield short-chained hydrocarbons (e.g., acetylene, ethene, ethane, propane) as
final products (Lee and Batchelor, 2003; Schaefer et al., 2013; He et al., 2015). However,
there is also evidence that in studies performed with these and other iron minerals, small
amounts of unidentified reactive mineral intermediates (RMIs) are promoting chlorinated
ethene reduction. (Culpepper et al., 2018; Entwistle et al., 2019).

The iron minerals controlling reactivity are more difficult to determine in natural

systems. Several researchers have shown that iron-containing rock and clay matrices
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promote PCE and TCE dechlorination under anoxic and abiotic conditions (Schaefer et
al., 2017; Yu et al., 2018; Schaefer et al., 2018), and that this reactivity can persist in situ
after decades of exposure to the contaminants (Ferry et al., 2004; Schaefer et al., 2015;
Schaefer et al., 2018b). Furthermore, the abiotic dechlorination rate constants observed in
these natural matrices have been shown to be environmentally relevant (Schaefer et al.,
2013, 2018; 2018b; Berns et al., 2019). In one study, the observed first-order
dechlorination rate constants for natural clayey soils was directly correlated to the ferrous
mineral content of the solids determined via HCI extraction (Schaefer et al., 2018).
However, XRD results indicated that these matrices contained several ferrous iron
minerals, and no relationship to their relative proportions was apparent. Therefore, it
remains unclear what specific ferrous minerals might be responsible for the observed
abiotic dechlorination in natural systems, or if the mechanisms responsible for
dechlorination reactions in altered natural minerals differ from those in artificially
reduced minerals.

In addition to reducing chlorinated ethenes, ferrous iron minerals have also been
shown to reduce oxygen to form hydroxyl radicals and hydrogen peroxide under oxic
conditions (Pham et al., 2008; Kong et al., 2015; Tong et al., 2016; Morrison et al., 2016).
In natural clays containing ferrous minerals, this hydroxyl radical generation process was
observed, with subsequent oxidative dechlorination of TCE at rates much greater than the
reductive TCE dechlorination observed under anoxic conditions (Liu et al., 2017,
Schaefer et al., 2018). The extent of hydroxyl radical yield per mass of ferrous iron
depends on the type of ferrous mineral, suggesting a complex mechanism related to the

mineral structure likely is involved (Tong et al., 2016; Zhu et al., 2019). While the extent
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to which these abiotic oxic dechlorination processes are relevant to the diffusion of
chlorinated ethenes into clay or rock matrices is unclear, field studies suggest that
systems undergoing natural biogeochemical cycling might be conducive to such
processes (Page et al., 2013; Tong et al., 2016; Yuan et al., 2017).

Besides extracted ferrous iron discussed above, the soil reduction potential,
determined electrochemically or with chemical reactivity probes, is also being explored
as a surrogate for reductive dechlorination rate constants in natural soils and minerals
under anoxic conditions (Fan et al., 2016; Kocur et al., 2020). However, to our
knowledge, this work has yet to be extended to PCE or TCE, which are reduced via
ferrous minerals much more slowly than the carbon tetrachloride, 4-chloronitrobenzene,
and 2-chloroacetophenone used by Kocur et al. (2020) and Fan et al. (2016). In addition,
it is currently unclear the extent to which reduction potential measurements provide
insight into hydroxyl radical formation observed for ferrous minerals under oxic
conditions. The ability to relate reduction potential via chemical reactivity probes to
hydroxyl radical generation could serve as a surrogate relating to abiotic TCE oxidation,
as the extent of hydroxyl radical generation has been shown to correspond to the
subsequent oxidative dechlorination of TCE in batch systems (Pham et al., 2008;
Schaefer et al., 2018).

While previous studies have focused on TCE dechlorination via ferrous minerals,
comparison of reductive TCE dechlorination kinetics among various minerals coupled
with the ability to predict such dechlorination using ferrous iron content and reduction
potentials, has not to our knowledge been performed. The purpose of this study was to

interrogate the potential for abiotic dechlorination using individual minerals identified in
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natural clay sediments (illite, biotite, ankerite, and siderite) that were suspected to be
responsible for reducing TCE (Schaefer et al., 2018), and to compare the various minerals
with respect to TCE dechlorination kinetics. Both TCE reduction under anoxic conditions
and hydroxyl radical generation under oxic conditions were examined. Specifically,
mineral reduction of both TCE and oxygen (as evidenced by hydroxyl radical generation)
were compared, thereby providing insight into the reduction mechanisms and potential
behavior in systems where iron redox cycling may occur. In addition, assessment of
ferrous iron content and reduction potential as tools to estimate TCE reduction under
anoxic conditions and hydroxyl radical generation under oxic conditions were examined,

thereby providing a novel assessment of these techniques.

2.0 Experimental
2.1 Materials

TCE (>99.5% purity), and reduced gas standards (15 ppm methane, ethane, ethene,
acetylene, propane, propylene, methyl acetylene, butane in a nitrogen balance) were
purchased from Sigma Aldrich (St. Louis, MO). An electrolyte solution consisting of 5
mM CaCl; was used in all experiments. Four natural minerals samples were used for this
study. Siderite (purchased from SIDCO Minerals Inc., Texarakana, TX), illite (purchased
from greenclays.com, Las Vegas, NV), biotite (acquired black crystal from unknown
location in Ontario, CA; additional samples available at https://www.ebay.com/itm/13-
Rare-Shining-Biotite-Crystal-Black-Mica-Ontario-Canada-Mical 10-/303174730742),

and ankerite (mineral crystal acquired from unknown location in Eisenerz, Steiermark,
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Austria) were used for the abiotic reactivity experiments. Properties of the minerals are

provided in Table 1.

2.2 Batch Dechlorination Testing

Using previously developed methods (Schaefer et al., 2017; Schaefer et al., 2018),
batch experiments were performed under anoxic conditions to evaluate the abiotic
reductive dechlorination of TCE. All anoxic experiments were prepared in an anaerobic
chamber. For each batch system, 6 g of a specific mineral was placed in 40 mL amber
glass vials. Bottles were then amended with 35 mLs of 5 mM CaCl, that had been
sparged with nitrogen. An additional set of bottles were prepared similarly, but amended
with TCE for a concentration of approximately 3.2 mM. Use of elevated TCE
concentrations facilitated the detection of transformation products. For siderite and illite,
additional experiments were performed at a TCE concentration of approximately 0.15
mM. Comparison of samples amended with TCE to those without TCE served to verify
that generation of suspected dechlorination products were from TCE, rather than
generation from anything associated with the acquired minerals.

The vials were capped with Mininert valves (with epoxy seals on the threads) to allow
for repeated sampling of the vial headspace for hydrocarbon transformation products. All
anoxic experimental conditions were prepared in triplicate (i.e., vials were prepared in
triplicate for each condition). Controls, containing 5 mM CaClz solution with TCE but no
minerals, also were prepared in triplicate.

All sampling of the anoxic vials was performed outside of the anaerobic chamber

under a stream of nitrogen to limit potential introduction of oxygen into the vials.
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Monitoring was typically performed up to approximately 40 days. At the end of the
experiment, select vials were sampled to determine the pH in the supernatant water. An
additional set of experiments was performed using illite and siderite amended with 1.8
mM of ferrous iron (from FeCl>-H20); these experiments were performed in duplicate.

Oxic experiments were also prepared similarly to those previously described
(Schaefer et al., 2018), and as described above for the anoxic experiments. The purpose
of the oxic experiments was to measure hydroxyl radical generation. Thus, here we use
hydroxyl radical measurements as a surrogate for comparing the relative oxidative abiotic
dechlorination potential among the four minerals.

For oxic experiments, the focus was to measure the generation of hydroxyl radicals,
which have shown to subsequently and oxidatively dechlorinate TCE (Pham et al., 2008;
Liu et al., 2017; Schaefer et al., 2018). Thus, the extent of hydroxyl radical generation
among the four ferrous minerals served as a surrogate for evaluating their relative
potential effectiveness to facilitate oxidative transformation of TCE. Hydroxyl radical
generation was measured using the aminophenyl fluorescein (APF) method (Cohn et al.,
2008; Cohn et al., 2009), which is based upon hydroxyl radical transformation of the APF
into fluorescein. For each mineral, 1.7 g were placed in the 40 mL amber glass vials with
10 mL of 0.1 M phosphate buffer (pH=7.4). Vials also were amended with APF to attain
a 25 uM concentration. With the bottle headspace flushed with air at time zero and daily
thereafter, periodic aqueous samples were collected during the 6-day duration of the
experiments. Bottles were placed on a shaker (50 rpm) during incubation.

Periodic sampling was performed by removing a 400 uL aliquot that was transferred

into a 15mL conical centrifuge tube and centrifuged at 10,000 g for 5 minutes. The
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supernatant was subsequently analyzed using a Promega Quantus Fluorometer, where a
blue fluorescent channel with an excitation filter at 495nm and emission filter at 510-
580nm was used to quantify fluorescein. All samples, including a control containing no

minerals, were prepared in duplicate.

2.3 Analytical Methods, Calculation of Dechlorination Rate Constants, and Soil
Characterization

TCE, cis-1,2-dichloroethene (DCE), vinyl chloride (VC), and reduced gas (methane,
ethane, ethene, propane, acetylene, butane, methyl acetylene, and propylene)
concentrations were determined via headspace analysis using a Shimadzu 2010+ gas
chromatograph equipped with a Flame Ionization Detector (FID) and an RT-QS-BOND
fused silica PLOT column. Aqueous concentrations were determined by applying
Henry’s Law.

TCE reductive dechlorination in the anoxic systems are described by the following

first-order expression (Schaefer et al., 2017; Schaefer et al., 2018):

ac Kan

E = EyH+ew C Eq 1
Ky, = k;ng Eq.2

where C is the TCE aqueous concentration (mM), t is time (days), kan is the bulk first
order rate constant (d™), ks is the intrinsic pseudo first order rate constant (d!), p is the
bulk density (0.2 kg L"), K is the linear TCE adsorption coefficient to both reactive and
unreactive sites (L kg!), & and €& are the dimensionless gas and water porosities in the
vial (0.20 and 0.74, respectively), and H is the TCE dimensionless Henry’s Law constant

(Sander, 1999). Since the adsorption of TCE to the reactive ferrous minerals cannot be
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determined, the reaction rate constant is assessed in terms of kan rather than k”an. For Eq.
1, generation of acetylene + ethene is used to determine the change in TCE concentration.
This approach has been employed previously (Schaefer et al., 2017).

A small (approximately 10%) TCE leakage loss was observed in the controls at the
final (40 day) sampling point due to volatilization losses from the vials. Reduced gas
transformation products were corrected for this loss using a Henry’s Law based

partitioning factor to account for losses of transformation products as follows (Schaefer et

al., 2017):
_ 8V+H;véﬁ
a;= W Eq 3

where Qi 1s the scaling factor by which TCE dechlorination product i is multiplied to
correct for leakage losses. Hi is the dimensionless Henry’s Law constant for TCE and
dechlorination product i (Sander, 1999).

Ferrous mineral content was determined using a 2.5% HCI extraction and the 1,10-
phenanthroline method (Standard Method 3500-Fe B.4.c, Rice et al., 2012); this
methodology has been used in previous studies that showed a correlation between ferrous
mineral content and reductive TCE dechlorination rate constants (Schaefer et al., 2017;
Schaefer et al., 2018). An additional more aggressive ferrous iron extraction was also
performed using 12.5% HCI and with heated (95 C) water bath. Both of these ferrous
mineral extractions were performed by McCampbell Analytical, Inc. (Pittsburg, CA).

Reduction potentials were measured after equilibrating minerals in anoxic
bicarbonate buffer by shaking in an anaerobic chamber overnight. Three mediator
compounds (indigo tetrasulfonate, indigo disulfonate, and athraquinone disulfonate) were

used to determine the potentials in the mineral slurries; this approach has been shown to
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be appropriate for predicting abiotic dechlorination using soil and mineral samples (Fan
et al., 2016; Kocur et al., 2020). Potentials were measured anaerobically with a Ag/AgCl
(3 M KCl) Mettler Toledo Redox Micro ORP Electrode, and converted to SHE; this
approach has been shown, using field-collected soil samples, . The electrode was rinsed
in 0.1 N HCI for 30 minutes between each sample. All reduction potential measurements

were performed in at least duplicate.

3.0 Results and Discussion
3.1 Anoxic Experiments

The molar fraction of TCE transformed to reduced gas products for each mineral over
the 40 day experiment is shown in Figure 1. Acetylene was the primary transformation
product observed, accounting for > 90% of the observed TCE transformation. The
remaining TCE removal was accounted for as ethene generation. No chlorinated ethene
or reduced gas transformation products were observed in the controls (no minerals
present), and TCE concentrations in the controls were statistically identical to those in the
mineral-amended bottles indicating that TCE sorption to the minerals was below that
which could be measured in this study (< 1.8 mmol kg!). Trace levels of reduced gas
transformation products were observed in the experiments with minerals without TCE
present, but these trace levels of reduced gases were less than 1% of those observed in the
TCE-amended samples (with the exception of biotite, where no measurable generation of
transformation products relative to the non-TCE amended samples was observed).

Acetylene is not a known biotic TCE transformation product, and therefore the

generation of acetylene as the primary dechlorination product provides strong evidence

11



268  that the TCE dechlorination occurred via an abiotic reductive mechanism. TCE abiotic
269  reductive dechlorination typically occurs via a reductive beta-elimination pathway, with
270  the formation of acetylene, and with possible further reduction to ethene (Roberts et al.,
271 1996; Arnold and Roberts, 2000; Schaefer et al., 2018). Ethene has been shown to be an
272 abiotic TCE dechlorination product in ferrous mineral studies (Lee and Batchelor, 2003;
273  Entwistle et al., 2019), but can also be attributed to the biotic transformation of TCE
274  (Capiro et al., 2015; Schaefer et al., 2009). No other biotic TCE dechlorination products
275  (i.e., DCE, VC) were detected, suggesting that the ethene generation likely was due to
276  abiotic mechanisms. Previous abiotic TCE dechlorination experiments using natural
277  clayey soils that (based on soil mineral analysis) contained minerals similar to those
278  studied herein also primarily yielded acetylene and/or ethene as abiotic reductive

279  transformation products under anoxic conditions (Schaefer et al. 2018). Results presented
280  in Figure 1 show that siderite, illite, and ankerite each facilitates the abiotic reductive
281  dechlorination of TCE, suggesting that the presence of these minerals in previously

282  examined natural clayey soils likely played a role in TCE dechlorination.

283 Table 2 shows regressed first-order TCE reductive dechlorination rate constants on
284  both a mass and estimated mineral surface area basis. Regression results indicate that
285  dechlorination was reasonably described (R? values typically greater than 0.9) by a first-
286  order expression, consistent with previous abiotic dechlorination studies in the presence
287  of ferrous minerals (Butler and Hayes, 1999; Schaefer et al., 2013). However, it is noted
288  that because the fraction of TCE consumed was low which resulted in essentially a

289  constant concentration of TCE during the experiment, the data provided in Figure 1 are

290  unable to discern between a zero- and first-order rate model with respect to TCE
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concentration. In addition, the initial (t=1 day) timepoint for siderite was not used in the
first-order regressions, as a relatively rapid rate of dechlorination occurred between t=1
and t=7 days. This transient rate of high dechlorination activity may have been due to
consumption and depletion of a highly reactive iron species.

First-order TCE reductive rate constants obtained herein, along with those obtained in
a previous study using similar methodologies with natural clayey soils (Schaefer et al.,
2018) are plotted as a function of the ferrous iron content (Figure 2). With the exception
of the visibly outlying biotite mineral, the TCE dechlorination rate constant generally
increases with increasing ferrous content, which is consistent with previous studies
(Schaefer et al., 2013; Schaefer et al., 2018). Together, these results suggest that ferrous
minerals facilitate the observed reductive dechlorination reactions under anoxic
conditions. It is noted that the first order rate constants measured herein (with the
exception of that measured for biotite) are sufficiently large such that they would likely
be of environmental relevance for mitigating TCE persistence in clay or rock matrices
(Schaefer et al., 2018; 2018b, Berns et al., 2019).

The relationship between the dechlorination rate constant and ferrous mineral content
in Figure 2 is surprising, as the solids used varied in the degree of heterogeneity
(predominantly single minerals versus natural solids containing multiple mineral species),
surface area, and particle size. Multiple factors may contribute to this relationship. One
contributing factor likely is that the reaction rate constants are very slow. This can be
assessed by comparing the reaction to diffusion velocities in terms of the dimensionless
Da number (Cussler, 1994):

_ kapL?

Da Eq. 4
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where L is the diffusion length, and D is the effective aqueous diffusion coefficient that
accounts for the tortuosity within the clay. For reactions that are very slow relative to the
diffusional mass transfer, Da << 1. Assuming an effective diffusion coefficient of 2 x 10
cm? d! (Werth et al., 1997) and a diffusion length of 0.001 cm (based on the mineral
particle sizes), a reasonable estimate of the diffusion velocity (D L?) is 20 d!. This value
is more than 6 orders of magnitude greater than the first order rate constants shown in
Table 2, ensuring that Da << 1. This explains why the variation in particles sizes and
surface areas among the solids do not appear to impact results.

Another potential contributing factor is that the acid extraction used to determine the
ferrous content for the minerals and soils may be sensitive to the factors that control the
reactivity of the ferrous minerals with respect to TCE reductive dechlorination, thereby
facilitating the observed trend observed in Figure 2. The 2.5% HCI acid extraction (Table
1) likely did not extract all of the ferrous iron present in the solids, but rather the most
extractable iron, which is likely a function of accessibility, surface area, and coordination
within the mineral structure. The relatively low measured ferrous content for siderite (36
g kg!) is consistent with this interpretation, because the ferrous content based only on
stoichiometric mineral composition should be more than 10-times greater. The latter was
confirmed by the heated acid extraction data for siderite, which matches closely with the
theoretical ferrous content of 482 g kg™! based on stoichiometry (FeCO3) (Table 1).

The results presented herein and previously (Schaefer et al., 2013; Schaefer et al.,
2017; Schaefer et al., 2018) suggest that abiotic reductive dechlorination under anoxic
conditions is positively correlated to the ferrous mineral content. These results are in

apparent contrast to recent mechanistic studies (Culpepper et al., 2018; Entwistle et al.,
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2019) that show ferrous minerals alone do not dechlorinate TCE, nor does the ferrous
mineral content correlate to observed dechlorination rates; rather, Culpepper et al. and
Entwistle et al. suggest RMIs are responsible for the observed dechlorination. One
possible explanation for this apparent discrepancy is that the reductive dechlorination
reactivity observed herein is in fact due to these RMIs that have accumulated near the
mineral surfaces, and the measured ferrous mineral contents (Table 1) reflect (in part) the
quantity of these reactive particles. A second consideration is that the dechlorination rate
constants for unaltered natural minerals and soils (such as those employed herein) occurs
via a different — and much slower — mechanism than that observed for RMIs (Entwistle et
al., 2019). If the mineral (6 g L!) and TCE (0.07 mM) dosage used in the batch
experiments performed by Entwistle et al. (2019) were used for the minerals examined
herein, no dechlorination would have been observed for any of the minerals tested, based
on the first-order kinetic rate constants presented in Table 2. Thus, the comparatively
slow ferrous mineral correlated reactions observed herein and for natural rock and clayey
materials (Schaefer et al., 2013; Schaefer et al., 2018) may be attributable to a mechanism
that does not involve RMIs, or may involve RMISs that are far less reactive than those
previously observed (Culpepper et al., 2018; Entwistle et al., 2019).

The anoxic dechlorination experiments performed at 0.15 mM TCE concentrations
yielded first order rate constants that were approximately 4-times greater than those
determined for experiments performed at 3.2 mM TCE. A similar dependence on TCE
concentration in clayey soils has been reported (Berns et al., 2019). Thus, while the
elevated TCE concentrations used herein and in previous studies (e.g., Schaefer et al.,

2018) facilitated the identification and quantification of trace levels of transformation

15



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

products, these elevated TCE concentrations likely resulted in an underestimation of the
abiotic dechlorination rate constants compared to those rate constants that would have
been measured at more dilute TCE concentrations (and that might be more consistent

with TCE concentrations at many TCE-impacted field sites). In addition, the dependence
of the rate constant on concentration suggests, as previously proposed (Berns et al., 2019),
that dechlorination kinetics at elevated TCE concentrations are likely limited by
Langmuir-type sorption to reactive mineral sorption sites.

The addition of 1.8 mM dissolved ferrous iron did not impact transformation product
formation (i.e., acetylene generation was statistically identical with and without the added
ferrous iron, Figure S1 in the Supplemental Information), suggesting that addition of this
iron did not result in RMIs that impacted TCE dechlorination. However, as discussed in
detail by Entwistle et al. (2019), both the ferrous dosage and geochemical conditions in
the batch systems used herein may not have been appropriate for facilitating RMI
formation.

The ferrous iron surface-area normalized first-order rate constants (Table 2) as a
function of the measured reduction potential are shown in Figure 3. The relationship
between reduction potential and the dechlorination rate constant has been estimated as
follows (Stewart et al., 2018; Kocur et al., 2019):

log(ksg)=aE + ¢ Eq. 5
where kg, is the surface-area normalized rate constant (Table 2), a and ¢ are constants,
and E is the reduction potential. Kocur et al. (2019) also indicate that a mass-normalized
rate constant can be used instead of the surface-area normalized rate constant for more

complex sediment matrices (in which it is difficult to get a surface area for the reactive
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minerals) in Eq. 5. The surface-area normalized data in Figure 3 are qualitatively
consistent with Eq. 5, suggesting the importance of ferrous mineral surfaces for the
observed reductive dechlorination reactions when evaluating the data with respect to
measured reduction potential. The ferrous iron mass-normalized rate constants do not
exhibit a functionality that is consistent with Eq. 5, although the limited number of data
points prevents a thorough evaluation of Eq. 5 with respect to reduction of TCE by
ferrous minerals. No measurable reductive dechlorination for biotite was observed, which
showed a measured reduction potential of +84 mV (vs. SHE); the reduction potential was
negative for all other minerals. Thus, the reducing potential of the biotite likely was
insufficient to facilitate TCE reduction under the conditions tested. This result highlights
a potential useful application of this electrochemical method in identifying ferrous
minerals that, despite having apparently sufficient ferrous mineral content as shown in
Figure 2, lack the potential to reductively dechlorinate TCE under anoxic conditions.

The results shown in Figures 2 and 3 suggest the importance of considering both the
ferrous mineral content and the reduction potential for abiotic TCE reduction under
anoxic conditions. While a trend of increasing rate constant with ferrous content is
observed in Figure 2, the outlying biotite sample is only explained in the context of its
reduction potential. Thus, it is possible that certain ferrous minerals simply do not have
sufficient reduction capacity to dechlorinate TCE. It currently is unclear how other

geochemical conditions, or the presence of mineral mixtures, may impact dechlorination.

3.2 Oxic Experiments
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Results showing the generation of hydroxyl radicals are provided in Figure 4. We
note that this measure of hydroxyl radical generation is based upon hydroxyl radical
reaction with APF, and thus represents only the radicals that are available to react with
this compound. The molar hydroxyl radical generation of each mineral was orders of
magnitude less than the oxygen present in each vial, so oxygen levels were not limiting
and remained essentially constant in the oxic experiments. Because studies using the
APF-based approach for hydroxyl radical quantification typically have been performed
within approximately 30 hours (e.g., Cohn et al., 2008; Cohn et al., 2009), results shown
in Figure 4 are best interpreted by comparing hydroxyl radical generation among the
various minerals tested rather than a definitive quantitative value. Comparison of Figures
2 and 4 shows that the order of reactivity for the minerals with respect to hydroxyl radical
generation differs from that observed for TCE reduction under anoxic conditions. Most
notably, illite generates more than twice the hydroxyl radicals than any other mineral,
whereas illite’s reactivity under anoxic conditions with respect to TCE dechlorination
was greater only than biotite (which yielded no measurable TCE dechlorination).
Interestingly, biotite exhibited the least amount of reactivity for both the oxic and anoxic
conditions.

The differences among the mineral reactivities with respect to hydroxyl radical
generation are not readily explained by any apparent differences in the mineral properties
presented in Table 1. While the high reactivity of the illite appears to correspond to its
high specific surface area, the specific surface areas for the other 3 minerals differ by
over an order of magnitude, yet differ in only 34% in their hydroxy radical yield over the

6-day experiment. Assuming 3 moles of ferrous iron are required to transform TCE to
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acetylene, and 3 moles of ferrous iron are needed to generate 1 mole of hydroxyl radical
(Kong et al., 2015; Schaefer et al., 2018), the fractional ferrous consumption is calculated
for each mineral under both oxic and anoxic conditions (Figure 5). Results show that only
a relatively small fraction of the ferrous iron was oxidized during both the oxic and
anoxic experiments. Furthermore, while the magnitude of the fractional ferrous mineral
consumption between the oxic and anoxic experiments was biased to the duration of the
experiment (40 days for the anoxic experiments vs. 6 days for the oxic experiments),
fractional oxidation of the minerals occurred in the order of illite > biotite > siderite >
ankerite (Figure 5), which is the reverse order of their ferrous content (Table 1). The
exception is biotite under anoxic conditions which, as previously discussed, likely did not
have sufficient reduction potential to reduce TCE.

Figure 5 also provides a measure of the molar TCE or oxygen reduced per mole of
ferrous iron present in each mineral. Comparison shows that illite is the most reactive
mineral (on a mole of TCE or oxygen reacted per mole of ferrous iron) of the four
minerals tested. With the exception of TCE reduction via biotite, ankerite shows the least
reduction of TCE/oxygen per mole of ferrous iron present. While these relationships are
apparent from Figure 5, it is unclear whether these relationships reflect an intrinsic
chemical reactivity of the specific ferrous minerals, the available surface area of the
ferrous minerals within the bulk mineral structure, the formation of reactive mineral
intermediates (Culpepper et al., 2018; Entwistle et al., 2019) within the mineral
microstructure, and/or other structural or chemical factors. The fact that the fractional
ferrous oxidation in Figure 5 correlates inversely with mineral ferrous content (and also

the ratio of the specific surface area to ferrous content) suggests that, for these ferrous
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rich minerals, the reduction becomes more efficient at lower ferrous contents, potentially
due to improved accessibility for TCE and oxygen at reactive mineral surfaces (i.e., less
“crowding” of the ferrous iron). Recent investigations by Yuan et al. (2018) show that
both surface and structural ferrous iron contributes to hydroxyl radical formation; the
similarity in behavior between the oxic and anoxic experiments in Figure 5 suggests that
both surface and structural ferrous iron contribute to both the reduction of TCE and
oxygen for the minerals examined herein. Additional studies are needed to confirm such

mechanisms.

3.3 Environmental Implications

Under anoxic conditions, several ferrous mineral types can facilitate TCE reduction,
either directly or potentially by the facilitating formation of RMIs. Thus, mineral
screening for ferrous content may serve as a useful tool for estimating TCE abiotic
dechlorination rate constants in field samples. However, the mineral reduction potential
needs to be sufficiently high to induce dechlorination. Thus, a coupled approach
involving measurement of both reduction potential and ferrous mineral content offers a
likely improved benefit for potentially estimating abiotic reductive dechlorination rate
constants in field samples.

With respect to oxic conditions, while ferrous minerals appear to play an important
role in hydroxyl radical generation, the relationship between ferrous content and mineral
properties are currently unclear. Further study is needed to understand this relationship.

Overall, the results observed herein and in previous studies (Schaefer et al., 2013;

Schaefer et al., 2018) suggest that several ferrous minerals can play a role in the
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dechlorination of TCE, particularly under anoxic conditions that are typically present
within rock or clay matrices. Continued studies with respect to the impacts of
geochemical conditions, contaminant mixtures, and potential roles of reactive
intermediates on these reactions are needed to further refine understanding of these

naturally occurring dechlorination processes.
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618
619
620
621
622
623

Siderite
[FeCO3]

Ankerite

Property [Ca(Fe, Mg, Mn)(CO3):]

Biotite
[K(Mg, Fe)3AlSizO010(OH, F):]

Table 1. Mineral properties for the four minerals used in this study. Mineral formulas from Lide (1990) and Srodon (1978).

Illite
[Ki15Al4(Mg, Fe)Sir.6sAli1s
0O20(OH)4]

Siderite (94.7); Quartz

% Mineral Content  Ankerite (96.4); Calcite

Illite+mica (51.6); Quartz (18.3);
Calcite (13.6); K-Feldspar (5.4);

. 1 (3.7); illite+mica (1.7) Biotite (100) Chlorite (4.2); Pagioclase (4.0);
(XRD analysis) 3.6) Gypsum (2.2)
Avg. Particle Size 64 30 13 e
(um)
Specific Surface
Area’ (m*/g) 0.64 9.7 2.0 64
Ferrous mineral
content* (g/kg) 170 [180] 36 [410] 2.0 [47] 0.46 [3.6]
Reduction Potential
(mV) vs. SHE -102 -9.0 +84 -104
pH’® 7.6 6.4 8.7 7.8

I XRD analyses performed by the Premier Oilfield Group (Houston, TX). Only minerals with >1% abundance are shown.

2 55% of the particle mass was <1 um, as determined via sieve analysis.

3 Nitrogen-BET (Brunauer-Emmett-Teller) adsorption analysis performed by Particle Technology Labs (Downers Grove, IL)

4 The first value is based on Standard Method 3500-Fe B.4.c. (Rice et al., 2012), while the bracketed value uses a more concentrated
(12.5%) HCI solution and heating to 95 C. Analyses were performed by McCampbell Analytical, Inc.

> pH sample collected from the supernatant aqueous phase in the vials at the end of the experiment.
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Table 2. Regressed first order rate constants for reductive TCE dechlorination under

anoxic condition derived from the acetylene and ethene gas generation data. The + values

indicate the 95% confidence intervals. NA=not applicable. No dechlorination was

measured for biotite.

Mineral Initial TCE Rate Constant! Rate Constant? R?
Concentration (Lg'dh (L m2d?)

(mM)
Ankerite 3.2 1.3+£0.22x 107 1.2+£0.20x 10 0.99
Siderite? 3.2 1.2+0.32x 107 3.5+0.94 x 107 0.98
0.15 4.8 +0.45x 107 1.4+0.13x 10° 0.99
Biotite 3.2 0 0 NA
Illite 3.2 31+13x 108 1.1+0.46x 10° 0.92
0.15 1.5+£0.64 x 107 50+2.1x10° 0.89

! Mass normalized rate constants are calculated by dividing kan (Eq. 2) by the mineral

mass (g) per L water in the batch experiments, thereby normalizing rate constants for

comparison among batch studies using different solid dosages, as shown in Figure 2.

2 Ferrous iron surface area normalized rate constants are calculated by diving kan (Eq. 2)

by the ferrous mineral specific surface area per L in the batch experiments. The ferrous

mineral surface area is estimated by assuming the fraction of ferrous surface area to the

total measured surface area (Table 1) is equal to the mass fraction of ferrous iron in the

mineral (based on 2.5% HCI extractions).

3 The t=1 day data were not used in the regressions for siderite.
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Error bars represent the 95% confidence interval.
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Figure 2. First-order rate constants describing TCE reductive dechlorination under

‘ Ferrous minerals (3.2 mM TCE)
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anoxic conditions (derived from the triplicate data in Figure 1 and the regressions shown

in Table 2). Ferrous contents were determined using Standard Method 3500-Fe B.4.c.
(2.5% HCI extractions), as shown in Table 1. Data attained herein (Table 2) at two
different initial TCE concentrations and from Schaefer et al. (2018) are shown. Values

plotted less than 10-'! L g*! d! represent experiments where no measurable dechlorination

was observed.

33



666
667
668
669
670
671
672
673
674
675
676

677
678

1.5E-06

° &

1.0E-06

5.0E-07

TCE First-Order Dechlorination
Rate Constant (L m2d)

0.0E+00 A A

A

-150 -100 -50 0 50
Potential (mV)

100

9.0E-02

6.0E-02

3.0E-02

0.0E+00

TCE First-Order Dechlorination

Rate Constant (L g;. 1 d?)

Figure 3. TCE reductive dechlorination first-order rate constants (Table 2) under anoxic

conditions as a function of the measured reduction potential (vs. SHE). Surface area-

normalized rate constants listed in Table 2 (filled circles) are plotted on the primary

vertical axis, and ferrous iron mass-normalized rate constants (mass normalized rate

constants in Table 1 divided by the ferrous iron content determined using 2.5% HCI) are

plotted on the secondary vertical axis as open triangles. Reduction potentials are averages

of duplicate (at least) measurements that varied by less than 10%.
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Figure S. Fraction of ferrous iron oxidized by either TCE (solid blue bars) or oxygen
(dashed pattern bars), based on ferrous mineral content via Standard Method 3500-Fe
B.4.c. (Rice et al., 2012) shown in Table 1, and the amount of either acetylene (anoxic) or

hydroxyl radical (oxic) generated. Results are shown for each mineral tested.
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