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ABSTRACT Pd-catalytic hydrodechlorination of trichloroethylene (TCE) in
groundwater using electro-generated H, is investigated under electrochemically-
induced oxidizing condition. In particular, the distinct effects of sulfide and sulfite are
elucidated. In an undivided electrolytic cell, TCE is hydrodechlorinated to ethane by
Pd and cathodic H; even though anodic O, is proportionally generated. In a typical
treatment at pH 4, TCE (26.1 mg/L) is hydrodechlorinated, in a pseudo-zero-order
kinetics, by 67.7% within 80 min with the accumulation of 19.2 mg/L H,0,. Sulfide
shows moderate inhibition on both TCE hydrodechlorination and H,O, accumulation
by foiling Pd catalyst. Different from the influence under anaerobic condition, sulfite
at low concentrations (< 1 mM) significantly enhances TCE decay, and at high
concentration (3 mM) inhibits initially and enhances afterwards when sulfite
concentration declines to less than 1 mM. Sulfite is oxidized by chemisorbed H,O,
and *OH forming SO;™ and SOs™ radicals, which contributes to TCE decay through
oxidation in parallel to Pd-catalytic hydrodechlorination. Using a specially configured
three-electrode column, acidic and oxidizing conditions are automatically developed
in the Pd zone, wherein TCE is greatly hydrodechlorinated with certain resistance to

RSC foiling.

INTRODUCTION
Contamination of groundwater by chlorinated hydrocarbon compounds (CHCs),

such as trichloroethylene (TCE) and perchloroethylene (PCE), continues to be a
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serious world-wide environmental problem.! Pd-catalytic hydrodechlorination is a
process that is proposed and tested for transformation of CHC contamination. A
variety of CHCs can be rapidly hydrodechlorinated to less toxic or nontoxic and more
readily biodegradable substances.>® Field applications prove that the performance of
Pd-catalytic hydrodechlorination of CHCs by H, can be sustained for several
years.> ™' Typically H, is generally supplied as a compressed gas. Groundwater is
saturated with H,, and then passes through a Pd catalyst bed, wherein CHCs are
hydrodechlorinated. However, there are a few barriers for full-scale implementation.
Transportation and storage of compressed H; gas is dangerous, and injecting H, into
subsurface is relatively costly. Furthermore, catalytic activity of Pd is significantly
decreased in the presence of reduced sulfur compounds (RSCs) generated from
anaerobic bacterial respiration in the aquifer.>®!' Oxidizing reagents, such as

%12 hydrogen peroxide,” and permanganate,’® can regenerate

hypochlorite,
sulfur-fouled Pd catalyst to some extent. However, the periodical flushing of catalyst
bed with oxidizing reagent complicates the operation. Therefore, it is crucial to seek
new strategies to supply H, safely and expediently and to increase the resistance of Pd
to RSC fouling.

Water electrolysis at a cathode (1) provides an alternative approach for supplying
H, in situ. A preliminary investigation shows that TCE in groundwater could be
hydrodechlorinated using H, produced by an undivided electrolyzer.* Our recent

work also proves the feasibility of in situ supplying cathodic H, for

2,4-dichlorophenol hydrodechlorination in a divided electrolytic cell.® In both
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investigations, the electrolytic system was the sole source of H,, and the other
products, i.e.,, O, from water electrolysis (2) were assumed to inhibit
hydrodechlorination.***> Nevertheless, production of O, at the anode is inevitable
when water electrolysis happens. Recently, significant accumulation of H,O, (> 20
mg/L) was detected in an undivided electrolytic cell in the presence of Pd catalyst
under acidic condition (3), and low concentrations of strong oxidizing *OH radical
(oxidation potential: 2.8 V vs standard hydrogen electrode, SHE) were also measured
(4).*" Reactive oxygen species (ROSS), i.e., H,0,, *OH and dissolved O,, can
oxidize RSCs in aqueous solution.*®? The efficient oxidation of sulfide in wastewater
at mixed metal oxide coated titanium (Ti/MMO) electrode was recently evaluated.?*?
As a result, when water electrolysis at inert electrodes, i.e., Ti/MMO, is used to supply
H, for Pd-catalytic hydrodechlorination of CHCs in groundwater, Ti/MMO electrode
and the simultaneously generated ROSs can potentially oxidize RSCs, thereby

increasing the resistance of Pd to the fouling by RSCs.

2H,0 + 26" —» Hy + 20H" (1)
2H,0 — O, + 4H" + 4¢ )
Hy + O —Pd H,0; (3)

Pd
H,0, —— 2:0H (4)

Since H,0, and *OH are typically generated at weak acidic condition,**** the H*
and OH" produced from water electrolysis the at electrodes (2—3) provide means to
develop appropriate pH conditions in the reaction zone of Pd fillings. When one

anode and two cathodes are arrayed properly in a column (See Figure 1 for details), it
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is feasible to reach local low pH on Pd surface along with neutral effluent, making the
generation of ROSs possible while adjusting the effluent to neutral pH conditions.

In this study, an undivided electrolytic cell is used to investigate the effect of RSCs,
sulfide (sulfide and bisulfide) and sulfite (sulfite and bisulfite), on H,O, generation
and Pd-catalytic hydrodechlorination of TCE in simulated groundwater using H;
produced by water electrolysis. As reactions differ greatly under oxidizing and
reducing conditions, the mechanisms for the influence of RSCs at oxidizing
conditions are elucidated. A three-electrode column is developed to reach low pH and
oxidizing condition on Pd zone, thus generating ROSs for RSC oxidation. The column

performance is tested in terms of TCE hydrodechlorination and RSCs resistance.

EXPERIMENTAL SECTION

Chemicals. TCE (99.5%) and cis-dichloroethylene (cis-DCE, 97%) were purchased
from Sigma-Aldrich. H,O, (30%) and Na,SOj3 (98.1%) were purchased from Fisher
Sci. Na S*9H,0 (98%) and L-ascorbic acid sodium salt (99%) were obtained from
Acros. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was provided by Cayman
Chemical Company (USA). Gas standard (1% (v/v) methane, ethene, ethane,
acetylene, CO, and CO in nitrogen) was supplied by Supelco. Excess TCE was
dissolved into 18.2 mQ-cm high-purity water to form a TCE saturated solution (1.07
mg/mL at 20 °C), which was used as stock solution for preparing aqueous TCE
solutions. Palladium on alumina powder (1% wt. Pd, Sigma-Aldrich) with average

particle size of 6 um was used as catalyst in batch experiments. Palladium on alumina
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pellet (0.5% wt. Pd, Sigma-Aldrich) at much larger size of 3.2 mm (Figure S1 in
Supporting Information, SI) was used in column experiments. Deionized water (18.0
mQ-cm) obtained from a Millipore Milli-Q system was used in all the experiments.
All chemicals used in this study were above analytical grade.

TCE Hydrodechlorination in an Undivided Electrolytic Cell. The same
experimental setup as reported previously'’ is used for TCE hydrodechlorination at
ambient temperature. As shown in Figure S2, a 150-mL syringe with plunge was
connected to the cell, allowing gas expansion during electrolysis. Two pieces of
Ti/MMO (coated with IrO2/Ta,0s, mesh type, 3N International, USA) with dimension
of 85 mm length by 15 mm width and 1.8 mm thickness were used as anode and
cathode with 42 mm spacing in parallel position. For each test, 400 mL of 10 mM
Na,SO, solution was transferred into the cell, and 1 g/L Pd/Al,O3; were attained by
addition of specific mass of Pd/Al,O3; powder. Na,SO; powder and Na,S stock
solution were added, respectively. 10 mL of TCE saturated water was then added to
produce an initial concentration of 198 uM (26.1 mg/L). The reactor was sealed
immediately and the solution was stirred (600 rpm) for 10 min to allow equilibrium of
TCE in the aqueous solution. A constant electric current of 200 mA (10 mA/cm?) was
applied with a cell voltage of about 7 V. The aqueous solution was sampled for
analysis of TCE, cis-DCE, pH and H,0, concentrations. Gas samples were collected
from specific experiment for headspace gas analysis.

TCE Hydrodechlorination in a Column. A vertical three-electrode column (3.175

cm inner diameter x 30 cm length), as shown in Figure 1, was used to perform
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flow-through experiments. Three pieces of TI/MMO mesh were installed in sequence
as Cathodes 1, Anode and Cathode 2. 3 g of Pd/Al,O3; pellets were supported by
Anode forming a monolayer of pellet bed. This dosage of the catalyst is packed
because moderate removals of contaminants can be achieved for comparisons. A total
current of 60 mA (7.6 mA/cm?) was applied at Anode with the total voltage of about
20 V. By adjusting the rheostat, the cathodic current was equally partitioned in the
two cathodes. No fillings were packed between Cathode 1 and Anode to reduce
electric resistance. The remaining space in column was packed with 4-mm size glass
beads with a porosity of 0.65. The total and pore volume (PV) are 245 and 160 mL,
respectively. Simulated TCE-contaminated groundwater at 5.3 mg/L was prepared by
dissolving TCE-saturated solution in 3 mM Na,SO, and 0.5 mM CaSO, deoxygenated
solution (~ 800 pS/cm), which was stored in gas-tight collapsing bag. Prior to
electrolysis, the column was rinsed by 2 PVs of TCE-contaminated groundwater.
Adsorption of TCE on Pd/Al,O3 pellets and glass beads was measured to be
insignificant. The flow rate was maintained at 2 mL/min (0.25 cm/min) using a
peristaltic pump (Cole Parmer). At regular time intervals, about 1 mL of groundwater
were sampled from 6 ports (see Figure 1 for locations) for contaminant and pH
measurement.

A total of 4 column experiments were carried out with parameters listed in Table
S1. Column C1 gives the control removal without Pd, C2 measures TCE
hydrodechlorination on Pd surface under electrochemically developed acidic and

oxidizing conditions, and C3 and C4 evaluates the effect of sulfide and sulfite on TCE
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hydrodechlorination.

Chemical analysis. TCE and cis-DCE concentrations were measured by a 1200
Infinity Series HPLC (Agilent) equipped with an 1260 DAD detector and a Thermo
ODS Hypersil C18 column (4.6 x 50 mm). The mobile phase was a mixture of
acetonitrile and water (60:40, v/v) at 1 mL/min. The detection wavelength was 210
nm. Ethene and ethane in the headspace were detected by Model 310 GC (SRI, USA)
with flame ionization detector and Haysep-T column. 100 uL of headspace gas was
sampled and injected from an on-column port. The temperature program includes
heating the column from 40 to 140 °C at a rate of 15 °C/min, holding the temperature
at 140 °C for 1 min, and then cooling to 40 °C at a rate of 20 °C/min. For the batch
experiments, gas concentrations of TCE and aqueous concentrations of ethane were
calculated by Henry’s law, and the sum of aqueous and gas concentrations was
derived.

Sulfite at concentration higher than 1 mM was also measured by HPLC using the
same procedure as for TCE analysis. Sulfide was detected at 665 nm on a
spectrometer (Spectronic 20D+, Caley & Whitmore Corp.) after coloration with

dimethyl-p-phenylene,?

and H,O, was analyzed at 405 nm after coloration with
TiSO..% Generation of new radicals in the presence of sulfite was assayed by electron
spin resonance (ESR). 100 uL sample collected from the batch system without
contaminants was immediately mixed with 25 pL of 0.2 M DMPO to form

DMPO-radical adduct, which was then measured on a Bruker EMX ESR spectrum

with microwave bridge (receiver gain, 5020; modulation amplitude, 2 Gauss;
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microwave power, 6.35 mW; modulation frequency, 100 kHz; center field: 348.5 mT).

Data Analysis. Pseudo-zero-order and pseudo-first-order reaction kinetic models
are used for TCE hydrodechlorination in the absence and presence of sulfite,
respectively, in batch mode. Pseudo-zero-order reaction kinetics (5) is given by

Ci = Co — kot ()
where t is the reaction time (min), Ko is the zero-order rate constant (uM/min), and Co
and C; are the concentrations (uM) at times of t = 0 and t = t, respectively.
Pseudo-first-order reaction kinetics (6) is expressed as

IN(C/Co) = -kt +b (6)
where b is a constant and k; is the first-order rate constant (min™).

First-order Kkinetics, instead of pseudo-first-order kinetics, are successfully applied
for TCE reactive transport in the column experiments, partially because the generated
reactive species in the column experiments are significantly less than those generated
in the well dispersed batch experiment. The one-dimensional reactive transport of
TCE in the column can be modeled by the conventional advective-dispersive partial
differential equation with first-order transformation kinetics:

oC(z,1) 0°C(z,t) oC(z,t)

—D(z,t)T+v(z,t) = =—k(z,t)C(z,1), (7)

where C(z,t) is TCE concentration in location z and time t, k(z,t) stands for the
first-order reaction rate, v(z,t) denotes the pore water velocity, and D(z,t) is the
hydrodynamic dispersion coefficient. NUFT (Nonisothermal Unsaturated-saturated

26,27

Flow and Transport code)™“’, a code developed in Lawrence Livermore National

Laboratory and widely applied in many applications simulating mass transfer and

9
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28,29

reactive transport™ <, is used to perform numerical simulations of reactive transport

of TCE in columns. The details for model setup are given in Section S1 in SI.

RESULTS AND DISCUSSION

Effect of pH on TCE Hydrodechlorination and H,O, Accumulation. In the
presence of 1 g/L Pd/Al,O3, TCE was reduced in the undivided electrolytic cell in a
wide pH range (Figure 2a). Control experiment shows limited removal of TCE in the
absence of Pd/Al,O3 (Figure S3). Ethane was the main product accumulated (Inset in
Figure 1a), confirming that Pd-catalytic hydrodechlorination was the dominant
pathway for TCE degradation even in the presence of anodic O,. This agrees well

with previous result.***’

However, anodic 0O, greatly suppressed TCE
hydrodechlroiantion, as evident by the much faster decay in cathodic compartment in
the divided cell experiment (Figure S4). The inhibitory effect of O, was also revealed
in Pd-catalytic hydrodechlorination studies.®**

The decay of TCE in the undivided cell follows pseudo-zero-order reaction kinetics,
suggesting that the rates became increasingly limited due to the availability of reactive
species, chemisorbed [H] on Pd surface, with increasing reactant concentrations.
Comparison of the rate constants for TCE hydrodechlorination (Table S2)
demonstrates that TCE hydrodechlorination was approximate at initial pH below 4,
decreased significantly with increasing initial pH from 4 to 5.5, and decreased slightly

with the further increase from pH 5.5 to 10.5. This tread is different from the literature,

wherein the influence of pH on TCE hydrodechlorination using H, under anaerobic

10
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condition is negligible in the pH range of 4.3-11.>*° This difference is due to the
electro-generation of O, and ROSs in this system.

In the undivided electrolytic system, O, produced at anode competes with TCE for
Pd+[H].>** Aside from the production of H,O, H,O, can be also be generated by the
combination of chemisorbed H, and O, on Pd surface (4).**"*'*? Figure 2b shows
that H,O, accumulation increased with decreasing pH during TCE
hydrodechlorination. This suggests that H,O, accumulation does not cause negative
impacts on TCE hydrodechlorination. The oxidation-reduction potential (ORP) at pH
4 increased to as high as 375 mV within 80 min.'" It is therefore feasible to supply H,
for Pd-catalytic hydrodechlorination under electrochemically developed oxidizing
condition. The simultaneous generation of H,O, provides potential oxidant to increase
the resistance of Pd to RSCs fouling.

Effect of Sulfide. With the increase in sulfide concentration from 0 to 93.8 uM,
TCE hydrochlorination was increasingly inhibited (Figures 3a). Meanwhile, H,0,
production was also inhibited in a similar trend (Figure S5a). However, TCE decay
always followed pseudo-zero-order Kinetics, suggesting that sulfide foiled Pd catalyst
by decreasing Pde<[H] generation. The trend of sulfide foiling agrees with those
reported under anaerobic condition,*>*23*% put the inhibition is much less significant
compared with the literature.® The oxidation of sulfide using MMO electrode was

reported?? %

and was also observed in this study (Figure S6). During the course of
hydrodechlorination, sulfide was not be detected in solution. Control experiment

without electrolysis proves that sulfide was completely adsorbed within 2 min. Since

11
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sulfide can be oxidized by H,0, and ROSs,> # it is rationale to infer that sulfide can
be oxidized by the as-formed H,0O, and «OH on Pd surface. As a result, the resistance
of Pd catalyst to sulfide foiling increased under this oxidizing condition.

Distinct Effect of Sulfite. Unexpectedly, sulfite shows a unique influence on TCE
hydrodechlorination. As shown in Figure 3b, TCE degradation rate was remarkably
increased when sulfite concentration increased from 0 to 1 mM. The decay deviated
from pseudo-zero-order kinetics in the absence of sulfite to pseudo-first-order kinetics
in the presence of sulfite (< 1 mM, Table S2), indicating the contribution of other
reactive species in addition to Pde[H] to TCE degradation. The total carbon decreased
in the initial 40 min and increased afterwards (Figure S7), which indicates the
production of undetected intermediates. The predominant production of ethane proves
that hydrodechloriantion was still the dominant degradation pathway. This is different
from the effect of ferrous ion, which caused a shift of dominant pathway to <OH
oxidation."” It can be suggested that the new reactive species generated were less
competitive compared with Pd¢[H] and «OH. The trend of H,O, accumulation was
approximate at sulfite concentration less than 1 mM (Figure S5b). However in the
presence of 3 mM sulfite, during the initial 60 min the degradation rate was lower
than that without sulfite with negligible H,O, accumulation, whereas both TCE
degradation and H,O, accumulation promptly increased afterwards. Sulfite was
oxidized to less than 1 mM within 60 min by MMO electrodes and ROSs (Figure S8).
This implies that TCE decay was enhanced when sulfite concentration decreased to

less than 1 mM. The decay changed from pseudo-zero-order to pseudo-first-order

12
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Kinetics after 60 min in the presence of 3 mM sulfite, which further suggests a
different degradation mechanism.

Identification of Reactive Species due to the Unique Influence of Sulfite.
Enhancement of Pd-catalytic hydrodechlorination by the presence of sulfite has never
been reported before. In contrast, inhibition of Pd activity for TCE
hydrodechloriantion by sulfite has been well recognized under anaerobic
condition.>>*2*3333 Therefore, enhancement at low sulfite concentrations must be
related to the presence of O, and ROSs. A series of comparison experiments were
conducted to elucidate the mechanism. TCE degradation at the electrode without Pd
was minute, and was even slightly suppressed by the presence of 1 mM sulfite (Figure
S9). This suggests that electrode reactions as well as electro-generated H, and O,
were not responsible for the enhancement. At a high pH of 10.5 without H,0,
accumulation, the presence of 1 mM sulfite led to marginal influence (Figure S10).
And the trends of H,O, accumulation at different concentrations of sulfite (Figure S5b)
are similar to TCE decay (Figure 3b). Therefore, H,O, probably contributed to the
enhancement. However, without electrolysis TCE was negligibly degraded by H,0,
and 1 mM sulfite (Figure 4a), ruling out the contribution of free H,O, in solution. The
degradation was also minimal by H,O, and 1 g/L Pd/Al,O3, but became significant
when 1 mM sulfite was added (Figure 4a). Therefore, the combination of H,0, and Pd,
that is, the chemisorbed H,0O, and the small quantities of *OH generated from H,0,

16,17

decomposition on Pd surface, is responsible for the enhancement.

The oxidation of sulfite by H,0, and «OH has been extensively investigated.'®>*°

13
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Sulfite can be oxidized to SO3~ by activated H,0,%*® and *OH (8)*". SO5™ combines
with O, forming SOs™ quickly (9), which may transform to HSOs at acidic condition
(10) and SO," at a slow rate (11). Herein, the chemisorbed H,O, and «OH are able to
initiate these radical chain reactions, and the oxidizing radicals, including «OH (2.8
V/SHE), SO4~ (2.5-3.1 VISHE®), HSOs™ (1.82 V/SHE®'), SOs~ (1.1 V/SHE®) and

SO;5™ (0.6 V/SHE®"), presumably contributed to TCE decay through oxidation.

HSO5 + *OH —» SO5” + H,0 k,=9.5x10° M*st¥ (8)
SO;” +0; —» SOs™ + OH ko=15x10°M*st¥ (9)

SOs” + H" + & — HSOs’ (10)
SOs™ + HSO3 — SO,~ + HSO, k,=3.0x10°M*st¥ (11)

The contributions of radicals were first validated by radical scavenging experiments.
Ascorbic acid is a common oxidizing radical scavenger.®® In the presence of ascorbic
acid, TCE decay was inhibited to some extent, approaching that without sulfite
(Figure 4b). This proves that the oxidation pathway contributed to TCE decay in the
presence of 1 mM sulfite, presumably in parallel to hydrodechlorination pathway.
Methanol can effectively scavenge OH and SO, Slight inhibitory effect was
observed by the addition of methanol (Figure 4b), suggesting the minute contribution
of *OH and SO,". The difference of the inhibition caused by ascorbic acid and
methanol is assigned to the contribution of radicals with moderate oxidizing ability,
i.e.,, SOs™ and SO;3". As SOs;” may react with anodic O, producing SOs™ at a
diffusion-controlled rate (9)*" and the oxidation potential of SOs"~ is higher than that

of SO;7,*"* SO5™ are more likely accountable for TCE oxidation.

14
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The generation of radicals is further measured by ESR spectrum (Figure 4c).
Control electrolysis experiments with 1 mM sulfite without Pd as well as with Pd
without sulfite demonstrate insignificant radical signals (Curves 1 and 2). In the
presence 1 mM sulfite and Pd, clear radical signals were observed (Curve 3). The
feature of this radical (1:2:2:1) is similar to that of DMPO/OH."® However, the
contribution of «OH to TCE degradation has been verified to be minimal. ESR signals
of DMPOQ/SO;3™ are generally overlapped with those of DMPO/+OH, and DMPQO/SO3"
adduct is unstable and converts to DMPO/*OH within minutes.**** Therefore, the
radicals generated in the presence of 1 mM sulfite can be assigned to SO;™ and
probably small fraction of «OH. When sulfite concentration is elevated to 3 mM, the
radical signals became very weak (Curve 4), due to the scavenging of oxidizing
radicals by the high concentrations of sulfite.

Proposed Mechanisms for the Distinct Effects of RSCs under Oxidizing
Conditions. As a consequence, the mechanisms for the influence of sulfide and sulfite
are summarized in Scheme 1. At the MMO electrodes, water electrolysis produces H,
and Oy, and both sulfide and sulfite can be oxidized to some extent. H, is chemisorbed
on Pd surface forming atomic H, which is responsible for the efficient
hydrodechlorination of TCE to ethane. Chemisorbed H, and O, on Pd surface
generate H,0,, leading to oxidation of sulfide. Because the adsorption of sulfide on
the Pd surface is quick and the oxidation of sulfide is slow, TCE hydrodechlorination
by Pde[H] is somewhat inhibited by sulfide-induced catalyst deactivation.

At low sulfite concentrations (< 1 mM), SO3™ was produced from sulfite oxidation

15
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by chemisorbed H,0, or «OH, and then quickly transformed to SOs™". SOs™ attacked
the C=C bound of TCE forming TCE-SOs~ adduct, which was eventually
hydrodechlorinated to ethane. This undetected adduct was responsible for the initial
decrease of detected total carbon during TCE hydrodechlorination in the presence of 1
mM sulfite (Figure S7). As these sulfur radicals, generated from sulfite and the
byproduct of H,O,, were less competitive compared with Pde¢[H], the dominant
pathway of Pd-catalytic hydrodechloriantion was almost unaffected, which is also
consistent with the feature of pseudo-zero-order kinetics. Because the concentration of
these radicals is dependent on sulfite and ROS concentration, the apparent decay
kinetics were altered. At high sulfite concentration (3 mM), both H,O, and radicals
produced were quickly consumed by sulfite, and surplus sulfite foiled Pd catalyst
suppressing TCE decay. When sulfite was oxidized to less than 1 mM by MMO
electrode and ROSs, the pathway of radical oxidation became significant, and Pd
deactivation was eliminated or alleviated.

TCE Hydrodechlorination in Three-electrode Column. A specially configured
three-electrode column (Figure 1), which employs one anode (Anode) and two
cathodes (Cathodes 1 and 2) to develop localized acidic and oxidizing conditions in
the Pd zone, was used to evaluate the resistance of Pd to RSC foiling in flow-through
mode. Because the quantity of H* produced at Anode is more than that of OH"
produced at Cathode 1 and the reflux of OH™ from Cathode 2 is difficult, the local low
pH of about 3 in Pd zone was automatically developed (Figure S11). Therefore,

generation of ROSs in the Pd zone can be anticipated. TCE degradation at TI/MMO
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electrodes without Pd (Column C1) was limited (Figure 5), which is consistent with
literature.“® When 3 g Pd/Al,O; catalyst were packed (Column C2), the removals were
greatly increased from 20 to 70% (Table 1), showing sharp concentration decrease
within the Pd zone. The concentration decrease before Pd fillings is due to the quick
mixing of pore solution in the Pd zone with the solution between Cathode 1 and
Anode wherein no fillings are packed. Numerical simulation gives the decay rate
constant of 0.84 min™ in the Pd zone and 0.18 min™ at each cathode.

In the presence of sulfide, TCE hydrodechlorination was significantly decreased
(Column C4) with the rate constant of 0.21 min™ in the Pd zone, implying that this
column has a weak ability to resist sulfide fouling. Minimal influence of sulfite on
TCE hydrodechlorination was observed (Column C3). However, the temporal
variation of TCE concentrations along the column demonstrates an initially quick
decrease of TCE concentration in the Pd zone, followed by an increase afterwards
(Figure S12). This unique feature is consistent with the effect observed in batch
experiments. Because of the much larger Pd/Al,O3 particles and shorter retention time
in columns compared with batch, the efficiency slightly declined in later stage.

Implications. This study attempts Pd-catalytic hydrodechlorination of TCE using
cathodic H; under electrochemically developed oxidizing conditions. It is feasible to
hydrodechlorinate TCE in groundwater using cathodic H, even with the simultaneous
evolution of O, and production of H,O,. O, greatly suppressed TCE
hydrodechlorination, whereas H,O, accumulation had minimal influence. Both H,0,

and MMO electrode are capable of oxidizing RSCs, increasing the resistance of Pd to
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RSC fouling. In particular, sulfite can be initiated by H,O, and Pd to form oxidizing
radicals, providing extra contribution to TCE decay through oxidation in parallel to
Pd-catalytic hydrodechlorination. This unique mechanism for the influence of sulfite
was elucidated for the first time. Using a three-electrode column system, it is feasible
to develop localized acidic and oxidizing conditions in the Pd zone for TCE
hydrodechlorination with certain ability to resist RSC foiling. As a derivative, ROSs

and electricity can inhibit microbial activity,***

and acidic condition may alleviate
precipitate formation from Ca®*, Mg?* and so on, hence having the potential to resist

fouling by biofilms and precipitates.
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Additional descriptions about the numerical model setup (S1); Tables S1-S2; and
Figure S1-12 are provided in SlI. This material is available free of charge via the

internet at http://pubs.acs.org.
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Figure captions
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Figure 1 A schematic of three-electrode column
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Figure 2 Effect of pH on (a) TCE hydrodechlorination and (b) H,O, production. Inset
graph in (a) is the degradation profile of TCE at pH 4. The degradation conditions are
based on 198 uM initial TCE concentration, 1 g/L Pd/Al,0; and 10 mM Na;SO4
background electrolyte. The pH refers to the initial solution pH. Lines in (a) refer to

pseudo-zero-order Kintic fittings.
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Figure 3 Effect of (a) sulfide and (b) sulfite on TCE hydrodechlorination. The
degradation conditions are based on 198 puM initial TCE concentration, pH 4, 1 g/L
Pd/Al,O3 and 10 mM Na,SO,4 background electrolyte. Lines and curves refer to

pseudo-zero-order and pseudo-first-order Kintic fittings, respectively.
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effect of radical scavengers on TCE degradation, (c) ESR spectra of radicals
generated in the system, Curve 1: electrolysis without Pd/Al,O3 but with 1 mM sulfite;
Curve 2: electrolysis with 1 g/L Pd/Al,O3 but without sulfite; Curve 3: electrolysis
with 1 g/L Pd/Al,O3 and 1 mM sulfite; Curve 4: electrolysis with 1 g/L Pd/Al,O3 and
3 mM sulfite. Unless otherwised specified, the degradation conditions for (a) are
based on 100 mg/L H,0,, 1 mM sulfite, 1 g/L Pd/Al;O3, pH 4 and 10 mM Na,SOy, for
(b) based on 198 uM initial TCE concentration, pH 4, 1 g/L Pd/Al,O; and 10 mM
Na,SOy4, and for (c) are based on pH 4, 100 mA, and 10 mM Na,SO4. The
concentrations of methanol and ascorbic acid in (b) are 60 and 10 mM, respectively.

Error bars in (b) are not given in order to give clear comparison.
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Figure 5 (a) Temporal and (b) spatial variation of TCE in columns. The spatial

variation in (b) is corresponding to 2.25 PVs. See Table S1 for details of Columns

C1-C4.
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Supporting Information

Distinct Effects of Reduced Sulfur Compounds on Pd-catalytic
Hydrodechlorination of TCE in Groundwater Using Cathodic H,
under Electrochemically-induced Oxidizing Conditions

Songhu Yuan’#, Mingjie Chen®, Xuhui Mao* and Akram N. Alshawabkeh **

"State Key Lab of Biogeology and Environmental Geology, China University of

Geosciences, 388 Lumo Road, Wuhan, 430074, P. R. China

*Department of Civil and Environmental Engineering, Northeastern University, 400
Snell Engineering, 360 Huntington Avenue, Boston, Massachusetts 02115, United

States

SAtmospheric, Earth and Energy Division, Lawrence Livermore National Laboratory,

P.O. Box 808, L-184, Livermore, CA 94550, United States

Supporting information includes description of numerical model setup, 12 figures and

2 tables.

S1: Numerical Model Setup. NUFT (Nonisothermal Unsaturated-saturated Flow
and Transport), a C++ code developed in Lawrence Livermore National Laboratory,
was applied to simulate TCE reactive transport in columns. The 1-D model domain is

30-cm vertically. TCE concentration is fixed as 5.3 mg/L at the bottom boundary,
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while a constant flow rate of 2 mL/min is assigned to the top boundary. The TCE
concentration is initialized as 5.3 mg/L across the entire model domain. The grid
resolution is 1 mm with total 300 computational cells for the 30 cm long domain. The
high resolution is necessary to simulate the electrode (1.8 mm) and catalyst layer (3.2
mm), where the reactions occur, because the reaction areas dominate the spatial
distribution of contaminant concentration along the column.

Based on the experiments, 0.647 and 2.65 g/cm? are used as porosity and density of
the porous media, respectively. 1.4163x10% m of longitudinal dispersivity is obtained
from conservative tracer test. Permeability is given a high value as 1.8 x10° m?
considering the 4-mm diameter of the glass bead filling. Adsorption to the glass bead
is neglected in all the simulations, which was supported by the preliminary results.

With respect to reaction term, all the reactions are assumed to happen on Pd surface
and at the two cathodes. Preliminary results show that TCE was reduced at cathode
instead of anode in the absence of Pd catalyst. The rate constants at the two cathodes
were assumed be proportional to the current partitioned. The reaction heights at each
cathode and Pd catalyst are 2 mm and 7 mm, respectively. Note a length higher than
experiment (3.2 mm) is used for Pd catalyst layer to account for the bubble

enhancement and larger contacting area (the entire cross-section of column).
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Figure S3 TCE removal in the control experiments without Pd/Al,O;. The
degradation conditions are based on 198 uM initial TCE concentration, pH 4, 100 mA

and 10 mM Na,SO, background electrolyte.
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Figure S4 Pd-catalytic hydrodechloriantion of TCE in cathodic compartment in the
absence of anodic O,. The degradation conditions are based on 198 uM initial TCE

concentration, pH 4, 50 mA, 1 g/L Pd/Al,O; and 10 mM Na,SO, background
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electrolyte. The cathodic compartment is separated with anodic compartment by a
Nafion membrance and has the same diameter as the undivided cell. Lines refer to

pseudo-zero-order kintic fittings.
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Figure S5 Effect of (a) sulfide and (b) sulfite on H,O, production. The reaction
conditions are based on 198 uM initial TCE concentration, pH 4, 100 mA, 1 g/L

Pd/Al,O3 and 10 mM Na,SO, background electrolyte.
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Figure S6 Electrochemcal degradation of sulfide at MMO electrode. The degradation

conditions are based on 100 mA, pH 4 and 10 mM Na,SO, background electrolyte.
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Figure S7 Mass balance for TCE hydrodechlorination in the presence of 1 mM sulfite.
The degradation conditions are based on 198 uM initial TCE concentration, 100 mA,

1 g/L Pd/Al,O3, pH 4 and 10 mM Na,SO, background electrolyte.
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9  Figure S9 Influence of sulfite on electrolytic degradation of TCE at MMO electrode.
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The degradation conditions are based on 198 uM initial TCE concentration, pH 4, 100

mA and 10 mM Na,SO,.
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Figure S10 Effect of sulfite on TCE hydrodechlorination at pH 10.5. The degradation

conditions are based on 198 uM initial TCE concentration, 100 mA, 1 g/L Pd/Al,O4

and 10 mM Na,SO,.
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Figure S11 Variation of pH in representative three-electrode column
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Table S1 Parameters and Results Associated with Column Experiments

no.

C1

Cc2

C3

C4

Groundwater

composition ?

5.3 mg/L TCE

5.3 mg/L TCE

5.3 mg/L TCE, 31.3
uM sulfide
5.3mg/LTCE, 1 mM

sulfite

Column

description®

No Pd/A|203

First-order rate constants

ky (min™) ©
Cathodes 1 and 2: 0.18
Pd zone: 0
Cathodes 1 and 2: 0.18
Pd zone: 0.84
Cathodes 1 and 2: 0.18
Pd zone: 0.21
Cathodes 1 and 2: 0.18

Pd zone: 0.85

Removal

efficiency ¢

20%

70%

41%

70%

%3 mM Na,SO, and 0.5 mM CaSO, were dissolved in groundwater as background electrolytes. b

the three electrodes were in the sequence of cathode 1, anode and cathode 2 along groundwater

flow with the total current of 60 mA equally partitioned by the two cathodes. © First-order rate

constants were obtained from simulation modeling. ¢ Removal efficiency = (Co-C\)/Cy % 100%,

where Cy and C; is the influent and effluent (Port 6) TCE concentration at 2.25 PVs.
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Table S2 Results Summarized for TCE Hydrodechlorination and H,0;

Accumulation in Selected Batch Experiments

no.

99

10

11

12

13

Variation
parameters °
pH 3.00
pH 4.00
pH 5.50
pH 7.50
pH 10.50
0 mM sulfite
0.5 mM sulfite

1 mM sulfite

3 mM sulfite

0 uM sulfide
15.6 pM sulfide
31.3 uM sulfide

93.8 uM sulfide

Final pH

2.93+0.01

3.49+0.01

3.94+0.03

4.64+£0.17

10.41+0.28

3.49+0.01

3.22+0.04

3.15+0.06

2.84 +0.05

3.49+0.01

3.65+0.03

3.56 +0.07

3.71+£0.07

Removal
*%)°
67.2+3.9
67.6 +3.6
55.7 +3.3
51.8+0.4
469+ 4.4
67.6 +3.6
74944

81.3+6.7

66.9+54

67.6+3.6
555+23
58.9+5.9

39.9+0.9

H,0,
(mg/L) €
20.0+£5.0
19215
132+18
73+43

0x0
19215
19428

13.2+04

8.2+0.2

19.2+15
208+0.8
21.7+1.0

13.8+0.2

ko (uM/min)
or ky (min™)®
ko: 173 0.01
ko: 172+ 0.01
ko: 1.44 % 0.01
ko: 1.30 £ 0.01
ko: 1.25 % 0.02
ko: 1.72 £ 0.01
ky: 0.016 +0.002
ki: 0.023 £ 0.001
k: 0.91 % 0.02
ky: 0.022 + 0.003
ko: 172 0.01
ko: 1.38 £0.00

ko: 1.46 £ 0.00

ko: 0.97 £ 0.00

R? for ko

or ky

0.983

0.991

0.983

0.984

0.943

0.991

0.954

0.986

ko: 0.877

ky: 0.961

0.991

0.998

0.991

0.997

# Otherwise stated, the reaction conditions are based on 198 pM TCE, pH 4, 1 g/L Pd/Al,O5, 100

mA, 10 mM Na,SO, and 80 min degradation. ® Removal is the percentage of TCE reduction at 80

min. ¢ The H,0, concentrations refer to the final accumulated concentrations. d ko and kj is the
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pseudo-zero-order and pseudo-first-order kinetic constant, respectively. ® For the influence of 3
mM sulfite, the process lasts for 100 min, and the degradation in first 60 min is fitted by

pseudo-zero-order kinetics and afterwards is fitted by pseudo-first-order Kinetics.

44





