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Abstract
Degradation of trichloroethylene (TCE) in simulated groundwater by Pd and electro-generated H2
and O2 is investigated in the absence and presence of Fe(II). In the absence of Fe(II),
hydrodechlorination dominates TCE degradation, with accumulation of H2O2 up to 17 mg/L.
Under weak acidity, low concentrations of oxidizing •OH radical are detected due to
decomposition of H2O2, slightly contributing to TCE degradation via oxidation. In the presence of
Fe(II), the degradation efficiency of TCE at 396 μM improves to 94.9% within 80 min. The
product distribution proves that the degradation pathway shifts from 79% hydrodechlorination in
the absence of Fe(II) to 84% •OH oxidation in the presence of Fe(II). TCE degradation follows
zeroth-order kinetics with rate constants increasing from 2.0 to 4.6 μM/min with increasing initial
Fe(II) concentration from 0 to 27.3 mg/L at pH 4. A good correlation between TCE degradation
rate constants and •OH generation rate constants confirms that •OH is the predominant reactive
species for TCE oxidation. Presence of 10 mM Na2SO4, NaCl, NaNO3, NaHCO3, K2SO4, CaSO4
and MgSO4 does not significantly influence degradation, but sulfite and sulfide greatly enhance
and slightly suppresses degradation, respectively. A novel Pd-based electrochemical process is
proposed for groundwater remediation.

INTRODUCTION
Trichloroethylene (TCE) is a pollutant commonly found in soil and groundwater at
contaminated sites in the United States. Processes proposed for remediation of TCE in
groundwater include phase-transfer,1 in situ chemical oxidation (ISCO),2 reduction using
zerovalent iron or other Fe-based materials,3,4 electrochemical methods,5,6 and
bioremediation7. In recent years, there has been an increasing interest in electrochemical
methods for treating groundwater contaminated with TCE and other chlorinated
solvents.5,6,8–13 Direct oxidation or reduction of contaminants at anode or cathode requires
suitable electrocatalytic electrode materials, which usually work at high overpotential
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conditions to obtain vigorous redox condition for aqueous contaminants degradation.
Although costly electrodes, i.e. boron dope diamond (BDD)5,9 and Pd-based materials13,
can reach high degradation efficiency, it is difficult to balance between electrode cost and
efficiency.

Indirect electrochemical processes provide an alternative to reduce the dependence on costly
electrode materials. The function of electrodes is to sustain water electrolysis for the
production of H2 and OH− at the cathode (1) along with O2 and H+ at the anode (2). These
products are utilized for chemical or biological degradation of contaminants. For example,
O2 produced at anode can be supplied for aerobic processes,12,14,15 and H2 produced at
cathode can be delivered for anaerobic degradation,12,15,16 or for Pd-catalytic
hydrodechlorination of contaminants in groundwater.17 The OH− produced at cathode could
be utilized for contaminant hydrolysis.18

Pd can quickly hydrodechlorinate chlorinated solvents using H2.19–23 Cathodic production
of H2 is also explored for Pd-catalytic hydrodechlorination of TCE in groundwater17 and the
proposed transformation pathway are hydrodechlorination of TCE to ethene, followed by
hydrogenation to ethane (3).17,19,20 Although the presence and formation of high
concentrations of dissolved O2 may suppress TCE hydrodechlorination because it is
assumed to consume H2 with production of H2O (4); it does not appear to alter the
degradation pathway.17,19

(1)

(2)

(3)

(4)

The generation of H2O2 from H2 and O2 in the presence of Pd catalyst (5) 24,25 has never
been recognized in the aforementioned investigations. H2O2 has the potential of oxidizing
TCE in groundwater and Pd can catalyze the decomposition of H2O2 to a strong oxidizing
•OH radical (6) (oxidation potential: 2.8 V/SHE),25,26 which may further oxidize TCE
(7).5,27 Recent work highlights the efficient degradation of a recalcitrant organic pollutant
by the Pd-containing electrolytic system under weak acidic conditions.26 The presence of
•OH was identified by electron spin resonance (ESR) assay.26 However, the contribution of
H2O2 and •OH oxidation has never been explored for TCE degradation using Pd and H2 in
the presence of O2.

(5)
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(6)

(7)

Furthermore, Fe(II) is a common species in aquifers with concentration levels on the order
of mg/L.28 Presence of Fe(II) is expected to impact the pathways of TCE degradation. Fe(II)
can efficiently catalyze the generation of •OH from H2O2 through Fenton reaction (8).29 In
this case, the homogeneous oxidation by •OH in aqueous phase (7) will compete with the
heterogeneous hydrodechlorination by atomic [H] on Pd surface (3) for TCE degradation. It
has been noted that contaminant degradation by the Pd-containing electrolytic system can be
enhanced by the addition of Fe(II) due to the increase in •OH accumulation.26 With respect
to TCE, both reduction and oxidation may happen depending on the relative rate of
oxidation and reduction. As a consequence, it is important to reveal the pathways for TCE
degradation in the Pd-containing electrolytic system in the presence of Fe(II).

(8)

In this study, the pathways of TCE degradation in an undivided Pd-containing electrolytic
system are compared in the absence and presence of Fe(II) under weak acidic condition. Pd/
Al2O3 is used as a catalyst for both atomic [H] and H2O2 generation. TCE degradation and
•OH generation at different Fe(II) concentrations and pH values are investigated. The
influence of Pd/Al2O3 dosage and groundwater chemistry on TCE degradation is also
evaluated. The main objectives are: (1) to reveal the individual contribution of
hydrodechlorination by atomic [H] and oxidation by •OH to TCE degradation in the absence
and presence of low concentration of Fe(II); (2) to explore the relationship between TCE
degradation and system parameters (Fe(II) concentration, pH and Pd/Al2O3 dosage), as well
as •OH generation; and (3) if feasible, to propose a novel Pd-based electrochemical
oxidation process for TCE remediation.

EXPERIMENTAL SECTION
Chemicals

TCE (99.5%) and cis-dichloroethylene (cis-DCE, 97%) were purchased from Sigma-
Aldrich. Dichloroacetic acid (99%), glyoxylic acid (50% in water), glyconic acid (67% in
water), sodium acetic trihydrate (100%), formaldehyde (37%) and H2O2 (30%) were
purchased from Fisher Sci. Sodium oxalic (99.8%) and FeSO4•7H2O were purchased from
J.T Baker. Other chemicals include gas standard (1% (v/v) methane, ethene, ethane,
acetylene, CO2 and CO in nitrogen, Supelco), dimethyl sulfoxide (DMSO, 99.9%, Acros),
formic acid (88% in water, Acros Organics) and 2,4-dinitrophenylhydrazine (98.0%, Tokyo
Chemical Industry Co., Ltd). Excess TCE was dissolved into 18.2 mΩ·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 μm was used as catalyst. Deionized water (18.0
mΩ·cm) obtained from a Millipore Milli-Q system was used in all the experiments. All
chemicals used in this study were above analytical grade.

Degradation of TCE
An undivided acrylic electrolytic cell as shown in Figure S1 in the Supporting Information
(SI) was used for TCE degradation at ambient temperature (25 ± 1 °C). A 150-mL syringe
with plunge was connected to the cell, allowing gas expansion during electrolysis. The
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quantitative collection of gas in the syringe was confirmed by the electrolysis of 10 mM
Na2SO4 solution. Two pieces of mixed metal oxide (MMO, IrO2/Ta2O5 coating on titanium
mesh type, 3N International, USA) at 85 × 15 × 1.8 mm (length × width × thickness) were
used as anode and cathode with 42 mm spacing in parallel position. For each test, 400 mL of
10 mM Na2SO4 solution was transferred into the cell, and 1 g/L Pd/Al2O3 and 13.6 mg/L
Fe2+ concentrations were attained by addition of specific mass of Pd/Al2O3 powder and
volume of Fe2+ stock solution. The dosage of Pd/Al2O3 and Fe2+ is selected according to
experimental results. 10 mL of TCE saturated water was then added to produce an initial
TCE concentration of 198 μM (26.1 mg/L). The reactor was sealed immediately and the
solution was stirred for 10 min to allow equilibrium of TCE in the aqueous solution. Stirring
at 600 rpm was maintained using a Teflon-coated magnetic stirring bar. A constant electric
current of 100 mA (10 mA/cm2) was applied with a cell voltage of 7 V. The aqueous
solution was sampled for analysis of TCE, cis-DCE, Cl−, organic acids, pH, oxidation
reduction potential (ORP), Fe(II) and H2O2 concentrations. Gas samples were collected
from specific experiment for headspace gas analysis.

For analyses of the degradation profile, the reactor was purged with N2 for minutes to
remove CO2 before the addition of electrolyte. 1 mM Na2SO4 and 0.5 mM CaSO4 were
added to simulate groundwater chemistry. The initial concentration of TCE was doubled
(396 μM) by adding 20 mL of TCE saturated water. All experiments were carried out in
duplicate.

Chemical Analysis
TCE and cis-DCE were measured by a 1200 Infinity Series HPLC (Agilent) equipped with
an 1260 DAD detector and an Agilent Poroshell 120 EC-C18 column (4.6 × 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 μL 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. The
detection limits for TCE, cis-DCE and ethane were 0.1, 0.2 and 0.01 mg/L, respectively.
CO2 was absorbed in NaOH solution and measured for inorganic carbon by TOC analyzer.
Chloride and carboxylic acidic intermediates were analyzed by a Dionex DX-5500 ion
chromatograph. The •OH levels were determined with DMSO trapping and HPLC according
to the literature.30 The details for CO2 and •OH analysis are provided in Sections S1 and S2
in the Supporting Information, respectively. Gas concentrations of TCE and cis-DCE along
with the aqueous concentrations of ethane and CO2 were calculated by Henry’s law, and the
sum of aqueous and gas concentrations was derived. H2O2 was measured at 405 nm by a
spectrometer (Spectronic 20D+, Caley & Whitmore Corp.) after coloration with TiSO4.31

The ferrous ion content was determined at 510 nm using the 1,10-o-phenanthroline
analytical method.32

Data Analysis
The commonly used pseudo first-order reaction kinetics model results in small correlation
coefficients (R2) when modeling TCE transformation. A pseudo zeroth-order reaction
kinetics (9) is more accurate and is used to fit TCE decay in time. The model is given by,

(9)
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where t is the reaction time (min), k0 is the rate constant (μM/min), and c0 and ct are the
concentrations (μM) at times of t = 0 and t = t, respectively. The production of Cl− and •OH
also followed pseudo zeroth-order reaction kinetics (10) given by,

(10)

Faradic current efficiency (CE, eq. 11) is used to evaluate the efficiency of electric energy
consumption. It is assumed that the hydrodechlorination and oxidation of TCE require 8 and
6 electrons, respectively, for production of ethane and CO2. The current efficiency is given
by,

(11)

where z is the number of electron transfer, F is Faradic constant (96485), I is current (A),
0.41 is the groundwater volume (L), and 0.001 denotes the transformation of concentration
unit.

RESULTS AND DISCUSSION
Degradation of TCE in the Absence and Presence of Fe(II)

Figure 1 illustrates the degradation profiles of TCE in simulated groundwater in the absence
and presence of Fe(II). Initial pH and Fe(II) concentration were set at 4 and 13.7 mg/L,
respectively. Under identical conditions but without application of electricity, the addition of
1 g/L Pd/Al2O3 did not cause any significant removal of TCE (Figure S2). Similarly, there
was no significant removal by direct degradation on the MMO electrode. In presence of Pd/
Al2O3 and absence of Fe(II) (Figure 1a), TCE concentration decreased from 396 to 160 μM
within 80 min with production of ethane and small fractions of cis-DCE and CO2. The high
recoveries of carbon (>0.87) and Cl (>1.00) suggest that most degradation products are
recovered. The production of ethane implies a dominant hydrodechlorination process,
whereas the production of small fraction of CO2 implies the minor contribution of oxidation
to TCE degradation.

Presence of Fe(II) in the simulated groundwater greatly enhanced TCE degradation (Figure
1b) to 20.2 μM concentration after 80 min. The major products were CO2, followed by
oxalic acid, ethane, acetic acid and cis-DCE, which all account for more than 80% of total
carbon. This suggests that oxidation rather than hydrodechlorination is the main mechanism
for TCE degradation in the presence of Fe(II). Other products reported in the literature for
TCE oxidation such as dichloroacetic acid, glyoxylic acid, formic acid and ClO3

− were not
detected.5,33 The decay of TCE follows pseudo zeroth-order reaction kinetics, suggesting
that the rates become increasingly limited by the availability of reactive species, i.e. •OH,
with increasing reactant concentrations.9 The rate constant for TCE decay increases from 3.1
μM/min in the absence of Fe(II) to 4.9 μM/min in the presence of Fe(II) (Table 1). This
indicates that the oxidation pathway in the presence of Fe(II) is more effective than the
hydrodechlorination pathway in the absence of Fe(II). In addition, the current efficiency for
TCE degradation increased from around 15% to around 20% (Figure S3a) in the presence of
Fe(II). Because relatively small concentrations of Fe(II) are used, the variation of cell
voltage by the addition of Fe(II) is negligible. Therefore, improvement in energy utilization
is achieved in the presence of Fe(II).

During the process, the aqueous pH in the absence and presence of Fe(II) decreased
gradually from 4.00 to 3.10–3.20 (Figure S3b) due to production of HCl. However, the ORP
in the absence of Fe(II) was significantly higher than that in the presence of Fe(II) (Figure
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S3a), which is attributable to the role of Fe(II) in one case and accumulation of higher
concentrations of H2O2 in the other case (Figure S3c). The production of H2O2 and its
decomposition into •OH on Pd surface (6)22,23 may be the reason for generation of small
fraction of CO2 in the absence of Fe(II). However, the oxidation of TCE by H2O2 does not
appear to be competitive in the absence of Fe(II) since hydrodechlorination dominated the
degradation pathway. This is consistent with literature that reported unchanged degradation
pathway in the presence of dissolved O2,17,19 although the production of H2O2 was not
considered. The presence of Fe(II) remarkably decreases the accumulated H2O2
concentrations because H2O2 can be decomposed by Fe(II) for generation of •OH by Fenton
reaction (4). Although •OH has a much higher oxidation potential than H2O2 (standard
potential: 2.80 versus 1.77 V/SHE), its lifespan is very short, only a few nanoseconds in
water,34 which was responsible for the lower ORP compared with that in the absence of
Fe(II). Due to the lower regeneration rate of Fe(II) in Fenton chain reactions,26,34 dissolved
Fe(II) concentration (Figure S3c) promptly decreased to below 1 mg/L regardless of the
gradual decrease in solution pH. The zeroth-order kinetics imply that dissolved Fe(II) at
such a low concentration was capable of generating a constant concentration of reactive
species for TCE oxidation. This highlights the importance of Fe(II) in groundwater for the
Pd-based degradation of TCE.

Although the shift in degradation pathway from hydrodechlorination to oxidation in Pd-
based process has not been reported before, researchers in recent years reported the
oxidizing ability of a reducing system, i.e. Fe-based process, in the presence of O2. For
example, the combination of zerovalent iron and dissolved O2 has been recognized as an
efficient oxidation technology,35,36 and contaminant oxidation instead of reduction was also
identified as the dominant pathway in natural pyrite suspension in the presence of O2.33

Effect of Fe(II) Concentration on TCE Degradation and •OH Generation
Increasing Fe(II) concentration in the electrolyte improves the rate of TCE decay (Figure
2a). Zeroth-order decay rate constants increase from 2.0 to 4.6 μM/min when the initial
Fe(II) concentration is increased from 0 to 27.3 mg/L (Table 1). Note that the lower rate for
TCE decay in the absence of Fe(II) (compared to that in Figure 1a) is due to the use of
different initial TCE concentrations and background electrolytes. The accumulated H2O2
concentrations decrease with the increase in Fe(II) concentrations (Figure 2b), which is in
agreement with enhanced H2O2 decomposition. Figure 2c shows that the accumulated •OH
concentrations also follow zeroth-order kinetics, and the rate increases with the increase in
Fe(II) concentrations. The low concentrations of •OH measured in the absence of Fe(II)
support the data showing production of CO2 in the absence of Fe(II). The strong dependence
of TCE decay and •OH generation on Fe(II) concentration is supported by their good
correlation at initial Fe(II) concentrations of 0–13.7 mg/L (Figure 2d). In this electrolytic
system, the concentrations of H2O2 produced were identical at any Fe(II) concentration.
However, the actual concentration of Fe(II) became much lower than its initial concentration
(Figure S3c), and the regeneration of Fe(II) from Fe(III) is much slower compared with the
consumption.29,34 As the molar ratio of Fe(II) to H2O2 is less than the optimal values of
about 1.0,29,37 the Fe(II)-dependent TCE decay and •OH generation occurs.

Moreover, a good correlation between TCE decay rate constants and •OH generation rate
constants is obtained with a slope of 0.85 (the inset in Figure 2d), proving that •OH is the
dominant reactive species for TCE degradation. The dependence of contaminant degradation
and •OH generation is also noted by others,35 but the correlation has never been reported.
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Effect of pH and Pd/Al2O3 Dosage
TCE decay was negligible at pH 8.5 but increased dramatically with the drop of aqueous pH
(Figure 3a). At high pH, the generation of H2O2 is limited,25,26 and most Fe2+ ions
precipitate with OH−. With the drop of pH, both H2O2 generation and dissolved Fe(II)
concentration increase contributing to accumulation of more •OH, as evident in Figure S4a.
Likewise, zeroth-order rate constants for both TCE decay and •OH generation correlate well
with initial pH values (Figure S4b). The pH-dependent contaminant degradation are the
typical characteristics of Fenton-based oxidation,26,33–35 whereas the decrease in TCE
hydrodechlorination is reported with drop in pH.20 The correlation between TCE decay rate
constants and •OH generation rate constants (the inset in Figure S4b) verify the predominant
contribution of •OH to TCE degradation. The slope of the correlation reflects the sensitivity
of TCE degradation to these parameters. The slope at different pHs is less than that obtained
at different Fe(II) concentrations (0.67 versus 0.85), which indicates that pH plays a less
important role than Fe(II) concentration for TCE degradation.

TCE degradation is also dependent on Pd/Al2O3 dose (Figure 3b). The plot of TCE decay
rate constants versus Pd/Al2O3 dosage reveals good correlation at dosage higher than 0.2 g/
L (Figure S5). The increase in Pd/Al2O3 dosage can facilitate the chemisorption of H2 and
the formation of atomic [H].3 Meanwhile, the chemisorption of O2 is also enhanced.26,38

With the increase in Pd/Al2O3 dosage, more H2O2 are produced by the combination of the
activated O2 and [H]. As a result, more •OH is generated in the presence of Fe(II). Although
the increase in Pd/Al2O3 dose may also enhance the hydrodechlorination process,3 its
contribution is minimal as minute degradation was achieved at 1g/L Pd/Al2O3 in the
absence of Fe(II) (Figure 2a).

Influence of Groundwater Chemistry on TCE Degradation
The results clearly suggest that oxidation by •OH in the presence of Fe(II) in an electrolytic
system is more effective for TCE degradation compared with the hydrodechlorination by
Pd•[H] in the absence of Fe(II). This provides a very powerful Pd-based oxidation rather
than reduction for TCE remediation. To further assess the process, the influence of
groundwater chemistry on TCE degradation was tested. Figure 4 shows that commonly
present anions and cations in groundwater, including SO4

2−, Cl−, NO3
−, HCO3

−, Na+, K+,
Ca2+ and Mg2+, at 10 mM do not cause any significant influence on the degradation. This is
similar to reported results for chemisorption of H2

3,20 and contaminant oxidation by •OH.39

The inhibitory effect of Cl− on •OH-induced oxidation40 occurs in the presence of high
concentration (20 mM).

It is well established that sulfur at reduced state, i.e. SO3
2− and S2−, dramatically deactivate

Pd under anaerobic conditions,20,41 which is detrimental for application of Pd-catalytic
hydrodechlorination in groundwater remediation. In this study, the presence of 1 mM SO3

2−

(112 mg/L) significantly enhances TCE degradation, and the presence of 31.3 μM S2− (1
mg/L) results in a slight suppression (Figure 4a). In this electrolytic system, in situ generated
H2O2, •OH and O2 in aqueous solution as well as MMO anode may oxidize SO3

2− and S2−

and prevent the deactivation of Pd.42,43 It is reported that the co-existence of MnO4
− can

oxidize reduced sulfur compounds preventing the poisoning of Pd for contaminant
hydrodechlorination.41 The enhanced degradation in the presence of SO3

2− is expected to be
due to the presence of reactive oxygen species (O2, H2O2, •OH, etc). It is also likely for the
production of SO3

•− and SO4
•− anionic radicals by the oxidation of sulfite in this Pd-

containing electrolytic system,44 thereby enhancing TCE oxidation. The underlying
mechanism for the enhancement will be explored in our future work.
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Kinetics Analysis
•OH is identified as the reactive species responsible for TCE degradation in the presence of
Fe(II). Under testing conditions, a linear increase in cumulative •OH concentration is
measured (Figures 2 and S4) indicating a constant rate of •OH generation. Due to the
extremely short lifespan of •OH in water (a few nanoseconds),34 a very low steady-state
concentration of •OH in solution can be inferred. TCE oxidation by •OH is a homogeneous
quick reaction ((3.3–4.3) × 109 mol−1 s−1 45), and diffusion process is fast when solution is
being stirred. As a consequence, the generated •OH is immediately consumed by TCE,
leading to an apparent zeroth-order degradation kinetics. When •OH oxidation is not the
dominant pathway, i.e. in presence of very low concentration of Fe(II), low dosage of Pd/
Al2O3 or at high pH, a deviation from zeroth-order kinetics is observed, as indicated by the
decrease in correlation coefficient (R2 in Table 1).

Since •OH is mainly generated by the quick combination of Fe2+ and H2O2 (k = 63 M−1

s−1 34), both Fe(II) and H2O2 concentrations affect TCE degradation. When initial Fe(II)
concentration is lower than 13.7 mg/L or solution pH is higher than 4, the availability of free
Fe(II) determines TCE degradation (Figure 2). When Fe(II) concentration is higher than
13.7 mg/L, the availability of H2O2 affects TCE degradation. When Pd/Al2O3 is sufficient
(≥ 1 g/L), dissolution of H2 and O2, the source reactants for H2O2 production, as well as
their chemisorption on Pd surface influence the degradation. Because chemisorption of O2
on Pd is much more difficult compared with H2, it is assumed to be the rate-limiting step for
H2O2 synthesis from equimolar H2 and O2.38,46 In the electrolytic system, the molar ratio of
H2 and O2 produced at the cathode (2) and anode (1), respectively, is 2:1, whereas the
aqueous solubility of H2 (0.81 mM) is higher than half of that of O2 (1.25 mM). Therefore,
chemisorption of O2 on Pd surface is also a rate-limiting step for TCE degradation.

Degradation Mechanism in the Absence and Presence of Fe(II)
The mechanisms of TCE degradation in the absence and presence of Fe(II) are summarized
in Scheme 1. H2 produced at the cathode (2) dissolves in the electrolyte and diffuses onto
the surface of Pd catalyst, where it undergoes chemisorption and decomposition to two
atomic [H] (12). H2 adsorption on Pd surface is strong at room temperature resulting in an
almost equivalent ratio of [H] to surface Pd atom.47 During the electrolysis the [H]
concentration on Pd surface can be considered constant because H2 is continuously
produced at cathode. In the absence of Fe(II), TCE undergoes hydrodechlorination on Pd
surface by [H] to cis-DCE, ethene, and finally hydrogenation to ethane.

Meanwhile, O2 produced at the anode (1) also dissolves in the electrolyte and diffuses onto
the surface of Pd catalyst. The chemisorption of O2 molecule on Pd surface elongates the
O=O double bond (13).38 The chemisorbed O2 competes with TCE for [H] and produce
H2O2 (5). Pd can catalyze the decomposition of H2O2 to •OH,25,26 which leads to slight
oxidation in the absence of Fe(II). The pathway for TCE hydrodechlorination by [H] in the
presence of dissolved O2 is similar to those reported in the literature.17,19 However, the
slight contribution of oxidation induced by •OH was never reported and is noted for the first
time in this study.

(12)

(13)
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On the other hand when Fe(II) is present in the solution, the generation of •OH in aqueous
solution is dramatically enhanced through the combination of Fe(II) and H2O2 (8). Further,
as the generated •OH is present in aqueous solution, mass transfer poses a much less
pronounced effect for TCE oxidation compared with hydrodechlorination on Pd surface.
Both lead to a more competitive oxidation than hydrodechlorination for TCE degradation.
As a consequence, the dominant pathway for TCE degradation shifts from heterogeneous
hydrodechlorination on Pd surface in the absence of Fe(II) to homogeneous oxidation in
aqueous solution in the presence of Fe(II). The oxidation of TCE by •OH leads to the
production of organic acids, and finally CO2.

Implications
This study reveals the production of H2O2 in the presence of O2 using Pd-based catalyst and
H2. The generation of low concentrations of •OH slightly contributes to TCE oxidation
under weak acidic conditions. In particular, when Fe(II) is present, H2O2 efficiently
decomposes to •OH resulting in a shift in dominant pathway from heterogeneous
hydrodechlorination to homogeneous oxidation. This shift is most pronounced at high Fe(II)
concentrations and low pH values. These findings may contribute to understanding the
nature for chlorinated solvent degradation by Pd-catalytic hydrodechlorination in the
presence of O2, especially when Fe(II) at a level of ppm is present.

In the Pd-containing electrolytic system, oxidation of TCE in the presence Fe(II) is proved
to be significantly more efficient than hydrodechlorination in the absence Fe(II) under weak
acidic conditions. Moreover, complete dechlorination is achieved with production of
nontoxic organic acids and CO2. A comparison with Fenton remediation by H2O2 addition
suggests that the proposed process is more advantageous in both TCE degradation and Fe(II)
regeneration (Figure S6). As a result, a novel Pd-based oxidation process using electro-
generated H2 and O2 is proposed, although further evaluation and assessment is required
prior to any field evaluation. Figure S7 depicts a conceptual model for remediation, wherein
the desired low pH condition is achieved automatically by a modified three-electrode
system.26 When contaminated groundwater flows through the anode and Cathode 1 installed
in a single well, it will be saturated with electro-generated O2 and H2. Because a specific
(designed) fraction of the current is shared by Cathode 2, H+ ions produced at the anode is
more than OH− ions produced at Cathode 1, and an in-situ drop of pH to 3–4 can be reached
by the design.26 Under these conditions, H2O2 is produced on the Pd catalyst packed. Fe(II)
intrinsically contained in groundwater or added externally catalyzes the generation of •OH
from H2O2. Note that the automatically developed low pH condition can also increase the
dissolved Fe(II) concentration, thereby enhancing contaminant oxidation. Contaminants in
groundwater are then oxidized or even mineralized. The second cathode installed will
neutralize the acidic effluent. Our current work includes conducting column experiments to
evaluate the performance of this model.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Degradation profiles of TCE (a) without Fe(II) (b) with Fe(II). [CO2]2 stands for the half
concentration of CO2 accumulated. Lines denote the linear fit of the data points in the same
color. The degradation conditions are based on 396 μM initial TCE concentration, initial pH
4.0, 1 g/L Pd/Al2O3, 1 mM Na2SO4 and 0.5 mM CaSO4, and 13.6 mg/L Fe(II) concentration
when present.
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Figure 2.
Effect of initial Fe(II) concentration on (a) TCE decay, (b) H2O2 production and (c) •OH
generation; and (d) the plots of Fe(II) concentrations versus K0 for TCE decay and •OH
generation. The inset in (d) illustrates linear regreassion of the zeroth-order rate constants
for •OH generation and TCE decay. Lines denote the linear fit of the data points in the same
color. The reaction conditions are based on 198 μM initial TCE concentration, pH 4, 1 g/L
Pd/Al2O3 and 10 mM Na2SO4.
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Figure 3.
Effect of (a) pH and (b) Pd/Al2O3 dosage on TCE degradation. Lines denote the linear fit of
the data points in the same color. Otherwise stated, the reaction conditions are based on 198
μM initial TCE concentration, 13.7 mg/L Fe(II), pH 4, 1 g/L Pd/Al2O3 and 10 mM Na2SO4.
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Figure 4.
Effect of (a) anionic and (b) cationic ions in solution on TCE degradation. Lines denote the
linear fit of the data points in the same color. The reaction conditions are based on 198 μM
initial TCE concentration, 13.7 mg/L Fe(II), pH 4 and 1 g/L Pd/Al2O3, and 10 mM
electrolyte unless specified.
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Scheme 1.
Mechansim for TCE degradation in the absence and presence of Fe(II)

Yuan et al. Page 17

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yuan et al. Page 18

Ta
bl

e 
1

R
es

ul
ts

 S
um

m
ar

iz
ed

 f
or

 T
C

E
 D

eg
ra

da
tio

n

no
.

V
ar

ia
ti

on
 p

ar
am

et
er

s 
a

pH
R

es
id

ue
T

C
E

 (
μ

M
)

k 0
 b

μ
M

/m
in

R
2  

fo
r 

k 0
in

it
ia

l
fi

na
l

1c
39

6 
μ

M
 T

C
E

 +
 1

3.
6 

m
g/

L
 F

e(
II

)
4.

00
3.

10
 ±

 0
.0

1
20

.2
 ±

 6
.6

4.
9 

±
 0

.3
0.

99
0

2c
39

6 
μ

M
 T

C
E

 +
 0

 m
g/

L
 F

e(
II

)
4.

00
3.

17
 ±

 0
.0

3
16

0.
4 

±
 4

.2
3.

1 
±

 0
.1

0.
99

6

3
0 

m
g/

L
 F

e(
II

)
4.

00
3.

94
 ±

 0
.0

3
12

2.
8 

±
 2

1.
8

2.
0 

±
 0

.2
0.

96
5

4
1.

4 
m

g/
L

 F
e(

II
)

4.
00

3.
70

 ±
 0

.0
7

10
5.

7 
±

 8
.6

2.
4 

±
 0

.4
0.

92
4

5
6.

8 
m

g/
L

 F
e(

II
)

4.
00

3.
53

 ±
 0

.0
7

85
.1

 ±
 1

8.
5

3.
0 

±
 0

.4
0.

92
5

6
13

.7
 m

g/
L

 F
e(

II
)

4.
00

3.
29

 ±
 0

.0
2

39
.0

 ±
 1

1.
6

4.
0 

±
 0

.2
0.

99
0

7
27

.3
 m

g/
L

 F
e(

II
)

4.
00

3.
18

 ±
 0

.0
3

24
.9

 ±
 1

.6
4.

6 
±

 0
.4

0.
97

3

8
pH

 3
.0

3.
00

2.
91

 ±
 0

.0
1

8.
7 

±
 1

.7
4.

6 
±

 0
.4

0.
98

0

9
pH

 4
.0

4.
00

3.
27

 ±
 0

.0
4

39
.0

 ±
 1

1.
6

4.
0 

±
 0

.2
0.

99
0

10
pH

 5
.5

5.
50

3.
95

 ±
 0

.1
8

98
.5

 ±
 1

0.
7

2.
6 

±
 0

.2
0.

99
0

11
pH

 7
.0

7.
00

5.
80

 ±
 0

.4
6

12
9.

9 
±

 4
.6

1.
6 

±
 0

.2
0.

97
6

12
pH

 8
.5

8.
50

6.
51

 ±
 1

.6
1

17
7.

7 
±

 1
4.

7
0.

8 
±

 0
.4

0.
51

9

13
0 

g/
L

 P
d/

A
l 2

O
3

4.
00

3.
45

 ±
 0

.0
4

14
9.

8 
±

 1
0.

5
1.

2 
±

 0
.2

0.
83

7

14
0.

2 
g/

L
 P

d/
A

l 2
O

3
4.

00
3.

29
 ±

 0
.0

2
84

.8
 ±

 4
4.

2
3.

0 
±

 0
.8

0.
78

9

15
0.

5 
g/

L
 P

d/
A

l 2
O

3
4.

00
3.

27
 ±

 0
.0

4
62

.1
 ±

 1
6.

5
3.

4 
±

 0
.2

0.
98

4

16
1.

0 
g/

L
 P

d/
A

l 2
O

3
4.

00
3.

29
 ±

 0
.0

2
39

.0
 ±

 1
1.

6
4.

0 
±

 0
.2

0.
99

0

17
1.

5 
g/

L
 P

d/
A

l 2
O

3
4.

00
3.

35
 ±

 0
.0

1
27

.4
 ±

 1
5.

7
4.

4 
±

 0
.2

0.
99

5

18
10

 m
M

 N
a 2

SO
4

4.
00

3.
29

 ±
 0

.0
2

39
.0

 ±
 1

1.
6

4.
0 

±
 0

.2
0.

99
0

19
10

 m
M

 N
aC

l
4.

00
3.

23
 ±

 0
.0

4
59

.4
 ±

 2
.6

3.
4 

±
 0

.4
0.

96
6

20
20

 m
M

 N
aC

l
4.

00
3.

50
 ±

 0
.0

2
83

.2
 ±

 0
.0

2.
0 

±
 0

.1
0.

98
8

21
10

 m
M

 N
aN

O
3

4.
00

3.
44

 ±
 0

.0
6

38
.8

 ±
 5

.7
4.

2 
±

 0
.2

0.
98

8

22
10

 m
M

 N
aH

C
O

3
4.

00
3.

68
 ±

 0
.0

1
53

.6
 ±

 6
.2

3.
6 

±
 0

.2
0.

99
8

23
10

 m
M

 K
2S

O
4

4.
00

3.
63

 ±
 0

.1
7

30
.2

 ±
 1

1.
7

4.
4 

±
 0

.2
0.

99
7

24
10

 m
M

 C
aS

O
4

4.
00

3.
58

 ±
 0

.0
8

54
.1

 ±
 1

.2
3.

8 
±

 0
.2

0.
99

7

25
10

 m
M

 M
gS

O
4

4.
00

2.
98

 ±
 0

.0
7

42
.5

 ±
 7

.5
4.

0 
±

 0
.2

0.
99

6

26
10

 m
M

 N
a 2

SO
4 

+
 3

1.
3 
μ

M
 N

a 2
S

4.
00

3.
28

 ±
 0

.0
1

71
.5

 ±
 6

.9
3.

2 
±

 0
.1

0.
99

2

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yuan et al. Page 19

no
.

V
ar

ia
ti

on
 p

ar
am

et
er

s 
a

pH
R

es
id

ue
T

C
E

 (
μ

M
)

k 0
 b

μ
M

/m
in

R
2  

fo
r 

k 0
in

it
ia

l
fi

na
l

27
10

 m
M

 N
a 2

SO
4 

+
 1

 m
M

 N
a 2

SO
3

4.
00

3.
35

 ±
 0

.0
6

1.
9 

±
 2

.7
0.

11
 ±

 0
.0

1 
m

in
−

1 
d

0.
97

5

a O
th

er
w

is
e 

st
at

ed
, t

he
 r

ea
ct

io
n 

co
nd

iti
on

s 
ar

e 
ba

se
d 

on
 1

98
 μ

M
 T

C
E

, 1
3.

7 
m

g/
L

 F
e(

II
),

 p
H

 4
, 1

 g
/L

 P
d/

A
l 2

O
3,

 1
0 

m
M

 N
a 2

SO
4 

an
d 

40
 m

in
 d

eg
ra

da
tio

n.

b k 0
 is

 th
e 

ze
ro

th
-o

rd
er

 d
ec

ay
 r

at
e 

co
ns

ta
nt

.

c T
he

 b
ac

kg
ro

un
d 

el
ec

tr
ol

yt
e 

co
ns

is
ts

 o
f 

1 
m

M
 N

a 2
SO

4 
an

d 
0.

5 
m

M
 C

aS
O

4,
 a

nd
 th

e 
de

gr
ad

at
io

n 
tim

e 
is

 8
0 

m
in

.

d A
 p

se
ud

o 
fi

rs
t-

or
de

r 
ra

te
 c

on
st

an
t (

L
n 

C
0/

C
t =

 K
1t

 +
 b

, w
he

re
 K

1 
is

 th
e 

ra
te

 c
on

st
an

t)
 is

 p
ro

vi
de

d.

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.


