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Perchloroethene (PCE) is a common groundwater contaminant, due to its common use as a dry-cleaning
solvent. Current treatment methods are limited in their ability to remove PCE from contaminated sites in
an efficient and cost effective manner. Palladium-on-gold nanoparticles (Pd-on-Au NPs) have been shown
to be highly catalytically active in the hydrodechlorination (HDC) of trichloroethene (TCE) and other chlo-
rinated compounds. However, the catalytic chemistry of such nanoparticles for PCE HDC in water has not
been systematically addressed in the literature. In this paper, we assess the catalytic properties of ~4 nm

f;g:;g;?;oethene Pd-on-Au NPs, ~4 nm Pd NPs, and Pd/Al, 03 for water-phase PCE HDC under ambient conditions. The Pd-
Perchloroethene on-Au NPs exhibited volcano-shape activity as a function of Pd surface coverage (sc). Maximum activity
Palladium was at 80+ 0.8 sc% (pseudo-first order rate constant of ~5000 L/gpq/min), which was ~20x and ~80x

Gold higher than that for Pd NPs and Pd/Al, O3 at room temperature and pH 7. A complete mechanistic model
Hydrodechlorination of PCE HDC that coupled gas-liquid mass transfer with the surface reactions was developed and found
Nanoparticles to be consistent with the observed concentration-time profiles for the 3 catalyst types. The formation
and subsequent reaction of daughter products (TCE, dichloroethene isomers, vinyl chloride, and ethene)
followed the stepwise dechlorination of the PCE chlorine groups. The final reaction products were ethane
and minor amounts of n-butane/butenes. This study establishes the enhanced degradation chemistry of
PCE using model Pd-on-Au catalysts and suggests the volcano-shape structure-activity dependence can

be generalized from PCE and TCE to other organohalides.
© 2013 Elsevier B.V. All rights reserved.

deemed National Priority List Superfund sites) [7,8]. It is found
in at least 771 of the 1430 Superfund sites above its maximum
contaminant level (MCL) of 5ug/L (=5ppb=30nM) in drinking
water [9,10]. PCE was also identified by European Environment

1. Introduction

In urban or heavily populated areas, the extensive use of
perchloroethene (PCE, “perc”, or tetrachloroethene) as the predom-

inant dry cleaning solvent since 1935 has led to its widespread
contamination at an estimated 27,000 sites (75% of all dry cleaning
facilities) in the U.S., impacting a significant number of private and
public water supply wells while threatening many other well areas
[1,2]. PCE is a known central nervous system depressant and is clas-
sified by the U.S. Environmental Protection Agency (U.S.EPA)tobea
likely human carcinogen [3]. Alternative solvents are being phased
in [4,5], but PCE is still used in 75% of the professional cleaners in
the U.S. [6].

PCE, mixed with other chlorocarbons like trichloroethene (TCE)
and trichloroethane, is also used as a metal degreaser at electronic
manufacturing plants and military facilities (many of which are
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Agency (EEA) as one of the most frequently detected volatile
organic compounds in groundwater aquifers of most Western
European countries [11-13]. In China, PCE pollution has been
widely regarded as a serious problem in the delta region of rivers
(Yangtze, Pearl, etc.) and in 2005 a northern city in China even
reported a PCE concentration of 488 ppb in shallow groundwa-
ter, almost two orders of magnitude higher than U.S. EPA MCL
[14,15].

Upon its release into the environment, PCE, having a density
greater than that of water (1.62 g/mL), can accumulate into dense
non-aqueous phase liquid (DNAPL) pools beneath the water table
and slowly dissolve (up to the solubility limit of PCE in water at
20°Cof 150 mg/L=0.91 mM) to form large plumes that persist over
long periods of time. Untreated PCE (ranked as 33rd most toxic,
prevalent, and accessible substance at Superfund sites [10]) is a
problem because natural biotic degradation can transform it into
even more harmful substances such as TCE (ranked 16th) and vinyl
chloride (VC, ranked 4th) [2,10,16,17].
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Nomenclature

specific areas for gas-liquid interface and NP cat-
alyst solid surface in overall batch reactor liquid
volume

as—_ex, @; specific areas for external and internal surface for
Pd/Al,03 in overall batch reactor liquid volume

gy, As

kg, ki, ki mass transfer coefficients for gas-liquid,
liquid-solid, and intraparticle processes
k, kmeas rate constant for overall surface reaction, and

observed rate constant for overall reaction

Kcat, Kcars Keatcorr apparent rate constant normalized with
total Pd content, rate constant normalized with sur-
face Pd content and mass transfer-corrected rate
constant

Cpg, Cpgr  Pd metal content and surface Pd metal content in
the reactor

Cpcg, Cpcgo PCE liquid-phase concentration and initial PCE
liquid-phase concentration

Cy1,C,  Y-intercept and slope of 1/kmeas — 1/Cpq plot

kpc, krce, kpci, kvc, kethene1, Kethene2: Kbutene surface reaction
rate constants for elementary reaction step from
PCE to TCE, from TCE to one DCE isomer, from one
DCE isomer to VC, from VC to ethene, from ethene
to ethane, from ethene to butene, and from butene
to butane

K with subscript surface adsorption-desorption equilibrium

constant for a given compound

liquid phase concentration for PCE

total concentration of active sites

[PCE]
[S ]total

Methods of managing PCE contaminated groundwater are sim-
ilar to those of TCE, which include hydraulic control of the plume
(to mitigate migration) using ex situ pump-and-treat technologies
of air stripping and activated carbon adsorption [18-20]. These
physico-chemical methods are imperfect, though, as they only
transfer the contaminants from one phase to another and do not
destroy them.

Another approach involves in situ treatment of PCE, in which the
contaminant is broken down chemically in the subsurface, such as
reactive remediation [21-23], thermal treatment [24], and biore-
mediation [25,26]. With reactive remediation, PCE can be degraded
through either oxidative or reductive means. Oxidative remedi-
ation involves injecting a large quantity of an oxidant such as
potassium permanganate [22,27], into known contaminated areas.
Reductive remediation involves the use of a reductant, with the
most widely used material being zero-valent iron (ZVI). In granu-
lar or powder form, ZVI is commercially available for remediation
applications [28-32] and commonly deployed in permeable reac-
tive barriers (PRBs) [33-36]. A newer development is the use of
nanoparticulate zero valent iron (NZVI) to penetrate PCE contami-
nation zones after subsurface injection [37-40].

The use of palladium (Pd) catalysts has been well studied for
the reductive remediation of TCE and other chlorinated ethenes
in water [41-47]. This technique is advantageous over others as
palladium converts the chlorinated ethenes via hydrodechlorinat-
ion (HDC) to non-toxic ethane with high reaction rates and with
minimal formation of chlorinated side products. Our group has
shown that palladium-coated gold nanoparticles (Pd-on-Au NPs)
have much higher TCE HDC catalytic activity and greater resis-
tance to chloride and sulfide deactivation compared to Pd/Al,;03
and Pd NPs [45-50]. Comparison of field-test results of different
TCE treatment technologies indicated that the cost of treating the
same volume of TCE-contaminated water using Pd catalysis was

comparable to that of air-stripping and less expensive than granu-
lated carbon adsorption and permeable reactive barrier [51].

Beyond our early observation of Pd-on-Au NPs showing high
activity for PCE HDC [47], there are few reports on Pd-based cat-
alysts for PCE degradation in water under ambient conditions.
Some reports on Pd catalysts for PCE degradation described results
for high-temperature gas-phase conditions [52-54] and for non-
aqueous media under ambient conditions [55-57]. Other work
discussed the use of Pd-doped NZVI in the in situ destruction of
PCE under ambient conditions, in which Pd was the catalyst and
iron was the reducing agent [58-61]. In this work, we studied Pd-
on-Au NPs for PCE HDC in water using H,, at room temperature,
and at atmospheric pressure. We quantified the catalytic activities
of Pd/Al,03, Pd NPs, and Pd-on-Au NPs, and tested the hypothesis
that the NPs exhibited volcano-shape activity dependence for PCE
HDC due to the molecular similarity of PCE and TCE.

2. Materials and methods
2.1. Synthesis

Briefly, Au NPs (~4 nm) were synthesized via a sodium citrate
reduction [46,62]. Pd-on-Au NPs with Pd surface coverages of 10,
20, 40, 50, 60, 67, 80, 90, 100, 150 and 300 sc% were prepared by
reducing specified volumes of a H,PdCl, solution onto Au NPs by
H, gas. Pd NPs (~4 nm) were synthesized using a similar procedure
for Au NP synthesis. The synthesis details are found in Supplemen-
tary Information. A supported Pd catalyst in the form of Pd/Al,03
(Sigma-Aldrich, 1 wt% Pd, average particle size 38-70 pm [43], spe-
cific surface area 177 m?2/g [45], pore volume 0.20 cm3/g [43]) was
also tested as received.

2.2. Characterization

The synthesized NPs were imaged using a JEOL 2010 transmis-
sion electron microscope (TEM). TEM samples were prepared by
depositing NP sol onto a 200-mesh carbon/Formvar TEM grid which
was then dried under room temperature. The Image] program was
used for the size distribution measurements [63]; 250 particles
were measured for each sample. Other characterization results can
be found in our previous studies [46,50].

2.3. Reaction testing

The batch reactor was prepared by adding 30 mL of a citrate
buffer solution to ~140-143 mL of DI water in a 250 mL serum
bottle, such that the resulting pH was 7.0. The citrate buffer solu-
tion was prepared by dissolving 2.58 g of trisodium citrate (>99.5%,
Fisher) into 100 mL DI water and then adjusting the pH to 7.0 using
0.1 M citric acid (prepared separately by dissolving 0.21 g of citric
acid (>99.5%, Fisher) into 100 mL of DI water). The bottle was sealed
with Teflon tape and a Teflon-coated rubber septum. Hydrogen gas
was bubbled through the water for 15 min, filling the headspace.
3 L of PCE (99.5%, Sigma-Aldrich) and 0.2 L of pentane (99.7%,
Burdick and Jackson) were injected into the reactor as the reac-
tant and internal standard, respectively. The contents were stirred
vigorously for 3 h, sufficient for the sealed batch reactor to reach
equilibrium.

Pd-on-Au NP sols (with varying Pd surface coverages) were then
charged to the batch reactor, such that the total amount of Pd metal
(6.81 g of Pd metal) was the same. For the Pd-on-Au NP with 0 sc%
sample, 1 mL of Au NP sol was used. For Pd NPs and Pd/Al;03, 1 mL
of Pd NP sol and 1 mL of Pd/Al,03 powder suspension (25 mg/mL)
were charged, respectively, corresponding to 31.8 and 250 g of Pd
metal charged. The total liquid amount was set to be 173 mL. The
PCE HDC reaction was carried out at room temperature (23 +1°C)
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under constant magnetic stirring (800 rpm). Each experiment was
performed at least twice. The conversion results were averaged and
were within +£15%. Headspace gas chromatography was used to
monitor the reaction, with catalyst injection marking the start of
the reaction (Supplementary Information).

2.4. Reaction data analysis

GC peaks corresponding to PCE, TCE, ethane, 1,1-DCE, cis-1,2-
DCE, trans-1,2-DCE, VC, ethene, n-butane, and butenes (mixture of
isomers) were quantified as gas-phase concentrations in headspace
of the reactor. Gas-phase and liquid-phase concentrations were cal-
culated from the total moles of each species injected using Henry’s
law and the appropriate dimensionless Henry’s law constants Hec (=
aqueous concentration/gas concentration) for PCE, TCE, ethane, 1,1-
DCE, cis-1,2-DCE, trans-1,2-DCE, VC, ethene, n-butane and butenes
(0.641, 0.339, 0.0485, 0.999, 0.145, 0.352, 0.999, 0.114, 0.0267, and
0.0340 at 23 °C, respectively) [64-67]. For example, 3 pL of PCE in
the 250 mL serum bottle containing 173 mLliquid gives a total mole
of 29.3 wmol, a gas-phase concentration of 0.156 mM and a liquid-
phase concentration of 0.100 mM (=16.6 ppm) in the reactor after
equilibration. The carbon balance was defined as the total number
of carbons of the remaining PCE, products and by-products in the
batch reactor, divided by the total number of carbons of the initial
PCE amount.

PCE HDC activity was reported for all catalysts assuming
first-order reaction kinetics. Reaction rate constants were calcu-
lated using Cpcg =Cpcg,p x €XP(—Kmeast) With Cpcgo is initial PCE
liquid-phase concentration, Kmeas = Kcat x Cpd, Kcat is the first-order,
Pd-normalized rate constant (with units of L/gpq/min), Cpq is the
Pd content in the reactor, and t is reaction time. For a given cat-
alyst composition, the rate constant k., was the average value of
three runs + 1 standard deviation. Another rate constant k., (with
units of L/ g, facepd/Min) that accounted for surface Pd atom content
was calculated from Kmeas = kcar x Cpgr, Where Cpy is the surface Pd
content in the reactor. For Pd surface coverages less than 100 sc%,
all Pd atoms were assumed to be surface Pd atoms. For Pd sur-
face coverages greater than 100 sc%, the surface Pd content was
calculated assuming a magic cluster model of the Pd-on-Au NPs
[46,68-70]. For example, the surface atoms of 150 sc% Pd-on-Au
NPs were counted as those Pd atoms in the 9th shell and those Pd
atoms in 8th shell that were not covered. Pd dispersion (percent-
age of Pd atoms as surface atoms) for Pd NPs was calculated to be
25% from the empirically derived relation: dispersion = c/d, where
cis a constant 1.1 for Pd, and d is the average particle size (4.4nm
from TEM) [50,71,72]. The dispersion for Pd/Al,03 was 21% [43,48].
PCE conversion was calculated as (Cpcg,0—Cpcg)/Cpck,0. We verified
that the kc,¢ did not vary at different catalyst charges for the exper-
imental conditions used, which can occur when too much catalyst
is used.

3. Results and discussion
3.1. Confirmation of NP sizes

Typical TEM images for Au NPs, 80 sc% Pd-on-Au NPs, and Pd NPs
are showninFig. 1. The mean diameters (and relative standard devi-
ations) were measured to be 4.1 nm (21%), 4.2 nm (22%), and 4.4 nm
(32%) for Au NPs, 80 sc% Pd-on-Au NPs, and Pd NPs, respectively,
consistent with our previous studies [46-48,50].

3.2. Assessing mass transfer effect on rate constants
Various amounts of 60 sc% Pd-on-Au NP sol were injected into

the batch reactor and the rate constant kmeas values were recorded.
Specifically, 0,0.233,0.467,0.933 and 1.866 mL of sol were charged,

such that the corresponding Pd content of the reactor was 0,
0.985 x 1075, 1.97 x 1073, 3.94 x 10~>, and 7.88 x 10~ gpy/L. The
kmeas values varied linearly with Cpq from 0 to 3.94 x 107> gpq/L,
with the slope equal to a kcac value of 2413 L/gpq/min (Fig. S1a).
This was within 10% of the kca¢ value determined for 60 sc% Pd-
on-Au NPs using the standard catalyst charge of 3.94 x 107> gpq/L
(2406 L/gpq/min, Table S1). That the standard catalyst charge was in
this linear regime indicated the kc,; values determined for all other
catalytic materials were independent of catalyst amount.

The mass transfer resistances were determined in a man-
ner developed previously for the TCE HDC reaction [49]. Plotting
the reciprocal of the non-zero kmeas and Cpq values allowed the
gas-liquid and liquid-catalyst surface resistances (1/kga;, and
1/k;sas) and surface reaction rate contribution (1/kas) to be deter-
mined using the relation 1/kmeas=Cq +Cy x 1/Cpgq (Fig. S1b). The
y-intercept C; related to 1/kgag and the slope C, related to
1/kisas and 1/kas, where kg is the gas-liquid mass transfer coef-
ficient, ag is the gas-liquid interface specific areas, ki is the
liquid-solid mass transfer coefficient, as is the particle specific
surface areas, and k is the rate constant for surface reaction. The
value of 1/kgas term was calculated to be 0.00853 min based
on the diffusivity of PCE (8.2 x10-6cm?s~1 at 25°C [73]). The
1/kgay,, 1/kisas and 1/kas terms were then determined to be
0.473,0.00853 and 10.1 min, respectively. Comparison of their val-
ues (i.e., 1/kas>1[kgai > 1/kjsas) indicated that the liquid-solid
mass transfer was the most rapid among the three processes,
and the gas-liquid mass transfer was slow enough to affect
observed reaction rate constants. To exclude the gas-liquid mass
transfer effect, kcar should be re-calculated as keatcorr using the
relation keat corr = kas/Cpq. However, the gas-liquid mass transfer
effect was deemed to be small, based on the calculated Kcatcorr
(2512L/gpq/min) being only 4% higher than kcar (2406 L/gpg/min,
Table S1). Only for the most active catalyst (80 sc% Pd-on-Au NPs)
was the calculated Kcatcorr (5477 L/gpg/min) 10% higher than kcat
(4971L/gpq/min, Table S1). Thus, Kcatcorr Values were not calcu-
lated for the rest of the catalyst compositions in this study. An
analogous experimental mass transfer analysis of the Pd/Al;03
comparison sample was not carried out. The major structural dif-
ferences between Pd/Al,03 and the NPs were the larger particle
size and the internal pores of the former, leading to a different
liquid-solid mass transfer resistance and a possible intraparticle
diffusional effect. The liquid-solid mass transfer resistance was
estimated with an earlier method of ours [46] and the intraparti-
cle mass transfer effect was determined from the Thiele modulus
and effectiveness factor. Our calculations indicated the liquid-solid
mass transfer resistance was small and internal diffusion was a
negligible effect (Supplementary Information).

3.3. Catalytic activity

Pd-on-Au NPs with Pd surface coverages ranging from 0 to 300
sc%, Pd NPs, and supported Pd catalysts were tested for PCE HDC
reaction (Cl,C=CCl, + 5H; — H3C — CH3 +4HCI). All materials were
active for the reaction, except for control Pd-on-Au NPs with 0 sc%,
i.e., Au-only NPs (Fig. 2, Table S1). The total Pd content in the batch
reactor was kept the same for Pd-on-Au NPs regardless of Pd surface
coverage, and so the differences in rate constants were clearly due
to the different states of Pd metal on the Au surface. PCE conversion
increased with increasing Pd surface coverage, up to 80 sc% (Fig. 2a).
The PCE conversion decreased for NPs with surface coverages that
exceeded 80 sc%, to the point where Pd-on-Au NPs with 300 sc%
(which had 42.4 wt¥% Pd of total metal content) was less active than
Pd-on-Au NPs with 20 sc% (which had 4.7 wt% Pd of metal con-
tent) (Fig. 2b). The 80 sc% Pd-on-Au NP sample was more active
than Pd NPs (which contained ~5x more Pd) and Pd/Al,03 (which
contained ~37x more Pd) (Fig. 2c). While the conversion-time
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Fig. 1. TEM images and corresponding particle size histograms of (a) Au NPs, (b) 80 sc% Pd-on-Au NPs, and (c) Pd NPs. Each bar represents the total number of NPs of a

particle diameter £0.25 nm.

profiles for some samples did not have a clear exponential time
dependence, the assumption of first-order kinetics was sufficient
to show clear activity trends with Pd surface coverage.

The Pd-on-Au NPs had a volcano-shape dependence on sur-
face coverage, with the maximum activity corresponding to 80 sc%
(Fig. 2d). They were much more active than Pd NPs and Pd/Al,03
on a per-gram Pd basis (238 and 60 L/gp4/min). Accounting for only
surface Pd atoms, the reaction rate constants for samples with >100
sc%had comparable values (~2600-2633 /gy facepd/mMin). Presum-
ably overcoated with Pd metal, these NPs were several times more
active than Pd NPs and Pd/Al,03, which had corresponding rate
constants of 952 and 167 L/gsfacepa/min. This difference in cat-
alytic activity may be the result of Au electronic effects imposed
upon the outermost Pd atoms [46]. Such electronic promotional
effects have been observed in many other reaction systems involv-
ing bimetallic PdAu catalysts or electrodes, such as cyclization of
acetylene to benzene [74], electrochemical oxidation of formic acid
[75] and benzyl alcohol oxidation [76] and substantiated by DFT
(density functional theory) calculations [77,78].

The volcano-shape feature for the PCE HDC reaction was sim-
ilar to that for TCE HDC, suggesting a similar dependence on the
Pd-on-Au catalyst nanostructure. In our structural model of Pd-
on-Au NPs developed for the latter reaction [50,79], the Pd is
in the form of isolated atoms and few small two-dimensional
ensembles at the lowest surface coverages, correlating to the lower
catalytic activity per-Pd-atom. The per-Pd-atom catalytic activity
increases at higher surface coverages, indicative of more active
two-dimensional Pd ensembles; it decreases beyond ~60-70 sc%,
which is now attributed to the emergence of less active, three-
dimensional Pd ensembles [79].

A notable difference was the PCE HDC volcano peak being
located at a higher surface coverage (~80 sc%) than the ~60-70 sc%
peak for TCE HDC. This difference was statistically real because the
80 sc% value had an uncertainty of 0.8 sc% (one standard deviation

based on error propagation analysis, Supplementary Information)
and the 70 sc% value has an uncertainty of 2.6 sc% (one standard
deviation based on inductively coupled plasma-optical emission
spectroscopy results of 70 sc% 3 nm Pd-on-Au NPs from a previous
study [79]). The structure for Pd-on-Au NPs at any Pd surface cover-
age is the same for either reaction, and so this peak offset indicated
the active site that gave the highest activity for PCE HDC differed
slightly from the active site that gave the highest activity for TCE
HDC.

To provide a sense of the materials costs of the most active Pd-
on-Au NP catalyst and Pd NPs, we calculated the amount of Pd and
Au needed to degrade PCE (dissolved in water) from 100 ppm to
5 ppb for the same reaction time (Table S2). With January 2013
spot prices of palladium (~710 US$/oz) and gold (~1670 US$/o0z),
Pd-on-Au NPs were ~1.6x less expensive than Pd NPs. A practical
water treatment technology requires flow conditions, and so a sup-
ported version of the bimetallic would be needed. We performed a
similar cost analysis using flow performance results for the TCE
HDC reaction in comparing the cost of ion-exchange resin sup-
ported Pd-on-Au NPs and commercial Pd/Al, O3, and we concluded
that the former material cost ~18 x times less than the latter [47].
Further refinement of the cost analysis requires additional informa-
tion about catalyst performance in field tests (accounting for mass
transfer effects, deactivation resistance, and regenerability), capital
costs, and operational costs.

3.4. Selectivity differences

The products formed from PCE HDC were plotted with time
for 60 sc% Pd-on-Au NP, Pd NP, and Pd/Al,03 samples (Fig. 3).
Much more Pd metal was charged for the Pd/Al, 03 case (Table S1),
resulting in the faster PCE conversion compared to the other two
cases. Carbon balance at all time points for the three catalysts was
100+ 5%.
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Fig. 2. PCE conversion profiles for Pd-on-Au NPs with (a) 0-80 sc%, (b) 80-300 sc%, and for (c) Pd NPs and Pd/Al, 05 catalysts. (d) PCE HDC kca (blue) and ks’ (red) values
plotted (with error bars of +1 standard deviation) against surface coverage for Pd-on-Au NPs. Reaction conditions: Cpg =3.94 x 10~>, 1.84 x 104, and 1.45 x 103 gp4/L for
Pd-on-Au NPs, Pd NPs, and Pd/Al,Os, respectively, 23 °C, atmospheric pressure, H, headspace, pH 7.0, citrate buffer, Cpcg =16.6 ppm=0.1 mM. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article).

PCE nearly reached full conversion in less than 1h with Pd-
on-Au NPs (Fig. 3a). At the end of the reaction, 94.6% of the
product formed was ethane. Byproducts included n-butane (2.1%)
and butenes (3.3%) (Fig. 3b). At intermediate reaction times, TCE,
all three DCE isomers, and VC were detected, with concentrations
peaking at ~5 min into the reaction. No ethene was detected at any
time. These trends held true for Pd-on-Au NPs with <100 sc% and
also for Pd-on-Au NPs >100 sc%.

PCE reached ~86% conversion after 2 h with Pd NPs (Fig. 3c).
The majority of the product formed at the end of the reaction
was ethane (87.5%) with n-butane (3.2%) and butenes (5.8%) also
detected. TCE, all three DCE isomers, and VC were also detected at
intermediate reaction times, and they existed with small amounts
(3.5% in total) at the end of the reaction due to slow reaction
rate of Pd NPs. The peaking times observed for these interme-
diate species are different for Pd NPs, with TCE and cis-1,2-DCE
being at ~30min, and trans-1,2-DCE, 1,1-DCE and VC being at
~60-70 min. Ethene was detected in trace amounts throughout the
reaction.

With 36.8 x more Pd charged than the 60 sc% case, PCE reached
92% conversion at 28 min with Pd/Al,;03. Ethane had a mole per-
centage of 99%, with the rest 1% being n-butane. At intermediate
reaction times, TCE, cis-1,2-DCE and 1,1-DCE were the only chlori-
nated ethenes detected. Similar to Pd NPs, TCE and cis-1,2-DCE for
Pd/Al,03 peaked at approximately the same time (~2 min), while
trans-1,2-DCE spiked at a later time (~6 min).

At intermediate PCE conversions (e.g., 40%), the distribution
among the three DCE isomers interestingly differed among the 3
catalyst types (Fig. 4). The relative amounts for Pd-on-Au NPs were
roughly 53% cis-1,2-DCE, 44% 1,1-DCE, and 3% trans-1,2-DCE at 40%
PCE conversion, over a wide range of surface coverages. The DCE
isomer distributions had a weak dependence on Pd surface cov-
erage, with cis-1,2-DCE amount slightly decreased with increasing
Pd surface coverage and 1,1-DCE amount slightly increased. For
300 sc% Pd-on-Au NPs, the cis-1,2-DCE amount (45%) was slightly
smaller than the 1,1-DCE amount (53%). The selectivity to the three
DCE isomers at 40% PCE conversion was 4.3% for 60 sc% Pd-on-Au
NPs.

The selectivity to the DCE isomers at 40% PCE conversion for Pd
NPs and Pd/Al,03 was 7.5% and 1.5%, respectively. Compared to
the Pd-on-Au NP case, relatively more trans-1,2-DCE (16%) and less
1,1-DCE (25%) were formed with Pd NPs. With Pd/Al,0s, cis-1,2-
DCE (72%) and 1,1-DCE (28%) were formed but no trans-1,2-DCE
was formed (Fig. 4b). As a comparison, the thermodynamic equi-
librium amounts of the 3 isomers at 25°C are 40% cis-1,2-DCE,
43% 1,1-DCE, and 17% trans-1,2-DCE (calculated from their respec-
tive standard Gibbs free energy of formation, 24.16, 24.33, and
26.54KkJ/mol [80]).

A recent DFT study by Andersin and Honkala found that
the three DCE isomers had different adsorption energies on
Pd-on-Au and Pd(111) surfaces [81]. trans-1,2-DCE was calcu-
lated to have a larger free energy of adsorption (—1.18eV on
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Fig. 3. Reaction profiles of PCE HDC using (a) 60 sc% Pd-on-Au NPs, (¢) Pd NPs, and (e) Pd/Al,0s. The concentration-time profiles of reaction products during PCE HDC using
(b) 60 sc% Pd-on-Au NPs, (d) Pd NPs, and (f) Pd/Al,03. Solid lines are best-fit curves (R? >0.96) using a modified Langmuir-Hinshelwood kinetic model (Egs. (1)-(4), (8),
and the dashed blue lines are the measured carbon balances. Reaction conditions: Cpg =3.94 x 107>, 1.84 x 104, and 1.45 x 103 gpqy/L for 60 sc% Pd-on-Au NPs, Pd NPs, and
Pd/Al, 03, respectively, 23 °C, 1 atm, H, headspace, pH 7.0, citrate buffer, Cpcgo=16.6 ppm=0.1 mM. The 60 sc% sample was chosen over the 80 sc% one due to experimental
limitations (the reaction was too rapid for the GC measurements to yield smooth concentration-time profiles).

7-Pd-atom ensembles on a gold slab, Pd;/Au) than either 1,1-DCE
and cis-1,2-DCE (—1.10eV for both). If one considers the relation
between the Gibbs free energy of adsorption and adsorption equi-
librium constant (K,4s = eXp[—AG,q4s/kT]), the larger the adsorption
energy is, the “stickier” the adsorbed species is to the surface.

Thus, trans-1,2-DCE adsorbs more strongly than cis-1,2-DCE and
1,1-DCE, resulting in its lower solution-phase concentration (con-
sistent with the experimental data). Also contributing to this lower
concentration is the higher reactivity of trans-1,2-DCE for HDC
(2303 L/gpq/min), compared to cis-1,2-DCE (1813 L/gpy/min) and
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mark the selectivity values averaged over the 10-150 sc% range. (b) Comparison of DCE isomer distributions for Pd-on-Au NPs (averaged over the 10-150 sc% range), Pd NPs,

and Pd/Al, 05 at 40% PCE conversion.

1,1-DCE (1519L/gpq/min) under similar experimental conditions
[47].

The same adsorption explanation extended somewhat to
Pd(111) surfaces. trans-1,2-DCE, 1,1-DCE and cis-1,2-DCE had
calculated adsorption energies of —0.75, —0.69, and —0.65eV,
respectively, on Pd(11 1) [81], which superficially correlated with
the solution-phase concentration trend of trans-1,2-DCE<1,1-
DCE < cis-1,2-DCE. The large difference in trans-1,2-DCE concentra-
tion between the Pd NP and Pd/Al,05 cases was not accounted for,
due in part to Pd(11 1) being a poor structural model of nanopar-
ticulate Pd.

3.5. Reaction mechanism

PCE HDC led to the formation and subsequent degradation
of TCE, DCE isomers, and VC, similar to TCE HDC. For the TCE
HDC reaction, DCE’s and ethene formed in small amounts and
then degraded to non-detectable levels; ethane was the domi-
nant product, with butane/butenes as the minor side-products
(<3%) at the end of the reaction [46,47,79,82]. The concentration-
time profiles (Fig. 3) of the partially dechlorinated products, C,
compounds, and C4 compounds suggested the following gen-
eral PCE HDC reaction pathway: after dissolving into water, PCE
dechlorinates and hydrogenates one Cl group at a time, eventu-
ally forming ethene which hydrogenates into ethane (Scheme 1).
Carbon-coupling of ethene surface species led to butene/butane
formation. These C4; products were detected with Pd-on-Au
NPs and Pd NPs in previous studies on TCE HDC [46,79,82].
Observed through surface enhanced Raman spectroscopy was Cy4
species chemisorbed on a Pd-on-Au surface, which formed dur-
ing 1,1-DCE HDC reaction [83]. Lowry and Reinhard reported the
formation of C4-Cg products (1-butene, n-butane, cis-2-butene,
trans-2-butene, and 2-hexene) with Pd/Al,03 during TCE HDC
[84].

A modified Langmuir-Hinshelwood kinetic model was devel-
oped by assuming that the gas-to-liquid mass transfer and the
reversible chemisorption of surface species for the various com-
pounds to be in quasi-equilibrium (Scheme S1). This modeling
approach implies that all surface reactions are rate-limiting and
does not require a reaction step to be identified as rate-limiting
[85-87].

A set of differential equations (Egs. (1)-(8) implicitly describing
concentration-time profiles for the ten possible chemical species
are as follows:

AL~ —p « kocelpce] M
dt
d[TCE] _ Kpce
i =P~ (kpc:-:m[PCE] =D ke [TCE]) (2)
1
d[DC

E; K
Tl] =B x <kTCE,- K;z:j [TCE] - kDCEi[DCE]t)

(i=1,1-DCE, trans—1,2—-DCE, cis—1,2 - DCE)

(3)
d[vc Kpce,
Yl _ g (ZI<DCE,. 2 [DCE, - kvc[VC]> (a)
i
d[ethene] Kyc
bt kyc[VC
dt ﬁ 8 Kethene VC[ ]

- /32 X Kethene1|ethene] — 20‘[5]totalKethenekethenez[ﬂhene]2 (5)

d[butene]

—a - a[Sliotal
K2
Kethene kethenez[ethEHE]z - ,3 X kbutene[bUtene] (6)

butene

d[butane] _ Bx Kputene Kiutene[DUtene] (7)
dt Kputane

d[ethane] Kyc

AENANCL _ g« _VE kye[VC 8
dt p Kethane velVCl ®

where o = 1/1+ \/Ku, [Hz] ;. B = \/Ku, [H2]o®[S)otal
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Scheme 1. Proposed reaction pathway of heterogeneously catalyzed PCE HDC, which includes gas-to-liquid transfer as an elementary step. “S” represents catalytic active

sites. “k” under the arrows represents corresponding surface reaction rate constant.

The numerical solutions to the differential equations were least-
squares fit to the concentration-time profiles using Matlab (solid
lines of Fig. 3; Matlab code provided in Supplementary Informa-
tion). The coefficient of determination R? was >0.96, indicating a
very good fit between the data and fitted curves. Species with zero

Table 1

or trace concentrations, such as ethene, butanes, and butane, were
not included, to minimize fitting error. The fitted parameters for
each catalyst type are listed in Table S3. The relative standard error
for most fitted parameters was <10% (except for those associated
with VC, which was ~35%).

Selected fitted kinetic parameters using modified Langmuir-Hinshelwood kinetics model.

Species Fitted kinetic parameters 60 sc% Pd-on-Au NPs Pd NPs Pd/Al, 03
PCE Blpce 0.082 + 0.006 0.015 + 0.001 0.093 +0.007
TCE % 0.29 £ 0.02 0.0034 + 0.0003 0.019£0.002
B g kerce; 0.51 £+ 0.03 0.075 + 0.007 1.5+0.12
i
DCE’s B g kpc; 1.5+ 0.14 0.14 £+ 0.01 1.5+0.14
i
VvC Bkvc 0.90 £ 0.3 0.11 £+ 0.04 Not fitted
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Table 1 lists selected fitted parameters for which conclusions can
be drawn. The relation, ZkDCEi (the sum of reaction rate constants

1

of all DCE’s degrading to VC) > ZkTCEi (the sum of reaction rate

1
constants of TCE degradation to all DCE isomers)> kpcg (the rate
constant of PCE degradation to TCE), held for all three catalyst types.
The concentration profiles of Fig. 3 thus show the first step in the
PCE HDC surface reaction pathway (the reductive replacement of
Cl with H group) to be the slowest, using any of the catalysts tested.
With the first Cl group removed from PCE, it becomes progressively
faster to remove the subsequent Cl groups. This trend is consistent
with other reports that compare the relative reactivities of chlori-
nated ethenes [44,47]. Not following this trend is the rate constant

of VC degradation to ethene (kyc), which was smaller than ZkDCEi

1
for Pd-on-Au NPs and Pd NPs. This was probably due to the small
amounts of VC detected and to concentration-time profiles of some
chemical species (produced after VC degradation, Fig. 3) not being
included when solving the differential equations. The concentra-
tion of VC for the Pd/Al, O3 case was too low to be detected, and not
included in the fitting analysis.

4. Conclusions

PCE is a prevalent and hazardous groundwater contaminant
similar to TCE, but its removal-especially through reduction
catalysis-has not been studied as thoroughly. PCE and TCE are
chemically related, and this study reveals significant differences
in their catalytic conversion through HDC chemistry. Pd-on-Au
NPs, Pd NPs, and Pd/Al,03 successfully catalyze the HDC reac-
tion of PCE in water, at room temperature, and at atmospheric
pressure. The catalytic activity of Pd-on-Au NPs varies in a highly
controllable manner with Pd surface coverage, with the most
active composition having ~80 sc%. The volcano shape activ-
ity curve resembles the curve of TCE HDC except the latter has
peak activity at 60-70 sc%, indicating the Pd-on-Au nanostruc-
ture can catalytically distinguish between the two closely related
chlorinated ethene species. The appearance and sequential degra-
dation of TCE, DCE isomers, VC, and ethene are evidence that the
stepwise dechlorination of each chlorine group occurred for all
catalysts tested. The relative amounts of detected DCE isomers
differ among the 3 catalyst types, which is attributed to differ-
ences in adsorption affinities and reactivities of each isomer to
the metal surface. Ethane is predominantly produced at the end
of reaction, with the balance being n-butane and butenes. For PCE
conversions > 85%, ethane selectivity is ~95%, ~88%, and 99% for
Pd-on-Au NPs, Pd NPs, and Pd/Al,Os, respectively. A Langmuir-
Hinshelwood kinetics model without determining a rate-limiting
step a priori is developed, yielding concentration-time profiles
that reasonably match experimental data and yielding relative
rate constants that indicate PCE becomes increasingly reactive
as it dechlorinates stepwise. This work demonstrates the much
higher catalytic activity of Pd-on-Au NPs over Pd-only cata-
lysts, showcasing a new approach in reduction catalysis to PCE
contamination.
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