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Cleaner water using bimetallic nanoparticle
catalysts
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Abstract

Groundwater contaminated by hazardous chlorinated compounds, especially chlorinated ethenes, continues to be a significant
environmental problem in industrialized nations. The conventional treatment methods of activated carbon adsorption and
air-stripping successfully remove these compounds by way of transferring them from the water phase into the solid or gas phase.
Catalysis is a promising approach to remove chlorinated compounds completely from the environment, by converting them into
safer, non-chlorinated compounds. Palladium-based materials have been shown to be very effective as hydrodechlorination
catalysts for the removal of chlorinated ethenes and other related compounds. However, relatively low catalytic activity and a
propensity for deactivation are significant issues that prevent their widespread use in groundwater remediation. Palladium-
on-gold bimetallic nanoparticles, in contrast, were recently discovered to exhibit superior catalyst activity and improved
deactivation resistance. This new type of material is a significant next-step in the development of a viable hydrodechlorination

catalysis technology.
(© 2008 Society of Chemical Industry
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THE ENVIRONMENTAL PROBLEM

Trichloroethene (TCE) and tetrachloroethene (or perchloroethene,
PCE) are two of the most prevalent organic contaminants in
groundwater (the source of most drinking water) in the USA
and other industrialized parts of the world.'~3 Valued for their
chemical stability and ‘safety-solvent’ properties (because they
are resistant to combustion and explosion), these chlorinated
compounds have been used in a number of industries since
the early 1900s - TCE for degreasing metals, and PCE as a dry
cleaning fluid. The combination of extensive use and chemical
stability has led to widespread contamination of groundwater by
these ubiquitous and recalcitrant pollutants, through leakage from
storage drums, accidental spills, and direct discharge. There are an
estimated 5000 US governmentand Superfund sites contaminated
with these and other chlorinated solvents, and an estimated 27 000
contaminated dry cleaning sites, with the cost of remediation on
the order of billions of dollars.*~¢

These simple-looking molecules are associated with adverse
human health effects, such as liver and kidney cancer and
reproductive toxicity (Fig.1). The US Environmental Protection
Agency (EPA) set a maximum contaminant level (MCL) of 5 ppb
(0.005 mg L") for both compounds, which is readily exceeded at
contaminated sites by orders of magnitude.” (For comparison, the
World Health Organization recommended concentration limits of
20and 40 ppb, respectively, for TCEand PCE in drinking water, inits
2003 edition of Guidelines for Drinking-water Quality). The concerns
abouttheir presence in the environment continue to grow, as more
is known about their toxicity to animals and humans. In 2006, the
US National Research Council released a comprehensive report
on TCE health effects, which could lead to a tightening of TCE

MCL. California announced in 2007 that it will be the first state to
eliminate PCE from dry cleaning use by 2023.

The physical properties make these and other chlorinated
compounds quite problematic to remove from groundwater.
They are heavier than water (specific gravity >1), sinking into
ground as dense non-aqueous-phase liquid (DNAPL) deposits that
dissolve slowly and serve as a source for sustained groundwater
contamination (Fig.2). With viscosities less than water, these
subsurface deposits can migrate with groundwater flow. More
perniciously, they can dissolve into water up to their particular
ppm-level water solubility limits (for example, the solubility
limits of PCE and TCE in water at 20°C are 150 ppm and
1000 ppm, respectively), leading to the formation of aqueous-
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Figure 1. Molecular structures of TCE and PCE.

Figure 2. lllustration of a DNAPL deposit and resulting contaminant plume.2.

phase contaminant plumes.? The solvent molecules would rather
remain in water than be adsorbed onto soil (characterized by
low soil organic carbon-water partition coefficient Koc values)
and are relatively resistant to microbial degradation, and so
plumes can stretch far beyond the DNAPL source. This also means
that underground concentrations in groundwater can be highly
variable, pointing to the difficulties in control, mitigation, and
removal.

CURRENT SOLUTIONS

The commonly used plume containment and groundwater treat-
ment technologies for chlorinated solvents are the ex situ (above-
ground) pump-and-treat methods of carbon adsorption and air
stripping.>® In carbon adsorption, contaminated groundwater is
pumped and sent through a granular activated carbon-containing
unit. The organics adsorb onto the pore walls of the high-surface-
area carbon material, and the treated water is returned to the
aquifer, discharged to a surface water body, or sent to a drinking

water treatment plant. Once saturated, the carbon is replaced with
fresh material. It is not generally regenerated for re-use due to
cost; rather, it is disposed in landfills or (to a lesser extent) incin-
erated. In air-stripping, the pumped contaminated groundwater
is contacted with air, to volatilize the dissolved organics into the
gas phase. The contaminated air stream is then vented into the
atmosphere, or treated via carbon adsorption before venting.

These are mature technologies which are best suited for
containing the contaminant plume from migrating further un-
derground. In recent years, they have been found inappro-
priate for site restoration if DNAPL is present, due to the
high operating costs associated with the decades-long time
scale required to achieve complete removal of the chlori-
nated solvent. Nevertheless, the pump-and-treat methods re-
main the most commonly used for Superfund site remedi-
ation, especially at sites where the preferred insitu (under-
ground) methods may be comparatively more expensive or
ineffective. Thus, improvements in their effectiveness are still
needed.'®
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WHAT ABOUT CATALYSIS?

The catalytic conversion of chlorinated solvents into safer
compounds is a very attractive approach over carbon adsorption
and air stripping, both of which merely move the contaminant
into a different part of the environment and thus do not
eliminate potential liability. In catalysis (here, ‘catalysis’ refers
to heterogeneous catalysis, which involves the use of a solid
material as the catalyst. Homogeneous catalysis, which involves
the use of a liquid-phase catalyst, is also not well developed for
water treatment, and is not discussed here) the target molecule
momentarily sticks to a site on the catalytic material’s surface
and reacts into a different molecule. The product molecule leaves,
and the surface site is vacant again for another target molecule.
The reaction repeats itself numerous times, such that only a small
amount of the catalyst solid is needed to speed up the chemical
reaction. As a chemical method, catalysis is well-established in
air pollution control, such as in automobile catalytic converters
and in NOy (nitrogen oxides) selective catalytic reduction units at
electric power plants. It is currently much less developed for water
pollution control.'12

PALLADIUM MATERIALS AS HYDRODECHLO-
RINATION CATALYSTS

Used in conjunction with a reducing agent, palladium (Pd) and
other Group VIIIB metals are well-known catalytic materials for
the hydrodehalogenation of halogenated organic compounds
in organic synthesis applications,’® in which hydrogen atoms
replace the halogen atoms. In the last 15years, interest in
their effectiveness for gas-phase and water-phase environmental
remediation has increased significantly (see recent reviews'*~17).

Related to Pd catalysts are Pd-coated zero-valentiron (Pd-coated
ZVI or Pd/Fe) materials, which are being studied for groundwater
treatment.'8-20 By itself, iron behaves as a reducing agent
through its corrosion reaction, releasing electrons that reductively
dechlorinate TCE, PCE, and other chlorinated compounds.?'?? The
primary mechanistic pathway is called B-elimination, in which a
chlorinated ethene is converted into an ethyne group through the
removal of Cl,. The chlorinated ethene can go through secondary
pathways of hydrogenolysis (C-Cl cleavage and C-H formation)
and hydrogenation (formation of ethane from ethene). The Pd
coating increases the overall dechlorination reaction through a
reaction mechanism that remains to be determined.3

Research emerged in the early 1990s that indicated that Pd
was very effective in catalyzing the hydrodechlorination (HDC, hy-
drodechlorination refers to the process of converting chlorinated
molecules into non-chlorinated ones, mechanistically through
hydrogenolysis and possibly hydrogenation) of chlorinated com-
pounds dissolved in water. Kovenklioglu etal. found that Pd
(supported on carbon or alumina) catalyzed the HDC of various
chlorinated solvents in water at room temperature with H, gas.?*
Reinhard and co-workers verified this for the HDC of PCE?> and
other solvent compounds.?® Subsequent work by them?’~2° and
other research groups3°~32 furthered the development of Pd-
supported catalysts for groundwater remediation. While it is not
known how HDC proceeds on a catalyst surface, it can be hy-
pothesized through a Langmuir-Hinshelwood mechanism to be
a series of chlorine removal and hydrogen addition steps after TCE
and H; molecules bind to the surface (Fig. 3). The TCE adsorbs to
the Pd metal surface at particular locations presumptively called
active sites, and H, dissociatively adsorbs in the form of surface

H atoms. These surface species then react with one another via
hydrogenolysis surface reaction steps to form increasingly dechlo-
rinated surface species (dichloroethene (DCE) isomers and vinyl
chloride) until surface-bound ethene is formed. Ethene is then
hydrogenated to form ethane, which desorbs into the aqueous
phase.

McNab etal. designed a catalytic HDC reactor based on
Pd/alumina (containing 1 wt% Pd) and H; gas, and demonstrated
a successful year-long pilot-scale testing at a US Superfund
site.3% At a pumped water flow rate of ~4 L min~', the reactor
reduced TCE concentrations from ~3700 ppb to as low as <1 ppb.
The total amount and cost of the Pd catalyst used were very
high (52 kg, at the 2000 price of $270/kg-catalyst or $27/g-Pd),
pointing to the issue of cost-effectiveness as a potential barrier
to commercialization. Still, additional catalytic flow reactors have
been installed,3? and Schiith et al. recently reported the successful
full-scale installation of a catalytic HDC reactor using Pd/zeolite
(containing 0.4 wt% Pd) and H; gas, at a contaminated site in
Germany.3? At both sites, the hydrogeochemistry was such that
periodic exposure to an oxidant (air or H,0;) was necessary to
maintain catalyst durability. Pd catalysts deactivate with time due
to poisoning by sulfides (generated by anaerobic, sulfate-reducing
bacteria) and fouling by minerals precipitation.

Is there a material that is more active and deactivation-resistant
than Pd catalysts for HDC of groundwater? Alternatively, is there
a way to improve the activity and deactivation resistance of
Pd catalysts? An improved catalyst would lead to reactors that
require less material; to smaller reactors; and to fewer operational
interruptions due to catalyst regeneration or catalyst replacement.
The authors’ research group began thinking about this problem
several years ago, and formulated a possible solution via the
use of carefully constructed bimetallic Pd catalysts (Pd-on-Au
nanoparticles are not to be confused with Pd-coated zero-valent
iron materials, as the HDC mechanisms and modes of use are
distinct from one another).

PALLADIUM-ON-GOLD BIMETALLIC
NANOPARTICLE CATALYSTS

Bimetallic catalysts can have considerably more favorable activi-
ties, selectivity, and/or deactivation properties than monometallic
catalysts,>* and the combination of gold (Au) and Pd is no ex-
ception. Gold is traditionally considered to be a catalytically inert
material,>>3% but it is known to enhance the catalytic properties
of Pd for various chemical reactions, such as gas-phase HDC of
chlorofluorocarbons,®” hydrodesulfurization,®® and vinyl acetate
monomer production (an industrial-scale reaction).3® How Au
promotes Pd catalysis is not exactly known for most chemical
reactions, and it remains a subject of considerable academic and
industrial interest. What type of promotional effects, if any, would
Au have on Pd for water-phase HDC catalysis?

One difficulty in bimetallic catalysis research is the lack of
control of the metallic nanostructure at the synthesis level. Pd-
Au bimetallic catalysts are conventionally prepared by depositing
onto a support material (e.g. alumina, silica, and carbon) Au
and Pd salt species, which are then converted into nanometer-
sized metallic domains through gas-phase heat treatment. These
domains can have size variations, but more problematically, they
can have compositional variations. The presence of monometallic
domains alongside the bimetallic ones cannot be ruled out.
Furthermore, while Au and Pd can form bulk alloys of any
composition, they do not necessarily form alloys at the nanoscale.
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Figure 3. Proposed reaction mechanism for TCE HDC occurring over a Pd (and Pd-on-Au) surface. The ‘S’ represents an active site somewhere on the

metal surface.
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Metal segregation can occur, leading to domains with metal
distributional variations.

These problems were bypassed by synthesizing Pd-Au bimetal-
lic nanoparticles (NPs) without the support. Recognizing that Au
was inactive for TCE HDC and that Pd was catalytically active, the
NPs were designed to have a Au core covered with a variable
amount of Pd atoms (referred to as Pd-on-Au NPs).

Pd-on-Au NPs, ‘Version 1.0’
In 2005, the successful synthesis and catalyst testing of Pd-on-Au
NPs was reported.®® Au NPs with a diameter of roughly 20 nm

were synthesized through the Turkevich—Frens (citrate reduction)
method, and Pd metal was deposited using Pd chloride salt
and ascorbic acid reducing agent. The NPs had astonishingly
high reaction rate constants for TCE HDC (Fig.4); the most
active composition exhibited a first-order rate constant (943
L g 'pg min~") that was >10, >70, and >2000 times higher
than monometallic Pd NPs, Pd/Al,03, and Pd black, respectively.
TCE was hydrodechlorinated completely, with ethane as the
main product. Stoichiometrically, the TCE HDC reaction could
be represented as

CIHC = CClz +4H; —— CH3CH3 + 3HCI

www.interscience.wiley.com/journal/jctb
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Figure 5. (a) Transmission electron microscope (TEM) image of Pd-on-Au NPs with 60% Pd surface coverage, also shown as a suspension in the vial.
(b) TEM image of the same NPs immobilized within ion-exchange resin spheres (Mitsubishi Diaion TSA1200 type). The spheres were microtomed into
thin cross-sections for imaging. The NPs appeared highly agglomerated, which is attributed to the drying and contraction of the microtomed spheres.

These exciting results were the first evidence that Au enhances
the catalysis of Pd metal in water at room temperature, leading
to the prospects of bimetallic NPs for catalytic groundwater
remediation. From a nanotechnology point of view, the results
suggested that the very active catalysts had a bimetallic
nanostructure in which the Pd metal only partially covered the
Au surface. Is ~33% Pd surface coverage the most favorable for
highest catalytic activity?

Pd-on-Au NPs, ‘Version 2.0’

The 20 nm Au NPs were too large for practical applications (i.e.
wasted gold metal, even at this particle size), and so we sought
to synthesize smaller Au NPs. Au NPs with a diameter of about
4 nm were synthesized through the Slot-Geuze (citrate/tannic acid
reduction) method, and Pd metal was deposited using Pd chloride
saltand H, gas reducing agent (Fig. 5(a)). Using H, gas was a more
robust metal reduction step than using ascorbic acid, with the
latter occasionally leading to colloidally unstable NP suspensions.
The resultant smaller NPs were more catalytically active, with the
most active composition (~13 wt% Pd) twice as active as the
20 nm NPs with 1.9 wt% Pd (Fig. 4(a)).*’

The two reaction rate-Pd content ‘volcano’ curves indicated
that the 4 nm and 20 nm NPs had two different optimum Pd metal
contents leading to maximum activity. The curves could be re-
plotted by changing the x-axis to Pd surface coverage. Figure 4(b)
shows that the data points fall on a common curve, leading to
several conclusions. One, catalytic activity is very sensitive to a
quantifiable characteristic of the bimetal structure, specifically the
Pd surface coverage. Two, the most active catalyst is 4 nm Au
NPs with 70% Pd coverage. And three, 70% Pd coverage may be
the optimum for TCE HDC activity, at least for Au particle sizes
between 4 and 20 nm.

It was concluded that Au NPs could be promoting Pd catalysis
through a geometric effect (formation of Pd clusters or ensembles
on the Au surface), a mixed metal site effect (formation of
Pd-Au surface species as a new population of active sites), or
an electronic effect (donation of electron density from the Au to
the Pdatoms, according to X-ray photoelectron spectroscopy (XPS)
measurements). The initial turnover frequency ('TOF,’ calculated as
TCE molecules converted per Pd atom per second, after accounting
for mass transfer effects) increased with increasing Pd surface
coverage, or in other words, the per-Pd-atom activity increased
with increasing amounts of deposited Pd atoms, which is evidence
for geometric and mixed metal site effects. The TOF decreased

above ~70% Pd coverage, suggesting that the hypothesized
Pd-Au active sites were reduced in number with additional
Pd atoms deposited. This activity decrease also suggested that
the additional Pd atoms were depositing on top of the surface
Pd ensembles and thereby reducing the accessibility of all Pd
atoms for reaction. This trend was quite apparent above 100%
Pd coverage, where Pd atoms necessarily deposit on top of the
surface Pd layer.*!

We are certain that the Pd metal is located on the Au NP
surface, to the extent of the limitations of the characterization
methods. Pd is on the order of one atom thick, and was too thin
to image through TEM. XPS data showed a systematic change
in Pd d-orbital binding energy states with surface coverage,
indicative of the intimate contact between the Pd and Au metals.#!
It is not likely that pure Pd NPs are formed during the Pd
deposition step, as the former process (homogeneous nucleation)
is energetically less favored than the latter (heterogeneous
nucleation). No evidence has been found for such Pd NPs in
co-suspension with Pd-on-Au NPs. If they do exist, they would be
contributing negligibly to the observed catalytic activity of the NP
suspensions.

X-ray absorption spectroscopy (XAS) is a powerful materials
characterization technique that provides detailed information
about atomic coordination numbers and interatomic distances.
To ascertain the state of the Pd-on-Au nanostructure, XAS was
performed on Pd-on-Au NPs (with ~70% Pd coverage) and Au NPs
at the Argonne National Laboratory (Advanced Photon Source).*?
The NPs were synthesized and dispersed on a carbon powder,
and analyzed in a flow reactor cell that allowed the supported
NPs to be treated at different temperatures and gas compositions
before spectral measurements. Some significant conclusions could
be made from preliminary analysis of the collected extended
X-ray absorption fine structure (EXAFS) data.** It was found that
the Pd-on-Au NPs had a larger particle diameter than Au NPs,
supporting the idea that the Pd precursor reduction step leads
to the deposition of Pd metal on Au NPs. It was also found that
the detected Pd atoms were located on the Au surface (likely as
a Pd-Au surface alloy), and not located in the Au NP interior. The
Pd-on-Au NPs were thus confirmed to have an Au-rich core and a
Pd-rich surface.

Pd-on-Au NPs, ‘Version 3.0’
By themselves, the Pd-on-Au NPs cannot be used directly for
groundwaterremediation because they existasawater suspension

J Chem Technol Biotechnol (2008)
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of freely floating particles. The NPs need to be in a supported form,
such that they are surface-bound to a solid matrix. Contaminated
water would be brought into contact with the supported NPs
through pumped flow. The NPs can be immobilized onto a porous
solid, such as ceramic oxides or polymeric resins, through charge or
covalent interactions after they are synthesized. Figure 5(b) shows
negatively charged Pd-on-Au NPs with 70% Pd coverage adsorbed
electrostatically onto positively charged polymeric spheres known
as ion-exchange resins (particle diameter = 0.65mm, pore
diameter = 1-30 nm).

This resin-supported Pd-on-Au NP material proved useful
in demonstrating HDC performance characteristics under flow
conditions (Fig.6). With water flowing continuously at 4.4 mL
min~" and containing 1545 ppm TCE (pH 7-8) and ~1.5 ppm H,,

(a) Membrane column
(for hydrogen contact)

]

Gas inlat
{hydrogen)

[~

Pump (4.4 milmin)

the resin-supported NPs were highly active for TCE HDC and
remained active over the course of almost 4 days of operation. The
resin by itself did not reduce TCE concentration, indicating that
the NPs were solely responsible for TCE reduction. In comparison,
commercial Pd/Al,O5 (with 1T wt% Pd loading, similar to that
used by McNab and co-workers3°) was overall less active over the
same period of time, even though more Pd metal was used. The
average reaction rate constant of the supported NP catalyst was
significantly larger than that of the Pd/Al, O3 (Table 1).

The catalyst cost can be estimated by considering the HDC
remediation of 1000 L (or ~1 ton) water from 100 ppm TCE to
the EPA limit of 5 ppb in 2 days. The amount of Pd metal needed
for the Pd/Al;, 03 was calculated to be three orders of magnitude
more than that needed for the NP/resin catalyst. Considering that

Reactor D
Sampling palnt 2

Catalysts

i) Glass beads

Sampling point 1

(TCE 155 ppm, pH 7~8)

(C) 100% 'v =
o/
90% _a Pd-on-Au
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o
& 70%] —— Pd/ALO,
S 60% fosi
S 50% A esin Catalyst | Pd Gold
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S 40% -
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Duration of reaction (days) Resin 1209 0 0

Figure 6. (a) Schematic flow diagram and (b) the continuous-flow reactor constructed for TCE HDC testing. (c) Time-on-stream activity data for
resin-supported Pd-on-Au NPs (70% Pd coverage), Pd/Al, O3 pellets, and the resin support.

Table 1. Cost comparison of resin-supported Pd-on-Au NPs and Pd/Al, O3 pellets
Catalyst Pd-on-Au NP/resin Pd/Al,03
Average reaction rate constant (L kg™ pq day™") 8.4 % 107 7.8 x 10%2

To treat 1000 L of water from 100 ppm TCE to 5 ppb TCE in 2 days (at a flow rate of 0.35 L min~'), the following catalyst amounts are needed

Total Pd (g) 0.0589 94.2

Total Auamount (g) 0.343 0.0

Total ion-exchange resin support (g) 9404 n/a

Total commercial Pd/Al, O3 catalyst (g) n/a 9417
Materials cost

Total cost of catalyst $1420 $2543¢

2 Close to the 5.3 x 10* value reported by McNab et al.>°
b Based on estimated cost of ion-exchange resin (0.014 US$/g) and spot prices (28 April 2008) of palladium (437 US$ oz~ ') and gold (893 US$ oz~ ).
¢ Based on estimated cost of commercial Pd/Al, O3 ($0.27 US$ g~1).3¢
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Au and Pd prices have increased by ~200% and 100% respectively
in the last 5 years, the Pd-on-Au NP/resin catalyst still costs ~20
times less than Pd/Al,Os (Table 1).

ADDITIONAL CATALYTIC PROPERTIES

The Pd-on-Au NPs catalyzed the HDC of other chlorinated com-
pounds into ethane very efficiently (Table 2). The ethenes reacted
faster the less chlorinated they were (similar to observations
found for Pd/Al,03 catalysts®’) in the following order: DCEs >
TCE > PCE. The observed trends currently cannot be explained by
C-Cl bond strength alone, as the cis and trans forms of DCE did
not follow. Interestingly, for the DCE isomers, higher reaction rates
appear to correlate with increased distance between the two Cl
atoms.

An important implication is that PCE and TCE become
progressively easier to react the more it loses its chlorines,
which would explain why no build-up of partially dechlorinated
compounds is seen at the end of the reaction. The formation of
partially dechlorinated compounds is a problem for biologically
mediated HDC and zero-valent iron HDC.* The reaction rates for
the HDC of chlorinated methanes, like carbon tetrachloride and
chloroform, are much lower than those for chlorinated ethenes
using Pd/Al,03,273! This trend appears to hold true for Pd-on-Au
NPs also; studies to quantify these reaction rates are currently
ongoing.

As mentioned earlier, groundwater contains a number of
possible catalyst poisons, the most concerning of which are
chloride and sulfide ions, which are known to lower Pd-based
catalytic activity.*’=4° It was found that Pd-on-Au NPs has an

Table 2. HDC rate constants for selected chlorinated ethenes, using
4 nm Pd-on-Au NPs (with 25% Pd coverage). Reaction conditions are
the same as above **

Rate constant C-Cl bond strength

Compound (Lg~"pg min~") (kJ mol~1)3145
PCE Cl,C=CCl, 270 381
TCE CIHC=CCl, 858 391
1,1-DCE H,C=CCl, 1519 393
cis-DCE CIHC=CHCI 1813 370
trans-DCE ~ CIHC=CCIH 2303 371
(a) 0.35

_o Pd-on-Au
NPs (30%)

Pd/Al,O,

—e— Pd NPs
0.20 A

0.15
0.10 A
0.00 - T r—e

00 02 04 06 08 1.0
Sulfur-to-Pdgtaceratio

Turnover frequency (s

unusually high tolerance to sulfide and chloride ions relative to
Pd-only catalysts (Fig. 7).

Early resultsindicate that Pd-on-Au NPs deactivate half as rapidly
as Pd NPs in the presence of sodium sulfide.**** At a sulfide/Pd-
surface-atom ratio of 0.5, Pd NPs lost all catalytic activity for TCE
HDC, whereas Pd-on-Au NPs (30% Pd coverage) retained activity
at ~30% of its original TOF value and remained active up to a
sulfide/Pd-surface-atom ratio of 1 (Fig. 7(a)). Curiously, Pd/Al,03
wasrelatively unaffected by sulfide untilaratio of 1, suggesting that
the alumina support could further enhance the sulfide tolerance of
Pd-on-Au NPs. With regard to chloride (groundwater has chloride
concentrations up to ~0.02 mol L™"), Pd-on-Au NP activity was
not affected by sodium chloride (Fig. 7(b)). In contrast, TCE HDC
activity for Pd NPs and Pd/Al,O3 decreased by ~50% at 0.02 mol
L~ chloride concentration.

FUTURE PROSPECTS

The advantages of Pd-on-Au NP catalysts over single-metal Pd
catalysts are clear: significantly increased catalytic activity, and
greater durability against deactivation from sulfide and chloride
agents. Many exciting questions have followed, stimulating new
directions in basic science and engineering research:

1. Supported Pd-on-Au NP catalyst scale-up is challenging. The
process of synthesizing of Pd-on-Au NPs and subsequent
immobilizing on a porous solid support is impractical to
scale-up, because the amount of NPs produced per batch
(~10™ NP mL™") is very low. Alternatively, synthesizing
the NPs directly on a support surface is a viable process,
as this is already being done for commercial supported
bimetallic catalysts. Traditional supported bimetallic catalysis
preparation methods are known, but techniques that lead
to controlled bimetallic distribution (i.e. Pd-on-Au metal
nanostructure) remains to be developed, as discussed earlier.

2. Field testing will be needed for the catalyst reactor containing
the supported Pd-on-Au NPs. Long-term remediation perfor-
mance that shows the durability of the catalyst and ease of
regeneration will be important information to collect, so that
cost comparisons with current pump-and-treat systems can
be made. Further, with attention being paid to DNAPL now,
and with many DNAPL remediation methods (based on bio-
logical, thermal, solvent flushing, and other processes) being
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Figure 7. Turnover frequency values (calculated as molecules of TCE converted per surface Pd atom per second) for Pd-on-Au NPs (30% Pd coverage),
Pd/Al, 03 (1 wt%), and Pd NPs, as a function of (a) sulfide : surface Pd atom ratio and (b) chloride concentration.
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studied at pilot-scale.>* the catalytic treatment of DNAPL is
an exciting future possibility.

3. Nowadays, the concern for any nanomaterial that can enter
the environment is its potential for causing harm to the
ecosystem and ultimately to humans. For a groundwater
treatment technology based on highly efficient NP catalysts,
it is possible that the NPs become dislodged from the reactor
and released with the treated groundwater. Though it seems
very unlikely that Au and Pd released in nanoparticulate form
will be harmful to the environment, a rigorous assessment of
Pd-on-Au NPs should be performed to confirm this hypothesis.
One such analysis can be carried out by following the Nano
Risk Framework guidelines, as developed and released to the
public by Environmental Defense and DuPont in June 2007.

4. What is(are) the mechanism(s) by which Au promotes Pd
catalytic activity and deactivation resistance? A thorough
understanding would be highly beneficial for improved
catalytic performance. Also, NPs smaller than the current 4 nm
particles would be better for more efficient use of the precious
metals, but it is not clear at all if particle size effects come into
play. Interestingly, it is now well known that below 4 nm, Au
NPs begin to show catalytic properties that bulk Au does not
have. Perhaps other (less precious) metals can serve a similar
role to Au.

5. What is the actual reaction pathway for TCE HDC over the Pd-
on-AuNP surface? Ithas been hypothesized by the authors (and
others for Pd/Al,03) that TCE sequentially loses its chloride
atoms after the molecule binds to the metal surface, while
it gains hydrogen atoms before finally desorbing as a fully
hydrogenated ethane molecule (Fig.3). The Pd-on-Au NPs
introduce the additional complication that the exposed Au
surface and Pd-Au metal sites (in addition to Pd metal) could
participate in TCE HDC at some point during the reaction. The
range of reaction rates for the different DCE isomers suggests
that TCE HDC proceeds through a trans-DCE intermediate
preferentially, as an example of catalysis sensitivity to reactant
molecular structure (Table 2). A mechanistic understanding of
TCE HDC would allow us to predict and control the efficacy of
Pd-on-Au NPs for other halogenated compounds.

SUMMARY

Contamination of groundwater by hazardous compounds is
a significant problem in the USA and throughout the rest
of the world.>"*?> Nanotechnology —in the form of catalytic
NPs — provides an exciting means to address this problem. Gold
nanoparticles partially covered by palladium atoms are extremely
effective for catalyzing TCE HDC, an important chemical pathway
to treating solvent-contaminated groundwater. These NPs are also
very resistant to the deactivation effects of chloride and sulfide
ions, significantly lowering a technology implementation barrier.
These NPs are illustrative of a new way to manipulate the catalytic
properties of Pd metal for water-phase catalysis, towards a safe
and effective water treatment nanotechnology.
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