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ABSTRACT: Catalytic reduction of water contaminants using palladium
(Pd)-based catalysts and hydrogen gas as a reductant has been extensively
studied at the bench-scale, but due to technical challenges it has only been
limitedly applied at the field-scale. To motivate research that can
overcome these technical challenges, this review critically analyzes the
published research in the area of Pd-based catalytic reduction of priority Alumina Support Alumina Support
drinking water contaminants (i.e, halogenated organics, oxyanions, and
nitrosamines), and identifies key research areas that should be addressed.
Specifically, the review summarizes the state of knowledge related to (1) proposed reaction pathways for important classes of
contaminants, (2) rates of contaminant reduction with different catalyst formulations, (3) long-term sustainability of catalyst
activity with respect to natural water foulants and regeneration strategies, and (4) technology applications. Critical barriers
hindering implementation of the technology are related to catalyst activity (for some contaminants), stability, fouling, and
regeneration. New developments overcoming these limitations will be needed for more extensive field-scale application of this
technology.
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1. INTRODUCTION Of particular regulatory interest are oxyanions (e.g., nitrate
Palladium (Pd)-based catalysis has emerged as a promising water (NO;7), nitrite (NO,"), bromate (BrO;”), chlorate (ClO5"),
treatment strategy, as supported-Pd and Pd-based bimetallic catalysts and perchlorate (€C10,7)),'® N-nitrosamines (e.g, N-nitro-
can activate dihydrogen (H,) and catalyze reductive transformation sodimethylamine (NDMA)),”* and a number of halogenated
of a number of priority drinking water contaminants (Figure 1). alkanes (e.g., carbon tetrachloride (CT), 1,2-dichloro-
ethane),”™"* alkenes (e.g, trichloroethene (TCE), perchloro-

clo;’ cr ethene (PCE)),”~"> and aromatics (e.g., chlorinated benzenes,

polychlorinated biphenyls (PCBs))."*™** For example, the
nitrogen oxyanions are catalytically reduced to dinitrogen (N,)

NO3' / BrO; and ammonia (NH,):
) @ \ NO, + (y — 0.5)H,
N, Br Pd—M

—— 05N, + OH™ + (y - 1)H20 (1a)

TCE Ethane Received: November 15, 2011

Figure 1. Schematic showing the transformation of NO;~, ClO,, Revised:  February 24, 2012
BrO;7, and trichloroethylene (TCE) on a Pd-M catalyst particle (M = Accepted: February 27, 2012
Cuy, In, Re). Only select important products are shown. Published: February 27, 2012
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_ Pd—M _
NO) + (y + )Hy —— NH3 + OH™ + (y — 1)H,0
(1b)

Key practical challenges are to maximize the activity and selec-
tivity toward desired reduction products (N, in this case), improve
the resistance toward catalyst fouling, and design reactors for full-
scale applications.

Metals besides Pd have also been explored for catalytic
contaminant reduction. These include supported Pt, Ir, Rh, Cu,
Zn, Ru (alone or with a promoter metal), and various forms of
Ni"®™ > In general, Pd-based catalysts are more active, stable,
and selective for desired end products, and/or less toxic. For
example, Pt- and Pd-based catalysts have shown similar initial
NO;~ reduction activities but Pt was more susceptible to
deactivation over time and exhibited a higher selectivity to
NH,*** Pt-based catalysts also show lower activity for de-
halogenation than do Pd-based catalysts.”' Rh-based catalysts
similarly have higher selectivity toward NH," but have been
reported to have both higher and lower activity than Pd for
NO," reduction.””**™¢ Rh activities toward dehalogenation
are lower than Pd.*" Ni-based catalysts have shown both higher
and lower activity than Pd-based catalysts for NO;™ reduction
and dehalogenation.'®*>** Ni-based catalysts are reported to
have an approximate 3—6 fold increase in activity relative to Pd
monometallic catalysts for NDMA reduction, and a similar
activity to Pd—Cu and Pd—In catalysts.”**”** However, Ni
leaching is a serious concern,”””° selectivity for NH," during
NO;™ reduction is typically high,'® Ni is unstable when exposed
to oxidants®" (preventing catalyst regeneration), and Raney-Ni
(a highly active form) is pyrophoric when dry and considered
dangerous to handle in air.* Various monometallic and
bimetallic catalysts other than Pd have been tested for catalytic
reduction of ClO,~ (e.g, Pt/C, Ni—Pt/C, Co—Pt/C, W—Pt/C,
Ru/C, W/C, and Raney-Ni), but rates are generally slow, e.§.,
taking days to observe appreciable ClO,” reduction.*>**
Although recent electrocatalytic reduction methods appear
promising,®>*¢ electrochemical reduction is outside the scope
of this review.

There are a variety of other, noncatalytic, approaches to
remediating these priority drinking water contaminants. Direct
reduction through stoichiometric reaction with an active metal,
most commonly zerovalent iron (ZVI), has been explored,
which leads primarily to NH," production:

NOj + (y + 1)Fe + (2y + 4H"

— NHJ + (y + DE*T + yH,0 @)
ZVI is advantageous because it is inexpensive, readily available
as a scrap metal, oxidized to naturally occurring soil mineral
products that are relatively nontoxic, and inherently a reducing
agent. However, reduction rates for common contaminants
using ZVI are typically orders of magnitude less than with
catalytic metals,”*”*® and selectivity for NH," instead of N,
during NO;~ and NDMA reduction is high.”*® For example,
NO;™ reduction by ZVI has been reported to be 100% selective
for NH,**® Although NH," selectivity of <10% during Pd
bimetallic reduction of NO,™ has been reported,®*' limiting
NH," production during catalytic NO;~ reduction is still a
primary focus of applied research. The use of nm-size ZVI
particles enhances rates relative to pm-size particles,”> but
mass-normalized rates are still approximately an order of
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magnitude lower than catalytic reduction.*’ Additionally, ZVI
forms deactivating surface oxides that may reduce long-term
effectiveness in remediation applications.***

Conventional technologies used to treat priority contami-
nants include adsorption onto activated carbon (e.g, for halo-
genated organics) or ion exchange resins (e.g., for oxyanions),
air stripping (e.g, for volatile organics), and oxidative and
photolytic transformation (e.g,, UV photolysis for NDMA).*
Adsorption and air stripping processes transfer the contami-
nants from water to another phase, and disposal in a landfill or
further contaminant treatment is required. Many chemical
oxidants have poor selectivity for target contaminants and re-
actions with dissolved organic matter (DOM) consume the
oxidant and can lead to a variety of toxic byproducts.*”~>' Con-
taminant treatment by UV photolysis typically requires UV
light fluences that are an order of magnitude higher than those
for disinfection.* Biological reduction can effectively reduce
several contaminants (e.g, NO;~, NO,~, ClO,”, and chlori-
nated organics).”>~>* Membrane bioreactors provide a barrier
between microorganisms and treated water, alleviating concerns
over pathogen release into water that have slowed implemen-
tation of biological reduction in drinking water treatment. Dis-
advantages of biological systems are potentially long startup
times (e.g,, weeks) and challenges associated with maintaining
active biomass during intermittent operations.>> The drawbacks
of conventional technologies and biological reduction stimulate
research and development efforts in catalytic reduction.

This review focuses on published research in the area of
catalytic reduction of priority drinking water contaminants
using Pd-based catalysts. We summarize the state of knowledge
related to (1) proposed reaction pathways for important classes
of contaminants, (2) rates of contaminant reduction with
different catalyst formulations, (3) long-term sustainability with
respect to natural water foulants, microbial fouling processes,
and fouling prevention and regeneration strategies, and (4)
technology applications. Catalyst formulations of interest
include metallic Pd,'° Pd on a variety of supports, e.g,, alumina,
silica, activated carbon, zeolites, or nanosized supports such as
magnetite>>*® and Au,>’ "% and supported bimetallic catalysts
that include Pd plus promoter metals such as Cuy,"*! Sn,62 In,62
or Re.*™¢ Although outside the scope of this review, Pd has also
been added to ZVI in order to eliminate the need for an
external H, source (i.e., ZVI corrosion forms H,), and poten-
tially enhance reaction rates.”*~®> We identify advantages and
disadvantages of Pd-based catalytic reduction and prioritize
future research directions necessary for widespread implemen-
tation of these technologies in water treatment and re-
mediation. There are several excellent reviews available on
Pd-based catalytic reduction of water contaminants.’®”> This
review spans contaminant classes and critically assesses the
state of knowledge regarding catalytic transformation pathways
and catalyst fouling and regeneration.

2. STATE OF KNOWLEDGE

2.1. Proposed Reaction Pathways. Proposed reaction
pathways for catalytic reduction of several priority contaminants in
water are illustrated in Table 1 and Table S-1 (Supporting
Information). The reactions fall into three categories: (1)
hydrodehalogenation for halogenated organics, (2) hydro-
deoxygenation for oxyanions, and (3) N—N hydrogenolysis for
N-nitrosamines. Many halogenated organics and some oxy-
anions (e.§., NO,”, BrO;~, ClO;”) can be reduced on Pd
alone,"'%” whereas NO;~ and ClO,” reduction require a
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Table 1. Proposed Reaction Pathways for Example Contaminants in Water”

Mechanism Contaminants Ilustration of Proposed Reaction Pathways
Hydrodehalogenation | Chlorinated, Chlorinated ethene
iodated, and - _H -
i Pd =
bromlpated /H' -C=C. T~ | H
organic ~. Cl 2 2 !
com d: ~C=C. Cl —C-C—
pounds Pd |5 Pd | ]
(e.g., carbon % —C-C— /ﬁ:
tetrachloride, |
trichloroethene, | Carbon tetrachloride
diatrizoate) C,H,, C,oHs, C3Hg, CaHg
PdH, === “PdH, Pd/H,
CCl, _’Pd/H:_'EQl_%i_’ CHCl, — > CH\Cl,
NSCcH, «FaH,  PdRALGHCTFaH,
| —— 1
Hydrodeoxygenation | Oxyanions (e.g., | Perchlorate
nitrate, nitrite
? ’ Pd/R Pd Pd Pd
bromate, CIOA-—HECIOS'—H>CIOZ-—H>CIO'—H>CI'
perchlorate, and 2 2 2 2
chlorate) Nitrate
Pd/l P Py P
NO, S N, e NO s N,0 s N,
H H2 H2 H2
i Pd
» NH
H, 8
N-N Hydrogenolysis | NDMA NDMA
Azodyes(e.g, | HyC_ Pdor PdMe2r  H3C
thyl ~N-N=0O ~NH, N,, NH,*
methyl orange) H,C H, H,C 5 4

“For the carbon tetrachloride reaction pathway, the boxes with dashed lines represent proposed, not observed, intermediates. Reaction pathways are
not balanced reactions, but instead show important products that are formed. References for proposed reaction pathways: chlorinated ethenes,”

chlorinated ethanes,'’ C10,~,* NO,~,"*"'** and NDMA.>'¢®

secondary “promoter” metal."* Common promoter metals for
NO;™ are Cu, Sn, and In,1’15’62’74_76 whereas Re promotes
ClO,” reduction.>® There is also evidence that for some
contaminants amenable to reduction on Pd alone, reduction is
faster on Pd bimetallic catalysts. NDMA is an excellent ex-
ample; addition of 0.3 wt % Cu to a 1.0 wt % Pd/y-AlL,O,
catalyst and 1.0 wt % In to a 5.0 wt % Pd/y-Al,O; catalyst
increased reduction rate constants 6- and 4-fold, respectively.7’8

Pd and a hydrogen/electron donor (typically H,) are es-
sential to all three reaction categories. Metallic Pd can dis-
sociatively adsorb H, into adsorbed surface hydrogen (Pd—H,g,),
activating hydrogen for reductive chemistry with coadsorbed
substrates.”” Because Pd also has a high affinity for absorbing
hydrogen,”®”® the thermodynamic stability of Pd—H,, is
different for Pd nanoparticles vs bulk Pd, and calculations sug-
gest that it depends on particle size.*>®' For acetylene hydro-
genation, “subsurface hydrogen” has been suggested to affect
the relative energies of surface adsorbates and hence the selec-
tivity of competing reaction pathways.*> Possible roles for
subsurface hydrogen in affecting the activity/selectivity of other
reactions catalyzed by Pd nanoparticles are largely undefined.

A promoter metal is required for reduction of some con-
taminants. Promoter metals do not generally dissociate H,, as
evidenced by their inability to reduce contaminants in the
absence of Pd."? Instead, they facilitate reduction by using
“spillover” Pd—H,4.** Ex situ X-ray photoelectron spectroscopy
(XPS) data of a Pd—Re/C catalyst used for ClO,” reduction
indicate that Pd was in the metallic state,** suggesting that for
this contaminant Pd promotes H, dissociation and the transfer
of Pd—H,4 to the substrate via the Re center. Direct evidence
from low-temperature scanning tunneling microscopy (STM)
and density functional theory (DFT) calculations indicate that
Pd—H,4 spills over from Pd onto the adjacent promoter
metal.*® The exact juxtaposition of Pd and the promoter metal
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necessary for H spillover to occur is unknown, but the density
of H on the promoter metal has been shown to decrease with
distance from Pd.*’

To enhance metal dispersion and facilitate handling and
phase separation, Pd and other catalytic metals are often loaded
onto support materials. Common supports for contaminant
reduction (e.g., NO;~, NO,~, ClO,~, and chlorinated organics)
are activated carbon,®*®° alumina,>**¢# and silica."® Other
less common but effective supports for NO;~ and NO,~
reduction include TiO,* ZrO,, **%% §n0,* organic
resins,”® conducting polymers,”' and carbon nanotubes.”> A
Au support has been shown to be effective for TCE re-
duction,””*® and zeolites are an effective support for reduction
of chlorinated aromatics.”

Accurate characterization of supported metal catalysts is a
key component of understanding reaction mechanisms and
pathways. Characterization tools include nitrogen gas adsorp-
tion for surface area and pore size distribution, * CO ad-
sorption for Pd surface area,”® scanning electron microscopy
(SEM) for support morphology,95 transmission electron micro-
scopy (TEM) and scanning TEM (STEM) for size and mor-
phology of catalyst metal and/or supported nanoparticles,”®*”
X-ray diffraction for submicrometer particles, dynamic light
scattering for micrometer particles, XPS for metal type and
oxidation state, energy dispersive X-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS) for catalyst composition
and/or binding state,”” and high energy X-ray adsorption methods
for local catalyst geometric and/or electronic structure.”® "%
Several gublications have reviewed catalyst characterization
methods, ®”71%71% and a detailed review of these methods is
beyond the scope of this review. Instead, we discuss results from
these methods as they apply to the focus areas of this review, ie.,
reaction pathways, reaction rates, catalyst sustainability, and
technology application.

dx.doi.org/10.1021/es204087q | Environ. Sci. Technol. 2012, 46, 3655—3670
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Significant differences in reaction rate constants are some-
times observed when the same reactive metal is immobilized on
different supports.">”*%19471% The catalyst support can have
a direct effect on reactivity either through direct participation in
catalysis or through modification of the electronic properties of
the metal particles.””'°*'®~""" Electronic effects are most
pronounced for highly dispersed metal particles with large
interfacial areas,''? and can influence the binding of adsorbates
to particle surfaces as well as adhesion of particles to supports."'>***

The support can have an indirect effect on activity and
selectivity by influencing the density, size, and morphology of
catalytic metal clusters on their surface,""" and thus the dis-
tribution of reactive sites. Similarly, the preparation methods
influence particle morphology and composition,* and struc-
tural chan%es to the catalyst can occur during contaminant
reduction.”®*"""> The particle size determines specific surface
area and relative density of high coordinated sites (e.g., terrace
sites) to low coordinated sites (e.g., steps, edge, kinks) that can
affect catalytic rates and mechanisms.*”'"*"""® For example,
during NO,™ reduction on a Pd—Cu/TiO, catalyst, less N,
production was observed for Pd—Cu nanoparticles <3.5 nm.*’
More recently, N, production from NO,” reduction was
linearly correlated with Pd nanoparticles size when loaded on
carbon nanofibers.'"” These trends may be related to hindered
N—N pairing on smaller Pd particles that contain a high density
of low coordination sites (i.e., edges and corners).*® Addition-
ally, supports with high specific surface area or microporosity
can influence the activity and selectivity of reactions through
mass transfer effects.'*®

Bimetallic systems magnify the geometric and electronic ef-
fects because the distribution of the two metals relative to each
other is an important factor governing reactivity. Pd—Cu
bimetallic catalysts have been synthesized as an alloy, >*'*! with
Cu surface segregated on Pd,"** and as separate Pd and Cu
particles.''> Batista et al.'”>® observed similar NO,~ reduction
activities for alloyed and nonalloyed Pd—Cu catalysts, whereas
Soares et al.'>® observed that Pd—Cu alloys were less active.
The reported differences in catalyst activity as a function of
catalyst structure make it difficult to develop catalyst structure—
activity relationships. Interestingly, indium appears as In,O; in
preparation of Pd—In catalysts,>®’® but whether In,O,
segregates to Pd or to the support is unclear. Results from ex
situ characterization techniques (e.g, SEM, XPS, TEM) can
provide detailed information regarding the size, composition,
and oxidation states of bimetallic particles, but results may be
misleading due to the ability of bimetallic particles to transform
during reaction.”®*"!' In situ experiments that are capable of
characterizing catalyst structure during reactions are therefore
needed to determine accurate catalyst structure—activity re-
lationships for catalytic transformations in bimetal systems.

2.1.1. Hydrodehalogenation. This reaction pathway is
characterized by the replacement of one or more carbon-
bound halogen atoms with atomic hydrogen”*' and is relevant
to all halogenated compounds, including the commonly
detected groundwater contaminants TCE, PCE, and CT. For
example, in aqueous solution chlorinated ethene daughter prod-
ucts (e.g,, dichlorethene (DCE) isomers, vinyl chloride) were
detected as intermediates of TCE reduction on Pd powder
(Table 1), and chloroform was detected as an intermediate of
CT reduction on a Pd/y-Al,O; catalyst and on Pd powder
(Table 1)."° The basic pathways have been inferred from
identification of transformation products, spectroscopic studies
of the solid—gas and solid—water interface, DFT modeling, and
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differences in reduction rate constants for compounds both in
aqueous and gas-phase systems.'**~'>?

The key parameters thought to affect contaminant reduction
are summarized in Table 2. For reduction of chloromethanes
and chloroethanes on Pd/y-AlL,O;, dechlorination rates were
inversely proportional to calculated C—X bond strengths, e.g.,
increasing the number of geminal CI atoms decreases C—Cl
bond strength and results in higher reduction rates.'*® This
same trend has been observed for gas phase reactions.'>* This
correlation suggests that C—X bond cleavage is the rate-limiting
step for the reaction and the predominant mechanism may be
homolytic cleavage on the Pd catalyst,"**'** indicating that
adsorption strength of the halide with the catalyst is an
important factor that facilitates bond cleavage.'**'> 128,135,136
Using XPS, Gomez-Sainero et al."¥” found that reduced Pd
catalysts containing a residual level of unreduced Pd"* exhibited
higher activity for CT reduction than those that contained only
metallic or unreduced Pd. These Pd"" species are proposed
initial products of CT dechlorination. Aqueous phase studies
indicate that carbon—carbon coupling can also occur during
hydrodehalogenation.10 Ethane, and minor amounts of ethene,
propane, and propene were observed during CT reduction
using a Pd/y-ALO; catalyst (Table 1)."° This observation was
attributed to the formation of adsorbed trichloromethyl radicals
during reduction.

Hydrodehalogenation mechanisms of halogenated alkenes do
not appear as straiﬁhtforward as those of halogenated alkanes.
Mackenzie et al.'*® reported that dehalogenation rates
increased with increasing C—X bond strength and decreasing
number of geminal Cl atoms; they attributed this observation
to hydrogenation of the C=C bond before C—X bond scission,
and postulated that the former was rate-limiting (Table 2)."*
DFT studies indicate that the most energetically favorable
adsorption configuration for chlorinated ethenes on Pd is
through a C=C di-o bond, and the adsorption strength in-
creases with decreasing number of Cl atoms.'*”"*%'3 There-
fore, it is possible that increasing adsorption strength
corresponds to greater reaction rate constants.">> Although
C=C di-c bonding of chlorinated ethenes to Pd is most
energetically favorable, DFT studies'>”"**"** and in situ
surface-enhanced Raman spectroscopy (SERS)'? results
indicate that the Cl atoms in chlorinated ethenes also adsorb
to the catalyst surface. For the case of 1,1-DCE, experimental
evidence suggests that C=C di-c bonding to Pd/Au is
followed by dissociative adsorption of the C—Cl bonds to form
an adsorbed vinylidene intermediate followed by hydrogenation
of the C=C bond."** Further studies are clearly needed to
elucidate these catalytic mechanisms.

In general, ethane is observed as the primary product from
aqueous-phase TCE and PCE reduction on a Pd/y-Al,O,
catalyst,”'”'*! (Table 1). Both gas- and aqueous-phase studies
indicate that hydrogenation of unsaturated carbon—carbon
bonds can occur during hydrodehalogenation, but in the
aqueous phase dehalogenation products are more favorable
than hydrogenation products.'” For example, the hydro-
genation of vinyl chloride forms primarily ethane and ethyl
chloride in the aqueous and gas phases, respectively.'”” Studies
have detected traces of C4 compounds during catalytic re-
duction of 1,1-DCE, which were attributed to adsorbed
vinylidene polymerization."*> Nuclear magnetic resonance
(NMR) studies of gas-phase TCE reduction on a Pd/y-ALO,
catalyst indicate C=C bond cleavage occurs,"" which also
could result in polymerization reactions.

dx.doi.org/10.1021/es204087q | Environ. Sci. Technol. 2012, 46, 3655—3670
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Table 2. Factors Affecting Catalytic Reduction Rates on Pd—M Catalysts

bond strength of
bond broken

contaminant promoter (M) bond broken reaction (kJ/mol) effect of bond strength effect of pH
oxyanions
NO;~ Cuy, In, Sn N-O NO;~ — NO, + O~ 2637 difficult to assess due to strong effect,
_ _ " different acitve sites acidic needed
NO,” N-O NO,” = NO, + O 217
BrO;™ Br-O BrO;~ — BrO, + O~ 242°
ClO5~ Cl-0 ClO3~ = ClO, + O 201°
Clo,~ Re Cl-0 Clo, = ClOo3 + O™ 197
nitrosamines
(cslgs)zN— N-N RN - NO — R,N* + NO 95" no none
N
chlorinated alkanes
CCl, c-Cl CCly + *CCly + Cl 297° yes, strongly strong effect,
Y basic needed
CHCly c-=cl CHCl; - °CHCL, + Cl 311
CH,CL c-c CH,Cl, — *CH,Cl + Cl 338®
chlorinated alkenes
C,Cl, Cc-Cl C,Cly — *C,Cly + Cl 387° no strong effect,
basic needed
C,HCl, c=d C,HCly — °C,HCL, + Cl 392
C,H,Cl, c—Cl CyH,Cl, — *C,H,Cl + Cl 394°
C,H,Cl c-cl CyH;Cl — *CyH; + CI 3524
halogenated aromatics
CeH.l C-1 CgHgl — .CéHS +1 272° yes, strongly strong effect,
Y basic needed
CeHsBr C—Br CgHgBr — *CgHg + Br 336
CH,Cl C-Cl  C4H{Cl - *CgHs + Cl 400"
CeHsF C-F CgHsF — *CgHs + F 526"

“Bond strength calculated using listed reaction and enthalpies of formation. Details are provided in the Supporting Information. PRef 208. “Ref 209.

9Ref 210.

The dehalogenation rates of halogenated benzenes depend
weakly on halogen substituents, increasing according to I >
Br > Cl > E.'** C—X bond scission may be the rate-limiting
step for dehalogenation of these compounds, but the nature of
the catalyst can alter this dependence. A different order of
reactivity (ie, Br > Cl > I > F) was found for a Pd catalyst
supported on a 20:80 mixture of aluminum orthophosphate,"*°
suggesting that the halogen substituent(s) may determine the
adsorption strength and bonding configuration of the aromatic
to the catalyst surface. Hydrogenation of aromatic rings may
occur, but this appears to be less favorable than aromatic
dehalogenation in water."”’

Halogenated aromatic compounds other than halogenated
benzenes have been evaluated for Pd-based catalytic reduction,
including chlorinated phenols, biphenyls, pesticides (i.e.,
DDT), and antimicrobials (i.e., dichlorophenol)."*'~'*3
Among these, chlorinated phenols are the most widely studied,
and activity for their reduction over Pd generally decreases with
increasing substitution.'*'*¢ As above, this suggests adsorption
and not C—Cl bond cleavage is rate-determining. Aqueous-
phase reduction for the variety of halogenated aromatic com-
pounds evaluated generally proceeds via sequential dechlorina-
tion."* When multiple halogens are present, results from
2,4-dichlorphenol reduction suggest that less sterically hindered
halogens are removed first."*” When H, is the electron donor,
aromatic ring hzrdrogenation has been observed to occur after
dehalogenation."*” Both cyclohexanone'**'**® and cyclohexanol****’
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have been observed, suggesting oxidation of the hydroxyl group
during ring hydrogenation and subsequent reduction back to
the alcohol.

Recent work on the hydrogenolysis of hydrocarbons on Pt
group metals indicates that reaction rate constants are related
to adsorption strength, which further depends on the metal
facet on which the sites are located."*’ This conclusion appears
to translate to hydrodehalogenation reactions. For halogenated
alkanes and aromatics, where the rate-limiting step is thought to
be C—X bond cleavage,"** experiments in both gas- and liquid-
phase show that hydrodechlorination rate constants (catalyst
mass-normalized) increase with increasing Pd particle size, 167118
Larger particles have a higher proportion of high coordinated
metal sites. By contrast, experiments show enhanced TCE
reduction rate constants on nanoparticle (NP) catalysts,>>>">®
which have a higher proportion of low coordinated metal sites.
This finding is consistent with recent DFT calculations showing
TCE adsorbs more strongly on Pd clusters than on a Pd(111)
plane.'*” TCE reduction is also enhanced when Pd is supported
by a second metal,>>*”*® apparently due to stronger adsorption
on the bimetallic particle relative to Pd alone,'*”'3%13%150-153

2.1.2. Hydrodeoxygenation. This reaction pathway is char-
acterized by the sequential removal of oxygen atoms from
oxyanions by hydrogenation to water. Oxygen atom transfer
(OAT) from the oxyanion to the catalyst metal lowers the redox
state of the contaminant. The roles of Pd for monometallic
catalysts are to (1) dissociate H, and (2) facilitate H,O formation

dx.doi.org/10.1021/es204087q | Environ. Sci. Technol. 2012, 46, 3655—3670
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Scheme 1. Perchlorate Reduction on Pd/Re.*

from abstracted oxygen atoms. Key examples of contaminants
reduced on monometallic Pd are NO,”, BrO;7, and
ClO;~>7315%155 The roles of Pd for bimetallic catalysts are
to (1) dissociate H, and (2) reduce the catalyst metal-oxo
species generated upon OAT from the contaminant. Important
examples are NO;~ and ClO,”. The proposed mechanism is
illustrated for the reduction of ClO,~ on Re in Scheme 1.* XPS
results indicate that the Re promoter metal cycles between
the +7 oxidation state and lower oxidation states (+5/+4
and +1) to promote reduction through OAT.** A key step in
this process is thought to be hydrogen-bonding between an
oxygen atom in ClO,™ and a hydrogen atom on the protonated
surface-bound ReOOH complex.* As a result, activity for C1O,~
reduction increases with decreasing pH. Although OAT me-
chanisms are thought to be applicable to a wide range of oxyanion
contaminants, experimental evidence suggests that the active site
differs among oxyanions. For example, NO;~ requires Pd—M
bimetallic catalysts, where M = Cu, In, Sn, V1575878 121,122,156,157
and ClO,” is reduced on Pd—Re catalysts.> Although NO,”,
BrO;~, and ClO;™ can be reduced on Pd monometallic catalysts,
rate enhancements relative to Pd have been observed for these
contaminants on Pd—M catalysts, where M = Cu, In, and Re,
respectively,*®'*! suggesting they can also be reduced by the OAT
mechanism. The rate enhancement on Pd—M relative to Pd only
catalysts is likely due to the higher oxophilicity of the promoter
metals.'*!

Relating atomic structure of oxyanion contaminants to reduc-
tion rate constants is difficult due to the need for different
catalysts for different contaminants. If reactivity were governed
solely by X—O bond strength, the rate would decrease in the
order ClIO,” > CIO;~ > NO,” > BrO;” > NO,~ (Table 2).
Work by Abu-Omar et al.'*® investigating OAT using homo-
geneous methylrhenium oxide catalysts reported rates decreas-
ing as BrO;~ > ClO;~ > NO;~ > ClO,~, which indicates that
factors other than bond strength govern reactivity.

Recent work with Pd—Re/C catalysts showed the electronic
environment of the Re promoter metal active site could
increase the ClO,” reduction rate constant.>® Preparation of
Pd—Re/C catalysts using a [ReO,(py-X),]Cl salt (py-X = 4-
substituted pyridine; X = H, Me, OMe, NMe,) yielded
reduction rate constants up to S times greater than Pd—Re/C
catalysts prepared from NH,ReO,.* Perchlorate reduction rate
constants increased based on the increasing donor character of
the pyridine ligand (H < Me < OMe < NMe,). Additional work
showed a 20-fold rate constant enhancement using a chlorobis-
(2-(2-hydroxyphenyl)-2-oxazoline)-oxorhenium (V) precursor
compared to NH,ReO,.° These studies illustrate the importance
of engineering active sites for contaminant reduction, and this
work may also translate to enhanced reduction rates for other
OXyanions.

2.1.2.1. Oxyanion Selectivity. Reduction of halogen oxy-
anions (e.g,, ClO,~, BrO;™) leads to X~ as the final product and
selectivity is not a consideration, in contrast to NO;~ and
NO,”, where the final products are either N, or NH,"
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Ammonium is of environmental concern because drinking
water standards have been set at 0.5 mg/L by the World Health
Organization."” Product selectivity for NO;~ and NO,” is
primarily a function of the catalyst structure and solution
conditions. The exact pathways for N, and NH," formation are
still debated in the literature. A number of studies suggest that
the rate-limiting steps for formation of N, and NH," products
involve either dimerization or hydrogenation of the NO
intermediate, respectively.éz’85 Insights were obtained from
studies of electrochemical reduction of NO over Pt and Pd
electrodes."®*™'%? In these studies, reduction of adsorbed NO
to HNO leads to NH,*, while reaction of adsorbed NO with
solution-phase NO leads to an HN,O, intermediate, and
ultimately N,O and N,. Results from other studies using
attenuated total reflection (ATR) infrared vibrational spectros-
copy indicate that while NO dimerization may be responsible
for N,, hydrogenation of adsorbed HNO,™ is responsible for
the formation of NH,*.'3*'%°

There is evidence that catalyst structure has a substantial
influence on selectivity of N, over NH,". Studies suggest that
N, formation is enhanced at high-coordinated and NH,* for-
mation is enhanced at low-coordinated metal sites, respec-
tively.%!'%1% Poisoning of low-coordinated Pd sites with Bi
has been shown to decrease NH," production during NO,~
reduction.'®®

Solution conditions also affect selectivity for NH," versus N,.
During NO;~ reduction, the selectivity for NH," over N,
increases with increasing pH.®>”* Higher pH (relative to the
pHZPc) corresponds to a more negative surface charge, and the
electrostatic repulsion of NO;~ and NO,” ions creates a
catalyst surface with a high H:N species surface coverage and
promotes the production of NH,".%> Additionally, the adsorp-
tion of OH™ ions to reaction sites may inhibit the pairing of
nitrogen species, resulting in increased NH," production over
N,.% Also, higher initial NO;~ concentration favors selectivity
for N, over NH,* due to the higher surface coverage of N-species
and the greater chance for N—N pairing.é2 Studies have also
shown that higher HCO;™ concentration results in higher selec-
tivity of NH," over N,, which was attributed to lower adsorption
of NO;™ in the presence of HCO;™, leading to a high H:N
species surface coverage.'**

2.1.3. N—N Hydrogenolysis. This reaction pathway is
relevant to the reduction of N-nitrosamines (Table 1). For
NDMA, DFT calculations indicate that both upright adsorption
of adjacent O—N atoms and flat adsorption of adjacent O—N—N
atoms on Pd(111) are possible."® N—N bond cleavage yields two
separate surface fragments, dimethylamine (N(CH,),,q)) and
nitric oxide (NO(ad)). The former subsequently desorbs and the
latter can be further reduced to NH," or N,.”%'®® The factors
affecting the distribution of NH," and N, have not been identified
for NDMA reduction.

Azo dye contaminants are reduced via a similar reaction
pathway over Pd. First, the N=N group is reduced to N—N,
and then N—N bond cleavage occurs to yield aromatic amine
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Figure 2. Catalytic rate constants for a variety of contaminants from batch reactors using Pd-based catalysts and H, in water. Rates contained within
the box labeled “a” are given in units of mmol min~" gy;,~". Dashed line represents an estimate of the mass transfer rate (ky, om) in a hypothetical
fixed-bed reactor operation. Values for rate constants were obtained from various studies, with a temperature range of 10—30 °C. Reaction

conditions are given in the Supporting Information (Table S-2).

products.'®® For example, reduction of Sunset Yellow FCF dye
over a Mg/Pd catalysts yielded sulfanilic acid.®”

As opposed to N—N bond cleavage, DFT calculations
indicate N—O bond cleavage can also be energetically favorable
for N-nitrosamines.'®> Ranea et al.'®® used DFT-calculated
transition states to show that N—N dissociation kinetics of
NDMA are 20 orders of magnitude faster than N—O dis-
sociation at room temperature over a Pd catalyst. The kinetics
of these two pathways were found to be comparable over a Ni
surface. However, dimethylamine has been observed as a re-
duction product for Raney-Ni*” and NiB® catalysts, suggesting
that N—O bond cleavage is not an important mechanism at
room temperature.

2.2. Rate Constants for Contaminant Reduction. First-
and zeroth-order rate constants for contaminant reduction in
deionized water for a variety of contaminants and Pd-based
catalysts are summarized in Figure 2 and specific values for
reaction conditions and rate constants are provided in the
Supporting Information (Table S-2). Rate constants shown are
normalized to total catalyst metal loading by weight (Me), and
are indicative of batch systems where external diffusion limita-
tions have been eliminated. Also shown in Figure 2 (dashed
line) is an estimate of the mass-transfer rate of contaminants to
the catalyst surface in a typical packed-bed flow-through
reactor. This estimate was determined by using the Frossling
correlation for the pure diffusion case,'*® and does not consider
internal mass-transfer limitations that may occur within inner
catalyst pores. The liquid to solid mass-transfer rate (k,, (cm s™"))
to the catalyst surface is expressed as

p (3)

where D, is the approximate diffusion coefficient of contaminants
in water (1 X 107> cm? s™'),'® and 1, is the catalyst particle radius
(0.1 cm). These values were chosen to represent typical con-
taminants and conditions in large-scale flow-through reactors. To
ensure that eq 3 is appropriate to determine k, the Peclet
Number was calculated based on the flow conditions in a field-
scale catalytic reactor study.'”’ The Peclet Nubmer was >>1,
indicating that eq 3 is valid. The value for k, was converted
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to a normalized mass transfer rate (ky,om) to provide units of
L min~' g, by using a 1.0 wt % Pd loading and a 100 m* g.,,*
surface area, yielding a value of k, ,om = 600 L min~' g, . 7",

Measured rate constants for most contaminants are lower
than the estimated k.., described above, indicating that re-
search on applied catalytic technologies should be focused on
increasing intrinsic reaction rates. Notable exceptions include
dichloroethene and vinyl chloride on Pd/y-Al, 05, diatrizoate
on Pd/y-Al,05,"”" and chlorobenzene®® and TCE*>*® on nano-
particle catalysts, whose measured rate constants are approx-
imately equal to or higher than k, . (see Figure 2).

In general, measured reaction rate constants are highest for
chlorinated alkenes and halogenated aromatics, with the ex-
ception of fluorinated aromatics. Dehalogentation rate constants of
partially chlorinated alkanes are orders of magnitude lower than
those of chlorinated alkenes and aromatics. The assessment of
oxyanion reduction rates is complicated by the fact that different
catalysts are needed for different oxyanions. In general, NO,™ and
BrO;™ reduction rates on Pd are faster than those of NO;~ and
ClO;™ on Pd-M catalysts. Perchlorate reduction rates vary by
approximately 2 orders of magnitude.* ® Measured rate constants
for oxyanions are strongly affected by surface charge of the sup-
ported catalyst. At pH values above the pH,,. of the supported
catalyst surface, the negatively charged oxyanions are repelled by
the negatively char%ed support leading to a drop in reduction rate
constants.”¥*10%17

Measured activation energies are useful for determining the
effect of temperature on contaminant reduction rates. However,
few studies report activation energies for catalytic reduction of
contaminants in water. The activation energies for NO;~, 4-
chlorophenol, and 2,4-dichlorophenol have been measured and are
4.2—47 KJ/mol,*"'7 85.8 kJ/mol,"** and 45—55.8 kJ/mol,"*"'"*
respectively.

2.3. Long-Term Sustainability. 2.3.7. Catalyst Inhibi-
tion and Fouling. Numerous studies report inhibition and/or
fouling of Pd-based catalysts by natural water constituents,
including sulfide and other low molecular weight inorganic
solutes,” 8175176 redox active metals,'”” dissolved organic
matter (DOM),**'”*7® microbial biomass,” and mineral pre-
cipitates.'”” Reduced sulfur species (i.e., HS™ and SO,*7) are
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the primary low molecular weight inorganic solutes that foul
Pd-based catalysts. Reduced sulfur forms strong complexes with
Pd and other catalyst metals,'® which blocks reaction sites and
prevents compound transformations.”**¢'7>176181 Sty dies have
shown that fouling can occur at low solute levels (0.06 mmol S/ g
supported catalyst) and oxidative regeneration is necessary to
remove the bound sulfur.”®'” XPS measurements indicate that
PdS and In,S; compounds form on catalyst surfaces following
exposure to aqueous HS™.”® Other anions that bind to Pd sites
include high levels of halide ions, HCO;™, SO,*7, and OH,
which form weak interactions with the catalyst metals and
inhibition is usually reversible upon rinsing catalysts with
deionized water.**">”'®> The anions mentioned above have
shown varying affinities for catalysts comprising different
catalyst formulations.**'$”'8> For example, NO,~ reduction
using a Pd—Cu/y-Al,O; catalyst was almost completely
inhibited in the presence of 1000 mg/L CI~,*® while no effect
was observed during CIO,” reduction in the presence of 1000
mg/L CI” using a Re—Pd/C catalyst.* The results can be
attributed to an enhanced physical and/or chemical adsorption
of CI” to Cu.'®

Hydrodehalogenation reactions can lead to self-inhibition
due to release of halide acids produced during the reduction
process, which can foul the Pd catalyst if allowed to build up to
high levels (e.g, 700—2000 mol HCl/mol Pd),’*7>!47148184185
while lower levels showed no effect (213 mol HCl/mol Pd).'%¢
The mechanism of catalyst fouling during the reduction of TCE
by Pd/C catalysts was attributed to the production of H* and
Cl™ at the catalyst surface.'® The high CI~ concentration and
low pH possibly stabilize Pd** on the catalgyst surface by the
formation of PdCl,~ and PdCl,*~ species.'®” As discussed in
Section 2.1, the Pd"" species may be important intermediates in
the reduction of halogenated organics.">” The solubility of
PdCl;~ and PACL,*" species in 0.1 M KCI has been reported to
increase by 4 orders of magnitude when the pH is lowered from
7 to 4.'% Therefore, high pH or the presence of a pH buffer
can limit catalyst deactivation,"®* as long as the pH buffer does
not result in catalyst fouling. The above mechanism is thought
to be applicable for other halogens (ie, Br~, I, F7), but
solubility data are limited for Pd—X species."®® However,
Mackenzie et al."** observed that the addition of Br~ and I
ions to batch reactions inhibited dehalogenation rates of halo-
genated organics, supporting the mechanism discussed above.

The presence of redox active metals in water can also lead to
catalyst fouling."’” Hildebrand et al.'”” reported that Cu®*
(80 uM), Pb** (0.5 uM), Sn** (40 uM), and Hg** (0.5 uM)
decreased rate constants of TCE reduction on Pd/Fe,O; NPs
by 97.0, 76.0, 99.8, and 98.0%, respectively, compared to rate
constants measured in deionized water. The mechanism of
catalyst fouling was not addressed, but is likely a result of a
redox reaction between the metal ions and Pd—H, 4, resulting
in reduction of the metal cations to their zerovalent states and
subsequent blockage of active sites.

DOM is ubiquitous in natural waters and has been shown to
cause catalyst fouling in several studies.*>'”"'”® For example, it
has been shown that the rate constants of NO;~ reduction
(Pd—Cu/y-ALO; catalyst) decreased 84 and 97% relative to
deionized water in the presence of 3.3 mg C/L of humic acid
and 2.88 mg C/L of DOM present in natural groundwater,
respectively.”® Likewise, the reduction rate of iodinated X-ray
contrast agents on Pd/y-Al,O; catalysts decreased by ~75%
relative to deionized water in the presence of S mg C/L of
DOM."" In both studies, pretreatment of the water with
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activated carbon to remove DOM prior to catalytic reduction
significantly eliminated inhibitory effects. Fundamental work
investigating the mechanisms of catalyst fouling by DOM and
characterization of the portion of DOM that fouls catalysts has
not been performed.

The fouling of catalysts by microbial biomass has not been
observed in most lab scale studies due to the relatively short
operation time of most experiments and the slow growth of
bacteria under anaerobic conditions. However, in long-term lab
and pilot studies that treated natural waters, microbial fouling
has been shown to affect catalyst performance.'”>"”*'*® Under
anaerobic conditions a variety of autotrophic bacteria (e.g,
pseudomonas, aeromonas) are able to grow utilizing H, as the
electron donor, CO, as the carbon source, and either the target
contaminant or SO, as the terminal electron acceptor. In
SO,*~ free waters, the growth of biomass has been shown to
increase rates of NO;~ reduction.'”” In SO,*” containing waters,
microbial reduction leads to production of HS™, a strong catalyst
poison.'”>'?® For this reason, catalytic field studies use periodic
disinfectant treatment (e.g, OCI~, H,0,) to control microbial
growth and oxidize deactivated PdS surface sites.'””'*"** Details
of field studies are provided in Section 2.4.

Mineral precipitation on the catalyst surface can result in
blockage of active sites and lead to decreases in contaminant
reduction rate constants. Mineral precipitation by hardness ions
(e.g, Ca®* and Mg**) does not occur to a large extent during
catalytic dehalogenation,'”® likely due to the generation of H*
during reaction. However, mineral precipitation has been
suggested to foul Pd-based catalysts during catalytic NO;~
reduction,'””"** which is likely due to the generation of OH~
during the NO,™ reduction step.

2.3.2. Fouling Resistant Catalysts. Because fouling has been
recognized as one of the primary challenges associated with the
application of Pd-based catalytic treatment technologies, studies
have focused on designing fouling resistant catalysts.”>'”%'*+1%°
Attempts include the use of zeolite sugports,%’l * incorporation
of active metals into polymers,"’®'** and synthesis of core—
shell catalyst NPs.'”®

The use of zeolites as supports has proven to be a successful
method to mitigate catalyst fouling by sulfite. Schiith et al.”®
tested a Pd catalyst supported on zeolites for the reduction of
1,2-dichlorobenzene (1,2-DCB) in the presence of aqueous
sulfite. It was found that the optimal support was a hydrophobic
zeolite Y with a 0.74 nm pore diameter. The zeolite structure
prevented fouling of internally located Pd sites by excluding
sulfite based on both molecular size and hydrophobicity. The
Pd/zeolite Y catalyst showed sustained reduction of chlorinated
hydrocarbons for a period of over 2 years at a groundwater site
with periodic regeneration.'”

The use of hydrophobic silicone polymers, in either thin
membrane composites incorporating the active Pd catalyst'*
or encapsulating Pd/y-Al,O; catalysts particles,"””® has shown
resistance to catalyst fouling. Work performed by Kopinke
et al.'”® showed that the reduction rate constant of chloro-
benzene with a Pd/y-Al,O; catalyst significantly decreased in the
presence of a soil slurry supernatant (40 mg/L DOM). However,
coating the catalyst with hydrophobic silicone polymers was able
to protect the Pd catalyst against sulfite and DOM fouling for at
least 24 h.

Changing the electronic structure of Pd also has been
reported to limit sulfide fouling. Synthesized Pd/Au NPs were
reported to have a resistance to sulfide fouling.'”> This
observation was attributed to the electronic interaction between
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Pd—Au, and not due to Au acting as a sulfide sink.'®® Published
data indicate that Pd—S is more energetically favorable than
Aw,S."* X-ray absorption spectroscopy (XAS) indicates that
Pd—Au NPs supported on C are more resistant to oxidation by
oxygen relative to C-supported Pd NPs,'*® but XPS and XAS
measurements of these catalysts after sulfide fouling have not
been performed.

2.3.3. Regeneration Strategies. Regeneration strategies for
sulfur-fouled catalysts employ catalyst treatment with a strong
oxidant, including HOCI/ OCI~,/68617 176197 1 o, 76176192
KMnO,,'?*'% dissolved oxygen,”*'”® and air exposure (for
dried catalysts).”® S-fouled catalysts are not easily regenerated
due to the (1) strong bonding interaction between S*” and
catalytic metals,"®® (2) ability of sulfide to diffuse into bulk
pd>! creating a reservoir for surface fouling, and (3) fouling of
inner catalyst pores preventing access of oxidants. The re-
generation of fouled catalysts is influenced by the foulant
species, concentration of the oxidant at the catalyst surface,
regeneration time, solution pH, and supported catalyst used.

The concentration of the oxidant at the catalyst surface is
perhaps the most important parameter governing regeneration
efficiency, which is influenced by the oxidant reactivity, elec-
trostatics between the oxidant and the catalyst surface, and
solution pH. Highly reactive oxidants, such as H,O,, have high
redox potentials, but have shown mixed results as a regenerant.
The regeneration of sulfide-fouled Pd/y-Al,O; catalysts with
H,0, was ineffective at restoring catalyst activity,”*'”*'*® pos-
sibly due to consumption of H,O, in side-reactions before it
gained access to fouled catalytic sites. By contrast, the regeneration
of sulfide-fouled Pd/zeolite Y catalysts with H,O, was effective
at restoring catalyst activity,'”> and may be related to the zeolite
structure that prevented fouling of inner catalyst reactive sites.
It has been reported that H,O, decomposes rapidly in the
presence of Pd to form short-lived hydroxyl radicals,*** which
may have a beneficial effect on catalyst regeneration, but hydroxyl
radicals may not be effective at regenerating inner catalyst pores.
DO is not effective at regenerating S-fouled catalysts, as it rapidly
dissociates on Pd and reacts with Pd—H to form water.”” By
contrast HOCI/OCI™ and MnO,~ have shown the best results as
regenerants, as they are stable enough in water to reach fouled
catalytic sites located in inner catalyst pores. Electrostatic inter-
actions are also important for the oxidant to gain access to these
sites. Low pH conditions result in a positively charged catalyst
surface, which has been shown to improve the efficiency of anionic
oxidants such as MnQO,~.'”®

Another key parameter for catalyst regeneration is stability of
the supported Pd and promoter metal phases, which is a
function of the supported catalyst composition, solution pH,
and oxidant used. Regeneration of S-fouled Pd—Cu/y-Al,0;
catalysts with HOCI/OCI" resulted in significant dissolution of
Cu.”®%¢ Partial regeneration of S-fouled Pd—In/y-Al,O;
catalysts in batch reactors (39—60% of initial rate constants
for NO, ™ reduction) was achievable with 56 mM HOCI/OCI~
solutions and the Pd and In contents were stable.”® However,
regeneration in batch mode is not always useful in designing
regeneration strategies in packed-bed reactors due to the large
differences in specific surface area (i.e., catalyst surface area/
solution volume). Additional work in Pd—In/y-Al,O; packed-
bed reactors showed that significant dissolution of Pd occurred
in unbuffered HOCI/OCI™ solutions."”” A significant pH drop
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in unbuffered solutions results from the oxidation of bound S*~
to S on Pd and In sites, as shown in eqs 4 and S.

PdS + 2H,0 + 40Cl™

— Pd(OH), + SO5™ + 4CI™ + 4H' )
In2$3 + 3H20 + IZOCI_
- InyO3 + 3503~ + 12C1™ + 6H' ()

Buffering with NaHCO; (pH = 8) greatly limited effluent Pd
concentrations, but some Pd mobilization still occurred during
regeneration.'”” Studies focused on TCE reduction have
reported near complete regeneration of S-fouled Pd/y-Al,O;
catalysts in packed-bed reactors using frequent regeneration
with HOCI/OCI™ solutions; however, catalyst stability was not
monitored.}”®7>17® Therefore, it is not clear whether the
catalyst was completely stable or if Pd dissolution occurred but
catalyst activity remained high due to an excess of Pd.
Alternative regeneration strategies have used MnO,” as an
oxidant at a pH of 3.0 for S-fouled Pd/y-Al,O5 catalysts."”*'*”
Although regeneration appeared to completely restore catalyst
activity, as measured by TCE reduction, the catalyst stability
was not monitored and regeneration was only performed in
batch mode. Further work is needed to evaluate MnO,”
regeneration in packed-bed reactors and detailed character-
ization of the catalyst structure before and after regeneration.

Other water foulants are less problematic and regeneration
can readily regain catalyst activity. It has been shown that NOM
foulin% was reversible upon an alkaline rinse (NaOH; pH
11),"”" and mineral precipitation could be removed by an acid
rinse.'”” However, work has not yet been done on determining
the effects of acid and base regeneration on catalyst and/or
support stability. Regeneration of catalysts fouled by redox
active metals has not been explored, but oxidative regeneration
should be a promising starting point.

2.4. Technology Applications. The technical and
economic feasibility of Pd-based catalytic water treatment has
been demonstrated at three groundwater sites contaminated
with chlorinated ethenes,'”®'?"*** and one contaminated with
NO;™."”" Factors that need to be considered when implement-
ing catalytic groundwater treatment systems include water
quality goals, groundwater hydrology, infrastructure, analytical
and maintenance support, climate, and hydrogen safety. The
system at the Lawrence Livermore National Laboratory
(LLNL), California has been in operation since 1999, and
was designed to meet the regulatory requirement for in situ
treatment of chlorinated solvents (i.e., reactor column was
installed below-ground inside a 20-cm well)."”! Groundwater
contaminated with chlorinated solvents (TCE, PCE, 1,1-DCE,
chloroform) was saturated with hydrogen via a hollow-fiber
membrane module (120 mL/min at 3 atm), contacted with two
packed-bed catalyst reactors, and returned to the aquifer. The
first and the second reactor columns were packed with 30 kg of
32-mm and 22 kg of 1.6-mm 1 wt % Pd/y-ALO; catalyst
spheres, respectively. The reactors treat 4 L/min at residence
times of approximately 5—6 min. Initial removals of TCE, PCE,
1,1-DCE, and chloroform were 93%, 82%, 96%, and 57%,
respectively, and have been stable for 10 years utilizing the
same catalyst (Walt Mcnab, LLNL, personal communication).
The reactor is operated daily for 6—10 h, followed by flushing
with aerobic groundwater, and exposing to air to prevent
fouling by anaerobic bacteria.
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A similar reactor design was evaluated at the Edwards Air
Force Base, California.'”’ The groundwater was contaminated
with 500—1200 pg/L TCE, was “boderline anoxic” (<0.5 mg/L
DO and 3.2 mg/L NO;"), contained 760 mg/L SO,>”, and was
prone to microbial sulfidogenesis. The packed-bed reactor
contained 20 kg of catalyst (6.25-mm alumina beads, eggshell
coated with 2 wt % Pd), and was operated continuously for
23 h at 7.6 L/min and a residence time of 2.3 min. Catalyst
activity was maintained by daily flushing with dilute HOCl/
OCI~ (500 mg/L) for 1 h. Hydrogen gas was added by means
of a low-pressure frit and a static mixture to achieve 80% of
H, saturation (1.7 mg/L at 25 °C and 1 atm). The average
effluent TCE concentration was 4.1 pg/L, which was below the
maximum contaminant limit of 5 pg/L. During a 23-h treat-
ment cycle slight catalyst deactivation was observed, and was
attributed to microbially induced sulfide fouling.

Schiith et al.'”® describe the application of a “fouling-
resistant” catalyst with 0.4 wt % Pd on a hydrophobic zeolite Y
(Si/Al ratio 200) support93 at a groundwater site in Germany
where groundwater was contaminated with PCE, TCE, and
their biological dechlorination products (DCE and vinyl
chloride). The packed-bed flow-through reactor consisted of
20 kg of catalyst and was followed by a granular activated
carbon (GAC) reactor for final polishing. Hydrogen saturation
of the groundwater under atmospheric pressure is achieved by
contacting the pumped water with a silicon tube (0.2 cm i.d,,
0.4 cm OD, 100 m length, closed at one end) that is pressurized
with hydrogen gas produced from a hydrogen generator. The
reactor showed sustained removal efficiencies for 2 years, with
half-lives of 1.5—3.0 min, in the absence of sulfide fouling
Heavily fouled catalysts could be regenerated to their original
state with H,O, rinsing.

Davie et al. performed a cost analysis of the Edwards project
and indicated that Pd catalysis is competitive with GAC
treatment.'’® Catalyst costs are low because lifetimes are long
and catalysts can be regenerated on-site. At similar TCE
concentrations, treatment costs of Pd-catalysis are comparable
to air stripping (not considering costs for treatment of the
secondary waste stream in the latter).'”® However, compared to
GAC adsorption, the cost advantage of catalytic treatment in
general increases with increasing feed concentration, due to the
first-order degradation kinetics, and poor adsorption of less
chlorinated ethenes (e.g, DCE and vinyl chloride) on GAC. A
more detailed cost comparison between GAC and Pd catalytic
treatment has been provided by Bayer and Schiith for chlori-
nated ethenes.”®* The authors compared the major cost factors
for GAC adsorption and catalytic hydrodechlorination. All costs
extraneous to the treatment process, such as pumping and
monitoring, were excluded. In their analysis, the comparative
costs are mainly influenced by the Freundlich sorption para-
meters of GAC and the catalytic dechlorination rates for the
contaminants. As a result of sorption nonlinearity, the com-
petitiveness of catalytic dechlorination exceeds GAC treatment
for a given compound at relatively high aqueous concentrations.
Similarly, catalytic dechlorination is more competitive for
compounds that adsorb relatively poorly onto GAC but are
dechlorinated rapidly, such as vinyl chloride. The results from
Bayer and Schiith®®* are consistent with those from Davie
et al.'”® Alternative hydrogen carriers such as formic acid may
be considered for safety reasons, as formic acid decomposes to
form H, and CO, at the Pd surface.”””* However, this would
likely increase operational costs. Safety concerns can be ad-
dressed by incorporating appropriate engineering design and
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safety measures, such as “on demand” electrolytic hydrogen
generation and hydrogen sensors linked to interlocks.

Ex situ catalytic nitrate reduction of groundwater was
evaluated for a NO,~ concentration of 18 mg/L as N."”” The
optimal system consisted of three packed-bed reactors in series
with a liquid flow rate of 7 m®/h. The three reactors were
designed to catalytically reduce DO (30 kg of 1.0 wt %Pd/
y-alumina catalyst), NO,;~ (200 kg of 1.0 wt %Pd-0.25 wt %Cu/
y-alumina), and NO,” (150 kg of 1.0 wt %Pd/y-alumina
catalyst) sequentially. The water was saturated with H,
(reductant) and CO, (buffer pH) by membrane modules and
treated with NaOCI to kill biological growth before entering
the reactors. Although the system was able to reduce NO;~
below the MCL (10 mg/L as N), it could not sustainably
achieve levels of NH," below the World Health Organization
limit of 0.5 mg/L."® Fouling by biological growth and
precipitation of salts on the catalyst both affected performance.

3. IDENTIFICATION AND PRIORITIZATION OF FUTURE
RESEARCH

Future research should be aimed at (1) improving the basic
science of aqueous heterogeneous catalytic transformation pro-
cesses, (2) identifying and overcoming current barriers to
technology implementation and advancing the development of
integrated treatment processes, and (3) assessing the
economics and environmental implications of using catalytic
reduction processes for water treatment and remediation.

1. Basic Science. Future experimental work on aqueous Pd-
based catalytic treatment needs to be complemented with
advanced spectroscopic techniques (e.g, XAFS, ATR-FTIR,
STEM, SERS) and atomistic simulations (e.g, DFT) to advance
understanding of molecular-scale processes that underpin the
macroscopically observed transformation processes and rates.
Although there is a rich literature concerning heterogeneous
gas-phase catalysis, the understanding of catalysis at the metal—
aqueous interface remains in its infancy. Computational
methods describing the metal—H,O interface in the presence
of ionic adsorbates are needed. Experimental work should also
focus on obtaining improved insights into the relationships
between contaminant structure and reactivity with Pd-based
catalysts in an effort to develop useful predictive models
(QSARs, LFERs). Work is also needed to identify how the
catalyst structure is related to the observed catalytic perform-
ance, because for some contaminants slow reduction rates
translate into prohibitively high catalysts costs. Specifically, the
active sites for contaminant reduction, and mechanisms by
which addition of selected bimetals and other additives
enhances catalyst reactions with selected classes of contami-
nants need to be explored. Additionally, more in situ experi-
ments (e.g., ATR-FTIR) need to be conducted that will provide
information on important adsorbed intermediates, and thus will
aid in the determination of reaction pathways. Further
collaborative studies among researchers from various disciplines
(e.g., environmental engineers, chemical engineers, and material
scientists) are needed to accomplish these goals.

2. ldentifying Barriers to Implementation and
Development of Integrated Treatment Processes.
Practical implementation of catalytic reduction processes has
been limited due to catalyst fouling. Further efforts are needed
at pilot- and demonstration-scales in field settings to identify
technology barriers and facilitate the development of practical
strategies for overcoming these hurdles. Despite promising
findings from field studies conducted to date, 0191192 hhuch
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more research is needed to demonstrate long-term successful
treatment at a variety of field sites and with diverse classes of
contaminants.

Work is also needed to couple catalytic reduction processes
with other treatment technologies in hybrid approaches. Some
hybrid technologies have been studied, such as using
adsorbents to remove contaminants from contaminated water,
and then treating the concentrated contaminants off-stream fol-
lowing desorption from the adsorbents (e.g., hybrid ion exchange/
catalytic reduction of nitrate).>* 2%

3. Economics and Environmental Implications. Finally,
any pilot and field demonstrations need to incorporate a full
analysis of capital and operating costs that can be readily used
to assess costs in scaled up processes, enabling engineers and
regulators to make more informed decisions on technology
selection at individual sites. In addition to cost considerations, it
is also imperative that the ultimate environmental sustainability
of processes be considered when selecting technologies for site
cleanup or water treatment. New tools and approaches in life
cycle analysis permit comparison of the environmental
footprints of different remediation processes. Therefore, work
is needed to compare catalytic reduction processes with other
technologies, considering resources and energy inputs into the
various processes, as well as waste byproducts and the impacts
of processes in terms of various metrics (e.g., global warming
potential, ozone depletion potential, eutrophication, etc.). With
this type of comparison, windows of application could be defined
for catalytic reduction with respect to competing technologies.

B ASSOCIATED CONTENT
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Reaction pathways for contaminants, reaction rate constants,
and reaction conditions for data shown in Figure 2, and
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