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ABSTRACT OF THE DISSERTATION

Development of Bimetallic Heterogeneous Catalysts for Aqueous Perchlorate Reduction

by

Changxu Ren

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2021
Dr. Jinyong Liu, Chairperson

As a powerful oxidizer, perchlorate (ClO4") has found widespread use in many
energetic materials. Over the past two decades, it has increasingly drawn public attention
as a pervasive and persistent water pollutant due to the improper disposal of manufacturing
waste. Because human exposure to ClO4™ can cause thyroid malfunction, many states in
the U.S. have set the limits for CIO4 at 0.8—18 ug L™! in drinking water. The interest in
ClO4 treatment has been further fueled by the recent discovery of ClO4~ on Mars, Moon,
and meteorites, which collectively imply its wide distribution throughout the Solar System.
Thus, ClO04™ removal technologies are of great interest for water purification, disposal of

hazardous materials, and human extraterrestrial exploration.

Currently, the commonly used strategy for ClO4™ removal from drinking water is
ion exchange. While selective resins are effective in physically removing ClO4 ", challenges
persist, particularly with the disposal of enriched waste brine and spent reins. Catalytic
reduction offers a clean and complete reduction of ClO4™ to CI". However, the real-world
application of the best ClO4 reduction catalyst (Re(hoz).—Pd/C) is hampered by using a

rare-earth metal and its short lifespan in the oxidative environment. Therefore, it is

vii



imperative to develop an effective, robust, practical, and economic heterogeneous catalyst

for aqueous ClO4™ reduction.

In this work, we have studied the structure-stability relationship of rhenium
complexes and discovered that introducing a methyl group on the oxazoline moiety could
significantly enhance the overall stability of the complex. Next, we screened a series of
molybdenum (Mo) precursors to identify the active Mo species for oxygen atom transfer
reaction. Sodium molybdate was found to increase the catalytic activity of virgin Pd/C by
55-fold. This doctoral study has culminated in discovering a simple and straightforward
way to construct Mo catalyst for aqueous ClO4 reduction. The initial turnover frequency
of (L)MoOx—Pd/C (L = (NH2)2bpy) reached 165 h™!, which is the highest among all
reported abiotic ClO4 reduction catalysts. Lastly, we evaluated the performance of
(L)MoOyx—Pd/C catalyst in synthetic waste brines mimicking ion-exchange resin
regeneration. The catalyst has shown limited inhibition in concentrate salt solution and
excellent stability under oxidative stress. At the same time, the challenges of deactivation
by nitrate and ligand hydrogenation have been identified, and viable solutions were
proposed. This doctoral research showcased the power of coordination chemistry in
environmental technology innovation. It will guide the ongoing efforts to design catalysts

for a wide range of oxygen atom transfer reactions.
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Chapter 1. Introduction
1.1 Toxic Oxyanions in Water Resources

Oxyanions are a wide range of negatively charged polyatomic ions. They have a
generic formula of AxOy*", in which A represents a chemical element and O represents an
oxygen atom.! Depending on the pH and electrochemical potential, many metal and non-
metal elements can transform into oxyanions in an aqueous phase.? Oxyanions of Cr3, As*
° V8 C’, N8 Si° P S’ CI' 12 and Br'? are commonly found in various water systems.
Some oxyanions (e.g., COs? and SO42") are benign to the environment and public health.
However, other oxyanions are characterized by nonbiodegradability and/or carcinogenicity,

which can cause severe health problems.!*

The occurrence of toxic oxyanions in the aquatic system can be attributed to both
natural and anthropogenic processes. For example, the primary sources of heavy metal ions
are the natural weathering of mineral ores and improper disposal of manufacturing waste
from industrial activities.'®> The contribution of the latter has increased significantly in
recent years because of the growth of the microelectronics, electroplating, and battery
manufacturing industry.*® Non-metal oxyanions can form naturally in the atmospherict’
and geological processes.'®2° However, the discharge of oxyanion-containing waste from
manufacturing plants and runoff from agriculture activities contribute most to the

occurrence of non-metal oxyanions in the drinking water resources.?! 2

Due to their high solubility, mobility, and low retention capability in soil, oxyanions

can be carried far away from the contamination sites by ground and surface water, which



leads to the widespread of these contaminants.?® They can easily be transferred into living
organisms through ingestion, inhalation, and skin absorption.?* Because of the
nonbiodegradability, oxyanions can accumulate in the food chain. Eventually, they will
cause adverse health effects to the human being.?® Regulations and guidelines at the
national or state level have been established for oxyanions with confirmed toxicities. For
example, the U.S. Environmental Protection Agency (EPA) has set the maximum
contaminant level (MCL) for nitrite (NO2"), nitrate (NOs"), chlorite (CIO2"), bromate
(BrOs"), and total chromium (including CrO4?").26 Some oxyanions are also regulated at
the state level. For example, perchlorate (CIO4) is regulated by Massachusetts?” and
California.?® Considering their detrimental effects, removing toxic oxyanions from
drinking water resources and wastewater has become a critical issue for environmental and
public health protection. Among all the non-metal oxyanions, ClOs~ and ClOs are
considered recalcitrant oxyanions.?® % This doctoral research focuses on developing novel

treatment methods to remove CIOs™ and CIO4 anions in the aqueous phase.
1.2 Background of Chlorate

Chlorate has the formula of ClO3", in which the chlorine atom is in the oxidation
state of five. It is highly soluble in water with a solubility of 957 g L™ at 20 °C. It has been

detected in both surface and groundwater systems. 3!

Water disinfection using chlorine is a major anthropogenic source of ClO3z~
contamination in water. It is a disinfection byproduct (DBP) from the water treatment that

uses chlorine compounds, such as chlorine gas, chlorine dioxide, and hypochlorite. As a



potent oxidizing agent, hypochlorite reacts with many components in the solution. It
sanitizes a majority of microorganisms, such as bacteria, bacterial spores, and viruses.3? 33
In comparison to the gaseous chlorine, the use of hypochlorite resulted in the increased
formation of chlorate at a fairly high level despite its benefit of on-site generation, easy
transportation, and storage.®> 3 % In addition, the chlorate generation can also be
exacerbated by the storage conditions, including temperature, UV exposure, and storage
duration.® It is reported that about 30% of chlorine dioxide is converted to chlorate during
the disinfection.®”: 3 Besides the formations related to water treatment processes, the use

of herbicides, defoliants, bleaching agent production in the pulp and paper industry also

contribute to the occurrence of chlorate in the environment.3®

ClOs™ may cause many health effects by inhalation and ingestion. It has shown
adverse impacts, including gastrointestinal irritations, stomach ulcers, renal damage and
failure, cyanosis, congenital disabilities.*® %44 The lethal dose of CIO3~ was reported to be
20-gram sodium chlorate or 230 milligrams per kilograms of body.*® In the United States,
the use of weed Killers has resulted in reported cases of chlorate intoxication.!! CIOs™ can
induce hematological responses and cause damages to the red blood cells, proteins, and
amino acids. It is also responsible for the formation of methemoglobin by the oxidization
state change of the iron center from +2 to +3, which weakens its oxygen transportability.3?
44,46 Furthermore, methemoglobin can intensify the inflammatory responses in the body by
stimulating the release of cytokines and adhesion molecules, which can lead to acute renal
injury.*” Studies have also shown the carcinogenic effects of chlorate salts. Sub-chronic

exposure of potassium and sodium chlorate was reported as promotors of renal tumors.*



Regulations for ClOs™ have been reported and vary with different institutions.
ClOs™ is included in the U.S. EPA Third Contaminant Candidate List (CCL3) in 2014*
and is reviewed as a DBP in 2016.% A health reference level of ClOs™ in drinking water is
210 pug L7141 Although it is not yet regulated federally, the state of California has a

notification level at 800 ug L 1.1
1.3 Background of Perchlorate

Perchlorate (CIO4") ion has a tetrahedron molecular geometry, in which chlorine
atom is located at the center with four oxygen atoms that are located at the corners of a
tetrahedron. In ClO4 ™ ion, the chlorine atom is in its highest oxidation state (+V1I). From a
thermodynamic point of view, it is apparent that CIO4 ion is unstable concerning the
lowest energy form of chlorine, chloride (CI7). However, the spontaneous reduction of
ClO4™ to CI" has never been observed in both laboratory and natural environments at
ambient temperature.*® Therefore, CIO4™ ion is considered Kinetically stable. Additional
energy is required to overcome an activation barrier for its conversion to a lower free
energy state.’ It has been reported that mechanisms involving oxygen atom transfer and
electron transfer are required for the reduction.*® Because of its notorious lack of reactivity,
ClO4™ persists in the ground and surface water for a long time after entering the

environment.

The atmospheric reactions between chlorine and ozone are the primary natural
sources of ClO4~.2% %051 |n addition to the natural production of CIO4~, human activities

also contribute to the occurrence of CIO4 in the environment. Perchlorate salts have been



manufactured on a large scale for solid rocket fuel, fireworks, and safety flares.?? 52- |t
has also been reported that water disinfection using chlorine products can generate a certain
level of CIO4 as the DBP. Hypochlorite products degrade into ClOs~ depending on the
storage time, temperature, and humidity.36 %58 For example, the concentration of CIO4™ in
a bleach product could rise from 390 pg L™ to 8000 pg L™t in two years, as reported by

Munster.>®

In the United States, the first report identifying CIO4 in the environment can be
dated back to 1997.%° One year later, the U.S. EPA placed CIOs on the CCL1, indicating
the interest in regulating ClO4~ in drinking water.®* The inclusion of CIO4s~ on the CCL1
was primarily triggered by the discovery of contamination in Lake Mead and Colorado
River, which serve as water resources for multiple purposes by millions of people in
California, Nevada, and Arizona.®® Over the last two decades, studies have reported that
ClO4™ in over 50 states and CIO4~ has been found in various environmental matrices.?% 4°
At present, CIO4 contamination is a global issue. It has been detected in many countries,

including Canada®?, China®®, India®, Japan®, Korea®®, and Vietnam®’.

CIO4™ has been found in water, vegetables, fruits, milk, and other dairy products,
which poses a risk for populations. 32 %870 Because CIO4~ and I~ have similar ion radius
and charge, CIO4~ can competitively inhibit the iodide uptake in the thyroid.”* The low I~
level can lead to insufficient production of thyroid hormone. The thyroid hormone
regulates growth and cellular metabolism. Patients without adequate storage of the thyroid
hormones can suffer from goiter and hypothyroidism.”® The lack of thyroid hormone can

also cause neurological and cognitive deficits for infants.” ™



Due to the toxicity and adverse health effects of ClO4", efforts have been made to
determine its environmental occurrence and evaluate its acceptable levels. In 2005, the U.S.
National Academy of Science reported an acceptable concentration of 24.5 pug L™ in
drinking water, calculated based on a reference dose at 0.07 pg kg * day* and daily water
ingestion at 2 liters.” In 2008, the U.S. EPA set a series of threshold levels from 2 to 25
ug L7 ClO4 concentration in drinking water is also regulated by the state guidelines
and regulations for water quality. For example, California has set the MCL of 6 pg L2,
lower than the U.S. federal MCL of 15 ug L. In addition, in 2015, the California Office
of Environmental Health Hazard Assessment published a public health goal of 1 ppb in

drinking water.”® 77
1.4 Current Treatments and Challenges

Since the CIO4~ was added to the CCL1 by the U.S. EPA in 1998, numerous studies

have been conducted for CIO4™ treatment. Based on the working principles, reported ClO4

removal methods can be classified into physical, chemical, and biological approaches.
1.4.1 Adsorption by Granular Activated Carbon

Powdered or granular activated carbon has been widely used in water treatment
facilities in the U.S. to remove a class of chemicals that gives bad odors or tastes to water.
Using activated carbon (AC) for ClO4~ removal would be easily achieved by retrofitting
existing processes in water treatment facilities.”® AC removes conventional contaminants
through surface complexation and electrostatic forces between the contaminant species and

the carbon surface. Virgin AC has a relatively large surface area and was expected to offer



a huge capacity to absorb ClIO4™ in water. Experiments using virgin AC for CIO4~ removal
have been conducted. It has been observed that virgin AC was not an effective adsorbent
for ClO4~.”° However, the surface property of AC is primarily determined by various
functional groups such as carboxylic, lactonic, and phenolic.2% Although virgin AC was
ineffective for aqueous ClO4~ removal, its adsorption capacity can be improved after
appropriate surface modifications. Over the years, multiple effective strategies have been
developed for surface modifications. Most surface modifiers are surfactants containing
quaternary ammonium (QA) functional group because the permanent positive charge on
QA enhances the electrostatic interaction between the carbon surface and the negative
charged ClO4™ ion. Some previously studied surfactants include decyl trimethyl ammonium
bromide (DTAB), tributyl heptyl ammonium bromide (THAB), muyristyl trimethyl
ammonium bromide (MTAB), cetyl trimethyl ammonium chloride (CTAC), cetyl
pyridinium chloride (CPC), cetyltrimethylammonium bromide (CTAB), and
cetyltrimethylammonium chloride (CTAC).8 The improvement of adsorption performance
by surface modification is rather significant. For example, when using virgin AC for CIO4~
removal in natural groundwater matrix, the effluent ClO4~ concentration exceeds the limit
after only 2100 bed volumes. In contrast, the surface-modified AC can treat 27000 to 35000
bed volumes before ClOs~ can be detected in the effluent.8! Because activated carbon
surface is tailored to remove CIO4™ selectively, additional measures are needed when co-
contaminants exist. For instance, to remove arsenate and ClO4™ in the groundwater, iron

hydroxide can be used to eliminate arsenate selectively.®?



To avoid frequent regeneration, surface modification of virgin AC is necessary.
However, the decoration of cationic surfactants on the carbon surface will increase the
manufacturing cost. Furthermore, the weak binding between modifiers and the carbon
surface may cause surfactants to leach after a long treatment time, which needs additional
treatment to prevent secondary pollution. Besides, CIO4 ™ ions retained inside the activated

carbon need further treatment.
1.4.2 Removal by Membrane Technologies

Membrane technology is an emerging and advanced water treatment process that
has been widely used in desalination, disinfection, and removal of synthetic chemicals.®? It
simply uses a physical barrier to separate water molecules from the pollutants such as
bacteria, viruses, organic and inorganic substances, and aqueous salts. Several types of
membrane operations are commonly used in water treatment. They include microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Among these
pressure-driven membrane operations, MF membranes have the largest pore size, which is
typically used to remove large particles and microorganisms. RO can be considered non-
porous, which can separate water molecules from aqueous salts and many organic
chemicals. The membrane operations can be classified into high-pressure-driven and low-
pressure-driven membrane operations.?* 8 Clearly, operations with smaller membrane

pore sizes (e.g., RO and NF) require higher pressure.



RO, NF, and UF have been extensively studied for aqueous ClIOs~ removal among
all membrane technologies. The reported methods can be classified into charge-based and

size-based exclusion based on the rejection mechanism.

For charge-based separation, a study has evaluated the rejection efficiency of ClO4~
at a concentration of 100 ppb by NF and UF membranes.® In a water matrix without
competing ions, the results indicated that the negatively charged membrane could reject
CIO4 ion, even though the membrane pore size is greater than the size of ClIO4 ion. This
rejection capability might be attributed to the electrostatic interaction between the
membrane surface and the ClO4  ion. However, they also found that this interaction is

quickly lost when there are a sufficient amount of co-existing anions in the water matrix.

Besides charge-based separations, size-based exclusion has also been investigated.
Among size-based separations, RO has no limit requirement on the size of an ion. RO
membrane may reject all ions in the solution and only allows water molecules to pass
through.”® RO is effective. However, high pressure needs to be maintained for ClOs
separation, which may increase the operational cost. One alternative strategy is to use low-
pressure membrane filtration in combination with chelate formation. One example is
polyelectrolyte enhanced ultrafiltration (PEUF).8” The operation of PEUF involves the
addition of a water-soluble polyelectrolyte, which carries the opposite charge to that of the
ions to be removed from the contaminated water. In the case of ClOs+ removal, the
polyelectrolyte should carry a positive charge. The complexation of ClOs  with
polyelectrolytes leads to the formation of CIO4 —polyelectrolyte complexes, which the UF

membrane can reject. The removal efficiencies of ClOs~ by multiple polyelectrolytes have



been studied. For example, a study reported that the removal efficiency of ClO4 ion by
poly(diallyl dimethyl ammonium) chloride (PDADMAC)-enhanced ultrafiltration could
reach 90% in a water matrix without competing ions.! However, with competing ions such
as sulfate and nitrate, the removal rate was reduced to 60% to 80%. Later, a comparative
study of poly (4-vinyl pyridine) (P4VP)- and PDADMAC-enhanced ultrafiltration for
ClOs~ removal was published. The authors discovered that the complexation between
ClOs~ and P4VP was affected by the solution pH, polyelectrolyte concentrations, and

competing ions.®®

Overall, pressure-driven membrane technology is a promising technology for
eliminating CIO4 from drinking water. However, challenges remain. Efforts need to be

made to prevent membrane fouling and address the issues of CIO4™ in the retentate.
1.4.3 Removal by lon-exchange

lon exchange (IX) is another commonly used treatment method in water treatment
plants. It is a process in which ions exchange between two electrolytes or between an
electrolyte solution and a complex. In drinking and wastewater treatment processes, ion
exchange resins have been widely used for the purification, separation, and
decontamination of undesired ions.®® Before ClOs~ became a publicly concerned
contaminant in drinking water, the strong base anion (SBA) exchange resins have been
observed high affinity to CIO4~.%° A study has investigated an array of fifteen commercial
SBA resins for ClOs~ removal.®* These resins can be classified into three matrixes (e.g.,

polystyrene, polyvinyl pyridine, and polyacrylic) and nine functional groups. From the
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isotherm experiments, the authors have determined the perchlorate-chloride separation
factors for the selected 15 resins. They discovered that the separation factors could vary
over three orders of magnitude. The resins of polystyrene-divinylbenzene polymer matrix
with triethylamine and tripropyl amine functionalities have been identified as high
selectivity for ClO4~. However, these resins also showed high selectivity toward nitrate.
Therefore, these resins are not recommended for the treatment of water containing both
nitrate and perchlorate. Besides nitrate, adsorption experiments of ClOs  were also
conducted with other co-contaminants. Study by Gu et al. showed that the bifunctional
resins, which contain both long and short trialkyl functional groups, outperformed the
conventional monofunctional resins when the water has low CIO4~ and high concentration
of competing anions.®? However, the desorption of ClIO4~ from the bifunctional resins by a

HClI solution (0.01 M) was found to be ineffective.

IX is considered the most effective and promising method for removing trace CIO4~
(10-100 ppb) from drinking water, but it has some intrinsic drawbacks.”® First, the resins
must be functionalized with various quaternary ammonium ions to increase the selectivity
of ClO4~, which increases the manufacturing cost. Furthermore, a higher affinity between
ClO4~ and resins makes the regeneration of resins unattainable. Considering the high
manufacturing cost of resins, one-time use of these resins makes IX economically
unsustainable. In addition, direct disposal of the spent resins can reintroduce CIO4™ back
into the environment. The lack of an effective CIO4~ decomposition method leaves no
choice but to incinerate the spent resins when they exhaust.® For future researches, efforts

can be made to address the effects of co-existing ions and the regeneration issues with
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selective resins. Moreover, 1X technology can be coupled with other novel methods to

decompose ClO4 chemically.
1.4.4 Chemical and Biological Reduction

In comparison to physical removal processes, chemical and biological approaches

can provide a complete solution if ClO4 ™ is reduced to the innocuous CI™ ion.

As discussed in the background section, the reduction of CIO4 in the aqueous
solution is a thermodynamically favored reaction. The redox potential of CIO4™ is +1.226

V_49
ClOo; +2e~ +2H* - ClO5 + H,0 E = +1.226V

However, the kinetic measurements of the reduction rates indicate that the reactions
are inhibited. No appreciable reaction rates have been observed at ambient temperature and
pressure between ClIO4~ and common reducing agents used in environmental remediations.
These reducing agents include sulfite,% dithionites,®* and zero-valent iron%. With
conventional reducing agents, harsh reaction conditions such as high temperature and
pressure, excess reagents, and strong acidic conditions were usually used to achieve
noticeable reaction rates.*® It has been concluded that the kinetic inertness of CIOs~ comes
from its tetrahedral structure. The nucleophilic attack to the tetrahedrally bound chloride
center may form a five-coordination reaction intermediate. The expansion from the
tetrahedral to either trigonal bipyramidal or square pyramidal coordination geometry seems

to be energetically unfavorable, causing reaction kinetics' overall sluggishness.*®
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In recent years, the biological reduction has shown promise for large-scale
applications. Microorganisms have evolved sophisticated but highly efficient enzymatic
machinery to utilize oxyanions as metabolism substrates.®® A widely accepted perchlorate-

reducing pathway is the following:
Cloy - Clos - Clo; - ClI™ + 0,

In this process, two key enzymes are involved. The (per)chlorate reductase fulfilled
the reduction of CIO4 to CIO2". Then, the transformation of CIO,™ to CI™ and O> is
achieved by chlorite dismutase.®” Inside the protein pocket of the enzymes, the active site
for CIO4™ reduction is the cofactor. Cofactors, mostly non-protein organic molecules or
ligand-coordinated metals (e.g., Fe, Mg, Co, Cu, Zn, and Mo), assist enzymes in various
biological activities.’” ® For example, a Fe-containing hemoprotein, cytochrome, plays a
critical role in generating adenosine triphosphate (ATP).% Inside (per)chlorate reductase,
a highly active molybdenum cofactor (Mo-co) that enables the OAT reaction from CIO4~
to the Mo center.!® Mo-co has been found in most living systems, including
microorganisms, plants, and animals. % The structure contains an organic thiolate ligand.®’
Many OAT reactions associated with the metabolism of nitrogen, sulfur, chlorine, and

carbon can be mediated by the Mo-co containing enzymes.'%

A variety of perchlorate-reducing strains (PRS) have been isolated from the
environment or bioreactors. The isolated PRSs are either chemoautotrophic or
chemoheterotrophic bacteria. These bacteria are commonly used in the ex-situ treatment

process, which is suitable for treating concentrate ClOs  waste streams. Ex-situ
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bioremediations are commonly implemented by either fluidized-bed or fixed-bed biofilm
reactors with ethanol, acetate, or lactate electron donors. 8 Granular activated carbon, glass
beads, or buoyant polypropylene rings are employed as support media.'%> 1% Fix-bed
bioreactors are effective in ClO4 removal. For example, when the influent concentration
of ClIO4 is 40 ppb, a complete reduction to CI™ can be achieved with an empty bed contact
time of 8 hours in a single-pass plug flow operation.®® In addition, the effects of dissolved
oxygen level'®, co-existing ions concentration'%> 1% and backwashing frequency*®” on the
bioreactor performance have been studied by multiple researchers. Overall, bioremediation
is a promising treatment method. To further explore the potential of biological reduction
technology, it is desirable to increase the effectiveness of the biological process, shorten

the operation cycle, and investigate the health effects associated with the microorganisms.
1.5 Catalytic Reduction of Perchlorate
1.5.1 Perchlorate Reduction with Hydrogenation Catalysts

Catalytic reduction by supported hydrogenation catalysts is another emerging and
promising water treatment method. In reducing target species, hydrogenation metals
generate highly reactive atomic hydrogen (He) via dissociative adsorption of H2 gas. Then,
the reactive He can reductively transform co-adsorbed water contaminant substrates. In
practice, the hydrogenation metal nanoparticles (e.g., Cu®, In®, Au®, Ir°, Pd®, Ru®, Pt°, and
Rh% are commonly immobilized onto the heterogeneous supports to enhance metal
dispersion and to facilitate catalyst handling. Common supports include activated carbon

(C), alumina (Al;03), and silica (SiO)."%¢11°
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These catalysts have shown effectiveness in reducing a variety of toxic oxyanions
including ClIO3™, ClO4~, BrOs~, and NO3~.1*! For instance, an Ir/C catalyst was prepared by
impregnating mesoporous carbon support with solutions of HalrCls.'*? The resulted
catalysts were evaluated for ClIOs™ reduction in concentrated solutions of NaCl, which
mimics the NaCl brine in the chloralkali process. The reduction rate was dependent on the
solution pH, Ir loading in the catalyst, dispersion, and distribution of Ir nanoparticles on
the support. Among tested formulations, the catalyst with 5 wt % of Ir was identified to
provide the best performance. The authors found that Ir catalysts are resistant to
concentrate NaCl compared to other hydrogenation catalysts. The best catalyst was used
for up to 18 rounds of ClOs™ reduction and the authors claimed that the catalyst is stable

during long-term testing.

When necessary, a second metal can also be immobilized onto the heterogeneous
support to combine the desired properties of both metal catalysts. For instance, Cu-Pd and
In-Pd bimetallic catalysts were prepared to reduce NOs  ions while improving the
selectivity of nitrogen gas.**® As discussed previously, a step involving the oxygen atom
transfer is necessary for CIO4™ reduction. In order to enhance the overall reduction rate,
high-valent oxo transition metals were employed as the second metal catalyst. To date, the
highest CIO4~ reduction rate was achieved by a rhenium complex.!** The brief history,

activities, and imperfections of the rhenium complex are discussed in the following section.
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1.5.2 Perchlorate Reduction with Rhenium Complexes and Challenges

Over decades of development, high-valent oxorhenium complexes have become
one of the versatile tools in the toolbox of organic and inorganic chemists.'>?% Because
of their ability to transfer oxygen atom from oxygen donors to the substrates, oxorhenium
complexes can catalyze a broad spectrum of oxidation reactions, including epoxidation of
alkenes, 2412 syntheses of sulfoxide and sulfone,'?% 127, and oxidation of organosilanes.'?®
Oxophilic rhenium (Re) complexes, on the other hand, are excellent oxygen atom acceptors.
A variety of functional Re catalysts have been designed, studied, and utilized for the
deoxygenation of carbonyl compounds,*?® 13 the deoxydehydration of renewable biomass
derivatives3133 and the reduction of nonlabile oxyanions.*3* 1*> Among the fascinating
features of Re complexes, the most attractive one to environmental chemists is their
remarkable ability to catalyze the reduction of ClIO4~, which is a notoriously inert and
pervasive water contaminant.5> *¢ The first report of the reduction of CIO4~ by in-situ
generated methylrhenium dioxide (MDO) can date back to 1995.%" Later, ligands of 2-(2’-
hydroxyphenyl)-2-oxazoline (hoz),*** 1% 2-(2’-hydroxyphenyl)-2-thiazoline (htz),**® and
N,N -bis(salicylidene)-1,3-diamino-2,2’-dimethylpropane (saldmpen)'3* were introduced
to Re center to overcome the setbacks of MDO, such as facile polymerization, the
requirement of highly acidic reaction environment (pH = 0) and the need of potent reducing
agents to regenerate.'? The outstanding catalytic activity of ReY(0)(L)2Cl complexes (L =
hoz or htz) motivates researchers to develop a water-compatible catalyst by

heterogenization of Re active sites with supported hydrogenation metals (e.g., Pd®%/C and
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RhY%/C).114 141 Under 1 atm H, and room temperature, such catalysts enable complete

reduction of CIO4 into CI™ via OAT reaction.4

The development of functional oxorhenium complexes, however, is not without
challenges. One major obstacle that jeopardizes their practical application is the
deactivation of active sites via hydrolytic decomposition.!*: 142 Upon the reduction of
ClO4~, ReY(O) active sites are transformed to the oxidized state, Re"(O).. Although
reducing agents can quickly regenerate the active sites, the heterogenized Re¥"'(O), can
react with water resulting in the formation of perrhenate (ReO4) and free ligands, thus
irreversibly loses the unsurpassed activity for CIO4~ reduction.t®® 142 In most scenarios, the
reduction and formation of Re“'(0), are in dynamic equilibrium, maintaining a low
concentration of ReY"(0). species.!® Therefore, the deactivation is not significant, which
might explain why people often overlooked and a dearth of study has focused on the
investigation of decomposition. Nevertheless, when the equilibrium is disrupted, for
example, the formation rate of Re""(O); is accelerated by reacting with a mass of reaction
intermediates (e.g., CIOx", x = 3, 2, 1), the accumulation of ReY"(0), can cause severe
decomposition.**? Although eternal catalysts do not exist, it is believed that minimizing the
rate of deactivation can be highly beneficial to prevent a misinterpretation of kinetic results,
to avoid a waste of Re element during the reaction, and to promote the real-world

applications of the catalysts.

Recently, two strategies were developed to regulate the deactivation of the
heterogenized Re(O)(hoz).Cl complex. In the first approach,'#? a supported Rh° catalyst

was used to scavenge highly active reaction intermediates because Rh® nanoparticles
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exhibited higher reduction activity to CIOx™ than Pd° catalyst.!* This method mediates Re
element leaching from 26 % to 5 % of total immobilized metal in the course of ClO4~
reduction.**? The strategy is straightforward and effective, but 5 % metal leaching is still
unacceptable for any practical use. Also, Rh has a lower natural abundance than Pd, which
further limits its practical viability.!*® The second approach involves the structural
modification of the hoz ligand.}** A heteroleptic Re(O)(hoz)(htz)Cl complex was
synthesized by replacing one hoz ligand with htz. The substitution of the oxazoline O in
hoz by the thiazoline S in htz leads to decreased electron density at the metal center, which
detunes the OAT activity.!** 140 The metal leaching detected in the reduction of 4 mM
ClO4~ with the hybrid complex is minimal (e.g., 1 % of the total immobilized complex).
However, at the same time, because of the detuned activity Re(O)(hoz)(htz)Cl is expected
to be less effective than Re(O)(hoz)2Cl complex in the reduction of 1 mM CIO4~, where
the decomposition is less prominent. Therefore, complex Re(O)(hoz)(htz)Cl is not suitable

for ClO4 reduction with various initial concentrations.

Overall, the ReV(0)(L)2Cl complexes are effective for aqueous ClO4~ removal.
However, the practical application of Re-Pd/C catalyst is greatly hindered by the use of
rare-earth metal and its short lifespan. Therefore, ongoing needs are to design new Re
complexes that are stable in challenging reaction conditions and find a relatively abundant

metal that promotes the OAT reactions.
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1.6 Research Objectives

This doctoral research aims to develop an effective, robust, practical, and economic
heterogeneous catalyst for aqueous CIlO4  reduction. The specific objectives are the

following:

Objective 1: Investigate the structure-stability relationship of Re complexes and

design new complexes with enhanced stability and activity.

Chapter 2 addresses Objective 1 and showcases the significant effect of simple
ligand modification in improving catalyst stability for ClO4~ reduction. Insights on the
heterogeneous catalyst design from Re-based catalysts provide the critical knowledge basis

for developing Mo-based catalysts.

Objective 2: Identify active Mo species for oxygen atom transfer reaction.

The highly active Mo cofactor in metalloenzymes suggests a great promise of
developing Mo-based ClO4™ reduction catalysts. Limited work has been done to investigate
the OAT activity of molybdate and its polyanions in the aqueous phase. In Chapter 3, a

series of water-soluble Mo isopoly and heteropoly anions are studied for their OAT activity.

Objective 3: Achieve high catalytic ClO4 reduction activity and understand

reaction mechanisms at the heterogeneous surface.

In biological systems, the assimilated molybdate oxyanion must be complexed with
dithiolene ligands to gain biological activity. Inspired by biological systems, we enhanced

the OAT activity of molybdate by introducing organic ligands. Chapter 4 describes a
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simple and straightforward way to construct highly reactive CIO4 reduction catalysts from
molybdate and common nitrogen ligands. The catalyst characterization and heterogeneous

reaction mechanisms are also discussed.

Objective 4: Evaluate critical aspects regarding the practical application of Mo-

based heterogeneous catalyst.

Chapter 5 evaluates the catalysts' activity, stability, and longevity in the pertinent
water treatment conditions. The challenges that are closely related to practical applications
have been identified, and viable solutions were provided. The formulation of the catalysts

was also optimized to improve the cost-effectiveness of the catalyst.
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Chapter 2. Bioinspired Catalytic Reduction of Aqueous Perchlorate by One Single-

Metal Site with High Stability Against Oxidative Deactivation

This chapter is based on, or in part a reprint of the material as it appears in Ren,
C.; Liu, J. Bioinspired catalytic reduction of aqueous perchlorate by one single-metal site

with high stability against oxidative deactivation. ACS Catalysis, 2021, 11, 6715—-6725.
2.1 Abstract

Reduction of perchlorate (ClO47) with an active and stable catalyst is of great
importance for environmental, energy, and space technologies. However, after the rate-
limiting oxygen atom transfer (OAT) from inert ClO4 ", the much more reactive ClIOx™ (x<3)
intermediates can cause catalyst deactivation. The previous Re—Pd/C catalyst contained a
[ReY(0)(hoz)2]* site (Hhoz = 2-(2'-hydroxyphenyl)-2-oxazoline) and readily reduced
ClO4™, but CIOx™ intermediates led to rapid formation and hydrolysis of [Re"!(O)2(hoz).]*.
While microbes use delicate enzymatic machinery to survive the oxidative stress during
ClO4 reduction, a synthetic catalyst needs a straightforward self-protective design. In this
work, we introduced a methyl group on the ligand oxazoline moiety and achieved a
substantial enhancement of catalyst stability without sacrificing the performance of ClO4~
reduction. A suite of kinetics measurement, XPS characterization, reaction modeling,
stopped-flow photospectrometry, and *H NMR monitoring revealed the underlying
mechanism. The most critical and unexpected effect of the methyl group is the deceleration
(for two orders-of-magnitude) of OAT from CIO;™ to [ReV(O)(Mehoz),]*. However, the

rate of OAT with ClOs4 was not affected. The methyl group also slowed down the
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hydrolysis of [Re¥(0).(Mehoz).]*, and allowed the introduction of methoxy onto the
phenolate moiety to further accelerate ClO4  reduction. With 1 atm H. at 20°C, the
Re—Pd/C catalyst used [Re"(0)(MehozOMe).]* as the only reaction site to reduce multiple
spikes of 10 mM CIO4 into CI” without decomposition. This work showcases the
significant effect of simple ligand modification in improving catalyst stability for high-

performance CIO4 reduction.
2.2 Introduction

Over the past two decades, perchlorate (CIO4") has increasingly drawn public
attention as a pervasive and persistent water pollutant due to the improper disposal of
energetic materials and natural atmospheric formation.'* Because excess exposure to
ClO4™ can cause thyroid malfunction,® many states in the U.S. have set the limits for ClO4
at 0.8—18 pg L™t in drinking water. ® The interest in CIO4~ has been further stimulated by
the recent discovery of ClO4~ on Mars,”*° Moon,! and meteorites,'! 12 which collectively
imply its wide distribution throughout (and perhaps beyond) the Solar System.% 3 Thus,
the reduction and utilization of ClOs have considerable importance for human’s
extraterrestrial exploration by removing chemical hazard, improving soil habitability,

providing life support, and fueling vehicle operations.*

While ClO4 is highly inert under ambient conditions, microorganisms have
developed delicate enzymatic machinery for CIO4™ reduction (Figure 2.1a). The sequential
2e” reduction of ClO4 to CIOs™ and CIO;™ are fulfilled by (per)chlorate reductase, which

contains a molybdopterin-coordinated Mo cofactor as the active site.™® A series of Fe-S
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clusters, heme complexes, and electron shuttle compounds enable the electron transfer and
redox cycling of the Mo cofactor.'528 The further reduction of CIO2™ in the same pathway
will generate highly reactive HCIO/CIO™ (pKa 7.5), which can irreversibly inactivate the
enzyme by reacting with both the metal factors and the protein.'® Thus, a second enzyme,
chlorite dismutase, uses a heme factor to convert CIO,™ into innocuous CI~ and 02.%°
However, CIO™ can still be released from approximately 1 out of 100 reaction cycles.*®
Another defense mechanism against CIO™ is realized by a methionine-rich periplasmic
protein.?* The oxidized sulfoxide product is regenerated by a methionine sulfoxide
reductase that uses a Mo cofactor.?? Therefore, the rapid and robust microbial reduction of

ClO4 ™ is achieved through the cooperation of all components and functions.?

Significant efforts have been taken to design synthetic metal catalysts that mimic
biochemical principles to reduce ClO4~ and other oxyanions.?**° In particular, we have
developed a bioinspired Re—Pd/C catalyst, in which the single-site [ReY(0)(hoz).]*
complex (hoz = 2-(2'-hydroxyphenyl)-2-oxazoline), Pd° nanoparticles with Hz gas, and the
porous carbon (Figure 2.1b) mimic the three essential components of the enzyme system-
the Mo cofactor, the electron transfer chain, and the protein support.?® While homogeneous
metal catalysts are moisture-sensitive?* 2% 30 or require special electron donors such as
hydrazine, ferrocene, sulfide, and phosphine,?*?® the heterogeneous Re—Pd/C platform
enables rapid reduction of aqueous CIO4~ by 1 atm H at 20 °C.28 However, upon rapid
oxidation by the highly reactive CIOx™ intermediates, accumulated [Re¥"(O)2(hoz).]* in the
ReVV! cycle is subject to irreversible hydrolysis (Figure 2.1c).3! Because simplicity is

essential for both bioinspired design and practical application, the multi-component
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defense mechanism used by microbes cannot be readily mimicked in a synthetic catalyst
system. Therefore, a novel “self-defense” mechanism for the Re site against oxidative
deactivation is of great interest to both catalytic science and engineering. In other words,
can we develop a single-metal site that is both active and stable without a multi-component

protection mechanism? If yes, how simple is the design of such a metal site?

In this contribution, we report on the discovery and elucidation of a surprising and
advantageous structure-stability feature. Without lowering the rate of CIO4 reduction, the
introduction of a methyl group to the original hoz ligand substantially slowed down (1) the
oxidation of the Re" site by CIOx intermediates and (2) the hydrolysis of the ReV! site.
The “evolved” catalyst exhibited high stability against oxidative deactivation and thus
significantly enhanced the performance in CIO4 reduction. This simple ligand
modification provided effective protection of the reactive site, demonstrating a novel
strategy to design catalysts with a single-metal site against deactivation by reaction

intermediates.
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Figure 2.1 (a) Overall microbial reduction of ClO4 including electron harvest from
organic donors, (per)chlorate reduction, chlorite dismutation, and hypochlorite scavenging;
(b) the simplified bioinspired design of Re—Pd/C; and (c) the mechanistic challenge of the
previous catalyst.

2.3 Materials and Methods
2.3.1 General Information

All chemicals and solvents were purchased from Alfa-Aesar, Sigma-Aldrich, and
Ark Pharm. Without specific notes, chemicals were used as received. Nuclear magnetic
resonance (NMR) and X-ray single-crystal structure determination were conducted at the
Analytical Chemistry Instrumentation Facility (ACIF) at the University of California,
Riverside. Elemental analyses were conducted by the Microanalysis Laboratory at the
University of lllinois at Urbana-Champaign. Both the HLx o ligands and ReV(O)(Ln-0)2Cl
complexes are stable under air. Unless noted, all experimental procedures were conducted
under air. SAFETY NOTE: Although NaClO4 and LiClO4 are not categorized as explosive
chemicals, cautions should be taken after they are mixed with metal complexes in organic
solutions. One cannot exclude the possibility of forming potentially unstable products after

a long-term storage of the mixture.
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2.3.2 Preparation of HL~-o Ligands

The corresponding 2-hydroxybenzonitrile (1.5 mmol), amino alcohol (1.6 mmol),
ZnCl> (4.1 mg, 0.03 mmol), and toluene (3 mL) were loaded in a 15-mL glass pressure
vessel. The mixture was refluxed at 110 °C for 24 h. After the reaction, the solvent was
removed by rotavap. The crude product was extracted with 3 mL of Et2O five times. The
combined organic phase was dried, and the residue was re-dissolved in a minimal amount
of EtOAc. Silica gel flash chromatography was used to isolate the product with an eluent
of 4:1 hexanes/EtOAc. Solvent removal by rotavap afforded a yellowish oil, which
solidified after being placed under —20°C overnight and remained solid at room

temperature.

Hhoz (L1). The starting materials were 2-hydroxybenzonitrile and ethanolamine.

Synthesis and characterization data have been reported previously.?®

Hhoz(5MeO) (L2). The starting materials were 2-hydroxy-5-methoxybenzonitrile
(224 mg, 1.5 mmol) and ethanolamine (98 mg, 1.6 mmol). Yield: 243 mg (84 %). *H NMR
(600 MHz, CDCls) & 11.72 (br, 1H), 7.15 (d, J = 3.2 Hz, 1H), 6.98 (dd, J = 9.0, 3.1 Hz,
1H), 6.94 (d, J = 8.9 Hz, 1H), 4.42 (t, J = 9.5 Hz, 2H), 4.11 (t, J = 9.4 Hz, 2H), 3.77 (s,
3H). 13C NMR (151 MHz, CDCls) & 166.14, 154.25, 151.90, 121.08, 117.72, 111.04,

110.41, 66.92, 56.01, 53.69.

HMehoz (L3). The starting materials were 2-hydroxybenzonitrile and (S)-(+)-2-
amino-1-propanol (L-alaninol). Synthesis and characterization data have been reported

previously.®?
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HMehoz(5MeQO) (L4). The starting materials were 2-hydroxy-5-
methoxybenzonitrile (224 mg, 1.5 mmol) and (S)-(+)-2-amino-1-propanol (L-alaninol, 124
mg, 1.6 mmol). Yield: 270 mg (87 %). *H NMR (400 MHz, CDCls3) § 11.78 (br, 1H), 7.13
(d, J = 2.9 Hz, 1H), 7.01 — 6.90 (m, 2H), 4.51 (dd, J = 9.3, 7.6 Hz, 1H), 4.48 — 4.38 (m,
1H), 3.95 (t, J = 7.3 Hz, 1H), 3.77 (s, 3H), 1.36 (d, J = 6.3 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 6 164.91, 154.35, 151.91, 121.15, 117.70, 111.00, 110.34, 73.42, 61.04, 55.99,

21.58.
2.3.3 Preparation of ReV(O)(Ln-0)2Cl Complexes

The corresponding Ln-o ligand (0.324 mmol) and Re(O)(OPPh3)(SMe2)Cls (100
mg, 0.154 mmol) were first dissolved in EtOH (3 mL) in a 15 mL glass pressure vessel.
Then 2,6-lutidine (38 pL, 35 mg, 0.324 mmol) was diluted in 0.5 mL EtOH and added
dropwise by a syringe. Upon heating in a 78°C-oil bath, the mixture turned into a green
solution within 10—15 min, and the green solid gradually precipitated out. After reflux for
24 h, the suspension was cooled in an ice-water bath and filtered through a glass funnel.

The green powder was sequentially washed with EtOH (1 mL x 3) and Et.O (1 mL x 3).

ReV(0)(hoz)2Cl (1a). The ligand used was L1. Synthesis and characterization data
have been reported previously. In particular, an excess amount of 2,6-lutidine (5 molar
equivalents to Re) was necessary to ensure complete conversion of the N,N-cis isomer into

the desired N,N-trans isomer.

ReV(0)[hoz(5MeO)]2Cl (1b). The ligand used was L2. The product was a dark

green solid with minimal solubilities in common solvents, such as dichloromethane,
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chloroform, EtOAc, and acetonitrile, and methanol. *H NMR characterization showed a
mixture of two isomers. The limited solubility made it very difficult to conduct further
purification or isomer conversion. The stained-glass frit filter was effectively cleaned with
concentrated nitric acid, which quickly oxidized the green ReV stains into red ReV"". Then

the ReV!" product quickly hydrolyzed into a colorless mixture of ReO4™ and the free ligand.

ReV(0)(Mehoz)2Cl (2a). The ligand used was L3. Synthesis and characterization

data have been reported previously.® An excess amount of 2,6-lutidine was not needed.

ReV(0O)[Mehoz(5MeO)]2Cl (2b). The ligand used was L4 (67 mg, 0.324 mmol).
Yield: 90 mg (90 %). *H NMR (400 MHz, CDCls) § 7.30 (d, J = 3.3 Hz, 1H), 7.17 (d, J =
3.1 Hz, 1H), 7.08 (dd, J = 9.2, 3.3 Hz, 1H), 6.87 (dd, 1H), 6.84 (d, J = 9.3 Hz, 1H), 6.72
(d, J = 9.1 Hz, 1H), 5.43 —5.29 (m, 1H), 5.03 (t, J = 8.6 Hz, 1H), 4.78 (t, J = 8.6 Hz, 1H),
4.71 (dd, J = 8.6, 3.8 Hz, 1H), 4.61 — 4.48 (m, 1H), 4.48 (dd, J = 8.1, 6.0 Hz, 1H), 3.81 (5,
3H), 3.76 (s, 3H), 1.74 (d, J = 6.5 Hz, 3H), 1.71 (d, J = 6.6 Hz, 3H). Elemental analysis
(C22H24CIN207Re) Theoretical: C, 40.65%; H, 3.72%; N, 4.31%; Cl, 5.45%; Re, 28.64%,

found: C, 40.86%; H, 3.77%; N, 4.33%; ClI, 5.14%; Re, 28.32%.
2.3.4 Preparation of Heterogeneous Re—Pd/C Catalysts

The preparation of bimetallic Re—Pd/C catalysts followed the direct aqueous
adsorption approach.?® The information on the Pd/C material and mass transfer
considerations are available in our previous report. Specifically, Re(O)(Ln-0)2Cl
(containing 1.25 mg Re), 25 mg of Pd/C, a magnetic stir bar, and 50 mL of deionized (DI)

water (pH adjusted to 3.0 by addition of 2N H2SO4) were sequentially loaded in a 50 mL
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pear-shaped flask. Then, the flask was sealed with a rubber stopper and sonicated for 5 min
to disperse Re(O)(Ln-0)2Cl and Pd/C. Two stainless steel needles (16-gauge in diameter,
6-inch in length) were inserted into the flask through the rubber stopper. The needle with
the tip submerged in the water was the inlet of H> gas. The other needle had the tip above
the water as the gas outlet to the fume hood and the sampling port. The suspension was
stirred at 1100 rpm under 1 atm H> headspace for at least 4 h. This process yielded a
suspension of Re(O)(Ln-0)>—Pd/C catalyst (0.5 g L™, 5wt % Pd and 5 wt % Re) for CIO4~
reduction experiments. The >95% of chloride ion release from the Re(O)(Ln-0)2Cl
precursor la, 2a, and 2b was the indicator for the immobilization and activation of

ReV(0)(Ln-o)2 sites on the carbon support.?®
2.3.5 Catalytic Reduction of Aqueous Perchlorate and Sample Analysis

Catalytic reduction of 1 mM (or 10 mM) CIO4 was initiated by adding 0.25 mL
(or 2.5 mL) of NaClO4 stock solution (0.2 M) into the catalyst suspension through the H>
outlet needle. The H: flow rate was adjusted to about 1 mL min~* (1-2 bubbles per second
from the 16-gauge needle tip). A higher H> flow rate did not accelerate the reactions. For
the reduction of ClOs™, a 0.2 M NaClOz3 stock solution was used. Aliquots were collected
using 3-mL plastic syringes through the H> outlet needle and immediately filtered through
a 0.22-um cellulose membrane to quench reactions. lon chromatography (Dionex ICS-
5000 system with a conductivity detector and a 25 uLL sample injection loop) was used to
quantify the concentrations of ClOs, CIO3, and CI™ in aqueous samples. The best
separation for ClIOs~ was achieved by Dionex lonPac AS 16 analytical column using 65

mM KOH as eluent. For CIOs™ and CI™, lonPac AS 19 analytical column was used as the
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stationary phase and 20 mM KOH as the eluent. In all analytical conditions, the column

temperature was maintained at 30°C, and the flow rate of eluents was 1 mL min™2.

2.3.6 Calculation of the Turnover Number (TON) and Initial Turnover Frequency

(TOFo)

For the typical reaction setting that contains 0.5 g L™* of 5 wt% Re-5 wt% Pd/C
catalyst in water, the concentration of Re in the system is 0.134 mM. Our previous study
on 1a’ observed that the rate constant kept increasing from 0.29 to 3.5 h! when the Re
percentage increased from 1 to 10 wt%,® thus one can assume that all immobilized Re
participate in the catalysis. The TON for the Re-catalyzed oxygen atom transfer (OAT)
from 1 mM CIO4 ™ is thus 7.5. Because the direct reduction of ClOx™ intermediates by Pd/C
without Re is slower than by the Re complex, one can assume that Re participates in all
four steps of OAT through the formation of CI™. Thus, the corresponding TON is 30. Note
that the TON values reported in Table S2.1 in the Appendix A are for one batch of reaction
rather than the total number of redox cycles upon reaching the life limit of all Re sites. The
calculation of TOFg approximated the reduction of the first 5% of ClO4™ in a zeroth-order
pattern. The time for achieving 5% reduction (i.e., C/Co = 0.95) was calculated with first-
order Kkinetics: Tsy = In(0.95)/—k, where k is the experimentally measured pseudo-first-
order rate constant. Because Re has higher reactivities with CIOx™ intermediates than with
ClO4 and no CIOx product was observed, one can assume that Re sites will reduce ClOx™

intermediates before reducing another ClO4 . Therefore, TOFg = 0.05%XCox4/0.134/Ts%.
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2.3.7 X-Ray Photoelectron Spectroscopy (XPS) Analysis

For the characterization of fresh catalysts, the Re(O)(Ln-0).—Pd/C catalysts were
prepared as described above. Upon disconnecting from the Ha supply (still with the rubber
stopper to prevent air intrusion), the catalyst suspension was quickly transferred into an
anaerobic glove bag (Coy Laboratories, filled with 98 % N2 and 2 % H>). The immobilized
Re complexes are sensitive to air.?® For the characterization of used Re(O)(Ln-o).—Pd/C
catalysts, prior to the disconnection from the Hz supply, samples were analyzed by IC to
confirm that the reduction of ClIO4~ (or ClIO3™) was complete. A ceramic funnel loaded with
Whatman qualitative filter paper was used to filter the catalyst suspension under vacuum.
The black cake on the filter paper was transferred into a 20-mL glass scintillation vial,
which was placed in a sand bath at 100 °C to remove moisture from the catalyst powder.
The dried powder was then loaded onto a copper conductive tape on the XPS stub and
stored in an anaerobic chamber secured with Klein Flange. The chamber was transferred
from UC Riverside to the XPS facility at UC Irvine Material Research Institute (IMRI),
where XPS measurements were conducted on the Kratos AXIS Supra surface analysis
instrument. The binding energy was calibrated by setting the sp? C 1s peak to 284.48 eV.
Raw spectra were fit using CasaXPS (version 2.3.19). Spectra of Pd 3d (5 scans) and Re
4f (90 scans) were fit with constrained separations of spin-orbital coupling doublets (5.27
eV for Pd and 2.43 eV for Re) and doublet peak areas ratio (3:2 for 3d spectra and 4:3 for
4f spectra). The detection of ReV! in all samples is probably attributed to the introduction

of trace O during road transportation with elevation changes.
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2.3.8 Kinetic Measurement of [ReV"'(O)2(Ln-0)2]*

Hydrolysis by NMR. In an anhydrous glove box (VTI Super, filled with Np,
moisture <0.01 ppm), 3,4,5-trichloropyridine (TCPy, 1.9 mg, 10.53 pumol) and silver
triflate (AgOTTf, 3.0 mg, 11.58 pmol) were dissolved in 1 mL of deuterated acetonitrile
(CD3CN) in a 7-mL scintillation vial. TCPy was selected as the inert internal standard
because its singlet peak (6 8.57 ppm) does not overlap with any peaks of interest. The
solution was added into another 7-mL scintillation vial, which had been loaded with
ReY(0)(Ln-0)2ClI (10.53 pmol). A vigorous shake was applied to the vial, and the reaction
turned the solution into dark green (for 1a* and 2a*) or brown (for 2b*). After 3 min, white
AgCl precipitated at the vial bottom, and the organic phase turned clear. The [ReY(O0)(Ln-
0)2][OTf] solution was obtained by filtration through a glass pipette filled with glass wool.
In order to prepare [ReV"'(0)2(Ln-0)2][OTf], LiClO4 (0.3 mg, 2.6 umol) was added in the
[ReV(0)(Ln-0)2][OTH] solution. Vigorous shake was applied until the solution turned into
dark red. Afterward, 475 uL of the CD3CN solution containing ~10.53 mM [ReV!'(0)2(Lx-
0)2][OTf] was loaded into a 5-mm NMR tube. The tube cap was further sealed with
Parafilm, and quickly transferred to the NMR lab. *H NMR spectra were collected on
Bruker Avance spectrometer (600 MHz for *H). Before the addition of D20, a spectrum
was collected and labeled as “Before D20 addition”. Then 25 pL of D20 was added into
the NMR tube to initiate the hydrolysis. Immediately after a vigorous horizontal shake, the
NMR tube was injected into the instrument again. A quick shimming for the 95/5

CD3CN/D-0O media was conducted before collecting spectra at selected time intervals.
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2.3.9 Kinetic Analyses with Stopped-Flow Spectrophotometry

Oxidation of [ReY(O)(Ln-0)2]*. In the anhydrous glove box, 0.5 mM of
[ReV(0)(Ln-0)2]" and various concentrations of LiClO4 and pyridine N-oxide (PyO) (e.g.,
5-1000 mM) were prepared in anhydrous acetonitrile. The solution of NaClOz was
prepared under air with 90/10 CH3CN/H20O mixed solvent. The reactions between
[ReV(0)(Ln-0)2]" and oxidants were monitored on a stopped-flow spectrophotometer
(Applied Photophysics SX20). To minimize the hydrolytic decomposition during the
reactions, the flow circuit and optical cell were flushed with anhydrous CH3CN. The
solutions were loaded into the instrument immediately after they were taken out of the
glove box. For the collected time-dependent kinetic data, the initial rate constants were
fitted over ~5% conversion on Pro-Data Viewer (Applied Photophysics). The dependence
of initial rate constants on the concentrations of oxidants exhibited a plateau at the high
range. Nonlinear-least-squares fittings of saturation kinetics were conducted on SigmaPlot
12.5 to obtain coordination equilibrium constants (K;) and first-order rate constants for

OAT (k,).

Reduction of [ReV!"(O)2(L~n-0)2]*. The anhydrous solutions of 0.5 mM
[ReV(0)(Ln-0)2]" and 0.5 mM PyO were prepared as described above. The solutions of the
homogeneous reductant, dimethyl sulfide (DMS), were prepared at various concentrations
(5-20 mM). To minimize the hydrolysis during sample transfer under air, [Re""(O)2(Ly-
0)2]* was generated on-site by mixing 0.5 mM [ReV(O)(Lx-0)2]* and 0.5 mM PyO in the
aging loop of the sequential mixing stopped-flow spectrophotometer. After a preset aging

time (determined from the oxidation kinetics), the reduction was initiated by the subsequent
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mixing with DMS. The reaction process was followed to completion through monitoring

the maximum absorbance of [Re"'(0)2(Lw-0)2]". Plots of initial rate constants (k) versus

[DMS] were linear, and the slopes indicated the second-order rate constants (k5) for

individual [ReV"'(O)2(Lx-0)2]".
2.4 Results and Discussion
2.4.1 Catalyst Preparation and Basic Performance

To interrogate the effects of ligand structure modification on catalyst performance,
we synthesized new N,O-bidentate ligands (HL~-o) derived from the original Hhoz ligand
(HL1, Figure 2.2a). The oxazolinylphenolate structure is naturally occurring in microbial
siderophores.®® The HLxo ligands were synthesized via one-step construction of the
oxazoline ring from specific benzonitriles and amino alcohols. The ReY(O)(Ln-0)2Cl
complexes were prepared with our established method® and used as the precursor for
Re—Pd/C catalysts. Detailed procedures are described in Section 2.3 Materials and

Methods.

To enhance the reactivity of ReV with CIO4~, we first introduced an electron-
donating —OMe to the phenol moiety of Hhoz (L2). However, the synthesis of
ReY(0)(L2).Cl (1b) yielded a mixture of two products with poor solubility in most solvents,
preventing further isolation and characterization. To increase the solubility and restrict the
isomerization,?” we introduced a methyl group on the oxazoline moiety (L3 and L4) by
switching the amino alcohol building block from glycinol to L-alaninol.®* The

corresponding ReY(O)(Ln-0)2Cl products (2a and 2b) showed good solubilities in
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dichloromethane and chloroform. Comparison of *H NMR spectra with the previously
characterized 2a (Figure 2.2b, 6 4.0—5.5 for H’s on the oxazoline ring and & 1.7 for H’s of
the methyl group) confirmed the exclusive yield of N,N-trans ReV(O)(Lx_0)2Cl.%? Single
crystallography of 2b (Figure S2.1 in the Appendix A, not refined due to high-level
disorders) also confirmed the N,N-trans configuration. For comparison, the original L1 led
to the formation of both N,N-cis and N,N-trans ReV(0)(hoz).Cl (1a). Previous studies have
confirmed that N,N-cis isomers are much less active than the N,N-trans counterparts for
ClO4™ reduction.?” Therefore, the use of the minimally steric —~Me on the oxazoline moiety
mimics the biochemical replacement of glycine with alanine, and ensures the exclusive

formation of the desirable N,N-trans Re complexes.

To evaluate the activity and stability of Re—Pd/C catalysts (labeled as 1a’, 2a’, and
2b’), we immobilized corresponding Re"(O)(Ln-0)2Cl precursor (1a, 2a, and 2b) in Pd/C
with an aqueous deposition method.?® Briefly, the powders of Re complex and Pd/C were
sonicated and stirred in water suspension under 1 atm H,. Transiently dissolved Re
complex in water was adsorbed into porous carbon and immobilized by hydrophobic and
electrostatic interactions.? We observed >95% of CI™ in all three precursors released in
water, indicating a near-complete immobilization and activation of Re for the reduction of
aqueous ClO4 .28 All Re—Pd/C catalysts exhibited a rapid reduction of 1 mM CIOs by 1
atm Hz at 20°C (Figure 2.2c). The —Me substitution on oxazoline did not alter the rate of
CIO4™ reduction (1a’ versus 2a’). The —OMe substitution provided a 68% faster ClO4~
reduction (2b’ versus 2a’). As the oxygen atom transfer (OAT) from ClOs to ReV

decreases the electron density of Re, an electron-rich ligand can promote this process.
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The chlorine balance was closed by CIO4 and CI™ (Figure 2.2d). The initial 0.13 mM of
CIl™ was released from the precursor 2b (0.134 mM was added). More than 99.99% of 1
mM ClO4~ was completely reduced to CI™ within 1 h. The turnover number (TON) on each
Re site was 7.5 for the reduction of CIO4 (or 30 if all four oxygen atoms were abstracted
by the same OAT mechanism). The absence of a hydrogen-bonding motif (e.g., amino acid
residues in enzymes'® or the secondary coordination sphere in an artificial Fe complex®*)
for the metal-bound oxyanion required a slightly acidic environment (e.g., pH 3.0) to

enable OAT.%8 %

Before we further discuss the Kkinetics, we note that the heterogeneous nature of
Re—Pd/C catalysts has been confirmed in previous studies.?® 3! The direct use of Re
complex 1a?8 or 2b did not show ClO4™ reduction in the pure aqueous medium (Figure
S2.2 in the Appendix A) for two reasons: (1) the solubility of Re(O)(L)2Cl in water is low
and (2) the Re(O)(L)2ClI precursor cannot spontaneously release the chloro ligand to allow
the coordination with ClIO4. The hydrophobic and electrostatic interactions between the
Re complex and carbon surface provides unique advantages for the heterogeneous system.
When cationic 1a* and 2a* (the CI™ in 1a and 2a was removed by AgOTTf) were dissolved
in acetonitrile for homogeneous LiClO4 reduction by alkyl sulfides, 2a* was quickly
inhibited by the CI” from CIO4 reduction, whereas the activity of 1a* sustained longer
(Figure S2.3 in the Appendix A). Product inhibition by CI~ was also observed from a
homogeneous Fe catalyst.?* % In stark comparison, 1a’ and 2a’ showed almost identical
activity (Figure 2.2c). The immobilized Re complexes interact more strongly with the

carbon surface than with aqgueous CI™. During the aqueous deposition process, >95% of CI~
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in ReV(0)(Ln-0)2Cl precursors were expelled into the aqueous phase. Compared to the high
sensitivity of [ReY(O)(Ln-o0)2]" with CI™ in the acetonitrile solution, the 0.13 mM of Re in

Re—Pd/C catalysts was only partially inhibited even in the presence of 10-50 mM CI™ (vide

infra).
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Figure 2.2 (a) Synthesis of HLx o ligands and Re"(O)(Ln-0)2Cl complexes; (b) comparison
of 'H NMR spectra for 2a? and 2b with signals of the two 4-methyloxazoline moieties
highlighted in blue; (c) degradation profile of 1 mM CIO4~ by Re—Pd/C catalysts (0.5g L2,
5 wt% Re and 5 wt% Pd, pH 3.0, 1 atm Hz, 20°C); and (d) the chlorine balance using the
Re—Pd/C prepared from 2b.

2.4.2 Catalyst Stability Against Oxidative Deactivation

While the higher activity of 2b’ than 1a’ was expected, to our surprise, 2b’
exhibited high stability against oxidative deactivation. For the reduction of 1 mM CIO4",
the apparent first-order rate constant by 2b’ was 68% higher than that by 1a’ (Figure 2.2c).
However, the rate constants for 10 mM CIO4 (TON=75 for ClO4 or 300 for abstracting

all four oxygen atoms) by 2a’ and 2b” were 8.6 and 9.7 folds higher than that by 1a’,
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respectively (Figure 2.3a). This significant difference in reducing concentrated CIO4™

implies that the Re site in 2a’ and 2b’ are much more stable than in 1a’.

We systematically assessed the catalyst stability by conducting two sets of kinetic
experiments (Figure 2.3b). In the first set, each Re—Pd/C catalyst was used to reduce 10
mM CIlO4 for 24 h, so that even the least active 1a’ could complete the reduction (Figure
2.3a). To probe whether the Re sites were still active, we added another spike of 1 mM
ClO4™ to the used catalysts and measured the reduction kinetics. Because the generation of
10 mM CI™ can slightly inhibit the Re—Pd/C catalyst by competing with CIO4 for the
reactive site,3! in the second set of control experiments, we measured the reduction of 1
mM CIlOs by freshly prepared Re—Pd/C catalysts in the presence of 10 mM NaCl
(mimicking the generation of CI~ from 10 mM CIlO4"). The significant disparity between
the two experiments for 1a’ (Figure 2.3c) suggests a major deactivation of Re sites during
the reduction of 10 mM CIOg4 . In stark contrast, 2a’ and 2b’ showed negligible difference
between the two experiments (Figures 2.3d and 2.3e). Hence, the reduction of 10 mM
ClO4 by 2a’ and 2b” did not lead to a noticeable activity loss. For a single batch of 10 mM
ClO4™, >97% and >99.98% reduction was achieved by 2b’ within 2 h and 4 h, respectively.
The initial turnover frequency (TOFo) calculated from the reduction of the first 5% of 10
mM CIO4~ was 109 h™* (or 436 h™* for abstracting all four oxygen atoms, see Section 2.3

Materials and Methods for TOFg calculation).

The high stability of catalyst 2b’ was further verified by reusing it for reducing five
spikes of 10 mM CIO4~ (Figure 2.3f). Each ClO4™ spike was completely reduced using 24

h before the next spike. The kinetics of the 5™ spike was almost the same as the control
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experiment, where freshly prepared 2b’ reduced 10 mM CIO4 in the presence of 40 mM
NaCl (mimicking the four earlier CIO4 spikes). Hence, the gradual decrease of catalyst
activity was solely attributed to the significant build-up of CI™ in the water. This high
stability makes 2b’ the most active catalyst for aqueous CIO4 reduction among all

chemical reduction systems reported to date (Table S2.1 and Table S2.2 in the Appendix

A) 343644

As elucidated in previous studies, the OAT from ClOx oxidizes [ReY(0)(Ln-0)2]"
into [ReV"'(0)2(Ln-0)2]* (steps i and ii in Scheme 2.1).2% % Organic sulfide (in the
homogeneous system) or Pd-activated H> (in the heterogeneous system) removes one 0xo
group and thus reduces ReV!" back to ReY (step iii). If the oxidation is faster than the
reduction, the accumulated [Re¥"(0)2(Ln-0)2]" is subject to hydrolytic decomposition into
ReV'"Os~ and [HzLno]* (step iv).3! Because ClO4  is much more inert than ClOx~
intermediates, we attributed the catalyst deactivation to the highly reactive ClO3~, ClO2",
and CIO™ intermediates. When the initial concentration of ClO4s  was elevated, the
concentrations of CIOx™ intermediates from the first-order reduction of ClO4~ were also
proportionally elevated, thus imposing higher oxidative “stress” to the Re sites. To confirm
this mechanistic insight, we further challenged Re—Pd/C catalysts by directly exposing
them to ClOs™ (Figure 2.4a). The one-time addition of 0.5-1.0 mM CIlO3z imposed
substantially higher oxidative stress than the gradual generation (accompanied with rapid
degradation) of ClIO3™ from the pseudo-first-order decay of 10 mM CIO4 . As shown in
Figures 2.4c and 2.4d, the one-time addition of 0.5 mM CIO3™ did not deactivate catalyst

2a’ and 2b’ in the following reduction of 1 mM CIlO4 . When CIOs™ was increased to 1
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mM, we observed deactivation to a limited extent. In stark comparison, 1a’ was severely

deactivated by 0.5 and 1 mM CIO3™ (Figure 2.4b).

We used X-ray photoelectron spectroscopy (XPS) to probe the evolution of Re
speciation in the Re—Pd/C catalysts after use under various conditions. The fresh catalyst
1a’ contained three Re species with 4f7;> binding energies (BE) of 42.8 eV, 44.0 eV, and
45.2 eV (Figure 2.4e), which are consistent with reported Re'!, ReY, and ReV",
respectively.?® The detection of Re'!' was attributed to the reduction of the oxo group in
[ReV(0)(Ln-0)2]" by Pd-activated Hy (heterogeneous) or by PPhs (homogeneous).?
Interestingly, 2a’ and 2b’ contained little Re""" (Figures 2.4i and 2.4m), probably due to
the steric effect of methyl groups in L3 and L4. However, this difference did not cause
different catalytic activities by 1a’ and 2a’ (Figure 2.2c). The detection of ReV" is caused
by the trace amount of O during the sample preparation and transfer (see Section 2.3
Materials and Methods). After the reduction of 10 mM CIO4, two new Re 4f7, peaks at
40.7 eV and 41.6 eV showed up in 1a’ (Figure 2.4f). To understand these two species, we
prepared the ReOx—Pd/C catalyst from KReO4 with the same aqueous deposition method.?
The ClO4™ reduction activity of this catalyst (Figure 2.5a) was 150 and 257 fold lower than
1a’ and 2b’, respectively. The ReV!"O4™ is reductively immobilized into low-valent ReOx
species.*®4® The XPS spectrum of ReOx—Pd/C contained a minor peak for Re'"" (42.6 eV)
and two major peaks at 40.8 eV and 41.7 eV (Figure 2.5b), which have been identified as
two different Re' structures.*”4° Thus, the two new peaks found in Figures 2.4f confirmed
the decomposition of active Re sites into ReV"'O,~ and the subsequent reduction into Re'.

The two Re' species took 42% of the total immobilized Re (Table S2.3 in the Appendix
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A). The XPS spectra after reducing 0.5 and 1.0 mM CIO3™ also showed the two Re' species,
taking 35% and 56% of the total Re (Figures 2.4g and 2.4h, Table S2.3 in the Appendix
A). Therefore, direct exposure to ClOs™ caused more severe damage to the active Re sites
than treating concentrated ClO4. Moreover, the decomposition of Re sites into ReV"'O4
and free Lx_o is a permanent deactivation because the use of ReV"O,™ and L4 (the ligand
for 2b) did not yield a higher activity than ReOx—Pd/C (Figure 2.5a). The Re speciations
were not the same (Figure 2.5¢ versus 2.5b and versus 4m—4p). This aspect also shows
that, during the catalyst preparation and normal catalysis, the Re(L~-0)2 complex remained
intact rather than underwent “dissociation and reassembly” of Re metal and free Ln-o

ligands on the carbon surface.

In stark contrast, the surface Re speciation in catalyst 2a’ and 2b’ did not show an
increase of Re' species after reducing either 10 mM CIO4s or 0.5 mM ClOs~ (Figures
2.4i-2.4p and Table S2.3 in the Appendix A). A small increase of Re' species was
observed after the reaction with 1 mM ClOs™ (Figures 2.4l and 2.4p and Table S2.3 in the
Appendix A). Thus, XPS characterization results are consistent with the kinetic data
shown in Figures 2.4b—2.4d, providing spectroscopic evidence for the high stability of Re
sites in 2a’ and 2b’. We did not further test CIO2™ or CIO™ as the more challenging
substrates because their side reactions in acidic media® may complicate the analysis and
understanding. Moreover, the stepwise reduction from CIlO4 is less likely to accumulate

CIO2" or CIO™ in high concentrations.
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Figure 2.3 (a) Degradation profile of 10 mM ClO4~ by Re—Pd/C catalysts (0.5g L2, 5 wt%
Re and 5 wt% Pd, pH 3.0, 1 atm Hz, 20°C); (b) illustration of the two-step stability test and
the control experiment; (c—e) results of the stability test showing the effect of Ln-o Structure

(the common legend is in panel d); and (f) stability challenge of catalyst 2b’ with five
spikes of 10 mM CIO4 .
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Figure 2.4 (a) Illustration of the two-step stability test using CIOs™ and the control
experiment; (b—d) results of the stability tests (the common legend is shown in panels c or
d, 0.5 g L of 5 wt% Re and 5 wt% Pd, pH 3.0, 1 atm Hz, 20°C); and (e—p) Re 4f XPS
spectra of the three catalysts under various conditions. The Re 4f7,> peaks are highlighted
with dotted lines.
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Figure 2.5 (a) Reduction of 1 mM ClO4 by Re—Pd/C catalysts prepared from KReOs with
and without L4 and (b+c) Re 4f XPS spectra of the two as-prepared catalysts. Reaction
conditions: 0.5 g L ™! of 5 wt% Re and 5 wt% Pd, molar ratio of L4:Re = 2:1, pH 3.0, 1 atm
H>, 20°C. Note the y-axis in panel a starts from C/Co = 0.9.

2.4.3 Mechanisms for the Enhanced Catalyst Stability

Based on Scheme 2.1, we developed a quasi-steady-state equation to model the rate
of removing Re(L~-o)2 sites from the catalytic cycle into decomposition (Eq. 2.1, detailed

derivation steps provided in Text S2.1 in the Appendix A):

dl6]  Kikok,

T K, [XO][Re]r (Eq.2.1)

The apparent decomposition rate of the active Re(Ln-o): site is dependent on three
reactions: the formation (K, k,), reduction (k5), and hydrolysis (k,) of [ReV"(0)2(Ln-0)2]"
(6). Because the Re—Pd/C catalysts 1a’ and 2b’ showed surprisingly different stabilities,
we expected that the rate constants of one or more steps were significantly altered by the

minor modifications of ligand with —Me on the oxazoline or -OMe on the phenolate.

Hydrolytic decomposition of [ReV!'(O)2(Ln-0)2]*. We first hypothesized that the

rate of hydrolysis for 6 (k,) determines the lifetime of Re(Ln-o0)2 sites. A slow step iv could
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preserve 6 in the catalytic cycle (Scheme 2.1). Due to the difficulty of directly probing and
modeling molecular transformations at the heterogeneous water-carbon interface, we
investigated the hydrolysis of various 6 (LA*, 2A*, and 2B*) in organic solutions by 'H
NMR (Figures 2.6, Figure S2.4, and Figure S2.5 in the Appendix A). The solutions of 6
were prepared by sequentially treating the Re¥(O)(Ln-o0)2Cl precursor 3 (1a, 2a, and 2b)
with 1 equivalent of AgOTf and 0.25 equivalent of LiClO4 in a dry box. In anhydrous
CDsCN, 6 was stable for at least three days. The *H NMR spectra showed symmetry for
the two Lno ligands. Based on the reported crystal structures of similar dioxo ReV!
complexes,* > we postulate a Co-symmetric cis-dioxo configuration for [ReV!'(0)2(Lx-
0)2]" structures in this study. Although the reported crystal structure of [ReV(O)(H20)(Lx-
0)2]" (4) has the H,0 trans to the oxo group, it is reasonable to assume that, during the
rapid catalytic cycles, both H>0 and CIOx™ coordinate with ReV center from the equatorial
site cis to the ox0.2” To normalize the peak intensities of the time-dependent spectra, we
used 3,4,5-trichloropyridine as an internal standard (8 = 8.6 ppm).®® The addition of 5%
(v/v) D20 initiated the first-order hydrolysis of 6 (Figure 2.7a) directly into ReV"'O4~ and
double-protonated free ligand [HzoLn-o]*.3* Other intermediate structures, such as the

previously reported ReV!"'(O)s(Ln-0),% were not observed.

The rate constants of hydrolysis for 2A* and 2B* were merely 20% and 33% of that
for 1A* (Figure 2.7a). Thus, the —-Me substitution on oxazoline significantly slowed down
the hydrolysis. The faster decomposition of 2B* than 2A* is probably attributed to the
increased electron density at the phenolate O, which facilitates the protonation of Lx-o and

detachment from the metal.>* > Although a slower hydrolytic step iv can, to some extent,
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help preserve 6 in the catalytic cycle, the modestly different rates of hydrolysis for the three
structures may not be fully responsible for the markedly different catalyst stability (Figures

2.3¢—2.3e and Figures 2.4b—2.4d).

Generation of [ReV!"(0)2(L~-0)2]* via OAT oxidations. We measured the kinetics
of formation of 6 from the corresponding 4 (dissolved in acetonitrile) via OAT from CIO4~,
CIOz7, and pyridine N-oxide (PyO). In anhydrous acetonitrile, 1a* and 2a* exhibit very
similar dark green color, whereas 2b* shows a dark brown color (Figure S2.6 in the
Appendix A). Because all three Re complexes have the same N,N—trans coordination
structure, the absorption redshift of 2b* is attributed to the extended conjugation by -OMe
substitution on the phenolate moiety.%® 5" We performed oxidation of 4 with excess
oxidants under pseudo-first-order conditions and monitored the fast kinetics with stopped-
flow spectrophotometry.®® After the addition of oxidants, all solutions turned into red
color?® due to the increased absorption of 380—700 nm (Figure 2.7b). The maximum
increase of absorbance from 4 to 6 (Amax = 440 nm for 1la*—1A* and 2a*—2A", and 510
nm for 2b*—2B*) were determined by subtracting the initial absorption spectra of 4
(Figure 2.7b inset and Figure S2.7 in the Appendix A). The representative time profiles
for the absorbance at Amax are shown in Figure S2.7d in the Appendix A. The initial rate
constant (k,) from such profiles at varied concentrations of ClO4~, ClOs™, and PyO are
shown in Figures 2.7¢—2.7e. All datasets showed the gradual saturation of Kinetics as the

oxidant concentrations increased.*®
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To model the oxidation of 4 to 6 (steps i and ii in Scheme 2.1) measured by the
stopped-flow experiment, we developed the non-steady-state Eq. 2.2 (detailed derivation
steps provided in Text S2.2 in the Appendix A):

d[6] _ K, k,[XO][Re]r
dt 1+ K,[X0]

(Eq.2.2)

Nonlinear-least-squares fitting of the initial rate data to Eq. 2.2 provided the
constants K; and k, for individual oxidants and Re complexes (Table 2.1). The
equilibrium constants for step i (K, for ligand exchange from the solvent to the oxygen
donor) depend on both the oxidant and Ln-o structure. Among the three oxidants, ClO4~
showed the lowest K;. This result is consistent with the well-known weak coordinating
capability of CIO4~.%® The substantially lower K, for PyO by 2a* and 2b* (17.3 and 12.1
M) than by 1a* (191 M™Y) is attributed to the steric hindrance by the methyl group on the
ligands. The K; for ClO4~ with 1a* (13.2 M™?) is also slightly higher than with 2a* and 2b*

(9.2and 9.8 MY).

For step ii, the three complexes showed very similar k, for the OAT from
coordinated ClOs~ to ReY (0.030-0.032 s1). However, to our surprise, the OAT from
coordinated ClOs™ to 1a* (12.75 s 1) was two orders-of-magnitude faster than to 2a* (0.109
s1). For the reaction with CIO3", the overall second-order rate constants (K k,) for 2a* and
2b* (3.6 and 4.4 Mt s71) were 70- and 57-fold smaller than for 1a* (251.2 M s™%, entries
2, 5,and 8 in Table 2.1). On the basis of Eq. 2.1, the substantially slower formation of 6
is beneficial for its stability. We expected similar trends for the even more reactive ClIO2™

and CIO™ substrates, but experimental attempts were not successful due to (1) the low
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solubility of NaCIlOz in pure or water-mixed acetonitrile and (2) uncontrolled reactivity of
HCIO/CIO™ with common organics. Hence, we used pyridine oxide (PyO) as a highly
reactive surrogate (entries 3, 6, and 9 in Table 2.1). For the OAT from PyO to ReV, the k,
for 1a* (10.43 M™1) was one order-of-magnitude higher than for 2a* (1.107 M1). Therefore,
the introduction of —Me on the oxazoline moiety of Lx-o not only causes a steric hindrance
for ReV to coordinate with the oxygen donor (e.g., PyO), but also slows down the OAT
from the coordinated donor (e.g., ClOs~ and PyO) to ReY. The comparison between 2a*
and 2b* shows that the —OMe on the phenolate moiety can both decrease K; and increase

k, for CIO3™ and PyO, but not for ClIO4 (entries 4—6 versus 7-9 in Table 2.1).

Notably, the profiles for the oxidation from 4 to 6 by ClOs™ contained two phases
with different reaction rates (Figure S2.8 in the Appendix A). The fast oxidation in the
first phase took only about 0.2 s for 1a*, 15 s for 2a*, and 12 s for 2b*. The much slower
oxidation in the second phase took >30 s for 1a*, >300 s for 2a*, and >150 s for 2b*. Both
phases exhibited first-order kinetics. A detailed analysis of the time-evolved absorption
spectra found the formation of Re¥(O)(Lx-0)2Cl (the precursor 3 in Scheme 2.1), which is
responsible for the relatively slow reaction in the second phase. The reduction of highly
reactive ClOz™ rapidly generates Cl~, which inhibited the reaction by competing for the
coordination site on ReY (c.f. Figure S2.3 in the Appendix A). In the homogeneous system,
the Re—Cl binding in 2a is much stronger than in 1a. Spectroscopic evidence and reasoning
are provided in Figures S2.9—S2.11 in the Appendix A. Such two-phase kinetics was less
pronounced using the much more inert ClO4, and was not observed from the reaction with

PyO.
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Reduction of [ReV!'(O)2(Ln-0)2]*. Because it is challenging to measure redox
transformations of Re in the three-phase system of H+Pd/C in water, we measured
homogeneous reduction of 6 to 4 with dimethyl sulfide (DMS) as the reductant. In a
sequential mixing flow circuit, the two solutions containing 4 and PyO (equal molar
concentration in anhydrous acetonitrile) were first mixed for a preset aging time to ensure
complete oxidation of 4 into 6. The reduction was initiated by the subsequent mixing with
excess DMS. The dependence of the reaction rate constants on DMS concentration is
shown in Figure 2.7f. The second-order rate constants were obtained as the slopes of the
linear fittings. The reduction of 2A* (842.6 M* s™1) was 82% slower than that of 1A* (4778
M~ts™). This is probably caused by the steric repulsion®? between the ligand methyl group
and DMS. We note that in the Re—Pd/C catalyst, Pd-activated hydrogen is much less steric
demanding than DMS. However, similar to the two orders-of-magnitude different
reactivity of oxidative OAT from coordinated CIO3™ to ReV (Table 2.1, k. of entry 2 versus
5), itis also possible that the —-Me substitution decreased the intrinsic reactivity of reductive
OAT from ReV" to sulfide. The comparison between 2A* and 2B~ indicates the electron-
donating effect of the —OMe substitution. The reduction of the more electron-rich 2B* is

slower than that of 2A* by 80% (171.9 versus 842.6 Mt s™1).

The overall stability of [ReV!"(O)2(Ln-0)2]*. The rate constants obtained above
allow a quantitative comparison of the decomposition rates for 6 with Eq. 2.1. Table 2.2
shows the apparent rate constants, k ;.. = Kik2ka/ks, when the substrate is CIO4~ and CIOs".

For each Re complex, kgeccio; is 1-3 orders-of-magnitude lower than kgec cios

indicating that the oxidative stress mainly comes from the highly reactive ClOy
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intermediates. The methyl group on the ligand oxazoline moiety slows down the oxidation
(K1k2) by CIO3™ for two orders-of-magnitude, while the rate of oxidation by ClIO4 was not
significantly changed (see Table 2.1 for uncertainties of the model-fit values). We
postulate that the rate constants of the reduction step (ks) measured using Me,S could be
impacted by the steric repulsion. When Pd-activated H: is the reductant, it is possible that
ks for 2a reaches the same order-of-magnitude as that for 1a (i.e., about 5-fold higher). In
such a case, k4, for 2a and 2b could be further lowered for about 5-fold, resulting in much
higher catalyst stability than 1a. Although 2b exhibited a slower reduction and faster
hydrolysis than 2a due to the electronic effect from —OMe substitution, 2b’ already showed
high stability after treating five spikes of 10 mM CIlO4™ (Figure 2.3f). Therefore, the methyl
group on the ligand oxazoline moiety played the critical role in protecting the Re site from
decomposition. It even allowed —OMe substitution for a limited enhancement of the
apparent rate of aqueous ClO4™ reduction (2b’ versus 2a’ in Figures 2.2c and 2.3a). Due
to the methyl group, the relatively limited detrimental effects from the -OMe substitution,
such as 64% faster hydrolysis (ks) and 80% slower reduction (ks, 2b versus 2a in Table
2.2), did not cause catalyst decomposition during the reduction of 10 mM CIO4 or 0.5 mM
ClOs™. Although technical challenges prevented us from measuring Ki and kz for the
reactions with CIO2™ and CIO™, we expect the trends to be similar to the observations using
CIO3z™ and PyO. Moreover, the generation of ClIO2™ and CIO™ will not cause significant
deactivation of 2b. The OAT reduction of CIOz™ (i.e., the generation of ClO2") has already

been slowed down for two orders-of-magnitude by the ligand methyl group (Table 2.1).
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Figure 2.6 Time-dependent 1H NMR (600 MHz) spectra for the hydrolysis of 2B+ (10
mM) in 5/95 (v/v) D20O/CD3CN at 20°C. The resonance indicated by the blue arrow was
used for quantitation shown in Figure 2.7a.
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Figure 2.7 (a) Time profiles of 'H NMR measured hydrolytic decomposition of
[ReV(O)2(Ln-0)2]" in 5/95 (v/v) D,O/CD3CN at 20°C; (b) the time-dependent UV-vis
absorption spectra for 1la*—1A* upon stopped-flow mixing of 0.5 mM la* and 25 mM
LiClO4 at 1:1 (v/v). Both species were dissolved in anhydrous CH3CN. The inset shows
the change of absorption after subtracting the initial spectrum (t = 0 s) from all spectra; (c—
f) dependence of the initial rate constant (k,) on the concentrations of ClIO4~, CIOs™, and

PyO (for Re" oxidation), and of DMS (for Re¥!" reduction).
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Oxygen donor  Ki k2 Kika

=Y (x0) (M) () V)
la* (from L1)
1 ClO4 13.2+21 0.032 £ 0.004 0.4
ClOs~ 19.7+1.8 12.75 £ 0.670 251.2
PyO 191.0+£7.2 10.43 £ 0.306 1992.1
2a* (from L3)
4 ClO4 92+04 0.031 £0.001 0.3
ClOs~ 33.2+83 0.109 + 0.018 3.6
PyO 17.3+04 1.107 £ 0.009 19.2
2b* (from L4)
7 Clos~ 9.8+0.9 0.030 + 0.002 0.3
8 ClOs™ 20.1+4.6 0.219 +0.029 4.4
9 PyO 12.1+0.6 2.859 + 0.092 34.6

Table 2.1 Best fitted rate constants from the data in Figures 2.7¢-2.7e with Eq. 2.2.

e Qe @00 e @O ko TG00 e (00D
la (from L2) 0.4 251.2 4778 3.9x10*  3.2x10°® 2.0x107°
2a (from L3) 0.3 3.6 842.6 7.9x10°°  2.8x10°® 3.4x107
2b (fromL4) 0.3 4.4 1719 1.3x10%  2.2x107 3.2x10°

Table 2.2 Rate constants of all steps shown in Scheme 2.1 and estimated decomposition

rate constants for Eq. 2.1.

aMeasurement of Ky in acetonitrile solution involved ligand exchange with CH3CN rather than with HO.
5The reductant was DMS and might have steric hindrance with the ligand methyl groups in 2a and 2b.
¢Second-order rate constants derived from the first-order kops for hydrolysis shown in Figure 2.7a. The molar
concentration of D,O in the 5/95 (v/v) D-O/CD3sCN mixture is approximately 2.8 M.

2.5 Conclusion

When a bioinspired catalyst system can reduce the highly inert CIO4™, the oxidative
deactivation by the much more reactive ClIOx intermediates can be a major challenge to
the reactive metal sites. Our results show that a simple ligand modification provided

multiple benefits to the catalyst development. The methyl group on the oxazoline moiety
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led to an exclusive formation of N,N-trans ReV(O)(L~-0)2Cl precursors, and protected the
Re(Ln-0)2 site from decomposition after treating multiple spikes of concentrated ClO4 (10
mM, or 1 g L ™). In comparison to the original Lx-o ligand, the added methyl group
decelerated the OAT from CIOs™ to ReV(Ln-o)2 for two orders-of-magnitude and the
hydrolysis of ReV"(Ln_0)2 for several folds. Since the rate of OAT from ClO4™ to ReY(Ln-
0)2 was not impacted, the apparent rate for aqueous ClOs reduction by the Re-Pd/C
catalyst was not lowered. For comparison, the methoxy substitution on the phenolate
moiety slightly enhanced the OAT and hydrolysis steps, but these effects were
overweighed by the effects of the methyl group on the oxazoline moiety. Overall, the
simple ligand modification with a methyl group significantly enhanced the stability of Re

site without sacrificing the rate of ClO4™ reduction.

Unlike the biological system that uses delicate enzymatic machinery to work
against the oxidative stress from ClOx™ intermediates, a bioinspired catalyst system relies
on simplicity and self-sustainability. The self-protection mechanism empowers the catalyst
to treat concentrated CIO4~ solutions using a single metal center, thus greatly simplifying
the catalyst design and preparation. We anticipate the mechanistic insights and design
strategy to benefit the development of a wider scope of catalytic systems, where the
deactivation by reaction intermediates is limiting the overall turnover number and catalyst

life.
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Chapter 3. Catalytic Reduction of Aqueous Chlorate with MoOx Immobilized on

Pd/C

This chapter is based on, or in part a reprint of the material as it appears in Ren,
C.; Yang, P.; Gao, J.; Huo, X.; Min, X.; Bi, E. Y.; Liu, Y.; Wang, Y.; Zhu, M.; Liu, J.
Catalytic reduction of aqueous chlorate with MoOx immobilized on Pd/C. ACS Catalysis,

2020, 10, 8201—-8211.

3.1 Abstract

Chlorate (ClOs") is an undesirable byproduct in the Chlor-Alkali process. It is also
a heavily used chemical in various industrial and agricultural applications, making it a toxic
water pollutant worldwide. Catalytic reduction of ClIOs™ into CI™ by Ha is of great interest
to both emission control and water purification, but platinum group metal catalysts are
either sluggish or severely inhibited by halide anions. Here, we report on the facile
preparation, robust performance, and mechanistic investigation of a MoOx—Pd/C catalyst
for aqueous CIOs™ reduction. Under 1 atm H; and room temperature, the NazMoO4
precursor is rapidly immobilized from aqueous solution onto Pd/C as a mixture of low-
valent Mo oxides. The catalyst enables complete reduction of CIO3™ in a wide concentration
range (e.g., | uM to 1 M) into CI". The addition of Mo to Pd/C not only enhances the
catalytic activity by > 55-fold, but also provides strong resistance to concentrated salts. To
probe the reaction mechanisms, we conducted a series of kinetic measurements,
microscopic and X-ray spectroscopic characterizations, sorption experiments, tests with

other oxyanion substrates, and a comparative study using dissolved Mo species. The

74



catalytic site is the reduced MoOxy species (primarily Mo'V), showing selective and proton-
assisted reactivity with CIOs™. This work demonstrates a great promise of using relatively
abundant metals to expand the functionality of hydrogenation catalysts for environmental

and energy applications.
3.2 Introduction

Catalytic reduction of toxic chlorate (ClIO3") has significant values for both
industrial sustainability and environmental protection. More than 4 million tons of KCIO3
are manufactured worldwide each year by the electrochemical Chlorate Process.! 2 Heavy
uses of chlorate in various industrial and agricultural applications (e.g., pulp bleaching,
weed control, pyrotechnics, and water disinfection) have led to widespread environmental
pollution® and emerging challenges for water systems.* The World Health Organization
(WHO) has proposed a guideline for limiting the CIOs~ concentration below 0.7 mg L™ in
drinking water.* The third Unregulated Contaminant Monitoring Rule (UCMR 3) by the
United States Environmental Protection Agency (USEPA) included ClO3 as a
contaminant monitored by public water systems, with the Minimum Reporting Level at
0.02 mg L™1.°> On the other hand, the global production of Cl. has reached over 70 million
tons per year by the electrochemical Chlor-Alkali Process,! where on average one kg of
ClOs is generated per ton of Cl, produced.®® The undesirable ClOs~ byproduct has
negative effects on both the manufacturing processes and the environment.® 1° Hence, at
least 70,000 tons of ClOs™ must be treated in Chlor-Alkali plants per year. Typical waste
brines from the Chlor-Alkali Process contain up to 10 g L™ of CIOs and up to 5 M of

NaCl.% 10 11 Other emerging electrochemical technologies such as water splitting,*2
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wastewater treatment,*® and direct HCI production from seawater desalination waste
brines'* also produce various levels of undesirable ClOs™ at the anode.” 8 Therefore, an
efficient and robust approach for ClIOs™ reduction is beneficial for a wide scope of industrial

and environmental endeavors.

In Chlor-Alkali plants, the ClIOs™ byproduct is treated by either comproportionation

under acidic conditions (Eqg. 3.1) or catalytic reduction by H. (Eqg. 3.2):
ClOs +6H"+5ClI" - 3H0+3Cl (Eq. 3.1)
ClOs +3H2— CI" +3H0 (Eq. 3.2)

The comproportionation reaction requires > 85 °C and pH 0 (i.e., 1 M of H) to
achieve a partial (60—90%) removal of ClO3". The pH adjustment involves large amounts
of HCI and NaOH.® In comparison, catalytic reduction allows an almost complete
conversion of ClOs™ to CI™ and requires orders of magnitude less acid (i.e., pH 2—4).% In
particular, H> gas is produced in excess at the cathode of the Chlor-Alkali Process; about
10% of the H» is emitted to the atmosphere.® Supported platinum group metal (PGM)
catalysts have been examined; however, they exhibit limited activity and require high
catalyst loadings to achieve a satisfactory reaction rate.' 1> 1 Furthermore, PGM catalysts
can be severely inhibited by concentrated salts in the brine.! 1" It is thus highly desirable
to develop a ClO3z™ reduction catalyst with the following features: (i) high activity and

robustness, (ii) using a relatively abundant metal, and (iii) having a facile preparation.

Polyoxometalates (POMs) of Group 6 Mo and W have a series of fascinating redox

properties and have been used in various chemical catalysis.'® A century ago, molybdate
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was used as a homogeneous catalyst to reduce ClO3~ by I~ for iodometric analysis."

Molybdate was later used in the catalytic polarographic reduction of ClO3™ to determine
Mo contents in metals.?° For the reduction of CIO3™ in drinking water sources and in brines,
an ideal approach is to immobilize Mo species as an active site on solid supports and utilize
H> as a clean and readily available electron donor. In this study, by using a Pd/C catalyst
platform and conducting a series of material characterizations, we show that Mo¥' POMs
can be transformed into a heterogeneous MoOx—Pd/C catalyst which is highly active and

robust for CIO3z™ reduction under various challenging conditions.
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3.3 Materials and Methods
3.3.1 Reagents and Materials

Ultrahigh purity H2 gas (99.999%, Airgas), standard 2 N sulfuric acid solution (Alfa
Aesar), POM precursors (Sigma—Aldrich or Alfa Aesar) and all other chemicals
(Sigma—Aldrich or Fisher Scientific) were used as received. All aqueous solutions were
prepared with deionized (DI) water (resistivity >18.2 MQ cm). The 5 wt% Pd/C
(Sigma—Aldrich, catalog #330116, wet paste) was dried and treated prior to use as

previously described.?!
3.3.2 Catalyst Preparation and Chlorate Reduction

For the preparation of a typical 0.2 g/L loading of MoOx—Pd/C catalyst containing
nominally 5 wt% Mo, a 50-mL round bottom flask was sequentially loaded with 50 mL of
DI water (pH adjusted to 3.0 with 2N H2S04), 10 mg of Pd/C powder, 0.5 mL of Na2MoO4
stock solution (containing 0.5 mg Mo), and a magnetic stir bar. The flask was sealed with
a rubber stopper and sonicated for 1 min to disperse the Pd/C in water. The aqueous
suspension was stirred at 1600 rpm under 1 atm H> headspace for at least 15 min to allow
the immobilization of Mo POM species onto the carbon support. The H2 gas was supplied
by two 16-gauge in diameter and 6-inch in length stainless steel needles as gas inlet and
outlet to the fume hood. The catalytic reduction of a typical 1 mM Cl10Os™ was initiated by
adding 0.25 mL of NaClOs stock solution (200 mM) into the catalyst suspension. For the

initial C103™ concentration of 1 M, 5.32 g of solid NaClO3 was added into the suspension.
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Aliquots were collected through the H> outlet needle with a 3-mL plastic syringe and

immediately filtered through a 0.22-um cellulose membrane to quench reactions.
3.3.3 Aqueous Sample Analysis

The quantitation of ClOs~, CI, BrOz, and NOs in aqueous samples were
conducted by ion chromatography (Dionex ICS-5000 system with a conductivity detector
and a 25 pL sample injection loop). Brine samples were diluted 100 times before analysis.
A Dionex lonPac AS19 analytical column was used to separate C1O03~ from other anions.
The most effective separation was achieved by maintaining the column at 30 °C and using
20 mM KOH at 1 mL min ™! as the eluent. When Br~ was present, C1O3~ was separated by
an IonPac AS18 column at 30 °C with 16 mM KOH at 1 mL min! as the eluent. The
concentration of total Mo in aqueous samples was analyzed by inductively coupled

plasma—mass spectrometry (ICP—MS, Agilent 7700).
3.3.4 Catalyst Collection and Characterization

After disconnection from the Ha supply, the catalyst suspension (the flask still being
sealed by the rubber stopper) was quickly transferred into an anaerobic glove bag (Coy
Laboratories, filled with 98% N2 and 2% Hz) to avoid artifacts from air exposure. The
catalyst suspension was filtered through a ceramic funnel covered with filter paper
(Whatman qualitative) under vacuum. The filter paper coated by the catalyst was
transferred into a 20-mL scintillation vial. The vial was placed in a sand bath at 110 °C to
remove moisture from the catalyst powder. The contents of Mo and Pd were measured by

inductively coupled plasma—optical emission spectroscopy (ICP—OES, PerkinElmer
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Optima 8300) after digestion with HCI/HNOs. The surface area and pore structure were
characterized by N Brunauer-Emmett-Teller (BET) adsorption-desorption isotherms
measured at 77 K using a Micromeritics ASAP 2020 analyzer. The surface area of Pd was
determined by CO chemisorption.?? The catalyst sample for microscopy analysis was re-
dispersed in distilled water and sonicated for 30 min. A drop of the suspension was loaded
onto the copper microgrids and dried under vacuum. The distribution of Mo, Pd, C, and O
elements was characterized by high-angle annular dark-field (HAADF) imaging with
scanning transmission electron microscopy (STEM, FEI Titan Themis 300, operated at 300

kV).
3.3.5 X-ray Photoelectron Spectroscopy (XPS)

Inside the glove bag, the dried powder was loaded onto a copper conductive tape
on the XPS sample holder and stored in an anaerobic chamber secured with Klein Flange
for the transfer to the XPS facility. All XPS experiments were performed on the Kratos
AXIS Supra surface analysis instrument at the UC Irvine Materials Research Institute
(IMRI). The sp? C 1s peak (284.5 eV) of the carbon support was used for binding energy
calibration. For Mo reference standards that were mixed with Nb2Os powder, the binding
energy of Nb 3ds, was set to 207.6 eV. Spectra in the resolution of 0.1 eV were fit using
CasaXPS (version 2.3.19). Spectra of Pd 3d (collected with 5 scans), Mo 3d (30 scans),
and Nb 3d (30 scans) were fit with the constrained peak separations (5.27 eV for Pd, 3.15
eV for Mo, and 2.75 eV for Nb) and the constrained ratio of peak areas (3:2) of 3d spin-

orbital coupling doublets.
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3.3.6 X-ray Absorption Spectroscopy (XAS)

The preparation and transfer of XAS samples are the same as mentioned above. Mo
K-edge EXAFS data were collected at beamlines 4—1 and 2—2 at Stanford Synchrotron
Radiation Light source. During the data collection, the sample chamber was purged with
N2 to minimize sample alteration by atmospheric Oz. Both transmission signals and
fluorescence signals were acquired. A Mo metal foil reference was concomitantly measured
with the samples for energy calibration (Eo = 20000 eV). Zirconium (Z-2) metal foil was
used as the filter for collecting fluorescence signals. Athena was used for energy calibration,
raw spectra average, post-edge normalization, and background removal.>® Artemis was
used to obtain the structural parameters by fitting &°>-weighted EXAFS spectra to the
standard EXAFS equation using several single-scattering paths. The fittings were over a k
range of 3-13 A™! and an R range of 1.0-3.0 A for the catalyst sample, a k range of 3—12
A" and an R range of 1.2-3.9 A for MoO, standard, and a k range of 3-12 A™! and an R
range of 0.9-2.0 A for (NH4)6Mo07024 standard. Phase and amplitude functions for the
scattering paths were generated using FEFF6** based on the MoO,, MoOs, and
monomolybdate structures. In all fittings, the number of independent variables included
was fewer than the number of independent data points. The Hanning window was used for

the Fourier transform of the EXAFS data.
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3.3.7 Homogeneous Reaction

In the anaerobic glove bag, a 15-mL glass reaction tube was loaded with 6 mL of
water, 34.8 mg of sodium molybdate dihydrate, 60 pL of aqueous hydrazine solution (15.6
M), and a magnetic stir bar. The resulting aqueous solution thus contained 24 mM of MoV!
and 156 mM of H,N—NH>. The solution pH was further adjusted to 3.0 with 1N HCI. The
tube was sealed with a Teflon screw cap and heated in a 70 °C oil bath for 24 h. Sodium
chlorate (0.5 mM) was then added to monitor the CIO3z™ reduction in the homogeneous
solution for another 24 h at 70 °C. Aliquots of 1 mL solution were collected at time intervals.

Each sample was diluted with another 1 mL of DI water before IC analysis.
3.4 Results and Discussion
3.4.1 Catalyst Preparation

We developed a simple and straightforward method to immobilize and activate Mo
sites on Pd/C. Inspired by the reductive immobilization of Group 7 metal oxyanions
(TcV"'04™ and ReV"'O47) from aqueous solutions, 28 we hypothesized that Group 6 Mo"'
and WY' POM precursors could be similarly immobilized and reduced to insoluble lower-
valent oxide species on Pd/C. Hence, two MoY' POM precursors (nominally 5 wt% as Mo
to the weight of Pd/C) were added into the water suspension of Pd/C at room temperature
(20 °C), with 1 atm Hy in the headspace of the reactor flask. After 2 h of stirring, 1 mM of
NaClO3 was added into the suspension to probe the catalytic activity. As shown in Figure
3.1a, the use of NaxMo"'04 and (NH4)sMo"'7024 provided rapid ClOs™ reduction. The

pseudo-first-order rate constants are 55-fold higher than that of the original Pd/C. In
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comparison, the two W' POM precursors, Na,W"'04 and NasWV'1,039, provided little

activity enhancement.

The immobilization and activation of Mo are both rapid. Inductively coupled
plasma mass spectrometry (ICP—MS) analysis of the aqueous phase found >96% of the
initial Mo (10 mg/L as Mo element) adsorbed into Pd/C within 5 min on the benchtop.
Without exposure to H., X-ray photoelectron spectroscopy (XPS) characterization
observed only MoV! in the Pd/C (see Section 3.4.3 Characterization of Mo speciation).
After 1 atm H2 was supplied to the water suspension of Mo"'-Pd/C, high activity of CIO3
reduction was observed. Prior to the addition of NaClOs, after Mo"'-Pd/C was exposed to
H> for only 5 min, the profile of ClIOs™ reduction had an induction period at the beginning
(Figure 3.1b). However, the exposure to Hz for 15 min or longer eliminated this induction
period, providing similar CIOs™ reduction kinetics. Thus, the reduction of adsorbed Mo"!
by Pd-activated Hy is required to enable ClOs™ reduction. This process is rapid, taking only
15 min at ambient pressure and temperature. Detailed characterizations of the lower-valent

Mo species are provided in later sections.

Upon Hz exposure for 2 h, the Mo immobilization ratio was further increased to
99.9% (Figure S3.1 in the Appendix B). Throughout the CIO3™ reduction process, < 15
ug/L of Mo (i.e., < 0.15% of the total added Mo) was detected by ICP—MS in the aqueous
solution. Thus, the carbon support of Pd/C has a high capacity to accommodate MoOx
species. It also appears that CIOs™ reduction occurred on the heterogeneous catalyst-water
interface. In contrast, the same Pd/C material provided a poor sorption capacity for WOx

species. ICP—MS analysis showed that only 24% of the added W was immobilized after
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exposure to Hz for 2 h. The reduced W species in the aqueous solution showed a blue color,
which faded within one minute after exposure to air. Therefore, the reductive
immobilization method applies to MoV POMs to yield a highly active MoOx—Pd/C catalyst.
In aqueous solutions, MoY' POMs have dynamic speciations depending on pH. Both
NaxMoO4 and (NH4)¢éMo07024 added in an acidic solution (e.g., pH 3) transform into a
mixture of MosO26*", HsMosO2s>~, HM07024°>~, H:Mo06021*", and other minor polymeric
species.”” To avoid introducing the unnecessary NH4", we used NaxMoOs as the Mo

precursor for the following experiments.
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Figure 3.1 (a) Profiles, first-order fittings, and rate constants for the reduction of ClO3z™ by
Pd/C added with various POM precursors; (b) profiles of ClO3™ reduction by the
MoOx—Pd/C catalyst prepared by allowing variable time lengths after adding the Na2MoQO4
precursor under 1 atm H> and before adding the NaClOs substrate; (¢) chlorine mass
balance; (d) effects of concentrated salts; (e) effects of proton concentrations; and (f) the
reduction of 1 M ClOs™ in DI water and of 170 mM CIO3™ in 3.6 M NaCl brine by 0.5 ¢
L~ MoOx—Pd/C. Unless specified, all reactions used 1 mM ClOs™, 0.2 g L™ MoOx—Pd/C,
pH 3.0, 20 °C.
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3.4.2 Catalyst Performance

The MoOx—Pd/C catalyst outperforms multiple reported PGM catalysts in terms of
the activity for ClIO3z™ reduction, and the robustness in concentrated brines. At 20 °C, a
loading of 0.2 g L! catalyst in water achieved >99.9% reduction of 1 mM CIO3z~ within 1
h (Figure 3.1a). The observed rate constant is substantially higher than those of most PGM
catalysts at the same or higher temperatures (Table 3.1). Calculation suggests that the rate
of ClO3™ reduction is not limited by either internal or external mass transfer of aqueous
CIO3z™ with regard to the catalyst particle (see Appendix B). The mass balance between
CIO3z™ and CI™ throughout the reaction (Figure 3.1c¢) indicates minimal accumulation of
partially deoxygenated intermediates (e.g., ClO2"). In real-world situations, CIO3™ needs to
be reduced in acidic and/or brine matrices, such as Chlor-Alkali waste brines,% ¢ ion-
exchange resin regeneration wastes,* or HCI produced from waste brine electrolysis.'*
Therefore, we further challenged the performance of MoOx—Pd/C in solutions containing
2 M and 5 M NaCl, 1 M NazSO4, and 1 M NaBr, respectively. None of the concentrated
salts caused a significant loss of activity (Figure 3.1d and Table 3.1, entries 1-5). We
note that Br™ is a much stronger inhibitor than CI~ for PGM catalysts.!* 1" The same Pd/C
was significantly inhibited by halide anions at low concentrations, as observed in our
previous study (Table 3.1, entries 8—12).1 Similarly, although a Rh/C catalyst exhibited
very high activity in a deionized water matrix (Table 3.1, entry 13),%° the performance was
significantly affected by CI~ and Br~ (Table 3.1, entries 20—24).1! An Ir/C catalyst showed
similar CIOs™ reduction kinetics to the MoOx—Pd/C in concentrated brine (Table 3.1, entry

17 versus 7), whereas the reaction temperature was much higher (70 °C).1
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Higher rates of ClOs™ reduction were observed at lower pH conditions (Figure
3.1e), suggesting that a proton-assisted mechanism is involved. We note that the pH
dependence may be primarily attributed to the reactivity of the active site rather than the
surface charge of the catalyst support.*> 3! Instead, the protonation of an O atom in the
ClOs™ that is bound by the lower-valent Mo may assist the structural distortion.? This
structural change lowers the LUMO of Mo-bound CIOs™ and thus promotes the electron
transfer from reduced Mo (e.g., Mo'V) to CIV. Alternatively, the proton may provide an
ancillary hydrogen bonding® to facilitate the coordination of CIO3~ to Mo. Thus, the
MoOx—Pd/C catalyst is expected to be highly robust in reducing CIOs~ in acidic brines.!*
Because the build-up of CI” did not cause a significant inhibition, we further tested the
catalyst for treating concentrated CIOs~ (1 M) at pH 3.0. With a 0.5 g L™ loading of
MoOx—Pd/C catalyst, a > 99.7% reduction of ClIOs~ was achieved within 6 h following
zero-order kinetics (Figure 3.1f). When CIOs™ concentrations were high, the reaction rate
became controlled by the H. availability (Figure S3.2 in the Appendix B). Assuming that
the Mo sites reacted with all ClOx™ (x= 3, 2, and 1) substrates, at pH 3 the corresponding
TON for each Mo atom is calculated as 11,510 within 6 h (i.e., TOF = 1,920 h™%). If not all
immobilized Mo atoms were directly involved in the reaction (see the catalyst
characterization results below), the actual TOF on the reactive Mo sites would be even

higher. As shown in Figure 3.1e, a higher TOF can also be expected at pH < 3.

We prepared a solution mimicking a real Chlor-Alkali waste brine sample (0.17 M
of ClO3™ in 3.6 M of NaCl).!* The MoOx—Pd/C catalyst achieved > 99.8% reduction of

CIOz  in 3 h (Figure 3.1f and Table 3.1, entry 7). To further examine the catalyst stability
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and reusability, we added multiple spikes of 180 mM CIOs", for up to 20 spikes (the final
product thus became 3.6 M NaCl), into the catalyst suspension in water (Figure S3.3 in
the Appendix B, zero-order rate constants shown in Table 3.2). Each spike of CIO3™ was
completely reduced within 4 h. The decrease of the catalytic activity was only caused by
the gradual build-up of concentrated CI~. In particular, the reduction profile for the 20%"
NaClOs spike corresponds to a zero-order rate constant of 0.13 M h™! ge. L. This rate
constant, after the catalyst had been used to reduce 19 spikes of 0.18 M CIOs3™ in the
gradually concentrated NacCl, is almost identical to that of the freshly prepared catalyst
(Table 3.1, entry 7). The reduction of ClO3™ did not consume H*, so that the initially added
1 mM H* (for pH 3.0) maintained the acidic pH throughout the 20 spikes. The final pH
reading was ~2.5 because the resulted 3.6 M NaCl decreased the hydration of H*.3* The
Mo and Pd contents in the catalysts collected after 5, 10, and 20 spikes remained consistent
(Table 3.2), indicating negligible leaching of metals into the high-salinity aqueous
solutions. A catalyst recycling operation using the conventional “filtration-collection-
redispersion” procedure resulted in a slightly decreased performance (Figure S3.4a in the
Appendix B), most probably due to the loss of a non-recoverable fraction of catalyst during
the sample transfer (e.g., held by the filter paper). The filtrate solution contained <0.1% of
total Mo. Therefore, the reductively immobilized MoOx species in Pd/C showed high

activity, robustness, and stability for catalytic CIOs™ reduction.
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Other 1%-order

ClO;-
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y ¥ loading P P conc. added in o constant ¢
solution (Lh'g ™
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NaCl
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Pd/C 05gL7 3 20°C NaCl
11 IMNaCl  8h 43% 0.14 17
12 10 mM 8h 42% 0.13 17
NaBr
13 5 wt% Rh/C vih  993% 46 15
14 5 wit% Ru/C | .. 84mgL’ 1h 43% nad 15
15 swespyc  OSELT 3 2070 DI 1h 14% 0.33 15
16 1 wt% Ir/C 1h 45% 12 15
17 5 Wi% 25gL' 38 70°C  22,000mg 32MNaCl %h  100% 0.14Mhlg, ' 6
Ir/C Lt
(0.26 M)
0, 0, e 11
18 g.sj;tco 1000 mg 2h 85% 1.9
-1 ! -1
19 05wi% 05gL™ 4 70%C (Ll D DI 2h 90% 23 X
PUSIC m
20 0.5 Wit 1000mg DI 2h 35% 0.43 1"
21 RI/SiC 05gL' 2 50°C L 36MNaCl 2h 10% 0.11 n
! (12 mM)
2 DI 2h 89% 0.55 1"
23 o 1000 mg 0.85M 2h 45% 0.15 1
ﬁ': Et g‘ 2017 4 70°C L NaCl
24 e (12mM) 78 mM 2h  27% 0.079 n
NaBr

Table 3.1. Performance of ClO3™ reduction by MoOx—Pd/C and reported PGM catalysts.
aNormalized to the mass of the whole catalyst (metal + support) for cross-comparison of catalysts with variable metal
contents;

bContaining HCI or H2SO4 used for pH adjustment;

¢Zero-order kinetics due to the concentrated ClOs™ substrate; these two reactions used the same high flow rate of Hz (0.1
L per minute) as used for entries 18—24.

4The reaction did not follow first- or zero-order Kinetics and the catalyst showed significant loss of activity during the
reaction;

®First-order rate law reasonably assumed for the initial CIO3™~ concentration at 12 mM (entries 18—24).
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Catalyst sample Mo Pd Mo wt% : Pd wt%" Zero-order initial rate

content content constant® (M h™* gear %)
Fresh catalyst 4.48% 5.73% 0.782 0.271 (in DI water)
After 5 spikes 4.38% 5.51% 0.795 0.186 (in 0.9 M NaCl)*
After 10 spikes ~ 4.19% 5.61% 0.747 0.141 (in 1.8 M NaCl)¢
After 20 spikes  4.39% 5.70% 0.771 0.130 (in 3.6 M NaCl)®
Table 3.2 Kinetics and metal contents of the freshly prepared and used MoOx—Pd/C

catalysts.

@The nominal content for Mo and Pd elements in the freshly prepared catalyst are both 5 wt%. The calculated
Mo content assuming the addition of “MoQ4” in Pd/C is ~4.62%. Each spike introduced 180 mM CIOs™. At
least 4 h of reaction (1 atm Hy, 20 °C, initial pH = 3 by adding 1 mM HCI) was allowed for each spike. The
catalyst powder was collected in an anaerobic glove bag by filtering off the aqueous solution, rinsing the
catalyst powder cake on the filter paper with DI water, and drying in a 100 °C sand bath.

®Because the Mo:Pd mass content ratio is rather consistent, the fluctuation of the absolute values of Mo and
Pd contents in these samples should either be within the range of system errors of elemental analysis for
heterogeneous materials or be attributed to the residual NaCl salt in the dried catalyst samples.

°From the linear fitting of all data points with C/Co >0.2 (see Figure S3.3b in the Appendix B for details).
9The NaCl is generated from the reduction of ClO3~ from all previous spikes (180 mM each).

3.4.3 Characterization of Mo Speciation

The immobilization of Mo POMs in Pd/C decreased both the Brunauer-Emmett-
Teller (BET) surface area and the Pd surface area (Table 3.3). For a rough estimation of
MoOy coverage on the carbon support, one could assume that each MoOx unit is six-
coordinate and takes a square area at the length of an O—Mo-0. Since the atomic radius of
O atom is ~60 pm and the typical Mo—O bond length is ~200 pm (see EXAFS analysis and
Table 3.4 below), the corresponding length of an O—Mo-0O is (60 + 200) x 2 = 520 pm.
Thus, a single layer of MoOx at the 5 wt% Mo loading in one gram of carbon support is
calculated to be 86 m2. The carbon support has a sufficient surface area to accommodate a
single-layer coverage of MoOx. The decrease in pore volume (19.4%) was very similar to
the decrease in surface area (19.6%), indicating that the loss of BET surface area is
probably attributed to both the pore-blocking and surface-covering by the immobilized

MoOy. High-angle annular dark-field scanning transmission electron microscopy
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(HAADF-STEM) characterization of the MoOx—Pd/C catalyst observed Pd nanoparticles
in the size of 1-8 nm (Figure 3.2a). Individual elements of C, O, Pd, and Mo were observed
by the energy-dispersive X-ray (EDX) elemental mapping (Figures 3.2b—3.2¢e). Mo was
present throughout the catalyst particle, either being on the carbon support or overlapping

with Pd (Figure 3.2f).

XPS characterization of the Hx-reduced MoOx—Pd/C catalyst (kept under an
anaerobic atmosphere) identified Pd’, which showed the characteristic 3ds, binding energy
(BE) at 335.2 eV (Figure S3.5a in the Appendix B) and various oxidation states of Mo
(Figure 3.3a). Because the MoOx—Pd/C catalyst and the references such as Mo'>(OAc)4
contain different carbon species (i.e., graphitic carbon versus acetate), we blended Nb>Os
powders with all XPS samples as the internal standard for BE calibration (Figure S3.5b in
the Appendix B, Nb 3ds» BE set to 207.6 eV*). Upon deconvoluting the spectrum for
MoOx—Pd/C, we identified four Mo doublets with 3ds, BE of 231.3, 230.5, 229.4, and
228.7 eV. The two dominant 3ds, peaks with BE of 231.3 and 230.5 eV closely match
literature values for Mo¥ and Mo' species. The Mo" reference was generated from a
hydrothermal synthesis of a Keggin POM from Na:Mo"'04** 37 and the Mo'" reference
was generated from a direct reduction of Mo¥'03 by H at 400 °C.*® The observed Mo" and
Mo" in the MoOx—Pd/C should be generated by the partial and full hydrogenation of one
oxo bond in Mo"! POM precursors.*® Due to the wide range of BE values for Mo species
in lower oxidation states, Mo'">2(OAc)s was used as a reference. The XPS spectrum revealed
two Mo oxidation states on the surface of Mo>(OAc)4 (Figure S3.5¢ in the Appendix B).

The high BE peak (232.3 €V) is characteristic of Mo"!, indicating partial oxidation at the
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surface of Mo'2(OAc)s powders. The 3ds» BE of Mo is 228.9 eV, which is close to the
lowest BE (228.7 ¢V) observed in MoOx—Pd/C. The remaining peak (BE 229.4 ¢V) in the

" although a reference chemical for oxygen-coordinated

catalyst is thus assigned as Mo
Mo was not accessible. Compared to the formation of MoV and Mo!" from Mo"!, the
formation of the less abundant Mo™ and Mo" can be attributed to the deeper but less

favorable reduction of Mo!. Without exposure to Ha, the oxidation state of the adsorbed

Mo"! POMs in Pd/C remained the same (Mo 3ds» BE at 232.0 eV, Figure 3.3a).

To further probe the valence of Mo species in the bulk MoOx—Pd/C sample, we
conducted Mo K-edge X-ray absorption near-edge structure (XANES) spectroscopic
characterization (Figure 3.3b). A linear relationship®® was established between the Mo
oxidation state and the Mo K-edge energy (i.e., the energy where the intensity reaches 60%
of the absorption maxima) of three references: (NH4)sMo"'7024, M0'VO2, and Mo'>(OAc)4
(Figure 3.3c). With this empirical relationship and the measured edge energy of 20012 eV
for MoOx—Pd/C, the average valence of Mo in the bulk sample is calculated to be 4.4. This
value roughly agrees with the XPS characterization result for the surface layer, where Mo'"
and Mo" are dominant species. Moreover, the XANES spectrum of (NH4)sMo"7024
contains a pre-edge peak at 20003 eV. The presence and absence of this characteristic pre-
edge peak indicate the formation and elimination of Mo"'=0 bonds, respectively.* ** The
significantly weakened pre-edge peak in MoOx—Pd/C (Figure 3.3b) indicates the reduction

of Mo=0 bonds in MoV POM precursors.

To determine whether the reductively immobilized Mo species exist as oxide

clusters or as monomers (e.g., stabilized by complexation with functional groups on the
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carbon surface), we collected the k*-weighted Mo K-edge extended X-ray absorption fine
structure (EXAFS) spectra from the MoOx—Pd/C sample and references (Figures 3.3d and
3.3e). The MoOx—Pd/C spectrum contained two main peaks at 1.5 and 2.2 A (R + AR).
Shell-by-shell fitting (Table 3.4) showed that they correspond to two atomic shells,
Mo™-0 (2.03 A) and Mo"V-Mo'V (2.56 A), respectively.** Similar EXAFS spectra have
been reported in a study on the complete and reversible 24-electron reduction of a well-
defined solid-state [PM0Y'12040]°" into [PMo'V12040]>"" on a battery reaction platform,
where the Mo—Mo distance was shortened from 3.4 A to 2.6 A upon the reduction of all
Mo into Mo'V. Since Mo"! precursors were transformed into a mixture of multiple POM
structures in the aqueous solution and XPS characterization observed mixed oxidation
states of Mo at the surface layer, the EXAFS fitting here represents the average bonding
environment for the bulk MoOx—Pd/C sample. The average coordination number (CN) of
6.1 for Mo—O shell indicates that a majority of reduced Mo atoms are in the octahedral
MoOgs coordination structure. The overall CN of 1.7 for Mo—Mo shell confirms the
polymeric structures for reductively immobilized Mo species. A majority of Mo atoms
likely have two neighboring Mo atoms at a distance of ~2.56 A. Furthermore, the lack of
Mo—Mo pairs with longer interatomic distances as observed in Mo!'VO, reference (>3 A,
Figure 3.3e and Table 3.4) suggests that the spatial arrangement of Mo atoms in
MoOx—Pd/C is different from that in Mo'VO.. The latter has a three-dimensional distorted
rutile structure with alternating short (2.51 A) and long (3.11 A) Mo!V-Mo!" distances.*!
The fitting also detects a weak atomic shell at 1.67 A, which can be assigned to the Mo"'=0

bond as observed in (NH4)sMo"!;024 reference (1.74 A, Table 3.4). Thus, a small fraction
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of immobilized Mo remained in +VI valence, but it was not observed by XPS
characterization on the catalyst surface. The inclusion of a Mo—Pd shell yielded
problematic data fitting (Table S3.1 in the Appendix B), suggesting that the direct bonding
between the two metals is not a primary mechanism for the immobilization and activation
of Mo. However, chemisorption results show that the immobilization of MoOx decreased
the total surface area and the Pd surface area by 168 m? g! (20%) and 4.6 m?> g ! (66%),
respectively (Table 3.3). The higher percent decrease in the Pd surface area suggests a

preferred aggregation of MoOx in the proximity of Pd nanoparticles.*
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Sample Surface Pore Average Pdsurface  Pd dispersion Pd particle
area volume pore size area size
(M?Qear 1) (CM*Qear 1) (nM) (M? gear 1) (%) (nm)

Pd/C 857.2 0.67 3.11 6.85 30.7 3.7

MoOx—Pd/C  689.0 0.54 3.12 2.29 N/A? N/A 2

Table 3.3 Physisorption and chemisorption data.
@The calculated Pd dispersion and average particle size are 10.3% and 10.8 nm, respectively. This set of data
is not meaningful as it is calculated from the reduced Pd surface area by the immobilized MoOx.

Sample Shell CN? R (AP o’ (A%)° AE (eV)? R-factor
(NH:)sM07:02s  Mo—O 4 1.74(0.01)  0.004 (0.002) —4.0(3.3) _ 0.012
MoO; Mo—O 6 1.99(0.01)  0.002 (0.001)
Mo-Mo 1 252(0.01) 0.001(0.001) -1.4(20)  0.023
Mo-Mo 1 3.12(0.01)  0.002 (0.001)
Mo-Mo 8 370 (0.01)  0.004 (0.001)
MoOx—PdIC  Mo-O 04(03)  167(0.04) 0.002°
Mo—O 6.1(L9)  203(0.02) 0.010(0.004) —4.1(29)  0.030
Mo-Mo  17(06)  256(0.01) 0.005(0.002)

Table 3.4 Mo K-edge EXAFS shell-by-shell fitting parameters of MoOx—Pd/C and

references.

aCoordination number; *Interatomic distance; °Debye-Waller factor; “Energy shifts. During the EXAFS shell-
by-shell fitting for the two references, the CNs were fixed at theoretical values according to their crystal
structures. ¢Fixed during the fitting.
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Figure 3.2 (a) HAADF-STEM imaging of the MoOx—Pd/C catlyst and EDX mapping of
(b) C, (¢) O, (d) Pd, and (e) Mo. (f) The combined Pd and Mo mapping showing the
different distribution of the two elements.

20 nm
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Figure 3.3 (a) Mo 3d XPS spectra of MoOx—Pd/C samples; (b) Mo K-edge XANES spectra
of the reduced MoOx—Pd/C and references, with the two arrows indicating the
characteristic pre-edge peak for oxo-Mo"! species; (c) the correlation between Mo K-edge
energies and valences for the references; (d) Mo K-edge EXAFS spectra of the reduced
MoOx—Pd/C and references and their shell-by-shell fits; (e) the EXAFS Fourier transforms
and their fits, and (f) Mo 3d XPS spectrum of the solid residue from the dried aqueous
solution of Na2MoOys after the reduction using hydrazine. In the XPS and EXAFS spectra
(panels a, d, e, and f), the dotted and solid lines represent spectra and their fits, respectively.

3.4.4 Mechanistic Insights

Since a negligible fraction of Mo was detected in aqueous phase throughout the
reduction of CIOs", it appears that the catalytic site is surface-immobilized and that the
reduction of MoOy species by H> occurs on the carbon support. To further rule out the
possibility that the reactive site is dissolved Mo in aqueous solution, we conducted control
reactions without involving Pd/C or H in the gas-water-solid three-phase system. In the

first experiment, the use of Na;MoY'O4 and Hz (without Pd/C) did not reduce ClOs
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(Figure S3.4b in the Appendix B), indicating the critical role of Pd nanoparticles in
harvesting electrons from H.. In another experiment, the NazMo"'O4 solution was heated
with 6.5 equivalents of hydrazine at pH 3 and 70 °C. This system has been reported to
reduce Mo"' in the aqueous phase.*® XPS characterization of the residue (slowly dried at
70 °C under anaerobic conditions) observed two Mo 3ds;, peaks at 231.5 and 230.4 eV
(Figure 3.3f), which can be readily assigned as MoV and Mo'V, respectively. However, the
aqueous solution containing both reduced Mo species and excess hydrazine did not show
any ClOz™ reduction activity, even after another 24 h of heating at 70 °C. Therefore, a
homogeneous reduction of CIO3~ by the reduced Mo species from NaMoY'Oy is unlikely.
The structural and reactivity differences of the reduced Mo species in solution and on
carbon support warrant further investigation. Nonetheless, all kinetic and characterization
results collectively confirm the heterogeneous nature of the MoOx—Pd/C catalyst.
Furthermore, the change of reaction kinetics from first-order at low CIOs™ concentrations
to zero-order at high ClO3™ concentrations (Figure 3.1 and Figure S3.3a in the Appendix
B) can be readily explained by the Langmuir-Hinshelwood mechanism describing

heterogeneous catalysis.**

For the catalytic reduction of ClOs™, we propose that the surface-immobilized
MoOx species and Pd nanoparticles play separate roles (i.e., oxygen atom transfer (OAT)
with CIOx™ by Mo and activation of Hz by Pd, respectively), rather than POM enhancing
the activity of Pd nanoparticles.*? The original Pd/C has high activity in the reduction of
bromate (BrOs") but no activity in the reduction of nitrate (NO3").* The immobilization of

MoOx neither increased the BrOs™ reduction activity (Figure S3.6a in the Appendix B)
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nor enabled NOs™ reduction (Figure S3.6b in the Appendix B). Thus, the addition of MoOx
in Pd/C did not increase the “intrinsic” activity of Pd nanoparticles. Instead, the results

with BrOz™ and NO3™ suggest the unique selectivity of reduced Mo species towards CIOs".

Based on the spectroscopic findings, we propose a representative catalytic cycle in
Scheme 3.1. The Mo"! POM precursor (multi-acid form 1, in equilibrium with the oxo-
Mo"! structure 1°) is immobilized onto the carbon support and undergoes the reduction of
Mo"!=0 to Mo"—OH (2). The electron comes from Pd-activated H». A further one-electron
reduction generates Mo''—OH (3). A similar reduction of a 10-nm layer of MoV'O3 by H.
at room temperature to yield Mo and Mo' species and H2O on a Pd membrane has been
reported.*® The dissociation of H,O (3a) allows the coordination between the Mo'Y center
and a ClOs™ (4), followed by a two-electron OAT reaction, resulting in the formation of
Mo"'=0 and the dissociation of CIO,". An H* is necessary to facilitate OAT from Cl to
Mo. The daughter products CIO;™ and CIO™ have much higher reactivity than ClIO3~.%
Although Pd nanoparticles can also rapidly reduce the daughter products, the more
favorable site should still be the reduced Mo because a major fraction of Pd nanoparticles
has been “blocked” by MoOx (Table 3.3). Therefore, a complete reduction of CIO3™ into
CI” involves up to three OAT redox cycles of Mo. We highlight that the reaction with ClOx~
should involve the transfer of an oxygen atom to the Mo cluster. Thus, this process is
different from the direct electron transfer with the solid-state [PM012040]*" structure, which
only alters the bond distance within the intact Keggin cluster.®® Since the average Mo
valence in the Hz-reduced bulk MoOx—Pd/C is 4.4, we propose that the primary catalytic

mechanism is the Mo"/Mo'V redox cycling. This Mo redox pair for OAT has been
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confirmed by bioinorganic chemistry studies,* including the reduction of nitrate with
biomimetic Mo complexes.*” Other redox cycles such as Mo'V/Mo'" and Mo"/Mo™ may
have also contributed to the reactions. The Mo!'Y/Mo" cycle has been employed for OAT
from CO, and N20.*® The MoY/Mo™ cycle has been observed for OAT from sulfoxide to
phosphine.*” However, a direct reaction between oxyanions and Mo!" or Mo has not been
confirmed and warrants further studies. At the water-catalyst heterogeneous interface, the
highly oxophilic reduced Mo species can be readily generated from MoY' POMs by Pd-
catalyzed hydrogenation under ambient temperature and pressure. The Mo sites exhibit
excellent binding affinity and unprecedentedly high reactivity with CIO3™. Common anions
such as CI-, Br-, and SO+ in three orders-of-magnitude higher concentrations do not have
significant inhibition on the catalytic activity. The significantly decreased surface area of
Pd after Mo immobilization (Table 3.3) suggests the probable coverage of Pd nanoparticles
by MoOx species. Such coverage is assumed to protect Pd from halide poisoning but does
not block the diffusion of Hy.*°

The findings further contribute to the understanding of the redox transformation of
MoY!' POMs added to PGM hydrogenation catalysts. In a recent study on catalytic
cyclohexane oxidation with an O2—H, mixture,® the PMo"'1,049°>" added into a Pt/C
suspension in acetonitrile became partially adsorbed. Under the O>—H> atmosphere at 35 °C,
up to four of the twelve Mo"' atoms were reduced to MoV, forming PMoY'sMoV4040"". The
Pt-activated O, and two equivalents of H* were transferred to the MoV sites and yielded
MoV-bound H,02, which further oxidized cyclohexane. Hence, in both bimetallic systems

(i.e., PMo1>—Pt/C and MoOx—Pd/C), the Pt or Pd nanoparticles play the role of activating
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the dissolved and adsorbed gases (O2 and/or Hz), and the reduced POMs act as the oxophilic
site (for Mo-bound peroxide or ClOx") to enable further steps. Furthermore, the near-
complete immobilization and deep reduction of the NazMo"'O4 precursor in this study
suggests the influence of specific POM structures and solvents on the extent of adsorption

onto support materials and of valence change upon hydrogenation.

Scheme 3.1 A proposed reaction mechanism and a model local structure of Mo'v species
3 based on EXAFS analysis.
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3.5 Conclusion

The incorporation of an abundant MoY' precursor, NaMoQs, in Pd/C yields a
highly active and robust catalyst for the complete reduction of aqueous CIO3™ into CI™ by
1 atm H under ambient temperature. The Na;MoY'O4 precursor is rapidly adsorbed from
the aqueous solution onto the carbon support and reduced by Pd-activated hydrogen into a
mixture of low-valent Mo oxide species. The primary mechanism for chlorate reduction is
proposed to be the OAT from CIOy~ substrates to the surface-immobilized Mo' species.
The Mo sites also show a high selectivity toward ClO3™ over other oxyanions. The high
activity and stability, the preference for low pH, and the strong resistance to common salts
make the MoOx—Pd/C catalyst suitable for degrading ClIOs™ in waste brines in the Chlor-
Alkali process and other scenarios such as water purification, environmental remediation,
and waste brine valorization. This work shows great promise of exploring relatively
abundant elements to expand the functionality of hydrogenation catalysts for

environmental and energy applications.>! %2
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Chapter 4. A Bioinspired Molybdenum Catalyst for Aqueous Perchlorate Reduction

This This chapter is based on, or in part a reprint of the material as it appears in
Ren, C.; Yang, P.; Sun, J.; Bi, E. Y.; Gao, J.; Palmer, J.; Zhu, M.; Wu, Y.; Liu, J. A
bioinspired molybdenum catalyst for aqueous perchlorate reduction. Journal of the

American Chemical Society, 2021, 143, 7891—7896.
4.1 Abstract

Perchlorate (CIO4") is a pervasive, harmful, and inert anion on both Earth and Mars.
Current technologies for ClIO4™ reduction entail either harsh conditions or multi-component
enzymatic processes. Herein, we report a heterogeneous Mo—Pd/C catalyst directly
prepared from Na:MoOg, a bidentate nitrogen ligand (L), and Pd/C to reduce aqueous
ClO4™ into CI” with 1 atm H. at room temperature. A suite of instrument characterizations
and probing reactions suggest that the Mo"' precursor and L at the optimal 1:1 ratio are
transformed in situ into oligomeric Mo'Y active sites at the carbon-water interface. For each
Mo site, the initial turnover frequency (TOFo) for oxygen atom transfer from ClOx
substrates reached 165 h™'. The turnover number (TON) reached 3,840 after a single batch
reduction of 100 mM CIO4". This study provides a water-compatible, efficient, and robust

catalyst to degrade and utilize ClO4™ for water purification and space exploration.
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4.2 Introduction

Perchlorate (CIO4) is a pervasive water contaminant on Earth! and a major salt
component in the surface soil on Mars.? 2 The uptake of CIO4~ through water and food can
cause thyroid gland malfunction,* and a recent study has identified that CIO4 in drinking
water is more dangerous than previously thought.> NASA has identified Martian CIO4™ as
both a potential hazard to humans and an oxygen source to supply exploration activities.®
However, the oxidizing power of ClO4™ is primarily utilized via rocket fuels, munitions, or
pyrotechnics.” Without ignition, ClO4~ is a well-known inert anion and commonly used for
ionic strength adjustment in various chemical systems.® Abiotic reduction of aqueous
ClO4™ usually requires harsh conditions and large excesses of reducing agents.® 1° Herein,
we report on a bioinspired heterogeneous Mo catalyst for aqueous CIO4™ reduction with 1

atm H at room temperature.

Microbes can use CIO4 for respiration via a multifactor metalloenzyme system
(Figure 4.1a).1% 2 The reduction of CIO4~ and ClOs™ is achieved by oxygen atom transfer
(OAT)" to a dithiolate-coordinated Mo cofactor (Figure 4.1b), which is biosynthesized
from molybdate.'* Amino acid residues mediate the binding and stabilization of CIOx
substrates.™ The redox cycling between Mo' and MoV! (Figure 4.1c) is sustained by the
electron transfer from H or acetate via multiple enzymes containing Fe-S clusters and
heme complexes, and electron shuttling compounds.'® The complexity of biological
systems challenges the design of an artificial ClO4 reduction system, especially in the

aqueous phase under ambient conditions. For example, a Fe complex relies on hydrogen

bonds in the secondary coordination sphere to reduce ClO4~ (Figure 4.1d) and thus requires
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an anhydrous environment.” 8 Moreover, a single-function metal complex or isolated
reductase requires special electron donors (e.g., methyl viologen, hydrazine, ferrocene, and
phosphine) to sustain the redox cycle of OAT metals.!” %20 Hence, a robust catalyst that
can reduce aqueous ClO4~ with H; is highly desirable.?! 22 Although the immobilization of
Re complexes (Figure 4.1e)?® 2* onto Pd/C has achieved this function,?> ?® Re is a rare

metal, and the pre-synthesized Re complexes are subject to irreversible decomposition.?’
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Figure 4.1 Microbial and abiotic systems for perchlorate reduction. (a) Microbial CIO4™
reduction processes; (b) electron transfer and metal centers in perchlorate reductase (Pcr);
(c) redox cycling of the Mo cofactor proposed in literature;* (d) a bioinspired Fe complex
for ClIO4~ reduction;!” (e) a Re complex for ClO4~ reduction;?® (f) the overall design
rationale for the (L)MoOx—Pd/C catalyst.
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4.3 Materials and Methods
4.3.1 Reagents and Materials

Sodium molybdate dihydrate (NaxMoO42H20), ammonium molybdate
tetrahydrate [(NH4)sM07024¢4H>0], molybdenum(1V) oxide (MoO-), and molybdenum(Il)
acetate dimer [Mo2(OCOCHS3)4] were purchased from Sigma—Aldrich. The nitrogen
ligands were purchased from Alfa Aesar, Ark Pharm, Combi-Blocks, Oakwood Chemical,
Sigma—Aldrich, and TCI. Inorganic salts (e.g., NaClO4, NaCl, and Na>SO4) in >99%
purities were purchased from Fisher Chemical. Sulfuric acid solution (2 N standard) was
purchased from Alfa Aesar. Triphenylphosphine (PPhs, 99%) and trisodium
triphenylphosphine-3,3’,3"-trisulfonate ~ (TPPTS, >95%) were purchased from
Sigma—Aldrich. All chemicals were used as received. Aqueous solutions were prepared
with deionized (DI) water (resistivity >18.2 MQ c¢m). The 5 wt% Pd/C (Sigma—Aldrich,
catalog #330116) was wet sieved to obtain the <37 um fraction, dried under air at 110°C
for 2 h and heated under H. flow at 250°C for 1 h.% The treated Pd/C had the surface area
of 860 m? gcar 1, the pore volume of 0.67 cm® g%, the average pore size of 3.1 nm, and the
Pd surface area of 6.9 m? gear * (Pd dispersion of 31% and average Pd particle size of 3.7
nm).28 Control experiments suggest that the (L)MoOx—Pd/C catalysts prepared from the
Pd/C with and without the sieving and reducing treatments showed very similar
performance in C104~ reduction. The activated carbon without Pd?® was purchased from
Alfa Aesar (Norit GSX; steam activated and acid-washed; surface area 1300 m? g*) and

used as received.
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4.3.2 (L)MoOx—Pd/C Catalyst Preparation

This procedure describes the in situ preparation of the typical 0.2 g L™ loading of
[(NH2)2bpy]MoOx—Pd/C catalyst with 5 wt% Mo and the same molar amount of the
(NH2)2bpy ligand. A 50-mL round bottom flask was sequentially loaded with 49 mL of DI
water (pH adjusted to 3.0 with H2SO4), 10 mg of Pd/C powder, 0.5 mL of Na2MoO4 stock
solution (containing 0.5 mg or 5.2 pmol of Mo), 0.5 mL of aqueous (NH2)2bpy stock
solution (containing 5.2 pmol of ligand), and a magnetic stir bar. The flask was sealed with
a rubber stopper and sonicated for 1 min, and then placed in the fume hood. H> gas
(99.999%, Airgas) was supplied by two 16-gauge (diameter) and 6-inch (length) stainless
steel needles penetrating the stopper as the gas inlet and outlet, respectively. The aqueous
suspension was stirred at 1600 rpm under 1 atm H> headspace for 1 h to afford the
suspension of [(NH2)2bpy]MoOx—Pd/C catalyst. All parameters such as Mo concentration,

catalyst loading, solution pH, and ligand structure can be readily adjusted.
4.3.3 Perchlorate Reduction

The reduction of the typical 1 mM ClO4 was initiated by adding 0.25 mL of
NaClO4 stock solution (200 mM) into the catalyst suspension. For the initial ClO4
concentration of 100 mM, 612.5 mg of solid NaClO4 was added into the suspension. All
reactions were carried out at room temperature (20°C) and under 1 atm H> atmosphere.
The flow rate of H2 was about 1-2 bubbles per second coming out from the 16-gauge
needle tip to maintain a slightly positive pressure of the H, headspace inside the flask. The

solution pH remained at pH 2.9—-3.0 throughout the reaction because the reduction of C104™
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does not consume H". Aliquots were collected through the H» outlet needle with a 3-mL
plastic syringe and immediately filtered through a 0.22-um cellulose membrane to quench

reactions.

4.3.4 Aqueous Sample Analysis

The quantitation of Cl104 and CI™ was conducted by ion chromatography (Dionex
ICS-5000 system with a conductivity detector and a 25 pL sample injection loop). Samples
from the reduction of 100 mM of C1O4~ were diluted 100 times before analysis. A Dionex
lonPac AS16 analytical column was used at 30 °C, with 65 mM KOH at the flow rate of 1

! as the eluent. The concentration of total Mo in aqueous samples was analyzed

mL min~
by inductively coupled plasma—mass spectrometry (ICP—MS, Agilent 7700). The
concentration of free N ligand in aqueous samples was quantified by high-performance

liquid chromatography (HPLC) with a photodiode array (PDA) detector (Shimadzu Nexera

XR).

4.3.5 Catalyst Collection and Characterization

After disconnection from the H supply, the flask was kept sealed by the rubber
stopper and immediately transferred into an anaerobic glove bag (Coy Laboratories, filled
with 98% N and 2% H>) to avoid artifacts from air exposure. The catalyst suspension was
filtered through a ceramic funnel covered with filter paper (Whatman qualitative) under
vacuum. The filter paper was transferred into a 20-mL scintillation vial and dried in a sand
bath at 110 °C to remove moisture. The dried catalyst powder was collected and stored in

the glove bag until XPS and XAS analysis (see below). For microscopy analysis, the
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catalyst powder was re-dispersed in distilled water and sonicated for 30 min. A drop of the
suspension was loaded onto the copper microgrids and dried under vacuum. The
distribution of Mo, Pd, N, O, and C elements was characterized by high-angle annular dark-
field (HAADF) imaging with scanning transmission electron microscopy (STEM, FEI
Titan Themis 300, operated at 300 kV) at the UC Riverside Central Facility for Advanced

Microscopy and Microanalysis (CFAMM).
4.3.6 X-ray Photoelectron Spectroscopy (XPS)

Inside the glove bag, the dried powder was loaded onto a copper conductive tape
on the XPS sample holder and stored in an anaerobic chamber secured with Klein Flange
before transferring to the XPS facility at the UC Irvine Materials Research Institute (IMRI).
All XPS experiments were performed on the Kratos AXIS Supra surface analysis
instrument. The sp? C 1s peak (284.5 eV) of the carbon support was used for binding energy
(BE) calibration. The BE of Mo", Mo'Y, and Mo"! standards were acquired in our previous
study.?® Spectra in the resolution of 0.1 eV were fit using CasaXPS (version 2.3.19).
Spectra of Mo 3d (30 scans) were fit with the constrained peak separations (3.15 eV) and

the constrained ratio of peak areas (3:2) of 3d spin-orbital coupling doublets.
4.3.7 X-ray Absorption Spectroscopy (XAS)

The preparation and transfer of XAS samples are the same as mentioned above. Mo
K-edge EXAFS data were collected at beamlines 4—1 and 2—2 at Stanford Synchrotron
Radiation Light source. The sample chamber was purged with N> during data collection to

minimize the artifact caused by atmospheric Oz. Both transmission and fluorescence
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signals were acquired. A Mo metal foil reference was concomitantly measured with the
samples for energy calibration (Eo = 20000 e¢V). Zirconium (Z—-2) metal foil was used as
the filter for collecting fluorescence signals. Athena was used for energy calibration, raw
spectra average, post-edge normalization, and background removal.?® Artemis was used to
obtain the structural parameters by fitting k>-weighted EXAFS spectra to the standard
EXAFS equation using several single-scattering paths. The fittings were over a k range of
3-13 A ' and an R range of 1.0-3.0 A for the catalyst sample, a k range of 3-12 A™! and an
R range of 1.2-3.9 A for MoO: standard, and a k range of 3-12 A~! and an R range of 0.9
2.0 A for (NH4)sMo070,4 standard as reported previsouly.?® Phase and amplitude functions
for the scattering paths were generated using FEFF6 based on the structures of MoO»,
MoO3, and monomolybdate. In all fittings, the number of independent variables included
was fewer than the number of independent data points. The Hanning window was used for

the Fourier transform of the EXAFS data.
4.3.8 Synthesis and Testing of Model Mo-Ligand Complexes

The synthesis of the Mo : (NH2)2bpy = 1 : 1 complex and the reported complex
MosO22(OH)4((t-Bu)2bpy)a (Mo : (NH2):bpy = 1 : 0.5) followed the literature method.%
Briefly, MoOs (68 mg, 0.48 mmol), (NH2)2bpy or (t-Bu)2bpy (0.48 mmol), and deionized
water (5 mL) were loaded in a Teflon-lined stainless steel autoclave. The autoclave was
heated in an oven at 160°C for 3 days. The resulting products were light pink crystalline
solid and amorphous white powder from the use of (t-Bu).bpy and (NH2)2bpy, respectively.
The products were collected by filtration and washed with deionized water and diethyl

ether. 'TH NMR characterization and other experiments found that the complexes fully
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decomposed to free ligands upon dissolution (See Figures S4.12—S4.16 in the Appendix

C and figure captions for details).
4.3.9 Electrochemical Study

Samples for electrochemical studies were prepared by immobilizing Na2M0Oa, free
(NH>)2bpy, and the 1:1 mixture of (NH2)2bpy + NazM0Os onto activated carbon powder
with the same adsorption procedures used for the in situ preparation of
[(NH2)2bpy]MoOx—Pd/C. The activated carbon did not contain Pd because Pd°
nanoparticles can catalyze the hydrogen evolution reaction®? and interfere with the
reduction of [(NH2)2bpy]MoOx. Catalyst ink was prepared by dispersing 5 mg of each
carbon powder sample in the mixture of 5 ml Nafion, 500 ml ethanol, and 250 ml deionized
water. Aliquots of 2 ml of the catalyst ink were applied twice onto the glassy carbon
electrode. After the ink was dried in air, the working electrode was ready for use. The
electrochemical cell was purged with Ar gas before measurement to prevent the artifacts
from atmospheric oxygen. Cyclic voltammetry was performed at pH 3.0 using an Ag/AgCl

reference electrode and platinum wire counter electrode.
4.4 Results and Discussion
4.4.1 Bioinspired Design and Catalyst Performance

We used Pd/C as the platform for our bioinspired catalyst (Figure 4.1f). The porous
carbon mimics the enzyme protein pocket to accommodate the OAT metal site. The Pd’
nanoparticles directly harvest electrons from H> to simplify the biological electron transfer

chain. Then the critical task was to construct a highly active Mo site from molybdate
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(Mo"'04%"), the same Mo source for the biosynthesized Mo cofactor.* Polyoxometalates
of aqueous molybdate® were readily adsorbed onto Pd/C within 30 min (Figure S4.1). The
resulting heterogeneous MoOx—Pd/C showed rapid reduction of ClIO3™ 28 but negligible
activity with ClO4~. Hence, we sought to enhance the OAT activity of Mo sites by
incorporating an organic ligand like the biological Mo cofactors. Because biomimetic Mo
complexes with thiolate ligands are typically water- and oxygen-sensitive, we attempted to
prepare an active Mo site in situ. We added Na2MoO4 and a variety of neutral nitrogen
ligands (L) to the water suspension of Pd/C under 1 atm H». This simple strategy achieved
highly active ClIO4™ reduction by a series of (L)MoOx—Pd/C catalysts (Table 4.1, Figures

S4.2 and S4.3 in the Appendix C).

Bipyridine (bpy, Table 4.1 entry 1) was superior to phenanthroline and other
aromatic ligands with an imidazoline or oxazoline half moiety (Table 4.1 entries 17-19)
as well as pyridines, diamines, and terpyridine (Table 4.1 entries 10—16 and 23). Ligands
with steric hindrance (Table 4.1 entries 8, 9, and 20) or a strain on the bpy backbone
(Table 4.1 entry 22 versus 21) resulted in low activities. Electron-donating groups on the
para positions® further enhanced the activity (Table 4.1 entries 2—7). At ambient
temperature and pressure, the [(NH2)2bpy]MoOx—Pd/C catalyst (Table 4.1 entry 6)
outperformed other abiotic ClO4™ reduction catalysts reported to date (Table S4.1 in the
Appendix C). The chlorine balance was closed by CIO4™ and CI, indicating a negligible
buildup of CIOx™ intermediates (Figure 4.2a). The optimal molar ratio between (NH2)2bpy
and Mo was 1:1 (Figure 4.2b), and the optimal Mo content in the catalyst was 5 wt% (see

below). While enzymes use amino acid residues to assist the reduction of metal-bound
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oxyanions,’> % the [(NH2).bpy]MoOx—Pd/C needs external protons to enable CIO4
reduction.?® 34 The optimal activity was observed at pH 3.0 (1 mM H* from H2SOs). The
pKavalues for —-NH3* and pyridyl NH" are around 2 and 7, respectively (Figure S4.4 in the
Appendix C). The coordination between (NH2).bpy and Mo is competed by the
protonation of pyridyl N at pH 3.0. Thus, the active [(NH2)2bpy]Mo sites may be in the
solid phase rather than in the aqueous solution (see below). The reduced performance at

pH 2.0 and 1.0 (Figure 4.2c) can be attributed to the protonation of —NHo.

Catalyst reuse for ten times did not cause a noticeable loss of activity (Figure S4.5
in the Appendix C). The leached Mo and (NH>)2bpy into water throughout the catalysis
were <1.5% and <0.2% of the total amount, respectively (Figure 4.2d). The apparent first-
order kinetics with 0.01-1 mM ClO4 and zeroth-order kinetics at 1-100 mM ClO4~
(Figures S4.6 and S4.7 in the Appendix C) support the Langmuir-Hinshelwood model,
which is characteristic for heterogeneous catalysis (See Texts S4.1 and S4.2 in the
Appendix C for kinetic modeling and mass transfer analysis). Notably, a 0.2 g L™ loading
of the catalyst reduced 99.99% of 100 mM ClO4~ (~10 g L) within 48 h (Figure S4.6¢c in
the Appendix C). Due to the high oxidative stress caused by CIOx intermediates,*> 2/
complete reduction of 100 mM CIO4" in water has not been reported by either microbial or
abiotic systems. Assuming the Mo sites catalyze the OAT from CIO4 and all ClOx™
intermediates, the turnover number (TON) for that single batch and the initial turnover

frequency (TOFo) reached 3,840 and 165 h™?, respectively, for each Mo atom.

In the presence of 0.1 M CI~, 2.0 M CI, and 1.0 M SO4*", the catalyst retained 57%,

5%, and 36% of the control activity, respectively (Figure S4.8 and Table S4.2 in the
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Appendix C), showing the promise for reducing ClO4™ in brine solutions produced from
ion exchange or reverse osmosis for water purification.®® Furthermore, exposing the
catalyst suspension to air did not cause irreversible deactivation. The same CIO4™ reduction
activity was recovered after resuming the Hz supply (Figure S4.9a in the Appendix C),
suggesting that the in situ prepared catalyst can be handled in air. In comparison, Re—Pd/C
catalysts using pre-synthesized Re" precursors (Figure 4.1¢€) are highly sensitive to air and

irreversibly deactivated (Figure S4.9b in the Appendix C).2> %'
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Table 4.1 Perchlorate reduction activity of Mo—Pd/C catalysts enabled by various ligands.?
3aReaction conditions: 1 mM CIO, in water, 0.5 g L™ catalyst (5 wt% Mo and 5 wt% Pd on carbon), molar
ratio of Ligand:Mo = 1:1 (bidentate and tridentate) or 2:1 (monodentate), pH 3.0, 1 atm Hy, 20°C. Entries 5
and 6 used 0.2 g L™* catalyst.

®Calculated using the degradation of the first 5% of 1 mM CIO4~ and four OAT cycles to reduce each ClO4~
into CI".
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Figure 4.2 Kinetic data. (a) Chlorine balance for ClO4  reduction; (b) the effect of
(NH2)2bpy:Mo molar ratio; (c) the effect of solution pH; (d) the ratio of immobilized
(NH_2)2bpy and Mo during CIO4 reduction. Default reaction conditions: 0.2 g L™ catalyst

(5 wt% Mo in 5 wt% Pd/C, molar ratio of (NH2)2bpy:Mo=1:1), 1 mM CIO4", pH 3.0, 1 atm
H>, 20 °C.
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Figure 4.3 Characterization data and proposed reaction mechanisms. (a—¢) Mo 3d XPS
spectra (empty dots) and fits (solid lines) of the [(NH2)2bpy]MoOx—Pd/C catalyst. The
3d5/2 peaks are indicated by asterisks; (d) the correlation between Mo K-edge XANES
energies and valences for the catalyst and Mo references; (e) the EXAFS Fourier
transforms (dotted lines) and their fits (solid lines); (f—g) the effect of Mo content in the
catalysts with and without (NH2)2bpy; (h) a proposed structure of the reduced
[(NH2)2bpy]MoOxy species and representative redox transformations for ClO4~ reduction;
(i-1) HAADF-STEM imaging of the catalyst and EDX mapping of Pd, Mo, and N. The
two dotted areas show the heterogeneity of [(NH2)2bpy]MoOx species immobilized on both
the carbon support and Pd particles.
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4.4.2 Catalyst Characterization and Homogeneous Reaction

X-ray photoelectron spectroscopy (XPS) characterization identified the reduction
of MoV! precursor into multiple oxidation states (+V, +1V, +111 and +11) (Figure 4.3a versus
4.3b). Air exposure reoxidized the low-valent species to Mov and Mo"! (Figure 4.3c). For
the reduced bulk catalyst sample, Mo K-edge X-ray absorption near-edge structure
(XANES) spectroscopic analysis found the average valence of Mo to be 4.3 from the edge
energy of 20011.7 eV (Figure 4.3d and Figure S4.10 in the Appendix C)%. Fitting of the
extended X-ray absorption fine structure (EXAFS) spectra found three major atomic shells
for Mo=0 (1.67 A), Mo—0 (1.99 A) and Mo—Mo (2.57 A) (Figure 4.3e, Table S4.3, and
Figure S4.11 in the Appendix C). This short Mo—Mo distance also indicates the reduction
of MoV into MoV by hydrogenation. In a previous study, the reduction of [PMo"}12040]*"
in a battery electrolyte with 24 electrons into [PMo'V12040]*”" shortended the Mo—Mo
distance from 3.4 A to 2.6 A.3® The Mo—Mo coordination number (CN) of 0.9 + 0.5
suggests the heterogeneity of the surface Mo species as a mixture of monomers (CN = 0),

dimers (CN = 1), and polymers (CN > 1).

Notably, the use of (NH2)2bpy ligand not only enhanced the activity but also altered
the structure of MoOy species. Without the ligand, the MoOx—Pd/C catalyst could not
reduce ClO4 ", and the highest ClOs™ reduction activity was achieved with merely 0.5 wt%
of Mo (Figure 4.3f). Thus, the additional 4.5 wt% of Mo in the 5 wt% MoOx—Pd/C served
as the structural building block of polymeric MoOy clusters rather than catalytic sites. The
CN for Mo—Mo in MoOx—Pd/C (1.7 + 0.6, Table S4.3 in the Appendix C) also indicated

the dominance of polymeric MoOx clusters.?® In stark comparison, the CIO4~ reduction
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activity of [(NH2)2bpy]MoOx—Pd/C kept increasing with the Mo content until 5 wt%
(Figure 4.3g in the Appendix C). Thus, most Mo atoms in the 5 wt%
[(NH2)2bpy]MoOx—Pd/C served as catalytic sites. Because the average CN for Mo—Mo and
Mo=0 were 0.9 and 1.1, respectively (Table S4.3 in the Appendix C) and the optimal ratio
between (NH2)2bpy and Mo was 1:1 (Figure 4.2b), we propose a representative dimer
structure for the active Mo site (Figure 4.3h). This configuration is based on the crystal
structure of MoV',0g[(t-Bu)2bpy]2, a minor product from the hydrothermal reaction using
MoOs; and 4,4’-(t-Bu)obpy.®® This dimer structure also allows for multi-valent
transformation of Mo between +VI1 and +11 (Figure 4.3b) via the reduction of Mo=0 into

Mo—OH and Mo—OHoa.

We attempted to synthesize a molecular framework for the [(NH2).bpy]MoOx site;
however, both [(t-Bu)2bpy]MoY! and [(NH2)2bpy]Mo“' complexes from hydrothermal
synthesis® decomposed into free ligands upon dissolution (Figures S4.12 and S4.13 in the
Appendix C). Although PPhs reduced Mo"! to Mo' and yielded OPPhs by OAT, the
homogeneous ClO4 reduction did not occur (Figure S4.14 in the Appendix C). The
heating of Na2Mo0Os, (NH2)2bpy, and P(PhSOsNa)s (TPPTS) in water yielded a green solid,
confirming the reduction of Mo¥' and the coordination with (NH2)2bpy (Figure S4.15 in
the Appendix C). Still, this product dissolved poorly in water and did not reduce aqueous
ClO4~ (Figure S4.16a in the Appendix C). In comparison, the use of activated carbon
(without Pd® nanoparticles)?® together with NazMoOa, (NH2)2bpy, and TPPTS resulted in
a slow but significant ClO4 reduction at pH 3.0 (Figure S4.16b and S4.16c in the

Appendix C). Although an exact molecular structure for the active Mo sites remains
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elusive, the above findings have collectively confirmed the heterogeneous nature of the
catalyst. The critical role of the carbon support may be to provide a large surface area (>900
m? g% 2 to disperse the insoluble [(NH2)2bpy]MoOy structure for up to 5 wt% Mo
(Figure 4.3g), or to stabilize the specific coordination structure that is reactive with ClO4".
In addition, since (NH2)2bpy is strongly prone to pyridyl protonation, the [(NH2)2bpy]MoOx

coordination structure is less likely to remain intact upon dissolution in the aqueous phase.

Scanning transmission electron microscopy (STEM) and energy dispersive X-ray
spectrometry (EDS) element mapping images indicate the ubiquitous distribution of Mo
and N on either carbon support or Pd° nanoparticles (Figures 4.3i—4.3l and S4.17 in the
Appendix C). The poor EXAFS fittings considering Mo—Pd bonding (Table S4.4 in the
Appendix C) suggest isolated aggregation and distinct roles of the [(NH2)2bpy]MoOx site
(OAT for CIOx™ reduction) and Pd nanoparticles (electron transfer from H»). Both the
phosphine reduction via OAT and Pd-mediated hydrogenation could transform polymeric
MoV! precursors?® into specific [(NH2)2bpy]MoOx structures for ClO4~ reduction. For
comparison, our cyclic voltammetry studies on the mixture of Na2MoOs, (NH2)2bpy, and
activated carbon (without Pd® nanoparticles) between 0.37 and —1.1 V (versus the
reversible hydrogen electrode) did not observe ClO4  reduction (Figure S4.18 in the
Appendix C) but showed the reduction peaks of M0oOyx and (NH2)2bpy ligand (Figure
S4.19 in the Appendix C). The potential allows the reduction of Mo"! into MoV, Mo'V, and
Mo 2% 40 put the potential [(NH2)2bpy]MoOx formed upon electrochemical reduction3®

were probably in different structures and thus not reactive with CIO4™.
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4.5 Conclusion

In conclusion, we have developed a highly active and robust heterogeneous
(L)M0oOx—Pd/C catalyst for aqueous ClO4™ reduction. The catalysis proceeded at 20°C with
1 atm Hz and fully reduced a wide concentration range (10 uM to 0.1 M) of CIO4™ into CI".
On the carbon support, the oligomeric Mo site was generated in situ via the reduction of
Na2MoO4 and coordination with a bidentate nitrogen ligand. This study highlights a new
strategy for designing bioinspired systems with common chemicals and simple preparation.
We anticipate that this water-compatible catalyst will advance environmental and energy

technologies to degrade or utilize CIO4™ on Earth and Mars.
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Chapter 5. Molybdenum-Catalyzed Perchlorate Reduction: Robustness, Challenges,

and Solutions

The text of this chapter is based on, or in part a reprint of the material as it appears
in Ren, C.; Bi, Y. E.; Gao, J.; Liu, J. Molybdenum-catalyzed perchlorate reduction:
robustness, challenges, and solutions. ACS ES&T Engineering, 2021, DOI:

10.1021/acsestengg.1c00290.
5.1 Abstract

We have recently developed a highly active ligand-enabled (L)Mo—Pd/C catalyst
(L = 4,4’-diamino-2,2’-bipyridine) for aqueous perchlorate (ClO4") reduction with 1 atm
H> at room temperature. This study reports on a series of satisfactory properties of this
catalyst closely relevant to ClO4~ treatment in waste brines resulting from ion-exchange
resin regeneration. In the presence of concentrated salts and humic acid, the catalyst
experienced limited inhibition but completed ClO4™ reduction in a few hours with an
adjustable loading between 0.2 and 2 g/L. The catalyst was not deactivated by the high
oxidative stress from multiple spikes of 100 mM CIO4 . The challenge of deactivation by
nitrate was solved by pretreating the brine with In—Pd/Al.Oz. The loss of activity upon
ligand hydrogenation was overcome by regenerating the Pd/C at pH 12. We also optimized
the catalyst formulation and saved 70% of Pd without sacrificing the activity. The
substantially enhanced performance and lowered adverse environmental impacts of
(L)Mo—Pd/C make the catalytic treatment competitive to microbial reactors for ClO4

reduction. We showcase the power of coordination chemistry in environmental technology
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innovation and expect this catalyst to promote the reuse of ClO4 -selective resins for

sustainable water treatment.
5.2 Introduction

The excess uptake of perchlorate (ClO4") through contaminated water and food can
disrupt thyroid hormone production, which is critical for the growth, development,
metabolism, and mental function of humans.! In the United States, California®> and
Massachusetts® set the maximum contamination level for CIO4~ in drinking water at 6 and
2 pg/L, respectively. In China, the proposed 2021 revision of the National Standards for
Drinking Water Quality included CIO4~ at 70 pg/L.* With the improved understanding of
ClO4~ toxicity® and the discovery of CIOs~ on Mars,® the remediation of ClO4
contamination is an imperative research topic for environmental engineering’-® and space

explorations. o 11

Although ion-exchange (IX) resins can readily remove CIOs  from water,?
achieving a rapid reduction of enriched ClO4 has been a challenge for over two decades.
Microbial reactors can take days to weeks to stabilize the function of CIO4 reduction,*® 4
and most abiotic methods require harsh conditions and a large excess of reducing agents.*>
% The use of rhenium (Re) for CIO4~ activation together with palladium (Pd) for H.
activation (Re—Pd/C) realized rapid and complete reduction of ClO4  into CI™ at ambient
conditions.® 2°-24 Recently, we have replaced Re with a highly reactive molybdenum (Mo)
species, which was formed in situ from a common fertilizer, Na2MoO4, and a common

bipyridine ligand (L) (Figure 5.1).® In comparison to Re—Pd/C catalysts, the new
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(L)Mo—Pd/C shows even higher activity, does not involve specialized preparation
procedures and is not deactivated by air exposure.?> Spectroscopic evidence suggested a
dimeric structure of the surface-immobilized Mo site, with each Mo coordinating with an
N,N-bidentate ligand.?® The coordination of Mo with the electron-rich ligand enables the

rapid reaction with highly inert ClO4~ via oxygen atom transfer to the reduced Mo'V site:
ClOx™ + (L)Mo"V(0) — (L)Mo"!(0)2 + ClOx-1~
The oxidized MoV' is then reduced back to Mo'Y by Pd-catalyzed hydrogenation:
(L)MoV(0)2 + Hz — (L)Mo™(O) + H0
The overall reaction is the complete and clean reduction of ClO4™ :
ClOs +4H,— CI" +4H0

To promptly transfer the exciting invention into engineering solutions, herein we
report on systematic evaluation and improvement of the (L)Mo—Pd/C catalyst in terms of
various conventional and novel properties closely relevant to practical applications,
including i) performance in water matrices of concentrated salts and natural organics, ii)
longevity in challenging and continuous oxidative and reducing environments, and iii)
cost-effectiveness optimized through catalyst formulation. In particular, we provide viable
solutions to catalyst deactivation challenges. The results will guide the application of this

catalyst and exemplify lab-scale evaluations of new water treatment catalysis.
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Figure 5.1 Illustrated experimental procedures for (a) preparation of (L)Mo—Pd/C with
adjustable Pd and Mo contents, (b) sequential reduction of NO3™ by In—Pd/Al>,0z and ClIO4~
by (L)Mo—Pd/C, and (c) hydrogenation deactivation and regeneration of (L)Mo—Pd/C.

5.3 Materials and Methods
5.3.1 Chemicals and Materials

NaxMo042H20 (>99%), Na2PdCls (98%), and humic acid were purchased from
Sigma—Aldrich. The ligand 4,4’-diamino-2,2’-bipyridine ((NH2)2bpy, >98%) was
purchased from TCIl America. NaClO4, NaCl, Na;SOs, NaH2PO4, NaNOs, NH4Cl, and
NaOH in >99% purities were purchased from Fisher Chemical. Ultrahigh purity (99.999%)
H> gas was purchased from Airgas. The standard 2 N sulfuric acid solution was purchase
from Alfa Aesar. All chemicals were used as received. Aqueous solutions were prepared
with deionized (DI) water (resistivity >18.2 MQ cm). The carbon support was purchased
from Alfa Aesar (Norit GSX; steam activated and acid-washed; surface area 1300 m?/g)

and used as received.
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5.3.2 Preparation and Use of (L)Mo—Pd/C Catalyst

In this study, we prepared the catalyst with various formulations from pristine
activated carbon, Pd' and MoV! precursors, and free ligand (Figure 5.1a). The first step
followed our previously developed in situ method to prepare Pd/C.?® The amounts of
carbon and Pd are adjustable based on the specific catalyst powder loading in water
(0.2-2.0 g/L) and the specific Pd content in the catalyst (0.1-5.0 wt%). In a 50-mL flask,
activated carbon powder was added to 50 mL of DI water. The flask was capped with a
rubber stopper, and the mixture was sonicated for 1 min. Under magnetic stirring, Na2PdCls
solution was added dropwise into the carbon suspension. Stirring for another 5 min was
sufficient for Pd' immobilization onto carbon support. H, gas was supplied through a 16-
gauge stainless steel needle. Another needle was used as the gas outlet so that the Hy
pressure in the flask was maintained at 1 atm. The exposure to Hz for 5 min was sufficient
to reduce all Pd" into Pd® nanoparticles.?® The resulting Pd/C catalyst could be either
immediately added with Mo or filtered and dried under vacuum for future use. In the second
step, stock solutions of Na2MoO4 and (NH2)2bpy were sequentially added in the Pd/C
suspension. The solution pH was adjusted to 3.0 using 2N H2SO4. The amount of Mo is
adjustable for specific Mo content in the catalyst (0.5-5.0 wt%), whereas the molar ratio
of L:Mo was kept at 1:1. The following exposure to 1 atm H for 1 h afforded the final
(L)Mo—Pd/C catalyst.?® The addition of NaClOs (1-100 mM) initiated the catalytic
reduction at room temperature (20 °C). Aliquots were collected intermittently from the gas
outlet needle and immediately filtered by 0.22-pum cellulose acetate membrane to quench

reactions.
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5.3.3 Perchlorate Reduction in the Synthetic Brine

After (L)Mo—Pd/C was prepared, solid salts were added to the catalyst suspension
following the composition of a previously studied waste brine (Table 5.1) collected from
a Californian water treatment plant using a regenerable ion-exchange system.?! Because

the reduction of NOs~ consumes H*:%!
NOs +25H+H"— 0.5 N2+ 3 H.0
NOz; +4H,+2H"— NHs"+ 3 H0

A 50-mL double-neck flask was used to monitor and maintain the solution pH
during the reaction. Both necks were capped with rubber stoppers, one of which
accommodated a Fisherbrand accumet gel-filled pencil-thin pH combination electrode
(Figure 5.1b). The other stopper accommodated the two stainless needles for Hz supply
and sampling. H2SO4 (0.1 M) was added through the sampling needle to adjust the pH back

to the working range for the catalyst (3.0 £ 0.1).
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Component? Concentration

Chloride 0.9 M (32.3 g/L as CI~, ~5 wt% NaCl)
Perchlorate 1 mM (100 mg/L as CIOs")°

Nitrate 38 mM (2.36 g/L as NO3")

Sulfate 48 mM (4.70 g/L as SO4>)

Phosphate 0.22 mM (20.9 mg/L as PO4*")

Table 5.1 Composition of the synthetic IX regenerant brine.

aNa* was the only cation introduced with the above anionic species because K*, Ca?*, and Mg?* (taking
asmall portion of total cations in the real brine) did not significantly impact reaction kinetics.?® Although
present in the real waste brine, carbonate was not added to the synthetic brine because it was fully
removed as CO; bubbles during pH adjustment to 3.0.%

®The CIO,4 concentration in the real brine was 0.02 mM (~2 mg L™ as ClO4") because the IX resin was
not perchlorate-selective. We increased the concentration to 1 mM for (i) ensuring the accuracy of ClO4~
quantitation in the concentrated salt matrix, (ii) comparing the catalyst performance with most
experiments that used 1 mM ClO4 as the probe. The catalyst is capable of reducing as low as 0.01 mM
(~1 mg/L) ClO4 by >99% (i.e., <10 pg/L in the treated water).?

5.3.4 Preparation and Use of In—Pd/Al2O3 Catalyst

A 5 wt % Pd on y-Al>O3 (Pd/Al>O3) catalyst and InCls (98%) were purchased from
Sigma—Aldrich and used as received. The InClz was dissolved in ethanol and added in
Pd/Al>O; via incipient wetness following a reported method.?’” The solid was dried in air
at 120 °C for 4 h and reduced with H> for 12 h. Then the catalyst was collected and used at
2 g/L to reduce NOz" in the synthetic brine. Due to the scope of this work, the preparation
and formulation of In—Pd/Al.Os were not further optimized. The pH monitoring and
adjustment during NOs™ reduction (5.6+0.2) followed the same reactor configuration as
described above. After NOs™ reduction was complete, In—Pd/Al.Oz was filtered out, and

the treated brine was added with 0.2 g/L of (L)Mo—Pd/C to reduce ClO4™ (Figure 5.1b).
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5.3.5 Aqueous Sample Analysis

The concentrations of ClIOs and NOs~ were measured on an ion chromatography
(Dionex ICS-5000) with a conductivity detector and 25 pul. sample loop. The best
separation of ClOs  from other anions was achieved by using a Dionex lonPac AS16
analytical column at 30 °C with 1 mL/min of 65 mM KOH eluent. A Dionex lonPac AS 19
analytical column was used to separate NOz~. 20 mM KOH eluent was used to achieve the
best separation. The concentration of Mo in aqueous samples was analyzed by inductively
coupled plasma—mass spectrometry (ICP—MS, Agilent 7700). The concentration of the free
(NH2)2bpy ligand was quantified by high-performance liquid chromatography (Shimadzu

Nexera XR) with a photodiode array detector.

5.3.6 Catalyst Collection and Elemental Analyses

The catalyst powders, either freshly prepared or used after reactions, were collected
by vacuum filtration through a ceramic funnel covered with Whatman qualitative filter
paper. The filter paper was transferred into a 20-mL scintillation vial and dried in an oven
at 70 °C to remove moisture. The contents of Mo, Pd, C, H, and N in the catalyst powders
were determined by inductively coupled plasma—optical emission spectrometry (ICP—OES,
PerkinElmer Optima 8300) after microwave digestion in HNO3z—H20- (performed by the

Microanalysis Laboratory at the University of Illinois at Urbana-Champaign).

5.3.7 Regeneration of (L)Mo—Pd/C Catalyst

This set of procedures is illustrated in Figure 5.1c. After the catalyst was

deactivated by hydrogenation, the pH of the water suspension was adjusted to 12.0 with
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NaOH. The suspension was stirred for 10 min and filtered under vacuum. The collected
solid was redispersed in DI water and added with new stock solutions of Na,MoO4 and

(NH2)2bpy to regenerate the (L)Mo—Pd/C following the procedures described above.
5.4 Results and Discussion
5.4.1 Catalyst Performance for Brine Treatment

We prioritize the evaluation of (L)Mo—Pd/C by assessing its performance in a
practical scenario: ClO4™ reduction in a waste brine resulting from 1X resin regeneration.
Further assessment and development will be meaningful only if the catalyst can
demonstrate satisfactory activity under challenging conditions. We prepared the synthetic
brine containing all anion constituents in a previously studied brine (Table 5.1). Because
early 1X resins were not highly selective for ClO4", the waste brines produced from resin
regeneration typically contained sulfate, nitrate, and even phosphate at orders of magnitude
higher concentrations than ClO4 .21 2630 We added 1 mM ClO4™ in the synthetic brine
(Table 5.1, footnote b). The ClIO4™ reduction was conducted at the optimized pH of 3.0,
and the complete conversion into CI~ has been confirmed.?> Most abiotic ClO4™ reduction

systems require H* to enable oxygen atom transfer (OAT) in the aqueous phase.® & 20-25.

31-34

In comparison to the performance in deionized (DI) water (i.e., no concentrated
brine constituents added), the synthetic brine matrix substantially retarded ClIO4™ reduction
(Figure 5.2a). During the relatively fast reaction in the first 2 h, the barely fit first-order

rate constant was only 1.9% of that observed in DI water (Table 5.2 entry 5 versus 1). The
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gradually flattened kinetics suggested catalyst deactivation (i.e., loss of intrinsic activity).
The simultaneous reduction of NO3™ in the synthetic brine followed a similar trend (Figure
5.2a). To identify the deactivating species, we examined the effect of individual
constituents on CIO4 reduction. In comparison to the DI water control, the addition of 80
mM H2PO4s~, 1 M SO4*", and 1 M CI™ lowered the rate constant by 37%, 64%, and 86%,
respectively (Table 5.2 entries 2—4 versus 1). However, these anions merely caused
inhibition (i.e., decrease of reaction rate by reaction site competition) rather than
deactivation. First, the CIO4™ reduction followed the 1%-order kinetics well (Figure S5.1).
The most inhibited catalyst in 1 M NaCl still achieved >99.5% CIO4 ™ reduction within 15
h (Figure S5.2). Second, recycling the catalyst from the previous use in 80 mM NaH2POa,
1 M NazSO0s4, or 1 M NaCl by filtration fully restored the activity (Figure S5.3). Although
the catalyst was significantly inhibited by concentrated CI™, increasing the catalyst loading
from 0.2 g/L to 2.0 g/L achieved >99.99% CIlO4 reduction within 1 h (Figure S5.4).
Notably, the activity was >13 times higher than that of the previously developed salt-

resistant ReOx—Pd/C (Table 5.2 entry 4 versus 8 and 9).%

Hence, NO3™ was the only remaining suspect for catalyst deactivation. We prepared
a new synthetic brine that only excluded NOgz". In this brine, the CIO4™ reduction profile
resembled that in 1 M NaCl (Figure S5.2, Table 5.2 entry 4 versus 6), confirming that
NOz is responsible for catalyst deactivation. The slight inhibition in the presence of 40
mM NH.CI (assuming complete reduction of NOs~ into NH4*)® is primarily attributed to
Cl™ (Table 5.2 entry 7 versus 1 and 4) rather than NH4". In a separate experiment, we used

(L)Mo—Pd/C to first treat 40 mM NOs™ for 48 h. The water-rinsed catalyst only retained
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11% of the original activity for ClIO4™ reduction (Figure S5.5). Because Pd-based catalysts
integrating In, Cu, or Sn as the second metal have shown excellent NO3z™ reduction
activities,*® the severe deactivation of (L)Mo—Pd/C is attributed to the reaction between
NOz™ (or intermediates such as NO2~, NO, and N20) with the (L)Mo site rather than with
Pd. Inorganic chemistry studies using molecular Mo species for NOs™ reduction have
observed inhibition by those nitrogen intermediates.”*® Similar deactivation of the Re site
has been observed from the ReOx—Pd/C catalyst.?* While deeper mechanistic insights into
the deactivation phenomenon warrant further investigation, in this study, we prioritize the
research effort as solving this challenge by preventing NO3z~ from reacting with the Mo

catalytic site.
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Figure 5.2 Degradation of CIO4 and NOs™ in the synthetic brine by (a) (L)Mo—Pd/C only
and (b) sequential application of In—Pd/Al.Oz (2 g/L at pH 5.6) and (L)Mo—Pd/C;
mechanistic schemes for (c) self-repair of (L)Mo—Pd/C and (d) deactivation of
(L’)2Re—Pd/C caused by concentrated Cl1O4 ; (€) reduction of continuous spikes of 100 mM
ClO4™ by 2 g/L of (L)Mo—Pd/C; (f) the decrease of ClO4 reduction rate constants after
continuous Hz exposure; and (g) ClO4™ reduction by (L)Mo—Pd/C prepared from reused
Pd/C after treatment at pH 12. Default reaction conditions: 0.2 g/L of (L)Mo—Pd/C (5 wt%
Mo, 5 wt% Pd), pH 3.0, 1 atm H>, 20 °C. In panels a, e, and g, filled symbols were used to
fit the 15 or 0"-order model, whereas hollow ones were either not appropriate for fitting

(i.e., C/Co < 0.2) or indicating the deviation from models.
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Entry Other constituents in the solution k(Lh?gear?)?
[(NH2)2bpy]MoOx—Pd/C (5 wt% Mo, 5 wt% Pd)

1 DI® 14.83 £ 0.37

2 80 mM NaH,PO, 12.26 £ 0.81

3 1 M NaySO4 5.47 +0.23

4 1 M NaCl 2.19+£0.14

5 Synthetic waste brine (see Table 5.1) 0.25+0.04

6 Synthetic waste brine without NO3~ 212 +0.16

7 40 mM NH4CI 9.88 £ 0.39
ReOx—Pd/C (5 wt% Re, 5 wt% Pd)

8 DI® 0.047 £ 0.003 ©

9 1 M NaCl 0.16£0.01 ¢

10 Synthetic waste brine (see Table 5.1) 0.0079 £ 0.0003 ¢

11 Synthetic waste brine without NO3~ 0.18+0.01 °

Table 5.2 Rate constants for CIO4™ reduction by Mo and Re catalysts

3Apparent first-order rate constants (h™) for 1 mM CIO,™ reduction (pH 3.0, 1 atm Ha, 20 °C) normalized by
the loading of catalyst powder in water (geat L) to facilitate cross-comparison. The loading of Mo- and Re-
based catalysts used in experiments were 0.2 and 2.0 g/L, respectively.

bContaining ~1 mM H,SO, (for pH adjustment to 3.0) and cations introduced with

Na:MoO, or KReO4 precursor.

Data reported in Ref 21.

5.4.2 The Solution to Catalyst Deactivation by Nitrate

We proposed a two-stage treatment to protect (L)Mo—Pd/C from reacting with
NOz™ (Figure 5.1b). In the first stage, NO3™ in the synthetic brine was reduced with a well-
established In—Pd/Al,Oj3 catalyst.®® Similar to the previous report,2! 2 g/L of In—Pd/Al,O3
reduced >99.98% of the 38 mM of NOs~ within 8 h (Figure 5.2b) with a <30% product
selectivity toward NH4", whereas no CIO4™ reduction was observed. Then we filtered out
In—Pd/Al>,O3 and added 0.2 g/L of (L)Mo—Pd/C into the nitrate-removed brine. As expected,
the reduction of 1 mM CIO4™ proceeded rapidly and achieved 99.9% reduction within 24
h. The (L)Mo—Pd/C showed the highest ClO4 reduction activity in both DI water and brine

among the hydrogenation catalysts studied to date (Table S5.1).
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5.4.3 Catalyst Stability against Oxidative Stress

After solving the nitrate deactivation challenge, we evaluated the stability of
(L)Mo—Pd/C during the treatment of concentrated ClO4 . The regeneration of ClO4 -
selective resins can produce highly concentrated ClIO4 up to 10 g/L (~100 mM) within one
bed volume of waste brine.*? > Although CIO4™ is highly inert, the CIOx™ intermediates are
much more reactive with the (L)Mo site,®® where the ligand carries two strong electron-
donating —NH> groups. For Re—Pd/C catalysts prepared from presynthesized
[ReV(O)(L")2]* (L =various oxazoline-phenolate ligands) as the active site, concentrated
ClOx could cause the accumulation of [ReV!"'(0)2(L")2]* and irreversible decomposition
into ReO4~ and free L’ (i.e., deactivation, Figure 5.2d).?®> 2* In contrast, the active
[(L)(O)M0'V]2(u-0); site in (L)Mo—Pd/C is prepared in situ from inorganic molybdate and
free (NH2)2bpy ligand. If similar hydrolysis of oxidized [(L)(O)Mo"']2(u-O)2 occurs, the
products would be the starting materials, allowing the active site to form again (i.e., self-
repair, Figure 5.2c). To verify this hypothesis, we challenged (L)Mo—Pd/C with five spikes
of 100 mM CIO4 . The reduction of the fifth ClO4™ spike was not slower than the control,
where the fresh (L)Mo—Pd/C reduced 100 mM CIO4 in the presence of 400 mM CI~
(Figure 5.2e and Table S5.2). Therefore, the gradual activity loss is attributed to the
accumulation of CI™ from ClO4  reduction. After five spikes, each (L)Mo site had
undergone 1,920 redox turnovers without deactivation. Notably, the removal of 100 mM
ClO4™ reached >99.99%, more effective than the previously reported thermal treatment

(92-98%).%2
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5.4.4 Catalyst Longevity under Reducing Atmosphere

It has been well documented that pyridine structures are susceptible to Pd°-
catalyzed hydrogenation, and those with electron-donating substitutions (e.g., ~NH>) have
the lowest reactivity.*> %! To evaluate the catalyst longevity under extended hydrogenating
conditions, we exposed the water suspension of (L)Mo—Pd/C to 1 atm H> atmosphere for
up to 1000 h (6 weeks, Figure 5.1c). The rate constants for ClO4s reduction decreased
exponentially by 90% in the first three weeks (0.113 day?, Figure 5.2f and Figure S5.6).
The activity loss in weeks 4—6 was less pronounced and remained at 6% of the original
activity after 1000 h. We attribute the rapid activity decrease to the hydrogenation of
pyridyl rings in Mo-coordinated (NH2).bpy. After that, the hydrogenation product still
coordinated with Mo and enabled CIO4™ reduction to a limited extent. This interpretation
is supported by the limited ClO4  reduction activity using selected aliphatic diamine

ligands and no activity without using any organic ligand.?

Elemental analyses of solid catalysts found that long-term exposure to H. caused
roughly 20% and 50% loss of Mo and N, respectively (Table 5.3 entry 4 versus 2). In
comparison, the redox transformation during ClO4  reduction is not the cause for the
leaching (Table 5.3 entry 3). In general, aliphatic amines have 5—6 units higher pKa values
than pyridines (i.e., much more prone to be protonated). The hydrogenation of pyridyl
structures might also eliminate the n-n stacking interaction with carbon support and thus
enhance dissolution. The original (NH2).bpy ligand was not detected in the water. In

contrast, the Pd content did not significantly change in the solid, and ICP—MS analysis
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detected up to 0.01% of the total Pd dissolved in various water samples. Such stability is

as expected because solid-state Pd® can be readily maintained under H, atmosphere.?®

Entry Sample Pd Mo Pd:Mo® C H N

1 Pd/C without Mo? 3.86 0.01 - 83.61 114 0.52
2 fresh (L)Mo—Pd/C? 3.25 3.58 091:1 7792 124 282
3 used (L)Mo—Pd/C after 1 mM CIO, treatment 3.09 3.23 0.96:1 7730 124 274
4 after 6-week exposure under 1 atm H; 3.30 2.95 1.12:1 7914 103 137
5 after regeneration at pH 12 3.53°0.03 - 8341 129 2.04

Table 5.3 Elemental analyses of solid catalysts (Unit: weight percentage, wt%).

aPd/C and (L)Mo—Pd/C had the nominal 5 wt% loadings for both Pd and Mo.

Because elemental analyses of solid samples always have deviations and can be significantly impacted by
the addition of other constituents in the solid, the ratio between the two metals is a more meaningful indicator
of metal leaching than the absolute weight percentage of each metal. Recall that Pd leaching is minimal under
the H, atmosphere.?®

°For the same reason as footnote b, this value is slightly lower than that in the original Pd/C (3.86% for Pd
and 0.52 for % N) because of the residual N (2.04%).

5.4.5 Catalyst Regeneration after Ligand Hydrogenation

The above findings suggest that the loss of the most precious component, Pd, is
minimal. To restore the catalyst activity, we investigated the regeneration of Pd/C platform
by removing Mo and hydrogenated ligand residues. Inspired by an early study on
molybdate desorption from carbon,*? we elevated the pH to 12 under air and achieved
quantitative dissolution of Mo within 10 min (Figure S5.7). Elemental analysis of the solid
confirmed the complete removal of Mo but incomplete removal of N-containing residues
(Table 5.3 entry 5 versus 1). After adding fresh Na:MoOs and (NH2)2bpy to the
regenerated Pd/C (Figure 5.1c), the “refurbished” (L)Mo—Pd/C showed only slightly
diminished activity (Figure 5.29), probably due to the N-containing residues left on the
carbon support. Hence, after several rounds of such regeneration, a complete recovery of

Pd via chemical extractions***° could be necessary.
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5.4.6 Optimization of Catalyst Formulation

To further reduce the use of Pd and maximize cost-effectiveness, we examined the
effect of variable Pd and Mo contents on ClIO4™ reduction activity. Our recently developed
method enables “instant” preparation of Pd/C with any metal content and significantly
reduces the technical efforts for fine-tuning the metal contents.?® With the Mo content fixed
at 5 wt%, the decrease of Pd content by 90% (i.e., from 5 to 0.5 wt%) only lowered the rate
constant by 71% (Figure 5.3a and Figure S5.8a), suggesting the feasibility of using less
Pd to achieve the same catalytic activity at an increased loading of catalyst.?® However, if
the Mo content is kept at 5 wt%, the increased catalyst loading will involve more Mo and
ligand. Interestingly, after the Pd content was lowered to 0.5 wt%, the initially optimized
5 wt% of Mo (using 5 wt% Pd/C)% became excessive, and 3 wt% was found to be the
optimal content (Figure 5.3b and Figure S5.8b). The tripled loading of 3 wt% Mo—0.5 wt%
Pd/C exhibited the same rate of CIO4 reduction as the original 5 wt% Mo—5 wt% Pd/C
(Figure 5.3c). Hence, the new formulation involved a tripled amount of carbon and 80%

more (L)Mo but saved 70% of Pd, the most expensive component.

A life cycle assessment (LCA) study comparing microbial and catalytic (using
ReOx—Pd/C) reduction of ClIO4 found that the mining and refining of Pd and Re
contributed to the majority of adverse environmental impacts.*® Because Re is a minor
component in Mo minerals, we assume that the adverse impacts from Mo are not higher
than from Re. The activity of (L)Mo—Pd/C is 290- and 10-fold higher than ReOx—Pd/C in
DI water and NO3 -free synthetic brine, respectively (Table 5.2). Furthermore, catalyst

optimization has saved 70% Pd to achieve the same activity. Based on all of these
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advancements, the environmental impacts from Pd can be reduced by at least 970 and 33
folds for use in DI water and brine, respectively. With the same LCA metrics and 33-fold
decrease of Pd consumption, the new catalytic CIO4™ reduction module using (L)Mo—Pd/C
coupled with ion-exchange resin has become comparable to microbial reduction (Figure

5.3e and Text 5.S1).
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warming” impacts by microbial reduction and sequential IX-catalysis treatment based on
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5.5 Environmental Implementation
5.5.1 Implication to Perchlorate Treatment

The above results showcase a highly active, robust, and cost-effective
heterogeneous catalyst for CIO4 reduction. Regarding practical application, it is essential
to highlight four technical points. First, the treatment of resin regeneration waste is
separated from the drinking water treatment loop. Any concern of the non-neutral pH and
minimal leaching of Mo and ligand in the treated brine can be further addressed if necessary.
More importantly, cost-effective degradation of concentrated pollutants will advance
drinking water treatment technologies by allowing sustainable reuse of ClO4 -selective IX
resins instead of incineration.'? 4" 4 Highly selective resins do not require frequent
regeneration; thus, a continuous operation for ClO4 reduction may not be needed,
alleviating catalyst deactivation caused by ligand hydrogenation and allowing the use of a
batch reactor configuration. In such cases, abiotic catalysts also have unique advantages
over microbial reactors, which usually require continuous operation. The U.S. EPA has
included Mo on the Third Unregulated Contaminant Monitoring Rule (UCMR-3) with the
minimum reporting level of 1 pg/L in drinking water.*® If the treated brine is recycled for
resin regeneration, further studies are warranted to evaluate the potential transfer of leached
Mo from waste brine treatment to drinking water. Second, the use of H gas for reductive
pollutant degradation has been widely adopted in environmental engineering projects.>°-°
Third, inorganic sulfide, a potent Pd poison that may be present in the wastes, can be
instantly oxidized into inert SO4> using common oxidants®® to avoid catalyst fouling.

Fourth, although dissolved organics might not be significant constituents in the waste
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brine,?! our data show that 10—50 mg/L of humic acid did not inhibit the (L)Mo—Pd/C
catalyst (Figure 5.3d). Although humic acid is a well-known inhibitor to Pd catalysts,® it
appears that the (NH2)2bpy-coordinated Mo sites are not sensitive to external ligands (e.g.,
the carboxylate groups in humic acid) and thus preserved the overall activity of
(L)Mo—Pd/C. We will continue the study on the treatment of waste brines from the
regeneration of perchlorate-selective resins. The brine has been reported to contain
concentrated ClO4~ (~100 mM) and [FeCls]” (from 1 M FeCls and 4 M HCI).!? Natural
organic matters released from the resin are also expected to be abundant due to the long
enrichment for six months. We will report unexpected case-specific challenges and
technical solutions from pilot-scale testing of the (L)Mo—Pd/C catalyst used for the

regeneration of perchlorate-selective resins.
5.5.2 Implication to Catalyst Development

The (L)Mo site is generated in situ via non-covalent Mo—N bonding and
immobilized on carbon support via non-covalent interactions. The structure is also subject
to decomposition upon dissolution? or significant pH adjustment from 3 to 12. However,
under optimized conditions, the (L)Mo—Pd/C catalyst exhibits satisfactory performance in
various parameters regarding practical applications, including unprecedentedly high
activity for ClO4™ reduction and resistance to oxidative stress. Moreover, the dynamic
property of the (L)Mo complex also enables facile catalyst regeneration. Besides our
continuous research efforts for Re-based catalysts,?* 5% this study highlights the value of
coordination metal complexes for environmental technology innovation aiming at practical

engineering treatment.
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Chapter 6. Conclusion

The overarching goal of this doctoral research is to design an effective, robust, and
practical catalyst for aqueous ClO4™ reduction. The insights gained through this work have
advanced the understanding of (1) the stability of organometallic rhenium complexes and

(2) the oxygen atom transfer activity of molybdate.

In Chapter 2, we investigated the structure-stability relationship of ReV(O)(Ln-
0)2Cl complexes. We surprisingly found that the introduction of a methyl group on the
ligand oxazoline moiety can achieve a substantial enhancement of catalyst stability without
sacrificing the performance of the CIO4 reduction rate. The enhanced stability has been
confirmed by Kinetic measurements and X-ray photoelectron spectroscopy
characterizations. The results from reaction modeling, stopped-flow photo spectrometry,
and 'H NMR spectra have revealed that the addition of a methyl group decelerates the
oxygen atom transfer reaction from ClOs~ to [ReY(O)(Mehoz):]" for two orders of
magnitude. Furthermore, the modification on the oxazoline moiety allows the introduction
of the methoxy group onto the phenolate to further accelerate CIO4™ reduction. This study
highlights the power of rational ligand design and has gained valuable insights into

heterogeneous catalyst design.

Chapter 3 describes our initial attempts to employ an earth-abundant metal for
oxyanion reductions. Because of the notorious kinetic inertness of ClO4, direct application
of Mo species to ClO4 reduction may lead to sluggish reaction kinetics. As a result, the

individual difference of each precursor in reaction activity can be minified or overlooked.
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Chlorate is an ideal probe for Mo precursor screening because of its moderate Kinetic
inertness. We have screened a series of commercially available molybdate precursors. It
has been found that sodium molybdate can be rapidly immobilized from an aqueous
solution onto the heterogeneous Pd/C support. The catalyst is ready for CIO3™ reduction
after 15 min of pretreatment. Compared to the virgin Pd/C catalyst, the addition of Mo not
only enhances the catalytic activity by over 55-fold but also shows strong resistance to
concentrate salts. Results indicate the potential of using relatively abundant metals for toxic

oxyanion reduction.

With the heterogeneous platform built in Chapter 3, we describe a way to enhance
the oxygen atom transfer activity of the Mo—Pd/C catalyst in Chapter 4. A variety of
commercially available nitrogen ligands (L) were added with Na2MoOQ4 solution and Pd/C
suspension under 1 atm of H». The catalysts ((L)MoOx—Pd/C) prepared from this simple
strategy are highly active for ClO4™ reduction. The best catalyst has been shown effective
to reduce a wide concentration range (10 xM to 0.1 M) of CIO4 . The initial turnover
frequency of each Mo site reached 165 h™%, which is the highest among all reported abiotic
ClO4™ reduction catalysts. The turnover number reached 3840 after a single batch reduction
of 100 mM CIO4 . The XPS and Mo K-edge XANES results indicate that the active Mo
species are mostly in the +4 oxidation state. Based on the fitting of EXAFS results, a
dimeric structure was proposed for the active Mo sites. This work highlights a new strategy

for designing bioinspired catalysts with common chemicals and simple preparation.

Having seen the excellence of the (L)MoOx—Pd/C catalyst in the pure water matrix,

in Chapter 5, we evaluate its performance in waste brines resulting from ion-exchange
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resin regeneration. In synthetic brine, slight inhibition on reduction rate was observed, but
all reactions were completed in a few hours. A common co-contaminant of ClOs~, NO3",
was identified to inhibit the catalyst severely. However, we demonstrated that a simple
pretreatment of brine by In—Pd/Al>Os can effectively prevent deactivation. We also
assessed the stability of the catalyst under the high oxidation and reducing environment.
No performance loss was observed after five spikes of 100 mM CIO4 reductions. In order
to mimic the long-term continuous operation, the catalyst was kept under the reducing
environment for up to 1000 hours. We found that the first-order rate constant quickly
decreased to around 6% of its original value. The hydrogenation of organic ligand most
likely causes the loss of activity, and we showcased that the used catalyst can be easily

regenerated by sodium hydroxide solution at a pH of 12.

This doctoral research highlights the power of coordination chemistry in
environmental technology innovation and has a series of broad impacts. The research
findings provide a highly efficient and cost-effective ClO4— reduction technology for water
and wastewater treatment for environmental engineering. For chemical science, ligand
design rationales from Chapters 2 and 4 will guide ongoing efforts to develop
molybdenum and rhenium-based oxygen atom transfer catalysts for a wide range of
reactions, including epoxidation and sulfoxidation, and biomass deoxygenation. For the
water treatment industry, Chapter 5 provides preliminary results pertaining to applying
(L)MoOx—Pd/C catalyst in the regeneration of the ion-exchange resin. Future works may
focus on designing ligands that are more resistant to hydrogenation under the reaction

condition and explore other earth-abundant metals for ClIO4™ reduction.
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Supplementary Information for Chapter 2
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Re-Pd/C catalyst Single-run Initial TOF, for

(1 atm H3, 20°C, pH 3.0, Ko turnover turnover removin
Entry 0.5gL™) o number frequency all four € Ref.
(5 wt% Re in the same 5 (TON) (TOF)y) “ for Dxynens
wt% Pd/C) ClO+
1 mM ClO4
1 Re(hoz)—Pd/C (12”) 220 30 16 h-! 64 ! this study
2 Re(Mehoz):-Pd/C (2a°) 22h'! 30 16 h! 64 h! this study
3 Re(MeO-Mehoz)-Pd/C  3.7h! 30 27 h! 108 h! this study
(2b’)
4 Re(htz)2-Pd/C 0.51h" 30 3.7h! 150! ref. !
5 Re(hoz)(htz)-Pd/C 10h! 30 73h! 29h! ref. !
6 ReO4+Pd/C 0.014h™" 30 0.10 h™! 0.41 h! ref. 24
7 4-dimethylaminopyridine  0.32h™' 30 23h7! 93 h7! ref. 3¢
+ReQ4+—Pd/C
10 mM C|O4’
8 Re(ho)—Pd/C (1a”) 0.14h 300 10 h-! 41h! this study”
9 Re(Mehoz):-Pd/C (2a°) 1.4h7! 300 102 h! 407 h! this study
10 Re(MeO-Mehoz)-Pd/C  1.5h™! 300 109 h! 436 h! this study
(2b’)
11 Re(hoz)(htz)Pd/C 0.13h" 300 9.4h"! 38 h! ref. !

Table S2.1 Performances of various Re—Pd/C catalysts for aqueous perchlorate reduction.
&Calculated using model-fit time for the degradation of the first 5% of CIO4-, see Experimental Section for details.
bThe k measured in this study was slightly lower than the previously reported value (2.5 h1).4
CHtz is the analogous structure of hoz, with the thiazoline moiety replacing the oxazoline.

9The k was measured in this study to allow the comparison under the same reaction settings. The original report? used
different catalyst loading, initial concentration of ClO4-, and solution pH.
®The molar ratio between DMAP ligand and Re was 2:1. The k was measured in this study. The original report used
different catalyst loading, Re content, initial concentration of CIO4-, and solution pH.
The k measured in this study was slightly lower than the previously reported value (0.22 h2).t
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Entry Reducing agent Temp. Loading of [CIOs]o pH kobs or Ref.

the reducing percentage
agent of reduction
Heterogeneous reduction
1 Nano Fe’ 75°C 10gL! 1 mM 6.0-8.0 0.056h! ref. 5P
2 CMC-stabilized nanoFe®  110°C 1.8 gL' 0.lmM 7.5-7.8 0.98h’! ref. ¢
3 Iron filings (40 mesh) r.t. 1.25kg L! 0.lmM 7.0-72 66% after 14  ref. 7
days
4 Fe powder 150°C  145gL™! 0.lmM NA°® 85% after 6h  ref. 8F
5 Steel slag 200°C  85gL™! 0.1lmM NA® 0.27 h! ref. %9
Homogeneous reduction
5 FeCl, 195°C 14M 87TmM 4 M 52h! ref. 10
HC1 h
6 TiCls/B-alanine (1:3) 50°C 40 mM Ti'! 1 mM 2.3 1.1h! ref. !

Table S2.2 Performances of other chemical systems for aqueous perchlorate reduction.?
aLimited by the scope of discussion, this table does not include early literature before 2000 on theoretical inorganic
chemistry investigations or homogeneous ClO4~ reduction systems in non-aqueous media.

PKinetic data extracted from Figure 3 of the reference.5

°Kinetic data obtained from Table 2 of the reference.® CMC= carboxymethy! cellulose.

dKinetic data obtained from Abstract of the reference.’

®Not available from the reference.

fKinetic data obtained from Abstract of the reference.?

9Kinetic data obtained from Figure 3 of the reference.®

PKinetic data obtained from Table 1 of the reference.®

iKinetic data obtained from Figure 1 of the reference.!
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Entry Condition ReVH! ReY Re™ Re!
KReOs—Pd/C

1 As prepared ND ND 8.5 91.5
(KReOs+L4)—Pd/C

2 As prepared 15.0 ND 10.2 74.8
1a—Pd/C (12’)

3 As prepared 23.3 28.1 48.6 ND

4 After 10 mM CIO4 reduction 13.4 27.4 17.7 415

5 After 0.5 mM CIOs™ reduction 25.7 25.7 14.1 34.6

6 After 1 mM CIOs™ reduction 19.9 11.7 12.1 56.3
2a—Pd/C (1b°)

7 As prepared 25.9 70.5 3.6 ND

8 After 10 mM CIO4reduction 19.1 63.6 11.8 55

9 After 0.5 mM CIO3™ reduction 26.1 65.1 8.8 ND

10 After 1 mM CIOs™ reduction 26.9 41.2 144 17.6
2b—Pd/C (2b)

11 As prepared 14.5 70.4 8.3 6.8

12 After 10 mM CIO4 reduction 19.0 69.9 6.4 4.6

13 After 0.5 mM CIO3™ reduction 30.1 62.3 4.7 2.9

14 After 1 mM CIOs reduction 28.9 55.4 5.9 9.9

Table S2.3 Summary of XPS characterized relative abundance (%) of each Re species in

Re—Pd/C catalysts.
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Figure S2.1 The molecular structure of complex 2b by single crystallography analysis.
Although multiple attempts were given to obtain better crystals, there were still problems
with the collected data of the best crystal, which prevented further refinement. However,
the N,N-trans configuration can be confirmed (also see the comparison of *H NMR data
for 2a and 2b in Figure 2.2b).
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Figure S2.2 The negligible reduction (<0.3% after 2 h) of 1 mM CIO4™ using suspended
particles of Re complex 2b (pH 3.0, 20°C, 1100 rpm stirring). Note that the y-axis starts
from C/Co = 0.95. Before the addition of CIO4, the complex 2b in water was sonicated for
5 min and turned from as-prepared green powders into a milky suspension. The dose of Re
is the same as used for 0.5 g L™ of 5 wt% Re in Pd/C (i.e., 0.134 mM Re if fully dissolved).
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Figure S2.3 Homogeneous ClO4™ reduction (as indicated by *H NMR-monitored MezS
oxidation to Me,SO) catalyzed with dissolved (a) 1a* and (b) 2a*. Reaction conditions: Re
(4 mM), LiClO4 (100 mM) and Me2S (400 mM) in 95/5 (v/v) CD3CN/D20 at 25°C.
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Figure S2.4 Time-dependent *H NMR (600 MHz) spectra for the hydrolysis of 1A* (10
mM) in 5/95 (v/v) D2O/CD3CN at 20°C. The resonance indicated by the blue arrow was
used for quantitation shown in Figure 2.7a.
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Figure S2.5 Time-dependent *H NMR (600 MHz) spectra for the hydrolysis of 2A* (10
mM) in 5/95 (v/v) D2O/CD3CN at 20°C. The resonance indicated by the blue arrow was
used for quantitation shown in Figure 2.7a.
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Figure S2.6 UV-vis absorbance of 0.5 mM 1a*, 2a*, and 2b* in anhydrous CH3CN.
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Figure S2.7 (a—c) The change of UV-vis absorption (i.e., by subtracting the initial t = 0
spectrum from all spectra) during the oxidation of 0.5 mM 1a*, 2a*, and 2b* by 25 mM
LiClO4 in anhydrous CH3CN; (d) time profiles of the absorption change at individual Amax
for the oxidation of 0.5 mM 1a*, 2a*, and 2b* by 50 mM LiClO4 in anhydrous CH3CN.
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Figure S2.8 Two-phase time profiles for the oxidation of 0.5 mM 1a*, 2a*, and 2b*
complexes by 25 mM NaClOs in 95/5 (v/v) CH3CN/H20. Insert shows the first or second
phase of the reactions.

169



(a) 0.29
0.24 |

$0.19 -
S 0.14 -
go.
S 0.09 -
3
-0.01
-0.06

300 400 500 600 700
Wavelength (nm)

(c) 0.475
0.45

& 0.425

Ko (S

0.4 1

0.375

0.35 T T T T
0 0.025 0.05 0.075 0.1

Clo;~ (M)

(b) 0.29
0.24

® 0.19

G

3 0.14

o 0.09

8

< 0.04
-0.01
-0.06

300 400 500 600 700
Wavelength (nm)

(d) 0.12

A

© o

o o

B [e0)
1 1

0 -w

Absorbance

-0.04 A

-0.08 T T T T
300 400 500 600 700
Wavelength (nm)

Figure S2.9 The change of UV-vis absorption during (a) the first phase and (b) the second
phase during the oxidation of 0.5 mM 1a* by 25 mM NaClOz; (c) measured initial rate
constants from the second reaction phase during the oxidation of 0.5 mM 1a* by 25 mM

NaClOs in 95/5 (v/v) CHsCN/H.0; (d) the ch

ange of UV-vis absorption of 0.5 mM l1a*

upon addition of 0.5 mM LiCl in anhydrous CH3CN. Compared to the first reaction phase
data shown in Figure 7d, the much lower reaction rate and the insensitivity to varying ClO3~

concentrations in panel ¢ suggest a low reactivi

ty of chloride-bound ReY(0)(Ln-0)2Cl. The

absorption spectra in panel d support the formation of ReY(O)(Ln-0)2Cl due to the rapid

generation of CI~ from ClOs".
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Figure S2.10 The change of UV-vis absorption during (a) the first phase and (b) the second
phase during the oxidation of 0.5 mM 2a* by 25 mM NaClOz in 95/5 (v/v) CH3CN/H20;
(c) the change of UV-vis absorption of 0.5 mM 1a* upon addition of 0.5 mM LiCl in
anhydrous CH3CN.
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Figure S2.11 The change of UV-vis absorption during the oxidation of 0.5 mM 2b* by 25
mM NaClOz in 95/5 (v/v) CH3CN/H20; (b) the change of UV-vis absorption of 0.5 mM
2b* upon addition of 0.5 mM LiCl in anhydrous CH3CN.
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Text S2.1. Derivation of the quasi-steady-state EqQ. 2.1 in the main text.

Scheme 2.1 in the main text shows the key reaction steps for modeling the
hydrolytic decomposition of [ReV!"'(0)2(Ln-0)2]* during CIOx™ reduction. Additional steps
such as chloride binding to 4 and the reduction of 7 into Re' species are not included. The

rate of hydrolytic decomposition () is defined by

= —— = k,[6] (S2.1)

where [number] represents the concentration of the corresponding Re species at any given
time. Because the oxygen atom transfer (OAT) reaction between ClO4~ and ReV is the rate-
limiting step, the quasi-steady-state approximation is applied to species 4 and 5. The time-

dependent evolution of these species is expressed as

% = ks[6] + k_,[5][Solv] — k,[4][X0] = 0 (52.2)
% = k,[4][X0] — k,[5] — k_1[5][X0] = 0 (52.3)

where [X 0] represents the concentration of the oxidant (e.g., ClO4~ and ClO3") and [Solv]
denotes the concentration of the solvent, which is assumed to be unity. At the beginning of

the reaction, the following conservation law holds for the total amount of Re species ([Re] )

[Relr ~ [4] + [5] + [6] (52.4)

From Eq. S2.2 and Eq. S2.3, [4] and [5] can be expressed with respect to [6] by
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[5] = ~1[6] (52.5)

k_y+ky\ ks
[4]=< K.k, >[X0] L6] (52.6)

Substitution of Eq. S2.5 and Eq. S2.6 into Eq. S2.4 affords the relation between

[Re]r and [6]

k i+ kz) ks ks
[

i) oy e+ l6] + [6)

ks k_y +ky\ ko ks
_k_2[6] <( - )[XO] +1+k—3> (S2.7)

Since we assume that the OAT reaction is the rate-limiting step (i.e., k, < k3, kq,

[Relr = (

and k_;), the last term in the parentheses of Eq. S2.7, % is approximately zero, and Eq.

3!
S2.7 can be further simplified to

ks

[Relr = k_2[6]<

ki[XO] + k_, + k2> (52.8)

ki[XO]

Similarly, k, can be removed from the equation as it is small compared to other

rate constants. Therefore, EQ. S2.8 is converted to

(52.9)

[Re]T = E [6] (M)

k, K,[X0]

where K; = k;/k_; is the equilibrium constant.
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Finally, the decomposition rate (r,) can be expressed in terms of [Re]; by

substituting Eqg. S2.9 into Eq. S2.1.

r, = (52.10)

dl7]  kyks( K;[XO]
= [Re]r
dt ks \K [X0]+1

For most cases discussed in this study, [XO] is relatively low (i.e., [XO] is much

lower than 1 M). Thus, Eq. S2.10 is further simplified by assuming K;[X0] « 1.

d[7] _ dl6] _ Kikyk,
Ty = = — =

dt dt ks

[XO][Rel, (S2.11)

Eq. S2.11is EQ. 2.1 in the main text.
Test S2.2. Derivation of the non-steady-state Eq. 2.2 in the main text.

In the single-turnover stopped-flow experiments, the reaction terminates at
[ReV"'(0)2(Ln-0)2]*. The concentration variation of [ReV"'(0)2(Ln-0)2]* with respect to time

is expressed as

—— = k,[5] (S2.12)

At the beginning of the reaction, we assume that species 4 is in pre-equilibrium
with 5, and the concentration of 6 is close to zero. Therefore, the following equations are

valid.

k,  [5][Solv]

= T o]

(S2.13)

Q

[Re]r = [4] + [5] (S2.14)
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where K; = k,/k_, is the equilibrium constant and [Solv] is assumed to be unity. Based

on Eq. S2.13 and S2.14, [Re] is related to 5 by

[Rel; = <%) [5] (S2.15)

The combination of Eq. S2.15 into Eq. S2.12 yields

d[e] _ Kik,[XO][Re]r
dt  1+K,[X0]

(S2.16)

Eq. S2.16 is EQ. 2.2 in the main text.
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Evaluation of Internal Mass Transfer

For heterogeneous catalytic reactions, the Weisz-Prater Criterion is commonly used
to evaluate the effect of pore diffusion on the measured reaction rates.*?> Weisz-Prater

parameter (Cy,p) is defined as

k., .TR?
Cop = "’ge (Eq.S3.1)

where ks IS the observed pseudo-first-order rate constant of heterogeneous reaction
(min~1), R is the radius of the catalyst particle (m), T is the tortuosity factor of the catalyst
particle, 6 is the porosity of the catalyst particle, and D is the diffusion coefficient of

reactant in bulk solution (m?s~1).

The Cyp of MoOx—Pd/C was evaluated by choosing the largest k,,s from this
study (0.115min~1) and 37 um as the diameter of the catalyst particle because the
commercial Pd/C powder was filtered through a 400 mesh sieve before use.® The
parameters T and 6 typically vary in the range of 2—10 and 0.2—0.7, respectively.*® To
conservatively estimate Cy,p, We choose T = 10 and 8 = 0.2, as these values lead to a
smaller internal mass transfer rate than what is calculated from t = 2 and 6 = 0.7. The

diffusion coefficient of ClOs™ (Dgjo;) is 1.5 x 1072 m2s~* in bulk solution.® Thus the

Weisz-Prater parameter was calculated as

- 37 6 )
kopetR?Z 0115 min™! x 10 x (37 x 1076 m) ozt (oS3
wP= "o 15x10°m2s-1x60smin-1x 0.2 (Eq.53.2)
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The calculated Cy,p for MoOx—Pd/C is 0.02, which is much less than 1, suggesting

that the internal mass transfer limitation is negligible.
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Evaluation of External Mass Transfer

We applied a correlation (Eq. S3.3) derived from Kolmogoroff’s theory for agitated

and aerated particle suspensions:’®

ed\ %%
Sh=|2+04 (V—;’> Sc°'33] - e (Eq.S$3.3)

where Sh is Sherwood number, Sc is Schmidt number, ¢, is Carman’s surface factor
(assume the catalyst particle is spherical, ¢, = 1), v is the kinematic viscosity of water
(V0 = 1.003 x 107° m?s~1 at 20°C), d,, is the diameter of catalyst particle (m), and €
is the rate of flow energy supply per unit mass of liquid (m?s~3). The model does not
require the measurement of the relative velocity between the particle and the fluid, which
is not readily available for heterogeneous systems. To apply the above correlation, we

evaluated Sc and ¢ with the following equation:

oo = Vo _ 1.003 x 107¢ m? s~1

= = = 668.67 Eq.S3.4
Deioy 15X 109 m2 51 (Eq.S3.4)

For agitated reactors, ¢ was calculated with the following equation:

N,-15-n?
e=t _—— (Eq.S3.5)

where Ny, is power number (normally N,, ~ 5.0),° [ is the diameter of the stir bar (I ~
3 cm), n is the rotating speed of the stir bar (n = 1600 round min~! = 27 round s™1),

and V is the volume of the reactor (V = 50 cm3). Thus, & was calculated as
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N,-1°-n® 5x(3cm)®x(27s71)3

vV 50 cm3

&= =48m?s73 (Eq.53.6)

With the values obtained from Eq. S3.4 and Eq. S3.6, the Sherwood number was

calculated as

48m?s3 x (3.7 x 107> m)*
(1.003 X 10~ m? s71)3

0.25
Sh = > 668.670'33] -1 =12.5

2+0.4<

Next, the aqueous/solid mass transfer coefficient (k.4 /s) was estimated by Eq. S3.7:

Dcio; ., _ 15X 1072 m? s71

Kags = ——
aars = q, 3.7x 1075 m

X125=51x10"*ms™t (Eq.S53.7)

The geometric surface area of the catalyst per volume of solution (a) was calculated

by Eq. S3.8:1°

total surface area SA, XM 1
= = X — (Eq.S53.8)
total volume pp XV, Vg

in which SA,, is the geometric surface area of one catalyst particle (m?), M is the mass of
catalyst in the reduction test (0.01 g), V;, is the volume of one catalyst particle (m?), and

Vg is the volume of the reactor (50 mL).

47 X (185 X 1076 m)2 x 0.01 1
. ( ) g« —16.22m™!

—6 3
2x106gm=3 x 4?7T(18_5 X 10-6 m)3 50 x 10~ m

The mass transfer rate was then calculated by multiplying the mass transfer

coefficient by the geometric surface area of the catalyst per volume of the solution:
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kgg/sra=51%x10"*ms 1 x1622m™1=8272x10"*s"1 =0.5min™! (Eq.53.9)

aq/s

This estimated external mass transfer rate was larger than the observed rate constant
for ClO3™ reduction (k,,s = 0.115 min~1). Therefore, the reaction rate exhibited by the
MoOx—Pd/C catalyst in our reactor settings is less likely limited by the external mass

transfer.
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Fitting Method  Shell CN? R (AP o’ (Ay° AE (eV)? R-factor
1 Mo-O  0.7(34)  1.602(0.228) 0.0003 (0.033)
Mo-O  2.7(56)  1.927(0.088) -0.0009 (0.024) ~12.4(7.6) 0.009
Mo-Pd  13(41)  1.919(0.113) 0.004 (0.030)
Mo-Mo 2.0 (2.0)  2534(0.025) 0.006 (0.006)
2 Mo-O  51.8(249.1) 1.495(0.134)  0.064 (0.089)
Mo-Pd  12.2(9.0)  1.849(0.012) 0.024 (0.006) -165(27) 0.013
Mo-Mo 2.2(0.6)  2525(0.009) 0.006 (0.001)
3 Mo-Pd 114 (32)  1.827(0.014) 0.023(0.003) —21.9(2.2) 0.045
Mo-Mo 1.7(0.7)  2509(0.009) 0.005 (0.002)

Table S3.1 Mo K-edge EXAFS Shell-by-shell Fitting Parameters of MoOx—Pd/C Using a

Mo—Pd Shell. Values Highlighted in Red Color and Gray Shade are Problematic.
aCoordination number; PInteratomic distance; “Debye-Waller factor; “Energy shifts.
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Figure S3.1 The percentage of Mo immobilized in the Pd/C support upon the addition of
Na2MoOs precursor into the Pd/C suspension under 1 atm Hz (i.e., “during Mo adsorption”)
and during the reduction of 1 mM CIOs". Note that the y-axis starts from 90%. Reaction

conditions: 0.2 g/L Pd/C, initial Mo concentration at 10 mg/L, pH =3 (adjusted by H2SO4),
and 20 °C.
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Figure S3.2 Profiles of 1 M CIOs™ reduction by the MoOx—Pd/C catalyst. Reaction
conditions: 0.5 g/L MoOx—Pd/C, pH =3, 20 °C. The “~1 mL/min” was estimated from the
low H> flow rate (1—2 bubbles per second from the 16-gauge needle tip). This flow rate
was used for all other experiments on the reduction of 1 mM CIO3", where a higher Ha flow
rate did not accelerate the reactions. The “100 mL/min” refers to 0.1 L per minute, as
indicated by the gas flow meter. This flow rate has been previously used for PGM
catalysts.!! In the 50-mL flask, this flow rate generated a vigorous gas flow so that the
availability of dissolved H2 had been maximized for the reduction of concentrated CIOs".
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Figure S3.3 (a) Profiles of the reduction of 180 mM CIO3™ spikes by the MoOx—Pd/C
catalyst in a multiple-spike reaction series. Reaction conditions: 0.5 g/L MoOx—Pd/C, pH
=3, 20 °C, and 1 atm H; at 100 mL/min. The increment of NaCl concentrations in the
solution was 180 mM after each spike of NaClOs. The total accumulation of CI~ was 3.6
M; (b) zero-order reaction model fittings of data points with C/Co > 0.2.
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Figure S3.4 (a) Profiles of 1 mM CIOs™ reduction by the in situ prepared MoOx—Pd/C
catalyst and the “recycled” catalyst after the “filtration-collection-redispersion” steps. Note
that this recycling operation caused an unavoidable loss of some catalyst powders on the
filter paper and other labware such as the funnel, the spoon, and the glass vial during the
sample transfer. Reaction conditions: 0.2 g/L MoOx—Pd/C, pH =3, 20 °C, 1 atm H; at ~1
mL/min. (b) the profile of 1 mM CIOs™ reduction by using dissolved NaMoOs only
(without Pd/C), under the same reaction conditions.
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Figure S3.5 XPS spectra for (a) Pd 3d region of the MoOx—Pd/C catalyst, (b) Nb 3d region
of Nb2Os as the internal standard blended in Mo XPS samples, and (¢) Mo 3d region of the
Moa(OAc)s reference. Note that the detection of MoY! in Mo2(OAc)s indicates partial
oxidation of Mo" on the surface layer (nanometer-level thickness) of the bulk chemical.
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Figure S3.6 The reduction profiles for (a) 1 mM BrO3z™ at pH 6.2 and (b) 1 mM NO3™ at
pH 3 with MoOx—Pd/C and Pd/C. Reaction conditions: 0.2 g/L Pd/C (with or without Mo),
20 °C, 1 atm H» at ~1 mL/min. The reduction of BrOs™ at pH 3 was too fast to monitor.
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Text S4.1. Langmuir-Hinshelwood Mechanism

The kinetic data of [(NH2)2bpy]MoOx—Pd/C catalyst was analyzed with the
Langmuir-Hinshelwood (LH) model. Previous works suggest that the reduction of ClO4~
to ClOs by the active sites is the rate-limiting step.l 2 The surface reactions can be
simplified with the one-site model® shown in Scheme S4.1. At the water-catalyst interface,
aqueous ClO4™ reversibly coordinates with the surface Mo center in the first step (i.e., the
adsorption of ClO4). The carbon surface has a very low affinity to CIO4 . Then, the
reduction of Mo-coordinated CIO4 is enabled by the two-electron oxygen atom transfer

(OAT) reaction, resulting in the formation of Mo=0 and the dissociation of ClO3".

k
CIO;™ (ag) + MoV (s) ~=> Mo"—CIO;" (s) X2, Mov=0 (s) + ClO,~ (aq)
1
A Sempty AS Sused

Scheme S4.1  Langmuir-Hinshelwood model for ClOs  reduction by
[(NH2)2bpy]MoOs—Pd/C. The catalytic reduction proceeds on the surface of the solid
catalyst. First, aqueous phase CIO4~ (A) reversibly coordinates with the unoccupied Mo'”
active sites (Sempty), forming a Mo'V—CIO4~ (AS) intermediate. Then, the OAT reaction
affords the reduction of ClIO4~ and the formation of MoY'=0 (Sused). The following
assumptions are made: (i) the reduction of CIO4 is the rate-limiting step, (ii) the
regeneration of Sused by Pd/C and H: is fast and complete; therefore, the number of total
active sites (S) is approximately equal to the summation of Sempty and AS (i.e., the surface
concentration of Sused is close to zero), (iii) there is no activity loss of the Mo sites, and (iv)
the adsorption of CIO4~ on activated carbon is minimal.

The global reaction rate () is defined by

where [S] and [AS] denote the surface concentration of total active sites and occupied sites,
respectively. 6 is the surface coverage, which is defined as 8 = [AS]/[S]. Because the

adsorption and desorption of CIO4 are assumed to be fast, the steady-state approximation

196



is applied to AS. Therefore, the concentration variation of AS with respect to time is

expressed as

d[AS]
o = ka[A][S1(1 ~ 6) — k1 [S1(6) ~ k2 [S1(6) = 0 (Eq.54.2)
6 is solved as
6 = ki (4] (Eq.54.3)

ki[A] + k_1 + ky

Because the OAT reaction is assumed to be the rate-limiting step (i.e., k, < k,[A]

and k_,), 6 can be simplified to

_ kyl4]
0= m (EqS44)

From Eq. S4.4 and Eq. S4.1, r can be expressed in terms of [A] and [S] by

_ Kik,[A][S]

r= KA+ 1 (Eq.54.5)

in which K; = k,/k_4 is the equilibrium constant and [A] is the aqueous concentration of
ClO4 at any given time. Based on the kinetic results, we notice that the observed rate
constant, ks, varies in terms of the initial concentration of ClO4™ (i.e., [4,]). Hence, we

define a new term ¢, in which ¢ = [A]/[A,], and replace [A] with ¢[A,] in EqQ. S4.5.

_ Kik;[Ao][S]e

= (Eq.54.6)
Ki[Aolg + 1 1
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At high initial concentrations, in which K;[Ay]e > 1, Eq. S4.6 can be further

simplified to
r = ky[S] (Eq.54.7)

Eq. S4.7 demonstrates that the reaction is zeroth-order with respect to ClO4". This
rate law is in good agreement with our Kinetic results, in which zeroth-order fitting provides
>0.99 R? values (i.e., coefficient of determination) for 1, 10 and 100 mM CIO4~ reduction
by the [(NH2)2bpy]MoOx—Pd/C catalyst (Figure S4.6). Furthermore, the concentration

variations of ClO4™ can be described by

d[A]
— = —k,[S] (Eq.54.8)

Upon integration and rearrangement, we can obtain the following kinetic equation:

_kylS]
$=—Ta7tt 1 (Eq.S54.9)

Eq. S4.9 shows that k,,. = k,[S]/[A,] at high CIO4™ concentrations. This kinetic
pattern agrees with our experimental observations. When the initial concentration of ClIO4~
increased from 1 to 100 mM and the catalyst loading remained constant (i.e., [S] does not
change), the k,,s decreased from 2.01 to 0.043 mM h? (Figure S4.6, panels a—c). In
addition, k,,, values were almost identical when we scaled up the reaction proportionally
(e.g., reduction of 10 mM ClO4 by 0.2 g L catalyst and reduction of 100 mM CIO4 by

2 g L ! catalyst, Figure S4.6, panel ¢ versus d).
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At low initial concentrations, in which K, [4,]¢ « 1, EQ. S4.6 becomes

Now the reaction is first-order in ¢ (i.e., first-order in [ClO4]). Similarly, the

reduction of CIO4™ can be described by

d[A]
— = ~Kika[Ao]lSle (Eq.54.11)

And the following equation holds for low concentrations scenarios
@ = e KikalSlt (Eq.54.12)

Eq. S4.12 shows that k,, is not a function of [4,]. In other words, k, ;s remains
constant regardless of [A,]. This kinetic pattern agrees with our experimental results, in
which k,,¢ remained the same when the initial concentration of ClIO4™ varied from 0.1 to

0.01 mM (Figure. S4.7, panels a—c).
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Text S4.2. Mass Transfer Analysis

A prerequisite of the LH kinetic model is the assumption that surface reactions
constitute the rate-limiting step. This assumption implies that the diffusion of ClIOs~ from
the bulk solution phase to the liquid-solid interface is much faster than the chemical
reactions on the surface. Therefore, evaluations of external and internal mass transfer are

essential to verify the assumption.

To evaluate the effect of pore diffusion resistance (i.e., internal mass transfer) on
the measured reaction rates, we applied Weisz-Prater (WP) criterion for the system under
consideration here.* > In general, the WP criterion and WP parameter (Cy;») are described

below:

_ kobsTRZ

If Cyp = e < 1, the internal mass transfer limitation is negligible
2
If Cyp = k"’;s;R > 1, the internal mass transfer limitation is significant
2
In the expression of Cyp = ""’;);;R, k,ps 1S the observed pseudo-first-order rate

constant of heterogeneous reaction (min~1), R is the radius of the catalyst particle (m),
is the tortuosity factor of the catalyst particle, 6 is the porosity of the catalyst particle, and

D is the diffusion coefficient of reactant in bulk solution (m?s~1).

To conservatively evaluate Cy,p, we used the largest observed reaction rate (i.e.,
0.185 min~1) from this study. The diameter of the catalyst particle is 37 um because the

commercial Pd/C powder was wet-filtered through a 400-mesh sieve before use.® Previous
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studies suggest that the parameters t and 6 are typically in the range of 2-10 and 0.2-0.7,
respectively.” 8 In our conservative calculation, 10 and 0.2 were used as the estimated

values for 7 and 6, respectively. The diffusion coefficient of ClO4™ is (Dco; ) is

1.79 x 1072 m?s~1 in bulk solution.® Therefore, Cp is calculated as

2
kppotR? 0185 min"t x 10 x (3 x 1075 m)

Cop = = =0.029< 1
wp DO 1.79 X 102 m2 s~1 x 60 s min—1 x 0.2

The above calculation shows that the WP criterion is satisfied for the system under

consideration. Therefore, the pore diffusion resistance is negligible.

The evaluation of the external mass transfer rate is conducted following our
recently reported method.° First, we calculated the Sherwood number (Sh) and used it to
estimate the mass transfer coefficient (kq,,s) of CIO4™ between the agueous solution and

the catalyst surface.'® 1?

ANE
Sh=12+0.4 (V—;’> ScO33 |- ¢, (Eq.54.13)
D _
Kaq/s = % . Sh (Eq.54.14)
14

In Eq. S4.13, ¢ is the rate of flow energy supply per unit mass of liquid (m?s3),
d, is the diameter of the catalyst particle (m), v is the kinematic viscosity of water (vy,, =
1.003 x 10~® m?s~1 at 20°C), Sc is Schmidt number, and ¢, is Carman’s surface factor
(assume the catalyst particle is spherical, ¢. = 1). We evaluated Sc and & with the

following equations:
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oo = Ym0 _ 1.003x 107°m?s™! 560,34
‘T Daor  179x10°mZst O

N,-1°-n® 5x(3cm)®x(27s71)3
1% B 50 cm3

=48m?s73

where N, is the power number (normally N, ~ 5.0)%3, L is the length of the stir bar (I =
3 c¢m), n is the rotating speed of the stir bar (n = 1600 round min~! = 27 round s™1),

and V is the volume of the reactor (V = 50 cm?). Thus, ¢ has the value of 48 m? s~3.

With the calculated values for Sc and &, the Sherwood number was calculated as

48m? s3 x (3.7 x 107> m)*
(1.003 x 10~ m?2 s—1)3

0.25
Sh = [2 + 0.4( ) 560.340'33] -1 =11.944

And kgq/s Was estimated by Eq. 4.14.

_ Deioz _179%x 1077 m?s7!
als = g, T 37x107°m

k X 11944 =5.78 x 107*m st

The geometric surface area of the catalyst per volume of solution (a)** is calculated

as

SAp XM 1 AT X (18.5x 1075 m)2 x 0.01 g 1 .
=—P - x-= i X % Toe s = 1622m
PoX % VR 2106 gm3 x = (18.5 X 1076 m)? m

in which SA,, is the geometric surface area of one catalyst particle (m?), M is the mass of
catalyst in the reduction test (0.01 g), V;, is the volume of one catalyst particle (m?), and

Vg is the volume of the reactor (50 mL).
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The mass transfer rate was then calculated by taking the product of the mass transfer

coefficient and the geometric surface area of the catalyst per volume of the solution:
Kagrs*a=578x10"*ms™1 x16.22m™* =9.375 x 1073 s71 = 0.563 min~!

The above estimation indicates that the external mass transfer rate is larger than the
observed rate constant k,,s = 0.185 min~! for ClO4™ reduction. Therefore, the impact of

external mass transfer on the reaction rates is negligible.
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Figure S4.1 The adsorption of (a) Mo and (b) ligand during the preparation of the
[(NH2)2bpy]MoOx—Pd/C catalyst. All dotted lines start from 0% adsorption at O h. Results
show that under air (legend without ligand or H> and without Mo or Hz) >95% of either
Mo or ligand can be adsorbed onto Pd/C within 30 min. When all components (i.e., 1 atm
H>, Mo, and ligand) were supplied together for in situ catalyst preparation (legend with
ligand and H> and with Mo and H>), the adsorption of Mo and ligand reached >99 and
>99.5%), respectively, within 1 h. Reaction condition: 0.2 g L™ Pd/C, 0.1 mM Mo from
NazMoOs (for 5 wt% Mo in catalyst), 0.1 mM (NH>).bpy, pH 3.0, 1 atm Hz, 20 °C.
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Figure S4.2 Profiles for aqueous ClO4 reduction by (L)MoOx—Pd/C catalysts using
bipyridine derivative ligands. Reaction conditions: 0.5 g L™* of (L)MoOx—Pd/C (5 wt% Mo
in 5 wt% Pd/C, the molar ratio of L:Mo=1:1), 1 mM CIO4 ", pH 3.0, 1 atm Ha, 20 °C. Panel
b used 0.2 g L ! of catalysts.
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Figure S4.3 Profiles for aqueous ClO4 reduction by (L)MoO,—Pd/C catalysts using
various ligands. Reaction conditions: 0.5 g L™* of (L)MoOx—Pd/C (5 wt% Mo in 5 wt%
Pd/C, the molar ratio of L:Mo=1:1), 1 mM CIO4 ", pH 3.0, 1 atm Hy, 20 °C. In panel e, the
molar ratio between the monodentate pyridine and Mo was 2:1.
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Figure S4.4 The pH titration curve for (NH2)2bpy in agueous solution (0.4 g L™, or 2.15
mM). Due to the limited solubility of (NH2)2bpy in water, the titration started from pH 1.60
where both the pyridyl N and —NH> were protonated. The (NH2).bpy concentration higher
than 0.4 g L* resulted in precipitation when pH went higher. The titration stopped at pH
12 as the high end of accurate measurement by the pH electrode. The low concentration of
(NH2)2bpy as the buffer made it challenging to locate the pH turning points as pKa.
However, the comparison with the calculated pH (assuming the absence of buffer)
suggested that pKai (deprotonation from —NH3z*) is below 3.0 to delay the pH rising and
pKa2 (deprotonation from pyridyl -NH*=) is above 5.0 to reduce the slope of the steep pH
increase. This estimation agrees with the reported pKai of 2.2 and pKa2 of 6.7 for the
analogous 6,6’-diamino-2,2’-bipyridine.t®
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Figure S4.5 The reduction of 1 mM CIO4 by the freshly prepared (cycle 1) and reused
(cycle 10, with nine previous spikes of 1 mM CIO4") [(NH2)2bpy]MoOx—Pd/C catalyst. The
0" order fittings were conducted with all data points at C/Co > 0.2. Due to the low catalyst
loading (0.2 g L ™) and the inevitable loss of catalyst powder from each filtration-
redispersion procedure, the continuous spike experiments were conducted. Each ClOs~
spike was allowed at least 2 h to achieve complete reduction into CI™. The ten spikes took
two days to finish because no experimentation was performed during the night. The dataset
control indicates an experiment using the freshly prepared catalyst in the presence of 9 mM
NaCl, which simulated the scenario of complete reduction of nine spikes of 1 mM ClOa4".
The almost overlapping time profiles of the three data sets suggest that the catalyst
performance is insensitive to <10 mM of CI™ and resistant to the acidic and hydrogenating
aqueous environment. Reaction condition: 0.2 g L™ catalyst (5 wt% Mo in 5 wt% Pd/C),
1 mM CIO4 per spike, pH 3.0, 1 atm Hy, 20 °C.
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Figure S4.6 Catalytic reduction of high concentrations (Co = 1, 10, and 100 mM) of CIO4~
by the [(NH2)2bpy]MoO«—Pd/C catalyst (5 wt% Mo in 5 wt% Pd/C, pH 3.0, 1 atm Hz, 20
°C). Panels a, b, and ¢ used 0.2 g L ™! catalyst. Panel d used 2.0 g L* catalyst. The data
with C/Co > 0.2 were fit with both 0™- and 1%*-order models. The better fit has the equation
highlighted in bold. The slope of the linear fitting (in the unit of h™?) indicates the 0"-order
rate constant (mM h™1) divided by Co (mM). The discussion in the Text S4.1 regarding
kops = k2[S]/[A,] corresponds to the slopes shown in these figures (i.e., Co = [4y]). The
first highlight is the decreasing k., with the increasing [A4,] for CIO4™ (panels a—c). Since
the overall reaction model is simplified, the decrease of k,; is not strictly in proportion
with the increase of [A4,]. The second highlight is the very similar k¢ for the reduction of
10 mM ClO4 using 0.2 g L™* catalyst and the reduction of 100 mM ClO4 using 2.0 g L™
catalyst (i.e., the same ratio of [S]/[A4,]) shown in panels b and d. See Text S4.1 for more
details.
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Figure S4.7 Catalytic reduction of low concentrations (Co = 1, 0.5, 0.1, and 0.01 mM) of
ClO4 by 0.2 g L™ of [(NH_2)2bpy]MoOx—Pd/C catalyst (5 wt% Mo in 5 wt% Pd/C, pH 3.0,
1 atm Ha, 20 °C). The data with C/Co > 0.2 were fit with both 0"~ and 1%-order models.
The better fit has the equation highlighted in bold. The power of the exponential fitting
indicates the first-order rate constant (min~%, independent from Co). The highlight is the
consistent 18-order k,, values when the kinetics cannot be fit by the 0"-order model (i.e.,
R?<0.98 when Co = 0.1 and 0.01 mM). See Text S4.1 for more details.
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Figure S4.8. Inhibition of CIO4™ reduction using [(NH2)2bpy]MoOx—Pd/C (panels a and b)
and of CIOs™ reduction using ligand-free MoOx—Pd/C (panels ¢ and d) by chloride and
sulfate anions. Dotted lines indicate the 0"- or 1%-order fittings using the data with
C/Co>0.2. Fitting results and catalyst activity comparisons are shown in Table S4.2.
Reaction conditions: 0.2 g L™ catalyst (5 wt% Mo in 5 wt% Pd/C), 1 mM ClO4 or CIO3,
pH 3.0, 1 atm Hz, 20 °C. “DI” indicates control solutions without additions of NaCl or
NaxSOs.

210



(a)1.0 @ (b)1.0 ZMA ............. P, \

OMo before air exposure y = 0.9907e0028x

0.8 {& . 0.8 - T R2=0.9436
A Mo after air exposure i -

y = 0.9967e0331x

0.4 - 0.4 - R2 = 0.9993
| i |
0.2 1 0.2 { ORe before air exposure
i el 1 ARe after air exposure
OO T ] T é' ‘‘‘‘‘ 1 T @ OO T T T T T T T
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (h) Time (h)

Figure S4.9. The change of ClO4™ reduction activity by (a) [(NH2)2bpy]MoOx—Pd/C and
(b) Re(hoz),—Pd/C® before and after air exposure for 1 h. Reaction conditions: 0.2 g L™t
catalyst (5 wt% Mo or 5 wt% Re on the same 5 wt% Pd/C material), 1 mM CIO4 -, pH 3.0,
1 atm Hp, 20 °C. The preparation of both catalysts took 1 h under 1 atm H». After air

exposure, the catalyst suspensions were treated under 1 atm H> for another 1 h before
adding CIO4 .
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Figure S4.10 Mo K-edge X-ray absorption near-edge structure (XANES) spectra of the
reduced [(NH2)2bpy]MoOx—Pd/C and Mo", Mo'V, and Mo"! references.
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Figure S4.11 Mo K-edge extended X-ray absorption fine structure (EXAFS) spectra
(dotted line) of the reduced [(NH2)2bpy]MoOx—Pd/C, Mo' and Mo' references, and their

shell-by-shell fits (solid line).
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Figure S4.12 'H NMR (CDsCN, 600 MHz) spectra of (a) 4,4’-di-tert-butyl-2,2’-bipyridine
[(t-Bu)zbpy] ligand and (b) Mo“'s022(OH)4[(t-Bu)2bpy]s from hydrothermal synthesis. The
same spectra indicate complete dissociation of the complex into the free (t-Bu)2bpy ligand
upon dissolution in acetonitrile. The NMR data is consistent with the original report on
MoVY's022(OH)4[(t-Bu)2bpy]a,*® suggesting that the original study also observed free (t-
Bu).bpy ligand rather than a dissolved Mo"'sO22(OH)a[(t-Bu)2bpy]s structure.
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Figure S4.13 Aqueous ClO4 reduction using (L)MoOx—Pd/C catalysts prepared from
different Mo+L precursors. Reaction conditions: 0.2 g L™ catalyst (5 wt% Mo in 5 wt%
Pd/C), 1 mM CIO4, pH 3.0, 1 atm Hy, 20 °C. Before adding ClO4", all catalysts were
prepared by stirring the mixture of Pd/C and Mo precursors in water suspension for 12 h
under 1 atm H» at 20 °C.
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In panel a where L = (t-Bu)2bpy, the hydrothermal synthesis product was reported
as MoV's022(OH)4[(t-Bu)zbpy]s with Mo : (t-Bu)zbpy = 1 : 0.5.1® The (L)MoOx—Pd/C
catalyst prepared directly from 1:1 Na,MoO4 and (t-Bu)2bpy showed a much higher activity.
The addition of another 0.5 equivalent of (t-Bu):bpy together with the hydrothermal
product also yielded a similarly higher activity. These results confirm that the pre-
synthesized Mo"'sO22(OH)4[(t-Bu).bpy]s complex decomposed upon dissolution in water.
The MoV! species and free (t-Bu)2bpy reassembled in Pd/C, similar to the direct use of
Na:MoOs + (t-Bu)2bpy. The extra (t-Bu)2bpy filled the 50% of ligand deficit in the pre-
synthesized complex to match the optimal 1:1 ratio between Mo and L (also compare
Figure 4.2b in the main text). In panel b where L = (NH2)2bpy, the use of the pre-
synthesized [(NH2)2bpy]Mo complex achieved the same CIO4 reduction activity as the
standard preparation from Na2MoO4 + (NH2)-bpy at 1:1 ratio. Although the structure of the
hydrothermally synthesized [(NH)2bpy]MoOx product remained unknown, the 1:1 ratio
between MoV! and (NH2)2bpy in the product is confirmed by this kinetic comparison. The
direct use of hydrothermally synthesized [(t-Bu)2bpy]Mo or [(NH2)2bpy]Mo complexes

without carbon support did not reduce CIO4™ (see Figures S4.14 and S4.16).
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Figure S4.14 'H NMR spectra (CDsCN, 600 MHz) demonstrating the oxygen atom
transfer from pre-synthesized Mo“'s022(OH)4[(t-Bu)-bpy]s to PPhs and the lack of ligand
coordination in solution after the reaction with excess PPhs in acetonitrile at 70 °C for 12
h. The formation of OPPhj is attributed to the reduction of MoV! into Mo'V via oxygen atom
transfer. The lack of resonances for other (t-Bu).bpy species suggests that all pre-
synthesized [(t-Bu).bpy]Mo structures decomposed into free (t-Bu)zbpy ligand upon
dissolution. After LiClO4 addition and heating at 70 °C for another 8 h, no significant
change of OPPh; : PPhs ratio was observed, indicating no ClO4™ reduction. The same
experimental approach using the hydrothermally synthesized [(NH2).bpy]MoOx complex
observed a much lower amount of OPPhs and no resonance of (NH2)-bpy ligand because
both the complex and free (NH2)2bpy ligand dissolved poorly in acetonitrile.

Experimental details: In an anaerobic glove bag (97% N2 and 3% H>), a 15 mL

glass reaction tube was sequentially loaded with 5 mg of the pre-synthesized white powder
of MoV's022(OH)4[(t-Bu)2bpy]s, 27.5 mg of PPhs, 6 mL of acetonitrile, and a magnetic stir
bar. The resulting suspension thus contained 3.0 mM of Mo"!, 1.5 mM of (t-Bu)zbpy, and
17.5 mM of PPhs. The suspension was sealed with a Teflon screw cap and heated in a 70

°C oil bath for 12 h to yield a yellow solution. LiCIO4 (1 mM) was then added, and
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homogeneous CIO4 reduction was monitored by measuring PPhz versus OPPhs for another
8 h at 70 °C. Aliquots of 1 mL solution were collected at 0 and 8h, dried under vacuum,

and redissolved in CD3CN (1 mL) for *H NMR characterization.
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Tube(2) after32h

Figure S4.15 Synthesis of phosphine-reduced [(NH2)2bpy]Mo'V complex in the aqueous
environment. Tube 1 started from Na:MoOs, (NH2)2bpy, and trisodium
triphenylphosphine-3,3’,3"-trisulfonate (TPPTS). Tube 2 started from the pre-synthesized
MoV' : (NH2)2bpy = 1 : 1 complex (by hydrothermal method) and TPPTS. Tube 3 only
contained TPPTS for comparison as a clear solution. In Tube 1, the mixing of NazMoO4
and (NH2)2bpy at the beginning yielded a white suspension, which gradually turned green
at 70 °C. The the pre-synthesized [(NH2).bpy]Mo complex needed a much longer time to
turn green. The photo on the right side shows the final product as a green powder and
colorless liquid. The green powder did not dissolve in common solvents. At pH 3.0, this
suspension could not reduce ClO4™ (see Figure S4.16a).

Experimental details: In the anaerobic glove bag, a 15 mL glass reaction tube was

sequentially loaded with 2.9 mg of Na2MoO42H>0, 2.3 mg of (NH2)2bpy, 37 mg of TPPTS,
6.5 mL of deionized water, and a magnetic stir bar. For tube 2, 4.3 mg of the hydrothermally
pre-synthesized Mo"' : (NH2)2bpy = 1 : 1 complex (assumed as Mo"'206[(NH2)2bpy]2) was
used instead of Na2Mo0O4 and (NH2)2bpy. The resulting white suspension thus contained 2
mM of Mo"!, 2 mM of (NH2)2bpy, and 10 mM of TPPTS. The suspension was sealed with
a Teflon screw cap and heated in a 70 °C oil bath. After 8 h, the pH was adjusted to 3.0 by
H2S04 and added with NaClO4 (0.5 mM) to monitor ClIO4™ reduction for another 24 h at
70 °C. Aliquots of 2 mL solution were collected at intervals. Samples were immediately

analyzed by ion chromatography.
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Figure S4.16 Time profiles for aqueous ClO4™ reduction by TPPTS using different Mo
sources with and without carbon support. The three settings in panel a correspond to the
three reaction tubes described in Figure S4.15. The same three settings in panel b were
added with activated carbon (no Pd nanoparticles or Hy) at the beginning of catalyst
preparation. Panel ¢ shows the chlorine mass balance for the ClO4™ reduction enabled by
Na:MoO4 + (NH2)2bpy + TPPTS + carbon at 70°C. The background chloride ion at O h
(0.24 mM) was from the impurity in carbon (3.5 g L ™! in water).

Experimental details: The reaction settings in panel a followed the method

described for Figure S15. For the settings in panel b, 23 mg of activated carbon was added
in each tube. The corresponding Mo content if fully immobilized on the carbon support

was 5 wt%. The loading of the whole Mo/C catalyst in water was approximately 3.5 g L.
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Figure S4.17. Original HAADF-STEM imaging and EDX mapping of another pm-sized
particle of the [(NH2)2bpy]MoOx—Pd/C catalyst. This particle shows the heterogeneity of
metal distribution in the porous carbon (see Figures 4.3i—4.3l in the main text).
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Figure S4.18. Cyclic voltammograms (CVs) of [(NH2)2bpy]MoO,/C (no Pd) in the absence
and presence of NaClO4. The working electrode was prepared by drop-casting
[(NH2)2bpy]M0oO,/C onto the glassy carbon electrode. The cyclic voltammetry was
performed at pH 3.0 using a Ag/AgCl reference electrode and Pt wire counter electrode.
Two cathodic peaks (labeled as c1 and co, at —0.15 V and —0.8 V) were observed from the
scanning in the negative direction. These two peaks are similar to the CVs of aqueous
molybdate anions.!” The anodic counterpart (ai1) of c1 was observed at 0.0 V. The large
potential difference between a; and c1 (0.15 V) indicates the electrochemical irreversibility.
After the addition of 0.01 M NaClOs into the electrolyte (black trace), there was no
formation of a new reduction peak, nor a significant change in current densities at ¢ and
c2. Therefore, electrochemical CIO4  reduction with [(NH2)bpy]MoOx/C is unlikely to
occur. The reduction using Ho+Pd or phosphine seems necessary to enable ClO4™ reduction.
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Figure S4.19. CVs of [(NH2)2bpy]MoOx/C, MoO,/C, and (NH2)2bpy/C in 0.1 M NaClOsa.
The results confirm that the reduction peak ci1 in Figure S4.18 arises mainly from the
reduction of MoOy and the reduction peak c. is a combination of the reduction of MoOx
and (NH2)2bpy.

222



L1846 (kBs8)N] ‘1SAfeIRD pauosiod ay) WOl _|D SAOWSI 0} Jusbe [e1o1311oes € st , | (1 0)UZE(4Ble)N] 40 uonippe syl 01 anp (T AU Wol) pasealoul Sem NOL

'S[1BI3P 10} T°pS IXAL, 335 "SUOIBAUSIU0D _¥O[D YBIY 18 UMOYS SO1aUIY 1apI0-0137 4

"q6°pS 3L 995 "Ppalolsal aq 10U pjnod AlARde ay] "puebl] zoy 931y pue _rQay 01Ul Xa|dwod z(zoy)ay 8yl 40 uonisodwoaap a|qisianalll pasned aInsodxa Iy s
cz'ZH Wie T Jo uonesidde-ai ayy uodn patoisas Ay sem AlAnoe onArered ayl ing ‘(905<) Bulyoes| Juealyiubis pasned pue ay paonpal syl PazipIxXo aInsodxa 1y

"8G'pS 91n31] 995

‘zH wie T Jo uonealjdde-aJ ay1 uodn palolsal Ajjny sem AlIAIOR d11AJeIRD 8y pue (904G T>) [ewiulw sem Buiydes| [e1aw 1ng ‘Ol padnpal ayl pazipixo ainsodxe Iy »

“D/Pd 01Ul pappe rOadM:AdNza|N 40 Ol11el Jejow T:g Yim nis uz pasedald ag osfe Ued 1sA[e1ed syl "Pd %IM G pue 8y 96IM /'€ Paureiuod 1sAfered siyj p

"vQaY M Wo.) pasedaid alam S1SAR1RI XO8Y 'Pd %IM G PUR 3Y %M /G pauleIuod 1sAje1ed syl »
"Pd % IM G pue ‘DY 10 O % WM G~ PaUIeIu0D SISAJeIRd 8say | ¢

"an1eJall| Pa1Io 8yl Ul pariodal Se 4o UOITeUusou0d _vOD [enIul 8yl JO 94G 1sI1) U Jo uonepelBap ayy Buisn payejnofes Jayiis ale satouanbai) JaAouIn] »

'SWIBISAS UONINPaY 81LJ0|ydIad PazAjereD-[eIs|Al 911010V JO 8oUBWIOLAd “T'HS dqEL

(snospAyue)
2z Upz J1aue %98 7€ 9. 200 dHL AInba 50°0
(nmnba o) 1T
SOA SOA auizespAyAusydigq  (snoipAyue) A[(LO)e=E(cse8B)N]
12 UygT Jaue %S, 6T°0 g €00 NOEHO AINba T 0T
(ninba 7°G) (5/56 M)
0z Uy Jaye %00T 8L 1€ 26 ON ON EHOSEHD OH/NOEHD  AInba £0°0 [(EHO)U(zoy)(0)ax] 6
2, puv 3y -sisAIpip) SN0auISomofy
61 4220 9 00g 0T g
SSOA ON (we 1) (0°¢ Hd) 911650 2/pd-4(z0y)(0)ay
0 UGz 4] 0g T 2H SEIIVN L
(wie 1) (L2 Hd) 2/Pd-
1 -4 080 1€ (1) Z VIN ON °H 18BN\ p1-1007T [M(ddNZan)e(0)ad] 9
81 U EE0 v €T Z /SBA ON (wre 1) (L2 Hd) 211602 2/Pd—"08Y S
H J8le/\

v INW EY 99T 058¢ 00T v
Apmis L ywge LET 58 0T (we T) (0¢ Hd) €

sy . . ON ON ’H SRV g1-1020  O/Pd—"00N[1dgZ(ZHN)]
-U8e 90T G'ge T Z
=UTTT Y 70 100 T

2 puv oy -SiSAIvIv) SN02UIT042)dF
UOIS.IIAU0I_FQO[D
10 JUB)SUOD ((R)) (Aw) ANADISUSS  AJIADISUIS wnipaw Suipeoy
P enjuwareddy 401 NOL  °[FOID] ay INYSIOTAl jueNpY uondeY 3sh[ere) sh[ere) Anuy

223



Salt added Fitting equation R? value Rate constant Relative activity

CIO4™ reduction by [(NH2)2bpy]MoOx—Pd/C

DI y = 0.9932-0.0305x 0.9985 0.0305 MM min? 1

0.1 M NaCl y = 0.9955-0.0175x 0.9983 0.0175 mM mint  0.57
2.0 M NaCl y =0.9975-0.0016x 0.9628 0.0016 mM min*  0.052
1.0 M NazSO4 y =1.0099-0.0111x 0.9985 0.0111 mM min*  0.36

CIOs™ reduction by MoOx—Pd/C

DI y = 1.0126¢ 0114 0.9996 0.114 min™* 1

2.0 M NaCl y = 1.0106g 0-062x 0.9978 0.062 min™! 0.54
1.0 M Na;SO4 y = 0.9858¢ 0-045 0.9988 0.045 min™! 0.39

Table S4.2 Salt Inhibition of Mo Catalysts with and without the Organic Ligand.?
@Source data are shown in Figure S8.

Sample Shell CNa R (AP ¢’ (A)° AE (eV)!  R-factor
MoO; Mo-O 6 1.99 (0.01) 0.002 (0.001) -1.4(2.0) 0.023
Mo-Mo 1 252(0.01)  0.001 (0.001)
Mo-Mo 1 3.12(0.01)  0.002 (0.001)
Mo-Mo 8 3.70(0.01)  0.004 (0.001)

(NH4)6M07024 Mo-O 4 1.74 (0.01)  0.004 (0.002) —4.0(3.3) 0.012
[(NH2)2bpy]M0oO,—Pd/C  Mo—O 1.1(1.1) 1.67 (0.03)  0.002 (0.006) —6.1(4.9) 0.055
Mo—0 5.1 (3.1) 1.99 (0.03)  0.012 (0.008)
Mo-Mo 0.9 (0.5) 2.57 (0.02)  0.002 (0.002)
MoO,—Pd/C Mo-O 0.4 (0.3) 1.67 (0.04)  0.002° —4.1(2.9) 0.030
Mo—O 6.1 (1.9) 2.03(0.02)  0.010 (0.004)
Mo—Mo 1.7 (0.6) 2.56 (0.01)  0.005 (0.002)
Table S4.3 Mo K-edge EXAFS Shell-by-Shell Fitting Parameters of Mo Standards and

Mo—Pd/C Catalyst Samples.
2 Coordination number; ® Interatomic distance; ¢ Debye-Waller factor; ¢ Energy shift; ¢ Fixed during the fitting.

Fitting Method  shell CN? R (AP o’ (AY° AE (eV)? R-factor
1 Mo—O 05 (16.5) 1.64(0.80)  0.001 (0.135)
Mo-O  1.2(26.3) 1.95(0.17)  -0.00002 (0.081) -10.2(25.6) 0.046
Mo—Pd 1.5(25.3) 1.92(0.70)  0.015 (0.166)
Mo-Mo 1.0(1.8)  2.55(0.08)  0.002 (0.009)

2 Mo-O  3.1(435) 1.76(0.46)  0.031 (0.233)
Mo-Pd 2.4 (50)  1.84(0.04) 0.014 (0.014) ~13.9(65)  0.121
Mo-Mo 1.1(0.8)  2.54(0.02)  0.002(0.003)

3 Mo—Pd 25(L1) 1.83(0.02) 0.014(0.004) 176 (3.1)  0.132

Mo-Mo 0.9(0.5)  2.53(0.01)  0.002 (0.003)
Table S4.4 Mo K-edge EXAFS Shell-by-shell  Fitting Parameters of
[(NH2)2bpy]MoOx—Pd/C Using a Mo—Pd Shell. Values Highlighted in Red Color and Gray

Shade are Problematic.
3Coordination number; PInteratomic distance; “Debye-Waller factor; “Energy shifts.
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Normalized
Catalyst  Typical pHin rate

STy formulation loading DI water? [Cllexp  Cner CEEiEE constant Lk
(L h-t gcat_l)
(L)MoOy—Pd/C (L = 4,4’-diamino-2,2’-bipyridine)
1 DI °© 14.0
2 1 M Na;SO4 5.4
3 0.1 M NaCl 7.5
4 1mM 0.4 M NaCl 4.1 .
0,
5 gm;z m‘o 02g/L 3.0 (<100 1M NaCl 22 gt‘l:sdy
6 mg/L) waste brine mimic ¢ 0.2
waste brine mimic w/o
7 NOs- 2.1
8 40 mM NH,4CI 10.1
ReO,—Pd/C (no organic ligand added)
9 Di¢ 0.047
10 0 1 M NaCl 0.16
11 JWRRE 2001 30 1mM  waste brine mimic ¢ 0.008 '
12 waste brine mimic w/o 0.18
NO;s~ '
(L)ReOx—Pd/C (L = 4-dimethylaminopyridine)

7 wt% Re c )

13 5 Wi% Pd 1.0g/L 27 2mM Dl 0.73
(L’ )2Re—Pd/C (L’ = oxazoline-phenolate ligand, hoz)

14 5 wt% Re DI¢ 5.8 3
15  5wepd P9 30 1mM 4 M Nacl 0.14

Table S5.1 Comparison between (L)Mo—Pd/C with Previously Reported Re—Pd/C

Catalysts Regarding the Performance of CIO4 Reduction in Brines.

aThe pH value slightly decreased in concentrated electrolytes. See the previous study? for details.
bApparent first-order rate constants (h™*) for CIO4~ reduction (1 atm H,, 20 °C) normalized by the loading of
catalyst powder in water (gea L) to facilitate cross-comparison.

Containing SO4?~ or CI- from the acid for pH adjustment and Na*/K* introduced with the Mo or Re precursor.
dContaining 0.9 M CI-, 48 mM SO4*", 38 mM NO3™, 0.22 mM H,PO,/HPO,*", and the balancing Na*. More
details of the real brine are provided in Table 1.

th_
Dissolved CI~ 0™-order rate

Entry Condition Added ClO4~ ] constant
before reaction s
(mM h™)
1 1%t spike 100 mM oM 0.358
2 3 spike 100 mM 0.2M 0.239
3 51 spike 100 mM 0.4 M 0.161
4 control 100 mM 0.4 MP 0.138

Table S5.2 Reduction Kinetics and Solution Conditions for Five Spikes of 100 mM CIO4 2.
@Reaction conditions: 2 g/L of (L)Mo—Pd/C (5 wt% Mo, 5 wt% Pd), pH 3.0, 1 atm Hy, 20 °C. No filtration
or DI water rinse was conducted between spikes.

®NaCl was added to simulate the reduction of four previous spikes of 100 mM ClO,~ without oxidative
deactivation.

229



. e DI
1 @, 80 mM NaH,PO,
— 'A ....... 1 M NaCl
S 0.8 @A 4 1M Na,SO,
9’ 06 ] ._..--...'.. . A e
1 Wt e Ty
NJ h ® :
O 0.4 - g
@) - R
0.2 - T
. O
0 . | : & LTIV i)
0 0.5 1 1.5
Time (h)

Figure S5.1 Time profiles for 1 mM CIO4 reduction by (L)Mo—Pd/C in the presence of
various salts. Dotted lines indicate the fitting with the 1%-order model. Filled symbols were
used to fit the model, whereas hollow ones (C/Co < 0.2) were not used. Reaction conditions:
0.2 g/L of (L)Mo—Pd/C (5 wt% Mo, 5 wt% Pd), pH 3.0, 1 atm Ha, 20 °C.
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Figure S5.2 Time profiles for 1 mM ClO4™ reduction by (L)Mo—Pd/C in the presence of 1
M NaCl or mixed salts in the synthetic IX regeneration brine. Dotted lines indicate the
fitting with the 1%-order model using C/Co > 0.2 data. Reaction conditions: 0.2 g/L of
(LYMo—Pd/C (5 wt% Mo, 5 wt% Pd), pH 3.0, 1 atm H», 20 °C.
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Figure S5.3 Time profiles for 1 mM ClO4 reduction by freshly prepared and reused
(L)Mo—Pd/C in DI water. The “reused” catalyst was collected after a complete reduction
of 1 mM CIO4 in 80 mM NaH2POs, 1 M Na>SOg4, or 1 M NaCl and then rinsed with DI
water. Reaction conditions: 0.2 g/L of (L)Mo—Pd/C (5 wt% Mo, 5 wt% Pd), pH 3.0, 1 atm
Haz, 20 °C.

1§
— 0.8 - . ® 2 g/L catalyst
S 1 ™ in 1 M NaCl
O 0.6 - '
I ] .
9“‘ 0.4 -
@)

02 T ‘ .........
O I I B {)

0 0.25 05 0.75 1

Time (h)
Figure S5.4 Time profile for 1 mM CIO4 reduction by 2 g/L of (L)Mo—Pd/C in 1 M NaCl.
The filled data points (C/Co > 0.2) were used to fit the 1%-order model. Reaction conditions:
pH 3.0, 1 atm Hz, 20 °C.
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Figure S5.5 Time profiles for 1 mM CIO4™ reduction by fresh (L)Mo—Pd/C in DI water
and in the presence of 40 mM NH4Cl, and by the “reused” catalyst from treating the
synthetic brine containing 40 mM of NOs™. The reused catalyst was collected by filtration
and rinsed with DI water. The filled data points (C/Co > 0.2) were used to fit the 1%-order
model. Reaction conditions: 0.2 g/L catalyst, pH 3.0, 1 atm H», 20 °C.
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Figure S5.6 Time profiles for 1 mM CIlO4™ reduction using (L)Mo—Pd/C after different
durations of Hz exposure. Reaction conditions: 0.2 g/L catalyst, pH 3.0, 1 atm Hy, 20 °C.
Fresh (L)Mo—Pd/C catalysts were prepared and kept under 1 atm H: in a series of sealed
serum bottles (50 mL of liquid and ~20 mL of headspace). The serum bottles were stored
in a glove bag (98% N2 and 2% H>, Coy Laboratories). The headspace in the serum bottle
was flushed with 1 atm H2 once per week until the use for ClIO4™ reduction.
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Figure S5.7 The time profile for Mo desorption from (L)Mo—Pd/C (after six weeks of
continuous Hz exposure) into water at pH 12.0.
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Figure S5.8 Time profiles of 1 mM CIO4™ reduction using (L)Mo—Pd/C with various (a)
Pd and (b) Mo contents. Reaction conditions: 0.2 g/L catalyst, pH 3.0, 1 atm Ha, 20 °C.
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Text S5.1 Estimation of the environmental impacts based on reported LCA data.

A previous LCA study* compared the environmental impacts of ion exchange,
microbial reduction, and catalytic reduction of ClIO4 (using the original ReOy—Pd/C
containing 5 wt% Re and 5 wt% Pd). The hypothetical source water used for the LCA
contained 50 pg/L of perchlorate, 20 mg/L of nitrate, 30 mg/L of sulfate, and 5 mg/L of
dissolved oxygen as a typical formulation of contaminated groundwater. Because of the
time duration, pH requirement, and other factors, direct use of abiotic catalysts for treating
drinking water is not feasible. Therefore, we propose to couple ion-exchange resin with
catalytic treatment. Perchlorate-selective resin can concentrate CIO4 from >37,000 bed
volumes of source water into just one bed volume of waste brine from resin regeneration.
The regeneration frequency can be as low as once every six months.> We assume that the
LCA study has obtained minimal environmental impact parameters (i.e., leaving minimal

room for further improvement) for the original ReOx—Pd/C formulation.

In the synthetic brine matrix, the (L)Mo—Pd/C containing 5 wt% Mo and 5 wt% Pd
was 10-fold more active than ReOx—Pd/C (Table 5.2 entry 6 versus 11). Moreover, further
optimization of the catalyst formulation suggested that 70% of Pd can be saved if the
carbon loading is tripled (Figure 5.3c). Therefore, the saving factor for Pd can be further
elevated to 10/(100%—70%) = 33. The contribution of Pd to the “global warming” impact
shown in Figure 5.3e can be lowered by a factor of 33 by switching from the original
ReOx—Pd/C to the optimized (L)Mo—Pd/C (3 wt% Mo and 0.5 wt% Pd) without sacrificing
the rate of ClO4™ reduction. Because the Mo content can be reduced from 5 wt% to 3 wt%

while the catalyst loading needs to be tripled to achieve the same rate of CIO4™ reduction,
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the amount of involved Mo is 3x3/5 = 1.8 (i.e., 80% more Mo is used to save 70% of Pd).

Thus, the saving factor for Mo is 10/1.8 = 5.6. Similarly, the saving factor for activated

carbon as the catalyst support is 10/3 = 3.3. Lacking detailed LCA metrics for Mo, we

simply assume that the environmental impact of Mo is the same as Re, although this

simplification might lead to a significant overestimation.

In Figure 5.3e, the data for “microbial reduction” and “IX and Re—Pd/C” followed

the original report.* The data for “IX and Mo—Pd/C” only changed the values of the three

components discussed above (Table A5.1).

For “IX and Saving factor ~ For “IX and Saving factor  For “IX and
Re-Pd/C” for 5% 5% Mo—5% for the optimized 3%
Mo—-5% Pd/C  Pd/C” optimized 3% Mo—-0.5%
Mo-0.5% Pd/C” at 3x
Pd/C loading
-Pd metal 1650 @ 10 165 33 50
-Re/Mo metal 2304 10 23 5.6 41
-Carbon support 102 10 1 3.3 3
-1X resin 260 @ 1 260 1 260
-Electron donor 802 1 80 1 80
-Aeration 502 1 50 1 50
-Total 2280 579 484

Table A5.1. Adjustment of LCA values (unit: kg of CO equivalent per kg of ClO4~

treated).

aThese values were extracted from Figure 5.6 of the LCA study.*
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